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Abstract: Thistalk is about a class of non-Fermi liquid metals, identified using the AAS/CFT correspondence.
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he standard description of metals

The metallic states that we understand well are described by
Landau’'s Fermi liquid theory.

Landau quasiparticles — poles in single-fermion Green function Gg
3 | y 4
atky =kl — ke =0, w=w.(kr)~0: Gg ~ -
Gl — UFkJ_ = 3 i

Measurable by ARPES (angle-resolved photoemission):
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spectral density :
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Landau quasiparticles are long-lived: width is I' ~ w
residue Z (overlap with external e ) is finite on Fermi surface.
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eliable calculation of thermodynamics and transport relies on this.




on-Fermi liquids exist, but are mysterious

eg: '‘normal’ phase of optimally-doped cuprates: (‘strange metal’)
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—— Energy

among other anomalies: ARPES shows gapless modes at finite k (FS!)

with width '(w,) ~ w., vanishing residue Z e

Working defintion of NFL:

Still a sharp Fermi surface  (nonanalyticity of A(w ~ 0.k ~ ke) )
but no long-lived quasiparticles.

LR

Anderson. Senthill 'critical fermi surface’
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on-Fermi liquids exist, but are mysterious

eg: ‘normal’ phase of optimally-doped cuprates: (‘strange metal’)

LR

among other anomalies: ARPES shows gapless modes at finite k (FS!)

with width '(w,) ~ w., vanishing residue Z e

Working defintion of NFL:
Still a sharp Fermi surface  (nonanalyticity of A(w ~ 0.k ~ kg) )
but no long-lived quasiparticles.

Anderson. Senthil] critical fermi surface’

Most prominent

mystery of the strange metal phase:
rsa: 1@s@eSCattering: p ~ T, e-phonon: p ~ [ s
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na known robhiiet effecrtive theary: o ~~ T



uperconductivity Is a distraction

TIK]

. trange metal persists to T ~ 0.
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uperconductivity Is a distraction

Look ‘behind’

TIK]

. trange metal persists to T ~ 0.
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heoretical status of NFL
o Luttinger liquid (1+1-d) G(k.w) ~ (k — w)*8 v
e loophole in RG argument:
couple a Landau FL perturbatively to a gapless bosonic mode
(magnetic photon, slave-boson gauge field, statistical gauge field,
ferromagnetism, SDW, Pomeranchuk order parameter...)

_H- Istein et al, Bayvm et al Halperin-Lee-Read

Polchinski. Altshuler-loffe-Millis, Navak-Wilczek, Schafer-Schwenzer, Chubukov et al
Y-B Kim et al, Fradkin et al, Lawler et al. Metzner et al. S-S5 Lee. Metlitski-Sachdevy, M | —.-i:}-’-
. iz 1

— nonanalytic behavior in GR(...-:) = +LZ(_;J<] at FS: Heda o
F d=241] o F(ks) by

Z(u.) 5 — P'f___O 0. ( J_) o = const
__:|Og_; d=3+1 u.',(k_,_)

These NFLs are not strange metals in terms of transport.
FL killed by gapless boson: small-angle scattering dominates —
(forward scattering does not degrade current)

. transport lifetime # ‘single-particle lifetime’
a>1
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le.in models with MNw. ) ~w,. p~ T



an string theory be useful here’

It would be valuable to have a non-perturbative description of such
states in more than one dimension.

Gravity dual?

Certain strongly-coupled many body systems can be solved using
an auxiliary theory of gravity in extra dimensions.

We're not going to look for a gravity dual of the whole material
or of the Hubbard model.

Rather: lessons for principles of “non-Fermi liquid”
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Lightning review of holographic
duality
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olographic duality (AdS/CFT)

Maldacena: Witten: Gubser-Klebanow-F

gravity in AdS4.1 = d-dimensional Conformal Field Theory

(many generalizations, CFT is best-understood.)

. r2 2: "3 iy 7dr'2
AdS: ds== E(—o‘t“ +dxX°) + ‘-r—z

isometries of AdS4.1 -~ conformal symmetry

JLhe extra (‘radial’) dimension is the resolution scale. = e
( The bulk picture is 2 hologram.)
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hen is it useful?

