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Motivation:

general - improved understanding of nonperturbative
dynamics of 4d gauge theories

immediate - new 't Hooft anomaly matching conditions
|Gaiotto, Kapustin, Komargodski, Seiberg, Willett; 2014-]

class of theories - SU(N) QCD(adj) nt massless Weyi
nf=0 pure YM (add mass to nf>0)

nf=1 super YM

nf=2, 3, 4, 5: asymptotic freedom, conformal, confining”
x[Anber, EP: Cordova, Dumitrescu; Bi, Senthil;... 2018]

[lattice preliminary: Anthenodorou, Bennett, Bergner, Lucini 2014]
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all semiclassical at small spatial circle [R°xS': Unsal+... 2008-]



Outline of talk:  mostly nf=1 super YM

0. discrete O-form/1-form 't Hooft anomalies imply
rich domain wall dynamics

two semiclassical regimes both R3x S! small S1 size:

1. high-T domain walls k-wall 2d QCD, depends on k,N
chiral and center breaking
strings ending on walls

2. low-T domain walls semiclassical picture of worldvolume
center breaking and strings ending
on walls



Outline of talk:  mostly nf=1 super YM

0. discrete O-form/1-form 't Hooft anomalies imply
rich domain wall dynamics

two semiclassical regimes both R3x S! small S1 size:
lines

1. high-T domain waits k-wall 2d QCD, depends on k,N
chiral and center breaking
1and 2 . .
. strings ending on walls
are similar

ines
2. low-T domain watts semiclassical picture of worldvolume

center breaking and strings ending
on walls

obtain QFT picture of phenomena
first seen in MQCD or holography



Some further motivation to study domain wall (DW)
worldvolume theories:

s some of these DW worldvolume theories are
themselves the simplest study cases of QFTs with mixed
O-form/1-form 't Hooft anomalies - solvable 2d ex. here

= physics on the high-T DW (2d) shares features of the
low-T theory, both bulk (4d) and DW (2d/3d)

= high-T DW are a semiclassical counterpart to
‘center vortices,” field configurations thought to be
responsible for area law of Wilson loop at low-T in pure YM
(not theoretically controllable; seen in lattice simulations)
[Greensite+...; ‘D Elia, de Forcrand;... 1998-]



0. discrete 0-form/1-form 't Hooft anomalies

U g x Z\ v Ulz, i) — 5™ Uz, i)
l - closed loops invariant
Ao €7, - winding (F) loops transform

- nontrivial Jacobian

J — eiWQNQtop.
Ay elan )@
(8 (87

only Z% survives
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0. discrete 0-form/1-form 't Hooft anomalies

U(l)g x Zy’ > Uz, 1) = € %™ Ulx, 1)
l - closed loops invariant
Ao €7, - winding (F) loops transform

- nontrivial Jacobian gauging 1-form center:

gy

N19 — 1
0)

only Z§N survives topological background
('t Hooft flux/thin “center vortex™)

J — einNQtOp_

. 27T
a 1<\ a
Ay, — €28 \0

gauge center = break discrete chiral

Qtop = m?\?;M ['t Hooft; van Baal 1980s]

: .9
1227 Qtop. _ ol N127M34

!

't Hooft anomaly: must match... S _5d... nontrivial IR!

J 0) — €
ZyN



1. high-T domain walls/inflow, center...

low-T SYM: discrete chiral broken, center unbroken; anomaly

saturated in “Goldstone” mode, DWs...
[Witten; Acharya, Vafa; late ‘90s...]



