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ABSTRACT: We study quantum chromodynamics including the two-index symmetric or
anti-symmetric quark (QCD(Sym/ASym)) on small R? x T? with a suitable magnetic
flux. We first discuss the 't Hooft anomaly of these theories and claim that discrete chiral
symmetry should be spontaneously broken completely to satisfy the anomaly matching
condition. The 72 compactification with the magnetic flux preserves the 't Hooft anomaly,
and the 2d effective theory is constrained by the same anomaly of 4d QCD(Sym/ASym).
We demonstrate the spontaneous breakdown of chiral symmetry using the dilute gas of
center vortices, which confirms the prediction of the 't Hooft anomaly. We also find that
each vacuum maintains the charge conjugation symmetry, and this gives affirmative support
for the nonperturbative large-N orientifold equivalence between QCD(Sym/ASym) and
N =1 supersymmetric SU(N) Yang-Mills theory.
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1 Introduction

In our recent work [1], we have proposed a new semiclassical formalism to study four-
dimensional non-Abelian gauge theories by compactifying the theory on small R? x T2
including ’t Hooft flux. Our framework provides the weak-coupling description of confinement
and reproduces many qualitative features of strongly coupled confining vacua, and thus
it is reasonable to expect that its dynamics show adiabatic continuity to the strong
dynamics on R?.

Technically, the 't Hooft flux lifts the classical moduli space of gauge holonomies on
T? completely [2], and the O-form center symmetry is unbroken. As the T2 size is much
smaller than the strong scale, the center-symmetric vacuum is stable under perturbative
corrections. On the other hand, the 1-form center symmetry is spontaneously broken at the
classical level, and we need to consider the nonperturbative corrections to restore it.

The center vortex [3-6] is the key player that dominates the leading nonperturbative
correction. In this 72 compactified setup with 't Hooft flux, center vortices are realized as the
BPS configuration having the fractional topological charge @) = i%, and its classical action
is given by S = %, where ST = 89%2 is the 4d instanton action [7-9]. The distinguishing
feature of the center vortex is its nontrivial mutual statistics with Wilson loops. We



can show that the dilute-gas approximation of center vortices describes the confinement
for 1-form center symmetry, and this provides the first semiclassical computations of 4d
confining gauge theories based on center vortices.

In this paper, we generalize our earlier work to quantum chromodynamics (QCD)
with two-index representation fermions, e.g. symmetric or anti-symmetric representation,
and we denote them as QCD(Sym/ASym). QCD(ASym) provides an alternative large- N
limit of QCD because of the simple kinematic fact that fundamental and anti-symmetric
representations are the same for N = 3. Unlike the 't Hooft large-N limit [10], quark
loops are not suppressed compared with gluon loops in QCD(ASym), and this feature
is similar to the large-N limit of QCD with N; fundamental quarks with Ny/N fixed.
QCD(Sym/ASym) received much attention in the context of orientifold equivalence with
N =1 supersymmetric Yang-Mills theory [11-13].

We examine the nonperturbative dynamics of Ny = 1 QCD(Sym/ASym) by using
compactification with magnetic flux. We shall demonstrate that the discrete chiral symmetry
is spontaneously broken completely, by performing the dilute gas approximation with center
vortices dressed with gapless fermions. By adding a soft mass deformation, we obtain the
multi-branch structure of the ground states as in the case of confining vacua of pure Yang-
Mills theory. A remarkable feature here is that even though the theta angle is fractionalized
as §/N, the dilute gas of center vortices produces the correct N + 2 (and N — 2) vacua
and multi-branched structure once a soft mass term is added. As these theories are
non-supersymmetric, there have not been powerful techniques to study QCD(Sym/ASym)
directly (except with double-trace deformations on R3 x S* [14]), and thus our result provides
a novel insight into their dynamics and the validity of nonperturbative orientifold equivalence.

2 QCD with 2-index (anti-)symmetric representation

In this section, we discuss the dynamics of 1-flavor QCD(Sym) and QCD(ASym). Since the
analyses on these theories become almost parallel, we pay attention to QCD(Sym) first,
and then we briefly discuss the case of QCD(ASym) later.

2.1 Global symmetry and ’t Hooft anomaly of QCD(Sym)

We consider the 4d SU(N) gauge theory coupled to the Dirac fermion with 2-index symmetric
representation. This model is denoted as QCD(Sym), and we set N > 3 in the following
discussion.! The Lagrangian of QCD(Sym) is given by

872

1 10 _
= [l rsh)+ gz [0 AD+ [TuDuw. (2.1)

where f = da + ia A a is the SU(N) gauge field strength, and D = d + ia is the covariant
derivative. Since 1) belongs to the 2-index symmetric representation, the fermion kinetic

'For N = 2, the 2-index symmetric representation is nothing but the adjoint representation, which is a
real representation. For N > 3, the representation is a complex representation. This causes the significant
difference on the global symmetry, so we only consider the case with N > 3.



term takes the following form:
VyuDyth = Py (O + sym(iay)) . (2:2)

The classical theory has the chiral symmetry, U(1);, x U(1)g ~ [U(1)y x U(1)a]/Z2,
but its axial part is explicitly broken by the Adler-Bell-Jackiw (ABJ) anomaly. Under the
U(1)a transformation,

b = €9, P )N, (2.3)
the fermionic path-integral measure is changed as
_ _ 2«

DYDY — DpyD) exp (187T2 /trsym(f A f)) , (2.4)

where trsym denotes the trace operation over the 2-index symmetric representation. Using
the identity, treym(T9T%) = (N + 2)tr(T*T?), we find that

_ _ 2(N +2
DYDY > DPDp exp <1(8;)0‘ /tr(f A f)) , (2.5)
and then the measure is invariant if « € ﬁz Therefore, the axial symmetry U(1)a is

explicitly broken to its discrete subgroup, (Zy(n42)) 5-

We also need to care about the periodicity of the vector symmetry and its relation to
the 1-form symmetry. When the matter fields are absent, the model becomes the SU(N)
pure Yang-Mills theory, which enjoys the Zg\lf] symmetry, or the center symmetry. When
the 2-index fermion is introduced, the vector-like symmetry including the 1-form symmetry

is given by

1y
Go {U(l)/ZN x ZW (even N), 2.