Zorr[sources] = Zjuantum gravity[Poundary conditions at r — oc]

—N2S,.. ikiboundary conditions at r—oc :
~ e 1 [ ] extremum ol 5".-1;“-{

classical gravity (sharp saddle) «~~ many degrees of freedom per
point, N° > 1

fields in AdSy4.1 ~~ operators in CFT
mass -~~~ scaling dimension

boundary conditions on bulk fields ~~~ couplings in field theory

e.g.. boundary value of bulk metric lim, . g

— source for stress-energy tensor [

different couplings in bulk action -~~~ different field theories
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large AdS radius R ~~ strong coupling of QFT




olograph:c duahty (AdS/CFT)

"1I| lacena; Witten: Gubser l-‘ V. KOW

gravity in AdS,.1 = d-dimensional Conformal Field Theory

(many generalizations, CFT is best-understood.)

9 5
r< = . ~

2 (—dt®+ dX°) + R*—-

isometries of AdS4.1 -~ conformal symmetry

AdS - ds® =

BOLTN DLARY

....he extra (‘radial’) dimension is the resolution scale.
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( The bulk picture is a hologram.)



hen is it useful?

Zorr[sources] = Zyuantum gravity[Poundary conditions at r — oc]

— NSy, 1 [boundary conditions at r—oc -
~ e itk | extremum of Sy,

classical gravity (sharp saddle) «~~ many degrees of freedom per
point, N° > 1

fields in AdS4+1 ~~ operators in CFT
mass -~~~ scaling dimension

boundary conditions on bulk fields «~~~ couplings in field theory

e.g.. boundary value of bulk metric lim,_. g

— source for stress-energy tensor [

different couplings in bulk action -~~~ different field theories
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large AdS radius R -~ strong coupling of QFT




onfidence-building measures

» 1. Many detailed checks in special examples

Pirsa: 10050083

examples: relativistic gauge theories (fields are N x N matrices), with
extra symmetries (conformal invariance, supersymmetry)

checks: ‘BPS quantities,’ integrable techniques, some numerics

2. sensible answers for physics questions
rediscoveries of known physical phenomena: e g. color confinement, chiral
symmetry breaking, thermo, hydro, thermal screening, entanglement

entropy, chiral anomalies, superconductivity,
Gravity limit, when valid, says who are the correct variables.
Answers questions about thermodynamics, transport, RG flow, ...

in terms of geometric objects.

3. applications to quark-gluon plasma (QGP)

benchmark for viscosity, hard probes of medium, approach to equilibrium
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imple pictures for hard problems, an example

Bulk geometry is a spectrograph separating the theory by energy scales
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imple pictures for hard problems, an example

Bulk geometry is a spectrograph separating the theory by energy scales.

dr?

- (—dt™ ) +- R

R,
|
5§
.3

r2
CF T: bulk geometry goes on forever, warp factor w(r) = & — 0
P
- | ] I--. _'l.i “-:J..,__\' i1 1al RELLECH 4 \\
[ .
Model with a gap: geometry ends smoothly,
warp factor w(r) has a min: if X
IR region is missing, no low-energy excitations, \“x
energy gap. B
0
iy
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trategy to find a holographic Fermi surface

Consider any relativistic CF T with a gravity dual

a conserved U(1) symmetry  proxy for fermion number — A,

and a charged fermion operator proxy for bare electrons — .
Anyd >1+1 focusond =2+ 1.

\dS,

CFT at finite density: charged
black hole (BH) in AdS.

To find FS: isungSik Lee 0809 3402
look for sharp features _ :
in fermion Green functions __=s _____________¥___.
at finite momentum T R e,

and small frequency.

To compute Gg: solve Dirac equation in charged BH geometry.
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hat we are doing, more precisely
Consider any relativistic CF T 4 with
d(d — 1)

e an Einstein gravity dual £4.1 =R + s
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trategy to find a holographic Fermi surface

Consider any relativistic CF T with a gravity dual

a conserved U(l) symmetry proxy for fermion number — AH

and a charged fermion operator proxy for bare electrons — .
Anyd >1+1 focusond =2+ 1.

