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Abstract: | will discuss the construction of a holographic dictionary for theories with non-relativistic conformal symmetry, relating the field theory
to the dual spacetime. | will focus on the case of Lifshitz spacetimes, giving a definition of asymptotically locally Lifshitz spacetimes and discussing
the calculation of field theory observables and hol ographic renormalization.
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ondensed matter physics & holography

i pplication of holographic methods to gauge theories long studied.
Vhy condensed matter?
@ Rich system:

» CFTs arise as IR desc near critical points; often strongly coupled.
» Many different theories; can tune Hamiltonian in some settings.

@ AdS/CFT provides a useful new perspective:

» Few other methods for calculation at strong coupling.
» Gravity dual calculates observables like transport coefficients directly,
no quasiparticle picture.

@ Prompts new questions:

» Charge transport, phase transitions

» (Can have theories with an anisotropic scaling symmetry
D: x' —+ Ax'.t — AL
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/hat do we hope to do?

@ Not to construct a dual to CF s studied in condensed matter or make
direct contact with lattice models. (Known examples of duality are
large N gauge theories.)

@ Proceed phenomenologically: construct bulk theories with qualitative
features of interest.

» Bottom-up: invent an appropriate classical gravitational Lagrangian
» Top-down: string theory construction.

@ Big question: range of theories/issues for which holography is useful.

» Matrix large N.
» Hierarchy in spectrum: As~o > As<o.
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dS /CFT review

9 (ef 20y Zstring|O0] = e—>l1%0]

@ Calculate e.g. stress tensor as o ey

1 o5
vVh Shiwv

{ 7_;”} —

where ds® ~ d’“ r‘-hw,,dx dx”

@ One-point functlons for arbitrary sources give full information: obtain
correlation functions by varying sources.
* Action S for boundary conditions fixing h,,,,

@ One-point functions will depend on both sources and states:
+ Space of 'asymptotically AdS’ geometries for a given boundary
condition.

@ [hermal states described by bulk black hole solutions.
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dS /CFT review

P <E"J GU@) — Zsfr;ng[(j}g] ~ E_S[@ﬂ].

@ Calculate e.g. stress tensor as

D o 27 LT
where ds= =~ <5 + r-hy, dx*dx” + ...
@ One-point functions for arbitrary sources give full information: obtain

correlation functions by varying sources.
» Action S for boundary conditions fixing h,,,,
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x Space of 'asymptotically AdS’ geometries for a given boundary
condition.
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dS /CFT review

S (ef 200y — Zstring|00] =~ e—>lo0]

@ (Calculate e.g. stress tensor as

ala=tied cilla le=t |

D s B ) 2% T o Vg
where ds= ~ %5 + r<hy,, dx*dx
@ One-point functions for arbitrary sources give full information: obtain

correlation functions by varying sources.
» Action S for boundary conditions fixing h,,,,

@ One-point functions will depend on both sources and states:
+ Space of 'asymptotically AdS™ geometries for a given boundary
condition.

@ [hermal states described by bulk black hole solutions.
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nisotropic scaling

1 condensed matter, have theories with an anisotropic scaling symmetry
) x' — Ax'.t — AL
'wo cases of interest:
e Lifshitz-like theories: D, H, P, M;
@ Schrédinger symmetry: add Galilean boosts K. z = 2 special.
Mant a holographic description as in AdS/CFT:

@ Spacetime with these symmetries

@ Prescription for calculating one-point functions in the presence of
sources.

@ Spacetimes with these asymptotics corresponding to interesting states
— in particular, black hole solutions.

or z = 1, recover AdS/CFT. For z — oo, goes to AdS; x R”.
1teresting example of extending holography
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tress-energy: field theory expectations

lon-relativistic theory: Stress-energy complex
@ Energy density &, energy flux &'
@ Momentum density P;, spatial stress tensor I_iff.

e Conservation equations ;& + 9;&' =0, 9;P; +J;T¥, = 0.

@ Scaling invariance implies z€ —I1'. = 0.
e £ dimension z +~d = &' dimension 2z +d — 1
P; dimension 1 —d = [V . dimension z - d.

/
(Note z + d is marginal.)

e

@ Note no relation between £'.P;. (an't come from a symmetric
tensor.
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tress-energy: field theory expectations

lon-relativistic theory: Stress-energy complex
@ Energy density &, energy flux £’

@ Momentum density P;, spatial stress tensor 1.

i-
e Conservation equations J;€ + 9;€' =0, 9;P; + 9 v =10,
@ Scaling invariance implies z€ " = 0.
e £ dimension z -~ d = &' dimension 2z - d — 1.

