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Outline
1. D3-D7
2. Graphene as a realization of SO(2,3) CFT

3. D3-D7 as a planar expansion of graphene
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Relativistic fermions in 241-dimensions

We want to model systems of SO(2,1) symmetric (relativi

fermions in 2+1-dimensions
S = /d?’xZQZi(x)w“@Mwi(x) + interactions
Y;(x) is a 2-component spinor of SO(2,1)

Fermion mass ma);¢; breaks parity and time reversal sym

or flavor symmetry

pij = (Vj(2);i(x))
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Defect field theory

Xyt z 0
A

bulk
i
i defect

> 7

2-component fermions inhabit 241-dimensional subspace
Interact by exchanging degrees of freedom of field theory
3+1-dimenisonal bulk
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Defect conformal field theory

Xyt z 0
A

; N=4 SYM

2+1D fermions

> 7

2-component massless fermions inhabit 2+1-dimensional ¢
Interact by exchanging gluons, etc. of N' = 4 super Yang

theory in bulk
Solve in large N planar limit and at strong coupling A =,
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D3-D7 brane system

brane extends in directions X
brane sits at single point in directions O

#ND = 6 system — no supersymmetry — no tachyon — on
modes of 3-7 strings are in R-sector and are 2-component
(N7 flavors and N3 colors).

Mass = separation in xg-direction.

N7 N3

S = / d’x Z Z V2 [iv* 0, — m]yS + interaction

oc=1a=1

N3 — 00, A = 4mgs N3 fixed — replace D3’s by AdSs x S°
probe D7-branes in AdS5 x S°
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D3-D7 system

Probe D7-brane has geometry AdS, x S*

S. J. Rey, Talk at Strings 2007;

Prog. Theor. Phys. Suppl. 177, 128 (2009) arXiv:0
D-brane construction of graphene

This embedding is unstable.

Fluctuations violate BF bound for AdSy

D. Kutasov, J. Lin, A.Parnachev, arXiv:1107.2324
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D3-D7 system

o 1 2 3 4 5 6 7 8 9
D3 X X X X O O O O 0O O
D X X X O X X X X X O
R. C. Myers and M. C. Wapler, JHEP 0812, 115 {
[arXiv:0811.0480 [hepth]].
Stabilize by putting instanton bundle on S*.
O. Bergman, N. Jokela, . Lifschytz and M. Lipp«
JHEP 1010 (2010) 063 [arXiv:1003.4965 [hep-th]].
Probe brane geometry AdS; x S? x S? with U(1) fluxes
2-spheres
Stable when f or f large enough.

Discrete symmetries, P and C: f = f
J.Davis, H.Omid and G.S., arXiv:1107.4397 [hep-t

Nordita, October 17, 2012



D3-branes ending on D7-branes

D7
D3

Nordita, October 17, 2012



D3-branes ending on D7-branes

D7
D3

source for F/\F or

Nordita, October 17, 2012



D3-branes ending on D7-branes

D7
D3

source for F/\F or
K instanton bundle
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D3-branes ending on D7-branes

D7
D3

: FAF on S 2XS
- j—le—z U(1) monopo
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Defect conformal field theory
Xyt z 0

SU(N+k) SU(N)

> 7

2-component massless fermions inhabit 2+ 1-dimensional ¢
Z = 2z

Bulk contains N = 4 super Yang-Mills theory

Rank of gauge group changes by k = kq1ko at defect
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One-point function in defect CFT
Xyt
A

Bulk primary operator one-point function
CA
<0A(£E)> — ’Z|A

Compute ca for chiral primary operators

K.Nagasaki, S.Yamaguchi, arXiv:1205.1674 for D3-.
C.Kristjansen, GWS, D.Young, to appear for D3-D
small parameter (like BMN)

A
— A ki, k N
el VI << ky, kg <<
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Chiral Primary operator

(872)2
A2 VA
Z C;'liQ“'iAC?]l?&“.iA _ 5IJ

1112...1A

Oar(z) = C7 2" T (i, (2) ¢4, (2) - - din

OAAOTT!
(Oar(x)Oarr (y)) = ‘xA_AnyIA

At each A, d a unique chiral primary operator Os with
SO(3) x SO(3) symmetry which can have a 1-point funct

(Oa(z)) = —

2
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Classical solution of N\=4 SYM
A, =09 =0,

