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Abstract: While the identification of skyrmions as the low energy description of baryons in Ny > 2
QCD is known for decades, a parallel construction for the case of Ny = 1 is more mysterious. In the
case of one fermionic flavor, there is no chiral symmetry breaking, no non-linear sigma model, and
the conventional construction of skyrmions fails to work. In this article, I will review developments
from the last couple of years trying to identify baryons as certain singular configurations in the large
N limit of Ny = 1 QCD. We will give various arguments supporting this identification, and discuss
some of its applications. Unlike skyrmions, the new baryons are not contained completely inside the
low energy effective theory. They give rise to a singular ring on which the chiral condensate must
vanish, with new degrees of freedom living on this ring. These configurations may serve as a bridge
between the UV and the IR, and hopefully shed some light on the connection between different
phases of QCD.
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1. Introduction

QCD is a theory that we understand very well at two corners of its phase diagram. At
very high energies, it is described as a weakly interacting SU(N) gauge theory coupled to
Ny fundamental fermions. By assuming confinement and chiral symmetry breaking, the
low energy theory is described as an SU(N¢) non-linear sigma model with a level N Wess-
Zumino (WZ) term [1,2]. The WZ term is fixed uniquely by anomaly matching conditions.
This model, and in particular, the WZ term, are extremely successful in combining deep
theoretical ideas with concrete measurements. The effective degrees of freedom in this
regime are the pions, which are the Nambu-Goldstone (NG) bosons associated with chiral
symmetry breaking, and baryons that appear as topological solitons in the effective theory
of pions. Once we leave the deep infrared (IR) limit and increase the energy, we lose
theoretical control over the physics. In addition to higher derivatives terms, a zoo of
mesons come back to life, which results in many possible interactions. Ideally, we would
like to find theoretical arguments that reveal a hidden order in the theory and restrict the
space of couplings.

In this article, we will summarize recent developments in these directions involving in
particular the 77 meson, the U(Ny) vector mesons known as p and w, which we will denote
collectively by V, and baryons constructed out of one fermionic flavor. We will show how
advanced theoretical ideas based on higher-form symmetries and their anomalies, can be
used to constrain some of the coupling of these mesons, and relate them to the low energy
description of the one-favoured baryon. How are these three types of particles related?
The most controlled way to add the #’ to the chiral Lagrangian is by taking the large N
limit. When N is large, the axial symmetry U(1) 4 becomes a good symmetry of the theory.
The spontaneous breaking of U(1) 4 leads to an extra NG boson, which is the 1’ meson.
Indeed, the mass of the 5’ field is suppressed in the large N limit, mi, ~ % [3,4]. For the
vector mesons, there are two phenomenological principles that are commonly used when
writing their effective theory. The first is the hidden local symmetry (HLS) principle [5,6]
which will be reviewed in Section 5, and the second is Vector Dominance (VD) [7,8] which
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will be reviewed in Appendix A. These two principles restrict the space of couplings and
increase the predictive power of the theory. Yet, a good theoretical explanation for why
these principles are correct is absent. The question of how a baryon in Ny =1 QCD can
be described in terms of low energy degrees of freedom was an open question until the
work of Komargodski in [9]. Later, this construction was elaborated and further studied
in several papers, such as [10-17]. It was shown that there exist singular 7’ configurations
that carry baryon charge. Such configurations look like a finite surface that connects 7’ = 0
on one side to ' = 27t on the other (recall that 7’ is the phase of the chiral condensate
and as such, is 277 periodic). The boundary of this surface is a singular ring on which
1" is not well defined and the chiral condensate is expected to vanish. New degrees of
freedom living on the singular ring carry baryon charge. Hence this entire configuration
is a baryon. It has been conjectured that these new mysterious degrees of freedom are
actually the vector mesons mentioned above. Hence, the Ny = 1baryon is a singular soliton
constructed out of 7" and the vector mesons. It happens to be that for this construction to
work appropriately, one needs to fix two coupling constants between pions, #’, and vector
mesons to take specific values, c3 = ¢4 = 1. Unlike the coefficient of the WZ term, which
is fixed to be N = 3 by anomalies, so far there has been no good theoretical argument
fixing the values of these parameters. Surprisingly, this is exactly the value predicted
by VD. Thus, the construction of Ny = 1 baryons provides a theoretical explanation to
the phenomenological observation of VD, and VD provides an experimental evidence
supporting the construction of Ny = 1 baryons. The outline of this article is as follows.
In Section 2, we review basic facts about skyrmions, and the motivation for identifying
them with the low energy description of baryons. In Section 3, we study qualitatively
what happens to a skyrmion as we change the mass of one of the quarks and continuously
flow from Ny = 2 QCD to Ny = 1 QCD. Since the baryon charge is preserved along the
way, the final configuration should be similar to the low energy description of baryons in
Ny =1 QCD. In Section 4, we move on to study directly the construction of baryons in
Ny =1QCD. We will review the proposal made in the literature and give some evidence
supporting this proposal. In Section 5, we add the vector mesons to the theory and show
how their contribution to the baryon current enables us to write a unified current under
which both the conventional skyrmions and the new Ny = 1 baryons are charged. We
also derive the conditions on the parameters c3 4 mentioned above. In Appendix A, we
review the principle of VD and show agreement between it and the conditions derived in
Section 5.

