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I. INTRODUCTION

The first section of this dissertation is devoted to introducing the reader into the realms of the AdS/CFT corre-
spondence, and in particular, the powerful concept of integrability in it. There are many reviews of the topic available,
such as [3-20].

A. The 't Hooft’s Limit and String/Gauge Dualities
1. String and Gauge Theories

Ever since the milestone of the establishing of the Standard Model as a quantum-field-theoretical description
of the unified three forces of nature (electromagnetic, weak and strong interactions), perhaps the greatest quest of
physics has been to attach the fourth force, gravity, to the unified picture. For more than three decades, this ultimate
goal has been pursued within an intrinsically novel approach, by many considered to be very promising, although
not lacking its fierce opponents (even arguing for its complete lack of connection with the real world) — a theory of
2-dimensional objects, “strings” [21]. String theory itself has been initially designed to describe strong interactions
(“dual resonance model”). This “old string theory” has been fueled by the appearance of approximately linear Regge
trajectories in observations of the w/N scattering, where a certain duality between amplitudes in the s— and ¢—channels
has been noticed [22]. Veneziano in 1968 [23] derived an expression for a 4-point amplitude which is manifestly s—¢
crossing—syminetric and yields a linear Regge trajectory,

P (—a(s)) T (~a(0)
AT~ T a(s) —a)

a(s) = a(0) + o's. (1)

Its physical interpretation was presented in 1970 independently by Nambu, Nielsen and Susskind [24] in terms of an
infinite number of harmonic oscillators, therefore, a string. A meson ¢q is described as an open string with a quark
g and an anti—quark ¢ on its opposite ends, and excitations of this string correspond to meson’s states; the string’s
“Nambu—-Goto action” reads

Sxambu Goto = —T / / dea\/ (X : X’)2 - (X)2 (X2, T= ﬁ 2)

where T is the string’s tension, related above to the Regge slope o’. But the string techniques of handling strong
interactions quickly encountered serious difficulties; for example, they implied wrong meson masses, included tachyons,
and required 26 dimensions (10 for the supersymmetric counterpart) to live. Finally, it was quantum chromodynamics
(QCD) that succeeded as a model for strong interactions, and string methods have been abandoned (except for
describing long—distance behavior of ¢ pairs, bound with a linear potential due to formation of so—called flux tubes of
strong color field, for example in the setting of the “Lund string model” [25]). There opened, however, and even greater
opportunity for string theory; since the closed string spectrum contains the graviton, the hope of quantizing gravity,
so far beyond reach, started to materialize [26]. In this approach, neither gauge fields nor gravity are fundamental
any more, but follow from more basic strings as their low—lying excitations.

2. The ’t Hooft’s Limit

It was 't Hooft in 1974 [27] who first suggested that this fundamental string theory may actually be equivalent
(“dual”) to a gauge theory. In this way, oddly, neither description would be supreme, but one would proceed from
the other. In particular, amazingly, a strongly—coupled gauge theory might find a dual description in terms of a
string theory which happens to be tractable. And this duality, importantly, is not an effective approximate string
picture of QCD flux tubes, but an exact correspondence of the two theories. Let us briefly revisit his idea. Consider
a (34 1)-dimensional Yang-Mills theory with the non—Abelian gauge group SU(N), for example one sketched by the
following Lagrangian with 3— and 4-point vertices,

1 . -
S =—— [ d'zL, L = Tr (0,8,0"®;) + cFTr (®;®,;®) + d* Tr (0,8, 04 P;), (3)
Iym
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FIG. 1: The 't Hooft double-line notation, and factors for the Lagrangian (3). The opposite arrows describe the fundamental
and anti-fundamental representations (4).

N A2

FIG. 2: Examples of a genus-zero (sphere; planar) and genus-one (torus; non—planar) Feynman diagram. The latter is
suppressed as compared to the former in the 't Hooft limit (6).

where each (®;)ap is an N X N Hermitian and traceless matrix field in the adjoint representation. The 't Hooft’s
method will work for any gauge theory with adjoint fields, and is based on the decomposition into the fundamental
and anti—-fundamental representations,

adjoint =N @ N —1, (4)

which allows to pictorially encode the two color indices as double lines in Feynman diagrams, creating so—called “fat
diagrams.” The basic graphs stemming from (3), and the associated factors of gyym and N, are shown in figure 1.
In the 't Hooft’s double-line notation, Feynman graphs start resembling discretized 2-dimensional surfaces, or in
other words, any diagram can be drawn without crossing a line on a surface of a certain genus g, thus providing its
polygonisation. More precisely, a graph with E propagators (edges), V vertices and F loops (faces) can be drawn
without crossings on a surface with Euler characteristics xy = —E+V + F, i.e., genus x = 2 — 2g. Collecting the data
from figure 1, such a diagram would come with the factor of

(g%M)E (g{(f/l)v NE = A=V NX, where A= g3\ N = the ’t Hooft coupling constant, (5)
see figure 2.

Now, the 't Hooft’s breakthrough idea was to extend the analysis of QCD, which has the gauge group SU(3), to
an arbitrary number of colors N, which then is considered a free parameter of the theory, and take the limit

gym — 0, N — oo, such that A = fixed (’t Hooft). (6)

In QCD, one investigates perturbative phenomena, such as deep inelastic scattering, which have high energies and are
described by a small coupling gyy. In addition, there are non—perturbative phenomena, such as quark confinement,
which is a low—energy physics, when the coupling is large. The 't Hooft limit (6) has this advantage that it still
incorporates the non—perturabtive regime, while considerably simplifying calculations.

Consequently, the theory (its partition function Z) can be investigated order by order in 1/N, which then can
subsequently be expanded in small A (quantum loops). Thanks to (5), at each order of 1/N, the graphs can be drawn
on a surface of a given genus, i.e., the large—/N expansion is in fact an expansion in the topology of 2—dimensional
surfaces,

1
Z(N,\) = Z N272%9 Z Mz, = N?(sphere) + (torus) + m(torus with two holes) + .. .. (7)
9>0 1>0



Now, this gauge—theory series resembles a closed string perturbation theory expansion of a hypothetical “QCD string”
in the string coupling constant g5 ~ 1/N, and then in the string tension 1/a/ ~ v/A, which was the first indication
that the two theories may be much closer to each other than imagined. Furthermore, large N means a weakly—
coupled string theory. Sadly, it was not at all clear how to build such a string for a given field theory. Using the
gauge-side insight, the corresponding string would be described through the summing of all the planar graphs, which,
however, poses an enormous challenge (the “large-N master equation” problem). A possible string/gauge duality
was, therefore, firmly believed to exist, although nobody could explicitly construct one. Once found, one would come
the full circle back to the original attempts of explaining strong interactions in terms of string theory.
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B. The (3+ 1)-Dimensional SU(N) N = 4 Supersymmetric Yang—Mills Theory

In this subsection, we introduce the “gauge side” of the so—called “AdS/CFT correspondence,” the first and
best—investigated realization of the 't Hooft’s idea (to which we will come in subsection ID) — namely, the (3 4 1)
dimensional pure SU(N) N = 4 supersymmetric Yang—Mills theory [28].

1. The Supersymmetry Algebra and Its Representations

Let us start from recalling the basic ingredients of the supersymmetry (SUSY) graded Lie algebra in the flat
(3 + 1)-dimensional spacetime with the metric n,, = diag(—, +, +, +). This symmetry between bosons and fermions
is generated by “supercharges,” which are left and right Weyl spinors of the Lorentz group SO(1, 3), commuting with
spacetime translations P,

Q° (left), Qia = (QY)T (right),  where  a,a=1,2, a=1,2,...,N. (8)

Here A denotes the number of independent SUSYs. The supercharges submit to the anti-commutation relations,
{@0.Qu) =205 P07  {Q5.Qh) = 2ep2™, (9)

where, also for further reference, o, = (1,0y), 7, = (1,—0y), o = %0’[#61/], Opw = %6[#01,], with o723 being the
standard Pauli matrices; moreover, the anti-symmetric and commuting with everything generators Z are called the
“central charges.” Observe that the above algebra of supercharges displays the invariance w.r.t. rotations in the index
a which form the group

SU(N) (the R—symmetry). (10)

The prime question is to find representations of this SUSY algebra. The representations describing massless parti-
cles are derived most easily by switching to a frame of reference in which the particle’s 4—momentum P* = (E, 0,0, E),
with E > 0. Then the first relation (9) reduces to

{ Zv(Q%)T}—<4OE 8)51‘?, (11)

which can be quickly translated, upon exploiting the assumption that the norms in our Hilbert space are always
non-negative (unitary representation), into the following statements: Q% =0, Z% =0, while Q¢ and (Q%)" act as
respectively the lowering and raising operators for helicity by 1/2, therefore forming a 2N_dimensional representation
of the Clifford algebra associated with the group SO(2/N); the states of this representation are derived from the
highest—helicity state through the lowering operators Qf with all possible a’s. For example, in the case of N/ = 4 and
a CPT—invariant spectrum (i.e., symmetric w.r.t. the change of sign of helicity) of massless particles with helicities
< 1, there are respectively 1, 4, 6, 4, 1 states with helicities 1, 1/2, 0, —=1/2, —1.

The massive representations are conveniently computed in the rest frame of the particle, i.e., P* = (M,0,0,0),
with M > 0. Tt is useful to further simplify the resulting (9) by virtue of the R—symmetry; namely, we diagonalize the
central charges Z° into 2 x 2 blocks, Z = diag(eZ1,...,€Z|x/2),4), where § appears for ' odd, and €'? = —¢*! = 1.
Consequently, we split the index a into & = 1, 2 running inside the blocks, and @ = 1,2, ..., |[A/2] counting the blocks;

we define then Qi+ = %(QE,}"” + (09),, B-(Qg’a )T), which yields the only non-zero anti-commutation relations

, iaNT .
{Qgi, (Qgi) } — 5258 (M + Zs) . (12)
An immediate implication of (12) and the unitarity is that the r.h.s. must not be negative,
M > |Z;), forall —a=1,2,...,|N/2]; (13)

this is the so—called “Bogomol’nyi-Prasad—Sommerfeld (BPS) bound.” If for some a =1,2,... a0 it is saturated,
then one of every pair of the corresponding supercharges Q%* vanishes, and the SUSY representation is shortened —
it is then the 22V—@)_dimensional representation of the Clifford algebra associated with the group SO(4(N — do));
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it is called “1/2% BPS.” An extremely important property of BPS states is that their scaling dimensions (36) do not
receive quantum corrections, i.e., are not renormalized,

A = Apare, for operators in BPS multiplets; (14)

such operators are termed “protected.”

2. The Field Content, Lagrangian, Observables

After this recollection, let us proceed to the interesting part, the A/ = 4 SYM theory. If we restrict ourselves to
the physically relevant situation of particles carrying spins < 1, the fields spanning any SUSY representation will be
spin—1 vectors, spin-1/2 Weyl fermions, and spin-0 scalars. For A/ = 4, the only possible multiplet is the “gauge
multiplet” consisting of

the gluon A, the Weyl gluinos A%, \%, the real scalars ®;. (15)

Here, © = 0,1,2,3 denotes a Lorentz vector index; i = 1,2,...,6 an R-symmetry vector; a,& = 1,2 a Lorentz
spinor; a,a = 1,2, 3,4 an R—symmetry spinor. The Weyl spinors can be encoded as a 16—component 10—dimensional
Majorana—Weyl spinor ¥,,, k = 1,2,...,16. All of these fields are in the adjoint representation of the gauge group,
i.e.,

N?—1
X =Y Xrr, (16)
p=1
where X stands for any of the canonical fields, and (T%)4p are the N x N Hermitian generators of SU(JV).

The Lagrangian is uniquely determined by the symmetries of the theory, and reads,

1

S p—
29%(1\/1

/d%;c (A, 0,®;), L=Tr —%FWF‘“’ +D,®DIR; — Y [®;, ®,]% +iUTMD, ¥ — UT; [0, 9] |,
i<j
(17)
where F,, = 0,4, —0,A,+[A,, A)], and D, =9, —i[A,, ], and (I'*,T;) are the 10-dimensional 16 x 16 Dirac
matrices. There are two free parameters of the theory, the Yang-Mills coupling constant gyn and the rank of the
gauge group N; the instanton angle #; will be of no importance in our considerations, and its contribution to (17) has
been disregarded.

The observables of the theory are the correlation functions of gauge—invariant local composite operators [29] which
arise in the following way: By “letters,” we mean the components of the gauge multiplet (14) at a given point x, or
rather, their gauge—covariant versions, {D,, - |, ¥(z), ¥(z), ®;(x)}. From them, we form “words,” which are their
products; they will have definite scaling dimensions A (see below). The gauge invariance is imposed by creating
“sentences,” i.e., traces of such products (single-trace operators) or products of several such traces (multi-trace
operators), for example,

O=Tr (DD, M),  O=Tr(F,F*")Tr (Aﬁg‘) . ete. (18)

The correlation functions of composite operators at different spacetime points are defined as usual,
6M
= Z

where the partition function is the standard path integral with sources J;(x),

Z[(x), Jo(2),. .., y(x)] = / [dA][dN][dN][d]et ] "= (L4, Ti(@)0i(@), (20)
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8. The Renormalization Group and Anomalous Dimension

The critical property of the theory is its “conformal invariance,” which we will now address. In order to go
there, let us briefly review the renormalization group (RG) method. In computing correlators in a generic QFT, we
encounter divergences, which we then subtract systematically at any order in perturbation theory. This can be done
in many ways, as with infinity, we can also subtract an arbitrary finite piece, which results in many renormalization
schemes. In the process of renormalization, there certainly must appear a mass scale u, called the “renormalization
scale,” which is arbitrary and remains in the finite correlation function. Therefore, any physical quantity will depend
on both the renormalization scheme and scale, with its different values connected by finite renormalizations, which
can be shown to form a group. Any physical quantity must then be invariant under transformations from this group,
which is expressed through the “renormalization group equations” (RGE). Let us sketch how they arise in the D = 6—
dimensional ¢ theory, in the minimal subtraction (MS) scheme. The renormalized coupling constant, mass, and
M-—point truncated connected correlation function in the momentum space (p = (p1,p2,--.,pnm)) are related to their
bare values through

gren.(ﬂ) = Zg(ﬂ)ilgbarea mren.(ﬂ) = Zm(ﬂ)ilmbarea

trunc.,conn.,M—point _ M /2 ~trunc.,conn.,M—point
Gren. P (pv Gren., Mren., ;L) - Z3 (,u) / Gbarc (p; Ybare; mbarc) . (21)

The bare objects do not depend on u. We start from the coupling constant, and use dimensional regularization,
Jbare = gouf), gren. = 9#6, (22)

where e = (6 — D)/2, and ug and p are the renormalization scales for respectively the bare and the renormalized
coupling constants. The two first relations in (21) can now be rewritten with help of (22) as two differential equations,

dg dm
H ] gpare, miare=fixed H g e s mbare=fixed
where for short m = mye,., we keep the bare values fixed, and
1/2
_ p dZz, _ k dZn
=_—eg— =29 m(g,m, p) = - 24
B(g,m, p) = —€g Zap? (g,m, 1) 717 dn (24)

These “RG functions” are finite, as divergences in Z,, Z,, cancel out; the first one is called the “Gell-Mann-Low
beta—function”; in the MS scheme, they can be shown to depend only on g, which conveniently decouples both RGEs
(23). The RGE for the correlation function (the “’t Hooft—Weinberg equation”) can be derived from the condition
that its unrenormalized value does not depend on y, which yields

0 0] 0 trunc.,conn.,M—-point __

where the RG function corresponding to the renormalization of the correlation function is called the “anomalous
dimension,” whose name we will soon explain,

p dZs
2Z3 d/l,

v(g,m, 1) (26)

Jbare; Mbare=fixed

Again, in the MS scheme, it depends only on g. These equations (23), (25) guarantee that the renormalized theory
will lead to physical predictions independent of the arbitrary renormalization scale p.

Let us show the solution to the 't Hooft-Weinberg equation (25). To find it, we introduce a dimensionless scale
A for the momentum by replacing p — Ap. Moreover, we notice, by naively counting mass dimensions, that

. A
G o P (g ) = e (52,71, (27)

where Apare = (D —2)/2 = 2 is the bare (classical, tree-level) mass dimension of the field ¢(z) in the ¢} theory, and
the object I' is dimensionless. Further, we define the “running coupling constant” g and the “running mass” m as
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FIG. 3: The two generic scenarios for the dependence of the beta—function 3 on the running coupling constant g(¢). The arrows
represent the direction in which g(t) moves as ¢ grows to infinity, i.e., approaches the UV limit. The value g at which 8 =0
is called, respectively, the UV or IR fixed point.

these renormalized quantities at the scale p/A and not g, which according to (23) and in the variable ¢t = —log(A),
obey the RGEs,

dg

7 1 dm
dt

8@, == —1-m ). (28)

In these new variables, and with aid of (27), the ’t Hooft—Weinberg equation becomes

d .
<& +war (g)> Glrume conn Mopoint (o=ty, g 1) =0, where  wpr (g) =6 — MApare — My (3).  (29)

Equations (28) and (29) in the integrated form read

gt dg’ ! / /
t= , m(t) =mexp | —t — dt' v, (g (¢ , 30
5L )= mes (<= [t @) (30)
t
Gltrglrlllf]c.,conn47ﬁ4*pomt (etp,g, m, /14) — Gltrglrlllf]c.,connwlwfpomt (p,g(t),m(t), /14) exp ((6 _ MAbare) t— M/ dtl’}/ (g (t/)))
0

(31)
Let us first discuss the running of the coupling constant, which is governed by the beta—function. Generically, there
are two possible scenarios, see figure 3: there must be 3(0) = 0, but there can also be an additional zero,

B(ge) = 0. (32)

Then, for ¢ — £oo (which is respectively called the “UV” or “IR limit”), respectively for the left or right plot in
figure 3, g(t) — ge, which is called the “UV/IR fixed point.” How does this affect the dependence on the momentum
scale A of the correlation functions? For simplicity, assume that there is no mass in the theory, m = 0. First, remark
that if there were no divergences in the theory, i.e., no renormalization were necessary, then all the RG functions would
be zero, and the Feynman amplitudes would display the behavior implied by the naive mass—dimension counting,

Ganenconn- Mopoint (e'p,g,m, p) = (et)ﬁ_MAbm Gtrunc.,conn., M-point (p, g, me™", 1) (a finite theory). (33)
If divergences are present, this is modified by the running of the parameters. Let us see what happens if we consider
the theory at a fixed point. Then, inthdt'y(g(t')) — v(ge)t as t — +oo, and (31) yields

Gtrunc.,connwlwfpoint (etp, g, O, ,u) _ (et)GfMAbare*M’Y(gc) Gltrgll]f]c,,connwlwfpoint (p7 Ge, O, ,u) (at a fixed point), (34)

ren.

hence, the true mass dimension is modified from the bare one Apae by the quantity v(ge); this justifies its name,
“anomalous dimension.” (We have assumed here g, > 0. If it is zero, then 7(0) = 0 does not modify the bare mass
dimension. If moreover it is an UV fixed point, the theory is called “asymptotically free,” such as QCD.) A crucial
insight is that a theory at a RG fixed point is scale-invariant, i.e., invariant w.r.t. “dilatations” of the spacetime,

Dz, — Az, (35)
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because § = 0 implies that the theory does not depend on the RG scale pu. Accordingly, a canonical field operator
¢(z) transforms as

¢(z) — A%(Ax), (36)

where A is called the field’s “scaling dimension.” If we are at the classical level, or if the theory is free, this is identical
to the bare scaling dimension, obtained by a naive counting. But if we have an interacting field at the quantum level,
renormalization effects will change the bare scaling dimension by the anomalous part,

A= Abarc + Aanv (37)

where A, = ¥(gc). As mentioned before (14), an extremely important exception in supersymmetric theories is consti-
tuted by operators in shortened BPS multiplets, which do not receive the anomalous correction from renormalization
effects.

For A/ = 4 SYM, the situation is even stronger: Contrary to a non—supersymmetric Yang—Mills, which is scale—
invariant classically, but at the quantum level the anomaly breaks the invariance under dilatations, in A" = 4 SYM,
there are no UV divergences in the correlation functions of the canonical fields {A,, ¥, ®;}, hence, the RG beta-
function vanishes to all orders in perturbation theory [30, 31],

ﬂ (gYM) = 0 (N =4 SYM), (38)

which implies that the scale invariance is retained even quantum-mechanically, i.e., that the coupling gyy does not
run with the RG scale p, and that all the fields are massless. This is a consequence of a large number of SUSYs. We
will now see even more — that this is then a UV—finite conformal field theory (CFT), with the superconformal group
SU(2,2[4) (48) as a symmetry even at the quantum level. Remark also that even though the canonical fields do not
undergo renormalization, the composite “sentences” (18) in general will; this is related to UV divergences associated
with dealing with products of operators at the same spacetime point (see the discussion around (169)). Finally, as is
clear from (34), 8 = 0 does not imply the absence of anomalous dimensions.

4. The Superconformal Group

QFTs which possess scale invariance are usually also symmetric w.r.t. a larger “conformal group,” i.e., transfor-
mations that modify the metric only up to a local scale factor,

dz,dz* — Q(x)*dz,dz*. (39)

We may understand it as follows: Scale invariance implies, according to the Noether’s theorem, that the “dilatation
current” j’ o) = Iz, is conserved, where T"" is the energy-momentum tensor; this is equivalent to its tracelessness,
] TrE,, the tracelessness can be checked to lead to the following

T*, = 0. If now we consider an arbitrary current j“,é) =
statement: this current will be conserved provideé &, satisfies the “conformal Killing equation,”

1
8,u€v + 81/5# = 3 pgpn;w- (40)

In a flat Minkowski spacetime with D > 2 dimensions, the most general solution, called the “conformal Killing vector,”
is four—fold,

& =a* (translations), ¢ =uwz, (Lorentz),

&= Azt (dilatations), & = 2(bx)xt — 2b* (special conformal). (41)
It is determined by (D + 1)(D + 2)/2 parameters A, a*, b*, w"” = —w"*. (For D = 2, there are infinitely many
parameters.) These four sorts of transformations form together a group. It is generated by the D generators of
spacetime translations P,, and D(D — 1)/2 generators of special Lorentz transformations L,,, which comprise the

Poincaré group, and moreover by the one generator of dilatations ©, and D generators of the “special conformal
transformations” K. These generators obey the commutation relations

i [Luuu Lpo] = nupLua + nuaLup - anL;,LO' - nuoLupa



[L,uuv P, ] = Nup Py — Mup Py, [L,LU/) K ] = Nup Ky — Mup Ky, i[L;wv@] =0, (42)

i[Puva] :2(%1’@_14#1/)7 i[P;ui)] =—F,, i[Km@] = Ky,
which can be concisely rewritten as
i [an7 Mm’n’] = nmm’Mnn’ + nnn’Mmm’ - nmn’Mnm’ - nnm’an’u (43)

where the indices run over 0,1,..., D + 1, the extended metric is 7, = diag(—, +,+, ..., +, —), and where we define
the anti-symmetric symbols

Lyw %(K,u_P,u) %(Ku+Pu)
Mpyn=| -1 (K, - P,) 0 D : (44)
dx,+pr) @ 0

These are precisely the structure relations of the group SO(2, D), which in our case of D = 4 can also be written as
the covering SU(2,2).

Let us moreover mention that A = 4 SYM is conjectured to display a certain global discrete symmetry. This
theory is invariant under the shift in the instanton angle, 8; — 61 + 27, but is supposed to submit to an even wider
symmetry. Namely, forming the complex coupling constant,

91 4mi
™YM =+ —5—, 45
27 Q%M (45)

in which language the above shift is realized as 7vyv — 7ym + 1 — the “Montonen—Olive S—duality conjecture” claims
that also 7ym — —1/7yMm is & quantum symmetry. The full invariance group then reads

atym + b

SL(2,7Z) :
(7)TY CTyM—f—d’

where a,b,c,d €7, ad —bc=1 (S—duality). (46)

In addition to the above conformal symmetry, and also obviously the R-symmetry SO(6) ~ SU(4) — the theory
is invariant under the N = 4 Poincaré SUSY, generated by the 16 supercharges Q%, Q4. Not only this, but it is
noticed that these supercharges and the special conformal generators K,, do not commute; both being symmetries, their
commutator must be one, too, which yields 16 “conformal supercharges” Saq, S¢. The non-zero (anti-)commutators
read

i[L;wa QZ] = (U,uv)aﬁ GBVQ?W i m2 Qaa} = (U,uu) Q'yav

[
1[Lyuw, Saa) = (a,u,)aﬁ f“sw, i [Lu, S2] = (G ) a5 sa
[Py, Saa] =1(0u) 45 Qw, i[P,,Sg] :i(‘_’#)ﬁa Rl e,
1K, Qal =1(0u)05€775%, 1 [Kpu Qaa) =1(54) 54 € Svas (47)
1 . _ 1_
[D Qa] = a 1 I:@qua:I = iQdau
i 1 : Qal _ _l qQa
l[gusaa] - _§So¢a7 1 [@,Sd} = 2Sd7

a N a Qb b
{Q8.Qa} = (00385 P0 {Sawr S5} = (1) UK
Together with the bosonic counterpart, therefore, the full global continuous symmetry group is

U(2,2/4). (48)

5. Conformal and Superconformal Primary Operators

Having described the symmetries of A" = 4 SYM, let us move to the structure of “conformal” and “superconformal
primary operators” present in any CFT. First, notice that representations of the conformal group are spanned by the
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eigenstates of the dilatation operator ® with an eigenvalue —iA. From (42) and (47), we observe that the generators
K,, and S, lower the scaling dimension by 1 and 1/2, respectively, while on the other hand, P, and Q. raise it by
1 and 1/2. They are all symmetry generators, hence, they do not lead out of the states of the theory. Thus, they
can be treated as annihilation and creation operators, respectively, to built a representation. Since in a unitary CEF'T,
negative scaling dimensions are forbidden, applying either of K, and S, to a given operator of a definite dimension
must at some point yield 0. Therefore, we single out the last operator in such a series, i.e., the operator of the lowest
dimension in a given conformal/superconformal multiplet,

[K,0],. =0 (conformal primary), [S5,0]L =0 (superconformal primary), where O#0. (49)

The latter is always also the former, but not conversely. The other operators in a multiplet are termed “confor-
mal/superconformal descendants,” i.e., O is a descendant of O if

O=[P0OT, (conformal descendant), 0=1[Q,0, (superconformal descendant). (50)

It can be proven that in A/ = 4 SYM, the superconformal primaries are only the gauge—invariant operators built from
the scalars ®; in such a way that the R—symmetry indices ¢ are symmetrized, for example,

6
Z Tr (9,9;) (the Konishi operator). (51)
i=1

The conformal primaries and their descendants are very important also because they are the operators with definite
scaling dimensions. Their 2-point correlation functions are constrained by conformal invariance to be diagonal and
of the form

(Oa(2)0p(y)) = E;T:f%%%&aﬁ;j' (52)

More generally, operators of the theory transforming under unitary irreducible representations of the full symmetry
group SU(2,2|4) (48) are labeled by the eigenvalues of the Cartan generators of the bosonic subgroup,

( A 7517527‘]17‘]27‘]3)7 (53)
N ———
SO(1,1) s0(1,3)  SO(6)

where A is the scaling dimension, Sy, S the conformal spins, and Jy, Jo, J3 the R—charges.

Finally, in order to practically proceed with anomalous dimensions, one often resorts to perturbation theory,

Aan =Y NI N2A,, (54)

>1  ¢>0

compare (7). This non—trivial procedure is avoided for operators in the BPS multiplets, introduced above, whose
scaling dimensions are protected against renormalization (14), such as the half-BPS (or “chiral”) operators, which
for a single trace can be argued to acquire the form

O PP5(@) = Viria.., Tr (B3, (2) iy (a) ... B4, (), (55)
where 1;,4,...i, is a rank—J symmetric traceless tensor. For them,

A (ofrErs) <. (56)
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C. The Type IIB Superstring Theory in the AdSs x S° Background

Let us now proceed to the opposite “string side” of the AdS/CFT correspondence, which is the announced type
IIB superstring theory in the curved target spacetime AdSs x S°.

1. Coordinate Charts in Anti—de Sitter Space

Let us start from succinctly describing the geometry of the AdS5 x S manifold. The (Minkowskian) d-dimensional
“anti-de Sitter space” [32] (of radius L), AdSg, together with the “de Sitter space” dSg, are the closest cousins of the
usual flat spacetime. They all are solutions to the vacuum Einstein equations with the cosmological constant A,

1 1
Rmn__R mn:_A mn- 57
519 59 (57)

Since the Ricci tensor is proportional to the metric, Ry, = ﬁ gmn, they are Einstein spaces. Furthermore, they are
all maximally symmetric, 4.e., admit a kinematical symmetry with d(d 4 1)/2 generators, just as the Poincaré group,
which can be stated as R,nm/n = #_DR(gmm/ Inn’ — 9mn'gnm’ ). They have also a constant curvature, respectively,
negative, positive and zero; the Ricci scalar reads R = %, and the radius is related to it as L? = (d — 1)(d — 2)/|A|.

It is easiest to define AdS, in the (Cartesian) “embedding coordinates” (y°,y?,...,y%) of R%4~1 with the metric
diag(—,+,+,...,+, —) as the connected hyperboloid with the isometry SO(2,d — 1) given through the equation

) ) - ) = (55)

For the d-dimensional sphere (having isometry SO(d + 1)) of the same radius L, the equation obeyed by
(z,22,. .. 29t1) of R¥! reads

d+1

3 (af)’ = +12 (59)

i=1

Note: Since R%%~1 has two temporal dimensions, AdS; will include closed time-like curves; they can be eliminated by
passing to the “universal covering space,” denoted by CAdSy, which is commonly understood as the proper definition
of AdSy; this is done by extending the AdS time coordinate ¢ € [—m, 7] (see below (60)) to t € R.

These constrained embedding coordinates are conveniently traded for the “global coordinates,” which, as the
name indicates, parameterize the entire manifold; for AdSy, they read

y° = L cosh(p) cos(t), y" = Lsinh(p)Q’, y? = L cosh(p) sin(t), (60)

where Y°971(Q7)2 = 1, and their range is p > 0 and ¢ € [—7, ], the latter then extended to ¢ € R. Let us, for further

reference, explicitly print this change of variables for d = 5, and for both the anti—de Sitter and the sphere,

m =y' +iy® = Lsinh(p) cosh () el no = y3 + iy* = Lsinh(p) sinh () 2, no = y° + iy® = Lcosh(p)el’,

(61)

& = 2! +ix? = Lsin(y) cos(th)e'?*, & = 2% + izt = Lsin(y)sin(1)e'?2, & = 2° +128% = L cos(y)e'??, (62)
where

1Y 2 07 te Ra /lL € [Ovﬂ-]v ©1 € [Ouﬂ—]u ©2 € [0727T]7 (63)

v e [Ouﬂ—]u ¢3 € [Ouﬂ—]u Q/J € [Ouﬂ—]u ¢1 € [Ouﬂ—]u ¢2 € [07 27T] (64)

The metric is induced from the metric of the ambient space, is non—degenerate and with a Lorentzian/Euclidean
signature, and in the global variables acquires the form

dstyg, = L? (dp2 — cosh®(p)d? + sinh?(p) (A2 + cos()dg? + sin?()dy?) ) (65)

dn2
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FIG. 4: LEFT: The Penrose diagram for the flat Minkowski spacetime in d > 2 dimensions. i+ at (R, T) = (0, ) represent the
future/past time-like infinities, 4.e., where future/past—directed time-like geodesics end; i® at (R, T) = (,0) is the space-like
infinity. The diagram is the triangle bound by the vertical line R = 0 corresponding to » = 0, and by the future/past null
infinities Z¥ at R+ T = 7.

RIGHT: The Penrose diagram for CAdS, (d > 2). It is the infinite strip bound by the vertical lines 8 = 0, corresponding to
p =0, and 6 = 7/2, corresponding to the null and space-like infinities.

N

FIG. 5: A sketch of the global AdS, x S,

dss = L2(d? + cos?(7)d3 + sin®(7) (A2 + cos? (4)dof + sin® (1)dg3) ). (66)

dn2

while for a general number of dimensions d, the only difference is in the unit sphere metric, in_z instead of dQ3.

Various other useful sets of coordinates on AdS; are possible, too. First, we describe the chart needed to draw
the Penrose diagram of this spacetime, i.e., a representation which properly captures the spacetime’s topological
and causal structure, and moreover, has a metric which is locally conformally equivalent to the spacetime’s met-
ric, but all the infinities are brought to be within finite distances. For example, for the standard flat Minkowski
spacetime (d > 2), with ds? = —dt? + dr? + r?dQ2_,, one first transforms the coordinates to the light—cone ones,
ug =t +r, then one makes them finite by 44 = arctan(us), to finally return to time— and space-like variables
by T=u4y +4-, R=4y —u_, with T € [-7,7], R€[0,7]. The resulting metric is conformally equivalent to
dsZi ciein static = —dT? 4+ dR? + sin?(R)dQ?2_,, which describes R x S?~1, the “Einstein static universe.” The Penrose
diagram is obtained in the chart (R, T), and is a triangle, see figure 4, left. This procedure of “conformal compactifi-
cation” can be repeated for AdSy (d > 2). Here, it is enough to trade p > 0 for 6 € [0, 7/2] through tan(f) = sinh(p)
to get

dsis, = —2 (d6? — dt* + sin?(0)dQ7_,) (67)
SAdSy = cos2(0) s d-2) -
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This means that the pertinent Penrose diagram is an infinite strip, see figure 4, right, rotated additionally around the
t axis. (For d = 2, one has 0 € [—7/2,7/2] instead, and the strip is twice broader.)

Yet another important frame is provided by the so—called “Poincaré coordinates.” We first define the light—
cone variables, us = (y° £ y?~1)/L?, and then the space-like §° = 4*/(Lu_), i = 1,2,...,d — 2, and the time-like
7= y?/(Luy); this yields

d—2
1 )
dsiqg, = L <u—2du2 +u? <—d7’2 + g d (gjz)2>> . (68)
i=1

But notice that this is singular at u_ = 0, and therefore, our space is divided in two by the hyperplane y° = y¢~1;

one chart of the Poincaré coordinates, with u_ > 0, covers one half of AdS;, while the chart with u_ < 0 the other
half. (The remaining variables run over the entire R.) By the transformation z = 1/u_, (68) becomes

d—2
dshgs, = L—2 <dz2 —dr* + Zd (Ni)2> (69)
AdSs = 32 Y )
i=1

where we choose the chart with z > 0 (called the “Poincaré patch (wedge)”), which conformally is a half of a flat
Minkowski spacetime (and thus, in particular, its Penrose diagram in appropriate coordinates will be a triangle).

Without going into details, let us state that AdS; in the Poincaré patch has a “conformal boundary,” in the
sense of the boundary of its Penrose diagram, and it lies at 2 = 0 (u— — o0). This boundary is the conformal
compactification of the (d — 1)-dimensional Minkowski spacetime, and the isometry SO(2,d — 1) acts on it as the
conformal group. For the global AdSy, the conformal boundary is R x S92, see figure 5.

2. The Metsaev—Tseytlin Action

It is not known how to construct type IIB superstring theory in this background in the Ramond—-Neveu-Schwarz
formulation; see however [33]. Its action in the Green—Schwarz formulation was proposed by Metsaev and Tseytlin
in 1998 [34], see also [35]: it is described by a non-linear sigma—model with the isometry SO(2,4) x SO(6), whose
bosonic part (the fermionic one will be irrelevant for our discussion) reads,

\/X “+o0 27
SIIB strings in AdSs X S5 |bosonic = E / dT/ do (‘CAdSE, + LSE’) ) (70)
—o00 0
where
1 af, mn 1+ mn
EAdS;; = - 577 n aaymaﬁyn + §A (77 YmYn + 1) ) (71)
Ey:—iw%W%&%XﬁiA@%&&—U, (72)

where the target space metrics ™" = diag(—, +, +, +, +, —) and n¥ = diag(+, +, +, +, +, +), respectively, while the
world-sheet metric n®? = diag(—,+). We remark the Lagrange multipliers designed to impose the sigma model
constraints. Furthermore, the closed—string periodicity o ~ o + 27 and the Virasoro constraints

1) S| —0 . nmn" (87-Ym87-Yn + 80Ym80Yn) + 0, X0, X; +0,X;0,X; =0 (73)
B = Ibosonic = e N0 Y 0s Yy, + 07 Xi05X; =0

must be required. We have already made use in (70) of the string tension value implied by the AdS/CFT correspon-
dence, T = L?/(2ma’) = VA/(27) (116), where A is the 't Hooft coupling constant (5). An additional complication is
the presence, among other background fields, of the R-R self-dual field strength F5 (95).

The global isometry of the product manifold (for d = 5), SO(2,4) x SO(6), is realized as shifts in the global
coordinates (61), (62). Crucially, this symmetry is precisely equal to the bosonic subgroup of the invariance group of
N =4 SYM (48). Moreover, if one takes into account also the SUSY present in the setup, one finds that type I1IB
superstrings in our background display invariance w.r.t. the Lie supergroup SU(2,2|4), which exactly matches the
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N =4 SYM counterpart; this is the first clue of a relationship between the two theories. The Noether global charges
follow easily from the action (70),

2 27
mn—\/—/ dUYaY — Y0, Yi) ”_\f/ dUXaX — X;0.X;). (74)

In the AdS/CFT setting, on the string side, the first set describes the isometry of AdSs, while the second one of S?;
on the gauge side, they correspond to the conformal symmetry and the R—symmetry, respectively. Comparing the
charges S, with the generators M,,, (44) of the conformal symmetry of N'= 4 SYM, we find that they should be
related as
1 1
S < Ly, Spa < ) (Ku—Pu), Sus < 3 (Ku + Pu)v Si5 & D. (75)

Out of (74), there can be selected 6 Cartan charges,
E = Sso, S1 = S12, Sa = Ssa, Ji = Jig, Jo = Jsa, J3 = Jse, (76)

with the following interpretation: F corresponds to shifts in the variable ¢ (the anti-de Sitter time), S 2 in ¢1 2, and
Ji23 in ¢1,23. Via AdS/CFT, they are mapped to the 6 Cartan charges of the bosonic symmetry of N’ = 4 SYM
(53). Notice in particular that

E<—>—%(K0+PO). (77)

Due to the reasons explained in paragraph ID 8, AdS/CFT relates a string theory in the entire space AdSs x S° to a
gauge theory in its conformal boundary, R x S3 (see figures 4, 5). However, while deriving the Maldacena’s duality, a
relationship is found between a string theory in a part of AdSs x S®, namely, its Poincaré patch, and a gauge theory
living in its conformal boundary, R%. A certain conformal transformation is needed to map the two, and this operation
changes the operator —%(KO + Py) into the dilatation operator D, so that string energies E correspond to scaling
dimensions A (126).

Let us finally mention that rescaled versions of (76) will be useful,

E S1.2 J1,2,3
E=—, S19= —=, T = /==
A 1,2 A 1,2,3 A

They will stay finite in the BMN limit (139).

(78)
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D. The Maldacena’s Conjecture
1. The AdS/CFT Correspondence

The first concrete realization of the 't Hooft’s idea of a duality between gauge and string theories was discovered by
Maldacena in 1997 [36-38], and identifies the maximally supersymmetric (A" = 4) Yang-Mills theory with the gauge
group SU(N) in (3 4 1) dimensions — with the type IIB superstring theory in the (9 + 1)-dimensional background
of the anti-de Sitter space times the sphere, AdSs x S°. It had been preceded by various speculations of how to
construct such a duality, for example by exploiting an analogy between the large-NN loop equation and the string
Schrodinger equation, in the work of Polyakov from 1981 [39]; it was the first time when this hypothetical “QCD
string” was conjectured to live not in 4 dimensions of our physical spacetime, but rather in a novel background having
5 non—compact dimensions. This idea has indeed proven to be the right track through the Maldacena’s conjecture
and subsequent developments [40] — the string theories corresponding to several 4-dimensional large—N conformal
gauge theories with the SO(2,4) symmetry have been discovered to occupy target spaces with 5 non—compact and 5
compact dimensions of the general form

AdSs x X7, (79)

where X5 is an Einstein manifold (i.e., having R;; ~ g;;) with a positive curvature.

Let us begin with sketching the picture of the “AdS/CFT correspondence,” in order to eventually move to a more
detailed discussion. It deals with a flat (9 + 1)-dimensional spacetime R*Y, and a stack of N coinciding Dirichlet’s
D3-branes at 2* = 2° = ... = 2% = 0 in it. A Dp-brane has a striking feature that it gives rise, through the spectrum
of massless excitations of open strings attached to it, to the (p + 1)-dimensional maximally supersymmetric U(1)
gauge theory living in its world—volume. Consequently, N such branes placed one on each other lead to the gauge
group SU(N) [41], and this is how the “gauge side” of the correspondence is recovered. On the other hand, if N is
large, the stack of Dp-branes back-reacts on the geometry of the spacetime, being a heavy object in a theory with
gravity. It will then be described by some metric and also other background fields, in particular, the Ramond-Ramond
(p + 1)~form potential. This will mean type IIB superstring theory with an R-R charged p—brane background on the
“string side” of the correspondence. The equivalence of these two points of view on the brane system constitutes the
celebrated Maldacena’s duality.

2. Ten-Dimensional Supergravity

We will now set the stage for the string side. We will be working with various supergravity (SUGRA) theories in
the flat Minkowski spacetime with D dimensions. For the SUSY generators Q%, a = 1,2,...,dimcS, a =1,2,..., N,
we will now adapt the Dirac spinor representation S = Spirac, given by the standard Clifford-Dirac matrices I',
(Ju = i[F#,Fl,] and {I',,T',} =2n,,); its complex dimension is dimcSpirac = 2LP/2] " The SUSY algebra looks
analogous to (9), but with the Pauli matrices o, replaced by I',. In order to find massless representations of this
algebra, we proceed as described around (11), and also this time half of the supercharges vanish, while the other half
serve as raising/lowering operators of helicity by 1/2. Moreover, we restrict the multiplets to include only particles of
spins < 2; the reason is that it has been shown that massless interacting particles of spin > 2 cannot be causal, while
we want to include a spin—2 massless graviton. This means that there may be at most 8 raising supercharges,

NdimgS < 32. (80)

We will consider the largest spacetime dimension for which this inequality is saturated, which is D = 11 and A" = 1.
Then, there are 32 Majorana supercharges. There exists a unique SUGRA theory with these parameters [42]. Tt
consists of the following fields,

gravition (symmetric traceless rank—2) G, anti-symmetric rank-3 A, Majorana gravitino ¢,., (81)

which are governed by the action (in the Einstein frame, as there is no dilaton here) whose bosonic piece reads

1 1 1
SD = 11, N = 1 SUGRA |}, psonic = 2—2/ <VG (RG -3 |F4|2) — A3 ANFy A F4> ) (82)
K11 2 6
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where = —DetG,,, |F,*= Lgmw  Ghr PF V2, the  bar denoting complex conjugation,
As = (1/3) A pdat Ada” A da?, and F; = dAs, Wh1le K11 = V/87(G1y is the gravitational constant in 11 di-
mensions. This SUGRA theory Wlll be of importance to us only indirectly — it gives rise to a theory of a lower
dimensionality, namely D = 10, through the standard “Kaluza—Klein dimensional reduction procedure.” We use it in
the following way: one coordinate 3 of R” is compactified into a circle of radius R, while the remaining (D — 1) ones
2" remain untouched; then, R — 0 is taken, which removes one dimension. This leaves a certain imprint on the fields
of the theory. For example, a gauge field A,(«") transforming under the fundamental representation of SO(1, D —1)
and obeying periodic b.c. on the circle — changes into a scalar A,(z”) and a vector Az(z”) of SO(1, D — 2). More
generally, a field transforming under some tensor representation T of SO(1,D —1) and having periodic b.c. on the
circle — will change into fields corresponding to representations whose direct sum is the restriction of T' to the
subgroup SO(1, D — 2). The same is true for any spinor representation S. Fields satisfying any non—periodic b.c.
decouple. Now, this method is used to reduce the above D = 11, N' = 1 SUGRA to either type IIA or type IIB
D = 10, N' = 2 SUGRA. This choice of parameters again saturates the bound (80), in which case there are 16
Majorana—Weyl supercharges. The field content for type IIB version of this theory, which is our goal, reads

graviton G, axion—dilaton C' + i®,

antisymmetric rank—2 tensor By, +idau., antisymmetric self-dual rank-4 tensor A} (83)

4pvpo

Majorana-Weyl gravitinos 1! Majorana—Weyl dilatinos )\(Il,

poo

where I = 1,2, and the plus in AI indicates self-duality. The gravitinos have the same chirality, as the dilatinos
do. The action is derived from (82) by dimensional reduction. A complication is the presence of the self-dual field
strength coming from A}, and one considers an action for both dualities, only subsequently imposing the self-duality
condition as an additional equation of motion. We have [43],

1 _
SD =10, N = 2 type 1B SUGRA |posonic = PR / (\/ae 2® (2RG +80,P0"® — |H3|2) —
10

11~ 2
—\/—(|F1 ‘Fg‘ §‘F5‘)+AI/\H3/\F3>7 (84)

where Fl dC H3 _dB F3 dAQ, F5 _dA4, F3 Fg—CHg, F5 EF5—%A2/\H3+%B/\F3, and ﬁnally we
must impose the self— duahty *xFy = Fs. It is customary to rewrite this action in the Einstein’s frame through the
Weyl transformation Gg,., = e ‘I’/QGH,,,

SD =10, N = 2 type IIB SUGRA | posonic =

o 4k, (ImT)2

where 7 = C +ie”? and G3 = (F3 — 7H3)/vImr.

1 0,70 1~ 12 . -
=— /<\/G_E (2RGE—7T T——|F1| |G3|2—§’F5‘ >+1AI/\G3/\G3>’ (85)

8.  Black Holes and Black Branes

We will leave our introductory discussion of D = 10, N' = 2 type IIB SUGRA at this point, and proceed to brane
solutions in it. To get to branes, let us begin with the “Schwarzschild black hole” solution to the Einstein’s equation
without matter in (3 + 1) dimensions (G = 1), which is their earliest predecessor,

2M
ds%chwarzschild = - <1 - T) dt2 +

—57 dr? + r?dQ3. (86)

It is static and spherically symmetric; in fact, it is the most general solution with spherical symmetry and no sources
according to the Birkhoff’s theorem. It is, however, generated by a point mass M at r = 0, as may be verified by



23

going to the Newtonian limit, but this source is inside the event horizon. At r = rg = 2M, which is called an “event
horizon,” this metric has a singularity; the hypersurface r = ry is null; to reach it from the outside or to escape from
its inside takes an infinite time (the quantum-mechanical Hawking’s thermal radiation does escape, though), which
may be checked by considering a radial ray of light (ds? =0, d§ = d¢ = 0) around the horizon, t ~ log(|r — rl).
This is, however, merely a superficial singularity, as there may be found another frame in which the metric is regular,
as can be inferred from the finiteness of the Ricci scalar R at the horizon; the first such set of coordinates, which
moreover covers the entire space, has been found by Kruskal and Szekeres.

The Schwarzschild solution can be generalized to include, in addition to the mass M, an electric
charge @ sitting at » = 0, by considering an FEinstein—-Maxwell system with the energy—momentum tensor
T = ﬁ(ngFMPFW — % Juv Fpo I P7), which yields the so—called “Reissner—Nordstrom black hole,”

dsZ.; so=—(1—-"—4 = )dt* + ;drz + r2dQ2 Ei(r) = 9 (87)
Reissner—Nordstrom 7‘2 1_ 2M Q—; 2 T2 .
T

T

This time, there appear two horizons (“inner” and “outer”), at r = ryr = M + 4/ M? — Q2. Notice that if there were
M < @, there would be no horizon, and so, the singularity at » = 0 would be naked; this is believed to be forbidden
in a physical theory by the Penrose’s cosmic censorship rule. Hence, it is required to choose

M > Q. (88)
A very potent situation occurs when this inequality is saturated, M = @Q; we then obtain an “extremal black

hole.” It has a number of interesting and generic features: First, its two horizons coincide, and the metric (after
R =r — Q) acquires the form,

1 Q
dszxtrcmal Reissner—Nordstrém — _Wdt2 + H(R)2 (dR2 + R2dQ§) ) where H(R) =1+ E; (89)
the extremal solution, therefore, is defined through H(r), which is a harmonic function in 3 dimensions,
A H(r) ~ Qi(r). (90)

Such a function encodes all the properties of an extremal black hole, for example its horizon, Hawking temperature,
Bekenstein-Hawking entropy, etc. Second, this extremal black hole behaves as a half-BPS object with the bound
(88). We will not elaborate on this more except saying that it can be understood by thinking of our Einstein-Maxwell
system as a bosonic part of the short gravity supermultiplet of (3 + 1)-dimensional ' = 2 SUGRA. Third, the
extremal black hole interpolates between its two limits: for r > 7y, the metric reduces to the flat Minkowski space,
while for r ~ ry (the “near—horizon limit”), to

2 2

dshas, xs2 = —%dﬁ + ﬁd}? + Q2%d03, (91)
which (upon R — Q?R) we recognize as the metric of AdSy x S? in the Poincaré coordinates (68), and which is called
the “Bertotti—-Robinson geometry.” The spatial part is degenerated into an infinitely long tube of the geometry of
R x S§2, called a “throat.” As solutions in N' = 2 SUGRA, both these limits are maximally supersymmetric (they
have 8 Killing spinors), while the extremal Reissner—-Nordstrom black hole, which breaks half of the SUSYs (it has 4
Killing spinors), spatially interpolates between them; therefore, it behaves like a soliton, which interpolates between
two vacua. These are generic features of extremal black holes, also in other backgrounds, for multi—center solutions,
with additional angular momentum, etc.

Let us now return to SUGRA theories. Generalizations of charged black holes to a SUGRA setting are found
as follows: If we have a theory with an antisymmetric rank—(p + 1) tensor A, . ,,.,, written as the (p + 1)-form
Ay =1/(p+ DDAy da?t AL Adatett it is natural to couple it with (p + 1)-dimensional (p spatial dimen-
sions) surfaces ¥,41 through the action

Spr1 = Tp+1/ Apya, (92)
Zpt1

which is diff-invariant and invariant under Abelian rank—p gauge transformations, A,1 — A,4+1 + dpp. Such classical
(and static) solutions to the SUGRA equations with an A,y charge are called “p-branes.” Let us note that each
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p-brane has its “magnetic dual” which is a (D — p — 4)-brane coupled to A’Big;;g such that dAgig;;3 =*xdA,11. We
introduce also a bit of terminology: a “Dp-brane” is a p—brane which is a source to an antisymmetric tensor field
from the R—R sector. We will be interested in the extremal case; they will also be described by harmonic functions
((D — p — 1)—dimensional), break half of the SUSYs, and interpolate between two solutions of higher SUSY, just
as discussed above for the Reissner—Nordstrom extremal black hole. Before we show these properties, let us remark
that for the physical number of dimensions, D = 4, there are no other extremal branes which are localized in space
than black holes, i.e., O-branes. Indeed, a 1-brane, called a “cosmic string,” is given by the harmonic function
H(z1,22) =log(Jz1 + ix2]), while a 2-brane, called a “domain wall,” by H(z) = 1 4 a|z|; both functions increase as
we move away from the source, thus affecting the entire space. But in D > 4, we can have localized extremal p—branes.
In order to find what brane solutions are allowed in a given SUGRA theory, we must review its field content w.r.t.
antisymmetric tensors. For example, in our D = 10 A = 2 type IIB SUGRA, there will be (83) four possibilities plus
their four magnetic duals,

T D(-1) D7
By F1 NS5
AQ,uu D1 D5
AL ps D3 D3. (93)

The only NS-NS field here, By, gives rise to a 1-brane F1, which is just the fundamental string; 7 = C' + ie~® yields
the D(—1)-instanton, which we will not discuss in more detail. The most interesting for us will be the self-dual
field AIquU producing a D3-brane, which is self-dual w.r.t. electric-magnetic duality. To derive the metrics of
these branes, we notice that a brane has the Poincaré symmetry RP*! x SO(1,p) in its world-volume, and also is
rotationally symmetric SO(D—p—1) in its transverse space. This implies that the brane’s metric should be a rescaling
of the Minkowski metric in the longitudinal coordinates plus a rescaling of the Euclidean metric in the transverse

coordinates; substituting such a form into the SUGRA equations, we find [44],

p
_ i\ 2 _
dsfkbranc in D =10 N = 2 type Il SUGRA — HP(T) 1/2 <_fP(T)dt2 + Z (d'r ) ) + HP(T)l/Q (fP(T) 1dT2 + T2dQ§7p)
=1

(94)
(this is the so-called “string metric,” related to the usual Einstein metric through ds3 = e~®/2ds?), while some other
background fields, the dilaton and antisymmetric rank—(p + 1) tensor,
3-p 1
e? = Hp(r)gT, Appr = — (Hp(r)™' =1)da® Ada' A... A da?, (95)
Js
where the most general (9 — p)-dimensional harmonic function H), of the transverse coordinates, respecting the
SO(9 — p) invariance, and yielding a metric with the Minkowski limit at r — oo, is derived along with f,(r) to be

where L is some length, and r = rg is the position of the p—brane’s horizon. Since the only dimensionful parameter
in the theory is the string length Iy = v/ o/, L must be proportional to it, and in fact, for Dp—branes,

L7 P = apr;*p where

)

PP — g.N (\/J) " 4 =R <¥) . (97)

where we have also introduced N if we have many coincident p—branes. L is chosen in such a manner that the flux of
the self-dual R-R field strength through the 5—sphere reads

/S i Fy=N. (98)

Notice the dependence on the (dynamically generated) closed string coupling constant, gs = e?, where ¢ = (®) is
the VEV of the dilaton field. Let us now restrict our interest to only the extremal limit, when the horizon and the
singularity at » = 0 merge, i.e., rg = 0; if rg < L, the solution is called “near—extremal.” They can be shown to
preserve precisely 16 out of 32 SUSYs, thus being half-BPS.
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the flat Minkowski limit

FIG. 6: The two limits of the extremal D3-brane metric (99): the flat (9 + 1)—dimensional Minkowski spacetime far from the
brane (r >> L), and the near-horizon or throat limit (r < L), yielding the AdSs x S® geometry. The size of the latter, in string
units, is unexpectedly given by the 't Hooft coupling constant, AL/4 (106).

The most interesting case is p = 3, i.e., a stack of N coincident extremal D3-branes in D = 10 N' = 2 type
IIB SUGRA, and for a number of reasons: First, its world—volume possesses the (3 + 1)—dimensional Poincaré in-
variance. Second, the axion C' and dilaton ® fields are constant. For all p # 3, the dilaton is not constant, and
explodes at 7 = 0 (95); consequently, the string coupling gs depends on the position in the space, which hardens
the analysis; also, the instanton angle 6y = 27(C) is not constant. (The other fields are given by B, = A, =0,
F;;”HW?’MMS = €1y popapapspc 0 H3.) Third, its metric,

2 L4 1z 2 2 2 2 : 1z 2 2 2
dscxtrcmal D3-brane — 1+ ’f‘_4 (_dt + dxl + dx? + dx3) + |1+ ’f‘_4 (dT +r dQ5) ) (99)

with
LY = dmgoN (o), (100)

is [45] non-singular at the horizon r = 0, despite the appearances, and in fact, for r — 0, and in the variable
z = L?/r, it tends to the matric of AdSs x S° (with equal radii of curvature L of the two components) in the Poincaré
coordinates (69),

L2 )
dshassxss = —3 (—dt* +dz? +da?) + L2dQ3, (101)

analogously to the Reissner—Nordstrom case (91). On the contrary, for all p # 3, the horizon is singular, of zero
area. Similarly as before, thus, the extremal D3-brane interpolates between two maximally symmetric spaces, the
flat (9 + 1)-dimensional Minkowski spacetime for r > L, and AdSs x S® near the horizon r < L, see figure 6. Let
us elaborate more on this finiteness: It may be verified that all possible curvature measures of the geometry (99) are
finite for r & 0; they are actually small if L is much larger than the string scale (L > l;), as for example

1 1
Rmnm’n’ - _ﬁ (gmm/gnn/ - gmn/gnm/) (Ads5)7 Riji’j’ = +ﬁ (gii/gjj' - gij’gji/) (85) (102)

(see the discussion below (57)), i.e., the small-curvature SUGRA approximation of type IIB superstring theory
works well then. Since (L/I5)* = 4mgsN (100), we infer that if gsV < 1, the SUGRA approximation of the full
superstring solution breaks down, even though the string perturbation theory is valid due to gs < 1; on the other
hand, if gsN > 1, the SUGRA solution is a good approximation, and moreover it is possible to remain within the
string perturbative regime of g; < 1 provided N > 1 sufficiently. The fourth important advantage of p = 3 is that
superstring theories defined in the extremal D3-brane background depend, in particular, on the complex constant
(the “modular parameter”)
0 i

_ @ _ 01
s = {(C) + ie 5 + o (103)
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FIG. 7: D-branes, open strings ending on them, and Chan—Patton factors.

Now, type IIB SUGRA is invariant w.r.t. SU(1,1) ~ SL(2,R), which acts transitively on 7; for type 1IB superstring
theory, this must be restricted to the subgroup SL(2,Z) [46] due to the identification 6y ~ 01 + 27 (75 ~ 75 + 1). Hence,
there is the SL(2,Z) symmetry of superstring theories in the background of the extremal D3-brane; it will correspond
to the Montonen—Olive S—duality of N'=4 SYM (46).

4. Black Branes as D-Branes

Let us now switch the point of view on the above stack of N coinciding extremal D3-branes, in order to see
how they may give rise to the gauge side of the AdS/CFT correspondence. We have introduced above Dp-branes
as certain solutions to SUGRA equations, but they are expected to extend to solutions of full superstring theory (of
which SUGRA is the low—energy o/ — 0 limit), i.e., receive a’—corrections to the background fields. Let us see what
happens to Dp-branes if we treat them as string theory solutions, in the perturbative regime of gs < 1 (in which
string theory is well-defined through the strings’ world—sheets’ genus expansion). Then, according to (94), (96), the
Dp-brane metric becomes flat everywhere except for the (p + 1)-dimensional hyperplane ¥,,1, where the metric
explodes. In other words, a Dp—brane becomes, for weak string coupling, a localized topological defect (a “wall”)
of a flat spacetime. This means [47] that strings propagate in a flat spacetime, except when they touch a D-brane
— then they open, and boundary conditions are imposed on the string’s endpoints: the Neumann b.c. (i.e., a free
motion with the speed of light; 9,X,, = 0, for ¢ = 0,1) for the (p + 1) tangential coordinates, and the Dirichlet b.c.
(i.e., fixed; X,, = const, for ¢ = 0,1) for the (D — p — 1) coordinates transverse to the brane. However, D-branes are
much more than just boundary conditions; Polchinski in 1995 [48] showed in his breakthrough work that they also
are dynamical half-BPS objects carrying an elementary unit of charge w.r.t. antisymmetric rank—(p + 1) R-R tensor
of type II superstring theory, i.e., in fact

Dp-branes (b.c. for the string’s endpoints) = extremal p-branes (solutions to SUGRA). (104)

It is a standard calculation in string theory and a fascinating observation to find that the spectrum of an open
string ending on a single Dp-brane includes a massless U(1) gauge field living in the brane’s world—volume. (The
other fields include (9 — p) massless Goldstone scalars, as well as fermions, completing the SUSY.) In the low—energy
o’ — 0 limit, only these massless fields remain. Moreover, since the brane is a half~-BPS object, and so, it preserves 16
out of the total 32 supercharges, forming A" = 1 11-dimensional spinor, or equivalently, N' = 8 4-dimensional spinors
— we obtain N/ = 4 (i.e., maximally supersymmetric) U(1) gauge theory in a flat (p + 1)-dimensional Minkowski
spacetime. If we take N such parallel branes, each endpoint of an open string may be placed on any of them:;
accordingly, endpoints are labeled by so—called “Chan-Patton factors” |I), with I = 1,2,..., N enumerating the
D-branes, see figure 7, and so, there are N2 possible string configurations (type II strings are oriented). If the branes
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FIG. 8: UP: A heuristic derivation of (105). Two splitting vertices of open strings can be glued together to form a closed string
splitting vertex (a “pair of pants”).

DOWN: An explanation of Hawking radiation in terms of open strings living on a D—brane. Two open strings collide with their
endpoints, create a closed string, which eventually detaches from the D—brane, and radiates away.

are separated from each other, the resulting theory has the low—energy excitations including a U(1)" gauge field.
But if we take all the separations to zero, the gauge group is enhanced to U(N). Actually, it is SU(N), as the factor
U(1) = U(N)/SU(N) decouples from most of equations as corresponding to the center of mass of the stack of branes.
Furthermore, one can find a relationship between the gauge coupling constant gyn and the closed string coupling
constant gs,

Gon = 4mgs (27l)P 7 . (105)

A pictorial argument in favor of this formula is given in figure 8, up: the gauge coupling constant gyy is essentially
the open string coupling constant g¢P°* [26], which is equal to ,/gs, as two open string splitting vertices can be joined
along their boundaries to form a closed string splitting vertex. This relation can also be systematically derived from
the D-brane’s Born-Infeld action, Sgorn-tnfeta = =1 Tt [ dPT'z\/—Det(G,, + 2ma’F),,). To summarize, setting also
p = 3: a string theory on a stack of N coinciding D3-branes in the flat (9 + 1)-dimensional spacetime possesses, as
its low—lying excitations (the only ones for @’ — 0), (3 + 1)-dimensional Poincaré-invariant N’ = 4 SYM theory with
the gauge group SU(N), with the coupling constant g2,; = 47gs. Note that this is in agreement with the AdS/CFT-
implied equivalence of the SL(2,7Z) symmetries on both sides (45), (103), 7vym = 7s. An immediate consequence is
that the size of the throat L (100) in string units reads

L
Vo

i.e., is expressed through the 't Hooft coupling (5). This is the second hint (the first one was the equality of the
symmetry groups, SO(2,4) x SO(6)) for the AdS/CFT correspondence: A, originally appearing in the string-like

=M1 (106)
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topological expansion (7) of large—color (6) gauge theories — has now been reproduced in a gravitational setting!
Finally, let us reiterate the discussion from below (102): the small-curvature SUGRA regime is when A > 1, which
precisely is the strong—coupling regime on the gauge side; conversely, for A < 1, perturbative methods can be exploited
in N'=4 SYM, but on the opposite side, we find a genuinely quantum string theory in a highly curved background.
This means that AdS/CFT is a “strong/weak duality,” which is both an unprecedented advantage (as one can access
a strongly—coupled theory via a weakly—coupled one) and a great hindrance (as a proof of the conjecture seems very
inaccessible) at the same time.

