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We discuss (241)-dimensional gapless surface theories of bulk (3+41)-dimensional topological
phases, such as the BF theory at level K, and its generalization. In particular, we put these theories
on a flat (2+1) dimensional torus T3 parameterized by its modular parameters, and compute the
partition functions obeying various twisted boundary conditions. We show the partition functions
are transformed into each other under SL(3,Z) modular transformations, and furthermore establish
the bulk-boundary correspondence in (3+1) dimensions by matching the modular S and 7 matrices
computed from the boundary field theories with those computed in the bulk. We also propose the
three-loop braiding statistics can be studied by constructing the modular & and 7 matrices from

an appropriate boundary field theory.
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I. INTRODUCTION

The bulk-boundary correspondence is one of the most
salient features of topologically ordered phases of mat-
ter. In topologically ordered states in (241) dimensions
[(241)d], all essential topological properties in their bulk
can be derived and understood from their edge theo-
ries, such as quantized transport properties, properties of
bulk quasiparticles (fractional charge and braiding statis-
tics thereof), and the topological entanglement entropy,
etc.!® Edge or surface theories also play an important
role in symmetry-protected and symmetry-enriched topo-
logical phases.”

The purpose of this paper is to study the bulk-
boundary correspondence in the simplest (3+1)d topo-
logical field theory, the BF topological field theory'¢22,
and its generalizations. The BF theory describes, among
others, the long wave-length limit of BCS superconduc-
tors, and the deconfined phase of the Zk gauge theory.
It is also relevant to the hydrodynamic description of
(341)d symmetry-protected topological (SPT) phases in-
cluding topological insulators and related systems.?3 3!

To put our purpose in the proper context, let us give
a brief overview of the bulk-boundary correspondence in
(241)d topologically ordered phases. For (2+1)d topo-
logical phases, bulk topological phases can be character-
ized by the modular S and 7 matrices. The & and T
transformations generate the basis transformation in the
space of degenerate ground states, which appear when
the system is put on a spatial two-dimensional torus.
Combined together, the S and T transformations form
the group SL(2,Z), the mapping class group of the two-
dimensional torus 72. Their geometric meanings are the
90° rotation and Dehn twist defined on the torus, respec-
tively. In the basis in which the 7" matrix is diagonal (the
so-called quasi-particle basis), the diagonal entries of the
T matrix encode the information on the topological spin
of quasi-particles. On the other hand, the S matrix con-
tains the information of the braiding and fusion. For an
Abelian topological phase, the elements of the S matrix
are given by braiding phases between quasiparticles, up
to an over all normalization factor 1/D, where D is the



total quantum dimension.

On the other hand, at their boundary (edge), gapless
boundary excitations supported by a (2+1)d topologi-
cal phase can be described by a (14+1)d conformal field
theory (CFT).32 There is one-to-one correspondence be-
tween quasi-particle excitations in the bulk and primary
fields living on the edge. On the (1+1)d spacetime torus,
one can form the character x;(7) from the tower of states
built upon a primary field O;:

X; (7_) — Tr?-[_j [627TiT1P072TFT2H0:| (1)
where Hy and F, are the Hamiltonian and the mo-
mentum operators, respectively, the complex parameter
7T = 71 + iT2 is the modular parameter parameterizing
the spacetime torus, and the trace is taken over all states
in the Hilbert space H; that is built upon the highest
weight state associated with the primary field O;. The
characters x; transform into each other under the mod-
ular transformations of the spacetime torus. Under the
modular 7 and S transformations, the characters x;(7)
transform as

Xi (1 4+ 1) = T30y (1) = Tix(7),
Xi(=1/7) = 8jirxie (1), (2)
jl

where the matrices 7 and S represent the action of the
T and S modular transformations on the characters, re-
spectively. The matrix 7 is a diagonal matrix and in-
cludes the conformal dimension h for each character and
the central charge ¢ for the CFT. The 7 and S matri-
ces for the characters in the edge theory have the direct
correspondence (and are essentially identical) to the the
T and S matrices defined for the corresponding (2 + 1)d
bulk topological theory.

Coming back to our main focus, i.e., (3 + 1)d topolog-
ically ordered phases, the bulk topological system can
be defined on a spatial torus 7° (while other choices
are of course possible). The mapping class group of the
three-dimensional torus is SL(3,Z), and, as in the case of
(24+1)d, is also generated by two transformations, which
we also call the modular § and 7 transformations (see
Sec. ITA for details). For (3 + 1)d topological phases
defined on a spatial torus 72, S and 7 matrices can be
introduced to describe the basis transformation of degen-
erate ground states. As in (241)d, the S and 7 matrices
encode the topological data of the bulk topological phase,
such as the braiding and spin statistics of excitations.?334
In (341)d, the exchange statistics of particles has to be
either fermionic or bosonic. On the other hand, a particle
and a loop-like excitation, or two loop-like excitations in
the presence of an additional background loop, can have
non-trivial braiding and can obey non-trivial statistics.
For the Abelian topological phase described by the BF
theory, the & matrix describes the braiding phase be-
tween particle and loop excitations, while the 7 matrix
has the physical meaning of a (3 + 1)d analogue of topo-
logical spins.?3 It has been also proposed that there exist

(341)d topological phases that are characterized by their
three-loop braiding statistics.3440

We will demonstrate that these results, obtained and
discussed previously from the bulk point of view, can
be obtained solely from gapless boundary field theo-
ries. More specifically, taking various examples of (3+1)d
topologically ordered phases and their surface states,
which we put on the (2 + 1)d spacetime torus T3, we
compute the modular § and 7 matrices explicitly, and
show that they agree with the S and 7 matrices obtained
from the bulk considerations. We thereby establish the
bulk-boundary correspondence in these (3+1)d topolog-
ically ordered phases. Along the course, we also propose
a bulk continuum field theory which realizes non-trivial
three-loop braiding statistics.

N.B. Our strategy adopted in this paper is to utilize
boundary field theories to learn about bulk excitations
in (341)d topological phases, by establishing a bulk-
boundary correspondence. One should however bear in
mind that boundaries may have more “life” than their
corresponding bulk, in that a given bulk topological
phase can be consistently terminated by more than one
boundary theory. Therefore, it would be more appropri-
ate to consider a “stable equivalent class” of boundary
theories for a given bulk theory. (See, for example, Ref.
41.) Nevertheless, one can expect universal topological
properties of the bulk theories may be extracted from any
boundary theory which consistently terminates the bulk.

A. Outline of the paper

The rest of the paper is organized as follows.

In Sec. I1, we consider the compactified free boson the-
ory in (2+1)d defined on the 3d flat torus T3 is computed.
This (2+1)d theory is not necessarily tied to a particular
(341)d bulk topological order but serves as a warm up
for later sections. We will show its partition function is
invariant under SL(3,Z).

In Sec. III, the surface theory of the (34+1)d BF the-
ory at level K is studied. This theory can be subjected to
twisted boundary conditions, which are induced by intro-
ducing quasi-particles in the (3+1)d bulk. We will show
that the partition functions with different boundary con-
ditions are transformed into each other under SL(3,Z),
and form a representation of SL(3,Z). The extracted
S and 7 matrices agree with the known result.>> We
will also compute the thermal entropy in Sec. III D, and
show that there is a constant negative contribution to
the entropy. This contribution to the boundary thermal
entropy is expected to capture the topological entangle-
ment entropy defined in the corresponding (3+1)d bulk.

In Sec. IV, we introduce an additional term, the ax-
ion term or the theta term, to the (3+1)d BF theory.
The theta angle has a texture (spatial inhomogeneity)
and affects the boundary theory by twisting the quantum
numbers. Being static, the texture in the theta angle is
interpreted as a topological defect, and we will show that



the introduction of the defect makes the surface theory
non-modular invariant, in the sense that the action of
modular transformations is not closed within the space
of the partition functions.

This BF theory with the theta term motivates us to
consider yet another theory in Sec. V, which can be con-
structed by coupling two copies of the BF theory. Com-
pared with the the defect system (the BF theory with
the theta term) discussed in Sec. IV, in the coupled sys-
tem, each copy can be interpreted as playing a role of a
defect to the other. In this system, however, there is no
externally imposed texture. We propose this continuum
bulk field theory realizes three-loop braiding statistics
discussed previously.?>37 39 On the surface, we consider
two copies of the BF surface theories, which are coupled
together in their zero mode sectors. We will show that,
by computing the modular S and 7 matrices explicitly,
this system exhibits three-loop braiding statistics.

Finally, we conclude in Sec. VI.

II. THE COMPACTIFIED FREE BOSON IN
(2+1)D

The compactified real scalar theory in (2 + 1)d is de-
scribed by the Lagrangian density

1
= @2 [(8:9)? — (0:0)% — (9,0)°] , (3)
where, for now, the spacetime is the “canonical” flat torus
T3 parameterized by (t,x,y). (We will consider, momen-
tarily in Sec. II B, a generic torus parameterized by six
modular parameters.) The boson field obeys the com-
pactification condition on a circle of radius r, i.e.,

¢ = ¢+ 2mr. (4)

This model can be exactly solved and is dual to the com-
pact U(1) gauge theory. Under the duality, the boson
field ¢ is related to the U(1) gauge field a, by

fH fuw < 0" 90, 0. (5)

Furthermore, quantized vortices on the boson side are
dual to quantized charges in the U(1) gauge theory. For
the compact U(1) gauge field theory, the monopole (in-
stanton) proliferation leads to a confining phase and this
process on the scalar boson side corresponds to adding a
cos(¢) term.*>43 This process breaks the U(1) symmetry
in the compact boson theory, and the particle number is
not conserved anymore. If we prohibit the monopoles, on
the other hand, the Abelian U(1) gauge theory is stably
gapless.

The free boson theory can be canonically quantized:
The corresponding Hamiltonian is

A an <+ O,

2T Ry 2w Ry
/ da / dy [I12 + (8,6)% + (8,6)%] , (6)
0 0

 (2m)?

where z and y are periodic with radius 27 R; and 27 Ro,
respectively, and the canonical momentum is (r := (z,y))

II(r) := 9, (r). (7)
The canonical commutation relation is given by

1

[(b(tu r)v H(t, r/)] = 9

{ 1 ik-(r—r")
= — 8
TR d e , 8

81,2€7Z

(2m)26@ (r — v')

where 6 (r — ') is the periodic delta function and k =
(s1/Rq,s2/R1) is the 2d momentum (s; € Z).

