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We study supersymmetry breaking perturbations of the simplest dual pair of (2 + 1)-dimensional N' = 2
supersymmetric field theories—the free chiral multiplet and N = 2 super QED with a single flavor. We
find dual descriptions of a phase diagram containing four distinct massive phases. The equivalence of the
intervening critical theories gives rise to several nonsupersymmetric avatars of mirror symmetry: we find
dualities relating scalar QED to a free fermion and Wilson-Fisher theories to both scalar and fermionic
QED. Thus, mirror symmetry can be viewed as the multicritical parent duality from which these

nonsupersymmetric dualities directly descend.
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Introduction.—Duality plays a central role in the modern
understanding of quantum field theory. In some cases,
as with § duality of maximally supersymmetric four-
dimensional (4D) Yang-Mills theory, it refers to an exact
symmetry exchanging strong and weak coupling limits of
the same theory. In others, as with the dualities of V' = 1
supersymmetric field theories in four dimensions [1] or
mirror symmetry of 3D supersymmetric gauge theories
[2-4], it relates the low-energy physics arising from two
distinct high energy theories. Dualities have found diverse
applications in high energy physics, condensed matter
physics, and mathematics.

An important way to deepen our understanding of
duality is to relate one duality to another. This simplifies
the logical structure of the assumptions we must make,
yielding a web of dualities from a single starting point, and
can also allow us to derive new dualities.

Motivated in part by the proposal [5] for a duality
governing the physics of the half-filled Landau level, there
have been several recent discussions for dualities relating
some of the simplest nonsupersymmetric 3D field theories
[6-11] (with closely related earlier work appearing in
Refs. [12-21]). In this note, we show that many of these
dualities can be derived as a consequence of the most basic
avatar of mirror symmetry of 3D N = 2 supersymmetric
gauge theories. (In a related direction, it is also possible to
deform three-dimensional Seiberg duality [22-25] to derive
nonsupersymmetric dualities in large N limits, as was done
in Refs. [26,27].) We build on our work [11] to show that,
after breaking supersymmetry, the duality between the
theory of a free chiral multiplet—theory A—and super-
symmetric quantum electrodynamics (SQED) with a single
flavor—theory B—yields a rich phase diagram with four
distinct phases. Duality relates both the phases and the
intervening critical points of the dual pairs. Along the four
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walls separating distinct phases (see Figs. 1 and 2), we find
critical theories with dual descriptions realized in the A and
B pictures. This unifies the simplest duality of 3D super-
symmetric field theory with various dualities relating
fermionic and scalar QED to theories of free fermions or
Wilson-Fisher bosons. It provides a logical completion of
Ref. [11], where the duality between phases I and II (and
the intervening critical point) was already derived.

The dualities studied here are of interest both for their
intrinsic importance in understanding the structure of 3D
quantum field theory, and for potential applications to
problems in condensed matter physics, including the study
of topological order and metallic criticality.

Chiral mirror symmetry.—We first review the essential
properties of the chiral mirror symmetry duality [11,28].

Theory A consists of a free chiral superfield (v, ¥) that
contains a complex scalar v and its (two-component) Dirac
fermion superpartner W. The theory enjoys two global
Abelian symmetries, U(1), and U(1)g, whose actions on
(v, ¥) are given below.

| U(), U(1),
v 1 1 (1)
|\ 1 0

Introducing background gauge fields A J.r associated to the
global U(1),;  symmetries, the theory A Lagrangian is

LW =Dy 3,0 —m}

v|?
_ — 1 ~ .
—I—\I/iDAJ\IJ—m\I,II/‘I/—S—AJdAJ. (2)
z
For Abelian gauge fields A and B, the covariant derivatives

