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Abstract

There has been renewed interest in understanding the details and origins of
chaos in quantum systems with many degrees of freedom. Chaos plays a significant
role in holographic theories, hydrodynamic transport, and even the strange metal
phase of condensed matter systems. With this importance, discovering a unified
origin that yields universal results for chaotic systems is clearly desirable.

In this thesis, we investigate the conjectured hydrodynamic origin of quantum
many-body chaos, first posited in [1], by testing it with the next-to-leading order
Sachdev-Ye-Kitaev (syk) model. We provide a review of how hydrodynamic the-
ories are constructed, and how hydrodynamic theories with a certain symmetry
possess all the standard features of chaos. We then review the leading order syk
model, demonstrate its chaotic behaviour, and compare it with the predictions of
the hydrodynamic theory. We finally perform an in-depth investigation of the next-
to-leading order syk model, demonstrating that, while one sector of the theory
satisfies the conjecture, another sector does not admit a hydrodynamic description.
This shows that the conjecture must be modified to account for near-maximally

chaotic theories.
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Lay Summary

Chaos, or the butterfly effect, refers to the phenomenon by which small perturba-
tions in a physical system cause changes that grow exponentially with time. While
best known for its manifestations in weather and other classical systems, chaotic
behaviour can be observed on microscopic scales, where quantum mechanical ef-
fects become relevant. Understanding such quantum chaotic systems is important
for understanding the properties of fluids, superconductors, and even black holes.
In this thesis, we make further steps towards understanding why certain quantum

mechanical systems are chaotic, by investigating a proposal for the origin of chaos.
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Preface

This dissertation is original, unpublished, independent work by the author, W.
Reeves, with supervision by M. Rozali. Chapters 2 and 3 consist primarily of

review of relevant material, while chapters 4 and 5 are primarily original work.
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Chapter 1

Introduction

Quantum many-body chaos lacks a universal description despite the ubiquity of
chaos in thermal systems. The use of Out-of-Time-Ordered Correlators (oTocs) of

operators consisting of a few degrees of freedom,
C@t) = V(W O)V(1)W(0)), (1.1)

to diagnose chaos has been well documented since its proposal [2]. In theories
with a large parameter N (e.g., the number of particles) the otoc is small at early
times, C(t) ~ O(N~"), until the characteristic relaxation time ¢, when all two-point
functions have died off. The typical signifier of chaos is exponential growth in the

otoc after the relaxation time:
L
C(t) ~ Ne g L 1<K L, (1.2)

where A is the Lyapunov exponent, and t; = % log N is the scrambling time when
the otoc becomes O(1). If the operators are also separated by large distances, then
=21y

this exponential behaviour often becomes C(t,x) ~ %e , where vp is the

butterfly velocity. Other forms of spatial dependence such as diffusive spreading
_ I

can also arise, C(t,x) ~ %e(/u Dor) This exponential growth in time has been

coined “scrambling”, and indicates the growth in the number of degrees of freedom

affected by V after perturbing the system with W.



It was shown in [3] that such growth is bounded: A < 2x/B. This bound is
saturated for theories which have a holographic dual description of an Anti-de Sit-
ter (aps) black hole, where the oroc can be viewed as a scattering amplitude near
the black hole horizon [4, 5]. Thus, saturation of the chaos bound in a many-body
quantum theory is a key indicator that the theory is holographic. Unfortunately, de-
termining the behaviour for such otocs often requires complicated, model-specific
calculations [6, 7]. This is partially a result of the lack of a general description for
the origin of scrambling and chaos.

Blake, Lee, and Liu [1] have proposed that the origin of chaos lies in quantum
hydrodynamics. They conjecture that chaos arises due to a “shift symmetry” in
the hydrodynamic effective action, leading to a buildup of a “hydrodynamic cloud”
that serves as the mechanism which scrambles operators among many degrees of
freedom. This symmetry yields an exponentially growing fluid mode, and leads to
a variety of results such as exponential growth in the otocs of generic operators,
the lack of such growth in Time-Ordered Correlators (Tocs), and an interesting
“pole-skipping” phenomenon in the energy two-point function. This pole-skipping
in particular is very useful, as it provides a straightforward way to calculate both the
Lyapunov exponent and butterfly velocity. This conjecture has been verified for both
the Sachdev-Ye-Kitaev (sYk) [6] and syk chain models [8], chaotic Conformal Field
Theorys (crrs) [9], Einstein gravity [10], and higher-derivative gravity theories [11].

In all of these models, the conjecture was checked at leading order in pertur-
bation theory (e.g., at leading order in the inverse coupling for the syk model),
where each model is maximally chaotic. However, at Next-to-Leading Order (NLO),
negative corrections to the Lyapunov exponent have been shown to arise in many of
these models, most notably from stringy effects in aps black holes [5] and from the
massive modes in the syk model [6], making these theories only near-maximally
chaotic.

In this thesis, we will investigate the syk model at NLO, comparing sYk model-
specific calculations to general predictions from hydrodynamics. We first introduce
hydrodynamics and the conjectured origin of chaos in Chapter 2, followed by the
sYk model at leading order in Chapter 3. We then determine how hydrodynamical
pole-skipping is modified in 0 + 1 dimensional theories, comparing the predictions

to the leading order syk energy two-point function in Chapter 4. We will then



discuss the NLO correction to the soft mode theory in Chapter 5, demonstrating
that the model remains maximally chaotic at NLO, retains the shift symmetry (in
this case a full SL(2,R) symmetry), and possesses the 0 + 1 dimensional version of
pole-skipping. Finally, we will discuss the massive modes, their role in reducing
the Lyapunov exponent, and their impact on the conjectured hydrodynamic origin

of chaos.



Chapter 2
Hydrodynamics

In this chapter, we review the hydrodynamic effective theory and its relation to

chaotic theories, closely following [1].

2.1 Preliminaries

Quantum hydrodynamics is a universal sector of all quantum many-body sys-
tems. It is the low energy Effective Field theory (FT) for gapless modes associated
with conserved quantities, such as energy and momentum. We follow the theory as
laid out in [1, 12], formulating it for systems where the only conserved quantity is
energy.

We describe the theory using what is essentially the Lagrange description of
fluids; we define fluid spacetime coordinates o4 = (0'0, O'i), where the o labels
each fluid element via its position in the fluid spacetime, and o is interpreted as
the “internal clock” for each fluid element. The hydrodynamic degrees of freedom
are given by mappings from the fluid spacetime to two copies of physical spacetime
on the legs of a Closed Time Path (ctp) contour, X¥ (o), s = 1,2. The need for a
ctp (also known as a Schwinger-Keldysh contour) is familiar from the study of non-
equilibrium systems (see Appendix A for details regarding the Schwinger-Keldysh
formalism). Additionally, a local inverse temperature for each fluid element is
given, B(c?). The system begins in some initial state pg, often a thermal state, and

its evolution is governed by the Schwinger-Keldysh path integral with an effective



hydrodynamic action Ihydro-

To justify the above description and find the correct form of the action, we
follow the standard story of EFTs: identify the correct symmetries, write down the
most general action that satisfies them, and find the correct physical interpretation
of the degrees of freedom. To find the relevant symmetries, consider a theory with
a single conserved current J,, and its generating functional, with sources Ay, on

each leg of the cTp:
W) = T (py Tee! At =A ) 2.1

Because J# is conserved, the generating functional is invariant under gauge trans-
formations Ay, — Agy + 0y A for any function A;. We can then find a generating
functional written as a path integral over a local action S by promoting the symmetry

parameters A to physical degrees of freedom:
WAl = / Do Dy’ SWBueBud B = Ay, + 0,0 22)

The generating functional defined this way is manifestly invariant under gauge
transformations, and we have a local action that yields a generating functional for
our conserved current.

If our conserved current is the stress-energy tensor, we know that turning on
sources corresponds to putting the system in a curved spacetime with metric g,
on each leg of the ctp. Conservation of the stress-energy tensor then leads to the

gauge symmetry being identified as diffeomorphism invariance of the metric,

ayL ayJ
Axk oxy’

gspv(xs) - gspa'(ys(xs))

Promoting the symmetry parameters to degrees of freedom means our hydrody-

namic action is given by

eWlgngl — /DX]DXQD,B eilhydm[hl,h%ﬁ],

oxt ox” (2.3)

hsap = gsyv(Xs)W ma



where we have also introduced a local temperature S(c-). Interpreting the o4

as coordinates on the fluid spacetime, and X; as the coordinates on the physical
spacetime, we’ve found the general form of our action and justified the description
given at the start of the section. This is an ErT for a system whose only conserved
current is the stress-energy tensor, described with the associated long-lived gapless
degrees of freedom.

There are a few additional symmetries to impose. The action should not depend
on how we initially choose to label the fluid elements in the fluid spacetime, nor on
how each fluid element tracks time. We thus demand the action Ihyqro be invariant

under diffeomorphisms of the spatial or time components of o, but not both:

O'O N O'O, O_i — O',i(O'i),

0_0 N O"O(O'O,O'i), O_i — O'i.

