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ABSTRACT: While the 6 dependence of field theories is 27 periodic, the ground-state
wavefunctions at 8 and 6 + 27 often belong to different classes of symmetry-protected
topological states. When this is the case, a continuous change of the 6 parameter can
introduce an interface that supports a nontrivial field theory localized on the wall. We
consider the 2d CPY~! sigma model as an example and construct a weak-coupling setup of
this interface theory by considering the small S' compactification with nonzero winding
0 parameter and a suitable symmetry-twisted boundary condition. This system has N
classical vacua connected by fractional instantons, but the anomaly constraint tells us that
the fractional-instanton amplitudes should vanish completely to have N-fold degeneracy at
the quantum level. We show how this happens in this purely bosonic system, uncovering
that the integration over the zero modes annihilates the fractional instanton amplitudes,
in sharp contrast to what happens when the 6 angle is constant. Moreover, we provide
another explanation of this selection rule by showing that the N perturbative vacua acquire
different charges under the global symmetry with the activation of the winding 6 angle. We
also demonstrate a similar destructive interference between instanton effects in the CPN~1
quantum mechanics with the Berry phase.
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1 Introduction

When a continuous field in a quantum field theory (QFT) is classified by a topological charge
Qtop € Z, the QFT has a parameter 6 known as the vacuum angle [1-4]. Its interpretation
as an angle is due to the fact that it enters the path integral weight through the factor
exp(i60 Qiop). Although the 2m-periodicity in 6 is a rigorous property of the partition
function and local correlation functions in closed spacetimes, it is not necessarily a property
of the vacuum wavefunction itself. As the 27-periodicity of the partition function only
implies the unitary equivalence of the systems at 8 and 6 + 2, it is possible that the
ground-state wave functions at 6 and 6 + 27 are orthogonal to each other. If this is the



case, then even if the system is trivially gapped at generic values of 6, there has to be a
phase transition as we continuously rotate 6 by 2w, as in fact happens for 4d Yang-Mills
theory [5-8] and the 2d CP! sigma model [9, 10].

Recent advances in generalized symmetries and anomalies provide new perspectives
into QFT dynamics and, in particular, clarify the kinematical origin for the existence of the
phase transition at # = 7. In both 4d Yang-Mills theory and the 2d CPN~! sigma model,
the partition function with background gauge fields for symmetries is not invariant under a
27 shift in 6, but acquires a local counter term in the background gauge fields [11-18]. This
proves that the trivially gapped states at 6 and 6 + 27 (for generic values of ) are different
symmetry-protected topological (SPT) states, and thus there must be a phase transition
separating them.

When two states belong to different SPT phases, there exists nontrivial physics at the
interface between them. We can create such an interface by promoting the 6 angle to a
position-dependent background field §(z) such that §(x — —o0) < 7 and 6(z — +0) > 7.
Since we can regard the interface as the boundary of an SPT state, the dynamics at the
interface is subject to an 't Hooft anomaly matching constraint, which rules out the trivially
gapped phase. One of the purposes of this paper is to construct a strategy to study its
dynamics using reliable semiclassical computations.

In this paper, we study the 2d CPY~! sigma model on S! x R with a position-dependent
0 angle as an emblematic example. The 6 angle depends on the compactified direction
x € S, and moreover it can have a nonzero winding number:

O(x + L) =0(x) + 27w, (1.1)

with some w € Z. Although such a configuration of 6 seems to have a discrete jump
at some location in S!, the angular nature of § allows us to make the jump physically
transparent [17, 18], as in the cases of symmetry-twisted boundary conditions. When the
S1 is much larger than the strong-interaction scale, LA » 1, the local dynamics should be
identical to that of the infinite volume limit. At each place 6(x) goes across an odd integer
multiple of 7, the interface of different SPT states appears and supports the projective
representation of PSU(N) flavor symmetry. In particular, when w is not a multiple of
N, the total Hilbert space should belong to a projective representation of the PSU(V)
symmetry so that each energy eigenstate must have at least N-fold degeneracy, which is a
rigorous consequence of the anomaly matching with nonzero winding 6 angle.

For constant 0, the PSU(V) symmetry-twisted boundary condition provides a suitable
framework for the semiclassical analysis of the ground-state property of CPY~1 model [19,
20]. There are N classical vacua in the symmetry-twisted boundary condition, and tunneling
processes connect them with the fractional topological charge, which naturally explains the
N-branch structure of the ground states. There is a symmetry reason behind this adiabatic
continuity, as the symmetry twist retains the t Hooft anomaly of 2d theory under the
reduction to quantum mechanics by S! compactification [21]. Furthermore, in the large-N
limit, this symmetry twist is the necessary and sufficient condition for the theory to satisfy
volume independence [22]. Motivated by these successes, we discuss the PSU(N) twisted
boundary condition with a nonzero winding 6 angle.
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Figure 1. With symmetry-twisted boundary condition, the CP¥~! model has N classical vacua
and fractional instantons with moduli 74 € R and ¢, € S'. When 6 has nonzero winding around
the spatial circle, the integration over the ¢, modulus gives rise to destructive interference which
annihilates the transition amplitude.

The upshot of our work is the following: depending on whether 6 has a nonzero winding
number, the role of fractional instanton becomes completely different. In both situations,
we have IV classical vacua, and fractional instanton configurations interpolate between them.
For constant values of 6 # m, the fractional instantons lift the degeneracy, and we get the
unique ground state. For winding 6, however, the anomaly tells us that the quantum vacua
should have N-fold degeneracy. How can the instanton amplitudes completely vanish in a
purely bosonic system?

The dilute (fractional) instanton gas analysis in a weak coupling regime is valid either
with a constant or a nonzero winding 6 angle. Due to subtle effects associated with the
definition of such a 6 term, we find that one of the instanton zero-mode directions affects
the instanton amplitude and adds a purely imaginary term to the instanton action. The
integration over that zero-mode direction leads to the vanishing of all transition amplitudes
between consecutive classical vacua, i.e.
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where ¢, is a bosonic zero mode of the fractional instanton (see figure 1). The latter gives
the destructive interference between Euclidean path histories and the transition amplitude
vanishes. It is opposite to what happens in the case where 0 is kept fixed as a function of
the compact dimension. As a consequence, the classical N-fold degeneracy is maintained
even at the quantum level for the nonzero winding 6 angle. It is important to emphasize
that the density of instantons in both Euclidean vacua is the same, but the effect they lead
to are opposite.

This remarkable effect has an equally interesting implication in the Hilbert space and
operator formalism. The states |k) acquire nontrivial charges of the U(1)N~1/Zy symmetry
for the winding 6 angle, while they are neutral for constant 8. We show this by simply



applying Noether’s theorem in the presence of winding theta for a U(1) subgroup. We find
the simple formula

QIk) = wklk), (1.3)

where w is winding numnber (1.1). This is analogous to the Witten effect, where magnetically
charged particles acquire an electric charge once a (constant) theta angle is turned on [23].
When the states become charged, the vanishing of the transition amplitudes (1.2) and the
degeneracy of ground states are naturally implied by the selection rule.

To elucidate the destructive interference phenomena, we also provide a basic example
from quantum mechanics with and without the Berry phase, and this example with the
Berry phase also serves as the interface theory between two different SPT states. After
studying its 't Hooft anomaly, we introduce a potential term to have N classical minima
and perform the dilute instanton gas approximation. Without the Berry phase, these N
classical vacua are lifted non-perturbatively due to instanton effects. Once a particular
Berry phase is added, various instanton paths between a given pair of degenerate minima
add up to zero. As a result of this destructive interference, the N-fold degeneracy remains
intact, which is quite parallel to the weak-coupling analysis of the nonzero winding 6 angle.

2 2d CPY~! model and its generalized anomaly

In this section, we describe the generalized anomaly of 2d CPN~! sigma model about its 6
periodicity and discuss its physical consequences. This is basically a brief review of ref. [13].
We also give its interpretation from the SU(N) spin chain.

2.1 Generalized mixed anomaly between PSU(IN) symmetry and 0 periodicity

The 2d CPN~! sigma model is defined by the Euclidean action,

S — ;JM I(d +ia)Z ]2 + % JM da. (2.1)
Here, M is the closed 2d spacetime manifold, 2 is the C-valued field with |'|? = 1, and
a is the U(1) gauge field. In the following sections, we shall extend the case where the 6
parameter depends on the position. Here, for simplicity, let us keep it to be constant.
The 6 parameter is 27 periodic due to the Dirac quantization of the U(1) gauge field,
and we also have

o PSU(N) symmetry,
e C symmetry at 6 € 7Z.