U()/Zy  (odd N).

For even N, Z[Ql} C Zg\l,] survives as the global symmetry since the 2-index representation is
neutral, while for odd N, the 1-form symmetry is completely gone. This also indicates that
the part of the U(1)y transformation has an overlap with a part of the center subgroup of
the SU(N) gauge transformations, and the faithful U(1) symmetry group has the fractional
periodicity in terms of the quark language.

In order to discuss the 't Hooft anomaly, let us introduce the background gauge field
for the vector-like symmetry Gy and we shall check if the discrete chiral symmetry becomes
anomalous (For recent developments of 't Hooft anomalies, see refs. [15-20]). Taking the
above expression for the symmetry structure naively, the structure of the background gauge
fields seems to depend on N mod 2. However, thanks to the subtle 2-group extension for
even N, the background gauge fields become almost identical to the case with those for
odd N. In order to see this, it is convenient to introduce the U(1) background gauge field
A first, and then the fermion kinetic term becomes

Py (O +i(sym(ay) + Ap))i. (2.7)



This has the Zg\l,} symmetry as it is invariant under the following transformation,
= a+ ! A—A-2 ! (2.8)
—€ —2—¢ .
arat e, N

where %5 is the flat Z gauge field. Therefore, we can introduce the Zy 2-form gauge field,
which is realized as the U(1) 2-form gauge field with the constraint,

NB =dC, (2.9)

where C' is the auxiliary U(1) gauge field. To have the coupling between (B,C) and
QCD(Sym), we use the trick that a is promoted to the U(NN) gauge field a given by [21]

1
a= —(C1y. 2.10
a=a-+ N N ( )

This should be understood as the local expression, and what it actually means is that the
path integral [ Da is performed over the U(N) gauge fields with the constraint

tr(a) = C. (2.11)
We postulate the U(1) 1-form gauge transformation,
B— B+d\ C—C+NA, (2.12)

and thus
a—a+ Ay, A= A—2\ (2.13)

All of these operations are valid for both even and odd N, and the background gauge fields
for Gy are successfully coupled to QCD(Sym).

How can we see the difference of the symmetry group in the language of these background
gauge fields? To see this, we have to note that the gauge-invariant U(1) field strength is
given by

dA + 2B, (2.14)

since A is transformed under the U(1) 1-form gauge transformation. Since B is quantized
in %, this does not satisfy the proper Dirac quantization for U(1) gauge fields. If we denote
the corresponding U(1) gauge field with the proper Dirac quantization as Ag, then its field
strength should be given by [22]

Ay — { Y(dA+2B) (evenN), (2.15)

| N(dA+2B)  (odd N),

and we here encounter the distinction between even and odd N. The coefficient in front
on the right-hand-side discriminates that the minimal gauge-invariant baryonic operator is
given by »®WN/2) for even N while ¢/®V for odd N. When N is a multiple of 4, the baryon
operator is bosonic, which corresponds to the fact that the fermion parity (—1)F

of SU(N) gauge redundancy for N € 47Z.

is a part



Next, we discuss the 't Hooft anomaly for QCD(Sym) at the massless point. Under the
presence of the Gy gauge field, the index of the Dirac operator 1) = (8, +i(sym(a,)+A,))

is given by

(D) = < / (traym((F — BY?) + dim(sym)(dA + 2B)°)
= #/ ((N +2)tr((f ~ B)?) + N(N2+1)(dA + 2B)2> (2.16)
_N+2

/tr(fA P+ 8;/ (W(dA)Q +2(N+1)dAANB + (NB)?) .

82 2

Under the discrete axial transformation,
ICE R T oy 115
(Zo(ni2)) p 2 ¥ = €2VFDT0 4 iy 4h @2VED T (2.17)

the partition function with the background gauge fields, Z[A, B], acquires the overall phase
factor,

(Bavsa)y 214 B] o> exp (7 gy nd(D) ) 214,58

— es#?ﬁz) [ (M (dA)%+2(N+1)dAAN B+(NB)?)

Z[A, B]. (2.18)

This is a special case of the baryon-color(-flavor) anomaly discussed in refs. [23, 24]. If
we assume that the low-lying states are described by color-singlet hadrons and that the
anomaly is matched by spontaneous breaking of the axial symmetry, we can conclude the
complete breakdown,

(Zov+2) g > Lo, (2.19)

and there have to be (N + 2) distinct vacua.

2.2 Semiclassical study of QCD(Sym) on small R? x T2 with magnetic flux

Having the knowledge on the 't Hooft anomaly of QCD(Sym), we construct its anomaly-
preserving T2 compactification and study its 2d effective field theory. This can be achieved
by introducing the magnetic flux along small 72 following ref. [1], and it allows us to study
the dynamics of QCD(Sym) in a controllable semiclassical calculation. Therefore, we take
the 4d spacetime to be M x T?, where M is a sufficiently large closed manifold and the size
of T? is set to be much smaller than the strong scale. We shall see that the semiclassical
computation predicts the complete spontaneous breakdown of the discrete chiral symmetry.

