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AdS/CFT correspondence at zero temperature
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AdS/CFT correspondence at non-zero temperature

. , . = o . | - d(d+1)
Einstein gravity Sg /r/’ ‘x\/—g [‘)’_,_, (R F==3

“"‘ TN CFT, ., at
AdS-Schwarzschild R T Hawking
Minkowski temperature 1’
/of horizon
-

. L\? [ dr? , ,
ds® = | = — — f(r)dt® + (/.F“]

(7) [./m )
with f(r)=1—-(r/R)**! and T = (d + 1) /(47 R).
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Charged black branes

- . . PP — _ d(d+ 1) R?
Einstein-Maxwell theory  OSpar = /:l"*,r\; qg { = (R b — T3 ' p /-~)]

the boundary with

I" < a variable charge

density Q of a global
U(1) symmetry.

Electric flux

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

. . . TP i iid+1) R*_,
Einstein-Maxwell theory  Sgar = /ff“”-"v" qg { - (R o I/{, : ;., l-“)]
. 7 '

the boundary with

I < a variable charge

density Q of a global
U(1) symmetry.

Electric flux

Realizes a strange metal: a state with an unbroken global U(1)
symmetry with a continunously variable charge density, Q, at
T = 0 which does not have any quasiparticle excitations.

A. Chamblin, R. Emparan, C.V. Johnson, and R. C. Myers, 99
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Charged black branes
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the boundary with
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A. Chamblin, R. Emparan, C.V. Johnson, and R. C. Myers, 99

Pirsa: 15080122 Page 10/42



General Relativity of charged black branes

charge &
density Q
\ll\_: > ll)rf
ds? (d(* — dt<)/C* 4+ dT*
Gauge field: A = (£/()dt
X !
« 4

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

charge A
density Q
\11\_1 X ll)ff
ds? (dC® — dt4)/C* 4 dx®
Gauge field: A = (£/()dt
X C
= q

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

e Both &£ and Sy are determined by Q. and both vanish as Q — 0.

Pirsa: 15080122 Page 12/42



General Relativity of charged black branes

Conformal mapping to 7" > 0
PP charge 7 |
¢ = (g density Q
ds? ‘r/gg (1 \" 'gl";? (1 k“" m"i‘ )t * g"‘ - dT?
Gauge field: A =E(1/C = 1/(y)dt with (g L/ (2ad")
g > |
+ 4
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General Relativity of charged black branes

Conformal mapping to 7" > 0
PRIE charge A
¢ = (g density Q
ds* = [d¢*/(1 - ¢%/¢8) — (1 = ¢*/¢3)dt?] /¢* + dF?
Gauge field: A =E(1/C — 1/(y)dt with (g | /{2 d)
( = o
- 4

e Gauss's Law: A = [u(T) + Qf(r)| dt for a T-independent f(r).
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General Relativity of charged black branes

Conformal mapping to 7" > ()
J PPl U charge A
L =% density Q
r/.\“l ‘r/'\‘) (1 ..\l"' 'Lﬁl‘;f! (1 g"' HE“; ) lt* kh‘ | r/,;"'r
Gauge field: A E(1/C | /Co)dt with (g Wi i
( =X ~
“ q
o Gauss's Law: A = [u(T) 4+ Qf(r)] dt for a T-independent f(r).
e Comparing with the near-horizon: u(7) 2nET+ constant as T — 0.
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General Relativity of charged black branes

Conformal mapping to 7" > 0
b PP & charge kS
L =% density Q
d5? = [dC3/(1 — C2/GB) — (1~ CH/R)dr2] /C? + d
Gauge field: A =&(1/C — 1/(p)dt with (g LAi(2nd)
q X 4
« 4
e (Gauss's Law: A Mf{'/-) F Qf(r)| dt for a T-independent f(r).
e Comparing with the near-horizon: u(7) 2nET+ constant as T — 0.

e Using a Illt'l'liltacl_\'ll;llllil' Maxwell relation (also ()lN“\'l‘{I I’.\' oravity).