2. Ny > 2 Skyrmions: Review

In this section, we will review some of the basic facts about skyrmions. The content of
this section appears in many papers and textbooks; see for example, [18-29]. Our starting
point is SU(N) QCD with Ny > 2 massless Dirac fermions. The theory enjoys the global
symmetry (We consider here only the continuous symmetries. See for example, [30] for a
discussion about the discrete factors.) of SU(N¢)L x SU(Nys)g x U(1)p. In addition, the
QCD Lagrangian enjoys the axial symmetry U(1) 4 which is broken by non-perturbative
effects. However, in the large N limit, the symmetry is restored and U(1) 4 becomes an
exact symmetry of the theory. For N not too large (below the conformal window), the
theory is confining at low energies, and the symmetries are spontaneously broken by the
chiral condensate

SU(Nf)L x SU(Ng)r x U(1)p — SU(Ny)y x U(1)p, @)

where SU(Ny)y is the diagonal subgroup of SU(N¢)L x SU(N¢)g, leaving the chiral con-
densate invariant. The low energy effective theory can be described using the Goldstone
theorem via a non-linear sigma model, parametrized by U(x) € SU(Ny). The global
symmetries act on U as

U — e™Viuvg, Vg € SUNf) LR, )
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where « parametrizes U(1)p. Indeed, the vacuum U = 1 breaks the symmetries as described
in (1). U(1)p, on the other hand, does not act on U. From the microscopic point of view, the
only gauge invariant operators charged under U(1)p are the baryons

BlllN — 6[11..‘01\[1/}{1'111 . IPZZIX] , (3)
where a;, n are the color indices and i;_y are the flavor indices. A surprising fact
about baryons is that even though we wrote an effective theory only for the massless
Nambu-Goldstone (NG) modes and threw away all the rest, baryons still appear as soli-
tons, which are famously known as skyrmions. The effective theory is described using the
chiral Lagrangian

F2
L= ftr(aylfra”ll) o @)
The ... includes higher derivatives terms, and for N > 3, also the Wess-Zumino
term [1,2]; see Section 5 for a review. For any finite energy configuration, the fields must go

to their vacuum at infinity lim, ., U(x) = 1. Finite energy configurations are maps from
S% to SU(Ny), which are classified by

I13(SU(Nf)) = Z V¥ Ny > 2, (5)

which allows for the existence of stable solitons. The associated topological current is the
skyrmion current

St =

24772
which is the identically conserved 9,,S# = 0, and the associated charge is S = [ d°xS' € Z.
We will focus now on the simple case of Ny = 2. A convenient parametrization of U €
SU(2) is

e"Pir (U9, Ul o, ul’a ), (6)

U:U—i—irﬂna,az—i—ng:l, )

where 1, are the Pauli matrices. An example for a charged configuration is the hedgehog ansatz

U:cos(f(r))wLM. 8)

The condition U(r — o0) = 1 can be satisfied by taking f(r — c0) = 0 without a loss

of generality. Demanding that U has a well defined limit at the origin requires sin(f(r = 0))

to vanish, which implies f(0) = 7K for some integer K. It is a straightforward exercise to
show that for this configuration

S—K. )

There are many pieces of evidence and consistency checks showing that the skyrmions
indeed should be identified with baryons, and that the topological symmetry (6) is the low
energy description of U(1)p. These include the spin, coupling to chiral gauge fields, large
N, and many more. We will elaborate on some of them in the next sections. For any Ny > 2,
the story works basically the same by choosing an SU(2) C SU(Ny) and embedding the
hedgehog solution in this subgroup.

