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—!
Holography = Solvable Toy Model

Solvable models of strong coupling dynamics.

* Study Transport, real time
* Study Finite Density

Common Theme: Experimentally relevant, calculations impossible.

Gives us qualitative guidance/intuition.



Challenge for Computers:

strong coupling:

%@’ We do have methods for
RN

e.g. Lattice QCD

But: typically relies on importance sampling. Monte-Carlo

_S techniques.
e weighting in Euclidean path integral.

3

FAILS FOR DYNAMIC PROCESSES OR AT FINITE DENSITY (sign problem)



Holographic Toy models.

Can we at least

get a qualitative
understanding of

what dynamics look
like at strong coupling?
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—!
Holographic Theories:

Examples known:

* 1ind=l1, 2, 3,4, 5, 6 space-time dimensions
* with or without super-symmetry

* conformal or confining

* with or without chiral symmetry breaking
* with finite temperature and density



—!
Holographic Theories:

Holographic toy models have two key properties:

“Large N”: theory 1s essentially classical

“Large A”: large separation of scales
in the spectrum

m —~ }LIM m

spin-2-meson spin-1-meson
QCD 1275 MeV 775 MeV

(note: there are some exotic examples where the same parameter N controls both, classicality
and separation of scales in spectrum)



Why NR Holography?

In nature we know the right description
for solids is a relativistic QFT!

0
o %

o/ /&/‘l gy/o/ — L:LQED_I_LQCD

[ g/o/ /0 <«—OF Condensed Matter Physics=
O —©

* study state with finite baryon and
lepton number

Not useftul!! * analyze low energy fluctuations

8
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Why NR Holography?

/(‘é 0 Condensed Matter Physics=

43/.4/ )}?{7"‘_“ e Yy Z e

Nuclei,A electron l

PR
/O Allxl £ |xl

o/'o/

Much better. Can we find holographic duals that directly

describe the non-relativistic low energy theory?
9

Key difference: Lorentz — Gallilei



—!
Prelude: Symmetries in QFT

Gauge versus Global

10



Prelude: Symmetries in QFT

Gauge versus Global

~

Gauge symmetry:

* notreally a symmetry

* redundancy of description

 all physical observables gauge invariant

* Example: QCD vs Pion Lagrangian. y
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Prelude: Symmetries in QFT

Gauge versus Global

Gauge symmetry: /

not really symmetry
redundancy of description

Global symmetry:

* true symmetry of observables
* physical quantities furnish representation
* 1mplies conservation laws

* Example: translations — momentum

12
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Prelude: Symmetries in QFT

Gauge versus Global
— ——

Gauge symmetry: Global symmetry:

not really symmetry
redundancy of description

Conservation laws
constrains observables

Spurionic global symmetry:
* Lagrangian only invariant if couplings transform
* Contains “true” global symmetries as subgroup
* Constrains low energy effective action
* No conservation laws

13
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Prelude: Symmetries in QFT

Spurionic global symmetry:

Example: Massive Dirac Fermion.

L — L’(Z(._)IJ A‘r" Ko J_[)I,’

Massless theory invariant under chiral rotations:

~ RS,
L/’ — € —tPY5 / 2 L/,

Symmetry of massive theory if mass transforms:



—!
Diffeomorphism in GR

GR 1s built around diffeomorphism invariance
xH %t =xt 4 EH
A A A
59,11,1/ — € a)\g,u,l/ T g)\z/a,uf T g,u)\al/g
This 1s a gauge symmetry.

“Quantum Gravity has no local observables.”

15



—!
Diffeomorphism in GR

In GR diffeomorphisms are gauge invariance

Exception: Diffeomorphisms that do not
vanish at infinity = global symmetry.

Observables of quantum gravity 1n:

asymptotically flat space < S-matrix
asymptotically hyperbolic space <« boundary correlation functions 1



—!
Diffeomorphism in QFT

For relativistic QFTs on curved backgrounds

xH %t =xt 4 EH
0Gu = MO 0,6 0, N
9uv g NG v T 9 ,uf T gu 1/5

Is a spurionic global symmetry!

