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(D Introduction
3 dim YM-CS theory ( SU(N)x theory )

1 k
S = —Tr(F A*F) + — f w3(A)
3dim 9° 47 J3dim
A: SU(N) gauge field
2
w3(A4) =Tr (AdA + §A3) CS 3-form

k is an integer called “level”

Low energy limit is the CS-theory

U(1) case is used as an effective theory of FQH effect
We consider large N with k and g?N fixed

level / rank duality SU(N)x > U(k)n



Level changing defects

@ Consider a 1+1 dim defect that changes the CS level.

z01 — defect
A
SU(N)m+k | SU(N)m

> .'1:2=:y

@ Note that the CS-term is not gauge invariant in this case:

5xScs = = [ Tr(rda)

47 defect

@ To cancel this anomaly, we put k chiral fermions on the defect:

, i . negative chirality
Sy = / d*z ’1)01;.,;(34_ + A )yt Y- i=1~k fermions
defect A_|_ _ A(] n Al



Motivation

* FQH states with edges Hall conductance
Bz & 62
Jz = Ozyly Ogy = VF veQ
. 1
Jz E v=_— = effective theory: U(1)m CS-theory
Y
(Laughlin)

* level/rank duality with defects

01 — defect z0:1 — d/e?e-zt
A
SU(N)m+k| SU(N)m =) U(m+kn | U(m)a
> ;[,'2 =:9 > Y

How can we understand this?



* possible new probe to study confinement ?

3 dim YM is a confining theory.
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* Relation to 2 dim QCD

compactify y direction to S*

T
A

0,1

defect

SU(N)o

defect

— i xk

QQ SU(N)«
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P xk
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L

defect defect

radius 2> 0 2 dim

— SU(N) QCD

with k flavors
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(2 Brane configuration

T
R1,2 Sl
AN 1D7 X k
0123456789 D3 x N

ND3:0000 ;\/ \‘\ z*

k D7:00 000000 J LL
A

fermions are anti-periodic along the S*

= SUSY is completely broken

= 3d YM + 2d chiral fermions on the defect + CS-term
“A~—————

(at low energy) L

next side

X More precisely, we get
4d N=4 SU(N) SYM on this S* + 2d fermions + CS-term

)



Chern-Simons term RR O-form

LY

1 1
D3 _ 1 TeF2 0o — [ L / d / 4
5 872 J4dim Co 47?\_ 2w Js1 Co 3dim ws(A)

o

D7 x k CS level
X
s, /s ! !
. . ;y m+k m
\\D7xk
D3 xN

SU(N)m+k I SU(N)m



(3 Holographic description

D3 - “AdSc-soliton” x §° [Witten ‘98]
D7 — probe brane (assuming k< N) [Karch-Katz ‘02]
Geometry dial
r? ° “AdS.-soliton” x §°
R1,2 fl Rﬁ ~ {u} X 85 " m3
A A
0123456789 = i, @xss
ND3:0000 £0:1,2 (
U = Uqg
ds? = u?(n,drtdz” + f(u)(dz®)?) + du” +d2 L[ ac,=nN
7T Ve A\“ Bfw) T 2w et
fwy—1-%

CS level

u4
1 o |
CS level = — ng = #D7 D7 {@ [Fujita-Li-Ryu-Takayanagi ‘11]
27 S1



D7-brane configuration

R x §' x R® “AdS.-soliton” x S°
X D7 x k X‘ D7 x k
SU(N)m+k SU(N)m * D7 x (m+k)
D3 xN D7 xm
> U=u —>

—— \_w__/yy
U(m+k)N U(m)N

CS-term on D7 J/A
N

A
Ve —

SES ~ % (% / dC4) / ws(a)
S im
y - L gauge field on D7

= Consistent with the level/rank duality! [Fujita-Li-Ryu-Takayanagi "11]
(for the case without defect)
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In the following, we mainly consider

D7 D7
-)

D3 x N
> Y

:

S

Solutionwith & =0,=0  _ o . caugefield on D7

y(u) = ¢ / F(u,) "‘il('“') = af) & g exp (]F4[, du’qui'))

F(u) = /(ut — ud)(u® + uleyc — c2) const. (+ pure gauge)
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@4 Defect operators

near y— L, u— o0
y~L+O®u™

ay ~ Ay +0@w™)
a_ ~ C_u* + O(u?)