2.1. Skyrmions from Anomalies

One of the strongest evidence that skyrmions are indeed the low energy description of
baryons comes from anomalies. The anomaly we want to discuss here is the mixed triangle
anomaly between U(1)p and SU(N f)% (or alternatively, SU(N f)%z)- In the UV, there are N
quarks in the fundamental representation of SU(Ny), and charge 1/N under U(1)3. This
results in a triangle U(1)p x SU(N f)% anomaly with coefficient 1. Another way to phrase
the anomaly is that if we turn on the background gauge fields A for SU(Ny), the baryon
current obeys the equation
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1
ay]{;l = @tr(FL NFL), (10)

where Fy is the background field strength for SU(Ny)r. An immediate consequence of this
equation is that if we turn on A}, such that on some time slice, 81? f tr (AL NdAL — %A%) =1,
the vacuum in this background carries baryon charge 1. How is this anomaly realized in the
IR? Consider the skyrmion current S = 2417tr(duu+)3. The topological U(1)s associated with
this current has mixed anomalies with SU(N f)% - To see it, couple to SU(N¢), background
gauge fields A1 . The covariant derivative of U becomes DUU' = dUU' — iA}. One can show
that it is impossible to write a conserved gauge invariant current for U (1)s, which means that if
we gauge SU(Ny) 1, U(1)s is broken. Hence, there is a mixed anomaly between them. The best
that we can achieve is to define the current

1
S = mtr[(Duuf)?’ +3iEDUUT] . (11)

S’ is not conserved, but it satisfies dS’ = Slﬁtr(Ff), which is the same as (10) if we iden-
tify the skyrmion current with the baryon current. Indeed, if we turn on Ay, such that

81? Jtr (A L NdAp — %ACJL’) = 1, the vacuum of this configuration will have a baryon

charge of 1. This is satisfied because the vacuum equation is dUU" = iA}, which immedi-

ately gives
1 3
_ = 12
sia [ trauut) =1, (12)

in agreement with the identification of the skyrmion current and the baryon current.

2.2. Skyrmions from Large N

Another evidence for this identification comes from large N, as was shown in [2]. The
prescription of [2] to derive the baryon current in the chiral Lagrangian is as follows:

1.  Compute the Noether current for a general vector-like U(1) symmetry that acts as
U — e'QUe 2" (13)

This can be achieved by coupling the symmetry to a gauge field A and reading the
current from the term — A, J# in the Lagrangian.

2. After deriving [¥, plugin Q = % U is invariant under this transformation U —
ei®/N1Je=i*/N = ]. Therefore, most of the contributions to J* will vanish.

3. The only exception is the contribution coming from the 5D WZ term. This is due
to some extra integration by parts when going from 5D to its 4D boundary, which
changes the relative sign between two terms.

4. Asaresult, the baryon current is given by the skyrmion current

St =

= Sz r@uUtuU s uU’) (14)

One might be suspicious about the degree of rigorousness of this derivation, since
U is not charged under U(1)p, and this “limit” Q — % is ambiguous. However, at least
in the large N limit, we can justify this derivation. The reason for is that in the large N
limit, U(1) 4 becomes an approximate symmetry, the target space is enlarged from SU(Ny)
to U € U(Ny), and we can take tr(Q) # 0. In this case, we can really approach Q — &
continuously, and obtain the skyrmion current, no matter how the limit is taken.

3.Nf:2—) NfZIFIOW

Before we attack the problem of baryons in Ny = 1 QCD directly, we will try to
continuously modify Ny =2 QCD to Ny = 1 QCD by continuously changing the mass of
one of the quarks from 0 to co. When doing so, we expect the mass difference between the
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skyrmion and the one-flavored baryon to decrease, until at some point when the second
quark is very massive, the one-flavored baryon is expected to minimize the energy within
the topological sector defined by S = 1. In the extreme limit, where the mass of the second
quark m,; — oo, the microscopic theory flows to Ny =1 QCD, and the one-flavored baryon
remains the only baryon in the spectrum. To achieve this, we will enlarge the target space
from SU(2) to U(2) with the following parametrization

U=e"2(c+imm), d+n2=1. (15)
The matrix U is invariant under
(', o, ma) = (4 + 21, —0, —11,) . (16)

For simplicity, we will take for now the large N limit where 7’ is massless and treat it
as a NG boson; however, nothing qualitative is expected to be different for finite N, where
an explicit mass term for ' is introduced.

Our next step will be to add a mass term for the second quark. When the mass is small,
the effect is to add to the chiral Lagrangian the following term

L = tr(MU + MU —2M) = 2my(cos(yy' /2)o + sin(n' /2) 3 — 1), (17)
where we took the mass matrix
0 0
M= (0 md) . (18)

As a result, three of the four NG bosons become massive. The mass term vanishes for
mp = 0and sin(y'/2) = ;.