17

[Local observables do exist!
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spurionic global

Diffeomorphism mn QFT < gmmeery

metric Juv: set of coupling constants

“coupling constants” transform non-trivially
under our global symmetry (spurions)

18



—!
Diffeomorphism in QFT

You can change coordinates to analyze
questions 1n a field theory!

» 4 Cartesian:

ds? = dx? + dy? + dz* b =?

Yy Spherical:

ds? = dr? + r? (d8? + sin?6 dy?)

O=1/(4mr) N



—!

Diffeomorphisms as Spurions:

Two important consequences:

1) Low energy effective action constrained
by spurionic symmetry!

20



—!

Example:




Diffeomorphisms as Spurions:

Two 1mportant consequences:

2) For a given set of couplings (e.g for

a given background metric) the subset of

the diffeomorphisms that leaves these particular
couplings invariant corresponds to the

true global symmetries (conserved charges)

22
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Example:

* Flat space: Juv = Ny
* Subset of diffs leaving this invariant:

Translations
Boosts
Rotations

Implies conservation of energy, momentum, ...

23



Recap:

In a relativistic QFT diffeomorphisms acting
on the background metric are a global symmetry.

Contains “standard” symmetries as special
cases (leaving a given metric invariant).

But this 1s a genuinely more powerful
symmetry (constrains L )

24
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Diffeomorphisms in NR QFT

(Son & Wingate, Hoyos & Son)

g*

] A
S = / dt dz /g L = / dt d"z /g [;z}T(')fL'—A()znTzn — 5O —iA")(9;¢ + i)

2 2m

Free non-relativistic field theory
(many-particle Schrodinger equation)

Boson or Fermion

Background spatial metric, E&B fields

25

Expect: Spatial Diffeomorphism invariance!
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Symmetries of free NR fields:

Actually, this system 1s invariant even under
time dependent spatial diffeomorphisms.

SAy = —6 + P Ay + Apck,

0A; = =0 + O Ay + AROER — mgin".

) (. k£ - . ‘¢ k ) s k
09ij = & OkGij + 9ik0i&" + gi; 0i&".

= — = arameterize global
(. t) o, t) pardame eri 87004
- spurionic symmetries

26
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The trivial background

What subgroup leaves “trivial” background invariant?

N

—

gij=5ij,A:A0=O
6 b= ¢! (Translations)
6 L — W;; x] (Rotations)
— i]
(7, t) = ut, a(Z,t) =—mu- T
(Galilean Boosts)

27
needs time dependent diffeomorphism!
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Interactions.

Many interaction terms compatible with these
symmetries can be added. This includes:

e (Coulomb interactions

(e.g. Quantum Hall Systems or other strongly correlated electrons)

* Short Range 2-particle interactions

(e.g. “Unitary Fermi Gas” = Fermions with infinite scaterring length)

28
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Relativistic Origin:

For free boson we can get symmetries via scaling limit
from free relativistic field:

S — / dda:dt\/—_g% (g‘“’DquTDygb + c%n%%q%)
D,¢ = 0,0 —1C,,¢

Particles have zero free energy.

2 i-parti 2
C,LL —r— a'u A — 5 " ¢ m.cC Anti-particles have free energy 2 mc” and decouple.

Set chemical potential equal to rest mass:

and take the Diffs and Gauge Symmetry descend.
¢ to infinity limit!

\4

free NR field theory ”



—!

Relativistic Origin - Illustration

A
Energy for
particles E = /(cp)?+(mc?)?
(charge = +1)

......................................... chemical potential=0

Energy for
antiparticles E = \/ (cp)?+(mc?)?
(charge =-1)

\4

Relativistic spectrum



Relativistic Origin - Illustration

A
Energy for 2
particles ~ P 4 ...
(charge = +1) 2m

............. chemical potential
rest energy

Enefrgy t:or E ~2mc?+ -
antiparticles
(charge =-1)

v

large ¢ limit Non-relativistic spectrum



—!
Applications:

Hoyos, Son:  In any quantum Hall system (gapped!).
Low energy effective action only
depends on metric (take flat) and E&B

ATi; = —nu(€irdjr + €x0:)Vir s, Vi = 5(0kvr + Oyvp)

32



Applications: (Hoyos, Son)

) (Hall current)
i @ LA

— %ejEj—— [— - me”(B)] €10;(VE)+---

J B 47

Filling fraction. Characteristic Property of given
Quantum Hall State. Input in low energy theory.