AdS,

CFT at finite density: charged
black hole (BH) in AdS.

To find FS: (Sung-Sik Lee 0809.3102
look for sharp features _
in fermion Green functions __s _____________¥___.
at finite momentum y Py = W, |
and small frequency.

To compute Gg: solve Dirac equation in charged BH geometry.
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hat we are doing, more precisely
Consider any relativistic CF T 4 with
d(d — 1)

e an Einstein gravity dual £4.1 =R + s
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hat we are doing, more precisely

Consider any relativistic CF T 4 with

e an Einstein gravity dual £4.1 =R + ( ~ ) - }_j
RS 8F

e 3 conserved U(l) current (proxy for fermion number)
— gauge field F = dA in the bulk.

An ensemble with finite chemical potential for that current is described by the

=

AdS Reissner-Nordstrom black hole

r_-H—"’2(-fafr2+df~‘-‘)—de‘"2 A= (1—(r°)d_2 dt
s | r2f’ =
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hat we are doing, more precisely
Consider any relativistic CF T 4 with

d(d—1) 2x*
e an Einstein gravity dual £4.1 =R + ( ) — L,?,F2 + ...
R? gF

e 3 conserved U(l) current (proxy for fermion number)
— gauge field F = dA in the bulk.
An ensemble with finite chemical potential for that current is described by the

AdS Reissner-Nordstrom black hole:

k. dr? )
QQ M gFQ
fir)=1+ 2d—2  ,d° fln)=0. p= chErg_l‘

e a charged fermion operator Op (proxy for bare electrons)

— spinor field ¢ in the bulk L4437 3 v (D, — m) ¥ + interactions
- i P 1 3 - . d

with D“r_ _(();;+4—_L;,-r—th“)f_ (A=S$+mlL qg=gq)

‘Bulk universality': for two-point functions, the interaction terms don't matter.

Pirsa: 10050083

Results only depend on g. A.
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hat we are doing, more precisely
Consider any relativistic CF T 4 with
d(d — 1)

e an Einstein gravity dual £4.1 =R + s
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trategy to find a holographic Fermi surface

Consider any relativistic CF T with a gravity dual

a conserved U(1) symmetry  proxy for fermion number — A,
and a charged fermion operator proxy for bare electrons — .
Anyd >1+1 focusond =2+ 1.

AdS,

CFT at finite density: charged |
black hole (BH) in AdS.

To find FS: [SungSik Lee 0800 3202

look for sharp features _

in fermion Green functions __ 9 ___3___. h; e
at finite momentum = e BE o

and small frequency.

To compute Gg: solve Dirac equation in charged BH geometry.
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hat we are doing, more precisely
Consider any relativistic CF T 4 with

d(d—1) 2x*
e an Einstein gravity dual £4.1 =R + ( ) - L_sz + ...
R? gF

e 3 conserved U(].) current (proxy for fermion number)
— gauge field F = dA in the bulk.
An ensemble with finite chemical potential for that current is described by the

AdS Reissner-Nordstrom black hole:

; S r2 3 Edrz = n d—2
ds? = 5 (—fd? +d) + P, A=y 1—(—) dt

r
Q? M grQ
f(r) =1+ —d—7 ~ d° fin)=0 p= chzrg_l‘

e a charged fermion operator Op (proxy for bare electrons)
— spinor field ¢ in the bulk L4437 3 v (DM — m) ¥ + interactions

- A - ]- ¥ . " r a
with D¢ = (0, + zw, - T —iqA,) ¥ (A=%+mL gq=gq)
‘Bulk universality’: for two-point functions, the interaction terms don't matter.
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Results only depend on g. A.




omments about the strategy

» There are many string theory vacua with these ingredients.
In specific examples of dual pairs
(e.g. M2-branes ~~ M th on AdSs x S'),
interactions and { g, m} are specified.
Which sets {g. m} are possible and what correlations there are is not

clear.

» This is a large complicated system (p ~ N?), of which we are
probing a tiny part (py ~ NY).

