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Abstract: <span>This talk is about obstructions to symmetry-preserving regulators of quantum field theories in 3+1 dimensions.&nbsp; New
examples of such obstructions can be found using the fact that& nbsp; 4+1-dimensional SPT states are characterized by their edge states.<br>(Based
on work in progress with S.M. Kravec.)</span>
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This talk is about (examples of) obstructions to
symmetry-preserving regulators of QFT, in 3+1 dimensions.

Goal: understand such obstructions by thinking about certain
states of matter in one higher dimension with an energy gap
(i.e. Ey — Egs > 0 in thermodynamic limit).

More precisely: using their low-energy effective field theories
(topological field theories (TFTs) in D =4 + 1).

These will be difficult states to access in the lab!

'they livein D=4 +1
’they are 3+1 dimensional at least
3with some important disclaimers
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This talk is about (examples of) obstructions to
symmetry-preserving regulators of QFT, in 3+1 dimensions.

Goal: understand such obstructions by thinking about certain
states of matter in one higher dimension with an energy gap
(i.e. Ey — Egs > 0 in thermodynamic limit).

More precisely: using their low-energy effective field theories
(topological field theories (TFTs) in D =4 + 1).

These will be difficult states to access in the lab!

Strategy: use theories that obviously don't exist?
to prove that certain slightly more reasonable-looking theories
don't exist even in principle3.

2

One possible outcome: Constraints on SUSY regulators.

'they livein D=4 +1
’they are 3+1 dimensional at least
3with some important disclaimers
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Realizations of symmetries in QF T and cond-mat

Basic Q: What are possible gapped phases of matter?

Def: Two gapped states are equivalent if R ST
they are adiabatically connected - v
(varying the parameters in the H whose ground .A’ 0

state they are to get from one to the other, [_A]_ [ 'J \qu” e
without closing the energy gap). =LAJ. 32 clogs

One important distinguishing feature: how are the symmetries realized?
Landau distinction: characterize by broken symmetries

e.g. ferromagnet vs paramagnet, insulator vs SC.
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Top ologlcal order
y-

3 intimately-connected features:
(e.g. FQH)
1. Fractionalization of symmetries (i.e. emergent
quasiparticle excitations carry quantum numbers » e.g. quasiparticles are
which are fractions of those of the constituents) anyons of charge e/k

2. # of groundstates depends on the topology |
of space. » F.F, = fy}‘XGZm/k

connection to prev: pair-create gqp-antiqp pair, move -
them around a spatial cycle and re-annihilate. This \%/ ‘ ;) : 3 )
process maps one gs to another. ' i

- g
3. Requires long-range entanglement — k& groundstates.

[Kitaev-Preskill, Levin Wen]:

S(A) = —tr palogpa, the EE of the
subregion A in the state in question.

S(A) = N(OA) — v (A =UV cutoff)
~v = “topological entanglement entropy”
o log (#torus groundstates) > 0.

(Deficit relative to area law.)
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Mod out by Wen, too

“What are possible (gapped) phases that don't break symmetries and don't

have topological order?”
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SRE states are characterized by their edge states

Idea: just like varying the Hamiltonian in time to another
phase requires closing the gap H = H; + g(t)H2, so does
varying the Hamiltonian in space H = H; + g(x)Ha. A | B

» Important role of SRE assumption: Here we are assuming that the
bulk state has short-ranged correlations, so that changes we might make

at the surface cannot have effects deep in the bulk.
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Surface-only models

Counterfactual:
Suppose the edge theory of an SPT state were realized otherwise
— intrinsically in D dimensions, with a local hamiltonian.
A\
Then we could paint that the conjugate local theory on the \s
surface without changing anything about the bulk state.
And then small deformations of the surface Hamiltonian,
localized on the surface, consistent with symmetries, can

pair up the edge states.

But this contradicts the claim that we could characterize the
D + 1-dimensional SPT state by its edge theory.

Conclusion: Edge theories of SPT states cannot be regularized intrinsically in

D dims, preserving G — “surface-only models” .

[Wang-Senthil, 1302.6234 — general idea, concrete surprising examples of 241 surface-only states
Wen, 1303.1803 - attempt to characterize the underlying mathematical structure, classify all such obstructions
Wen, 1305.1045 - use this perspective to regulate the Standard Model on a 5d slab

Metlitski-Kane-Fisher, 1302.6535; Burnell-Chen-Fidkowski-Vishwanath, 1302.7072 ]
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Summary of Nielsen-Ninomiya result on fermion doubling

The most famous example of such an obstruction was articulated
by Nielsen and Ninomiya:

It is not possible to regulate free fermions while preserving the
chiral symmetry.

(In odd spacetime dimensions, ‘chiral symmetry’ means ‘parity’.)
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What does it mean to be a surface-only state?

These theories are perfectly consistent and unitary — they can be realized as
the edge theory of some gapped bulk. They just can't be regularized in a local

way consistent with the symmetries without the bulk.

1. It (probably) means these QFTs will not be found as
low-energy EFTs of solids or in cold atom lattice simulations.

2. Why ‘probably’? This perspective does not rule out emergent
(“accidental”) symmetries, not explicitly preserved in the UV.