2.2.1 Tree-level analysis

We would like to keep the 't Hooft anomaly as intact as possible under the 72 compactifica-
tion [25-27]. One of the simplest possibilities for this purpose is to set

_ 2mdaz Aday

A=0, B= 1700 (2:20)

where 3 ~ x3+ L and x4 ~ x4 + L.



To make the connection with the conventional approach, let us write down the Dirac
equation and the boundary condition on T2 explicitly. The boundary condition is denoted as

(s + Lyxy) = sym(gg(:L‘4)T)e_i¢3(“)1/)(a:3, x4), (2.21)
(w3, 24+ L) = sym(ga(zs) e 910 (5, 24). (2.22)

Since we have introduced the minimal 't Hooft flux, [» B = QW”, the color transition
functions must satisfy,

gi(L)g}(0) = g}(L)gl(0)e ¥, (2.23)

Then, the uniqueness of the matter wavefunction requires that the U(1) transition functions

satisfy

exp({(0(L) = 91(0)) = (62(L) — 65(0))}) = exp (- 4) (2.24)

The net U(1) gauge field is given by A=A+ %C’ , and we choose the gauge so that

~ 47 1‘3d$4
A=—
N L2

(2.25)

The U(1) transition functions are given by A(xs + L,z4) = A(xs,z4) + d¢s(zrs) and
A(zg, g4 + L) = A(x3,24) + ddg(x3), and we obtain

47 Iy

¢3($4) = Wf’ ¢4($3) = 0, (2.26)

and the transition functions satisfy the above constraint. For the SU(N) color transition
functions, we can perform the gauge transformation so that

g3(z4) = S, ga(z3) = C, (2.27)

where Cl,,, oc 2™M/NG and S, On+1,m are the clock and shift matrices. This
gives a concrete realization of the background magnetic flux (2.20). With this choice of
the transition functions, the SU(N) gauge fields on T? obey the boundary conditions,
a(r3+L,z4) = STa(xs, v4)S and a(z3,v4+ L) = Cla(x3, v4)C, and we can specifically have
a = 0 as the classical minimum. Therefore, for the classical vacuum, the gauge holonomies
and the transition functions are identified, and we have

Py=S, Py =C. (2.28)

Since the SU(V) gauge group is Higgsed to Zy, there are no perturbatively gapless spectrum
in the gauge sector.

Next, we have to discuss the gapless modes of the fermionic fields. To solve it, we have
to solve the zero-mode Dirac equation,

41 I3

{’7333 + 4 (34 +i—

i) | wlaan =0 (229)



with the above boundary condition. We introduce the 2d chirality operator in T2 as iy374,
which satisfies (iy374)? = 1. To find the number of zero modes, we can use the 2d index
theorem, which gives

F
Ind(Dy2) = dim(Rep) / EON (2.30)
T2 27
In our case, dim(Rep) = N(Z\;H) and [ £ = £, so we have N + 1 flavors of 2d Dirac

fermions.? We confirm this result in appendix B by solving the Dirac equation (2.29).

2.2.2 Perturbative analysis

We have (N + 1) flavors of 2d massless fermions, so we naively have U(N + 1)1, x U(N +1)r
chiral symmetry. However, this is absent in 4d, and thus most part of it should be
broken by higher-dimensional operators in the 2d effective theory. In 2d, four-fermion
operators are perturbatively marginal, and they can be marginally relevant. Therefore,
except U(1),, the axial symmetries would be explicitly broken by integrating out massive
Kaluza-Klein (KK) modes.

Let us perform Abelian bosonizations, then we get N + 1 compact bosons, ¢1, ..., dni1-
The correspondence is given by

YLk ~ e, (2.31)
and the tree-level effective action becomes

N+1

1
Siree = / — |dey % 2.32
t ; Msw‘(b‘ (2.32)

Since the U(1)4 transformation corresponds to ¢; — ¢; 4+ 2c, we can introduce the following
perturbation without breaking U(1)a:

AS = /M dQZL' %: Jij COS(qbZ‘ — ¢J) (2.33)

This corresponds to the four-fermion vertices in the fermionic theory.
We note that the one-gluon exchange diagram

(2.34)

cannot produce AS, and they are generated by the loop diagrams. The tree-level 4d gluon
exchange can be decomposed into the 2d vector-boson exchange and the scalar exchange.
The exchange of 2d vector boson gives the vector-vector four-fermion coupling, which
modifies the kinetic term in the bosonic description instead of generating the potential

2For the fundamental representation, we have dim(Rep) = N and f % = %, and we get a single 2d
Dirac fermion. This reproduces the result of our previous analysis on QCD with fundamental quarks [1].



term. Therefore, we need to consider the exchange of scalar P3, Py to obtain AS, but it
turns out that?

Yy34T" =0 (2.35)
when ¢ is restricted to 2d massless fermions satisfying iysy4 = 1. In other words, by
emitting gluons in the compactified directions, P3 or Py, the 2d fermion has to be excited to
non-zero KK mode. To have the scalar-scalar four-fermion vertex for 2d massless fermions,
we need to consider the loop diagrams, such as

: (2.36)

in which the internal fermion loop runs only over the non-zero KK tower. As a result, the
coupling J;; in AS is of the order of g(p)*, where the renormalization scale should be set
as p~ (NL)™L,

As the four-fermion terms (2.33) are consistent with the global symmetry, loop diagrams
can produce them. Instead of performing their explicit calculations, let us simply assume
that AS is generated and that its classical moduli is given by

P1=¢2 =" = ON41. (2.37)

Under this assumption, AS gives the marginally relevant perturbation to Siyee according to
the renormalization-group analysis of the Berezinskii-Kosterlitz-Thouless (BKT) transition.
Let us introduce the coordinate of the classical moduli,

¢ = ¢, (2.38)

and then the effective action of the perturbative gapless mode is given by
S = do|”. 2.39
pert. = [ Sl (239)

The zero mode ¢ cannot be lifted at any orders of the perturbation theory.