D.,y=0, F i, with ue{0,1.2}; Dy=7"(d,-B,),
and U= U0 with y matrices [We choose the metric
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" = diag(1,-1,-1)
(yoylyz)(l/} = _iéaﬁ’ c.g., y0 =0
where ¢/ are the Pauli-c matrices.] satisfying {y*,y"} =
2p*. Chern-Simons (CS) terms are written as AdB =
¢"PA,0,B, with "' =1. (We denote the effect of
integrating out a single Dirac fermion of unit charge and
mass m by the level-1/2 CS term (sgn(m)/8x)AdA in
the Wilsonian effective Lagrangian. A gauge-invariant
expression utilizes the eta-invariant—see Refs. [8,29,30]
for further information.) Besides the relevant bosonic and
fermionic mass terms, theory A admits a relevant pertur-
bation proportional to |v|* (which will play a key role
below), and a classically marginal interaction |v|>WW.
The A, gauge field can be included in a background

and y matrices that
S

satisfy

2 ;.2
,7—10,

vector multiplet f}J = (A 7,0 J,;1 .D ;) with the couplings
occurring in Eq. (2) dictated by unbroken A/ = 2 super-
symmetry:
m%z&,—l—f)], m\p:&‘]. (3)

Chiral mirror symmetry allows us to map all components in
this multiplet across the duality. The scalar 6, and D term
D, in particular, play important roles in our derivation.

Theory B is N'=2 SQED with a single chiral flavor
(u,w) and U(1), gauge group. The corresponding charge
assignments are given below.

u), U()g U),
u 0 0 —1
1/ 0 —1 —1
eZm’y/gz 1 0 (4)
0
A 0 —1

o is the real scalar partner of the dynamical 3D gauge field a,,,
Ais the gaugino (4 is the charge-conjugate of the fermion that
appears in the conventionally defined N = 2 vector multi-
plet.), and y is the dual photon (*y = (1/27)e"?0,a,,).
Including the background U(1),  terms considered previ-
ously, the dual theory B Lagrangian

L<B> = LV =+ Lmatter + LCS - LBF (5)
with
1 1 1 - 1
Ly = ? (_4_1 ﬁy + 2 (80)2 + /hD_AR/I —|—§D2>,
Linager = |D_qu|* +9iD_,_3 v — (6% = D)|uf?
+ oy + uhy + upl,

1 _
LCS = — (ada + 2Doc + j./l),
8x

o 1
LBF = ﬂ(adAJ + D‘/U"_ O'_]D) +EadAR (6)

fuw = 0,a,—0,a, is the field strength of the U(1),
gauge field.

Chiral mirror symmetry says that the IR (g — o)
limit of theory B has the free field description given by
theory A.

In order to understand the RG flows below, let us now
discuss the map of relevant deformations. 6; and D, give
rise to masses in theory A via Eq. (3). These parameters are
external backgrounds for the U(1), supercurrent, and are
mapped exactly to theory B according to the last line in
Eq. (6). If we further restrict to high energies, theory B is
weakly coupled and ¢ and D may be integrated out to show
that 6, and D, produce masses for u and y. The other
renormalizable deformations of theory A, |v[* and |v|> ¥,
do not correspond to conserved currents, and, hence,
their effect in theory B is more involved. Nevertheless,
we may derive an approximate correspondence by noting
that v* W ~ A from the quantum numbers in both theories,
and |v|> ~o from the couplings of D, on both sides.
These also agree with the Taub-NUT map of the underlying
N = 4 theory [31,32]. Therefore, |v|* and |v|>TV¥ map
to masses for ¢ and the gaugino in theory B. We stress that
this map is approximate and is expected to receive large
quantum corrections in the IR.

Dynamics and phases of theory.—Theory A has four
distinct phases parametrized by the signs of the effective
masses m> and my; see Fig. 1. These gapped phases can be
invariantly characterized by their responses to the back-
ground A s.r fields. (This statement is slightly imprecise as
the response can be modified by regularization-dependent
contact terms [33]; the difference of the response across
a phase transition is, however, physical and this is how
our expressions should be understood.) Integrating out
the massive degrees of freedom according to the prescrip-
tion in Fig. 1, this response is captured by the effective
Lagrangians:

free fermion

[ Do |

m2 <0
myg >0
1] \%

free fermion

Wilson-Fisher

Wilson-Fisher

my <0

FIG. 1. Phase diagram of theory A. Massless fields occur along
the red lines (second order phase transitions).
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1 ~ - sQED

Ll =——A,dA,, .
477: J J ” DO I
| mi <0 | my > 0

Emz—%bd(AJ +AR), mpy >0 | My > 0
(O my_ <0 [ max<0

EIV - —7AJdAJ—7bd(AJ +AR) (7) ------------------------------------------------------- N ~9
4z 2r —sgn(6)675

For simplicity, we have truncated the effective Lagrangians
at the leading quadratic order in the derivative expansion.
In £™ and £V, we introduced the 3D gauge field b [34],
whose equation of motion imposes the symmetry-breaking
constraint,

AJ +AR:03 (8)

that occurs when m? < 0.