1. high-T domain walls/inflow, center...

low-T SYM: discrete chiral broken, center unbroken; anomaly

saturated in “Goldstone”
high-T SYM: 7" > A

L

mode, DWs...
[Gross, Pisarski, Yaffe 1980s]

“Weyl chamber”

Z}?)C “O-form center”
(N=3: 60° rotation)



1. high-T domain walls/inflow, center...

low-T SYM: discrete chiral broken, center unbroken:

saturated in “Goldstone” mode, DWSs...
high-T SYM: T > A 1
V(Ay) = ar 2.2 — z/ﬁ(—l)” COS {nAél ' ﬂ]

0)C
Zy broke

SU(N) unbro

anomaly
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1. high-T domain walls/inflow, center...

low-T SYM: discrete chiral broken, center unbroken; anomaly
saturated in “Goldstone” mode, DWs...

high-T SYM: T > A

1

AT ~~— —1 + 4 (—1)" nAy -0

V(A4) — ? >4>4 z/‘i COS { T }
Bt n=1

Polyakov loop vev:  trp [e'®0H] — Ne VN
<I)():27Twa

“Weyl chamber”

(0)c O-form center”
ZN" broken

SU(N) unbroken
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1. high-T domain walls/inflow, center...

low-T SYM: discrete chiral broken, center unbroken; anomaly
saturated in “Goldstone” mode, DWs...

high-T SYM: 7" > A 1

AT <~ ~— —1 + A4 (=1)" nAy -3
V(A4) — ? >4>4 z/‘i COS { T }
B+ n=1

k-wall (line!) connects O0-th and k-th vacuum:

A (z) = ={run

minimum action along

sides of Weyl chamber
SU(3)->SU(2)xU(1)




1. high-T domain walls/inflow, center..

high-T SYM: T'> A % by Polyakov loop vev:
z<I>0 _ NG_Z%TG
CI)() 27Twa

k-wall (line!) connects O-th and k-th vacuum:

AP () = 7@PW (k) () &PV (R (T00) = 8M
k

AfW (k)(z) — TQ(k)(z)ﬁN_k ]:]N_kN diag | k. k,....k,k — N,k — N, ...k~ N

~" ~"

| N—k times k times

[Bhattacharya, Gocksch, Korthals-Altes, Pisarski;+... 1992-]




1. high-T domain walls/inflow, center..

high-T SYM: T'> A %{/ by Polyakov loop vev:
’L‘I)()

- 27TaQ

— NG_ZT

@O 27Twa,

k-wall (line!) connects 0-th and k-th vacuum

bulk “confining”

k-wall tension k-wall width sclzale
N — k)k 1
T2 ( <<
2N T\/gzN g’ NT

Casimir scaling down to ~1T. - lattice [... Bursa, Teper 2005]



1. high-T domain walls/inflow, center..

high-T SYM: T'> A % by Polyakov loop vev:
’LCI)O

- 27TQ

— Ne VN
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1. high-T domain walls/inflow, center..

high-T SYM: T'> A % by Polyakov loop vev:
’LCI)O

- 27TQ

— Ne VN

on k-wall: SU(N) —> U(1) x SU(N-k) x SU(k)

My ~ T\/ massless gauge bosons localized by
k(N—k)  bulk confinement, like [Dvali, Shifman 1996]

iNn purely bosonic theory, not much ‘fun’:
2d confinement, mass gap on wall

unless 8 =7 — or adjoint fermions, this talk
[Gaiotto, Kapustin, Komargodski, Seiberg; 2017]



1. high-T domain walls/inflow, center..

high-T SYM: T'> A % by Polyakov loop vev:
’LCI)O

- 27TQ

= Ne '~

on k-wall: SU(N) —> U(1) x SU(N-k) x SU(k)

My ~ T\/ massless gauge bosons localized by
k(N—k)  bulk confinement, like [Dvali, Shifman 1996]

adjoint fermions: Matsubara mass, except some not
commuting with wall profile

diag | k,k,...k, k= Nk—N,..k—N| - WOrk out details:

J/

TV TV

| N—Fk times ktimes



1. high-T domain walls/inflow, center..

high-T SYM: T'> A %{/ by Polyakov loop vev:
’LCI)O

- 27TQ

— Ne_ZT

CI)() 27Twa
kK-wall worldvolume theory

2d QCD gauge group U(1) X SU(N — k) XSU(k) U(1)g

[]
Ol

1
1

¢+ 7(N k) = \/k(]\][V k)

Y- —y W

O
[]



1. high-T domain walls/inflow, center...

high-T SYM: T'> A k-wall

2d QCD gauge group U(1)X SU(N — k) XSU (k)

by AR = \/k(]\]fv—k)

