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Black holes in astrophysics

¢ RIEYP2AIC BT A 79y 7 F5—)L
ERE Y AD) 2 L3I =
PR WVE R ARy Wil

T R IR 79w 7 E—)
M > 8M, NI 2D R 72 Wi
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Black holes: definition

77 v 7 HE—) =40 region of escape” c.f. Hawking & Ellis 1973
= 5335 77 (- 3H) O BT ORI IR ) &
KRR 2803 2 i 72 L

singularity

BN S /0 0Fi3lEST

1dealized “distant observer”

Black hole

46 ) iS4 BIHIE 0D tH LR

Black hole= M/J~(#7) : causally disconnected region from .7 *
Event horizon = J~ (1) : boundary of black hole

NB. Event horizon 1s a nu/l surface & a global concept




Black holes in general relativity

¢ —MAERFIHRNT B T T v 7B =)L

o “stellar sized” 77 v 7 F—)L
*Einstein /T FE I\ D FL2Z i (Rp=0) TIEL T E 5
o35 7 CIRFZZ VL FA3H. (UL 1y~ 1~ HH )

INVAR ->

o HPIUNTET YA F 2 AN AU

BRSPS i = AT L IEPHERRTEA

Ist step : EFWINFZEHF O ER 7 5 v 7 F—)L

Stationary: there exists a Killing field # which is timelike at infinity

g;gab =V, t, + Vut, =0, ¢, <0 at infinity




Stationary black holes in general relativity

O L ZEME D FE H, Schwarzschild 1915, Kerr 1963
» Schwarzschildfi#: GRIVERSFR (invariant under #—-¢, hole is round)
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» Schwarzschildf#: FRIVBEKXFR (invariant under t—-¢, hole is round)
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Vishveshwara 1970, Press-Teukolsky 1973, Whiting 1989

» SR E) = Z%E (admits no growing modes) = EEJJAFER D 5 IR TE

O — R HE Hawking 1972
» topology: Hi~P-HRMETIE] 1352 A c.f. “topological censorship” by Friedman et al
p HIAEHI: RO HPAR DR I3k L 722w
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Symmetry properties

4 Schwarzschildf# O HISERR (7=2M) 1ZKillingX 7 b )L THRK

oM oM\ !
ex. ds’ = —(1 - —)dt2 + (1 - —) dr? + r?dQ, .

r r

O BRI (14=(0/0¢)%) | 2 IRFZE % JT 3ok JEH e
V¢ = k(r)(d]0r), e TN FEE

H RO MR I3 R Bl 22 e Ry th i N

V¢ = k(r = 2M)t*, on N

» KillingX 7 F Leald NiZnormal (#1,=0) & tangent
b rc|r=an =(AM)T: HIPRR D AL HE )

4 Kertf# TIZHERDOHERR FCoa=m+Quepe D3NEMY (Qu: HITERR O A )




Killing horizon

® Killingth F-f  Boyer 1069
e KillingRX 7 bV & %3502 b DG dhii N
¢’¢a=0 on N, Viép + Vpéa =0,
Vp(£'és) = =2y, & EVpE = k€7,
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Black hole thermodynamics

‘5 79 v 7k —)LES]EA Bekenstein 1971, Bardeen-Carter-Hawking 1973

e Oth law: equilibrium c.f. Racz-Wald 1992

x 1s constant on Killing horizon <= T' = constant

OV, 6T = k€Y Kk RIMES) =P FHBHIZESI2AMIC S IR AE

* |st law: energy conservation c.f. Gao-Wald 2001
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A MR T R
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@ 79 v 7k —)LES]EA Bekenstein 1971, Bardeen-Carter-Hawking 1973

e Oth law: equilibrium c.f. Racz-Wald 1992

x 1s constant on Killing horizon <= T' = constant

OV, 6T = k€Y Kk RIMES) =P FHBHIZESI2AMIC S IR AE

* |st law: energy conservation c.f. Gao-Wald 2001

oM = 7T—G5A +Q0J < OF =T4S + work term
AR S

* 2nd law: entropy increasing law c.f. Flanagan et al 1999, Gao-Wald 2001
0A >0 <~ 452>0
=P EHEBHIZMHAE 54=0