(2.4)

This is weaker than general diffeomorphism invariance by necessity: allowing, for
example, o' — o’/(¢°,0) would mean that the fluid element o changes with
time, thus treating actual fluid motion as relabeling.

We also require that the action satisfies the unitarity conditions

Lyarol 1 12, Bl = = Inyaro[ 12, h1, B, (2.5)
Ihyarolh1 = h2, B] = 0, (2.6)
Im]hydro 2 O. (2.7)

The first condition is from CPT invariance of the Schwinger-Keldysh path integral,
the second from unitarity of time evolution (since setting h; = h amounts to
evolving forward and backward in time in the exact same way), and the third from
requiring that the path integral be well defined (since a negative imaginary part of
the action would lead to exponential growth in the path integral).

Finally, we require the action to be invariant under what is referred to in [12] as
“a Z dynamical KMS symmetry”. This symmetry takes a simple form by using

time diffeomorphism to fix the local temperature,

Blo) = B = Bos (Voo + v ) (2.8)



where Sy is some reference scale (e.g., the background inverse-temperature if we

are in a thermal state). With this, the metric transforms under this symmetry as
hi(=0r,=x') = hy (0 +i6,x"), ho(=0r,—x') = hy(a—i(Bo—6), x'), 6 € [0, Bo], (2.9)

and the action is invariant under this symmetry, Ihydro[ /1, h2, B] = Ihydro [El,ﬁz, Bl.

This imposes local equilibrium and microscopic time reversal symmetry.

2.2 Lagrangian and Shift Symmetry

For our purposes, we can consider the action without external sources for a
system with only energy conservation, as in [1]. We use spatial diffeomorphism
invariance to set o' = X} =: x', leaving X{ (0, x') as the remaining dynamical
variables (recall we used time diffeomorphism invariance to fix 8). We then
identify X, = %(X? + Xg) as physical motion and X, = X? - Xg as quantum-
statistical noises!, and invert Xr(O'O, X;) = t to express the theory in terms of
o(t,x") = o0, x") and X,(t,x") := X,(o, x"). This has the additional benefit that
we now have 8 = By/0;0.

We can then write down the action to quadratic order in the noise field X, using

standard ErT techniques:
Lhydro = —HO, Xq — G10: Xy + %atxuM1 0, Xy + %(’)iXaMza,-Xa +0(d®), (2.10)

where H and G; are functions of 8 = By/d;0 and its derivatives, and M, are
differential operators constructed out of 9, d;, and 8. The equilibrium configuration
o =t,X, = 0is always a solution to this Lagrangian.

We now expand around equilibrium:

o=t+e(t,x"), Xy = —€,(t,x"), B=Bo+ B, 68 = Po(l — d€), (2.11)

I'This is the standard “average-difference” basis found in Schwinger-Keldysh theory. This basis
generally admits the interpretation of physical motion and noise [13]. We will use this basis regularly
throughout this thesis.




and expand Equation 2.10 to quadratic order in €,:

i
['hydro = EaKEr - EEaMea, K = ﬂ()(flat + hlo'?iz)(‘)t, M = (Mlal + Mzaf) |,5'=ﬁo’
(2.12)

where we have written H and G; as H = f168, G; = h10;68, where fi(d;,0;) and
h1(0y, 0;) are differential operators. All B dependence in M|, has been set to .
The equation of motion for this Lagrangian is

(10 + 10?)der =0, €, =0. (2.13)

Everything thus far has been for general theories where the only conserved
quantity is energy, and the only long-lived gapless modes are those associated with
energy conservation. We now demonstrate how certain hydrodynamic EFTs can
predict chaotic behaviour: the key is demanding that Equation 2.12 be invariant

under the “shift symmetry”,
u(t,x') = u(t.x') + f(t.x), u= e, 9, f = (), (2.14)

where f is some function satisfying the above differential equation, A is a constant,
and «(0;) is a differential operator with at least one derivative (or equal to zero), such
that (¢, x*) = c is always a solution. Under this symmetry, we find an exponentially

growing solution to Equation 2.13:
€= —%e’”, dre = A(0;)e, A(0;) = A + k(). (2.15)

This exponentially growing mode is responsible for the exponential growth found in
oTocs, while the symmetry protects Tocs from this exponential growth (as expected
for systems without instabilities). Both the syk and syk chain models satisfy this
symmetry; for the syk model, with no spatial dependence, the symmetry is just
a constant shift in u(z), while for the syk chain the shift is an arbitrary time-

independent shift u(t, x') — u(t, x') + a(x"), both corresponding to x = 0.



2.3 Shift Symmetry Results

We now review the results demonstrating the chaotic behaviour of a shift
symmetric theory. We investigate the behaviour of the retarded two-point functions
for both the hydrodynamic mode and energy density, along with the behaviour of
otocs and Tocs of generic few-body operators. These results will establish that any
hydrodynamic theory with a shift symmetry is chaotic, and predict a phenomenon
in the retarded energy two-point function called pole-skipping.

First, note that this symmetry implies that the operators fi, 4] have the form
fi = @ = A07)a@:,07), by = (8 = AO7)b(&r,07), (2.16)

where a(0;, 0;), b(0;, 0;) are new differential operators. This ensures that Equa-
tion 2.12 satisfies the shift symmetry.

We now need the retarded two-point function for the hydrodynamic modes,
Gr(x) = i{&(x)€q(0)); (2.17)

see Appendix A for the origin of this expression. Since Equation 2.12 is quadratic,
with the term €,Ke¢,, we can find the retarded two-point function by inverting the
K = Bo(f10; + hlal?)a, operator, subject to retarded boundary conditions. This is
accomplished by taking the inverse Fourier transform of Gr(w, k) = —1/K(w, k)

with an open contour C that goes above all its poles:

ddk e—iwl+ik[xi
GR(x):—/C(zﬂ)d Ko (2.18)

Using Equation 2.12 and Equation 2.16 we can express Gg(w, k) as

- 1 - _b(w,k)
O ) = et e — 2@ + D@ 0k M= e ky
(2.19)

where we have introduced the “diffusion operator” D(w, k). The choice of contour
means that when ¢ < 0, we can close the contour in the upper half plane without
picking up any poles, yielding zero. We will assume that the only poles in the

complex w upper half plane come from the w — iA(k) term. There is a line of poles



in the lower half plane from
w + iD(w, k)k* = 0. (2.20)

In the limit of small w, k, these yield the standard energy diffusion poles w =
—iDgk* Dg = D(0,0) (hence the name diffusion operator).
For a0+ 1 dimensional system (such as the syk model), obtained by suppressing

all spatial dependence, we have

1
iBow?a(w)(w —id)’

— o) — L
GR(1) = ~00) s 4

Gr(w) = -
2.21)

where we have only kept the exponentially growing term. For systems with spa-
tial dependence, we get a similar result using Equation 2.19: we perform the w

integration, and look at the exponentially growing term from the pole at
w—il(k)=0 (2.22)

We see that if there is a solution to the equation

A(k) + K*D(id k) =0 (2.23)
for some k2 = —k% < 0, then we obtain
A 1xL
Gr(x) = cO(t)e™ ™8, (2.24)
. _ - 1
A= A(—kZ), A= kED(id,—k2) = 0, vp = = (2.25)
C

Thus we see that assuming shift symmetry gives us the expected behaviour for the
retarded two-point function in a chaotic system.
Using these correlators with the expressions for the energy density found in [1],

Appendix A, we can also find the retarded energy density two-point function

GEE(x) = i, (x)E4(0)) (2.26)

10



to be N
(w = iA(k)k>b(w, k)

GEE =
R =P ke

(2.27)

We see the same line of diffusion poles from Equation 2.20, w + iD(w, k?) = 0.
Crucially, we see that this line of poles coincides with the zero from the w — iA(k)
factor in the numerator precisely when w and k obtain the same values that yielded
the Lyapunov exponent and butterfly velocity in Equation 2.25. This phenomenon
of “pole-skipping” implies that calculating the retarded energy two-point function
and determining its singular behaviour allows one to simply read off the Lyapunov
exponent and butterfly velocity. Things must be modified slightly for theories with
no spatial dependence, which will be discussed in Section 4.2.

The final important result is regarding orocs and Tocs. Without going into too
much detail, we split any operator involving only a few degrees of freedom V/(z)
into a “bare operator” V that doesn’t communicate with any other bare operator,

along with the bare operator dressed by a “hydrodynamic cloud:
V() = V(t) + LV [Vel(t) + -+, (VW) =0, (2.28)

where LEI) is a differential operator that couples the bare operator with the hydro-
dynamic mode.