W —y (N =F)

U(1)r |
w:: — ezxwzz Jacobian

Fg_kdxldx2_
2T

J =exp |i 2x(N — k)k W(N_Mj{




1. high-T domain walls/inflow, center...

high-T SYM: T'> A k-wall

2d QCD gauge group U(1) X SU(N — k)XSU(k) U(1)r
v AN = e O] O 1
- — V=) (] N 1
U(1)r
Y+ — eXh1  Jacobian U(l)kﬂux quantization?
]{Fm_ detda? (N—F)
o =7 n, n €

Fg_kdxldx2_
I study b.c. on TA2, or
constant flux backgrd

J =exp |i 2x(N — k)k W(N_Mj{




1. high-T domain walls/inflow, center...
high-T SYM: T'> A k-wall

2d QCD gauge group U(1)X SU(N — k)XSU(k) U(1)g

[]
O
p—t

¢+ V(N_k) = k(]\i'v_k)

W —y (N =F)

]
L]
p—t

U(L)r
i — Xy Jacobian U(1) flux quantization”

%\ Fg_kdﬂfldﬂfz . (N—k)
9 =7
7i8

n, n € Z
Y Fdet da?
2T

J =exp |i 2x(N — k)k W(N_Mj{

_ €2ian

only z\% survives, as in the 4d theory



1. high-T domain walls/inflow, center...

high-T SYM: T'> A k-wall

2d QCD gauge group U(1) x SU(N-k) x SU(k)

7% discrete chiral already seen
center symmetry? €.9. q ~ (£yWH),

Zy Wy — ei%qul

1) part of SU(N) O



1. high-T domain walls/inflow, center...
high-T SYM: T"> A k-wall
2d QCD gauge group U(1) x SU(N-k) x SU(k)

7% discrete chiral already seen

center symmetry? e.9. ¢ ~ (£+yW-%.0,1) part of SU(N) O

2

Zy) Wy, — NP0,

gauging - unit 't Hooft flux in k-wall worldvolume

. . N—k ;172 (N —k)
= k units of fractional U(1) flux %Fw L N
T
o FNFartde? | .. -
— - (N—Fk) 12 _ 1%k mixed
JZ;?\Z eXP ZZNQ(N k)k 7{ o (& anomaly!




1. high-T domain walls/inflow, center...

high-T SYM: T'> A k-wall

2d QCD gauge group U(1)X SU(N — k)XSU(k) U(1)g
hy AWM = \/k(]\]fv—k) u ] 1
" o (NSE) ] M 1

Zé?v) Z](\}) 't Hooft anomaly on worldvolume
as implied by anomaly inflow

o oNAD  NB® NB® BE@N
Ss_p=1— / A A > ]{ =k
2T 2T 2T M QT

ZCB4

k AW (2) 0 1
— stk [ WAL PR, 7 ZY) on Worldvolume)

Ms (OMs=M>)



1. high-T domain walls/inflow, center...

high-T SYM: T'> A k-wall

2d QCD gauge group U(1) X SU(N — k)XSU(K) U(1)r
v AN = e O O 1
" o (NSE) n M 1

Zé?v) Z](\}) t Hooft anomaly on worldvolume

IR of worldvolume” matching®?

N=2, k=1 on its own, simplest study
= ax|al “Charge_z” case of QFTs with mixed
Schv\/inger mode] O-form/1-form 't Hooft

Anber, EP 1807.00093 anomaly



1. high-T domain walls/inflow, center...

. , Anber, EP
charge-q vector Schwinger model on spatial S| 1807.00093

1-form center + O-form Chil’a|; Hamiltonian [Manton ‘86; Iso, Murayama '89]

27T large
jI{Axd:IjECL Zg:a%al p (ZqC)q =G gaggetrf

Dirac sea states \n> - E Qs|n) = [n) (2” - )
eft right Gln) = |n+q)

anomaly free Q5

~ a N N
s = Qs C; not G invariant G : Q5 — Q5 + 2q

125 Qs (0)
Xog = e 24 *® G invariant, generates chiral /s



1. high-T domain walls/inflow, center...

qu = € 2_Q G invariant, generates chiral Z(O)

271'

Xogln) = n)wp (g =e'7)

Y, generates 1-formcenter (Y,)?! =G

YsIn) =|n+1) because G|n) = |n + q)

q “theta vacua” [0,k)=> "kt qn), k=0,1,...,¢—1
nel

and their Z Fourier transfs:

P, 0) Zwkp\e k), ...,q — 1(need, clustering)



1. high-T domain walls/inflow, center...