5. The Hawking’s Radiation

We have described above two viewpoints on the system of coinciding D-branes. But is there any relationship
between the open string theory on the stack of D3-branes, yielding (3 + 1)-dimensional A/ = 4 SYM, and the
SUGRA (or, more broadly, closed string) theory of the (9+ 1)-dimensional spacetime curved by this stack? The third
indication of such a connection comes from the following argument: If we consider a near—extremal p—brane, it will
have a horizon at some r = g = 0 of a finite size, and this horizon will emit the Hawking’s thermal radiation; this
radiation is described precisely by the closed string theory in the spacetime curved by the stack. On the other hand,
the Hawking radiation can also be understood in the open string theory language as the unitary process in which
two open strings attached to the stack collide with their endpoints, thus forming a closed string, which then detaches
from the stack and radiates into the outer space, see figure 8, down. A calculation of entropies for both cases has
first been made in [49]. In the gravitational setting, the method of [50] has been used: One considers the Euclidean
continuation of the p—brane solution, and the Euclidean time is periodic with circumference 8 =1/T = 0Spu/dF,
where Sy = 27 Ay /k? is the Bekenstein—-Hawking entropy, Ay the horizon’s area, E the excess energy of the brane
above its extremal value. Now, it is proven that T must acquire such a value that the geometry has no conical
singularity at the horizon. For the solution (94), p = 3, in the near—extremal limit and close to the horizon, it is
shown that 3 = 7L?/rg. The area of the horizon is then derived from the metric, and reads Ay = (rg/L)3V3L*Qs,
where V3 is the volume of the D3-brane, and 25 of a unit 5—sphere; this leads to the Bekenstein-Hawking entropy,

7T2
SpH = 7v?,N?TS. (107)

On the other hand, the entropy of the N’ = 4 SYM gauge supermultiplet is investigated. The theory is assumed to
be free, and standard techniques of statistical mechanics are used to find

o272 273
Stree N = 4 SYM = TV3N T°. (108)

The two results amazingly coincide up to a numerical factor; in particular, the gravitational computation reproduces
the N? scaling (obvious on the gauge side, as there are ~ N? degrees of freedom), and the T scaling (which is
required by CFT arguments). The numerical-factor discrepancy is caused by the fact that the two calculations have
been performed under two different assumptions: the former requires the SUGRA limit, A > 1, while the latter, the
weak—gauge-coupling limit A < 1. Hence, (107) and (108) are really two sides (large-A and small-\) of the same
coin, and there should be

27 23
S = SVaNTU (), (109)

where an attack on the function f(A) can be carried either in a weakly—coupled gauge theory (which then gives
a prediction for a strongly—coupled string theory), or in quantum-string o’—corrections to SUGRA (thus, saying
something about a strongly—coupled gauge theory); one respectively obtains [51, 52],

fO)=1— "X+ A<1),  fO)==+4C@EN 324+ . (A>1). (110)

3 73_'—\/5)\3/24—... 3,45
272 3 4 32

This is a generic situation in AdS/CFT problems, which are of strong/weak nature. Let us also mention that this
type of links between black holes and D—-branes was pioneered in 1996 by Strominger and Vafa [53], although for a 5—
dimensional SUGRA and a more complicated system of intersecting D1— and D5—branes, see also [54], and constituted
an important step toward AdS/CFT.
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6. The Maldacena’s Limit

So, having introduced above some background knowledge and initial clues, let us finally come to establishing the
Maldacena’s correspondence; we will say what theories really stand on both sides, what the limits of applicability
are, and how their observables relate. Maldacena’s seminal paper [36] contained a critical observation that a very
intriguing limit (the “decoupling limit”) is to send the string length Iy = v/a/ to zero,

a’ =0, gs, N = fixed (Maldacena/decoupling). (111)

(Technically, one cannot take such a limit of a dimensionful quantity. As we will see, it properly means to consider
energy scales such that massive string excitations decouple, and only a SUGRA remains.)

Let us first understand what happens to our system treated as a SUGRA solution. Start from recalling that
the extremal black 3-brane metric (99) interpolates between two regions: for r > L, it tends to a flat Minkowski
spacetime, while for » < L (the near—horizon/throat limit), to AdSs x S® (101) (or more precisely, its Poincaré patch
(69)). Notice that from the point of view of AdS; x S° (obtained from the brane through r — 0, i.e., 2 — o), the
original brane lives at r — oo, i.e., z — 0; this, as mentioned in paragraph IC1, is a part of the boundary of the
anti—de Sitter space, which is also a (3 4+ 1)—dimensional Minkowski spacetime. Now, the idea is that we zoom into
the near—horizon region; this region is then magnified in a singular way by taking (111) in the following fashion,

o/ =0, r—0, suchthat U=— =fixed. (112)
a
Indeed, in the limit (112), in the harmonic function Hs(r) (96), (106) we can forget about the 1, and get
Hs(r) ~ L*/r* = \/(U*(«’)?); then, the metric becomes
2 " U? o | 1oy, AU?
dshas,xs5 = L VA By (—dt* +d7®) + T2

(radius L = 1)

+ dQ%) : (113)
L2

2
A8} qsg x 55,01

By removing the overall factor of o/, this small piece of the spacetime close to the horizon of the 3-brane is blown
up. Consequently, the non-linear sigma—model describing the string theory in the 3-brane’s background (we forget
about the other background fields),

1
SS—branc sigma—model — _471'0(/ /deUﬁ’yaBGMN (x)aaX]waﬁXN, GMN (.I)dIMd{EN = dsgxtrcmal D3-brane (114)

(the metric is given by (99); M, N =0,1,...,9), possesses a well-defined smooth limit

VX 3 3
Sthroat sigma—model = _E /deO’ﬁ”yaﬁGMN(x)aaXMaﬁXN, GMN(x)d:era:N = dSQAdS5><S5,L:1' (115)

Notice that the resulting metric is that of AdSs x S® with both radii of curvature L = 1, and that the singular string
tension in (114) has absorbed the o' from (113) to become finite and determined by the 't Hooft coupling,

1 A
Changes into T= Tthroat sigma-model — 5, ° O/\/X = \2/_a (116)
o

T37branc sigma-model — T,
& 2 2ma/

ma!
compare also (68). To summarize, we can say that the part of the 3-brane, and its contribution to the string dynamics,
which survives the Maldacena’s limit (111) is the throat, while the asymptotically flat region decouples.

Let us also mention that yet another way to perceive this decoupling of the two limits, » < L and r > L,
under (111), is to consider absorption cross—sections o of massless particles (closed string excitations, for example, the
dilaton) incident from the flat region to the throat region (see the Klebanov’s paper in [49]). Such a wave partially
penetrates the throat, and partially reflects back. The massless scalar wave equation for the 3-brane metric (99) is
reduced to an equation for the radial part,

L RPN o
a2 472 =

> ¢ (r) =0, where T =wr, (117)
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and w = p° is the energy of the wave, assumed to be small, w < 1/L. A SUGRA computation then yields
4
o= %&LS < LP ~ (o)), (118)

which means that for low energies of the particles, and in the limit (111), it is hard for them to be absorbed by the
throat. Therefore, the Maldacena’s limit puts a barrier between the two regions, thus decoupling them from each
other. (This cross—section can alternatively be calculated within the D-brane picture, just as for the entropy, using
the low—energy world—volume action for our system of D—branes, coupled to massless bulk scalars. The leading—
order result happens to precisely reproduce (118), which is another hint in favor of the AdS/CFT correspondence.
Subleading string— and gauge-theory perturbative corrections may be attacked, as in (110).)

Finally, let us support the necessary scaling (112) by the following argumentation: Consider an arbitrary excited
string state at some point of the throat, r < L, having energy E,; this energy in string units, E,v/o/, we keep fixed,
in order to get a meaningful theory in the throat. The same energy, but measured at some point of the asymptotical
region 7 > L (at infinity), E., is red-shifted due to the factor Hz(r)~'/? in front of —dt? (94), Eo = H3(r) '/*E,..
Since H3(r) ~ L*/r* = M(a')?/r?, for r < L, this relation is Eo, = A\"/4(r/a/)(E.+/a/). This energy measured at
infinity we must also keep fixed; we have seen that r — oo describes the boundary of AdSs x S°, and we will soon
see that it is in this boundary that the pertinent gauge theory lives; hence, this energy is really measured in gauge
theory, and thus, should stay fixed. To retain these two energies finite, there must, therefore, be U = r/a’ = fixed.
Remark also that U represents an energy scale in the gauge theory, as Fo, /U remains finite.

We have, thus, argued that the limit (111), investigated from the gravitational point of view, produces two
decoupled theories: e type IIB superstring theory in the maximally-symmetric AdSs x S® (of radii L given by (106))
background of the throat, in the presence of the R-R 5—form flux of integer magnitude N (98), described by the
non-linear AdSs x S® (scaled up to L = 1) sigma-model whose coupling o’ has been effectively replaced by 1/ VX;
and e free type IIB SUGRA in the bulk of the spacetime.

The same limit (111) may, on the other hand, be apprehended using the viewpoint of the NV = 4 SYM theory
living on our stack of N coinciding D3-branes. To this end, we consider type IIB superstring theory in the flat (9+1)—
dimensional spacetime with the D—brane stack in it. There are three ingredients of this theory: e First, the “brane
modes,” i.e., open strings with the endpoints attached to the D-branes, which we have explained to be described by
the pure SU(N) N = 4 SYM theory in the (3 4+ 1) dimensions of the stack’s world—volume, up to higher—derivative
terms of order O(a). e Second, the “bulk modes,” i.e., closed type IIB strings in the bulk of the spacetime, behaving
as the SUGRA (83), (84) coupled to massive string modes, out of which only the SUGRA remains at o’ — 0. e Third,
interactions of these two sectors, which must be proportional to the Newton’s constant, i.e., to gs(a’)?, and which,
consequently, vanish in the Maldacena’s low—energy limit (111), thus leaving us with two decoupled theories. Finally,
comparing the first theories in the two decoupled pairs of theories — we arrive at the AdS/CFT correspondence.

7. Versions of the AdS/CFT Correspondence

Let us now discuss various versions of this duality. As it has been formulated above, it requires that the SUGRA
approximation of string theory holds, i.e., that the radius of curvature of the background is large in string units,
L > ls, which means (106) A > 1, and that quantum-string corrections are small, g; < 1. Astonishingly, on the
opposite side, we find the planar N' = 4 SYM in its strong—coupling regime (the perturbative regime is exactly
opposite, A < 1),

(classical type IIB SUGRA in AdS5 x S%) & (strongly—coupled planar SU(N) N =4 SYM)

gs — 0, N — oo, such that A = fixed, and then A\ — oc. (119)

Therefore, AdS/CFT allows us to access this highly non—perturbative sector of a planar gauge theory through classical
SUGRA calculations! Then, one could consider going away from the SUGRA limit by taking into account subleading
corrections: on the string side, in small o/, i.e., on the gauge side, in small 1/ VA. If all these corrections agree, a
stronger version of AdS/CFT holds:

classical type superstring theory in 5 X =3 planar =
lassical I1B i h in AdS S5 1 SU(N) N =4 SYM

gs — 0, N — oo, such that A = fixed. (120)

This is the “’t Hooft-limit version” of the duality. Indeed, on the gauge side, we take the strict 't Hooft limit (6),
which singles out only planar fat Feynman graphs. On the string side, it translates into sending the string coupling gs
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to zero, which singles out only tree-level string graphs, i.e., strings are classical. Hence, again astonishingly, classical
string computations lead to results in the full quantum planar N/ = 4 SYM! Once again: to have a 't Hooft gauge
theory with finite coupling A, it is mandatory to go beyond the original SUGRA formulation, and work with genuine
string theory. Further, one could again try to move away from the limit (120) by considering subleading corrections:
on the string side, in small gs, i.e., on the gauge side, in small 1/N. This relates the string—loop expansion in terms
of closed-string world—sheets with the 't Hooft’s genus expansion in terms of discretized surfaces (7), and is the most
advanced fulfilment of the 't Hooft’s program. If all these corrections coincide, then the strongest version of the
duality is true,

(full quantum type IIB superstring theory in AdSs x S°) = (SU(N) N =4 SYM)

gs, IV finite. (121)

This one is actually believed to be valid. In this work, however, we will need to assume only (120).

8. String Energies and Scaling Dimensions

We will not elaborate much on the broad subject of how to relate the observables (i.e., representations of the
common invariance group SU(2,2|4)) of the two theories. First of all, recall that the original D-brane system, where
the AV = 4 SYM lives, is from the point of view of the throat’s AdSs x S° geometry its boundary. Since the gauge
theory is placed on the 4-dimensional conformal boundary of the 5—dimensional anti—-de Sitter space where the string
theory lives, AdS/CFT happens also to be the first concrete and most successful realization of the 't Hooft—Susskind
“holographic principle” [55], according to which all the information in a space is encoded in the boundary of its
volume. There is one subtlety we must comment on regarding the boundary: We have obtained above the throat
geometry in the Poincaré chart (101), which does not cover the entire space. The boundary of the Poincaré wedge
can then be showed to be conformally related to R* with the Minkowski signature, and there the gauge theory is
defined. But the anti—de Sitter space is larger, and one should appropriately modify AdS/CFT so to include the whole
space. This is done by a conformal transformation in a Wick-rotated Poincaré metric. Namely, recall first that the
conformal boundary of the whole AdSs lies in the global coordinates (65) at p — oo, in the frame (67) at 0 = 7/2,
and its metric is

2
dSpoundary of the global AdS; = c02(0) (—dt* +d03) ; (122)
———
— 00
the infinite conformal factor is then removed, and the conformal boundary is obtained to be R x S3, as is also clear
from the Penrose diagram, see figure 4. (Observe that such a rescaling is not unique. Therefore, for it to make sense
in the context of AdS/CFT, the boundary gauge theory needs to be scale-invariant.) To make a connection with the
conformal boundary of the Poincaré wedge, which lies at z = 0 (69),

2

2 _ 2 =2
dShoundary of the Poincaré patch of AdSs — =) (—dT +dy ) ) (123)
S~

— 00

we should continue both metrics (122), (123) to the Euclidean signature, and perform the conformal transformation
t = log(7), to find that they are equivalent. Hence, we may rephrase the statement of AdS/CFT as follows,

(type IIB superstring theory in the global AdSs x S°) = (SU(N) N =4 SYM in R x S?). (124)

The corresponding relation on the gauge side is in the form of the well-known CFT’s “state-operator map” (“radial
quantization”),

quantum states in the R x $* N/ =4 SYM — local operators in the R* A" =4 SYM. (125)
One extremely important implication of this mapping is that the Cartan operator generating translations in the
global anti-de Sitter time ¢, whose eigenvalue is the string energy F, should be matched with the Cartan operator

generating spacetime rescalings in R* of A/ = 4 SYM, whose eigenvalue is the scaling dimension A; consequently,
AdS/CFT predicts that

E()\a S1782; J17 ']27 ']37 {nt}) - A ()\7 Sl; S27 ']17 ']27 ']37 {nt}) (126)
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(where we underline that this is an equality of two functions of A, over its entire range, as well as the relevant Cartan
charges (53), (76), and possibly higher conserved charges, analogs of the flat—space oscillation numbers), i.e., in the
version we will need it,

the spectrum of energies the spectrum of scaling dimensions
of non—interacting type IIB superstrings | = | of gauge—invariant single-trace local operators | . (127)
in the AdSs x S° background in planar A" =4 SYM in R*

The prime way of testing AdS/CFT will then be to calculate string theory’s E and gauge theory’s A, and to compare
the two. This is, however, fundamentally hindered by the strong/weak nature of the duality, discussed above — the
perturbative regimes of both theories generically lie opposite to each other. For example, in the 't Hooft-limit version
of AdS/CFT (120), one approaches E under the assumption of A > 1, i.e., through the standard inverse-tension
string—theory perturbative series,

1
E:\/X80+81+ﬁ82+..., (128)

while A is computed in the planar—gauge—theory perturbative sector of A < 1,
A=A0+)\A1+)\2A2+...; (129)

compare (110). Formula (126) means that these should be strong-A and weak-)\ expansions of one and the same
function. A notable exception is given by BPS operators (e.g., chiral primaries and their descendants), whose scaling
dimensions are protected and do not receive quantum corrections (14) (and are determined by the R-symmetry), and
also, much more non—trivially, by a certain novel double-scaling limit (“BMN”), introduced in the next subsection, in
which we move a “little” from BPS (“near-BPS”), and the two theories develop an overlapping perturbative region,
thus permitting direct checks; this will then, remarkably, be the first tractable instance of a string/gauge duality. It
is eventually taken even farther from BPS (“far—from-BPS”), see subsection IF.
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E. Large Angular Momenta and the PP-Wave AdS/CFT

In the previous subsection, we have given an introduction and a heuristic argument in favor of the AdS/CFT
correspondence, as well as the relation between the parameters of both theories (105), (106), and the prediction for
the equality between the energies of non—interacting strings and the scaling dimensions of gauge—invariant single-trace
local operators (127). Due to the strong/weak nature of AdS/CFT, any quantitative test of E = A beyond the BPS
sector seems quite hopeless. The idea by Berenstein, Maldacena and Nastase from 2002 [56] was designed to define a
new regime where this critical difficulty could be overcome.

1. The Penrose’s Limit

The BMN prescription on the string side is based upon taking a certain limit such that the geometry of AdSs x S°
simplifies enough to allow string quantization. It is founded upon the observation that if in any spacetime one considers
a null geodesic, the spacetime close to it becomes a so—called “pp—wave.” Let us begin with defining this notion. A
pp—wave is a solution in any theory including gravity representing a gravitational plane—parallel-wave; in a flat
background, its most general metric reads

D
dsgpfwaVC = —AdzTdz” + K (x+,xi) (dx+)2 + Z (dx1)2, (130)
I=2
where 2+ = (20 + 2')/2 are the light—cone coordinates, 2! the transverse ones, while K is a harmonic function. A

pp—wave can be found in our D = 10-dimensional type IIB SUGRA (83)—(85); its harmonic function obeys

10
01" K = —32|w|?, being of the general form K= Z Kryalz?, (131)
1,0=2

where w = wypedz” Adz” Adz? Adz? is a certain 4-form subject to dw = d*w = 0, and |w|* = W pew*7.
Moreover, the self-dual R—R 5—form field strength is given by

Fy = dat A (w + »w). (132)

This general solution may be shown to preserve 1/2 of the SUSYs (i.e., 16). However, it has been noticed [57-59)
that there exists a particular value of K which yields the solution to be maximally supersymmetric; it is then a
highly distinguished background for type IIB superstring theory, as there exist only two other backgrounds sharing
this property, namely, the flat spacetime and AdSs x S°. This special value reads

10
K =—u? Z (x1)2 , for which the non—zero components of the 5—form, I:"+1234 = F+567g =4u, (133)
=2

where p is a constant (of mass dimension 1; see below).

As announced, a pp—wave metric was discovered by Penrose in 1976 [60] to appear as a geometry seen by a particle
moving along a null geodesic of any spacetime. Let us specify this theorem in our setup. To this end, consider a
relativistic point particle (a degenerated string) moving along a great circle of S with the speed of light; in the global
coordinates (61), (62),

pzov t:K’Tv 1/}207 <P1:0a <P2:Ov
’Y:%a ¢3:l{7'a 1/}:0; ¢1:05 ¢2:0

where £ is a constant. It can easily be shown to fulfill the equations of motion stemming from the action (70), and
the Virasoro constraints (73). The conserved charges (76) are derived to be

(134)

E=Vi, Si=8S=J=J=0 J=VAx, (135)

i.e., in particular, F = J. In order to zoom into the neighborhood of this trajectory, the following procedure (the
“Penrose limit”) is executed: the light-cone coordinates #* = (¢ & ¢3)/2 are introduced; the variables are rescaled as

ot
T = x_, ©~ =pl?i™, r = Lp, y = L, (136)
I
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where recall that L is the common radius of AdS; and S°, and remark that u is used to establish the proper length
dimension; finally, the limit L — oo is taken. Substituting this to the AdSs x S® metric (65), (66), we find that
the prefactor L? cancels out, and the resulting metric is finite and precisely equal to the maximally—supersymmetric
plane-wave one (130), (133) (plus corrections O(1/L?)). Hence, we have discovered that the Penrose limit of the
maximally-supersymmetric space AdSs x S° is the maximally-supersymmetric pp—wave.

2. Free Quantum Strings in the PP—Wave

Now, let us understand what this Penrose procedure means for AdS/CFT. Consider the symmetry generators of
translations in the AdS time ¢ and rotations in the angle ¢3 (i.e., in the plane 2°, 29), i.e., E < i0; and J < —i0y,.
Via AdS/CFT, they will correspond to the scaling dimension A and the R—charge J of the U(1) subgroup of SO(6)
that rotates the scalars ®5, ®s. The momenta conjugate to the rescaled light—cone coordinates read then

E+J

W’ Hlightfconc =2p = ,Ul (815 + 8¢3) — ,U(E — J) (137)

. 1.
2p+ = 18967 = ml (8t - 8¢3) g
If we want to build a string theory in the background of the pp—wave, these light—cone momenta of physical string
states need to be kept finite while taking the Penrose limit L — co. To ensure this, one surprisingly finds that there
must be

E~J~L* = oo, (138)
or taking into account the expression for the radius L (100),

gs = fixed, N — o ( i.e., A — 00), such that J~+/N,
i.e., N=5= (the BMN coupling) = fixed, (BMN). (139)
and E — J = fixed

This is the celebrated “BMN limit.” Its breakthrough meaning and a hallmark is that we not only take the 't Hooft
coupling A to be large (which simplifies the string side, but at the same time takes us into the strongly—coupled non—
perturbative sector of the gauge theory), but we also combine it with a large angular momentum in S° (R—charge) J
in the described fashion. Then, there emerges a new effective coupling \', which can be small even when \ is large,
thereby providing an expansion parameter on the gauge side. This gives a hope that the two theories may develop an
overlapping perturbative regime.

What is very remarkable is that our string theory in the pp—wave background supported by the R-R 5—form
(130), (133) can be exactly quantized, in sharp contradistinction to the one in the AdSs x S° background. The
pertinent Green—Schwartz action was calculated in 2002 by Metsaev [61], and subsequently greatly simplified by using
the diff-symmetry to pass to the light—cone gauge, and the kappa—symmetry to remove one half of the fermionic
fields [62],

Xt (r,0)=pTT, 7T6% =0, (140)

which has led to

1 —+oo 1
SGreenfschwarz light—cone type IIB superstring = 5 _ / dT/ do (Eb + Ef) )
in the pp—wave with the R-R 5-form 2na —o00 0

1 1
Ly = 5a+Xfa,Xf - 5m?Xfo, Le=1(0'5"040" +6°570_6% — 2mp' 5 116°) . (141)

Here: 0+ = 0; + 0, are the world—sheet light—cone derivatives; for the 32 x 32 Dirac matrices I'*, u = 0,1,...,9
(SO(1,9) vector indices), we use the chiral representation in terms of the 16 x 16 (indexed by SO(1,9) spinor indices
in the chiral representation x, k" = 1,2,...,16) real symmetric matrices,

O M
I+ = ( 0 I ) , O=4'9%4 (142)
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moreover, X!(7,0) are the eight 2-dimensional world-sheet scalars, while 6Z(7,0) are the two (Z = 1,2) 10—
dimensional real positive—chirality Majorana—Weyl spinors constrained by (140), 4.e., from the world—sheet point
of view, eight 2—dimensional Majorana spinors. We recognize the above action to govern these eight bosonic and eight
fermionic fields so that they are free and massive (of mass m = p™p). Remark also that the limit g — 0 takes us to
the flat space.

The quantization, therefore, is straightforward and completely analogous to the flat case, so we will print only the
highlights, focusing exclusively on the bosonic sector. First, it is noticed that o’ can be removed from the calculations
by the rescalings X+ — X+, X~ = 2710/ X~, X! — 21/ X', 67 — /27a’6%; then at the end, it is restored by
pt — 27a/pT. The equations of motion ((02 — 92 + m?) X! = 0), with periodic b.c., 0 ~ o + 1, are easily solved in
terms of an infinite number of harmonic oscillators,

1 1
X1(r,0) = cos(m7) X! + = sin(m7) P} —HZ — (ph(r,0)an’ + p2(r,0)al), (143)
m n#0 "
where pL?(7,0) = exp(—i(wnT F kn0)), with w,, = sign(n)\/k2 + m?2, k, = 27n. The canonically conjugate momen-
tum follows easily through P!(r,0) = 0, X! (7,0). The coordinate X ~(7,0) is determined from (143) through the
Virasoro constraint,

PT9, X~ + P10, X" +i(0'5 0,0" + 6>579,6%) = 0, (144)

which additionally imposes a restriction on the transverse coordinates by integrating it over o and using that PV is
a constant due to (140),

1
/ do (P19, X" +i (' 0,0" + 6°50,6%)) = 0. (145)
0
This system is readily quantized by replacing the classical Poisson brackets with i times quantum commutators,

(P XJ) = 6", [0&,ad"] = twmbmin o625, (146)

m n 2

where it is also useful to slightly modify these creation/annihilation operators,

1 2 [ 2
I_ I I T _ I I 0 _ T,1 I 7,1
ay = — (Py +imX;), ay, = — (Py —imXg), a,5, =\ —a’,, a,5, =/ —a,". 147
0 2m( 0 0) 0 \/%( 0 0) >1 n >1 o (147)
(There are also their fermionic counterparts, 6o, 6y, nZ, 7Z.) The light-cone Hamiltonian,
I 1
Hiighi cone = —P~ = — [ do (5 (P'PT + 0, XT0, X" + m?XTXT) +i(0'50,0" + 9%3792)) : (148)
P Jo

upon substituting the oscillators, and restoring the presence of o', acquires the form

Hi —con n ~— TL2 a NN
light cone _ 151 | of ~~T1g, + 4 + Z Z 1+/7+2 (aZ1aZ ! + nZyit) . (149)
H T=1.2n>1 (na'p?)

Remark one difference w.r.t. the flat case (which is achieved by sending p — 0), namely, that also the zero—modes are
massive and described by harmonic oscillators; this implies that there are no asymptotically free transverse excitations
in the theory, but all are bound in a harmonic well; consequently, the notion of the S—matrix becomes problematic.
Finally, the Fock vacuum |0, pT) is defined as being annihilated by all the annihilation operators (also the zero-modes),

aplo,p™y =0,  6510,pT) =0, al'lo,pT)=0, Fr|0,pT)=0, for n>1, (150)

and the physical Fock states are constructed from it by applying the creation operators in a way to comply with the
Virasoro constraints stemming from (145),

(N' — N?) |physical state) = 0, where NT = Z ky (alTal’ +nly—nl). (151)

n
n>1
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Their energies,

Ei —cone 2
E—J=2tgteone _ ny NN NE) 1 — (152)
1 et (na’p™)
which is the famous “BMN square-root formula.” For example, the zero-mode (SUGRA) excitations are
Ei —cone
C_L6|O,p+>, L:l,
I
n Ei —cone
90|07p+>7 lgh# = 17 (153)
7
Ei —cone
alval> . .alvjo,pt)y, ~— Zhebteone _ N
7
etc., while the lowest truly “stringy” mode reads
Ei —con 2
alla’|o,pt),  heeone g fyy M (154)
p (na'pt)

3. The Operators Dual to the PP—Wave Strings

We have thus managed to determine the spectrum of non-interacting strings in the pp—wave background, which
is the Penrose limit of AdSs x S°. Now, a crucial insight is that there must exist an appropriate limit of N' = 4 SYM
corresponding to the pp—wave strings through AdS/CFT. Before we discuss it, let us note that (152) astonishingly
constitutes a prediction for the all-loop (!) scaling dimensions of the operators dual to the pp—wave string states; trans-
lating the string-side quantities into their gauge side counterparts, p* = (E + J)/(2uL?) ~ J/(uL?) = J/(ua’V/N),
see (137), (106), this prediction reads

A—J=No+> (N} +N2)V1+ N2, (155)

n>1

where the BMN coupling constant A’ (139) has emerged. What remains, however, is to find what is really meant by
the “gauge side” here. What is the precise form of the operators whose scaling dimensions are given by (155)7 And
why does the matching hold at all even though the limits on both sides are taken in the opposite order,

first J — oo, second N = \/J? — 0 (string side) @ first A — 0, second J — oo (gauge side), (156)

and, thus, may not commute [63, 64, 66].

Let us make at this point the following comment: It has been discovered [67, 68] that A > 1 implies that the
't Hooft expansion (7) on the gauge side will preserve graphs of all genera, and not only planar ones as might seem
from having N large; the reason is that the suppression of non—planar diagrams with large N is compensated with
their combinatorial abundance as J grows to infinity. Remarkably, this balance is achieved precisely for J? ~ N,
for which also the graphs assemble again into a topology expansion, but with a new genus—counting parameter
g2 = J?/N; any deviation from this double-scaling would trigger dominance of either planar or non—planar diagrams.
The corresponding statement on the string side is that there will appear a sector of interacting strings in addition
to non—interacting ones; these string interactions stemming from higher—genus world—sheets can then be approached
with techniques of string field theory (SFT) [69] adapted to the light—cone pp—wave setting [70-75]. In this subsection,
however, we focus only on the simplest planar gauge theory/free strings regime. Another comment is that A > 1
puts us in a non—perturbative region of the gauge theory, which seems to exclude any tractability of the problem.
However, aid comes from recalling that there exists a class of operators which do not receive quantum corrections
to their scaling dimensions (14), namely, those belonging to shortened BPS multiplets, such as the half~-BPS ones
(55), (56). The critical idea is then to construct the operators dual to the pp-wave strings in such a way that they
differ only a “little” from being half~-BPS, namely, by so—called “impurities” (“magnons”). For such operators, it is
then shown that they do receive quantum corrections, yet not through A, but through the BMN coupling constant )\,
which can stay small even for large A, only provided that J is sufficiently large. We will explain this below.
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| V[V [P125.4] AuVrc| Vg |
Avare L] 1] T | 1[3/2]3/2
T3 I[=1] 0 [o[1/2[-1/2

Abarc_JS 0| 2 1 1 1 2

TABLE I: The classical scaling dimensions and charges under the R-rotation corresponding to the charge J3 for the ' =4 SYM
supermultiplet. The gluino ¥ splits into 8 components with charge +1/2, and 8 with —1/2 (K, K =1,2,...,8).

To address the problem of the dual operators, we begin with an already announced observation that the angular
momentum J = J3 of our string is the Cartan charge under the symmetry of rotations in the angle ¢3, which means
in the plane x°, 2% (62), and therefore, AdS/CFT will take it to be the charge associated with R-rotations in the
N =4 SYM’s scalars ®5, g. More generally, if the string’s motion is characterized by arbitrary S° angular momenta
J1, J2, Js, it is necessary to define the following complex combinations of the six real scalars of the theory,

Z=— (‘1)1 + iq)g) 5 W= 7 (‘133 + 1@4) 5 y = 7_ (‘135 + iq)ﬁ) 5 (157)

plus their complex conjugations, Z, W, ), as they are charged with charge +1 (—1 for the conjugates) under the
respective Cartan generators of the R—symmetry group SO(6). But for simplicity, let us return to the case of just one
angular momentum. In order to continue with the analysis, we need to find the classical (gym = 0) U(1)s,—charges of
the fundamental fields of N' =4 SYM (15), as well as their classical scaling dimensions; for this, see table I. Knowing
these, the guiding principle of constructing the operators dual to the pp—wave strings, i.e., that they should have
A ~ J > 1, is rephrased as the requirement that they are composite operators containing a large number of the
Y fields (they will, thus, be “long”). Moreover, one has to identify A — J = Eiight cone/it- S0, let us find several
operators dual to the beginning of the string spectrum (153), (154). The vacuum must have A — .J = 0, which is
realized only by the ) field, as is clear from table I,

N

0,p*) <

1 J

— Tr (y ) , (158)
where the normalization is picked to reproduce (52). This operator is protected, i.e., A — J = 0 remains true at
all values of A\. Further, the SUGRA excitations (153), created by the 8 4+ 8 bosonic/fermionic zero-modes, have
A — J =1, and therefore, their gauge-side duals will arise by inserting into the string of the )’s in the vacuum
(158) the fields having A — J = 1; table I reveals that these are: 4 scalars ®;, i = 1,2,3,4, 4 gluons A, (written as
gauge-covariant derivatives D,Y = 0,) + [A,,))] in order to yield a gauge-invariant operator), and 8 gluions W
Consequently,

ailo,p*) o ¢]1V_JTY (®7).,
agl0,p*) < Tr (DY), (159)
05°10,p") ¢]1V_JTr (vxd7),
and analogously for higher zero-modes, for example,
J
ahag|0, p* Tr (@:0'0;077), (160)
1=0

Again, there is no problem with determining their scaling dimensions at any given A, as they (159) are protected, being
a conformal primary, a descendant of (158), and a superdescendant of (158), respectively [77]. An interesting story
commences, however, beyond the SUGRA regime, as the dual operators cease to be protected. Consider the simplest
“stringy” excitation (154), with I =i, J = j. Its dual operator O% must, therefore, have two scalar impurities, ®;
and ®;, inserted into the vacuum (158),

<

ay'ay’|0,p") < O = Tr (2:'®;977) f(n,1); (161)
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FIG. 9: The planar contribution to the tree-level 2—point correlation function of operators with two scalar impurities (not
shown explicitly). The red ring represents the operator at the point z, the blue one at 0.
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FIG. 10: The planar contributions to the one—loop 2—point correlation function of operators with two scalar impurities: the
4-vertex (LEFT), the gluon exchange (MIDDLE), the self-energy (RIGHT).

we have written it as a linear combination, with some coefficients f(n,1) (obeying f(0,1) = 1, so to get back (160)), to
ensure that the resulting operator has a definite scaling dimension, i.e., that its 2—point correlation function is of the
form (52). The basic task is obviously to calculate this operator’s scaling dimension A, and compare with the exact
prediction (155). The original BMN paper [56] has done it with one-loop (in X') accuracy, and in the planar limit
(we repeat it below (190), proving also that f(n,l) = exp(2winl/J)), finding perfect agreement with the appropriately
expanded string result,

A—J=2+Nn2+0 ((X)Q) ; (162)

subsequently, [78] extended the matching to two loops, while [79-81] to three loops, also for a greater (though still small
compared to J) number of impurities; even the full square-root formula has been argued [82] to be reproduced on the
gauge side under the so—called “dilute—gas approximation.” However, it has then been shown that this approximation
can no longer hold due to the presence of the so—called “dressing phase,” which we discuss below, thus explicitly
breaking the BMN scaling (this has already been noticed in [83] in the setting of the pp—wave matrix model).

4. The Diagrammatic Approach to the Dilatation Operator

A method of computing scaling dimensions of such “BMN operators” was developed in 2002 [67, 68, 79,
84, 85], and we will briefly review its main points, specifically sticking to the two-scalar—impurity operator
(’)Z(J) (z) = Tr(®;(2)Y(2)! @, (2)Y(z)” "), compare (161). We aim at calculating the 2-point correlation function at
the planar level and up to one quantum loop,

one—loop +.... (163)

planar

(0 @0 ) = (0" @0 )

tree-level T <Ol(1J) ('r)@l(j) (O)>

planar

This problem is handled diagrammatically, with help of the Feynman rules derived from the A’ =4 SYM action (17)
in the Feynman gauge; in particular, the scalar and gluon propagators,

2 2
((@i(2)) a5 (@506 tree fieta = &ng—lﬁglg&ijzswam, (A(®@) a5 (A0 pon or = %%V&xmﬁ;c-

(164)
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FIG. 11: The toroidal correction to the one-loop 2-point correlation function of operators with two scalar impurities (denoted
by gray lines). There is an overlap with double—trace operators of the form (173) (green).

The two composite operators inside the correlator are represented by two rings of dots, corresponding to the positions
x and 0, with lines joining the dots denoting contractions; see figures 9, 10.

A general way of tackling this problem is to encode all the combinatorics in an effective random matrix model,
while all the dependence on gyy and x is factored out. To keep track in this zero—dimensional model of the positions
x and 0, we introduce two zero—dimensional fields, ®;(x) — <I>_;r and ®,;(0) — @.7; it is not necessary to repeat this

for ), as at x there is always Y(x), while at 0 its conjugate Y(0). The pertinent matrix model should be complex
Gaussian,

N

O, = [ y7e ™Mo, ayay= [] LdReYupdimas (165)

A,B=1

as its non-zero propagators, (YapYcp)m.m. = 64pd5c, ((@;)AB(@;F)CD>m,m, = 0;;04p0BC, correctly reflect the sys-
tem’s combinatorics.

To attack the classical level, we note that we have here just (J + 2) propagators, and hence,

) (A G\
o) (0 (0 > — [ m SiLs 166
< gl (:E) b2 ( ) tree—level (87T2|:E|2 hilz ( )
where the matrix—model correlator is given by
J) AT _ Al — T —

Sty = <O§1 ‘o >>m.m. = (Tr (@F Y @Y/ ~0) Tr (@] Yoy Y/ =1)) (167)

and for example, up to graphs of genus 1, it is derived to be [67, 68],

Sy, = NT+25ll g
4 4
1

+35h (L4+1)BI+1—=1=3l)+(le—lL) (1 +1)(J —l2+ 1)) + 0O (N77%), (168)

while higher genera have been addressed in [86]. In particular, at the planar order, the only possible set of contractions
is shown in figure 9, from which its diagonal structure in [y, I3 is clearly visible; it becomes non—diagonal only after
including non-planar diagrams, since then crossing of propagators is allowed. This proportionality to 6“2 is an
important property, since it means that the classical planar scaling dimension can be readily retrieved (to be (J 4 2))
from (166) according to (52).
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At the one—loop order, there are three types of Feynman graphs that contribute to the 2—point correlation function:
the scalar 4—vertex, the gluon exchange, and the scalar self-energy; in figure 10, they are shown in the planar limit, in
which only interactions between nearest—neighbor lines are taken into account. Without going into details, let us stress
the main issues. First, these diagrams are divergent. For example, the vertex includes the following integral, which is
divergent at © = 0 and u = x, and so, should be regularized by, say, introducing a cutoff A, i.e., |x — ul, |u] > 1/A,

4 Q%M ? Q%M ? Q%M
d ~ log(Alx|). 169
/ U (871'2|17 —_ u|2> (8772|u|2) (8#2)3 [ og(Alzl) (169)

This divergence is removed by renormalizing the operators Ol(‘]) (x); consequently, despite being in an UV-finite
theory (recall (38)), composite operators do undergo renormalization. Now, calculating all the three types of graphs,
we obtain

J . g2 J42
<o§1’<x>0§2’<o>>Oncleop=—2( YM) Tiyi, log(Ale]), (170)

8m2|x|?

where the combinatorics is reproduced by the matrix-model factor which is proven to be

D) rrAT
T = (O HOY) (171)
where the effective matrix—model vertex,
2 —
H=-200 1 ([v,9f] [¥,97]) ;. (172)

In [87], this result is generalized to 2—point functions including any type of A' =4 SYM’s fields.

The first observation to make is that (170) is not diagonal in l1, l2, not even at the planar level; this can be
seen for example from the 4-vertex, which exchanges the positions of ) and a real scalar (“hopping”). Thus, the
operators Ol(‘]) need to be diagonalized in order to find their scaling dimensions. Let us now describe how to approach
this diagonalization, as it features an important subtlety, the “operator mixing” [84, 88, 89]. Namely, if we want to
compute higher—genus corrections to (171), we need to take into account also multi-trace operators, and not only our
original single-trace O, I, Figure 11 shows, for example, that double-trace operators will appear while calculating
the toroidal corrections to 77,;,. In other words, our set of operators should be enlarged, and the diagonalization
performed in it. It is shown that the following multi—trace operators should be included,

oyt =y (@,Y'e, 70 Tr (V) L T (VM), where  Jo b Ji ...+ Jar = (173)

Let a, 0 denote multi-indices characterizing these operators. Then, their 2—point correlator up to one quantum loop
is

J+2
(0u()03(0)) = (&Tf’fﬁ) (sag — 2T.slog(Alz]) + O ((A’)2)). (174)
We aim at diagonalizing it, i.e., finding a new set of operators,
Ou = VazOa, (175)
such that they possess definite scaling dimensions,
<@&(x)55(0)> - |I|2(fff fg) - ljj(iii) (1 — 27 log(Alz]) + O ((X)Q)). (176)

Substituting (175) to (176) and comparing with (174) leads to the relations
S=vcvt, T =VCALVT, (177)

where we have defined the diagonal matrices, C&B = C&%@ and A ap = Aan,adzz. Our goal is the matrix of
anomalous dimensions, and for this, let us start from focusing on the matrix Tpg (171). The vertex (172), while
acting on our set of operators O, produces in general some linear combination of these operators,

HoO, = Hyp0p. (178)
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The definition of the action “o” on the Lh.s. is through contracting the fields J and ®; from H with the fields ) and
@ from O,, according to the fission/fussion rules of U(N),

Tr (9 A9 B) = Te(A)Tr(B), Tt (@A) Tr (8~ B) = Tr(AB). (179)

Specifically, if H acts on a single-trace operator, these rules can be shown to yield both single- and double—trace
operators,

2
(J) g (J) (J) (J)
HoO _%<N (2(9l ~ol - o)) +

J—1-1
PSS (Ol o) + 5 (o ol ™) ) 50

=1 '=1

where the boundary contributions are irrelevant if the operators are long. While acting on a double-trace operator,
single—, double— and triple-trace ones appear,

2
Ho OI(JO’JI) _ 9ym (N (2(9[(‘]0,(]1) . Ol(folwh) O(Jo ]1)) +

472 i+l
’ ’ J07l71 ’ ’ ’ ’
+ Z ( z(J(Z/ U, Ju,l Ol(ifl)/:ll,Jl,l )) n Z (Ol(Jofz Tl Ol(iolfl 1, )) n
=1 =1
J J J J
+ Jl (Of]ll‘l - thl—l—l + Ol( ) - Ol(-i-)l) > . (181)

We could continue this computation, and a general structure would emerge
H=Hy+Hy+H_, (182)

where Hy does not change the number of traces, while Hy respectively increases/decreases it by one, thus describing
on the string—side geometrical interactions of strings, i.e., their splitting/joining. We will investigate some of these
issues in more depth in section VII. Knowing, therefore, how to compute the coefficients H,g, let us see how they
translate into Ty, g according to (171),

Tap = (Ho00s0p) = Hay (0,03), = HarSyp. (183)

(Note: S and T are Hermitian by construction, hence, H is non—Hermitian, but related to its Hermitian conjugate
by a similarity transformation, HT = S~'HS.) Knowing these allows us in turn to obtain the anomalous dimensions.
They are most conveniently encoded in terms of the “dilatation operator,” i.e., an operator with eigenvectors Os and
eigenvalues Ag,

DoOs = Az04, i.e., in the original basis, Dup = (VAV_l)aﬁ ) (184)
In perturbation theory,
D=> D",  where D" ~ g, (185)
n>0
we have thus found for our two—scalar—impurity operators, up to one—loop accuracy,
DY) = (J+2)dap, D) = Hag, (186)

since D(B = (VAumV Yap = (VCALVIVETICTIWV ) 5 = (TS 1) ap = Hag. Observe that S,s has completely
disappeared from the one-loop dilatation operator; the one-loop anomalous dimensions are simply the eigenvalues of
H.

This object H is of major importance. First, crucially, we will soon argue that its planar version is in fact
identical with the Hamiltonian of an integrable system (specifically, a spin chain, i.e., a 1-dimensional model describing
magnetic interactions between spins). This breakthrough discovery reinforces the quest of diagonalizing H with the
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entire powerful machinery of integrability. We will discuss H as an integrable Hamiltonian in subsection I G. Second,
it has been proposed [90] that it is the dilatation operator which is dual to the SFT Hamiltonian of the interacting
pp—wave string theory, by mimicking (152), (126) at the operator level,

Hgpr (AdS(/_(}]FT) D

" —J (187)

Third, there exists a method of diagonalizing H which does not rely on integrability, but on interpreting it as the
Hamiltonian of a certain quantum-mechanical system [85]. Namely, we take the limit of large J in the formulae for
the action of H (180), (181), which is done by replacing the discrete variables I, I’, etc. with continuous ones, and
writing the operators as kets; for example, if we are interested only in the planar level,

T=- ze0,1, z~z+1, and O & |z). (188)

In this language, the planar version of H acts as the quantum-mechanical Hamiltonian

A\
HQM|p1anar |$> = _471'2 8£|I>a (189)

and is straightforwardly diagonalized,
1 .
Haom| panar I7) = N'n?|n), In) = / dze®™ | 7)), where  n=1,2,..., (190)
0

precisely agreeing with the implication of the all-loop BMN prediction (162). This derivation has been extended to
higher genera [85], discussed on the string side [91], generalized to other types of impurities [92, 93], and taken to two
and three quantum loops [78-81].

To summarize, we have sketched a certain regime (of large angular momenta, scaled according to (139)) and a
certain class of operators (near-BPS, i.e., half-BPS operators, whose protectedness is violated a “little” by inserting
a small number of impurities), which allow for testing of matching of string energies with anomalous dimensions (126)
beyond the trivial SUGRA /BPS sector. In the next subsection, we will move even farther from BPS by considering
operators with a number of impurities of the same order as the large angular momentum, and show that they again
lead to tractable regions on both sides of the AdS/CFT correspondence.
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F. Spinning Strings
1. Semiclassical Strings and Long Operators

Another revolutionary step on the way of delving into the structure of AdS/CFT was initiated in 2002 by the
work of Gubser, Klebanov and Polyakov (GKP) [94]. They noted that on the string side, the BMN limit describes
just the semiclassical expansion around the point-like string solution (134) of the full AdSs x S® theory. In other
words, by considering classical string theory in AdSs x S°, and computing the sigma-model one-loop (i.e., O(c’))
quantum corrections to it — the same free spectrum of quantum strings in the pp—wave background (152) is found.
Higher—order quantum-string orders are suppressed [95, 97, 99, 100, 102, 105, 116, 119], i.e., the semiclassical solution
becomes quantum—exact. Indeed, expanding

XM(T7 U) = Xglissical solution (134) (T7 U) + W‘TM(T7 0)7 (191)

yields the quadratic fluctuation action precisely equal to the action of type IIB superstring theory in the pp—wave
background (141). The inverse—tension expansion of the string energy (128) becomes

1 1
E:\/X50+61+—\/_52+..., hence, E-J=&+ 352—1—... . (192)
A ~——
suppressed

in the BMN limit

In the search for sectors of AdS/CFT beyond BMN admitting direct comparison of string energies and scaling dimen-
sions, the above line of thought has been perfected by Frolov and Tseytlin [95, 99, 100, 102]. Namely, they suggested
to consider other classical solutions, and to expand around them; analogously, in the BMN limit J ~ v/ — oo (139),
the quadratic approximation to the fluctuation action would be enough, allowing for finding the exact spectrum.
From this point of view, the Penrose limit (the geometry seen by a point particle revolving around a great circle
of S%) has not been a fundamental choice, but just one of many geometry limits corresponding to other classical
string configurations. In this way, through semiclassical quantization, one again obtains predictions for the all-loop
scaling dimensions of the dual operators; a drawback, however, is that this means working with patches of the theory
according to the chosen configuration to expand around. On the other side of the story, we find long (i.e., having a
large R—charge J) operators. Unfortunately, unlike for BMN operators, this arises to a real hindrance if we want to
appropriate them with a sort of diagrammatic techniques as described below (163), due to their massive mixing in
the degeneracy space w.r.t. their bare scaling dimension. The way out is to use the dilatation operator (184), and its
amagzing property of integrability, which enables its diagonalization through the so—called “Bethe ansatz”; we discuss
it below.

In the following, we will very succinctly present some examples of Frolov—Tseytlin strings. But before that, let us
elaborate on the general forms of the series we encounter in this sector. On the string side, we first expand in large
J, and then in small A’ (156). We will require of our sector that it submits to the “BMN-scaling assumption,” i.e.,
that the inverse-tension series can in fact be written as a large-J expansion, according to J ~ v/ (in other words,
quantizing a string means we retreat from the thermodynamic limit of large J), and that at every large—J order, it
admits a regular (analytic) expansion in the BMN coupling X,

1 - ~ 1=
E:\/X50+51+ﬁ52+...:J50+51+352+...:

1
=.J (1 “+ 601/\/ + €02 ()\/)2 + .. ) —+ (EllA/ + €12 ()\/)2 + .. ) —+ j (621)\/ + €22 (A/)Q + .. ) +...=
Enk / k
=J |1+ E €0k + E (/\ ) . (193)

Jn
k>1 n>1

On the gauge side, first A — 0 is taken, and subsequently, J — oo. In order to be able to compare the scaling
dimensions to the string energies, we must also here assume the BMN scaling,

on
A=J 1+ 50k+zj—: \* . (194)

k>1 n>1
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In the strict BMN limit, all the finite—size corrections obviously disappear, and we are left with comparing eg; with
ook, k = 1,2,.... We will soon see, however, that there has been discovered a mismatch between these coefficients,
pointing to a breaking of the BMN scaling. (Let us remark that these expressions does not hold if the large spins are
only in AdSs — there is no suppression in 1/57 2 in this case; at least one large spin in S is needed.)

2.  The Rotating String Ansatz

In order to generalize the point—like solution (134), keeping at the same time the BMN-scaling assumption, the
following “rotating string ansatz” is picked,

Eu(Ty0) = ra(a)ei(w“TJrO‘“(")), np(T,0) = sp(a)ei(“’PTJrﬁp(g)), (195)

where a = 1,2,3, p=0,1,2, and &,, 7, are related to the global coordinates through (61), (62). The constraints (58),
(59) are translated into

§rary =1, nPlspsy = —1, (196)
with 7?7 = diag(—, 4+, +). Moreover, the periodicity requires that
ro(o+2m) = r4(0), sp(o+2m) = sp(0), aq(0+2m) = ag(o) + 2mmyg, Bp(o +2m) = By(0) + 27k, (197)

where mq € Z, ky, € Z, ko = 0 are the “winding numbers.” This ansatz describes a rigid string (7, s, do not depend
on 7), rotating with frequencies w,, w,. The global conserved charges (76), (78) are derived to be

2m
0

Jo= VAT, = \/Xwa/ 49205, = VAS, = Viw, /0% 49 2, (198)

2T 2 P
with p = 1,2, and the restraints (196) are reflected in them as

D P Py €SSy (199)

w1 wa ws K w1 w2

where k = wp. Let us mention that under this ansatz, the classical string theory in AdSs x S® can be mapped to an
integrable system, the “Neumann—Rosochatius model.” Actually, the entire classical theory is integrable as shown by
Bena, Polchinski and Roiban in 2003 [101], see also [96, 104, 106-108, 110, 112, 113, 122, 123, 126, 132, 135].

3. The SL(2) Sector and the Goal of this Paper

We do not have time to present solutions based on the ansatz (195); let us just very briefly recapitulate one of
them, relevant for the current paper.

Let us begin with recalling that there are three particularly interesting subsectors of the full symmetry group
PSU(2,2[4), namely, SU(2), SL(2), and SU(1|1), for this reason that the dilatation operator acquires there a relatively
simple form; these are the subalgebras of rank one. For all of them, the vacuum is the state composed of J fields
Z (157), i.e., |0) = |ZZ... Z); the excitations (“magnons”) arise when some Z’s are changed into other fields. In
the SU(2) sector, the excitations are the appearances of another complex combination of two real scalars W among
the Z’s. In other words, the single-trace local operators read symbolically O = Tr (ZJ W2 permutations), where
J1 and J denote the R—charges of O, and J; + J; = J (see paragraph IG1). On the string side, these operators
correspond to spinning strings moving in the subspace 52 x R! of the full space AdSs x S°; such strings have two
independent angular momenta, identified with the R—charges J1 and J2 of the operators. A very nice feature of this
sector is that under renormalization it is closed perturbatively to all orders in the gauge coupling constant, which
follows from the R—charge conservation. The other interesting sector, SL(2), features, on the gauge side, operators of
the form

O="Tr (DilZDJSfZ. . DJSF"Z + permutations) , where Si+Sy+...+5;,=6. (200)
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Notice that in this case, unlike SU(2), there can be multiple (i.e., S1,Se,...,S ) excitations sitting at a single site.
On the string side, we find strings living in the subspace AdS3 x S*, having Lorentz spin S and angular momentum .J
along S! corresponding to the R—charge of the operator. This sector is closed under renormalization, too. Let us not
go into details concerning the third special subsector, SU(1|1), mentioning only that it includes fermionic excitations,
too. In this article, we focus exclusively on SL(2).

The prime instance of the classical string solution with the SL(2) symmetry is the circular string spinning in AdSs
and rotating in S! [155],

p = const, t = mr, 1 = VM2 + m27 + mo, o1 =0, w2 =0, (201)
7207 ¢3:Vm2+m27—_w0—7 Q/J: ) (bl:()a ¢2: .
where the various constants here are related through
S
sinh?(p) = ———, 202
©) = T (202)
mS
&y = — +m, 203
TVt m? (203)
2m&y — m? =2v/m2 +m2S + J? + w?, (204)
mS —wJ =0. (205)

This classical sigma—model solution can now be used for semiclassical quantization, which has been done up to one
loop in [155]. Tt shifts the classical energy Ey = VA& (203) by a value &, which is then derived. The two-loop
semiclassical quantization around (201), and the pertinent shift &, are yet to be found. Now, these string theory
results can also be accessed in a different way, by making use of the general belief that both planar N/ = 4 SYM
theory and non-interacting string theory on AdSs x S° are integrable at any order in perturbation theory, and thus,
can be quantized with aid of the Bethe ansatz technique. Quantum string Bethe ansatz equations [148, 160], which
we discuss below, are discretized versions of their classical counterparts, and are approximate in the sense that they
are defined for the system of infinite volume with asymptotic states, which is then taken back to be finite. In this
process, one encounters vacuum polarization (Casimir) effects affecting the energy. This impact has been found to
be exponentially small with large volume [165, 166, 180, 185]. In [163, 185], the method of the quantum string Bethe
ansatz has delivered the shift &, which agreed with the string theory computation. In this paper, we generalize that
pursuit to the next order in large volume, namely, we search for £; we give it in paragraph VIB 6, which is our main
achievement.

Moreover, at any loop, one can subsequently expand the energy shifts in small BMN coupling \'. This “fast—
moving” limit serves to make a comparison with the perturbative gauge theory, even though on that side the limits
are taken in the opposite way: first, small A, then, large J (156). In our Bethe ansatz approach, we expand the
energy shifts & and & up to respectively five and three orders in v/ X, in respectively paragraphs VC2 and VIA 7.
The fractional powers of \' appear exclusively thanks to the so—called Herndndez—Lo6pez contribution to the string
dressing phase (262).
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G. Integrability

In this subsection, written unfortunately much too briefly, we introduce the concept of the Bethe ansatz, which
employs integrability to solve the otherwise untractable mixing problem for long operators, corresponding for example
to spinning strings.

1. The One-Loop Planar Dilatation Operator in the SU(2) Sector

In their seminal paper from 2002, Minahan and Zarembo [138] computed the one-loop planar anomalous dimen-
sions of the single-trace operators belonging to the SO(6) subsector of the full theory, i.e., built out of the six scalars

(15),
Oivsin,..iy (¥) = Tr (P4, (2) sy (2) - .. D4, () (206)

where the length J is large. The derivation resembles very much the one in the 2-impurity case, discussed in
paragraph I E 4, and is again based on calculating the three types of Feynman graphs shown in figure 10. It eventually
yields

J
A
D(l) = 3 E Hl,l+l7 Hl7[+1 = 2[[)14—1 + Kl,l-‘,—l - 2H,l+17 (207)
=1

so) 16

where the three operators comprising the result act in the space of the indices of the two scalar insertions, at the
positions I and (I + 1), which is (R%); ® (R®);, 1, and are respectively the identity, trace, and permutation operators,
Il,l+1 = 5iz,jl5 Kl,lJrl = 5 5j B,lJrl = 5

U41,J1410 i,t4+1 91,0141 i17j1+15iz+17jl' (208)

Now, it is critically noticed that this dilatation operator is exactly equivalent to the Hamiltonian of an integrable
system, the SO(6) “spin chain.” This discovery has initiated a whole branch of research, and has given a powerful
tool of delving into the intricacies of N'= 4 SYM, as well as of the other side of the AdS/CFT duality.

The “Bethe ansatz” [136, 137] is a technique of diagonalizing integrable Hamiltonians. We will sketch how it works
on an example of an even narrower closed subsector of the full theory, namely SU(2), and still at one quantum loop.
This sector consists of single-trace operators constructed from the two complex scalars, Z and W (157); schematically,

O =Tr (27-MWM) + permutations, (209)

where M ~ J — o0, i.e., we have a macroscopic number of impurities M. The one-loop planar dilatation operator
(207) does not have the trace operator in this case, and so, simplifies to

J
A
D = 52 D s = P o
=1

Now, this is precisely the Hamiltonian of the integrable ferromagnetic Heisenberg spin chain XXX, upon the
identification of the Z fields with spins up, T, and the W fields with spins down, |, as depicted in figure 12,

Z T, W] . (211)

We see moreover that the ferromagnetic vacuum |0) = | 77 ... ) (all spins up) corresponds to the half~-BPS operator
Tr(Z7) (compare (158)), and insertions of W represent excitations (“magnons”) over this vacuum.

The Hamiltonian of this spin chain is a 2/ x 27 matrix H, whose diagonalization for large .J is obviously
untractable. Here it is where integrability comes into play. Indeed, let there be M impurities, at positions
Iy <ly <...<lp; such a state, in which we additionally relax the periodicity requirement, we will denote by

11,12, ..., la). Some linear combination of these M—impurity states will be an eigenstate of our Hamiltonian,
J
H|M) = Ey|M),  where  [M)= > Yy sull o). (212)

I1,l2,.., I =1
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FIG. 12: The mapping of an SU(2) operator (209) to a spin—(1/2) spin chain, according to (211). The dilatation operator (210)
is the Hamiltonian of this new system, and it is integrable.

Let us start from solving this eigenequation for M = 1; using the plane—wave ansatz, we find

J
Hp) =Bl where =360l v =—=e", B =gyt (5). @)
=1
PR A<
Hlp) = 522 22 I = (= 1) = vl + 1) = 525 32 @0l = w(t+ 1)~ vl = D)) =

- e ) S - Pt (2)
T 82 (2—e7 =) 2 ~op (2) pi-

1=1
Furthermore, restoring the periodicity condition I ~ [ + J implies momentum quantization, p = 2wn/J, with n € Z.

Proceeding to eigenstates with two magnons, (212) yields two equations for the wave—function,

4 (1, 0n) — 0 (I — 1,10) — b (I + 1L,10) — 0 (1, 0o — 1) = (I, Is + 1) = Bath (I, 1), for  Li+1<1s,
29 (l1,l2) = (I = 1,12) =9 (1,12 + 1) = Exyp (I1,12), for L+1=1, (214)

as well as the consistency condition stemming from them,
20 (I, lh +1) =Y (I, 1) = (lh = 1,11) = 0. (215)
We approach them again with the ansatz representing two plane waves,
W (In,l2) = Ao (p1,p2) € PFP22) 4 Ag (py, py) ! P2o1FP172), (216)

which indeed solves (214) provided that the energy is

A/ .
Es (p1,p2) = E1 (p1) + E1 (p2) = 53 (sm2 (%) + sin? (%)) , (217)
and the coefficients of the ansatz obey

0 (p2,p1) _ elPitp2) _ 9pip1 | 1
0 (p17p2) - ei(p1+p2) _ 261p2 + 17

S (p1,p2) = j (218)
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”

this object is called an “S—-matrix.” At the end, the periodicity condition is imposed, which can be stated as the
following restraint on the two momenta,

el =S (p1,p2), 2! =S (p2,p1); (219)

these are the “Bethe ansatz equations (BAE)”; once solved, they will provide the diagonalization of our Hamiltonian
in the 2-magnon sector. However, they should be supplemented by the so—called “zero-momentum condition,”

p1+p2 =0, (220)
which stems from the cyclicity condition of the underlying operator.

In general, if we wanted to continue this procedure to higher values of M, it would quickly become too involved.
However, the power of integrability is that scatterings of any number of magnons can be reduced to 2-body processes
only, i.e., the M—magnon S—matrix is “factorized” into 2—-magnon ones. This implies that an arbitrary M—-magnon
diagonalization problem (212) is solved by the BAE,

ePrd H S (pr,pj) for all k=1,2,....M (the Bethe ansatz equations), (221)

J;ﬁk

where S is the 2-body S—matrix (218). In addition to this, we have the zero-momentum condition,
Z pr =0 (the zero-momentum condition). (222)
Once they are solved for the magnons’ momenta (complex in general), the spectrum of energies is given by
Ex (p1,p2,---,PM) =53 Z sin (pk) (the spectrum of the integrable Hamiltonian), (223)

in which way we have finally completed the diagonalization task. Let us also mention that there is another useful
language, instead of the momenta, to rewrite (221)—(223), namely, the “rapidities,”

1
w = 5 cot (p;) , (224)

which translate the above into

UL — 5

NI M

+i —uy 4

<uk—2> = H w, for all k=1,2,...,M (the Bethe ansatz equations), (225)
2

1
U —U; — 1
j=1 kT
ik

ml-

M
H (the zero-momentum condition), (226)

uk——

N M
Ear (uy,uz, ... ups :8_2
=1

(the spectrum of the integrable Hamiltonian). (227)

>J>IH

2. The BDS Spin Chain

The one—loop planar dilatation operator for the SU(2) sector has subsequently been generalized to higher orders
in perturbation theory. Namely, assuming that integrability persists beyond one loop, [79] proposed the following
expansion (185),

J
D= ¢"H™,  with H™ = H", (228)

n>0
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where we have traded the 't Hooft coupling constant A (5) for a more convenient one, which we will also use in the
remaining of this paper,

V2

= 229
9= 71— (229)
and where the four leading Hamiltonians read
7Y =1, (230)
1 S o
HY =5 (1= 8- &11), (231)
@ _ T 1 T
Hl ——(1—0'1'Ul+1)+1(1—0'l'(7l+2), (232)
15 L. 3 . 1 o o
Hl(3) :Z(l—al-()’prl)— 5(1—0’['Ul+2)+1(1—0'l-0'l+3)—
1 L. . . 1 L. . .
— g (1=01-0143) (1 = Fr1 - Gry2) + g (1= 81 G142) (1 = Fra1 - Gys) (233)

where & are the three Pauli matrices acting on the spin at the position [. These expressions have been proven
in [80, 81, 144]. The fourth order has been recently found [192], too. The three-loop integrability has been shown
by discovering [64] that the three-loop SU(2) dilatation operator is equivalent to the Hamiltonian of an integrable
system called the “Inozemtsev spin chain” [65]. A drawback of this immersion is that the Inozemtsev chain breaks
the BMN scaling at the fourth order.

The Bethe ansatz has also been extended to other sectors of the theory, such as SU(2|3) [80], SU(1]1) [153],
SU(1)2), SU(1,1/2) and the full theory PSU(2, 2|4) [160].

A natural question is whether one could find an integrable spin chain whose Hamiltonian will reproduce the
dilatation operator to all loops in gauge—theory perturbation series, at the same time preserving the BMN scaling,
unlike the Inozemtsev chain. Such a system was proposed in 2004 by Beisert, Dippel and Staudacher (BDS) [66], and
their conjectured all-loop Bethe ansatz reads

ot _ T : g — U5~ 5
e’ = H Seps (P, Pj) where the 2-body S—matrix, Seps (pk; pj) = —————, (234)
3o Up — Uuj + 7
7k

where the rapidity variables are this time defined through

1
i = 5 cot (%) \/1 + 162 sin2 (%) (235)

Today we know that this is not an entirely true proposal, nevertheless, a crucial one — it indeed yields the all-loop
Bethe ansatz only without the so—called dressing phase, which we will soon introduce. Moreover, it corresponds to
a spin chain with long range interactions, and hence, it is valid only up to the order g2~ which is the moment
when its interactions start to wrap around the entire chain (“wrapping interactions”) [166]. Also, let us mention that
the BDS spin chain is equivalent to another system known from solid—state physics, namely, the strongly—coupled
halffilled 1-dimensional Hubbard model [169-171].

