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Fermi Liquids

Basic question: What is the effective field theory for a system with a
Fermi surface (FS)?

Lore: must be Landau Fermi liquid [Landau, 50s].
E(k)

k

F

E
F

k

Recall:

if we had free fermions, we would fill single-particle

energy levels E(k) until we ran out of fermions: →
Low-energy excitations:

remove or add electrons near the Fermi surface EF , kF .

Idea [Landau]: The low-energy excitations of the
interacting theory are still weakly-interacting fermionic, charged
‘quasiparticles’.
Elementary excitations are free fermions with some dressing:

in medium−→
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The 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 GR

at k⊥ ≡ |~k| − kF = 0, ω = ω?(k⊥) ∼ 0: GR ∼
Z

ω − vFk⊥ + iΓ

Measurable by ARPES (angle-resolved photoemission):
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Intensity ∝
spectral density :

A(ω, k) ≡ ImGR(ω, k)
k⊥→0→ Zδ(ω − vFk⊥)

Landau quasiparticles are long-lived: width is Γ ∼ ω2
?.

residue Z (overlap with external e−) is finite on Fermi surface.
Reliable calculation of thermodynamics and transport relies on this.
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Ubiquity of Landau fermi liquid

Physical origin of lore:
1. Landau FL successfully describes 3He, all metals
studied before ∼ 1980s, ...

2. RG: Landau FL is stable under almost all perturbations.

[Shankar, Polchinski, Benfatto-Gallivotti 92]

UV

H(free fermion) z

IR

superfluid



Non-Fermi liquids exist but are mysterious

e.g.: ‘normal’ phase of optimally-doped cuprates: (‘strange metal’)
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among other anomalies: ARPES shows gapless modes at finite k (FS!)

with width Γ(ω?) ∼ ω?, vanishing residue Z
k⊥→0→ 0.

Working defintion of NFL:

Still a sharp Fermi surface
but no long-lived quasiparticles.

T

Most prominent
mystery of the strange metal phase:
e-e scattering: ρ ∼ T 2, e-phonon: ρ ∼ T 5, ...

no known robust effective theory: ρ ∼ T .
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Superconductivity is a distraction

Look ‘behind’ superconducting dome by turning on magnetic field:

In a large field, the strange metal seems to persist to T ∼ 0.
So we want to look for a theory of this intermediate-scale physics

(like Fermi liquid theory).



NFL from non-Holography

• Luttinger liquid (1+1-d) G (k, ω) ∼ (k − ω)2g X
• numerics on Hubbard model
• loophole in RG argument:
couple a Landau FL perturbatively to a bosonic mode
(magnetic photon, slave-boson gauge field, statistical gauge field,

ferromagnetism, SDW, Pomeranchuk order parameter...)

k k − q

q

k

[Holstein et al, Baym et al, .... Halperin-Lee-Read,

Polchinski, Altshuler-Ioffe-Millis, Nayak-Wilczek, Schafer-Schwenzer, Chubukov et al,

Fradkin-Kivelson-Oganesyan, Metzner et al, S-S Lee, Metlitski-Sachdev, Mross et al]

→ nonanalytic
behavior in GR(ω) ≡ 1

vF k⊥+Σ(ω,k) at FS:

Σ(ω) ∼

{
ω2/3 d = 2 + 1

ω logω d = 3 + 1
=⇒ Z

k⊥→0→ 0,
Γ(k⊥)

ω?(k⊥)

k⊥→0→ const



Fermi liquid killed by gapless boson

1. In these perturbative calculations, non-analytic terms ∝ control parameter

=⇒
perturbative answer is parametrically reliable ↔

effect is visible only at parametrically low temperatures.

2. Recently, the validity of the 1/N expansion has been questioned.

[Sung-Sik Lee 0905.4532, Metlitski-Sachdev 1001.1153]

large N

zb−2∼ 1
N

small
zb−2

unstable?
3

1
2

2
0

zb

N−1

zb = 3

N = 2

A more controlled perturbation expansion does exist in a

slightly different theory.

[D. Mross, JM, H. Liu, T. Senthil, 1003.0894]

3. Not strange enough:
These NFLs are not strange metals in terms of transport.
FL killed by gapless bosons: small-angle scattering dominates =⇒

k k − q

q

k

(forward scattering does not degrade current)

‘transport lifetime’ 6= ‘single-particle lifetime’
i.e. in models with Γ(ω?) ∼ ω?, ρ ∼ Tα>1.