To specify the Hilbert space, we develop the mode ex-
pansion of the bosonic field ¢. Due to the compactifi-
cation condition (4), the bosonic field has the following
expansion:

N, N, o + mot
t, = —+ —y+ — + osc t7 ’ 9
ot = tat B+ 2 bu(tr), (9

where N 2 € Z characterize the winding zero modes in
the x and y direction, respectively. The Fourier decom-
position of the oscillator part ¢s.(t,r) is given by

1 1
Goclts) = s 25 a0
% [a(k)efiwtfik-r +aT(k)eiwt+ik~r] . (10)

According to Eq. (8), a(k) satisfies the canonical commu-
tation relation

[a(k), a" (K)] = b (11)

where w(k) is the dispersion of the free boson on a Eu-
clidean three-torus and given by

w(k) = \/(;11)2 + (;i)z. (12)

On the other hand, the zero mode part satisfies

[¢0,7T0} = 27T2i. (13)

Owing to the 27t periodicity of ¢(¢,r), the eigenvalues of
o needs to be quantized according to
7TNO
= —F—

I/ Rl RQ ’

To summarize, the boson field ¢(t,r) can be mode-
expanded as

N € Z. (14)

G Not xNy ey
27‘&'\/ R1R2 21‘R1R2 R1 R2 4
1 1
+
VIR g; 2y/w(k)
X [a(k)efiwtfikw + aT(k)eithrik-r} ) (15)

¢(t7 I’) =




The Hilbert space Hg consists of, for each winding sector
specified by Nj 2, the zero mode part and the bosonic
Fock space for each k # 0. States in the zero mode
part are labeled by the eigenvalues of 7y, and hence by
Ny. Furthermore, different winding sectors are summed
over. In the following, the part of the partition function
associated to the summation over Ny ;2 is called the zero
mode sector.

A. Modular transformations on 7°

We now consider the theory put on a generic flat torus.
A flat three-torus is parameterized by six real parameters,
Ro.1,2 and «a, 3,7. For a flat three-torus 7%, the dreibein
is given by!®

Ry 0 0 1 00
er,=1 0 R 0 —a 1 0 (16)
0 0 Ry —y —B 1

where Rg, R, and Ry are the radii for the directions T,
z, and y, and «, (3, and ~ describe the angles between
directions 7 and z, z and y, and 7 and ¥, respectively.
The Euclidean metric is then given by

Juv = eAp,eBV(SAB
R? 4+ a?R? +v*R} —aR? + ByR} —R3
= —aR? + ByR3 R +p3*R;  —BR;5 |,
—R3 —BR3 R3
(17)

The group SL(3,Z) is generated by two transforma-
tions:

001 110
Uy=(100], Uo=[010 (18)
010 001

Under the Us transformation, the metric is trans-
formed as

U
Guv —2> <U29U2T)p,y (19)
which corresponds to the changes
a—a—1,

¥ =+ B, (20)

while Ry, R1, R2, and B are unchanged.

On the other hand, U; can be decomposed as

Uy=UM, Ul =

o~ O
OO =
_ o O
|

—_

0
0 0 M =
0 1

o

(21)

where U] corresponds to the 90° rotation in the 7 — z
plane and M is the 90° rotation in the x — y plane. The
generator U] acts on the metric as

’

G 5 (UgULT), (22)

v

which corresponds to the changes

R0—>R0/|T|,
’Y_>_ﬂ7 6_>’7

R1%R1‘7|, 7'1—>—7'1/‘7’|27
(while Ry is unchanged),  (23)

where we have introduced

T=a+1r91, Tol= Ro/Rl. (24)
Observe also that under Ry — Ro/|7| and Ry — Ry|7],
Ty — 72/|7|?. Hence, U] induces 7 — —1/7.

The two transformations U; and U, correspond re-
spectively to modular S and T~! transformations in the
7—x plane, generating the SL(2,Z) subgroup of SL(3,7Z)
group. Combining with M, they generate the whole
SL(3,7Z) group. In the following, we call U{ M as S trans-
formation and U as 7' transformation.

Moreover, the two generators of SL(3,Z), the U; and

U, transformations defined in Eq. (18), satisfy®6:44
U,U] = U? = R® = (U1R)* = (RUY)* =1, (25)
(ULR*)! = (R*Uh)" = (L R?)® = (R*UL)°> = 1, (26)
(U1R*U,)%*R?* = R*(U,R*U;)?> mod 3, (27)

where

R = (U,U,)?U; ' URUS UL UL U, (28)

B. The partition function on 7°

In this section, we calculate the partition function of
the compactified free boson theory on the three-torus in
the presence of the generic flat metric. The Euclidean
action is given by



2
_ 1 3 v
0
1 27\'R0 27TR1 27!‘R2 2R2 R2 R2
2 a”fyy 2 2 2 2 2 2
= 1 2 232 4
o | 4 [ ar [ @or s (Gt e1) @+ (s oy 0 +1) @0)
0 0 0
R R RiRs
207 (0:0) (0:0) + 232 (aB +7) (9:0) (9y0) +2 ( (el +7) + 5) (9:9) (&m)] L @)
[
where 0 < 6# < 27 are angular variables and we noted  (where 4, j are not summed in R;R;¢%). Le.,
V10gl = RoR1Ra, 7 = Rof°, v = R10' and y = Rp6%.%
The inverse metric g*” = (e3f")T548 (e5) (e is the in-
verse of e?) is given by
1 a6+7
0 R2 (aB ) B
v o a(af+y
gt = &2 R2 + R2 = T dady [ Rs
[e] [e] ? ! H/ _/ H2 x +67 2 + a 2
af;grw (a]fg-'y) + 15% (aB4+y)* B—&-’y) + ]B:p + R2 (27_‘_) ( ¢ R, y(b) ( y¢)
(30) 20 10,6 1 2i(0p + ) 2no,e| . (35)
RO RO

In the operator formalism, the partition function cor-
responding to the action (29) is given by the trace of the
thermal density matrix exp(—2wRoH’) over the Hilbert
space Ho:

Z = Try, [e*%ROH } . (31)
The “boosted” Hamiltonian H’ and the (untwisted)

Hilbert space H( are specified as follows. The boosted
Hamiltonian H' consists of the “unboosted” Hamiltonian

H (with & = v = 0), and the momentum P, ,, which in-
duces the boost in  and y directions, respectively:
aRy R
H =H+i%2P, +i(aB+7)2P, (32)
Ry Ry
where
dxd y
H:/ < y2 [11% 4+ GY9,60;6)] ,
d d
P, = / Y oMo, 0=,y (33)
(2m)?
and G¥ is defined as
1 B
g = (911 912> S
go1 g22 R% Ve 4 R% ’
g 3 1 pEa
GY = RiR;g"” = <5R? B;};’? 1+1> (34)
1

The mode expansion for the bosonic field ¢ is still given
by Eq. (15), where the energy spectrum w(k) is now given
by

UJ(k) =1/ G”kzk]
2 2
(i) (2) @

The Hilbert space Hg is given as a direct product of the
bosonic Fock spaces each built out of a given zero mode
state specified by Ng 1,2.

Next, we proceed to compute the partition function
and study its properties under modular transformations
of the three-torus. The partition function can be split
into the zero mode part, which we call Zy, and the oscilla-
tor part, which we call Z,,.. The total partition function
is Z = ZgZyse-



The partition function of the zero mode part is

B TTo 9 9 9 21’ RoR; 9
Zo— Z exp[— 21"2R2N0 — 27T RQTQ(N1+5N2) —TNQ
No,1,2€Z
+ 2mim No(N1 + BNa) + 27Ti'yN0N2} (37)
where we recall 5 = Rg/R1, 1 =« and 7 = 74 + iTo.
On the other hand, for the oscillator part, the Hamiltonian is
H, => |wk) + m&kl +i(afB + y)@kz a’(K)a(k) + Eo (38)
osc RO RO ?

k0
where Ej is the ground state energy and needs to be properly regularized:
| v/det(g) 1
s€22/(0,0) s€22/(0,0)

The partition function of the oscillator part can be decomposed into the product of the partition functions of one-
dimensional non-compact bosons with “mass” given by s3. When the “mass” s; = 0,

_ 2
ZS2:0 _ ,—2mRoEo(s2=0) H 1— e_QWRO(W(k)"FiOé% } 1 _ ‘ (40)
517#0€Z 77(7—)
where 7(7) is the Dedekind eta function and 7 is the 2-dimensional modular parameter:
n(r) =t [[(1-q"), q:=¢. (41)
n=1
On the other hand, the other massive part equals to
Zypo = e 2 RoBo(20) T [1- e—zﬂRo(w(k)ﬂa;—;ﬂ'(aﬁﬂ);—g)}‘1
$2#0,81€Z
R
_ 1 !
- H @[BSz,VSz] <T’ R252> ’ (42)
SoEZT
where the massive theta function g, s, (7, %52) is defined as
@[a,b] (7_7 m) = e47r‘rgA(m,a) H ‘1 _ 6—2717-2,/m2+(n+a)2+27ri7-1(n+a)+27rib 2 (43)

nez
where
A(m a)ZEZ\/Trﬂ—i—(n—&—a)Q—1 h dk(m? + k*)1/? (44)
T2 2 /)
neZ
Thus the partition function for the oscillator part equals to

2
R
—1 1
H 9[ﬁ52,’752] <7—, R282> . (45)

So€EZT

1
Zosc == Zs = Zs' = |~
S ’n(ﬂ

Together with (37), we have completed the calculation of the total partition function, Z = ZyZ,s..
[

It is instructive to compare the above partition func- ified free boson. Performing dimensional reduction, by
tion with the partition function of the (1+1)d compact-



taking Ry = 1, Ny = 0 and so = 0, the partition function
reduces to

1 2 2
Z = FOE Z exp( o7 2NO 2mr°Ty Ny
No,1 €Z
+ 2m'ﬁNON1). (46)

This is the partition function for the compactified free
boson in (1 + 1)d.

1. Modular invariance

We now show that the total partition function is in-
variant under the SL(3,Z) transformations.

For Zy, under U] transformation, by using the Poisson
resummation formula twice, we have

Zo(r) L Zo(~1/7) = |7|Zo(7) (47)

where the Poisson resummation formula is

2
§ e~ Tan +bn — § e~

nez kEZ

% (k)" (48)

For Z,s. part, under U] transformation, the massless
s = 0 component will contribute a 1/|7| prefactor. The
massive part is invariant under U] transformation, since
the massive theta function satisfies

R4 U, 1 Ry
(C] — — 0 -, =
[a,b] <T7 Ry Sz) [a,b] ( Ry 82|7'|)
R
=Op_q <77 R;sg> (49)

Thus the total partition function is invariant under Uj
transformation.

Under the M transformation which is basically a 7/2
rotation in the x — y plane, the partition function for the
zero mode part becomes

M TRy o

Zo — Zy = —— N,

0 0 Z exp( 2R Ry 0
No,1,2€7Z

Ny N \?
—2m®RyR1 R L2 —L
mre Ro Ry R (ﬂRl R1> +<R2)
- 27rzaR0[5N1 }NO - 2’/TZ’)/N1N0)

(50)

Therefore the invariance of the zero mode part of the
partition function can be seen from relabeling,

Ny —Ny
M : N2 — Nl (51)
N Ny

It is also straightforward to show that the oscillator part
is invariant under M transformation and thus the total
partition function is invariant under M transformation.

Finally, it is also easy to check that the partition func-
tion is invariant under Uy transformation. Hence the
partition function is invariant under the SL(3,Z) trans-
formation.