<P,7 ‘9|1Z+(37)¢— ($)‘P, 8> — 6_7;€C“‘}(]_P5P,P’C'
from above formulae find action of symmetries

Xoq |P,0) = |P + 1(mod q), 0)
P _ip ‘central extension”
Y, P,0)=|P,0) Wy € manifestation of

27 ixed discrete
v v v oy _ 2 mixe
2qg Lq = Wq Lq A2q (wq e ) t Hooft anomaly




1. high-T domain walls/inflow, center...

“‘central extension”
manifestation of

27 ixed discrete
v v v oy _ 2 mixe
2qg Lq = Wq Lq A2q (wq e ) t Hooft anomaly

relabel g->N z{%) — Z” IR TQFT on N=2, k=1 DW:

N o a ;2
Sop=i— [ ©DdaV) PPl — LU ol0 iR

27TM2 ,\ \

N=2, k=1,derivation from UV: Zé?v) Zj(vl) operators



1. high-T domain walls/inflow, center...

high-T SYM: T'> A k-wall

2d QCD gauge group U(1) X SU(N — k)XSU(K) U(1)r
v AN = e O O 1
" o (NSE) n M 1

Zé?v) Z](\}) t Hooft anomaly on worldvolume

IR of worldvolume” matching®?

N=2, k=" ASURSA L

= axial "charge-2~ (1) .
Schwinger model Z ' broken (perimeter law)

Anber. EP 1807.00093 screening of all charges in 2d
massless-fermion theories



1. high-T domain walls/inflow, center...

high-T SYM: T'> A k-wall

ZQ(?V) Z](Vl) t Hooft anomaly on worldvolume

ikely persists for all N, k=1 (perhaps all k):
Zon = 25" (trpyapo) # 0

all-N, k=1, gauged wW/\W Iarge-N, k=1 Zhitnitsky, '85; Burkardt ‘94
Affleck, 86 Glozman, Shifman..., ‘12

(trpyip_) ~ NVA
gapped, IR TQFT



1. high-T domain walls/inflow, center...

high-T SYM: T'> A k-wall

Zé?v) Z](Vl) t Hooft anomaly on worldvolume

1 fermion condensate on k-wall
2 quarks deconfined on k-wall

Z](\}) broken (not in bulk)




1. high-T domain walls/inflow, center...

high-T SYM: T'> A k-wall

Zé?v) Z](Vl) t Hooft anomaly on worldvolume

1 fermion condensate on k-wall
2 quarks deconfined on k-wall

Z](Vl) broken (not in bulk)

1 first via holography: F7on D1
3 .
R~ bulk [Aharony, Witten 1999:...]

here, QFT: 2d YM with [Schwinger model...;

| f : Gross, Klebanov, Matytsin, Smilga 1995;
Massless 1ermions screens Armoni, Frishman, Sonnenschein 1997;... |




1. high-T domain walls/inflow, center...

high-T SYM: T'> A k-wall

Zé?v) Z](Vl) t Hooft anomaly on worldvolume

R>bulk

here, QFT: 2d YM with

1 fermion condensate on k-wall
2 quarks deconfined on k-wall

Zj(vl) broken (not in bulk)

1 first via holography: F7on D1
[Aharony, Witten 1999;...]

[Schwinger model.. .;
Gross, Klebanov, Matytsin, Smilga 1995;

massless fermions screens Armoni, Frishman, Sonnenschein 1997:. .. ]

... Similarto 2. small-SA1 domain walls...



-SA '
2. small-SA1 domain walls... R3x S' Unsal+... 2008.]