For a configuration with a non-trivial skyrmion charge, we cannot simply take all the
massive fields to zero. It is obvious from the expression for the current (6) that we need the
three pions in order to obtain a non-trivial charge. For small mass, the hedgehog solution
will be deformed in some small way to minimize the energy. If the mass of the down quark
is very large, the solution will be highly deformed in a way that minimizes the volume in
which the massive fields are non-zero. The first thing is that we can turn on a value for .
1" does not enter into the skyrmion current and we can use it to cancel at least some of the
mass contribution. This is achieved by choosing

o +ims o
\/ o2 + 72 1)

Notice that with this choice, the bottom-right entry of U is exactly 1. Is this choice of
1" well defined? The denominator in (19) is zero when 713 = ¢ = 0. Do such points exist in
the skyrmion solution? For the hedgehog, it happens on the ring defined by z = cos(f) = 0.
Actually, this ring is a topological invariant in the sense that any topologically non-trivial
mapping from S° to S® must include a ring on which o = 713 = 0. What about 777 ,? From
the hedgehog solution, we see that 771 » are zero at r — co and on the z-axis. The regime in
which they do not vanish has the shape of a bead, which can be continuously deformed to
a ring, the same ring on which ¢ = 713 = 0. We see that we can push all the massive fields
to the ring, where outside the ring only the massless NG field is excited. We can suggest
the following ansatz for the skyrmion solution in the large 1, limit,

o Jif P
Uping :elf<e cos(h) ie szn(h)) ’ (20)

sl
6”7/22

ie'?sin(h) e~ cos(h)

where ¢ is as usual the angular coordinate along the ring; i equals 77/2 on the ring and
goes to zero very fast outside of the ring, f winds once around the ring from 0 to 27r. (When
continuously deforming the hedgehog to (20), it can be seen that f is roughly sign(z)f. f
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is even under z — —z, and as you go around the ring, it varies from 0 to 7t and back to 0
without any winding. f, on the other hand, winds once from 0 to 27t.) The equation in (20)
carries the non-trivial topological charge B = 1, and it is a continuous deformation of the
hedgehog solution. The behavior of 57/ = 2f is presented in Figure 1.

Figure 1. The value of i € [—m, 7| for the ansatz (20). The dashed line is the singular ring that
connects the two 77/ = 7 sheets. The value of 7’ jumps by +27 as one crosses the sheets.

As we take my; — oo, h goes to 0 everywhere, such that (20) becomes

Zif 0
Uping — (e 0 1) . (1)

We see that as we flow to Ny = 1, the skyrmion transforms continuously to a configu-
ration in which 7’ winds around a singular ring. The winding of 711  along the ring should
be replaced by a winding of some new degree of freedom that appears on the singular ring.
In the next section, we will present an alternative construction of this baryon directly from
Ny =1QCD, based on [9].

4. Ny = 1 Quantum Hall Droplet: Review

In this section, we will review the recent work by Komargodski [9] in which he
constructed a soliton that can identified with the Ny = 1 baryon. From the microscopic
point of view, Ny = 1 baryons can be written as

€N, L P (22)

Due to the anti-symmetrization over color indices, and the fermionic nature of 1, the
spin indices must be symmetrized over to obtain something that is not identically zero.
Therefore, there exists only one type of Ny = 1 baryon, and its spin is % The low energy
effective theory is gapped. However, as mentioned above, in the large N limit, U(1)
becomes an exact symmetry, and its breaking leads to a NG boson known as the ’. 1 is a
periodic scalar, 5" ~ 5’ 4 27t. The effective Lagrangian including the leading % correction
is given by

F2M?,

c L mingez (i +27k)2 , M2, ~ O(N‘1> . (23)

FZ
n = 771(377/)2 -

The potential term is locally quadratic, but it has a cusp whenever " = 7 mod 27.
For small fluctuations around the vacuum #,,,. = 0, it simply looks like a mass term, but
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when global effects that include the non-trivial winding of ’ are present, the cusp plays
an important role. The physical interpretation of the cusp is that when #’ crosses 7, heavy
fields jump from one vacuum to the other [31]. As one crosses the cusp, for example,
by constructing a domain wall connecting 7" = 0 and 5’ = 27, the ' = 7 surface in
the middle supports a 2 + 1 QFT living on its worldvolume. It has been argued that this
2 41 QFT should include a U(1)y Chern-Simons (CS) theory. The appearance of this
CS term is closely related to the first-order phase transition in pure Yang-Mills theory
(YM) when 0 = 7 [3,31-34]. The simplest way to see this is to notice that due to the ABJ
anomaly, axial transformations lock shifts of 1’ by a constant with shifts of 6 by the same
constant 7’ — ' +a < 6 — 6+ . YM at 8 = 7 has a mixed "t-Hooft anomaly between
time reversal symmetry and the Zy center one-form symmetry. (We use here the notation
of [35] where p-form symmetry acts on p-dimensional objects and is described by (d-p-
1)-dimensional charges (where d is the dimension of spacetime). For example, zero-form
symmetries are ordinary symmetries that act on local operators and are described by 4 — 1
dimensional charges. One-form symmetries act on line operators, which are the Wilson
lines in the case of YM, and so on. We refer the reader to [35] for more details.) The domain
wall connects two vacua related by the action of time reversal, which implies that the theory
on the domain wall must carry an anomalous Zy one-form symmetry. The desired anomaly
is matched by the U(1)y Chern-Simons (CS) theory. (There is also a dual description in
terms of an SU(N)_; CS theory, but for us, the first description will be more convenient.)