6

V2¢i = Y [$5,[65, 0] =0, ¢:Vep; =0

g=1

1 .
¢Z(Z) — _;(tfl & 17€2X7€2) S2 O(N—/ﬂkz)x(N—klkz)a (A

bilz) = _2(1’“1”1 @ 1;2) @ O(N—k1ko)x (N—k1ks)> &=
plug into Tr (¢, (7) @i, () . .. dis (7))

N >> kl,kz >> \/X
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Classical solution of N\=4 SYM

Semiclassical computation of chiral primary operator yielc

22 (|2 2\ \ 2/2
Oate)) = BE (IR Ui o

2]
(Oa(x)) = 0, (z > 0).

where A is even 1 in
ds? = dip?® + cos® d€5 + sin? wdﬂg

1S
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String theory computation: Small parameter is ﬁ
1

The supergravity dual of the chiral primary operators is s

2A(A — 1) 4
hAdS5 — AdSs \V/ vy |
Hy A1 I S+A+1 A
hg; = 2Aga5 s,
ahons = i/ g5 €0,V s,

s is replaced by its bulk-to-boundary propagator, correspc
a delta-function source sy on the boundary at (¢,z,y,2) =

X A+1 YA ()
22=D/2NVA P (12 4 22 + 42 4 22 + 1/r2)A
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Compute <0A> — —0SpBI — 0SwW7

(Oa(z)) = kl/%z (27r2(ki + k%))m YA [arctan(
Oa@) ~ ((’“%j"“%))m, (2> 0)
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Graphene is a 2-dimensional array of carbon atom

with a hexagonal lattice

Nordita, October 17, 2012



‘ _'-
il i
l -
I-i i
I.I'

i_l

i
i l '

_Ill.

iil
. IiI.

ot i l l
b il"l

e il-
t-tii t

t- -t"t-
-tll
-1-tt-
iinirt
-"-t-
Pats

o i
- rtrl
t o t
r-i
oPat"

--
talels

Jannik C. Meyer, C. Kisielowski, R. Erni, Marta D. Rosse
Crommie, and A. Zettl, Nano Letters 8, 3582 (2008).

TEAM Electron Microscope image
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Tight-binding model

\\I./ \.I/ \.|/ \, \q
1 1 ) 1 1
1 1 ] 1 1
1 1 ] 1 1
1 1 ] 1 1
| | ) | |
_ 0. O. _OS3 S2 O O
~ // \.,/ \\.//
1 ] 1
1 1 l
1 1 1
1 1 1
1 1 1
Si
O, 0. o} O
A . i d ® .
! 1 1 1 1
! 1 1 1 1
®A
OB

hexagonal lattice = two triangular sub-lattices A and B ¢

by vectors §7, So, S3.

_ T L T ~ 3.
H—Z(t b/YJrsj-aA_'_t agbAJrgi) , t~2.Tev |5
Ai

r
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H = /dwu&.w — Z% [¢T(a:)aaw(x+éa) L -

ol
o o>
For a square lattice ol
H a = —1
plaquette

Gauge transform can diagonalize a® to U(1) valued link v
with % magnetic flux quantum in each plaquette.

graphene tight-binding model = staggered fermions
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Band structure of graphene
Tight binding model with one electron per site of 2D hex:
lattice has valence and conduction bands
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Linearize spectrum near degeneracy points

\‘\x /”; K}\-—-/ \ //
7 VAN
Eloctions L E(k) = hop|k
vi ~ 10%m/s ~ ¢/300, good up to ~ lev
0 ko — ik, 0 0
ke + ik 0 0 0
Hpirac = hor "
0 0 0 ko + ik,
0 0  ke—ik, 0

2 valleys x 2 spins = U(4) symmetry
with 2-component massless fermions

1
L= Z Vriy" Otk
k=1
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Electron dispersion relation with ARPES
D.A. Siegel et. al. PNAS,1100242108
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Graphene with Coulomb interaction V(r)= -

4
5 / Pa 30 [0~ A) +op7 - (¥ — )] vy
k=1

1 1 c?
+ —= dtd2x F()i FOZ' — F@
4e? 24/ 07 — c2V2 79,/02 — ¢
e The interaction is not relativistic since speeds of light
different

e This theory is strongly coupled: the graphene fine str
constant is larger than one,

62
Qgraphene — dmd__ — 62 = 62 ¢ ~ 300 62 =
srap hvp /N 4Arhop  4whcvp 1377
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Electron dispersion relation with ARPES
D.A. Siegel et. al. PNAS,1100242108
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AC Conductivity of Neutral Graphene
w >> kg1 RG improved two-loop correction