The PSU(N) symmetry refers to the projective SU(N) rotation of the gauge-invariant spin
variables z;z;. On the spinon fields Z, it acts as an SU(N) transformation,

7 UZ, (2.2)



with U € SU(N). However, the transformation by center elements, ek N, can be absorbed
by the U(1) gauge redundancy, and the actual symmetry acting on local gauge-invariant
operators is given by the quotient group, PSU(N) ~ SU(N)/Zx.

The C symmetry is the charge conjugation, z; — 2, which flips the sign of the gauge
field ¢« — —a. The kinetic term is manifestly invariant under C, but the 6 parameter
effectively flips its sign. Therefore, it is explicitly broken at generic values of 6, but it is
present when 6 € nZ. For 8 = 0, it is obvious since C: § =0 — —0 = 0. For 6 = 7, we have
C:0=7m1m— —0 =—m ~ 7 due to the 27 periodicity of #, and we obtain the C symmetry
at 0 = .

In order to detect the 't Hooft anomaly, let us introduce the PSU(V) background gauge
field, which consists of

o A: U(N) 1-form gauge field,
o B: U(1) 2-form gauge field,

satisfying the constraint
NB =d(tr(A)). (2.3)

The U(N) 0-form and U(1) 1-form gauge transformations are given by

A hTAh —ihfdh + A1y, (2.4)
B — B +d), (2.5)

where h is a U(N)-valued function and A is a U(1) 1-form gauge field. We have to keep
this invariance in the minimal coupling procedure. In particular, invariance of the gauged

kinetic term,

1 . AN o
?|(d+1a+1A)z|2, (2.6)
shows that the dynamical fields z and a should transform as
Z-h'Z, a—a—\ (2.7)

As a result, the U(1) field strength da is no longer gauge invariant, so it should be replaced
by the gauge-invariant combination da + B.
The partition function with the PSU(N) background gauge field is given by

1 0
Zy[A, B] = JDZ*DZDaexp —J I(d +ia +14)Z]? —i—
92 M2 27T M2

(da + B)> . (2.8
This violates the 27 periodic property of the 8 angle very mildly, and we find
Zpior|A, B] = exp (—if B) Zy| A, B]. (2.9)
Mo

That is, the local counterterm of the background gauge field is shifted by the 27 rotation of
0. We note that there do not exist any 2d local gauge-invariant counterterms that eliminate



it. If we regard the above 2d system as a boundary theory of a 3d bulk topological theory,
then the partition function of the combined system,

™

Zo[ A, B] exp (i JM?, Qia dB) , (2.10)

with 0M3 = My satisfies both the gauge invariance and the 27 periodicity of 6 [13, 14] and
this is an analogue of the anomaly cancellation via the inflow mechanism.

This already gives an important constraint: The ground states cannot be trivially
gapped at least for one of the 6 angle [16-18]. If the system is trivially gapped, i.e. has the
unique and gapped ground state, then the system belongs to a certain class of 2d SPT state
with PSU(V) symmetry. As we can see from Ho(BPSU(N),Z) ~ Zy, there are N different
SPT states described by the classical topological action, k § My B, with k£ ~ k 4+ N, and thus

m = exp <iij> (2.11)

for a certain value of k € Zy. The above relation (2.9) tells that

Zoion[A,B] @0 (=ily, B) ZolA, B] |
\Ze;r[A, B]| |Zo[A, B]| = exp <1(’<¢ -1 JMQ B) : (2.12)

Therefore, the level of the SPT action must be shifted under the 27 rotation of 6. As k is a
discrete variable, it cannot jump as a function of # unless there exists a quantum phase
transition. Therefore, for a certain value of § = 6, € R/27Z, the system should have a
massless excitation or degenerate ground states.

The presence of the charge-conjugation symmetry at § = 0 and 8 = 7 gives more
detailed data. We can readily obtain the following:

C: Zyp—o[A, B] — Zy—o[A, B], (2.13)

C: Zp_r|A,B] — Zyp—_r|A, B] = exp <i jM B) Zy—=| A, B]. (2.14)

While the partition function at # = 0 is manifestly C-symmetric even with the presence of
the PSU(N) background gauge field, the partition function at # = 7 has the shift of the
local counter term.

Let us assume that the system at # = 7 is trivially gapped. If so, the phase of its
partition function is given by the SPT action and thus

Z:|A,B| = |Z:[A, B]|exp (iﬁfB) (2.15)
with some integer ¢ ~ ¢ + N. Then, (2.14) requires that

—{¢=1+/¢mod N. (2.16)

Since this becomes 2¢ = —1 mod N, such an integer ¢ does not exist when N is even.
Equivalently, we can argue that there is no local counterterm that eliminates the anomalous



phase of (2.14) and thus the anomaly matching condition rules out the trivially gapped
phase at 0 = .

When N is odd, we can find the solution, ¢ = % Of course, this does not necessarily
mean that the phase at § = 7 has to be trivially gapped, and it is more natural to assume
the spontaneous breaking of C' symmetry at 6 = 7 as in the case of even N. If we assume
that the system at § = 7 become trivially gapped, it should be described by the specific
level of the SPT action, k = /¢ = % We can look at the charge-conjugation symmetry
at 6 = 0 given in (2.13), which shows that the SPT state at § = 0 must have the level
k = 0. As these levels are different, the phase transition should separate them. Similarly,
the SPT action at 8 = 27 should have the level £ = —1, so it should also be separated by
the SPT state at 8 = w by the phase transition. The discussion here is the summary of the
global inconsistency condition [12-15]. In the large-N limit, the CPY~! sigma model can
be solved exactly as the mean-field analysis becomes exact, and it shows that the system is
gapped with the unique ground states for # = 7 [24], and that there are doubly degenerate
ground states at § = m due to the spontaneous C breaking. This is believed to be true
for N > 3, and N = 2 is special because the CP' sigma model at # = 7 describes the
SU(2) antiferromagnetic spin chain of half-integer spins [9, 10|, which is widely believed to
have critical behaviors described by the SU(2) level-1 WZW theory with the marginally
irrelevant JJ deformations. We then assume in the following discussion that the systems at
0 = 7 are trivially gapped.

2.2 0 domain wall and interpretation from the SU(IN) spin chain

So far, the 6 parameter is taken to be a constant in the spacetime. Let us extend our
discussion to the case when the § parameter depends on the spacetime coordinate (x, 7).
For simplicity of the discussion, we may take our spacetime as R?, and 6 depends only on
the spatial coordinate x. As an example, we consider the following profile of 0(z):

0(z) = m+ 60 tanh(x/0), (2.17)

where 66 is a positive parameter, which is not too large, and ¢ characterizes the length scale
for the change of 6 near the origin.

When z « —¢, (x) ~ 7 — §6 behaves almost as the constant, and thus the bulk physics
should be described by the unique and gapped ground state. The same is true for the region
x » ¢, where 0(x) ~ m + §6 is again almost a constant. Then, the question is whether we
have an interesting low-energy dynamics around the 6 interface at the origin. We will see
that there has to be the N-fold degeneracy for the effective quantum mechanics localized
on the # domain wall.

To get physical intuition, it is convenient to think this problem in the language of the
SU(N) spin chain. For this purpose, we note that the 2d CPV~! sigma model at = 7
can be regarded as the low-energy effective theory of a certain SU(N) spin chain with the
fundamental representation on odd sites and the anti-fundamental representation on even
sites [25-27] (we also give the derivation in appendix B). As the one-unit lattice translation
associated with the complex conjugation of SU(V) spins leads to the Zg charge conjugation
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Figure 2. By tuning staggering interaction in an SU(N) spin chain, one can emulate § < 7 or
0 > m, corresponding to two distinct vacua. A free SU(N) spin quantum mechanics lives on the
f-domain wall.

symmetry in the effective field theory, we can slightly shift the # parameter from 7 by
adding the small staggered interaction that explicitly breaks the one-unit lattice translation.

We can now understand the two-fold degenerate ground states at 8 = 7 as follows. As
the two-fold degeneracy is associated with the spontaneous C' breaking in CPY~! sigma
model, the lattice translation symmetry Z should be spontaneously broken to the even-site
translations 2Z in the SU(V) spin chain. Then, the valence bond solid (VBS) states arise as
a natural picture to interpret such ground states. That is, the ground-state wave function
can be understood as the spin singlet pair between neighboring SU(V) spins. The two-fold
degeneracy is then the consequence of the fact that the spin singlet can be formed with
the equal possibility between odd-even pairs and even-odd pairs (denoted with orange and
blue pairs in figure 2). By adding the staggered interaction, one of the spin singlet pairs is
preferred compared with the another and we get the unique ground state.

