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| ntroduction

Interesting to explore holography with reduced symmetries
Generalizations of AAS/CFT to nonrelativistic systems

— holographic condensed matter, ...
[Son; Balasubramanian,McGreevy; Adams et al; Herzog et alddtena et al; . ].

— Phases of gauge/string theory with non-relativistic sytnies
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| ntroduction

Generalizations of AAS/CFT to nonrelativistic systems

— holographic condensed matter, ...
[Son; Balasubramanian,McGreevy; Adams et al; Herzog et alddtena et al; . ].

— Phases of gauge/string theory with non-relativistic sytnies

Sometimes qualitative features of some of these phasestifrem
gravity/string descriptions can be distilled to give isting, perhaps
unexpected insights for gauge theories.
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| ntroduction

Nonrelativistic ADS/CFT — holographic condensed matter ...
— Phases of gauge/string theory with non-relativistic sytnies

Sometimes qualitative features of some of these phasestf®gravity/string descriptions
can be distilled to give interesting, perhaps unexpectsidlims for gauge theories.

In the present contextentanglement entropy various 3- and 4-dim
guantum field theories exhibitd@ading divergencealled thearea law

Ryu-Takayanagi bulk prescription for EE using gravity dual

e Gravity systems with hyperscaling violation exhibitinggadaw
deviations can be realized in string theory in terms of gjlypooupled
CFTs with uniform lightcone momentum density .. .

e Lightcone super Yang-Mills conformal field theories with, —
logarithmic violation of area law for holographic entangknt entropy.
e Stronger area law deviations in some strongly coupled 3€Hns.
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Non-relativistic AdS/CF'T

4-dim N'=4 superconformal Yang-Mills theory
dual to IIB string theory onAdSs x S°.
[ds? = & (—2datdz— + da? + dr?) + R2dQ2,  R*~ g2, Na'?]
Large N limit — classical gravity description useful.

A fairly traditional way that gives non-relativistic quam field theory
IS to usdightcone variables:{~ = time), and study the system with

nonzero lightcone momentunfe.g. p.p* =0 — p_ = ﬁp? ].

For instancezT-DLCQ of relativisticN'=4 SYM —

z = 2 nonrelativistic (Galilean) 2+1-dim system.
DLCQ ..+ of AdS5 in lightcone coordinates — nonrelativistic,
Schrodinger (Galilean) symmetriescoldbergerBarbon et alMaldacena et 3l
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Holography and Lifshitz scaling

Lifshitz: ¢, z;-translations,x;-rotations, scalingg — \*t, x; — \z;
[z: dynamical exponent]. (smaller than Galilean symmetres. boosts broken)

Landau-Ginzburg action (free= 2 Lifshitz): S = [ d?z((0rp)? — k(V?p)?).

da:zz+dr2
72

Lifshitz spacetime: ds3 = —fﬁi +
[z =1: AdS]

Kachru,Liu,Mulligan

Solution to 4-dim gravity witlA < 0 and massive gauge fieldl ~ f—ﬁ
(or alternatively gauge field + 2-form: dualize to gétmass ) Taylor

[More general Lifshitz-attractor solutions in Einsteinakvell-scalar theoriesTrivedi et al

[Focus on zero temperature solutions] String realizations?
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Lifshitz scaling in string theory

Lifshitz: ¢, x;-translations,z;-rotations, scalingt — \*t, r; — Ax;
[z: dynamical exponent]. (smaller than Galilean symmetres: boosts broken)
dx%—i—drz

r2

Lifshitz spacetime: ds? = — 92 +

27 Kachru,Liu,Mulligan

String construction foe = 2 Lifshitz [Balasubramanian,KN

+_
relativisticN'=4 SYM = DLCQ> z = 2 non-rel (Galilean) 2+1-dim system

Gauge coupling? ,,(z) = e®@") varying in lightlike z*-direction
— breaksz™-shift reducing to 2+1-dim Lifshitz symmetries.

Bulk: AdS + gyy[~ 0] &ldimredn o 9| jfshitz.
Kaluza-Kleinz"-reduction of non-normalizable null deformations of
AdSs x S°: g, sourced by lightlike scalagilaton®(z+)) [z~ = time].

dw? —I—dr2 ]
2

—\2
[ds2 = B [—2datdo™ + da? + dr?] + #r0(dat)? — ds? = -2 )7 4

T T

More generaly. . sourced by axion-dilaton, fluxg®onos,Gauntlett; ethl
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SYM, T, #0. AdS planewaves

+_
[RelativisticN:4 sym Z—PECR - — 9 non-rel (Galilean) 2+1-dim system

+_
LightconeAdSs ~——2LC%,

z = 2 non-rel Schrodinger (Galilean) symmetﬂies

ConsiderN'=4 SYM with uniform lightcone momentum densify, . .
At large NV, we expect the gravity dual to this excited state to be some
normalizable deformation oddS5 x S°, with g, nonzero.
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SYM, T, #0. AdS planewaves

+_
z DLCQ; z = 2 non-rel (Galilean) 2+1-dim system

| RelativisticA'=4 SYM

+_
Lightcone AdSs v DLCQ. . — 2 hon-rel Schrodinger (Galilean) symmetﬂies

ConsiderN'=4 SYM with uniform lightcone momentum densify, . .
At large NV, we expect the gravity dual to this excited state to be some
normalizable deformation oddS5 x S°, with g, nonzero.

