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LING VIOLATION: MOTIVATION

Generating functional

207 = [ DoetSesif a0,

Expectation values 5

~ —log Z
(O)qrr ~ 5108 2(J)

Tough when strongly coupled!




SCALING VIOLATION: MOTIVATION
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Expectation values via holography? X\O{fbo"\
0 22 PR
(O)qrr ~ 57 log Z(J) L’Q(T’x’ t) - 00(Z,1)

Gravitational bulk Boundary field theory

local symmetries global symmetries

boundary value field ¢ source of operator O

field mass m operator scaling dimension A

[Maldacena’97]

boundary term of on-shell action generating functional _
sy 3 [Witten’98]
black hole temperature T’ thermal equilibrium temperature T [gupser Kiebanov,Polyakov ‘98] @
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Lifshitz geometries
w ~ |k|*
Hyperscaling violating geometries

S~ T(d—@)/z
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SOME SPOILERS

o Anti-de Sitter
 Lifshitz
 HSV
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Van der Waals-like
phase transitions

absence tidal divergences
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METRICS DESIRED FOR THIS ENDEAVOR

Anti-de Sitter

2 _ A% 2 4 (2 2 5
ds——(z) F(r)de® + TQf()dr PR, w ~ |

r= A"t = M, dQ g = AdQ

Lifshitz
5 A 27 2 62 5 [Kachru, Liu, Mulligan’08]
_ _ (= [Son’08]
ds® = <£> f(’l“)dt T2f( )dT‘ + T dQ = [Taylor’08]
1 — W ~v ‘k"z [Balasubramanian, McGreevy’09]
r—=>Ar, t— \t, ko,d — )\ko,d
Hyperscaling violating
—20/d 2z 2 [Charmousis, Gouteraux, Kim, Kiritsis, Meyer’10]
ds? = [ - (C> fr)dt* + : ————dr?® + r2dQ : : [H:llijse, Sachdev, Swing‘le’ll]
rE 14 r2 f(r)
ds — \/4ds = S~ T

<)



ACTION SATISEYING EINSTEIN EQUATIONS

2

r2f(r)

—20/d 5.
HSV metric: ds* = (L) [— (C) f(r)dt* +

- ; dr® + erQi,d]

HSV Lifshitz  topology charge

1 1 1 1 1
HSVaction:  §= g [ #70VTg | R S(V0P V() - [XO)F - YOH ~ {Z(0)K
m [Tayloxr’08]
[Tarrio,Vandoren’11]
Frt — a(r)dt, Hrt — b(T)dt, Krt — C(T)dt, ¢ — gb(?“) . [Alishahiha, Colgain, Yavartanoo‘12]
Ansatz:
V =15e? X = XpeM?, Y =Ye™?, Z = Zpe??
Vi + gV (¢) — —5¢X( ¢)F* — —5¢Y(¢5) - —&,st( )K= = 0,
Vi (X(e)F*) =0, V (Y(qﬁ)H“”) 0, V, (Z(qﬁ)K“”) = 0,
Einstein equations: Ry, + ggv V(¢) — =0,00,6 — ( FouF®, — v Fz)

I/ 1 1%
—§Y(qb) (HauHO‘,, g“ )—52 KopK®, — 9“ K2) ~- 0.




ACTION SATISEYING EINSTEIN EQUATIONS

2

—20/d 5. /
HSV metric: ds* = (L) [— (C) f(r)dt* +

2 | 2102
- ;i 210 dr” +r ko,d]

HSV Lifshitz  topology charge

1 1 1

[ at2ev= [R (VP 4 V(6) ~ TX(9)F? — (Y (§)H? ~ 1 Z()K?

1
167G

HSV action: S=-—

F.s=a(r)dt, Hp =0br)dt, K=c(r)dt, ¢=ao(r).

Ansatz:
V = VO€>\0¢’ X = Xoe)‘lgb, Y = Yoe)‘m7 7 — ZO€A3¢
20 2(d—0+0/d 2(d — 1)(d — 0
)\0_ L )\1:_ ( —'_/)7 )\2:_( )< >7 )\3: 7 ’
vd i vd d—0
vy=12(d—0)(z—1-6/d)
d_ 1 2 62 2
Warp function: f=1+k ( ) - m q




ALLOWED VALUES FOR EXPONENTS

Null energy condition

Tuyfﬂglj > 0

Resulting restrictions

ey 00
s L
. A
YFAL f
L

hyperbolic £k = —1

planar £ =0

spherical £ =1

z <1
1< g2
g > 2

no solution
0=d(z—1)

no solution

no solution
0 <d(z-1)
0 <d

no solution
0 <d(z-—1)
0 <d

v=\/2(d—0) (=~ 1 0/d)




STRONGLY COUPLED DILATON ACTION

Redefine
$(r) = v9(r) v=V2(d—0)(z—1-0/d)