Can string theory be useful here?

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

Gravity dual?

We’re not going to look for a gravity dual of the real material.
Rather: lessons for principles of “non-Fermi liquid”.



Finite Density States

To describe low-temperature states of matter, we need more
ingredients.
Suppose the CFT has a conserved U(1) current.

→ massless gauge field Aµ in bulk.

Wilson-natural starting point: ∆Sbulk = − 1

4g2
F

∫
dd+1x

√
gFABF

AB .

Max eqn : 0 =
δSbulk
δAC

∝ 1
√
g
∂A

(√
ggABgCDFBD

)
Max eqn near AdS bdy: A ∼ A(0)(x) +

(z
L

)d−2
A(1)(x)

in particular, At ∼ µ+
(z
L

)d−2
ρ.

ΠAt =
∂L

∂ (∂zAt)
= Ez = A(1) = ρ.



Strategy to find a holographic Fermi surface

Consider any relativistic CFT with a gravity dual
a conserved U(1) symmetry proxy for fermion number → Aµ
and a charged fermion proxy for bare electrons → ψ.
∃ many examples. Any d > 1 + 1, focus on d = 2 + 1.

IR
r

R
3,1

UV

H

black hole

horizon

r=r

CFT at finite density:
?charged black hole (BH) in AdS .
To find FS: look for sharp
features in fermion Green functions
at finite momentum and small
frequency.

To compute GR : solve Dirac equation in charged BH geometry.
[S-S Lee, Liu-JM-Vegh, Cubrovic et al]

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

Results only depend on q,m.



Fermi surface!

The system is rotation invariant, GR depends on k = |~k|.
At T = 0, we find numerically:

For q = 1,m = 0 : kF ≈ 0.918528499

But it’s not a Fermi liquid:

The peak moves
with dispersion relation ω ∼ kz⊥ with

z = 2.09 for q = 1,m = 0
z = 5.32 for q = 0.6,m = 0

and the residue vanishes.

Note: all frequencies measured

from chemical potential. FS at ω = 0.
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Emergent quantum criticality
Whence these exponents? [Faulkner-Liu-JM-Vegh]

At T � µ the near-horizon geometry of black hole is AdS2×Rd−1.

ds2 z0→z1∼ −a(z−z0)2dt2+b
dz2

(z − z0)2
+
d~x2

z2
0

=

︷ ︸︸ ︷
−ζ2dt2 +

dζ2

ζ2
+
d~x2

z2
0

The conformal invariance of this metric is emergent.
(We broke the microscopic conformal invariance with finite density.)

t → λt, x → λ1/zx with z →∞.

boundary

d+1
AdS

d−1

xRAdS
2

horizon

r−1<<1 r>>1
ω � µ ω � µ

AdS/CFT =⇒ the low-energy physics governed by dual IR CFT.
The bulk geometry is a picture of the RG flow from the CFTd to this NRCFT.

Idea 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.



Analytic understanding of Fermi surface behavior

GR(ω, k) = K
b

(0)
+ + ωb

(1)
+ + O(ω2) + Gk(ω)

(
b

(0)
− + ωb

(1)
− + O(ω2)

)
a

(0)
+ + ωa

(1)
+ + O(ω2) + Gk(ω)

(
a

(0)
− + ωa

(1)
− + O(ω2)

)
The location of the Fermi surface is determined by short-distance
physics (analogous to band structure –

a, b ∈ R from normalizable sol’n of ω = 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)ω2ν is the retarded GR of the op to which OF matches.
its scaling dimension is ν + 1

2 , with (for d = 2 + 1)

ν ≡ L2

√
m2 + k2 − q2/2

L2 is the ‘AdS radius’ of the IR AdS2.



Consequences for Fermi surface

GR(ω, k) =
h1

k⊥ − 1
vF
ω − h2c(k)ω2νkF

h1,2, vF real, UV data. The

AdS2 Green’s function is the self-energy Σ = G = c(k)ω2ν .

ν < 1
2 : non-Fermi liquid

GR(ω, k) =
h1

k⊥ − 1
vF
ω − h2ω

2νkF

ω?(k) ∼ kz⊥, z =
1

2νkF
> 1

Α-

Α+
k
¦
<0

k
¦
>0

Not a stable quasiparticle.

ν > 1
2 : Fermi liquid

GR(ω, k) =
h1

k⊥ + 1
vF
ω + ckω

2νkF

ω?(k) ∼ vFk⊥

-1.0 -0.5 0.5 1.0

-0.003

-0.002

-0.001

Hk
¦
L2 Ν

vF k
¦

A stable quasiparticle, but never

Landau Fermi liquid.