A.Sen P i :
\ b
hep-th/0506 177 JOBH Op Gl
S.Sachdev ,')g_} ) AT . -
1506.051 11 | ) ' -
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General Relativity of charged black branes

Conformal mapping to 7" > ()
J Pyl 4 charge A
K = &0 density Q
r/.\‘“I ’r/'\‘) (1 ..\"" 'gl‘;? (1 g"' g[“; };//‘3 g"‘ f f/.!""‘
Gauge field: A i1/ | /Co)dt with (g LA 2Z7L)
q 5 4
E q
e Gauss’'s Law: A = [u(T) + Qf(r)| dt for a T-independent f(r).
e Comparing with the near-horizon: u(7) 2nET+ constant as T — 0.

e Using a thermodynamic Maxwell relation (also obeved by gravity).

A. Sen

9.C. _
hep-th/0506 177 JSBH o, -
S. Sachdev | UE_} 8 T Z

1506.051 | | Q

e Also obeyed by the Wald entropy in higher derivative gravity.
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Quantum fields on charged black branes

charge A
density Q
\ yl . . .
" AdSz x A" ) Dirac fermion v
ds* (dC* — dt*)/(* + dxr* f .
Gauge field: A (E/¢)dt OI 11lass ™
X r
< G

T. Faulkner, Hong Liu, J. McGreevy, and D.Vegh, Phys. Rev. D 83, 125002 (201 I)
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Quantum fields on charged black branes

charge A
density Q
y yl . . & /
. AdS; x RY ) Dirac fermion
ds® = (dC* — dt*)/(* + dx* { =
Gauge field: A = (£/¢)dt Ol mass m
X .1.'
< Q

Joundary Green’s function of v» at 17" = 0

w—(1-24) iid 1)
ImG(w) ~ I E (1=2A) .
(

;JJ‘ =S )L

where the fermion scaling dimension A is a function of m

[E encodes the particle-hole HH.\'llllll(‘ll'_\'J

T. Faulkner, Hong Liu, . McGreevy, and D.Vegh, Phys. Rev. D 83, 125002 (2011)
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Quantum fields on charged black branes

charge A
density Q
\ yc " i ¢
~ AdS; x RY ) Dirac fermion v
ds” ((/g" r/f')_“g" - dire [ B
Gauge field: A = (£/()dt Ol Imass mm
X '1:
%

e sin(7A + @)

where e“"¢

sin(mrA — 6)

T. Faulkner, Hong Liu, J. McGreevy, and D.Vegh, Phys. Rev. D 83, 125002 (201 I)
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What is a possible quantum theory on
the boundary ?
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WVhat is a possible quantum theory on
the boundary ?

A critical strange metal state with infinite-range

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

S. Sachdey, Phys. Rev. Lett. 105, 151602 (2010)
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Infinite-range strange metals

N A

| ' |

/l (\ \/)l 2. Zl Zl J"-/('/m('r ‘f("j -j('_}f\
L] .3

, v ol - allis ol -
(fm(.;_:' i (fi(;n 0 ; (HI(},; i f‘;_;(”} "r;()fs}
[ 2 | )
V/ C;Cia = <
. s X . . )
J;; are independent random variables with .J;; = 0 and ./fﬂ J*
N — oo at M = 2 vields spin-glass ground state.

N — oo and then M — oo vields critical strange metal
S. Sachdev and |.Ye, Phys. Rev. Lett. 70, 3339 (1993)
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Inﬂnite-range strange metals

N

() c. ¢ .+ele = 0:.:0

('fm('.;.:' i ('; 3Ciax - : i3 iR ia 1 Va3
| ‘
§ T .. — 0O
.\/ C.alia g&.
. . X . . )
J;; are independent random variables with .J;; ) and /* J*
N — oo at M = 2 vields spin-glass ground state.