We have so far described two ways of parameterizing the momenta of the excitations: pg and ux. But there exists
another method, which we will also employ in the current paper — the “spectral parameters” x;. They are related
to each other with aid of the following mapping,

2

CBx»—»u(z;g)Ex—l—%, (236)

which is a 2 : 1 surjection,

2
u(z;9) =u (g—;g> , for all z € C, (237)
x
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FIG. 13: The two branches, (—oo0, —2g) U (2g,4+00) 3 u — 2P I(y: g) (red), (—o0, —2¢) U (29, +00) 3 u +— zPranh Ly, g)
(blue). The dashed vertical lines are at the positions 2¢g and —2g, while the horizontal ones at g and —g. All plots for g = 1.

and therefore, its inverse function is multi—valued, having two branches,

C branch I/, ,. — E E 1 - == 238

SUuU— T (u; 9) 2+2 w2’ (238)

Cgu’_)xbranchll(u,g)zg_g 1_4_92:972 (239)
) 2 2 w2 gbranch I(u; g) ’

where the square roots are the principal ones. The latter part of (239) shows the relation between the two branches,
in accordance with (237). We will shortly see that, however, it is only branch I which properly glues the all-loop
(g9 > 0) and the one-loop (g = 0) case, and hence, we must choose to work with it only. We thus have the relation
between the rapidities and the spectral parameters,

2
ukzu(xk;g):xk—i—g—. (240)
Ty

Moreover, we define the “shifted spectral parameters,”

. 2 .
x% — pbranch I <uk + %;g) — pbranch I <$k + 9 + %;g) , (241)
Tk

through which the magnon momenta are expressed as

$+
P = —ilog (—) , (242)

Ly,

where we may assume the logarithm to be the principal one. In this language, the BAEs (234) acquire the form

2

Al ! M .’L'+—J,'<7 nl_mfmf
<x—’i) =] == L5 forall k=1,2,...,M  (BDS BAEs), (243)

x, LA\, — ] 1— ——

Jj=1 J xlx

J#k o

where we have extended the analysis from the SU(2) sector to three important subsectors of the full theory, namely,
SL(2), SU(1,1), SU(2), corresponding respectively ton = —1, 0, +1; this article deals exclusively with the first of these.
Solutions (z1,x2, ...,z ) to these equations (the “Bethe roots”) yield eigenstates of the spin chain’s Hamiltonian.
But not all of these eigenstates have an interpretation on the gauge side of the correspondence — the trace cyclicity
condition for A/ =4 SYM operators is translated in the spin chain language to the requirement that the spin _chain’s
Hamiltonian’s eigenstates should also be eigenstates, with eigenvalue 1, of the shift operator e'”’, where P is the
operator of the total momentum of the magnons,

M M +
e Xilipe — 1, i.e., E pr = —1i E log (I—k> = 21w = w, where weEZ (244)
T
k=1 k=1 k
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(w will be called the “winding number”). Once the Bethe roots (x1,x2, ...,z ) have been found, not only the energy,
but all the infinite family of the local conserved charges of our integrable system can be calculated according to the
known formula,

M
Qtzz%(xk), for t=1,2,..., (245)
k=1

3 i

where the “magnon charges,’

i 1 1
qt (zx) = ! ( - ), for t=1,2,.... (246)

FIEDT @)

(For t = 1, we understand it to be the limit ¢ — 1, which yields the magnon momentum (242), ¢;(xy) = pi.) The two
lowest charges are of particular interest: The first local conserved charge is the total momentum, which according to
the momentum condition (244) must be

S

Q=) pp=2mw =, (247)

k=1
while the second one describes the desired anomalous dimension,
A=J+ A, Aan = 26°Qo. (248)

Finally, let us make the following comment on the reality of the spectral parameters: As announced, we will be
working with the SL(2) sector. There, it can be proven that the Bethe roots are all real (in other sectors, they can
acquire complex values). The reality of the xj’s implies

ui € R, luk| > 29, for all k=1,2,...,M, (249)

and moreover, we will label them in such a way that w3 < us < ... <wups. In figure 13, we plot how zj, depends on
uy, satisfying (249), when either of the two branches (238), (239) is used; we observe that

|xg| > g for branch I _
i, € R, { x| < g for branch 11 for all k=1,2,..., M. (250)

Therefore, the only way to reasonably realize the transition from g > 0 to g = 0 is to use branch I. Moreover, since
branch I is increasing, they are labeled in such a way that 1 < x5 < ... < zps. Consequently, there will also be

xiz(x,;)*, pr € R, for all k=1,2,..., M. (251)

3. The Dressing Phase

The BDS Bethe ansatz equations (243) constituted a very good guess; it happens that the true formula differs
from them only by a phase factor multiplying the S—matrix, called the “dressing phase.” Investigating the “AdS/CFT
S—matrix,” Beisert astonishingly found in 2005 [168] that imposing on it the requirement of unitarity, as well as the
“Yang—Baxter equation,” being a reflection of its integrability,

512521 =1 (unitarity), 512513523 = 523513512 (Yanngaxter equation), (252)

fixes it up to a phase factor. In other words, only symmetry is needed to almost completely determine the S—matrix.
This factor modifies the BAEs in the following way,

g2
x+ 7 al (Ez_ T T1- zias
(I—k) = H a:f—xi - kg; o? (zx, 75 9), for all k=1,2,...,8 (253)
/o \mem) -
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(we have changed M to S to comply with the notation in the SL(2) sector (200)), where n = —1, 0, +1 for SL(2),
SU(1|1), SU(2), respectively, and the dressing phase,

o (w55 9) = e0(7k7339) (254)

has to obey a relation stemming from Janik’s crucial insight from 2006 [174] that the S—matrix should submit to yet
another constraint, the “crossing symmetry,”

+1— ——

T, T —T;

1 N n T, T

+ +. +. _ + =+, + +. = "3 "k J J
H(xk,a:j,g)+9<x—i,xj,g>——1h(xk,:1:j,g), where h(xk,xj,g):I—erJr_IJrl_ . (255)

k J k J mzm;

At strong coupling, which is the regime we will be interested in, the dressing phase has been found to possess the
following expansion,

xkvxw Z Z gH—S 1CT s ) (QT (xk) qs (CL']) —qr (CL']) qs (xk)) ) (256)

r>2s>r+1

where the magnon charges are defined above (246), while ¢, s(g) are some real coeflicients depending on the coupling
constant. The expression for the charges suggests another way of writing the phase factor,

0 (zr, 2559) = +x* (2, 27 59) = x* (2, 2559) — X" (2,275 9) + X (2,27 59) 5 (257)
where

X* (w1, 22;9) = x (x1, %25 9) — X (72,213 9), (258)

NCGEZDHEYDDDY T:Cl”s_l) (i)H (x%)s_l. (259)

r>2s>r+1

The coefficients ¢, 5(g) admit a strong—coupling expansion,
1
AN+ gﬁcgsn)a (260)

where it can be shown that in order to satisfy the crossing symmetry, only one term with an odd power of 1/g is
necessary, namely, the first one. The two leading orders have been found to be [148, 177]

) =6,41., (the Arutyunov-Frolov—Staudacher phase), (261)

T,8

(r=1)(s—1)
(r+s—2)(s—r)

1
cg}s = - (=1)**—1) (the Herndndez—Ldpez phase), (262)

while the higher ones are given by the Beisert—Hernandez—Lépez proposal [182],

BonI' (5552 +n) I (5= +n)
F2n+1)I(2n — 1)L (2L — p) T (2512 —pn)’ -
(263)
where Ba,, represent the Bernoulli numbers. For our computation, we will need only the three leading terms of (260),
so let us print explicitly also

o) =

D" (D™ =) (r=1)(s = 1)

m»a

1
?) = 5 - CE0T) =16 -1). (264)
Testing of (262) is the main goal of this article, and our end formulae (1002) and (1025), (1026) provide very
sophisticated tools for doing so.
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Equivalently, the series (260) can be rewritten as a strong—coupling expansion of the function y (259),

1 1
X (1,225 9) = X (z1,2259) + EX(D (21,72;9) + Z WX(%) (21, 22;9) (265)
n>1

and the explicit values of its first three coefficients (261), (262), (264) are translated into

g g g
X(O) (x1,22;9) = — = + <—:1:1 + —> log (1 — ) , for 1,29 € C, |z120] > g2, (266)
To To 1T

=y (Vs (Y-
NCYS <L <\/_+\/_>+L <r r) Li <F+f> L12<\/x_1_\/5>+

for x1,T2 € Ry, 129 > g2, T2 > g, (267)

gley
24 (x122 — g2) (23 — g2)’

For the even coefficients, we indicate the ranges of x; and x5 such that the infinite sums in (259) converge. For the
Herndndez—Lépez piece (267), the convergence condition is the same as in (268), but the result is given for the simpler
narrower sector of x1 and x2 real and positive. The infinite sums in the even terms are all easy to find, featuring only
geometric series; consequently, all the higher orders are some rational functions of z; and zs. Only the derivation
of the Herndndez—Loépez term requires some more care, and we present it in paragraph IIB4. Remark that these
functions (266)—(268), despite being coefficients in a large—g series, still depend on g, both directly and indirectly
through z; and x5, and hence, should be further expanded once the dependence of z; and z2 on g has been found.

X(Q) (z1,T259) = — for 1,29 € C, |z120] > ¢, |za] > g. (268)

Let us henceforth restrict ourselves to the SL(2) case. A standard step in computations such as ours, is to

consider logarithm of the S equations (253), which for n = —1, and after some useful reorganization, yields for every
k=1,2,...,5,
2 2

+ S 1-— f — S o+ 1= f =

—i e ) — _9j _ TRT Ty, — T PSR
iJlog (il?k) 2rmy = 21210g [~ +Z26‘(:vk,x], 1210g x+—x | (269)

j=1 Tz j=1 k J i@

J#k Ik j#k 77% kT

The “mode numbers” my, € Z appear since we are free to choose different branches of the logarithm for any of the S
equations. We may thus assume all the logarithms above to be principal. Each choice of the mode numbers leads to
a different solution to the set of equations, and consequently, to a different string motion. We will now make a crucial
assumption that all these mode numbers are equal,

mlzmgz...:mszmzﬁ. (270)

Moreover, the following identity is noticed (241), helpful for the last term of (269),

-+ 1— f — .
Ty, l'j RN _ U — Uj —1 (271)
sz—x,fl_ 927 uk—uj—l—i’
J i :
kg
which implies a convenient form of our basic equation,
2
+ S 1-— f S
. Ty . . T, T _ —i
—iJlog | = | —p= (—2i)log | —== | + > 20(zk,zj;9 (—i)log , (272)
Ty, = 1— 57 %,_/ = k—u7+1
L Tj Ty r.h.s., term II i
l.h.s. 37k J;é (the ¢ phdse”) i#k r.h.s., term III
r.h.s., term I (the “anomaly”)

where we have given names to its terms, to be used in subsection II B.
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This equation should be supplemented by the momentum condition (244). Notice that there exists another way
to arrive at the momentum condition, namely, to sum both sides of (272) over k. It is easy to see that the r.h.s. is
anti-symmetric w.r.t. 7 and k, and hence, such a sum disappears, leaving us with

s
> pr = pa, (273)
k=1
where we denote the so—called “filling fraction,”

(274)

Q
MMl
<l

The two versions of the momentum condition, (244) and (273), must coincide, which puts the following constraint on
the various integer parameters of our problem,

o= o, i.e., mS =wJ. (275)
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ProJect I

II. THE ALL-LOOP STRING BETHE ANSATZ EQUATIONS IN THE SL(2) SECTOR, EXPANDED AT
LARGE J UP TO THE ORDER O (1/J2), AND WRITTEN AS A QUADRATIC EQUATION

A. Introduction

1. The Thermodynamic Limit, the Strong—Coupling Limit, and the Frolov—Tseytlin Limit in the All-Loop Bethe Ansatz
Equations in the SL(2) Sector

The equations we want to solve in this paper are the logarithmic string Bethe ansatz equations (272), along with
the momentum condition (244), (273). We will approach them in the BMN limit (139), which is the thermodynamic
limit, i.e., the limit of a very long spin chain, and the strong—coupling limit — both tuned in such a way that g ~ J
as they grow to infinity,

J — oo (thermodynamic), g — oo (strong—coupling), such that w= % = fixed. (276)

Instead of w, one also commonly uses the BMN coupling/the rescaled angular momentum VN =1 /T = VA /J = 4drw
(139), (78). Remark w > 0.

Moreover, we will focus on the case (the “Frolov—Tseytlin limit”) where the number of magnons S is of order of
the length of the spin chain J,

S — o0, such that o= ; = fixed (Frolov—Tseytlin). (277)

Along with the filling fraction a (274), the quantity S = S/vA = a/(47w) (78) is often used, too. Remark 0 < a < 1.
Notice that the spin chain picture allows « to acquire any value from the interval [0, 1/2], which then can be extended
to [0, 1], but only rational values lead to meaningful counterparts on the gauge side of the correspondence, as is clear
from (275).

It is well-known that in the limit (276), the Bethe roots (specifically, the spectral parameters) scale linearly with
large J,

op — 0o,  suchthat gy = %’“ —fixed, forall k=1,2,....5. (278)

The yi's will be our new fundamental variables. Recall (250) that in the SL(2) sector, they satisfy
yr € R, lyk| > w, for all k=1,2,...,8. (279)

This condition will be important on several occasions. Our end result for the distribution of the y;’s will be consistent
with it.

In the thermodynamic limit, the yi’s condense in separate intervals on the real axis, i.e., instead of a collection of
discrete Bethe roots, we have continuous segments, called “Bethe strings” or “cuts.” These cuts describe macroscopic
spin waves, dual to semiclassical strings on AdSs x S°. We will shortly make and adhere to the assumption that there
is only one cut. In this computation, however, we tackle finite—size (i.e., finite—J) corrections to the logarithmic string
Bethe ansatz equations. Hence, it is certain that at some large—J order, the grain structure of the Bethe roots will
start to manifest. This happens to be order O (1 /J 2), which we consider here, showing how to incorporate this new
difficulty into the standard technique of “quadratic equation” of dealing with our type of problems.

The rapidities (240) and the shifted spectral parameters (241), in which the logarithmic string Bethe ansatz
equations (272) are written, are expressed through the yx’s as

2
up = J (yk + w—) , (280)
Yk
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+ branch I w? 1

Let us emphasize once again (237) that (280), (281) are invariant under the transformation yx — w?/yx, which means
that our equations (272), which are written exclusively in terms of these variables, possess the same symmetry.
However, we need to restrict our attention only to the solutions fulfilling (279), which breaks this symmetry.

We will also need, in the course of our calculations, relations between the first and second derivatives w.r.t. ug
and the first and second derivatives w.r.t. yy; straightforwardly from (280),

d 1y d

— == — 282
duy J yz —w2dy’ (282)
d? 1 0 ( 20%  d d? )
&1 _ LI 283
duj 2 (2 - w2)2 Y2 — w? dyy dy? (283)

where the L.h.s. are understood to act on functions of uy, while the r.h.s. on functions of ys.

In subsection IIB, we will translate the logarithmic string Bethe ansatz equations (272) from the language of the
) :t) 3 ) : . . .
ug’s and x;-’s into the one of the y’s, and subsequently expand it at large .J up to and including the three leading
terms.

2.  The Density and the Resolvent. Definitions

A solution to our fundamental equations (272) is a set of values of the rescaled spectral parameters (y1,ya, ..., ys)
(278). Equivalently, we may think in terms of the rapidities (u1, uz, . .., us), related to the rescaled spectral parameters
through (280). We could also use some other language, such as of the magnon momenta (242), but we will discuss here
only the previous two, eventually sticking to the description in terms of rapidities. Either case should be supplemented
by hand by the restriction (279).

To begin with, let us assume that J and S are finite.

A standard efficient way to encode either collection of variables, just as is done in random matrix theory, is to
define their “densities,” which are the following sums of (real) Dirac delta functions,

S
1
R 3 resc.spec.par. = _ 6 _ , 284
Y p (v) J; (v — uk) (284)
1S Uk
resc.rapid. [ -
Rovr—p (v)_JI;(S(v J)' (285)

Notice that the factors of 1/J have been introduced in such a way that both densities and both arguments y, v are
of order O (JO) at large J.

The meaning of these definitions is as follows: Consider some well-behaving functions y — fi(y), v+— fa(v),
regular at the points (y1,y2,...,ys), (u1/J,uz/J, ..., us/J), respectively. Then (284), (285) can be restated as

[9))

LS ) = [ o) ) (256)

k=1

%ifz (U_Jk) _ /Rdvpresc'rapid‘(v)fz(v)- (287)

k=1
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In other words, any summation of functions of our variables can be replaced by an integral of the functions in question
with the appropriate density. In particular, setting here f; =1, fo = 1, we obtain the “normalization formulae,”

/ dyprcsc.spcc.par.(y) =a, (288)
R

/dvprcsc.rapid.(v) = a. (289)
R

In this computation, we decide to work exclusively with the density of the rescaled rapidities (285), but we will
need it transformed to the space of the rescaled spectral parameters. To this end, recall (280),
UL 2

— =y + w—, where we impose lyk| > w, (290)
J Yk

and also change the variable v to y by mimicking (290),

2
v(y) =y + w—, where we impose ly| > w. (291)
)

Expressions (290), (291) yield the following relation between the arguments of the Dirac delta functions in (284),
(285),

2
v L (y — yk) (1 — w_) , where we impose lykl, ly] > w. (292)
J YYk

If we had not imposed the restrictions |yx| > w, |y| > w, the change of variables formula for Dirac delta function would

give
2 2 2 2 2
Uk Yi w w Y w
Sy = Y _sy—y)+ —o 5 (y— L) = —L (- +(y—-)), 293
( J) lyp — w?| v =) lyi — w?| (y yk) |y2—w2|( @~ ) (y yk>> (293)

since as a function of y, the r.h.s. of (292) has two roots, y) =y and y = w?/y; its derivative reads (1 — w?/y?);
the values of this derivative at the roots y = y(!), y = y(? are respectively (1 —w?/y?) and (1 — y?/w?). But our
requirements remove the root y? from the domain of y, leaving us with

2 2

u
$(0=F) = it =

2 — 2 (Y — k), where we impose lyg| s [yl > w. (294)

We have thus found two alternative ways of how the density of the rescaled rapidities looks like in the language of
the rescaled spectral parameters,

ply) = PP (u(y)) =

2 2
Y), where we impose lyk|, ly| > w. (295)

resc.spec.par. (

— 2P

Let us rewrite the summation formula (286) using this new density p(y),

2
y2

S
%;fl (yk) = /Rdyp(y) <1 - w—) i), (296)

or equivalently,

2

1 5 Y
730 = i) = [ auw) i) (207)

2 2
1Y T
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In particular, setting f; = 1 in (296) leads to the normalization formula for p(y),

/Rdyp(y) (1 - Z—;) = o (298)

Alternatively to the densities, there is a second method to encode our variables — by “resolvents” (or “Green
functions”), which are complex functions of a complex argument,

s
1
C 9 2 — Grcsc.spcc.par E j Z (299)
k=1
18
C 3w Greserapid () = 3Zw__k- (300)
k=1 J

We observe that they are meromorphic with poles at the respective Bethe roots. In the thermodynamic limit, we will
see that they turn into holomorphic functions with cuts at the positions of the Bethe strings on the real axis.

Using the Cauchy integral formula, and the fact that fi, fo have been assumed to be regular at the respective
Bethe roots, the sums on the Lh.s. of (286), (287) can be written as contour integrals,

1 S @Gresc.spec.par. (o,

3 nw - et ), (301)
k=1 Y

1 S U Grcsc.rapid.(w)

jZfQ (7) = j{xv dwaz(w)a (302)
k=1

where C¥ and CV denote contours (A—contours) encircling the respective collections of the Bethe roots; we use a
convention that all such loops are counterclockwise. In particular, for f; =1, fo =1, we get the normalization
formulae,

@Gresc.spec.par.
f{ 1, E5TE) a, (303)
oCy 27
Grcsc.rapid.
f{ W) (304)
oCv 2mi

Analogously to (293), let us change variables from the rescaled rapidities to the rescaled spectral parameters in
the resolvent (300),

Gresc.rapidA (’UJ(Z)) — l i 1 — l i 2 _ L1 i 2 2 1 =, (305)
Jk:l(Z—yk)(l—%) Jk y—w Z = Yk kl_yk+w ‘;’—k

where the relation of w to z is the same as v to y (291). And similarly as before (295), the requirement (279) removes
the latter part of this expression, leaving us with either of the simplified resolvents,

52
— , or alternatively, Galt- =
sz —wQZ—yk T ATeTHativery (2) = L‘J2Jz,z—y;C 22 — w?

Grcsc.spcc.par.(z)'

(306)
Indeed, it is easy to see that

resc.rap. (o( » P alt. P
§ a0 f S8 - f a0, (307)
ocy Ocy oCy

2mi 2mi 2mi
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since the singularities z = w?/yy lie outside of the integration contour

With these new resolvents, the summation formula (301) can be cast as

s .
1 G(z) w? G (2) w?
- = dz=22 (1 - = = dz—2 1 - = 308
J ; fl (yk) ﬁcy Z 27 ( 22 fl(Z) ﬁcy Z 27 22 fl (Z)7 ( )
or equivalently,
PP SN SIS FIERS QI S-as (309
— = z zZ).
J Pt Y — w? 1Yk ey “om It ey om 7t
In particular, setting f; = 1 in (308) gives the normalization formulae
2 alt. 2
f{ 1:2%) <1 - “’—2) :j{ ;&) (1 - “’—2> =a (310)
oCy 2mi z ocy 2mi z
The first one of these can be conveniently rewritten as
(311)

72@ de( z) (1 _ w_2> — lim (ZG(Z))+w2G’(0) —a

i 22 2—00

which can be seen either from plugging f1(z) = 1 and fi(z) = w?/2?2 into (309) and using (330)

f{ — —ZS: Ui lim (2G(z)) f{ d%‘”—Q— 21253 L _ 2@'(0) (312)
ey 2m 7 g—w2 T T R w2 T T T T

or directly from the definition of G(z) (306) by just algebraic manipulation
9 s
Yk -1 _ 1 _
--Y1-a (313)

lim (2G(2)) +w?G’'(0) = i

Z— 00

The two languages, of densities and resolvents, are related with aid of the Sokhotsky formula

—— L im (1.— 1.), (314)

© 27mie—0+ \ptie p—ie

1
Ji%ﬂ . = F7id(p) + pv (2—?) , which implies d(p)

which allows to derive the densities as the discontinuities of the resolvents

1
resc.spec.par. _ 1 resc.spec.par. i\ __ (oresc.spec.par. _
() = -5 lim (G (y +ie) -G (y —ie)), (315)
1
resc.rap. - resc.rap. resc.rap. s
p (v) 5 E1_1)%(1+ (G (v+ie) — G (v —1ie)), (316)
1 1 .
ply) = =5 lim (Gly +ie) = Gy i) = —5 = lim (G (y+ie) = G (y — ie)) . (317)
In the opposite way, we may use the summation formulae for the sums defining the resolvents
o ) o ) 1 @Gresc.spec.par. / 1
Gresc.:apec.par.(z) _ / dypresc.bpec.par.(y) _ % dZ/ ; (Z ) -, (318)
R z—y 5 27 z—z

, Gresc.rapid, (w/) 1 (319)

1
@Grresc.rap. _ doypresc-rap- _ d ,
(w) /R P () w—v jicv v 27 w—w
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G(z) = /R dyp(y) L _ ji . 4G 1 (320)

z2—1 2 oz — 2

Different publications on the subject use different densities and resolvents from the list above. Here, we will
exclusively resort to help of the density p(y) (295) and the resolvent G(z) (306), since we believe that our computation
is most easily done in their language.

All the above definitions and basic properties have been developed with the supposition that J and S are finite.
However, here we are interested in studying the limit of large J and .S, along with subleading corrections to it. This
poses the question of whether the above formulae survive such a limit, and in what form.

First of all, the definitions. For J and S finite, the density p(y) is a sum of a finite number of Dirac delta functions,
while for J and S growing to infinity, it can be described by a continuous function receiving large—J corrections,

pl) = #V5) + 00 + 7200) +0 (55 ). (321)

Similarly, for J and S finite, the resolvent G(z) is a rational meromorphic function with poles at the yi’s, whereas in
our limit, it becomes some holomorphic function with cuts at the condensed Bethe strings, which can be computed
to some large—J accuracy,

Glz) = GO(z) + %G“’(z) + %G@’(z) +0 (%) : (322)

We will take the resolvent as the fundamental quantity, and define the density through the Sokhotsky formula (317).

We will now make the following claim for our computation:

e The summation formulae (296), (297), the normalization formula (298), and the first part of (320), featuring
line integration with the density — are valid for J and S finite, and in the limit of large J and S, they are valid
only at the leading order.

e The summation formulae (308), (309), the normalization formulae (310), (311), and the second part of (320),
featuring contour integration with the resolvent — are valid for J and S finite, and also in the limit of large J
and S, to all orders.

The problem which arises at subleading orders is that, as we will see, the subleading terms of the density, i.e., p(!) (y),
etc., develop singularities at the endpoints of the cut (the leading order p© (y), on the other hand, vanishes at the
endpoints), which the line integrals do not properly take into account, while the contour integrals do. In other words,
the line integrals, except for the leading order, miss some boundary contribution. We can thus summarize: We define

1 . . .
ply) = —g— lim (G(y +ie) = Gy —ie)), (323)
which in the opposite way reads
1 subleading G(2 1
G(z) = / dyp(y) + | boundary = 7{ dz’ (Z) . (324)
R Y contribution ocy 2mi oz -z

The summation formulae,

> = [t (1- ;’—2) F)+ | o | = a2 (i “’—2) i), (@)

k=1 contribution

<~

or equivalently,

S 2 subleading
1 Yk G(2)
j Z 5 3 f (yk) = dyp(y)f(y) + boundary = dzZ—f(z), (326)
=1 Ik T R contribution ocy m
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in particular,

w2 subleading G(Z) w2
/dyp(y) (1 - —2> + boundary = % dz (1 - —) =a= lim (ZG(Z)) +w2G/(O), (327)
R Y ocy

. . 27 22 zZ—00
contribution

which in turn implies

subleading G(2)
/ dyp(y) + boundary = f de—= = lim (2G(2)) = a — sz/(O). (328)
R contribution ocy ™ z—00

8. The Density and the Resolvent. The Large—J FExpansions of the Local Conserved Charges Written Through the Resolvent

In this paragraph, we will practice working with the resolvent, by doing the following useful exercise: Let us
expand the local conserved charges @Q; (245), (246) at large J, up to and including the three leading orders, and write
the series through the resolvent and its derivatives.

First, let us recall how our resolvent (306) and its arbitrary u—th derivative look like,

wTu(z) = = , or u=0,1,....
T vk =@ ()"
In particular, at z = 0,
1S vz —ul
G 0) ==Y for wu=0,1,.... (330)

Here and in the subsequent calculations, we will use the following technique: If y — f(y) is any rational function,
then the following sum can be written through the resolvent and its derivatives by decomposing f (yx) into partial
fractions, and making use of (329),

resolvent/derivatives. (331)

S
1 yi fractional decomposition of f (yx)
j 2 _ 2 f (yk)

=1 Yk T

Remark that while finding the large—J series of any quantity featuring the shifted spectral parameters xf (281),
such as (334) or any expansion in subsection IIB, we encounter the principal square root \/(y? — w?)? = |yi — w?|,
which asks us to use the condition |yx| > w (279). Let us print several large-J terms of z;- as an example,

iy? LWl Lt @ yl) ( 1 )

oE = Ty ¥ 2 ” (332)

2W?—y8) Jaw2—y2’ TP 8(wr-42)

If we had used branch IT of the mapping x (239), or alternatively, if we had assumed |yi| < w, we would have obtained
an entirely different series (actually, related to (332) through the transformation yp — w?/yx (237)), eventually leading
to wrong results,

2 .2 2,3 2,4 (2 2

4 w iw 1wy 1 iw?y} (w? +y3) (1>
. =J— = + = F—u—————4+0(=, for branch IT or |yx| < w. (333
TR T ) Tar— ) P s ) 7 ] < - (333)

Proceeding to our problem, we expand the magnon charges at large J, for any t =1,2,...and k=1,2,...,.5,

¢ (@) 11 3 1yg((t2—5t+6)w4+2(—t2+2t+3)w2y,§+t(t+1)yg)+O(1) (334)

t (Tk) = — — - = =7 .

Jhyp \yi —w? J? 24 (y2 — w?)° J*

Notice that there are no terms of order O (1/J) and O (1/J?) inside the brackets.
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Next, we observe that the r.h.s. of (334) is a rational function of yy, so, we divide it by y2/(yi — w?), and
decompose into partial fractions (331),

S
11 2o, 1 .1
- w (1) — | +
Jt+2 39t Pt yi — w2 < (yk _ w)4 (yk + w)4

y P 2 — 1) 1 VR
i <(yk—w)3 =y (yk+w)3>+ 6 ((yk—w)2+( Y (yk+w)2>+

+%Z;#*u+@ﬂ“ﬂ@—w@+u—%w—U%>+O<ﬁ%>' (335)

Yx

It is now straightforward to rewrite this expression through the resolvent and its derivatives; expanding these at large
J according to (322), we finally obtain the three leading orders of @y, for any t = 1,2, .. .,

1 GO-e-1(0) 1 GUW7a=1(0)
) ) T N (e TR

Q=-

1 <G<2>”~~’<t1) (0) 1

_Jt+1 (t — 1)! _ T (w2 (G(O)W(u}) + (—l)tG(O)W(—(.«J)) +

+30 (GO"(w) = (-1 GO (~w)) + 12 = 1) (GO (@) + (~1)' GV (~w)) +

t—1 [/
+ ;w“* 1+t —u)t+u— 2)%(2);(0)» +0 (%) . (336)

Let us explicitly write the two lowest charges,

@:—d%@—%dWm—%(d%m—

1

oS <w2 (Gm)/" (w) — G(O)”'(—w)) + 3w (G«J)/'(w) + G(O)”(—w)) + (G(O)/(w) - G(O)’(—w)) >> +0 (%) , (337)

and

1 1
Q2 = —jG(O)/(O) - ﬁG(l)/(O)—

5 00~ g (s @) e300 o)) w0 ().

In particular, for w = 0, the result (336) simplifies to

1 G(O)”--"(Fl)(O) 1 G(l)”---’(t—l)(()) 1 G(2)H'“I(t71)(0) - 2_14G(0)””J(H1)(0) +0 ( 1 ) (339)

Qtlyo = T g1 (t—1)! Tt (t—1)! gt (t—1)!
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which for the two lowest charges reads

1 1 1 1
Qi],_o = —G(0) - jG(l)(O) - <G<2> 0) -5 4G(0)”(0)) +0 (—J3> , (340)
L oy Ly 1 (2)1 L oym 1
Qalymg = =5GV(0) = 5 G(0) = = ( GP(0) = GO"(0) ) + O ( 5 ) (341)

Recall that the first charge )5 is the total magnon momentum (247), which according to the momentum condition
(244), (273) reads

Q1 =w = po. (342)

Having expressed it through the resolvent in (337), (340), we can rewrite the momentum condition as constraints on
the large—J terms of the resolvent,

GO(0) = —pa, (343)

G (0) =0, (344)
G(2) (0) _ L w2 (G(O)”’(w) _ G(O)N'(—w)) + 3w (G(O)”(w) + G(O)N(—w)> + (G(O)/(w) _ G(O)/(_w)> (345)
192(4) )
etc. These restraints must be taken into account while solving the quadratic equation for the resolvent.

In particular, for w = 0, these conditions reduce to

GO(0) = —pa, (346)
G (0) =0, (347)

2 _ 1 "
G2 (0) = ﬂG<0> (0), (348)

etc.

The second charge Q5 describes the string energy according to E = 2¢2Q2 = 2w?J2Q (248), which is the quantity
we eventually want to compute. Therefore, finding the three leading large—J orders of the resolvent allows us (338),
(341) to get the three leading terms of the all-loop string energy,

1 1
E=JEO +EW 4+ —E® 10 = 349
+ + 7 + 73 ) (349)
namely,

EO© = —2,2G0(0), (350)
EW = —2,2GM(0), (351)

1

(2) - _ 2 2) - (0) 11 )y oyn _ (O
E 2w (G (0) ~ t53- (w (G (w) + GO( w)) +3 (G (w) — GO ( w)) )) (352)
In particular, setting w = 0 everywhere except for the prefactor w? yields the one-loop string energy,

EO© = 2,20 (0), (353)
EW = —2,2GM(0), (354)

E® = 9,2 (G@)’(o) _ 21—46'(0)’”(0)) . (355)
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B. The Large—J Expansion of the Logarithmic All-Loop String Bethe Ansatz Equations in the SL(2) Sector
up to the Order O (1/J°)

In this subsection, we expand our basic equation (272) at large J, keeping in mind the condition (279). The end
all-loop result is given in formula (417), while its simplified one-loop version in (418).

1. The lh.s.
The Lh.s. of (272) is easily expandable,
xh mn 1 yp (w4 dyiw?® + y}) 1
the Lh.s. of eq. (272)), = —iJ log (—k) —p=—p+ -k k k (@) (—) . 356
( ( ))k xk y% _ w2 JQ 12 (yi - w2)5 J4 ( )

Notice that there are no terms of order O (1/.J) and O (1/J3).

In particular, for w = 0, (356) reduces to

+
—iJ log (x—ﬁ) —
Tk

1 1 1 1
=+ ——————1+0(=]. 357
om0 T 12y} - <J4) (357)

2. The r.h.s., Term I

On the r.h.s. of (272), term I is not problematic either, however somewhat longer,

2

1— -

(the r.h.s. of eq. (272), term I)j,k = —2ilog PR quj =
-
IJ mk

1 202 (y; — yk) (yjue +w?)

T (y2 - w?) (g — w?) (yuk — w?)

1 % (y; — yr)
2

w
TG (52— ?) (52— ) ( 2)3 < (v + i + ) @'+ 4 (6 + 0k — vk + yjye +ui) @+
Yy —w Yp —w YiYr —w

+ (48 = Byjui — 22y7yp — 44y3yE — 22y5y7 — 8yyr + yp) W'+
+yuk (—3y) — 8y up + 68yTyi + 84ySyi + 68y yi — 8ySyk — 3yp) W'+
+y7vi (35 — Bysui + 203y — 96y3yis + 2u5 i — Byjuk + 3up) w0+
+yiyi (TyS — 8ysyp — 10y3ys — 1163y — 10y5y7 — 8y yr + Typ) W'+
+y2yp (— 14y} + T3y;up + 80yTyp + T3ylyr — 14y;) wO—
—yoyp (12y5 + Sysui + 4455 vi + 5ySye + 12y5) w'+
#3470 (0} + 2000~ T+ 2+ )+ 308 6+ ) ) +0 (). (35%)

Notice that there is no term of order O (1/J?2).
In particular, for w = 0, (358) completely disappears.
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3. The r.h.s., Term II (the “Phase”)

On the r.h.s. of (272), term II equals twice the dressing phase. Substituting to the expression for 6(zy, z;; Jw)
(256) the three leading terms (261), (262), (264) of the large—J expansion (260) of the coefficients ¢, s(Jw), as well as
expanding at large J the phase’s magnon—charge part with help of the series (334) of ¢:(xx) — we find term IT as a
product of two series,

2 rTTS8S—
(the r.h.s. of eq. (272), term II); = 20 (zy, 753 Jw) = i Z Z WL
r>2s>r+1

_<5T+175 n %% ((=1)r= = 1) (3(:_;?;(; i)r) + J21w2 % (1-(1)"")(r—-1)(s—1)+0 (%) >

. Y3 i L S
(v —w?) (yi —w?) \WR¥; V5%
+i2 14 4<T18<((T2—5r+6)y]2+(52—55+6)y2)w12—
T 24 (2 - w?)" (42 — w?)" \Yj Ui

—2((r* —2r-3) y;-l+2(r2 —5r+s® — 5s+12) yfy,z—i- (s> —2s—3) yp) W'+

+(rr+1yS +2(4r(r —2)+3 (s> =55 +2)) yjyp +2 (4s(s —2) + 3 (r* = 5r +2)) y2yi + s(s + Dyp) w®—

—4yj2-y,% ((r2+r+s2—5s+6)y;-1+3(7°2—27°+s2—25—6)yj2-y,3+(s2+s+r2—5r+6)yé)w6+

—i—yfy,% ((s* = 55+6) y? +2(3r? 4+ 3r + 45 — 8s — 12) y,%yf +2 (35 +3s + 4r° — 8r — 12) yéyf + (r? =5r+6)yp) w'—

- 2y§-‘y,‘§ ((s*—2s—3) y;-l +2(r*+r+5"+53) yfy,% + (P =2r=3)yp) w’ + y?yg (s(s+ 1)yj2 +7r(r+1)y;) )—

—(r<—>s))+0(%>>. (359)

Notice that in the second series, there are no terms of order O (1/J) and O (1 /J 3). Remark also that we could have
used the language of the function x, (257), (258), (259), (265), (266), (267), (268).

We will now multiply these two expansions according to the following pattern: Consider the second line of (359),
i.e., the series of ¢, s(Jw); it consists of three terms,

11 r+s _
5r+1,s +E; ((—1) 1) (

r(i;i)éj(; i)r) + lewz % (1= (=D") (r=D(s—1). (360)

_sterm IIb —term Ilc

—term Ila

We will multiply each of these pieces by the remaining part of (359), and then do the summation over r, s for each

of these three terms separately; this will give rise to three sub—terms of the current term II, which we will call “Ila,”
LCIIb,” “IIC.”

Term ITa corresponds to (359) with its second line replaced by just 6,11 s, and describes the Arutyunov—Frolov—
Staudacher contribution. The summation over r, s can then be done explicitly, resulting in

o wteew
term Ila J (yj2 _ w2) (y]% _ w2) (yjyk _ w2)

20 (zg, zj; Jw)
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s “
T26 (2 —w?) (

* (v —yw) .
5
y? —w?)’ gy — w?)’

: ( (7 + v + i) w'® + (497 + vlue — 490k + yivi + dyp) 0™+

+ (g +u0)” (v — 13y + 3y2u7 — 13y03 + yh) W'+
i (—3y2 + dylys + 62yly? + 84yPyl + 62y2yk + dyy0 — 3y8) w0+
+y7ui (35 + 4yJyr — 46y y; — 13295y} — 46yyi + 4y;ui + 3yp) Wi+
oyl (48 — 8yPyn + 1dyty? + 2838 + 14y2yl — Sy;u + yf) Wi+

oyl (—5y? + 2593y + 44y2y7 + 25y;48 — Byi) -

1
— ylyl (v7 + 4yiue + vi) @° + 3ySun (207 + yive + 2u7) ) +0 (ﬁ) . (361)

Notice that there are no terms of order O (1/J2) and O (1/J%).

To get Term Ilc, we take (359) with its second line replaced by just - & (1 — (=1)"+%) (r — 1)(s — 1). It, too,
can be explicitly summed up over r, s, yielding

1 Wyryi (Vi — yk)

20 (xg, zj; Jw) ——= 3 3 .
T76 (y2 — w?)” (¥ — w?)” Yy — w2)°

|tcrm IIc —

1
: <w8 + 24550 = 250k (y7 + yiue + vi) @' + 2y yR0” + y}‘yé) +0 (ﬁ) : (362)

Notice that there is no term of order O (1/J%).

Term IIb, corresponding to (359) with its second line replaced by just -=1 ((—=1)"" — 1) %, and describ-
ing the Herndndez—Lopez contribution, is more complicated, but the double sum over r, s can be cfone by employing
the same technique as used to derive the Herndndez-Lépez function x(V)(z1, x2; ¢) (267), which we outline in the next
paragraph I1B 4,

20 (g, x5 Jw)

|term b —

_il 2yj2yi DTS ((=1) s — (T‘—l)(S—l) 1 _ 1 i _
SRR g g 2 () <r+s—2><s—r>( )m(ﬂ) (363)

TS T8
r>2s>r+1 yky] yj yk

11 Y7 2w .
JEm (y2 —w?) (y7 — ) \ (¥ — yr) (Yiyn — w?)

1 w2 o (yj —|—w) (yk — w) i
" <<yj “’ —W)l ¢ (<yj —w) <yk+w>)> o <J> (364)
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Notice that there is no term of order O (1/J3). The double sum (363) is convergent provided the condition (279) is
met, which is another reason for its relevance.

We have thus completed in (361), (364), (362) our derivation of the three leading large—J orders of term II.
Together with term I (358), we obtain

(the r.h.s. of eq. (272), term I + term H)j)k =

2wyur (Y5 — k)
(¥F — w?) (i — @) (yjue — w?)

<=

11 Y7yi 2w 1 w? oo (Wit w) e =)\ _
I (y3 — w?) (v — w?) <(yj — k) (Yjyx — w?) " <(yj —y)” i Yy — w2)2> o <(yj —w) (UK +w))>

1 Wy (y; — yr)

3 5 5
76 (42 — w?)” (7 — w?)” (yjyn — w?)’

: ( (3y7 + yiur + 3u2) w'® + (3 — 205y — 22y7u7 — 250 + 3yp) W't +

+ysye (1Y) — 20207 + 11yd) w2 + 5297 (=3y! + 50y3ys + 54y2yE + 50y,3 — 3yi) w'0+

+2u5yi (205 — oy — 21yiyi — TSYS YR — 2105y — vy + 20p) WS+

+yjui (—3y; + 50ySyk + 54y7ui + 50y;4i — 3ui) w® — yiuR (11yf — 2u7yi + 1yp) w'+
1
+y5yn (3y; — 205y — 2205k — 2y5wi + 3ui) W + U5 Uk (37 + vk + 3u7) > +0 <ﬁ) : (365)

In particular, for w = 0, this whole expression (365) vanishes, i.e., it is only the L.h.s. and term IIT (the “anomaly”)
of (272) which contribute at one loop.

4. The r.h.s., Term II (the “Phase”). Appendiz

In this appendix to the previous paragraph, let us describe how to tackle certain double sums appearing in various
computations related to the Herndndez—Lépez dressing phase.

Let us start from justifying the passage from (363) to (364). Denoting p = w/yx, ¢ = w/y;, let us prove the
following identity,

DY (1= (=n) ( = (e _i)r) (P"¢* —p°q") =

r>2s>r+1 s+r— 2)(8
=p’q’ _ L ! arctan — arctan
—he ((p 90 —pg) ((1 0 = q)z) (arctanh(q) t h(p))) , (366)

where p and ¢ must submit to (377). Dividing both sides by p?¢?, and changing the summation variables from r, s
tot=r—1, u = s —r, which makes the two summation ranges decouple, we equivalently get

Y a--nv W) et oy =

e w(2t + u)
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1 1 1
T h—a0-p) ((1 —pa? (- Q)2> (arctanh(g) — arctanh(p)). (367)

The sum over u is just over odd values, u = 2v—1, due to the prefactor (1 — (—1)*), and hence, it is further equivalent
to

tit+2v-1) t ot 20—1 20—1) _
ZZ Qu-Dt+2w-—1"1 (=) =

t>1 >1

1 1 1
= TR + <(1 =)’ + = q)2> (arctanh(q) — arctanh(p)) . (368)

This is (2/(pq) times) the anti-symmetrization w.r.t. p and ¢ of the sum

tt+20—-1) t t+20—1
v 369
sump =), 2o 1)@t +20 1" 1 ’ (369)

t>1 ’U>1

whose closed form we will now attempt to find. Let us be completely general, and allow p, ¢ to acquire any complex
values.

The trick is to rewrite

(370)

Sl%

plqtt2v—1 = p2t+2v-1n2v—1 where P=\/p\aq, Q

This equality is true for any complex p # 0, ¢q. The square roots are understood to be the principal ones, and our
convention for their values at the cut (—o0,0) is /p = lim._,g+ /p + i€ = —Hm, for p real and negative. This trick
is useful because the powers of P and ) match exactly the numbers in the denominator of (369), which suggests that
one should differentiate w.r.t. both P and @, thus canceling the denominator, and reducing the sums to ones easily
doable,

d d 2P2  1— P4Q2
—sum; = t+ 20 — 1) P2t Q2v=1) . (371)
aqar = 2 2 TP - ey

Essentially, after differentiation we obtain two geometric sums, and they converge only for P, () obeying

P,Q € C, |PQ| < 1, |P| < 1. (372)

The problem is in this way reduced to computing two (indefinite) integrals. First, let us integrate (371) w.r.t. @,

2
AP = P2)2P (f?_ i Iz (1_; f) ) arctanh(PQ) + f(P). (373)

where f7 is an unknown function of P only; using the boundary condition that the L.h.s. of (373) vanishes at ) = 0,
we determine it to be fi(P) =0, for all P.

The integral w.r.t. P is slightly more complicated, but can be reduced to ones of the following kind,

/dP log(;z— P) = _log(lp— P) +log(P — 1) — log(P) + const, (374)
log(1—P) 1 log(l1—P) log(P—1) log(P)
/dP 73 =5p 5 p3 + > 5 + const, (375)
and yields
1
sum; = PQ(1-P?) (1-Q% —
g (PRt - P - @)
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| sum 1 anti —symmetrized ” g=-08,-02,02,08,-1<p<1
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FIG. 14: Plots of both sides (the L.h.s. in solid lines, the r.h.s. in dashed lines) of (379) versus p € (—1,1), for four values of
q € (—1,1), namely ¢ = —0.8 (red and dashed blue), —0.2 (purple and dashed green), +0.2 (magenta and dashed cyan), +0.8
(pink and dashed brown). The two infinite sums are terminated at tmax = Umax = 20, which, as we see, is enough to accurately
reproduce the exact result. We observe perfect agreement.

-(1- P2)2 Q (14 Q%) arctanh(P) + 2 (P* + Q> + P*Q* (P* + Q> — 4)) arctanh(PQ)) + f2(Q), (376)

where an unknown function f; of @ only is then derived from the boundary condition that the Lh.s. of (376) zeroes at
P =0to be f2(Q) =0, for all Q. The result (376) can be checked by differentiating both sides w.r.t. P. We have also
tested it numerically, assuming that the arctanh’s on the r.h.s. denote the principal branch of hyperbolic arcus tangent,
where our convention for the value of the principal logarithm at its cut (—o0,0) is log(p) = lim,_ o+ log(p + i€), for p
real and negative.

Returning to the variables p, ¢ in (376), and subtracting from it the same equality but with p and ¢ interchanged,
we finally prove (368), as desired. It holds for

p,q €C, Ip| <1, lg| <1, (377)
1.e.
yj,yr € C, ly;| > w, ly| > w. (378)

Note that in our case y; and y, are real, and satisfy the inequalities (378) according to (279). Remark also that
restricting to real y; and yy allows us to rewrite (366) in a form more often found in literature, which we have also
used in (364),

Z Z (1 _ (_1)r+s) ( (T — 1)(5 — 1) ) (prqs _psqr) _

=50 s+r—2)(s—r

1 1 1 1 (1—-p)(1+q)
2 2
=p°q +—( + )log(i , for p,q € (—1,1). 379
((p—Q)(l—pQ) 2\(A-pg)*  (p—0q)? (1+p)(1—-q) L1 (379)
In figure 14, we numerically verify (379) by plotting both sides as functions of p € (—1,1) for several values of
qe (_17 1)

The same method can be exploited to derive x(V)(zy,z2;9) (267) from (259) and (262). Denoting this time
p=g/x1, ¢ = g/x2, and again assuming them to be arbitrary complex numbers, we aim at finding the double sum

(1) .
X (xlux%g) 1 r4s 1 r—1_s—1
_ X Tna2ig) 2 1— (-1 . 380
o g D D I K (380)

Proceeding as before from the summation indices r, s to ¢, v, we obtain equivalently,

2 1 t t+2v—1
_z v 381
St w;;(2v—1)(2t+2v—1)pq ’ (381)




70

sum 2 anti —symmetrized || q=02,04,0.6,08,0<p<1
| Re(sum 2) || | Pl =0.75,] PQ| =0.25, ag(PQ) =0.87, — <arg(P) < |
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FIG. 15: LEFT: Plots of the real parts of both sides (the L.h.s. in a solid red line, the r.h.s. in a dashed blue line) of (385) versus

arg(P) € (—m,7), where we fix PQ = 0.25¢"%™ and |P| = 0.75, and we assume the principal branches of all the logarithms and
dilogarithms. We discover that the principal branches do not always correctly reproduce the sum.

RIGHT: Plots of the anti-symmetrization of both sides (the Lh.s. in solid lines, the r.h.s. in dashed lines) of (387) versus

p € (0,1), for four values of ¢ € (0,1), namely ¢ = 0.2 (red and dashed blue), 0.4 (purple and dashed green), 0.6 (magenta and

dashed cyan), 0.8 (pink and dashed brown). The two infinite sums are terminated at tmax = Vmax = 20. We observe perfect
agreement.

and the trick (370) yields

d d

P 2 p2 1
- _ = P2(t+'ufl) 2(1}71) _ = 382
aQ ap 2 w;z;: @ 1= P21— P22’ (382)

where the double sum after differentiation is just two geometric series, even simpler than in (371), and convergent
under the same assumptions as before (372).

Integrating w.r.t. @ leads to

d 2

P
@sumg = ;ﬁarctanh(PQ) + fl (P))7 (383)
where again the boundary condition implies f;(P) = 0, for all P.

Even though the integral w.r.t. P looks simpler at first than (373), it is actually more involved. This time, it can
be reduced to ones featuring dilogarithm and not usual logarithms (374), (375),

log(1 — P
/dP% = —Liy(P) + const,

(384)
and yields
s g (Liz (11_+PQQ> iz (11_—PQQ) e (11++PQQ> e (11+—PQQ) *
+log (%) log(1 — PQ) + log (%) log(1 — PQ)—
—log <%> log(1+ PQ) — log (%) log(1 + PQ)) + f2(Q), (385)

where again we find f2(Q) = 0, for all Q. This can be confirmed by differentiating both sides w.r.t. P. The function
(385) has a very complicated cut structure. In particular, when testing it numerically, principal branches of logarithm
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and dilogarithm (for the latter one, we assume its value at the cut (1,4+00) to be Liz(p) = lim._,o+ Lis(p — i€), for p
real and greater than 1) do not always give the correct value of the sum, as exemplified in figure 15, left.

To avoid discussing the cut structure of this general expression, let us restrict our attention to P, @ real and
obeying (372). Then, and with help of a dilogarithm identity, Liz(p) = 72/6 — log(p) log(1 — p) — Lia(1 — p), we
simplify (385) to be

+kg(%i£)(bg(T%§>—kg(Téa>)>, for  PPQe(-1,1). (356)

Remark that even in this narrower case, () can be any real number. In terms of p, g, real P, @ are realized provided
p, q are real and of the same sign. Let us thus restrict ourselves even more, assuming p, g to be real and positive.

Then
1 1 1 1
L (FEVAN (VA (VA (VA
sumy = o— (le <%> + Liz (%) — Li; (?71 ~Lip [ | +
T VA e NI B VA

1
Ve 1 1

+ log (*{57 log | +—— | —log | +—— , for q,pq € (0,1), (387)
7TV Vit Vv

which in the language of x1, a2 is printed in (267). In figure 15, right, we pictorially confirm (387) by plotting the
anti-symmetrization w.r.t. p and g of both sides as functions of p € (0,1) for several values of ¢ € (0,1), where we
use the principal branches of logarithm and dilogarithm.

5. The r.h.s., Term III (the “Anomaly”). The Non-Anomalous and Anomalous Parts

We now want to expand term IIT of the r.h.s. of (272) at large J up to and including three leading orders,
. Up — U; —1
(the r.h.s. of eq. (272), term IIT), , = —ilog (ru;-l-l> . (388)

The problem is that this term, unlike the rest of the equation, features the difference of the rapidities, (ux — u; ),
which may behave in different ways when J increases to infinity, depending on the separation of the indices j and
k. We will briefly recall here how the two types of its behavior, the so—called “non—anomalous” and “anomalous”
regimes, arise.

For the sake of simplicity, and because only this case is relevant for our computation, let us assume that the Bethe
roots condense in just one cut. Also, if there are several cuts, and u; and uy belong to different ones, then, as we will
see, their difference (ug — u;) fits into the non-anomalous regime, and no strange phenomenon happens.

Let us fix the index k as a reference point in such a way that uy lies far away from the endpoints of the cut,
ko~ J, S—k~J (389)
We will investigate the difference (ur — u;) as a function of the separation
n=k-—j. (390)

A priori, we should not assume this, as the formulae which result from the considerations based on (389) will be used
also close to the edges.

A typical (non—anomalous) situation, which occurs for most of the Bethe roots, is when the index j is far away
enough from the index k so that the spacing (uy — u;) is of order O(J),

[n| > N, so that up — u; ~ J, (391)
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where 1 < N < J is some integer.

In this case, the large—J series of term III is simply an expansion in large (ux — u;), and so, can be easily found,
—ilog <7uk - 1)

Uk — Uj +1
When summed over j such that |n| > N, it produces

. Uk — 2 1 < 1 )

—i log| ——— | = -2 = —+0(—= . 393
2 de=r) TR D Ve A O o
|k—3|>N |k— J\>N |k—3|>N

non—anomalous U — Uy 3

1 2 1 1
S += T +0 (ﬁ) : (392)
J

Notice that there are no terms of order O (1/.J) and O (1/.J3).

The anomalous part of the expansion arises for the indices j and k close enough to each other so that the spacing
(ur, — u;) becomes of the lower order O (J°),

[n| < N, so that up — u; ~ 1. (394)

In this case, it can be approximated by its Taylor expansion in n/J < 1 in the following way: Introduce a smooth
function v which describes the large—J distribution of the rescaled rapidities,

u—J’“ ~ v <§> . (395)

Now, since j/J is very close to k/J, we can expand,

ug—u; (kN g\ (kK ﬁ_”//(é)ﬁ ”_3
@)oo

Let us rewrite this series in a language we have already used: Notice (287) that the quantity
1S U
k
=7 Z ( ) (397)

describes in the thermodynamic limit the density of the rescaled rapidities pr®¢*#Pid:(y) (285). (This can be true only
at large J, as for finite J, (285) is a sum of Dirac delta functions, not a smooth function as (395).) Hence, the two
leading coefficients of the above series can be recast as

_ [k . 1 (kK B presc.rapid/(Tk)
b=w (7) _m7 C="v (j) __W (398)

We just need to express them through our basic density p(y) (295), which we do with help of (282),

1 Ak
~ , which implies / dv———
v’

v (B ukrar — g §

C =

p(yr)’ Yi — w2 p(ye)®

1 2 /
b— Y% p (Yx) (399)
Using the Taylor series (396), the anomalous part of term III reads
_ s b _ L 2 O 1 .
—ilog <M) = —ilog mgyen ( T ) l =
up —uj +1 bn——ch—i-O(ﬁ) i
o bn —1 1 cn? 40 1 (400)
=—i _ - — — .
S\on+i)  TT1+pm2 72

Now we aim at summing this expansion term by term over the index j which is such that 0 < |n| = |k —j| < N
(394). The leading term of (400) is odd w.r.t. n, and thus vanishes upon such a summation. The same is true for

anomalous
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the next-to—next—to-leading one, not shown above. The only relevant contributing term is the next-to-leading one,
as being even w.r.t. n,

. N
. Uy — uj —1 2c 1 1
P lom (uk —uj+i) b2jnz_:l< 1+b2n2> * <J3

VE
0<|k=j|<N

720N+2c°° L o( Y io0(l) o
I A e N J)

2cN c (T T 1 1
——W-Fm(gcothz—l)—l—O(N)—I—O(ﬁ). (401)

Notice that there is no order O (1 /J 2) here due to the cancelation described above.

We see that the summation over j in the anomalous regime around k yields a term which is linearly divergent
with large IV, as well as a convergent sum over n, which can be approximated by an infinite sum, which in turn can be
summed up to a hyperbolic cotangent, with an O (1/N) correction, to be disregarded. This linearly divergent term,
—2¢N/b?J, can be handled by remarking the equality,

1 2cN 1
- Z Uk — Uy - Z —tem2+0(%) b2le+O(J3)__W+O<ﬁ)' (402)

J:
0<|k=j|<N °<|"‘<N

(This is correct up to O (1/J?), and not just O (1/J?), due to the same phenomenon as described before eq. (401).)
Thanks to it, the anomalous expansion (401) becomes

. up —u; —1 - 1 c (7T T ) 1
— 1 — | =2 —— + — (=coth—- -1 o= 403
' Z °g<uk—u‘j+i> ; g, T \gMy T TR E) (403)
0<[k=j|<N 0<|k=jI<N
or better, rewriting b and ¢ through the density p (yx) (399),

. Uy — uj —1 1 1 y% , 1 1
- log ("W 71} _ 9 _ h S =),
S Og(uk_uj+i) > o g ) (o mo () - =) +0 (5

5t 5
0<|k=jI<N 0<[k=j|<N

(404)

Putting together the non—anomalous (393) and the anomalous (404) parts, term IIT of the r.h.s. of (272), summed
over all j # k, acquires the form,

s
; (the r.h.s. of eq. (272), term III = —1210g (ZZ i+ 1) =
ik J#k

1 2 1
72 ug —uj 3 Z (g — )’
k—3|>N lk—j|>N

the non—anomalous part

-2 Z ur, iuj _} yk 570" (Uk) (Coth (mp (yr)) — - zyk)> +0 <%> -

0<|k=j|<N

the anomalous part
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oy 2y L L () - ) v0 (%) )
Suwe—uy 3 S (up—wy)t YR W 7P (Yr) J?
J#k |k—j|>N

Remark that this is not yet the final large—J series of the quantity in question: Only the second term in the last
line of (405) has a definite large-J order, namely O (1/J2) due to (391); however, it still needs to undergo a special
treatment to be explicitly seen as such, which we do in the next paragraph. The first and the third terms are further
expandable at large J, which we postpone until later.

6. The r.h.s., Term III (the “Anomaly”). The Trick

The final line of the expression (405) contains the “cubic” term 3 Z h—j|>N m, which is very inconvenient
to work with. To practically deal with it, the following trick is performe(i

The expanded logarithmic string Bethe ansatz equations, which consist of the L.h.s. (356), as well as terms I, II
(365) and III (405) on the r.h.s., but terminated only at the leading large-J order O (.J°), read

S 2
Yk 1 2w y;yr (Y — Yk) 3 —2 1
e 2:j§: 2_ 2 5 J2 , o — 1O J)- (406)
Y —w = (1] —w?) (i — w?) (yiyn — w?) < Uk — U

—_— j:
the leading order 7k |k=3|>N

from the L.h.s. the leading order the leading order

from the r.h.s., term I plus term II from the r.h.s., term III

This leading—order equation we differentiate twice w.r.t. the variable uy, which yields a useful expression for our
inconvenient “cubic” term,

1d? Yk 1< 2w2yur (Y5 — Yi) (1)
Ty [ LB : +o(=)]. (407)
3 Z (un —uy) 6 duj P w? J; (47 —w?) (Wi —w?) (yu% — w?) J

[ke— 7\>N Jj#k

Now the second derivative w.r.t. u; which appears here should be replaced by the proper combination of the first and
second derivatives w.r.t. yi according to (283). These new derivatives can then be explicitly applied to the function
of yi inside the brackets, giving

we—wy)® T 3y —w?)

2§ L 1@ gt )
7
k=71>N

S
1 202y y3 ( s o .
+t3 ; = (5 = 3y) w0 + 92 (Tys — Byi) o —
J2 3 (12 — w?) (¥ — w?)’ (yue — w?)
j#k
1
— 10y;vp (Y5 — ye) w* + ¥7ue By — Tye) w? + y7yp (By; — yk)) +0 <J3> (408)

in which way we trade the “cubic” term for something much more tractable.

In particular, for w = 0, the trick simplifies to

2 1 1 -1 1
z - - B — — . 4
3 Z ( N3 J? 3y} +0 <J3> (409)
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In paragraph III C 6, we will explicitly test this trick.

Thanks to the operation (408), we remove the problematic part from term IIT summed over j # k (405), which
thus acquires the form

S S s
> (the r.hus. of eq. (272), term III), , = —i Y log (w) =
j=1

= Ug — Uj + 1
Jj#k J#k
_ _Qi L Ly i’ + )
j=1 Uk T J? 3(y; — w?)”
ik
s
1 2w2y13
+ Y — (yj — 3yr) & + it (Ty; — 3yp) W° —
3 5 3\ \Yi k \0Yj
J j=1 3 (yz‘ - WQ) (yi - WQ) (yyk - WQ)
ik

— 10y;93 (y5 — ye) w* + y7yn By; — Tyr) w* + v yp (3y; — yk) ) -

1y

STy —w? e (us) (COth (mo (we)) - TP ](Lyk)) O (%) ' o

We now need just three simple steps to finally polish this finding (410): First, we change the rapidities in its first
term into the rescaled spectral parameters (280),

-2 _ 1 1 2y Yk (411)
up—u;  JY;— Yk YjYr — w?

Second, we substitute the large—J series of the density p (yx) (321) to the term with the hyperbolic cotangent, and
expand it accordingly,

LUt () (coth (mp () — ——
Ty —w2 "W PR o ()
1y (o)1 0) 1
==y o) (eoth (70 () = s
—— £ th - 412
J2yp — w? dyy 0 (k) { co (Wp (yk)) mp( (y) +0 J3 (412)

Third, we consider the sum over j # k in the piece proportional to 1/J%, and we change it to a sum over all j. It can
be done because the additional j = k term is multiplied by 1/J3, and thus, does not affect the formula to the current
order. Having applied these modifications, we arrive at

5 :
Z (the r.h.s. of eq. (272), term IIT) —121og < — 1) =

= Uk — Uj —|—1
J#k j;ﬁk
S
1 1 20k 1y ) ( © 1 1y} (' + dyfw? + yp)
- - 7o (yx) ( coth (wp Y ) - — % +
J Z <y —yk Yok —w? T yE —w? we) 2 O (yk)) TP 3y —w?)’