Ay =aPlbary » C-=——

Dictionary [Harvey-Royston ‘08]

a on-shell action (after holographic renormalization)

05 0S 4S5

(3) (5)
oz ~ O AL (J: sc_ O+
dim 3 operator current dim 5 operator

O vyl Frp. T ~ogply OO ~ Yl Fy Fytp_



Results ( consinstency check + prediction )
L

* : (3) & i 7 %
condensation of O ] & non-zero
we can show 4

O®)y 4
(O0®) 0 (01
* anomaly external gauge field
VA
(J2) < aOpary = 04(J-) ox 8100 |pary = 8_A,
reproduces correct anomaly equation lensen 10, Yee-Zahed "11]
FQH state
* edge modes A
0) . (0) .9
ay’ isthe pure gauge part = ay’|pary =: O+ L

0,1

T
For AL =0 , we have 9+9 =0 = chiral boson /[ X
Y

edge
This is an analog of an edge mode in FQH states.



* chiral symmetry breaking

With two edges, we have two edge modes: 2>t D7 D7

A
. ’ 7
They satisfy (when AL =0) ’
(Jo) < 8_p  (J}) ox B¢ S -
—L L

U(1) x U(1) rotation «> shift of ¢ & ¢’ 9.0 =0 B,p=0

¢+ ¢ can be shifted without changing the gauge field.

(0

(Recall: af =: 84, dlysr =9, dlysr=¢")

sym breaking U(1) x U(1) = U(1)diag
* -> reproduces chiral sym breaking in large N 2d QCD

@ — ¢ isthe Nambu-Goldstone mode



* 2 pt function for OF

operatoraty=+1L

N 5
(OF) ~eokey
(forlarge L)

sourceaty=-1L

9
5C,.
(OPOP) ~ el

(averaged over x%1)

OP0®) |




(5 Free energy & phase transition

Finite temperature

* It is possible to introduce temperature by compactifying
the Wick rotated time direction.

* 1t is known that there is a critical temperature at which

the geometry changes. [Witten '98, Kruczenski-Mateos-Myers-Winter ‘03, ... ]
/u $3 /'U. tE
S1 x R? x Gﬁjxs5 * @XR2XSIXS5
tp b2 L2 3
T<1T, I'>1,

confined deconfined



* We are interested in the L dependence of the free energy.

e on-shell action (after holographic renormalization)
S ~ BF(L)

linear
F(L)

b%branej

Linear behavior comes from the fact that D7-brane tension
IS non-zero at u=ug.
Same origin as the linear behavior for the g-g potential.

>



*For T >T,. there are three solutions.

u ©)
v
------------ L Y
F(L) | Q| ..
B o L
! @/}\ L<Lc:>®
o \@ Lc L> Lc = @
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A case with 4 defects

Consider a case with 4 defects:

2! D7 D7 D7 D7

There are two

U

@L\

—L -] [ L

solutions: (T<Tc)

U

4 @ |
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Free *

energy: , T
e 'c/f T T e N I<l, = @
:® 5 (>0 = 2
(1 @06) @ (1) 2 (3) @)
YD
[ <. [ >,
(09 1)0P (4)) #£0 (0P 1)0P (2)) #0
(05(2)0®(3)) £ 0 (0P (3)0P) (4)) # 0

20



In particular,

201

T_)y 0

21

¢

OI (OO’) =0
(for 1 >1.)

o (OO') #0
(forl<l.)

When [ is small, the farthest pair starts to communicate!

Q Do you know any experiments

that show similar behavior ?



(6 Summary & discussion

We studied “3d YM-CS theory with defects” using holography.

anomaly

# symmetry breaking
confinement
phase transition
etc.

Q Any application to real world physics ?



Z2 dim QCD vs FQH states

compactify y direction to S*

\D_7 x k D7 x k .

D3 x N D quark * gljj(ll\l’r) -
q

\ =, with k flavors

\ V \ (+ KK modes)
gluon

identify

meson sector

3 dim [Yee-Zahed "11]
* U(k)N YM-CS theory

<~ FQH states:
3 dim U(1)n CS-theory
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Dictionary

FQH states QCD (2dim, large N)
Electric charge Q <> Baryon number charge
Electron <> Baryon

Quasiparticle with Q=1/N €> Quark

gapless edge state <> Nambu-Goldstone mode (Pion)

Q Any implications to 4 dim QCD ?



Thank youl!