2.2.3 Reproducing ’t Hooft anomaly with the compact boson

This is the good moment to take a detour for checking how the anomaly (2.18) is realized
in the 2d effective theory. Let Aog and Bog be the 2d counterpart of background gauge
fields defined on M, then the background gauge fields on M x T2 is given by

2w dxs A dxy
A=Ay, B=B —_ 2.4
2d, 2d + N L2 (2.40)

io; 1 -
3To see this, let us take the specific basis v; = ( O 1((7) > and y4 = (? 0>. Then, the 2d chirality
—10;

—o3 0

0 g3
(0, %, %,0)" to satisfy iq3y4 = 1. This shows explicitly that 3 41 = (*,0,0, *)’, which cannot be the zero
mode by the spinor structure.

operator of T? is given by iyzys = , and the 2d massless fermion should take the form ¢ =



Substituting this expression, the 4d mixed 't Hooft anomaly (2.18) becomes
o [{(N+1)dAyq+NB
(ZQ(N+2))A : Z[Agq, Bag] — e+ JA@+1dAza+ 2d}2[A2d7 Bodl, (2.41)

and this gives the 't Hooft anomaly for 2d effective theory. The first term comes from the
perturbative axial anomaly, and the coefficient (N + 1) counts the number of 2d massless
Dirac fermions. To reproduce it with compact bosons, we introduce the coupling

N+ .
N+1

> QL/ ¢i A\ (dAoq + 2Baq) = W) )/ ¢ A (dAaq + 2B2q). (2.42)

= 27 Jm 2 M

This is the standard topological coupling for the vector-like gauge fields in the bosonized
description, where the vector-like gauge field strength is made manifestly 1-form gauge
invariant. However, this does not reproduce the second term of the anomaly correctly and
we need an extra contribution. To see where it comes from, we should note that there
is the dynamical Zy gauge a’ with the gas of center-vortex defects: da’ can be nonzero
and [i, da’ = 27 for the integration over the vortex core V. This should couple to the 0
parameter in the following standard form,

0 / dd’, (2.43)
2 I

but this does not respect the U(1)a spurious symmetry, § — 0 + 2(N + 2)a, ¢ — ¢ + 2q,
and da’ is not invariant under 1-form gauge transformation. These requirements fix the
form of couplings in a unique manner:
i
L / (6 = (N +2)6) A (dd + Baa). (2.44)
27 Jm

Combining (2.42) and (2.44), the discrete chiral transformation, ¢ — ¢ + NQ—iQ, shifts the
local counter term as

/((N +1)(dA2q + 2Bag) — (N + 2)Baa) = ﬁ / (N +1)dAgq + N Baa),
(2.45)

i

N +2

and this reproduces the 't Hooft anomaly.

2.2.4 Center vortices and chiral symmetry breaking for QCD(Sym)

To go beyond the perturbation theory, we should perform the dilute gas approximation of
the semiclassical configuration. In the T2 compactified setup with the 't Hooft flux, the
BPS bound is given by the center vortex [7-9], which has the fractional topological charge
Qtop = % and the nontrivial mutual statistics with Wilson loops.* From the BPS bound,

the YM action is given by S;/N = ggrf;. The center-vortex vertex is then given by

, 34
Ko Lok 0-(N+2)9) Mew*(mzm (2.46)

4This nontrivial mutual statistics is important to describe confinement using center vortices. For numerical
studies of center-vortex induced confinement of 4d gauge theories, see refs. [28—-34], and for a visual guide,
see [35].



where K denotes the fluctuation determinant. From the dimensional analysis, K ~ 1/L2.
This corresponds to the fractionalization of Kobayashi-Maskawa-"t Hooft vertex [36-39].°
Accordingly, although the scalar field ¢ is introduced as the 2m-periodic field, this expression
of the center-vortex vertex does not respect its periodicity. We shall see that this problem
is resolved by considering the dilute gas of center vortices.

As the gluon sector is perturbatively gapped due to the 't Hooft twisted boundary
condition, the center vortex has the fixed size, and the dilute gas approximation is reliable
without suffering from infrared divergence. Since the 't Hooft twist is introduced only in
the x3-x4 direction, the total topological charge has to be an integer. The numbers of
center vortices and anti-vortices, n and 7, must satisfy n —m € NZ for consistency. The
summation over the dilute vortex gas gives

n

Y Onomenz ( / d2xKe—fJe&<e—<N+2)¢>)” ( / dzxKe—Sjée—ﬁ(e—(Nww))

= n!n!
= s (N +2)p+2nl — 0
= Z exp (/ d*z2Ke ™ cos ( )) , (2.47)
(=0 N

and this full expression satisfy the 2m-periodicity of the field ¢. However, the local effective
potential induced by the center vortex,

5t ((N+ 2)¢ +2ml — 9> ’ (2.48)

Vvor ex = —2Ke™ N
et (6) = ~2Ke™ ¥ cos -

has an extra label ¢ € Zy and violates the 27 periodicity for fixed £. A better way to
understand its periodicity is given by the following identification,

(¢, 0+ N) ~ (¢, 0), (2.49)
(¢p+2m,0) ~ (), 0+ (N +2)) ~ (6,0+2). (2.50)