The space-dependent 6 given in (2.17) can be realized by flipping the sign of the
staggered interaction around x = 0. As shown in figure 2, one of the spin at the interface is
free from the singlet pairing. Therefore, we should have N degenerate states on the wall.
As the interface state belongs to the projective representation of PSU(N), it cannot be
screened by the interaction with the bulk excitations.

In other words, the ground state for x < 0 belongs to the level-0 SPT state, while
the one for z > 0 belongs to the level-1 SPT state with PSU(N) symmetry, as we have
discussed. Then, the interface at © = 0 can be regarded as the boundary of the level-1
SPT state, so it must support the low-energy excitations in the projective representation of
PSU(N) symmetry by the anomaly-inflow mechanism.

2.3 Detecting the anomaly with a spatially winding 0 configuration

Let us consider the cylinder geometry, My = S' x R, and we introduces the space-dependent
6 angle, 6(z) with z € S1. Moreover, we introduce the nonzero winding number, (z + L) =
0(x) + 27w with w € Z. As we will review in appendix A, the 27 jump of the 6 parameter
can be made physically transparent thanks to the periodic property. Therefore, when the
size of S! is large, this is the setup with w interfaces, and each interface supports the



fundamental representation of SU(N) as discussed above. Then, the Young diagram for the
SU(N) representation of the ground states must be given by some w-box representation
(mod N). That is, the Hilbert space of the spatially winding 6 angle has to be in the
projective representation of the PSU(N) flavor symmetry when w ¢ NZ.

We can explain this physical intuition in more formal language. As we have discussed
in (2.10), the 2d CPN~! sigma model with the spatially varying # angle can be understood as
the boundary of the 3d SPT action, 5 Sa, 0dB ~ — §a1, 40 A B. By taking Mz = Stx M3,
where 0MJ} = R (here we formally regard R is the infinitely large S!),

1 1
— dd A B=— dé B
2T S1 ><Mé ™ Jst Mé

= wa/ B. (2.18)

Therefore, the effective quantum mechanics should be regarded as the boundary of the
classical 2d Dijkgraaf-Witten-type theory, and via the anomaly inflow, its Hilbert space is
in some projective representation of PSU(N) symmetry with N-ality w mod N.

We note that the above analysis only specifies the N-ality of the projective representa-
tion, and we need more detailed data to specify exactly which representation appears.

3 CPN~! quantum mechanics with Berry phase

In this section, we discuss the quantum mechanics with CPY~! target space with the
Berry phase. For a suitable choice of the level for the Berry phase, this is expected to be
the interface theory. Furthermore, this gives a nice exercise for the semiclassical study of
nontrivial winding 6 studied in the next section.

The Euclidean action is
1
S = pJZTéTZdT + J {92\(07 +ia)Z 2 + V(z;‘zj)} dr. (3.1)

The first term is the Berry phase and the second term describes the kinetic and potential
terms. This action has the local U(1) gauge invariance, Z(7) — e *() Z(7) and a — a + dov.
The gauge invariance of the kinetic term and the potential term is manifest. On the other
hand, the Berry phase does not have such a manifest invariance as the time derivative is
not gauge covariant. The change of the Berry phase is given by

Sp = pJE’Tdé’H pf(eio‘é’T)d(e_i“Z) = Sp — ipjdoa. (3.2)

Since Ssl da € 277, the path-integral weight does not change under the U(1) gauge trans-
formation if and only if p € Z. We note that the Berry-phase term naturally appears when
we consider the coherent-state path integral of SU(N) spins (see appendix B.1), and p € Z
corresponds to the number of boxes in the Young tableaux for totally symmetric represen-
tation.



3.1 Anomaly of Zx x Zn < PSU(N)

PSU(N) anomaly. When the potential term V is absent, this system has PSU(N) =
SU(N)/Zn symmetry. We can introduce the PSU(N) background gauge field (A, B) as we
have discussed in section 2.1. Let us discuss the Berry phase with the presence of (A, B).
In order to have the U(N) gauge invariance, we must replace it by

Sp = pJE’TdZ — Sp[A] = png(d +iA)zZ. (3.3)

Even though this has the local U(N) gauge invariance, it changes under the U(1) 1-form
gauge transformation,

SulA + An] = Se[A] + ipf/\. (3.4)

To cancel this anomaly, we can introduce the local counterterm, —i% {tr(A), but this
is not large U(NN) gauge invariant unless p is an integer multiple of N. Therefore, for
p ¢ NZ, the relation (3.4) describes an 't Hooft anomaly of PSU(/N) symmetry. Indeed,
this quantum mechanical system can be regarded as the boundary excitations of (1 + 1)d
symmetry-protected topological (SPT) system, and its topological action is given by

SQdSPT[A, B] = ipJB, (35)

with p ~ p + N. The anomaly (3.4) is now canceled by the anomaly-inflow mechanism. As
a consequence of the anomaly matching, energy eigenstates must have nontrivial degeneracy
for p = 0 mod N. Especially when ged(p, N) = 1, each energy eigenvalue must have at least
N degenerate states.

ZN x Zpxn anomaly. Let us turn on the potential term V', which breaks the PSU(N) spin
rotation symmetry to a smaller subgroup. We are interested in the case when V preserves
the nontrivial subgroup,

(ZN)clock X (ZN)shite < PSU(IV), (3.6)

of the spin rotation symmetry. We shall see that this carries the essential information of
the above 't Hooft anomaly [15].
These Zy symmetries are generated by the clock and shift matrices in U(N),

(Cn =X D50 (S = S, (3.7)
where indices are understood in mod N. This satisfies
cN =8N =1y, (3.8)
and they commute up to the center elements,
2mi

SC =e™ CS. (3.9)

This shows that the Zy x Zy symmetry is projectively realized for the spinon fields z.

~10 -



In order to see the 't Hooft anomaly, let us introduce the background gauge field A¢
for (Zn)clock- 1t can be realized as the U(1) gauge field with the constraint,

NAg = dog, (3.10)
where ®¢ is a 2m-periodic scalar field. We require the U(1) gauge invariance,
Ac— Ag +da, ¢ — o + Na, (3.11)
and
P L (3.12)

When we set o € QW’TZ, this is identical to the global (Zy)clock transformation on the spinon
field z. Since V maintains (Zy)clock, it can be made invariant under the continuous U(1)
symmetry by multiplying an appropriate integer power of €/®¢ to each term of V. To satisfy
the above U(1) gauge invariance, the kinetic term is replaced as

N
1
7 Z I(d +ia +i(n — 1)Ac) 2| (3.13)

In this way, we can obtain the (Zy)cock gauged action.

Next, let us determine the (Zy )snige transformation under the presence of the background
gauge field Ac. It is convenient to require that the gauged kinetic term becomes invariant
under the transformation, and it should reduce to the original one z, — z,+1 and a — a
when we turn off A¢. After some trials, we can find the following transformation satisfies
the above requirements,

Zn v Znt1,  (m=1,...,N—1)
(ZN )shitt Zy > e POz, (3.14)
a—a+ Ac.
It is evident that this reduces to the original transformation when we set Ao = 0, &¢ = 0.
We can also confirm that (3.13) is invariant under (3.14) by noting that NAc = d®¢.

So far, we have seen that (Zy)cock can be gauged in a (Zy)shire Symmetric way for
the kinetic and potential terms. We must examine the property of the Berry phase. The
(ZN)clock gauge-invariant Berry phase is given by

N
= pf Z ze(d+i(n —1)Ac)zn. (3.15)
n=1
Under the (Zy)shie transformation, it changes as

(ZN)shits = SB[AC]

N-1
— pf (e@czf(d +i(N—1Ag) (e ®C2) + Z Zp 1 (d+i(n — l)AC)an)
n=1

N
= pf Dl z(d+i(n —2)Ac)z,
n=1

= Spl[Ac] — ipfAc. (3.16)

- 11 -



Since Ssl Ac € QW“Z, this gives a nontrivial anomaly if p = 0 mod N and it corresponds to
the PSU(N) anomaly (3.4). For ged(p, N) = 1, this requires the N-fold degeneracy of each
energy eigenvalue despite the fact that the PSU(N) symmetry is explicitly broken down to
Zn x Zp. Indeed, when we simultaneous introduce the background gauge fields A¢c, Ag for
the clock and shift Zy symmetries, the B field of the PSU(N) gauge field can be replaced as

N
B = %AC A Ag, (3.17)

and this quantum mechanical system can be regarded as the boundary of the 2d SPT
action (3.5) by substituting this expression [15].

