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AdS/CFT correspondence at zero temperature

. 1 d(d+1
Einstein gravity Sg = /dd+2x\/—g [2_/432 <R+ ( )>]
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AdS/CFET correspondence at non-zero temperature
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with f(r)=1— (r/R)*™ ! and T = (d + 1)/ (47 R).
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Entropy density of CFTy,1, S ~ T
Bekenstein-Hawking entropy density, Sgp ~ T¢
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For SU(N) SYM in d = 3, Sgg = (7?/2)N*T". But there is (still)
no confirmation of this from a field-theory computation on SYM.

Gubser, Klebanov, Peet 96



AdS/CFET correspondence at non-zero temperature
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Correspondence in d = 1:
S = Spy = g T,

where ¢ = 127 L/k? is the central charge of the CFTs5.
Strominger 97



Charged black branes
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Realizes a strange metal: a state with an unbroken global U(1)
symmetry with a continuously variable charge density, O, at
I' = 0 which does not have any quasiparticle excitations.

A. Chamblin, R. Emparan, C.V.Johnson, and R. C. Myers, 99



General Relativity of charged black branes

charge
density O
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¢ = oo x
—

e Near-horizon metric is AdSs, with near-horizon electric field £.
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General Relativity of charged black branes

charge
density O
AdS, x R¢
ds? = (d¢? — dt?)/(? + dx?
Gauge field: A = (£/()dt
¢ = oo x
—

e Near-horizon metric is AdSs, with near-horizon electric field £.
e As T — 0, there is a non-zero Bekenstein-Hawking entropy, Sgy

e Both £ and Sy are determined by O, and both vanish as @ — 0.

e Near the boundary, A = udt, where p is the chemical potential



General Relativity of charged black branes

Conformal mapping to T > 0
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density O
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General Relativity of charged black branes

Conformal mapping to T > 0

¢ = o

ds? = [dC2/(1— C2/C3) — (1 — C2/G3)dt?] /2 + di?
Gauge field: A =E&(1/( —1/(p)dt with (o = 1/(27T)
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e Comparing with the near-horizon: u(7') = —27ET+ constant as T" — 0.

e Using a thermodynamic Maxwell relation (also obeyed by gravity),

A.Sen
hep-th/0506 177
S. Sachdev
1506.05111
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e Also obeyed by the Wald entropy in higher derivative gravity.



Quantum fields on charged black branes

charge
density O
AdSz x R Dirac fermion
ds?® = (dCQ i dtQ)/CQ 4+ di2 f
Gauge field: A = (£/()dt OI 1mMmass m
— OO f
—

T. Faulkner, Hong Liu, . McGreevy, and D.Vegh, Phys. Rev. D 83, 125002 (2011)



Quantum fields on charged black branes

AdS,; x R?

ds? = (d¢? — dt?)/¢? + dx?
Gauge field: A = (£/()dt

( =0

—

charge
density O

Dirac termion

of mass m

S|

Boundary Green’s tunction of ¢ at T'= 0

w— (1-24) ,w >0

(

ImG(w) ~ <

\\

where the fermion sca.

€

—2mE ‘w

—(1=24) ", < 0.

ing dimension A is a function of m

£ encodes the particle-hole asymmetry

T. Faulkner, Hong Liu, . McGreevy, and D.Vegh, Phys. Rev. D 83, 125002 (2011)



Quantum fields on charged black branes

Conformal mapping to T > 0

¢ = o

charge
density O

ds® = [d¢*/(1 - ¢*/¢5) — (1 —¢q Dirac fermion
Gauge field: A = £(1/¢—1/¢o) of mass m

Boundary Green’s function of v at T' > 0

LW _
—iCe= F<A 2T Zg)

1—2A ;
L) S m (A~ Y e
27

G (w) =

one  SID(TA +0)
 sin(mA —0)°

T. Faulkner, Hong Liu, . McGreevy, and D.Vegh, Phys. Rev. D 83, 125002 (2011)

where e
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What is a possible quantum theory on
the boundary !

A critical strange metal state with infinite-range

interactions obtained in
S.Sachdev and J.Ye, Phys. Rev. Lett. 70, 3339 (1993)

S.Sachdey, Phys. Rev. Lett. 105, 151602 (2010)



Infi nite range strange metals

H = NM 1/2 Z Z v ZOéCZBCJBCJO‘
1,)=1a,0=1

CiaCiB + CjBCia = 0 cmc;rﬂ + cj.ﬁcm = 0400
1

7 cloCia = Q

Ji; are independent random variables with J_w = 0 and J_ZZJ = J?
N — oo at M = 2 yields spin-glass ground state.
N — oo and then M — oo yields critical strange metal

S.Sachdev and |.Ye, Phys. Rev. Lett. 70, 3339 (1993)
OR .
H = ! E Jij. g
C C C C
7.]7]{:7'6 1
e c: — 0 T Te — 4.
CiCj + CjC; = , GGy -+ CiC; = 0ij

= =3 de,

(4 -
Jij.ke are independent random variables with J;;..e = 0 and |J;;.x¢|? = J?
N — oo yields same critical strange metal; simpler to study numerically
A. Kitaev, unpublished; S. Sachdey, arXiv:1506.051 | |




Infinite-range strange metals

Feynman graph expansion in J;; , and graph-by-graph average,
yields exact equations in the large IV limit:

Gliw) = ——— o ¢ S0 =—PEnGE

G(r=0")=0.