“New’” HSV action

1 lo g 5 — S x( Ly (4 -2(3
g [ VG | RV 4 V@) - JXOF - YOI - (2K

S:

V = Voe)y\oqg, X = Xoej\la), Y = YOBS\%Ea Z = ZOGS\3Q~5’

- 20 < - 2d-1)(d-0) ; A
M= h=-2d-0+0/d), ho= y A=




0=d(z—1)
1 <22

6 < min|d(z — 1), d]
1<z

SUPPORTING THE GEOMETRY

HSV Lifshitz charge
~ 1

/dd+2m\/——g [R +V(p) — iX(gE)FZ - ZZOK2]

1
167G

S =

StI'OIlg'].Y Coupled scalar [Balasubramanian, McGreevy’09]

HSV Lifshitz  topology charge

1 1 1 ]

2GR~ (V0 +V(6) ~ {X@F ~ (YO - Z()K?

k=-1

=)
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BLACK

Warp function

(d—1)% (2 m q°
f=1+k 3.2 A6tz T 2(d—6tz-1
(d —0+z— 2) T r + 7r2( + )
Bekenstein-Hawking entropy
Wkd 4
S = ET% HT%
Temperature
_ L omeyert Th B (d-1?* ¢
T_47r(€) ‘f(rh)‘_llm?z“ 4 (E)—I_Z)_i_k(d—E)Jrz—Z)T,zL

(d—0+z—2)¢?

2
Ty,

(d—0+42—1)

]

=)



EXTREMALITY

f(""e:vt) = f,(Te:ct) =0

Charge

9 _ 2(d+z—6-1)| d—0+2 kEQ (d—1)°
ezt = Tegt |:d_9_|_z_2+ 7"2 (d—9—|—Z—2)2

ext

Mass parameter

mBZEt — 2Te;}jt

d_9+z[d—9+z—1 ng (d—1)2 ]

d—0+2-2" r2., (d—0+ 2z —2)2




ENSEMBLES & BACKGROUND SUBTRACTION

First law and grand canonical (potential fixed)

dM = TdS + ®dQ

[Witten’98]
Wk . d [Emparan, Johnson, Myers '99]
M = 167-;G <d B 9) (m - mQTOU’nd)g_z_lT% [Chamblin, Emparan, Johnson, Myers *99]
Gibbs W=M-TS— ®Q

First law and canonical (charge fixed)

d(AM) = TdS + (& — ®ppy)dQ

_ wkad _ _ —z—1_.0
AM = 167TG(d 0)(m — megt)l rE
Helmholtz F = AM —-TS

©
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CANONICAL PHASES

Isothermal susceptibility + electric (in)stability:
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MASSLESS HYPERBOLIC BLACK HOLE

Warp function

0=d(z—1) )
<z<2 f = 14+ ————
(2 _ 2)2 r2 7,d(2—z)+z
[Emparan’99]
Special features massless hyperbolic black hole: Rindler [Casini, Huerta, Myers’11]
Curvature invariants: R, R R wop RHVOP
20 2
1L [ r\d ¢
General HSV: R = — | — a1 + ag—
2\ rp r2
2(z—1
0=d(z—1) R——l r e=d)
1<2<2 2\ r P

Rindler wedge?




ABSENCE OF DIVERGING TIDAL FORCES

Orthonormal frame parallelly propagated along a geodesic v

JX

R'm;n, ab = ijaﬁ (ém, )‘u (én, ) g (@5 a)a (@3 b) B .

0/d [ (g _ 1y
R d—Q(T)Q [k(d(l)z(d(z 1) — 6)

General HSV: = - Pang’09
dQTQ TF d = 0 — 2)2 T N> [Copsey,EVIang’IO%
B [Horowitz, Way’11]
2 L (T\=2 [ 7 20/d e
| dz—0-F (—) - d(z—1) — 0
+ 7 a2 D (%) we-v-o)
0=d(z—1) R _ P p 2 A 2(z=1) Rt — 0
1<2<2 0101 — 2 _ , 0101 — 2 _ 5 1111 — (2 - 2)2@;;_ 1] — 62 re . 0111 [S_hagﬁoulian’IZ]

[Blau, Hartong, Rollier’09]

Geodesically complete. Global space? @



SUMMARY & OUTLOOK

/ : \ f Extra symmetries \
absence tidal o
divergences Holo renormalization
Rindler wedge of ...7? Quasinormal modes
Hydrodynamics
< ~ SUGRAembedding
Van der Waals-like g _ d( P 1) O = d( . 1) Future

phase transitions
1< 2z2<?2 1<z<2

Thank you for listening !!
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1
M= — 4y N(—)|
T 87TG SL‘,(I T\/(? J’:R

f(R)

Wk,d

lim | Mpr — Y—=M, | = —=(d -6
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