III. THE SURFACE THEORY OF THE (3+1)D
BF THEORY

A. Bulk and surface theories

a. The bulk field theory The (3+1)-dimensional one
component BF theory is described by the action

K
Sbulk:/ [b/\daa/\
2T

. Lo
/d4 |: Em')‘pb;wakap — aujf;p - 2buyj,l;v:| )
(52)

Jp —bA Jqq,]

where p,v,... = 0,...,3, a = audz* and b =
(1/2)b,,datdx” are one and two form gauge fields; M
is the bulk spacetime manifold. The “level” K is an inte-
ger. The three form J,, and two form Jg, represent cur-
rents of zero-dimensional (point-like) quasi-particles and
one-dimensional quasi-vortex lines, respectively. The BF
theory furnishes the following (bulk) equations of motion

K
L 5odb = Jop. (53)

2w

The BF theory implements a non-trivial fractional
statistics between quasiparticles and quasivortices. To
see this, we consider the following configuration of quasi-
particles and quasivortices:
Jop = 03(C),  Jqv = 62(S). (54)

Here C and S represent the one-dimensional wold-line and
the two-dimensional world-sheet of quasiparticles and
quasivortices, respectively; dp_n(N) is the delta func-
tion (D — n)-form associated a submanifold N' C M,
where D — n = dim M — dim N. By definition, for any

n-form A,
/ A, = / 5-n(N) A A, (55)
N M

Hence, for example,

/ Jqp/\a:/a, / qu/\b:/b. (56)
M c M S

Some useful properties of the delta function forms are
summarized in Appendix B.

In the presence of these quasiparticles and quasivor-
tices, we now integrate over a and b to derive the effective



action for Jg, and Jg,. Since the theory is quadratic, this
can be done by solving the equations of motion. These
equations, up to a closed form, are solved by
2 2

b= %d—qup, a= %d_quv. (57)
(If the spacetime is trivial, by the Poincaré lemma, a
closed form is exact. If so, such exact term does not affect
our final result since, for an arbitrary closed submanifold
N, [6(N)(dg) ~ [6(ON)$ = 0.) From the formula
(B4), d=1J,, and d=1J,, are determined as

d_qup = 52(13),
diquU =6(V),

where 9D =C,

where 0V =S. (58)
where the two-dimensional manifold D and the three-
dimensional manifold V are chosen such that 0D = C
and JV = §. They are not unique, but different choices

lead to different d~'.Jy;, 4, which differ by closed forms.
Substituting these solution into the action,

2T _
—f/(d "qw) A Jgp

2w
= fiLk(S,C), (59)

Shulk =

where Lk is the linking number between Jg, and Jg,.
Hence,

/'D[a’b]eisbulk — e*%Lk(s,C)

— e 2;1‘ Zij qi)\ij(S»,',7cj). (60)

In the last line, we assume the world-line £ consists of tra-
jectories £; of many quasiparticles each carrying charge
¢ € Z: Jgp = 63(C) = Y, ¢:03(C;). Similarly, the world-
line S consists of trajectories S; of many quasivortices
each carrying charge \; € Z: Jg, = 02(S) = 3, Ai02(Ss).
The fractional phase (when |K| > 1) in Eq. (60) repre-
sents statistical interactions between quasiparticles and
quasivortices.

Once the coupling of the gauge fields to the currents
is prescribed, it also specifies the set of Wilson loops and
Wilson surfaces included in theory (see Eq. (56)). If the
theory is canonically quantized on M = R x X, the set
of the Wilson loop and Wilson surface operators of our

interest is
expim/ a expin/b7 (61)
L s

where m, n are integers, and L and S are arbitrary closed
loops and surfaces in 3. These operators satisfy the com-
mutation relations,

27
S Jst] = TIL:S)
€2§1I(L,S)€infs beim fLa. (62)

eimeae'mfs _

where I(L,S) is the intersection number of the loop L
and the surface S.

b. The boundary theory On a closed manifold, the
BF theory is invariant under gauge transformations a —
a + dp, where ¢ is zero form, and b — b+ d(, where ( is
one form. In the presence of a boundary (surface), there
may appear gapless degrees of freedom localized on the
surface. The action describing the boundary degrees of
freedom can be inferred by adopting the temporal gauge
ap = bip = bp; = 0 (i = 1,2,3), solving the Gauss law
constraints Eijkoakbij = EOijkajak = 0 by ar = Ok,
bi; = 0;(; — 0;¢;, and then plugging these back to the
action. The resulting action ig*6~48

K
Sopm = dtdzdy { €50iCi0rp — V (¢, () (63)

oM
where 4,7 = 1,2. Here we have added the potential
V (¢, ), which originates from microscopic details of the
boundary and is non-universal. This boundary action
can be obtained from the the free scalar and the U(1)
Maxwell theories by imposing a self-dual (or an anti-self-
dual) constraint, e#**9, () = £9"p. 47

The appearance of the gapless degrees of freedom on
the surface deserves more comments. In particular they
should be contrasted with the gapless edge theory of the
(241)-dimensional Chern-Simons theory. For the single-
component Chern-Simons theory in (2 4+ 1) dimensions,
the boundary is described by the single-component chiral
boson theory, which is stable and cannot be gapped out.
The appearance of the gapless edge theory is necessary
since the bulk theory is anomalous and the anomaly must
be compensated by the degrees of freedom living on the
edge.

On the other hand, the surface theory of the BF the-
ory in (34 1) dimensions (also in (24 1) dimensions) can
be gapped out by adding suitable perturbations (if we
do not require any symmetry). In other words, there is
no anomaly protecting the gapless nature of the surface
theory. Nevertheless, the appearance of the surface the-
ory (63) can still be understood in terms of an anomaly.
While the BF theory (both in (2+1) and (3+1) dimen-
sions) is equivalent to the topological Zk gauge theory,
which does not have gauge anomaly on a manifold with
boundary, the continuum action of the BF theory ar-
tificially preserves U(1) symmetry. The BF theory is
anomalous under U(1) in the presence of a boundary,
and this anomaly must be canceled by gapless degrees
of freedom living on the boundary. As in the bulk the-
ory, the boundary theory is invariant under the artificial
U(1) symmetry; this symmetry translates the boson field
© — @+ const. If the U(1) symmetry is strictly pre-
served, the gapless boundary theory cannot be gapped,
as can be inferred easily from the fact that any gapping
term of cosine type cos(ng+a) violates the U(1) symme-
try. (If we use the dual picture of the compactified boson,
i.e., the compact U(1) gauge theory, the U(1) symmetry
is equivalent to prohibiting monopoles.) On the other
hand, once we relax the U(1) symmetry, which is, from
our point of view, an artificial symmetry after all, this
gapless boundary theory can be easily gapped out by



adding some relevant perturbation and is not stable at
all.

While this gapless surface theory is not stable at all,
it does encode topological data of the bulk, as we will
demonstrate later. Let us for now discuss, in more de-
tail, the connection between the bulk excitations and the
fields living on the boundary. In the following we choose
M = S' x 3, where the spatial manifold ¥ is a solid
torus, ¥ = D? x S, and hence OM = T3. Let us first
consider a quasiparticle current consisting of a quasipar-
ticle carrying no units of charges (ng € Z):

i (2) = no /L w50 - x(m) o)

jqp

where L is the world-line of the quasiparticle, and the co-
ordinate X#(7) represents the trajectory of the particle.
For the quasiparticle at rest, X1:23(7) = const. = X123,

30, (x) = ngd® (& — X). (65)

Integrating the equation of motion over the total space,

K .
7/ dgl‘ 5O’]k8ibjk = / dgl‘jgp = ng. (66)
T Js )

Using Stokes’ theorem, [,db = [,ob =
(1/2) f@Z bijéijd2x7 and substituting bij = 8ZCJ — 83‘@‘,
this reduces to
2
/ d2.’E eijal-(j = ino. (67)
% K

Hence adding a quasiparticle in the bulk corresponds to
introducing flux on the surface.

Similarly, let us consider to introduce a quasivortex
source:

0XH (o) 0X" (o)
— 2 ozﬁ (4)
jrw) = n [ aeen O ST 0]

where S is the world-surface of the quasivortex, and the

coordinate X* (o) represents the trajectory of the par-

ticle in spacetime, and n is an integer. Let us consider
a straight quasivortex at rest, stretching along a non-

contractible cycle of the bulk solid torus. For conve-

nience, this direction is taken as the z-direction (Fig.
1). Then joz =79 =0 and

j(%(x) =npd(z? — X?2)§(z® — X3). (69)

where X23(0) = const. and we have renamed the integer
n as no. Integrating the equation of motion over space,

K ..
Lix o /di‘/dz " Biaj =ng x Ly, (70)

where i, = 1,2 and L; = 27 R; is the length of the
quasivortex stretching in the x-direction, and we noted

(a) (b) (c)

FIG. 1. (a) The presence of a point-like quasiparticle in
the bulk (solid torus) induces a fractional flux on the spatial
boundary ¥ (torus). (b) The presence of a quasivortex line
in the bulk twists the boundary conditions of the surface the-
ory. Here and in (c), the bulk is presented as a filled cylinder
where the top and the bottom of the cylinder are identified.
The shaded surface is a sheet of the branch cut which em-
anates from the quasivortex, and intersects with the spatial
boundary (depicted by a wavy line). The surface excitations
experience a twisted boundary condition as they go through
the branch cut. (c) Similar to (b), a bulk quasivortex, which
creates a branch cut on the surface which now goes along a
different cycle of the surface, is depicted.

the flux °1%9;a; is independent of z1. Using Stokes’

theorem, and substituting a; = 9;¢,

2T
j(lgdyaygz) = f?’lg. (71)

Hence introducing a quasivortex (quasivortices) along the
non-contractible loop in the bulk corresponds to intro-
ducing winding of the scalar boson on the surface.

One may wish to develop a similar argument for a
quasivortex (quasivortices) stretching in the y-direction.
(Fig. 1 (c)). It should however be noted that once we
fix our geometry as above (Fig. 1 (b)), loops running
in the y-direction are contractible in the bulk. In other
words, if one constructs a solid torus by filling “inside” of
a two-dimensional torus, one needs to specify one of non-
contractible cycles on the two-dimensional torus, such
that after filling, this cycle now is contractible in the
sold torus.