P; dimension 1 -~ d = [V . dimension z - d.

(Note z + d is marginal.)

@ Note no relation between £'.FP;. (Can't come from a symmetric
tensor.

Pirsa: 11050007 Page 22/71




ifshitz geometry

@ Simple deformation of AdS:

> P g% 2, 92 dr>
ds™ = —r~dt" + rdx” + —.
2
@ Solution of a theory with a massive vector: Tayles
. 1 S .
5 — / d_})(v"—g(R — EA = EFIL”,F' i EmuA,HAP}'
with A = —%(ZE Lz 4), m* = 2z. Lifshitz solution has
5 2 Z . 1
A=ar’dt. a°= ( )
z

@ Finite temperature black hole solutions obtained numerically.

— Y1anf CILITT

@ Analytic black holes in other theories. Balasubramanian
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ifshitz geometry

@ Simple deformation of AdS:

dr?

g p, > o 2

ds” ——r~“dt"+r-de 4+ ——
r_

@ Solution of a theory with a massive vector: Tayler

S — / dber/—g{R —2A— %FNI:F“*’ — %m:A#,A“).
with A = —%(Z2 L z 1+ 4), m* =2z. Lifshitz solution has
A—grids, of =1

z
@ Finite temperature black hole solutions obtained numerically.

@ Analytic black holes in other theories. S —
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ifshitz geometry

@ Simple deformation of AdS:

L dr?
ds” — —rZdt” -+ rdx ’: .
2
@ Solution of a theory with a2 massive vector: Tayler
5= / dbx/—g{R —=2A— ZF‘L” FHT — Em"fﬁ\ AR,
with A = —%(ZE Lz 4), m* = 2z. Lifshitz solution has
2(z—1)

A=arfdt. o =

z
@ Finite temperature black hole solutions obtained numerically.

@ Analytic black holes in other theories. o
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ifshitz in string theory

@ S' compactifications of M theory:
ds? = dsz + 2T (do + A + €2Y Dy? + €?Y(ds? + d=2).

Fs = 4e" VY VolyA(do+A) 4DV AL A D H = V2(do+dk)A(Ji—Db).
Gives z = 2 massive vector theory + scalars.
@ Massive lIA on S* x H?/T: _‘

Reduction on S* gives 6D gauged massive supergravity, SU(2) X _U(l)
gauge group. Allowing F3) flux on H2/T gives 4D Lifshitz with
arbitrary z.

e Full 4D theory, asymptotically Lifshitz solutions?

“THNSK

@ See also
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ifshitz geometry

@ Simple deformation of AdS:

o | > 3 3 d 2
ds® = —rZdt* + rrdx* + i :
2
@ Solution of a theory with a massive vector: Tayler
S — / d*xv/—g(R —2A — %F}L”.F“"" — %mJAﬁA’“).
with A = —3(z* + z + 4), m* = 2z. Lifshitz solution has
5 2(z—1
A—aride. of =1
z

@ Finite temperature black hole solutions obtained numerically.

@ Analytic black holes in other theories.
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ifshitz in string theory

3]
:

@ S' compactifications of M theory:

ds?; = dsz + €T (do + A)? + €2V Du? + &2V (ds? + ds3).

Fs = 4e” VY VolyA(do+A)+4DUA WA . H = V2(do+dk)A(Jh—Db).

Gives z = 2 massive vector theory + scalars.

@ Massive IIA on 5% x H?/T: Faramesnara

Reduction on S* gives 6D gauged massive supergravity, SU(2) x U(1)
gauge group. Allowing F3) flux on H2/I gives 4D Lifshitz with
arbitrary z.

e Full 4D theory, asymptotically Lifshitz solutions?

=] SEE 3]50 —‘ sk T cauntert _

verstein Kim
Tong
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ifshitz geometry

@ Simple deformation of AdS:

~ > 35 3 5 d -
ds= —=—~di~+r"di = i .
2
@ Solution of a theory with a massive vector: Taslos
S = / de/—g{R —=2A— %FNFF’”""’ — %mJA;,A“).
with A = —%(ZE L+ z+4), m?* = 2z. Lifshitz solution has
5 2(z—1
Aortds, of =21
z

@ Finite temperature black hole solutions obtained numerically.

. -—

H et

@ Analytic black holes in other theories.