The theory (23) enjoys a topological U(1) two-form symmetry, associated with the

current 1
Jyo = ﬂewmaa’?, : (24)

This symmetry is emergent in the IR and does not come from any UV symme-
try. Charged objects under this symmetry are infinitely extended sheets that interpolate

from 1’ = 0 on one side to 1’ = 27 on the other [36,37]. As an example, consider the
configuration
I . _ . _
N =f(z), lim f(z) =0, lim f(z) =27. (25)

Indeed, the configuration satisfies. (Notice that because this is a two-form symmetry,
the charge is codimension 3. See [35] for more details.)

Q= / dzfiy = 1. (26)

One problem with these sheets is that while their tension is finite, their mass ~ [ dxdy
diverges. One cannot construct finite energy configurations charged under this symmetry
in 3+1 dimensions. Instead, we can consider finite sheets of the following schematic form.
To obtain finite energy, we must demand that lim, ;o #'(7) = 0 mod 27. In addition,
we will try to impose that '(x = y = 0,z) = f(z) as before, with f(0) = 7. These
two demands cannot live together without having singularities somewhere in space. The
minimal singularity that must exist is of the form of a ring surrounding the 1’ = 7 sheet.
The configuration is illustrated in Figure 2, where it can be seen that 77’ must wind from 0
to 27T as we go around the ring.
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n'=0

Figure 2. The Ny = 1baryon of [9]. In the figure, the pancake is schematically the ;' = 7t sheet where
the CS theory lives. For any closed trajectory that goes through the pancake, 1’ winds from 0 to 27.

A key question is what happens on the ring. We can expect that as we go closer
and closer to the ring, the chiral condensate goes to zero until it vanishes exactly on the
ring. The physics on the ring is therefore beyond the scope of the low energy effective
theory (23). A progress can still be made if we think of the ring as the boundary of the CS
theory living on the " = 7t sheet. A 2 4 1 dimensional theory of a U(1)y CS theory with a
boundary has been well studied, especially in the context of the Quantum Hall effect. See
for example, [38] for a detailed review. We will give here the main points relevant to our
discussion. Consider the U(1)y CS theory on a disc of radius 1,

N
Lcs = Ee;‘”f’allavap . (27)

Under a general variation a, — a, + day, the action transforms as

N [ 4 N
0Scs = [y /d xe"Po,a,da, + in /d¢dt(a¢5at —aday) , (28)

where ¢ is the angular coordinate on the boundary. For the specific choice of gauge
variations a, — a;, + ay)t, the transformation of the action is

6Scs = % /d¢dt)\(a¢ﬂt — ata¢) . (29)

The theory can be quantized as follows. In order to have a well defined variational
principle, we impose Dirichlet boundary conditions, a; = vag, such that the boundary term
in (28) vanishes identically. In addition, Lorentz invariance leads us to choose v = 1. Gauge
invariance then implies that on the boundary,

(849 — at)ﬂ¢ =0=4ap = 614;(47 +1). (30)

The bulk term in (28) gives the equations of motion (EOM), F,;, = 0. The EOM are
solved by having a;, = d,A everywhere. However, a, can still be non-trivial. For example,
we can allow configurations with non-trivial winding [ dgay = 27tk. The configuration
can be continued to the bulk smoothly while keeping F = 0 except for one singular point.
For k € Z, this singular point is nothing but an invisible “Dirac point” (the 2D analogue of
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a Dirac string). We can extend the boundary conditions to the bulk by choosing the gauge
ar = ay. Fixing the gauge and plugging 4, = d,A into the action, one obtains

5= % / dgdt 9799 — (990)?] (31)

The result is that the theory is described by a chiral compact boson living on the
boundary. Going back to our theory, we found that there is a chiral boson living on the
ring. By coupling the theory to a background gauge field for the baryon symmetry, it can
be shown that the baryon charge should be equivalent to the winding of the boson

1 1
B / Apop) = 5 / diay . (32)

The configuration can be argued to be dynamically stable. There are various contribu-
tions to the energy of the configuration. Denote the radius of the ring by R. The potential
for 77’ contributes energy proportional to the area of the disc ~R2. The vanishing of the
VEV of the chiral condensate on the ring contributes energy that is proportional to the
perimeter of the ring ~R. Finally, the edge mode contributes ~% due to its momentum
on the ring. While the first two contributions want to minimize R, the last one prefers to
increase it, resulting in some finite radius.