Phases I and II, along with the intervening critical point,
were studied in Ref. [11]. To reliably study phases III and
IV, where the effective mass-squared m? < 0, we introduce
a stabilizing interaction |v|*. Even though this interaction
breaks supersymmetry, it does not qualitatively affect
the analysis or conclusions for the phase structure when
m2 > 0. It does modify the precise location at which
m?2 = 0: the classical location 6 + D, = 0—see Eq. (3)—
is modified quantum mechanically.

To add the |v|* interaction in a way that can be tracked
across the duality, we promote D; — D, to a dynamical field
and integrate it out with Gaussian weight £, = (1/ 2h?%) x
(D; — Dy)?. (This technique was used in Ref. [27] in a
different context.) The resulting classical scalar potential,

o &
Veir = (63+Do)|v\2+3|v|4, )

features a stable vacuum at |v|*> = (|Dy| = 6%)/h> when
D, < —52. The phase diagram in Fig. 1 contains four lines
of phase transitions: these transitions are described either
by critical Wilson-Fisher theories with interaction strength
determined by A? or by the mass sign-changing transition
of a free Dirac fermion.

Dynamics and phases of theory B.—Direct analysis of
theory B for all values of the background parameters is
subtle because the theory is strongly coupled. Duality and
supersymmetry (when unbroken), however, may together
be used to determine the theory B dynamics.

We have found it possible to uniquely realize the theory
A response summarized in Eq. (7) using the effective mass
parameters > and my, for the charged degrees of freedom
of theory B with the prescription given in Fig. 2. We have
introduced mass parameters for Dirac fermions f, that
diagonalize the effective fermion mass matrix in

Ll = —m, Yy — mAA + Sm* Ay + Smygd.  (10)

u
my < 0| My <0
my >0 ]|mx < 0
1l _
free fermion

sQED

fQED

v

FIG. 2. Phase diagram of theory B.

The third and fourth terms—see the second line of £, e,—
are parametrized by the fermion mass mixing ém which is
only nonzero in phases when (|u?|) # 0, i.e., m> < 0. The
mass matrix in Eq. (10) has the two eigenvalues,

(my, + my £\ (my, = m,)? + dlomP). (1)

N[ =

mr. =

[+ are composed of linear combinations of y and A with
relative weights that vary as the background parameters are
tuned: Fig. 2 implies that upon transitioning from phase II
to phase I, f, becomes y and f_ becomes A and vice versa
in the transition from phase II to phase III.

The matching of the theory B responses to those of
theory A in Eq. (7) follows upon integrating out the massive
degrees of freedom,

® _ 1 ~ . 1
Lot _gsg“(mﬁ)(a +Ag)d(a+Ag) +§ada

1 A A 1 A 1 .
+§sgn(mfi)ARdAR—EadAR—ﬁAJda. (12)

This formula should be read with the replacement f, =y
and f_ = Ain phases where m2 > 0. In phases I, III, and IV
where m2 > 0, the response in Eq. (12) is seen to directly
match that in Eq. (7) for the values of the effective mass
parameters given in Fig. 2. In phase I, the CS ada
coefficient is nonzero, and integrating out a matches the
result from theory A. On the other hand, in phases III
and IV, this coefficient vanishes and « is identified with
the gauge field b introduced in Eq. (7); this reproduces
the correct symmetry breaking pattern and CS response.
In phase II, the condensation (|u|*) # O essentially fixes
a = 0 and we find agreement with £ in Eq. (7) after using
the effective mass values in Fig. 2. The response in phase II
requires my my <0 or
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m,,m; < |5m?|. (13)

Happily, this requirement is consistent with the values of
the effective masses in the adjacent phases I and III.