1 L e g T
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ifshitz in string theory

¥y

i
=
[

@ S' compactifications of M theory:

ds = dsz + 2T (do + A)? + €2¥ Dy? + 2Y(ds? + ds2),

Fs = 4eT "V 2UVolyA(do+A)-4DUAIA . H = V2(do+dk)A(J— D).
Gives z = 2 massive vector theory + scalars.
@ Massive lIA on S* x H?/T: _“‘

Reduction on S* gives 6D gauged massive supergravity, SU(2) X U(l)
gauge group. Allowing F3) flux on H2/I gives 4D Lifshitz with
arbitrary z.

e Full 4D theory, asymptotically Lifshitz solutions?

-  enalell
fal 1211 L s

@ See also
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ifshitz geometry

@ Simple deformation of AdS:

P 9 = 3> 3 d 2

ds® — —rZdt™ L rdX” + ’: .
2

@ Solution of a theory with a2 massive vector: Tayies
C A e 1 L, 1 5
5= / d*xV=E(R — 2\ — ;Fu F — ZmPA,AL),
with A = —%(ZE + z -+ 4), m?* = 2z. Lifshitz solution has

A =—1)

A= arfdt. o .

z
@ Finite temperature black hole solutions obtained numerically.

@ Analytic black holes in other theories. sarbarz  Balasubramanian
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ifshitz in string theory
@ S' compactifications of M theory:
dsZ; = dsz + €21 (do + A)? + %Y Dv? + e?Y(ds? + ds2),

Fs = 4e” V=*YNVolyA(do+A)-4DUA A H = V2(do+dk)A(Ji—Db).

Gives z = 2 massive vector theory + scalars.

@ Massive IIA on S* x H?/T: Paramesaan

Reduction on S% gives 6D gauged massive supergravity, SU(2) x U(1)
gauge group. Allowing F3) flux on H2/T gives 4D Lifshitz with
arbitrary z.

e Full 4D theory, asymptotically Lifshitz solutions?

tzarmmoll
gl L wl =

o Scoglep JREE  Seske

—
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symptotically locally Lifshitz spacetimes -

Vant the leading-order metric at large r to locally take the form

dr?

-

ir'-'...

-

— = dt -+ rrdx

ds

Work with an orthonormal frame ') &' (a—0.1.21=1.2)

ly choice of gauge, e,(-’q) =0, el”) = %. Require that as r — o0,

el — p7e0(r t.3). &) = rél(r.t. ).

where &9 (r_t.X), &/ (r. t.X) have finite limits as r — oc.
loundary data analogous to conformal metric on boundary. ...

T L
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Lress tensor

loundary geometry ém)(r. t.X), E‘-"(r. t.X) = sources for stress tensor.
lssume we have an action S finite on-shell, ©S = 0 for variations
reserving boundary data. Define 75 by (a=cxl.x%i=x1.x?)

5S = / Pxv/—h(T%3eB) L 745A,).
J oM

@ Variation at fixed As implies [ a2 not a symmetric tensor.

» A; provides additional vector components; A; = 0 by choice of frame.
» Remaining scalar dof v = Ag — o

@ Identify with stress tensor complex: T3, =£.&"; T =P;. |_|"

e,

@ Invariance of S under boundary diffeomorphisms t'(t. x ) ( )

implies conservation equations 5;' bashi

VaT% — m*V3A, = 0.
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Lress tensor

loundary geometry &% (r. t.x), &/(r.t.X) = sources for stress tensor.
issume we have an action S finite on-shell, S = 0 for variations
reserving boundary data. Define 75 by (a=c.xlx%i=x.<3)

0S = / d3xv/—h(T%6e'B) + 745A,).
o OM

@ Variation at fixed As implies [ ag not a symmetric tensor.

» A, provides additional vector components; A; = 0 by choice of frame.
» Remaining scalar dof v = Aqg — a.

@ |dentify with stress tensor complex: T35 =&.&"; T =P;. I_[j

@ Invariance of S under boundary diffeomorphisms /(. x"). x" (t. x’)

implies conservation equations chibashi

| Fp =

v{_-, Tﬂﬂ — rgv,}; A.-:h =214
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tress-energy: field theory expectations

lon-relativistic theory: Stress-energy complex
@ Energy density &, energy flux &'

@ Momentum density P;. spatial stress tensor T’

7
@ Conservation equations J;& +~ 9;&' =0, 9;,P; + 0; ﬂf;. — §J.
@ Scaling invariance implies z€ —I1'. = 0.

e £ dimension z —d = &' dimension 2z +d — 1.