The spin of this configuration can be shown to be precisely &'. The most convenient
way of achieving this is in terms of the two-dimensional chiral theory living on the ring’s
worldsheet. The operator carrying one unit of baryon charge is the vertex operator Vy =:
¢'NA : whose spin is & Interestingly, in addition to Vy, the theory contains also V; =:
e : which carries a fractional % baryon charge. The appearance of this operator can be
interpreted as having liberated quarks on the ring, that also carry a % baryon charge. See
also [15] for a more elaborated discussion on this point. This is a summary of some of the
main results of [9]. We see that the construction described in this section is in agreement
with the continuous flow described in Section 3. The new degree of freedom that appears
on the ring (replacing 711 7 as m; — o) is the chiral boson that comes from having a CS
theory with a boundary.

In the next section, we will give a more phenomenological perspective on the appear-
ance of the CS term by introducing the vector mesons into the theory.

5. Vector Mesons and Hidden Local Symmetry

In this section, we will add the vector mesons to the chiral Lagrangian as gauge bosons
for a hidden local symmetry. We will show that for a certain choice of parameters, the
vector mesons couple to the pions and to 1’ in a way that allows us to identify them as the
CS fields on the 17’ = 7 domain wall. As a result, the vector mesons play an essential role
in the construction of the Ny = 1 baryon. It is the winding of the vector mesons along the
singular ring that carries baryon charge. We will begin by reviewing the WZ action. The
WZ action can be written as [2]

iN
Swzu =~y [ 1y,
Wz, U 22072 I, 1Y (33)
with
Iy =duutduutdauutduutduut, (34)

where U € SU(Ny) is the matrix of pions. Here and later, there is an implicit trace in flavor
space, and all the forms are assumed to be contracted with the A product. The integration
is over a five-dimensional manifold Bs whose boundary is the four-dimensional world
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My = 9B5. Miraculously, the theory does not depend on the fifth dimension for every
N € Z in (33), thanks to

in

_W/M Ty=27ZVnez, (35)
5

for every closed manifold Ms5. The integer is fixed to be the number of colors N via
anomaly matching conditions. While (33) is uniquely fixed at low energies, we want to
study a more fundamental theory and include in addition to pions, also the vector mesons.
Any consistent action that reduces to (33) when integrating out the vector mesons is a
possible “orange” completion (as opposed to UV completion; here, we are just a little bit
above the infrared). We will introduce the vector mesons into the chiral Lagrangian using
the idea of hidden local symmetry, and classify the space of allowed completions for the
WZ term.

In the hidden local symmetry principle, we write U as a product of two unitary matrices

U=_¢icr, (36)

where the redundant transformations {g ;. — hégr with h € SU(N f) are coupled to the
dynamical gauge fields V, which transform as V — hVh' + ihdh'. In addition, the global
SU(Ny)L x SU(Nf)Rr symmetries act as

Cr = Cr8k , CL = G181 - (37)
We also introduce the covariant derivative and the field strength
D&E =deEt —iv, F=av —iv?, (38)
A convenient shorthand notation that we will use throughout the paper is
R =dgrek, L =dg1¢l , Rp = DGrGk , Lp = DELET - (39)

The most general two derivatives Lagrangian consistent with the above symmetries is

£ = B ete )o@ U o DyeLel + Dolrel? — L P2 40
—Zr( y(CRgL) (ngR))_Tr[ uGrér + VCRgR] —@ wv s (40)

where a is some dimensionless free parameter and g is the coupling constant.
In the unitary gauge ¢r = é‘{ = &, U = 2, this is written as

2 2

L= %tr (a.utoru) — %tr 0,8 + 9,8 — 21V, )? — 4;253” . (41)
In addition to the usual kinetic terms for the pions and the vector fields, the Lagrangian
contains a mass term for the vector fields with m2,~ag?F2, and interactions between the
vectors and the pions. Now, we will present the most general hWZ action in the theory. By
hWZ action, we mean all the terms whose Lorentz indices are contracted using the € tensor,
similar to (33). In addition, we demand that the action is gauge invariant under the hidden
gauge transformations, consistent with the global symmetries (37) and with time reversal

symmetry that acts on the fields as

UeU, & ek, VoV, (42)