Generically, otocs require a “doubly folded” time-path that goes forward and
back twice, as in Figure 2.1, not once like with a ctp. Given this path, any four-point

function between any four operators A, B, C, D can be given by

(Tc Ai (t1)Bi,(12)Ciy (t3) Dy, (14)), (2.29)

where i = 1,2,3,4 tells us which leg of the path the operator is inserted on. For

example, to get the otoc in Equation 1.1, we can use
TcVi(t)Va(r2)Wi(t3)Ws (1)), (2.30)

where 112, = O and 134 = 1,1, > t > t;. Note that we can also obtain a more

11



Imt

—if

Figure 2.1: A diagram of an out-of-time-ordered correlator. The placement
of the operators along the doubly-folded contour ensures the proper
ordering of the operators.

standard Toc, e.g., (witht; < 1, < 13 < 1),

(TcVi(t)Valt2)W3(t3)Wal(ts)) . (2.31)

Note that there are many other orderings of operators one could use for a Toc; for
example, [1] often uses the ordering (V(0)W ()W (¢r)V(0)), corresponding to the
expectation value of the operator W(¢)W(¢) in the state V(0)|0). What unites them
is that the second fold in the contour can actually be made redundant; for example,
one could put each of the operators in Equation 2.31 on the same leg and get the
same result.

Even with the otoc, we can actually avoid using this doubly-folded time path,
thanks to the fact that, at quadratic order in €, any four-point function of operators
V, W reduces to various two-point functions of €. Two-point functions of operators
on any contour (with any number of folds) can always be reduced to two-point
functions on a single ctp, due to the unitarity of time evolution. Thus, we are free
to use the standard Schwinger-Keldysh formalism we have been using so far.

By assuming that the coupling respects both the shift symmetry and a “time

12



reversed” shift symmetry,

LV () (n)ye™ ] + LYV ()P (1)) e¥42] = 0, (2.32)

15)

one can show that the Toc between operators V and W does not contain an expo-
nentially growing part, while the otoc does.

In conclusion, we have the observation that a hydrodynamic theory with a shift
symmetry is chaotic, and does not contain instabilities in Tocs; the conjecture is
that this is the origin of chaos (at least for a certain class of theories). An important
corollary to this conjecture is that pole-skipping in the energy two-point function
occurs whenever a large N theory is chaotic, making pole-skipping a necessary
condition for chaos, and can be used to determine the Lyapunov exponent and
butterfly velocity.

This conjecture appears to hold for a number of maximally chaotic theories,
particularly the syk models at leading order mentioned above and Einstein gravity
[10]. However, the status of non-maximally chaotic theories and their relation to
this conjecture is yet to be determined. The syk model at NLo is an example of a
“near-maximally” chaotic theory; the Lyapunov exponent receives a small negative
correction proportional to the perturbation parameter, 4 = 2‘7” — 0. It is this
theory we will be investigating to gain insight on whether near-maximal chaos is
hydrodynamic in origin, or whether there is another sector to chaotic theories that

must be found.

13



Chapter 3

SYK Model-Leading Order

In this chapter, we provide a quick overview of the syk model and its description
at leading order. Much of this section utilizes results from Section 3.3 and Section
4 in [6].

3.1 Preliminaries

The syk model [14, 15] has received a great deal of focus since its proposal,
thanks to the wealth of phenomena it exhibits, along with its computational sim-
plicity. The model describes N Majorana fermions with all-to-all interactions,
with couplings sampled from independent random Gaussian distributions with zero

mean and the same variance:

jq/2

H = 7 Z jjl’jZ"'jqw].llpjz”'qu’
T Jd2 g 3.1)
Pg-1D! 2971 7%(q - 1)
.2 = = . L} = ..
<J.i1’j2"'.iq >‘] - Nq—] - qu—l s {l//la lyb]} - 2(511.

; are the Majorana operators, which are effectively N dimensional Dirac matrices.
The variance of the random couplings j... defines the effective one dimensional
coupling J, and its scaling with N is chosen to give an interesting large N limit,
while the (¢ — 1)! term simplifies some expressions. The second formula defines

a rescaled coupling J that is useful for some formula (e.g., in [6]). We study the

14



model in the regime N > BJ > 1, allowing us to consider only leading order
effects in N, while working up to NLo in the inverse dimensionless coupling 1/8J.
We will be working in Euclidean time 7 = ir at finite temperature. For any

particular sampling of couplings j..., the path integral is

1 .
26)= [ Dwesp|- [ ar T 3 st
L 1-J2°""Jq

(3.2)
It turns out that taking the disorder average over the random couplings gives a simple,
classical result. We introduce a bilocal field G(7y,72) and Lagrange multiplier field
Y(71,72) that sets G equal to the averaged two-point function % 25 Wi ()Y (T2).

We can then perform the integral over y:

(Z(B))s = / DGDE exp (—N 1[5,5]),

| P (3.3)

1[G.2] = —log P&, — %) + = / dridos [ZG - —Gq] .
2 q

The factor of N multiplying the whole action / means that taking the large N limit
is a classical limit (similar to taking # — 0). The classical equations of motion
are then found from finding the saddle point, and one can show that the equations
are the same as the Schwinger-Dyson equations for the two-point function G and
self-energy X,

G(t) = (3; - X(r))", X(r) = J2G(r)T7". (3.4)

The first equation can be seen as the standard relationship between the full two-point
function G(t), the free propagator d;!, and the self-energy X(7). This is shown
diagrammatically in Figure 3.1.

In the limit of strong coupling (or equivalently, long time), we can neglect
the d; term; the resulting action and SD equations are invariant under arbitrary

reparameterizations of time f(7),

G(t1,12) = G(f (1), F ) )P f (02,

3.5)
X(11,12) = Z(F(), FEIF @A () A
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Figure 3.1: A diagrammatic representation of the Schwinger-Dyson equa-
tions. The first line is the standard representation of the two-point
function in terms of the self-energy, while the second line expresses the
self energy in terms of the two point function.

where A = 1/q is the conformal weight of the Green’s function. The limit where
we neglect the J; term is thus named the conformal limit.

For example, starting with the zero temperature solution
Gpooo(11,12) = =D J (11 — 1) *2sgn(71 — 1), (3.6)

we can obtain the set of all solutions at a given inverse-temperature 8 by applying
27i

Equation 3.5 with £(r) = ¢ # ¢, where g is a diffeomorphism. This is similar

to the way finite temperature two-dimensional crts are obtained by exponentiating

the zero temperature theory [16]. Every individual solution is unchanged by the
af+b
cf+d’
spontaneously broken to SL(2,R)

transformation f — a,b,c,d € R; the reparameterization symmetry has been

3.2 Reparameterizations

Unfortunately, the conformal limit is inconsistent. While part of the four-point
function has a finite part in the limit, known as the “conformal four-point function”,
another piece yields infinity, as will be seen in Section 3.3. This forces us to include
the leading non-conformal contribution to the action, leading to a parametrically
large O(BJ) term in the four-point function. This means that we are including
the leading effects from the d. term, explicitly breaking the reparameterization
symmetry in Equation 3.5.

In this limit, the leading solution to the Schwinger-Dyson equations at a given
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temperature is still found by reparameterizing the zero-temperature solution Gg-c.,

but only g(7) = 7 is a saddle point:
m‘r1 @Tz m‘r1 1A mT2 1A
Ge(11,12) = Gp=co(e £ e £ 2)|(e £ ) |%](e £ 2)'|7. (3.7

We call this the conformal two-point function. Including the leading effects from
breaking reparameterization symmetry means that the reparameterization modes
g(7) become pseudo-Nambu-Goldstone modes, or soft modes. Thus we can write
the leading action for Equation 3.3 by considering fluctuations away from the confor-
mal Green’s function generated by the reparameterization modes. For infinitesimal

fluctuations g(7) = 7 + €(7), the fluctuation in the correlator is
0eGe(t1,12) = (A€'(11) + A€'(12) + €(11)07, + €(72)0r,)G (71, 72), (3.8)

and the corresponding action is

N 1
SxS8 = % d‘ri(e”z ~ 227, (3.9)
where ayg is a constant determined by g and numerical data (see [6],[17] for more
details). The action for finite reparameterizations can be determined as well,
yielding the Schwarzian action,

Nag

ﬁ - 1244 144
_ _Nas i g(7) _ S 3 (f (1)
S; = 7 /0 dt Sch(e 7 ,T),  Sch(f(r),r) = 70 2\ 70

2
) , (3.10)

where we have defined the Schwarzian derivative. One can reproduce (3.9) by
setting g(7) = 7 + €(7) and expanding to quadratic order.

One important thing to note is that Equation 3.9 is zero for the reparameteriza-
tions e(1) = ™™ m = 0,+1. These are not true zero modes, but instead the result
of an SL(2, R) gauge symmetry, coming from the fact that the conformal two-point

@) Since

function is unchanged by SL(2,R) transformations acting on f = e%g
we should only consider fluctuations leading to physically distinct configurations,
such reparameterizations are gauge transformations.