» |n general, both bosons and fermions of the dual field theory

are charged under the U(1) current: this is a Bose-Fermi
mixture.

Notes: frequencies . below are measured from the chemical potential.

Results are in units of u
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hat we are doing, more precisely
Consider any relativistic CF T 4 with

e an Einstein gravity dual £4.1 =R + - ey

e 3 conserved U(].) current (proxy for fermion number)
— gauge field F = dA in the bulk.
An ensemble with finite chemical potential for that current is described by the

AdS Reissner-Nordstrom black hole:

3 dr? o i
N 2y | 291 —pl1—(=2
ds_L2[ fdt2-|-dx) erf. A }:(1 (r) )dt
QQ M gFQ
=1+ - 13 Fo)=0. n=—Ed

e a charged fermion operator Op (proxy for bare electrons)

— spinor field ¢ in the bulk L4437 3 v (D, — m) ¥ + interactions
- [ 4 1 . : d

with D;: = (f_)“ + Wy I — lqA“) 3 {A="Am g—qg]

‘Bulk universality': for two-point functions, the interaction terms don't matter.
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Results only depend on g. A.




omments about the strategy

» T[here are many string theory vacua with these ingredients.
In specific examples of dual pairs
(e.g. M2-branes ~~ M th on AdS; x S7),
interactions and { g, m} are specified.
Which sets {g, m} are possible and what correlations there are is not

clear.

» This is a large complicated system (p ~ N?), of which we are
probing a tiny part (py ~ NY).

» |n general, both bosons and fermions of the dual field theory

are charged under the U(1) current: this is a Bose-Fermi
mixture.

Notes: frequencies w below are measured from the chemical potential.

Results are in units of g
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omputing Gg

Translation invariance in X.t = ODE in r.
Rotation invariance: k; = 4k
Near the boundary, solutions behave as (= —¢’ 2 1)

r'r_:éxa,,rm (2) + b r ™ (é)

Matrix of Green's functions, has two independent eigenvalues:

bf!

o

Ga(w. k) = a=12
To compute Gg: solve Dirac equation in BH geometry,
impose infalling boundary conditions at horizon [sen starinets._igbal

Like retarded response, falling into the BH is something that happens.
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ermi surface!

At T = 0. we find (numerically)

.-I'I'IL'.LiF
20 [ ‘ j
s B 1 1
Lo, ¢ Fo - L.
= \¥/r \ | =
'._ ||I'.‘
0} ) . I\“‘-— lllll

‘MDC:  G(w = —0.001. k) ‘EDC":
Forgq=1.m=0: k= 0918528499
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ermi surface!

At T =0, we find (numerically)
Imi G )

x
......
-

‘MDC:  G(w = —0.001. k) EDC":
Forgq=1.m=0: k= 0918528499

ot G7)

But it's not a Fermi liquid:

The peak moves
with dispersion relation w ~ kT with

z=208fxcqg=10=—3/2
z=—532fow q—06 8 —3/2

Page 34/72

and the residue vanishes.




mergent quantum criticality

Whence these exponents?

Near-horizon geometry of black hole is AdS, x R9~1.
The conformal invariance of this metric is emergent.

(We broke the microscopic conformal invariance with finite density.)

d-1
.-\dsl.‘(R AdS d+1
o o
horizon boundary
r—-1<<l1 >
w L U W > WU

AdS/CFT — the low-energy physics governed by dual IR CFT.
The bulk geometry is a picture of the RG flow from the CFT, to this NRCFT.
|dea for analytic understanding of FS behavior:

solve Dirac equation by matched asymptotic expansions.

In the QFT, this is RG matching between UV and IR CFTs.
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nalytic understanding of Fermi surface behavior: results

b +wbl) + 0(w?) + G(w) (b2 +wb) + 0(w?))

Gr(w. k) =

3

)+ Gi(w) (2 +wal) + 0(w?))

The location of the Fermi surface (a'”(k = k¢) = 0) is determined by
short-distance physics (analogous to band structure —

a. b € E from normalizable sol’'n of w = 0 Dirac equation in full BH)

but the low-frequency scaling behavior near the FS is universal
(determined by near-horizon region — IR CFT G).