3.2 Semiclassics, destructive interference, and IN-fold degeneracy

In this section, we shall observe the N-fold degeneracy for the p = 1 case in an explicit
manner. For this purpose, we introduce a specific potential V' that breaks PSU(NV) to
Zyn x Zp, and perform the semiclassical calculations to find the ground states.

Let us decompose the potential V' as
V=V+V, (3.18)

where Vp » Vi, and thus we can restrict the effective degrees of freedom to the classical
vacuum of V(. As a specific choice, we can take

N—-1
Vo =Jo ) (I2nl? = [zn41?)?, (3.19)

n=1

with Jy — o0. The classical moduli are now restricted to

1
and it is parametrized as the (N — 1)-dimensional torus TV ~1,
1
1 eid)l
elPN -1

This makes computations much easier since the target space is significantly simplified from

CPN=! to TN~ Here, we completely fix the U(1) gauge redundancy by declaring z; > 0.

We note that this can be done without introducing any singularities because |z1| = \/% =0

everywhere. Substituting this expression (3.21) into the action, we obtain
ip [ 1 N .

where qﬁn = 0,¢, and the mass matrix M, is given by

2 1

Here, we describe V; as a function of ¢,,.
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Let us determine how the Zy x Zy symmetry acts on the fields ¢,. The (Zn)clock
symmetry is obvious and it acts as

27

(ZN)clock : ¢n — ¢n + ﬁn (3'24)

The (Zn)shit sSymmetry is less trivial, and it is good to work on the z field. It turns out
that we should combine the U(1) gauge transformation after the multiplication of the shift

matrix S:
e1¢1
1 .
. el¢2
Z _ 1 el¢1 (ZN)shift S — 1 .
VN : VN |
- elPN—1
olON—
1
1
el(P2—¢1)
U(Dgauge 1 )
Dlgeuge, -~ : (3.25)
\/N el(dn—1—¢1)
eild)l
As a result, the (Zy)shire symmetry acts on ¢, as follows,
¢n'_’¢n+1_¢1 (TL: 1,...,N—2), ¢N—1 '—>—¢1. (326)

Although it is not so apparent, it is straightforward to confirm that the kinetic term is
invariant under the (Zy)snire Symmetry. The Berry phase transforms as

. N—-2
sa | (2 (A1 — dér) — d¢1> ~ Su—ip [ do, (3.27)

n=1

and thus the path-integral weight is invariant for p € Z.

The potential term V;(¢,) must satisfy the above symmetry requirements. For our
purpose, its detailed form is not important at all, and let us assume that its classical vacua
are given by the following N sets,

Py 1 1
- P(k).2 2wk 2
- ' = 2
D) . N | (3.28)
), N-1 N -1
with £ =0,1,..., N — 1. For example, in the case of N = 3, we can realize this condition
by setting
Vi(¢1, ¢2) = — Ji (cos(3¢1) + cos(3¢2) + cos(3(d1 — ¢2)))
— Ja (cos(p1 + ¢P2) + cos(Pp1 — 2¢2) + cos(2¢1 — ¢2)) , (3.29)
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with Ji, Jo > 0. Each vacuum gg(k) is invariant under (Zy)shift,

1 0
> (ZN)snite 2Tk e : e
Gy ——— — =om — | |~ P, (3.30)
(k) N | nv_o (k) 0 (k)
-1 27k

and the (Zn)cock Symmetry permutes them in a cyclic way, qg(k) — 5(“1).

We would like to discuss if these N classical vacua are lifted by the quantum effect
or not. For this purpose, let us consider the imaginary-time tunneling process 5(7) from
qg(o) to gg(k), ie. QZ_;(O) = 5(0) and gE(T) = gz;(k). When such a tunneling path exists, there is
always another path related by the (Zy)spire Symmetry, S - &(7). We note that the initial
and final points are the same for 5(7) and S- &'(7), but these paths are topologically distinct
in TN~—1. Because of symmetry, the real parts of their Euclidean actions must be the same
for those paths. However, the Berry phase can be different because of its transformation
property (3.27), and we find that

T=T

Su[S - 3(r)] = Su[d(r)] - ip f o
~ Sal(r)] - 2 kp. (331)

Therefore, the Berry phase can cause the destructive interference. When there is not the
Berry phase, i.e. p = 0, such an interference does not occur and we obtain the unique
ground states. For general values of p, however, we get

N-—1 . o _
S e SslS ] oSsldrn | =0 PR ENT, (3.32)
Z —0 pkeNZ.

The destructive interference occurs unless & is a multiple of N/ged(p, N). We then obtain
N/gcd(p, N) degenerate vacua. Especially when p = 1, the tunneling effects completely
cancel with each other (see figure 3). As a result, the N-fold degeneracy of the ground
states is robust, and this is consistent with the anomaly argument.

4 Semiclassical analysis of the 2d CP™V~! model on S! x R with winding
0

In this section, we perform a semiclassical analysis of the 2d CPN~! sigma model on S x R.
In order to understand the physics of the 6 interface, we promote 6 to a background field
with nonzero winding number w € Z around the S* direction: Ssl df = 27w.

Since 6 has nontrivial winding, it must be a nonconstant function on S'. In this case,
the proper definition of the 6 term % §“6da” requires some care, as 6 is not a genuine
real-valued function. For the general definition on arbitrary closed 2d manifolds, see ref. [17]
or the brief review in appendix A. For our specific situation in the cylinder spacetime,
a more naive approach can be given as follows. Let x be the coordinate of S* with the
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13(0))

Figure 3. In the (Zn)cock X (ZN)shift Symmetry preserving perturbation of the CPY~! models
(figures are for N = 2 and N = 3), there exists N isolated vacua. Between a fixed pair of distinct
vacua, there exists N topologically distinct tunneling paths. The instanton actions associated with
these paths are equal due to symmetries. However, each path is associated with a distinct Berry
phase. As a result, there exists an exact destructive interference between tunneling paths, and the
N-fold vacuum degeneracy survives quantum mechanically. This is the semi-classical Berry phase
reason behind the anomaly.

periodic identification « ~ x + L and regard 6 as an angle-valued function on [0, L]. Then

by choosing a smooth real-valued lift 6: [0, L] — R of 6, we might attempt to define

1 1 A

— “9da” = — d da. (4.1)
2 Jsixr 27 [0,L]1xR

This, however, is not quite satisfactory. Because of the nontrivial winding of 6, we must

have (L) = 6(0) + 27w, and therefore when we identify = L with 2 = 0, § suffers a 27w

jump, which implies a physical defect at x = 0 ~ L. Indeed, if we try to move the location

of the defect from x = 0 to some other place x = g, then the value of the above integral is

changed by the amount

r=x0

+oo
wj a-(x,7)dr

—0a0

(4.2)
z=0
To cancel this contribution, we dress the defect with the charge-w temporal Wilson line.
That is to say, if we take the definition

1 1 R +00
“Oda” == — f 0da — wJ a-(0,7)dr, (4.3)
S1xR 21 Jio,r)xr

2 o0

then the location of the 27rw jump of 6 at z = 0 can be moved to any other place on S' as
long as the Wilson line is moved with it. It is with this definition of the 6 term that we will
work, although in what follows we abuse notation and conflate 6 with its lift 6.

If the size of S' is much larger than the strong scale, LA » 1, then we have a @ interface
whenever 6 crosses § = m which separates different SPT states with PSU(N) symmetry. At
an interface, there has to be a physical degree of freedom in a projective representation of
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PSU(N) symmetry, which gives rise to spectral degeneracy on the interface. We note that
since the 27 jump of 6 is made physically transparent, there is no anti-wall in this setup.
In the following, we study the physics when the size of S! is sufficiently small, NLA < 1,
using semiclassical computations with the flavor-twisted boundary condition.

4.1 Flavor-twisted boundary condition

Some compactifications provide settings in which strong coupling phenomena can be contin-
uously connected to the weak-coupling regimes where one gains control over nonperturbative
dynamics [28, 29]. In the 2d CPV~! sigma model, such a compactification can be achieved
by using the flavor-twisted boundary condition

Z(x+L,7)=C"Z(zx,7), (4.4)

where C' is the clock matrix (3.7), or in components,

2ri (1)

zn(r+ L, T)=eN zn (2, T). (4.5)

With this choice of boundary condition, the 2d CPY~! sigma model can be studied using
reliable semiclassical computations when NLA < 1, and its dynamics is adiabatically
connected to the one in the infinite spacetime R? [19, 20, 30-33]. The large-N limit of this
set-up satisfies volume independence and the compactified theory is equivalent to the theory
on R? [22]. Moreover, the symmetry-twisted boundary condition plays an essential role in
maintaining the anomaly-matching constraint on the ground states as clarified in ref. [21]
(see also refs. [34-36]).