Another important thing to note about these reparameterization modes is that

they are actually the hydrodynamic modes of the system, up to a constant, making

17



the Schwarzian theory a hydrodynamic theory. One way to see this is that they
represent a mapping from physical time, 7, into a “fluid time” g(7). Another
way is that the Schwarzian action, analytically continued to the Schwinger-Keldysh
contour, is an example of a model with a Lagrangian of the form in Equation 2.12.
Appendix B of [1] explicitly shows how one can obtain the Schwarzian action
in Lorentzian time from the general hydrodynamic effective action; they find a

hydrodynamic Lagrangian with a shift symmetry
Lhyaro = L(o1) = L(02), L(07) = —axSch(e™ F7,1). (3.11)

Under analytic continuation to Euclidean time, —o = ig, and the shift symmetry is
just a subset of the full SL(2,R) symmetry.
We can write the Schwarzian action another way!, which will be more useful

when we consider the NLo corrections;

2
S; = -Nase / do Sch(e™*?, g), (3.12)
0

where & = é—’;,@ = %TT, and ¢(0) = %’g(%) is a diffeomorphism of the unit circle.
In summary, the leading action for the syk model comes from the explicit
breaking of reparameterization invariance, and is characterized by a single gapless

reparameterization mode that is equivalent to the hydrodynamic mode of Chapter 2.

3.3 Four point function

(3.8) and (3.9) can be used to find the Lorentzian connected four point func-
tion, both in time-ordered and out-of-time-ordered configurations, by finding the

Euclidean time-ordered, averaged, connected four-point function,

1 1
N]'—(Tl,Tz,T3,T4) =¥ Z<T¢i(T1)%(Tz)lﬂj(T3)¢j(74)>—G(le)G(T34), Tjj = Ti—Tj,
l’.]
(3.13)
where we have subtracted off the disconnected piece and noted the N scaling of

the connected piece. This can be found using Feynman diagrams, and is a sum of

I'This is the convention found in [17]
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Figure 3.2: A Feynman diagram of the n™ term in the four-point function.
Each rung contains g — 2 lines in the general case.

ladder diagrams generated by a kernel K(7y,- -+ ,74):
F = Z K"Fo, Fo = =G(113)G(24) + G(114)G(123), (3.14)
n=0
K(ti,--+ 1) = (g = DG(113)G(124)G(134)7 7, (3.15)

represented diagrammatically in Figure 3.2. This is the starting point in [6], where
they solve this equation directly by diagonalizing the kernel and taking into consid-
eration the leading effects of the d; term.

An alternative method is to note that, using Equation 3.3, we can find F near

the conformal limit using
F(t1,72,73,74) = ((G(112) = Go(112)) (G(734) — G (T34))), 2 (3.16)

i.e., by looking at the two-point function between fluctuations around the conformal
correlator. Since we know that near the conformal limit, reparameterizations ought
to be the most dominant, we look at the part of the connected four-point function

that comes from infinitesimal reparameterizations,
F(r1.72,73,7) 7 = (66 e(11,12)8G (73, 74)), (3.17)

where the (—1) superscript indicates the order in 1/8J we will end up finding. We
can now use Equation 3.9 to obtain the correlator for e and find F(~V; to leading

order the result only depends on two point functions of €. The final expression

2Recall that G represent the integration variable found in the path integral of Equation 3.3.
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differs depending on whether the time-ordering from Equation 3.13 results in iijj

order or ijij order; the former yields

F(r1, 1, 73’74)(_1) T2 T34
- -1 -1], 3.18
GG P \panm | pan G18)

where c is some constant. We now see why the conformal limit is inconsistent;
setting 8J = co means Equation 3.18 diverges.

This expression can be analytically continued to a real time Toc by setting
T, = 0; —1it;,0p > --- > 04, where the ¢; are simple regulators imposing the
time-ordering. Doing so shows there is no exponential growth in the Toc; if
T ® Tp & —it,73 ® 74 ~ i0 asin Equation 2.31, then all of the terms in Equation 3.18
have finite limits as ¢t — oo.

The ijij ordering takes a simple expression when setting 73 = 0,73 = B.

2
f(ThTz,O,g)(_l) T2 Sin%sin%
B :—C,Bj —7T7'12_1_7T~—7TT12 . (319)
Ge(112)Ge(5) /3 tan =5= | sin =5

This formula is useful for obtaining a common variant of the otoc,

C(t) = (" i)y ;(0)p *yi(t) "y ;(0)), p = ePH. (3.20)

This correlator has the same late-time growth in the chaos limit, ¢, <« t < f,
as the traditional otoc from Equation 1.1, but has each operator moved a quarter
around the thermal circle, making for easier calculations. We can obtain it from

Equation 3.19 by setting 8; = % —it, 60 = g —it: the result is

~ 2nt
Et)™ = cpT 1 - cosh ) 6.(B)Go(E), (3.21)
B 2 2
demonstrating the exponential growth of the oroc with Lyapunov exponent A = %’

In summary, direct calculation of the four-point function in the syk model can
be calculated using the Schwarzian theory, establishing the theory as chaotic. It
is a hydrodynamic theory with a shift symmetry, and as we will show in the next

section, satisfies the O + 1 dimensional version of pole-skipping.
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Chapter 4

Energy Two-Point Function

We are now ready to calculate the sYk energy two-point function to leading order
in 1/B8J. We will start by obtaining an explicit expression for the energy density
E(7) for the action in (3.10), along with the leading order in €(7) contribution.
This, along with the correlator for Fourier modes of e(7), will give us the energy
Matsubara correlator in frequency and time, which can be analytically continued to
obtain various real time correlators. !

We will then calculate the energy two-point function for a generic hydrodynamic
action with no spatial dependence, specializing to the syk model afterwards and

checking for agreement with the direct result.

4.1 SYK Direct Calculation

The action in (3.10) has time translation symmetry, yielding the Noether current

for the energy,

" 3 77 /12
E(m)D = —B(g—, (&) —g'z) - _B Sch(tan *¥ 1), @.1)
g 28 2 B
where B = Na,/J, and the superscript indicates we are at O(1/8J).
Considering infinitesimal reparameterizations g = 7 + €(7) and expanding to

leading order in €, neglecting total derivative terms, we get the quadratic action

ISee Appendix B for details on thermal correlators.
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(3.9) and energy
EW = —B(e"” + A%€). 4.2)

To derive the two-point function for the energy density, we first obtain the

two-point function for the Fourier modes of infinitesimal reparameterizations:

€= E €ne T,

mez
1
S1=5B ; B2 (w2, = A)emEm, 4.3)
1 6m+n

SAene) = ———,
where w,, = 2nn/B = Am are Matsubara frequencies. It is important to note that
the SL(2,R) gauge symmetry is generated by the m = 0,%1 Fourier modes of e.
Thus we can gauge-fix the action by simply dropping these modes, i.e., we set
€ = €:1 = 0, yielding a finite correlator for all valid m.

With this, the Matsubara correlator for the energy can be obtained:

E(iwm)V = —iBa)m(w,zn - e,

Gl i) = 5 (0 = 1),
2
E@EON = ), Gifliwpe ™ = —NO‘};Z; E 11— g6 + 561
m#0,+x1

(4.4)

After dropping contact terms, this yields a constant energy two-point function, the

expected result for a conserved charge. Interestingly, it yields the same result as
c
((6E)*) = dglog Z = Ez, (4.5)

where ¢/ = (2m)?asN /BT is the specific heat. This result leads to the surprising

statement that the leading order connected four point function in the time-ordered

2logZ = -BEy + So + ZL’ where E(, So are the ground state energy and zero temperature entropy
respectively. See [6], Section 2.6 for details.
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configuration comes entirely from energy fluctuations. Using the result from [6]
(Equation 3.129) and calculating the variation in the conformal correlator produced

by variations in S, along with the saddle point relation E = c/2/3, one obtains

FED
N

6
= aﬁG(Tl,Tz)aﬁG(Ts,m)'%(T(T)T(0)>(1), (4.6)

where T = %(T] +7)— T3 —T4)

4.2 Hydrodynamics in 0+1 dimensions

We now calculate the retarded energy two-point function for a hydrodynamic
EFT with no spatial dependence, GgE (t) = i(E,(t)E,4(0)). The theory is formulated
on the the ctp contour in real time, and we have E, = %(E 1+ E»), E, = E| — E>.
We will then use this to find the energy two-point function for the syk model.

We start by considering a general hydrodynamic Lagrangian with no spatial
dependence to quadratic order; this can be obtained from (2.12) by setting all

spatial derivatives equal to zero:

i
Ehydro = ,Bfaflatzfr - EEaMlatzfa- 4.7)

(Note that we have dropped the subscript from Sy, for consistency with the expres-
sions in Chapter 3.