We will also simplify the action by taking the large N limit in which only single trace
(in flavor space) operators are considered. The most general hWZ Lagrangian that can be
added to (33) is [39]
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N 3
Lywz = 1672 Z;Ciﬁi ’
1=

L1 =i(LpR} —RpL3), L, =iLpRpLpRp, L3 = F(RpLp — LpRp),

(43)

with ¢; € R. It is straightforward to verify that in the deep IR, upon integrating out the
vector mesons by replacing V — 2% (R+L), Lywz — 0, and we are left only with (33), as
expected. Explicitly, we can write (43) as
L1 =iLR® —iRL3 + V(R® — L3 + L?R — R?L — LRL + RL? + RLR — LR?)
—2iV3(LR — RL) —iVRVR +iVLVL —2V3(R— L),
L, =iLRLR 4 2V(RLR — LRL) — 2iV*(LR — RL) — iVRVR +iVLVL —2V3(R — L),
L3 =(dV —iV?)(RL — LR) +i(dVV + VdV)(R— L) +2V3(R — L) .

(44)

In this prescription, there is a family of consistent hWZ actions parameterized by
three real numbers {c;}. In addition, we can couple the theory to a U(1) (dynamical or
background) gauge field for some global U(1),

ErL — Crie %, A— A—du, (45)

Here, Q is the diagonal matrix of charges, and A is the gauge field. Two important
cases that we will discuss are when A is the photon (see Appendix A), and when A is
a background U(1)p field (see Section 5). When A is included, we need to redefine the
covariant derivative accordingly,

Ry = Rp —iAZrQZL , La = Lp —iAZLQE] . (46)

The WZ action is modified due to this gauging in several ways. First, all the covariant
derivatives in (43) should be replaced with Rp, Lp — R4, L 4. Second, there are two (not
gauge invariant) four-dimensional terms that should be added to (33) in order to maintain
gauge invariance, as was shown in [2]. Notice that the derivatives in (33) are not replaced
by covariant derivatives in this formalism. Third, there is a freedom to add to the hWZ
action, the gauge invariant 4D term

g::szQ[‘f}a(RALA —LaARA)ER + & (RaLa — LARA)EL], 47)

with ¢y € R.

Understanding which completion is the correct one is important, both from the theoret-
ical and phenomenological points of view. As we will see next, the hWZ action contributes
to the baryon current and to the coupling between 7’ and the vector mesons. If we want to
identify the vector mesons with the emergent CS fields living on the 7' = 7 sheet, and to
obtain the correct baryon charge consistent with the construction of the previous sections,
we must choose to

cz=c4=1. (48)

We will start from the coupling of 7 and the U(1) vector meson w = tr(V). The hWZ
action for Ny = 1 QCD is highly simplified to

Nc
Liwza = 8—7_[;d17’wdw . (49)

Taking a domain wall configuration of the form

[ . 1 _ : ! _
' =1n'(z), lim y'(z) =0, lim 5'(z) = 27, (50)

Z—r—00
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the contribution coming from (49) to the effective 2 + 1 domain wall theory is exactly,
N
EDW = TS’wdw . (51)

For the special choice of c3 = 1, we exactly obtain a U(1)x CS term where the vector
meson w is the CS vector field. Next, we will repeat the derivation of the skyrmion current
performed in Section 2.2, for the full hWZ action. We start by computing the current
associated with the transformation

Crp = Erre ' = U =¢fer — U™, (52)
and take Q = % in the end. At this point the covariant derivative of {g 1 is

DyCr1 = 9uCrL — iVyulrL — 1AuGRLQ - (53)

We also accompany this transformation with the gauge transformation

CRIL — E#XCR,L , (54)

such that {g are themselves invariant under U(1)p. This is achieved by modifying
V-o>V-— %A, such that the covariant derivative now becomes

. i . .
Dyérr = 0uCrL — iVuCrL + NAV‘:R,L —iAuCrLQ 051 0uGrr —iVulrr .  (55)

Indeed, with this choice, the U(1)p gauge field does not appear in the covariant
derivative of (g 1. Now, we can compute the baryon current. We already know that (33)
gives rise to the skyrmion current (14). We will compute the contribution from the hWZ
action (43), including the improvement term (47). The terms proportional to c; and c; in
(43) do not contribute to the baryon current because A does not appear in the covariant
derivatives Rp, Lp, as explained above. We do obtain contributions from L3 due to the
shift V. — V — %A. In addition, the improvement term contains A explicitly. Together,
we have