P; dimension 1 —d = [}V . dimension z - d.
(Note z + d is marginal.)
ﬂ‘l;

@ Note no relation between £'.P;. (Can't come from a symmetric
tensor.
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Lress tensor

loundary geometry é(g)(r. k. X), é"(r. t.X) = sources for stress tensor.
lssume we have an action S finite on-shell, ¥S = 0 for variations
reserving boundary data. Define 75 by (a=c.x!x%i=x1.<2)

S — / da){‘v —h( ¥ & B ‘?E £) = = ,.'Ar_‘;A_q),
JoM

@ Variation at fixed Aa implies T ag not a symmetric tensor.

» A; provides additional vector components; A; = 0 by choice of frame.
» Remaining scalar dof v» = Ag — a.

@ ldentify with stress tensor complex: T34 =E.&"; T% =P;. M
@ Invariance of S under boundary diffeomorphisms t/(t. x'). x" (t. x')

implies conservation equations shibashi

w r T-"'-

V:_‘i TQ_%.' — :_u!:tv.j' A-‘.’t == O'
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oundary geometry

@ A non-relativistic theory has an absolute time: so as r —+ oc, expect a
foliation of boundary by a preferred family of surfaces.

e For general 89 (r.t.%), &/(r.t.X), this is not what we get: preferred
vector field only defines preferred set of curves.

@ For surfaces, need el0) irrotational, &9 A d&l% —0as r — .

@ Implies source for £ vanishes (up to diffeomorphisms). Adding a
source for an irrelevant operator modifies the UV behaviour, so not
surprising. Want to consider this source perturbatively.
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Lress tensor

loundary geometry &% (r. t.X), &/(r.t.X) = sources for stress tensor.
lssume we have an action S finite on-shell, ©S = 0 for variations
reserving boundary data. Define 75 by (a=cxl.xZi=x1.:2)

r_a‘sz/ d3xvV/—h(T%6e'P) + 745A,).
J M

@ Variation at fixed As implies [ ag not a symmetric tensor.

» A, provides additional vector components; A; = 0 by choice of frame.
» Remaining scalar dof v = Ag — a.

@ Identify with stress tensor complex: T3 =E.&"; T% =P;. 1.

@ Invariance of S under boundary diffeomorphisms /(. x"). x" (. x’)

Im pl les conservation e—quatlons

Lhas

Marakf

V:_'i T“- — r!:lv--;"A"'-_“ =\
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symptotically locally Lifshitz spacetimes e

Vant the leading-order metric at large r to locally take the form

dr?

-

r.‘..

-

— =t | Pdx" L

ds

Work with an orthonormal frame e'?)_e'”). (a—0.1.21=1.2)

ly choice of gauge, EEA) — 0, elr) = %. Require that as r — oc,

el®) = 780 (r t. x). ) = rél(r.t. ).

where &9 (r_t.x), & (r. t.X) have finite limits as r — .
loundary data analogous to conformal metric on boundary. "7

TL
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Lress tensor

loundary geometry &% (r. t.x), &/(r.t. X) = sources for stress tensor.
lssume we have an action S finite on-shell, 0S5 = 0 for varnations
reserving boundary data. Define 75 by (a=cxl.x%i=x1.3)

5S = / d*xv/—h(T%éelB) + 75 A,).
J M

@ Variation at fixed Aa implies T2 not a symmetric tensor.

» A, provides additional vector components; A; = 0 by choice of frame.
» Remaining scalar dof v = Ag — o

@ Identify with stress tensor complex: T3 =E.&"; T =P;. 1.

@ Invariance of S under boundary diffeomorphisms (. x‘;).x’-;(t. x")

implies conservation equations shibashi

Val% —7*V3A, =0.
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oundary geometry

@ A non-relativistic theory has an absolute time: so as r —+ oc, expect a
foliation of boundary by a preferred family of surfaces.

e For general &9 (r.t.%), &/(r.t. %), this is not what we get: preferred
vector Tield only defines preferred set of curves.

@ For surfaces. need !9 jrrotational. &% A d&l%) —0 as r — .