Using the results from [1], Appendix A, where f"(9;) := fi(—0,) is the operator
obtained by doing integration by parts for f, we obtain the retarded energy two-
point function for a general hydrodynamic action with no spatial dependence, as

well as the two-point function whenever the action has a shift symmetry:

GRE(t — 12) = B2 f1(0) £, (01,01, 01, GR(11 — 1)

— 0208 _ 12 242 (4.8)
= —f(8; — )"a(0,)"0; Gr(?),

where Gr(t) = i{e-(t)e4(0)) is the propagator of near-equilibrium hydrodynamic
modes, = 1] — tp.

Dropping all spatial dependence for 2.19, we find Gr(w) = — 5 (i Bw?a(w)(w — id)) ! ,

1
B
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and so 3
GLEE(w) = —i(w - id)a(w). (4.9)

This is the 0 + 1 dimensional version of pole-skipping: a hydrodynamic theory with

shift symmetry possesses an energy two-point function that vanishes at w = iA.

We now consider the syk model, whose hydrodynamic Lagrangian (the Schwarzian

action of the reparameterization modes) contains a shift symmetry. Recall that the
Lagrangian that yields the Schwarzian action on two legs of a cTp contour is Equa-
tion 3.11; one finds that f; = %(8, — A)(d; + ), yielding

GRE(w) =~ (0 + 22)
B'B (4.10)
GEE (iwp) = E(w%,, - 2%).

where in the last line we have analytically continued the retarded, real frequency
correlator to give the Matsubara frequency correlator, w — iw,, (see Equation B.5).
This is equal to the result from the direct syk calculation, Equation 4.4.

In summary, we have found the leading order retarded energy two-point function
for the sykmodel, and found that it satisfies the O + 1 dimensional version of pole-
skipping, i.e., it possesses a zero at w = iAd. Since it is also a hydrodynamic theory,
as shown in Section 3.2, the syk model satisfies the conjecture. We now aim to

investigate the model at NLoO, and see if the model continues to satisfy the conjecture.

3We have inserted a factor of S into the definition of the Fourier transform, compared to [1], for
consistency with our definition of the discrete Fourier series in Equation 4.3.
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Chapter 5

Next-to-Leading Order
Corrections

In this chapter, we investigate the NLo correction to the syk action for the
reparameterization mode, derived in [17]. We will calculate the retarded energy
two-point function at NLo and look for its zeros, demonstrating that even at NLO
the soft mode theory is maximally chaotic, thus satisfying the conjecture. We then
show how to consistently incorporate the remaining degrees of freedom of the syk
model, establish their role in reducing the Lyapunov exponent, and comment on the
difficulty in interpreting the theory as hydrodynamic.

The correction to the soft mode action retains the non-locality present in Equa-

// o, doy ' 0’002 [, [ e |
2n 2n (P?Z ¢'(01)¢’(62)&? ﬁn, (5.1)

@(01) — ¢(02) |
—

tion 3.3; it reads

Sl = —

Nye?
2

QY12 = 2sin

Here and in the following, we will use the field definition and angular time

coordinate as in Equation 3.12; ¢ is the reparameterization mode, 6 € [0,27) is the

Note that in this section, the subscript ij no longer means just the difference: 61, = 2sin o 562 .

This is due to the prevalence of terms such as this when investigating the nLo soft mode theory.
Differences such as 81 — 6, will be explicitly written out, or denoted by 6_ when appropriate.
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(angular) time coordinate, and € = é—’; The constant vy is related to ag, c is a constant

determined by the method chosen to regularize the d, perturbation in Equation 3.3,
and the “fin” subscript indicates that we regularize the action by discarding any
cutoff-dependent local terms that arise when one imposes a cutoff to regularize
the ¢, divergence.2 This action is SL(2,R) invariant, just as Equation 3.12 is,
implying a shift symmetry; under the transformation e’¥ — ¥ + ¢, the variation

of the Lagrangian vanishes.

5.1 NLO Corrections Summary

Let us discuss the origin of the non-local action. The d; term in Equation 3.3
is an irrelevant perturbation that produces UV corrections to the Green’s function.
The procedure in [17] is to replace this perturbation with a simpler UV perturba-
tion, possessing a non-singular integral kernel o (71, 72), and match the leading IR
response of this perturbation to the numerical result from solving the full Schwinger-
Dyson equations. This provides an analytically tractable way to determine the NLO
action for the soft mode, along with corrections to the soft mode propagator and
the four-point function, Equation 3.13.

After replacing the d; term with o (7(, 1), redefining our variables as in Ta-
ble 5.1, and expanding to quadratic order in fluctuations around the conformal
saddle point, (G,2) = (G¢ + 6G, 2 + 63), Equation 3.3 becomes
1[6G, 6]

~
=~

1. ~ < 1 ~ —
ZTT(GC5Z)2 +3 / de1 dgs (52(901,902)5(;(901,902)
qg-1 ~ o~ _ ~ —~
= 1G9 26G(01,92 = 51 2)(Gelp1,62) + 6Glg1, 92))) 2

2
(5.2)

The action here has been expressed in a frame-invariant way, using ¢(6) as a time
variable as opposed to the physical time 6 (recall that ¢ is a generic diffeomorphism
on S!, which will later represent the reparameterization mode). We can now set 5%

equal to its saddle point to get an action for 6G, and subsequently set G equal to

2This procedure is actually unique, as argued in [17]
3See Table 5.1 for a definition of the symbols used throughout this chapter. These symbols are
defined for consistency with [17].
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its saddle point, resulting in (after another change of variables)

I[6g] B 1 1 -
L = - JGslge + 68) + J{08IKC ! 115g), (5.3
I, 1 1 -
N = _§<S|gc> - Z<S|KC(KC - 1) [s), (5.3b)

where I, is the action evaluated at the saddle point for a given UV perturbation
o, and K, is the “conformal kernel”, which is a symmetrized version of the ker-
nel from Equation 3.15 evaluated in the conformal limit; see Table 5.1 for the
definition. The inner products are defined as integrals over S' x S!, (flg) :=
fd91d92f(91,92)g(91,92), and A|f) = /d93d94A(91,92, 03,64)f(63,04). Note
that K. has eigenfunctions with eigenvalue 1 generated by infinitesimal reparame-
terization modes d ¢, 5G!l = |G| %5@ G, where 05,G . was given in Equation 3.8.
Hence, K.(K. —1)~! is only defined on the orthogonal complement of the reparam-
eterization mode subspace, with elements labeled by §G*. The conformal kernel
generates the conformal four-point function fj as calculated in [6].

The first term in Equation 5.3a generates the Schwarzian action Equation 3.12,
while the second will lead to the NLo correction to the action, Equation 5.1. Mean-

while, the second term in Equation 5.3b is interpreted as giving a correction to

the conformal Green’s function for a given source, dgyy = % KI?‘; 7|s). These UV
corrections to the Green’s function have been found in the zero-temperature limit

numerically for the exact d source to be
5Guy(11,12)  |J(11 = 1) " Gpeoo(T1,72), Re h 2 1. (5.4)

The next step is to choose an appropriate UV perturbation source o (61,6;) (or
equivalently s(61,6,)) that reproduces the UV corrections to the Green’s function,
in order to facilitate calculation of the second term in Equation 5.3a. The source
should only be supported for |8, — 6,| < 1, while still impacting the IR properties
of the model. Any source can be expressed in the basis of eigenfunctions of

the conformal kernel, Wj(61,6,) (each with eigenvalue k.(%)), multiplied by a

smooth window function u(¢ = In @), which provides the proper support.
Terms with k.(h) # 1 only contribute at short times, as flgc |uWp,) will only
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Symbol

Meaning

Analytic Expression

390(‘:0)

Renormalizing
field represent-
ing the soft
mode in a given
frame

€do

Go(¢1,92)

Renormalized
Green’s  func-
tion in a given
frame

G(11,12) = G(p1, 2)(E (1) (£ (92)*

56(917 02)

Renormalized
conformal
Green’s
tion

func-

Goy(0)=0(61,62)

Zo(p1,02)

Renormalized
and redefined
self-energy

2(11,72) = T2 Ze (01, 92)
—To (1, 92))(Ep(91)) A (e (02)) 72

0o(p1,¢2)

Renormalized
perturbation
source

o (11,12) = 2T, (1, 92)(Ep(91)) 2 (£, (2)) ! 72

R.(¢1,¢2)

Common func-
tion

—~ -2
(g - 1)"2Ge(p1,02)| T

g(p1,¢2)

Normalized
two-point
function

Re(¢1,92)G (g1, 92)

s(e1,¢2)

Normalized
source

Re(01,02)7 10 (01, ¢2)

K (01,925 03, 04)

Kernel for 4-
point function in
conformal limit

Re(01,92)Ge(01,93)Ge (@1, 92)Re (93, 91)

F(o1, 025 93, ¢4)

Conformal four-
point function

- K. .
Re(p1,02) ™" [ 15 (01, 925 93, 94)

— 125 (01,02 01, 93) | Re (03, 04) ™!