Can identify this precisely: AdSs plane wave [4dS + g, 4],
ds? = & [—2datde— + da? + dr?] + R*Qr?(dzt)? + R?d02

Holographic boundary stress tensor usigS/C F'T rules gives

T, = 8225 > uniform lightcone momentum density.
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SYM, T, #0. AdS planewaves

AdSs plane wave: ds? = B [~2datde~ + da? + dr?] + R2Qr2(da+)? + R2d02
e AdS analogs of plane-wavesddS + g, . Supersymmetric.
Likely o'-exact string backgrounds due to lightlike nature.

e Nonzero (boundary) lightcone momentum dengity, :
null energy condition= T, . > 0.

e Can be realized as “zero temperature”, highly boosted @ostaling
limit of boostedAdS Schwarzschild black branesi(gh).
Simple excited pure statesi=4 SYM CFT (on D3-branes):
double scaling limit of SYM thermal state.

e Generalize tcddSp plane wavde.g. states in M2-, M5- CFTSs):
ds? = B [—2dxtde— + dz? + dr?] + R2QrP—3(dzt)? + R2d02

Bulk xT-dimensional reduction?
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AdS planewaves: r"-dim. redn.

ds? = I [—2datda— + da? + dr?) + R?Qr(dz™)? + R2d03
AdS plane wave:Q ~ lightcone-momentum densi,+ [R* ~ g2 ,, Na'?].

Dimensionally reduce 10-dim metric &* and onz*-circle:
4-dim Einstein metrigz— = #): ds% — RBQ@ (—5%24 + dx% + dr2) ,
dt

Electric gauge fieldd = ~Or scalare® ~ r. Nontrivial IR scalesk, Q.
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Hyper scaling violation

ds? = I [—2datde + da? + dr?) + R*Qr(dz™)? + R2d03
AdS plane wave:Q ~ lightcone-momentum densi,+ [R* ~ g2 ,, Na'?].

Dimensionally reduce 10-dim metric &* and onz*-circle:

4-dim Einstein metrigz— = #): ds% — Rgg/@ ( gt —|—d:c + dr ) ,

Electric gauge fieldd = —%, scalare® ~ r. Nontrivial IR scalesR, Q.
2 29/d 52 da2 42 d = “boundary” spatial dim;).
S — —t—).
( % T T2 ) 0 = hyperscaling violation exponent

Conformal to Lifshitz (dynamical exponenj.
Arise in effective gravity+vector+scalar theorigsivedi et al, Kiritsis et &)
Thermodynamics reflects effective space diin- 0) [e.g. S ~ T(d-0)/=],

Above: d=2, 2=3, 0 =1 (dyr=d—0=1).
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Hyper scaling violation

2
ds® = & [~2dwtda + daf + dr?] + RPQrP 3 (dat)?
AdSp plane waveD = d + 3, Q lightcone-momentum densityD — 1)-dim.

Dim’nal redn: 452 = HEQVETI (a2 L g2y,

2) _
1 ” . . . d d
boundary” spatial dimensiod =D — 3, z=5+2, 0=7.

In particular, for the conformal branes of M-theory:
M?2-brane stacks—+ AdS, deformations,d =1, z = g
M5-brane stacks— AdS7 deformations,d =4, z =14

| General dim'nal reduction: [ dPz+/—g(P) (R(P) — 2A) =
fd33+dD_1x /_g(D—l) (R(D_l)—#A6_2¢/(D_3)—#(6¢)2—#62(D_2)¢/(D_3)F5V)

(recall effective gravity+vector+scalar theoriesg. Trivedi et al, Kiritsis et al, Takayanagi et)]al
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Hyper scaling violation, holog. EE

Entanglement entropy for subsystem®y = —trpa logpa,
partial trace overA-complementp 4, = trgp.

e Ryu-Takayanagi bulk prescription:

find bulk surface bounding with minimal area.
Holographic entanglement entropy for subsystemi
o« area of bulk minimal surface bounding

E.g.: SYM CFT ground state, strip with widthbndry areal?:
ordinary timet slice in bulk AdS; — S4 ~ 2—2(5—22 — #%) ,
with leading divergence reflecting area lawsmbelii et al; Srednicki, ...
[e = SYM UV cutoff], and finite part.