@ Implies source for £ vanishes (up to diffeomorphisms). Adding a
source for an irrelevant operator modifies the UV behaviour, so not
surprising. Want to consider this source perturbatively.
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inearized results o M =
@ Ansatz ;
el = FF(1+ ~hee)dt + rwyidx
: . , P8 ,
() _ .=z . i M A\sM | A M
et = rwy;dt + r(0'; + 3h J-)dxj. A" =a(l+3;:), + aaos .
@ Expected pattern of modes:
A A - =2 33 a4
Sy e, Bre o — . .
= rfiz_'-‘_ —J_"} rf(:_-_ ._}
o | Qi G o gl Qi Gi
Vi ~ Q1; : - : 2 ™~ C4 S -
i ] 3 p2z+1 1 : 3 p2z+1
X L2ij
G- =(z—2) +8(z—1)(z—2)
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inearized results

xpectation values:

@ Fast fall-off modes give expectation values as expected:
- BF e - N

E x a2, £ 35, P; X Gy, nf_}, xX 33:_1&' 4+ I'::a_,‘j

» For vectors, o; violates boundary condition for z > 4

P:P? relevant: flow from fixed ¢; to fixed o;
@ One remaining scalar degree of freedom: spatial vector part of A, was

— i

used up in stress tensor.
@ Scalar operator O dual to v has dimension A = =

(O) ~ a4.

livergences:
@ Divergences in on-shell action, expectation values from sources.

@ Also divergences in &', O for z > 2 from fast fall-off modes.  (.2n 5

@ Covariant local counterterms removed linear divergences, except in O

J | =

(z +2—+ 3.),

oF 752
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inearized results

@ Ansatz ;
el% = FZ(1 + = hee )dt + rwy;dx’ .
KTy T d ] lhi d Jj AM — sid1 - ‘;M A _iﬁxf
e\ = rwy; t—r(e_j-—; j-) b, = a(l+3¢)9g +aa, o3 .
@ Expected pattern of modes:
A D A - a2 a3 d4
Ef.hr:-. hf T a]_. 1 23 = = 5 I
re= pa\zt2—0z) 3 (z+2+52)
z—1 i G 1—z Qi G
Wi; ~ q;r S N S Wo; ~ Cy;r 3 271"
e 22
~ T >
hj =ty +—-

7 3
B =({z-+2) - 8{=—32)=z—2)
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inearized results

xpectation values:

@ Fast fall-off modes give expectation values as expected:
- & : . 5

E ox &, &' x c3;, P; ¢ o5, n;;; X 320 + Djj

» For vectors, ¢; violates boundary condition for z > 4

P; P’ relevant: flow from fixed ¢; to fixed o;
® One remaining scalar degree of freedom: spatial vector part of A, was

iPS ]

used up in stress tensor.
@ Scalar operator O dual to v’ has dimension A =

(O) ~ a4.

livergences:
@ Divergences in on-shell action, expectation values from sources.

@ Also divergences in &', O for z > 2 from fast fall-off modes.

@ Covariant local counterterms removed linear divergences, except in O

(Z +24-8.).

B | bt

san Ress

ok Z 52
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inearized results SR Bumingron
@ Ansatz i
el® — F7(1 + = hee)dt + rwyidx
') = rFwn;d )’ lh dd. AM =a(1+35,)0 ¥3,0
e\’ = rrwyidt + r( 1T ;)ax — a1+ 3;)0g + 3,053
@ Expected pattern of modes:
~ o a2 a3 a4
3t. hee. by ~ a1 427 L1492 8) zx1213.)
r r‘j"l . . r"_s = F .
- - f’z_l G C3; - - rl_z C2; C3i
Vi ™~ Qg 1 2i ™ €4 o=
~ T 1"3.-;
hT =ty + 22,
pz+2
32 =(z+2? +8(z—1)(z—2)
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inearized results

xpectation values:

@ Fast fall-off modes give expectation values as expected:
| S o : - ik 5

E x a2, & O C3i, p; xX Oy, n;}' X 331*_‘;_'}' - L2j5

» For vectors, c; violates boundary condition for z > 4

PP’ relevant: flow from fixed ¢; to fixed o;
@ One remaining scalar degree of freedom: spatial vector part of A, was

| —
HES

used up in stress tensor.
@ Scalar operator O dual to v’ has dimension A = :

(O) ~ 3.

livergences:
@ Divergences in on-shell action, expectation values from sources.

@ Also divergences in &', O for z > 2 from fast fall-off modes.

@ Covariant local counterterms removed linear divergences, except in O

J | =

(z+ 2+ 32),

an Ress)

for z 5> 2.
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inearized results SR

@ Ansatz

- N j :
el® — 7 (1 + Ehr._:-)dt + rwa;dx’.