Table 5.1: Various definitions used to obtain the non-local action for the soft

mode.
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be supported at short times. However, when k.(h;) = 1, we have a resonance;

. K _ ke(hp) _ . . . .
since 1—_IC<C|Wh1> = W|Wh,> = oo, including the window function means

oguy = %f—;(ﬂuWh,) can affect the model at larger times. Thus, we consider
sources corresponding to these eigenfunctions.

The source for a given solution of k.(h;) = 1is

s1(01,02) = —a;e"710; — 62 M sgn(8; - Or)u(é), (5.5)

where a; is a constant to be determine numerically, £~"/~!

is to provide proper
units, and |6; — 6|7 sgn(f; — 6,) is an approximate eigenfunction of K.. This

yields
ar

—k((hr)

This has the same form as Equation 5.4. The dominant source and response are

"0, — 05 sgn(6) - 6,). (5.6)

0guv, ~

given by ho = 2; this is the source we will use to derive Equation 5.1.

Finally, we can change our degrees of freedom to allow for easier calculations.
Our primary degrees of freedom are represented by 6G, which separates into
eigenfunctions of K. with eigenvalue 1 and all other eigenvalues (the orthogonal
compliment), 6G = 6G!! + 6G*+. To make calculations easier, for each 6G we can
change variables into a frame ¢(6) where 65&' = 0; this is called the “conformal

frame”. The advantage of this frame is that we’ve eliminated fluctuations where

K.
1_K(r

done in the conformal frame, allowing us to use the conformal kernel as defined on

|65) = co. We can now use a variation of Equation 5.3a with calculations

the orthogonal compliment:

Slogz.¢]l 1 1 _
Tﬁﬂ = =5 (sglge + o85) + Z(ag;,}mcl — 1|6g), (5.7a)
S.[e] 1 1 _
N = T (elge) = g (selKe(Ke = 1)7s,), (5.70)

where all of the inner products are taken in the conformal frame, and in the second
line we again set ¢ g$ to its saddle point. Our remaining degree of freedom is the soft

mode ¢. Equation 5.1 can now be obtained from the second term of Equation 5.7b.
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5.2 Energy Two-point Function

We now extend the results from Section 4.1 to NLo. Equation 5.1 is invariant

under simultaneous translation of both times, and has an associated Noether current,

Nyg? 902
To(61,605) = ——22 57410/ (0,20"(02)? |In | ——2 |+ c—1]],
n(61,62) o2 P ©'(01)7¢"(62) ( (90’(81)90’(92)32 c
N 2
Tw(61,62) ~ —%el—;‘ [2ln912 DOhe+c—1 (5.8)
T
Sp1— 6
+(@4In6); —4lne +2¢ - 3) (3¢ + o) — 272
tan1%2

where (9; + 6,)Ty = 0, and in the second line we expanded to linear order in

op=¢p—460.
We also find that the Noether current for the local action Equation 3.12 is

Ti(0,) = —Naye Sch(e#%), 9,),

1 5.9
Ti(0+) ~ —Nase (E + (83+ +00,)00(84) | -

where we use the fact that the Schwarzian is obtained with respect to the average

of the two times, 6, = o ;Hz, as shown in [17], Section 3.2. Note that the energy

of the system from Section 4.1 is related to the generator of 6, translations by
0 .
E(ry) = AT(ﬁ)a NY GﬁE(lwm) = /12<TmT—m>-
Now, for the contribution from the non-local action, we must integrate the
current with respect to 6_ = 6; — 6, to obtain the generator of average-time

translations. We can then calculate the O(&?) part of the energy two-point function:

do_
T(,) =Ty(0+) + / ETmn(@l,@z) +0(&%) =t Tiy(04) + Ty (64),  (5.10)

(TO)TOL))P = (ToyTy)® + (T Tran) ™ + (T Ty ). (5.11)

where the superscripts on the right-hand side indicate the order in € of the correlator
for the soft mode used: (—1) indicates the soft mode correlator in Equation 4.3, and

(0) the correlator from the non-local action Equation 5.1. The local-local piece was
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found in [17], Equation 197:

Nye? 11
<T(1)mT(1)7m>(o) = — 43;2 (8huh,m|h:2 + (2 Ine+2- C)I/lz,m + 6 - Z(Sm,() .
(5.12)
We calculate the Fourier modes of the non-local-local piece, yielding
(-1) _ ]\]'}/82 6 9 8a
<T(1)mT(n1)7m> = —W —6Ine + 3c - 5 — § h (Mh’% + Mh,—%) |h:2’
(5.13)
where
2r
Ny [ ; ra-2n)
— 2 sin — 2h im0 7 _ imrm ) 514
tnm = | @sin ) e = Tt ey O

We thus obtain the O(&?) part of the energy Matsubara correlator:

N ysz

Gif (iom) = =73 me(wfn —)2Ine+2—c-2u(4) + 2y (me + 2)]
3l - ) 322 2 ot (O | (07
3(w;,, — A7) = 32760 + cOs REY 5 1

—6Ine +3c - g - g (—2¢(4) + 20 (“2’—; +2))

3
(5.15)

8
202, - —42)),

where i is the digamma function. The expression is zero when w,, = 4, so on
analytic continuation GgE (w =id) = 0. According to the conjecture from 4.2, this
should occur for a maximally chaotic theory; indeed, [17] found that at NLo the soft

mode contribution to the exponentially growing part of the otoc at is
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1
fb‘(gf)tmode(gl’02’ 03,04) ~ G- [912934f”(91,' -+, 04)
: 1 (m —2A6,)cos Af (5.16)
B = cos )
(=k&(2)) 27 sin @ sin 93594 + +
(0= n==00)
i (2 B t 0,-6, - 03—64 Sin A0+ s
an ——5— tan ==

where A6, = w and f I'is a (rather complicated) function that arises
in the analysis; see [17], Section 5.1.5 for its exact form. This expression only
includes the terms that grow exponentially upon analytic continuation to the time
configuration from Equation 3.20.

To find any change in the Lyapunov exponent, we analytically continue Equa-
tion 5.16 to real time as we did in Section 3.3 and look for terms that go like te%t;
these correspond to adding a small negative correction to the Lyapunov exponent

in Equation 3.21, as
2z _ L 27 1
AFmrolr L (1 - Ew) . (5.17)

While at first glance it appears there are terms proportional to te%rt in Equation 5.16
(e.g., the A6, cos A6, term), we have explicitly checked that f!l contains terms that
directly cancels them. Thus the exponential growth remains proportional to e%t.
This confirms the fact that the correction to the soft mode action does not change
the Lyapunov exponent. This makes sense when considering the symmetries of the
theory: the soft mode action must be SL(2, R) invariant to all orders in perturbation
theory, as it’s a gauge symmetry, causing the maximally chaotic behaviour. Since
the soft mode still maintains its status as a hydrodynamic mode, the soft mode

sector of the syk model at NLo satisfies the conjecture.
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5.3 Orthogonal Modes

The conclusion of the previous section supports the shift symmetry conjecture,
demonstrating another example of a maximally chaotic theory with a shift symmetry.
However, it doesn’t achieve our goal of checking the conjecture for a near-maximally
chaotic theory. It is known that the syx model is only maximally chaotic at leading
order; at NLo the Lyapunov exponent receives a negative correction. The soft mode
action in 5.1 yielded a maximal Lyapunov exponent. What’s missing?

The answer lies in the step from Equation 5.7a to Equation 5.7b, where we set
0g, equal to its saddle point. This means that in Equation 5.7b, we are only looking
at fluctuations in the two-point function generated by the reparameterization mode,
and nothing else. However, these are not all possible fluctuations, and it is these
other “orthogonal modes” that reduce the Lyapunov exponent. This was first noted
in [6], whose authors calculated the conformal four-point function from Table 5.1
by diagonalizing the kernel K (excluding the eigenfunctions corresponding to the
reparameterization mode) and demonstrated that it contains a term proportional to
te%t. We will now show how to consistently incorporate the orthogonal modes
with the soft mode theory, reproducing the conformal four-point function.

We start with the action Equation 5.7a, restated here for convenience:

1 1 _
S[6g*, 01 = =5 (sglge +587) + ;‘<6gL|Kc1 —1]6g").

Recall that the ¢ dependence is encoded in the fact that the integrals are taken with

respect to ¢ = ¢(#). We now replace 5g* with its saddle point plus fluctuations,

1_Ke
2Ko-1

0gt = 6gt +n; one finds 6g = — |s,), and

1 1 _ 1 —
St ol = =5 (splge) = 7 (splKe(Ke — 1 Dise) + L—‘<77|Kc1 = 1im 5.18)

= Sile] + Sulel + Si[n, ¢l

The first term yields the Schwarzian, the second yields the non-local correction to
the soft mode action, and the final yields the action for the orthogonal modes, which
represent all fluctuations of the two point function away from the saddle point that

are not generated by reparameterizations.
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Explicitly, the action for the orthogonal modes, including their coupling to the

soft mode, is

1 _
Siln.el == / de1dprdsdean(e1, ¢2) [KZ (@1, s 04) = (@1, o 2)| 13, 04)

4
KZ'(0).....04) (]—[ w’(ei))

1
:Z/d91d92d93d9477(91,92)

- 1(01, ~.-,94)]77(93,94),

(5.19)
where in the last line we have switched to the physical frame, where the transforma-
tion of K. and 1 under reparameterizations was determined via their relationship to
the original two-point function. 1(61, 05,83, 04) is the kernel of the identity operator
on antisymmetric functions.