J;ﬁk
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S
1 2wy;3
+ ﬁ Z 3 2
j=1 (yJ

8 2 6
5 (y; — 3yr) w® + yi (Ty; — 3y) w° —
P —w?) (47 —w?)” (g — w?)° (

— 10y;593 (y5 — ye) w* + y7y Bys — Tyr) w* + v yp (3y; — yk) ) -

Ly d (o (©) 1 1
TRy \ ™ (yx) Coth(ﬂp (yk))—m +0 (7 ) (413)

7. Summary

Collecting the Lh.s. (356), as well as term I plus term IT (365) and term IIT (413) on the r.h.s., the logarithmic string
Bethe ansatz equations (272) expanded at large J up to and including the order O (1 /J 2), after some manipulations,
read

5 2
o:lz 2y;9% (9596 — @°) Y
J = (7 —w?) (i —w?) (5 — vk) yZ—w?
i#k
L w 709 (1) ( coth (ﬂ'p(o) (y )) 1
J i —w? * ) 7O ()
iy v % P (e IE
2= (g7 = w?) (i~ @) \ =) (we — @)\ —m)® (ywn — w?)° (v —w) (e +w)
S
1 y; (w4 + dyjw® + yé) 1 WYYk ( 3 2 2 3\, ,10
—=3 + =3 : 3Yj = 2Y5Yk — 2y5y;, + yi) W+

J2 4(y2 — w2)5 J3 =t (ng _ w2)5 (2 — w2)5 ( J J 1Yk k)

+ (3y7 + dytyr — 10y7yR — 34yTyp + dysyi + 9yp) wB—
—2y;yk (3 + Byjur — 25y3yR — Tydys + 17y;yp + yp) w®—
—=2y3yi (3 + 17y ye — TySui — 250503 + Syjue + vi) w'+

+ylys (995 + dytye — 34ylyr — 10y3y3 + dyjyp + 3y7) w4

+y3u7 (995 — 207 uk — 2y,u3 + 3y ) -

- — th S — — 414
T ag (" @) (coth (70 ) - s ) ) +0 (55 ) (414)

for any k =1,2,...,S5. The terms of this equation are written in the order of non—decreasing powers of 1/J.
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Notice that we have here three sums over j. The last one (i.e., the one multiplied by 1/J3) has a summand which
is a rational function of y;, and therefore, the procedure (331) can be applied to rewrite it in the language of the
resolvent,

2 2 2
1 Wy 3/ 2 o 1 | Uk (yi - ‘*’2) (W —yz) (w+yr)
J? Z 2 - w? <9yk (e +7) Yi i 2w w+y)?  (w—y)?

_3(y,§—w2)4< 1 1 ) 3(yz—w2)4< 1 1 ))_
8o \wtw) @-wr) 8 rm) @)

3 (y2 — w2)4 1" 1" (y2 B w2)4 " "
M) (@) - 6 ()~ L (@70 + 07 () ) (415)

The middle sum over j (i.e., the one multiplied by 1/J2, representing the Herndndez-Lépez contribution) has a
non-rational summand, but can be put back to the form (363), which is rational, and allows the procedure (331),
which is straightforward here, as the necessary partial fractional decomposition is already performed. (Remark that
we have written it as a sum over all j, and not j # k, since the j = k piece is easily checked to be zero.) Let us show
the result, even though we will not need it,

11 2yjyk rs ((L1yre (r=1)(s—1) I T
JZﬂ-Z 2 _ ZZ " ’ 1)(7’+S—2)(S—T)<TS 7"5)_

Pl (v ) S s Y5 YiYk

= y Z Z s ((C1)T - 1) ( e <GHM/(T1)(O) L GH"J(SU(O)i) . (416)

Jﬂ-w2 7‘>2 s>r+1 r+s —2)(8—’{‘) (’f‘— 1)' yz (S_ 1)' y;

The first sum (i.e., the one multiplied by 1/J) is over j # k, and for j = k is singular, and thus, cannot yet be
similarly tackled, but soon will (423).

Substituting (415) to (414), we obtain the most important expression of this subsection,

S 2
O:lz 2y;yk (Yjye — w?) P T
S (v —w?) (i —w?) (v — me) Y7 —w?
7k term II
term I
Lo o (yx) ( coth (Wp“’) (y )) )~
J yi — w2 Jk Yk 7Tp(0) (yk)
term III
_ili Y3 i 2w N L w? 1Og<(yj+w) (yk—w)) B
2= (g7 = w?) (i~ @) \ =) (we — @)\ —m)® (ywn — w?)° (y; — ) (v + @)

term IV

1 yp (0 + yiw? + )
J2 4(y]§ _w2)5

+
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2

1 WYk 30,2 2 yr (i — wz) 2 v 2 v
N <—9yk (47 + ) G(O) + P (0490 €)= (= ) G () -
term VI
3 (7 —w?)’ (7 — )’
_ G/I _ GI/ _ _ G/I/ G/I/ _ _
) (@) - () - L) (@ () + @ ()
term VI continued
1y d (1) 0 1 1
-—— — th © - O —= 417
term VII
for any k = 1,2,...,5, where we have given names to its terms (not to be confused with the labels in (272)), to be

used in subsection II C.

In particular, for w = 0, terms IV and VI of (417) disappear, and the remaining ones simplify to

1 2 11 1
0=— +p—— — =mp® (coth mpl® ) — 7) —
J;yj—yk it L (yk) ( P () — - S0 o)
i#

11 1d 1 .
—_—— & (0) -~ 1
NERTE R R A (Wp (yx) (coth (Wp (yk)) 7 (an) (%))) +0 ( Jg) : (418)
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C. The All-Loop One—Cut Quadratic Equation at the Orders O (JO), o(1/J), O (1/,]2)
1. The Definition of the Quadratic Equation

There are several techniques of solving equations like our fundamental one (417), for example, the “quadratic
equation,” the “linear equation” (i.e., the “Riemann—Hilbert method”), the “Baxter equation.” In this computation,
we, for the first time along with [194], show how to apply the quadratic equation method to Bethe ansatz equations
with next—to—next—to—leading—order finite—size corrections.

The so—called quadratic equation arises by multiplying the k-th equation (417) by 1/ (z — yi), where z is a complex
parameter, and afterwards adding all of them to each other,

the quadratic equation: = (the r.h.s. of eq. (417)). (419)

1
J = 1Z_yk

In theory, this should work as follows: Since the r.h.s. of (417) can be written as a rational function of yg, the
procedure (331) is able to yield the quadratic equation (419) as an equation for the resolvent G(z). More precisely,
since (417) is a large—J series terminated after three leading orders, we need to expand the resolvent, too, according

0 (322), and thus, the quadratic equation turns to be a perturbative equation for the three leading coefficients
GO)(z), GM(2), GP)(z). We see, according to the powers of 1/.J multiplying each term in (417), that  an equation
for G(©)(z) will come from terms I and II only, e an equation for G(V)(z) will come from terms I, IL, III, IV, e an
equation for G?)(z) will come from all the terms. As we have explained in paragraph IT A 2, the resolvent captures
the distribution of the rescaled spectral parameters (y1,¥2,...,ys), and hence, finding the resolvent is equivalent to
solving our problem.

In practice, the above program will be slightly modified, as it will not always be profitable to try to rewrite the
sum over k in (419), or the sums over j in (417), through the resolvent, instead changing them into integration with
an appropriate density (326), supplied when needed by a boundary contribution.

In this subsection, we explicitly derive the quadratic equation for our problem; it is given at all loops in (453)—(462),
while for the simplified one—loop case in (463)—(469).

2. Term I

For term I of (417), we symmetrize the summand w.r.t. to the indices j and k, which makes it no longer singular
at j =k,

1< 1 13 1S 29k (yjyk — w?)

— E (the r.h.s. of eq. (417), term I) = — E E =

e ~J -] = (7 —w?) i — w?) (5 — vk)
J#k

1S yivk (yiye — w?)
-T2 Z Z 2 2 =

(2 =) (2 — i) (4] — w?) (4 — w?)

1 L& yiuk (yjue — w?) 1< Yi
=—5> > - - + 3 : (420)

S (=) (2 =) (] — w?) (97— w?) = (2 =)’ ( — w?)

Now the single sum in (420) gives simply

S S
1 yl% 1 yl% -1 1,
_ - E =—=G'(2), (421)
T2 (=) (yF — w?) Ty = WP (2 - yp)° J




while the double sum,

XS: XS: Yk (5, — w?)
J2

S G-y o) (- -

w
= (G(2) - G(0))” - G(2)* =
w? 202 w?
= <Z—2 - 1> G(z)? — — GO)G() + ;G(O)Q. (422)
Plugging (421) and (422) into (420), we find the contribution of term I to the quadratic equation
1S, 1 w? ,  2w? w2 o1,
5 ; p— (the r.hus. of eq. (417), term I) = (7 - 1> G(2)* = 5 G0)G(2) + 5 G(0)* = 5G'(2).  (423)
3. Term II
The input of term II of (417) to the quadratic equation consists of two pieces
1, 1 il Yk
5 ; — (the r.h.s. of eq. (417), term II) 3 ( W) : (424)
The first subterm yields,
s
1 Y2 w? 1 w1 wroo—1
Z _”J22k2<<1 2) 20 . -
T =1 Ik T ) z=uk 0=k 2 (0—uk)
2 W2 2
=pu ((1 — ;) G(2) + —G(0) + —G’(O)) , (425)
and the second one,
s s
1 11 y? 1 1 1
l = - — = —(G(2) = G(0)). 426
SRR T R (e ) T e G0, )

Hence, (425) and (426) added together give

(427)
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4. Term I Plus Term II

Adding term I (423) and term II (427), we obtain

s
1 1
i E (the r.h.s. of eq. (417), term I plus term IT) =

= <‘”—2 - 1> G(2)*+ (u <1 - “Z’—z) L 2—“’QG(O)) G(z)+°:—§G(0)2+<u°:—22 + %) G(0)+u%2G’(0)—}G’(Z)- (428)

22

It is a good place to use the large—J series of the resolvent (322) to find the three leading orders of the contribution
of term I and term II to the quadratic equation,

5
1
E (the r.h.s. of eq. (417), term I plus term IT) =
Z — Yk
k=1

~l =

S < — (22— w?) GO ()2 + (uzQ — 2= w? (u+260(0)) )G<O> () +
+ (690 + 160 )2 + 2600 (1 + 6O0) ) ¥
+%% << —2(22 = w?) GO (2) + pz? — 2 — w2 (u +2G6® (0)) )G(l)(z) +
+ ( —2°GO(2) + 2+ w? (426 (0)) )G<1>(o) ~ 22600 (2) + uw2G(1)'(0)z> +
+%% (( —2(22 =) GO (2) + pz? — 2 — w2 (u +2G® (0)) )G<2>(z) +
+< ~2°GO(2) + 2+ w? (1 +26(0)) )G<2> (0)—
7

— (22 = w?) G (2)? = 202GV (0)GW (2) — 22GWV (2) + W2GM(0) + usz@)’(O)z) +0 (i) . (429)

5. Term III (the “Anomaly”)

The input of term IIT of (417) to the quadratic equation,

1
Z (the r.h.s. of eq. (417), term IIT) =
1~ Yk

<=

S
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S
1 Yi 1 ()1 ( (0) 1 )
=—= — coth (7 - | =
J? ; -y 2 ( ’ (yk)) 7 (yr)
e L ey !
= —AD(z) + 5 ARD () + 0 (5 (430)

cannot at this point be expressed through the resolvent, since we do not yet know the large—J leading—order density
0% (yx). We will see that both at ¢ = 0 (533) and g > 0 (742), this density possesses a form (namely, its square
is a rational function of the argument) which allows for rewriting the summand in the second line of (430) as a
rational function of yi, through appropriately expanding the hyperbolic cotangent (548) — thus enabling us to use
the procedure (331) to express term III in the quadratic equation through the resolvent. We will, however, actually
follow this program only at g = 0 (see paragraphs IIIB 1 and ITI C 1), as otherwise it happens to be too involved.

In this latter case, it is reasonable to trade the summation over k in the second line of (430) for integration,
according to the summation formula (326),

<

s
1 1
Z (the r.h.s. of eq. (417), term III) =
=1~ Yk

subleading

1 / 1 1
=—= [ dyp(y) % () <coth O (y)) — 7) + | boundary | . (431)
J R Y ( ) 7Tp(0) (y) contribution

The only J—dependence on the r.h.s. is carried by the density p(y), and we replace it by its large—J expansion (321),
truncated at the next-to—leading order, obtaining

~A(1)(2):V4(1),b111k(2)_’_V4(1),bounda1ry(2)7 (432)

A(2,1)(z):A(2,1),bulk(z)+A(2,1),boundary(z), (433)

where the “bulk contributions,”

D bulk 1 1 Q)7 Ot h (71 0 — 4 E)

while the “boundary contributions” will be considered separately later; we will see that they do not appear for an
integration with the leading-order density p(®(y), i.e., A1)-Powndary() — 0 (see e.g. (562)), while they do if we
integrate with any subleading density, i.e., A(21)-boundary () £ () (see e.g. (661), (979)).

6. Term IV (the “Phase”)

For the contribution of term IV of (417) to the quadratic equation, describing the presence of the Herndndez—Ldépez
dressing phase,

s
%Z L (the r.h.s. of eq. (417), term IV) = %73(1)(2) + %7’(2)(2) +0 (%) , (436)

we have, analogously as for terms IIT and VII (the “anomaly”), two ways to proceed.
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If we want to express it through the resolvent, we need to use the form before summing over r and s (416),

1S, 1
P
=1

(the r.h.s. of eq. (417), term IV) =
k

r+s rs_ (T_l)(s_l) .
Jﬂ'wQZ Z ' ' 1)(r+s—2)(s—r)

r>2s>r+1

125: i 1 [Gren() 1 Gen(0) 1)
Je=yi—wz—ye\ (-1 oy (=D )

r+s T+s _ (T - 1)(8 - 1) .
Jﬂ'wQZ Z 1)(r+s—2)(s—r)

r>2s>r+1
15 g (e ( zf—) - (s S ) ) -
Rl X O ey
(Gt - S oo -
(ST S A

A disadvantage of this form is that it requires the knowledge of an arbitrary—order derivative of the resolvent at zero,
before even summing over r and s.

We will, therefore, resort to the other method, namely, changing summation into integration. But first, we
symmetrize the summand w.r.t. j and k,

. 2w 1 w? oo (Wit @) (g —w)\ ) _
(@j — ) =) <<yj L - w2>2> o ({5 +w>)>

11 S S
=mZZ
j=1k=1

H (Y5, ur) (438)
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where we introduce a useful shorthand notation,

H%W52w+<1+&%WUM&ﬂWF%- (439)

Yiyk — w? vi— Yk (yiyn —w?)? (y; —w) (Y +w)

Now we are ready to use the summation formula (326),

1 1
— (the r.h.s. of eq. (417), term IV) =
J = 2=y
1 subleading
dyrdyzp (y1) p (y2) ——————H (y1,¥2) + | boundary | . (440)
J 27T / / ( yl) (Z - y2) contribution
Expanding the densities p (y1) and p (y2) at large J, up to and including two leading orders, we find
P(l)(Z) — rP(l),bulk(Z) + P(l),boundary(z), (441)
P(2) (Z) — P(Q),bulk(z) + P(2),boundary(z), (442)
where the “bulk contributions,”
1
(1),bulk dy dao 0@ (0) - 443
PO-bulk ) // i (30) 0 (1) e (1. 32), (443)
(2),bulk dusd (0) (1) (0) (€0) - - 444
P (2) Qﬁ// yi yz( (y1) P (y2) + 0 (y2) p (yl)) (Z_yl)(z_yQ)H(yl,yz), (444)

while the “boundary contributions” will be considered separately later; similarly as for the “anomaly,” there will be
'P(l),boundary(z) =0, but 'P(2),boundary(2) # 0 (970)

7. Term V

The input of term V of (417) to the quadratic equation,

s s 4 2.2 4 .4
el Z (the r.h.s. of eq. (417), term V) = — Z 5 e (v e I vi) =
7 L Pt P-w?z—yk 4 (y? — w?)

13 i Y2 < 82w (2' +42%? + w?) 1
. _

J3 32w —Y —w? 3(22—w2)4 Z— Yk
224+ dzw4w? 1 22 —dzw4w? 1 22 4+ 42w + w? 1 22 — dzw + w? 1
4 _ + 4 - 3 7 T 3 7T
6(z—w) WUk 6(z4+w)” Wtk 6(z—w)” (w—yg) 6(z4+w)” (w+uyk)
2w 1 2w 1 w? 1 w? 1
+ 2 3 2 3 1+ 1|~
(z-—w)" (w—y)” (+w) (Wty) 2@ (w-y) T (W+yk)
11 162 (2% + 42202 + w?
T2l T ( 1 )G(Z)+
J2 64 (22 — w?)
22 +dzw + w? 22 —dzw + W? 22 +4zw + w? 2% —dzw + w?
+—4G(w) — —4G(—w) + —3G/(w) - —3G’(—w)+
w(z—w) w(z+w) w(z—w) w(z+w)

%ﬁ#%MQLW(Hi4%%i4%w- (445)

(z —w) (2+w) Z—w z+w
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8. Term VI

The input of term VI of (417) to the quadratic equation,

[9))

@) - o - L@ + aw_w))) S
~ " " 1" " 1
_@<3 (G"(w) - G"(~w)) +w (G"(w)+ G (_w))>£+

w (92G(0) — 4(z —w)?G'(w)) 1 w (92G(0) — 4(z + w)?G'(-w)) 1

48(z — w)* W= Yk 48(z + w)* w+yk+
w (—=92G(0) + 4(z — w)?G' (w)) 1 L (92G(0) — 4(z + w)?G' (—w)) 1 N
48(z — w)? (w —yr)? 48(z +w)? (w +yx)?
3zwG(0) 1 3zwG(0) 1 B 3w?G(0) 1 3 3w?G(0) 1 B
16(z —w)? (w—yp)®  16(z+w)? (w+ye)® 16(z—w) (w—yp)* 16(z+w) (w+uye))
1w 144w 2> (,22 + w2) 1 , 1 ,
T (( - o0+ (G~ ) -
_3

(G"(w) = G"(-w)) = % (G"(w) + G"(-w)) ) G(2)+

z

3 (422 — 22w+ w? _, 422 + 220 + w? _, w(dz-w _,, z+w ,
+ ; (WG (u}) - WG (—(.«))) + ; (  —w G ((.(J) + z—l——wG (—(.«))) G(O)—

CropCwE (0 -8 (2o C W - @) ) (446)

1 oo
-8 <(72G(w)G (w)

z—w)
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9. Term V Plus Term VI

Terms V (445) and VI (446) come with the prefactor of 1/J2, hence, up to and including the order O (1/.J?),
only the leading—order resolvent G(©) (z) will contribute to the quadratic equation through them,

% Z ! (the r.h.s. of eq. (417), term V plus term VI) =
2 — Yk
k=1
1 (1 16z (24 +42%w? + w4) ©)
“E\e\ " T ey O O
2 2 2 _ 2 2 2 2 _ 2
2+ 4w+ w GO () 2 —dzw+w GO (—w) + 25+ dzw+w GO () — 2 —drw+w GOV (—)+
1 1 3 3
w(z —w) w(z+w) w(z—w) w(z+w)
3 3
P _Zw)2 GO (w) + TP +Zw)2 GO (—w) + =GO (w) - —— i me)’”(—w)) +
w 144wz? (2% 4+ w?) 1 1
|| = (0) e () L e () L _
+96<< (22 —w2)? ¢ (O)+8((2_w)2G ) (z+w)2G ( w>>
3

2 (69"(w) - 6O () - 2 (60" (w) + GO (~w)) )G(O)(z)+

z

1

P P Y S SR (0 T R O
+<18 ((Z_w)4G @) = o ))+18 ((Z_w)gG ()

e )

3 /422 — 22w + w? 422 + 22w + w? w4z —w 4z + w
Q[ Fe T AT~ _ 0y d (0)r11 )11 (0) _
+z < o) G (w) —(z+w)2 GP"( w))—l—z <—z—w G (w) + e G ( w)) G (0)

B R S PIRYe (O R SRS (5 RS (O WA U L oy L pon_uy 1
8<(Z_w)2G (&) (Z+W)2G ()& )) 8<Z—WG () z—l—wG ( )>>)+O (J3)
(447)

10. Term VII (the “Anomaly”)

The input of term VII of (417) to the quadratic equation,

s
1 1
i E (the r.h.s. of eq. (417), term VII) =

s
1 3 Y I d 1) (0) 1
73 y]% — 2 ur dyk (ﬂ'p (yk) CcO (7Tp (yk)) 7Tp(0) (yk)
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1 1
— ﬁA(m)(z) +0 <ﬁ) , (448)

similarly to terms III and IV, cannot yet be expressed through the resolvent, to which end we need the knowledge of
P (yx) and p™ (yx).

We will proceed this way, however, only at ¢ = 0 (see paragraph III C 2), while at g > 0 a more tractable method
is to trade the summation over k in the second line of (448) for integration,

5
1 1
i E (the r.h.s. of eq. (417), term VII) =

1~ Yk
=—= yp(y) 4 (ﬂ'p(l)(y) (Coth (ﬂ'p(o) (y)) - #)> + S;:izﬁ:yg . (449)
J? =Y dy ﬂ—p(O) (y) contribution

Since there is the prefactor of 1/J2, it is sufficient to replace p(y) by its large—J leading term, which yields

A(2’2) (Z) _ A(2,2),bulk(z) + A(2,2),boundary (Z), (450)
where the “bulk contribution,”
AG2PUIR(Z) — g / dy——pO ()= (p(l)(y) (coth (w(o)(y)) - #» : (451)
R Z—Y dy (0 (y)

while the “boundary contribution” will be shown to vanish, A(%2):Poundary(2) — () as the integration is with the

leading—order density. Finally, remark that it is the sum of (435) and (451) which appears in the quadratic equation,
and this sum can be nicely simplified,

A(Q),bulk(z) EJ4(2,1),bulk(z)_'_./4(2,2),bu1k(2) —

=- /R dy - i ydiy (p(”(y) (w(o) (y) coth (wp(o) (y)) - 1)) : (452)

11.  Summary

Collecting the above explicit results for term I plus term II (429) and term V plus term VI (447), as well as
the general structure of terms IIT (430), IV (436) and VII (448), and moreover, simplifying them by substituting for
the constants G(©(0), G (0), G (0) their values according to the momentum conditions (343)—(345) — we finally
obtain the quadratic equation for the all-loop SL(2) logarithmic string Bethe ansatz equations with all the mode
numbers equal, at the three leading large—J orders to be

e Order O (J 0): The equation for G(©) (z) is quadratic, which is also the reason for calling this entire method the
“quadratic equation,”

— (22 = W) GO(2)? + (22— 2 + W (20 — 1)) GO (2) + 2p (—oz + wz”y(o)) +w?ptala—1)=0, (453)
where we have denoted
~O) = GO (). (454)
It must be supplemented by the momentum condition,

GO(0) = —po. (455)
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e Order O (1/J): The equation for G(Y)(2) is linear, and has already been solved,

(1)

G(l)( ) = GOV (z) — 4 (A(l)(z) 4 P(l)(z)) (456)
=T 2 _ 12\ 2(0) 2, _ 2 _ ?
L (—2(22 = w?) GOV (2) + 22 — 2 + w?p(2a — 1))
where we have denoted
7 = 6M(0), (457)

while A™M)(2) is given by (430) or (432), (434), and P()(2) by (441), (443). Tt must be supplemented by the
momentum condition,

G (0) = 0. (458)

e Order O (1/J?): The equation for G?)(2) is linear, and has already been solved,

(2)

GO (z) = (1-%) ?(1)(2)2 + G (2) — 92— — (AP (2) + PO(2)) + F(2)

(2@ =AU+ = Pua—D) 159

where we have denoted
7@ = a@(0), (460)

and also introduced the following combination of the leading-order resolvents G(°)(z) at various points,

2 (2% 4 4w?2? + W) — 6wiuaz? (22 + w?
= (2 ) -6 (2 )
4 (22 — w?)

2

+ 5z ((z +w)GO" (W) ~ (2~ w)G(O)”(—w)) 5o ((z +w) GO (W) + (= - w)G“”’”(—w)) ) GO (z)-

3 (2% — 4w (1 + Bwpa) z + w?) )

w(z +w)* (—w)+

“192 1 G (w)

w(z —w)

1 <3(z2+4w(1—3w,ua)z+w2) ©)

L 4. .3 2 2
+ 3<4z + 27w (wp(l — 38a) +9) + 3z°w* (wpu(2a — 1) + 2) —

wz?(z —w)

— 20 (Bwp(2a — 1) + 1) + w’pu(2a — 1)) GO (w)—

1
"ot op (424 + 23w (wu(l — 38a) — 9) + 322w (—wu(2a — 1) +2) +

+ 20 (=3wp(2a — 1) + 1) — w®u(20 — 1)) GO (—w)+

—i—% (423(1 —2wpa) + Z2w(wp(2a + 1) — 2) + 20? Qwp(a — 1) + 1) — wp (20 — 1)) GO (w)+

22(z — w)
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3

—I—m (423(1 + 2wpa) + 22w(wp2a + 1) 4+ 2) 4 2w?(—2wp(a — 1) + 1) — w*u(2a — 1)> GO (—w)+

+w (422(1 — 2wpa) + zw(wp — 1) + W p(2a — 1))

2%(z — w)

G(O)/// (w) _

_ w (422(1 + 2wua) +Z§((A;(:U_Mw';‘ 1) - w3/14(204 — 1)) G(O)W(—w)> +

! G<0><—w>a<0>'<—w>+LG@'W—LG“”'(—W), (461)

12\ (z —w)? (z+w)? z—w z4w

LY <;G<o> (@) GO () —

while A®)(z2) is given by (430), (448) or (452), and P (2) by (442), (444). Tt must be supplemented by the
momentum condition,

a®(0) = ﬁ <w2 (60" (w) = GO (—w)) +30 (GO () + GO () )+ (¢ (w) — GV (~w)) ) . (462)

In particular, setting here w = 0 leads to its one—loop counterpart,
e Order O (JO):
2GO(2)2 + (1 — 2p)GO (2) + pa = 0, (463)

with the momentum condition,

GO(0) = —pev. (464)

e Order O (1/J):

G () — _GQ(Z/(E;?Z; f‘(ll )J(FZL (465)
with the momentum condition,
G (0) = 0. (466)
e Order O (1/J?):
GO (z) = G (2)2 + il;g))(z_) ,i@%) (j)/:r .7:(2)|w:0, (467)
where
F)og = 3G (2) + 3ua — 32G0(0) — 222G (0) (468)

1223 ’

with the momentum condition,

G2 (0) = %G(O)”(O). (469)
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D. The All-Loop One—Cut Linear Equation at the Orders O (J°), O (1/J), O (1/J?)
1. The One—Loop Master Formulae

Let us start from the one-loop case. By the “master formulae,” we will understand here explicit expressions for
the following quantities featuring the difference of the rapidities, (ux — u;), where k is a fixed reference point far from
the edges of the cut (389),

S
> ——— where  t=1,2,.... (470)

uk—uj)

I

=

PN

We will handle them by splitting the above sum into the non-anomalous and anomalous regions, just as we have done
for the “anomaly” term in the Bethe ansatz equations (see paragraph IIB5),

S
LT S 2 wsart Z = (471)
= (ur — uj = (uk — uj (ur — uJ)
ik k—j|>N h—jl<N
non—anomalous anomalous

and computing each of these pieces separately. We will want to find the three lowest master formulae, up to the three
(for t = 1) or two (for ¢t = 2,3) leading large—J orders.

To derive the non—anomalous part for any ¢, we reduce it to the ¢ = 1 case in the following way: Recall that at
one loop, the relation between the rapidities and rescaled spectral parameters is especially simple (280), uy = Jyk.
Hence,

1 1 1 1 (=1)t=t at—t 1
Z (g =)' ! JZ (g —yy)' (=Dl dy™ 27: Y — Yj
|k—j|>N |[k—j|>N |k—j|>N
L (=D s
= Ji WG “ (k) (472)

where we have made use of the principal value of the resolvent,

> ! -. (473)

' Yk — Yj
|k—j|>N

<=

@ () = 5 Tim (G (g +i6) + G (g — i) =

In the anomalous piece, on the other hand, we exploit the Taylor series of the rapidity u; around ug, terminated
at the next—to—leading order (396), (399),

en? n3 1 o (yk
uk—u-—bn———i-O(—), b= , c=— , (474)
! 2J J? P (Yx) p (yx)’
which yields
1 1 1 tc 1
- - - io(——). 475

This should be summed over n from minus to plus infinity, hence, all the terms odd in n will disappear upon such a
summation, and only the even ones will contribute,

Z 1 _ % 5,1:11)0 +0 (%) for odd ¢,
< (e —wy)' = t) +0(7) for even t
|[k—j|<N
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_ { —Lt¢(t = )p ()" o' () + O (&) for odd ¢, _
Ct)p () + 0O (%) for even ¢

= + 2 p) ()3 (p“)) () P (yi) + (¢ = 2)pY (yi) o (yre) )) +0(5) foroddt, , (476)
2((t) (p“’) ()" + Ltp© (yr)' ™" pV) (%)) +0(32) for even ¢

where ( is the Riemann zeta function, and where in the last line we have used the large—J expansion of the density
(321).

Notice an interesting fact: For ¢t = 1, we sum over n an expression proportional to n°, i.e., divergent, as we have
already observed (402). Back there, it served just to destroy another divergent quantity, and there was no need to
assign to it any regularized value. In other words, as it seems, it implies that the quadratic equation (463)—(469), so
also its solution, do not require any regularization scheme to be applied to this divergent sum. In the above formula
(476), however, we have computed it with help of a particular regularization technique, namely, the zeta—function
one,

+oo +oo
> 1=2>"1=2¢(0)=-1. (477)
n=—oo n=1

A priori, it does not seem that there is any principle to single out this scheme. But in paragraph III C 6, we will test
the master formula (478), which is based on (477), for the solution to the one-loop one—cut quadratic equation, and
it will be fulfilled. This d posteriori justifies that the zeta—function regularization method is the right one.

Adding (472) and (476), we arrive at the final result. Let us print it for the three lowest values of t,

> 1 (0)
Z m = (yr) +
o
L[ 1 p (yy,)
+ j<$ Y (ye) BWRO) (y:)>
L[ @ 1.d (pM () 1
+ 7 (@ (yr) + gd—yk <7p(0) (yk)> > +0 <ﬁ) , (478)
S
L 7 0 ()2
; TR (yr)” +
Ik
o1 ( — 6 () + 2 () o0 <yk>> +o(5). (479)
i L 1m0 ) 0 () +
=1 (e — ) R
Jk
+ % (%@'(0)" (yx) — %diylk (p(o) (yx) P (yk)) ) +0 (%) : (480)

Another important observation is that the successive formulae in this tower are not related to each other through
differentiation w.r.t. uy,

5 s
1 (=1)t=1 gt-? 1
7 . : (481)
; (e —uy)’ | (=D duf ! ; —
7k #h
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This is only true for the non-anomalous parts of the sums (472). This is to be kept in mind while performing tricks

like in paragraph 11 B 6.

2. The One-Loop One-Cut Linear Equation at the Orders O (J°), O (1/J), O (1/J?)

One application of the first master formula (478) is to obtain the so—called “linear equation” from the expanded
one—loop one—cut logarithmic string Bethe ansatz equations (418); this is an equation satisfied by the principal value
of the resolvent (473). We easily get it to be

e Order O (JO):

20" (y.) = 1 yik (482)
e Order O (1/J):
26" (i) = =mp " () coth (o (1)) (183)
e Order O (1/J?):
20 (yr.) = —4172 - diyk (ﬂp(” (yx) coth (ﬂp(o) (yk))) : (484)

We might attempt to approach the problem of finding the three leading large—J orders of the resolvent by solving
these three equations; they are nothing but Riemann—Hilbert problems. We will, however, resort to the quadratic
equation technique, and afterwards use (482)—(484) as a cross—check.

It is also common to rewrite linear equations through the so—called “quasi-momentum,” instead of the resolvent,
which at one loop is defined as

() = G(2) + % (485)

Remark that it is only the leading large—J order that is modified here. Hence, the r.h.s. only of (482) will change in
this new language,

P(o) (yr) = mm. (486)

8. The All-Loop Master Formulae

We would now like to extend the above findings to all loops. Here, the “master formulae” will mean explicit
expressions for the following objects,

S 2
1 ; 1
E 5 Ui where t=1,2,.... (487)

We split them as before into the non—anomalous and anomalous parts (471). Also as before, the former is related
through multiple differentiation to the principal value of the resolvent (472),

1 y? 1 1 (—1)t71$//.../(t,1)
L ), 488
Jt Z yf—wQ (yk—yj)t Jt—1 (t—l)! ( k) ( )

|k—j|>N



93

where this time of course

@ () = 5 Jim (G s +16) + G (g — i) =

D/ (489)

Y —w?yr — vy

<=

J:
|k—j|>N

In order to tackle the anomalous piece, we need to translate the anomalous expansion of the rapidities (474) into
the language of the rescaled spectral parameters (280),

by? n 3 262wy, n? 1
= — — — —+0(—=). 490
BT BT T A ¢ (2 — w?)? ERRAWE (490)
This gives
2_2\t"1 . —9)w?
1 5 Y2 1 §2<(t—1)(ykyi ) e (%—%) +0(g5) foroddt,
TS (- yy) s\ . -
k<N 2¢(t) ( 7 ) #+0(%) for even t
2w\t 2 t—2 [ 2(t—2)w?
_ —2C(t—-1) (ykyi ) P (Yk) (Wp(yk) +tp' (yx) | + O (55) for odd ¢, _
Y2 —w? t—1 t 1
2¢(¢) (ky—g) p(yr) +0(5) for even t
et — 1) (=) T (1,0 (g, )12 (2020 () ()
4 1)( 7 ) 70 (k) (yk(yi,wz)p () +tp (m)) +
_ _ _ w2
+70 () (%p@ (i) P () +
= . (491)
+t(t = 2)pO" (yi) P () + 0@ (yi) PV’ () )) +0 (&) for odd t,
2 (t) (ﬂ)hl ©)( )t + Lp0( )t—l @ () | +0O (L) f t
2 P \Yk T Yk P Yk 72 or even

We have again assumed the zeta—function regularization scheme (477) for ¢ = 1.



Adding (488) and (491) yields the full result. Let us write it for the three lowest values of ¢,

1 Y5 1 0
72 p : _ZG()(yk)‘F

j=1
J#k
1 (O)I 271'2 yi — W2 (0) (1) 1
—| - i o=
+J< & (yk) + 5 () P (k) | +O {75 )
S 2 2 2 2 2
ry =— 5P Yi) | —5 P Yk) + —————p Yr) |+
FED v il S YA 0N S N r (1)

1 /1 72 [ 4w?
+ 23 <—$<°>” () = & (y—3p<0> () 0 () +
k

J2\ 2 6
3(yi —«?) d ¢ (o (1) !
—_— O—=]-
T (p (yk) p (yk)) ) + <J3>
Some manipulation is needed to recast these master formulae in a form analogous to (478)—(480),
5 1 0 w?
3 = (g) — GO(0) + GO <—> +
= Uk — Uj Yk
i
1 (1) 1 yi P(O)/ (yx) (1) (1) w?
— = -GH(0)+G —
T <$ )+ 3 Y —w? p (yx) )+ w) )"
e 1y d (pW (k) (2) @ (W 1
— = — -GY0)+G — O(—=
e <$ () + 2y; —w?dyr \p© (yx) 0+ w)) TO\F)
s
1 w2
= ()" +
s 3
=1 (ug u])
ik

s
1 172 g2
DD e it oy O L e
j=1 \Uk = Hj k
J#k
1 72 2 d
t| Tty (00 w0 W) -
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(492)

(493)

(494)

(495)

(496)

(497)

(498)
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Remark that setting w = 0 reduces these new expressions to their one-loop counterparts.

4.  The All-Loop One—Cut Linear Equation at the Orders O (JO), o(1/J), 0 (1/]2)

The first master formula (492) can now be used to rewrite the expanded all-loop one—cut logarithmic string Bethe
ansatz equations (417) in the form of a linear equation for every large—J order. Again, this will not be to solve these
equations, but to use them as a cross—check of the solution to the quadratic equation.

The pertinent linear equations will be found by relating the first term in (417), i.e., the term featuring the
difference (yr — y;), and thus, developing a non-anomalous as well as an anomalous part — to the Lh.s. of the master
formula (492). A simple manipulation yields for it,

1 2u9k (Y5 — w?) _
J = (y? —w?) (v —w?) (Y — wr)

- — G0)— = ———2 _— (499)

i.e., explicitly,

! (d:“)) (r) + 2‘”2 2G<°)(0)>—
Yp — W

L[ 20> vi  p" (us)
29 G (0 . -
7 < $ (yk) + yi ) ( ) + yi — w? p(o) (yk)

) w2 2 (1)
_%<2$< ) () + y22 G (0) + 2k d (pi(y’“)>> +0 (%) . (500)

P w? vz — w2 dy \ pO (yx)
The all-loop one—cut linear equations immediately follow,

e Order O (JO):

26 () = p— 2 GO (0). (501)

Yp — w? yi—wz

e Order O (1/J):

1 2w? 2 ~ (1)
26 () = = = GV(0) = L mp® () coth (o) () + 2P (). (502)
Yp — W Yp — W

e Order O (1/J?):
yi (W +4yfe? +yl) |

@ 20°
2$ (yk) ) 4 (y2 _ w2)5
k

Yp — W

eltd) (0) —

2

Wy 30,2 1 2y ~(0) vk (Y7 — W2)2 2 ~(0) 2 ~(0)r
+W<—9yk (yk+w )G (O)+T((w+yk) G (W)—(W—yk) G (_w))_
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2 _ 2 4 2 _ 2 4
_ 3 (yk16w ) (G(O)"(w) _ G(O)”(—w)) _ (yk = ) (G(O)W(w) + G(O)W(—w)) >_
vi 4 (om © 5
Sy —w?dyk (WP (yx) coth (ﬂp (yk))) +2P (yn)- (503)

In the above, we have denoted the Hernandez—Loépez phase contribution by

1, 1 =0 1\
jP( >(z)+ﬁ73< )(z)+0<ﬁ) =

__liy i % ! W o (Wit @) =)
- ﬂwz(yf—w?)w—m<<yj—z><yjz—w2>+<<yj_z>2+<yjz_wz)2>lg(@j—w)(zw)))’

) ~(2)
while the slashed versions, P "(yx) and P (y), are defined analogously to (473).

5. Why Is There No Anomalous Contribution From the Herndndez—Ldpez Phase Term?

One might wonder why the sum over j in the Hernandez—Lépez phase term in the expanded logarithmic string
Bethe ansatz equations (504) does not possess an anomalous piece, even though the summand depends on the difference
(yx — y;), where we take z = yj.

The quickest answer is that the pertinent sum vanishes for j = k. But let us see it also explicitly, using the

zeta—function regularization scheme. We substitute there the anomalous expansion of y; around y; (490), obtaining

(the summand on the r.h.s. of eq. (504))]

anomalous —

(505)

n 8bwdys n2 4y (_C (v — W2)2 +6b%yk (vi + wz)) 0 ( 1 )

e (12 — w?)° L 3 (y2 — w?)® I

The leading term is odd w.r.t. n, and consequently, vanishes when summed over n from minus to plus infinity. The
next—to-leading one is even w.r.t. n, but yields a divergent sum. Similarly, all the further terms in this series depend
on n as nt, where t is a positive integer; the odd powers will vanish upon being summed over n, the even ones will
remain, leading to divergent sums. Led by the appropriateness of the zeta—function regularization scheme (477) in the
master formulae (478), (492), we decide to assign to these divergent sums their regularized value — which, however,
is always zero,

+00 oo
DoonM=2) n¥o2((-20)=0, for t=12... (506)
n=1

n=-—o0
In this way, the entire anomalous piece of the Hernandez—Lopez phase term is proven to be zero as well,
> (the summand on the r.h.s. of eq. (504)) =0, (507)
J:
[k—j|<N

as expected.
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III. SOLVING THE ONE-LOOP ONE-CUT QUADRATIC EQUATION AT THE ORDERS O (J°),
0(1/J), O (1/J?)

In this section, we present an exact solution to the one—loop version (463)—(469) of the one—cut quadratic equation.
We do it in order to e show a conceptually easy way of solving this problem, alternative to the Baxter equation method
[167], with end results given in simpler forms, e have some practice before attacking the more involved all-loop case,
in particular, understand the boundary contributions.

A. The Exact Solution to the One—Loop One—Cut Quadratic Equation at the Order O (JO)
1. The Resolvent G (z)
The leading—order equation (463) is quadratic, and is easily solved by

GO(2) = -1+ MZ;M\/P(Z), (508)

where P(z) is the quadratic polynomial

2(1+2 1 1

Mz—k—zz(z—a)(z—b), where a,bE—(\/a$\/1+a)2. (509)
I I ju

As a solution to a quadratic equation, this function, as it stands, is two—valued. In our computation, however, we

adapt the following technique of working with it — we define y/P(z) as

VP(Zz)=svVz—aVvz—0b, (510)

where the square roots are principal, and s = £1 is a sign, which will be specified below (516). This is similar to
how we have handled the logarithmic Bethe ansatz equations (269) by defining the logarithms to be principal, and
introducing the mode numbers, which the multi-valuedness is traded for.

P(z) =22 —

The basic features of this solution:

e The roots a, b are real. Remark that p can have any sign (we assume p # 0, as then the solution obeying
the momentum condition would be G(©)(z) = 0, which does not satisfy (517), and leads to a trivial density,
p9(y) = 0), and a, b are ordered accordingly as

b>a>0, for u>0, (511)

b<a<0, for n<0. (512)
As we see, our solution describes the rescaled spectral parameters condensing in a single interval which is

CY =[a,}], for >0, (513)

CY = [b,qa], for < 0. (514)

e For its argument approaching complex infinity, the resolvent has the following expansion,

G (z) 5 5 ; +0 =) for z — 00, (515)
hence, in order to have a correct 1/z behavior, there must be
s=-1, (516)
and then
1
GOz =2+0(5). 517
(:)=2+0(5 (517)

Remark that it complies with the relation (313). It also implies that the large—z series of all subleading resolvents,
i.e., G (2), GP(z), etc., must start from terms of order O(1/22).
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e Taking the limit z — 0 of the resolvent with s = —1, we reproduce the momentum condition (464). Notice that
if there was s = +1, the limit would be divergent.

e The first derivative w.r.t. z of the resolvent reads

1 1—pu(l+2a)z

G(O)/ 2) = — . 518
=) 222 2uz2\/z—avz—b (518)

Its value for z approaching zero,
GO (0) = —p2a(l + ). (519)

e The second derivative w.r.t. z of the resolvent reads
2 2) ,2 3 3
GO (5 — 1 N —143pu(1 4 20)z — 3p (1 + 2a + 202) 2% + p3(1 + 2a)z ' (520)
23 1323 (z — a)3/2(z — b)3/2

Its value for z approaching zero,

GO"(0) = —2u3a(1 4+ a)(1 + 22) = 2u(1 + 2a)G(0). (521)

Notice that it is different from G(°)(0) by just a simple multiplicative constant. A similar proportionality holds
also for G(M () (581), while for G(?)(2) there is just a “small” deviation from it (676).

e We claim that the value at zero of an arbitrary u—th derivative w.r.t. z of the resolvent is given by

z 1 u+v\ (u
0)11...14, _ _ ,u+l v+1 _
G (0)=—n U!;_o:““( § )(v)a . for  wu=0,1,.... (522)

The above polynomial in « is of order (u + 1), and its coefficients are the “triangle numbers” read by rows,
Sloane’s A088617. Let us explicitly print this formula for v = 3,4, 5,6,

GO"(0) = —6u*a(1 + a) (14 5a +5a7), (523)
GO"(0) = —24p”a(1 + a)(1 + 2a) (1 + Ta + 7a?) (524)
GO"(0) = —120p5a (1 + a) (1 + 1da + 560% + 84a® + 42a*) (525)
G o) = _72()#704(1 + a)(1 + 2a) (1 + 18 + 84a? + 13203 + 66a4) . (526)

Remark a similar structure within pairs, v = 3 and v = 4, v = 5 and u = 6, etc., but only for u =1 and u = 2
it is a simple proportionality (521). These values yield the leading terms of the local conserved charges (339),

GOty (0)

Qt|w:0|leading = _(t——l)!, for t= 1, 2, ey (527)

which we plot in figure 16 for several values of ¢ as functions of « € [0, 1].
e The above results (508), (464), (519), (521) allow us to explicitly write the momentum condition at the level
0(1/7) (109),

G2 (0) = _11_2“ (1 + o)1+ 20), (528)

as well as the quantity (468),

=34+ 3u(1+2a)z + 6p2a(l + a)2? + 8uda(l + a)(1 + 2a)2® — 3uy/z — av/z —
2424

F(2)y=o = (529)

Moreover, the denominator in the expressions for G(M)(z) (465) and G(?)(2) (467) is simply

_2g(0)(z)_ %—I—,LL: %\/z—a\/z—b. (530)
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FIG. 16: Graphs of the leading terms of the local conserved charges (527), for t = 2,3,4,5,6,7, according to (519), (521),
(523)-(526), as functions of a € [0, 1], for m = 1.

e A simple investigation of the root structure of P(z), for both signs of u, reveals that

lim vVz—avz—>

e—0t

= 4iv/(y —a)(b—1y), for y e CY. (531)
z=y=tie

Thanks to it, we can derive the linear equation obeyed by the resolvent,
1
lim, (G<°> (y +ie) + GO (y — 16)) =p-, o yec, (532)

which precisely coincides with (482).

2. The Density p' (y)

The above large—J leading-order resolvent G(*)(z) (508) can now be used to find the large—J leading-order density
according to (323) and with help of (531),

Oy = L V= a)b—y) y
P (y) 5 ) ) for yeCv. (533)
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FIG. 17: The density C¥ > y — p® (y) (533) for m = 1 and five values of a: 0.1 (brown), 0.3 (purple), 0.5 (red), 0.7 (magenta),
0.9 (pink).

Notice that it is real and positive-definite, as required. Figure 17 shows some plots of this density.

Let us check the first part of the formula (324). Here, the density vanishes at the endpoints of the cut, and
therefore, we do not expect any boundary terms. Using the following general results, easily obtained by the method
of residues,

1 b
/ dy\/(y—a)(b—y)z—y—ﬂ'<—a_2|_ —I—z—\/z—a\/z—b), for any z€C, (534)
cv -
1 b
/ dy\/(y—a)(b—y)gzw(a; —\/E\/E) (535)
Ccv
(note that “[,,” means :” for 1> 0 and “[;"” for 1 < 0, as understood from (513), (514)), we indeed find

. 1
GOPulk() = / dyp' (y)
cv 2=y

=GO(z). (536)

Let us also examine the two normalization formulae (327), (328), which at one loop coincide. The latter one
follows directly from (536) and (517), and reads

L, au®) = (537)

3. The Large-Mode—Number, Fized—Winding—Number Limit

In this paragraph, let us introduce a certain new limit [163, 185], which — even though at one loop not necessary
to do calculations, as everything can be found exactly — has been considered as a means to access a non—perturbative
regime of the more complicated all-loop case. It will be very helpful to practice its subtleties, advantages and
shortcomings in the simpler one-loop setting.

Namely, we will take the mode number p to be large and the filling fraction « to be small, in such a way that
their product, i.e., the winding number w, remains constant,

= 00, a—0, po = w = fixed. (538)

We will implement this limit by replacing all the instances of u by @w/«, and taking a to zero.

Let us expand the density p(®)(y) in this limit. In trying to do this, we encounter a conceptual problem that
the endpoints a, b of the interval CY in which the argument y lives — depend on the expansion parameter a. We
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FIG. 18: The exact density divided by @, [0,1] 3 t — p(®()/ (540) (solid red line), compared to various truncations of its
small-a approximation (541): three (dashed cyan), four (dashed green), five (dashed blue) leading orders kept. We assume
1 >0, and set & = 0.3 (LEFT), a = 0.1 (RIGHT).

circumvent this obstacle through the following idea: The a—dependence of the range of the variable y can be removed
by changing y into a new variable ¢ (the “natural parameter” of C¥) such that

—a

A (539)

<

t =
t =

y=a+ (b—a)t for pn >0,
y=b+(a—"0b)t for p <0

e &

} , where t €[0,1], i.e., conversely, {

5]
<

We also assume that t is not correlated with « in any way. This will, for example, be an important clue in the way
we will compute residues in paragraph VI A 6.

The density in this new variable reads

2v/a(14+a)
PO (t) = p O ’ w— aromar VI 1) for p>0,

y) - 2v/a(l+a
y—t ) b+(;7b)t Vit(l—t) for p <0

™

(540)

and its small—« series is found simply by substituting here the expansions of a, b,

2
p O (t) = = (7 £4(1—2t) + V(5 — 32t + 32t%) £ da(1 — 2t) (1 — 16t + 16t%) +
T (0%

1
+ Za3/2 (7 — 448t + 2496t° — 4096t + 2048t*) F 1280°¢(1 —t)(1 — 2t) (1 — 8t + 8t°) + O (a5/2) ) Vi1 —t), (541)

where the upper/lower signs correspond to p 2 0, respectively. The expansion parameter is v/, and not «, and it
will always be w.r.t. it that we will count orders. Notice that the leading term is of order O(1/+/a), i.e., this density
explodes in the limit in question, which will be of major importance in paragraph IIIB5. In figure 18, we compare
this expansion to the exact result.

It is obvious how the leading—order charges (519), (521), (523)—(526) behave in this limit.

Even though it will not attract much of our attention, let us also comment on how to treat functions of a complex
argument z in the limit (538). To do this, we change z by mimicking the transformation from y to ¢ (539),

z=a+ (b—a)Z for u >0, ‘ Z ==,
z:b-l—((a—b))Z forZ<0 }’ i.e., conversely, { ’ : (542)

Notice that Z can be of any small-« order, unlike ¢, which is of order O(a?).
For example, let us assume that the values of Z are of order O(a®), too, and expand the resolvent G(®)(2) (508),

- = (VZ-vZ1) ~=(VZ-VZ-1) +O(va).  (583)

a9 (z)= GO =
( ) (Z) z=a+(b—a)Z \/a
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(We show just two leading terms as an example. We adapt p > 0.) Now, for instance, let us try to reproduce the
value of the second charge, i.e., minus the first derivative of the resolvent at z = 0 (519). To this end, first, we need
to change the derivative w.r.t. z to the one w.r.t. Z,

d _ 1 d
g—mﬁ fOI',U/>O,}. (544)
az = apaz forp<0

Second, observe that Z corresponding to z = 0 starts depending on «, and so, we must further expand it,

11 1 3 5
Z|Z:0::F1ﬁ+§:F§\/aiﬁa3/2+O(a5/2), (545)
where the upper /lower signs correspond to p = 0, respectively. This means that each term of the expansion of GOy (2),
which looks like (543), should be again expanded after the substitution (545). Notice that this may cause the following
problem: each term of the original series may contribute to each term (or just some given terms) of the resulting
series, thus making it meaningless. We will show an example of such a situation at the end of paragraph IV C3. But
in the case of G(°’(0), this does not happen. Taking, say, five leading terms of G(°’(z), and substituting there three
leading terms of Z|,_, we get

1 d

1
Q20 leading = _b—a@G(o)(z) - —=*+ @+ 0 (Va), (546)

Z=1Z|._, @

which agrees with the exact expression (519) up to the given order. Remark that the leading—order second charge is,
in the large-mode—number, fixed-winding—number limit (538), large as 1/a.



103

B. The Exact Solution to the One-Loop One—Cut Quadratic Equation at the Order O (1/J)

1. The Anomaly AY (2)

The next-to-leading-order resolvent G(!)(2) is given in (465), but what is lacking to fully know it, is a derivation
of the anomaly A™M(z).

As we have described in paragraph II C5, there are two ways to do it. The first one is to consider the sum (430),
and use the procedure (331) to write it through the known resolvent G(°)(z). The second method is to compute the
“bulk part” of the anomaly, A™M-PUK(2) (434), which requires doing an integration with the known density p(®) (y), and
afterwards, examine the “boundary part” separately. At this order, however, we expect no boundary contribution,
analogously as in (536), which we prove below (562). In this paragraph, we present both ways.

Let us start from exploiting the first technique. Recall the definition of the pertinent anomaly term (430),

S
1 1 1 1 1 , 1
SAD(:) + 23 AV (z) +0 < JS) -2 k§:1: —— o (o) <coth (7P (1)) 7> NG

Yk 7p© (yi)

First, we need to explicitly recast the summand as a rational function of y;. To do so, we notice that the bracket
with the hyperbolic cotangent can be written as an infinite sum,

1 1
coth (mp® - = ©) _ 548
(7 ) - — 55 % <yk>n§p(o) R (548)

Using our solution for the density p(® (y) (533), we thus get

1 1 1—p(142a)yx
Lo+ Laens 4o ( ) _ , 549
O AT ZkZ (I e N
where
v =27n. (550)

Second, the resulting rational function should be decomposed into partial fractions w.r.t. yi. We see that in order
to do so, we have to solve w.r.t. y and for any integer n > 1 the quadratic equation,

P2 +n2=0, e, (1* =) y* —2u(1+2a)y +1 =0, (551)

whose two solutions are

p(l+ 2a) $\/4ua 1+a)+u2

by = i (552)
(Notice ag = a, by = b.) This leads to
1 «a 1 2,1) Ly
jA()(z)—FﬁA( (2)+0( 5 ) =
1 XS: 2a,b, — (an +by)z 1 1 1 1 1 21
_J2n>1 -1 Z_an)(z_bﬂ)z_yk Z—Qp aGp — Yi Z_bnbn_yk Z Yk o
1 2apby, — (an +by) 2 1 2
== G —G(an G (by) — =G(0) ) . 553
J( D=l W60 4 LG (e + G () - 260)) (553)
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Third, it remains to expand the resolvent at large J (322) to find

2apby, — (an +by) 2 1 2
(D) () — (0) . qo EELpeT()! _ 200
AW () n; < PRy r—— GO() + — anG (an) + — bnG (bn) = =G (0)> , (554)
2apby, — (an +by) 2 1 1 2
21 (5) — 1) - oW (1) _ZaWm
AP (%) n§>1 < (2 —an) (= b) G (z) + o anG (an) + P bnG (bn) ZG (0)> . (555)

At this point, we must abandon dealing with A(2’1)(z), as we do not yet know the next-to-leading—order resolvent

G (2).

Fourth, we need to calculate the values G(°)(a,,) and G(©)(b,,). Investigating the relative positions of the roots a,
b and the roots a,, b,, we find concise expressions for the following square roots,

Jar=avan =% v (:F,u(l +2a) + /4p2a(l + a) + uz) -
\/bn—a\/bn—b}_ p(p? —v?) ’ (556)
which is true for any p and any v. This yields
_ Au2a(1 2
GO (. by) = —pa & LV WU+ a) + 02 (557)

2

Rewriting moreover the first term inside the brackets in (554) with help of (552), and using the momentum condition
(464), we arrive at the desired final result,

AW (z) = —Zig > <1 + vyv/4pta(l +a) +v22% + p (1 — p(l +20)z) mm) |

(u2 —v2) 22 = 2u(l1 4+ 2a)z + 1 (558)

n>1

Remark that the sum in the piece proportional to /z — av/z — b can be explicitly done, as it is of the form (548),

400~ (S G )+ (e (19) 1), 9

where for short, p(®)(2) = u/(27)(v/z — av/z — b) /2. We have not been able to decide whether the remaining sum can
be cast in an explicit form.

The same expression can be found by doing the integration in the “bulk part” of the anomaly, AM):Puk(%) (434),

AWk () = g / dy——p @ (1)p " (3) <Coth (Wp“)) (y)) - ;) =

v 2=y mp0 (y)

_ _22/ ay L PO )
z—y pO(y)? +n?

n>1 cv
1 / 1+p(l+2a)z1 11 1—u(l+2a)a, 1
S Y T[] RS -
Wrgl o ( )( ) 22 Y zy2 ('LLQ_VQ)y(l)2 (an_bn) (Z—Qn)y—an
1—p(1 +20)by, 1 1—p(1+2a)z 1 (560)
(12— 12)y@2(a, —b,) (2 —bp)y — by (2 —12)22(z —an)(z—bp)y—2 )

These integrals are of the form (534), (535) and

1 a+b
d —a)b—y)—= = <7—1>, 561
/Cy yv/ (y —a)( y)y2 ™ N (561)
which finally yields
AWbulke oy — AW (), (562)

showing that indeed, at this level there is no boundary contribution to the anomaly.
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2. The Resolvent GW(z)

Substituting the expressions for G(©’(z) (518), the anomaly AM(z) (558), and the common denominator
£\/z—avz—b (530) into (465) — we find the large-J next-to-leading-order resolvent,

G(l)(z)__i<zia+zib>+1(l Wmﬁ)

E ) et ()
= Z— an z—b z puzvz—avz—b 2uvz—avz—-b\z—a, z—by ’

or more explicitly, using the values of a,, and b,, (552),

G(l)(z)__%<zia+zib>+ 1 ( Wﬁﬁ)

+Z %— p(l+ 2a) 1 N
1 /L — 1/2) — 2/1,(1 + 2a)z+ 1 Nz —avz — b

+

vi/4p2a(l + a) + v2z ) ' (564)

p((p?—1v2)22 =2u(1+2a)z+ 1) vz —avz—b

Notice that this expression consists of a piece without the sum over n (which we will dub the “no—sum part”), and the
sum over n (whose summand we will call the “one-sum part”). Remark that the no—sum part is precisely equal to half

the one—sum part with n = 0. Also, the first term of the one—sum part could be explicitly summed up, analogously
as in (559).

The basic features of this solution:

e The behavior at infinity,

GY(z)=0 (i> . for  z— oo, (565)

22
i.e., it does not spoil the correct 1/z term of the large—z series of G(*)(2) (517), as anticipated.
e The limit z — 0 of the resolvent gives the momentum condition (466).
e The first derivative w.r.t. z of the resolvent,

1
2ut22(z — a)?(z — b)?

G (z) = < — 14+ 4p(1 +20)z — p® (5 + 8a + 8%) 2° + 2% (1 + 200)2° —

+u (—1 +3u(l +2a)z — 2u2z2) Vz—aVvz— b)—i—

+Z< 14+ 3u 1—|—2a)z—2u222+

=\ ow 322(2 — a)3/2(z — b)3/2

+vv/4p2a(l + o) + 2

1—p(l+20)z — (0 (3+ 8a+8a?) — v?) 22 + u(1 + 2a) (5p® — 3v2) 23 — 2p% (2 — v?) 2*
13(2 — a)3/2(2 — b)3/2 (% — v2) 22 — 2u(1 + 2a)z + 1)

+
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N —1+4p(1+20)z — (0 (5 + 8a+ 8a?) — 3v2) 2% + 2u(1 + 2a) (p? — v?) 23 (566)
22 (2 — 1v2) 22 — 2u(1 + 20)z + 1)° '
In particular, for z tending to zero,
1 2
GV'(0) = pfa(l+a) + 5 Y (u — VI2a(lt o) + 1/2) . (567)

n>1

e The resolvent G(?)(z) (467) contains the following quantity,

B 1+2a—u(2+3a+3a2)z—l—u?(l+2a)z2+\/z—a\/z—bu(1+2a—uz)+

GG +6 ) B2z —ap(z _bp

1
+f; <u322(z —a)?2(z — b)32 (u2 — 12) 2% — 2u(1 + 2a)z + 1) :

.<1 — (1 +2a)z — p? (3+8a+ 8a2) 22 4 (1 + 20) (5u2 — 21/2) 25— 2u? (,u2 — V2) z4>—|—

2v\/4p2a(l + a) + 12

e — a2 (2 — 032 (12— 12) 22 — 2u(1 + 2002 + 1)

.(1 —2u(142a)z + p(1 + 2a) (2,u2 — I/2) 25— u? (,u2 — I/2) 24) +

1

+u2z2(2 —a)(z=b) ((u? —v?) 22 — 2u(1 4+ 2a)z + 1)2.

-(1 —2u(1 +20)z — 24 (1 4 20+ 207) 2° 4+ 2u(1 4 20) (4p* (1 + a +a®) —v?) 2% +

+ (—u4 (7 + 20 + 20a2) +4p%? (1 + 3+ 3a2) + V4) 24 4+ 203 (1 4 2a) (u2 — VQ) z5> +

4l +a) + 12
n v/4p2a(l+a) +v >+

12z = a)(z = b) (4 = 17) 22 — 2(1 + 20)z + 1)

1
NP DD (e e Ty PR (T P T PRV

n1>1na>1

: 2 2 2 2\ .2
(szz(z_a)(z—b) (2—8N(1+2Q)Z+(12ﬂ (1+3a+3a)_y1_,/2)z _

—2u(142a) (4° (1+a+a?) —vi —13) 2° + (2u* (14 20+ 20°) — p? (V7 +v3) + vivd) 2+

+2%1 \/4u2a(1 +a)+vE(1—2u(1+20)z+ (p* —13) 2°) +
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+22V2\/4u2a(1 +a)+v3 (1-2u(1+20)z+ (p* —v7) 2°%) +

+ 21 \/4u2a(1 +a) +v? \/4u2a(1 +a) + 1/22> +

1
+
wz2\/z —avz—b

(1—p+20)z)-

: (2 —Ap(1+2a)z+ (2p° — v —13) 2% + 22 (ul \/4u2a(1 + o)+ v+ 1/2\/4u2a(1 +a)+ 1/22) )) . (568)

e We can also find an explicit expression for the value at zero of an arbitrary u-th derivative w.r.t. z of this
resolvent,

u+1
1 (u+1+0)! (22(wu+1) 1 1
G(l)l/.../u 0) = u+1 I = o v
(0) =" u 2;(11—1—1—1}). u+1l4+v (20) o2 ot

u+1
(u+14+0)! (22u+1) 1 1 N
o (S (e - )

n>1

L”“J

2 ()

=)

Z 22(U2—U1)+1 (U + 1) <U2) O[UQ_UI (1 + a)vg—vl (1 + 2a)u+1—21)2_
2’02 U1

V2=V1

\/4ua1+a +V2ZZ Z Z

1)10’020’0301)40

2v
| (%) (w1 (2v“1+ 1) (ZB) (“ Tut ”2) (“ - “1) Qv (14 ) (14 2a)”12v31>> - (569)
3 4 2 2

Its structure is the following: The no—sum part is a polynomial in . The one—sum part consists of three pieces:
the first one is a polynomial in «; the second one is a polynomial in v/u, whose coefficients are polynomials in «;
the third one is \/4p2a(1 + ) + 12 /v multiplied by a polynomial in (v/u)?, whose coefficients are polynomials
in . The latter two pieces are not cast explicitly as such polynomials, as we have found it too complicated,
but we show how to do it in paragraph ITIB 3. A sketch of a proof of (569) is given in paragraph IIIB 3, where
we also print this formula for u = 0,1,2,3,4,5,6. These quantities yield the next—to—leading—order terms of the
local conserved charges (339),

Gty (0)

Qt|w:0|nextft0*leading = _(t_—l)!’ for t= 17 2’ A (570)

which we plot in figure 19 for several values of ¢ as functions of « € [0, 1].

e A short calculation, with help of (533), (548), shows that this resolvent fulfills the linear equation (483),

lim (G(l)(y +ie) + GV (y — ie)) = —7p () coth (wp(o) (y)) , for y e CY. (571)

e—0t
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FIG. 19: Graphs of the next—to-leading—order terms of the local conserved charges (570), for ¢t = 2,3,4,5,6,7, according to
(580)—(585), as functions of a € [0, 1], for m = 1. The infinite sum over n has been terminated at nmax = 10* for t = 2,3, at
Nmax = 10° for t = 4,5, and at nmax = 102 for t = 6,7, which are values large enough to reproduce it correctly, while increasing
them causes numerical problems in doing the summation.