QCD(adj) semiclassical at small spatial circle ANL < 1

periodic fermions

here: SYM monopole + twisted (“KK”) monopole superpotential
[Seiberg, Witten 1996;.. ]



2. small-SA1 domain walls...

QCD(adj) semiclassical at small spatial ci

[R3x S': Unsal+... 2008-]
cle ANL <« 1

periodic

‘ermions

here: SYM monopole + twisted (“KK”) monopole superpotential

[Seiberg, Witten 1996;.. ]

but we also have N-1

ANL <« 1

NOW minimum at unpbroken Z](\(,))C point - SU(N) abelianization
SU(3) N
LA, -plane: @

-

>< e

_

"dual photons™ and a
“dual photon plane” —>



2. small-SA1 domain walls...

QCD(adj) semiclassical at small spatial circle ANL < 1

periodic fermions

unbroken Z](\(,))C

L O OO O O O SO

e S
SOOIl AR YeS e
. e e N2 A TR e
. e e e

OO OO OO
el e e e e e e
e e e el el e e e
Sel e e e e e 8

dual photon plane

periodicities:
wl, w2: weight vectors of SU(3)

3 vacua - 1,2,3
broken discrete chiral symmetry
(preserve center symmetry

120 degree rotn + w_k shift)



2. small-SA1 domain walls...

[1501.06773 Anber, Sulejmanpasic, EP]

QCD(adj) semiclassical at small spatial circle ANL < 1

periodic fermions

unbroken Z](\(,))C
. 8 " " = O -, e

. e e
ooooor'}-o
ONONONLY, (¥ 197 i

/'\

OO OO SO OO
eel e e e e e e e
LR O O OO O O
e e e e e e e

dual photon plane

periodicities:

wl, w2: weight vectors of SU(3)
3 vacua - 1,2,3

broken discrete chiral symmetry

(preserve center symmetry
120 degree rotn + w_k shift)

3 distinct k=1 walls



2. small-SA1 domain walls...

[1501.06773 Anber, Sulejmanpasic, EP]

QCD(adj) semiclassical at small spatial circle ANL < 1

periodic fermions

unbroken Z](\(,))C
. 8 s s = O -, e«

OOOOOOOO
eel e e e e e e e
L OO OO O RO
SLe e e e e e e

dual photon plane

wl, w2: welght vectors of SU(3)

3 vacua - 1,2,3
broken discrete chiral symmetry
(preserve center symmetry

120 degree rotn + w_k shift)

3 distinct k=1 walls



2. small-SA1 domain walls... [1501.06773 Anber, Sulejmanpasic, EP]

QCD(adj) semiclassical at small spatial circle ANL < 1
periodic fermions

unbroken Z](\(,))C

OO ONO MO MO RO MO NCE dual photon plane
e e N 3 WIS IS  eriodicities:

s, s s X112 A n s wl,w2:weight vectors of SU(3)
) HOHO HO KL - C -— 3 vacua - 1,2,3

*® % 2% % % broken discrete chiral symmetry
Be e e e e e 8" (preserve center symmetry

C OO O O O 120 degree rotn + w_k shift)
OO OO OO O L

3 distinct k=1 walls



2. small-SA1 domain walls... [1501.06773 Anber, Sulejmanpasic, EP]
here: SYM  unbroken Z](\(,))C proken Z{%) — Z{

confinement:  Wilson loop

/

ele e e e e el e e

e% fC’ A(3)

e e W R
OO Rt S AV C

24 % . c
L~ P~ O fﬁc do' — 27TA.
monodromy
for, e.g., a weight of the DW |

fundamental, say wi P(DWV | %)



2. small-SA1 domain walls... [1501.06773 Anber, Sulejmanpasic, EP]
here: SYM  unbroken Z](\(,))C proken Z{%) — Z{

confinement:  Wilson loop

OOOOOOO
OOOCO AL

. s s u , ‘ fﬁC’ do = 27
. ® e e eBe O -
O O O O O e L
L O O O )
S8 8 8 8 8 e s

(pictured the “w|”-confining string in vacuum 2)

monodromy

wl =DWI “+” P(DW %)

for, e.g., a weight of the
fundamental, say wi



2. small-SA1 domain walls... [1501.06773 Anber, Sulejmanpasic, EP]
here: SYM  unbroken Z](\(,))C proken Z{%) — Z{