\
e? e? 1

14C
drhor (14 g tin(A/w)),

Arhvp

i F
e F
L -

-

Theory C = % ~ .26
V. Juricic et.al. Phys. Rev. B 82, 235402 (2010)
Experiments C = 0£7

R. Nair et.al., Science 320, 1308 2008.
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“Dirac cones reshaped by interaction effects in sus
graphene”

D.C.Elias, R.V.Gorbachev, A.S.Mayorov, S.V.Morozov,
A.A.Zhukov, P.Blake, L.A.Ponomarenko, I.V.Grigorieva,
K.S.Novoselov, F.Guinea, A.K.Geim

Nature Physics 7, 701704 (2011) doi:10.1038 /nphys2049
Received 01 April 2011 Accepted 17 June 2011 Published
July 2011 Corrected online 21 December 2011 Corrigendu
(February, 2012)
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Large N approximation

—

N
S = /dtdQ:c Z@Zk {'yt(iat — Ay) +vpy - (’Lﬁ — A)} Y
k=1

Fa L Foi — F.. ¢’
Oz Oz 1] 2\/%

24/ 07 — c2V2

In this large N, we integrate out fermions to get effective

1 2
‘|‘@ dtd xr

N 1 1
S:—/dtd2x Fo; F@'—UZ Fi;
32 ENCETA SRV
1 1 c?
+ — [ dtd*z | Fy; Foi — F;
4e? Yoz —aeve Yo /o7 —

Relativistic at infinite N with speed of light vg.

AC conductivity o(w) = eiév + O(1).
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DBI + WZ Action for D7-Brane

L = NyT; {—\/— det(g + 27/ F) + FAF Aw®

AdSs coordinates and 4-form

dS? 2 2 2 2 2 dr? 2 . 2 2
= r°(dt* +dz” +dy” + dz )+T—2+d¢ +sin” Yd Qg +

W)

w® = A\ rtdt Adx Ady Adz 4+ Ma!> 2L dQs Ad

3 C P symmetric solution with D7-metric AdS4 x 5% x S
ds* dr® (14 f2)?

2 2 2 2 2
= r°(—dt* 4+ d d —dQ
NV r( + dx* + y)+7’*2 11272
s f? 1
=7, 2(r) = - -
4 V1+2f2r
n

Nordita, October 17, 2012



Nordita, October 17, 2012

k = n% where np = VAf
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r=0

Defect conformal field theory




Defect conformal field theory
Xyt z 0

SU(N+k) SU(N)

> 7

N3N7 (f?2+1)
2772 q

(U, U Uy, T) = (¢° 90 — quav)

0‘((,0) _ 22>\h

o

(1+ f?), compare with free field value o(w) =
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Charge Density
3 a solution (q ~ p)

dr? (14 /) +¢°/
d2: )\ / 2—dt2 d2 d2

S Va r( -|—33-|—y)—|—T2 T 22+ g2/
R q
21 (1 +2f2)rt + ¢

dt A dr + %D(d(zz + dS),)

8m\/2f?+1 N
p:
(4]

p? ~ .065Np? with f2 =1/

Free field theory: p = &7 )2 [ d?kO(p — |k|) = 4= p? ~ .08
Debye mass

d 167+/2f% + N
Mp =

du” T T T
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Diamagnetism

0

F~B2 . M~+VB

(f>+1)23N
4(2f2 +1)3+/(27)5A
For free fields

B & [T s \
F=—-4— \V2|B\n=—4\ —=|B|2((—1/2

%
|/\
-
E
=
S

M= — B|

M = 4] 5 C(-1/2)y/1B] ~ ~(4)(0.07)[B
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AC conductivity

Debye screeming length
uLbp ~e , e~5
Diamagnetism

M ~ —(0.24)ev'B

Free fermions:
2

&
O'((U) = E

M ~ —0.28VB sign(B)

WIP: Plasmon frequency, Thermodynamics, Heat transpc
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Conclusions

e D7-D3 system as strongly coupled 24 1-dimensional r

fermions
e Conformal field theory at strong coupling

e Graphene as a strongly coupled quantum fluid
— AC conductivity
— Screening length versus chemical potential
— Magnetization density

— Experimental signatures of strong coupling, confor
symmetry?
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