B. The surface theory and quantization

We now proceed to the canonical quantization of the
surface theory. We start from the surface Lagrangian
density

K
L= %(eijaiCj)(at@)

- L(Gz‘jaz'Cj)Q

1 ..
G900 0 9
2 2)\2G 81908]‘)0 (7 )

The boson field ¢ is compact and satisfy

Y =@+ 2m. (73)



ILe., physical observables are made of bosonic exponents

exp[ime(t,r)], m€Z, (74)

and the derivative of the boson fields (current operators).
The winding number of ¢ is quantized, in the absence of
bulk quasiparticles, according to

]{dxi i =2t N;, N; €7, (75)

where 7 = 1,2 and 7 is not summed on the right hand
side. On the other hand, the gauge field (; is compact,
meaning that physical observables are Wilson loops,

expim/ dz'¢i(t,r), meZ, (76)
c

where C is a closed loop on 8% = T?2. The flux associated
to (; is quantized, in the absence of bulk quasiparticles,
according to

/dl‘dy Gijaicj‘ = 27TNO (77)

where Ny is an integer. The canonical commutation re-
lation is

(ol sG] = S0P =) (79)

In the following, we fix A; and A\s according to

(2m)? _
K2 s

(79)

This choice is convenient since it gives rise to the same en-
ergy dispersion as the compactified free boson discussed
in the previous section.

To proceed, we consider the mode expansion of the
fields. The equations of motion are

-K
—€;;0:0:(; +

1 ..
—G9,0;0 =0,
2T )\2 the

-K 1
;elkalatgo + xﬁlkal(eijaigj) =0. (80)

The mode expansion consistent with the equations of mo-
tion are

ﬂ)—a+§ﬁ+@ﬂ

/R1R2 \/ 2K2)\1 Z 1/2

[a(k) zkr+a (k) +ik- r]7
Q5 Bo
27TRj 27TR1R2

1 [a —1 .
+ %R1R2 87{'2 g w(k)3/2 EJmG kl

X [a(k)eiik" + aT(k)er"] , (81)

G(r) =

x5j72
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where the eigenvalues of 5y and f; 2 describes the flux
(associated with the gauge field a in the bulk), and the
winding of the ¢ field, respectively. The quantization
conditions of these variables will be discussed momen-
tarily. Reflecting the compact nature of the ¢ and (;
fields, the zero modes are compact variable o), =, 427
(b = 0,1,2); For «p, the compactification condition
comes from the fact that physical observables are given
as bosonic exponents (74). Similarly, for aq 2, that phys-
ical observables are given in terms of Wilson loops (76),
and that these Wilson loop operators must be invariant
under large gauge transformations imposes the compact-
ification condition, a2 = a2 + 27.

From the commutator [p(t,r), €;;0;¢;(t,r')], we read off

[a(k), a’ (K)] = G,

[0, Bo] = 2m 1

K 21 (82)

From the compactification condition ag = ag + 27, Fy is
quantized according to

My
BO - ?,

My € Z. (83)
This quantization condition translates into
27 M
[ dstyesog =220, (84)

Compared with the quantization condition (77), the flux
is now quantized in the fractional unit. We will separate
My into its non-fractional and fractional parts as

My=KNog+n9, No€Z, nog=0,..., K—1, (85)

and write the quantization condition of 5y as
50 = No + Tlo/K (86)
The quantization condition of f; 2 can be discussed

similarly. From the commutator [p(t,r), €;;0;¢;(t,r")], we
infer

o

et 1), G (1)) = =20 (e = ¥), (87)

which implies

2mi 1
[B1, 2] = [B2, ] = K o (88)
One can choose, for example,
21 1
[/Bla OéQ] = 07 [/823 al] K 27_(_ (89)

This choice may be consistent with the previous consid-
eration from the bulk point of view, and in particular
with the comment below (71). ILe., this choice may cor-
respond to choosing which non-contractible loops on the
surface are contractible in the bulk, when forming a solid



torus starting from the two-dimensional torus by filling
its “inside”.

From the compactness of the gauge field (;, the zero
modes satisfy «; = «; + 27, which imposes the quantiza-
tion condition

M.
Bo=="2, M,€L. (90)
K
As before, we split My into the fractional and non-
fractional parts,

My =KNy+ny, No€Z, no=0,..., K—1. (91)
With this, the boson field obeys the twisted boundary

condition
o(t,z,y+27Rs) = o(t, z,y) + 27 (Ng + %) . (92)

While above consideration allows winding in the y-
direction but not in the z-direction, in computing the
partition functions of the surface theory in the next sec-
tion, we consider winding in both directions,

n
et w+2mRyy) = plt,2,y) + 27 (M + ).

K
na2
p(twy +2mRy) = plt,a,y) + 27 (N + 22 ), (93)
That is
Bi=1,2 = N1,2+n12/K. (94)

To summarize, in the presence of twisted boundary
conditions, the mode expansion of the fields are given by

R;
* e
VLR 10 Vew(k)
X [_a(k)efiw(k)tfik-r + aT(k)e+iw(k)t+ik'r} 7

No + no/K
€ij0iCi(t,r) = “onRiRy

i
R 8?;; ve(k)

% [a(k)e—iw(k)t—ik.r — af (k)i tortikr

31‘90@, r) =

)

(95)

The above consideration is somewhat analogous to the
quantization of the chiral boson theory that appears at
the edge of the (2+1)d Chern-Simons theory at level K.
The (141)d chiral boson theory defined on a spatial circle
of radius 27 is described by the Lagrangian density

c=Xo00, -

in 0.)9, (96)
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where ® is a single component boson theory compactified
as & = ® 4 27, and obeys the canonical commutation
relation [®(z),0,P(2")] = (2mi/K)d(x — z'). The zero
mode part of ®, defined by the mode expansion

@(t, JU) = (I)O — p(t + LE) +1 Z bneiin(t+z), (97)
n#0

satisfies [®g, p] = i/K. This then suggests the quantiza-
tion rule, p = (integer)/K, and the boundary condition
of the chiral boson field

27 (integer)

O(t,x +2m) = P(t,x) — X

(98)
Thus, the canonical quantization naturally leads to the
twisted boundary condition of the chiral boson field.

Quantization of the surface theory with the above
twisted boundary conditions gives the spectrum of lo-
cal as well as nonlocal (quasiparticles) excitations, which
obey untwisted and twisted boundary conditions, respec-
tively. Once we specify the boundary condition (with
some integer vector n,—g1,2), the theory is quantized
within one sector (labeled by the equivalence class [7i]
with the relation @ = i + KA where A is a vector with
integer entries) of the original spectrum. For this surface
theory, there are K3 sectors in this compactified theory
and is consistent with the K? ground states of single com-
ponent BF theory defined on T73.

C. The partition functions and modular
transformations

Now we compute the partition function (coupled to the
T3 metric):

Znoninz _ TI"H I:e—QTI'R()HIi| (99)

ngning

where Hpon,n, is the Hilbert space twisted by ng, n1, ns
fractional quantum numbers, and

Ry . Ry
H — H+ZR—OPI +i(ap +7)R70Py’

KQ)\l 472 9 s
H= [ dody —21 | ——(6;:0,¢C:)* + GY9;00;0| ,
/ dy ]2 |:K2>\%(E] Cj) J :|

P = /dxdy%(ﬁzmal@n)(ai@) (100)

The calculation of the partition function goes in paral-
lel with the calculation presented in the previous section
for the free boson theory. To see this, we note, from the
equation of motion,

KA\
€150, = ——

o (101)

up to a constant term. Thus, in terms of ¢, the Hamil-
tonian density and the commutation relation are given



by
= ;gj:)\; [(0r9)? + G 0,005
[p(t, 1), Op(t,r)] = %)Azf(s(?)(r —r). (102)
By introducing the rescaled field,
§=xy L (103)

7TK27'2 ~
Zromnz — ex { - N§
Z p 2r2 Ry 0
No,1,2€7%

+ 27T’L.T1KNO |:N1 + ﬂN2:| + 27TZ"}/KN()N2},

where we have introduced the notation

N, : =N, +n,/K. (106)
For the oscillator part, since the Hamiltonian is the same
as the oscillator part for the compact boson, the parti-
tion function is exactly the same as the free boson case
presented above. Thus we have

Zosc = 252:0Z82750

1 ? . Ry
H @[682,'782] (T’ R282> :

‘ UG -

(107)

The total partition function for each sector is Z™0"1"2 =

nonin
Z/non1 2Zosc~

Although the surface theory of the (3+1)d BF theory
resembles the compactified free boson discussed in the
previous section, these theories are physically different.

J
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the Hamiltonian and the commutation relation can be
made isomorphic to those of the free boson theory. The
compactification condition of the rescaled boson field is

r:Kq/ﬁ.
2

The partition function Z™°"1"2 can now be computed
from the partition function of the free boson theory. The
zero mode part of the partition function for each excita-
tion sector is obtained from Zy (Eq. (37)) by making re-
placement Ny — KNy+ng and N; — N;+n; /K (i = 1,2):

(104)

21‘27TR0R1 =

- 12
— %21 Ry [Nl n ,BNQ] _ T N2

Ry

(105)

(

For the compactified boson, the partition function is in-
variant under the S and 7 modular transformations: It
is anomaly-free and a well-defined theory on the (24 1)d
spacetime torus. On the other hand, for the surface the-
ory, the partition function for each sector is not modular
invariant and thus it is not a well-defined theory on the
(24+1)d torus. It should be regarded as the boundary the-
ory of a higher-dimensional topological phase. There are
K? sectors determined by three quantum number n0,1,2
and they form a complete basis under S and T" modular
transformations, as we will show now.

Under M transformation, quantum numbers are trans-
formed as

N+ % —N, — 32
M:qN+% = (N + 3 (108)
No+ R No+ R

To discuss Uj transformation, we use the Poisson re-
summation to rewrite the summation over Ny and Ny in
Zmomn2 and rewrite the zero-mode partition function as

Znoning _
K|
Na2,Mo1€Z
QWiTlK% %
2 K | K '

Let us introduce

My == KNj +nj My :=KN| +n}

-

TTo
— M
> |- i

~ e 2min 2min
N2] + 27miBNo My + L+ OMO}.

22rRyry [My = 1% 27r2RoRy -,
S0 N, - R
2 {K R Ro 2

< < (109)

(110)



Then, the partition function can be written as

S exp| -

Na,Mo,€Zny | €Lk

K|

Zmomne _

271'27'1K
|7[?

K—1
where >, =D ).
U] transformation,

From these expressions, under

(U{Z)nonﬂlz — Z ezgi ("0"/1"‘"1”6)2”6",1"2.
(112)

Combined with the M transformation, we can write down
the modular S and 7 matrices:

1 xi () ,
— - ngna—mnon
S"un; = I:(;nl,n;e (o 1),
/ = nOnl
ng,ng — 5no,n66n1,n15n2,n’26 K (113)

This result is consistent with previous works, Refs. 33 and
34, and also 36, where the action of the modular trans-
formations are calculated in the bulk. (See also other
related works: Refs. 35, 37-39.) In terms of the bulk
physics, the & matrix describes the braiding phase be-
tween particle and loop excitations, whereas the 7 ma-
trix encodes information related to (3 4+ 1)d analogue of
topological spins.®® (See also Refs. 35, 37-39.) The ex-
act agreement between the S and 7 matrices calculated
in the bulk and the boundary suggests there is one-to-
one correspondence, the bulk-boundary correspondence
n (3+1)d.