To provide additional justification for this picture, we
analyze theory B near the line D, = 0, where supersym-
metry is preserved. Because supersymmetry precludes
phase transitions as a function of the coupling g, we may
transfer the qualitative information gleaned at weak cou-
pling to the strong coupling regime of interest. Note that we
are ignoring the effects of the dynamical D; field here;
it provides a stabilizing potential for o, but can otherwise
be ignored near the origin of Fig. 2.

We first verify the effective mass parameter assignments
in phases I and II along Dy, =0. In Ref. [I1], we
demonstrated that the supersymmetry-preserving vacuum
for the scalar fields lies at

(lul*y =0, (6) = 6y, for 6, <0,
(lul?) = ;—’ (6) =0, fors;>0. (14)
T

From this analysis we abstract the following. For 6; < 0,
we determine the effective masses m2 >0, m,, =—(c)>0,
and m; < 0 from Lcg in Eq. (6). For 6; > 0, we find that
m2 <0, m,, =0, and m; <0. Using the mass matrix
|

eigenvalues in Eq. (11), we find agreement with the
inferred values in Fig. 2.

Perturbation theory in D, < 0 is likewise consistent with
the assignment of effective masses. To leading order in D,
the vacua in Eq. (14) are shifted as follows:

8(c) ~g*|Do|672, foré, <0,

8(u)~—|Do|67°"%,  8(o)~|Dol67", foré,; >0,  (15)
where ~ indicates equality up to multiplication by a
positive constant. For 6; < 0, we see that m,, is decreased
to leading order, consistent with the putative fermion
mass sign-changing transition at D, = —sgn(,)63. For
6; > 0, the perturbative decrease of (u) is consistent with
symmetry restoration across the Dy = —sgn(6,)67 line.
Likewise, the perturbative decrease of m,, = — (o) matches
the expected behavior in phase III. Integrating out (u,y)
near the origin in phases III and IV generates a 1-loop
correction with the result, m, ~ |m,| — |m,|. This agrees
with the sign assignments for m, near the II/IIl and IV/I
phase boundaries, where u and y are becoming massless.

Dualities and implications B.—Examination of Figs. 1
and 2 shows that a single field becomes light at a given
phase transition. Mirror symmetry implies the resulting
critical theories are dual. We thus arrive at the following
dualities (indicated by <>):

_ 1. . 1 1.
\IIIDAJ\II —gAJdAJ < |D_qul? = |ul* —I—Eada—ZA,da, (16)
1 1 A A
1D;, 44,01 = |o]* < Tap w +ID_qul* = [ul* _ﬂad(AJ + Ag), (17)
. | T U N

WiD;, U =~ A;dA; = - bd(A; + A) < AiD_3 4= o~ AsdA; = 5—ad(A; + Ag), (18)
ID; 4 v =] |4_i21 dA, < GiD_, s w+—ada———ad( A, +~Ap ) — = AgdA (19)

AJ+AR1] v A7 J J vl —a—ARl// 87fa a zﬂa J 2 R 87 R R-

Equations (16) and (19) are two examples of the
bosonization dualities discussed in Refs. [6,8]. The super-
symmetric chiral mirror duality can be viewed as the
multicritical parent duality from which these nonsupersym-
metric dualities descend.

Equation (16) provides dual descriptions for the integer
quantum Hall plateau transition between phases I and II, where
the level of the A 7 CS term changes by unity. Equation (17)
is Peskin-Dasgupta-Halperin duality [35,36] and may be
used to describe a superfluid transition where the diagonal
component of the U(1l), x U(1), symmetry is broken.
Equation (18) is a “trivial” duality relating a free fermion of

I
theory A to a free fermion of theory B. Equation (19) again
describes a U(1), x U(1)r symmetry-breaking transition;
the distinction from Eq. (17) lies in the presence of a level-1
CS term for A in the adjacent massive phases.