3. The Resolvent G (z). Appendiz

In this appendix to the previous paragraph, let us comment on the derivation and structure of the result (569).
To do so, consider the pertinent resolvent in the form (563).

The u-th derivative at zero of the first term of the no—sum part is easy,

bde (1 _af 11
4dev \z—a z-b)|_, 4 \avtl = putl )’

We could now apply the Newton identity to a,b = i(\/a$ V1+a)? (509) in order to express the r.h.s. of (572)
through «, but there exists a more elegant way. Denoting cosh ¢ = i\/a, sinhd =iy/1 + « allows us to use the de
Moivre identity instead,

(572)

(573)

u! 1 1 ul w
T (ﬁ + W) = ST (1) cosh (2(u+ 1)9).

It is known that trigonometric and hyperbolic functions with an argument which is an integer multiple of some variable
can be effectively handled with aid of the Chebyshev polynomials of the first kind, T3(«), which have this defining
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property that T;(coshd) = cosh(td), for ¢ a positive integer. Now, the coefficients of T;(x) for even ¢ are explicitly
known (Sloane’s A127674), which leads to

BRI E
4dzv \z—a z-—0b

The u-th derivative at zero of the second term of the no—sum part is given by a sum with “triangle numbers” read

by rows, Sloane’s A063007,
u+1
1 u+v+1\/u+1
_ u+1 v
—5H u! E ( ) )( . )a . (575)

z=0 =0

utl 20—1
27(1” ! +U>a”. (574)

=" (u+1)!
=0 (et );Ou—kl—l—v 2v

d* 1 1

- (14—

dz* 2z ( u,/z—m/z—b)
The above sum is the hypergeometric function o F;(—1 — u,2 + u; 1; —«), but we will not need this fact. Simplifying

the sum of (574) and (575) yields the first line of (569).

For the one—sum part, the second and third terms comprise exactly twice the expression (575). The first term

looks akin to (572),
1 g ] 1 ul 1\t 1%t
e = _ — — . 576
2 dzv (z—an+z—bn) e 2 <(an) +<bn) (576)

However, we have not found the method of Chebyshev polynomials useful in this case. Although a,, b, could be
written as full squares, similarly to a, b, and the cosh}, sinh® parametrization could be introduced, cosh ¢ would
then be quite involved, rendering the whole technique meaningless. On the other hand, we can now resort to the
Newton identity, which quickly leads to the second and third lines of (569).

We see that in this way we obtain a polynomial of order (v + 1) in «, plus a polynomial of order |(u+1)/2] in
(v/u)?, whose coefficients are polynomials in a. We have tried to write these coefficients explicitly as such, which
requires using the Newton identity to the brackets (1 + «)?27%t and (1 + 2a)**1=2%2 and properly reorganizing the
resulting four sums — but the outcome is somewhat lengthy,

L3

Z 92(va—v1)+1 (u—i— 1) (m)a”?_”l(l 4 ) (] 4 2a) 2 =

2v v
o 2 1

= 2 2 2

. 1
wt1—20, mln(L%j,mﬁ'Uz) min(vs—v1,v1+v2—v3)
av?
v2=0 v3=v1 vg=max(0,v1+v2+v3—u—1)

or b (u + 1) <v3) (vg - v1> < w41 — 20 >> (577)
2v3 U1 V4 V1 + V2 — V3 — U4

It is a polynomial of order (u + 1 — 2v1) in a, with integer coefficients given by the red brackets.

The fourth term of the one-sum part can be calculated similarly to (575),

v d% 1 an b,
2udz® \/z—avz—b \z—an, z—0by,

2=0

B _Zu' i o i U1 B i U1 u—zvl U — v, + U2 Uu— v a2 (578)
o2 OM an b, A Vg Vg '
V1= V2=

Applying the Newton identity quickly yields the fourth and fifth lines of (569). Here also we could reorganize the
sums in order to cast this expression as a polynomial in (v/u)?, with coefficients being polynomials in «, analogously
as in (577), but we find it too complicated.

Let us print the formula (569) for the seven lowest values of u in order to get more closely acquainted with it,
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o u =0,
G (0) =0, (579)
in accordance with the momentum condition (466).

o u=1,

GW(0) = p2a(l +a) + % > (u —V4p2a(l +a) + y2)2 , (580)

n>1
agreeing with (567). Notice that here the summand can be nicely reduced to a full square.

o u=2,

GV"(0) = 6u(1 + 2a) | p2a(l +a) + % Z (1/ —V4pta(l + ) + 1/2)2 = 6u(1 4 20)G'(0). (581)

n>1

Remark that it is different from G’ (0) by just a simple multiplicative constant; recall that there was a
similar proportionality between G(9”(0) and G(°(0) (521), and the constant was three times smaller than now.
Between the members of other pairs of expressions, namely for v = 3 and uw = 4, v = 5 and u = 6, etc., we
observe analogous structures, but more complex than this proportionality relation, just as we did for the large—J
leading—order resolvent (523)—(526).

o u =3,

GM"(0) = 6ut <a(1 +a) (6 +29a + 2907) +

2 4
+y <2a(1+a) (6 +29a + 290°) + 2 (3 + 16 + 16a?) %+%_
n>1
v 5 5 o, Y
—F\/Zluoz(l—l—oz)—i-u 6(1+50~r5a)+F : (582)

Neither here, nor in any subsequent expression from this list, we have discovered any “full-square simplification”
like in (580), (581).

o u=4,
GO (0) = 1206°(1 + 20) (a(l +a) (2+13a+13a%) +
> (20(1+a)( ) o S
+ 201+ ) (2+13a+13a") +2 (1 +8a +8a°) —5 + — —
= M2 /L4
v 5 5 o, Y
—F\/élu a(l+a)+v 2(1+7o~r7a)+F : (583)

o u =35,

GO () = 12048 (a(l + a) (15 + 195a 4 7570 + 11240 + 562a) +
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+Y° <2a(1 +a) (15 + 1950 + 75702 + 11240° + 562a%)

n>1

2 4 V6

+3 (54 80a + 33602 + 5120° + 256a*) = + 3 (5 + 24a + 240%) L + T~
2 wh

2 4
- %\/4@204(1 + o) 4+ v? (15 (14 14a 4 560° + 840® + 420*) + 5 (3 + 14a + 140%) % + %) )) . (584)
o u =06,
G (0) = 504047 (1 4 2v) (a(l +a) (3 +49a + 21902 + 340a° + 170a) +
+y <2a(1 +a) (3+49a + 21902 + 3400° + 170a?)
n>1
2 A 6
+ (3 + 64a + 3200° 4 5120° +256a)u (54 320 + 320° )M4+_6_
v B} > 2 3 4 2 v oot
— S VApPa(l+a) + 12 (3 (14 18a+ 84a® + 1320° + 66a) + 5 (1 + 6a + 60°) — + —; . (585)
I pr oo
4. The Density p™V (y)
The large—J next—to—leading—order density is quickly found from the above resolvent (563),
1 b 1
1 — |z n__ _On Yy
P (y) = + ( ( )) , for  yecC. (586)
i\ "o )| W
or more explicitly (564),
1 (1 v/ 4p2a(l + a) + v2y? 1
W () = y
pry)=— |+ 14 , for yeCY. 587
) T\ 2 ,;( (1?2 =v2)y? =2p(1+20)y +1 | | y\/(y —a)(b—y) (587)

Notice that it is real, but can acquire both positive and negative values.

Another important difference from p(©) (y) is its behavior close to the endpoints a, b of the cut, as it explodes
there with the square-root singularities 1/4/(y — a)(b — y). More precisely,

(1) o l \/4,u204(1 tao)+v ! or ~a
PV (y) ~ (\/_i\/1+ 2+nz>:1< ” ) TR f y~a,b. (588)

We may ask about the sign of the above prefactor, i.e., whether the density explodes to plus or minus infinity. We
have not been able to determine any closed form of the infinite sum over n in (588), even though we suppose it may



112

[ m=1{a=001,004,007,01,03,05,07,09
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FIG. 20: LEFT: The density C¥ 5 y — p™(y) (586), (587) for m = 1 and eight values of a: 0.01 (cyan), 0.04 (green), 0.07
(blue), 0.1 (brown), 0.3 (purple), 0.5 (red), 0.7 (magenta), 0.9 (pink). The infinite sum over n has been terminated at nmax = 20,
which is enough to very accurately reproduce it. We confirm that for small «, it explodes at the endpoints to plus infinity,
while for large «, to minus infinity.

RIGHT: The quantity on the Lh.s. of (589) as a function of A € [0,100], where the infinite sum over n has been terminated at
Nmax = 10* (solid red line). TIts lower bound (the r.h.s. of (589)) is shown in dashed blue. It is positive for A < Ac and negative
for A > A, where A; ~ 24, thus determining the endpoint behavior of the density p(l)(y).

be related to polylogarithm functions, but it is clear that it acquires only negative values. Adding 1/2 to it may make
it positive for small values of A = 4p2a(1 + @), as there is

%+Z<1‘7M>2%_% (589)

14
n>1

(We have used \/1+ A/v2 <1+ A/(2v%) and Y, -, 1/v? = ((2)/(47%) = 1/24.) This lower bound if for sure positive
when A < 24. In total, for A < A., where A, is slightly larger than 24, the density p*)(y) explodes to plus infinity
at the endpoints, while for A > A, to minus infinity. It is all pictorially described in figure 20. Notice however that
if we stick to the values of p and « allowed by the relation (275), then we always are in the negative regime, as
A > 8w? > 3272 ~ 315.8. Remark finally that these singularities are integrable.

Let us again check the first part of the formula (324). Since the density in question explodes at the endpoints of
the cut, we expect that the bulk resolvent will differ from the full resolvent. Indeed, using the simple general results,

1 1 T
dy = , for any ze€C, 590
er Vly—a)b-y -y Vema/z-b o
dy ! ! i (591)

o Ny—ab-nY  Vavh

and performing partial fractional decomposition w.r.t. y of the rational part of the density, we find

1 1 1
G(1):bulk = / duyo® i) - 592
(2) e (y)z_y O+l 773 (592)
i.e., the two resolvents differ by the boundary contribution
G(l),boundary(z) = G(l)(z) _ G(l),bulk(z) _ _1 1 + 1 ) (593)
4\z—a z-0b

Observe that this is precisely the part of G(*)(z) with non-integrable singularities with integer powers, 1/(z — a),
1/(z — b); the rest of it is either regular of singular as 1/(v/z — av/z — b) at the endpoints of the cut,

G(l),boundary(z) = G(l)(z) non—integrable - (594)

integer—power
singularities
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We will find the same prescription also in the case of G (z) (686).

Computing bulk quantities (i.e., via integrating with a density) is generally much simpler than computing their full
counterparts (i.e., via summing and expressing through the resolvent). At all loops, the latter is virtually impossible.
Therefore, it is vital to find an alternative way of deriving boundary contributions. In the particular case of GV (z),
it happens that such a way is provided by its linear equation (571). Namely, using (548), we rewrite it as

200 (1)) p 0 (3) ©)(4)
: 1) : W) — py)p Y Py
613& (G (y+ie) + G\ (y 16)) = Z SO ()2 T n? S0() (595)
n>1 \ ,
regular :%_%(yia-‘ryib)
at the endpoints
The non—integrable integer—power singularities are now visible.
The normalization formulae (327), (328) for this density read therefore,
1
/ dyp™M(y) = lim (zG(l)’bulk(z)) =5 (596)
Cy Z2—00
It is not zero, as required, and the boundary piece of the resolvent (593) is necessary to make it zero,
: (1),boundar _ 1
lim (ZG : y(z)) =3 (597)
Moreover,
P(l)(y) 1),bulk 1 1),boundz 1
/ dyT = —GWPulk(g) = — g (0) 4 gM)-boundary () — <5 + a> : (598)
CvY
P(l)(y) 1),bulk 1 1),bound 1 Ly 2
/ a2 Y — _qWbu '(0) = el )/(0) + G(1);boun vyl () = el )/(0) + Pl (1 + 8a + 8« ) , (599)
cv )

where G(V(0) is given by (567).

5. The Large-Mode—Number, Fized—Winding—Number Limit

In this paragraph, we address some subtleties and problems which appear while attempting to take the large—
mode-number, fixed-winding number limit (538) in large—J next-to-leading-order anomaly AM) (2) (558).

The most appealing way to proceed, is to notice that we are working with an infinite sum over n, and it naively
seems that it is enough to take the limit (538) of each term of this sum separately, and afterwards perform the
summation. Then, in principle, any number of small-« orders of A(l)(z) would be easily derivable. Sadly, this is not
possible. To show this, let us change the complex variable z to Z (542), and restrict ourselves to values of Z of order
O(a?). Then, the summand in A1) (2) has the following small-« series,

1
(the summand of Al )(Z))n|z:a+(b—a)Z, Zn0(a0) =

1 2< 1-27 ) 1 < v ( 1—SZ+822>) <1)
=——w (1+ - w +w|(41-22)+ —=———) | +0O(—|. 600
o2 wzvz—1) @r®\sziz—n tT N = o) 00
(In this paragraph, for the sake of simplicity, we everywhere assume g > 0.) The sum over n of any of these terms is
clearly divergent. It is, thus, only when we deal with the exact summand that we obtain a convergent sum over n.
One might also wonder if some regularization scheme could be applied, like the zeta—function one, which happened

to be the “true” scheme in paragraph IID 1, where we have also been dealing with anomaly phenomena; but we have
checked that the zeta—function-regularized sums of the terms of (600) have nothing to do with the correct expansion.
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FIG. 21: How to handle the hyperbolic cotangent? Three approaches.

Plots of the function [a,b] 3 y +— coth(mp® (y)) — 1/(7p® (y)) (solid red), approximated either by (1 —1/(mp® (y))) (602)
(dashed blue), or by 1 (629) (dashed green), or by (2/7) arctan(mp® (y)) (637) (dashed cyan).

The first description is the most accurate in the bulk, but breaks down at the endpoints of the cut. The second one is much
worse, but still provides a correct leading small-« order; at the endpoints, it has a finite value 1, which is, however, different
from the true value 0. The third version looks better than the second one, but also correctly delivers only the leading small-«
order; it seems to be the best one structurally, as has identical endpoint behavior and cut structure as the exact quantity.
The values of the parameters are: w = 1 everywhere, and o = 0.9 (LEFT), a = 0.3 (RIGHT). Obviously, the smaller «, the
better the alignment, and here the a’s are quite large.

This problem is a reflection of the fact that hyperbolic cotangent, when its argument grows to plus infinity, differs
from 1 by only an exponentially small quantity,

coth(r) = 1+2e 2" + 24 + 27 .. for r — +00; (601)

this is the asymptotic series of coth around infinity on the real positive semi-axis. Therefore, it is not possible to
work with its “sum version” (548), and separately expand each of its terms.

Since the density p(® (y) is strictly positive for y € (a,b), i.e., everywhere in its domain except for the endpoints,
and since its leading small-« term is of order O(1/+/a) (541), i.e., large — the way to implement the limit (538) in
the derivation of A™M (2) is not to expand the hyperbolic cotangent into an infinite sum (548), but instead just replace
it by 1, with an exponentially small error,

coth (wp(o) (y)) =140 (e_l/‘/a) : for  ye€(a,b). (602)

There is, however, a subtle modification to this statement, which originates from the zeroing of the density at
the endpoints of its domain, which causes the hyperbolic cotangent to explode. This nuance is, thus, yet another
“boundary effect,” of course different in nature than those previously introduced. As harmless as it may appear, this
is the primordial reason for all our further problems with the approximation (602), to be discussed in detail below.
Some of them we have not been able to solve, thus seriously, but not entirely, restricting the applicability of the
current approach.

In order to understand a boundary input to (602), let us first look at a simpler function, [0,400) >y
— (1/a)(coth(y/y/a) — 1). Pictorially, see figure 22, it seems to tend to the Dirac delta at y = 0 as « decreases
to zero, and we will now argue for the precise form of this delta, as well as an error with which it comes. This
boundary input will, thus, be henceforth dubbed the “Dirac delta contribution.”

The considered function is, for any « > 0, infinite at y = 0, and it goes to zero with decreasing « at any y > 0.
Let us first investigate the area under its plot. The indefinite integral is, even for finite o > 0, expressible through
dilogarithms,

/dyl <coth < £> - 1) = 2\/Qlog (1 - e_2\/g) — Lip (6_2\/5) + const, for a>0. (603)
a a a

The limit y — 0% of this primitive (we choose const = 0) can also be computed even for finite @ > 0,

2

i Y —eVE) Ly (eVE) ) = T
yli}I(rJh (2\/;10g (1 e ) Lis (e )) 5 for a>0. (604)
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| a=0.0001, 0.0005, 0.0025, 0.0125 , 0.0625

—_— y

0.00 0.05 0.10 0.15 0.20

FIG. 22: The function [0, 4+00) 3 y — (1/a)(coth(y/y/a) — 1) for five values of a: 0.0001 (brown), 0.0005 (purple), 0.0025
(red), 0.0125 (magenta), 0.0625 (pink). We see how it approaches the Dirac delta at y = 0 when « goes to zero.

If, on the other hand, we fix some y > 0, and expand the primitive in small «, we get only exponentially small terms,

2\/glog (1 - e—2\/§) — Lis (e—2\/g) -
= (1 + 2\/%) e 2VE G + \/%) e VE _ (% + g\/g) e VE 4. =O(exp), for a—0t. (605)

(By “O(exp),” we denote terms exponentially small when the variable «/y is small.) From this, we may conclude
that the small-a behavior of the area under the pertinent plot is

7 ayk L ™+ O(exp) for y_ = 0,4 >0
— Z)-1)={ s - =0,y+
/7 dya (coth< a) 1) { S(exp) for y_.ys >0 ) (606)

To ensure the Dirac delta properties, we should also take y; — 400, which would cause all the exponential corrections

to disappear, thus leaving us with
< 1 [y w2
dy— th = =-1)=—. 607

This, up to an exponentially small correction, is the behavior of (a half of) the Dirac delta at y = 0 multiplied by
72 /3 (we are working with the positive semi-axis, and recall [ dyd(y) = 1/2).

The results (606), (607) are, however, not enough to be sure that we indeed have a Dirac delta. We should find
their extension to the case when a suitable test function f(y;«) is present. (Quite unusually for such computations,
here, as is clear from (434), we need to take into account test functions dependent on «, and, say, having a Laurent
expansion in & around zero.) We have not attempted a general proof, but we propose the following generalization,

/y+ dyé (coth (\/g) B 1) flyia) = { %Qf(y = 0; @) + O(subleading) + O(exp) for y_ =0,yL >0 . (608)

O(exp) for y_,y+ >0

i.e.

/OOO dyé (Coth (@) - 1) fly;a) = %2f (y = 0; @) 4+ O(subleading). (609)

This means that our delta—like function acts, at small «, and with an exponentially small error, as a Dirac delta which
convoluted with a test function f(y;a) produces some value, and this value agrees with the number (72/6) f(y = 0; )
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at the leading small-a order, while the non-exponential subleading terms may disagree. Remark also that if we
integrate from 0 to +oo, there are no longer any exponential corrections.

To clarify the formula (608), let us use it on an example of the test function f(y;a)=y?, where p > 1 is an
integer. The indefinite integral from the Lh.s. of (608) can be found in terms of polylogarithms by the change of
variables = exp(2+/y/«),

1 Y of 1 1 o1
/dya <coth <\/;> 1) = 5% dx <x 7 x) log(x) =

_ 8(p+ Dyt < 1+ (2p+2)! i imq( _) (g)_W) + const. (610)

a (2p+2—¢q)! o
The limit y — 0% of this primitive can be seen to arise only from the ¢ = 2p + 2 term in the sum, and reads

. o ~ @2p+1)i(2p+2) o
yli%l+ (the primitive (610)) = 5%

, for a >0, (611)

where ( is the Riemann zeta function. Fixing y > 0, and considering small «, produce all sorts of exponentially small
terms, and also one non—exponential contribution, which happens to be precisely twice the value at zero,

(2p+1)!C(2p +2)

(the primitive (610)) = 2 52

a? 4+ O(exp), for a— 07, (612)

Recall that in (605) we have not had any non-exponential terms. Also, remark that, critically, these non—exponential
terms do not depend on y; otherwise, the lower line of (608) would be compromised. Thus, putting things together,
we have found the non—exponential part of the small-« series of the following definite integral,

/y+ dyl coth \/E —1)yP = wa” +O(exp) fory =0,y >0 (613)
g a O(exp) for y_,y4y >0 ’

/Ooo dyé (Coth <\/g) _ 1) (2 1)2'2(1)(21)—0— 2, o

Since (72/6)y? |,—o = 0, we see that our delta-like function, when applied to the test function f(y;a) = yP, indeed
acts as the supposed Dirac delta at y = 0, up to the leading small-« order, and exponentially small error.

or

We have in this way proven (608) for polynomial test functions. We have also numerically tested it with a variety
of other types of functions, always obtaining striking agreement. Graphs 23, 26 and 25, to be discussed below, also
provide such numerical corroboration. We will, therefore, take the formula to be granted.

Our aim, however, is not to work with the simplified function [0, +00) 3 y — (1/a)(coth(y/y/) , but rather
with [a,b] 2y — (1/a) (coth (mp(® (y)) —1). Given the expression for the dens1ty p(0 (y ) (533), we see that the
passage between the two delta-like functions is realized by the change of variables y — p?a(y — a)(b —y)/(4y?) (note
that this change of variables depends on «; this, however, does not affect our reasoning),

/b dyé (coth (mp () ~ 1) F(yia) =

a

wa?(l+a) 4
[ () )
0 e «

(f (ua(1+2a) —2y/a (u2a2(1 +a) _y)'a> .

4y + pla

<
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. Va _ dpa(l+20) —8v/a(iPa(l+a) —y) |
(4y + pPa) /pa?(1+a) —y (dy + p2a)?

po(l + 20) + 2y/a (p2a?(1+ a) —y)
+f ( dy + (P ,a) .

,( Va +@mu+2w—8wamg%r+m—yv>. (615)
(4y + p20) /1221 + a) — y (4y + p2a)

(Observe that the upper limit of the integration, y4 = p2a?(1 + «), behaves as o, which implies a/y; = O(«a) to be
small, as required.) Applying here (608), we arrive at two Dirac delta singularities, at y = a and y = b,

/a "y (coth (mp () = 1) f(yia) =

2 1

- T ((\/a —V1+ oz)4 fly=a;0) + (Va+V1+ a)4 fly=1b; a)) + O(subleading) + O(exp). (616)
pi/a(l + a)

We have thus been able to determine the leading small-a order, and only it, of the boundary contribution to the
approximation (602). We have numerically verified (616) with various test functions, also complex—valued and also
non—trivially dependent on «, and we have been convinced of its validity. Let us mention one numerical observation,
namely that the entire expression on the r.h.s. of (616) reproduces the Lh.s. better than the leading order of its small-
« expansion, even though theoretically it is only it that is correct. An important remark is that the prescription (616)
fails when the test function has a singularity at either endpoint, a or b, which will have consequences for the endpoint
behavior of the approximate density p*)(y), see below.

Let us now investigate the combined approximation (602) and (616) in the case of the anomaly A™M(2). To
this end, we need to work with its bulk counterpart (434), as it involves integration. Let us split it into the piece
proportional to the hyperbolic cotangent,

b
A(l),bulk,coth(z) = _W/ dy 1 p(o) (y)p(o)/(y) coth (Fp(o) (y)) , (617)
a 2=y

and the remaining piece explicitly compute using integration by parts,

— /de(O)()(O)/() I _/bd 1 (0)/()_
™ i yz_yp Y)Y 0w ) ) yz_yp y)=

y=>b
= GOPullkr () 4 = GO (), (618)

y=a

b 0
1 P9 (y)
[ o

where in the last two equalities we have used (536) and the fact that the density in question vanishes at the endpoints,
POy =a)=p@(y=>b)=0. (This remains true for the limiting density (541), as in this case, the large-mode—
number, fixed—winding—number limit does not change its endpoint behavior.) We have, thus, rewritten

A(l) (Z) — A(l)’bulk(z) _ A(l),bulk,coth(z) + G(O)/(Z), (619)
which also implies (465)
_ A(1),bulk,coth
G () = A (2) (620)
EVz—avz—b

Now, our technique is to replace the hyperbolic cotangent by 1 (602) plus the Dirac delta contribution (616), which
gives in the large-mode-number, fixed-—winding—number limit (538),

A(l),bulk,coth(z) ~ A(l),bulk,coth:l(z) + A(l),bulk,é(z), for a— 0t (621)
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The first term is defined as and easily derived to be

O(y) = (622)

b
u CO = 1
A(1)bulk,coth 1(2)5 _W/ dy p(O)(y)p

a 2=y

__ (u a(l+a)z+ (1 — p(l +2a)z) (10g (Va+vVI+a)+ log(z —a) — log(z — b)>) , (623)

w23 4

while the Dirac delta term acquires the form

1 1
A bulked oy — —1—7; (z — b) + O(subleading) + O(exp). (624)

As mentioned earlier, in order to cast this explicitly as a small-« expansion, one first needs to specify the domain of
the complex argument z. Also, (623), (624) may not be reliable for z close to the edges a, b of the cut.

In order to test the approximation (621), let us consider two quantities depending on A(l)’bulk’c"th(z)

large—J next—to—leading—order density,

, namely the

W) = ,O ‘ —
Pt = p(y) et (o)t

1 1 1 a
- - —¢t) lim A(l),bulk,coth g + A(l),bulk,coth g ,
2 A /t(l — t) M ((L —b ) e—0t < ( ) z=a+(b—a)Z Z=t+ie ( ) z=a+(b—a)Z J—t—ie
(625)
and (exploiting (—z/(uvz —avz—"0)) |,_,=1and —z/(uv/z —avz —b) |,_, = 0) second charge,
Q2|w:0|nextftofleading = _G(l)l(o) — _A(l),bulk,coth(o). (626)
Using (621), (623), (624), we immediately find the three leading small-« orders of the density,
W) = —p U0 + —=p™ o (6) + ~p)#) + O (=) + Ofexp) (627)
p L oB2P-3/2 oP-1 NG exp),
where
2
W,y @ 1 ( (1 — t))
W)= —— (24 (=1 +20)1og [ — ) ), 628
P 2() 871'2 \/m ( ) g t ( )
and
2
(1) w 1 9 1—1¢
)= ————=—4(—1+2¢ 1—8t+8t7) L — 629
a0 =~ s (112 + (1= st og (1) ). (629)
and
W) = AN 6 (1 — 8t +8t%) + (—1+2t) (1 — 24t + 24t*) lo L0, s (630)
P10 = 2 t(1 —t) & t 48w2t(1 —t) )’
—_————
the leading

Dirac delta
contribution

and of the second charge,

4 T .
Q2|w:0|ncxtft071cading = _3_7'(”3 (a(l + a))B/Q - gy’ a(l + Oé) +O(SUbleadlng) + O(exp) =

| S —
the leading
Dirac delta
contribution
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FIG. 23: Numerical support of the approximation “coth &~ 1+ ¢” of the second charge (631).

We plot [0,0.1] 3 @ +— a3/2Q2 lwo next—to_teading> Which should be finite at a = 0. (The explosion of the exact quantity at
a = 0 is a numerical artifact.) The exact value (580) (solid red line) is compared to the series (631) terminated at the leading
order (dashed cyan), or the next—to—leading one without the Dirac delta contribution (dashed green) and with it (dashed blue).
The agreement is striking, in particular in the RIGHT graph, which strongly confirms our finding.

We have chosen w = 27 (LEFT) and @ = 1 (RIGHT). This latter value is unphysical (a non-integer winding number w), but
makes the importance of the Dirac delta input more visible, as is clear from (631). The summation over n in the exact quantity
is truncated at nmax = 10%.

1 4wd 1 [(2w? Tw
=g NG (T + = > + 0 (a”) 4+ O(exp). (631)
~—
the leading

Dirac delta
contribution

Remark that this density also explodes at small a, this time as 1/a?, compared to 1/y/a of p(®(t) (541). Similarly,
the charge is large as 1/a%/2, compared to 1/a of Q2 |,_, leading (546), and there is no order O(1/a).

We observe that in both cases, the Dirac delta term starts contributing at the next-to—next-to-leading small-«
order; in other words, our method “coth ~ 1+ ¢” (602), (616) allows us to find only three leading orders of objects
dependent on AM)-Pulkcoth(2) in the limit (538). This can be traced back to the presence of the prefactor 1/a on the
Lh.s. of (606). We will soon be once again convinced, through numerical results, of the great accuracy of the three
leading terms obtained within this method; the only unreliable part will be the endpoint behavior of the density.

The picture painted above would be flawless unless a seemingly minute detail which however triggers some serious
problems. Namely, making the approximation “coth ~ 1 + ¢” e changes its endpoint behavior, e changes its cut
structure. To elaborate on this, recall that in the articles [163, 185, 194], the following approximation has been
chosen,

1t
mp© (y)

It has one structural advantage over ours: The combination on the Lh.s. is finite (and equal to 0) for y = a, y = b,
unlike the bare hyperbolic cotangent. Replacing it by 1, we exchange a quantity finite at the endpoints with another
quantity finite at the endpoints, while in our case, an object which diverges at the endpoints is traded for a finite
object plus a Dirac—delta singularity, which, however, is a different type of a divergence. This will be responsible for
numerous problems, such as the violation of the conditions (596), (598), (599), see (649)—(654), and the appearing
of a non—integrable (~ 1/(¢(1 —t))) endpoint behavior of the density. On the other hand, in our approximation, we
replace coth(mp(®) (y)) by 1 plus a correction which does not have a cut, while in (632), the correction does have it;
this makes a difference for example when computing G(1):Poundary(2) see helow (647). In figure 21, we observe how
much better “coth ~ 1+ 0” is than this “old” approximation, with an exception of the endpoints, where the former
develops an infinite error, partially cured by the Dirac delta contribution.

coth (wp(o) (y)) ~ 1. (632)

It is easy to show that our technique and (632) coincide at the leading small-a order, as 1/7p(%)(y) contributes
to the density (625) and the second charge (626) only at the next-to-leading one. Since we are worried about the
endpoint behavior of the density, let us exploit (632) to repeat the expansions up to the three leading terms of the
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FIG. 24: The supremacy of the approximation “coth ~ 1 + 6” over the other two, “coth ~ 1+ 1/7p” and “coth ~ arctan”.
We plot [0,0.1] 3 a — o®/2Q, lo=0 |next_to-teading T 4w /(37), i.e., without the leading order. The exact value (580) (solid red
line) is compared to the “coth ~ 1 4 ¢” expansion (631) including all the visible terms, with the Dirac delta contribution
(dashed blue), to the “coth ~ 1+ 1/7p” expansion (636), terminated at two (dashed cyan) or three (dashed green) leading
orders, and to the “coth ~ arctan” expansion (646), similarly terminated at two (dashed magenta) or three (dashed purple)
leading orders.

Our Dirac—delta approach proves excellent, while the other two are invalid. It is so visible here since in the former approximation,
there is no term O(1/a), while the latter two possess it. Multiplying the charge by a®/?, as we do here, yields for them a
v/a—behavior close to o = 0, which is clearly incorrect, as the true behavior is like «.

We have chosen w = 27 (LEFT) and @ = 1 (RIGHT). This latter value is technically unphysical, but provides an even better
picture. The summation over n in the exact quantity is truncated at nmax = 10%.

density,
pLy R 1) = ply(0), (633)
and
p)sreoth ~ 141/mp” 4y AN S 1420+ (1 -8t +82) log (1) = = (634)
—3/2 An? fil — 1) t 2w )’
and

« ~ . 2 1 1—t
pl) ot A LA L/mT w_i) <6 (18t +8t2) + (—1+2t) (1 — 24t + 2412) log (T) + - 2t)) ,
w

(635)
and the second charge,

1 4w 1 9 1 23 0
“Coth%1+1/7rp” __043/2 37‘( _Ew _ﬁ T +O(O& ) (636)

QQ |w:0 |nextftofleading

The leading terms are identical to previously obtained, the subleading ones slightly differ; in particular, in the second
charge, the order O(1/a) appears.

Since we have to be sure of the validity of at least the leading—order density p(j% (t), we have found yet another

approximation of the problematic hyperbolic cotangent, which has precisely the same endpoint behavior and the cut
structure as the exact quantity, and therefore, will more reliably support our finding for p_%(t). It will, however, also
yield correctly only the leading orders of both the density and the second charge. The idea behind it is to replace
sums by integrals in the following way,

coth (wp(o) (y)) - (1 21 Z ! ~ 2 /00 d L _ %arctan (p(o) (y)) . (637)

s r—
O (y) 7 pO(y) Si14+ (#@))2 T Jijpow)  1+a?

which of course mimics the definition of the Riemann integral. As mentioned, we will consider such operations to
reliably reproduce only the leading small-« orders. In figure 21, we see that this is not only an accurate description,
but also zeroes at the endpoints, just as the exact quantity.
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FIG. 25: Tests of the approximation “coth =~ 14 §” (621) for the density.

TOP: The density [0,1] > t — p")(¢) based on the exact quantity AP0l () (s0lid red) compared to the density based
on the approximation AM1)Pulk:coth=1) (qashed blue). We observe that it is an excellent approximation, i.e., the boundary
contribution is very small.

MIDDLE: The difference of the previous two functions (solid purple) compared to the density based on the leading term of
the Dirac delta contribution (dashed green). This is an actual numerical confirmation of (621), which, as we see, looks very
accurate.

BOTTOM: The difference of the previous two functions (solid brown), showing the existence of subleading terms of the boundary
contribution.

The parameters have been fixed to w =1 (i.e., w = 27) everywhere, and o = 0.3 (LEFT), o = 0.1 (RIGHT). Numerical note:
We have exploited the integral definition (617), where it was crucial to correctly fine—tune the small parameter e (625) (too
small gives a messy plot, too large does not appropriately reproduce the limit ¢ — 0%) and WorkingPrecision of doing the
integral (too small gives a messy plot, too large requires a very long computation time). We have chosen ¢ = 10™° (LEFT),
e =10"% (RIGHT), and WorkingPrecision = 100 (TOP), WorkingPrecision = 200 (MIDDLE, BOTTOM). This is a very
high accuracy (on the computer used, there is MachinePrecision & 16), and yet we have obtained some numerical noise in the
bottom right graph, under which we can, however, perceive the true line.
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FIG. 26: Numerical support of the approximation “coth & 1+ §” of the density (627).

Everything is analogous to figure 23.
The values of the parameters are: w = 27 (TOP) and w = 1 (BOTTOM), and o = 0.3 (LEFT), o = 0.1 (RIGHT). The
summation over n in the exact quantity is truncated at nmax = 103.

One may wonder whether trading a hyperbolic function for an inverse trigonometric function will do any simpli-
fication in computing pertinent integrals. Happily, it does. Let us show how to calculate the anomaly A(l)’b“lk(z)
(434) based on the approximation (637). We have

b
ceoth ~ arctan” 1
A(l),bulk, coth & arcta (2) = _2/ dyz —~ yp(O) (y)p(o)/(y) arctan (p(O) (y)) _

a

1P 1 1—p(l+2a
= _W/a dyz — 'u(y:_ Jy arctan (p(o) (y)) . (638)
It is somewhat tricky to handle integrals with arcus tangent like this; they are treated, just to briefly recapitulate the
method, by writing an integral in question as a contour one, then deforming the contour so that it encircles the cut of
the arctan; its values around its cut are easily found, thus removing the arctan from the integrand, leaving an integral
which is much more tractable. This is the same technique as used in computations involving the Hernandez—Loépez
phase, such as in paragraph VA 1. An important result reads

P, 2
P 1 ™ P,
dP arctan(P = arctanh max , 639
/0 ) P2 _—PXP*+W  2./P2 +W (x/W+\/P§1aX+1\/P§wX+W> (639)

where W is a complex number, and Pyax > 0. The change of variables P = p(©)(y) yields from it

1/bd 1 2ua(l + a) N
T Ja yy_z T+ (14 20)y/p2a(l + a) + 72

arctan (p(o) (y)) = arctanh (
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FIG. 27: The supremacy of the approximation “coth & 1+ ¢” over the other two, “coth ~ 1+ 1/7p” and “coth ~ arctan”.
Everything is analogous to figure 24.

The values of the parameters are: w = 27 (TOP) and w = 1 (BOTTOM), and o = 0.3 (LEFT), o = 0.1 (RIGHT). The
summation over n in the exact quantity is truncated at nmax = 103.

1_,,1+2 2
+—= pd £ 20) 2arctanh 2uea(l+ o)
\/(i — (1 + 2a)) muy/ E=ED 4 1201+ a) +7r2\/ u(1 + 2a))?

(Note an unusual cut structure here; for example, there appears \/(z — a)(z — b), and not /z —av/z — b, as we are
used to, but this is how it should be.) This result allows us to compute (638) to be

(640)

1
2mz2

A(l),bulk, coth ~ arctan (Z) —

<2 <7r —Vpta(l+ o)+ 7r2) +

1 p(1+2 2p2a(l
+ = a ® 2arctanh ol +a) . (641)
\/(%—u(1+2a)) mu/ B2 L 20T+ a) +7r2\/ 1+2a))
Now, straightforwardly, the density
p » 1
(1),“coth = arctan _ 2 2
p (y) = =2 + 4/ p2a(l + a) + 72 +
Ar?py/(y — a)(b —y) (
1 4/ p2a(l + a) + 2y (=1 + p(1 + 2a)y)
——u(l+2 tanh 642
+ (y uil + a)) arctan <y2 (4m2 + 2 (1 + 8 + 8a?)) — 2u(1 + 2a)y + 1 (642)
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which gives

ply O ) = p(0), (643)
and
2
(1), “coth = arctan” . w 1 2 11—t ™
)= —————— 4(—1+2t 1—8t+8t7)1 — — 644
p—3/2 ( ) 471'2 \/m ( ( + )+ ( + ) Og< t + 20 ) ( )
and
(1), “eoth &~ arctan” () _ =1 6 (1 — 8t +8t2) + (—1+2t) (1 — 24t + 24 lo (ﬁ) -
- Ar? 11— 1) #\
s w2 1
-——1-2t) 4+ ——— 645
w( )—i_8w2ﬁ(1—l€)>7 (643)
while the second charge,
, 2 (w (Bpla(l + ) +272%) — 2 (pPa(l+a) + 7r2)3/2)
Q2|w:0|nextft071eading “coth ~~ arctan” =TH a(l + a) + 3T -

1 4w n 1, 1 203
———+ —w
a3/?2 31« Va

— 27rw) +0 (). (646)

As anticipated, the leading terms have been confirmed. In particular, due to the good endpoint and cut properties of
the approximation “coth ~ arctan,” we will take it as a strong support for the validity of the leading density p(_lg(t)
Its subleading terms work very well in the bulk, but have wrong endpoint behavior — in particular, not obeying the
three conditions (596), (598), (599) that the density p)(y) must submit to, as we will show below.

In order to finally advocate our main approach, “coth ~ 1+ §,” we resort to numerical support. Figures 23 (the
second charge) and 26 (the density) corroborate it, in particular showing that the Dirac delta contribution is needed
and correct. We repeat this in a different way in figure 25, for the density. Figures 24 (the second charge) and 27 (the
density) reveal that the subleading orders of both the “coth & 1+ 1/mp” and “coth & arctan” versions are incorrect.

Let us finally explain why we have been so cautious while dealing with the series of the density (627). As said
several times, our approximation “coth =~ 1+ §,” despite being so excellent and systematically derived, changes
the endpoint behavior and cut structure. This made it unclear to us how to calculate the boundary resolvent
G(l)’bou“d"”y(z). Namely, the r.h.s. of the linear equation (571) no longer contains any piece with integer—power
non-integrable singularities, at least in the beginning of the small-«a series,

lim (G(l)(y +ie) + GV (y — ie)) = —71p%(y) coth (wp(o) (y)) ~

e—0t

1—p(l+2a)y

r~ —p O () = — (0] 1 O(exp),
) 2uy2\/(y—a)(b—y)+ <\/5>+ (x2)

for y € [a,b]. One may wonder whether we are permitted to replace in this way the hyperbolic cotangent which does
not appear under an integration sign, as it was the case for A(l)’b“lk’c‘“h(z), and why we have written zero instead
of the Dirac deltas (616). The answer is that (647) can be corroborated by a direct computation from the result
for A(1):bulkcoth=1() (623) while the Dirac delta piece A(1):PukI () (624) enters the resolvent as an object with a
cut, thus invisible in the linear equation. The error O(1/4/«) has been derived as follows: The r.h.s. of (647), upon
substituting y = a + (b — a)t, and expanding at small «, yields a series starting at the order O(1/a?), which means
that the Dirac delta will start appearing at O(1/a); its leading term, however, vanishes.

(647)

Notice that this is quite problematic. First, knowing the linear equation up to a certain small-«a order, it is not
clear to us how to derive from it the full dependence of G(1):Peundary(2) on 2 as well as its error. Moreover, (647)
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does not seem to comply with the exact result (593) for the boundary resolvent G(1):Poundary () “due to the change of
the endpoint behavior mentioned above. We can see it from the small-« series

1 w(1-22) 1 w(1-22)

= 0 648

z=a+(b—a)Z, Z~0O(aO) a3/? 162(2 — 1) al/? 32Z(Z — 1) + (\/a) ’ ( )

or more strikingly, by checking the three conditions (596), (598), (599) that the density p(*)(y) should be subjected
to. Namely, our finding for the density (627) yields

G(l),boundary p

/ dypD(y) w/ dtp)(t) / dtptt) 32(8) +Va= / dt 2p (t)+ ()())+O( ) =
_ %o+o+ Va0 + O(a), (649)
and
b 1) 1 1
PPy 1 Mg 4 1 ) @
/ady : _m4/0 atpye)+ 4 [ (200 = 200%0) + 0%, 0) +
1 (1) (1) 2\ (1) 0
— o[ at(2 A(1 — 5— 32t + 32t £) +0 (a°) =
Wa/o (201200) + 40— 209 (1) + (5 — 326 + 32¢%) pJ(1)) + O (o)
1 11 0
= 0t 0+ 50+ 0, (650)
and
bW
P (y) 1 Dt 1) 1)
| —m“wfo 80+ i [0 (301200504 %,0) +

1
tan 2?”/ at (200)(8) +8(1 = 200} , (1) + (17 = 96t + 96¢2) p%)(1)) + O <5) _

1 1 1 4w® 1

In the above integrals, the non—integrable piece appearing in p(f% (t), contributed by the Dirac deltas, is treated with
a contour instead of a line integral (check the end of paragraph IITC 4 for a similar situation), and giving in this way
0. Eight out of the nine expansion coeflicients obtained here are 0, except for the last one in (651), while expanding
the r.h.s. of the conditions (596), (598), (599) leads to an entirely different set,

1 1
—0+ = 0+0 652
750t g+ Va0 +0(), (652)
and
1 lw 1 0
W0+55+\/_50+0(a)’ (653)
and

1 1 w? 1 4w? 1
W“ET_W?JFO(E)' (654)
Hence, we discover total discrepancy, except for the leading terms (and, strangely, the last terms in (651) and (654)),
which we assign to the fact that within our endpoint—behavior—changing approximation, we can no longer use the

pertinent expansion of the exact expression (593) for G(1)-boundary ;) “WWe think that some different boundary resolvent
should be adapted which would appropriately modify (652)—(654).

We have not been able to overcome this obstacle. Therefore, we will proceed as follows — when computing
the density at the level O(1/J), or any object dependent on the anomaly at the level O(1/J?%), we will use the
a%)I))roximation “coth ~ 14 1/mp” (632), and restrict ourselves to only the leading small-« order. The leading density

! t) and the leading order of the boundary resolvent G(l)’boundary(z) will be taken to be granted. In the all-loop
case, this will actually be sufficient to probe into the series far enough to find traces of the Herndndez—Lopez phase,
whose testing is the main goal of this article.
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C. The Exact Solution to the One—Loop One—Cut Quadratic Equation at the Order O (1/,]2)
1. The Anomaly AV (z)

The first step on the way toward the large—J next—to-next—to—leading—order resolvent G (z) (467) is to compute
the anomaly term A2 (2) (430).

In order to find it by the method of summation and expressing through the resolvent, we use the partial result
(555), which we obtained in the process of deriving A (). What is yet unknown in this expression, are the values
of the resolvent G()(2) at the r00ts an,, bn,; they can be straightforwardly calculated with aid of (556), and read

1
GWY (any, bpy) = 57 <8u3a(1 + @) (1 +20) F pPve (1 + 8+ 82) + 2uw3 (1 + 20) F v +
2

£ (1® (1 + 8a+ 80%) F 2uva(l + 2a) + 13) \/4u2a(1 +a)+ V%) +

1
+ Z P o ) ( —2ua(1+20a) (4Pl +a) +v3) F (1 — v3) (1 (14 8a+8a?) +13) +

£u1 (1 (1 + 8a + 8a?) +13) \/4u2a(1 +a) + 3T

F (12 (14 8a+8a”) +v3 +2u (1 — v3) (1 + 2a)) \/4,u2oz(1 +a) +vi+

+ 21 (14 20)\/420(1 + @) + 13y /4u2a(l + o) + u§> . (655)

Notice that there is an apparent singularity at v; = v in the sum over n;. Actually, these are 0/0 symbols, which
have finite limits as v; — va, which respectively for a,,, b,, read

2 2
(1/2 —A4p2a(l+ ) + V%) (u(l +2a) £ /4p2a(l +a) + u%)
+ .
202 \/4p2a(l + ) + 13

(656)

Now it remains to substitute these values (655), along with the solution for G(Y)(z) (564), and the momentum
condition (466), into (555), and afterwards symmetrize the double sum — to immediately arrive at the desired result,

1 1
ACD () = Z 2 (12— v2) 22 — 2u(1 + 20)z + 1) </L2y2(2 —a)(z—b)

n>1
.(1/2 —2u (1 + 20)z + (—4p'a(l + @) (3 + 16a + 1602) — 2u2v? (1 + 8a + 8a?) — v*) 22 +

+81° (1 +2a)? (4pa(l + a) + %) 2°+

+u2 (—4pta(l + @) (7 + 32a+ 3207) + p®v? (=7 — 200 + 440 + 1280° + 64a*) + v* (3 + 16a + 160%)) 2"+
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+20%(1 + 2a) (4t (1 + @) + p°v? (1 — da — 40°) — ) z5) +

4p2a(l 2
—i-\/ prall +a)+v 22<,u2 (34 16ar + 1607) —2u3(1+20¢)z+1/2+2;w2(1+204)z)+

v

n 1 1—pu(l+2a)z n
Vz—avz—>b %
1
+Z Z 2 (2 —v2) 22 —2u(1+20)z + 1) (u2 — 2) 22 — 2u(1 + 2a)z + 1)

ni>1ns>1

. <2 —4p(1+2a)z — (0 (14 1200+ 120%) + 15 + 13) 2> + 84 (1 + 2a)%2° +

+ (=p* (7+32a + 320%) + p? (V7 + 13) (3 + 16a + 160%) + v7v3) 24+ 2u(1 + 2a) (1? = v7) (1° — v3) 2°+

\/4;“34 1U+a)+u1 2 ((® = v3) 2% = 2u(1 +20)2 + 1) -
1

-<u2 (3 + 16a + 160%) — 2p%(1 + 2a)z + vf + 2uvf (1 + 2a)z) +

2 2
+\/4/L o(l+a) + vy 22 ((u% = v}) 2% — 2u(1 + 22)2 + 1) -

V2

-(/ﬁ (34 16+ 1602) — 24°(1 4 2a)z + v3 + 2uv3 (1 + 2a)z) +

L VAPa(l+a) +viydta(l +a) + 03 2( p? (3+ 160+ 160°) + 817 (1 + 20)° 2 +

vivg

+ (—p* (74 3200+ 320%) + 1 (V] 4+ 13) (3 + 16a + 160°) + vivs) 22 4+ 2u(1 + 2a) (p® — v) (B* — 1v3) 3)+

1 1‘#(1+2O‘)Z< 2_ 2 2\ 2
+ 2—4u(1 4+ 20)z + (2u° — vy —v5) 2° +

+ 22 <I/1 \/4,u2a(1 +a)+ v+ \/4,u204(1 +a)+ V%) >> . (657)
The problem can also be approached differently, by the method of integration with the pertinent density (435),

1 1
(2,1),bulk(,y _ _ (1) (0)r (0) - ) =
A (2) = —m /C Sy —p )p™" () <coth (ﬂp (y)) 0] y))
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_ L ) 0O (4 (0 1 _
_ 2/Cy dy—s ) (1) (y) mz;l PO
1 1 I 1—p(l+2a)y 1
RV T ) T (Z 07— ) (5 ba)

*22 0 (1 -7 (yinolbnl - yﬁnl;m)) (12 = 13) (y —lanz) (y —bm)>' (0%

n1>1ne>1

Performing partial fractional decomposition w.r.t. ¥y, symmetrizing the double sum, and then using the integrals
(590), (591), and also

q 1 1 m/avb(a+b)

y _ L _mvavblatb) 659
v Vy—a)b—y)y? 2a20? (659)

lead to the following conclusion: The two-sum parts of AV (z) and AZD:PUK(2) coincide, while the one-
sum parts differ by a quantity which depends on n as 1/v2. This can be explicitly summed up, since

Yons1 1/v? =((2)/(47%) = 1/24, and yields

3 1 1
ADI () = g2 () - VAT e) (<f+ Vita)' — - (Va-vita)' —b) . (660)
5 —
i.e., the two anomalies differ by the boundary contribution
2,1),bound 1*y/a(l+a) 4 1
A1) boundary (y _ — ((\F+ V1 +a) - (Va-v1+a) ﬂ) , (661)

as anticipated due to the fact that the density p)(y) explodes at the endpoints of the cut.

In fact, there is no need to exploit both these techniques. It is enough e.g. to use integration, which is normally
simpler, and to derive the boundary term (661) from the non-integrable singularities of the resolvent G(V)(2) (593),
according to (326). Namely, instead of the second line of (658), we write

PO )P ) Y e =

oo PO ()% + n3

1 G(l),boundary (Z/)

2mi

A(Q,l),boundary(z) — _2% dz’
ocy  #

1 1
VLTSSV CACHN PE—

2
—z a1 PO (/)" + n3

1 1 1
= (Resy=q + Reszi—p) | =
(Res + Res,—p) 5 <z’ + ) .

1 (1— p(l+20)a 1 I—p(l4+2a)b 1 )_
+ =

] a? z—a b z=b
e (e e N e (662)

Observe also that the second line of (662) points to yet another interpretation of the constants multiplying
1/(z —a) and 1/(z — b) in the boundary term,

2 (0) (1)2 1 (0) (4)2 1
(2,1),boundary _ 7T_ : P (y) - # S
4 0 =57 (i Z208) Lo (g 2200 ) 1), (663)

i.e., they are 72/24 times the leading terms in the series of p(®)(y)? near y = a and y = b, respectively.
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2. The Anomaly A2 (2)

At this level, there is the second anomaly contribution to be taken into account, A2 (z) (448),

%AW’) () +0 <%> = —%i L4 <7Tp(1> () (Coth (ﬂp(o) (yk)) ¥)> : (664)

z — yr dyk a mp(0) (yr)

or in the “bulk” version (451),

AR () — g / dy—L—p© (y)% ( M(y) (coth (w(o) (y)) - #» - (665)

cv Z—UY WP(O) (v)

Since it is an integration with the large—J leading-order density p(®)(y), we do not expect any boundary difference
between (664) and (665), and indeed, by explicitly computing both these objects, we have confirmed that

AZ2Pulk(5) = A22) (7). (666)
Calculation in this case, by the method of summation and expressing through an appropriate resolvent, deals with

o (yk) (Coth (70 () - é) =

7p© (yr)

anby 1 1
= -2 —_ —
nzan_bn (yk_an yk_bn)

1Yk an, bn, Gy by ( 1 1 )
4 1 _ _ , 667
Z Z < 2 <yk — Qnp, Yk — bn1 >) Qnpy — bng Yk — Gny Yk — bng ( )

n1>1na>1

which we need to find the derivative w.r.t. yj of, multiply by 1/(z — yi), decompose fractionally w.r.t. yi, symmetrize
the double sum, and finally rewrite everything through the resolvent G(®)(z). Since we have already exhaustively

explained how such a computation is done, and because here the formulae are quite lengthy, we will not print the
result for A2 (z).

3. The Resolvent G®(z)

According to (467) — adding to each other GV (2)2 + G (2) (568), AV (2) (657), A??)(2) (not printed), and
F(2)| =0 (529), and dividing by the common denominator £1/z —av'z — b (530) — we finally arrive at the large—J
next—to—next—to—leading—order resolvent, which is the most important finding of this section III,

1
®(z) = — — 2 2\ 2
G7e) 24523(z — a)5/2(z — b)5/2 ( 3+ 150(1 + 20)z — 304 (1 + 3a + 30%) 2% +

+20(1 4 20) (12 + 4 (15 + 160 + 160%) ) 2%~
—p? (24 (24 3a+302) + 4 (15 + 440 + 760° + 640° + 320 >Z4+

+1*(1+20a) (24 + 12 (34 24a + 15202 + 2560° + 128a%) )25—

—2p8a(1 4+ a) (13 + 64a + 640%) 2% + 8u"a(l + o) (1 + 2a)z7) +
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1
+8u4z3(2 —a)?(z—b)?

<—1+4,u(1+204)z—2,u2(3+8a+8a2)z2+

+4p(l+2a) (24 p2) 2° = pi® (84 1) 24) +

+y ! :
12— a)2(z — b)2 (42— v2) 22 — 2u(1 + 20)7 1 1)°
. <2 (2u(1 +2a) + ( — 242 (5+ 160 + 160%) + 1/2>z +2u(1 + 20) (2@2 (5+8a +8a2) — 31/2>22 +
+4p? (= 2 (5+ 160+ 1602) + 12 (3 + 8a + 8a?) ) 2+

+ u(l 4+ 2a) <1Ou4 —10p20° + V4>Z4 + u2< —2ut 4+ 3207 — V4>Z5) +

+2uy/4p2a(l + a) + V22(1 —2u(1 4 2a)z + p(1 + 200) (2u* — V%) 2° — p® (0* — 1?) 24)—|—
+%m\/ﬂ (4uu2(1 +2a) + (4,u4a(1 + @) (3+ 16a + 16a%) — p*v® (17 4 52 + 520°) + 2V4>z +
+u(1 + 2a) ( — 8pta(l + a) (7 + 320 + 320%) + 4% (7 + 100 + 10a2) — 10u4) 24
+u <8u4a(1 + ) (13 4 88a + 216a” + 2560° + 128a*) —
—20°0% (11 + 460 + 1100” + 1280° + 64a*) + 4v* (4 + 11+ 1107) >23—|-
a1+ 2a)< —96p5a(1 + a)(1 +20)% + 8u*v? (1 + 8a + 4002 + 64a® + 3204) — 10420 + 21/6>z4—|-
+1° <4,u604(1 + o) (11 + 480 + 480%) — p*v® (1 + 56ar + 3120° + 512a° + 256a*) +
+ 220" (1 + 60+ 3802 + 64a® + 3207) — %) 27—

—8ua(l+ a)(1+2a) (0 — 1/2)2 26>—|—

+ i Vz—avz—bz <u2 (1+120+120%) + 202 - 2u(1 +20) (2% (1 + 6a + 60%) + 12 ) 2 +
Vapta(l + a) + 12
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+20% (4 (3 + 140+ 140%) = 202 (14 5o+ 5a?) ) 22+

+2u(1 + 2a)< — 2t + 30 — 1/4>z3 +p? (0 — 1/2)2 24)> +

DIPI ;

S0 (2 = v3) 22 = 2p(1 4 20)2 + 1) (2 = v3) 2% — 2u(1 + 20)2 + 1)
1 2 2 2 2
'<u3(2—a)3/2(z—b)3/2 (4u(1+20¢) + (—u (33 + 116a + 1160°) + 2 (v} +V2)>z+

+60(1+ 20) (4% (5 + 130 + 130%) = 3 (v} +15) )22+
+4< — p* (63 + 331ar+ 6990° + 7360° + 368at) + p? (V] + v3) (17 + 59a + 59a%) — ufug)z3+
+2u(1 + 2a) (8u4 (21 + 73a + 113a” + 80a® + 40a*) — p? (v +v3) (71 + 168 + 16802 + vf + 13viv3 + u§)z4+
(= 611 (49 + 2580 + 5460° + 5760° + 288a) — (vf + 1) (9+ 320 + 320?) —
— 43 (17 + 57a+ 57a?) + 4p° (V] + v3) (45 + 210a + 3860° + 3520° + 176a*) >z5—|-
+2u(1 + 2) <4u6 (21 4 550 + 5502) — u* (2 +12) (71 + 1680 + 1680°) +
2% (4 (v} + vd) (1+ 20 +20%) + v03 (23 + 420 + 420%)) — g (v + 1) )20+
+2u2< —2p% (154 53a + 530%) + 2p* (7 + v3) (17 + 590 + 590%) —
— 1? (v + V) (7 + 240 + 2402) + 20203 (17 + 57a + 5702) ) + v212 (12 + 13) (5 + 160 + 160°) >z7+
+2u(1 + 2a) (2 — v2) (4 — 12) <6u4 — 302 (V2 +12) 4+ 07 yg)z8_
1 (0 = 13)" (i = 03)"

= 2
+\/4M204(1 :_ @+ V%Z ((/ﬂ _ V%) 2% —2u(1 4+ 2a)z + 1) )

: (;ﬁ (1+120+120%) + 20 — 2u(1 +2) (2% (1 + 6a + 60%) + v} ) 2 +
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+20% (4 (3 + 140+ 140%) = 202 (14 5a + 5a?) ) 22+
—|—2u(1—|—2a)<—2,u + 3uv3 —1/1)2 + 1 (,uz—l/lz)224)—|—

+ 2
ViRt 1]

z2((W®—v7) 2% —2u(l 4+ 20)2 + 1)2 .

: (;ﬁ (1+120 +120%) + 203 — 2u(1 +20) (2% (1 + 6a + 60%) + 13 ) 2 +
+20 (4 (3 + 14a + 140%) = 208 (14 5o+ 5a?) ) 2%+

+2p(1 + 2a)< —2u* 4 3pPvd — 1/§>23 +p® (0 - 1/22)2 24) -

viv2
Varta(l +a) + viy/4pa(l +a) + 13

z <,u2(1 +20)? — 83 (1 + 2a)3z +

+<4u4 (7+51a+ 127 + 1520° + 76a*) — 24 (vf + v3) (1 + 12a + 120%) — 407 u2> 2_
—2p(1 4 20) <4u4 (7+ 4la+ 6502 + 48a° + 24a’) — 2u® (v + v3) (3 + 26a + 260?) — TV VQ) S+
+ <2u6 (35 + 270a + 7020 + 7360° + 48a* — 384a” — 128a°) —2u* (vf + v3) (15 + 136 + 368a” + 4640 + 232a*) +

+ 2 (v +vd) (14120 +1202) — 40303 (3 + a + a?)) + 2 (1] +13) ) '

—2p(1 + 2a) <4u6 (7+ 340+ 420° + 16a° + 8a*) — 4u* (V] + v3) (54 26a + 300” + 8a® + 4a™) +
+ 2% (v + v8) (1+ 6+ 602) + 30303 (1+ 8a + 8a%)) + 13 (v +13) ) 2°+

+2u (200 (7 + 37a + 6507 + 560° + 280%) — it (v} + 1) (15 + T6a + 116a” + 80a° + 40a”) +
+12 (! +v3) (34 1o+ 140°) + 20703 (7 + 3500+ 470° + 240° + 12a)) —
— 203 (v} + ) (1+5a + 50%) ) 20—

—2u(1 + 20) (u® = v2) (u* — 1) <4u (1+a+a?) —2u2 (v} +I/2)+V11/22>Z7+
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2/( 2 2\2 /2 2\2 8
+u® (0 —vp)” (0 —3)" 20 ) |+
+2 <2u(1 +20) + (=204 (5+ 160+ 160%) + 1} +13 ) 2 +
+2u(1 +20) (20% (5 + 8a + 802) = 3 (4] + 1) )22+
+< —4pt (54 16a 4 1602) + 4p® (2 + 12) (3 + 8ar + 8a?) — 4u12u§)z3+
+u(1 + 2a) (10u4 — 1047 (V2 + 13) + vl + 8uPE + V§)z4+

+< —2u8 4+ 3pt (V] +13) — p® (v +4vivs +vy) +vivs (Vi +13) )ZS"'

+ <V1 \/4,u2oz(1 +a) +v2+ VQ\/4u204(1 +a)+ V%) z-

. <1 —2u(1 +2a)z + p(1 + 2a) <2u2 -V - 1/22>23 + ( e e (2 V12V§>24)>> . (668)

The basic features of this solution:

e The behavior at infinity of the various parts of the resolvent is

G (2) the no-sum part. %uza(l +a)(l+ 204)% +0 %) ) for 2z — oo, (669)
G (2) the onesum part —;;ﬁa(l +a)(1+ 204)% +0 %) , for z — 00, (670)
G (z) the twosum part 0 (é) , for z — 00, (671)
which, upon using )°, -, 1/v* = 1/24, gives in total
GH(z)=0 (21—2> ) for z — 00, (672)

identically as for G(M)(z) (565), which is necessary in order not to change the correct 1/z term of the large—2
series of G(¥)(z) (517). This is actually how we have been led to discover the existence of boundary contributions
such as A(2:1).boundary ;) (661); we have initially computed the resolvent G(?)(z) using only the bulk anomalies,
and we observed its wrong large—z behavior, deprived of the term

_A(2,1),boundary(2) 1 ) 1 1
B avi b =—3h a(1+04)(1+2a);+0<;>, for z — 00. (673)

Taking the limit z — 0 of the resolvent, we find that the one-sum and two-sum parts yield zero, while the
no—sum part reproduces precisely the momentum condition (528).
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e We have not attempted to look for any more general expressions for derivatives of this resolvent, except for the
values at zero of the first and second ones, which after some simplifications read

1
G(2)’(0) - —/ﬁa(l +a) (1 + EM2 (4 +2la+ 21a2)> +

2

2 2 _ v 2 o)? _ v
+u(1+2a)z<1 \/4#2a(1+a)+y2>+u(1+2) Z(l \/4u2a(1+a)+y2> ., (674)

n>1 n>1

and

1
G7(0) = —§u3a(1 +a)(1+20) (28 + p® (3 + 220 + 220°) ) +
2

3 )3 _ v 3 a)? _ i '
+6°(1+20)7 > <1 \/4,L6204(1+Oz)+V2> +6p°(1+20)° [ Y (1 \/4#2a(1+a)+y2> (675)

n>1 n>1

Notice that in both cases, the two—sum parts are reduced to a single sum, the same as in the one—sum parts,
squared. Recall that there have been proportionality relations between G((0) and G(©’(0) (521), with the
constant 2u(1 + 2a), as well as between G™M”(0) and G (0) (581), with the constant 6u(1 4 2a); here, the
one—sum and two—sum parts indeed display such a proportionality, with the constant 64(1 + 2a), but the no—sum
part unfortunately does not,

GP"7(0) = 6u(1 + 2a) <G(2)’(O) - 1—12,u204(1 +a) (16 +p* (—1+a+ a2))> . (676)

Furthermore, these values allow us to find the next-to—next-to-leading—order terms of the local conserved
charges (339),

G(2)”“'/(‘*1) (0) _ iG(O)”“'/(”U (0)
Qt|w:O|next7t07nextftofleading == (t _ 1)! ’

for  t=1,2,..., (677)
which for ¢ = 2,3, upon using (523), (524), are

1
Q2|w:0|ncxtftofncxtftoflcading = /142(1(1 + Oé) (1 + _/142 (1 + 6o+ 6(12)> -

12
2
—12(1 + 2a)? nzzjl <1 VT V2> — 12(1+2a)? n%:l <1 T imatio: V2> ,  (678)

and
1
Q3|w:0|next7t07nextftofleading = ILL3O[(1 + a)(l + QQ) (7 + Z'u2 (1 + 8+ 80[2)) -

2

9.3 o) o v 9,3 o) _ v '
3 (1+2)Z<1 \/4,u204(1+oz)+u2> 371+ 20) Z<1 \/4,u204(1+oz)+u2> (679)

n>1 n>1

We plot them as functions of a € [0, 1] in figure 28. Moreover, Gromov and Kazakov [167] give several numerical
values of the second charge, and we have reproduced them with our formula (678), as shown in table II.

e The linear equation satisfied by this resolvent is checked to be (484),
d

€1iI(I)1+ (G(2) (y +ie) + G (y — ie)) =" (wp(l)(y) coth (ﬂ'p(o) (y))) i for yeCY. (680)
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FIG. 28: Graphs of the next-to-next—to-leading—order terms of the local conserved charges (677), for ¢ = 2,3, according to
(678), (679), as functions of a € [0, 1], for m = 1. The infinite sums over n have been terminated at Nnmax = 10%.

|(m7 ) | (2,0.5) | (1,2) |(37 1/3)| (2,1) | (5,0.2) |
|Gromov and Kazakov | 1160 | 5464 | 1592 | 8982 | 1504 |
our formula (678) with nmax = 10" 1165.04|5476.17|1598.18 |19009.81 | 1528.67
our formula (678) with nmax = 10° 1162.66 | 5465.69|1592.47|8986.60 | 1508.13
our formula (678) with nmax = 10° 1162.42|5464.64 | 1591.90 | 8984.28 | 1506.08
our formula (678) with nmax = 10" 1162.40|5464.53|1591.84 |8984.04 | 1505.87

TABLE II: Comparison of the several values of the second charge Q2 |w:0‘next7t07ne ¢ to leading &5 given by Gromov and Kazakov
[167], and as found from (678). We also show how the infinite sums over n in (6783( converge by considering their four different
truncations, to Nmax = 104, Nmax = 105, Nmax = 106, Nmax = 107. We observe a very good agreement.