-Taking quantum effect into account, it turns out that BH emits thermal radiation

kpc A
=B 2 Hawking 1973




Stationary black holes

v 7R =)l
HZBEWH)y P 7y 7D LTI
e Schwarzschildf%, Kerrfi# 7z & D H I 2258 75 BB R DSMAE
o Killinghll L TR I N5 & 9 7 BT PERIR R 12 0]
o REMIZ 1 FEH L D FATE L 72 L (KerrfiR)

N.B Einstein-Maxwell52 Cd [HOEE

e Kerr-Newman/é: (M, J,Q)D3/X7 X —% 7 7 S Y —  Mazur 1982

2Mr — O? )
ds? = —di? + 227 2 (df — asin® 0d¢)* + (¥ + a*) sin® 6d¢* + —dr? + Zd6” .
) Y

Y=r’+ad’cos’0, A=r*-2Mr+a*+Q*, A= %(dt—asin29d¢),
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Black holes in the universe

YA FIHANT T 7 F—)L

EFHWEZIZTS =P time-dependent

Fﬁiﬁﬁi }Eﬁlﬁ 7\\ 7 7K —)L Carr-Hawking 1974

FHOWMMNCEEBRES T 7 v 7 K —VIEH
==  HubbleE =D 7 7 v 7 K — )LD

i To

Tr =
57 $nGigM

~ 1077 M/M) 'K, ~M/10"%g)! TeV,

Hawking i 23811 S 41 % A g

WSRO TT I v 7R =)V %2EZ 5058
CH MBS D 13T TRE




Black holes in the universe
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Black holes in the universe

4+ BRADFHIIREL AT — IV T—ET
Robertson-Walker Gl &:  ds? = —df* + a(®)*(dx* + dy* + dz?),
ad” 3

. 2
Friedmann /7 F£3; H? = (1 d ) _ 86 dpa’) = —pL(a)

4 1st step: exact black-hole solutions in FRW universe

ME—PEIZEL D 3772 %2y == we expect much richer families of solutions

Difficulties

O Putting a BH in FRW universe = Universe becomes inhomogeneous

O Matter accretion = BH will grow & deform

We must solve nonlinear PDE w/ space & time simultaneously.




FRW black holes with symmetry

& Schwarzschild-de Sitter Kottler 1918

1— M/2ar\> M\*
ds? = — ( = M? QGT) a2 + o (1 ' %) (@ +r2d9) . a(t) = ' Ray = 3Hgm.

4 locally static (Birkhoff’s theorem)

HR

R 2
M
T:t—{—/ ,R:ar(1+—>
V1—2M/R(1 —2M/R + H2R2) 2ar

=P ds’ = —f(R)AT* + f(R)"'dR® + R*dQ, AEMYIZnon-dynamical
(R+1ZKillingH1 F-H7)




FRW black holes with symmetry

§ Sultana-Dyer solution Sultana & Dyer 2005

oM
ds? = () |-dn? + == dn +dr)® + &2 + 22| ap) =7
r

* sourced by dust and null dust

Tab = PmatUqaUp + pradlalb ;

o SChWaI'ZSChlld :”ﬁ}‘l"i k ;H%ﬂiz C:ﬁ Saida-Harada-Maeda 2007

SRR T =2 M = Ru=2Ma

e generated by a conformal Killing vector £*=(0/0n)*

gé’gab = z(a’/a)gab ; » ?ﬁﬂ%gﬁ & “Iﬁj U %J/III&”TBH 3 }\'\%’ﬂﬁ
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§ Sultana-Dyer solution Sultana & Dyer 2005

oM
ds? = () |-dn? + == dn +dr)® + &2 + 22| ap) =7
r

* sourced by dust and null dust

Tab = PmatUqaUp + pradlalb ;