N — oo and then M — oo vields critical strange metal
OR S. Sachdev and |.Ye, Phys. Rev. Lett. 70, 3339 (1993)

1.1k, 0=] 1
i 1
CilCs 1 €44 0 c;C; + C;¢, 0ij
|
@) 2 C;C
B \ (.
Ji .0 are independent random v wiables with fisiee =0 and |Js4.02]% = J*
N — ~ vyields same critical strange metal; s lIl[)Ill to study numerically

A. Kitaev, unpublished; S. Sachdev, arXiv:1506.051 | |
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Infinite-range strange metals
Feynman graph expansion in .J;; , and graph-by-graph average,
vields exact equations in the large N limit:
V(s l S 2 Y/
(:( L.L,'): : ~7. ._J(T):—[ G (T)(l(—T)
w + pu— 2(ww)
(r'(T = '\ ) = Q
Low frequency analysis shows that the solutions must be gapless
and obey
% 1 v A
_("-):/1——\/;+... , x(z2) = —
A vz
for some complex A. Let us also define ¥(z) = ¥(z2) — p.
S. Sachdev and ).Ye, Phys. Rev. Lett. 70, 3339 (1993)
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Infinite-range strange metals
Feynman graph expansion in .J;; , and graph-by-graph average,
_ graj ij.. glraj y-graj g
vields exact equations in the large N limit:
Y (a l \w 2N Y [
(:( w): : ~7. ._J(T):—[ G (T)(l(—T)
w + pu— 2(ww)
Gir=0")=Q
Low frequency analysis shows that the solutions must be gapless
and obey
') 1 v A
_,("'):/I——\/.Z+... ., G(z) = —
A NE
for some complex A. Let us also define ¥(z) = ¥(z2) — p.
S. Sachdev and ).Ye, Phys. Rev. Lett. 70, 3339 (1993)
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Infinite-range strange metals

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

/ (/T-_’(:'(ﬁ."‘_g}.\:(f-:. 73 ) 0-(."] 73 )

.\:(T].T-J] ./:‘(:'(H.TJ}'h(:'(T-J.TM

These equations are invariant under the reparametrization and

gauge transformations

T f[(T}
i T 1/4 9(01)
(1{7_|.T-__>} _/;{(Ti].,’(ﬂ'-_:}‘ (r(le.fT-_»I
' .(j(_(T-:)
= : o - 3/4 g\ ) =,
2l T1,.72) = |f (01)] (09 }‘ _ -\JWTI L 09 ) A. Georges and O. Parcollet
: ' glos) PRB 59,5341 (1999)
A. Kitaev, unpublished
where f(o) and g(o) are arbitrary functions. 3. Sachdey, arXiv:1306.051 11

These equations and invariances have similarities to those of the
large N limit of quantum spins at the spatial boundary of a CFT2

(multi-channel Kondo problems)
O. Parcollet,A. Georges, G. Kotliar, and A. Sengupta
PRB 58,3794 (1998)
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Infinite-range strange metals

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

/ droG(T1,T2)2(T2, T3) d(7 T3)

(71, 72) ./:\(f(ﬂ.rg}:(;'(r-,

s il

These equations are invariant under the reparametrization and

oauge transformations

5 ‘f'(('f}
N Rt o B 1/4 glo1) -,
(xlT|.T-__>] _/;(.(‘Ti}‘,’((j—'_l)‘ (rl:.le.fT-_)l
- .(](_(T-:)
e g b 3/4 giO1) =
Y(11, 1) =|[f(01)f (ﬁ:]‘ - Y(oq1,09) A. Georges and O. Parcollet
a ' gloo) PRB 59,5341 (1999)
A. Kitaev, unpublished
where f(o) and g(o) are arbitrary functions. * 3achowv.ardin: 1abe.LLIS

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)
O. Parcollet,A. Georges, G. Kotliar, and A. Sengupta

PRB 58, 3794 (1998)
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Infinite-range strange metals
Feynman graph expansion in .J;; , and graph-by-graph average,
vields exact equations in the large N limit:
Y[ l L% W Y/
(:( Qu‘): : ~7. ._J(T):—[ G (T)(l(—T)
w + pu— 2(ww)
Glr=0")=0Q
Low frequency analysis shows that the solutions must be gapless
and obey
') 1 v A
_.("'):/I——\/.Z+... . G(z) = —
A vz
for some complex A. Let us also define ¥(z) = ¥(z2) — p.
S. Sachdev and ).Ye, Phys. Rev. Lett. 70, 3339 (1993)
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Infinite-range strange metals

From these expressions we obtain the Green’s function

I.u,'
N A
G R —iCle~% F i 2T =
: (Jw ) (_);""7‘)] 2A ) [W‘ | -
l | A = 9 IL‘T
271
where e%™¢ i Ul
sin(mtA — 6)
I . I -
and Q@ = l(_.‘i — tanh(27€)) — = tan™! ((')“‘ ) .