4. The Density p'® (y)

It is straightforward to read the large—J next—to—next—to—leading—order density from the above resolvent (668) — it
is comprised of the part of the resolvent containing the square root v/z — av/z — b, where each 1/((z — a)®/2(z — b)5/?)
is replaced by (1/7)1/((y — a)(b —y))*/?, and each 1/((z — a)*/?(z — b)3/2) by (=1/m)1/((y — a)(b — y))*/?, and thus,
we will not explicitly print it. Some of its plots are presented in figure 29.

Again, this density explodes at the endpoints of the cut. This time it always is a divergence to plus infinity, and
more severe than for p™)(y), namely as 1/((y — a)(b — y))%/2,

RET 15a(l+a) (VaFVIta) 1 -
T w (y —a)(b—y)™*
_% (\/&i;/j +a)’ > <1 B \/4u2a(1y+ o) + y2> s (1 B \/4M2a(1y+ o) + y2> ’
! for y ~a,b. (681)

(y—-a)b—y)"*

If we want to compute G():PUX(2) we face the problem that p(®(y) contains a part which is a non-integrable
function over C¥, i.e., which diverges at the edges of the cut like 1/((y — a)(b — y))?, where p > 1 (here, p is an integer
or a half-integer),

(2)( (2) (y

+pP(y)

. non—integrable - (682)
integrable

singularities

P (y)=p

The integrable part can be handled as before, and it happens that the right way to deal with the non—integrable one
is to change line integration with contour integration; define, thus,

1
GPPulk(z) = /C dy p?(y

1
+ dyp®
) integrable 2 — Y j{ow yp (y)

non—integrable — (683)
singularities < — Y
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FIG. 29: The density C¥ 3 y — p®(y) for m = 1 and five values of a: 0.1 (brown), 0.3 (purple), 0.5 (red), 0.7 (magenta), 0.9

(pink). The infinite sums over n have been terminated at nmax = 20, which is enough to very accurately reproduce it.

where the tilde in the second term indicates that we have changed all the square roots +/(y —a)(b—1y) to
vy —av/y — b, and y has become complex. Now, by a direct calculation, we can show that

1
d @ = G(z) integrable 684
/Cy yr (y) integrable 2 — Y (Z) | tegrable , ( )
~ 1
f dyp(2) (y) non—integrable :G(2) (2) non-integrable - (685)
OCcY singularities - half-integer—power

singularities

This implies that the bulk resolvent differs from the full one by a boundary term which is precisely the part of the
full resolvent with non—integrable integer—power singularities,

G(2),boundary(z) = G(2) (2) non-integrable (686)

integer—power
singularities

just as it was true for G(V)(z) (594). Explicitly, these terms come from the no-sum and one-sum pieces of the resolvent,
and yield

- 4p2a(l 2
) bowndary ) _ 1 2 (1+ 20 — p2) %JFZ (1_ Vaica(l+a) +v ) ' (637)

G-aP—bp @ 2 v

Let us illustrate this calculation by presenting it for the no—sum piece. The no—sum part of the density can be
split as

1 1 1
@) _Z .
P (y) no—sum lintegrable T \/ (y — CL) (b — y) 24uy3
(=34 3u(1 + 20)y + 6p7a(l + a)y® + 8p’a(l + a) (1 + 2a)y?) (688)
- 1 1 Spa(l + ) 1+ 2
) . _ 0 y )
P Yy non—integrable — — + . 689
O [P mesrate = 20 7 7 (My — Py - 02 Ry —a)y =) (689)
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For the no—sum part of the resolvent,

a® (2) — L 1 .
no-sum lintegrable Vzi—avz—2> 24,UZS

1
(=34 3u(1 +20)z 4+ 6p7a(l + a)2” + 8p’a(l + @) (1 + 20)2%) — 3 (690)

237
1 Spa(l + a)z 1+ 2«
G(2) z non—integrable = ( + ) 691
( ) no—sum halffintc;ec%:;)k;lwcr VZ—ayz— b /L4 (Z - a)Q(z - b)2 ‘u2 (Z - CL) (Z - b) ( )
singularities
1420 — pz
G(2) non—integrable = . 692
(2) no—sum intcgcﬁfgo%vbclr ,u3 (Z - a)Q(z - b)2 ( )

singularities

Now, the integrable part of the no—sum density leads to the integrable part of the no—sum resolvent (684), as can be
checked with help of the integrals (590), (591), (659), and also

b (302 + 2ab + 35?
R S mV/avh (3e T ). (693)
cy (y—a)b—y) Y 8a3b

For the non-integrable part of the no—sum density, we deform the integration contour so that it encircles the point
at infinity. The residue at infinity is, however, zero, and only the residue at y = z contributes, being responsible for
(685). An analogous reasoning can be performed for the one—sum and two—sum pieces as well.

As we already know (see paragraph IIIB4), the non—integrable integer—power singularities of the resolvent can
be read from the pertinent linear equation. And indeed, we check that here (680),

d 20 (y)p"(y) 1 d (pW(y)
lim (G<2>y+ie+G<2>y—ie):—— RN aNatYN B ana< 2 694
e—0t ( ) ( ) dy ; p(o) (y)2 + n? 4y3 dy p(o) (y) ( )

includes a part

regular singular
at the endpoints at the endpoints
leads exactly to (687).
At the end, notice that

lim (zG<2>ﬂb°““darY(z)) —0, (695)

which means that the generalized normalization formula for the density in question gives zero,

/ dy p® (y)| + j{ dyp® (y)
Ccv integrable OCY

even though the area under its plot is, of course, infinite.

non—integrable — 0; (696)

singularities

5. The Large—-Mode—Number, Fixed—Winding—Number Limit

In paragraph ITI B 5, we have extensively discussed how to correctly apply the large—-mode—number, fixed—winding—
number limit to the anomaly A™M-P"¥ (%), To work with the bulk anomaly AP (%) (452) and the boundary anomaly
A(2);poundary () (433) one needs to know the density p(*)(y) and the boundary resolvent G(1)-Poundary () - Ag explained,
we can rely only on the leading small-« terms of these objects, and for this, it is enough to consider the approximation
“cotha 14 1/mp” (632). In this paragraph, we will see further evidence of problems caused by subleading orders of
the density in our most accurate approximation “coth ~ 1+ 4.”

Our goal for now will be to find the leading small-« term of the second charge Q- |w:0 |ncxt7mﬂﬂcxt7mflcading (678),
which is related to minus the derivative at z = 0 of the resolvent G(?)(z) (467). Looking at this last formula, it is clear



138

that there are four contributions to the charge, i.e., from F(z) |__,, from (GM(2)? + GW'(z)), from A2)-boundary (),
and from A(2):Pulk(z),

Since the resolvent in question has the form G®)(z) = zf(2)/(uvz — av/z —b), it naively seems that
G®@'(0) = —f(0). This, however, is only true when f(0) and f'(0) are finite, which holds for three out four con-
tributions mentioned above, with an exception of F(z) |,_,. This one should then be handled separately, and yields

d (Pl _ L L2 o(4
d_(—\/T/Tb Tt rllatied) =557 015 ). (69

The contribution from the resolvent G(V)(z) is found simply from the momentum condition (469) and the series
(631),

_G(l)(0)2 _ G(l)l(o) _ —G(l)/(O) _ _L4w3 +0 (l) . (698)

ad/?2 37 oY

(One can check that the momentum condition can still be used, even if we work with the approximation “coth ~ 144.”)
This is much smaller than (697), and will, therefore, be negligible for our purposes.

The boundary anomaly A(?)-Peundary (2 is known exactly (661), but, as discussed, only its leading small-c term
is certain. We get

4
A(R) boundary () — 4(2.1);boundary () — —%/ﬁa(l L)1 +40)3+4a)= ——=Z 10 (i> . (699)

ad 2 o?

Let us now proceed to the most problematic part, i.e., the contribution from the bulk anomaly A®)*u%(2). The
first step is to integrate by parts (we assume p > 0),

A(2),bulk(2) =7 /ab dyz i yc?_y (p(O) (y)P(l)(y) (coth (wp(o) (y)) - m(%)@))) -

= /a b dyr _1 mE PO ()M (y) (coth (w(o) (y)) - m) : (700)

In doing this, we have noticed that the boundary piece from such an integration is zero when we work with the exact
expression coth(mp(® (y)) — 1/(7p® (y)). If, however, we try to use either “coth ~ 1+ §” or “coth ~ 1+ 1/7p,” the
boundary piece is no longer zero, and in the former case, it even diverges. We will disregard this, sticking to the
leading order of the result only, similarly as we have done for G(1)-Poundary ;) at the end of paragraph IIIB5. We
know that to arrive at the leading term, it is enough to approximate “coth ~ 1+ 1/7p” (632), hence, we consider

b
1
A@DE() = / Ay ()p™ () + O(subleading). (701)

Changing the integration variable y to t (539), as customary, and exploiting the leading orders of the two densities
(541) and (628), we easily find

1
b—a .
AOP0) = [ 006) + Ofsubleading) =
0 _
1 ot ! 1—t 1 1 ot 1

Let us emphasize that doing the approximation “coth ~ 1+ 1/7p” is possible only after the integration by parts,
since otherwise we would have gotten a term of order O(1/a"/?) being logarithmically divergent. These complications
add to our list of problems caused by the subleading terms of the density p(*)(¢) in any of our three approximations
from paragraph III B5. As excellent as they are in the bulk, to be able to use them, one would need to discover some
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FIG. 30: Numerical check of the leading small-a term of the second charge (705).

We plot [0,0.1] 5 a — &*Q2 |,_, Inext to-next-to leading> Which should be finite at a = 0. (The explosion of the exact quantity
at @ = 0 is a numerical artifact.) The exact value (678) (solid red line) is compared to the leading order of the series (705)
(dashed cyan).

We have chosen @ = 27 (LEFT) and @ = 1 (RIGHT). This latter value is unphysical. The summation over n in the exact
quantity is truncated at nmax = 10%.

further approximation; the usability of the leading density has, on the other hand, been extensively tested, and our
end result here (705) will confirm it once again.

Collecting the leading terms of (697), (699), (702), we finally arrive at the large-mode—number, fixed—winding—
number series of

1 1 1 1
@)= —t [ — = = -
G'9'(0) = i (772 3) +O(a5/2) . (703)
In order to get from it the second charge, we must add to it
1 . 1, 9 1 = 1
—ﬂd )W(O):Z“ a(l +a) (1+5a+5a):$T+O =) (704)

and negate the everything, as (341) states, which yields

(#) . (705)

It diverges strongly with small o, as 1/a3, as compared to 1/a3/? of the large—J next—to-leading second charge (631),
and 1/« of the large—J leading one (546). Figure 30 pictorially proves this value.

1 ,/1 1
Q2|w:0|nextft07next7tofleading = @W (E - F) + 0

3/2

Let us corroborate this result by applying the approximation method (637) to the exact expression for
Q2 |y=0 lnext to next to leading (678). Namely, the leading order can be found by changing the summation to an
integration in

%

\/4lu204(1 =+ Oé) + 2 7T :u\/m n>1 ™ ’
1+(m)

n>1

1
+ O(subleading) = pyall +) + O(subleading) =
T

\/%—1:2) %% +0(a%) . (706)

This leads to precisely the same leading order as in (705). The computation is, thus, finished, and our technique —
established.
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6. Check of the Master Formulae

In this paragraph, we explicitly check that the one-loop t = 1,3 master formulae (478), (480) are indeed fulfilled
by the resolvents we have found. Our motivation is that e a test of the ¢ = 1 one will prove the applicability of the
zeta—function regularization scheme (477), under which it has been obtained, and e a test of the ¢t = 3 formula will
be a confirmation of the validity of the “cubic term trick” (409), which constitutes a crucial foundation of our entire
computation based on the quadratic equation method.

A technique to be exploited here will be to form “quadratic equations” from our master formulae, i.e., to multiply
them by 1/(J(z — yx)), where z is a complex parameter, and sum over all k = 1,2,...,.5; such relations will then be
proven. An important ingredient will be the procedure (331) of rewriting such sums in terms of the resolvent and
its derivatives. It will actually work because the problematic terms 1/(yx — y;) and 1/(yx — y;)® disappear when the
double sum over j, k is symmetrized. This is also the reason why the ¢ = 2 master formula cannot be checked in
a similar fashion; the term 1/(yy — y;)? remains in the “quadratic-equation version” of the formula even after the
symmetrization.

The Lh.s. of the quadratic—equation version of the one—loop ¢ = 1 master formula reads

S S S S
1 1 1 11 1 1
_ = - — —_ 2 =
ngéz—ykyk—yj 2J2; ];(Z—yj)(z—yk) (z = yx)
J

1 11
— 02 4 -
2G (2) +J2

11

<G(O)’(z) +2G© (z)G(l)(z)> t 533

<G(1)’(z) +GW()? + 260 ()G (z)> +0 <%) - (707)

With the r.h.s. we proceed by using the linear equations (482)—(484) (or (532), (571), (680)),

S I
%Z 1 <$<o> (i) + }<$<1> () + 1M> i
k=1

2 o (yi)

+%% < ( - 1) G () + %G@) (0) + AP (2) + AR (2) +
1 /1 ,, 1 , 1 1 1
+4 <§G(°> (0) + ;G(()) (0) + ;G(O) (0) — Z—2G(O)(z)) ) +0 (ﬁ> : (708)

Comparing both sides order by order, we find that their being equal to each other is precisely equivalent to the
one—loop one—cut quadratic equation (463)—(469). This completes the proof.
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Let us move to establish the validity of the one-loop ¢ = 3 master formula in its quadratic-equation version. The
Lh.s. reads

1S 1 1 11 K& 1
T T T 2T =

1 <1S 1 >+<1S 1 >>_ (709)
2= Yk szlyk_yj Jj:zl (yk_yj)2

Substituting here the one-loop ¢t = 1 and ¢ = 2 master formulae (478), (479), and keeping only the two leading large—J
orders, we further get

+ % (2%/)(0) () o0 () + p, —1yk GO (z) - ﬁﬁm () — ¢ (yk)>> +0 (%) . (710)

To deal with the leading term of (710), we substitute the expression for the density p(®)(y) (533), and exploit the
procedure (331) to write the sum through the resolvent,

%+2(1—u(1+20¢)z) L2 aye )t 2>:

1
Yr Yk o T Yk (z — k)

1 (2 (1—p(1+ 2a)z)G(0)(0) L) 2 (1 — (1 + 20)2)

z z

GO (2) + (2 — a)(z — b)G(O)’(Z)> +

. G(l)(o) + G(l)/(o) _ 2 (1 - ,U(i + 204)2)

11 <2(1 — (1 +20a)z)

TRz G (2) + (2 = a)(z = )GV (2 >> +O( : >

J3
(711)
The next—to—leading term of (710) consists of a piece with resolvents, and a piece with densities. The former one is
tackled by using the linear equation (532) and the procedure (331),

=g () - ¢ (yw) -
Yk
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The latter one is rewritten as an integral with the density p(®)(y), since we are interested only in the leading order,
which does not produce any boundary contribution. But then, it is treated as an integral with the density p( (y),
and thus, expressed through the bulk resolvent G(1):Pulk(z),

S

w2 1 1 w2 1 1 1
AR N S SN (1) 1) — T2 qun @2 () 1Y
37 2 (Z_yk)Qp () P () = 573 ., due (¥)°r(y) e +0 <J3>

11 2(1—p(1+2a)2)1 1

- = du o™ Z4 =
21952 /C [ dup (y)< . st +
2(1 —p(l+20)2) 1 5 B
+ . Z_y+u<z a)(z b)( — +0( 5

11 (20— p(1+20)2) L) bk (1), bulks
o J? 1222 < 2 ¢ 0)+@ ©)

_ 2 (1 - M(l + 2(1)2) G(l),bulk(z) + /142(2 _ a)(z _ b)G(l)’bulk/(2)> +0 (i) —

z

_ 11 20— p(l+20)z) (1)
_J21222< . G (0) + G'V'(0)

_ 201 = p(1 +20)z) GW(2) + p2(z — a)(z — b)G“”(z)) +0 (%) , (713)

z

where in the last passage we have used a surprising cancelation of the contribution from G(1)-bourdary () The Lh.s.
of our t = 3 master formula in its quadratic—equation form, up to two leading large—J orders, is, thus, given by the
sum of (711), (712), (713).

On the r.h.s., we proceed in a very similar way. To the leading order in (480), and the first term of the next—to—
leading one, we apply the method (331), while the second term there is handled by changing summation to integration,
and in this way writing it through G(l)’b“lk(z). This yields

S

1—p(l+2a)z
23

GO (0) 4+ LI+ 2992 coyr gy 4 L o gy — Mg<o>(2)> n

1 1—pu(l+2a)z 1 1—pu(l+2a)z W (z—a)(z -0
B! (*G%) & Lgor) - LmBlE 20z gy ) | e 0E=Y) o

1 1 1 1
L a0 L cor)+ Loy~ Lao
+5G00) + 5 GO(0) + GO (0) - 560 (2)+

+W<(\/&+\/1+—a)4L (\/a—\/u—afﬁ»m(l). (714)

z—a J3
Remark that the last line is a contribution from G(l)’bou“d"”y(z). Comparing this r.h.s. with the previously computed
Lh.s., we confirm that they are equal, thus finishing the proof of the one-loop ¢ = 3 master formula for our one—cut
case.
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IV. SOLVING THE ALL-LOOP ONE-CUT QUADRATIC EQUATION AT THE ORDER O (JO)

In sections IV, V, VI, we solve the all-loop one—cut quadratic equation (453)—(462) at the three leading large—J
levels, one in each section. All the formulae are much lengthier than for one loop, but the main complication happens
to be the hyperbolic cotangent coth(mp(®)(3)), appearing in anomaly computations. For these reasons, we will need to
be reinforced by some simplifying assumptions; we will consider two different limits: e the small-w (weak—coupling)
approximation, e the large-mode—number, fixed-winding—number approximation (which probes the strong—coupling
regime).

A. The Exact Solution to the All-Loop One—Cut Quadratic Equation at the Order O (JO)
1. The Ezact Resolvent G (z)

The leading—order equation (453) is quadratic, and gives

GO (z) = m (22 - iz +w?(2a —1) + 51 P(z)) ) (715)

where P(z) is the quartic polynomial
_ 45l 2,(0)) ,3 L 2 (9,2 2 21 2,,.(0) 4
P(z)==z —2—(1+20¢—2w7 )z—i— — +2w? (207 —1) z+2w—(1—2w7 )z—i—w. (716)
[ 7 [

This increase in the order of P(z), from two at one loop (509) to four at all loop, is the primordial source of complication
in the computation to follow. In order to conveniently handle the two—valuedness of this solution, we define y/P(z)
as

VP(Z)=Vz—aVz—bJ/z —c1vz — ca, (717)

where a, b, ¢1, ¢2 denote the four roots of P(z) (see below (740) for the justification of this notation), the square roots
on the r.h.s. are principal, and s; = %1 is a sign, to be specified below (746).

The basic features of this solution:

e At complex infinity, the resolvent behaves as

0y, (14 5182) 2 (0 1+s182) 1 1
G()(z)—f—i— —slsg(a—w ~( ))_T ;—i—O =) (718)
where so = +1 is some sign coming from
1 1
zlggo ;P(z) =1, which implies zlggo Z_QVP(Z) = 9. (719)

Hence, in order to have a correct 1/z behavior, the roots of P(z) and the sign s; must interplay in such a way
that

S§189 = —1, (720)

since then the O (20) term disappears, and we are left with

GO (z) = (a - wQW(O)) % +0 (i) . (721)

22

This is precisely what the relation (313) tells us. Remark that this, unlike at one loop, does not imply that the
large—z series of the subleading resolvents, i.e., G (z), G(®(z), etc., must begin at the order O(1/2?); they
have also to appropriately modify the 1/z term.
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e Computing the resolvent’s value at z = 0, we find

GO(0) = p (—a L losiss _;153) : (722)

where s3 = £1 is some sign coming from
P(0) =w®*,  which implies P(0) = s3w?. (723)

Hence, in order to have the value at zero consistent with the momentum condition (455), the roots of P(z) and
the sign s; must be such that

5183 = +1, (724)
since then
GO(0) = —pa, (725)
as required.
e The first derivative w.r.t. z of the resolvent is

1

GOy =
(=) 2 (22 — w?)?

<22 — 4w?poz + w? +
1
+8—F—= <,u (1 + 20 — 2w2~y(0)> 2t — (1 + 4w2,u2042) 22+
/P (2)

+ 6wipaz? — w? (1+ 4w2u20¢2) 2 —whp (1 — 2w27(0)) )) . (726)

Its value at z = 0,

1— 5183
GO () = (0) 4 = °193
(0) = s1837" + 22

We see that only when the same condition as before (724) is satisfied, does this quantity comply with the
definition of v(©) (454),

(727)

GO(0) =4, (728)

as required by the resolvent’s self consistency. This also means that the constant v(%) is, without any additional
constraints, arbitrary. Such constraints will, however, be imposed (740), thus fixing v(©) (758).

e Let us explicitly print the values at z = 0 of a few further derivatives (we everywhere use (724)),

GO(0) = —% <u2a(1 +a) +9©@ — w27(0)2> : (729)
GO (0) = w46u2 <,u204(1 +a)+ (1+w?u? (1 -202)) 70 - 30202 4 2w4’y(0)3> : (730)
GO () = wifﬁ <,u204(1 + a)< 1+ p? (-1 —a+a?) ) + ( —142w?? (—14 o+ 3a?) )%0) +

+ 2w? (3 +w?? (1 - 3a?) >7<°>2 — 10wy (03 4 5w6~y<0>4> . (731)

Once the constant ¥(?) is determined, these values will allow us to find the large—.J leading—order terms of a few
lowest local conserved charges (336),

G(O)//.../(t,l) (O)

Qtllcading = —w, for t= 1, 2, N (732)
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e In the course of the computation, we will need the values of this resolvent and its three lowest derivatives at the
points z = *w. Naively, it seems that they diverge due to the vanishing of the denominator, but the numerator
can be checked to be zero as well, and so, they are in fact 0/0 symbols. Applying the I’'Hopital rule leads to

(0) Kk 1—a)—~0,2
G = ._1+zwua(“‘%””“< = ‘”)’ (733)
2
GO (w) = Mig (a(l +a) + 2wpa (1 — o) — 2w?pa® (1 — o) —
(—1 4+ 2wpw)
27O w?(1 + ) + 27(0)2(4)4), (734)
2
GO (W) = LS po(l 4+ a)(1 + 20) + wp’a(l + ) (44 5a — 5a?) +
(—1+ 2wpa)

+ 40?120’ (1+ a) (=1 = 20+ 20%) + 4u®pu’a’ (1 - o®) +

+7(0)w<1—2wu(2+8a+3a2)+4w2 (=2 +a) + 8w y? 2)—1—

4+ 4023 ( — 1+ 4dwp(3 + 4a) — 4w?p? 2) - 8~y<0)3w6u> , (735)
6 2
GOy =—2 52021 + @) + 2wpa(l + )® (4 + 1o — 7a?) +
(—1 4+ 2wpa)

+28w?pta? (=24 ) (1 + a)® — 8w’ pPa®(1 + a)® (2 — 6a + 3a?) + 8w 4(1—a2)2+

+~© ( — 14 20p(2 + Ta) — 4w (2 + 1o + 270 + 50°) +
+ 8wt (=6 — 9o+ Ta?) + 16w’ a® (3 + Ta — o?) — 32w5u5a4) +
4(0)2,,2 (1 —2wp(6 + 7a) + 12020 (4 + 1o+ 902) +
+8w3,u304(6—604—704 )—|—16w4 4 2( 3+a2)>—|—
+ 87030 (1 2wp(5 + Ta) + dw?ps? 2) + 407w 8u2> (736)

while the values at z = —w are obtained from these ones through exchanging w with —w. We have already
assumed sy = —1, s5 = +1 (745), which are yet to be defined and determined.

e The resolvent is easily checked to fulfill the pertinent linear equation (501),

2wl —y
yr-w?

lim (GO (y+i0) + GOy —ie)) = u+

e—0t

for y e CY, (737)

where we have used the condition that there is only one cut (740).

e In particular, for w = 0, this solution reduces to our one-loop result (508). Recall that we have found for it
s = —1 (516), which is the true value here as well.

e It also precisely agrees with the formulae (3.13), (3.14) of [163] under the following substitutions of this article’s
quantities with our quantities,

1 1+ a— 2wy
A T S TP SIS i Tk i WY LY L A e
dnw’ 4w 4w 2 T w



146

2. The Ezxact Density p(o)(y) and the Definition of the Double-Root Consistency Condition

This exact large—J leading—order resolvent (715) produces the exact large—J leading—order density according to
(323),

" L1 vPE)| VPR
— (_ el 1 z= 1€ Z=Yy—1€ 739
pY) = (=51 oo limy 5 , (739)

for a certain domain of y. This density must be real and positive—definite. It will be real when the roots of P(z) are
all real.

Since the polynomial P(z) is quartic, the resulting density p(®)(y) is in general supported on a domain consisting
of two intervals. However, since the beginning of our computation, we have assumed that there is actually only one
interval (the “one—cut case”). This requirement puts an additional constraint on P(z) that it should have two single
roots a, b, and one double root ¢ (the “double-root consistency condition”),

P(2) = (z —a)(z — b)(z — ¢)*. (740)

In order to fulfill this, the otherwise arbitrary constant 4(°) needs to be fixed in the way described below in para-
graph IV A 3. We will adhere to this assumption everywhere in the subsequent calculations.

The density’s domain is now the interval
CY = [min(a,b), max(a,b)], (741)
and the density itself is obtained from the discontinuity of the square root \/P(z) = (z — ¢)vz —avz — b,

POy = (—s1) =L Sly—a)b—y), for yecCv. (742)

2ry? —w

We can corroborate our derivation of the density p(®)(y) by checking whether it indeed yields back the resolvent
GO (y) upon applying (324). No boundary term is expected. The integral (534) allows us to find

1
G(O),bulk Py E/ dyp(O) y _
@= [ anu)—

_(_sgm(mVP(W;M\/P(‘“’)HVP(“’”QVP(‘”) ) P(z)) (43)

Now (716) gives

2 2
1 1
P(w) = w? (— - 2wa> , P(~w) = w? (— + 2wa> , (744)
I I
hence, there will for sure be
1 1
P(w) = sqw (— - 2wa) , P(—w) = spw (— + 2wa> ) (745)
I I
where s4, 85 = £1 are signs originating from the root structure of P(z). Plugging (745) into (743), we get that
GOk — GO0 (), if and only if s1=—1,84 = —1,55 = +1, (746)
which also in turn implies (720), (724) that
52:—|—1,83:—1. (747)

In this way, all the unknown signs (which follow from the order in which the roots a, b, ¢ of P(z) lie on the real axis
w.r.t. each other and the points 0, w, —w) have been determined by the requirements that our solution for G(®)(2)
e has a correct large—z behavior, e is consistent with the momentum condition, e is consistent with the definition of
7 e leads to a density which yields it back upon (324). Moreover, the roots a, b, ¢ should be real, to make the
density real, and the density should be positive—definite,

y—c
2

>0, for all y e’ (748)

P35 2

Yy
We will investigate and impose these conditions below.
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3. The Ezact Solution to the Double-Root Consistency Condition

In order to satisfy the double-root consistency condition (740), the constant 79 should acquire a certain value,
which we will now find.

It is convenient to reformulate the condition so as to force both P(z) and its derivative to vanish at z = ¢,

P(c) =0, P'(c) =0, (749)
i.e., explicitly,

4 31 2. (0) 2 (1 2 (o 2 21 2_(0) 4

¢ =26~ (1420 - 2% 0) + & (5 + 27 (207 - 1) ) + 2007~ (1-229@) 10t =0, (750)
2 H p
3 21 2_(0) 1 2 (o, 2 21 2. (0)
16" = 62— (1420 = 202 @) 420 (= + 2% (202 = 1) ) + 207 (1- 2% =0, (751)
n n p

which are two equations with two unknowns, 7(°) and ¢. Instead of this set of a quartic and a cubic equation in ¢, we
can have two cubic equations by multiplying the latter one by ¢/4 and subtracting it from the former one,

1 1 1
—é—@4Qa—zﬁ%®)+8<744w%mf—n)+3w%-@—2ﬁ¢m)+mﬂ_o. (752)
1 1 u

Now the set of (751) and (752) fully captures the double-root consistency condition (740).
We proceed in the following way: We find 4(°) from (752), which is a linear equation for (),

Au2a+1) — 2 (1+2w?p? (202 — 1)) — 3cw?p — 2w p?

~(0) =
2cw? 1 (¢? — 3w?) ’

(753)

which we then substitute to (751), obtaining a sixth—order equation for the unknown c/w,

(5)6 - (5)4 (W21M2 +4a% + 1) + (5)3 i—z - (5)2 (W21/L2 +40® + 1) +1=0. (754)

This equation has a high order, but also possesses a crucial property that it is self-reciprocal, i.e., the coeflicients by
the powers (6 — ¢) and ¢, for any ¢t = 0,1,2,3, are identical. (We will see how reciprocity reappears in our further
calculations.) This feature allows us to simplify it greatly according to a standard procedure. Namely, some regrouping
and introducing a new variable

d=<+2, (755)
w ¢
make it equivalent to a depressed (i.e., having no quadratic term) cubic equation for d,
1 S8a
B —dl——=+4(a®+1 — =0. 756
(w2u2+ (o® + ))+wu (756)

This equation yields some three solutions for d, call them d(*), d?), d® and each of them gives two choices for ¢ by
inverting (755),

i) = 2 (dD 4 5gV/dD7—4),  for  i=123,  s5==L (757)

These are the six solutions of (754). (Let us assume that the square root vd®2 — 4 denotes actually, for (d"? — 4)
real and positive, the positive square root |[v/d(®)2 — 4|, a possible sign being taken into account by sg. For complex
(d2? — 4), we could define it as the principal square root, but this will be irrelevant for our discussion.)

Now that we have found ¢, we plug it back into (753), and simplify with help of (756), which gives

w22

3dH2 — 16 ’

~2240 42 (Ar +4(e? - 1))
,7(0)(i756) L +1 — 560/ dD2 — 4 wp (a 3)

2w Wik *

(758)

Wl
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which is the value necessary for P(z) to have a double root.

The value of the double root ¢ is shown in (757), and the two remaining single roots can also be found. We take
P(z) (716), fix in it 4(°) with one of the values (?)(%56) (758), and divide it by the polynomial (z — c(*56))2,

) ) 2 -
(z _ a(z,sw) (Z _ b(z,s@) — 21 Z(_ e SG% 102 44
7

I o 3

1 24 : 1 1 . N
b L (Mo (344, (3a% —1) ) dD —dss | —5 +4w (a® — ) ) Vd®2 - 4+566—ad(” VdD2 —4) |+
3d"2 — 16 2 wp? i

1 1 9 9 1 12w (i) 12w - 3 9 9 . -
- - il _ - _ i ()2 _ 4— 2 _ (1) (i)2 _
+3d(i)2_16<8< 5 +dw (a 3)> p d" +s6 d 4—s6 52 T2 (30 =1) | dVVd 4.

1 1
(759)

We have thus explicitly solved the double-root consistency condition (740): In order to ensure it, the constant
7© must be given by the formula (758), with some i = 1,2,3 and some sg = £1, where d is the i-th solution of
the depressed cubic equation (756). Then, the double root ¢ is expressed by (757), while the remaining roots a, b by
(759).

This is not the end of the story, since having found the roots a, b, ¢, we need to impose on them the conditions
from the end of paragraph IV A2, i.e., that they be real and obey (746)—(748). It is these requirements that will
decide which root number ¢ and which sign sg have to be chosen. They can probably be imposed in full generality,
but it will be simpler and enough for us to do so within one of the approximations which we are about to make.
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B. The Weak—Coupling Limit
1. Introduction

The double-root consistency condition (740), solved by (758) and (756), is quite a complicated implicit constraint
on the quartic polynomial P(z) (716). Therefore, in order to practically proceed further, we need to restrict ourselves
to some sector of the parameters w, u, o where it simplifies significantly enough. In this subsection, we will consider
the limit of

1

, i.e., in other words, J = — — oo. (760)

0
v 4w

Actually, we will discover that a more convenient expansion parameter is
n=wi, (761)

and we will need to have n < 1. The leading order of this approximation has of course been found in section III, but
here we will want to derive its several subleading terms.

2. The Perturbative Values of the Roots a, b, ¢ and the Constant *

We start from solving perturbatively the depressed cubic equation (756). We observe that the leading term of
any solution should be of order O(1/w). Forming an ansatz d = d_; /w, and retaining only the leading small-w part
of the equation, we get the following three solutions,

1 d_ 1 i
L=t ro (D)o sonedny i

fori=1
fori=2 . (762)
i fori=3

| [ ]

Now we aim at finding the small-w perturbative solutions around each of these values,
; 1 i i i
d9 = ;d(,)l +wd? +wPdy) +0PdY + 0 (7). (763)

We have already indicated that there will be no even powers in the series. We also decide to restrict our interest to
the four leading terms. Plugging (763) into (756), and solving order by order, we find

dV =8na — 32n%a (1 + a?) + 1287°a (1 + 6 + a*) + 0 (1), (764)
d? = % +2n(1—a)* —29*(1 — a)? (1 — 6+ a?) +

+47°(1 — )? (1 — 1a + 340 — 140° + ') + O ("), (765)
d® = — % —2n(1+a)*+2n°(1 +a)® (1 +6a + o) —

—4°(1+a)? (1 + lda+ 34a® + 14a® + o) + O (") . (766)

We notice that the expansion parameter is actually small n = wpu, not w alone, as we will also see in all the subsequent
series. We do not know whether it is possible to determine a formula for the coefficients of the polynomials in o which
appear at any given order, but we remark that they are self reciprocal. Notice that d®® can at each order be obtained
from the corresponding order of d® by changing the signs of x and a; d), however, has a different structure.

The small-n expansions of the roots a, b, ¢, and the constant v(©) follow from substituting (764)—(766) into the
exact formulae (759), (757), (758). Let us start from ¢. The solution d(V) yields

10) — fsq 4+ 0 (w?), (767)
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which is not real, and thus, should be removed. The ¢ = 2 case differs only by changing the signs of y and « from
i = 3, which we print below,

%(—7724-774(14—404—!—2042)—2776(1+10a+23a2+160¢3+3a4)—|—

+n8 (5 + 88ar + 41202 + 75203 + 5900t + 192a° + 20a6) +0 (7710) ) for s¢ = sign(u),

c®s0) = (768)
%(—1—772 (1+ 4o+ 202) +n* (1 + 12a + 2602 + 16a° + 2a*) —
=21 (1 + 220 + 10302 4 1760 + 1230 + 320° + 2a5) 4 O (1®) ) for s¢ = —sign(u)
Since at one loop, the double root is zero, there must be sg = sign(p) if i = 3, or sg = —sign(p) if ¢ = 2.

Before calculating the series of the single roots a, b, it is useful to consider the discriminant of the quadratic
polynomial (759), in order to see whether they are real or not. We find that for ¢ = 2, the leading small-n order of
the discriminant is always negative, while for ¢ = 3, always positive. Therefore, the i = 2 case is unappropriate. In
this way, we have found the correct root number and the correct sign,

i=3, s¢ = sign(u). (769)

The small-n expansions of a, b read then
a,b-i((\/a:F\/14——&)2+n2<1+2a+2a2¢2a\/m> —
—n4<<1+6a+10a2+8a3 —|—2a4> ¥ a(1+a)<— 1+2a+7a2+2a3)>+
+ b <2(1 1 12a + 3902 + 5603 + 430 + 16a° + 2a6> -+
+Val + a)< —4— 1la+ 2202 + 59° + 30a* + 4a5)) +0 () ) (770)

(it is arbitrary which root to call “a” and which one “b”; here, we adopt the names to match the one—loop terminology
(509)), while of the constant (%),

~© ZMQ(—a(l +a)+n’a(l+a) (14 3a+a”) —
—27*a(1+ @) (1+7a+130° + 70° + o) + O (n6)>. (771)

We observe that all the leading terms precisely coincide with the one-loop results. The upper line of (768) and (771)
agree with the formulae (3.34) and (3.35) of [163] under the translation (738) and ¢ — ¢/n. Remark that terminating
the series of d at the fourth leading order leads to four leading terms of a, b, ¢, and three for 4(©). More orders
could easily be derived. An important finding is that in all the above expansions, there appear only even powers of
7. Figure 31 compares the exact values of the quantities in question to their small-n approximations.

At the end of this paragraph, a small comment: Notice that we have now two different ways of approximately
writing the polynomial P(z), through the roots (740) or through the constant v() (716). It can, however, be checked
that these two versions coincide up to the order of the truncations,

(2 —a)(z = b)(z — ¢)? abegvenby  —PE)| 5O gvenny =0 (n"). (772)
the expansions (770), (768) the expansion (771)
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FIG. 31: Plots w.r.t. o € [0,1] of the exact values (solid red), and the small-7 series truncated up to one (dashed cyan), two
(dashed green), three (dashed blue), or four (dashed brown) leading orders, of the quantities ¢ (FIRST ROW), a (SECOND
ROW), b (THIRD ROW), ¥ (FOURTH ROW).
The parameters are set to m = 1 everywhere, and w = 0.05 (i.e., n = 0.17 ~ 0.31) (LEFT), w = 0.01 (i.e., n = 0.027 ~ 0.06)

(RIGHT).
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3. The Perturbative Density p'® (y)

In order to find the small-7 expansion of the large—J leading-order density p(®)(y), we change the variable y to t
according to (539),

pO(t) = pV(y)

u (a—c+(b—a)t)(b—a) —
{2”¢%§@“&1fi Vi) fori= 0 (773)
g ot oo Q@D /iT—1) for p<0

Now, it remains to use the small-7 series of the roots (768), (770), to obtain (we print the four leading terms),

}yﬂt

pO(t) = 1 (08 (1) + 57 O + o (" + o (0° + 0 (%) ), (774)
where (we take p > 0),
(0) . l — 2 04(1 + a)
po (1) =2 Vi t)1+2a+2(—1+2t) al+a) (775)
A0 =~ Vi) ” .
” (1+2a+2(—1+2t) a(1+a))
-(2a2(1+a)(—1+2t)+ a(l+a) (—1+a+2a2)), (776)
A1) = 2T =) Lo

™

(1 + 20+ 2(—1 4 2t)/a(l + a))5'

- <2a (5 — 6o — 89a% — 1840 — 1120 +

+ 2t< — 5+ 14a + 12902 + 2720° + 168a4> -

—48t%a(1 + a) (1 +4a + 70?) + 32t%a(1 + @) (1 + 4o + Ta?) )+

++/a(l +a)<—3— 9o + 78a? + 2560° + 2240t —

~ 16ta (1 + 140 + 4702 + 42a3) + 16t2a<1 + 140 + 4702 + 42a3)) ) , (777)
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WO (t) = =i — 1) Lo

i (1+2a+2(—1+2t) a(l—l—a))?.

- <2a< — 21 —49a + 1611a? + 12641a° + 40566a* +
+ 674400° + 5961608 + 253447 + 358405 —

— 2t< — 21 + 119a + 427502 + 302650° + 97678 +
+165328a° + 14816008 + 63360a” + 8960a8) +
+16t%a(1 + @) <63 +1000a + 616902 +

+ 1729603 + 232200 + 13600a° + 2240a6> -

~ 32631 + a) <21 + 4400 + 288302 +

+ 835203 + 11500 + 68000° + 1120a6> +

+12808%2(1 + )2(1 + 20) (4 +19a + 320% + 7a3> -
—512t52(1 + )2(1 + 20) (4 + 190 + 3207 + 7a3>>+
++vVa(l + ) (7 + 110 — 601a” — 10132a° — 445240 —

—920320° — 9657605 — 4710407 — 716805+

+ 16ta( — 9+ 262a + 3061a” + 133060° + 28052a* +
+299600° + 1472005 + 2240a7> -

- 16t2a< — 9+ 5500+ 579702 +

+ 253540 + 546920 + 59480a° + 2944008 + 4480a7)+

+ 512632 (1 + @) (18 + 153a 4 6000 4 10650 + 780a* + 140a5) -

—256t1a%(1 + ) (18 + 153a + 6000 + 10650 + 7800 + 140a5>) ) . (778)

The leading term is of course equal to the one-loop density (533). In figure 32, we test this small-n approximation of
the density.

4. The Perturbative Quantities G (0) and F(z)

The exact values (733)(736), combined with the small-7 expansions of ¢ (768), a, b (770), and v(©) (771), allow
us to find the small-7 series of the following important objects:
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FIG. 32: The exact density, [0,1] 3t +— p(©(¢) (742) (solid red line), compared to various truncations of its small-7 approxi-

mation (774): one (dashed cyan), two (dashed green), three (dashed blue), four (dashed brown) leading orders kept.
The values of the parameters are: m = 1 everywhere, a = 0.9 (TOP), o = 0.1 (BOTTOM), and w = 0.05 (i.e., n = 0.17 ~ 0.31)

(LEFT), w = 0.01 (i.e., n = 0.027 ~ 0.06) (RIGHT).

First, the r.h.s. of the momentum condition at the level O(1/J?) (462),

1 1
G2 (0) = < - ol +a)(1+20) - 67720‘(1 +a) <3 + 30a + 75a° + 53a3) -

1

- 6774042(1 + @) (57 +591a + 201102 + 2757a° + 1312a4) —
1

- g776042(1 + @) ( — 27 — 69a + 1723a% +

+112980” + 269670 + 282350° + 10889a6) +0 (n®) ) : (779)

The leading term is checked to be the same as for one loop (528). Only even powers of n are present.

Second, recall the quantity F(z) (461). Since it depends on z, before expanding, we must restrict it to some
domain of this complex argument having a definite dependence on w. Let us start from considering this term’s
contribution to the second local conserved charge, i.e., to Y2 = G(2/(0). Tt seems (459) that in order to reach this

goal, we need to calculate
AR (i ) N Y
=0 dz \ 5 /P@)

where we have used that the denominator % (—2(2? — w?)G0(2) 4+ 22p — z + w?p(2a — 1)) = £ /P(2). Surprisingly,
for any w, this limit is zero! Notice at this point that for one loop, i.e., taking first the limit w — 0, the above limit

(780)
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to its small-n expansion, terminated at one (dashed cyan), two (dashed green), three (dashed blue) leading orders.
The values of the parameters are: m = 1 everywhere, w = 0.05 (i.e., 7 = 0.17 ~ 0.31) (LEFT), w = 0.01 (4.e., n = 0.027 =~ 0.06)

(RIGHT).

z — 0 is finite and non-zero (697),

. . d .7:(2’) o 1 4 2

This means that, as far as this object is concerned, the two limits do not commute. However, this will not be the way

to derive 4(?). We will soon understand that the proper contribution of the term F(z) to the large-J next—to-next-—
to—leading—order energy is proportional to its value at the double root, z = c,

2),from F(z) — € a1 2
’Y() o ():wTM]:(C)_'u (Ea(1+o¢)(2+11a+11a)+

1
+ 6n2a(1 + @) (2 + 57+ 27002 + 43203 + 222a4) +

1
+ 6"40‘(1 + ) ( — 10 — 1660 — 41802 +
+ 13430 + 65740 + 8623a° + 3673a6) +0 (n° ) : (782)
Remark that the leading term coincides with the one-loop result (781). We again observe only even powers of 7.

Figure 33 presents tests of this expansion.

Another effect of F(2) is its contribution to the density p(®)(¢), which according to (459) reads

1
p(2),from F(z) (t) =—— lim L’Z) _ & (783)
27i e—0+ LVPQ)|, ., Z—ttic =VPE)|,_, Z=t—ie

We will not print it explicitly, as it is somewhat lengthy.
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C. The Large—Mode—Number, Fixed—Winding—Number Limit

1. Introduction

In this subsection, let us investigate how the all-loop computation can be tackled with assistance of yet another
approximation — the large-mode-number, fixed—winding—number limit, which we have introduced and discussed for
one loop in paragraphs III A 3, IIIB5, IIIC5,

[ — 00, a— 0, po = w = fixed. (784)

Instead of w, it happens that a better fixed parameter will be

K=/ 2w|m|. (785)

At one loop, we have removed all the instances of p in favor of a. Here, let us do otherwise, namely, replace all the
a’s with x?/(2w|pu|), and take p to be large. Using a as an expansion parameter would cause for example the terms
of the series of a, b, ¢ diverge for k close to zero, which does not happen if y is used. Also, this is how this limit has
been formulated in the literature [163, 185]. Moreover, we will find that p appears only as the combination n = wp
(761), which now should be > 1.

The application of this limit to our exact formulae will be precisely parallel to how we have proceeded for weak
coupling in subsection IV B, so, only the highlights will be printed.

2. The Perturbative Values of the Roots a, b, ¢ and the Constant v

The depressed cubic equation (756) is solved perturbatively at large n to yield

1 11 11 1
AV = —k? - = k21 + )+ = =2 (1465 +£%) + 0 = 786
77211 22774,%( +I€)+24n61£( +65% + &%) + =) (786)
d® — _g® (787)
K2——K2
11 2 11 2
3 2 2 2 4
d<>:_2—§ﬁ(1+5) +¥n—4(1+n) (1+6r*+ ") —
11 2 1
—ﬁﬁ(l—l—ﬁ) (1—!—14/@2—1-34/14—1-14/164—/%8)—1-0(¥>, (788)

where we terminate the series to include only four leading orders. Remark that the polynomials in  are self-reciprocal.

The expansion of the double root ¢ founded on the solution d) again happens to be non-real, and hence, must
be disregarded. Based on the positivity of the discriminant of the polynomial (z — a)(z — b), we find that there are
four possibilities left to investigate: ® case A: p > 0, s = +1, d =d®), e case B: 1 > 0, 56 = —1, d = d®, e case C:
p<0,86=+1,d=d?, ecase D: u <0, s =—1, d=d?. Were there no other restraints on the roots, all of these
sectors would be correct. However, we know that the density must adhere to the conditions (746)—(748), i.e., that
it is positive—definite, and that the signs ss = +1, s3 = —1, s4 = —1, s5 = +1. Let us enforce the first of them. The
order of the roots w.r.t. to each other and the points 0, w, —w is respectively,

—w<c<l<w<ac<b, for case A, (789)
c<—w<0<b<a<uw, for case B, (790)
—w<a<b<0<w<eg, for case C, (791)
b<a<-w<0<c<uw, for case D, (792)

which implies that only in cases A and D the density is positive—definite,

y—c >0 y cases A and D,
‘me { S 0’ for all Yy S C y for { cases B and C ° (793)
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This fixes the root number ¢ and the sign sg for any given sign of pu.

The appropriate large—n series of the roots are then derived to be

1—I€+Ii2)———1—l€ 1+m22+
5 ( =)t (14
(1= )% (3 — 4+ 1347 — 106" + 134" — 4s° + 345 ) +

+ i%(1 — k)t (1+H2)2 (1 — K+ 4K? —H3+Ii4) +0 (%) >, (794)

210 1)

(795)

. 11 11 2
c=&gn(u)w<—1+§;(1+52) _ﬁﬁ(l—h{ﬂ) __$;<;2 (14 r2) +

11 2\2 2 4 31 2 2 4
+?E(1+n) (1+6n +n)+§—n (1+n)(1+3n +n)—

11 1
1+ /%) (141462 + 3462 + 1465 +63) + O [ = | . 796
210 ne n7

These remaining requirements on the density must now be checked as well. We find that the expansions (794)-
(796) give

lim —+/P(z)=+1 (exactly), (797)

zZ—00 22
1

PO)=—-w?+0 (7) : (798)

2w 7|1 = 140 ( ) for case A,
P(w) = v (799)

2wl 1+” +0 (%) for case D

2w 04“”"” ) for case A,
P(—w) = (800)

2w a% +0 (7) for case D

Therefore, the derived large—n series of the roots obey the first two conditions in question, but the other two are
fulfilled only if an additional constraint is introduced,

k<1, i.e., in other words, |lw| < T, (801)

which is physically justified. This also reappears in various situations as a necessary condition of self-consistency of
our approximate calculations.

We may finally proceed to the large—n energy, which in both cases reads

1 K2 11 11 11 1
0 2 2 2 2 2 2 4
'7()—_2<—?+§—:‘$—?—2,‘$ (1+I€)+¥—4I€ (1+I€)(1+3I€ +I€)+O(—6>>. (802)

All the polynomials in k above are self-reciprocal.

In figure 34, we provide a pictorial proof that even a few leading terms of the above expansions, and even for a
small parameter 7, constitute very accurate approximations of the exact values.
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FIG. 34: Plots w.r.t. € [0,1] of the exact values (solid red), and the large—n series truncated up to one (dashed cyan), two
(dashed green), three (dashed blue), or four (dashed brown) leading orders, of the quantities ¢ (FIRST ROW), a (SECOND
ROW), b (THIRD ROW), ¥ (FOURTH ROW).

The parameters are set to w = 0.1, m = 2 (i.e., n = 0.47 ~ 1.26) (LEFT), w = 0.5, m =1 (i.e., n = 7w =~ 3.14) (RIGHT).
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3. The Perturbative Density p'® (y)

The large—n series of the roots a, b, ¢ (794)—(796), plus the procedure of changing the variable y to ¢t (539), allow
us now to find the pertinent expansion of the large—J leading—order density (742). Let us write the four leading terms,
even though the above truncations could lead to six ones,

o) (1) = 1(np<0%<>+p“<>+ p()“+n2”§0“+o(n_13>)’ (03)

where (let us restrict ourselves to p > 0),

PO(t) = % t(1 - t>m2“’ (804)
Oy — 1 W2 (1— k)2 2
po () = - t(1 —t) (= ant) ((1 ) =2 (1+~7) t), (805)
O _ L — 1 K
P = @ o1 =1) (1 — k)2 + 4rt)* 8

- ((1 — f<a)4(1 — 2K + 6K% — 2K3 +n4) +
+4r(1 = 1) (14 #2) (3= 106+ 367 ) 4

+ 3262 (14 #%) (2 - 35 + 202 ) 2+

+64r° (14 £7) t3>, (806)
(0) _ l — 1 —Iﬁsl
pa () = —Vi(1 t)((l—m)2+4l<at)4 3

: ((1—&)6(1—.%4—&2)—

—2(1 - k) (4 155+ 457 — 15n3+4m4>t+

+8(1 -k 2(1 — 165 + 21K — 3053 + 21k — 1657 + Hﬁ)t2+
+ 825 (14 12) (3= 165+ 2557 = 1687 + 3 ) ¢*

+1285% (14 #%) (2 - 51 + 262 )+

+ 25657 (1 + K2) t5>. (807)

An important observation is that the leading order here is O(n), i.e., the density explodes with p growing to infinity.
Remark that self-reciprocal polynomials of x reappear also here, at any order.

In figure 35, we test the above approximation. Even though the expansion parameter 7 is very small in all the
figures, we observe accurate agreement, even when only the leading order pf)% (t) (cyan color) is compared to the exact
function (red color).

Finally, let us mention that if we use the large—n terms of the density to compute the corresponding bulk resolvent
in the variable Z (542),

1
GZ(,O) bulk( 7) = / dtp(o)( )ﬂ’ for p=-1,0,1,2,..., (808)
o _
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FIG. 35: The exact density, [0,1] > t — p{?(¢) (773) (solid red line), compared to various truncations of its large-7 approxi-
mation (803): one (dashed cyan), two (dashed green), three (dashed blue), four (dashed brown) leading orders kept.

The values of the parameters are: k = 0.9 (TOP), x = 0.1 (BOTTOM), and w = 0.1, m = 2 (i.e., n = 0.47 ~ 1.26) (LEFT),
w=0.5 m=1 (ie,n=m~~3.14) (RIGHT).

and then we form from them G(©):Pulk(7),

u 1 0),bulk 0),bulk 1 0),bulk 1 (0),bulk 1
GO (Z) = — (nd_; (2)+ G (2) + ;Gg P (Z) + ﬁ(;g M (Z) +0 (?)) . (809)
it will be correct, i.e., equal to G(©)(z) ‘z:a+(b_a)z, only when the condition x < 1 (801) is satisfied. Let us print
the explicit expressions for the four leading coefficients, for p > 0, without assuming (801), in order to show that the

integration (808) produces factors of |1 — k2|,

G(O)7bulk(Z) 1 1 — &2 -
- 2 2((1- k)2 + 4rZ)
1
e AR (810)
Gy (2) = % (1+5%) +
11— 2| - .

S r)+an2) ((1 R)" 48 (14w )Z)
_ ((1 - H)21+ 4I€Z)2 \/Z\/Z — 152 ((1 — FL)Z -9 (1 + H2) Z)7 (811)
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Ggo),bulk(z) — 31_2 (1 + :“:'/2) ((1 _ 5)2 + 4KJZ) _
|1 - Ii2|

C32((1— k)2 +4k2)°

. ((1 - /@)4(1 — 2k + 4K? — 2K° +Ii4>+
+4rk(1 — K)? (3 — 6K + 262 — 6K + 3&4) Z+
+165% (3 + 4k2 4 35 Z2> -

1

_8((1—5)2+4ﬁ2)3\/§'z_1”

- ((1 — k) (1 =2k + 6K — 253 +I€4>+
+4n(1 = 1)? (1+ #2) (3= 108+ 35%) Z+
+326% (14 12) (2 - 36+ 262) 22+

+64K° (1 + ) Z3> : (812)

GO (z) =~ éﬁ (1+r%) 2(Z - 1)-

‘1—/{2

8((1— k)2 +4k2)*

: ((1 —r)i=

- (1 — 12k + 6K2 — 1265 + I€4)Z—

3
P

—85(1—}—&2)22)4—
1 ..
8((1—5)2+4ﬁ2)4ﬁ 71

. ((1—&)6(1—.%4—&2)—
—2(1—r)*
+8(1—k)

+

(4= 15+ 452 = 1567 + 45t ) 7+

2(1— 168 + 2157 - 308° + 215" — 1687 + 5°) 22+
+ 826 (1+ 12) (3= 165+ 2557 — 1687 + 351) 2%+

+1285 (14 8%) (2= 51+ 262) 2+

+256K° (1 + £7) 25) : (813)

The agreement, for k < 1, of these coefficients with the expansion of the exact result, serves as a confirmation of the
validity of the general technique we employ, namely, the method of changing variables from y to ¢.

Let us briefly reiterate on the discussion from the end of paragraph III A 3. Namely, recall that Z, unlike ¢, may be
of any order at large 7, depending on how we define a domain of the underlying complex argument z. Therefore, if we
are dealing with a large—n series whose terms are functions of Z, each term needs to be further expanded. This may
cause the “problem of terms of equal order,” i.e., that an infinite number of terms of the initial series will contribute
to a given term of the resulting expansion. Let us show an example of this situation. Consider the denominator
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appearing in the resolvents G()(2) (456), G(?)(z) (459), and its value at z = w, which can easily be exactly computed,

! = LG = 1+ (814)

2
z .y w

(—2 (22 — w?) GO (2) + 2% — 2 + w?u(2a — 1))

Now, we try to derive it approximately: We change z to Z, and instead of G(°)(Z), we use the expansion (809). We
get the following structure,

1 1 1 1
(the Lh.s. of eq. (814)) = = < (term I), + p (term II) , + s (term IIT),, + <$> ) . (815)
But Z corresponding to z = w depends on 7,
- 1—r)2 1(1-x2)° 1 (1-r2)(1—x! 1k(1-nr2)° 1
e B s O Y G RO YU B W2 SN R N
b—a 4k n 16k 72 64k 73 128 nt
and consequently, each term must be further expanded,
11
(term I), = —4n+ (14 £*) — 37 (1 +/§2)2—|—
+ii(1+m2) (1+x)+0 1 (817)
16 772 773 ’
1
— (term II) , = — 12n+ 8 (1 + k%) —
n
11 9 4
- —— (17—1—40/{ + 17k )—I—
4n
+1i(1+n2) (114165 +116%) + O 1 (818)
81° ")’
1
po (term IIT),, = — 327 + 32 (1 + K°) —
11 9 4
— —— (91 + 204K> 4+ 91x™) +
4n
b (14 &%) (1714 3326% + 1716%) + O 1 (819)
16 772 773 ’

etc. Unfortunately, each of these series commences at the same order, and hence, the entire expansion (815) would
be necessary to recover even the leading term of the quantity in question.

4. The Perturbative Quantities G (0) and F(z)

Similarly as in paragraph IV B4, we are now able to calculate the large—n expansions of two important objects,
namely, the r.h.s. of the momentum condition at the level O(1/J?) (462),

G2 () = — _
0= 4(1—-r2)" ! 48 (1 — K2)"
K2 (6 + 22k2 + 69K+ + 8k8 + 20K% — 6K10 + mm) 1
+ = +0|—= .
1536 (1 — x2?)

1 ( 4f<a2 (1+3f<a2+l<a4) 2/<a2 (2+7I€2+12I€4+7I€6+2I€8) n

(820)

2
and the contribution of the quantity F(z) (461) to the energy at the level O(1/J?), i.e., to v,

(2),from ]:(Z) o (& f(c) 1 ( _ 4 ,‘<;/2 (1 + 3,‘{/2 + ,‘<.'/4) + 3 ,‘<.‘/2 (3 + ,‘<.'/2) (1 + 3,‘{/2) 3

! e 4(1—r2) 6(1— r2)°

K2 (25 + 40Kk2 + 125* + 4K5 — 2148
—n? ( ) +0(n) |. (821)

96 (1 — K2)"
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FIG. 36: The contribution of the term F(z) to 4? (821), as a function of & € [0,1]. The exact value (solid red) is compared
to its large—n expansion, terminated at one (dashed cyan), two (dashed green), three (dashed blue) leading orders.

The values of the parameters are: w = 0.1, m = 2 (i.e., n = 047 =~ 1.26) (LEFT), w = 0.5, m = 1 (i.e., n = m ~ 3.14)
(RIGHT).

We have assumed g > 0. Remark that they both diverge as n* at large n. This is particularly important for the latter
one, as we will see that it constitutes the leading large—n contribution to the energy. Figure 36 shows how accurate
these approximations are, even when the expansion parameter 7 is not very large.

The quantity F(z) is composed of the values of the resolvent and its three lowest derivatives at the points +w
(733)—(736). Let us also print their large-7 series, as follow from the adapted truncation of v(9) (802),

1 2 2
GO(w)=-= <77—1 oy E g

w — K2 4
1/@2(14—/@2) 1
+5716(1—/€2)+O<$) , (822)
1 [ K2 1 k2 1
O ()= |2y - — 2
G (-w) w<4+7716+0 773>>7 (823)
1 2k2
(0)/ — |2
G (W) w2 <T] (1—[{2)3
2 1 32_ 4 6
LAt “3+”)+0<i2> , (824)
8(1—k?) 7
1 [ k2 1
0 _
GO(~w) = — <§ +0 <ﬁ) > (825)
2 2 2
G(O)”(w) :_i?) 38/4/ (1+1435) _772 2K _ T
S\ =) (1—r2)
K2 (1+ k) (1 +r2+ kY
) (42 )
(1—r?)
2 (143k% — k% + &S 1
Gkl “)+O<—> , (826)
8(1—k?) Ui

G(O)”(—w) _ % (%2 +0 (%) >7 (827)
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G(O)’”(w) _ 1 4 48K? (1 +3K% + ,%4) B 324.%2 (1 + I€2)
wt (1—r2)T (1—r2)°
9 12k2 (1 + K2+ 6k% + KO + Hg)
(1-r2)
32 (1+K2) (1 + K%+ K*
(1++%)( i ) o ) ). (828)
(1= ~?)

GO (—w) =0 (n°). (829)
Remark that for z = —w, there occurs a special cancelation which causes the highest order to be O(n°) for the

resolvent and all the three derivatives, even though it naively looks like the highest order might be O(n?).
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V. SOLVING THE ALL-LOOP ONE-CUT QUADRATIC EQUATION AT THE ORDER O (1/J)

The all-loop quadratic equation at the level O(1/.J) is actually linear and trivially solved (456). What remains to
be done, however, is to calculate o the “phase” term P(M)(z) (441), (443), and e the “anomaly” term, AM (2) (430),
(432), (434). For simplicity, we will henceforth assume pu > 0.

A. The Phase PV (z)
1. The Ezact Phase PM (z)

As we have discussed in paragraph I C 6, the practical way to handle the large—J leading—order Hernéndez—Lépez
phase input to the all-loop quadratic equation, P(M)(z), is to consider its integral form (443), which, as we have already
understood, does not give rise to any boundary terms, ’P(l)’b““‘(z) = ’P(l)(z), and thus, may be safely exploited.