() _ .=z i ; M A\sM | A =M
e\’ = rrwo;dt + r(0 s+ Ehj-)dxf. AY =a(l+ 3;)dy + aad5" .

@ Expected pattern of modes:

= =5 a3 d4
d¢. hf—;_— hi M — =" 3 Y7 =
T2 Hz+2—35) =(z+2+35)
r rj Fd r‘_ E
o | C2j C3; . - C2; C3i
o MR = § . . i . Z2i ™™ 4y 6=
r3 r?__—1 r}.’. r.‘.‘_—l
T t‘.’i;’
hy =ty +—=
r.-_ —

-5 o
B ={z+ 2y +Blz—1)(=z—2)
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L

inearized results

xpectation values:
e Fast fall-off modes give expectation values as expected:

E x @, &' x c3;, P; x 6, HU X Qj_rﬁ‘fj -+ Djj

» For vectors, c; violates boundary condition for z > 4
P; P’ relevant: flow from fixed c; to fixed o; HPST

@ One remaining scalar degree of freedom: spatial vector part of A, was

used up in stress tensor.
@ Scalar operator @ dual to ¢ has dimension A = 3
(O) ~ a4.

livergences:
@ Divergences in on-shell action, expectation values from sources.

@ Also divergences in &', O for z > 2 from fast fall-off modes.

@ Covariant local counterterms removed linear divergences, except in O

J| b=

(2_2_ jZ):

an Ress

for z > 2.
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inearized results i M e

@ Ansaiz i
el® = Z(1 + Zhy)dt + rwy;dx’

@ Expected pattern of modes:

p— A a» a3 d4
d¢. h?_—;_- Tt P —T 1 = 1 3
P AT _'z} ?(:‘—'_2_-_‘2}
r2 e

- e =1 C2j C3; - caiptZ Cai i
Vii ~ Qi : s Toxay W2i ™~ 4 7 oty

3 p2zt+li . 3 pr2z+1

hU _ flj L rz+2°

-

H ¥ .
g-—=A{z+2Zy +8z—I)z=—2)
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inearized results

xpectation values:

@ Fast fall-off modes give expectation values as expected:
g ' N
E x a, &' x c3;, P; o< o4, ”fj X 320 + Djj
» For vectors, c; violates boundary condition for z > 4
P;P* relevant: flow from fixed cz; to fixed o; HPST

@ One remaining scalar degree of freedom: spatial vector part of A, was
used up in stress tensor.

@ Scalar operator O dual to v’ has dimension A = %(z +-2 4= 8.,
(O) ~ aa.

livergences:

@ Divergences in on-shell action, expectation values from sources.

@ Also divergences in &', O for z > 2 from fast fall-off modes. (.zn 5

@ Covariant local counterterms removed linear divergences, except in O
for z > 2.
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inearized results e
@ Ansatz ;
el = FZ(1+ hee)dt + rwyidx
.
') = rFws;d Vo Th )dd. AM = a(1+ 3, 5, 0M
- =y 4 ng t_r('_ ;’_; j) X —'i( _ar)’o, f!‘dr 3
@ Expected pattern of modes:
5 A - a2 a3 d4
‘l -
dt. hh’ hf- ~ di. 5 1 5 2 1 =
rz Hz+2—3:) " 3(z+2+5:)
n o 7L Ci C3Ej o o i  GEi
S RO
L™t g ey W2 At 37 2=l
X [2ij
h; = tyj + =3
32 =(z+2)% +8(z—1)(z—2)
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e e

inearized results

xpectation values:
@ Fast fall-off modes give expectation values as expected:

e X a2, EF o C3i, p; X &2, I_L;,- x Qgr_“y' T 1'9_,;,;

» For vectors, ¢; violates boundary condition for z > 4
P;P" relevant: flow from fixed ¢z; to fixed o; HPST

@ One remaining scalar degree of freedom: spatial vector part of A, was

used up in stress tensor.
@ Scalar operator O dual to v’ has dimension A =

(O\‘ ~ d4a.

livergences:
@ Divergences in on-shell action, expectation values from sources.