33



Applications: (Hoyos, Son)

,@ (Hall current)
ji= eijEj——; [4 - me”(B)] €10, (VE)+- -
7T

2m \

Wen-Zee shift. Gives change in filling fraction when
given QH state is put on the sphere. Known quantity for
all the Laughlin states. Input into low energy theory.

Input into low energy theory:
\%

34



Applications: (Hoyos, Son)

% 11k (Hall current)
it = —GijEj - — [— — me”(B)] eijaj (VE)+---

27 B 47 \

Energy density as function of external magnetic field.
Thermodynamic Property. Can be measured/caculated
independently. Input into low energy theory.

Input into low energy theory:
v, K

35



Applications: (Hoyos, Son)

Voo 11k _ (Hall current)
7= EGij B [E — me”(B)] e”aj (V.E)_|_. ..
7] - K B / 47‘(‘ Input into low energy theory:

v, K, &(B)
(Hall viscosity= prediction!)

(agrees with earlier result by Read and Rezayi.).
36



Applications: (Hoyos, Son)

(Hall current)

jt = EGUE —% [ﬁ — e (B)] eijaj (VE)+

J

|

t

PREDICTION! Leading correction to Hall conductivity in response
to a slowly (spatially) varying external magnetic field completely fixed
by spurionic global symmetry. Not previously known.

na — kB / AT Input into low energy theory:
v, K, £(B)

(Hall viscosity)

37



—!
Recap:

* Time dependent spatial diffeomorphisms
together with background gauge trafos

are global spurionic symmetry for a large
class of NR QFTs.

* Put strong constraints on low energy effective
action.

38
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Additional Symmetries of NR QFT

One additional symmetry these NR QFTs
all share 1s time translations.

t >t + const.

Unlike 1n the relativistic case, this 1s not
automatically included in diffeomorphisms.



—!
Additional Symmetries of NR QFT

Free NR QFTs actually have a larger symmetry:
time reparametrizations.

(Clearly contains time translations
t — t + f (t) . as special case.)

6140 — fA0+fA07
5142 — fA’ia
0gi; = foij — [9ij-

This 1s also a global,
spurionic symmetry:



—!

Why 1s this called “conformal™?

Ask again: What subgroup leaves “trivial”
background invariant?

fO=21t  §=-cx

z=2: dynamical critical exponent. Scale Transformation.

41
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Why 1s this called “conformal™?

Ask again: What subgroup leaves “trivial”
background invariant?

Special Conformal Transformation.

For z=2 algebra closes with scale and conformal.

“Schrodinger Symmetry” 42



—!
Interacting NR CFTs

Unlike for the case of NR diffs it is much
harder to construct interactions that preserve
the full NR conformal invariance, but

there are known examples:

Unitary Fermi Gas

43
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Applications:

Son, Wingate:

In unitary Fermi gas hydrodynamic transport
coefficient appearing at second order

in the derivative expansion severely
constrained by spurionic global symmetry.

44
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Recap: Defining Symmetries

A large class of generic NR QFTs has the
following symmetries:

* U(l) gauge invariance
* time dependent, spatial diffeomorphisms
* time translations or time reparametrizations.

45



—!

Recap: Defining Symmetries

A large class of generic NR QFTs has the
following symmetries:

* U(l) gauge invariance
* time dependent, spatial diffeomorphisms
* time translations or time reparametrizations.

;

NR QFT

46
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Recap: Defining Symmetries

A large class of generic NR QFTs has the
following symmetries:

* time translations or

47
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Recap: Defining Symmetries

A large class of generic NR QFTs has the
following symmetries:

* U(l) gauge invariance
* time dependent, spatial diffeomorphisms
* time translations or time reparametrizations.

t

All together are referred to as “NR Covariance”
48
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Recap: Defining Symmetries

A large class of generic NR QFTs has the
following symmetries:

* U(l) gauge invariance
* time dependent, spatial diffeomorphisms
* fime translations or [ time reparametrizations.

t

Foliation preserving diffeomorphisms.
(Fdiffs)

49
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Relativistic Diffs in holography

Holography:  Gravity in asymptotically AdS
space has dual description 1n terms
of boundary field theory.