C
b~ do =21
monodromy

w | -string
in vacuum 2

for, e.g., a weight of the
fundamental, say wi




2. small-SA1 domain walls... [1501.06773 Anber, Sulejmanpasic, EP]
here: SYM  unbroken Z](\(,))C broken Zé?\), Z(O)

True VZzuum

m
g )

: False \ acuumy . >

Kink

'V
quark
k=1 walls, at least, same “BF" 2d TQFT as high-T walls

semiclassical picture of confinement at small-L has some corollaries

1. baryons
2. strings ending on walls



2. small-SA1 domain walls... [1501.06773 Anber, Sulejmanpasic, EP]
here: SYM  unbroken Z](\(,))C broken Zé?\), Z(O)

True VZzuum

. o False \ acuumy . >

Kink

Juark

k=1 walls, at least, same “BF" 2d TQFT as high-T walls

the three k="
walls have the

81
right fluxes ~ ct SW theory:
baryons: Vi v v
A -like s

V9




2. small-SA1 domain walls... [1501.06773 Anber, Sulejmanpasic, EP]
here: SYM  unbroken Z](\(,))C broken Zé?\), — Zéo)

True VZzuum

m
g}

: False \ acuumy >

Kink

Juark

k=1 walls, at least, same “BF" 2d TQFT as high-T walls

81
ct SW theory:
baryons: v e Vs
A-like s

cartoon of a baryon in SU(3) QCD(adj)



2. small-SA1 domain walls... [1501.06773 Anber, Sulejmanpasic, EP]

here: SYM  unbroken Z](\(,))C proken Z{%) — Z{

True VZzuum

ﬂr\\
g | R

. o False \ acuum, ,

Sz’
—

Juark

further, as seen in MQCD [witten, 1998] confining strings end on DW

. - -
N QQ* pair

— <
fuses with
wall
Q Q’s deconfined
string ends on DWVs
ion DW
) < -e--->--0=
. pull Q* to
S infinity



Summary/conclusions/...:

New 't Hooft anomalies, missed before, have interesting
implications; here: discrete chiral/center mixed anomaly

Example 1. k-walls between high-T center-broken vacua,

rich worldvolume dynamics (SYM)

= 2d QCD (non-susy) on the k-wal
= screening (one-from center brea

King) on wall

= confining strings ending on wall (~ F1/D1)

= high-T chirally restored phase, but(try y_) # 0 on wall

high-T walls share properties of zero-T bulk and zero-T walls
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New 't Hooft anomalies, missed before, have interesting
implications; here: discrete chiral/center mixed anomaly

Example 1. k-walls between high-T center-broken vacua,
rich worldvolume dynamics (SYM)

Example 2. k=1-walls between zero-1 chiral-broken vacua,
similar phenomena seen semiclassically (same TQFT)
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New 't Hooft anomalies, missed before, have interesting
implications; here: discrete chiral/center mixed anomaly

Example 1. k-walls between high-T center-broken vacua,
rich worldvolume dynamics (SYM)

Example 2. k=1-walls between zero-1 chiral-broken vacua,
similar phenomena seen semiclassically (same TQFT)

Future;
= nf>1 high-T k-walls detall

» zero-T k>1 semiclassical (?) walls vs. Acharya-Vata

= [attice and high-T k-walls
& low-T “center vortices” and confinement:; k-wall condense?




Summary/conclusions/...:

New 't Hooft anomalies, missed before, have interesting
implications; here: discrete chiral/center mixed anomaly

Example 1. k-walls between high-T center-broken vacua,
rich worldvolume dynamics (SYM)

Example 2. k=1-walls between zero-1 chiral-broken vacua,
similar phenomena seen semiclassically (same TQFT)

Future;
nf>1 high-T k-walls detall

zero-T k>1 semiclassical (?) walls vs. Acharya-Vata

lattice and high-T k-walls
& low-T “center vortices” and confinement:; k-wall condense?

what other consistency conditions have been missed?