It is an involved double integral, but it happens that it is exactly doable! Let us first introduce a new notation;
by a hat we will denote variables rescaled by w,

~ b
a=2 p=2 ezt =22 45=2Y (830)
w w’ w w w
and by a check, the following combination of our variables,
- b
dza+w, bzﬂ, ézc+w, ZEZ+w, gz“—w. (831)
a—w b—w c—w Z—w Y —w

Note: The ordering of the roots of P(z) true for > 0, i.e., —w < ¢ <0< w <a <b (789), translates in these new
variablesto 1 < b < @ and —1 < & < 0. Now, using the exact large—J leading—order density (742), the relevant integral

reads
2 b b

Wy — M dindi U — _ _ Y2 — ¢ )
PH(2) 87T3w/d/ D1 gy 1) 2 GG

-2 1 y1 — 9 g1+ 1)(92 — 1

: = P g <w> : (832)
1 =192 91 =92 (1 —i192) (71— D)(g2 + 1)
A somewhat long computation yields the following exact result,

RCrEE b)( &2

( (\/——\/_) 2(E -+ 2%+
+(—6a13 + 3 (2abé + (a + b)e )z—|—16\/_vw2+3a+b+20)z — 634
T 8VE—avE — b(e— 3) (\/ﬁc + 22) ) log(2)+

+4<aéé2—al}éz— (a+6+4\/aé+é) e3> —(a+b+e)zd 425" -
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—Vi—avzi—bé— )(4z —&Eitavi+ )>log(\/_+\/_)
+( — 2abé® + (2ab + (a + b)¢) ¢z + (a+ b+ 2¢)23 — 224) log(a + b)+

+é<—2dl§é+(2di)+( )z+4\/—z +4\/_\/z—a\/z—v )logab)

+4(¢ - 2) (abc —(a+bez+es2—2 (\/@c - 22) Vieavi- 6) log (\/%Jr i m\/ﬂ) +

V—Z)\/dQ 22\/b2—z210g(\/_—z+\/—\/—)

b (vVE=a+ 2—13)2
“a T Dy @ bz s avabyE —av: b

—\ 2
- z—a\/z—l}z(@z’_gz)(a+13+2z)10g (vVEFa+vz+1) )
T+avi+b 2ib + (a4 b)z + 2VabyE ¥ avz + b

(833)

. 2
2 (2 - 2) (d2+52—222) 1 (\/d2—22+ b2—z2)
— — og - - - — .
2V/a2 — 22/ — 32 20202 — (a% 4 b2) 22 + 2abVa? — 22/ b? — 22
It would take too much space to describe in detail the derivation. Let us just mention that we have exploited a certain
technique to deal with integrals containing logarithms. Namely, we rewrite them as contour integrals over the interval
[a, b], and subsequently, we deform the contour in such a way that it encircles the cut of the logarithm, and possibly
some other poles. The difference of the values of the logarithm above and below its cut is 27i, in which way the
logarithm is removed, and the integral reduced to a rational one. To ensure the reader about the agreement between
(833) and (832), in figure 37, we plot the quantities (838), (839) based on either of these formulae, observing perfect
alignment.

Comments:

e The domain of the variable z is
z€C, z ¢ [a,b], i.e., zeC, z ¢ [bal, (834)

since otherwise z would lie on the integration interval [a, b], and the integral (832) would develop a singularity.
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FIG. 37: LEFT: The contribution of the term P(l)(z) to the energy vV, as a function of a € [0,1]. Its definition, based on
the integral (832), is plotted in solid brown, while its explicit formula, based on the result (833), in dashed red.

The values of the parameters are: w = 1, m = 1. The numerical integration has been performed with
WorkingPrecision = MachinePrecision.

RIGHT: The contribution of the term P (2) to the density p*) (y), as a function of y € [a,b]. The colors of the lines as in the
left figure.

The values of the parameters are: w = 1, m = 1, a = 0.5, which amounts for a ~ 1.19, b = 2.49, ¢ =~ —0.58. The numerical
integration has been performed with WorkingPrecision = MachinePrecision, and e = 104,

e The integration process that has led to the expression (833) is valid only for z # w and z # —w (i.e., Z # oo and
Z #0). It can quickly be seen from (832) — for these two particular arguments, the multiplicity of the roots
w.r.t. g1, g2 in the denominator changes, and hence, the necessary fractional decomposition, and consequently
the integration process, should be separately repeated. We then obtain

PO (w) = w 1 .
967w (1 —a)(1 —b)(1—¢)?

. (2 <(a +B)3 — 12abé + 6(a + b)& — Vab (3a2 + 2ab + 3 — 6(a + b)c + 1262 ) +
+3( —(a—0b)*(a+0b)+2(a®+10ab+ b*) ¢ + 12(a + b)& + 16V abé(a + b+ 2@)) log(2)—
—6(EL+5+2&)<— (@ — b)? +4(a+13)é+8\/£é> log (\/5+ \/3) -

—3(a+b) ((a —b)?—-2(a+b)é— 4@2) log (& + b) +

+ 6¢ (2al3 +(a+b)c+2Vabla+b+ 2&)) log (ab) ) : (835)
and
W (_y) = PO — p)
P ( w) P (W)’wﬁfw P (W) dﬂl/(l,?}ﬂl/?}, e¢—1/¢é ' (836)

This complication implies in particular that we need to check the continuity of the function z — P (z) at these
two points. To this end, we have to take the limits z — +w of the general result (833). It naively seems to
explode there, but a careful investigation reveals it to be a 0/0 symbol, which upon triple application of the
I’Hopital rule yields the finite values identical to (835), (836),

lim PW(z) = PW(+w), (837)

z—tw

and therefore, the function in question is continuous.
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e There are two important quantities based on P(M)(z). The first one is its contribution to the large-J next—to—
leading-order energy, i.e., to 4(!), which, as we will shortly see in paragraph V C 1, is proportional to the value

of the function at the double root, z = ¢,

(W,from PP (z) — € pW)py = _H 1 +€ '
) w?p (© 8mw? (1 —a)(1 —b)(1—¢&)

-<(x/7— \/§)2+ (3(a+0) +8Vab) log(2) 4 (Va+ \/E)Qlog (Va+vb)+

+ (a+b) log (a+b) + (d;i)w\/ﬁ) 1og(a13)>. (838)

e The second crucial object is the phase’s input to the large—J next—to—leading—order density, which according to

(456) reads
(1),from PW (z) (y)

p

1 JA-a)1-b)1 -1 +7)?

lim (73(1)(2 =y+ie) +PY(z=y— ie)) =

S Je-pe-ha-o
_n (1-9%)°
M- aa - - gy
< L (2(\F—\/§)2g(62—ég+y2)+
- 9)(G— b))

+< — 6abc® + 3 (2abé + (a + b)&?) § + 16V abcy® + 3(a + b + 2¢)y° — 6y4) log(2)+

+4 (2@13&2 — (2ab+ (a+b)¢) ey — AV abe? — (a+ b+ 28)5° + 2g4> log (\/5 + \/1_7) +

+< —2abé® + (2ab + (a + b)¢) &y + (a + b+ 2¢)5° — 2g4) log (& + b) +
—I—c( — 2abé + (2ab + (a + b)¢) § + 4\/@;2) log (ab) +

+ (¢ —7) (2(1(36 —(a+b)ey— (a+ by + 2g3> log (%) ) —

_8< e — zf) arctan %ﬁy—b)

arctan

)t V@ =g -9 ) .
(
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FIG. 38: The contribution of the term P®)(z) to the energy "), as a function of a € [0, 1]. The exact value (838) (solid red)
is compared to its small-n expansion (840), terminated at one (dashed cyan), or two (dashed green) leading orders.
The values of the parameters are: m = 1 everywhere, w = 0.05 (i.e., n = 0.17 =~ 0.31) (LEFT), w = 0.01 (i.e., n = 0.027 ~ 0.06)

(RIGHT).
=005, m=1 (wu ~0.31) || =09 |
| ©=001, m=1 () ~006) || =09 |
015 F i 0.0015 [ | ]
= 00010 F 1 =
~ ~
g i s
010 1 & , g
£ 00005 || S
Y [ s
[ QU
’ 0.0000 |+ t
0.05 H
l ~0.0005 | .
00 02 0.4 06 08 10 0.0 0.2 0.4 06 08 10
=005, m=1 (wu~031) |[ e=0.1
| “’ m=1 (e ) |[a=01] =001, m=1 (wy ~0.06) | =01
0.020 [ ‘ 5 -
0.00015 [
0015 - ] !
0010 - _ 000010 | .
& 7/ g
0.005 | 1 g 000005 | A
= . =
= [} o »H;
0.000 = £ 000000 — C 5
~0.005 F ] \ -~
-000005 F % pd 1
~0.010 k. ‘ ‘ ‘ ‘ g L N
0.0 0.2 0.4 06 08 10 00 02 04 06 08 10

FIG. 39: The contribution of the term P (z) to the density p(*)(t), as a function of ¢t € [0,1]. The exact value (839) (solid

red) is compared to the leading—order of its small-n expansion (841) (dashed cyan).
The values of the parameters are: m = 1 everywhere, a = 0.9 (TOP), o = 0.1 (BOTTOM), and w = 0.05 (i.e., n = 0.17 ~ 0.31)

(LEFT), w = 0.01 (i.e., n = 0.027 ~ 0.06) (RIGHT).

2. The Weak-Coupling Limit

Having the exact formulae for our two important objects (838), (839), it is straightforward, though time-
consuming, to obtain their series in various parameters. In this paragraph, let us expand them at weak coupling, .e.,

at small w.
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FIG. 40: The contribution of the term P (2) to the energy 7", as a function of x € [0,1]. The exact value (838) (solid red) is
compared to its large—n expansion (843), terminated at one (dashed cyan), two (dashed green), or three (dashed blue) leading

orders.
The values of the parameters are: w = 0.1, m = 2 (i.e., n = 047 =~ 1.26) (LEFT), w = 0.5, m = 1 (i.e., n = ® =~ 3.14)

(RIGHT).

The contribution to the energy at the level O(1/J),

8 16
(I from PEE) — “3< ~ g0t (L 0)" 07 0 (14+0)°(3 + 8a) + O (1) ) : (840)

Notice that the Herndndez—Lépez phase commences only at the order O(n3). Moreover, unlike the weak—coupling
series of the energy at the level O(J%) (771), and unlike the contributions of the anomaly A™M(z) (856) and of G(©)(2)
(892) to the energy at the level O(1/.J), where 1 appears only in even powers — here we find odd powers of 7.

The contribution to the density at the level O(1/J), necessarily in the variable ¢, happens to be quite simple,

rom P (2 Jfrom P (2
pOHfrom PG (1) = 3 pfrom P (1) 1 0 () (841)
where
p(l),from P(l)(z)( ) _ 1 /L2 1 .
’ VI 9672 ( —(va-vita)’\’
4y/a(l+a)
-<(\/a—\/1+a)4—8(1+2a+2a2 — (14 2a) a(1+a))t+8(1+2a+2a2)t2>. (842)

Again, the leading weak—coupling term is O(n?).

Figures 38 and 39 reveal how accurate these leading—order approximations are.

3. The Large-Mode—Number, Fized—Winding—Number Limit

Analogously, the two exact quantities (838), (839) can be expanded in the limit (784), i.e., at large p, small «,
fixed k = \/2w|w| (which we take to obey x <1 (801)). In both cases, we have found the three leading terms.

The contribution to the energy at the level O(1/J),

rom P (2 1 1
Ay (Dfrom PT(=) — e <m <2/§2 + (83— 112) log (1 — H2) + (14 K?) log (1+ 112) > +
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FIG. 41: The contribution of the term P™)(z) to the density p*)(t), as a function of ¢t € [0,1]. The exact value (839) (solid
red) is compared to its large—n expansion (844), terminated at one (dashed cyan), two (dashed green), or three (dashed blue)

leading orders.
The values of the parameters are: k = 0.9 (TOP), x = 0.1 (BOTTOM), and w = 0.1, m = 2 (i.e., n = 0.47 ~ 1.26) (LEFT),

w=0.5m=1 (ie, n=m=3.14) (RIGHT).

1 K2
T 1087 (2“52 +(1-3k) log (1 — #?) — (14 K%) log (1 + K?) )+

1w’ 2 2 4 2 4 6 2
+Em(—2m (34957 + 51 ) + (= 3+ 452 + 20" + 95° ) log (1 - #2) +

+3(1+#2) <1+3l€2+l€4>10g(1+f$2))+O(n—16>>. (843)

We discover only even powers of 7, and that the series begins at O(n°), i.e., it is finite in the strict limit in question.
In figure 40, this series is put to a test.

The contribution to the density at the level O(1/J),

rom P (2 1 Jfrom P (2 Jfrom P (2 Jfrom P (2
pthfrom® ”(t):E(n?’p(f) PO ) el PO (1) 4 gL PEO 1) 10 (1)), (844)

where the leading order reads
1

472 (1 — )2 + 4rt)°

1),from P (2
4 “)

. < 26 (1= #)? + 4nit) 48 (1 #?) arctan (2/@«&(1 - t)) -

t(1—1) 1— K+ 2kt
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C2((A =R (L +r+R%) +26 (L+R%) 1) . A/t — 1) (14 &2+ 26t) (1= K)* + 26) |
V(1 + K2+ 2kt) (1 — k)2 + 25t) TN T A= R2 (1 + #2) + 46(1 — £)%t + 85282

_(1—/@)2—2(1+n2)t (1 — k)% + 4rkt
=) fo <(1 (L Kﬂ)) ) (845)

and the next—to—leading order,

(1),from P(l)(z) o R
= t .
- O = T (= P 1 4m0)?

. < 2k ((1 — K)* + 4kt)

_:‘<L4 :‘<62 _K2 _ o — I<J2 I€3—l<;4
(14 12 + 20t) (1 — 1) + 26 t(l—w(“ (1 #%) + 201 = 1% (= 1+ 165 — 4% + 18 — 5 ) +

+ 45( — 9+ 45k — 53k + 51K3 — 10f<f*)1t2 +8K2(1 — k) (=15 + 178)¢° — 128&3#‘) -

1— x4+ 2kt

—192x (1 — k%) t(1 — t) arctan (2”7 M) +

8kt(l —1t)
+
(1+kr%242kt) (1 -k

R ((1 —R)t (6 46+ 11K% + 685 + 654> +

k(1 — k) (9 1062 + 9m4>t + 82 (9 — 9k + 10k2 — 9K° + 9K4>t2+

+ 48K* (1 + /{2) t3) arctan <4H\/t(1 ) (A +r*+26t) (1K) + 2/%))

(1= k)2 (14 K2) +4k(1 — k)%t + 8K2t2

v AV (1 — k)2 — 8 (9 — 8k + 92) 12 . 213 Io (1 — k)% + 4kt
+ t(l_t>((1 )t 4 326(1 — k)2t — 8k (9 — 8k + 9K2) 12 + 48k (1 + )t>1g<(1_52)2(1+52)>>, (846)

and the next-to—next—to-leading order,

T 4r2((1— k)2 + 4kt)°

‘rom z 1
p(l),t PO )(t)

K
( 8L+ k242662 ((1— k)2 +26t)2 VAL - 0)
10 2)2 4 2
-((1—5) (1+42)" (26" 4362 + 26+ 1) +
(1 = R)* (14 #2)" (105" + 457 — 642 + 155+ 4) 4

4k (1 — #)° <76/-@8 13257 + 133k + 658K7 — 25k + TT6K% — 652 + 234k + 17) 124



+3263(1 — k) (2758 + 12257 + 14655 + 48245 — 8k* + 638K° — 98K + 2064 — 11)t3+
+32x4(1 — 5)2( — 7K® + 21657 + 1298k° — 550%° + 1308k + 700x> — 170k% + 690k — 125)t4+
+1281<a5( — 23k — 3367 + 2205k0 — 399647 + 4273k — 2544K7 + 87Tk + 1561 — 94) £+
+2564° (56/-;6 — 10014° + 2682k — 2954x° + 1992k — 525k — 26>t6+

+512n7<143ﬂ4 — 864r3 + 10942 — 672k + 75)t7+
+12288K° (952 21K+ 7) £t 573445%9) +
+((1 —kK)® (3&4 — k% 4+ 3K% + 1) +
12r(1 — H)3< —3K% 4 27k — 44K® — 1262 + 35 + 5>t+

+241%(1 — f<a)< — 3K% + 21" + 4K> + 20K% + 9k + 1>t2—

264/t(1 — ¢
—128x%(1 — k) <3f<&3 + 3k% + 5k + 1>t3 + 256H4t4) arctan <7K ( )> _

1—k+ 2kt

1
8 (14 k2 4 26t)°/2 (1 — k)2 + 2kt)°/?

-((1 — ) (1+ 82" (24 #2) (1 +26) +
F4m(1 = 1) (14 ) (108" = 267+ 176° — 4587 + 208" — 4557 + 1767 — 26+ 10 )+

+4R2(1 = R)® (1 -+ k2) (826° + 4857 + 2635 + 3267 + 686k" + 3247 + 26312 + 48k + 82 )12+

+16K%(1 — K)* (74#0 + 9257 4 449k8 + 260K7 + 116565 + 27267 + 1165k + 260K° + 449x% + 92k + 74)t3+
+32k%(1 — K)? (51510 + 72K°% 4+ 763k% — 2567 + 13625 — 336K° + 1362k — 256K° + T63K% + 72k + 51>t4+

+128k° (3/@10 — 1056 + 773k% — 1168K7 + 1320k°% — 1198x° + 1320x* — 1168x> + 773k% — 105K + 3)t5+
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+128x5 (3558 — 602k7 + 1584k° — 1526k + 1594k* — 1526k + 1584K2 — 602k + 35>t6+
+512I€7<43I€6 — 956k° + 301k — 256k + 301k2 — 256k + 43>t7+

1819248 <4I€4 — 0k® 4 4K2 — 9k + 4>t8+

4k/t(1 — 1) (1 + K2 + 2kt) ((1 — k)% + 2kt)
9 2\ 49
1638457 (14 7 ¢ ) aretan ( (1= R)2 (1 + #2) + An(1 — )2t + 8212

1

TNl

( (1—r)° (1+~7) (FL4 — 2K% + 6K —2&4—1) +
+8k(1 — k) (2/@6 — TK5 4 18k% — 2263 + 18K% — T + 2>t+
18k2(1 — k)2 (15/-;6 — 7267 + 200k% — 3253 + 209K% — T2k + 15)t2+
+3243 (17/@6 — 1125 + 87k* — 96° + 87r% — 112k + 17>t3+
+ 2565 (T + 642+ 7)t* | log (1+12) -
— (1= w)® (14 %) (5" = 46° = 647 + 45— 3) +
a1 — k) <5I€6 — 8K% — 20k + 48K3 — 45K2 + 24 — 11)t+
+1682(1 — k)2 <7n6 4 8k5 — 1271 — 48K% — 151K2 + 56k — 17)t2+
6453 <n6 + 5657 — 9k + 1683 — 25K + 88k — 15)t3+
+256r4(1 + n)< TR - 3Ktk — 11)t4+

+1024k° (14 £) t° | log (1 — &%) +

26 —(1—r)® (14+#2)7 +
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+2(1 — w)* <f<a6 —6K° — k' + 4K — K? — 6K + 1>t+
k(1 — K)? (5«;6 —8K% — 69k — 128K — 69K2 — 8k + 5>t2—|—
16K (356 + 3267 + 53k — 6485 + 53k + 32k + 3>t3—

—256A3<m4 453 — 2K2 + Bk + 1>t4+

+5126* (1 + k%) t° | log (1 — k) + 4xt) )) : (847)

Notice that this contribution commences at the order O(n3), i.e., it explodes in the considered limit.

What is of major importance is that, as we have explained in paragraph IIIB 5, even though these terms indeed
provide an excellent approximation to the density, here both in the bulk and at the edges of the domain, as shown
in figure 41 — it is only the leading order (845) which will be usable for further computations at the level O(1/.J?),
since the subleading orders of the anomaly’s piece in the density (911) cause numerous problems associated with their
endpoint behavior, which may not be rendered well.
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B. The Anomaly AW ()
1. The Weak—Coupling Limit

The large—J leading—order input of the anomaly to the all-loop quadratic equation, A(l)(z), is too complicated
to be tackled exactly, due to the presence of the hyperbolic cotangent coth(wp(o) (y)), and therefore, we must be
reinforced by one of the approximations we have introduced. In this paragraph, we search for several leading terms
of the small-w expansion of this anomaly.

We will consider the integral form (434), and expand the hyperbolic cotangent as a sum over n (548),

P () () <coth (WP(O) (y)) - m) -

b
AW (z) = AW bulk(y — —7T/ dy L

a 2=y

b

1 1
Ay O (N2 Oy L
v, W) PRI

et (848)

:_22/

n>1794
where the exact density p(®)(y) is given by (742).

The integrand here is 1/(y — a)(b — y) times a rational function of y, and hence, the computation can be performed
by writing the integral as a contour one, and using the method of residues. To this end, it is necessary to factorize
the quartic polynomial originating from the last term in (848),

1 2 1
—oe e = A (v - W : 849
O T2 v =) 5w (849)
where
Qn(y) = (u2ab02 —wt 2) — 1% (2ab + (a + b)c) cy+

2 2 2w?v? 2 2 3 2 2\ 4 _

+p(ab+2(a+b)c+c® + 2 Y —pPla+b+20)y° + (0¥ — 1)yt =
= (1 =) (y—an) (Y= bn) (y — cn) (y — dn), (850)

where recall v = 27n (550). Of course, this task is too involved to be undertaken exactly, especially that a, b, ¢ are
themselves roots of a quartic polynomial, but it is straightforward to solve it perturbatively at small n = wp (761),
using the small-n series of a, b, ¢ (770), (768),

(1l +20) — /4p2a(l + o) + v2 N
an =

02— 12
+n2; plp? (1+2a+20%) -2 ) —
p? (p? —v?)

1
B Vapra(l+ a) + 12

(4u4a2(1 +a) + 2% (-1 4+ 200+ 20°) + y4)>+

1
+n4m <,u( —pt (1+6a+ 10a® + 8a + 2a4) +2u2? (-l1+a+ o)+ i3+ 2a)> +

1
_l’_

(Ap2a(l + o) + 1/2)3/2
+4p°%a(1 + a) (=4 — da + 90 + 7a®) + p'vt (=3 + 6a + 520° 4 60a° 4 18at) +

<8u8a2(1 +a)? (-1+2a+ 70 +20°) +

+2u70° (1 + 60 + 40?) +u8>> +0(n°), (851)
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bn = an \/4u2a(1+o¢)+1/2—>—\/4H2a(1+o¢)+1/2 ’ (852)
Cn = — nwu—ty +n4“u—ty (;ﬁ (14 4o+ 20%) + 21 + @) + 1/2)—
62(u+v)( 4 2 3 4 3 2
A (1+ 10a + 230” + 16a° + 3a*) 4+ p’v(1 4+ a) (4 + 170 + 8a”) +
+ 21202 (1 +20) (3 + 20) + 4P (1 + a) + u4> +0 (%), (853)
dp =cp |V—>—u ) (854)

where we have included everywhere the three leading terms. In the leading orders of a,,, b,, we recognize their one-loop
counterparts (552), while ¢,, d,, are zero at one loop. Remark that there are only even powers of 1 in all the series.

The integrand in (848) has seven poles outside of the contour encircling the interval [a, b] which yield non-zero
residues, namely, at z, w, —w, an, by, Cn, d. The sum of the residues is much too long to write it here, and we
will explicitly give only the small-n expansions of its contribution to the two important objects, the large—J next—to—
leading-order energy v(!) and density p")(y). An important observation is that the sums over n of the separate terms
of the small-7 series are convergent; in particular, this will not be true for the large-mode—number, fixed—winding—
number limit, as we have already discovered in paragraph III B5, and will see again in paragraph V B 2, thus forcing
us to use another approach.

Indeed, let us define

(1),from AM(z) — _ € (1) 855
. = - A (o), (855)

which will shortly be justified (see paragraph VC1). Then, we find

(1)from AV () _ 1 (v— Va2 2)2
Ay htre —22 v—4p2a(l+a) +v2) +

n>1

+Z > < - (2u4oz(l +a) (4+ 1la+30%) + 2% (3+ 100+ 50°) + u4) +

124
+
VAapZa(l+a) + 12

<4,u4oz(1 +a) (54 15a + 6a7) + 24°v% (3 + 1la + 6a°) + u4>> +
774
+2—; Z 21°a(1 + @) (8 + 52a + 89a” + 42a° + 5a) +
n>1
+p'v? (15 + 128a + 279a° + 2020° + 44a*) + p2v?* (15 4 38a + 190?) + 10—

a1 V) 272 <4u8a2(1+a)2 (45 + 3240 + 621a” 4 3700° 4 60a*) +
pro(l +a) +v

+2u°2a(1 + a) (53 + 481a + 1083a” 4 815a° 4 192a*) +

+ p'v* (15 + 218a + 603a” + 5560° + 164a*) + 1?0 (15 4 44a + 250°) + y8)> +0(n°). (856)
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FIG. 42: The contribution of the term A™ (2) to the energy v, as a function of « € [0, 1]. The exact value (855) (solid red) is
compared to its small-n expansion (856), terminated at one (dashed cyan), two (dashed green), or three (dashed blue) leading

orders.

The values of the parameters are: m = 1 everywhere, w = 0.05 (i.e., n = 0.17 =~ 0.31) (LEFT), w = 0.01 (i.e., n = 0.027 ~ 0.06)
(RIGHT). The numerical integration in the exact value is performed with WorkingPrecision = MachinePrecision =& 16, while
the numerical summations over n in the terms of the series are truncated at nmax = 100.

Notice that there are only even powers of i here. The accuracy of this series is pictorially tested in figure 42.

The contribution to the density is

2
p(l),from A(l)(z)(y) — _L Y lim (A(l)(y 4 16) 4 A(l)(y _ 16)) . (857)

—2mu(y — o)/ (y — a)(b—y) «—0*

Before expanding, we change y to t (539), as usual. After a tedious computation, we arrive at the following series,

rom AM (2 Jfrom AM (2 Jfrom AM (2
P em AT (1) = o D) + oy D0 +0 ("), (858)

Again, there appear no odd powers of 7. The leading order reads

1),from A (z 1%
o’ ) =

1
T an /il - 0valt o) (Va— Vita) + 4t/ ta)

v/ 4p2a(l + o) + v? (1 +8a +8a? — 16a(1 + a)t(1l —t) + 4(—1 + 2t)(1 + 2a) /(1 + a))
> ( - > (859)
V2 (14 8a+8a2) 4+ 16 (u? — v2) a(l + a)t(1 — t) + 4v2(—1 + 2t)(1 + 2a) /(1 + )

n>1

It can be checked to comply with the one-loop anomaly result (558). The subsequent non—zero term is more lengthy,

pgl),from A(l)(z) t) o 1 1

= 477/1\/f(1—t)\/a(1+04) ((\/a_\/H—a)2+4t\/m)3'

1
n>1 (1/2 (14+8a+8a2)+16 (12 — v?) a(l + a)t(l — t) + 42(—1 + 2t)(1 + 2a) /(1 + a))2

: <R1 + 2%ta?(1 4+ )2 Ry + 2*t%a(1 4+ a)Rs + 2563a*/2(1 + a)*? Ry +

+ 28t%02 (1 + )% Rs + 2'%°0°/2(1 + 0)*/2Rg + 2'%150° (1 + a)3R7). (860)
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FIG. 43: The contribution of the term A™ (z) to the density p*)(t), as a function of ¢ € [0,1]. The exact value (857) (solid
red) is compared to its small-n expansion (858), terminated at one (dashed cyan), or two (dashed green) leading orders.

The values of the parameters are: m = 1 everywhere, o = 0.9 (TOP, MIDDLE), o = 0.1 (BOTTOM), and w = 0.05 (i.e.,
n = 0.17r =~ 0.31) (LEFT), w = 0.01 (i.e., n = 0.027 ~ 0.06) (RIGHT). In the MIDDLE row, we zoom into the peak for
t € [0,0.1], not visible in the TOP row. In the numerical integration in the exact value, we have tuned the parameters to be
WorkingPrecision = 200 and € = 10757 while the numerical summations in the terms of the series are truncated at nmax = 100.

Inside the red brackets, we have a sixth—order polynomial in ¢; each of its coefficients contains the following structure,

1
R, (Rp,l +al T a)Rp,Q) Y Rys+a(lta)Rys, for  p=1,2,...,7, (861)

Vapa(l + a) + 12

where the 28 symbols R, 4, for p=1,2,...,7, ¢ = 1,2, 3,4, denote polynomial functions of the parameters p, o, and
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the summation variable v, which we list below,
Ryq =13 <8a(1 + @) (102407 + 3328a° + 40960° + 2224a* + 3640 — 990® — 31la — 1) p' —
— (40960® + 12288a" + 112640’ — 2560° — 60960 — 3328a* — 5680 — 9a + 1) 12 pu* —

— (8a% +8a+1) (256a” 4 5120° + 3200 + 64a + 1) 1/4) : (862)

Rip=21° <4a(1 + a) (—1024a° — 2816a° — 2816a" — 11040” — 280° + 690 + 8) u* +
+ (20487 + 5120a° + 3328a° — 1280a* — 2232a° — 772a% — 65 + 2) V21 +

+2(20+ 1) (4 + 1)(4a + 3) (160 + 16a + 1) 1/4), (863)

Ry3= u4< (—4096a" — 14848a° — 212480° — 149440 — 51520° — 7T140® — 1la+ 1) 1 +

+ (8a” + 8+ 1) (2560* + 5120° + 3200° + 64a + 1) y2>, (864)

Rig= 2y4< (2048a° 4 6400a° + 7680a* + 4304a° + 10640 + T7a — 2) p° —

—2(2a + 1)(4a + 1) (4o + 3) (16a* + 16 + 1) u2>, (865)

Ry = y( —320°(1 4 @)? (64a” + 80a” + 24a + 1) u® +

+4a(1 + a) (3072a° + 85760° + 8384a™* + 30080 — 68a* — 207 — 16) 12" —
— (614407 + 15360a° + 92160° — 54400 — 77520 — 2516a% — 193a + 2) v p> —

—6(2a+ 1) (2560 4 5120° + 304a” + 48a + 1) u6> : (866)

Ry =4v (8043(1 + ) (640° + 11207 + 560+ 7) u® —

— (307207 + 10112a° 4 122880° + 6320a" + 8040® — 3440” — 79a — 1) 2 p'+
+2 (76805 + 15360 + 480a* — 7760° — 5870 — 109a — 2) v*1i°+

+3(160” + 12a + 1) (160 + 20a + 5) 1/6) : (867)

Ros =12 (16a2(1 + ) (1280° +2720° + 192a + 43) u* —
— (61440° + 195840° + 23680a” + 131520 + 312802 + 2050 — 2) v° 1+

+6(2c + 1) (2560 + 5120 + 3040” + 48 + 1) u4> : (868)

Ry =417 ( —2(2560” + 6720 + 6240” + 2260 + 190 — 1) p* +
+4(3840° +1032a" + 10120° + 4210° + 620 + 1) 12 p*—

—3(16a” + 12a + 1) (160* + 20a + 5) y4>, (869)
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Ry, = u< —8a”(1 + ) (3200° + 576a” + 288 + 31) u® +

+ (76800" + 25600a° + 307200 + 148000 + 11400° — 10320 — 1750 — 1) vy —

— 2 (19200° + 38400” + 960a” — 23200° — 1611a° — 261a — 2) v* 1i°—
— 15 (128a* + 2560 + 160a° + 32a + 1) y6>, (870)

Rgy =2v (4a2(1 + @) (3200° + 4160° + 120a + 3) pu° —

— (38400 + 108800° + 10400a* + 33200* — 3200” — 271 — 12) 2 p*+

+2 (9600 + 1440a" — 1200° — 9800” — 383cx — 24) v/* i+
+60(2cc + 1) (80 4+ 8a + 1) u6>, (871)

Ry3 = —160(1 + a) (160° + 260 + 11a — 1) o+
+ 2 (12800° + 3264a* + 28800 + 970a” + Tha — 1) v2p*—
—4(9600° + 2640a” 4 26000° + 1053a” + 138 + 1) v* >+

+ 15 (1280 + 2560° + 1600” + 32a + 1) v°, (872)
R34 = 4<8a(1 + ) (802 4+ 9a + 2) 1’ — o (6400° + 13120° + 864a + 177) 2 '+

+ (9600 4 21600” + 16400” + 443a + 24) v*p* — 3020+ 1) (80* + 8a + 1) 1/6) : (873)

Ry = u< — 40”(1 + @) (3200° 4 4320° + 120a + 1) p° +

+ (2560a° + 7360a° + 6880a* + 18800 — 400a* — 197a — 4) v*p*—

— 2 (640a” + 960a”* — 1600’ — 7400* — 261c — 8) v p> —
—20(2a +1) (160* + 16a + 1) 1/6), (874)

Ryo =8v <4a2(1 + a)(4a + 3)(10a + 1)u° — (320a° + 760a* + 5200° 4 500” — 450 — 6) v p'+

+ (160a* 4 160a” — 100a” — 125a — 19) v*p® + 5(4a + 1) (4o + 3)1/6) : (875)

Ry3 = 2( — 160(1 + ) (8% + 9 + 2) u® + o (6400” + 12640 + 768 + 139) 121" —

— (6400 + 14800 + 11200” 4 281 + 8) v* i + 10(2a + 1) (160” + 16a + 1) y6>, (876)

Ry = 8((2a +1) (160% + 13a — 1) u® — (160a” + 2360° 4+ 94a + 7) v°p'+

+ (160a” 4 2900” + 155a + 19) v'p® — 5(4a + 1) (4o + 3)1/6) : (877)
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Rs 1 = I/( —4a*(1+a) (80042 + Tda + 3) 1l +
+ (480a° + 1160 4 760a* + 100” — 850 — 6) 121" —

— (240" + 2400 — 180a” — 2050 — 19) v*p? — 15 (8% + 8 + 1) u6>, (878)

Rs 2 =10v <4a2(1 +a)(8a+3)u® — (2 + 1) (240® + 340® + o — 4) P p+

+ (240® + 1207 — 21a — 10) "4 + 6(20 + 1)1/6), (879)

Rss = (—112a° — 1220% — 11a + 1) p®+
+ (3200” 4 4360° + 134a + 7) v?p* —
— (2400° + 4500 + 235a + 19) v pi* + 15 (80° + 8a + 1) 17, (880)

Rs.4 =10 (p* — 1?) ( (80% + 9+ 2) p* — (240” + 21 + 4) 7 p* + 6(2a + 1)u4) : (881)

Rs 1 = 1/( —40” (14 a)(8a + 3)u’® + (2a + 1) (24a® + 340” + o — 4) 2 p*—

— (240® + 120° — 21a — 10) v*p® — 6(2a + 1)u6), (882)

Rs =12 (u* - v*) (4042(1 +a)ut — (207 = 1) vp® — U4)7 (559

Res = (p* —1?) < (—8a% — 9 — 2) p* + (240 + 21+ 4) * 1 — 6(20 + 1)1/4), (884)
R4 =12 (uQ — 1/2)2 (2au2 — I/2) , (885)

Rry=v (u? —1?) < —4a®(1+ a)p* + (20% — 1) 2 p® + u4>, (886)

R7a =0, (887)

Reg= (42— )" (~2pPa+ 7). (33)

Ry 4 =0. (889)

Figure 43 presents a numerical check of the above formulae.

Except for the phase and the anomaly terms, in the numerator of the resolvent G()(2) (456) we find also the
derivative G(0) (z). Tts contributions to the pertinent energy and density read

(1)from G (2) — _€_ ~(0) 890
. = 60) (s90)
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y2
lim (G<0>'(y +ie) + GO (y — 16)) . (891)

-t
C 2y — oy —a)b—y) 0

The weak—coupling expansions are easily found,

rom (O)IZ
pDfrom 62y

Fy(l),from GO (2) :;ﬁ <a(1 +a)— 77204(1 +a) (4 + 1l + 3a2) +

+2n*a(l + @) (8 4+ 52a + 89a” + 420 + 5a*) + O (n°) ) (892)
and
plttrom G gy — pftrom ETE gy g2 prom E O ) 4 0 (i) (893)
where the leading term,
pittrem GG () = . ! (894)

Csr/il—Vel+a) (Va—vita) +4t/al+a)

and the next-to—leading term,

pgl),from G(O)’(z) (t) _ 1 1
8my/t(1 —1)y/a(l +a) ((\/a —VT¥a)’ +4t/a(l + a))

-
( — 14 1la+260° + 160° — 32t(1 — t)a® (1 4+ a) + 2(—1 +2t) (24 9a + 8a?) /a(1 + a)). (895)

2. The Large—-Mode—Number, Fized—Winding—Number Limit

In this paragraph, we aim at expanding the two quantities (855), (857), based on the anomaly A1) (2) (848), in
the series of large n = wy, small a, fixed kK = y/2w|w| < 1 (784).

The roots of the quartic polynomial @, (y) (850) can again be found perturbatively, and let us print a number of
their leading orders,

n n
— L(1 — k)% (K% (1 — K+ K%) +2(1 — K)*V7w?) el +0 1 (896)
16k 73 n* ’
bn =0an |N—>—H ) (897)
e =w —1+3(1+n2)1—1(1+m2)(1+f<;2+4uw)i+o ks (898)
" 2 n o8 7? ) )
dn=¢Cnly,_,_,- (899)

In the present case, however, these will lead to divergent sums over n, similarly to what we have already discovered
at one loop (600). Thus, one needs to resort to the approximation “coth & 14 ¢” (602), (616), as described in detail
in paragraph IIIB5.



184

Since the density p(® (y) explodes at large u (803), we are allowed to approximate, with an exponentially small
error, the hyperbolic cotangent by 1, to which, however, we must add the Dirac delta contribution. This prescription
is best implemented in the language (619) of

AWeoth oy — AW () — GOV (), (900)
and gives (621)

AMeoth () o g()scoth=1(,) 4 A1) (), (901)
where (622)

PO ) (y). (902)

b
A(l),coth:l(z) = —7T/ dy

Remark that this is really a large—p approximation, not only large—n; we will see it pictorially in figures 44 and 45,
which show how accurate (901) is, even for very small p.

2=y

Having removed the hyperbolic cotangent, the remaining integral (902) is of a rational function of y, and so, can
be exactly performed. One may wonder why we do this integral exactly, even though we have assumed the large—u
approximation, i.e., despite only its several leading orders will be meaningful. It is simply a question of economy —
to first do the integral exactly and subsequently expand the result, rather than conversely, which would require doing
a number of similar integrals for each large—u term we want to calculate. Now, the easiest way to approach (902)
is to integrate by parts (the density p© (y) vanishes at the endpoints), and perform partial fractional decomposition
w.r.t. ¢, which reduces the integral to elementary ones, yielding in the rescaled variables (830),

— 2 b §—&)2(g —a) (g —b
A(D)coth=1 (2) = 5/ dy G _1y)2 p(O)(y)2 _ ;T_w/ dg (y(é _)g()?é = )_(yl)2b) =

12 <(6—a) (L+32 —8ez + (2 +3) 2)

2(52 — 1)
+Li ( _ (gab+ @+ b)é) + (3(& +0)+2(1+ 2dl3)é) 2 - (2(d5+ 2) +3(a+ i’)é) e (d+ b+ 26) 23>'

. (1og(2 —a) —log(z — 5)) +

+ﬁ<1—aé— (1+2(a+6)+3a1§)é+ (3+2(a+1§)+a5+(1_a5)@) Z> log (Zii) N
+74(2__11)3<—1+a8— (12 -+8) +3ab) e+ (3 - 2(a+b) +ab - (1 - ab)e) z) log(Z:i) ) (903)
Comments:

e The domain of the variable z is
z€C, z ¢ [a,b]. (904)
e To be precise, the fractional decomposition that has led to the result (903) is valid for z # w and z # —w, for
which arguments we must integrate separately,

2 ~
ADseoth=1(y) — B (12(17 —a)(¢* —26+3) +

3847w
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FIG. 44: Tests of the approximation (901).

TOP: The contribution to the energy [0,1] 3 & — ") from the exact quantity A™*°"(2) (solid red) compared to the contri-
bution from the approximation A™M>***"=1(2) (dashed blue). We observe that they are very close to each other, i.e., the Dirac
delta term A™M(2) is very small.

MIDDLE: The difference of the previous two functions (solid purple) compared to the energy based on the leading term of the
Dirac delta term A®)9(2) (dashed green). This is an actual numerical confirmation of (901).

BOTTOM: The difference of the previous two functions (solid brown), showing the existence of subleading terms of the Dirac
delta term.

The values of the parameters are: w = 0.1, m = 2 (i.e., n = 047 ~ 1.26) (LEFT), w = 0.5, m = 1 (i.e.,, n = m ~ 3.14)
(RIGHT). The agreement is better in the left column, because p is larger there, even though 7 is smaller. The integral
comprising A1)t (2) has been done everywhere with WorkingPrecision = MachinePrecision = 16.
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FIG. 45: Analogously as figure 44, but here we compare the various contributions to the density [0,1] 3 ¢ — p(l)(t).
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The values of the parameters are: x = 0.5 everywhere, w = 0.1, m = 2 (i.e., n = 0.47 ~ 1.26) (LEFT), w = 0.5, m =1 (i.e.,
n=m = 3.14) (RIGHT). Again, the agreement is slightly better in the left column, even though in both it is very good despite
very small p. The integral comprising A)coth () has been done everywhere with WorkingPrecision = 200 and € = 1075.

2(b—a)(¢ —1)
+(a— 1)2(b—1)2

- (6 — 9(a +b) + 4(a% + b%) + ab(10 — 3(a + IS))) c) +

(12 —27(a 4 b) + 16(a% + b?) + ab(58 — 33(a + b) + 18ab) —

(905)
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and

A(l),coth:l(_w> — A(l),coth:l (w) ) (906)
This puts a question mark over the continuity of the function z — AM1):c2th=1(3) at these points. To clarify the
matter, we need to compute the limits z — fw of the general result (903). It naively seems to explode, due to
the denominator (22 —1)3, but the numerator can be checked to vanish as well, and so, we actually have 0/0
symbols. (Note that z = +w lie on the cuts of both log(z—a) and log(z —b), and thus, we need to approach them
from either the upper or lower half-plane; in both cases the numerator zeroes.) Applying thrice the ’'Hopital
rule leads to finite values identical to (905), (906),

lim A(l),coth:l(z) — A(l)’COthzl(:l:u)), (907)

z—tw
thus proving the function z s AM):th=1(2) to bhe continuous.

e We will now consider our two important quantities related to AM-0th=1(2)  Firstly, its contribution to the
large—J next—to-leading—order energy,

rom A(Dscoth=1(y c coth=
(1) from A () = —W—%A“)’ =(e) =
X 1—ab a4+ 1)(b—1
I PR El. I (?+ IUSEARY (908)
167w 2 (@a-1)(b+1)

e Secondly, its contribution to the large—J next—to—leading—order density,

p(1)from A<1>’C°th:1(z)(y)

1 2
Y lim (A(l),cothzl(z =y+ ie) + A(l),coth:l(z =y— 16)) _

T 2oVl o) o

[ g2 ((B—d)(g2(62+3)—86g+362+1)+
2(52 - 1)°

>

y—a
-lo — +
g<b—ﬂ)

é+1 ) ) ) . . a+1

+———=(1—-ab—(1+2(a+b)+3ab)c+ (3+2(a+b)+ab+ (1 —ab)c)y)log| = +
rots (1o (1t by sab) o (30 200D+ abr (- ) ) o (35 )
c—1

(—1+az§—(1—2(&+6)+3d1§)é+(3—2(a+13)+a13—(1—aé)é)g)log(Z:D). (909)

4(5-1)°

Now, it is straightforward to derive the large—n series of (908) and (909) up to any desired order: The level-O(1/.J)

energy,
(1),from A(l),coth:l(z) - i 1 _ 2 1 + K _
7 I G G SRl G
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FIG. 46: The contribution of the term A™®<°*"=1(3) to the energy v(); as a function of x € [0, 1]. The exact value (908) (solid
red) is compared to its large—n expansion (910), terminated at one (dashed cyan), or two (dashed green) leading orders.

The values of the parameters are: w = 0.1, m = 2 (i.e., n = 047 =~ 1.26) (LEFT), w = 0.5, m = 1 (i.e., n = ® ~ 3.14)
(RIGHT).

1 1

—FH&T/{Q(Q/{—I—(1+n2)10g<1_|__:)>—I—O<ni4)>. (910)

There are only even powers of 7, and the expansion begins at the order O(n°), i.c., it is finite in the strict limit
17 — oo. It is tested in figure 46. The level-O(1/J) density,

rom A(L):coth=1, 1 1),from A(1)-coth=1(, 1),from A(1)-coth=1(,
plistom AT ) = (30 0+ 0+

from A()-eoth=1(,
T ppa)e <Rw+om%>, (011)

where the leading order,

(1).from AD=1z) 4 1

-3 T A i =0 (1= r)% 1 4rt)

.<2 (1= K)? +4kt) + ((1—5)2—2(14-!%2)15) log ((i:f%) ) (912)

the next-to-leading order,

p(l),from A(l),cothzl(z)(t) — K (48/115(1 _ t) ((1 _ H)2 + 4/115) +

- 872 /t(1 — 1) (1 — k)2 + 4rt)*

+ <(1 — k)" +326(1 — k)%t — 8k (9 — 8k + 9x7) ¥ + 48k (1 + K?) t3) log <<1 + ,{)2 %) >, (913)

11—k

the next-to—next-to-leading order,

1),from A(1)coth=1(, X
o4 @ =

T 12872 A0 = Ok (1 — 1) + drt)®

: <4,.; (1 = K)* + 4kt) ((1 — &) (14 2k — 262 4+ 26% + k) + 46(1 — K)? (1 + 14k — 4657 + 145> + &%) t —
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FIG. 47: The contribution of the term AM°*"=1(3) to the density p(*)(t), as a function of ¢ € [0,1]. The exact value (909)
(solid red) is compared to its large—n expansion (911), terminated at one (dashed cyan), two (dashed green), or three (dashed

blue) leading orders.
The values of the parameters are: kK = 0.9 (TOP), xk = 0.1 (BOTTOM), and w = 0.1, m = 2 (i.e., n = 0.4w ~ 1.26) (LEFT),

w=0.5m=1 (ie, n=m=3.14) (RIGHT).

— 1657 (3 — 48k + 14k% — 48k” + 3k*) 7 — 5126° (1 + £ + £7) t° + 256/@4154) +

+ ((1 — k)% (L4 k%) (1+66% + k) +4k(1 — k)* (3 — 8k + 37k% — 48k® + 37x* — 8K° + 3k5) t +

+16K>(1 — £)? (5 — 326 + 139k% + 48> + 139k — 32k° + 5k°) 7+

+64r% (7 — T2k + 1767 — 165> + 176" — 72k° + Tr0) 3+

2
1
+ 256K (14 £)* (9 — 8k + 9r2) t* — 1024 (1 + K?) t5) log <(1 ki ”) ) —
— K

—4/@(—(1—/{)6(1—1—/{2)2—1—2(1—/@)4(1—6/@—/{24—4/@3—/@4—6/@5—#/@6)15—1—

+4k(1 — k)? (5 — 8k — 69K — 128k” — 69k — 8K + 5k°) 2+

+16r% (3 + 32k + 53k” — 64> + 53k + 32k + 3k°) 13—
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t
— 2563 (14 5k — 267 + 5k% + k%) t* + 5126 (1 + &?) t5) log (ﬁ> ) : (914)

Similarly as for the contribution from the Hernandez-Lépez phase (844), this density explodes at large n as n®. The
three above terms are tested in figure 47. All of them yield an accurate description of the exact object; however, it is
only the leading one (912) that can be subsequently used at the level O(1/J2) in our pursuit of the energy E () as the
subleading orders, however accurate, cause numerous structural problems, discovered in paragraphs III B5 and IITI C 5.

Let us finally move to the Dirac delta contribution in (901). Surprisingly, we obtain the same expression as in the
one loop case (624),

AW (2) = " ( L b) + O(subleading) + O(exp). (915)

_E zZ—a z —

Our two fundamental objects should be defined as

(1),from./4(1)’5(z):_i (1),0 916
~ = WQMA (), (916)

2

(1) from ADS(z), v 1 Yy . 1), . (1),6 .

p (y) = —=— lim (AY°(y+ie) + AW (y —ie) ) . (917)
2 (y — 0)/(y — a)(b—y) 0% ( )

And it is straightforward to derive their large—n series, from which obviously only the leading terms are correct,

(1),from .A(l)’&(z) _ 1 i ﬁ _ i +

v w (772 24 0 UM Otexp), )
) 1

p(l),from A 6(Z) (t) =7 +0 (770) —+ O(exp) (919)

96k2 (t(1 — t))*/?

As at one loop, the Dirac delta input commences at the next—to—next—to—leading order.
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C. The Energy EV
1. The Holomorphicity Consistency Condition for the Resolvent G(l)(z)

In subsections VA and VB, we have completed the derivation of the two critical ingredients of the resolvent
G (z) (456), the phase P(M(z) and the anomaly A™M(z), in either the weak-coupling limit, or the large-mode-
number, fixed—winding—number limit.

Let us recall the solution for this resolvent,

—P(l)(z) _ A(l)(z) 4 G(O)'(z) . w2#2,<1)

L(z—c)Vz—aVz—>

It features an arbitrary constant 4(!). It may be checked by differentiating the above relation w.r.t. z and setting
z = 0 that indeed G(V'(0) =~ as required (457). A similar situation occurred for the resolvent G()(2) (715),
(728). There, it was the double-root (i.e., one—cut) consistency condition (740) that fixed the constant 4(®) (758).
Here, the resulting density p(l)(y) will of course be supported on one interval, so, that condition is automatically
fulfilled. There exists, however, another constraint that the resolvent G(l)(z) must submit to, namely

G (z) = (920)

GW(z) — holomorphic everywhere except the cut [a, b]. (921)

We observe, however, that the solution (920) seems to violate it due to the apparent pole at z = ¢. In order to avoid
this situation, we have to assume that the numerator of the fraction on the r.h.s. of (920) includes a factor of (z —¢),
which implies in turn that it vanishes at z = ¢. This condition determines then the constant (1),

4O = w_;‘u (-PDe) = AV() + GO (), (922)
i.e., using a previously introduced notation,
A1) = (s from PO (=) (1) from AN (z) 4 (1), from GO (2) (923)
or
A1) = (1),from PO (2) + ~/(1),from AL eoth () (924)

In this way, the solution for G()(z) is fully found, and moreover, the second local conserved charge (338), i.e., the
energy (351), at the level O(1/J) is determined,

Q2|ncxtftoflcading = _7(1)7 i'e'a E(l) = _2(412'7(1)' (925)
2. The Weak-Coupling Limit of the Energy EW

Collecting the weak-coupling expansions of ~(1)-from PO(=) (840), (1) from AP () (856), ~1)from G (2) (892), we
find five leading terms of the constant v,

7D =48 iy 2D Yty 0P + 0 (n9), (926)
where
1 2
2 =pa(+a) + 53 (v— Ve Fa) +27) (627)
n>1

~ =, (928)
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’yél) =— uza(l +a) (4 + 1la+30%) +
n>1

Z < <2u a(l+a) (44 11a+ 30%) + 24202 (3 + 10a + 5a7) +u4> +

14

_l’_
Vapza(l + o) + 12

<4u4a(1 +a) (5+ 15a + 60°) + 24°v* (3 + 11a + 6a°) + 1/4)) : (929)

8
W = = 2 a1+ a)?, (930)
3T

’Yil) =2p2a(1 + @) (8 + 52 + 8902 4 420° + 5044) +

2
= <2u6a(1 +a) (8 + 52 + 89a% + 420° + 5at) +

n>1
+ p*'v? (15 4 128 + 27907 + 2020 + 440*) + pPv* (15 + 38a + 190%) + 10—
14
(4p2a(1 + a) +12)*/?
+ 2% a(1 + @) (53 + 481a + 1083a* + 815a° + 192a) +

(4u8a2(1 + @)? (45 + 324a + 621a” + 3700° + 60a*) +

+ 't (15 4 218a 4 6030” + 5560° + 164a™*) + *° (15 + 44 + 250°) + US)) : (931)
16
A = 5 it (1+0)° (3 + 8a). (932)

An important observation is that we have both even and odd powers of 77 here, with an annotation that the odd ones
(here: O(n?), O(n®)) originate exclusively from the Herndndez—Lépez phase, and thus, provide a means for its testing.

3. The Large-Mode-Number, Fized-Winding-Number Limit of the Energy EV

The 1arge mode-number, fixed-winding-number limit of the constant 4" is found by adding the contributions

S Wifrom PO(2) (843 (D). from A=) g1y o (1) from AN (2) (91g),
L
M = 5" o '+0 (77 ) + O(exp), (933)
where
1
" = T ( = 2(1 = k) + 4log(1 + k) + 2 (1 = #%) log(1 — k) + (14 #7) log (1 + +?) ) (934)
W
2
Y = 12gW3 ( —26(1 — k) — 4k2log(1 + k) + 2 (1 — 52) log(1 — k) — (1+ k) log (1 + 2) ) + f. (935)

We see that due to the Dirac delta contribution to the anomaly, which we have managed to determine only up to the
leading order, and which appears as the last term in (935), we are able to find only the two leading even orders of the
constant 7). Notice that the HerndandezLépez phase affects both these orders. The leading piece (934) can also be
checked to agree with the result (4.18) of [185] upon the substitution (738) and replacing m — —m (which or1g1nates
from the fact that we have a different sign of 4 than this paper), or more precisely, there is § EBethe = —2¢ ”y( ) = =Kk )
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4. The Weak—-Coupling Limit of the Density p(l)’fm""*(l) (v)

It is clear from the solution for G(V)(2) (920) that the constant 4*) develops the following input to the density
m
P (y),

2, (1)
rom (1) w
pDsfrom @y @7 Y (936)

T (- y—a)b—y)

Changing the variable y to t (539), as usual, and using the weak—coupling series of the roots a, b, ¢ (770), (768),
and the constant v(1) (926), we obtain

rom ~ (1 from ~
pOEem I (1) = T () 4+ 0 (0 (937)

where

(1)
1),from ™ 7, 1
N OF 0

Campna( o) Vi —t)

2a(l+a)+2> o (v = VAp2a(l + o V22
et ) 3T (v VBRI ) o5

drp/a(l + ) NATED)

Remark that the expansion begins only at the order O(n?), and that there is no order O(n?).

)

5. The Large-Mode—Number, Fized—Winding—Number Limit of the Density p(l)’f“’“”(1 (v)

Analogously, the large-mode number, fixed-winding-number limit of the contribution p(1)-from v (t) is derived
from the series (794)—(796), (933),

rom (1) ,from @
p om0 = el (1) 0 (1) + Ofexp), (939)

where

(1)
1),from v w, 1
P (1) = - =0

i i)

:—@E%P;(—2M1—@+4kgu+my+2a—m%kgu—my+m+n%bgu+mﬂ)————7. (940)

Similarly as at weak coupling (937), this is the next-to—next—to—leading order.
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D. The Density p™(y)
1. The Boundary Resolvent G1):Poundary ()

Let us start from using the linear equation (502) obeyed by the resolvent G (z) to derive this resolvent’s boundary
part, just as we have done in paragraphs IIIB 4 and IITC4. Recall it,

2
1 Y ~ (1)
20 (y) = R 70 (y) coth (w(o) (y)) +2P (y), (941)
where y € CY. In this paragraph, we proceed without any approximation.

The Herndndez-Lépez phase piece on the r.h.s. can be computed exactly, in a very similar way the integral (833)
has been found,

P =L v

272 Y2 — w2

<% <(y +w)(c—wWw—avw —b+ (y —w)*(c+w)V—w —avV—w — b —

w(y? —w?)
[ 2 [ 2
—2y(cy—w2) %—a %—b)—l—

+ 2m 5 log (Z;i) <—(y+w)2(c—w)\/w—a\/w—b+(y—w)2(c+w)\/—w—a\/—w—b+

w(y? —w?)

(2ab + (a + b)) y* + (4abe + w? (3(a + b) + 2¢)) y* —

el

—w? (2ab—|—3(a+b)c+4w2)y+w4(a+b+2c)>)+

' T <2( et i) =+ + @+ +
w(@—1)y/(a—1)(b—1)y2
- a 7 _ 3 _ \/ﬁ_v . pye l;
+4( dbé+§2)1og<\/_+\/g>—2 abélog (ab) + 261/ (5 + a) (5 + b) log yJ\r/aJ(ry\;% )@ + b) N
— ———\ 2
+l7(:t]+é)(d+6+2y)1og (m+ y+b) .
(+a)g+5)  \20b+ @+ B+ 2vaby/ (5 +a)(5 + D)
—26y/(§ — b)(@ — §) arctan b —3) - gEa+b-2) (- Dia -9 (Vab+7) )>
<7 - — - - 2 7
Vbt 24/ (5 —b)(@—19) ab_%(f_\/g) J+ 72
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where the “checked” variables are defined in (831). Importantly, this quantity is finite for y — a and y — b, and
hence, will not contribute to the boundary resolvent.

The piece with the hyperbolic cotangent on the r.h.s. of (941) can be handled analogously as at one loop (595),
and it is exclusively it that finally yields a very simple result for the boundary resolvent,

1 a® 1 b2 1
1),boundar; _
a ”(2)—‘1<a2—w2z—a+b2—w2z—b)' (943)

Similarly to what we have done at the end of paragraph IIIB4, let us use (943) to translate the three conditions
satisfied by the resolvent G(M)(z), namely

GV (z) =— w27(1)l +0 (%) , for z — 00, (944)
z z

GM(0) =0, (945)

G (0) =4O, (946)

to conditions that the density p*)(y) must fulfill. We get exactly,

/ dyp (y) 2oy L _a ¥ (947)
= — W —_
[, Wrila—=te—02=)
)
Py 1 a b
d =— 948
/Cy Y y 4<a2—w2+b2—w2 ’ (648)
)
P (y) 1 1 1 1
d =— — . 949
/ny 2 LA (D S S S (949)

We will use them as a cross—check for our density.

2. The Weak-Coupling Limit

The weak—coupling expansion of the complete density at the level O(1/.J) is found by composing the contributions
(841), (858), (893), (937), and its general structure is

PV () = p (1) + P () + 1PV (1) + O () (950)
where
p§1) () = pl-trem AT @) )y pltfrom G2 ) (951)
pS1 (1) = p{tHrom AT @) (g) y phfrom GV 4y | i) from 9 gy, (952)
oV () =pfem PO g). (953)

It is unnecessary to print these terms explicitly here. Notice that there is no order O(n), and that the Herndndez—
Lépez phase begins only at the order O(n?). The conditions (947)-(949), expanded at small 1 up to the order O(n?),
can be tested to be fulfilled.

3. The Large—-Mode—Number, Fixed—Winding—Number Limit

The full level-O(1/J) density in the large-mode—number, fixed-winding—number approximation is built from the
pieces (844), (911), (919), (939), and its general structure reads

PO ) =12 03(6) + 22 (t) + np ) (1) + O (1°) + O(exp), (954)
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where
) (¢) = épgg,from 7><”(z)(t) " %pgl%,from .A(l)’“’th:l(z)(t)’ (955)
PNt = ép(_l%,from P(l)(z)(t) " %p(_l%,from A“)*“’“h:l(z)(t)’ (956)
oM ) :ép(_li,from P(l)(z)(t) " %p(_l;,from A(l)meth:l(z)(t) 4 pl@) from A(l)ﬁ(z)(t) 4 pQ)from ’y(l)(t)' (957)

It explodes as 7° at large 7, as compared to 7 in the case of p(9)(t) (803).

Importantly, the Herndndez—Lopez phase is visible already at the leading order. As extensively explained in
paragraph IIIB 5, it is only the leading term (955) of the density p(*)(¢) that is reliable for the computation of the
energy E®?), for example due to the violation of the three conditions (947)-(949) by the subleading terms (which we
have discovered in (956), (957) to our dismay), or in other words, due to problems with G(1);Poundary (),
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VI. SOLVING THE ALL-LOOP ONE-CUT QUADRATIC EQUATION AT THE ORDER O (1/J%) —
THE ENERGY E®

In this final section, we attack the all-loop one—cut quadratic equation (459), but we do not aim at anything
more than finding the weak—coupling (in subsection VI A) or large-mode—number, fixed-winding-number (in subsec-
tion VIB) expansions of the constant ~®) i.e., also the energy E®). Appropriate orders of these series will provide
a testing opportunity for the Herndndez—Lopez phase.

A. The Weak—Coupling Limit
1. The Holomorphicity Consistency Condition for the Resolvent G(Z)(z)

If we recall the solution for the resolvent G (2) (459),

2 (2)

F@)+ (1= %) G2 + G/ (2) - PA(z) - AC)(z) — L2222
L(z—c)Vz—avz—-b ’

we see that it includes the unknown and arbitrary constant 4(2). The way to determine it has been described in
paragraph V C1, and is based on requiring the resolvent to be holomorphic everywhere outside the cut [a, b], which
in particular means that it should not have a pole at z = ¢. The numerator of the r.h.s. of (958) must thus vanish at
this point, which leads to the expression

G (z) =

(958)

2D € (]—"(c) " <1 - “C’_j) GO ()2 + GV (¢) - PO(c) - A“’(e)) - (959)

= —w2u

In this subsection, we will compute the weak—coupling expansions of all these contributions, up to the order O(n?),
which is the order where the Herndndez—Ldpez phase starts appearing. Also, we will derive some exact results, to be
used in subsection VIB.

2. The Contribution from the Resolvent GV (z)

Let us begin with the contribution

2
7(2),from G(l)(Z) = % ((1 — (;J_Q) G(l)(c)2 =+ G(l)/(C)) . (960)

The way to compute GV (c) and G (c) is to expand the numerator of (920) in z around z = ¢ up to two or
three leading orders, respectively. The first one, or the first and second ones, respectively, will be zero, thus canceling
(z —¢) or (2 — ¢)? from the denominator, and leaving us with finite results,

_p(l)/(c) —A(l)/(c) —i—G(O)”(C) + u)2!;;},(1)

GW(c) = : 961
(©) NN (961)
1
W7 (e) = —Ww? _ )
G (c) = S — @) (e b)T < wu(a +b—6e)y +

+2 (ab — 3¢?) (—’P(l)(c) — AD(e) + G(O)’(c)) +

+c (4ab — 3(a + b)e + 2¢%) (—P(l)/(c) — AW (¢) + G(O)"(c)) +
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+A(c—a)(c—b) (—7><1>”(c) — AV (¢) + G<0>”’(c)) ) : (962)

Furthermore, the values of the resolvent G(*)(z) and its derivatives at z = ¢ are straightforward to find. The values of
the phase P(1)(2) and its derivatives at this point are calculated from the exact formula (833). The anomaly A™M)(2)
and its derivatives there are derived by tackling the integral (848) with the method of residues.