4.1.1 Symmetries and anomalies

When we take the flavor-twisted boundary condition, the continuous part of the PSU(N)
flavor symmetry is broken to its maximal Abelian subgroup U(1)V~!/Zy. In addition,
there is the Zy shift symmetry that cyclically permutes the flavor label combined with the
Zy center transformation [21, 37] (see also [38-40]). This contains the (Zn)ciock X (ZN)shift
subgroup, and the discussion in section 2.3 shows that the effective quantum mechanical
system can be regarded as the boundary of the 2d SPT phase,

Nw

— | A A 4.6
o [ e 4s, (16)

where A¢ and Ag are the Zy gauge fields for the clock and shift symmetries, respectively.
The minimal number of the ground states to match this anomaly is given by

N

ged(N, w)’ (47)

and this would be the natural guess for the number of degenerate ground-states. Although
we have restricted our discussion to the (Zy)clock X (ZN)shie Subgroup of the full symmetry
group (U(1)N=1/Zn) » (ZN)snite, we reach the same conclusion even when we take into
account the full symmetry group [15, 41].
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4.1.2 Classical vacua

A key feature of the flavor-twisted boundary condition is that, at the classical level, there
are only IV vacua, whereas in the absence of the twist, there is a whole manifold of classical
vacua given by CPN~1. To see this, let us look for zero action configurations, which we
may take to be independent of the time. Such a configuration z must satisfy the equations

0:2=0, 0.2=—la,z.
It follows that z must take the form

Z(z,7) = ("

where ( is a constant unit vector in CV and d,0(z) = —a,(x). By a constant U(1) gauge
transformation, we may set o(0) = 0. Now, we impose the requirement that Z’ obey the
flavor-twisted boundary condition, and it gives

C- (=)

that is, 5 is an eigenvector of C' with eigenvalue e'?(5). This eigenvalue problem is solved by

- 2rk
(= Aékr1, o(L)= T mod 2,
N
for some integer k € {0,..., N — 1} and A € C of unit modulus. Here, éj; is the unit vector

along the (k + 1)-th direction, é,,1 = (0,...,0,1,0,...,0)". By applying a 7-independent
U(1) gauge transformation, we can take A = 1 and o(z) in the form

2wkx
o(x) = N

Thus, we have found exactly N gauge-inequivalent classical vacua |k), where the wave
function of |k) is supported on the gauge equivalence class of the field configuration

- 2mikx \
C(k) (z) = exp <NL> Ck+1- (4.8)

Using the relation a = iZ7dZ, we find that the gauge field associated with 5(k) is given by

ok
NL’

—

ar[Cayl =0,  az[Cu] = — (4.9)
which is a flat connection with holonomy exp(—2wik/N) around S!. Evidently, these
classical vacua are invariant under the clock symmetry and cyclically permuted by the
shift symmetry. By exchanging the role of clock and shift matrices, the situation is quite
analogous to the case of CPN~! quantum mechanics with the Berry phase discussed in
section 3.
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4.1.3 Fractional instantons

Let us discuss the tunneling solution connecting these classical vacua, and another key
feature of the flavor-twisted boundary condition is that the tunneling configuration has
the fractional topological charge, % Ssl «rdac€ %Z. Such fractional instantons of CPN~1
sigma model were first discussed in refs. [42—44] and later used for the semiclassics on
St x R [19, 20].

To see the fractionalized topological charge, we should note that the requirement of
finite action implies that in the far past and future, Z must approach a classical vacuum
configuration. Thus, up to gauge equivalence, we must have

—

Fa,7 — £00) = Cgy () = exp (JQVTEI%:Q Cen (0). (4.10)

Using the fact a, = 1770,7, we find a,(r — +00) = —27k+/NL; whence the topological
charge is given by

1 1

da = e —7. (4.11)

2 S1xR 2T Sl

This is the 1/N quantization, as claimed.
To find the explicit form of the fractional instanton, we use the Bogomol’nyi-Prasad-
Sommerfield (BPS) equality:

J |(DT+iDz)Z|2d2x=J |D#Z|2d2x$f da. (4.12)
S1xR S1xR S1xR

Here, D, = 0, +ia,. For the tunneling from |0) to |1), we set 2’ = \/ILTP(l,n, 0,...,0)T
with n — 0 as 7 — —o0 and |n| — o0 as 7 — 0. The BPS equation becomes (J; +1d;)n = 0
and thus n should be a holomorphic function of the complex coordinate 7 + ix. The flavor-
twisted boundary condition fixes it completely up to gauge transformation and classical

moduli, which gives

1
eu—u*
o 1
Z(O)(LU,T;$*,T*) = W (413)
0

Here, we have defined the complex coordinate u = 2 (7 + iz), and u, = 22 (7 + iz) is
a complex collective coordinate with 7, € R and x4 € [0, NL]. The associated U(1) gauge
field is given by

2T 1

= 4.14
NL 1 + e—%(T_T*) ( )
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Crucially, there is no size modulus, and so the dilute fractional instanton gas approximation
does not suffer from infrared divergences. The other fractional instanton configurations are
given by tunneling between consecutive vacua

) =) =2 == [N=-1)—|0)- (4.15)

and can be obtained by applying the shift symmetry operator. Recall that each fractional
instanton configuration has exactly two-zero modes. N of these fractional instantons make
the 2d instanton with topological charge one, which has 2N bosonic zero modes. This
indeed accounts the number of zero modes of the 2d instanton.

4.2 Semiclassical destructive interference with winding 6

Using the fractional instanton solution (4.13), we can now compute the imaginary-time
transition amplitudes

k + e PH |k (4.16)

in the limit 8 — oo within the leading-order semiclassical approximation of the path integral.
In most cases, these are nonvanishing, and as a result, the degeneracy of the classical vacua
is lifted, giving a unique quantum ground state. This is indeed what happens when 6 is a
constant generic value. However, when 6 has nontrivial winding w, the anomaly discussed in
section 4.1.1 requires that at the quantum level, we should have a groundstate degeneracy of
at least N /ged(N,w). This suggests that the transition amplitudes (k + 1|e™?#|k) should
completely vanish. How does this happen?

As we will now show, when 6 has a nonzero winding number, the integration over the
compact modulus z, gives total destructive interference in the transition amplitude. At
first sight, this may seem impossible, for as we computed above, the gauge configuration
alZ(p)] of the fractional instanton does not have any z, dependence, and so neither would
the 6 term % §«0 da[Z(g)]”. The key point is to take the correct boundary condition for
T — 400, which requires applying a time-dependent gauge transformation that will affect
the 0 term.

Let us look at the fractional-instanton solution (4.13) in more detail. Taking the limit
7 — —o0 and 7 — 400, we find

1 0
O e]2\]7r£ (ac—a:*)

TEIELOO Z(0) (T, T3 T, T4) = 0 , TEIEOO Z(0)(T, @5 T, 1) = 0 . (4.17)
0 0

We note that the configuration at 7 = oo has an overall phase depending on x, and thus it is
in a different gauge compared with (1) in (4.8). This means that exp(—S[Z(o) (7, Z; T, T+)])
with different x, compute the transition amplitude from |0) to |1) with different choice of
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the gauge at the future boundary. However, the physical amplitude should be given by a
path integral over configurations with fixed boundary conditions at past and future infinity:

lim (1}e 7|0y ~ lim ({yyle P7|C(0)) = f Dz* Dz e 5171, (4.18)
ﬂ—)OO B—>oo

Z(r——0)=C(0)
Z(t—+00)=((1)

Therefore, we should fix the gauge at the boundaries before integrating over the moduli to
obtain the physical transition amplitude.
For this purpose, we introduce the 7-dependent gauge transformation,

. . 2mix o
Z(O) — hT(T>Z(0) = exp ( NL* f(T)) Z(O)a (419)
where f(7) is any smooth function with
0 as T — —00,
f(r) = { (4.20)
1 as T — +00.