o SChWaI'ZSChlld :”ﬁ}‘l"i k ;H%ﬂiz C:ﬁ Saida-Harada-Maeda 2007

SRR T =2 M = Ru=2Ma

e generated by a conformal Killing vector £%=(0/0n)?
gé’gab = z(a’/a)gab ; » ?ﬁﬂ%gﬁ & “Iﬁj U %J/III&”TBH 3 }\'\%’ﬂﬁ

o T I)LX DN

Omat < 0, Prag <0 for n>r(r+2M)/2M — physically unacceptable




FRW black holes with symmetry

& Self-similar black holes
HCOMHPIM:  Legapr = 28w

. {UE H;/gﬁ@ & % BH i/ﬁif L @bl Harada-Maeda-Caryr 2006

@ McVittie’s solution Nolan 2002, Kaloper et al 2010

1— M/2ar\> M\*
dsQ:_(HM?zZZ) Ao (H%) (dr® +72d03) ,  a(t) =17,

= =M/2alT HZE R =12H? + 6H(

1+ M/Q2ar)
1 -M/Qar)]’

r=M/2a, t:finite




FRW black holes
@ Black holes in FRW universe
R ED D = 77 v 75—V IEREZAL

BERICR>TO 2 VT =2 AT L)%
77w 7RIV BRI 5 DIFEEARIIC D)EEL v

@ What we have done

BRILDIA FT I ANGBRET L= o a7 MBIz &

ARITCDIA F I HANTRT T IR —)V"Er2E%,

h,
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Branes 1n string theory

& String/M-theory

* Promising unified theory of all interactions i /\Qw
e 10/11 RILCERL NG
o FAHIRE RIS
string (open & closed), D-brane
¢ HE D 7 7 v 7p 7L — i Horowitz-Strominger 1991
* black “holes” w/ extended into spatial p-directions

e preserves a part of supersymmetries (BPS state)

* low energy description of D-branes (and M-branes)




M-Branes 1n 11D supergravity

€ 11 RILE ]
1
S=— /(*R—%F/\*F—%F/\F/\A) F=dA4: 4-form

2K7q
c.f. AR ITLRBLA(0-dim.)

electric F (0+2-dim.),
magnetic *F, (0+(4-2)-dim.),

FOIERM@-form)IZHES =  M2-brane
FDMEIN(T7-form) IS & =  MS5-brane

extremal M2-brane

dsipy = HQl/3 |Hy L(—dt? + dyl + dy2) + dr® + r*dQ7]

7

extended directions

F=d(H;") Adt Ady; Adys

H>: harmonic fun. on dr? + r2dO2

o =0 I SRR H2:1+r_Q6 — =0 |3 1F BT
* preserves 1/2-SUSY




Intersecting branes 1n supergravity

@ RETL—V Tseytlin 1996, Ohta 1997
e.g., M2/M2/M5/M5 branes
ds* = Hy"H)/"HI"HZ/” [=Hy ' Hy' Hy ' Hy'dt* + Hy "Hy' (dy + dy3 + dy3)
+H H Y y? + Hy P Hy M dy2 + Hy YH M dyg + Hy P H P dy2 + (dr? +02dQ3)]

H2:1+%H2/:1+% H5:1+Q5q H5/:1+Q7:5/
. . r

2131415|6|7[8[{9[10
M5 olo o
ﬁ; e M2"M2=0, M2"M5=1, M5"M5=3
M2

o [**] N D& CTharmonics H, ' 2320>0> > T\ 5
& 2 A IZMn-brane3TEAE (intersection rule)

e 1/8-BPSIRHE




4D black hole from intersecting branes

& 7L —riAEIDT, 4aD~a 37 MMl

B 1
2Kk

S

/dlla:\/%(Ru +--)

4D Einstein frame metric from M2/M2/M5/M5

dsj = —Edt* + 27" (dr® +r°dQ3), == (HyHyHsHs) /2

H2:1+@7 H5:1+%7 HQ’:l_'_@a H5”:1+Q5”.
r r r r

e 0; =0t § UL MixfR Reissner-Nordstrtéom 7 7 v 7 5 — )b

otherwise: Einstein-Maxwell (x4)-dilaton (x3)