Death of the quasiparticles

Rewrite spinor equation as
Schrödinger equation (with E = 0)(
−∂2

s + V (r(s))
)

Ψ(z(s)) = 0.

Spinor boundstate at ω = 0 tunnels
into AdS2 region with rate

Γ ∝ e−2
∫
ds
√

V (s) ∼ e2ν lnω = ω2ν

(WKB approx good at small ω)

-4 -3 -2 -1 0
-30

-25

-20

-15

-10

-5

0

5

s

V
Hs
L

-kF
2

ΝkF

2

Ds = -2lnHÈΩÈL

FT interpretation: quasiparticle decays by interacting with IR CFT.

ν < 1
2 ν = 1

2 ν > 1
2



ν = 1
2 : Marginal Fermi liquid

GR ≈
h1

k⊥ + c̃1ω lnω + c1ω
, c̃1 ∈ R, c1 ∈C

Γ(k)

ω?(k)

k⊥→0→ const, Z ∼ 1

| lnω?|
k⊥→0→ 0.

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

[Varma et al, 1989].



Charge transport by holographic Fermi surfaces

T

Most prominent mystery →
of strange metal phase: σDC ∼ T−1

We can compute the contribution

to the conductivity from the Fermi surface.

[Faulkner, Iqbal, Liu, JM, Vegh, 1003.1728 and to appear]

σDC ∝ Im〈jj〉 ∼ T−2ν

from spinor particles falling into the horizon.
dissipation of current is controlled by

the decay of the fermions into the AdS2 DoFs.

=⇒ single-particle lifetime controls transport.

marginal Fermi liquid: ν = 1
2 =⇒ ρFS =

(
σDC

)−1
∼ T .
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Stability of the groundstate

Charged bosons: In many explicit dual pairs, ∃ charged scalars.
• At small T , they can condense spontaneously breaking the U(1)

symmetry, changing the background [Gubser, Hartnoll-Herzog-Horowitz].

spinor: GR(ω) has poles only in LHP of ω [Faulkner-Liu-JM-Vegh, 0907]

scalar: ∃ poles in UHP 〈O(t)〉 ∼ e iω?t ∝ e+Imω?t

=⇒ growing modes of charged operator: holographic superconductor

+

+ + + + + 

-

++++++++++

AdS4

AdS
2 
! !2

Horizon

Boundary 

++++++++++

r = rh

r

(t, x, y)

Boundary why: black hole spontaneously
emits
charged particles [Starobinsky, Unruh, Hawking].
AdS is like a box: they can’t escape.

Fermi:
negative energy states get filled.
Bose: the created particles then cause
stimulated emission (superradiance).
A holographic superconductor is a “black hole laser”.
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Stability of the groundstate, cont’d

• If their mass/charge is big enough, they don’t condense.
[Denef-Hartnoll 09]:
(vs: a weakly-coupled charged boson

at µ 6= 0 will condense.)
Finding such string vacua

is like moduli stabilization.

• Many systems to which we’d like to
apply this also have a superconducting region.

0 0.05 0.1 0.15 0.2 0.25 0.3

T
(K

)

Hole doping x

r ~ T
2

r ~ T + T
2

or

T
FL

?

T
coh

?

r ~ T

r(T)
S-shaped

T*

d-wave SC

r ~ T
n

(1 < n < 2)

A
F
M

upturns

in r(T)

Other light bulk modes (e.g. neutral scalars)

can also have an important

effect on the groundstate [Mulligan, Kachru, Polchinski].



Photoemission ‘exp’ts’ on holographic superconductors

E (meV)

SBH(T = 0) =⇒ instability.
With charged scalars in bulk, groundstate
is superconducting. [Gubser; Hartnoll et al 2008]

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

With a suitable coupling between ψ and ϕ,

the superconducting condensate

opens a gap in the fermion spectrum.

[Faulkner, Horowitz, JM, Roberts, Vegh, 0911.3402]

For qϕ = 2qψ

Lbulk 3 η5ϕψ̄CΓ5ψ̄T + h.c

The (gapped) quasiparticles
are exactly stable in a certain
kinematical regime
(outside the lightcone of the IR CFT) –
the condensate lifts the IR CFT modes

into which they decay.
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Frameworks for non-Fermi liquid
• a Fermi surface coupled to a critical boson field
[Recent work: S-S Lee, Metlitski-Sachdev, Mross-JM-HL-Senthil, 1003.0894]

L = ψ̄ (ω − vFk⊥)ψ + ψ̄ψa + L(a)

small-angle scattering dominates =⇒ transport is not that of strange metal.