G = c(k)w? is the retarded Gg of the op to which Op matches.
its scaling dimension is v + %— with (ford =2+ 1)

v =L V': m? + k% — q%/2

L is the ‘AdS radius’ of the IR AdS
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onsequences for Fermi surface

h
G w. r‘(’ — 3
R( ) k = ﬁw’ = h’."_{':(k)w'_lr “F

h >. ve real, UV data.
The AdS-> Green's function selGaal, Im 5

s the self-energy L = G = c(k)w?” ! T

| |
| A

i:I- / \
>4
- 'lh R
"i =
| S
L 1}

= .
| /
| \X
| J

Correctly fits numerics near FS
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nalytic understanding of Fermi surface behavior: results

bY +wb) + 0(w?) + G(w) (b2 +wb? + 0(w?))

3{_0) + ..,S(J_” i O(,-.,'E) 3 gk(@,) (3(?} _}_w.a[‘l) 3 O(WZ))

GR(J. k) =

The location of the Fermi surface (a\”(k = k¢) = 0) is determined by
short-distance physics (analogous to band structure —

a. b € E from normalizable sol’'n of w = 0 Dirac equation in full BH)

but the low-frequency scaling behavior near the FS is universal
(determined by near-horizon region — IR CFT G).

G = c(k)w? is the retarded Gg of the op to which Or matches.
its scaling dimension is v + % with (ford =2+ 1)

v =L \,-"" m? + k% — q%/2

[- is the ‘AdS radius’ of the IR AdS-

Pirsa: 10050083 Page 38/72




onsequences for Fermi surface

hy
G W, k = 3
R( ) k —évﬁ—hj(f(k)vg'_: “F

h 2. ve real, UV data.
The AdS-> Green’s function e

s the self-energy L = G = c(k)w?” |

Correctly fits numerics near FS
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y < =: non-Fermi liquid

Grlis; k) = _
E _. 2V,
k___ — V—F-H — i y
3 = 1
1L Vg, e ﬂﬂ(k)“-k_ = >
Vke
k l—;.=-._F
[ — 2u) =3
( ) . const. ok T k‘—~ ¢ 0.

_.:.'+(k) L
Not a stable quasiparticle.
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> = Fermi liquid

c is complex

1 k;, —0 k

il 1ki”":_ — 0 Z Coa, hive.

we(k)

A stable quasiparticle, but never Landau Fermi liquid.
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< =: non-Fermi liquid

Gr(w. k) = .
i 20,
k___ — V—F.A.. = Cn.-.. .
= = 1
it vy, — welk) ~ kT z = = o) |
K[
" 120y
[ — , =
%)k U{.'[_lll.‘-it-. Lok " k‘—~60.

ﬁq(k) ' |
Not a stable quasiparticle.
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- = Fermi liquid

1 k, —0 A

o xkfg"”_ 4 Z 50 hyvE.

w,(k)

A stable quasiparticle, but never Landau Fermi liquid.
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ummary of spectral properties
Depending on the dimension of the operator ( + 3) in the IR

—_—

CFT, we find Fermi liquid behavior (but not Landau)
or non-Fermi liquid behavior: o

e 1 1 1
Pirsa: 10050083 - — — Page 44/72
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F "II b

Marginal Fermi liquid

h1 = =
Ggp =~ — . gq€R. g€t
kJ_ T— QW Inw + QW
(k) Kk, —o0 | R T
( ) E const. £ | - 0.
.L'..(k) | iﬂ ity

A well-named phenomenological model of high-T. cuprates near optimal doping

\ 4 Marginal FL

* e Ll gD ’ 1

N

- -~ T Fermm Licusd
- :

Varma et al, 1989
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V data: where are the Fermi sufaces’

Above we supposed a( k;:)(f) = 0. This happens at
ke: k s.t. 3 normalizable, incoming solution at w = 0:
The black hole can acquire ‘inhomogenous fermionic hair'.