Advantages of intersecting brane picture

€ 7oy A —)ITytut—n3 7 aENAEE

D7 L — 3 Fdi% Dendpoint
A2l A CM Ay ) =

S=logW=2r(N1NsNw)?>=A/4G10=SsH

Strominger-Vafa 1996, Callan-Maldacena 1996

. r
l r—0

o ) . 0,
C4RICT 7 v 7B =Nz lF B ITIF4EMNEE Ra= r[ﬂ(l * _)

M2/M2/M5/MS5, M5/M5/M5/W, etc.

e SRILT T v 7 —)N%2HBI2I133E ML
M2/M2/M2, M2/M5/W, D1/D5/W, etc.




Black hole from dynamically intersecting branes

& Time-dependent branes in 11D SUGRA

Maeda-Ohta-Uzawa 2009
N ZeM-7 L — v & [Efk G RansatzD b &,
RFEMR A 2 b o 1= T L — Vg% 34

ex. M2/M2/M5/M5 (4-charges) with evolving M2

ds®> = Hy*H))PH2PHZ® [—Hy "Hy " Ho P HZ A + H VHSY (dy? + dy2 + dy?)
+H ' Hy Yy + Hy "Hy Mdyz + Hy "H N dyg + Hy P H Pdy? + (dr? +r2dQ3)]

t / 5 5,
H2:—+@ HQ':1+—Q2 H5:1+Qta H5/:1+Ql
to r T r r

AFED T L —r DI L, EFd 1 DO ARHKEEZ > 2 L 23H[EE

e 0=0%& 9 % &, 11DIZ KasnerSH (2211 —REVE %2 £/ D H 22 )

ds® = —d7* + (v/70) "' (dy; + dyp) + (t/79)'/?d¥; . 7o 123




4D black hole from intersecting branes

€ 7L —rHaEINOT, 4aD~a 37 ML

B 1
2Kk

S

/dlla:\/%(Rn +--)

4D Einstein frame metric from dynamical M2/M2/M5/M5
dsj = —Bdt* + 27" (dr® +1°dQ3), E= (HrHsHg Hgr) /2
t QT QS QS/ QS//

Hr=—+4+—, Hg=14+—"—, Hgy =1+ , Hgn =1+ .
to r T r r

o RN A+ 2[RRI 1R

e A FIANT T I FE—NLEELTS L TE2




Dynamical black hole in FRW universe?

r r r

d5421 = —Edt* + =71 (d?“2 + TQdQ%) ; 1+ &)(1 + Q_S)(l n Q_S)]_l/z

« asymptotically (r—) tends to P=p FRW universe
dsi = —d* + a*(dr* + r*dQ?)

Foct3/t a= (/i)

* reduces to AdS» x S? as r—0 with ¢ :fixed

32
ds; = —Q—df P2 (074 Pa) . Q= (QrQsQs Qs

r

typical near-horizon geometry of extremal BH

Kunduri-Lucietti-Reall 2007




Dynamical black hole in FRW universe?

A2 = —Zd2 + 21 (2 +02d02), == l(i . %)(1 F L)1 20 &)r”

o r r r r

 asymptotically (r—0) tends to P=p FRW universe
dsi = —d* + a*(dr* + r*dQ?)

Foct3/t a= (/i)

* reduces to AdS» x S? as r—0 with ¢ :fixed

Lr=0, t=+00

| t=const.<oo

r=0, t=const.

Extremal black hole in FRW universe?




Naive Picture

extreme RN
(r~0) ds; = —Edt* + =" (dr® +r*dQ3) ,

1214 29) (14 @)]‘”2

r r




Naive Picture
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(r~0) ds; = —Edt* + =" (dr® +r*dQ3) ,
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Is this rough estimate indeed true?




Naive Picture

extreme RN
(r~0) ds; = —Edt* + =" (dr® +r*dQ3) ,

Is this rough estimate indeed true?