In Refs. [7,8], it was shown how the action of the
modular group on dual conformal field theories (CFTs) can
generate additional dualities. Here, we discuss how this
action relates the above dualities to one another. Denoting
the Lagrangian of a general CFT by L£(®,A), where ®
collectively represents the fields of the CFT and A is a
background field for the global U(1) symmetry, the
modular group acts as follows [37,38]:
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T:L(,A)>L(D,A) —|—4L2\dA,
T

S:L(®, A)> L(D, a) — %Bda. (20)
T

The action S deserves further explanation: this transfor-

mation makes the background field dynamical A - a and
adds to the Lagrangian a new background field via the BF
coupling —(1/2z)Bda. The rules in Eq. (20) induce the
action 7 :6+>(( 1)o and S:6+>( % })6 on the complexified
conductivity ¢ = o,, + ic,, € H [extracted from the two-
point functions of the U(1) current].

Using Eq. (20), we see that Eq. (19) is the S transform of
Eq. (16). Examining the sides of the initial duality that a given
theory occurs, we may say that S exchanges theory A and B
in aloose sense. Performing a 7 transformation on Eq. (19),
we obtain a fermionic description for the U(1), x U(1)g
symmetry-breaking transition complementary to Eq. (17).
[A closely related duality to Eq. (19) was previously argued
forin Ref. [39].] Using the marvelous property of transitivity,
we can relate the right-hand side of Eq. (17) to the 7
transform of the right-hand side of Eq. (19).

This research was supported in part by Grant No. NSF
PHY-1316699 (S. K.), the University of California (M. M.),
Conicet PIP-11220110100752 (G.T.), and DARPA YFA
Contract No. D15AP00108 (H. W.). M. M. is grateful for
the generous hospitality of the Aspen Center for Physics
NSF PHY-1066293 and the Kavli Institute for Theoretical
Physics NSF PHY-11-25915.

[1] N. Seiberg, Electric—magnetic duality in supersymmetric
nonAbelian gauge theories, Nucl. Phys. B435, 129 (1995).

[2] K. A. Intriligator and N. Seiberg, Mirror symmetry in three-
dimensional gauge theories, Phys. Lett. B 387, 513 (1996).

[3] O. Aharony, A. Hanany, K. A. Intriligator, N. Seiberg, and
M. Strassler, Aspects of N =2 supersymmetric gauge
theories in three-dimensions, Nucl. Phys. B499, 67 (1997).

[4] A. Kapustin and M. J. Strassler, On mirror symmetry in
three-dimensional Abelian gauge theories, J. High Energy
Phys. 04 (1999) 021.

[5] D.T. Son, Is the Composite Fermion a Dirac Particle?,
Phys. Rev. X 5, 031027 (2015).

[6] O. Aharony, Baryons, monopoles and dualities in Chern-
Simons-matter theories, J. High Energy Phys. 02 (2016) 93.

[71 A. Karch and D. Tong, Particle-Vortex Duality from 3d
Bosonization, Phys. Rev. X 6, 031043 (2016).

[8] N. Seiberg, T. Senthil, C. Wang, and E. Witten, A duality
web in 2 4+ 1 dimensions and condensed matter physics,
Ann. Phys. (Amsterdam) 374, 395 (2016).

[9] J. Murugan and H. Nastase, Particle-vortex duality in topo-
logical insulators and superconductors, arXiv:1606.01912.

[10] P-S. Hsin and N. Seiberg, Level/rank Duality and Chern-
Simons-Matter Theories, J. High Energy Phys. 09 (2016) 095.

[11] S. Kachru, M. Mulligan, G. Torroba, and H. Wang,
Bosonization and Mirror Symmetry, Phys. Rev. D 94,
085009 (2016).

[12] S. Giombi, S. Minwalla, S. Prakash, S.P. Trivedi, S.R.
Wadia, and X. Yin, Chern-Simons theory with vector
fermion matter, Eur. Phys. J. C 72, 2112 (2012).

[13] O. Aharony, G. Gur-Ari, and R. Yacoby, d = 3 bosonic
vector models coupled to Chern-Simons gauge theories,
J. High Energy Phys. 03 (2012) 037.

[14] O. Aharony, G. Gur-Ari, and R. Yacoby, Correlation
functions of large N Chern-Simons-Matter theories and
bosonization in three dimensions, J. High Energy Phys. 12
(2012) 028.

[15] C. Wang and T. Senthil, Dual Dirac Liquid on the Surface of
the Electron Topological Insulator, Phys. Rev. X 5, 041031
(2015).