Schrodinger potential V/(7)/k* at w = 0 for m < 0.m=0.m > 0.

7 is the tortoise coordinate Right (7 = 0) is boundary; left is horizon.
k > gey: Potential is always positive
k < kosc = \/(qe4)* — m?: near the horizon V(x) = =, with

x < —% ( “oscillatory region™)
k € (geq. kosc ): the potential develops a potential well, indicating
ossible existence of a zero energy bound state.
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Note: can also exist on asymp. flat BH [Hartman Song-Strominger 0912




harge transport

Most prominent mystery -
of strange metal phase: opc ~ T

F=ek]

e-e scattering: o ~ T 2, e-phonon scattering: @ ~ T >, nothing: o ~ T}
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harge transport

Most prominent mystery =
of strange metal phase: opc ~ T}
l:__r'- = -TE.I

e-e scattering: ¢ ~ T -, e-phonon scattering: o ~ T >, nothing: o ~ T

We can compute the contribution
to the conductivity from

the Fermi surface. Faulkner, Iqbal, Liu, JM, Vegh] Lj’v\/‘jj L7 iy rﬁ_

Note: this is not the dominant contribution. —

o —

1 =
opc = lim Illl—_j PN w,0) ~ N°— + N? (ope + --.)

w—0 e
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harge transport by holographic non-Fermi liquids

slight complication: gauge field a, mixes with metric perturbations.

There's a big charge density. Pulling on it with E leads to momentum flow.
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harge transport by holographic non-Fermi liquids

Like Fermi liquid calculation, J ~ 2V

but with extra integrals over r, and no vertex corrections.
=

o :
ol — C/ dkk/ o (k) AR (. K)

T dw

: A(w, k)
f(w) = ——: the Fermi distribution function
A: an effective vertex, data JnaioJGus to ve. > 0 e 0,8)
N~q ™ dr./8g™a(r.0)= a — ~ const. Ao, k) ’

: A(—w, k)

dkA(k. w)? ~ 1
. ' T%g(w/T)

scale out T-dependence — oP€ ~ T2
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issipation mechanism

boundary

RNy

hornzon

opc x Im (jj) comes from fermions falling into the horizon.
dissipation of current is controlled by the decay of the fermions

into the AdS, DoFs.

— single-particle lifetime controls transport.

-

marginal Fermi liquid: V¥ = 5 =— | pfgEs = (n‘DC) ~ T

M=
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Issipation mechanism

boundary
- 3
)
3
E A honzon
. i  a e

opc x Im (jj) comes from fermions falling into the horizon.
dissipation of current is controlled by the decay of the fermions

into the AdS, DoFs.

— single-particle lifetime controls transport.

—1
— PESs = (r}'DC) ~ T

marginal Fermi liquid: ¥ =

e T

The optical conductivity o(€2) can distinguish the existence of
quasiparticles (v > %) through the presence of a transport peak.
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Issipation mechanism

= boundary
l )
)
opc x Im (jj) comes from fermions falling into the horizon.
dissipation of current is controlled by the decay of the fermions

into the AdS, DoFs.

— single-particle lifetime controls transport.

—1
— PES = (GDC) ~ T

marginal Fermi liquid: =

=

The optical conductivity o(€2) can distinguish the existence of
quasiparticles (v > %) through the presence of a transport peak.
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Questions regarding the stability of
this state
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harged AdS black holes and frustration

Entropy density of black hole:

E & T _GESE
— — LI €4 [). e —
Va1 4G E T V2d(d-1)

st F =0}

This is a large low-energy density of states!

not supersymmetric ... lifted at finite N
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harged AdS black holes and frustration

Entropy density of black hole:

- N E gF
- Vy_14Gy

s{ I —@) = 2mwey p. (eq = )

- /2d(d -1)

This is a large low-energy density of states!
not supersymmetric ... lifted at finite N
pessimism: S(T = 0) # 0 violates third law of thermodynamics, unphysical,

weird string-theorist nonsense.

optimism:
we're describing the state where the SC instability is removed by hand

(here: don't include charged scalars, expt: large B).