The computed S and 7 matrices (113) are expected to
be consistent with the algebraic relations in Eq. (27):
As in (141)d CFTs, together with the charge conju-
gation matrix C, S and T matrices should obey essen-
tially the same algebraic relations as Eq. (27). Assum-
ing the charge conjugation matrix is unity, C = 1, we
have checked, for the case of K = 2,3,4,5, the S and T
matrices satisfy all the above constraints except the last
equation in Eq. (27).

Before we leave this section, as we have done in the
previous section, it is instructive to dimensionally reduce
the partition functions of the surface theory of the (3+1)d
BF theory. For each given sector, after dimensional re-
duction, the partition function is given by

1 ng\ 2
Znom = E —mK (N + —)
POk exp{ T2 o
No,1€Z

2
—71'7'2K (N1 + %)

+2minK (No+ %) (M + %) b

779 K2
2r2 Ry | 7|2 |7]?

Ng [N =41V + 2niK BNz N +

13

~ 2127 RoTy [ ~ - 12 2mr2RyR
/2 272 / 0411
— —— = | Ny — vN. ] — = N2
|7_|2 |: 1 YiV2 R2 2
2wingng | 2mingn)
111
" o (1)

(

Here, we made a convenient choice \; = 1/K, i.e., 2r? =
K. This is the same as the character of the edge theory
of the (2+1)d Zk gauge theory in its topological phase.
The effective Lagrangian density of the edge CFT is by
1 = - - -
L= 4—8t<I>TK8w<I> —0,97V0,®, (115)
T
where K = Ko, and V is a symmetric and positive defi-
nite matrix that accounts for the interaction on the edge
and is non-universal. The characters defined in Eq. (114)
can be simplified as
1 1 s+ 2 _ 1 s+a— _1)2
Xab(T) = — Zqﬁ(Kﬁ- +Kt+b) gix (Ks+a—Kt—b)
(P 2
(116)

where @ = ng and b = n;. There are K? characters in
total. Under the S and 7 modular transformations, they
are transformed as

Xap(T +1) = e%”%”x o(7),

_ a b+b a
Xab(=1/7) = & Z Xap (T)e" 255 (117)
a’ b’
D. Entropy of the boundary theory
In this section, we compute the thermal entropy
St = 7= [Tl (118)

obtained from the partition functions of the boundary
theory discussed above. Here, ¥, is the partition function
in the sector labeled by a = (ng,n1,n2), and

1/T =27 Ry (119)
is the inverse temperature.

While St is defined for a system with a real (physi-
cal) boundary, it is expected to carry information on the
universal topological part of the entanglement entropy
(the topological entanglement entropy). The latter is de-
fined for the bulk system (the BF theory) defined on a
manifold without a physical boundary, and obtained by
integrating out (tracing over) a subregion B (compliment

to, say, subregion A).849°51



We are interested in the entropy St in the limit
Ri/Ry — oo and Ry/Ry — co. (We could also equiva-
lently take the limit with Ry and Rs exchanged, in which
case, we have to resum differently but the result would
be the same.) To evaluate the entropy in this limit, we
first make use of the S-modular transformation,®? and
write

d

St =% [TIn (Sixb(—1/7))] . (120)
In the above limit, only the identity charac-
ter gives rise to the dominant contribution,
limpg, /Ry—00, Ry /Ra—so0 Xa(T) = S%0(~1/7), as seen
from Eq. (111). Hence
d 0
ST| Ry JRo—00,R1 JRa—00 = 5 [T (Spx0)] - (121)

dr

Then using the modular & matrix computed in the pre-
vious section,

d 1
ST| R,/ Ro—00, Ry Ra—00 = T [Tln (KXOH

d
=-InK+ a7 [TInxo]. (122)

The first term is the subleading term, and identical
to the bulk topological entanglement entropy, although
St and the entanglement entropy are defined differently.
The second term is the extensive piece, which basically
corresponds to the entropy of the free boson and is the
usual leading order term. (When Sy is interpreted as
the entanglement entropy, the second term corresponds
to the area law term.)

IV. THE SURFACE THEORY OF THE (3+1)D
BF THEORY WITH THE © TERM

Recall that in the surface theory of the BF theory dis-
cussed in the previous section, there are three quantum
numbers My 1 2, which we wrote in terms of their non-
fractional and fractional parts as

M,=N,+2£  ;1=01,2.

e (123)

These quantum numbers in the surface theory can be
interpreted as arising from the presence of bulk quasi-
particles or quasi-vortices; Mj o represents the frac-
tional winding number of the ¢ field induced by a bulk
quaxi-vortex, whereas M represents a fractionalized flux
threading the surface induced by a bulk quasi-particle.

In this section, we consider the following “twist” of the
quantum number

My — QoM
MO—>M0+Q1 2 — Q2My

(124)
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in the surface theory of the BF theory, where (), o are
fixed integers, and we have introduced the notation

Q x M := Q1 Mz — Q2M. (125)
This twist can be induced by considering a modification
of the BF theory by introducing the © term (axion term).
In the next section, we will consider a similar twist to
discuss three-loop braiding statistics.

A. The BF theory with the ©-term in (341)d

We motivate the twist (124) by considering the fol-
lowing modification of the bulk BF theory by adding a
O-term:

K
Shuik = / [b/\da—psz/\a/\da
M |L2m 8w

—aNJdgp—bAJgl. (126)
In the second term (the-© term or axion term), p is a
parameter, specific value of which will be discussed later,
O is a non-dynamical background field, and we consider
an inhomogeneous but time-independent configuration of
©, which will be specified later. Compared to the stan-
dard form of the © term, ©da A da, we have done an
integration by part and put the derivative acting on ©.
Since the © field is non-dynamical, we will interpret the
presence of the © term as an introduction of a static
defect. In Ref. 53, a similar effective action has been
proposed to describe the thermal and gravitational re-
sponse of topological defects in superconducting topolog-
ical insulators.?” We also note that the BF theory with
the ©-term, ©da A da, has been proposed to describe
the fermonic and bosonic topological insulators. In Ref.
37, the BF theory with the © term was used to discuss
three-loop braiding processes.

To see the O-term induces the twist (124), we assume
the following configuration of the ©-field:

_ Gz Qay

= . 12
Ow.1.2) = F + 52 (127)

where (); o are fixed integers. From the equation of mo-
tion,

HVAp — Guv
€ oap = jhy s

v P .
0N, + 5 0,005a, = i,

y= (128)

By plugging the first equation into the second, these
equations of motion reduce to

K

21 5‘“’/\/’6)\(1/) = jtlfvuv

K HVAp p v Y

47r€ Ovbyrp = —27TK3V@qu + Jhp- (129)



In the presence of quasiparticle and quasivortex sources,
(65) and (69), the equations of motion integrated over
space are

K 3
o /dydz 501”81-%- = M,

K .
5 /d:vdz 502”@%— = Mo,
T

K ij 1%
- d3x e 9;by = —RQiMi + No, (130)
where M, 2, Ng € Z and we noted
0; @/d3quv = x (2nR;) = 27Q;M;  (131)

(7 is not summed over).
using Stokes’ theorem,

2T
/dyayga = fNQ,

2
/dxamcp = %Nl,

2 2
/d2l' eij@(j = %N 7Tp (Q N)

These can be reduced to, by

(132)

where M7 = —Ns and My = N;. Hence, upon choosing
p = 1, in the presence of the defect field ©, the quantum
number Ny in the surface theory is “twisted” as in Eq.
(124).

We observe that the following action

K
Shok = /d49: Ee“”)‘paybwa”

a,0,0 — a,,au@)}
(133)

. vl p
_jgpall - ]51) 5 |:bl“’ - ﬁ(

shares the same equations of motion, Eq. (129), as the BF
theory with © terms, (126). Hence, the boundary theory
derived from S; ;. has the same quantization rules of the
zero modes as the boundary theory of Spyx. In the next
section, we will consider the boundary theory derived
from S; .., and its partition functions.

To contrast the two theories Sy, and Sy, we note,
in Sy, that the coupling to the currents are “normal”
while the commutators are “abnormal”, in the sense that
the commutators among fields a, b are modified due to the
presence of the theta term. On the other hand, in S ;,,
the commutators are normal (the same as the ordinary
BF theory) while the coupling to the current is “abnor-
mal”. (Since that the commutators are the same as the
ordinary BF theory, S}, and the corresponding bound-
ary theory can be analyzed in a complete parallel with
the BF theory — a practical reason why we will consider
on S} ;.. in the following — expect for the zero mode part.)

In spite of these differences, these theories lead to the
same quantization conditions (the same “lattice” of quan-
tum numbers) of zero modes. To see how this is possible,
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we note that the quantization rule of the zero modes are
determined both by (a) the canonical commutation rela-
tions and (b) the compactification conditions. The com-
pactification condition is determined by declaring physi-
cally observable Wilson loop operators. This in term is
determined from the coupling of the theory to the cur-
rent. Therefore, in the original theory, (a) is abnormal
but (b) is normal. In the modified theory, (a) is normal
but (b) is abnormal. In the next section, we demonstrate
this by deriving the quantization conditions (132), de-
rived from the bulk point of view here, in terms of the
boundary theory of S; ;.. In Appendix A, we quantize
the boundary theory of the original theory, Spyux, to de-
rive the quantization rule (132).

B. The surface theory and partition functions
1. The compactification conditions and quantization rules

We now proceed to consider the surface theory of the
bulk theory (133). Without sources, the surface theory is
described by the same Lagrangian density as the surface
of the BF theory, (72), and hence has the same canonical
commutation relations. This immediately means that the
oscillator part of the surface theory can be treated in
exactly the same as before. On the other hand, reflecting
the abnormal coupling of the gauge fields to the currents
in the bulk action S} ., the compactification conditions
of the boundary fields ¢ and { are modified, as we will
now discuss.