• a Fermi surface mixing with a bath of critical fermionic
fluctuations with large dynamical exponent
[FLMV 0907.2694, Faulkner-Polchinski 1001.5049, FLMV+Iqbal 1003.1728]

L = ψ̄ (ω − vFk⊥)ψ + ψ̄χ+ ψχ̄+ χ̄G−1χ

χ: IR CFT operator

�=� +

�
+

�
+. . .

〈ψ̄ψ〉 =
1

ω − vFk⊥ − G
G = 〈χ̄χ〉 = c(k)ω2ν

ν ≤ 1
2 : ψ̄χ coupling is a relevant perturbation.



Drawbacks of this construction

1. The state we’ve been studying has a groundstate degeneracy:
S(T = 0) 6= 0.
A manifestation of the BH information problem: N →∞ classical gravity

limit does not commute with late-time or low-energy limit.

2. The FS degrees of freedom are a small part (o(N0))

of a large system (o(N2)).

One (intrinsic)
instability [Hartnoll, Polchinski, Silverstein, Tong, 0912]:
pair production of
fermions in the bulk screens the electric
field which supports the IR AdS2.
Endpoint: Lifshitz geometry with
z ∼ N2 <∞.



Electron stars

Further development to solve prob (2):
[Hartnoll and collaborators, 2010-2011]

choose q,m to reach a regime where
the bulk fermions can be treated as a
(gravitating) fluid (Oppenheimer-Volkov,

Thomas-Fermi)

“electron star”

But: [Hartnoll-Hofman-Vegh, 2011]

Because of parameter regime required for fluid approx,
the dual Green’s function exhibits many Fermi surfaces.



Toward a quantum electron star

ψ

1 2 3 4
k

-6

-4

-2

2

4

6

E

[Sachdev, 2011]: A model of a Fermi liquid.

Like AdS/QCD: a toy model of the
groundstate of a confining gauge
theory from a hard cutoff in AdS.

Add chemical potential.

Compute spectrum of Dirac field,
solve for backreaction on Aµ.
Repeat as necessary.

The system in the bulk is a Fermi liquid

(in a box determined by the gauge

dynamics).
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Towards a fermion-driven deconfinement transition

Lots of low-E charged dofs
screen gauge interactions.

�
Effect of fermions on the
gauge dynamics =
gravitational backreaction.

A real holographic model of
confinement: AdS soliton

so far: →

η

ψ

What’s the endpoint of this transition?
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A quantum electron star

Numerics explode before transition. Essential problem: what can the state of

the bulk fermions be if the geometry has as horizon?

Probe limit: GN → 0 [like HHH 0803]

FT Interpretation: most CFT dofs are neutral. (c ∼ L2

GN
(∝ 〈TT 〉)� k ∝ 〈jj〉)

/DΦψ = 0

Φ′′ = −q2ρ

(
Φ(z) + k ∂

∂z −
m
z

− ∂
∂z −

m
z Φ(z)− k

)
χn = ωnχn

ψ =: (−gg zz)−
1
4 e−iωt+ikix

i
χ

Normalizable BCs at z = 0,
hard-wall BC at z = zm

Φ′′(z) = −q2 (ρ(z)− ρ(z)|Φ=0) ,

ρ(z) ≡
∑

n,ωn<0

ψ2
n(z)
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ψ =: (−gg zz)−
1
4 e−iωt+ikix

i
χ

Normalizable BCs at z = 0,
hard-wall BC at z = zm

Φ′′(z) = −q2 (ρ(z)− ρ(z)|Φ=0) ,

ρ(z) ≡
∑

n,ωn<0

ψ2
n(z)



A quantum electron star
The limit zm →∞ exists! :
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ARPES data

Power-law scaling in IR,
Φ(z)

z→∞∼ zα.
The critical exponent α depends on

all the parameters.

Fit: Φ ' −µ
1 + (α2 + 1) z

z0

(1 + z
z0

)1+α

with α = 1, µ = 1.5, z0 = 1, zm =

50,m = 0.3, q = 1: −→



Physics of quantum electron star

UV lightcone for charge-q dofs:
{(ω, k)|(ω + qµ)2 ≤ c2k2}

IR lightcone for charge-q dofs:
{(ω, k)|(ω + qΦ(∞))2 ≤ c2k2}
FS boundstate can scatter off these
dofs (recall tunneling into AdS2).
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Q: What’s Φ(∞)?
A: Φ(∞) = 0. If Φ(∞) 6= 0: occupation of continuum.