Hartnoll- Polchinski- Silversein- Tong. 001212 bulk density of fermions modifies
extreme near-horizon region (out to ir ~ e V"), removes residual

entropy. (Removes non-analyticity in £(w) for w < e ™ p)
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tability of the groundstate

Charged bosons: In many explicit constructions, 3 charged scalars.
e At small T, they can condense spontaneously breaking the U(1)
symmetry, changing the background (cusser. Hartnoll Herzog- Horowitz |,

spinor: Gg(w) has poles only in LHP of w [Faulkner-Liu-JM-Vegh. 0907)

scalar: 3 poles in UHP — :U(t)f} ~ !l ~ gtimut

— growing modes of charged operator: holographic superconductor
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harged AdS black holes and frustration

Entropy density of black hole:

= — LI E4 [). S =
Vi—14Gpn = 2 v2d(d —1)

s(T = 0)

This is a large low-energy density of states!
not supersymmetric ... lifted at finite N
pessimism: S(T = 0) # 0 violates third law of thermodynamics, unphysical,

weird string-theorist nonsense.

optimism:
we're describing the state where the SC instability is removed by hand

(here: don't include charged scalars, expt: large B).

Hartnoll Polchinski- Silverstein- Tong. 00122 Dulk density of fermions modifies

extreme near-horizon region (out to 4r ~ e "), removes residual

entropy. (Removes non-analyticity in £(w) forw < e ™ p)
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tability of the groundstate

Charged bosons: In many explicit constructions, 3 charged scalars.
e At small T, they can condense spontaneously breaking the U(1)
symmetry, changing the background (cusser. Hartnoll Herzog: Horowitz |,

spinor: Gg(w) has poles only in LHP of w [Faulkner-Liu-JM-Vegh. 0907]

scalar: 3 poles in UHP — (_7({') ~ elwrt ~ gtimut

— growing modes of charged operator: holographic superconductor
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tability of the groundstate

Charged bosons: In many explicit constructions, 3 charged scalars.
e At small T, they can condense spontaneously breaking the U(1)
symmetry, changing the background [Gubser. Hartnoll Herzog-Horowitz |.

spinor: Gg(w) has poles only in LHP of w [FaulknerLiu IM-Vegh. 0907)

scalar: 3 poles in UHP — (O(t)) ~ st ¢ gtlmust

— growing modes of charged operator: h0|0graphic superconductor

why: black hole spontaneously M= =T = = =W
emits ==

charged particles [strobinsky, Unruh. Hawking].

AdS is like a box: they can't escape.

Fesmmee = 009000 0 \d
negative energy states get filled. pres. + > 2
Bose: the created particles then cause

stimulated emission (superradiance).

A holographic superconductor is a “black hole laser”.



hotoemission ‘exp’'ts’ on holographic supercondictors

rr\
So far: 2 model of
some features of the normal state. 3 _
In SC state: a sharp peak forms in A(k.w).
x 1
4
) -

Pirsa: 10050083 Page 61/72




tability of the groundstate

Charged bosons: In many explicit constructions, 3 charged scalars.
e At small T, they can condense spontaneously breaking the U(1)
symmetry, changing the background (Gusser. Hartnoll Herzog- Horowitz |.

spinor: Gg(w) has poles only in LHP of w [Faulkner-Liu-JM-Vegh. 0907]

scalar: 3 poles in UHP — Lj(t) ~ @l¥rt ~ gtlmuws.t

— growing modes of charged operator: holographic superconductor
why: black hole spontaneously Bounda

emits e

charged particles [strobinsky, Unruh. Hawking]

AdS is like a box: they can't escape.

S . S
negative energy states get filled. r=,
Bose: the created particles then cause
stimulated emission (superradiance).

A holographic superconductor is a “black hole laser”.
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hotoemission ‘exp ts on holographic supercondnctors

So far: a model of
some features of the normal state. : L.

In SC state: a sharp peak forms in A(k.w).
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hotoemission ‘exp’'ts’ on holographic supercondictars

So far: a model of
some features of the normal state. : [

In SC state: a sharp peak forms in A(k.w).