e Hyperscaling violating bulk metricgs? = »20/4( — ggj n dw%:;dr?)
with 6 =d —1 — logarithmic violation of area law

Gravitational dual of hidden Fermi surfacesfakayanagi et al, Sachdev et al
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AdS plane waves, holog EE

e Ryu-Takayanagi bulk prescription:
holographic entanglement entropy; for subsystemi
o« area of bulk minimal surface bounding

bbbbbbbb

e Hyperscaling violating bulk metricgs? = »20/d( — 42 4 d"”?:;dTQ)

T.2z

with 6 =d —1 —— logarithmic violation of area law

e As we have seemdS plane waves give microscopic (top-down)

descriptions for some of these.g.
ds? = B [—2dxtde— + do? + dr2] + R2Qr2(dz*)? + R2d0Z,

+_ .
AdSs plane wave: S —dimredn g o0 3 g =1

e Concrete gauge/string examplaé/=4 SYM in pure excited state
with uniform lightcone momentum densi#y, . —

logarithmic behaviour (rather than area law) of entanglaneatropy
holographically.
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AdS planewaves, holog. EE

AdSs5 plane wave: ds? = f—j[_zderdx— + da? + dr?] + R2Qr?(dzt)? + R2dO2.
+ —dim.redn.
o AdSs plane wave "
. o o
hyperscaling violatioms2 = r26/d( — 42 4 dzitdr

4-dim N'=4 SYM CFT in these pure excited statgs., ~ Q) exhibits
logarithmic behaviour of holog. entanglement entrofyarea law)

Holographic EESE = area of bulk minimal surface bounding A.
Subsystem A = strip ir;-plane, widthi (possibly wrapping:*+-direction),
lying on constz™ slice (= constant time-slice (4-dim)).

Logarithmic behaviour of EE: Sy = R;c\:/g,@ LiLlog*t.

[This uses only 5-d spacetime: also applies to varibis1 SYM CFTs.]

Explore further ... Weak coupling field theory?
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AdS planewaves, holo. EE

AdSs plane wave:  ds? = f—j [—2dxTdz™ + dz? + dr?] + R?Qr?(dz™)?
[EE for subsystem AS 4 = —trpalogpa, partial trace oveA-complementp, = trgp.]

Want to de-mystify entanglement entropy in null slicing:
consider spacelike subsystems* > 0 > Az, strip, width).

Non-static spacetime: use covariant Higkbeny,Rangamani, Takayanpgi

HEE ~ area of bulk extremal surface boundidg
(stationary point of area functional; if several surfacastechoose minimal area)

Two choices for subsystem depending on energytlux direction:

Case A Case B

L (spacelike subsystem:
A leading divergence
F{E] ]| is area law~ ¥2 ).
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AdS planewaves, holo. EE

AdSs plane wave:  ds? = £ [~2dztda~ + da? + dr?] + R2Qr2(dz+)?

Simple excited pure states.M=4 SYM CFT: T, . = const.

Case A Case B

? . spacelike subsystem:
Al = : leading divergence
I ng!gt il is area law~ Y2 .
Case A: width direction is;. Case B: width along:s (and flux).
Finite piece V5y/Qlog(IQY*),| Phase transitianS, ~ constant
grows with size. (saturated) beyont] ~ Q—1/4
Smaller than~ [ (thermal entropy,) (no connected surfacéyz™ > 0 > Az,

Iarger than~ [—2 (CFT ground state) disconnected surfaces for Iarg)e
Strip along energy fluxneuristically) Strip orthogonal to energy flux:

size increases, entanglemegrgorrelation lengthv Q~1/4.
Increases Largel:. entanglement saturation
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AdS planewaves, holo. EE

AdSs plane wave:  ds? = f—; [—2dxTdz™ + dz? + dr?] + R?Qr?(dz™)?

To understand phase transition better, consider regulatéyg plane
wave: boosted black D3-braiengh.
ds? = L [ — 2dztdx™ + Qr (dx+ -+ %dw‘)Q -+ dx?] — dr*

r r2(1—r§r4)'

Boost\? = i—? . asrg — 0, QQ = fixzed, recoverAdSs plane wave.
0

For smallrg, the scal&) dominates, so phase transition persists
(no connected extremal surface for large size with spaeslibsystem)

Connected extremal surface for Case B can be found by scaling
towards horizon, and towards double zero of surface equétrbich
gives Iarge size) [becomes disconnected surfaceAdS plane wave limit]
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Hyperscaling violation cont’d

2
ds* = & [—2dxtdz™ + dz? + dr®] + R?QrP—3(dz™)?
AdSp plane waveD = d + 3, @ lightcone-momentum densityD — 1)-dim.