As we noted earlier, the coupling to the current can
be written, e.g., [ d*z j a, = ¢, a. Thus, introducing a
proper current corresponds to introducing a Wilson loop.
If we now consider a Wilson line L that is spatial, and
that ends at the boundary,

/La=/Ld<p=/aL<p=s0(3L)

where we noted JL is a point, and we have used the
solution to the Gauss law constraint, a, = Ju¢ (a =
1,2,3). Thus,

(134)

exp im /L a = exp [imp(OL)] (135)

This means that ¢ is compactified with the radius 2.
Let us repeat the same exercise for the coupling to the
quasivortex current:

/d4quv = b — o K(a,ﬁ 0 - a,,@,&))

/S[b— QWKQ/\d@},

where S is the world surface of a quasivortex (quasivor-
tices). In the presence of a boundary and using b = d(,

(136)



this is evaluated as

:/S[dgf%%dcp/\d@} :/as (¢ gocend®]
(137)

where the boundary of the world sheet is on the surface.
We thus have a Wilson line on the surface:

expim/as [C — %g@/\d@}

We now consider the case where 0S is along the z- or
y- cycles. Recalling the mode expansion Eq. (81), and
noting (p/27K) [, »d©® = (p/K)agQ; the zero modes
enter into the integral [ [¢ — 52z ¢ A dO] through the
following combinations

(138)

oy — %Qlam g — %Qzao- (139)

Together with ag, the following three linear combina-
tions

vpoy, a=0,1,2 (140)

n
are angular variables, where

v’ = (1,0,0)7,
T T
vl = <p§1,1,0> . v = (13%,0, 1) . (141)

Noting the commutation relations among zero modes,

i
[0, B0] = [a1, =] = [av2, B1] = e (142)
we consider the linear combinations
wgB,tm B: (/8077ﬂ27ﬂl)7 a:071727 (143>
where w® are translation vectors reciprocal to v*:
whol, = 6. (144)
Explicitly, they are given by
pQ1 pQ
wy = (1K1K1> . wy = (0,1,0), wy = (0,0,1).
(145)

Then, in the “rotated” basis, the commutation relation
takes the following canonical form:

a

v v oa i a
[V o, wy By] = —vhwy = E(Sb' (146)

K

Due to the compacticity of vja,, w,’)’Bl, takes on values

~ 1
wy B = = X My, (147)

K Mmp=1,2,3 € Z.
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Inverting this relation,

= 1
By = Euﬁma, upwh = 68 (148)
where
Upg = (15070)Ta
T T
w = < %Ql,m)  up = < 1;)522,(),1) . (149)

Renaming the integers as mg — Ng, m; — —Ns, and
ms — N1, Eq. (148) is nothing but the quantization rule
(132).

2. The partition functions

With the twist (124), we can now write down the zero
mode partition function. Let us recall the partition func-
tion of the BF surface without the theta term, Zmom1"2,
defined in Eq. (105). For later use, we write Z™"1"2 ag

Z Jx (Mo, M;)
No,1,2€7%

> fx (KN +no, KN; + 1),
No,1,2€7Z

Znmomin: _

(150)

where fx is defined by the summand in Eq. (105), and
recall M,, = KN, +n,. We will call the partition function

resulting from the twist Zgggllnz. It is given by

x M
Zyer = > fx (KNo tro+ LM w4 n) :

K
No,1,2€7%
(151)
To proceed, we write
Qi =KR;+r; = K2Ri + Ks; + 7, (152)

where new integers N;, R;, R; and Zg variables t;, s;,7;
are introduced. In the following, we will show that the
zero mode partition function depends on @Q); only through
r;, and hence can be denoted as Z9"1"2, and that the
partition function can be written as

noning _ nonin2
z =Y x ,

T1T2
t1,2€ZK

(153)

where we have introduced

n,:=ng+sxn+rxt modK,
fig := Kng + (r x n)
n1 ::Kt1+n1
ng = Kitg 4+ na,

(154)



(i.e., ng = (no+s xn+7rxt)%K) and X072 j5 defined
by

X o . Z fx (KAO + %,KQNZ' + ’FLi) .
Ao,NLQGZ
(155)

To show Eq. (153), we start by writing the partition
function in terms of variables introduced in Eq. (152):

2. 2

No,N1,2€7Zt1,2€Z

Znon1n27 —
Qi=K2R;+Ks;+7;

x M -
X fx <KNO +ng + @ < JK2N; + Kt + n) . (156)
By further introducing
ag=ng+sxn+rxt,
Ag=No+(KR+s)x N+ Rxn+rxN, (157)
and noting the equality
M
KNy +np + 2 :KA0+a0+T;<<n (158)
Then,
ZgziI;;RH'KSrFT@ - Z Z
N07N1,2EZ tl,QGZK
« fx (KAO fag+ - ;”,KQNZ- LKt + n> . (159)

We now fix t1 2 and consider

nonlngltltz _ 2 :
Qi=K2R;+Ks;+r;
No,N1,2€Z

X _
x fx <KA0 +ao+ % K2N, + Kt; + n) . (160)

Note that once ¢; o are fixed, a is fixed. Converting the
summation over Ny to a summation over Ag,

X"On177f2lt1t2 —
Qi=K2R; +Ks;+7; Z
Ao,N1,2€7Z

rXn

X fK (KAO + ap + ,KZNZ‘ + Ktl + nl> . (161)
Note that the s and ny dependence of the right hand
side comes only from ag. Also, after converting the sum
DN, — 2_a,» the R; dependence is gone. So, we write

noninz,tits : agninag,tits
XQ¢:K2RZ-+K51+T¢ simply as X! . Observe that
Xn0n1n2lt1t2
Qi=K2R;+Ks;+7; o
parameters, ng.1,2,%1,2, 51,2, 71,2 After the reorganization
we have just done, we lost s7 2, and we now only have
six Zk parameters, n1,2,%1,2,71,2 and ag. While ag is not

Zy-valued, we can shift ag such that

appears to depend on nine Zgk-valued

ag = K x (integer) + [ag) (162)
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where the second term takes values 0,...K — 1. Then,

X[ao]nlnzﬂfltz — E
T17T2
Ao,N1,2€Z

X fx (KAO‘F[GO]‘FTXH

(163)

Observing that Xl'fcr’]znlnz’tltz depends on [ag],n1,2,t12
only through 7 1,2 defined in Eq. (163), rewriting Eq.
(163) in terms of mg 1,2 completes the derivation of Eq.
(153).

8. Modular transformations

We now discuss the modular properties of the partition
functions. Under the U, transformation, the zero-mode
partition functions are transformed according to

. _2mis = .
(U2X)n0n1n2 =e K2 noannonﬂLQ.

(164)
On the other hand, under the U] transformation, the

partition functions are transformed as

(U{X)T_L()’Fll_z — 1 Z eiﬂ; (ﬁoﬁ/l“l'ﬁlﬁ())Xﬁé)ﬁIlﬁZ
2
7K

! =
70,1:T0,1

(165)

where 71, = Kn{, + rine — rhnf.

Observe that, upon the U] transformation, partition
functions with new parameters | and r) generated.
Since r; and ro are the given quantum numbers from
the © term, the action of modular transformations is not
closed.

V. COUPLING TWO BF THEORIES -
THREE-LOOP BRAIDING STATISTICS

In the twist (124), the integers Q2 are fixed and
treated as a background. lL.e., © is a non-dynamical field.
We have seen that the surface partition functions do not
form a complete basis under modular transformations.
To circumvent this issue, one may consider to treat ¢
and @2 as dynamical variables, which may come from
another copy of the BF theory. In this section, we will
discuss two copies of the BF surface theories which are
coupled via cubic terms.

Let us start from two decoupled copies of the BF sur-
face theories. Let My 1,2 and Qo,1,2 label different twisted
sectors of the first and second copy, respectively. We con-
sider to twist these quantum numbers by

QxM
K )
M xQ

Qo — Qo+ K

My — My +

(166)



Here, unlike Eq. (124), both M and @ are dynamical
variables.

In the next section, we start by introducing an (3+1)d
bulk field theory, Eq. (167), or its alternative form (173),
which realizes precisely the twist (166). We will analyze
the modular properties of the resulting zero mode parti-
tion functions at the surface. The oscillator part of the
partition function is simply given by the partition func-
tion of the two decoupled copies of free boson theories.
By computing the S and 7 matrices acting on the zero
mode partitions, we argue that the action (167) realizes
three loop braiding statistics. While we were finalizing
the draft, a preprint 54 appeared where the similar bulk
actions were discussed and conjectured to realize three-
loop braiding statistics.

A. The bulk field theory

a. The cubic theory Let us motivate the twist (166).
We propose to work with the following bulk action:

K
Shulk = / [611171 A da?
M 27T

+4p—1a A a® A da? +4p—2a Aat Adal
_6[Jb /\qu—éua /\Jqp (167)

where I,J = 1,2 and py,2 are, as the level K, constant
parameters of the theory. Similar action has been dis-
cussed in Ref. 55-57. The equations of motion are

K

—da —J;v,
2—db1 5a” A da?

_QPTZ a?® A dat +4 da®> Na' =T,
%de o 2 a' Adal

_21)71@ A da? +4—da A a? —Jgp (168)

As in our previous discussion in the BF theory with
and without the theta term, let us consider a fixed, static
quasiparticle and quasivortex configuration and integrate
the equation of motion over space. By solving the first
equation of motion as a’ = (27/K)(d~'J],), plugging the
solution to the second and the third equations of motion,
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and integrating over space,

1 -1 72 2
27r/d & L@z,

—1 72 1 1
+ﬁ (d™Jg) N J gy + /Jqp,

K 2 P2 171 1
—/Zdb - L@ na g,

2
Y (@ *IJ;v)AJ§U+/J§p, (169)

K2

where note that in the static configurations considered
here, J,, is a delta function one form supporting a spatial
loop, whereas Jg, is a delta function three form support-
ing a spatial point. Correspondingly, d’quv is a delta
function 0 form supporting a three dimensional manifold.
The contributions to fz db! is coming from quasivortex
loops, [s,(d~JL AT,

qv» are given in terms of their linking
number.

Considering now the specific geometry ¥ = D? x S*
with the boundary (surface) 9% = T2, we can derive
the quantization rule of the zero modes of the bound-
ary fields. Using the Gauss law constraint to write the
boundary conditions in terms of ¢! and ¢/, the bulk equa-
tions of motion translate in to

K K
*/ do' = M;, */ de* = Qi
2 S% 2m Si1

K P2

— ¢t — == dp? A dpt = M,

o . C A2 /62 ¥ ® 05

K P

ool N S / dp' Nd® =Qo.  (170)
P ox

With p; = p2 = K, these correspond precisely to the
twist (166).

Note that if we naively gauge transform as b’ — b! +
d¢!' and a! — a + dp!, we find that the theory is not
gauge invariant. Moreover these gauge transformations
are not generated by Gauss constraints. We propose the
following alternative gauge transformations:

bt vt =bt +dct — (a* Ndp' +dp* Ana),
7TK

2 2 32 ! 1 2 1 2

b — b2 = 0% +d¢? —QWK(a Adp® +do' Na?),

al = al =a' +dy. (171)

Therefore the action with cubic terms in Eq. (167) is
gauge invariant. On the other hand, as for the coupling
to the sources, by demanding the gauge invariance, we
can read off the conserved currents, which are modified
due to the presence of the cubic terms and the modified
gauge transformations.

On an open manifold, the action picks up a gauge
anomaly on the boundary under these gauge transfor-



mations

Spuik[b', a'] = Spuik[b, a]

K
+ — (S]JdCI Aa’
21 Jom
1
—|——2/ (p1d<p1/\dg02/\a2+p2d<p2/\dg01/\a1).
47 OM
(172)

This anomaly then must be compensated by an appro-
priate boundary field theory.

b. The alternative quadratic theory Instead of tack-
ling the cubic theory (167) and the corresponding surface
theory, as in our discussion in the BF theory with theta
term, we consider an alternative form of the theory. We
note that the equations of motion (168) can be derived
from the following alternative action:

K
Shutr = 7/51Jb1 Ada’ — /5IJaJ A Jqlp
1 P2 1
- [ e e n

_ 2 P1 2
/{b +2 K /\a}/\JqU.