With a suitable coupling between v* and 2,

the superconducting condensate

opens a gap in the fermion spectrum.
Faulkner, Horowitz, JM. Roberts

if g, = 2q,, we can have

Louk > HS;{‘CFE o7 + h.e 1 7/__; F

The (gapped) quasiparticles | |
are exactly stable in a certain /' S
kinematical regime 2

(outside the lightcone of the IR CFT) — 0.0 oF 1S 20
the condensate lifts the IR CFT modes =
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ramework for non-Fermi liquid

a cartoon of the mechanism: "
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omparison of ways of killing a FL
e a2 Fermi surface coupled to a critical boson field

L =¥ (w — vek) ¥ + Yva+ L(a)

small-angle scattering dominates.

e a Fermi surface mixing with a bath of critical fermionic
fluctuations with large dynamical exponent [Fimv 0007 260¢. Faulkner-Polchinski
1 5040 FL‘-.."-.__ | 13 728

I = I_(A— = VFk) , 2 5 f-_”\ TYX T \_g_lx

v: IR CFT operator

=3 1 | =
il ——— |
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v < £: v coupling is a relevant perturbation.




oncluding remarks

N
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The green’'s function near the FS is of the form (‘local quantum
criticality’, analytic in k.) found previously in perturbative
calculations, but the nonanalyticity can be order one.

This is an input of many studies. (Dynamical Mean Field Theory)

Denef Hartnoll- Sachdev, Hartnoll-Hofman] | he leading N~ contribution to the
free energy exhibits quantum oscillations in a magnetic field.

Main challenge: step away from large N. So far:
e Fermi surface is a small part of a big system.

e Fermi surface does not back-react on IR CFT.

e IR CFT has z = x.
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he end.

Thanks for listening.
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oncluding remarks

N

Cad
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The green’'s function near the FS is of the form (‘local quantum
criticality’, analytic in k.) found previously in perturbative
calculations, but the nonanalyticity can be order one.

This is an input of many studies. (Dynamical Mean Field Theory)

Denef Hartnoll-Sachdev. Hartnoll-Hofman) | e leading N~ contribution to the
free energy exhibits quantum oscillations in a magnetic field.

Main challenge: step away from large N. So far:
e Fermi surface is a small part of a big system.
e Fermi surface does not back-react on IR CFT.

e IR CFT has z = x.
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omparison of ways of killing a FL
e a2 Fermi surface coupled to a critical boson field

L= (w— vek) ¥+ dva+ L(a)

small-angle scattering dominates.

e a Fermi surface mixing with a bath of critical fermionic

fluctuations with large dynamical exponent [Fimv 0007 2604, Faulkner-Poichinski

01 5049 FLMV -]

[ = 4'_(..4.. - V{:k) I f._“\ ‘TR T fg_l\

\: IR CFT operator

¢
t

= 1 | 5
tlf_‘!_‘ — G = (yy) = C k ,.:.."J’
n = G = (xx) = c(k)
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v < £: 'y coupling is a relevant perturbation.
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oncluding remarks
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The green’'s function near the FS is of the form (‘local quantum
criticality’, analytic in k.) found previously in perturbative
calculations, but the nonanalyticity can be order one.

This is an input of many studies. (Dynamical Mean Field Theory)

Denef Hartnoll-Sachdev. Hartnoll-Hofman] 1 he leading N1 contribution to the
free energy exhibits quantum oscillations in a magnetic field.

Main challenge: step away from large N. So far:
e Fermi surface is a small part of a big system.
e Fermi surface does not back-react on IR CFT.

e IR CFT has z = x.
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omparison of ways of killing a FL
e a Fermi surface coupled to a critical boson field

L= (w — vek) ¥ + ¢vva+ L(a)

small-angle scattering dominates.

e a Fermi surface mixing with a bath of critical fermionic
fluctuations with large dynamical exponent [Fimv 0007 2604 Faulkner-Polchinski
1 5040 FLMV ]

= i'_(-»l.- —vek) v + U + YN+ XG

v: IR CFT operator

= 1 | =
n..;..'—VFk_g :
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v < Ly coupling is a relevant perturbation.