When N is odd, we can eliminate the label ¢ completely by extending the periodicity
of ¢. That is, the branch label can be absorbed by ¢ but the price to pay is to change
the periodicity as ¢ ~ ¢ + 2w N. As a result, we can set £ = 0, and the ground-states are

given by
_ 0+27Nk

é_(N+m’
with & ~ k + (N + 2). Thus, we have (N + 2) vacua with & = 0,1,...,(N + 2) — 1.
Accordingly, the chiral condensate of the k-th vacuum is given by

(2.51)

;0427 Nk

(Wrr)e ~ AB(AL)5r e (Vi) (2.52)

and the discrete chiral symmetry is spontaneously broken completely. This result matches
exactly to the one in QCD(Sym) on R? x S! [14], but interestingly the underlying microscopic

"The six-quark determinant vertex, det;,; (@1(1 + v5)1;), was first introduced in ref. [36] by Kobayashi
and Maskawa to phenomenologically explain heavy mass of 7', and its connection to the ABJ anomaly was
speculated in [38]. The concrete mechanism to generate it by instantons was shown by ’t Hooft in ref. [39].

~10 -



mechanisms (center vortices vs. monopole-instantons) are genuinely distinct. This suggest
a nontrivial adiabatic continuity between these two reliable semi-classical regimes.

When N is even, the label ¢ cannot be eliminated completely. The periodicity of ¢ is
extended as ¢ ~ ¢ + 277%, and we still have the discrete label ¢ € {0,1}. The presence of
the Zo discrete label £ is the consequence of the 1-form symmetry, Z[;](C ZE%,]), and the
branch label £ discriminates the universes® in the 2d effective theory [40-45]. That is, the

ground states are given by

t9—i—27r]\fl<:7 )7<9+27r+27rNk’ )7 (2.53)

<¢’€):< N +2 0 N +2
N+2

with k ~ k + % There are two universes labelled by £ = 0,1, and each universe has ==
vacua labelled by £ = 0,1, ..., % As a result, we get (N + 2) ground states, and the chiral
symmetry is spontaneously broken completely.

We note that the fundamental Wilson line is a genuine line operator that transforms
under Z[Ql] when N is even, and the universe label ¢ jumps to £ + 1 by going across the
Wilson line. Since two universes have degenerate ground-state energy densities, it obeys

the perimeter law, and Z[Ql] is spontaneously broken. This however does not lead extra

ground-state degeneracy because of the mixed anomaly between Z[Zl] and the discrete axial

symmetry (Zy(y42))a- The number of ground states is given by N + 2 as discussed above.

2.3 Mass deformation of QCD(Sym) on M x T?

So far, we have considered the massless fermion and obtained the spontaneous chiral
symmetry breaking, (ZQ( N+2)>A 558, Zo, using the semiclassical method. Let us add the
mass deformation to the Lagrangian,

ALy =m ((brur) + (Prin)) . (2.54)

and assume that the mass m is sufficiently small. The deformation breaks the Z[z(}]\/ 4
discrete chiral symmetry softly. After the bosonization, the mass deformation becomes
4
(AL)*" 37
ALy, ~ Mg cos(¢). (2.55)
The ground-state energy densities can be obtained by substituting the vacuum configurations
for ¢ at m = 0.
For odd N, we then obtain

(2.56)

Ex(0) ~ —mAS(AL)*% cos (MWN]{> ,

N +2

with £ =0,1,..., N 4+ 1. At generic values of 8, the system has the unique and gapped
ground state. That is, the degeneracy between chirally broken vacua is lifted by the mass

5The 1-form symmetry in 2d QFT requires the presence of topological local operators, and we can
consider the superselection rule associated with those topological local operators. As the superselection rule
in this case is much stronger than the ordinary one for spontaneous symmetry breaking, the corresponding
superselction sectors are sometimes called as universes to emphasize it.

- 11 -



deformation. Concretely, the ground state is given by £k =0 when —m < 0 < 7. At 6 =,
there are two degenerate vacua, k =0 and Nk = —1. Here, we note that Nk = —1 has the
unique solution in k € Zy42 as ged(N, N +2) =1 for odd N.

For even N, there are two universes due to Z[Ql] labelled by ¢ € {0,1}. For the £ =0
universe, the multi-branch ground-state energies are given by

_ 0+ 27Nk
B0 (9) ~ —mA3(AL) 5% cos (;;) , (2.57)
with £ =0,1,..., % For the ¢ = 1 universe, they are given by
= 0+ 2n(NK +1
E,(j*l)(ﬁ) ~ —mAS(AL)_SiN cos < + 7;;4_ 5 + )> , (2.58)

with ¥ =0,1,..., % At generic values of 6, the system again has the unique and gapped
ground state. As a result, the fundamental Wilson line shows the area law. The string

tension T'(0) of the fundamental Wilson loop is given by
7(0) = L? <n£,n BV (9) - min =Y (9)) : (2.59)
and it is indeed nonzero for generic values of 6.

2.4 Semiclassical study of QCD(ASym) on small R? x T? with magnetic flux

In this section, we study the dynamics of QCD(ASym) using the center-vortex effective
theory. As the discussion is almost parallel to that of QCD(Sym), we explain it very briefly.

The structure of the vector-like symmetry Gy is completely identical to (2.6) including
the form of its background gauge field. The ABJ anomaly explicitly breaks U(1)a to
(Z2(N_2)>A since trasym(7977) = (N — 2)tr(T%T"), and thus the factor “(N + 2)” in the
analysis of QCD(Sym) should be replaced by “(N —2)” in the case of QCD(ASym). As the
dimension of the anti-symmetric representation is dim(asym) = w, the factor “(N +1)”
in QCD(Sym) is also replaced by “(N — 1)”.