[16] M. A. Metlitski and A. Vishwanath, Particle-vortex duality
of two-dimensional Dirac fermion from electric-magnetic
duality of three-dimensional topological insulators, Phys.
Rev. B 93, 245151 (2016).

[17] S. Kachru, M. Mulligan, G. Torroba, and H. Wang, Mirror
symmetry and the half-filled Landau level, Phys. Rev. B 92,
235105 (2015).

[18] S.D. Geraedts, M. P. Zaletel, R. S. K. Mong, M. A. Metlitski,
A. Vishwanath, and O. I. Motrunich, The half-filled Landau
level: The case for Dirac composite fermions, Science 352,
197 (2016).

[19] C. Xu and Y.-Z. You, Self-dual quantum electrodynamics as
boundary state of the three-dimensional bosonic topological
insulator, Phys. Rev. B 92, 220416 (2015).

[20] D.F. Mross, J. Alicea, and O.I. Motrunich, Explicit
Derivation of Duality Between a Free Dirac Cone and
Quantum Electrodynamics in (2 4+ 1) Dimensions, Phys.
Rev. Lett. 117, 016802 (2016).

[21] D.E. Mross, J. Alicea, and O.I. Motrunich, Bosonic
Analogue of Dirac Composite Fermi Liquid, Phys. Rev.
Lett. 117, 136802 (2016).

[22] E. Benini, C. Closset, and S. Cremonesi, Comments on 3d
Seiberg-like dualities, J. High Energy Phys. 10 (2011) 075.

[23] T. Dimofte, D. Gaiotto, and S. Gukov, Gauge Theories
Labelled by Three-Manifolds, Commun. Math. Phys. 325,
367 (2014).

[24] C. Beem, T. Dimofte, and S. Pasquetti, Holomorphic Blocks
in Three Dimensions, J. High Energy Phys. 12 (2014) 177.

[25] K. Intriligator and N. Seiberg, Aspects of 3d N = 2 Chern-
Simons-Matter Theories, J. High Energy Phys. 07 (2013)
079.

[26] S. Jain, S. Minwalla, and S. Yokoyama, Chern Simons
duality with a fundamental boson and fermion, J. High
Energy Phys. 11 (2013) 037.

[27] G. Gur-Ari and R. Yacoby, Three dimensional bosonization
from supersymmetry, J. High Energy Phys. 11 (2015) 013.

[28] D. Tong, Dynamics of N =2 supersymmetric Chern-
Simons theories, J. High Energy Phys. 07 (2000) 019.

[29] L. Alvarez-Gaume, S. D. Pietra, and G. W. Moore, Anomalies
and Odd Dimensions, Ann. Phys. (N.Y.) 163, 288 (1985).

[30] E. Witten, Fermion path integrals and topological phases,
Rev. Mod. Phys. 88, 035001 (2016).

[31] S. Sachdev and X. Yin, Quantum phase transitions beyond
the Landau-Ginzburg paradigm and supersymmetry, Ann.
Phys. (Amsterdam) 325, 2 (2010).

[32] A. Hook, S. Kachru, G. Torroba, and H. Wang, Emergent
Fermi surfaces, fractionalization and duality in supersym-
metric QED, J. High Energy Phys. 08 (2014) 031.