@ Also divergences in &', O for z > 2 from fast fall-off modes. (.2n 5

@ Covariant local counterterms removed linear divergences, except in O

J| b=

(z -2+ 7.,

for z > 2.
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Sy e L

inearized results

xpectation values:

@ Fast fall-off modes give expectation values as expected:
| <. D. ~ e

E dn, &' o 35, p; xX O, n{; X 3:1_*_’1;)' - I':;:_,}-

» For vectors, c; violates boundary condition for z > 4

P; P’ relevant: flow from fixed c; to fixed o;
@ One remaining scalar degree of freedom: spatial vector part of A, was

HHES

used up in stress tensor.
@ Scalar operator O dual to v’ has dimension A =

(©) ~ aa.

livergences:
@ Divergences in on-shell action, expectation values from sources.

@ Also divergences in &', O for z > 2 from fast fall-off modes.

@ Covariant local counterterms removed linear divergences, except in O

(z +2—+ 3.),

N | =t

/3N Rees

for z > 2.
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olographic renormalization

xtend beyond linear analysis: want to determine (T%), (O) for arbitrary
burces to all orders.

leed to solve eom in asymptotic regime r — 0.
|se functional differentiation approach:

@ Introduce “dilatation generator’

0

y —(Z—z—&)tj
50 o 5D

Op = /dBXVj——h ze!l9)

expand in eigenvalues of dp rather than powers of r.
@ Regular expansion exists

» For arbitrary sources for z < 2
» For zero source for £', O for z > 2.

@ Expansion gives subleading terms in bulk as functions of sources.
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olographic renormalization

livergent terms in response functions (I ), (O) from dilatation
xpansion can be cancelled by local counter-terms in action.

@ Write S,,,__<hett = fd3x\/ hA; since TB = eﬂ A)_ss

— (B) !
E‘\{a}

(=2 —=8p)A —=T% +=T—{=1-2 AW

@ Using this, Taog — mag + TaApB and constraint
1 , 1 a1 4 1 A_ 2 1 AB L 2. A
gr —1:457 —E,T,qr o2 (VTR ) = R_EA_EFABF _Em ArA”.

determine on-shell action in dilatation expansion: gives divergent
terms as functions of sources.

@ Jerm in A with dp = z + 2 undetermined; gives finite part of
expectation values.
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chrodinger geometry ,  Slambramania
ymmetry Galilean symmetry + anisotropic dilatation D.

mbed Galilean symmetry in ISO(d + 1.1) by light-cone quant: H = P..
. — P.. K; = M_;, N = P_. Extend to embed Sch(d) in SO(d +2.2) by

—

D D—(Z—]_)M__
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olographic renormalization

livergent terms in response functions (I %), (O) from dilatation
xpansion can be cancelled by local counter-terms in action.

@ Write S, _shent = fd3XV hA; since TB = e( )_8S

b . B} 1
e,g]

(z4-2—=8p)A =zT'y+ T —{=+2 =AW,

@ Using this, Tog = map +— TaAApB and constraint
1 , 1 aB_ 1 A A_ 12 1 AB 1 o. 2
— - ——TART  ——T AN NV — R—2N——FigF " ——m~A,A™.
2 4 "AB > TA ’7m2( A)° 1 AB > A

determine on-shell action in dilatation expansion: gives divergent
terms as functions of sources.

@ Jerm in A with dp = z + 2 undetermined; gives finite part of
expectation values.
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chrodinger geometry
ymmetry Galilean symmetry + anisotropic dilatation D.

mbed Galilean symmetry in ISO(d 1.1) by light-cone quant: H = P_,
. — P.. K; = M_;, N = P_. Extend to embed Sch(d) in SO(d +2.2) by

—

D=D-+(z—1)M__.
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chrodinger geometry

ymmetry Galilean symmetry + anisotropic dilatation D.

mbed Galilean symmetry in ISO(d +1.1) by light-cone quant: H = P..
- = P;, K = M_;, N = P_. Extend to embed Sch(d) in SO(d +2.2) by

D D—(Z—]_)M__

iravitational dual: deform AdS4.3 to

3 A ~ > - d -
ds? = —r*(dxT)? £ P2(—2dxTdx— + dx?) + =

J"'

@ Solution of a theory with a massive vector, A. = r°.

@ N discrete implies x— periodic. Compact null direction?
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chrodinger holography

L

. . - - \ "
Erg—>2 opiained In ring theory by TsT fr T AdJs

ipply to Schwarzschild-AdS: obtain asymptoticaily Schrodinger black hole.

@ [wo-parameter solutions: r.. 3: temperature, particle number.

+F A
_bh ’.-I'

@ Slow falloffs: 1+ —*
pply same prescription for stress tensor:
e For black hole solution, £ =r?, M, =M, =r?, p=253%r

@ For solutions obtained by TsT from vacuum AdS solution, zgress wit!