Our goal

“FTLFIHAINT Ty 7 F—)ILORFERMEGEZHID 7-W»

o IRFZERFEE I
Singularity 1s naked?

o fHETHIE
Black hole tends to attract =) Universe itself 1s expanding

R D HOER

Event horizon exists? Singularity 1s covered?

QD=0r=05=0s=0>0)
to >0 R T

B For simplicity, we assume {

dsj = —Edt* + =" (dr® +r°dQ3), characterized by (Q, t)

_ t
EZ(HTH3) 1/2 HT:%—F%, Hle—i—%.
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O Black holes 1n general relativity:

--studies of stationary black holes--

O Black holes in dynamical background

& Dynamical black holes

O Solution from 1ntersecting branes
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O Summary and outlooks

9 slides

4 slides
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Matter fields

Einstein-Maxweu(xz)-dﬂatonfﬁ (O=0D Lt F)

_ 4 T AAmCID
S—/dx\/_[ R vq> 1672:@

R 7L — v DAL B R ERK
)\T = \/6, )\S = )\S’ = )\S” = —\/6/3

e Maxwell¥; & dilaton23 Y — &

V6. (H :
K = —=1In (H—z) 'massless scalar === “P=p universe”

AT = @K_lH}ldt, A = A6 = AGT) = VZﬂK_lHS_Idt,

S 1 K v
e Ol¥Maxwell & fif \/Q@ = - f e PFL)ASH
S

BEAT 2L X -5 lme Tavtu” >0




Singularities

AL (RapcdR™4, CopeaCoP¢d)\V, etc) D3 TR

= —Qty/r © Hr =0 ds? = —Zdt* + =71 (dr? +r2d03)

= 0 o Hy =0 == (i) "

O Z N5 DR FIX timelike & central (HITE12£50)

there exist an infinite number of ¢.f. Christdoulou 1984
ingoing null geodesics terminating into singularities
outgoing null geodesics emanating from singularities

0 M
= —
)




Singularities

OIT RN TOHBEALRIZ
=0THR - = =0 |3 Big-bang Ff F 15 TlE 72\ (<0 12 HEHE T HE

=0TCHIR — Hi~ER DA (static brane TlZr=023Hi~-FR)

(degenerate null surface)

o E B EBPE IS HrHD > 0

- —

forbidden !

/ forbidden

[

/




How to find event horizon

N.B FEROHAER T A&

HIPAR |- % AU R I Bl hee
7 A HAND L L RN 75>

Event horizon

Strategy

(1) f e Z S X 5 (R P A

(ii) MR Dt 2 R 9
(iii) “H PR £ D 28] 2 fRAT

(iv) TR 2 Bl A i TR IZEHD S D R

= we can sketch the Penrose diagram




Trapped surface

O flitdnEk, A0 1T DHIAERR (@ la Penrose) Penrose 1967

* a two-dimensional compact surface on which
ougoing null rays have negative expansion 6+ <0
in asymptotically flat spacetimes

e causally disconnected from .7 if asymptotically flat Hawking 1971

— trapped regions must be contained within BH region
singularity

trapped region ——— . — EHr=2M

V

surface of fluid

Fluid




Trapped surface

O flitdnEk, A0 1T DHIAERR (@ la Penrose) Penrose 1967

* a two-dimensional compact surface on which
ougoing null rays have negative expansion 6+ <0
in asymptotically flat spacetimes

e causally disconnected from .7 if asymptotically flat Hawking 1971

— trapped regions must be contained within BH region
singularity

trapped region ——— . — EHr=2M

V

surface of fluid

Fluid

Trapped region characterizes strong gravity



Trapped regions 1n spherical symmetry

O i Peaais, e =57 (@ la Hayward) Hayward 1993
* a 2D compact surface on which 6+6.> 0
=3 Schwarzchild BH (6 <0, 6.<0), WHD N8 (64 >0, 6.>0) | trapped

* a 3D surface foliated by marginal surface 6+6. =0 is called a trapping horizon

O BRONFRRF 2212 31T % f e iEis
PBIERD X HICEIT S ds” = gap()dy*dy” + R*(y)dQs3 .

g'? = 21017, R(y) : T (Area =4nR?)