Dim’nal redn: 452 = HEQVETI (a2 L g2y,

2) .
1 ” . . . d d
boundary” spatial dimensiod =D — 3, z=5+2, 0=7.

In particular, for the conformal branes of M-theory:
M?2-brane stacks—+ AdS, deformations,d =1, z=2, 0
Mb5-brane stacks— AdS; deformations,d =4, z =4, 0

D[ Ot
N ol

| General dim'nal reduction: [ dPz+/—g(P) (R(P) — 2A) =
fd33+dD_1x /_g(D—l) (R(D_l)—#A6_2¢/(D_3)—#(aqb)Q—#62<D_2)¢/(D_3)F5V)

(recall effective gravity+vector+scalar theoriesg. Trivedi et al, Kiritsis et al, Takayanagi et)]al

M2-brane CFT: super 3-dim Chern-Simons theory with matter.
Deviations from area law stronger than logarithmic.
Entanglemenginite piece)grows with subsystem size a5, /Q! .
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Hyper scaling violation

(Recall Dp-brane phases$izhaki,Maldacena,Sonnenschein,Yankieloyicz

Conformal M-theory brane stacks® = ds? o, ¢ + g4+ (dz™)?,
for g, . (non-)normalizable deformations, gives rise in apprdpria
lIA string/sugra phase to hyperscaling violation and new with

20/d(_di? | da? dr? ).

T2Z T2

2 _
dsE—r

[ ds2, ,, — 10-dds?, +dilaton® — ds2, — dim.rednsPheres
null-deformed solution, non-compact™ — dim.redn*” — z,0.
Note: 10-d solutions can be checked independently in IIAesgnavity.]

Dp-braneS% d=p, z=1, 0 # 0. (Dong,Harrison,Kachru,Torroba,Wang

M2 — D2 null non-normalizable: d =1, z=%, §=0.

3
M2 — D2 null normalizable: d=1, z=3, 0= 2.
M5 — D4 null non-normalizable: d =3, z=2, 6 = —1.
M5 — D4 null normalizable: d=3, z2=4, 0 =1.

Note: some of these (witth= 1) haved —1 <6 <d —
Violation of area law of entanglement entropy. Field theduals nontrivial: explore?
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Hyper scaling violation

(Following Dp-brane phase structure bfhaki,Maldacena,Sonnenschein,Yankielowicz
These solutions are of the form of null-deformeg-brane systems,
with rich phase structurez, 8-values flow.

Null-deformed D2-brane phasefiow from DLCQ,+ of 2+1-dim
perturbative SYM (UV) regime— IIA supergravity region with
null-deformed D2-solution (valid in some intermediateineg where
rT-circle large relative to 11-th circle)s 11-dim AdSy
null-deformed M2-brane IR phase (dual to DLCQ of null-defain
Chern-Simons ABJM-like theory).

Null-deformed D4-brane phasefilow from AdS7 null-deformed
M5-brane UV phase (dual to null-deformation(@t 0) M5-theory) —
Intermediate IIA supergravity region with null-deformed-{3olution
— DLCQ,+ of 4+1-dim perturbative SYM IR phase.
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AdS null defmns + iInhomogeneities

Most general family of (staticidS plane waves:

ds? = %(—Qdaﬁd:c— + dx?) + gy [r, x)(de)? + %2 + dQz
e AdS analogs of plane-wavestdS + g . Supersymmetric.
Likely o’-exact string backgrounds due to lightlike nature.

e Restricting to normalizable modes (near boundary), thesgeneral
lightcone states in SYM with inhomogeneities: nonzerotlighe
momentum density’, , varying spatially (frozen in lightcone time).

e Static normalizable backgrounds: genericajly, vanishes at
specific locii in the interior, even if positive definite ndaundary {.e.
T, > 0). Effectively ahorizon: time-like Killing vectoro_ — null.

e Onz™-dimensional reduction, this means string modes winding
aroundz " -circle become light in the vicinity of, . = 0 locii. New
stringy physics beyond the gravity approximation: new ap@s in

SYM with low anomalous dimensions.

Similar inhomogenous solutions exist for asymptoticalifghitz solutions too.
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Conclusions, open questions

e AdS plane waves— dim’nal redux

— Lifshitz scaling, hyperscaling violation.
Dual to 4-d SYM CFT (or more exotic 3d CFT) excited state With, .
e Some of these lead to logarithmic (or stronger) deviatidns o
entanglement entropy holographically relative to area law
e AdS plane waves: simple excited pure states. Entanglemermysntr
can be studied explicitly for strip-shaped subsystemsi|teedepend on
strip direction w.r.t. energy flux. For strip orthogonal tox] phase
transition.
More generalddS null deformations with inhomogeneities.

Entanglement entropy area law deviations from field theory?

What are these materials?
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