Unlike Sy, this theory is quadratic. Integrating over
a’ and b’, one obtains the effective action of the currents

(173)

/D[al,bl]eiséulk = eiSess (174)
where
2m _
Sess == [ (@ T0) AT
or\®
+ (K> pl/(d*IJ;v)A(dfngv)Aij
21\ ?
() » [z n@t ) a g o

The first term in the effective action describes, as in the
ordinary BF theory, the quasparticle-quasivortex braid-
ing statistics while the second and third terms include
interactions among three quasivortex lines.

From the coupling to the currents, we read off the Wil-
son loop and Wilson surface operators in the theory:

. I . L
exp {zm/La }, expm/ [b 27TKa Aa }, (176)

where n and m are integers, L and S are arbitrary closed
loop and surfaces, respectively, and we introduced the
notation 1 = 2 and 2 = 1, and the repeated capital Ro-
man indices are not summer over here. These operators
(or rather their exponents) satisfy

[fc al, [ BJ] =
2ZpJ

[fs B, fS/ BJ} - TR

27”5”1(0 S),

- 2ip;
1J J J
0 fs#s' a’ + K2

(177)

(5ij5#3/ G,J,
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where

B =b + Lol ndl, (178)

2 K
and as before the repeated capital Roman indices are not
summed over. Note also the triple commutator among
s B! is computed as

[[Js B S5 B7] J5 B¥]

47p 7 JoF T
:K—g‘](é”(i”(fé”é”() I(S#5',5").

To make a comparison between the cubic and quadratic
theories, in the cubic theory, the canonical commutation
relations differ from the ordinary BF theory, while they
remain the same in the quadratic theory. In fact, in the
cubic theory, the commutator among fields generates an-
other field, [b, b] ~ a, schematically. On the other hand,
the set of Wilson loop and surface operators in the cubic
theory is conventional (i.e., identical to the ordinary BF
theory) while it is modified in the quadratic theory as in
(176). In spite of these differences, the algebra of Wilson
loop and surface operators of the two theories appear to
be identical. Therefore, we argue that the two theories
are equivalent. In the following, we will proceed with the
quadratic theory.

c. the quantization rule of the zero modes We now
derive the compactification condition of the boundary
fields from Eq.(176). In the presence of a boundary and
using b! = d¢! and a! = dy!, the surface operators re-
duce to

(179)

expzm/ d§ + dcp /\dgp}

— expim [c +2 e /\dgo} (180)

a5
where the boundary of the world sheet is on the surface.
We now consider the case where 05 is along the x- or y-
cycles on the surface. Recalling the mode expansion

Blz | By
gpl(r):aé—i—ﬁ%%-%z—f-
I
Cj( ) % 50 335]‘72 + -, (181)

27TR 27TR1 RQ

the zero modes enter into the integral faS[CI +
(p7/27K)! A dp'] through the combinations

PI 15[ (182)
We thus conclude
vi“ai, viaai, (183)
are angular variables, where
= (17 O? O)T7
= (prB1/K, L,O)T, 0™ = (prf3/K,0,1)". (184)



The rest of the discussion is essentially identical to the
analysis made in Sec. IV B 1. We recall the commutation
relations among zero modes

i
[O‘(I),ﬂ({] - [O‘{v *65] - [Oévﬁél] = Eélb (185>
the following linear combinations of the zero modes are

integer-valued

Kwi B} =my, mj €, (186)
where
w! =(0,1,0), wi=1(0,0,1). (187)

Inverting this relation, the eigenvalues are given by

KB = Mo — 22(Q x M),

Kp = Mo, Kﬁzl = —M,

Kf5 = Qo — ( X Q),

Kf; = Q2, Kﬂz = —Q, (188)

where M,, and @, are integers.

B. The surface partition functions

With the twist (166), the two copies of the surface
theories are coupled together. The partition functions
are given by

ZNon1Ng FroTIT?
T172 ninz

(189)
where, as before, we decompose the quantum numbers as

M, = KN, +ng,,
Qu=KR, +r,,

n,=0,1,....K—1, N,€Z,
r,=0,1,.... K—-1, R, €Z,
(190)

and noted, following the discussion in Sec. IV B2, the
partition functions depend only on the fractional parts
of M,,/K and @Q,/K. Following Sec. IV B2 further, we
can write the partition functions as

Znoning Frorits Z Xﬁﬂﬁl'ﬁQX'FOFl'FZ (191)
T1r2 ninz )
t1,2,51,2€ZK
where
ny:=ng+sxn+rxt modK,
Ip:=ro+txr+nxs modK,
no = Kng + (1 x n) 7o =Krg+ (nx 1)
n1 = Kt1 +nq r=Ks +rm
no = Ktg + no 7o = Ksg + 19
(192)
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Under the Us; transformation, the
XMomiTi2 XToT1T2 ig invariant up to a phase,

product

(UQX)ﬁoﬁlﬂg (U2X)Fo771772

I (Rona+7or1) — 35 (rinz—r2n1)(n1 — 1) X RoRfiz Y ToT172

= e ?
(193)
where we have introduced
g = Dy — r2t1 + res; mod K,
To =g + nat1 — nos; mod K. (194)

For the above equation, if we write down the phase in
terms of ng and 7, it will be independent of ¢; and s;.
In other words, for two different X o717z X7oT1T2 if they
have the same ng, 79, n1, 71, N2 and ro, the phases they
acquire under the Us transformation are the same. This
motivates us to combine these partition functions and
define, for fixed ng, 7y € Zx,

Moning __
X”‘O”'l"”Q

nonine Yy ToT172
- Xomnz yToriTs
t1,2,81,2€ZK

(195)

where the sum is taken over all quartets (¢12,51,2) giv-
ing rise to given fg, 7g. Observe that X™0™172 ig labeled
by two Zg x Zk-valued quantum numbers, and one Zg-
valued quantum number. On the other hand, x;9"}"*
depends on six Zyg X Zg-valued indices. There are K°
sectors. From Eq. (193), it is straightforward to read off

the transformation of x under the U, transformation:

(UaX)somia?
—e” 224 (figny +For1)— 27” Zr(ring—rani)(ni—r1) :}(;)77’7;17"22' (196)
As for the U] transformation, the product
XMofin2 XToT1T2 transforms under U as
(U{X)ﬁoﬁlﬁz (U]{X)FOF1F2
— 21K4 Z 62'0 nHALTHT Xn{)ﬁ ﬁzXfE)Fllfg (197)
|T| n6,1:70,1 €2k
where the phase 6 is given by
eﬁ/ I F(')'F' - 27T7_‘LQT_LI1 2’/T7_117_l6 27Tfo77/1 2’/T7717:6
K2 K2 K2 K2
27, ~/ ~ ~/
= ?(ngnl + ngny + Tory + ToT1)
2 /
Kg [(7' x n)(ny — 1)
+ (ring — renf)(ny — 7"1)}. (198)

To derive this result, we note that ny and ro are invariant

under the U] transformation. As in our previous discus-

sion on the Uj transformation, it is crucial to observe that
iy .

the phase §"0"170™ is independent of ¢ 2,51 2. We are



nlarhn? ‘ TL17T1,T2 ‘ 7’1,7“1,712)‘(71/1,71,1;7“2)

27Tn2n1r1 ‘ 27rr2n1r1 ‘ 47rn2'r1r1 _47rr2n’1n1
K2 K2
TABLE I. The braiding statistical phases (the second line)

for the braiding processes between loop a and loop b with
base loop ¢ linking both of them (denoted by (a,b;c) in the
first line). Here, a, b and ¢ are the quantum numbers for loop
excitations.

thus led to consider the partition functions X:“Jrnlr';"‘ de-

fined in Eq. (195), which transform, under the U7 trans-
formation, as
iR

ToT17T2

1 ewag)n'mg '1
SR,

g1 257071 2

ngniny
XF(’)T' ) 6"1 RO 57‘1 \Th

(199)

Summarizing, the modular § and 7 matrices are given
by

1 233 (7

Snu,nil,ru,ril — ﬁé‘nhnééﬁ,’rée_ iq n0n2—ﬁ0n3+ﬂ)r2—?ori)
e~ ?("; [(nl+7‘1)(n2r/1+n/17‘2)—2n2n'17"1—2n17"27‘1]
ﬁlu,nL,ru,rL = 6nu,nL6r“,r:L
% ezg" (ﬁ0n1+7:07‘1)+§<"2i (T1n2*T2ﬂ1)(7’L1*T1).

(200)

where n, = (fg,n1,n2). Observe that a quick way to
obtain this three loop braiding phase is to replace ng —
no + (r x n)/K, ro = ro + (n x r)/K, in the S and T
matrices for the surface of the BF theory (Eq. (113)).

The first exponential in the §  matrix,
e2mi(figna—-)/K = and the first term in Eq. (198)
represents the particle-loop braiding phase, which
exists also in the ordinary BF theory. On the
other hand, the second exponential in the S ma-
trix, e 2mil(mtr)(nari+nir)—-1/K*  anq the second
term in Eq. (198) describes a topological invariant
which can be considered as the higher dimensional
generalization of the linking number of closed lines (in
three dimensions), and is also related with the three-loop
braiding process.?* 37 More precisely, from the second
term in Eq. (198), one can extract three-loop braid-
ing statistical phases. For example, the phase factor
e2mirnant /K ncluded in Eq. (198) can be interpreted
as the three-loop braiding statistical phases associated
to two loops running in the z-direction with quantum
numbers r; and nj in the presence of a base loop
running in the y-direction with quantum number ng
(Table I). The three-loop braiding statistics encoded
in the S-matrix can be further understood through
dimensional reduction discussed below.

As for the 7 matrix, the first phase factor
e2mi(oni+70m1)/K ig proposed to be the topological spin
for the composite particle-loop excitations in the BF

)
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(nh, rism2) | (04, ris )| (P, rasme) | (il masre)

27Tq2n2n’1r1 27rq1'r2n'1'r1 47rq1n27‘i'r1 4dmqaraning
K2 K2 - K2 B K2
TABLE II. Same as Table I, but for generic values of the

parameter q12 =0,1,2,... , K — 1.

theory. On the other hand, the second phase factor
e2mi(rina—ram)(mi—r1)/K* can he considered as the topo-
logical spin for the loop excitations with a base loop
threading through it. For instance, e2™rim2mi/K* pep.
resents the topological spin for the loop excitation with
quantum number (71, n1) threaded by the loop excitation
carrying quantum number ns.

These results extracted from the boundary S and T
matrices, (200), are consistent with the previous bulk
calculations in the literature.>* 37 In particular, in Ref.
34 the § and 7 matrices in the bulk are calculated in
the basis that is constructed from the so-called minimum
entropy states (MESs) on the bulk spatial three torus. In
Ref. 36, the bulk § and 7 matrices were constructed for
ZN, X Zn, X Zn, gauge theories.