Putting all these components together, we finally obtain the following weak—coupling series,

rom G (2 2),from G (2 2),from GV (z 2),from G (2
y@hfrom GD(=) — (D @ 42 ® 4P Do, (963)

where the leading term,

(2),from G(l)(Z) _ 2 _l _ 2 2 g
ot a0y L5 o VT s

n>1

the next—to—leading term,

rom G (2
A{PEem GV 200 4+ ) (11 + 280 + 602) +

ﬂi > <2u a(l+a) (114 29a + 7a?) + p?v? (13 + 38a + 140%) +v* —
n>1

v
- VAapta(l + a) + 12

<4,u404(1 +a) (124 33a 4 100%) + p?v? (13 + 400 + 160%) + u4> > +

2

+L2 Z (u — \/4,u2oz(1 +a)+ V2)2 , (965)

4” n>1

the next-to—next-to-leading term,
@).from ¢ (z) _ 8ptad (14 a)?
7 =T 3

The presence of the Herndndez—Ldpez phase starts being visible only in this last term. Notice that there is no order
O(n).

(966)

8. The Contribution from the Boundary Phase P(?-Poundary ()

In order to approach the contribution from the boundary part of the phase,

7(2) Jfrom Pp(2),boundary (o) _w_'uzp (2), boundary(c), (967)

we take the expression for its bulk part (444), in the non-symmetrized form, and replace the integration with the
density p(*)(ys) by contour integration with the boundary resolvent G(1):Poundary (/) (943) just as described in para-
graph ITIC1,

G(l ,boundary ( ) 1
P(@) boundary / j{ durds o® : H(y, 7)), 968
lat] Y1 P (yl) 2 (Z — yl) ( ) (yl ) ( )

where H(y1, z’) is defined in (439). The contour integration is easy, as the only non—zero residues come from the poles
at z = a and z = b inside the contour,

G(l),boundary 1 1
ﬂ[ b) 4z’ . () TH(y1,2') =

2mi z—z
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_ w( a? 1 L b? 1 1 B
o2\ \a?2—wlz—ayia—w? b2 —w?z—byb—w?
S (e 2 g (el
da?—w?z—a\y1—a (yia—w?) (131 —w) (a+w)

1 2 1 ( L, w? (yl—b)>10g (w) (969)

AW —b\y—b (11b — w?)* (1 —w) (b+w)

This should now be integrated over y; with the density p(®)(y1), which is doable exactly in a very similar manner to
(833),

(¢ — 2) (ab — w?) (ab(a + b)2? — (a® + b?) (ab+ w?) z + w?ab(a + b)) .

(2),boundary 2) = H
P (2) < 2(z —a)(z = b) (a® —w?) (b2 — w?) (az — W?) (bz — w?)

T 4r

z4+w zZ—w 22 — w2

'<\/w+a\/w+b+\/w—a\/w—b_2w\/m\/z—b>_

1
w(z —a)(z — b) (a2 — w?) (1% — w?) (22 — w?)

(C+W)(Z—W)(22 2, 42 2,2 2 2,2 3
| ———"—=(ab* (a® + V*) + wa’b*(a + b) — 2w?a’b* — w’ab(a + b) +
va—+ wvb+w

+ (—a®V*(a+b) — 2wa®b* + w?ab(a + b) + w® (a® + b?)) Z>+

(c—w)(z+w)<22 2, 32 272 2 272 3
———=(a’V” (a® + %) — wa’b*(a +b) — 2w°a®b” + w’ab(a + b) +
va—wyvb—w

+ (—a®V?(a + b) + 2wa®h® + w?ab(a + b) — w? (a® + %)) z)) log <\/E+\/E> +

+

1 <a2 (wa?be — 2w?abe + w*(b+ ¢) — w® + (a%be — wa?(b+ ¢) + 2wPa — w?) z)
w

o (z —a)(w — a) (az — w?)? V(a2 — w?) (ab — w?)

b? (be — w?) (2ab + w(a — b) — 2w?) >1og (\/%_d‘f‘ \ 2d(d+6)) n

* 2(b— 2) (b2 — w?) (bz — w?) /(b? — w?) (ab — w?) Va+ Vb

N 1 <b2 (wbac — 2w?abe + wh(a + ¢) — w® + (b%ac — wb?(a + ¢) + 2w3b — w?) 2)
w

(z = b)(w — b) (bz — w?)? /(0% — W?) (ab — w?)

+

a? (ac — w?) (2ab — w(a — b) — 2w?) >log (\/ﬁ—l}—l— \/2[)(&—1-1;)) N

2(a — 2) (a? — w?) (az — w?) \/(a® — w?) (ab — w?) Va+ Vb
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(z —¢) (ab — w?)

- (z —a)3/2(z — b)3/2 (a2 — w?) (b2 — w?) (22 — w?) (az — w?)* (bz — w2)2.

. <2a2b2 (ab+ w?) 2° — 2ab(a + b) (aQb2 +w?(a +b)* + w4>z5 +
+ (ab + w?) (a2b2 (a2 +b%) + w? (a* + 8a®b + 8a%b? + 8ab® + b4) T+t (a2 +1?) >z4—
—4w?(a +b) <a2b2 (a2 + b2) + 2w?ab (a® + ab + b*) + w* (a2 +b%) >23+

0 (ab+ w?) (%62 (2 + 0%) + w? (a* + 8a®h + 8a%? + 8ab® + 1) + o' (a2 +2) ) 22—

Vab+ 2 +Va—2Vb -2
_2w4ab(a+b)<a2b2+w2(a+b)2+w4>z+2w6a2b2(ab+w2)>10g< e )

Va+ Vb

+l b2 (c+w)va +w n a?(c —w)Vb—w
2\w(z=b)(z+w)(b—w)(b+w)??  w(z—a)(z—w)(a+w)(a—w)3/?

+

N a? (wa®be — 2w?abe + wh (b + ¢) — w® + (a%be — wa*(b+ ¢) + 2wa — w?) 2)

w(a—z)(a —w) (az — w2)2 V(a2 —w?) (ab — w?) *
n b? (be — w?) (2ab + w(a — b) — 2w?) B
2w(b — 2) (b2 — w?) (bz — w?) /(b2 — w?) (ab — w?)
a?vz —b(c— 2) ((a2+w2) 22 — 4waz + w? (a2+w2)) a—w
- (z —a)3/2 (a2 — w?) (22 — w?) (az — w?)? ) 10g(a+w> +
_’_l a*(c+w)vVb+w n b (c—w)Va—w N
2\w(z—a)(z+w)(a—w)(a+w)3?  wiz->b)(z—w)(b+w)(b—w)/?

b? (wh?ac — 2w?abe + w(a + ¢) — w® + (b2ac — wb?(a + ¢) + 2w*b — w?) z) N
w(b—2)(b—w) (bz — w?)’ V(0?2 — w?) (ab — w?)

N a? (ac — w?) (2ab — w(a — b) — 2w?) 3
2w(a — 2) (a? — w?) (az — w?) \/(a? — w?) (ab — w?)

BV a(e — 2) (1 4 w?) 22— 4wz £ WP (1 +“’2))> oz (172 ) ) (970)
(z — b)3/2 (b2 — w?) (22 — w?) (bz—w2)2 b+w
Finally, it remains to set z = ¢ here, and expand at small 7; the series starts at the order O(n?), as expected,
7(2)7fmm P(2).boundary () _ n37§2),from p(2),boundary () ) (774) , (971)
where
(2),from P2)bowndary () 20p30%(1 + a)? (1 + 8a + 8a2) ' (972)

3 3
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4. The Contribution from the Bulk Phase P(®-Pulk(z)

To proceed with the weak—coupling series of the bulk part of the phase,

(2),from PPPulk(y € 5(2) bulk 973
gl = szP (o), (973)

it is easiest to change the integration variables yi, y2 in (444) to t1, t2 according to (539). Then, we exploit the
expansions of the densities (774), (950), which have the following structure,

POty = pi” (1) + L (t) + O (n*) (974)
p(t) = p§ () + SV () + 125 (1) + O (n*) - (975)

This yields an expansion that commences at O(n?), as expected,

,bu rom (2),bu z
,7(2),from p@b lk(Z) _ ,,73,7§2)1f PP lk( ) +0 (774) s (976)

where the leading term is given by the following integral,

7§2),i’rom P(z)’bulk(Z) _ / / dtldt2 (tl — t2)2 p(()O) ( ) () ( 2) . (977)
96m2 _—avima)?*\' (, _ —(vavira)?'
4y/a(l+a) 2 4y/a(1+a)

A good news is that only the leading terms of both densities appear at this order, as the subleading ones of especially
p(l)(t) are much more complicated. This integral can be done by the method of residues, and gives

(2),from P@bulk(z) 4u3a2(1 + a)2 (3 + 20 + 20(12) n
3 —
3T

+80¢(1 + ) Z

3 <2u4a(1 +a) (1+10a +10a?) + p?v? (1 +13a + 13a?) + v* —
T

n>1

—v/4p2a(l + a) + v2 (/ﬁ (14 1la+110%) + V2)) : (978)

5. The Contribution from the Boundary Anomaly AP-Poundary ()

As discussed in the one-loop case (see paragraph IIIC 1), the boundary contribution to the quantity in question
comes only from A1) (z) (662); proceeding analogously, this time with the exact all-loop boundary resolvent (943),
we find

A(Q),boundary(z) — A(2,1),boundary(z) _

G(l),boundary i 1 1
= _ch dz’ , () pl0' (2') (coth (wp(o) (z’)) — 7) =
OCY

27i z—z 7p@ (27)

1) boundary ( ) 1 1

-9 (0) ( 1\ A(0) (1 _
Zficy 27 o ) G T T

n>1




202

_20-a) (aa—c? 1 (b 1). (979)

96 ((a2_w2)3z—a (b2 —w?)*z—b

This is just slightly more complicated than its one-loop counterpart (662), and reduces to it for w = 0. Also, it can
be interpreted analogously to (663),

2 2 0)(, N2 2 (0) (4/)2
A(2)boundary(2) W( a 2(1imp (y))zl + b (limp (y)) ! ) (980)

24 \a?—w? \y—a y—a —a b?—w?\y—=b y—>b ) z—-1>

We then have exactly,

7(2),from A(2),boundary () = _LA@),boundary(c) _ ,LLC(b — a‘) a’® (CL — C) _ b? (b — C) (981)
w?p 96w? (a2 —w?)®  (2-—w?)®)’
which expanded at small 7 reads
, ,boundary rom A(2):boundary rom A(2);boundary
(@) from AGPouney () (2).from A (2) 4 22 from A )10 (nY, (982)
where the leading term,
rom A(?),Poundary 1
Dfrom ABPEI(2) —cuta(l+a)(1 +4a)(3 + 4a), (983)
the next-to-leading term,
(2),from A(Q),boundary (Z) 1 4 2 3 4
Y5 =—3H a(l+ @) (24 57a + 2890” + 496a” + 272a*) . (984)

Remark only even powers of 7 here.

6. The Contribution from the Bulk Anomaly A® k()

We handle the bulk part of the pertinent anomaly (452) by integrating it by parts, as its form suggests doing,
expanding the hyperbolic cotangent into the sum over n (548), and substituting the exact density p(®)(y) (742), which
yields

(2),bulk 2 —)Ply-a)b-y 1
A 2 Zl/ dyp” G2 On() (985)

(the summation index is n; as there will be a summation over ny in p(*)(y)), where the quartic polynomial Q,, (y) is
defined and factorized in (850).

Since the density p(!)(y), which appears here, is known only as a weak-coupling series (950), we should change
the integration variable from y to ¢ (539), obtaining

y@from AP () = _ € p@)ulk() = § / dtp™M ($)H(1 — ) Q. (1), (986)
w2 n1>1
where
2uc(b — a)?
Qn, (t) = —55——=- ' (987)
' Wanl (y) y=a+(b—a)t

Now, we expand this quantity (987) at small 7,

in (t) = QOJH (t) + 772 anl (t) +0 (774) ) (988)
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where
3 1
Qo0 (1) = - P N
2v/e(l+a)(u? —vi) (,  —(va—vita)
4y/a(l+a)
1 1
: , (989)
‘_ 1 + l/12(1+20t)—;,h/4pb201(1+0t)+1/12 ‘— 1 + Vf(1+2a)+u\/4u2a(1+oz)+uf
2 4(#271/%)\/04(14»0() 2 4(#27u%)\/a(1+a)
and
3
W 1
Q2,n t)=— :
() 12802(1 + )2 (2 — 12)? . ~(Va—vita)® ’
4/ a(1+a)
1 1
. > 5
(1 4 V2 (1420) —pr/Ap? o(1+a)+v? P 4 V2 (142a) +py/4p? a(l+o)+v?
2 4(u2—uf)\/a(l+o¢) 2 4(u2—uf)\/a(l+o¢)
: (16t(1 —t)a(l +a) (1 (54 9a+120% + 4a®) — 17 (7 + 250 + 360”4+ 120%)) +
+17 (3 + 55a + 2040” + 3400° + 2560 + 64a°) +
+2(=1 + 2t)\/a(l + a) (16t(1 —1) (11> = v2) (1 + a) (1 +5a +20%) +
+ 12 (9+ 550 + 1182 + 1120 + 3207) )) (990)

Substituting this expansion (988), as well as the weak-coupling series of the density p(*(¢) (950), into (986), and
splitting moreover the terms of the density into their no—sum and one—sum pieces — we arrive at

7(2),from A(z),bulk(z) _ 7(()2)’&0“1 A(z),bulk(z) i 7727;2)7&0“1 A(2),bu1k(z) n 773'y§2)’fr0m A(2),bu1k(z) n o (774) , (991)

where these terms are to be computed through the following integrals,

1 1
Jfrom A(2):bulk
Nk G- [addo| | =000+ X S [ a0

t(l - t) QO-,nl (t)a

no—sum one—sum,n2

ni1>1 n1>1nz>1
(992)
and
(2),from AP (z) TG EPVC)
72 =2 ([ atn’® t(1 =) Qam, (t) + [ dt py (t) t(1 =) Qo (1) ) +
ni>1 0 no—sum 0 no—sum
1 1 1 .
APIPD (/ dt oy (1) H(1 = 1)Qam, (1) + / dt i (1) t(l—t)Qo,ma)), (993)
nm>1ne>1 0 one—sum,nz 0 one—sum,nz
and

1
Jfrom A(2):bulk
a5 [ g

nlzl

t(1 —t)Qo,n, (). (994)

no—sum
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All the seven integrals here can be approached with the method of residues, with less or more effort. In particular,
the last integral in (993) is especially tiresome, since pé )( t) lone-sum,n» 18 & very complicated function (for example,
one contribution to it is given by (860)— (889)). Even though the end result is surprisingly simple, it has taken us
several dozens of hours to complete this integration, which is one indication of how lengthy the calculations are in this
project. Let us print the final findings for these integrals, where the double sums have additionally been symmetrized
— we get for the leading order,

(2),from A):bulk(z) _ 2 1+6a+6 2 + 2 v 2 1+8x+8 2 + 2 +
¥ 3 (1 0 00 47— el (i (1 5 40
2
2(1 4 2a0)? 1- z ; 995
H ( a) 12( \/4/L2Oé(1+04)+7/2> ( )

the next—to—leading order,

,7(2) Jfrom A():bulk ()

5 = Z(m —2 = 17a — 250° + 160® + 29a*) — p?v? (13 + 28a + 2a%) — v* +
>1

1
12

v

+
(4p2a(l+ o) +12)*?

(4u6a(1 + a)(1 + 2a) (54 57 + 340” — 240°)
+2u'? (2+ 560 + 1510° 4 80a® — 20a) + p?v* (13 + 34 + 8a?) + 1/6) ) +

+— Z Z < —2 — 6+ 130® + 480° + 34a') + 2p%a(4 + 5a) (VF + v3) + 3vivs +

ny1>1ns>1

1

(4Pa(l +a) +12)

572 ( —4pPa(l +a) (=5 — 19a + 240® + 1120° + 80a*) +
+2p'v7 (2 + 6 — 370 — 102a° — 64a”) — 2p’via(4 + 5a)—
vi (4°a(l + ) +v7) (21°a(7 + 8a) + 3v7) )—i—

+ = (
(Ap2a(l 4+ a) + 1/2)3/2

—4p%a(l + ) (=5 — 190 + 24a” + 1120° + 80a) +
+20*03 (2 + 6 — 370 — 102a° — 64a”) — 2p’vya(4 + ba)—
— v} (41 + @) + v3) (247 + 8a) + 3v3) )—l—

V1 V2

+ 2
(4p2a(l +a) + 1) (4p2a(l + a) +

Nk (32u8a2(1 +a)® (-3 —13a+ 17a” 4+ 760* + 520*) +
2
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+4pla(l + @) (=5 — 19a + 1080 + 2920° + 1760) (1] + 13) +

+8uta” (14 a)(7 + 8a) (vf +v3) +2u* (=2 — 6a + 115a% + 2640° + 148a*) vivg+

+ 207 a(13 + 1da)vivs (v +v3) + 3Vfu§) ) , (996)
and the next—to—next—to—leading order,

rom P (2 8a(1
D from ABNEH(R) 7(1(37;: ) 3 <2,u4042(1 +a)? + p2? (14 8a +8a%) +v* -
n>1

124
VAapZa(l+a) + 12

(2pPa(1+ @) + %) (p® (1 + 8+ 8%) + 1) ) : (997)

The order O(n) is obviously absent in the above, while the order O(n?) is present and originates from the phase, even
though this is an anomaly contribution.

7. Summary: The Weak—Coupling Expansion of the Energy E®

Collecting all the above contributions, as well as the one from the term F(z), which we have considered earlier
(782),

(2) ),from F(z) | ,Y(z),fmm G<1>(z)+

= ")/(2
+ 7(2)1from »P(Q),boundary (Z) + 7(2)1from P(Z),bulk(z)+

gl

n 7(2)1fmm A(2):boundary 4 7(2),t’rom A(2),bulk(z)7 (998)
we arrive at the final result of this entire computation — the weakcoupling expansion of the constant 42 up to the

order O(n?), which is the order where the Hernandez-Lépez phase appears for the first time, thus enabling its testing
when the corresponding string theory computation is done,

7 =g +72? + 0P + 0 (n*), (999)

where the leading term,

1
v = —p2a(l + a) <1 + Eﬁf (4+2La+ 21042)) T

2

+p2(1 4+ 20)? Z (1 _ \/4M2a(1v+ o y2> + p2(1 + 2a)? Z (1 _ \/4M2a(1v+ o V2> , (1000)

n>1 n>1

the next-to-leading term,

1
P = p2a(l + ) (11 + 28 + 602 — guz (2 4 57+ 308a” + 560a° + 322a*) >+

+2>° <u2 (=2 — 6a + 1502 + 520 + 36a) + v2a(5 + 6a) —

n>1
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el +” T <2,u4a(1 + a) (=5 — 19 + 32a° + 128a° + 88a™) +
neo a v

+ u?? (=2 — 6a + 45a” + 1180 + 72a*) + vta (5 + 6a)) ) +

+— Z Z ( —2— 6+ 150° + 520° + 360*) + pPa(5 + 6a) (V] +1v3) + 2viv3 —

n1>1no>1

(4p2a(1 + a) +u1>3/2<

2p°a(l + ) (=5 — 190 + 32a” 4 128a” + 88a™) +
+p'v} (=2 — 6a + 450° + 1180 + 72a*) + pPvia(5 + 6a)+

+ 15 (4pPa(l + a) + v7) (p*e(9 + 10a) + 207) ) -

19

(4,u a(l+a)+vi)

77 <2,u6a(1 + @) (=5 — 190 + 3207 + 128a° + 88a*) +
+u'vs (=2 — 6a + 4502 + 1180 + 72a*) + pPvia(5 + 6a)+
+ 1 (4pPa(l + a) +13) (pPe(9 + 10a) + 203) ) —

V1 V2

+(4u 2a(l1+ o) + 17 )3/2 (4p2a(l + o) +v3)

572 (16u8a2(1 +a)® (=3 — 13a+ 25a° + 920 + 600" +

+2u°a(1 + @) (=5 — 19a + 1400* + 3560° + 208a) (1] + 13) +

+4pta® (14 a)(9 + 10a) (vf + v3) + p* (=2 — 6a + 147a* + 3280° + 180a*) vive+

+ 117 + 18a)vivs (Vi +v3) + 2Vill/§>> , (1001)

and the next—to—next—to—leading term,

@  8pta?(1+a)? (1+ 1la+ 11a?)
BT 3m +

8a 1—|—a

s Z <2u a(l+a) (14 1la+110%) + p?v? (24 21a+ 21a%) + 20" —
n=1

e +V P (6u4a(1 +a) (14100 + 100?) + 20 (2 + 250 + 2502) + 2u4>> . (1002)
JILTe! o)+ v
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Observe that there is no order O(n) here. The leading term precisely agrees with our one-loop expression (674).
As mentioned, it is this last formula (1002) that provides quite a sophisticated means for testing the validity of the
Hernédndez—Loépez phase.

If we rather prefer to work with the second charge Q2 |next—to-next—to-leading (338) or the energy E® (352), we
should take minus the constant v(2), supplemented by the following combination of values of the resolvent G(®) (2),

é (w (G(O)”/(w) + G(O)”/(—w)> +3 (G(O)”(w) _ G(O)H(—w)>) _
w
1 1
= —Zu4a(1 +a) (14 50+ 50%) — 7725#404(1 + @) (14 20a + 960° + 1640° + 91a*) + O (n*). (1003)

This concludes our computation in the weak—coupling limit.
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B. The Large—-Mode—Number, Fixed—Winding—Number Limit

In this subsection, the exact formula for the constant ~(? (959) is exploited to find the three leading orders,
i.e., O(n?), O(n3) and O(n?), of its large-mode—number, fixed-winding-number series. The next-to-leading term
happens to be zero, due to a non-trivial cancelation between the contributions from F(z) and A(2)Poundary () = The
same is true for O(n*) when we move to the second charge Q2 |next—to next—toleading- Lhe next—to-next-to-leading
order, which in this way becomes the leading term of the second charge, is the one at which the Hernandez—Ldépez
phase enters for the first time; its knowledge, thus, will deliver a very non—trivial tool for testing of the phase in this
non-perturbative regime. Unfortunately, it includes some integrals which we give but have not been able to solve,
and therefore, we resort to an additional approximation of x = 0.

1. The Contribution from the Resolvent G ()

This input is given exactly by the formulae (960)—(962). It is enough to discover that all the phase pieces, i.e.,
PD(c), P (¢), PM”(¢), and all the anomaly pieces with the hyperbolic cotangent replaced by 1, i.e., AM)coth=1 (),
AD)eoth=17 () = A(1).coth=177(c) _ have their large 7 series beginning at the order O(n); while the Dirac delta contri-
butions to the these anomalies, i.e., A19(c), A1 (c), AN (c) — start at O(1/n). Using moreover the expansion
of the constant v() (933), we finally find that the resolvent G(!)(z) appears only far into the series,

A @)from GV () _ (l) ' (1004)
n

This will be irrelevant for our discussion.

2. The Contribution from the Boundary Phase P(?-Poundary ()

Since P(2):Poundary (1) is known exactly (970), its contribution to the constant 4(?) (967) can be straightforwardly
calculated,

rom P (2);boundary 2),from p(2).boundary
7(2);f0 P (2) — 77,}/(71) o ( )_|_ 9] (770) , (1005)
where
(2),from P(2)boundary () L ( - ( 2))
> =———— (1 —=k)log(l = k) + (1 + kK)log(l + K) — ——=1log |k + V1 + K .
1 A3 (1 _ 52)3 ( ) g( ) ( ) g( ) \/1—|——1432 g

(1006)
We have shown this expression to give the reader a feeling of the kind of functions we are dealing with here, but this
order O(n) will, too, be irrelevant for us.

8. The Contribution from the Bulk Phase P®):Pulk(z)

To compute this input (973), we need to exploit the non—symmetrized double integral (444), where we set z = ¢,
change the integration variables y1, y2 to t1, t2 (539), and use the leading orders of the large—n expansions of the
densities (803), (954),

pO0) = =) +0 (1) (1007)

P () = 1 p3(1) + O (?) + O(exp). (1008)
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(As argued, only the leading order of the latter is fully meaningful in the “coth ~ 1+ ¢” approximation.) Let us print
the product of these two leading terms, to show the reader the type of integrals we will be facing,

K\/tl (1 —tl)

(0) (1) _ ’
poy (t1) pis (t2) = 2713 (1 — K)2 + 4kty) (1 — K)? + 4kts)®

.<2(1 — k) (1= R)2 +4rts) (1 —r)2=2(1+K2)ty log ((1 —12) (1 — k)% + 4@))

ta (1 t2) - ta (1 t2) ta(1 4 &)1 (1 + w2)

1 — K+ 2Kty

+8 (1 — ,%2) arctan <2ﬁ— M) —

C2( =R L+ R+R%) +26 (14K ta) sretan dkn/ta (1 —ta) (1 + &2 + 2kt2) (1 — k)2 + 2kt2) (1009)
V(L + K2+ 2kts) (1 — k)2 + 2kts) (1 - k)2 (1 +K%) +4k(1 — k)2t + 8K2t3 '

All this leads to

(2),from P(z)’bu“‘(z) _ C( / / d 0) (1) 1
g == trdtap™ (t1) pr (te) ——=——=<H (y1,92) , (1010)
mu2 (c—y1) (c—12) wZertoon
where we recall that H(y1,y2) is defined in (439). Expanded at large 7, this acquires the form
rom (2),bulk 2 ,from (2),bulk 2
A fom PEIEE) = @ fem PR 4 o), (1011)
where
(2) from P(2)-Pulk( / / dt- dt (1) 1 .
T2 27rw4 1dt2pl) (1) o5 (t2) (1= K)2+ 2k (1 + t2)
4y (1 — r)* +4k(1 — k)% (t1 + t2) + 8% (13 + 13) log ((1 — k)2 +4I€t2) (1012)
Kt —t2) (1= K)% + 26 (t1 + t2)) (1—r)?2+4kt1 ) |

The order at which this contributions begins is O(5?), which is next-to-next-to-leading in 4(*), and which is the
maximum accuracy we are aiming at in this paper. The double integral (1012), unfortunately, seems to be out of
reach.

Being unable to solve the above integral, let us at least give its some approximate value. Consider now, therefore,
a new limit,

K — 0, (1013)

and expand in it the integrand in (1012). The integral obtained in this way is doable,

(2),from P(2)Pulk() —16 ) 1 —t _
75 537T4w4 dtldtg N (tl —t9)® (24 (=1 4 2t2) log - +0 (k%) =

2

1
_ 5 6
—KW—I—O(I{). (1014)
It starts only at the order O(x®). We will observe the same phenomenon in the case of the bulk anomaly (1019),
namely, the Herndndez-Lépez phase will be visible there only from O(x®), as an addition to two more leading terms.
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4. The Contribution from the Boundary Anomaly A2-Poundary ()

The input to 7(?) from the boundary anomaly A(2):Poundary (1) is known exactly (981), and so, it is easy to expand
it at large 7,

/) from A@boundary () g K2 (3 + 112) (1 + 3/{2) 7 K2 (1 + /@2) (5 + 6K+ 5/@4) L o). (1015)
6wt (1 — k2)° 24wt (1 — K2)°

The problem here is that we badly need also the next—to—leading term, but we admit that we are not sure whether
it is correct, due to the problems with the approximation “coth ~ 1+ 0” described at the end of paragraph IIIB5. It
should not affect our testing of the Herndndez—Lépez phase in the small- limit (1013), though, as the phase appears
only at the order O(x%), and we do not expect any alternative A(2):Poundary () to modify it. An argument in favor
of the validity of the O(n?)-term of (1015) is that we indeed use the exact expression for the boundary resolvent
G(1),boundary () (943) to derive it, but we do not use the subleading terms of the density p(*)(t), which do have a
wrong endpoint behavior.

5. The Contribution from the Bulk Anomaly A®Puk(z)

In the computation of the contribution of A(Q)’bulk(z) (986), we repeat the steps from the one—loop counterpart
in paragraph IIIC5. Namely, we integrate by parts and use the “coth =~ 1+ 1/7p” approximation (632), which is
enough to find the leading large—n order,

b
rom A(2)-bulk C u e 1 d 1
~(2),from A (=) = ——— A@)bulk(r) — —/ dy — (p(o) (1)p™ (y) (coth (wp(o) (y)) - 7)> =

w2p w?p c—ydy 70 (y)

b
mC 1
__ ¢ _ L O),m o) —
= /a dy T ()P (y) + O(subleading)

_ _% /0 dt eTas tb — a)t)Qp(O) (t)pM () + O(subleading). (1016)

Using the large—7 expansions of the densities (803), (954), we finally arrive at

rom (2),bulk 2 2 ,fl‘ m A(2),bu1k 2
(@) from AT = 2oy @sfro ® o), (1017)
where
1
2),from A(2)-bulk TR 0 1
1) O [ aSone. (101)

This integral, where its integrand is explicitly printed in (1009) for ¢; = to = ¢, does not appear doable, and we will
abandon it for now.

Because of this obstacle, let us just investigate how this term (1018) behaves at small x (1013). Expanding the
integrand, we obtain integrals involving rational functions of ¢ and the logarithm log((1 — t)/t), everything doable. In
total,

rom A(2)-bulk 1 5 1
(2)trom A D) _ 2 + KA 5 +0 (k). (1019)

N — K
2 42wt 42wl 187204

To give more insight into this series, let us underline that the even orders O(x?) and O(x?) originate exclusively from
the anomaly piece in the density p(j?))(t) (955), (912), while the Herndndez—Lépez phase’s part in this density (845),
and only it, is responsible for the order O(k”). The same has been observed in the contribution from 7P(2):Pulk(z)
(1014). Hence, if we resort to the use of the small-x approximation, we must probe it as far as this fifth power, which
exists exclusively thanks to the Herndndez—Loépez phase, and therefore, delivers a non—trivial way of testing it.
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6. Summary: The Large-Mode-Number, Fized-Winding—Number Expansion of the Energy E®

Collecting the contribution from the term F(z), which we have found earlier (821), plus all the pieces investigated
in this subsection, we obtain the second most important result of this article, which is the large-mode—number,
fixed-winding number series of the constant v(2),

7@ =5 + 0?2 + 0(n) + O(exp), (1020)
where the leading term reads,
143k + ,%4)
i@ 1021
) 1 (1 — I<J2)7 ( )
while the next—to—leading one is,
2 2 4 6 8
L@ K2(5+16k*+ 12k* + 286 — K¥)
wiyy = — +7Z(k), 1022
s 96 (1 _ K2)7 ( ) ( )
where
_ TR (0) @) 1
I(k) = dt dt,dt (t :
) 2/0 p=ie // wdtap (1) s (8 )(1—5)2+2/§(t1+t2)
1— k) +46(1 — k)2 (t1 + t2) + 862 (13 + 3 1— k)24 4rt
(g Q) 4n 0 R (o) 802 (B 1) (1= )2+ et 02
K (tl — t2) ((1 — Ii)2 + 2K (tl + t2)) (1 — IQ)2 + 4Iit1

where the product of the leading—order densities is given in (1009).

Comments: e It all explodes at large i as n*. This is a shortcoming of the approximation we have chosen, that
it fails to deliver a finite approximate (), even though both (®) (802) and v() (933) are finite in this limit. Recall
that at one loop, all the three levels of the second charge (546), (631), (705) explode in the corresponding small-«
limit; each one stronger than the previous one. There is no contradiction between these two statements since the
large-mode—number, fixed-winding-number limit and w — 0 do not commute. e The leading order comes only from
F(2) (821), which is quite a complicated expression composed out of certain values of the resolvent G(9)(z) and its
derivatives (461); neither the phase, nor the anomaly affect it. ® There is no order O(n?), which surprisingly canceled
between F(z) and A(2),boundary (z). This may be taken as an opportunity to test our general technique of dealing
with boundary contributions, once the corresponding string theory computation has been completed. e The order
O(n?) is critical for us, as the Herndndez-Lépez phase makes its first appearing precisely there. Sadly, in the current
limit, this term could not be derived in a closed form, but only given through some integrals. It constitutes a very
non-trivial probe into the strong—coupling regime. e If one would like to dig deeper into the series (1020), there is just
one obstacle on the way, besides increased technical complication, of course, which already has made the calculations
extremely tedious — and it is to find how to correctly handle the hyperbolic cotangent coth(mp(?) (y)) at large 7, i.e.,
to overcome problems indicated in paragraph ITI B 5.

In order to translate (1020) into the language of the second charge Q2 |next—to next—to-leading (338) or the energy
E®) (352), we should negate it and add to it the following quantity,

1912w (w (G(O)W(u}) + G(O)W(—(.«J)) +3 (G(O)//(w) _ G(O)N(—w))) _
2 2 4 2 2 4 6 8
:_774,% (1—1—3& + K ) _772:“& (1—1—6& 4+ 6k*+6K° + K ) +O(770)- (1024)

4wt (1 — K2)7 32wt (1 — K2)7

Notice another surprise here — the leading term of (1024) precisely cancels the leading one of minus (2 (1021), and
therefore, it is O(n?) that becomes the leading order of the charge

1 (K2 (1 + 2/@2)
Q2|nextft07next7tofleading = UQJ (m - I(’{) + 0(77) (1025)
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FIG. 48: A graph of [0,1] 3 k — w*(Q2 [next—to-next—to-leading )—2- 11 solid red, we plot the exact value (1025), and we compare
it to its small-« series (1026), truncated at one (dashed cyan), two (dashed green), or three (dashed blue) leading orders.
The approximation appears adequate even for quite large values of k. In particular, the O(,‘i5) term seems to work very well.
The numerical noise in the solid red line for s close to 1 stems from inaccuracies of the numerical integration.

As mentioned, all the contributions, including the phase, are responsible for its value.

We can give the reader some feeling about the integral Z(x) (1023) by computing it in the small-x limit (1013);
we obtain for the O(n?) term of the second charge (1025),

1 12 1 10 1
w4 (Q2|ncxtftofncxtftoflcading) _9 = K2E (1 - F) + K4§ (1 - _2) _K5 1871'2 +O (KG) : (1026)
~——

s

the implication of
the presence of
the HL phase

Figure 48 shows that this is quite an accurate description of the exact object. We emphasize once more time that if
there was no Herndndez—Lépez phase, these expansions would contain only even powers of k. Again, thus, we see that
the phase appears at the next—to—next—to-leading order in (1026), and at an odd power of the expansion parameter,
exactly as it has been for other series, the weak—coupling and the large—mode—number, fixed—winding—number ones,
which is a remarkable property. If string theory reproduces the expression (1025), or at least this number —1/(1872)
— it will constitute yet another very strong support for the form of the Herndndez—Ldépez phase (262). B
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ProJect 11

VII. QUASI-LOCALITY OF JOINING/SPLITTING STRINGS FROM COHERENT STATES

The previous five sections have been devoted to a solution of a single problem. Lacking time, we have not been
able to describe the other project we had dealt with in a similar detail. In the current section, we just include our
article on the subject [2].

Briefly, using the coherent state formalism, we calculate matrix elements of the one-loop non—planar dilatation
operator of A/ = 4 SYM theory between operators dual to folded Frolov—Tseytlin strings, and observe a curious
scaling behavior. We comment on the qualitative similarity of our matrix elements to the interaction vertex of a
string field theory. In addition, we present a solvable toy model for string splitting and joining. The scaling behavior
of the matrix elements suggests that the contribution to the genus—one energy shift coming from semi—classical string
splitting and joining is small.

A. Introduction

Integrability has played a key role in recent years exploration of planar N' = 4 SYM [79, 138, 140] as well as
non-interacting type IIB string theory on AdSs x S® [101, 107], tied together by the AdS/CFT correspondence [36].
Whereas integrability is expected to break down beyond the planar /non—interacting limit — most clearly demonstrated
by the lift of degeneracies of anomalous dimensions in the gauge theory [79] — the AdS/CFT correspondence could still
be valid [27, 36]. Lacking the framework of integrability, tests of the AdS/CFT correspondence beyond the planar limit
have proved difficult. Even in the Berenstein-Maldacena—Nastase limit [56], where the free string theory can actually
be quantized, no conclusive tests exist. For an up to date review, see [76]. The gauge theory calculations, although
described efficiently by a quantum-—mechanical Hamiltonian [85], are plagued by huge degeneracy problems [91]. The
string theory computations on their side suffer from the existence of several competing proposals for the three—string
vertex of light—cone string field theory, and from the necessity of truncating the vertex to a subset of decay channels.
Although the BMN limit seems to be the most tractable one as far as the analysis of the non—planar sector of the
theories is concerned, it might be instructive to perform the analysis in other limits as well. A limit which has been
instrumental in the investigation of the planar/non-interacting case is the Frolov—Tseytlin limit [100]. A first step in
the direction of extending the investigation of this limit to the non—planar/interacting situation has been taken in [196]
where the decay of a folded Frolov—Tseytlin string [103] has been described using semi—classical methods. It has been
argued that the integrability observed for the free string may survive in certain decay channels. In the present paper,
we attack the non—planar Frolov—Tseytlin limit from the gauge theory side. Using the coherent state approach, we
calculate matrix elements of the one-loop non-planar dilatation generator of N/ = 4 SYM between operators dual to
the folded Frolov-Tseytlin strings rotating in S3 C S® C AdS; x S°.

We begin in subsection VII B by presenting the form of the one-loop non—planar dilatation operator in the SU(2)
sector of A/ = 4 SYM theory. Subsequently, in subsection VIIC, we review the coherent—state description of the
operator dual to the folded Frolov-Tseytlin string. Subsection VIID deals with the calculation of matrix elements
for the gauge—theory equivalent of string joining and string splitting. In subsection VIIE, we describe a solvable toy
model for the decay of the folded string which unfortunately is only a very crude approximation to the actual model.
Finally, subsection VIIF contains a discussion.
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FIG. 49: Splitting and joining of chains by X ;.
B. The One—Loop Non—Planar Dilatation Operator

We consider the SU(2) sector of A” = 4 SYM theory, consisting of multi-trace operators built from the two complex
scalar fields ®; and ®,. In this subsector, the complete one-loop dilatation operator can be expressed as [79, 84]

H= —f%ﬂ[@l,@g] (@1, D], where @y = Mig, (1027)
or equivalently [196, 197],
H = Hp, + Hyyp, (1028)
where the planar part,
Hy=X) (1= Pegir), (1029)
k
and the non—planar one,
Hyp = % > (1= Peg) Skes (1030)
k,I#£k+1

In this section, we work with the coupling A= 2¢g%. The indices refer to the position of the fields inside the operator
on which H acts. The indices are periodically identified as dictated by the trace structure of the operator. The
operator Py ; simply interchanges the indices k£ and {. Furthermore, if one represents an operator as a set of fields
plus a permutation element giving the ordering of the fields, then X ; is just the transposition o ; applied to this
permutation [197] (see figure 49).
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C. Folded String Duals via Coherent States
1. The Frolov—Tseytlin Folded String

We aim at working with operators dual to the folded Frolov-Tseytlin string spinning in S$® C S® C AdSs x S5,
with two large angular momenta Jy, Js; J = J1 + J3. More precisely, we consider the limit Ji, Js — oo with the ratio
J1/Jo finite. A semi-classical analysis of the string in question yields that its energy has the following expansion [103],

A A2
E=J (1 + €0+ ﬁsé” +.. ) : (1031)

with the gauge coupling constant A appearing via the AdS/CFT dictionary R?/a’ = VA [36], and where we also
assume that \/J? is finite. The term of linear order in \ is found to be

o = 16K(m) (E(m) — (1 — m)K(m)), (1032)

where K(m) and E(m) are the complete elliptic integrals of the first and the second kind, respectively. (We everywhere
use the Mathematica’s definitions of the elliptic functions and integrals.) The parameter m is determined by

Ly Em) (1033)

The gauge theory dual to the folded Frolov-Tseytlin string is a complicated linear combination of single-trace
operators, each one containing J; ®1’s and Jp ®2’s [103, 141]. It is characterized by being an eigenstate of the one-loop
planar dilatation operator, Hy, (1029), with the eigenvalue given by (A/J)E. A more efficient way of describing the
dual is by the means of the SU(2) spin—(1/2) coherent states. To introduce them, let us denote the two normalized
eigenstates of S, by | T) and | ). These states have the inner product

== aih=dIn=0 (1034)
The relevant coherent states then take the form
|7) = cos(0)| T) +e ¥ sin(0)] |), (1035)
where the angles 6 € [0,7/2] and ¢ € [0, 27| parametrize a unit three—vector 7 through
7i = (cos(26) sin(yp), sin(26) sin(p), cos(p)) . (1036)

The folded string dual can now be described as a state of a SU(2) spin chain of length J having a coherent state
vector at each site [111]. Without loss of generality, we will take J to be a multiple of 4, in order for the spin chain
to reflect as closely as possible the symmetries of the folded string (the entire string profile follows from its definition
on a quarter period). The state representing the string reads thus

n) = [7i_z/2) @ |_j/241) ® ... @ |7 1/2), (1037)
where obviously
|7ik) = cos (k)| 1) + e P* sin (0x) | 1). (1038)

In this language, the planar energy of the string is obtained as the inner product

A
350 = (n|Hpi|n). (1039)

In the long—wavelength limit, where 8, and ¢ vary only slowly, and where J — oo, which exactly corresponds to the
Frolov—Tseytlin limit, one can replace these angles by continuous functions

Hk—>9(0:§), gp;g—wo(o:%), (1040)
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FIG. 50: Different values of §(c) along the string.

and one can derive an effective sigma—model action describing the model. The cyclicity property of the gauge—theory
operator translates into the requirement of the vanishing of the momenta in the o—direction, which reads

1/2

Po=—3 /1/2 do c0s(20(0)) 0 p(0) = 0, (1041)

The equations of motion following from the action mentioned above permit a solution which exactly describes the
folded Frolov—Tseytlin string dual. For this solution, one has

w
2\

which in particular is seen to fulfill the relation (1041). The angle 6 can be expressed in terms of Jacobi sine,

sin(6(c)) = sin (6o) sn (J\/ga

where the following relation between 6y and w must hold for the string to be closed and folded exactly once

J\/; = 4K(m), m = sin” (6p) . (1044)

0 (0)? (cos(20(a)) — cos (26p)) = 0, © = wt, (1042)

sin? (90)) : (1043)

The angular variable §(o) obviously varies in the interval [—6p,00]. For any given 6y, one has (or can impose) the
following identifications, see figure 50,

0(z+n) =0(z), 0(1/2 — 2z) = 6(z2), forall mneNzeR. (1045)
In this formulation, the one-loop anomalous dimension of the gauge—theory operator is given by [111]

1/2
Eo = / dot’ ()2, (1046)
—-1/2
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and

Jo 1/2
== / do sin®((0)), (1047)
J —1/2

which are easily seen to reproduce (1032) and (1033).

2.  Coherent—State Strings

The coherent state vectors |n) single out the endpoint of the folded string — a property which is not natural from
the dual gauge—theory perspective as the dual operator must be cyclically symmetric. (As mentioned above, in the
coherent—state framework, cyclicity manifests itself via equation (1041).) This, in particular, becomes an issue when
we want to derive matrix elements between multi—cut states, cf. subsection VIID.

We can ensure cyclicity of the state by averaging over cyclic translations,

L, L,
m)) = > [[Ims)- (1048)

k=11i=1

These averaged states, properly normalized, will now reg)resent our string states. The inner product is defined as
. Ly |— m |
follows: Given two vectors [n) = [[;} [ni) and |m) = [[;) [mj), one has

L,
(m|n) =6, 1, [[(miln), (1049)
=1

from which the definition of ({(m|n)) proceeds.
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FIG. 51: A cut state |z1,...,2;).

D. Matrix Elements of H,p

With our new states, we have

A, {{n]Hgln)
7%= ")

We would now like to compute matrix elements of the one-loop non—planar dilatation operator between coherent—
state vectors representing the folded Frolov—Tseytlin strings. It is obvious that acting on a coherent state vector
In) with H,p, gives rise to a splitting of a one-string dual into a two-string dual. Similarly, acting with Hy,p on a
direct product of two coherent state vectors |n) and |m) can produce a one-string dual from a two-string dual. In
the more traditional gauge theory language, Hyp) triggers trace splitting and trace joining. The matrix elements of
the non—planar dilatation operator contain information about the genus—one correction to the energy of the Frolov—
Tseytlin strings. It is obvious, however, that if we tried to determine this energy correction by considering H, to be
a perturbation of Hy,, we would have to make use of degenerate perturbation theory. For instance, if we start from a
coherent state vector |n) of energy & as given by (1050), cut it vertically once and close the open ends — we obtain
another state which up to 1/J corrections is an eigenstate with the same energy. The same is true if we make [ vertical
cuts, where | < J, see figure 51. We could also cut with some, not too large, skewness, and still obtain a degenerate
state. However, we will restrict ourselves to straight—cut states since in the continuum limit, small skewness should
not matter and large skewness takes us out of the sub—space of degenerate states. We notice that since ¢ = wt is
constant along the string, the inner product between two coherent states reduces to

<ﬁ1|ﬁ2> = COS (91 — 6‘2) N (1051)

(1050)

which implies that we do not need to worry about ¢; 2 at all and can consistently set ¢q 2 = 0.

1. Normalization of States

Let us denote by |@) the complete (uncut) folded string dual, i.e.,

J/2
0= I ), (1052)
i=—J/2
with
" . . . J . J
|7:) = cos(8(i/J))| T) +sin(0(i/J))| 1), where -5 <i<y (1053)
where 6(z) is the function given in formula (1043). Furthermore, let us denote by |21, ..., z;) the state obtained from

(1052) by cutting it vertically at the points x1,xa, ..., x; (see figure 51),

x1J x1J
|71,. .., 7)) = H s H ﬁ(x11/4)Ji>®

i=—J/4  i=—J/4

x2J zoJ

H i H ﬁ(zl+x2)J+1i> ® ...

k=z1J+1 k=xz1J+1

J/4 J/4
ol IT @ ]I fnzﬁl/®J+1i>, (1054)

k=x;J+1 k=xz;J+1
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where

1 1
—7 <<y < J, zjt1 —x; ~ O(J). (1055)

In order to determine the norm of such a state, we first consider a single piece of string, extending between the
points z and y, and compute the inner product (-|-) between this piece and the piece which originates from it by
shifting each of its coherent—state vectors by the distance 9,

,u,é— < H nz 8J

i=xJ

yJ (y—z)J
H ﬁi> = H ((s)gsi| Tassi) - (1056)

i=xJ =0

For fixed 4, it is clear that A, , s goes exponentially to zero as J increases to infinity. It is, therefore, sufficient to
study the behavior of this quantity for small 9,

Q

Ag.y.5 & €xp (J /: dzlog (cos (6(z — &) — 9(2))))

62 v 52
A exp <_J§/ dz@'(z)Q) A exp (—JE&W> , (1057)

where &, , is given by

Euy = /y dz0'(2)* = 4K(m) (E (am(4K (m)y|m)) — E (am(4K(m)z|m)) — 4K(m)(1 — m)(y — x)). (1058)

Notice that the planar energy of the folded string stretching between = and y is 2&; 5, and in particular, by definition,
& =&_1/2,1/2- It is then easy to find the squared norm of the string with no cuts at the leading order in J, by
integrating over all possible 9,

1/2
(0]0)) = J2/ dd exp <—J@52) =J g (1059)
—1/2 2 o

(Since we assume z;11 — x; ~ O(J), the integration range of such a Gaussian integral can always be taken to be
(=00, 4+00) when J — 00.) One of the factors of J comes from the fact that one can simultaneously make the same
cyclic translation of the bra and the ket without changing anything. The second factor of J comes from the summation
over nontrivial relative translations, and the substitution of a continuous integral for the discrete sum in the large J
limit. For each smaller string in (1054), one will get a similar factor, so that

li[ LJVTT
oV :E7,)11+1

where 29 = —1/4 and 2;41 = 1/4, and where [; = 2(z;41 — ;) is the total length of the string piece between z; and
xi+1. Here, we have neglected the contributions coming from the “corners” of the string pieces, where the overlap is
not anymore between 0(z — J) and 6(z) as in (1057). This is justified because the relevant shifts §.J are much smaller
than the length of the pieces we consider.

({x1, 22, ..., x|2T1, 22, ..., 2y (1060)

2.  Matriz Elements for String Joining

In this paragraph, we aim at computing the matrix element ((O|Hypi|z)). To begin with, we consider non-cyclic
states.

There are in total four ways to join a two—piece state, giving rise to four different states, |a), |b), |c) and |d), as
shown in figure 52. The eventual use of the cyclic states |-)) is essential here since the notion of the endpoint of the
string becomes ambiguous. By reflection symmetry, states |a) and |c) yield the same expectation values, and so do
the states |b) and |d). We will start with the state |a). The corresponding overlaps are shown in figure 53.
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FIG. 53: Overlaps between the bra (0| (dotted lines) and the ket |a) (continuous lines). Arguments for 8(x) are given at the
relevant points. More precisely, the bra reads |I', I, TIT',IV’) and the ket |I, II,III,IV); in this figure, it is the function (z)
which is continuous along the loop, while the sequence inside the ket is discontinuous.

As in the previous subsection, we denote by § the shift given to (], and by (I5|, (IL§|, (ITI5|, (IV}]| its corresponding
d—shifted pieces (see figure 53). We also define the planar energies of the first and second spin—chain bits respectively
by

51 = 5_1/2_1,1 = 25_1/4,1, and 52 = 51,1/2_1 = 251,1/4- (1061)
The identity & = & + &> is satisfied by construction. First, let us assume that § > «. We have

((0]ay) Z}"ag(; [T (I | T (TIT | TIT) (TV5 [TV, (1062)

where the anti-symmetrization effects at the joining sites are taken into account through the factor F, gs.

In order to do the computation, we expand as follows

€3

+ 59’(2)9”(2) +0 ("), (1063)
and make use of the identities (1045) for 6(z). It is important to stress that the expansion we will use for the integrands
strongly depends on the range of integration. For long— range integrations, e.g. f 12— ,dz2f(z,2,a,3,0), we expand
in small «, 3, § only. For short-range integrations, e.g. fo dzf(z,z,, 3,0), we expand in small z, too.

2
log (cos (6(z — €) — 0(2))) = —59'(2)2

One then gets

(x—a)J (z—a)J
<Ig|1>—< M sl 11 n>z

i=(—1/2—x)J i=(—1/2—z)J

A exp (J /1—0¢ dzlog (cos (6(z — 9) — 9(z)))> RS

—1/2—x



T 2 3 2
/R exp <J/ dz (-%9/(2)2 + %9/(2)9”(2)) + J5TO<9/($)2> ~
—1/2—z

1 2
A exp (—551J62 + JaTaﬁ’(x)2> ,

and
II6| II <Hn(m+ﬁ a—38)J—i an]+z>
1 B
A2 exp —59/(x)2J/ dz(2z+a—B+6)?*| ~
0
A2 exp <—%J6 (8% +3(a + 0)?) 9’(3:)2) :
and

(1/2—2—B)J (1/2—a—B)J
>

<1H§;|HI>_< II deaso 11

i=xJ 1=xJ

1/2—x —a— )2 —a—26)3 —a—2082
~ exp (J/ dz <—u9’(z)2 + u@’(z)@”(z)) + Jwy(l/2 - x)2>

2 2

2

A exp <—%J(6 —a—0)%& + JMG/(x)Q) ,

and

IVH IV < H N(x+68)J+i

HnmJ z> ~

A exp <—%9’(x)2J/ dz(2z + 5)2) ~

0

~ exp (—%Joz (40® + 6ad + 362) 9'(1:)2) :

The four overlaps give in total the contribution

mpCé&Jﬁ—%&J@—a—aﬁ—%M%w%—&+3&ﬁ+mﬁ—3m?+fﬂﬁ—a—®0,
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(1064)

(1065)

~
~

(1066)

(1067)

(1068)

and one perceive that the dominant region will be around § ~ 0 and 8 & «, so that the leading term in 1/J will be

obtained by taking the following approximation for the exponential,

exp (—%51J62 - %&J(ﬁ —a)? - %Ja39l($)2> :

(1069)
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We should now compute F, g5 near these values of o, 8 and §. One gets

fa,a,o = <ﬁ(x7a75)(]7 ﬁ(xfa),]> <ﬁ(zfa76)‘]+1u ﬁ(z+ﬁ)]> :
L |

. . . " 4
: <n(x+a+5),1+1, n(z+ﬁ)J+1> <n(x+0c+6),]7n(acfa),]+l>|(5:07 B=a ~ 7049/(55)2' (1070)
| |

(We use the notation f(A, B)g(C, D) = (f(A, B) — f(B,A))g(C,D) + f(A,B)(9(C,D) — g(D,C)).) The case oo > 3
gives the same result up to the exchange @ < (. Furthermore, translating the finding to cyclic states implies
multiplying by L;LoJ?. Finally, using the normalization factor

2 J 1/2 2 J 1/2 2 J 1/2
N = (/=210 g V=i A (1071)
&o & &

one then gets at the leading order in 1/.J,

0o B [eS)
> ((0la)) ~ zé9’(:c)2J5L1L2/ dﬁ/ da/ dge— 36170 3 (F—a)® =3 Ja%0" (@)% o o
0 0 —o0

" N J
AT (2 LiLs\ "% (2nE\
~ 31(/:3)’)K(m)2/3m1/3cn(4K(m)x|m)2/3 (L—0> (5152) Jiz, (1072)

Note that although § should live in the interval [0,1/4 — z] and § in the interval [—1/2,1/2], integrating in both
cases till infinity will not change the leading (1/J)-behavior, as the integrand converges exponentially to zero for
aJV? > 1, fJY3 > 1, and 6JY2 > 1.

A similar computation shows that ((§|b)) and ((|d)) are of order J~'/4 and therefore, can be neglected as
compared to the J'/12-behavior found here. Thus, one obtains at the leading order in 1 /J,

8T (2 LiLy\"? [ 2m&\
(1) = S ot ez (B2) 7 (20) T e (1073)

It is straightforward to generalize this result to an arbitrary number of cuts, where the joining takes place at position
x;. It is in order to facilitate this generalization that we have explicitly kept the parameter Ly, although in our case

we have Ly = 1. We observe the occurrence of the factor (5182)*1/ 4, which diverges when = approaches the endpoints
of the string. In this situation, thus, we cannot trust the semi—classical analysis (and hence, the overall J—scaling).

8. Matrixz Elements for String Splitting

From the calculations in the last paragraph, we learn which approximations we are allowed to do in order to keep
only the leading order in 1/J. First, the terms that arise from the cyclicity of the traces are long-range terms —
they appear through d—shifts over a whole piece of spin chain, and consequently, will give in the exponential a square
term times minus the planar energy of the considered piece, times J. This is what happened in equations (1064)
and (1066). Conversely, terms which are integrated over short intervals will appear in the exponential starting at the
cubic order (see equations (1065) and (1067)). This allows for the following approximations that will not change the
leading 1/J term after all the integrations: e When computing overlaps over long-range parts, it is not necessary to
take into account small parameters at the endpoints of the integration. For example, taking ffl 2z dz instead of
ff; /0571 dz in (1064) would not have changed the final result. ® When computing overlaps over short-range parts,
one can do as if the shifts appearing in the long-range terms were equal to zero.

We are now poised to derive expectation values such as ((z|Hynp1|0)). Hnpi|0) will yield a lot of possible double—
chain states. Only the ones with lengths equal to those of |z}, i.e., the states with length (1/2 + 2z).J and length
(1/2 — 2x)J, will contribute. All these contributing states can be characterized by a value vJ expressing how far the
cut took place from the straight cut between sites x.J and (1/2 — x)J (see figure 54). Let us denote them by |[{z,~}).
The following identity holds,

J/2

(2| Hupl0)) = > ((&l{w,i/T}). (1074)

i=—J/2
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FIG. 54: A state |{z,~v}). The sites at the squares are anti-symmetrized, as are sites at the circles. The spin chain has been
cut between the sites where 6 takes the value 8(z + ) and 0(z — 7).
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FIG. 55: Overlaps between (x| (dotted lines) and |{z,~}) (continuous lines). Arguments for 6(z) are given at the relevant
points. More precisely, (x| reads (I', II'|{III', IV’|, while |{z,v}) is equal to |I, II)|IIT,IV). As in figure 53, it is the function (z)
which is continuous along the loop. Possible shifts § and ¢’ for each piece of (x| were put to 0 for simplicity.

Overlaps for (z|{z,i/J}) are shown in figure 55. In order to proceed to the full cyclic scalar product, one should
then add two arbitrary shifts, § and §' for each piece of (x|, as well as one for |(}). However, the effect of the latter is
simply the multiplication by the factor LgJ.

We thus have

(@) Hoptl0)) = Lo 37 .60 (1) (115 | II) (IIL [TID) TV [1V), (1075)
v,6,8'

where F, 54 is the anti-symmetrization factor and (I}, (ILs|, (IIL§], (IV}| are the 6— (6'~) shifted pieces of (z|.

Using the approximations we presented in the beginning of this paragraph, we have, for v > 0,

<I/|I>’\‘< ﬁ Tis . —’,>~
5 ~ i—0J H n; )~

i=(—1/2—=)J i=(~1/2—x)J
L 2
A exp —551J(5 , (1076)
and
115’11 <HnmJ A HnmJ+z>
v 2
A exp (—29’(96)2J/ d222> A exp (—§J739’(:v)2> , (1077)
0
and

(111,

(1/2—z)J (1/2—z)J
III>z< H Tisy H ﬁi>;z

i=xJ i=xJ
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~ exp <—%J5’282> , (1078)

and

vJ
(IV5]1V) ~ < [ 7w
=0

vJ
H NgJj—i ) ~
i=0

A exp (-29’(;«)% /0 i dz22> A exp <—§JV39'(:1:)2> . (1079)
The overlaps give, therefore, the contribution
exp (-%5@52 - %&J () — %9’($)2J73> . (1080)
Computing F, 55 around 6 = ¢’ =~ = 0, one gets

F100 =Mz s1, (w+7)J>< a7 - )

. 4
: <n(m+v)Ja (1—7)J+1>< (z4+~)J+1> (m+"y)J+1> ~ jvol(x)Q (1081)

In the case v < 0, extra minus signs appear, so that one can use the same results by taking the absolute value of
~ instead. Using as normalization the factor

57 1/2 57 1/2 57 1/2
N = (/=210 g =iy Sy A (1082)
&o &1 &

4 ! ’
Gttt 0 = 550020 [t [ a8 [ agemissgeasiogint o

this leads to

Lo \“? [org,\ M/
K(m)**m!/Sen(4K (m)z|m)?/? (E) (5152) JTH, (1083)

This result can be immediately extended to states which have already been cut before the action of the Hamiltonian.
We note that the non—planar dilatation operator is non—-Hermitian. A similar situation has been encountered in the
previous investigation of the non—planar corrections to energies of the BMN states [73, 85]. There, the non—planar
dilatation operator has been related to its Hermitian conjugate by a similarity transformation (see the discussion
below (183)). The same is true here.
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E. A Solvable Toy Model

By construction, the vertically cut multi-string states studied above are degenerate in planar energy with the
complete Frolov—Tseytlin string. Let us now consider a toy model of a folded string for which the vertically cut
states exhaust the space of states degenerate in energy with the uncut string. Furthermore, let us assume that the
matrix elements of H,, for string splitting and string joining depend only on the point of splitting and joining.
Determining the first non—planar correction to the string energy under these assumptions amounts to diagonalizing
the non—planar dilatation operator in the subspace of vertically cut states, which of course implies diagonalizing
an infinite-dimensional matrix in the limit J — oco. This problem can easily be solved, though. Let us denote by
li,7,k,...) the state corresponding to the string cut at positions i, j, k, . . ., and by X} the matrix element corresponding
to an additional cutting or joining taking place at position {. To illustrate the solution, we consider as an example only
three possible sites where a cutting/joining can take place. Then in the base {|0),[1), |2), [1,2), |3}, |1,3),2,3), 1,2, 3)},
the matrix we have to diagonalize is given by

0 & X0 A 0 0 O
X1 0 0 A 0 X0 O
X0 0 X 0 0 A3 0
0 & X 0 0 0 0 A3

M=1x%0000 xxo0 | (1084)
0 A0 0 X0 0 A
O O Xg O XQ O O Xl
0 0 0 A 0 X A1 0
whose eigenvalues p are simply all the possible sum and differences between the X} 5 3’s,
n = :|:X1 + Xg + X3. (1085)
For J different sites, the eigenvalues are distributed in a quasi-continuum between the energies
1/4
j:J/ daX,. (1086)
—1/4

In our case, we can arrange by the means of a similarity transformation that all our matrix elements should scale as
J~5/12_ Therefore, a rough scaling argument gives

J ~J7/12
F 40~ A (1087)

A
AFE ~ N
Now if one, again naively, assumes a BMN-like scaling for the energy of spinning strings, one needs that the genus—
one contribution compared to the genus-zero one has an additional factor of J2?/N, which leads to the expectation
AE ~ J/N. Tt is of course not known to which extent the BMN scaling beyond the planar limit should hold for
spinning strings. One knows from the analysis of [176, 186] and the field-theoretical computations of [184] that the
BMN scaling for few—impurity operators breaks down already at the planar level but only at order four in A. In the
true picture of string splitting, we cannot claim that the straight—cut states exhaust the space of eigenstates degenerate
in energy with the folded string. (As mentioned earlier, the straight—cut states are also not exact eigenstates but only
eigenstates up to terms of order 1/J.) One could argue that one should in fact replace X, of the toy model by some
integral over matrix elements involving skew—cut states close to the vertically—cut ones and that this could give rise to
additional factors of J. We have not been able to make a quantitative estimate of this effect, but we find it unlikely
that such an integration could provide the “missing” factor J°/12. Rather, the low power of J in (1087) seems to
suggest that the process of semi—classical string splitting and joining is not of importance for the genus—one energy
shift, cf. subsection VIIF.
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F. Discussion

Our computation shows that for long strings, a non—zero contribution to the splitting matrix element comes only
from strings which are almost on top of each other (cf. formula (1063) and the subsequent calculations). This is
somewhat reminiscent of the interaction vertex between strings in light cone string field theory,

V (X{(0), X1(0), X5(0)) = / dsodsids2d (Jo — Ji — Jo) -

JIA (X (0 +s1) = X§ (0 +50)) A (X;’ (o +s2) — X§ (o+so+ %)) : (1088)

In the above formula, the s; 2 3 are direct analogs of cyclic translations in our definition of states, while the functional
Dirac delta functions A are analogs of the property that we have found, namely, that in order for the matrix element
to be non-zero, the angles defining the coherent states have to be within J~/2. However, the detailed calculations
in paragraphs VIID 2 and VIID 3 show that more non-trivial J—1/3 factors may also appear. Furthermore, we have
seen that Hyp gives an effective additional operator inserted at the interaction point (1083). This is not unexpected
since such operators appear generically in superstring light—cone SFT (see e.g. [72]). However, due to the fact that
we are really able to deal only with classical states, we refrain from making any more quantitative comparison.

Our crude estimate for the order of magnitude of the genus—one energy shift due to semi—classical string joining
and splitting leads to the energy scaling with an unexpectedly small power of J. An interpretation of this result may
be that the contribution to the energy shift coming from such semi-classical string processes is simply quite small. In
fact, for generic macroscopic rotating strings (i.e., not “folded” ones), the contribution of string splitting into classical
states would be very strongly suppressed. It is much more probable that the dominant non—planar contribution
would come from small strings which would split off from the rotating string and would be reabsorbed shortly after.
Unfortunately, the process of small strings splitting off is beyond the reach of the semi-classical coherent—state methods
that we are exploiting. B
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