Low frequency analysis shows that the solutions must be gapless
and obey

for some complex A. Let us also define 2(z) = X(z) — p.

S.Sachdev and |.Ye, Phys. Rev. Lett. 70, 3339 (1993)



Infinite-range strange metals

At frequencies < J, the equations for G and X can be written as

/dTQG(Tl,TQ)i(TQ,Tg) = —0(11 — 73)

~

S(11,72) = —J2[G(11,72)]° G2, 71)

These equations are invariant under the reparametrization and
gauge transformations

T = f(o)
G(r1,72) = [f'(o1) ' (02)] " 9(71) G(o1,002)

i 7o) = [ (o "o —3/4 9 Yoq.0 A. Georges and O. Parcollet
(71,72) = [ (1) ] (02) g(o2) (01,02) PRB 59,5341 (1999)
A. Kitaev, unpublished

S. Sachdey, arXiv:1506.051 1 |

where f(o) and g(o) are arbitrary functions.

These equations and invariances have similarities to those of the
large N limit of quantum spins at the spatial boundary of a CFT?2

multi-channel Kondo problems
( b ) O. Parcollet,A. Georges, G. Kotliar, and A. Sengupta

PRB 58,3794 (1998)



Infinite-range strange metals

From these expressions we obtain the Green’s function

1w
oA -
—iCe~® ( 2T 25)

G (w) = 1—2A '
e 2 p (oA e
271
in(mA 4+ 0)
here A = 1/4 are _ ST
where /4 and e sn(rA — )

1 1
and Q = 1(3 — tanh(27€)) — = tan~"' (7).

T

S.Sachdev and J.Ye, Phys. Rev. Lett. 70,3339 (1993)
A. Georges and O. Parcollet PRB 59, 5341 (1999)
A. Georges, O. Parcollet, and S. Sachdev Phys. Rev.B 63, 134406 (2001)



Infinite-range strange metals

The entropy per site, §, has a non-zero limit as T" — 0,

and is similar to universal boundary entropy of the Kondo

prOblem. N. Andrei and C. Destri, PRL 52, 364 (1984).
A. M. Tsvelick, J. Phys. C 18, 159 (1985).
[. Affleck and A. W. W. Ludwig, PRL 67, 161 (1991).

This entropy obeys

O. Parcollet,A. Georges, G. Kotliar, and A. Sengupta Phys. Rev. B 58,3794 (1998)
A. Georges, O. Parcollet, and S. Sachdev Phys. Rev.B 63, 134406 (2001)
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strange metal

S.Sachdev and ].Ye, Phys. Rev. Lett. 70, 3339 (1993)
A. Kitaev, unpublished
S.Sachdey, arXiv:1506.051 | |
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Local fermion density of states
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% o—27E ]w\_l/Q, w < 0.

S.Sachdev and |.Ye, Phys. Rev. Lett. 70, 3339 (1993)



1 Al )c-c'%—c-c-—() A
H = 372 Z Jijike C;-rc;r-ckce v I
(2N) = AT [P
i,5,k,0=1 ciCj + ;¢ = 04
ol o2 Jij.ke Independent
random numbers

J8.9.12,14
o4
12

0§ X (o)

1

Local fermion density of states

(w) w1/2 , w >0
% o—27E ]w\_l/Q, w < 0.

Known ‘equation of state’
determines £ as a function of O

1 1
= —(3 — tanh(27&)) — — tan~! (™
Q 4( anh(27&)) — tan (e*7)
A. Georges, O. Parcollet, and S. Sachdev

Phys. Rev. B 63, 134406 (2001)
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MICTOSCOPIC Z€r0 temperature O. Parcollet,A. Georges, G. Kotliar, and A. Sengupta
entropy density, S, obeys Phys. Rev. B 58,3794 (1998)

8_5 — O E A. Georges, O. Parcollet, and S. Sachdev
50 " Phys. Rev. B 63, 134406 (2001)
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A. Chamblin, R. Emparan, C.V. Johnson, and R.C. Myers
Phys. Rev. D 60,064018 (1999)
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Local fermion density of states

p(w) ~ { i

Known ‘equation of state’
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W , w >0
e 27 w712 w < 0.

Microscopic zero temperature
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ds® = (dg2 . dt2)/§2 4+ dz2 charge
N density Q

Gauge field: A = (£/()dt

L= @FO&Daw T mgw

Local fermion density of states
w=1/2 , w >0

W) v

p(w) { o—27E ’w‘—1/27 w < 0.

T. Faulkner, Hong Liu, J. McGreevy, and D.Vegh
Phys. Rev. D 83, 125002 (201 1)
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Local fermion density of states

() w1/2 , w >0
P o—27E ’w‘—1/27 w < 0.

‘Equation of state’ relating &£
and O depends upon the geometry
of spacetime far from the AdS,

Eliminate rg between

0 rd=1\/2d[(d — 1)R% + (d + 1)rZ]
/4329}7‘
~ grroy/2d[(d—1)R? + (d+ 1)rd]
 2[(d—1)2R2 +d(d + 1)rd]
S. Sachdeyv, arXiv:1506.0511 |
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en ropy@ §ns1 y, S, obeys| , dS, gravity

50 = 2mé dual of H

S. Sachdev, arXiv:1506.051 1 |