Evidence: Symmetries match!
Global Symmetry: e.g. SO (4,2)

For all symmetries to match the bulk has to respect the full
global (spurionic) diffeomorphism invariance of the QFT.



—!
Bulk diffeomorphisms

Bulk diffs are a gauge symmetry! Redundancy.

—> gauge fix!

“Normal” (=Fefferman Graham) form:

B dr® + g,,(x, r)dx*dx"

ds?
2

guv(x; T) gow(x) + r? gzuv(x) 4 ...

51

field theory metric.
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Global diffeomorphism

This fixes the diffeomorphisms that vanish
at the (r —0) boundary.

Diffeomorphisms that do not vanish at r=0 are
not part of the gauge group but a global symmetry

$H(x,r) = &4 (x)

These manifestly act on the boundary metric
in agreement with the field theory. 5



—!
NR holography:

Our lesson learned from relativistic holography:

Spurionic global diffeomorphism symmetry of
the boundary QFT appears as

radially independent diffeomorphsims

in the bulk theory.

53



NR holography:

Conjecture:

A generic NR CFT 1s dual to a bulk gravitational
theory built around

Foliation Preserving Diffeomorphisms

(and an additional U(1) gauge symmetry)

54
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NR holography:

Conjecture:

A generic NR CFT 1s dual to a bulk gravitational
theory built around

Foliation Preserving Diffeomorphisms

= Horava Gravity coupled to Maxwell field. |
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Horava Gravity

“One less gauge symmetry = one more D.O.F.”
(FDiffs do not include temporal diff.)

One way of writing Horava gravity: (sis Pujolas sibiriyakov)

khronon field.

GR —l_ d Scalal' ﬁeld (I). <« background for ®

picks preferred time direction.
unitary gauge: <@>=c?t
7

fixes temporal diffs.

56
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Khronon action:

1

S =
16w

- f dtd%xdry—G(R — 2A) + Sknronon (A @)
N

l unitary gauge

S = / dt dx dr (Lrin — Lv).

1 o
Liin = 7—=—VGN [K] K7 — \K?]
TN B .
: — Horava Gravity
1 = (VIN)(V'N)
—Ly = s N — 2/ -
BV = Tonay VO |2 T e

57



Khronon action:

1 =, ~
167TGN

unitary gauge

S = / dt d*z dr (Lyin — Lv) . ADM Form of metric.
I
1 _ _N2 _|_ NIéV . NI
Liin = VGN [K1;K'7 — AK?] Gun=| » 7 C
167G N A TI Gy
1 i VIN)(VIN
—Ly = VGN |R -2+ oYt )T(Z ) \
167Gy ] N ‘\ Shift
Lapse . .
Extrinsic Curvature of constant time slice Spatial Metric
. 58
Kry= %(GIJ — ViN; -V Nyp)
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Khronon action:

S = j dtd%xdry—G(R — 2A) + Sknronon (A @)
16nGN
unitary gauge
S = / dt &%z dr (Lyin — Lv) . =1, 0=0:
; Action of Einstein Gravity
Liin = ! VGN KUK” — A\K?]
16xGN But still a different theory!
- 5 Ay ol AT Different gauge invariance
Ly =——VGN |R—28+ o V)
167G N I N2

Can no longer gauge away

grt
in Fefferman-Graham coords



—!

Khronon action:

S = f dtd?xdrvV —G(R — 2A) + Snronon (A @)
167TGN
unitary gauge
g — / dt d% dr (Lrin — Lv) . Khronon fluctuations:
(D)2
Ekin = T ! . \/a;\r -I'\’]JI\’IJ — )\I'\’z] L~ O(()l\) ( 1>(A\)
167G N -
] - U, NV TN need a non-zero.
—Ly=——VGN |R—2A+a Vi ),(,, ) no kinetic term otherwise
167TG_.’\,' ! WE:

Healthy “extension”
(or: a—0 unhealthy reduction)
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Khronon action:

Sknronon (A, @) o« af =+ ]+ (/1 o 1)[]

unitary gauge

S = / dt d’z dr (Lrin — Lv) . Probe limit:
1 a,(1—-1)«1
S Y] T 17 ~IJ -2
Lrin = 7= GNJF N [K K" — \K?]
. ) v NYVIN khronon does not backreact
—Ly = VGN |R = 2A + o Y2 ),(,, ) on metric.
167TG_,\' | N*

Any solution to Einstein gravity
descends to solution of Horava

Probe khronon imprints notion of time!
gravity



—!