B A (RpLp — LpRp)
1672 (56)
=— C38—’7;ZC4A(R2L —RI2+idV(R—L) —iV(R* — [?)),
such that the full baryon current is
B = L(duu*ﬁ + m(RZL —RL2+idV(R—L)—iV(R* - L?)). (57
2472 872
Using (dUUT)? = (R — L)3, we can write,
B=S+(c3+c)(H-S), (58)
where 1
_ 373 43 _ 59
H= = R} — L} +3iF(Rp — Lp) | , (59)
is the hidden baryon current defined in [10].
In the my — oo limit, we can integrate out the vector mesons and obtain
1 3
— — 60
H%247_[2(R L’=S = B—S, (60)

as expected. In addition, it has been shown in [10] that H and S differ only by a total
derivative term and therefore give rise to the same charge for any smooth configuration.
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Except for the definition of the local current density, the only physical difference between S
and B comes when computing the baryon charge of singular configurations, such as the
Ny = 1 baryons described above. In particular, for Ny = 1, the baryon current B can be
written as

- +c

BN/ — BT gy’ 61

g2 dwdl (61)

In Appendix A, it is shown that the principle of VD implies c3 = ¢4 = 1. With this
choice, B=2H — S, and at N F=1it simplifies to

_ 1
BWNs=1) — —Hdwdq’ ) (62)

An example of a charged configuration is our Ny = 1 baryon [9]. The baryon charge
of this configuration comes from the two orthogonal windings—the winding of #" around
the ring, and the winding of the CS field along the ring (the edge mode). Equation (62)
hints that the CS field on the DW is actually the w vector meson. Indeed, configurations
characterized by two orthogonal windings of the form

fﬁ’zZnZ,%w:ZnZ, (63)

have integer baryon charge under (62),

—ﬁ / dwdy' € Z, (64)

where the integration is over the 3D space.

This quantization of charge fails to work for generic c3 4 in (61). The charge is properly
quantized for c3 4+ ¢4 = 2. Together with the condition c3 = 1 found above, we have
C3 = C4 = 1.

These arguments give new theoretical predictions for the values of the coupling
constants c3 4 in the effective theory of vector mesons. (See [13] for more arguments fixing
alsocyp.)

Surprisingly, as reviewed in Appendix A, these conditions are exactly the ones pre-
dicted by VD, and are consistent with experimental results.
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Appendix A. Intrinsic Parity and Vector Dominance

One of the most important features of the WZ term is that this is the only term
that breaks the intrinsic parity U — UT. As a result, various odd processes in QCD are
fixed by the WZ term. The most famous are the scattering of two kaons to three pions
KTK~ — w70, the decay of 71 to two photons ¥ — 7, and the four-vertex involving
vt 7t~ Y. These three do not involve vector mesons as one of the external particles, and
the leading contribution indeed comes from I';; coupled to the photon [2]. Other processes
that contain vector mesons are, for example, w — atan 7% and w — 7710.

Vector dominance (VD) [7] is a related phenomenological principle that states that
when vector mesons are included, some vertices do not appear explicitly in the Lagrangian
and the contribution to them is dominated by an exchange of the internal vector meson.
The study of VD from the hWZ action was considered commonly in the literature; see
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for example [8,39]. In this section, we will show that VD for the vertices AAm and AV
implies (48), where A in this section plays the role of the photon. We are interested in
studying the effective vertices obtained from expanding U around the identity,

u=1420y  go_po i, (A1)
FTE FTC

As was shown in [2], expanding the gauged version of (33) results in

2N iN N
— 5 LdLATdTIdI ] + ——= AQAITdI1dIT — A2
1572F3 3m2F3 Q (A2)
Together with (43) and (47), we obtain
N(8 —15¢1 + 15¢3) 4 iN 3 iN 3
60m2E3 T1(dI1)* + 12E (ca — 1 +¢3)V(dIT)” — T2F. (c1+ca —c3) VIl
N iN(4 —3c1 + 3cp — 3¢4) 3 N(1—cyq) 5
—— - A3
S2E. c3(dVV 4+ VdV)dIl + 1272F2 AQ(dIT) 17F, AdAQ~dIl (A3)
iN(2c1 4 2cp — c3) 5 5y iN(c1+¢2) N(c3 —cq)
— AQ(VAdIT + dITvV AT 9) povartv — N8~ AQ(dT1dV + dT1dV) .
S72E. Q(Vadll+d )+ A7, Qvd 872E. Q(dI1dV 4 dI1dV)

The vertices AAII, AVI1I vanish for ¢4 = 1, c3 = c4, respectively, which give ex-
actly (48). This type of VD means for example, that the 779 — 77 decay is mediated by
vector mesons: 79 — VV — 7. This type of VD is consistent with the experimental
results for 7 — 7, and w — 7p7. See Section (3.8) of [39] for the detailed computation.
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