We can easily find the two-point function of orthogonal modes, since Equa-
tion 5.19 is Gaussian with respect to r(681,6,). If S, was a function of 7(8y,6-)
only, then the two-point function would just be the inverse-kernel, (K-' —1)~!. But
since Equation 5.19 does have ¢ dependence, we must take the expectation value

with respect to ¢ of the inverse-kernel:

-1
(1(01,02)n(63,04)) = (2 | K. (01,...,04) (1_[ <P'(9i)) - 1(91,---,94)] Yo (5.20)

Using the antisymmetry of Equation 5.19, we can also write it in an antisymmetrized

form:

-1
(1(01,02)0(03,64)) =(| K. (61,62; 63,64) (1_[ 90'(91‘)) - 1(91,92;93,94)]

-1
K:'(01,62;604,65) (l_l w'(gi)) — 1(61,62; 64, 93)] Do

(5.21)

However, note that if we set ¢(8) to the identity, we reproduce the conformal
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four-point function:

C

K
(n(01,02)m(03,604)) = ——(61,02; 03,04) — (61,62; 64,053)
K. -1 K.—-1 (5.22)

= Re(61,602) F£(61,65,63,04)Rc(63,64).

As shown in [6], this is already leading order in 1/N. This implies that including
the effects of the fluctuating soft mode will be lower order in 1/N, since the soft
mode propagator is O(N~'). This justifies setting ¢(#) = ; the orthogonal and soft
modes decouple.

Finally, since §G* = R-'n are the fluctuations due to orthogonal modes,
(6G*(81,62)6G*(83,64)) = F' (61,62, 64,63). (5.23)

Thus, by including fluctuations in the two-point function due to orthogonal modes,
we have properly reproduced the conformal four-point function. This is added to
the contribution from the soft mode in Equation 5.16 to give the full Lo four-point
function. As [6] showed, it is this piece of the four-point function that is responsible
for the reduction of the Lyapunov exponent; in the chaos limit 7, < t < 4, it
contributes an O((8J)°) term proportional to te .

The orthogonal modes can be characterized by their eigenvalue h(h— 1) with the
conformal casimir, thanks to the conformal symmetry of K.. There are infinitely
many such values of 4; a discrete subset 7 = 2n,n > 2, and a continuum piece
h= % +is. While the continuum subset is unimportant in the chaos limit, one must
sum over the entire discrete subset to get a convergent result. This is similar to how
infinitely many stringy modes must be summed over for abs black holes at NLo.

These orthogonal modes, unlike the soft mode, do not admit any sort of interpre-
tation as hydrodynamic variables. For one, they parameterize all of the remaining
degrees of freedom of the microscopic model near the saddle point; hydrodynamic
modes, on the other hand, only parameterize the long-lived, gapless degrees of free-
dom. Additionally, there is no clear way to interpret even a subset of the orthogonal
modes as mappings from physical spacetime to fluid spacetime, as is required for
the description to be hydrodynamical. This suggests that another ingredient needs

to be added to the conjectured hydrodynamic origin of chaos.
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Chapter 6

Conclusion

The conjectured hydrodynamic origin of chaos, with shift symmetry as the cause
and pole-skipping as a necessary condition, has been tested against another maxi-
mally chaotic theory and survived, but against a near-maximally chaotic theory it
comes up short. After modifying the conjecture for theories with no spatial degrees
of freedom, we predict that chaotic theories admit a hydrodynamic description,
contain a shift symmetry, and possess a zero in the frequency space retarded energy
two-point function at w = id. These all hold true for the syk model at leading
order, and we have demonstrated that they hold even at NLo in the soft mode sector.
However, by carefully incorporating the other degrees of freedom of the syk model,
we see that the orthogonal modes reduce the Lyapunov exponent, decouple from
the soft mode sector, and admit no clear hydrodynamic interpretation.

Understanding how to change the conjecture to correctly account for near-
maximally chaotic theories is of paramount importance if we want to determine
a universal origin of chaos. Several proposals have been made to this end; in [1]
it is suggested that, similar to Regge physics, the infinitely many stringy modes
mentioned in Section 5.3 might be captured by a single mode. In [18], it is
suggested that a type of inelastic scattering between “stringy states” dominates the
otocs, accurately describing even nearly-maximally chaotic theories like the syk
model. The possibility of treating the hydrodynamic theory as on open field theory
as in [19] may also play a role in the reduction of chaos. By investigating these

avenues, we hope to gain deeper understanding into the origin of chaos.
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Appendix A

Schwinger-Keldysh Path Integral

The Schwinger-Keldysh formalism is an incredibly powerful and widely used
tool. Not only does it allow the computation of all Lorentzian correlators without
going to Euclidean time (compared to the standard path integral formalism which
only allows computation of time-ordered correlators), but it also provides a unified
description of unitary and non-unitary theories, equilibrium and non-equilibrium
systems, and the evolution of both pure and mixed states.

The key is performing the path integral along a ctp as in Figure A.1, or equiv-
alently doubling the degrees of freedom. The ctp is a curve in complex-time that
starts at some initial time #;, proceeds to some future time 77, does a small imaginary
shift to 77 — i€, and finally returns to #; —ie. For thermal theories, an additional shift
by —if is added to the end, and the two ends of the path are identified. The degrees
of freedom ¢(¢¢) and operators O(¢¢) ! are defined for any 7z € C along the path.

We can then obtain a generating functional for a system beginning in state |Q2)

at time #;:
Zoxl7) = @ITe exp [ cto)+ g0 10, A1)
c
allowing us to define correlation functions of operators similarly to the standard

path integral, except operators are ordered based off their position on the path via

the contour ordering operator 7¢. 2

'We suppress the spatial dependence of ¢ and O
2For example, an operator on the reverse leg, at | — i€, always comes after one on the forward
leg, at 1, regardless of the values of #{ and #,. Also note that operators solely on the reverse path are
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Imt

Figure A.1: An example of a closed time path. The dotted line demonstrates
that the two ends of the contour are identified with each other.

One can then split the degrees of freedom into one set that lives on the forward
leg of the contour, ¢(¢), and a second that lives on the reverse leg of the contour,
¢2(t), where t € [t;,17] is the real, physical time; similarly, operators are defined to
live on one path or the other, with separate sources for the forward and reverse paths.
These degrees of freedom are subject to the boundary condition ¢1(tf) = ¢a(tf),
enforcing the fact that the degrees of freedom were originally identified with each
other.

There are several ways to justify the need for the cTp. One of the most intuitive
ways is to consider the standard expectation value of some operator O(¢), starting

in some state Q) at an initial time ¢;:

(QO®)[€2) = (QU(t;,1)O(1;)U (2, 1;)|2), (A.2)
Uty t;) = e =), (A3)

where we have expressed the operator using the Heisenberg equation. This can be
interpreted as evolving the state |Q2) up to the insertion time ¢ with the evolution

operator U, inserting the operator O(t;), and then evolving back to the initial time.

anti-time-ordered, since the path runs backwards in real time.
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The justification for the introduction of the standard path integral is to assume our
initial state is the ground state of the theory, |0), and that it remains unchanged (up
to a phase rotation) under the evolution operator, U(tf,;)|0) = ¢'®|0); then we can
write

(0]0(1)|0) = €' {0]U(00,1)0(~00)U(t, —00)|0). (A4)

Thus we can interpret this as evolving the vacuum from —co up to ¢, inserting the
operator O(—co0), and then continuing the evolution up to +oco. This eliminates
the need to “evolve backwards in time”, justifying the use of the standard, single
contour path integral, with time running from —co to +oco.

However, such a procedure isn’t justified for generic states. For example, a
non-equilibrium state certainly changes upon time-evolution, preventing us from
replacing the backwards evolution to the initial time (and hence back to our initial
state) with the forward evolution to future infinity. We are forced to keep both the
forward and backward evolution operators. We can then say that the degrees of
freedom "live" on this single time path that goes forward then backwards, or we can
split the degrees of freedom into a set that lives on the forward path and a set on
the reverse path, with boundary conditions enforcing equality where the path turns
around. The physical operators will always live on the forward path, but it turns out
to be more convenient to allow operators to live on both paths, as we will see later.