S.Sachdev and ).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)
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Quantum fields on charged black branes

charge A
density ©
\ yel g 5 .
, AdS; x RY ) Dirac fermion v
ds* (d(C* dt*)/(c + dx~ [ B
Gauge field: A = (£/()dt Ol Mmass m
X '{:
< 4

Joundary Green’s function of ¢» at T > 0

‘ w
iCo-it ] (‘\ o T “)

G (w) = - - - —
2rT)1-2a _ W

B e e

271 |

G sin(7A + @)
where e“"* : ,
sin(mA — 0)

T. Faulkner, Hong Liu, J. McGreevy, and D.Vegh, Phys. Rev. D 83, 125002 (201 I)
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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
])l'()])l(‘lll. N. Andrei and C. Destri. PRL 52, 364 (1984

\. AL Tsvelic . Phy C'18. 159 (1985
[. AfHeck and A, W. W, Lud PRL 67 [991

This entropy obeys

oS T
64 }

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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\ {.f{.}_ 1 .-} 7

|
i = E Jiimecreie e
¢ 'N3/9 v]iRE Yy k™4 :
(2N )>/* : yiat) i 5
(,(J’ 1 (j(" (".l'

O TR
Jij.ke independent

ol *®
® L ]
A= o5 J156.11 ce random numbers
' >
[ e
L
.ll 12 @
oll J8.9.12.14
® 4
e’ ..
13
p—
O \ cle. ).

An infinite-range model of a
strange metal

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

A. Kitaev, unpublished
S. Sachdeyv, arXiv:1506.051 | |
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| A F “
// / N | _— (',f'!' ™ (.J’(" x (]
- . T ¢ !‘,:}.f(’f {}‘-{,‘ ;
(2N )2/ = / i : g
i\ gk, =1 CiCj + C,C; 05 j
= ol o’ Ji e independent
. é
Jaisow o5 J156.11 6o random numbers
L ] o) -
L
.'l ]\.
oll J8.9.12.14
® |4
o2 T

| -
0 .y dele: V.
\ n‘_—‘ ' y f

LLocal fermion density of states

g ¢ ;
L) ! Vor £ 1/2
| e=*™ |w , w < 0.

S.Sachdev and ).Ye, Phys. Rev. Lett. 70, 3339 (1993)
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| ' c.ic: +c;c; =0
( )\' — E ’/”:M f':f'/f’;.f'; s o Mot
¢ / ).» & v K ' 8

i J N
Ky

= v ol 3 e
0,3,k f=] CiC; + C;C; 0jj
ol . ./,f:;_., ill(l('lwlltlt'lll
°,
T o5 Ji56.11 ce random numbers
.30 13
v,
L ] o)
L
.l: 12@®
ell ;l\\lli 12.14
® 4
o2 T

| -
0 .Y " {ele Y.,

LLocal fermion density of states

L) ; ' /9
| e~ 5 =% el

Known ‘equation of state’

determines € as a function of Q

l 7 q i -\ l I ) o &
lt,.’; tanh(27&)) tan~ " (e
A. Georges, O. Parcollet, and S. Sachdev
Phys. Rev. B 63, 134406 (2001)
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| \ | ([ -0 )
/ ('F('I{’ ' {f(} '7('}(’
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ol o’ Ji ke independent
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l = \
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LLocal fermion density of states

| bl | < ; =
pPLw) 1/2
I e~ & , w < 0.