0, := (g% + 21IP)WV 1,
=2I5V,(InR) null normal 23 - 7z R 2R

=3 0.0_ = —2R"*(VR)*
trapped: 0:0.>0 < (VR)*<0

&  R=const. 1s spacelike




Future trapping horizons

(1) black hole type (future 6+ =0)
ex. JGHY & A b DE JIHREE

ds® = - (1 - 22)dv? + 2dvdr + r*dQ3 .

¢ 0 (v<0): flat space

m(v) (0<v<wp): Vaidya
M(v)= < M)

T, = Wl(—)al(—)b ,

\ M=m(vo) (vo<v): Schwarzschild

- () - (3 e - (3)

M Trapping horizon occurs at r=2M(v)
0, =1(1-2M2) g =-2

B Trapping horizon is spacelike

dsty = ds*|,omq) = 2M' (v)dv* > 0.

trapped 6, <0, 6_<0.

untrapped
0. >0,0_<(




Past trapping horizons

(i1) cosmological/white hole type (past 6- =0)

ex. P=p®DFriedmann T
ds* = —df* + a(t)*(dr* + r*dQ3).
P=p=2H  a=(/t)"
H=a’/a: Hubble /X 7 X — %

R=ar: HTE¥EE

B Trapping horizon occurs at R=1/H (Hubble horizon)
0. =2(H=+1/R) .

B Trapping horizon is spacelike

dsiy = ds*|a=; = 3dt* > 0.




Trapping horizons

Future and past trapping horizons occur at

2 612 430
_ (+) _ r 5 0 3 4 0
- =0 & trgy = S 737 H; - T(HS +3) £ Hj \/HS + 3 (Hg +3)

>0




Trapping horizons

Future and past trapping horizons occur at

2 612 430
_ (+) _ r 5 0 3 4 0
- =0 & trgy = e 13 H; - 7(HS +3) £ Hj \/HS + 3 (Hg +3)

>0

6, >0, 6_>0

repulsive due to “expanding univ.’




Trapping horizons

Future and past trapping horizons occur at

2 612 430
_ (+) _ r 5 0 3 4 0
- =0 & trgy = e 13 H; - 7(HS +3) £ Hj \/HS + 3 (Hg +3)

>0

0, <0, 6_-<0 6, >0, 6_>0

repulsive due to “expanding univ.’

TR D r—0 TR DYHER D HIP-FR Dlikely-candidate




Trapped surface

B PR O =00 H 2 BICED
P {HHEH A D r—0 Hi [ 23R D HiER Dlikely-candidate

o JEBRA D A (F VBRI IE = =5 — o0 as 70

1/2

o TSR 1T —EfiE I Wna
]1/4

R=|(£+0)¢r+0)

20

1.0

\_
o5L

0, <0, 6_<0

-1




Near horizon geometry

§ I TROMTRIH 6 - cr. r o0,
27— v MR IZ & D well-defined 7% near-horizon limit

t - tle, r — er, € > 0.

4\ L2 o\ 1/2
dsiy = —(r/Q)? (1 + @) dt? + (r/Q) > (1 + @) (dr? + rd$23)

. (2>“ » (g)ﬂ Legnt = Dyé, + Doyéy =0, KillingN 7 kL
ot or EuDyvépr = 0, <68 FHH TP TR A

f(R) 5  16RS
_R2Q6dT + m
J(R) = (R* — RY)(R* — RY), ¢n— (i)

ds?y = dR* + R*dQ3 .

oT

21

1/2
N +0 + |02 + 412
R:ZKillingH R ICFF DN 77 v 7 A —)L R, =0 vV 0]




Near horizon geometry

“horizon-candidate” (L&Y 77 v 7 H— )LD Killing -1 TRl I 41 5
SR o 16R s s
RS d7~ + R dR” + R°dQ; .