To compute the mixed 't Hooft anomaly between G+ and the discrete chiral symmetry,
let us calculate the index of the Dirac operator under the presence of the G+ background
gauge field (A, B):

Ind(D) = # / (trasym((f — B)?) + dim(asym)(dA + 23)2)

= o [ (@ =27 - ) + T

N ]\;;22 /““(fA )+ 8%/ (NU\;U(dA)2 +2(N -1)dAANB + (NB)2> :

(dA + 2B)2> (2.60)

As a result, under the discrete axial transformation,

(Zon—2)) y : ¥ = TVT 0y s eI T (2.61)
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the partition function of QCD(ASym) is shifted by the local counterterm of the Gy
background field:

27 N(N-1) 2 _
(Zagn_s) , -Z1A, B) s 5700 | (T3 @M FAN-DINB-(NB

") z(4,B].  (2.62)

This is the mixed 't Hooft anomaly, and the anomaly matching condition can be satisfied
by the complete spontaneous breakdown of the discrete axial symmetry,

(ZQ( N_Q))A 558, Zs. (2.63)

In order to apply the semiclassical description with center vortices, we would like
to perform the T2 compactification to maintain the above 't Hooft anomaly as much as
possible. To this end, we again consider the magnetic flux background (2.20). It effectively
introduces the minimal 't Hooft flux in the gauge sector, and thus the gauge field has the
perturbative mass gap because of the Higgsing SU(N) — Zy. For Dirac fermions, there
are perturbative gapless modes following the index theorem on T2 given by (2.30), and it
predicts the presence of (N — 1) flavors of 2d Dirac fermions at the classical level.

By performing the Abelian bosonization, 2d effective theory at the classical level
is given by the theory of 2m-periodic compact scalars, ¢;, with i = 1,...,N — 1. The
U(1)a transformation acts as ¢; — ¢; + 2, and other axial symmetry in the classical
analysis should be eliminated by the four-fermion vertex (2.33), which can be obtained by
integrating out massive KK towers. We again assume that its classical moduli is given by
¢ =¢1 == ¢ny_1, and then we only have a single compact scalar as a result of the
perturbative analysis.

The center-vortex vertex takes the following form,

) LR
Koo 0-(N-2)9) (ALY £ig (n—2)9)

- , (2.64)

and this satisfies the spurious symmetry, ¢ — ¢ + 2« associated with § — 6 + 2(N — 2)a.
By performing the dilute gas approximation of center vortices, the effective potential,

N -2 o2l — 6
Vvortex,£(¢) = —2Kefil\f CcoSs (( )¢ + 27 > 7

. (2.65)

is generated with the discrete label, ¢ € Zy. The periodicity of the field ¢ is then
understood as

(0, L+ N) ~ (¢,0), (2.66)
(p+2m,0) ~ (¢, 0+ (N —2)) ~ (6,0 —2). (2.67)

With this identification, the field ¢ is extended to 27w N-periodic field for odd N, and the
discrete label £ is completely eliminated. For even N, the periodicity of ¢ is 2%%, and
{ takes values in Zo. In this case, the label ¢ discriminates two universes of the 1-form
symmetry, Z[Ql], in the 2d effective theory. In both cases, we get (N — 2) degenerate vacua,
which shows the spontaneous breakdown of discrete chiral symmetry.
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3 Implications on the large-N orbifold/orientifold equivalence

There is a conjecture called as the large- N orientifold equivalence [11, 12], which states that
C-invariant bosonic sectors of QCD(Sym/ASym) becomes equivalent to those of N' =1
SU(N) super Yang-Mills (SYM) theory in the large-N limit. This is a striking conjecture,
which is interesting and important not only theoretically but also phenomenologically. For
N = 3, two-index anti-symmetric representation becomes identical to the fundamental
representation, and thus QCD(ASym) for N = 3 is the ordinary QCD that describes the
strong interaction of our world. If the conjecture is true and N = 3 is regarded as a large
parameter, the orientifold equivalence may provide a direct path to apply the knowledge of
supersymmetric gauge theories to the actual QCD [46, 47].

It is therefore an important question if the large- N orientifold equivalence is true at
the nonperturbative level. In ref. [13], it is uncovered that the unbroken charge-conjugation
symmetry is the necessary and sufficient condition for its validity. In order to see this,
it is useful to think of both A/ =1 SU(N) SYM and QCD(ASym) as Zy projections of
N =1SO(2N) SYM theory. To obtain N'=1 SU(N) SYM theory from SO(2N) theory,
we introduce the symplectic matrix J = iop ® 15 € SO(2N) and impose the constraint
A, =JA,J" and A = JAJ' for the gluons and gluinos of SO(2N) theory. Then, the gauge
group becomes U(N) and A becomes the Weyl fermion in the adjoint representation, so we
obtain N'=1 U(N) SYM theory. To obtain QCD(ASym), we replace the constraint for the
gluino as A = —JAJ?, then the fermion becomes the Dirac fermion in the anti-symmetric
representation of U(N). In the large-N limit, the difference between U(N) and SU(N)
becomes negligible, and we obtain the correspondence. In this way, the large- N orientifold
equivalence proposed in refs. [11, 12] has been decomposed into two large-N orbifold-type
equivalences [48-51] between the parent and daughter theories with the same parent theory:
it is an example of the daughter-daughter equivalence.