On making the gauge transformation z — h'z, the theta term is transformed as (see
appendix A.2)

1 « 7 » 1 « oy 9 27wa*
%J Gda[z(o)] — 271_] Qda[z(o)] - NL ' (4.21)

where w is the winding number, 8(L) —6(0) = 2rw. We thus find that the imaginary part of

the fractional instanton action depends on z, through the term 27mwz./NL = wep,, which
is enough to see the vanishing of the imaginary-time transition amplitude (1| exp(—BH)|0):

A s; . . (27 .
(1| PH |0y = o= FHF J g, W% — 0, (4.22)
0

for w = 0. This means fractional instantons do not lift the degeneracy of the states |k)
at the leading order of semiclassics. As a result, we obtain N-fold degeneracy from the
semiclassical analysis, which is the minimal degeneracy required to match the anomaly
when the winding of 6 satisfies ged(N,w) = 1.

4.3 Flavor charges due to the winding 6 and exact IN-fold degeneracy

In section 4.2, we have observed the N-fold degeneracy of ground states at the leading
order of semiclassics whenever w = 0. This is contrary to the minimal requirement for
the anomaly matching because it only requires the m degeneracy as discussed in
section 4.1.1. Since

N

N = ged(N,w) - ————
gC ( 7w) gcd(N’w)v

(4.23)

the N-fold degeneracy is perfectly consistent with the anomaly. Nevertheless, it is still
somewhat surprising that we should have a degeneracy of ground states that is not the
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minimal one required. For ged(N,w) > 1, it is tempting to suspect that the classical
degeneracy is partially lifted at a higher order in semiclassics, as would be detected by the
nonvanishing of some transition amplitudes between nonconsecutive classical vacua.

However, this does not happen — the vanishing of all transition amplitudes (k' |e_5ﬁ |k>
turns out to be exact. As we will now show, in the presence of a winding 6 angle, the states
|k) acquire distinct charges under the U(1)¥~! global symmetry, and hence all transitions
between them are forbidden.

Let us consider the charge Qr associated with the U(1) symmetry 7+ ¢*7 7, where T
is a diagonal matrix. Using the standard Noether formula
oL oL
=— 02+ 62T = bd 4.24
o=~ {7+ s f o 2y
with 02 = iTZ, we find
1
Qr=—— f {i(&tZT Tz - 7Z170,2) + 2a,(Z7 TZ)} dz. (4.25)
g

Here, a; is determined by its classical equation of motion, which is modified by the nontrivial
spatial dependence of 6:

2
=izte,z — ia 0. 4.26
Q¢ 12 'O 2 pp x ( )
The Noether charge can thus be rewritten

i 1
Qr = —g% f {6t2TTZ— 2176,z + 2(2@@)(2@2)} dz + o~ Jaxe (Z'Tz)de.  (4.27)
T

—

Substituting 2’ = ((z), we find the charge of the state |k) to be given by

Q¢ =w (QE)Tf(k)> - (4.28)

This establishes that the classical vacua &k) acquire distinct charges under the U(1)
symmetry generated by T due to the winding of the 6 angle. In particular, choosing

T = diag(oa 1,... 7N - 1)) we have (Q = Qdiag(o,l,l..,N—l))

—

Q[ ] = wk. (4.29)

As the states |k) (with k = 0,1,..., N — 1) have different U(1)N~! charges, the tunneling
processes between them do not occur at all.

To get a better understanding, let us discuss a more elementary example showing the
same phenomenon: the single SU(2) spin system with the Hamiltonian

H =752 (4.30)

which breaks the SU(2)/Z2 ~ SO(3) spin rotational symmetry to (U(1)/Za) x Zs ~ O(2).
For half-integer spins, the O(2) symmetry has an 't Hooft anomaly, while for integer spins
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there is no anomaly. The crucial difference between them is whether the S, = 0 state
exists or not, which gives a singlet state. When J > 0 (the so-called easy-plane case), it
strongly affects the ground-state structure: For half-integer spins, the ground states are
two-fold degenerate given by S, = i%,
state, S, = 0. This realizes the minimal requirement of the 't Hooft anomaly of the O(2)

while for integer spins, we have the unique ground

symmetry. When J < 0 (the so-called easy-axis case), however, we always have two-fold
degeneracy given by S, = +s whether the spin s is integer or half-integer. Thus, the
easy-axis case is similar to our current situation in the CPY~! model on R x S! with the
flavor-twisted boundary condition and a winding 6 angle.

We can see the similarity more clearly by looking at the path integral for (4.30) with
spin s. The action is given by

. .2V mMoa2 | 2.9 72 2 .2

S[Y, 9] =1(2s) Jsm §d¢ + de (5(19 + sin” 9 ¢°) + Js* cos 19) . (4.31)
Here, we take the polar coordinate, z = (cos g,ei¢ sin g), and m = sd7/2(— 0). The
U(1)/Zgy symmetry shifts ¢ — ¢ + «, and the Zo symmetry acts as the charge conjugation,
¢ — —¢ and ¥ — w — . The classical vacua for J < 0 are given by ¥ = 0,7, which
correspond to Z(g) ~ (1,0) and Z(1) ~ (0,1), respectively. Whenever s = 0, the destructive
interference of the Berry phase gives the complete annihilation of the transition amplitude
due to the continuous modulus ¢ associated with the U(1) spin symmetry, and it occurs
exactly in the same way as we discussed in section 4.2. This is the semiclassical manifestation
of the fact that the Berry phase assigns the different U(1) charges to the classical vacua,
and thus those states, Z(p) and (1), cannot be mixed unless the U(1) symmetry is broken
to a smaller subgroup.

Upon adding some perturbations that break the PSU(N) symmetry down to Zy x Zy,
we should get the minimal degeneracy m required by the anomaly. Indeed, even
when @ itself is no longer a conserved charge, (4.29) still implies that the state |k) has
the eigenvalue ek for the clock symmetry operator, and the selection rule is relaxed
to allow transitions |k) — |k') with wk = wk’ mod N. Similarly, in the above SU(2)
spin example, we can resolve the degeneracy for the integer spin by a small perturbation,
JxS’g ~ Jys%sin? 9 cos(2¢), but this perturbation does not lift the degeneracy for the
half-integer spins as we have seen in section 3.

In summary, the degeneracy of N we have obtained is exact, and independent of the
profile and winding number w of the 6 parameter in the sufficiently small circle regime. For
the case of w = 1 and a monotonic profile of @, it seems plausible that this degeneracy is
maintained as the circle size is increased and the volume independence may work. However,
we cannot say much about what happens for the case of generic winding numbers w and
generic profiles of # and they would require more detailed analysis on each case.

5 Summary and discussions

We have discussed the @ interface of the 2d CPN~! sigma model from various perspectives.
If the spatial direction is sufficiently large, then the ground-state wave function is trivially
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gapped inside the bulk, but low-energy excitations still exist and localize on the wall. We
provide its intuitive understanding by realizing the CPV~! sigma model as the effective
theory of the SU(N) spin chain. The two-fold degeneracy at § = 7 is then associated
with the spontaneous breaking of lattice translation, and the 6 interface should have a free
SU(N) spin. As a model of its dynamics, we consider the CPY~! quantum mechanics with
the Berry phase and have studied its properties to confirm the N degenerate vacua.

We also considered the small S' compactification with the flavor-twisted boundary
condition and nontrivially winding 6 angle. Due to the flavor twist, we can use reliable
semiclassical computations to study the asymptotically free field theory. At the classical
level, there are IV degenerate vacua whether or not 6 has nonzero winding number. When
there is no winding of 0, the dilute gas approximation of fractional instantons shows the
uniqueness of the ground state at generic values of 0 so that we also get the N-branch
structure of the vacua as we expect from the adiabatic continuity. We have confirmed that
this story becomes totally different when 6 has nonzero winding number. In such cases, the
moduli integral of the fractional instanton gives the complete cancellation of the transition
amplitude, and the N-fold degeneracy remains even after taking into account the effects of
fractional instantons.

Although we have focused on the 2d CPV~! sigma model in this paper, our observation
itself should be quite general and we believe that our semiclassical techniques can be
extended to many other cases. As a straightforward extension, we can consider the 2d
SU(N)/U(1)N=1 sigma model instead of CPY~!. This theory has N — 1 independent
topological charges, so we have many ¢ parameters, 0;—1,. n—_1, to be discussed. We can
obtain this theory as the low-energy effective theory of an anti-ferromagnetic SU(N') spin
chain [45-47]. As it has an 't Hooft anomaly between PSU(N) and the 6 periodicity [15],
the 0 interface should support a projective representation so we must obtain the N-fold
degeneracy. When we perform the S compactification with the flavor-twisted boundary
condition, we have N! classical vacua instead of IV, and the transition amplitudes can be
computed by using fractional instantons characterized by N — 1 topological charges [48].
It would be interesting to see if we can obtain the N degenerate vacua out of N! classical
vacua when one of the #s has a winding number.