ψIR LC(z)
z→∞→ e iκz =⇒ ρ(z)

z→∞→ const

=⇒ Φ(z)
z→∞∼ z2 6= Φ(∞)

Q: Whence power-law?
A: The modes which skim the IR
lightcone. Matching calculation?
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Semi-holographic interpretation

Our system can be regarded as

a Fermi Surface coupled to relativistic CFT (with gravity dual)

Φ(z) : how much of the chemical potential is seen by the dofs of
wavelength ∼ z .
Φ(∞) = 0 means complete screening in far IR.

Φ(∞) = 0 means FS survives this
coupling to CFT:
FS at {ω = 0, |~k | = kF 6= 0} is
outside IR lightcone {|ω| ≥ |~k|}.
Interaction is kinematically forbidden.

[Landau: minimum damping velocity in SF; Gubser-Yarom;

Faulkner et al 0911]

In probe limit, quasiparticles survive.

With “Landau damping,” IR speed of light

smaller, maybe not.
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Quantum electrodynamics effects in the bulk

1) Surface charge. Our bulk
charges are not mobile in the
AdS radial direction. (Like metal

of finite extent along one axis.)

An electric field applied to an

insulator polarizes it.

This results in a surface charge
σb = n̂ · ~P.

2) Charge renormalization.
Define charge susceptibility by linear response:

χ ≡
∑
k

χ(k), χ(k) =
∆ρk(z?)

Φ′′(z?)

q2
R = q2

0

1

1− q2
0χ

�



The future

• When we include gravitational backreaction
(dual to effects of FS on gauge theory dynamics)

the IR geometry can be different from AdS.

Q: What happens?
What other Fermi surface states can arise holographically?

A: We’ll see!

• An alternative to killing the quasiparticles by coupling to gapless stuff:

Split them apart! Fractionalization of charge-carriers is
built into holographic construction: Ψe = tr λX ....
(Does not create particles at short distances.

It’s a surprise that it does in these states. Perhaps not in others?)



This slide is blank.



Other observables, other models

So far: thermodynamics, correlators of local ops.
Other observables have natural holographic realizations:
gauge-theory-specific: Wilson loops, external quarks
very universal: entanglement entropy

So far: CFTs and their relevant deformations (e.g. by T , µ).
We can realize holographically different UV behavior:
Galilean CFTs, Lifshitz theories.



Comment on entanglement entropy

L

If H = HA ⊗HA (e.g. in local theory, A is a region of space)

If ignorant of A → ρA = tr HA
ρ e.g. ρ = |Ω〉〈Ω|.

SA ≡ −tr AρA ln ρA. (notoriously hard to compute)

• ‘order parameter’ for topologically ordered states
in 2+1d, S(L) = γ L

a
+ Stop [Levin-Wen, Preskill-Kitaev 05]

• scaling with region-size characterizes simulability:[Verstraete,Cirac,Eisert...]

boundary law ↔ matrix product state ansatz (DMRG) will work.

[Ryu-Takayanagi] SA = extremum∂M=∂A
area(M)

4GN
outcome from holography:
which bits are universal in CFT? in d space dims,

SA=

p1

(
L
a

)d−1
+p3

(
L
a

)d−3 · · ·+

{
pd−1

L
a + c̃ , d : even

pd−2

(
L
a

)2
+ c̃ log (L/a) , d : odd

In fact, the area law coeff is also a universal measure of # of dofs, can be

extracted from mutual information SA + SB − SA∪B for colliding regions. [Swingle]



Other observables, other models

So far: thermodynamics, correlators of local ops.
Other observables have natural holographic realizations:
gauge-theory-specific: Wilson loops, external quarks
very universal: entanglement entropy

• entanglement RG [G. Vidal]:
a real space RG which keeps track of entanglement

builds an extra dimension

ds2 ?
= dS2

[Swingle 0905.1317, Raamsdonk 0907.2939]

So far: CFTs and their relevant deformations (e.g. by T , µ).
We can realize holographically different UV behavior: Galilean
CFTs, Lifshitz theories.