3. It also does not rule out symmetric UV completions that
include gravity, or decoupling limits of gravity/string theory.
(UV completions of gravity have their own complications!)

String theory strongly suggests the existence of Lorentz-invariant states
of gravity with chiral fermions and lots of supersymmetry

(the Es x Eg heterotic string, chiral matter on D-brane intersections,
self-dual tensor fields...)

some of which can be decoupled from gravity.
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A simple example

The 4+1d analog of the K-matrix approach to 2+1d SPTs of

[Lu-Vishwanath].
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A simple topological field theory in 4+1 dimensions
Consider 2-forms By in 4 4+ 1 dimensions, with action

K [
S[B] = -~ B' AdB?
2T JRxx
In 4/ 4+ 1 dims, K is a skew-symmetric integer 2Ng x 2Ng matrix.
Note: B AdB = 3d(B A B).

Independent of choice of metric on IR x 22,.

Related models studied in: [Horowitz 1989, Blau et al 1989, Witten 1998,

Maldacena-Moore-Seiberg 2001, Belov-Moore 2005, Hartnoll 2006]
[Horowitz-Srednicki]: - coupling to string sources AS = [ B’ { )
i \ .

computes linking # of conjugate species of worldsheets I’
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Symmetries

» Translation invariance is a red herring (I think!).
The lattice model should have the same edge states.
» Stringy symmetries: Jfé|bdy = Eg,Jg%|bdy = —B;y.
E¢ = Otap — Ovar By = €4ji(0ia; — 0ja;) are ordinary E&M fields

C [ L) [ — =
JyO = Eijkdicjk = e,-jkd,-djak =V B

[*ru

B f ( V
Jyo = €ik0iBjk = €ijkDi€jEe =V -

This is ordinary charge, of course it has to be conserved.

» C: (B,C) — —(B,C)is (E,B) — —(E, B). Preserved in pure
U(1) lattice gauge theory.

» TP t— —t,xM 5 —xMiji—- —i, B> —B,C— C as
two-forms. Acts in the usual way on the EM field as (E, B) — (E, —B).
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Translation invariance is a red herring (I think!).

The lattice model should have the same edge states.
Stringy symmetries: J(%|bdy = Ey, J[{%|bdy = —B;y.
E¢ = Otap — Ovar By = €4j(0ia; — 0ja;) are ordinary E&M fields

C [ [ ) =, —
JyO = G;jkdicjk = e,-jkd,-djak =V B

[‘ru

J;,BO — EUkB;Bjk — E,jk(‘);fjk/Eg - 6 .
This is ordinary charge, of course it has to be conserved.
C: (B,C)— —(B,C)is (E,B) — —(E, B). Preserved in pure
U(1) lattice gauge theory.
TP: t— —t,xM 5 —xM i —i B> —-B,C— C as

two-forms. Acts in the usual way on the EM field as (E, B) — (E, —B).

EM DUALITY!: (B,C) — (C, B)

is @ manifest symmetry of the bulk theory.
Unbreakable in the IR.
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Are all obstructions would-be-gauge-anomalies?
Many surface-only obstructions are anomalies. gauge anomalies;

gravitational anomalies; discrete gauge anomalies (e.g. Witten SU(2) anomaly)
They would be gauge anomalies if we tried to gauge the protecting symmetry.
Obstructions more general than obstructions to gauging:
1. (senthil, swingle: SPT states protected by time-reversal 7.
What would it mean to gauge i — —i??

2. We found an obstruction to regularizing Maxwell theory
preserving EM duality. [previous literature suggesting it's impossible: Deser 1012.5109,
Bunster 1101.3927, Saa 1101.6064] [in other cases, it is possible to gauge EM duality: Barkeshli-Wen]

3. We found an obstruction to regularizing a self-dual 2-form
theory in D =5+ 1. One might have thought by analogy
with chiral CFTs (chiral boson: d¢ = xd¢) that a gravitational
anomaly was relevant here. In 1+1 dimensions, ¢, — cg
measures an anomaly that arises upon coupling the theory to
gravity.

D =5+ 1 # 2mod8: no gravitational anomalies [AlvarezGaume Witten, 1983].
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Obstructions more general than obstructions to gauging:
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2. We found an obstruction to regularizing Maxwell theory
preserving EM duality. [previous literature suggesting it's impossible: Deser 1012.5109,
Bunster 1101.3927, Saa 1101.6064] [in other cases, it is possible to gauge EM duality: Barkeshli-Wen]

3. We found an obstruction to regularizing a self-dual 2-form
theory in D =5+ 1. One might have thought by analogy
with chiral CFTs (chiral boson: d¢ = xd¢) that a gravitational
anomaly was relevant here. In 1+1 dimensions, ¢, — cg
measures an anomaly that arises upon coupling the theory to
gravity.

D =5+ 1 # 2mod8: no gravitational anomalies [AlvarezGaume Witten, 1983].

4. And what about supersymmetry?

Gauging this leads to supergravity!
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