Higher derivative terms

The actions displayed so far were
“2 derivative only” actions.
Still has 2 new free parameters.

Appropriate when (M, R )°~N* > 1

But, unlike Einstein gravity, Horava gravity
seems to allow power counting renormalizable

UV fixed points!
\ 62

plus evidence from lattice!
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Higher derivative terms

UV scaling dimensions: t = A* t, X — Ax

A(dxd+1 dt) =—d—1-2z

Potential term with d + 1 + z, spatial derivatives
is marginal! e.g. d + 1 = 3, z, = 3 with R’ terms

Conservative approach: stick to large N and 2 —derivative effective action.

63



—!
The khronon and string theory

In khronon formalism Horava gravity
= Einstein gravity + scalar field.

Can we use this to embed NR CFTs
and their Horava duals into known
AdS/CFT dual pairs?

64



—!

Problems with scalar khronon

* No U(l) symmetry

* Time-translation invariance
requires shift invariant scalar
but there no exact global symmetries in quantum gravity!
* Subject to clumping instabilities

unitary gauge: <®>=c?t

uniform energy density most likely wants to collapse 65
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Solution: Vector khronon

At — mCZ,Al- = () < bulk gauge field
still imprints preferred
* No U(1l) symmetry spatial slicing.

e Time-translation invariance
requires shift invariant scalar

* Subject to clumping instabilities

66



—!

Solution: Vector khronon

At — mCZ,Al- = () < bulk gauge field

* No U(l) symmetry
explicitly introduced — gauge symmetry acting on A,
* Time-translation invariance
requires shift invariant scalar

* Subject to clumping instabilities

67
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Solution: Vector khronon

At — mCZ,Al- = () < bulk gauge field

* No U(l) symmetry
explicitly introduced — gauge symmetry acting on A,
* Time-translation invariance
requires shift invariant scalar

t—t+constant is automatically symmetry of vector khronon

* Subject to clumping instabilities

68



—!

Solution: Vector khronon

At — mCZ,Al- = () < bulk gauge field

* No U(l) symmetry
explicitly introduced — gauge symmetry acting on A,
* Time-translation invariance
requires shift invariant scalar
t—t+constant is automatically symmetry of vector khronon
* Subject to clumping instabilities

pure gauge! no energy density! no clumping!

69
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Solution: Vector khronon

At — mCZ,Al- = () < bulk gauge field

Maybe most importantly:
this 1s exactly what we did on the field theory
side — followed by the ¢ to infinity limit.

Note: constant A, can not be gauged away It’s the chemical potential!
o ) ) ) Clearly it has an effect.
58 = — / JHoN = — / (Aju)dSH + / A0, 5"
M oM M

70
0S8 = —m('QQf\:J_C = m('QQ(fZ- —ty)



Vector Khronon from IIB strings

Benefit: Vector Khronon easily embedded in String Theory!
However, this only gives the probe limit.

N=4 SYM

Compacitfy on circle of radius R
new U(1): shifts along R
mass ~ 1/R

v

3d theory;
massless degrees of freedom: neutral
charged degrees of freedom = massive 1



Vector Khronon from IIB strings

Benefit: Vector Khronon easily embedded in String Theory!

N=4 SYM

Compacitfy on circle of radius R
new U(1): shifts along R

Take NR limit in this theory!
mass ~ 1/R y

Set chemical potential = rest energy
Take c to infinity limit!

v
3d theory; /

massless degrees of freedom: neutral
charged degrees of freedom = massive 72




Vector Khronon from IIB strings

Benefit: Vector Khronon easily embedded in String Theory!

N=4 SYM ds?= (gijdx'dx) + R?(d 6 + A.dt)?)

N

compact direction
geometric realization

of KK gauge field

v

3d theory;
massless degrees of freedom: neutral
charged degrees of freedom = massive 73
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Vector Khronon from IIB strings

Benefit: Vector Khronon easily embedded in String Theory!