Known ‘equation of state’

determines € as a function of Q

(\I'.... o wevs o it =N
VIICTOSCOPIC ZETo temperature O. Parcollet,A. Georges, G. Kotliar, and A. Sengupta
entropy density, &, obeys Phys. Rev. B 58, 3794 (1998)
A 9 A. Georges, O. Parcollet, and $. Sachdev
30 ~ “"¢ Phys. Rev. B 63, 134406 (2001)
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LLocal fermion density of states
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Known ‘equation of state’
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determines € as a function of Q
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cosmological constant
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V &
LLocal fermion density of states

[ w1/ ,w>0

Pl l e—27E W 5 --“ w < ().

Known ‘equation of state’

C

determines € as a function of Q

|
T 2 E : Jijike CpC
E: .7, 8 E=]
ol o’
°
] o5 J156,11 ¢e
] 13
[ ] e
L I
L]
4] ].\.
oll J8.9.12.14
® |4
o2 .-
13
| \‘ h
L“" ) cC.C; ).

P e . A
Microscopic zero temperature

entropy density, S8, obeys
dS -
VC
1919,

Einstein-Maxwell theory

cosmological constant

Boundary
areca . i 5

charge

Horizon area Aj,:
AdS, > R
(f,-\'} I(f'\'l rff": \'I 1 f/.!“"

density ©
Gauge field: A = (£/()dt

A. Chamblin, R. Emparan, C.V. Johnson, and R.C. Myers
Phys. Rev. D 60,064018 (1999)

Page 38/42



Pirsa: 15080122
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" (2N)3/2 D Jikecicioe

b0 =]

ol o’
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‘r' y 13 .“ J41.5.6.11 6@
L ] e
[ 3
L]
] 12 @
oll Jg,9,12,14
® |4
L]

l = \
%, = \ cle ).

Local fermion density of states

[ w2 ,w>0

( <
{"_-\_- Y & 1 /2
| e~ |w , w < 0.

Known ‘equation of state’

C

determines € as a function of Q

) . A
Microscopic zero temperature
entropy density, &, obeys
oS -

&I C
1919,

Einstein-Maxwell theory

cosmological constant

Boundarv
arca A;:

charge

Horizon area A :
AdS, > R4
ds® = (dC* — dt*)/C* + d7*
Gange field: A

density i)

L UI'*D Y + myy
Local fermion density of states
I W 1/2 W ()
W) \ — y
/ | e=27€ |w|-1/2, w < 0.

T. Faulkner, Hong Liu, |. McGreevy, and D.Vegh
Phys. Rev. D 83, 125002 (201 1)
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J3.5,7,13 o) vap81l 6e
L e
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L e
@
®|2 13
| = \
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N £ \5%

LLocal fermion density of states

(W) ~ < = Ty
; | e=27€ |w|~12, w < 0.
Known ‘equation of state’

determines £ as a function of Q

T " iy
Micr )SCOPIC ZEeTO lt‘!ll|)<‘1';lt ure

entropy density, &, obeys

4

Yo £
27¢

A (

(
¢
)

-
-

¢

Einstein-Maxwell theory

cosmological constant

Horizon area A, :

L =PI Dy

muyy

LLocal fermion density of states

‘Fquation of state” relating £

and Q depends upon the geometry
of spacetime far from the AdS,
Fliminate rg between
)R + (d + 1)rj
K0}
L grroN2d[(d— )R+ (d+ 1)r2
2[(d — 1)2R?% + d(d + 1)1

S.Sachdev, arXiv:1506.051 1 |

Boundarv

' 1 arca . l :
AdS; x R e
: : } , : charge
ds*® (d( dt<)/( ‘ dr density ©
Gaunge field: A E/C)dt
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Local fermion tll‘llsiﬁ\ of states

[ wol/? ,w>0

Pl ) l " 2wE W I -" w < (J,

Known ‘equation of state’

determines € as a function of Q

) . N
Microscopic zero temperature

entropy density, &, obeys

4

Y £
-_).f‘L

¢
)

~
-

(

7
¢

‘ J

Einstein-Maxwell theory

cosmological constant

Horizon area A : [”_Wlll“'lg;l_\-
AdS, x R4 s
= charge

ds* (dC* — dt*)/C* + dT*
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