A more formal way to justify the Schwinger-Keldysh formalism is to consider

the evolution of the density matrix of the system from #; to 7, i.e.,

p(t) = > AW (1)) (W (e, (A5)
J

plir) = Uy, t)p(t)U i, 1), (A.6)
Z = Trp(ty), (A7)

where we have expressed the density matrix as a generic mixed state, and Z is
the partition function corresponding to the evolution of p(t;). Since U(ty, )t =
U(t;,tr), we begin to see (heuristically) that the ket states |'¥;(#;)) are evolved forward
in time, while the bra states (‘P;(;)| are evolved backwards in time, corresponding
to the doubling of the degrees of freedom where one set evolves backwards in

time. The trace operation in Z then forces us to identify the states as equal at 77,
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corresponding to the joining of the forward and reverse legs of the cTp. An excellent
source for the details of this interpretation can be found in [20, 21].
The path integral one gets from following this procedure, written in terms of

the doubled degrees of freedom (rather than the ctp), is

d1(tr)=¢a(tr) ty
Zsk = / D¢; D¢y exp (z‘ / dt / d"'xL(¢1] - Lg2] ). (A8)
p(t) ti

where ¢, are degrees of freedom defined on the forward and backward contours
respectively. The negative in front of L[¢#,] is because of the time reversal. The
boundary conditions on the functional integral state we are starting in the state
defined by p(#;), and that we identify ¢; and ¢, at the time where we reverse the
contour.

One of the benefits of the Schwinger-Keldysh formalism is that it allows us
to obtain all the standard Lorentzian correlators, rather than just the Feynman
correlator. Since operators on the forward contour always come before those on the
reverse contour (and since the reverse contour is reverse-time-ordered), we can get

four different correlators based on where we insert the operators:

1(tr)=¢2(tr) 4
Gr(ti,t) = =i /( : D¢y D¢y exp (i/d xL[¢1] —£[¢2])01(I1)01(t2)
p(ti

=(TO(11)0(12)),

D1(tr)=da(tr)
Gp(ti,t) = —i /( : D¢y D¢, exp (i / dxL[¢1] - £[¢2])02(11)02(l2)
Pt
= (TO(t)0(1)),
d1(tr)=¢a(ty)
Gi(ti, 1) = —i/ Y D¢ D¢y exp (i/ddX£[¢1] —£[¢z])01(t1)02(lz)
p(ti)
=(0(t1)0(t2)),
d1(tr)=¢a(ty)
G_(t1,1) = —i/ e D¢ D¢, exp (i/ddX£[¢1] —£[¢2])02(t1)01(l2)
p(ti)
=(0(n)0(t1)),
(A9)
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which are the Feynman, anti-Feynman (T is the anti time-ordering operator), posi-
tive Wightman and negative Wightman correlators. Note that GF + Gz = G, +G_.
The retarded, advanced, and Keldysh correlators can be obtained from these 4
correlators as well; in fact, upon a changing from the “forward-backward” basis of
degrees of freedom to the “average-difference” basis ¢, = (¢1+¢2)/2, da = d1—¢2,

one directly obtains these correlators; for example,

Gr(t1,1) = i{o,(11)pa(2))sk = iO(t1 — ){[d(t1), p(12)]), (A.10)

where (-)sx means inserting these operators into the SK action. This is the basis

used in Chapter 2 to describe the hydrodynamic effective theory.
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Appendix B

Thermal Correlators

We provide a brief review of some of the fundamental results regarding thermal
correlators in quantum field theory. We will be working in 0 + 1 dimensions i.e.,
thermal quantum mechanics; the results can be easily extended to systems with
spatial dimensions.

In Minkowski space, there are several types of correlators that appear, including
Feynman, retarded, and advanced; determining these propagators in thermal field
theories can be a difficult task. Oftentimes, the easiest way is to analytically
continue the Lorentzian time to a pure imaginary Euclidean time, t — —i7. In this
"imaginary time formalism", there is only one well-defined correlator, which can
be analytically continued in different ways to obtain all the Lorentzian correlators.

We start with a quantum mechanical system at temperature 8 with, for simplicity,
a discrete energy spectrum. We start by considering the real-time Wightman

correlators of position operators; the positive Wightman correlator is

1
Z(B)

1 . )
= ~BEn ,iEn(t1—12) —lEm(tl—t2)|< lg(0 2
E e e e nlg(0)|m)|”,
Z(B) &

G.(t1,12) = (q(t1)q(t2)) = Tr [e PH q(t1)q(1) ]

B.1)

where in the second line we inserted a complete basis of energy eigenstates. Since
our energy spectrum is bounded from below, we can expect this sum to converge due

to the e PEn factor. (Note that the negative Wightman correlator is just G_(t1,2,) =
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G.(t2,1).)

Now let us analytically continue #,#, to complex values of time. We imme-
diately run into an issue: e PEneiEn(i=) = oEn(=B+i(i-0)) gand e~iEm(1=12) cap
diverge unless

-B<Im(t; —1) <0. (B.2)

This leads to the Matsubara correlator, the correlator of position operators at imag-

inary times 7 and 0,

1
Z(p

where Equation B.2 demands 8 > 7 > 0. This restriction is why some say the

Gu (1) = G(=i1,0) = (q(=iT)q(0)) = )Tr [ePq(-im)q(0)],  (B.3)

Matsubara correlator is “automatically time-ordered”, as it is only guaranteed to
exist in time-ordered configurations. Then, the cyclicity of the trace allows one to
demonstrate that the function is periodic, Gps(7) = G (7 + B), thus extending the
range of 7.

We can then take the Fourier transform of the Matsubara correlator:

B
Gyliwy) = / dte'“nT Gy (1), (B.4)
0

where w,, = %Tn are the Matsubara frequencies. Note that G s (iw,,) is defined only
on a countable subset of the complex plane.

Finally, demanding that the analytic continuation from the discrete, imaginary
Matsubara frequencies to complex z vanish at co and be analytic outside the real
axis yields a unique analytic continuation of Equation B.4, Gys(z). This function
can be shown to exactly reproduce various real-time correlators. For example, the

Fourier transforms of the retarded and advanced correlators are given by

Gr(w) = Gy (w +in),
Ga(w) = Gu(w —in),

(B.5)

i.e., by performing the replacement iw,, — w +in, we obtain the retarded/advanced

correlators.
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Appendix C

NLO Energy Two-Point Function
Details

In this appendix we provide some of the details for the calculation in Section 5.2.

The Lagrangian is

1 '(61)*¢(62)° 61) — (0
L=Ca [mﬁw P GV ) N Al Vil 2 ‘)2""( )
& f12
where C = —]\gjz is the constant appearing in Equation 5.1. We are looking for the

Noether current associated with simultaneous translation of both times; the fields
transform as 6¢; = ¢/, ¢; = ¢(6;). The Noether current can then be obtained via
(01 + 0T = O (m g—L) + 6 (m%) _ 6L. We find

1 1)

oL = (81 + (92)C ((p2

) , (C.2)

In ! +
— +c
Pe?

oL oL 1
0 (64,01—) + 0 ((5502 ) = (61 + (92)C (@2 21n p +2c¢ — 1}) , (C.3)
&

¢} ¢}
1
5 T(01,0:) = C{@? [In— +c—1]]. (C.4)
de?

We now want the generator of 6, = # translations, as this is what gives

us the energy of the soft mode theory, E(1}) = /lT(%*). Since we are ultimately
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interested in the energy two-point function near equilibrium, this means we want

Equation C.4 at linear order in d¢; = ¢; — 6; :

So1 -6

Tn1(6+)=/d8_ o2 (6¢1+(5¢2—(’01—9(’02 (—4Ing+2c—3+41n6)|.
tan =
2

(C.5)

We can now calculate the full energy two-point function at O(g?) as in Equa-
tion5.11. As previously mentioned, the local-local piece was calculated in [17]. We
calculate the non-local-local piece by using the leading order soft mode correlator,

derived from the Schwarzian action 3.12

1 Om.—
SomSeon) ™V = men C.6

We can now calculate the non-local-local piece

Nye?
4r

do’ .
/ = (=im® + im)e™% 65 (41n634 — 41ne + 2¢ - 3)

AN G Y
(Ti(6:)Twi(0})) —mZnNass o

Yelns 4 (in+

)ein6’4 } <690m5‘10n>(_1) .

(C.7)

[(m  tan 0_/2 tan0_/2

By using 654 = 0, + %6’_, and Equation 5.14, we can solve this integral, giving us

Equation 5.13 , restated here for convenience:

oy Nyé 9_8
1 __ _ 2.8 ” ;
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Finally, since m is an integer,

C(h+%) cos? mE

Up m + Uy _m = 2 2 s
TS O (1= h+ ) cosxh
r(h+%) cosz%

0 (u m + U _m)
PR TR ) Tor@ir (1- h+ %) cosnth

[—2»,0(2;;) +y (1 b+ %) +y (h + %) + ﬂtanhzr] .
(C.8)

With these formulae, we obtain Equation 5.15.
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