Strongly-coupled NRCFT

The fixed-point theory (“fermions at unitarity”) is a
strongly-coupled nonrelativistic CFT (‘Schrödinger symmetry’)

[Mehen-Stewart-Wise, Nishida-Son].
Universality: it also describes neutron-neutron scattering.
Two-body physics is completely solved.

Many body physics is mysterious.

Experiments: very low viscosity, η
s ∼

few
4π [Thomas, Schafer...]

−→ strongly coupled.

AdS/CFT?
Clearly we can’t approximate it as a relativistic CFT.
Different hydro: conserved particle number.
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A holographic description?

Method of the missing box

AdS : relativistic CFT

“Schrodinger spacetime” : galilean-invariant CFT
A metric whose isometry group is the Schrödinger group:
[Son; K Balasubramanian, JM 0804]

L−2ds2 =
2dξdt + d~x2 + dr2

r2
− 2β2 dt

2

r4

This metric solves reasonable equations of motion.

Holographic prescription generalizes naturally.

But: the vacuum of a galilean-invariant field theory is extremely boring:
no antiparticles! no stuff!
How to add stuff?
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A holographic description of more than zero atoms?

A black hole (BH) in Schrödinger spacetime.
[A. Adams, K. Balasubramanian, JM; Maldacena, Martelli, Tachikawa; Herzog, Rangamani, Ross 0807]

Here, string theory was extremely useful:
A solution-generating machine named Melvin [Ganor et al]

insert string vacuum

here

χ
y

OUT

β

MELVIN

IN

IN: AdS5 × S5 OUT: Schrödinger ×S5

IN: AdS5 BH ×S5 OUT: Schrödinger BH × squashed S5

[since then, many other stringy realizations: Hartnoll-Yoshida, Gauntlett, Colgain, Varela, Bobev, Mazzucato...]



Results so far

This black hole gives the thermo and hydro of some NRCFT
(‘dipole theory’ [Ganor et al 05] ).

Einstein gravity =⇒ η

s
=

1

4π
.

Satisfies laws of thermodynamics, correct scaling laws, correct kubo relations.

[Rangamani-Ross-Son 09, McEntee-JM-Nickel, unpublished]

But it’s a different class of NRCFT from unitary fermions:

F ∼ −T 4

µ2
, µ < 0

This is because of an
Unnecessary assumption: all of Schröd must be realized geometrically.
We now know how to remove this assumption, can find more realistic models.



Concluding comments



Remarks on the role of supersymmetry (susy)

I susy constrains the form of interactions.
fewer candidates for dual.

I in susy theories, ∃ more coupling-independent quantities,
hence ∃ more checks.

I susy allows lines of fixed points (e.g. N = 4 SYM)
coupling = dimensionless parameter

I for these applications, susy is broken by finite T , µ, anyway.
it’s not clear what influence it has on the resulting states.
one implication: a phonino pole

[Lebedev-Smilga, Kovtun-Yaffe, seen holographically by Policastro, Gauntlett-Sonner-Waldram]



Remarks on the role of string theory
1. What are consistent ways to UV complete our gravity model?

I So far, no known constraints that aren’t visible from EFT. And if we

can’t find the physics we want in any gravity model ...

I Suggests interesting resummations of higher-derivative terms, protected
by stringy symmetries.

e.g. the DBI action LDBI ∼
√

1− F 2 is ‘natural’ in string theory because

its form is protected by the T-dual Lorentz invariance.

2. What is a microscopic description of the dual QFT?

I Such a description is crucial for the detailed checks that make us believe

the duality.

I A weak coupling limit needn’t exist (isolated fixed points are generic).

I A Lagrangian description needn’t exist

(e.g. minimal models) gravity plus matter in AdS provides a much more

direct construction of CFT.

I Honesty: Any Lmicro that we would get from string theory is so far from

LHubbard anyway that it isn’t clear how it helps.



Public service announcement

Please practice holography
responsibly.



Please Practice Holography Responsibly

Holography gives us tractable toy models of strongly correlated systems.

Toy models are only useful if we ask the right questions.

I critical exponents depend on ‘landscape issues’
(parameters in bulk action)

I thermodynamics doesn’t distinguish weak and strong coupling
(in examples: N = 4 SYM, lattice QCD)

I transport is very different
transport by weakly-interacting quasiparticles is less effective(η

s

)
weak

∼ 1

g4 ln g
�

(η
s

)
strong

∼ 1

4π
.

I far from equilibrium physics: ?

I source of optimism: Weisskopf thought experiment.



The end

Thanks for listening.


