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Introduction
Smarr relation and Thermodynamics

e The first law
OM =TS — ®6Q) — Q26J (h
e The Smarr relation (3 dim’nal) [Smarr '73]

1 1
M= 3TuS — 58Q — 207 )

¢ Scaling symmetry gives Smarr relation

o 3 dim Einstein gravity with an minimally coupled scalar hair in
asymptotic AdS geometry. [Banados, Theisen '05]
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Introduction
Scalar hairy Black holes

No-hair theorem in 4 dim’nal flat space

AAdS BH can have scalar hair with negative mass!

AdS space

ds? = 22 + I 4 252 3)
- 72 D—-2

Lifshitz space
2 2z 1,2 dr® 2 7512
ClS = —Tr dt + 47“2 +r dZD72 (4)

o anisotropic scaling of time and space

t—=Nt, =— . (5

}
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Introduction

I. 3 dimensional black holes

o New Massive Gravity with non-minimally coupled scalar model

2. Higher dimensional black branes

o Einstein-Maxwell-dilaton model (with scalar hair)
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Scalar hairy Lifshitz BH in 3 dim’nal NMG

® Model : NMG coupled with a scalar field

Ilg, ] = 1671_‘_G/d3$\/jg[77<£EH + %»CK) + Ew} , (6)

Lem=R—2A,

Lx = R, R — gRQ,

1 o
L,= —5(330)2 - §Rs02 - V(o).

which admits the Lifshitz space

2
ds® = —r?*dt® + diQ + r2d6?, @)
T

1 1
A:—5(22—|—2—|—1), m2:§(z2—3z+1).
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Reduced action

e Metric ansatz : ds? = —e?A0) f(r)dt? + ;lz"j) + r2d6* .

e Scalar hair: ¢ = (7).

e Reduced action
1
Ired[A7f7907)\72] :m/d?)x Lg&NMG, (8)

where

1

Q ! A 2 A !
-5 + M ] n(Z+ —5eN)
= 4 4
4+ |8eANZ 4 (2 — A2 - 227 + S 22|,
8m?2r T 72
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Scaling symmetry

e Scaling transformation

©®)

bof =0(2f —rf"), 65et =a(=2—rAe?, S,0=—0ry.

 Noether charge, C' = C(r)

aI'red =

8G C =0(5,f) + O(3,2Z) + O(5,\) + O(,0) — S (10)

—A
_ Al _ ¢ gl _ A '
8GN O(r) =e[ =14+ A= (2 — ') +n5¢?| 2f —1f)
—A
+)\Z—|—6A[—27‘f)\/—i—77r2fg0/2}+ ¢ Z(2Z —rZ")
2m?2r?

which is indep. of the scalar potential V.
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Scaling symmetry

Meaning of C?
~A
_ oAl _ _ € 1 A a2 g
C’—SG[e( LA = (7 = A g ) 2f )
~A
A / 2 12 /
+ X +e (—2rf)\ +nrifo )+2m2T2Z(22—rZ)}

(1)

= Compare with physical quantities of black holes
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At the horizon

Bekenstein-Hawking-Wald entropy

e direct computation
K
— pv
s Somw = 1o | dnu K™ (n) (12
- ! A pr e_A 2
22 =)+ 5 a2 )

K () = n(Z + 26 A o

— 2702
2 90

r=rpg

(13)

- ieA(”I)JH(TJar)

Te —
= 2r 4w

e from C = C(ry)
(14)

= THSBHW = C(TH)
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At the asymptotic infinity

Mass of black hole

e direct computation

Manr = 15 [ du (5K (&r) - 260760))  (19)
e ‘on-shell’ scaling transformation to get finite expression
fr)y=r2+-, A =rlp i o) = oo+
bof =0 2f —1f), bpet =0(z —1—1A"Ne, Gy = —ory
oM =o(1+2)M (16)

e from C'= C(r — o)

= oC(r — 00) = 6,M = (1 + 2)M (17)
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The Smarr relation

Smarr relation of hairy Lifshitz black holes
which is checked for several explicit examples using C'.

o =I,BTZ (e =1,f=r2—0a): C = "a(1+2m2):2M

o z=|,newtype(eAzl,f:rZ—br+c):C:%(b2—4c) =2M

e z=|, scalar hairy : C' = 5 B?(1+v) =2M
[Henneaux, Martinez, Troncoso, Zanelli '04]

e 1=3,edA=r*1 f=r2_q: C:—Ug—2:(1+z)M
[Ayon-Beato, Garbarz, Giribet, Hassaine '09]

e scalar hairy Lifshitz BH : C' = 80% (1+2)M

[Ayon-Beato, Bravo-Gaete, Correa, Hassaine, Juarez-Aubry, Oliva
"15]
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Lifshitz Black Brane in higher dim

® Model : Einstein-Maxwell-dilaton gravity in D dim

Ig,¢,A 16 G/dex/ EEH+E¢A) (19)
1
Loa= —*(&ﬁ) 107 (20)
L 20—2’ A (D+z-2)(D+z-3)
z—1 2

which admits the Lifshitz black brane with

1
¢ 2(D-2)(-1) z
e ur {1—1—(’)(71)] , 2rn

_ 2(z=1) _a D+42z—2 } _
A= porgu i {1+0(T)]dt, F=dA.
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Reduced action

e Metric ansatz : ds? = —e?A0) f(r)dt? + ]il(T:) +r2d¥3 .

e Reduced action

1
ITed[A7 f7 a, ¢7 80] = m/de (LEH + L¢A) ’ (23)

where
/
/
Loy = —e* ((TD—2)/f) LopD-2p| [TD—zeAf/ + D2 (A f|
Lya = —%rDﬂequS/Q + %TDiQG*Ae)“z’aQ .
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Scaling symmetry

e Scaling transformation

Sof =a2f —rf), dpet=0a(—(D—-1)—rA)et, (24)
bop=—or¢’, dpa=0(—(D—2)a—rd). (25)

 Noether charge, C' = C(r)

8GC = — rP3e4

(D-2)(2f ~ 1) = 1*6?] - (D~ 2)qa.
26)

where
rP=2e74eMy = ¢. (27)
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The Smarr relation

e At the horizon from direct computation and C' = C(rp)

D -2
8G

1
(D_2)THSBHW = % (C - C(]) y Co = — qa(rH) .

e At the asymptotic from direct computation

1
SMapr = 5 [ do (K™ (6r) - 26407 (6))
r—00
1

= T6-G { —(D- 2)7‘D736A(5f —adq— erzeAf((ﬁ’ 6(]5)}

r—00

e ‘on-shell’ scaling transformation to get finite expression
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The Smarr relation

e unwanted transformation

Opft = —U\/Q(D —2)(z=1)p.

e Mass expression

SMapr = 0o Mapr + 0, Mapr = (D + 2 — 2)Mapr .

with
A o

deMapT = %C

e Smarr relation
1
2T

(C = Co) = (D +z — Q)MADT = (D — 2)THSBHW .

(28)

(29)

(30)

€))
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Conclusion

o We checked the Lifshitz Smarr relation for the NMG for

various examples.

* We obtained the Lifshitz Smarr relation for the specitic EMD
gravity, also with scalar hair.

D4+ 2z2—-2
TS =——"_“M
S D—2

e For ‘rotating’ BH with one Killing vector. [arXiv: 1508.06484]

! Shea,
Mao = STuSi + Qros = 55— / drdy [ }
AM.. = TudSy + QprdJo
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