A more challenging subject is to extend this work to the case of 4d gauge theories with
a winding 6 angle. Some recent works try to achieve the adiabatic continuity of various
compactified setups of 4d gauge theories [49-52]. For example, ref. [49] shows the connection
between the 4d Yang-Mills theory on R x T2 with the 't Hooft flux and the 2d CPN~! sigma
model on R x S! with the flavor-twisted boundary condition and ref. [51] relates the 4d
massless quantum chromodynamics (QCD) and the 2d Wess-Zumino-Witten model. These
observations strongly suggest that we can study the physics of the 6 interface of 4d gauge
theories also by a suitable compactification with winding 6 using the reliable semiclassics.

We suspect that the S' compactification with winding 6 has an application in the
semiclassical study of 4d chiral gauge theories on R?® x S'. Applying the double-trace
deformation to the gauge sector, we can study the confinement dynamics of 4d gauge
theories by the dilute gas of monopole-instantons [28, 53-56], but it always requires the
gapping out of the dynamical electric charges by a suitable choice of boundary condition. In
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the case of chiral gauge theories, we have to introduce the chiral-symmetric mass by using
the twisted boundary condition of chiral symmetry. In such cases, due to the Adler-Bell-
Jackiw (ABJ) anomaly, it should be related to the situation with a nonzero winding 6 angle.
As we have seen, such a winding 6 angle can drastically change the consequence of the
semiclassical analysis. Since this possibility has been overlooked in previous studies [57, 58],
it would be interesting to reconsider the chiral gauge theories on R3 x S* taking into account
the effect of winding 6.

Even in the study of vector-like theories, the QCD-like theories with higher representa-
tion fermions possess discrete chiral symmetries. In such cases, one can consider chirally
twisted boundary conditions to study the physics on the interface. As emphasized above,
due to the ABJ anomaly, this can also be formulated as a winding theta when the theory is
formulated on R? x S*. If we consider these theories in set-ups where the center-symmetry
acting on the Polyakov loop is stable and the theory abelianizes at long distances, one
lands on theories with monopole-instantons in the presence of Chern-Simons terms [59, 60]
(The case with winding ¢ and broken center symmetry is recently studied in [61]). These
regimes should lead to deconfinement despite the presence of monopoles [62—64]. It would
be interesting to understand the microscopic mechanism through which this takes place.
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A Spacetime-dependent 0 term of the 2d CP~! model

In this appendix, following ref. [17], we discuss the definition of the 6 term,

i
— 0d Al
2 Mo @ ( )

for the 2d CPY~! model when the # parameter has the spacetime dependence, i.e. § = ()
is no longer a constant in terms of x € Ms. We would like to maintain the identification,
0 ~ 0 + 27, so that f(x) can be regarded as a background 27-periodic scalar field. Then,
the 27 periodicity, 6 ~ 6 + 2x, is a kind of the gauge redundancy, so the integrand fda
is not gauge invariant. We shall give a gauge-invariant definition on general 2d oriented
closed manifolds M, by using its simplicial decomposition. Based on the gauge-invariant
definition, we also describe the explicit form for the case, where My = S' x R and 6 has
the nontrivial winding along the circle.
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A.1 Definition of the spacetime-dependent 6 term

As we have seen above, the problem of the spacetime-dependent 6 term is very similar to

the problem of defining the 3d Chern-Simons action, CS[a] = “ﬁ § M; ada”, where we put

the quotation mark to remember that the right-hand-side is the heuristic definition. We

usually resolve this subtlety by regarding M3 as the boundary of My, M4 = M3, and set

i

CSla] = — da A da, A2

=5, (A2)

where @ is a U(1) gauge field on My with a|sps, = a. This is manifestly gauge invariant,

and it is independent of the choice of spin 4-manifolds My and extensions a in mod 271,

which is sufficient to define the path-integral weight. Therefore, one may think that we can
apply the same trick, and claim that the following definition should work,

i

B 1f dd A da, (A.3)
2 Mo 2T Ms

where M3 is a 3d manifold with dM3 = My, and 6 and @ are the extensions of # and a to
M3, respectively. However, this does not work because of the following reasons.

In the case of 3d Chern-Simons action, 3d U(1) gauge fields always have an extension
to a 4d manifold, which is ensured by the bordism group, Q;pin(BU(l)) = 0. This is why we
can define the 3d Chern-Simons action by extending the spacetime manifolds. On the other
hand, 2d U(1) gauge fields, or 2d CPY~! fields, do not necessarily have the 3d extension
as QP™(CPN-1) ~ QP™(BU(1)) ~ Z. To see this obstruction explicitly, let us consider
the U(1) gauge field on S? = R? with the Dirac monopole at the origin of R3. Due to the
monopole singularity at the origin, we cannot have its 3d extension as a smooth U(1) gauge
field. As a result, we cannot use (A.3) when the U(1) gauge field has a nontrivial instanton
number, and we need to discuss another way to define the spacetime dependent 6 term.

Let us approximate the closed 2-manifold My by a polyhedron. That is, o; is a
polygon including its boundary, o;; = 0; N 0; is a connected line segment (or empty), and
Oijk = 0ij N 0ji N Ok is a point (or empty), and |, o; is homeomorphic to M». Since we are
going to define the topological term i § My “0da”, we just identify My = | J, o; for simplicity
of notation. Let us assume that My is oriented, then the orientation of 2-simplex o; is
chosen consistently. For i < j, the orientation of o;;(c do;) is fixed by o; in a canonical
way, and o;; has the opposite orientation. In the following explanation, we assume that
there is no quadruple overlap, but the extension to such cases should be straightforward.

Next, we describe the 27r-periodic scalar 6 and the U(1) gauge field on each patch of
the polyhedron | J; o;. The 6 field consists of the following data,

e 0;:0;, > R,
o wij:aij—>Z,

which satisfy
(91 — 9j)\oij = 271”(1]1']'. (A4)
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The consistency requires that wj; = —w;; and

1

Wij + Wik + Wg; = %

((91 — QJ) + (QJ - Hk) + (ek - 91)) =0. (A5)

Oijk
Its 27 periodicity is realized by postulating the gauge invariance under
0; — 0; + 2mw;, Wij = Wi + wi — Wy, (AG)

where w; € Z is the gauge parameter. We denote (dw);; = w; — wj, then w;; — w;j + (dw);;.
The U(1) gauge field a consists of the data

e a;: an R-valued 1-form on o;,
L] gij : Uij — U(l),
which satisfy
aj = a; — ig;;' dgi; (A.7)
on 0;j. On oy, we impose the cocycle condition,
9ii9ikgki = 1. (A.8)

Although this is one of the standard ways to define the U(1) gauge field, it turns out that
this does not give enough data to define “6da”. We should take an R-valued lift of the
transition function g;;, so we need the following data

* ¢ij i 0ij > R,
* Nyjk : Oijk — 2Ly

that satisfy g;; = e %4 and
Gij + ik + bri = 27N, (A.9)

on 0;j;. We can rewrite the connection formula for {a;}i as a; — aj = d¢i;. The gauge
identification is given by

a; — a; + daog, ¢z‘j — ¢z‘j + (50&)2'3' + 27rUij, Nijk — Nk + (5V)ijk, (A.l())

where «; : 0; = R, v € Z and (0v);j, = vij — Vi, + Vji. As an example, we can compute
the topological charge in the following way,

—Z f 6a Z J ‘%

i<j 1<j

= Z J Gij = Z - f (60)iji
’L<j Z<]<k lgn(Ul]k Oijk

= Z Sign(gijk)nijk7 (A.11)
<j<k

where sign(o;;i) is the orientation of ¢, determined from do;; for i < j < k.
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The gauge-invariant definition of the spacetime-dependent 6 term is given by [17]
1

“Gd ” Z Jﬂdal ZJ wija; + Zf wijdik-  (A12)
2m sign(oijk)oijk

i<jvIij i<j<k
For constant 6, this reduces to the original definition as we can set 0; = 6 and w;; = 0.