—-1/2
g = (r/Q)‘z(l + ’—’”) , f(R) =R -R)R*-RY)

o R+>R. = HiP-ER 13 B @
o to RyR_
Q - R+R—7 Q — R%_ —RQ_

dsjy = —2df* + &7 (dr” + dQ3) =

\JO? +41
y X o Ky =
JO?+42 £ 0
P IMAT DI RN FT =7 L

e Near-horizong & D Kl (FRN-AdS & 7] U

Ri\ZBH & WHD ZMAP D Hi 47
{—+0TCR: =

R.IZBH & WHD NI D Hb S

e tHIR, r—0& TIUXA T — F(AdSxS?)

N.B & & DIRFZE T H3Killing & 72 % D IZHISERR oD &




Global spacetime structure

M Outside the horizon >0
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e For ¢/to>0, metric asymptotes to P=p FRW as r—owo
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Global spacetime structure

M Outside the horizon >0

* 1=0 1s a regular slice

R = [(% + Q) (r + Q)3]1/4 = R—o0 as r—oo on ¢ >0

e For ¢/to>0, metric asymptotes to P=p FRW as r—owo

 Singularity () =-t0Q/r (<0) 1s timelike
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Global spacetime structure

M Outside the horizon >0

* 1=0 1s a regular slice

R=|[(f+0)r+0)

1/4
= R—oas r—ooont>0

e For ¢/to>0, metric asymptotes to P=p FRW as r—owo

 Singularity () =-t0Q/r (<0) 1s timelike

e r—0 with t: fixed 1s an infinite throat

e Killing horizons R+ develop from the throat




Global spacetime structure

M Outside the horizon >0

* 1=0 1s a regular slice

R = [(% + Q) (r + Q)3]1/4 = R—o0 as r—oo on ¢ >0

=Q
~
()

e For ¢/to>0, metric asymptotes to P=p FRW as r—owo

~
=
~

=~
~

 Singularity () =-t0Q/r (<0) 1s timelike

e r—0 with t: fixed 1s an infinite throat

e Killing horizons R+ develop from the throat
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Global spacetime structure

B Inside the horizon »<0

e there exist Killing horizons R:as r - 0—, t = Fo

e For ¢ >to, singularity t=-t0Q/r 1s visible

e For ¢ <to, singularity r=-0 1s visible

!
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Y 4
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Global spacetime structure

B Inside the horizon »<0

e there exist Killing horizons R:as r - 0—, t = Fo

e For ¢ >to, singularity t=-t0Q/r 1s visible

e For ¢ <to, singularity r=-0 1s visible

!

4
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Global spacetime structure

B Inside the horizon »<0

e there exist Killing horizons R:as r - 0—, t = Fo

e For ¢ >to, singularity t=-t0Q/r 1s visible

e For ¢ <to, singularity r=-0 1s visible

4

{0

r

' allowed

e t—-00 with r(<0): fixed 1s a past infinity

]1/4

—>00

R=|(%+0)0r+ 0




Global spacetime structure

0.0_ = —2R"*(VR)?

trapped: 0:0.>0 < (VR)*<0

& R=const. 1s spacelike

R
T
tT

SRy,

R=const. is spacelike

. ://i 1.(_)
R. “TH

R=const. 1s timelike

4 Consistency has been checked by solving geodesics numerically

The solution indeed turns out to describe a BH in FRW cosmology
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Extensions

 Patched region corresponds to #<0




Extensions

* Patched region corresponds to #<0

but...

extension is not unique due to nonanaliticity




const.

)

o=

o

=

§=

+

<

-

V
~

SEC

>
S

Contours
r=const.