Several comments are in order:

(i) The entropy St computed from these characters
and the modular § matrix shows, in the limit Ry /Ry —
oo and Rj/Rs — oo, the asymptotic behavior Sp =
—2InK + - - -, where --- is the term proportional to the
area of the surface. Le., the constant piece in the (entan-
glement) entropy is the same as the two decoupled copies
of the BF theories.

(ii) For (3 + 1)d topological phases (gauge theories)
with Zx X Zk gauge symmetry, we expect there are
(at least) K? different topological phases that are differ-
entiated by their three-loop braiding statistical phases.
This is expected from the group cohomology classification
(construction) of SPT phases; from H*[Zx x Zx,U(1)] =
Zy x Zk, we expect there are at least K? different SPT
phases in (3+1)d protected by unitary on-site symmetry
G = Zk X Zk. Once the global symmetry is gauged,
these different SPT phases give rise to K? different topo-
logically ordered phases which are differentiated by the
three-loop braiding phases.?®** The model we studied in
this section, the two copies of coupled BF surface theo-
ries, corresponds to the surface theory of one of the K2
topological phases. The surface theories of all the other
topological phases can be obtained by tuning the coeffi-
cient in the coupling terms. In our model, the coefficient
p1 and ps in front of the cubic terms are chosen to be
K. In general, they can take value q1K and q2K with
a2 = 0,1,...,K — 130 which will lead to K? different
topological phases with different S and 7 matrices. The
three-loop braiding phases will be slightly modified and
are shown in Table II, which are consistent with Ref. 35.

Observe also that for G = Zk, H*[Zx,U(1)] = 0, i.e.,
there is no non-trivial SPT phase protected by G = Zk
symmetry. Hence, there is essentially only one topologi-
cally ordered phase with Zgk gauge group, whose surface



is described by the one-component surface theory studied
in Sec. II1. On the other hand, the two-component surface
theory studied in this section allows richer possibilities.

(ili) An insight on the three-loop braiding statistics
phase can be obtained from dimensional reduction. For
the trivial two-component BF theory, there is only a non-
trivial particle and loop braiding phase described in Eq.
(113). This model, after dimensional reduction, reduces
to the D(Zk x Zk) quantum double model with the K-
matrix given by Ko, @ Ko,.

For the topological phase with non-trivial three-loop
braiding statistics phase, the dimensional reduction is
more interesting. Here, we consider the simplest non-
trivial example with K = 2. We perform dimensional re-
duction on U7 and T defined in Eq. (199) and Eq. (200).
When we do so, we need to fix the quantum numbers
ny and ro. For example, if we take no = 0 and ro = 0,
i.e., there is no third loop connecting the first and second
loops, the S and T matrices after dimensional reduction
are the same as those for the two copies of the toric code
model.

On the other hand, if we take no = 1 and ro = 1, the
dimensional reduction results in the & and 7 matrices
given by

Snéﬂ“'v _ 1 mi(non)+ngnitror;+ryri)+mi(ri—ni)(nf—ry)
Mg,y 4 9
o . 2
NG Ty mi(noni+rori)— 5 (n1—ry1)
7;%:777*&7 = 57’11‘, gém,r;e 2 : (201)

This indicates that the (2+1)d topological order de-
scribed by the K-matrix

2 2 =2

K = (202)

SO N O O

0 0
-2 0 2
0 0 2
By an SL(2,7Z) similarity transformation, this K-matrix
is equivalent to K = 20, & 20,, which represents two
copies of the double semion model.

Similarly, if we choose (n2,72) = (1,0) and (0, 1), the
corresponding (2 + 1)d topological order is described by
the K-matrix

0 2 -10

K — 2 0 0 O ’ (203)
-10 2 2
00 2 0

and

2 2 -10

K — 2 0 0 O , (204)
-10 0 2
00 2 0

respectively. To summarize, after dimensional reduction,
the original (3 + 1)d topological order with non-trivial
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three-loop braiding statistics “splits” into four differ-
ent (2 + 1)d topological order, which are controlled by
the quantum numbers ny and ro. This result seems to
be related with the group cohomology classification of
symmetry-protected topological (SPT) phases in (2+1)d
with G = Zy X Zy symmetry, i.e., H3[Zy X Zy,U(1)] =
ZQ X ZQ.

VI. DISCUSSION

Let us summarize our main results.

— In the (3+1)d BF theory, we have demonstrated,
through explicit calculations in the boundary field theo-
ries and by comparisons with known bulk results, there
is a bulk-boundary correspondence in (3+1)d topological
phases. In particular the modular S and T matrices are
calculated from the gapless boundary field theory and
shown to match with the bulk results.

— The surface theory of the (3+1)d BF theory with
the theta term is introduced and solved. The action of
the modular § and 7 transformations on the partition
functions is calculated. It is shown that the partition
functions do not form the complete basis under the mod-
ular § and T transformations.

— Finally, we propose a (3+1)d bulk field theory
with cubic coupling that may realize three-loop braid-
ing statistics. We discuss the twist that the cubic term
of the field theory adds to the zero modes. By consider-
ing the alternative form of the bulk and boundary field
theories, in which the quantization rule of the zero modes
is twisted, we computed the surface partition functions,
and the S and T matrices are constructed.

These results extend the well-established bulk-
boundary correspondence in (2+1)d topological phases
and their (14+1)d edge theories. Our approach from the
surface field theories provide an alternative point of view
to (3+1)d topological phases, and to recently discussed,
novel braiding properties, such as three-loop braiding
statistics.

There are, however, still some aspects in the (2+1)d-
(141)d correspondence, which we do not know if have an
analogue in the (3+1)d-(2+1)d correspondence. For ex-
ample, in the case of the bulk-boundary correspondence
connecting (2+1)d topological phases and (141)d edge
theories, that the edge theories are invariant under an
infinite-dimensional algebra seems to play a significant
role: the Virasoro algebra or an extended chiral algebra
of (141)d CFTs faithfully mirrors bulk topological prop-
erties of (2+1)d bulk phases. On the practical side, that
edge theories enjoy an infinite-dimensional symmetry al-
gebra provides many non-trivial solvable examples. For
our example of (241)d surface theories of (3+1)d topo-
logical phases, on the other hand, we did not make use
of such infinite-dimensional symmetry. In fact, the sur-
face theories studied in this paper are not conformal field
theories. For example, the two-point correlation function
of the boson field (¢(t,r)p(t’',r')) in the free boson the-



ory in (2+41)d decays algebraically. This should be con-
trasted with the logarithmic decay of the corresponding
correlator in the (141)d compactified boson theory. As a
consequence, the correlation functions of the bosonic ex-
ponents explimd(t,r)] (m € Z) do not decay algebraically
in the (3+1)d free boson theory. Whether or not there
exists a unified field theory framework in (2+1)d field
theories that strongly resonates with topological proper-
ties of (34+1)d bulk topological phases requires further
investigations.
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Appendix A: The surface theory of the BF theory
with theta term

In this appendix, we go through canonical analysis of
the surface theory of the BF theory with theta term. It
is described by the Lagrangian density

K p
L= %eijﬁiCj + meij&-@@ap 8,5(,0

1 2_ L ijy o
7E(61]81<J) 727)\2(; 8ZQ08]90 (Al)

In this theory, physical observables are bosonic exponents
explimep(t,r)], and Wilson loops expim [, dz'(;(t,r),
where m € Z, and C is a closed loop. The boson field ¢
and gauge fields (; are compactified accordingly.

The canonical commutators are
-2

[EijaiCJ (tv F), 6lm,aZCm(ta rl)} - Kiqual@a;é@)(r — I’/)7

(ol €130 1,1)] = 0P = 1), (42)

The mode expansions consistent with the equations of
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motion are given by (only the oscillator parts are shown)

1 1,
t,r) = e’
wlts) V22N Ry R g VAK

% {aT(k)eiAJr(k)t _’_a(_k)eiA,(k)t} 7

A1 1 K.
530G (60) =\ c3m - D —Fe=C
€ij CJ( I’) 87T2R1R22 A(k)e

k£0
X {iAJr(k)aT(k)eiAJr(k)t—I—Z'A,(k)a(—k)eiA*(k)t )
(A3)
where
2 (2m) i1, N PN
D) = ooy g O kikis Bk = a3 i 0i0k;,
A(k)? = Z(k)* + A(k)?
_ L (@, P
- K?)\l ( AQ G + K2>\1H kaJ
A (k) = —E(k) + A(k), (A4)
where

i _ Q3/R3
—Q1Q2/R1 Ry
We now attempt to derive the zero mode quantization

rule solely from the surface theory. The canonical com-
muators among the zero modes are

— R R
QlQ%Q//Fz%l 2) (A5)

[, B] = iM,) (A6)
where
K 0 0 £ 00
M=|-pQ, 0 +K|, M '=|2& o -1
+p@:1 -K 0 pI?f % 0
(A7)

The commutators take a canonical form in the rotated
basis

B)\ = ﬁVMV)\ =

Thus, from the compactification condition on «,,, the

[O[M,B,\] :iéu,\. (AS)

eigenvalues of 3 are integers:

By =my € Z. (A9)
This means the eigenvalues of 3 are
Bu = BaM;,} = maM;/,
mo P ma —Mmiy
=—=+ = —= . (A10
(K +K2(m1Q1+m2Q2)’K’ K ) (A10)
Renaming integers by mo — ng, miy — —ns, ms — nq,
(™ _ P o2
(B, B, B2) = (3¢ — 25 (@xm). 35 22) - (A1)

This is consistent with the quantization rules derived
from the equations of motion in the bulk field theory.



Appendix B: d-function forms

In this appendix, we summarize the properties of 4-
function forms. For an n-dimensional submanifold N of
a D-dimensional maniofold M, we define a (D —n)-form

(Spfn(N) by

/ An = / 5D7n(~/\/‘) A Ana VATH
N M

where A,, is an arbitrary n-form on M. If we flip the
orientation of N,

(B1)

Sp—n(—N) = —dp_n(N). (B2)

More generally, for oriented submanifolds N,

(B3)

where ¢; is a coefficient.
The exterior derivative acts on the delta function form
as

Sp—ni1(ON) = (—1)P="F1ds . (A). (B4)
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Let N7 and N3 be a submanifold of M with dimensions
n1 and ng, respectively. Define d as

d=mny+ng—D. (B5)
When d > 0, N7 and N5 can have a d-dimensional inter-
section within M. By properly defining an orientation,
we define the intersection of N7 and N, I = Nj#MNo.
The orientation of I is defined to be consistent with
0p—a(I) = 6p—n, (N1) A Op—n, (N2). (B6)

If the two submanifolds have complementary dimensions,
n1 + ny = D, they intersect at points. Then, the inter-
section number

(N, ) = / 50N ASp_n(N) €2 (BT)
counts the number of intersection points.

The linking number of two submanifolds, £ and N, is
defined when dim £ + dim N + 1 = D. By considering
an auxiliary manifold satisfying ON; = L, the linking
number is given by

LE(L,N) = I(N1,N). (BS)
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