N=4 SYM ds?= (gijdx'dx) + R?(d 6 + A.dt)?)
/ R=1/(m c)
Take NR limit in this theory! At=m02

Set chemical potential = rest energy
Take c to infinity limit!

v /
3d theory;
massless degrees of freedom: neutral

charged degrees of freedom = massive 74
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Vector Khronon from IIB strings

Benefit: Vector Khronon easily embedded in String Theory!

2_1 i JrJ 2 2
N=4 SYM ds —;(gijdx dx’ + R“(d 6 + A.dt) )
/ R=1/(m c)
Take NR limit in this theory! At=m02
Set chemical potential = rest energy c—h
Take c to infinity limit! v
v / 1 ;i dt dé
2—— (qa:.-dxtdx’
ds“=— (gudx dx’ +2— )

3d theory;
massless degrees of freedom: neutral
charged degrees of freedom = massive 75
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Vector Khronon from IIB strings

ds’=—= (gijdxidxj + 2

1 dt do
r2

m

This 1s the Son; Balasubramanian & Mc Greevy; Goldberger
description of a Schrodinger invariant theory in terms of a
d+2 relativistic theory in light front!

Basically we performed Seiberg/Sen limit
Lightlike circle = zero radius limit of spatial circle

Embedding in relativistic theory gives Horava gravity
in the probe limit.

Generic NR CFT = Horava gravity away from probe limit.

76

qualitatively different?
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Vector Khronon from IIB strings

String Theory embedding also helps construct explicit mapping
between boundary sources and bulk fields.

b NNy

IN2 7
4 = bt\ biN!T Ny
= 5 SNT

_|_
biN;j  b;N; | bib;N'N
(] l] — ’ < L ] — J + J - I)

by by

Ay = v +

77



—!
Beyond the probe: Black holes

(Janiszewski, in progress)

What 1s a black hole 1f there 1s no more
speed limit?

Can we get novel thermodynamics from
Horava gravity away from the probe limit?

Recall: Schrodinger geometry gives non-sensical thermodynamics.

78



—!
Beyond the probe: Black holes

(Janiszewski, in progress)

What 1s a black hole 1f there 1s no more
speed limit?

Horava gravity solution =
spacetime + preferred slicing

Universal Horizon: locus beyond which one
can not go in finite time; independent of speed.”
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Black holes in Horava gravity

(Janiszewski, in progress)

Horava Gravity Black
hole in asymptotic AdS

05
/
/ .
1\ 0s
\

80




Black holes in Horava gravity

(Janiszewski, in progress)

Horava Gravity Black
hole in asymptotic AdS

Spacetime geometry itself
/ as in GR black hole.

\\ GR Horizon = place from
beyond which the spin-2

graviton moving at the
“speed of gravity” can not
return.

81
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Black holes in Horava gravity

(Janiszewski, in progress)

Scalar graviton:
long wavelength mode
moves at “speed of sound”.

/ \\ 0 < speed of sound < |

T~ Free parameter of theory.

Here speed of sound <
speed of gravity.

Sound horizon outside
gravity horizon. 82
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Black holes in Horava gravity

(Janiszewski, in progress)

Scalar graviton:
long wavelength mode
moves at “speed of sound”.

\ 0 <speed of sound <

T~ free parameter of theory.

Here speed of sound <

But due to non-linear dispersion )
speed of gravity.

the short-wavelength modes of scalar
graviton can move at arbitrarily high spe

and can penetrate beyond either horizon Sound horizon outside

gravity horizon. 83




Black holes in Horava gravity

(Janiszewski, in progress)

To complete the solution
one needs to find the

y 4 preferred foliation (the
= preferred time coordinate)
— by solving the khronon
profile.

Spatial slices pile up at the
universal horizon. Even |
infinite speed modes can not
g0 beyond in finite time.

84
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Black holes in Horava gravity

(Janiszewski, in progress)

Universal horizon has meaningful thermodynamics.

* Energy/mass from asymptotic metric.
* Temperature from “tunneling” calculation or

Euclidean geometry
* Entropy then follows. Gives Bekenstein-

Hawking area law with speed of gravity
playing the role of the speed of light

To do: Charged Black Holes! <



Conclusions:
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All Field Theori
(on asymptotically Lifshitz/hyperbolic space) Quantum Field Theories
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