The necessary and sufficient condition for the large- N orbifold equivalence has been
derived in refs. [52-54], and it shows that the equivalence holds for correlation functions of
neutral sectors if and only if the ground state also belongs to the neutral sector. Applying
it to the present case, the ground states must have unbroken charge-conjugation symmetry,
and then the orientifold equivalence is true for observables in the C-even bosonic sector.
Since it is widely accepted that N' = 1 SYM theory does not break C' while it breaks
the discrete axial symmetry, the question becomes whether QCD(ASym) maintains C-
symmetry or not. This is a nontrivial question as it involves the strong dynamics of 4d
gauge theories.

So far, we pay attention to QCD(ASym), but we can perform the same analysis for
QCD(Sym) starting from the N' = 1 USp(2N) SYM theory, and we do not repeat it
here. Again, the criterion for the large- N orientifold equivalence is given by the unbroken
C-symmetry for QCD(Sym).

Our analysis on small R? x T? predicts that C' symmetry is unbroken. We have also
observed the complete spontaneous breakdown of discrete chiral symmetry, which suggests
the adiabatic continuity between our semiclassical description and the strong dynamics on
R%. This gives positive support for the nonperturbative orientifold equivalence.
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We would like to emphasize the magnetic flux on small 77 plays the pivotal role to
achieve the adiabatic continuity [1] (see also refs. [55-57]). In ref. [13], QCD(Sym/ASym) on
small R? x S! has been studied, and it was found that these theories have chiral symmetric
vacua with broken C' symmetry. Since the anomaly matching on R* requires the spontaneous
breaking of chiral symmetry, this suggests that the naive compactification must have phase
transitions and it is not suitable to study the dynamics of strongly coupled regimes.

In order to achieve the adiabatic continuity on R? x S', the double-trace deformed
gauge theories are more suitable choice [58—60]. By adding the double-trace deformations
to QCD(ASym) on R3 x S, we can find that C' becomes unbroken and instead the chiral
symmetry is spontaneously broken [14]. Therefore, in both S! and 72 compactifications
with adiabatic continuity, we obtained the evidence for unbroken C symmetry, suggesting
the validity of nonperturbative large- N orientifold equivalence.

4 Summary

We performed the semiclassical analysis of QCD(Sym/ASym) on R? x T? by introducing
the magnetic flux in 72. QCD(Sym/ASym) have the mixed t Hooft anomaly between its
vector symmetry and discrete chiral symmetry, and the magnetic flux in 72 allows us to
preserve the information of 't Hooft anomaly. As a result, the dynamics of the 2d effective
theory is constrained by the same anomaly of 4d QCD(Sym/ASym).

We find that discrete chiral symmetry is spontaneously broken completely thanks to
the dilute gas of center vortices, and this satisfies the anomaly matching constraint. This
leads to the multi-branch structure of the ground states after the tiny mass deformation,
and this leads to the same vacuum structure with the pure YM theory.

Each ground state has unbroken C' symmetry, and this gives an important implication
for the large-N orientifold equivalence between QCD(Sym/ASym) and N' = 1 SU(N)
SYM theory. Since the unbroken C' symmetry gives the necessary and sufficient condition
for its nonperturbative justification, our result gives a strong positive support for the
nonperturbative orientifold equivalence, assuming the adiabatic continuity.

As we showed in this work, the chiral condensate obtained in the small symmetric
T? regime (2.52) matches exactly the result on R3 x SL . in [14]. At the same time, the
microscopic configurations which lead to this result are genuinely distinct, even though they
have the same topological charge @ = 1/N and action. Monopole-instantons and center
vortices have different mutual statistics with Wilson loops. It would be very interesting to
establish how these two reliable semiclassical regimes are adiabatically connected.

Lastly, let us comment on several future directions. One of them is about the domain
wall that connects different chiral broken vacua. As the phase of chiral condensate can
be regarded as an effective 6 angle via the ABJ anomaly, the domain-wall theory can be
thought of 3d QCD(Sym/ASym) with a Chern-Simons term. This problem has been studied
in ref. [61], and they suggest the domain wall connecting n-th and 0-th chiral broken vacua
is described by U(n)(n+2)—n,(N+2)—2, Chern-Simons theory, where n =1,2,...,(n £2) — 1.
It would be an interesting future work to study if the 72 compactification with magnetic
flux can give a nontrivial check of this proposal on the wall.
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Another curious problem is to extend our work of vector-like QCD to some chiral
gauge theories [62-65]. Recently, ref. [66] considers the 4d chiral gauge theories that
contain both two-index symmetric and anti-symmetric Weyl fermions, and the anomaly
matching constraint is studied in detail both on spin and non-spin manifolds. It would be
fascinating if we can check those scenarios (even partially) by the reliable semiclassics with
T? compactification, although the extension might not be straightforward due to the lack
of the vector-like U(1)p symmetry.
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A Group theoretic factors of two-index representations

Let T%, be the generators of su(N) Lie algebra with the representation rep. We take the

rep
orthonormal basis,

tr(T2, T8 ) = T(rep)d?, (A1)

rep~ rep

where T'(rep) is the trace normalization factor. For the defining (or fundamental) represen-

tation, rep = fd, we set
1

T(fd) = . (A2)
The quadratic Casimir invariant Cy(rep) is defined by
N2-1
Z Tr?epTraép = C’Q(I’ep) idrep- (A3)
a=1

By taking the trace of both sides, Cy(rep) is related to T'(rep) by the formula,
Cy(rep) dim(rep) = (N? — 1)T(rep). (A4)