AdS stres

L

L

LENSO
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chrodinger holography

LN

=== ; ' : = A "y e
cnrodaingerg—o -.;-l‘..‘-,.: nedad 1IN string _h:'-_,;"-; DYV T::! rom Adosg -

—_ o

lpply to Schwarzschild-AdS: obtain asymptotically Schrodinger black hole.

@ [wo-parameter solutions: r.. J: temperature, particle number.

A A
F s

@ Slow falloffs: 1 -

\pply same prescription for stress tensor:

@ For black hole solution, £ = r?, I, = T =— . p=28%7%.

@ For solutions obtained by TsT from vacuum AdS solution, zgrees with

F\:L*E- SLTr

M
LM

S TENsor.
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chrodinger geometry

ymmetry Galilean symmetry + anisotropic dilatation D. i
mbed Galilean symmetry in ISO(d + 1.1) by light-cone quant: H =P,
i = P;, Ki = M_;, N = P_. Extend to embed Sch(d) in SO(d +2.2) by

D=D-+(z—1)M__.

iravitational dual: deform AdS4.3 to

A “3 3 i P d 2
— _r(dx)? + P2 (—2dxTdx + dx3) + .

r<

.-}

ds

@ Solution of a theory with a massive vector, A. = r.

@ N discrete implies x— periodic. Compact null direction?
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chrodinger holography

il - e arte ol - ~5
chrédinger4—» obtained in string theory by TsT fr S3

— e

{_f"r

LN

%
=~ T s -
L1 | & LILE ] —"k. L) 5

_E'\—'\.._:l'l LAY

@ [wo-parameter solutions: r.. 3: temperature, particle number.

o Slow falloffs: 1+ 2=

\pply same prescription for stress tensor:

N

N

""1
o

@ For black hole solution, £ = r%, I, = = £ op=

AdS stress tensor

@ For solutions obtained by TsT from vacuum AdS solution, zgrees w
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lpply to Schwarzschild-AdS: obtain asymptotically Schrodinger black hole.
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liscussion

NRCFT is an interesting and challenging extension of AdS/CFT.
Lifshitz has a simple spacetime dual, now embedded in string theory.
Holographic dictionary similar to familiar AdS/CFT case.

Pretty much under control for 1 < z < 2
For z > 2 some issues remain:

» (Check counterterms also cancel divergences from fast fall-off modes.
» Understand divergences in (O) for z > 2.
» Fow between boundary conditions for z > 4.
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Lress tensor

loundary geometry &% (r. t.x), &/(r.t.X) = sources for stress tensor.
issume we have an action S finite on-shell, 45 = 0 for variations
reserving boundary data. Define 75 by (a=c.xl.x%i=x.23)

6S = / dPxvV/—h(T%GelP) + 745A,).
- r::fM

@ Variation at fixed As implies [ ag not a symmetric tensor.

» A, provides additional vector components; A; = 0 by choice of frame.
» Remaining scalar dof v = Ag — a.

@ Identify with stress tensor complex: T3 =E.&"; T =P;. I_I’;

@ Invariance of S under boundary diffeomorphisms (. x"-).x’-f(t. x")

=i

implies conservation equations <hibashi

VaT% — m*V3A, = 0.
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symptotically locally Lifshitz spacetimes SFR & Sasem

Vant the leading-order metric at large r to locally take the form

dr?

-

r-—.

-

V= ) " =)
= —r—~dt" + rodx" +

ds

(A)

r)

Work with an orthonormal frame ). ') (a—0.1.2.1=1.2)

ly choice of gauge, e,EA) —Q, elr) = %. Require that as r — oc,

el®) — 720 (r . 3). &) = rel(r.t. ).

where &9 (r. t.%), & (r. t.X) have finite limits as r — oc.
loundary data analogous to conformal metric on boundary. ___ Vs

-
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symptotically locally Lifshitz spacetimes

Vant the leading-order metric at large r to locally take the form

dr?

-

r.‘..

-

— = L rrdR L

ds

Work with an orthonormal frame e'?)_e'”). a—o0.1.21=1.2)

ly choice of gauge, e,EA) — Q, el”) = %. Require that as r — oc,

el® — r7e0(r t.3). &) = rél(r.t.R).

where &9 (r_t_x), &/ (r. t.X) have finite limits as r — oc.
loundary data analogous to conformal metric on boundary. ___Yues
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