Let us check the gauge invariance of this expression. The first term on the right-hand-side
transforms as

1 1
; % Jai ((91 + 27Twi)d(ai + dOéZ) — ; % Li 91dal

i 0o
- 2 J (wia; — wjay)
i<j Y0
=, (J (wi — wj)ay +f wz@])
i<j Tij Tij
- 2 — wj)aj + Z f (wWihij — widir + wWidjk)
i<j v i<j<k Vsign(oik)ojk
- EJ - Z f (wi —wj)dj  (mod 27Z). (A.13)
i<j v i<j<k Vsign(oik)ojk

In the last step, we used (d¢);jx = 2mn;jx. Now the necessity of the second and third
term on the right-hand-side of (A.12) becomes evident by noting that w;; transforms as
w;j — wi; + (w; —w;): The second term of (A.12) is necessary to cancel the first term
of (A.13), and the third term of (A.12) is also necessary to cancel the last term of (A.13).
To complete the discussion, we also need to check if the second and third terms of (A.12) is
invariant under the U(1) gauge transformation. The second term of (A.12) transforms as

_ZJ (wij(a; + daj) — wija;)

i<jvOij

= _ZJ W55

1<j

-] J (wijoy — wikay + wjkay)
i<j<k Sign(guk)o'z]k

-] J wij(a; — aj). (A.14)
Sign(gzﬂc)gzgk

i<j<k
As ¢;; transforms as ¢i; — ¢ij + (dav)i; + 27y, this is exactly cancelled by the gauge
variation of the third term of (A.12). We have confirmed that the definition (A.12) is gauge
invariant mod 27, and we can use it to define the path-integral weight.

A.2 Concrete expression for the cylinder

Consider the cylinder S! x R with circumference L. If we regard 6 as an S'-valued function
n [0, L] x R such that §(L,7) = 6(0,7), then we can lift it to a real-valued function § on
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[0, L] x R such that §(L,7) = 6(0,7) + 27w, where w is the winding number of . Note
also that on a cylinder, it is always possible to choose the transition functions of the U(1)
gauge field a to be trivial: g;; = 1. That is to say, it is possible to choose a; = d|,, for some
global 1-form a. We shall show that the theta term (A.12) can be rewritten just in terms
of 6 and a.
A good cover of the cylinder can be achieved by taking three rectangular cells o123,
say
o1 =1[0,L/3] xR, o2=[L/3,2L/3] xR, o3=][2L/3,L] xR. (A.15)

With respect to this cover, there are just three transition functions for 0: wio, wa3, wsy.
However, if we choose 6; = é\az., then wis and weg vanish, and ws; = w. With this choice,
the theta term (A.12) reduces to the following simple form:

+0

1 1 "
“0da” = f fda— wf a,(0,7) dr. (A.16)
S1xR 21 Jjo,0)xr

27 -

It is very important to realize that the theta term on the cylinder is not fully gauge
invariant: under a gauge transformation a — a + da, we have

1

1
L “gdar f “0da” — wia(0, +30) — a(0, )k (A7)
21 Jsixr T Jsixr

Thus, the theta term can gauge transform nontrivially only if (1) the winding number w
is # 0, and (2) «(0,4+00) — (0, —0) # 0, i.e. the gauge transformation is “large” in time.
This simple observation will be crucial for the present work.

B SU(N) spin chain and 2d CPN~! sigma model

Here, we give a review about the realization of the 2d CPY~! sigma model around 6 = 7
by the SU(N) spin chain. For N = 2, it is found by Haldane [9, 10] that the SU(2)
antiferromagnetic spin chain of spin S gives the CP! sigma model with § = 275. Its
extension to the 2d CPY~! model has been discussed in the context of D-theory [25-27].

B.1 Spin coherent state and path integral

We denote the SU(N) spin operator as Sag with a, 8 = 1,...,N. For U € SU(N), they
transform as S’ag — (USUT)QB. They satisfy S’LB = 5’5,1 and the commutation relation,

[ga1a2a gﬂlBZ] = 5a251 §a152 - 5ﬂ2a1*§ﬂ1a2' (B'l)

We introduce the Schwinger boson to conveniently describe the spin coherent state [65]. The
Schwinger boson is the N-component harmonic oscillator, whose creation and annihilation
operators are @, and @, respectively, with the commutation relation,

[da, d}] = Gap. (B2)

We can readily check that
Sep = alag (B.3)
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satisfies the above SU(N) commutation relation. In this convention, @, transforms as the
defining representation of SU(N) and a, transforms as its conjugate representation.

Let |0) be the vacuum of the harmonic oscillators annihilated by a, for « =1,..., N.
This belongs to the trivial representation of SU(N). Applying p creation operators to the
vacuum, we find that those states,

al, -l 0), (B.4)

form the totally symmetric p-box representation of SU(NN). Let qg e CN with |$ |2 =1, then
we define the coherent state for the p-box symmetric representation by

3) = 5 (0ra] + -+ ok 0) (B.5)
It satisfies the following property,
@18 =@ -dy, (B.6)
B15a818) = pois, (B.7)
[aularal -1, (B.3)

Using these formula, we can, for example, obtain the path integral formula for the Hamilto-
nian H = Jalggalg as follows:

Tr(exp(~5H) = | Doexp(-5[0]), (B.9)
where the Euclidean action is given by
B . B
Stol = | p67-ad+ | passiopdr (8.10)
0 0

The first term is the Berry phase, and the second term describes the classical energy. Strictly
speaking, we use the semiclassical approximation to describe the path integral expression,

and this approximation is valid in the limit p — oo.

B.2 Low-energy limit of spin chains

To obtain the CPV~! sigma model, we define the spin chain with even number of sites,
1 =1,2,...,2L, and we put the p-box symmetric representation on the odd sites, i =
1,3,...,2L — 1 and put its conjugate representation on the even sites, 1 = 2,4,...,2L.

Let us denote the spinon field on the odd site 2n — 1 as (5,1 and the one on the odd site
2n as qgﬁ, then the Euclidean action becomes

B L R R R . R R R .
5 = fo dr 3 (611 orb) — 67 2:62) —p* (MG 62 + 6 - 61 1F) b
n=1

(B.11)
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Since the spin on the even sites belong to the conjugate representation, its Berry phase has
the opposite sign compared with that of the spin on odd sites. We choose the ferromagnetic
couplings, Ji, Jo > 0, so that the classical vacua are given by the parallel spin fields. When
J1 = Ja, we have the following symmetry,
T L LN (B.12)

and this becomes the charge conjugation symmetry in the infrared effective theory.

To derive the low-energy effective continuum theory, we denote x = an by introducing
the lattice constant a, and put

b = 2@), 1 =/1- @) 2@) + &), (B.13)
with
Zl.e=o. (B.14)

When € = 0 and 72 is uniform, it describes the classical ground states. & describes the
short-distance fluctuation and it turns out that |&'| ~ O((y/(J1 + J2)p)~'). Especially
when |p| » 1, we can integrate it out by the Gaussian integration to obtain the 2d CPN~!
sigma model.

When performing the Gaussian integral for £ it is convenient to pay attention to the
following point. As |7|?> = 1, we have

0,2 -2+ 2. 0,2 =0. (B.15)

Due to the presence of the first term on the left-hand-side, d,Z does not belong to the space
of & Still, we have
7. D,z =0, (B.16)
where D, 7 = 0,7 — (zT. 0,7)Z%, and thus D, 2 belongs to the space of €. In particular, when
we find &7 - OuZ, we may replace it by et D,z.
We now compute each term of the Euclidean action:

oMo ) — 2002 =T . D.7— (D21 & (B.17)
64T G212 = 1|2, (B.18)
1627 gL P =1— |82+ aE@ - D2+ (D27 - &) — a?D, 2|2 (B.19)

The Euclidean Lagrangian then becomes

L=p*(Jy + R)EP? —pE" Drz— (D27) - ¢)
—p?Joa(ET Dyz 4+ (D27 - &) + p?Ja? D, 7|2 (B.20)

Performing the Gaussian integration of &, we find that

2

1 1
Lo = p*J2a*[Dy 7| — (JganZT - DTzT> : (JganZ—I— DTZ> (B.21)
p p

J1+ Jo
1 J1Jo
= D, Z|? + p*a® D7 > + wp,zh.D,z. B.22
J1+J2| TZ‘ pa J1+J2| IZ| paJ1+J25 ne vz ( )
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Replacing a ), by the spatial integration {dz, the Euclidean action is given by

1 - J1Jo )
S=1d dz | ————|D- 2 2 Dgﬁ_’2 0 Qo B.23
JTJ$<(J1+J2)Q| Z| +paJ1+J2| Z1%) + 16 Qtop, ( )
with
J1— Jo
0= 1-— . B.24
Trp( Mh) (B.24)

By rescaling the imaginary time, 7 — mT, this becomes the relativistic CPN~! sigma
_ p/hJ2

J1+J2
it enjoys the C' symmetry, which is the remnant of the one-unit lattice translation symmetry

model with g% and the above 0 parameter. Especially when J; = Jo, 0 € 7Z and

associated with the complex conjugation (B.12).
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