011602-5


http://dx.doi.org/10.1016/0550-3213(94)00023-8
http://dx.doi.org/10.1016/0370-2693(96)01088-X
http://dx.doi.org/10.1016/S0550-3213(97)00323-4
http://dx.doi.org/10.1088/1126-6708/1999/04/021
http://dx.doi.org/10.1088/1126-6708/1999/04/021
http://dx.doi.org/10.1103/PhysRevX.5.031027
http://dx.doi.org/10.1007/JHEP02(2016)093
http://dx.doi.org/10.1103/PhysRevX.6.031043
http://dx.doi.org/10.1016/j.aop.2016.08.007
http://arXiv.org/abs/1606.01912
http://dx.doi.org/10.1007/JHEP09(2016)095
http://dx.doi.org/10.1103/PhysRevD.94.085009
http://dx.doi.org/10.1103/PhysRevD.94.085009
http://dx.doi.org/10.1140/epjc/s10052-012-2112-0
http://dx.doi.org/10.1007/JHEP03(2012)037
http://dx.doi.org/10.1007/JHEP12(2012)028
http://dx.doi.org/10.1007/JHEP12(2012)028
http://dx.doi.org/10.1103/PhysRevX.5.041031
http://dx.doi.org/10.1103/PhysRevX.5.041031
http://dx.doi.org/10.1103/PhysRevB.93.245151
http://dx.doi.org/10.1103/PhysRevB.93.245151
http://dx.doi.org/10.1103/PhysRevB.92.235105
http://dx.doi.org/10.1103/PhysRevB.92.235105
http://dx.doi.org/10.1126/science.aad4302
http://dx.doi.org/10.1126/science.aad4302
http://dx.doi.org/10.1103/PhysRevB.92.220416
http://dx.doi.org/10.1103/PhysRevLett.117.016802
http://dx.doi.org/10.1103/PhysRevLett.117.016802
http://dx.doi.org/10.1103/PhysRevLett.117.136802
http://dx.doi.org/10.1103/PhysRevLett.117.136802
http://dx.doi.org/10.1007/JHEP10(2011)075
http://dx.doi.org/10.1007/s00220-013-1863-2
http://dx.doi.org/10.1007/s00220-013-1863-2
http://dx.doi.org/10.1007/JHEP12(2014)177
http://dx.doi.org/10.1007/JHEP07(2013)079
http://dx.doi.org/10.1007/JHEP07(2013)079
http://dx.doi.org/10.1007/JHEP11(2013)037
http://dx.doi.org/10.1007/JHEP11(2013)037
http://dx.doi.org/10.1007/JHEP11(2015)013
http://dx.doi.org/10.1088/1126-6708/2000/07/019
http://dx.doi.org/10.1016/0003-4916(85)90383-5
http://dx.doi.org/10.1103/RevModPhys.88.035001
http://dx.doi.org/10.1016/j.aop.2009.08.003
http://dx.doi.org/10.1016/j.aop.2009.08.003
http://dx.doi.org/10.1007/JHEP08(2014)031

PRL 118, 011602 (2017)

PHYSICAL REVIEW LETTERS

week ending
6 JANUARY 2017

[33] C. Closset, T. T. Dumitrescu, G. Festuccia, Z. Komargodski,
and N. Seiberg, Comments on Chern-Simons contact
terms in three dimensions, J. High Energy Phys. 09
(2012) 091.

[34] J. M. Maldacena, G. W. Moore, and N. Seiberg, D-brane
charges in five-brane backgrounds, J. High Energy Phys. 10
(2001) 005.

[35] M. E. Peskin, Mandelstam ’t Hooft Duality in Abelian
Lattice Models, Ann. Phys. (N.Y.) 113, 122
(1978).

[36] C. Dasgupta and B. I. Halperin, Phase Transition in a Lattice
Model of Superconductivity, Phys. Rev. Lett. 47, 1556 (1981).

[37] E. Witten, SL(2,Z) Action On Three-Dimensional
Conformal Field Theories With Abelian Symmetry, arXiv:
hep-th/0307041.

[38] R.G. Leigh and A.C. Petkou, SL(2,Z) action on three-
dimensional CFTs and holography, J. High Energy Phys. 12
(2003) 020.

[39] M. Mulligan, Particle-vortex symmetric liquid, arXiv:
1605.08047 [Phys. Rev. B (to be published)].

011602-6


http://dx.doi.org/10.1007/JHEP09(2012)091
http://dx.doi.org/10.1007/JHEP09(2012)091
http://dx.doi.org/10.1088/1126-6708/2001/10/005
http://dx.doi.org/10.1088/1126-6708/2001/10/005
http://dx.doi.org/10.1016/0003-4916(78)90252-X
http://dx.doi.org/10.1016/0003-4916(78)90252-X
http://dx.doi.org/10.1103/PhysRevLett.47.1556
http://arXiv.org/abs/hep-th/0307041
http://arXiv.org/abs/hep-th/0307041
http://dx.doi.org/10.1088/1126-6708/2003/12/020
http://dx.doi.org/10.1088/1126-6708/2003/12/020
http://arXiv.org/abs/1605.08047
http://arXiv.org/abs/1605.08047