Let us write down the table of these factors for the fundamental, adjoint, two-index

symmetric and antisymmetric representations:

rep |dim(rep) T'(rep) Ca(rep)

fd | N 1 s

adj | N?—-1 N N (A.5)
sym N(J\2f+1) Ng.g (N—11)\5N+2)
asym N(]\QPI) N2 (N+13\(7N72)
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The perturbative beta function, 5(g) = d(ng“, is given by
/80 3 /31 5 7
= - - O(g"). A.6
B(9) an2? ~ amt? +0(g") (A.6)
The leading coefficient is
11 4
b= 5 N~ ST(ep)Ny,
34, 20
p1 = ?N - gNT(rep)Nf — 4C5(rep)T'(rep) Ny, (A.7)

for SU(V) gauge theory with Ny Dirac fermions in the representation rep. The normalization
of the coefficient is the standard one for non-supersymmetric gauge theories, and then the
instanton factor within the 1-loop renormalization group is given by

() - ()"

where A is the strong scale. For 1-flavor QCD(Sym/Asym), 5y and (31 are given by

4
38 8
B =6N%T <3N — N) : (A.10)

and they are identical to those of N' = 1 super Yang-Mills theory in the large-N limit,
ﬁo = 3N and ,81 = 6N2.

B Dirac zero modes on T? with the magnetic flux

In this appendix, we confirm the result of the index theorem (2.30) by solving the Dirac
zero-mode equation (2.29) explicitly. We first define the chirality of small 72 by

(iv374) Y+ = £1hs, (B.1)

and then the Dirac equation for each chirality becomes

[ag Fi <a4 + 1%2‘;’) by =0, (B.2)
or )
(9 F i04) (iwi> = 0. (B.3)
This shows that )
b (w3, 24) = e ¥ Ty (23 F iza) /). (B.4)

We can check that there is no zero modes for iy3v4 = —1 by the following equality,
oz/T2 (85 F 1 (84 + 1Bx3)) 1o |

_ / (105022 + (04 + 1Bas)us |2 F Blu[?]. (B.5)

T2
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Here, we set B = L2 for simplicity of notation. In the first equality, we use the equation
for Dirac zero modes. The second equality can be obtained using integration by parts. For
iv3ys = —1, all the three terms are positive semi-definite, and it requires that ¥ = 0. We
therefore only consider the case iy3y4 = 1 in the following discussion.

Introducing the dimensionless coordinate z = (x3 —iz4)/L, we can rewrite the boundary

condition as

up(z 4+ 1) = sym(SNe ¥ T 2uy (2), (B.6)
Uy (z —1) = sym(CTuy (2) B.7
Writing color components explicitly, we find that
Upap(z+1) = e%mr%qur,a—l b—1(2), (B.8)
Uy ap(z —1) = e~ F (@ DFO-D)y ), (B.9)

We can perform the Fourier expansion to satisfy (B.9),

u+7ab( )—eN (a=1)+(b-1)= ch ab€27rnz. (BlO)

n

We then use the boundary condition (B.8) for the z3 direction. When 1 < a,b < N, the
condition becomes

27 | 4m ™
(a 1+6—1)(2+1) cha e27rn(z+1) eNtN? eW(a 2+4+-b— Q)chna 1 1e27mz (Bll)

n n

and we have

Croab = e%(1_(a_1)_(b_l))_%mcn,aflbfl- (B12)
When a =1 but b > 1, the condition becomes
e%"(()-&-b—l)(z-&-l)ch’lbe%rn(z-i-l) — o N TN N (N=1+b-2)z chNb L2 (B.13)
n
and we have
Cp1b = eN v (1=(b=1))—2mn,, n—1,Nb—1- (B.14)
Similarly, when a > 1 and b =1,
Cnal = e%(l—(a—l))—Qﬂ'nCn_l’a_l N- (B15)
When a =b =1, we get
Cn,11 = € N 27rncn_27NN' (Blﬁ)

This gives ¢y qp X €xp ( NP2 —7w((a—1)+ (b— 1))n), and we can find that the solutions

can be expressed with theta functions.”

"The Fourier series expansion of Jacobi’s theta function is given by 3(2) = 3(z|7) = D oner glnTn+2inz _

1423 o, eimn’? cos(2nz) with Im(7) > 0. Importantly, it satisfies the quasi-periodicity, 03(z+ (m+n7)7) =
e—i”"Z—"’i"zes(z), and it is the key property to solve the quasi-periodicity of u4+ coming out of (B.8),
ut(z + N) = ™V T472y (), combined with (B.9). We note that the theta functions are holomorphic, i.e.
do not have poles or singularities, and thus they give normalizable zero modes.
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Let us count the number of zero modes. By the shift matrix, a — b mod N is preserved,
so the diagonal directions are related in mod N. That means, when we consider k-diagonal
from the top-left to the bottom-right (i.e. ¢, it Wit ¢ : 1 — N — k), we jump to the
—(N — k)-diagonal elements (i.e. ¢pq1,N—k+;; With j : 1 — k), and we come back to the
k-diagonal elements, ¢, 4211+k- As a result, ¢, q is related to cp42 qp, Which means that we
can have 2 zero modes, corresponding to even and odd n: for example, the 1-1 component
is given by

up(z) =a 3 eI Ly N o (B.17)

ne2Z ne2z+1
where a,b € C. For the main diagonal, we thus have 2 zero modes, but for off-diagonals, the
symmetry condition imposes the restriction, and thus we only have 1 zero mode for each.
In total, we get 2+ (N — 1) = N + 1 zero modes as indicated by the index theorem (2.30).

The discussion is completely parallel also for the case of the two-index anti-symmetric
representation. The crucial difference appears only in the last step and it comes from the
absence of the diagonal elements. As a result, we get 0+ (N — 1) = N — 1 zero modes.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited. SCOAP? supports
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