Extension to arbitrary power-law FRW

1
L =——=(VO)?
2( ) 9

1 /2
L:—E(V(D)Z—V, V= Voexp(— Zk®
p

Background: dsi = —d? + a*(dr? + r*dQ?)

p=1/2 1/2<p<1

e

N

decelerating accelerating




Black hole in power-law FRW universe

¢ Einstein-Maxwell-dilaton theory with a Liouville potential Gibbons-Maeda 2009,
Maeda-M.N 2010
1 1 1 )
S = f d'x V=g | 5R -5 (Vu®) (V*®) = V(@) = — > nae™ P FQWFO |

2 167 S5

V(®) = Vy exp(—ax®) npbng =4, Ap=a= |25 4= P
nr ng

ds* = —Ed* + E7'(d? + r7dQ3), E=HJHP)?

t  QOr Os o nr(np —1)
Hy=—+—=—, Hg =1+ = ty =
! to r S r 0 4k2Vp

Y

(t0,0,p=n1/ns)D3’3 7 X — ¥ i nr=1: Maeda-Ohta-Uzawa solution
‘ nr=4: M=Q RN-de Sitter solution
o 3215 C power-law FRW universe \Z T

dsi = —di* + a*(dr* + r*dQ?) o xt, p=nr/ng
o 55 T 7 )L ¥ — 2= B e Tufu” >0

o HRDOMEFRIZ KillingHh Pt & —5




(Global structures

(I) decelerating universe: p<l (IT) Milne universe: p=1

CGEED ¢ GEED @& GEED @ GEED @& GEED @ aEED @
~

-
~
ES

admits two horizons no event horizon




(Global structures

= o

Y
B . )
4 -~ \
- - - - S - - >
o - S,
2 ' r ' ' 1 1 I |

T > Ter T = Ter T < Ter

admits three horizons admits two horizons no event horizon
(degenerate)
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Summary

¢ We explore the global structure of a “dynamical black hole candidate”
derived from 11D intersecting branes & its generalizations

1 1 1
_ D kD 1+(A) (A)py
S = fd X \—-g —2K2R — 5( MCD) (VED) — Vy exp(—ak®) — Ten E nae " FF I

A=S.T

ds’ = —Edr* + E7'(dr* + 7dQ3), E=(HFH) '

Y

t Or Qs t(Q) _ nr(ny —1)

HT %4—7, HS:1+T 4/432‘/0

e asymptotes to FRW universe a xt¥, p=nr/ng
e satisfies suitable energy conditions

e additional symmetry appears at the event horizon (=Killing horizon)

e ambient matters do not fall into the hole




Summary

€ We explore the global structure of a “dynamical black hole candidate”
derived from 11D intersecting branes & its generalizations

1 1 1
_ D kD 1+(A) (A)py
S = fd X \—-g —2K2R — 5( u(D) (VED) — Vy exp(—ak®) — Ten E nae " FF I

A=S.T

ds’ = —Edr* + E7'(dr* + 7dQ3), E=(HFH) '

Y

4 QT QS t(Q) _ nT(nT — 1)

HT:%-FT, HS:1+T 4/‘62‘/0

e asymptotes to FRW universe a xt¥, p=nr/ng
e satisfies suitable energy conditions
e additional symmetry appears at the event horizon (=Killing horizon)

e ambient matters do not fall into the hole

The solution describes an equilibrium BH 1n dynamical background




Further generalizations

¢ Higher-dimensional and/or rotating generalizations

. 2
ds® = — (dt-i- L3 f) =1 (dr? +r2d02), =- Kt QT) (H%
0

e describes a BMPYV black hole in FRW  Breckenrige et al 1996

* possesses CTCs around singularities (gyy<0)

¢ Black hole thermodynamics

e Can we define meaningful mass function in FRW universe?

¥y = —Cpegl®m’nmd = —Q +O(1/r) 0 3
M@ = £ (nsa+ o) 99
4 at/nr

4
mus — §7TR3p(CD) = M(f) + O(1/r)

O . . .
® Multiple generalizations c.f. Kastor-Traschen 1993

* Multi-center metric 1s expected to describe BH collisions in FRW universe

Why superposition is possible?




Analogue of supersymmetric solutions

¢ The solution inherits properties of supersymmetric black holes

* BPS solutions satisfy the 'no force’ condition c.f- Majumdar-Papapetrou sol.

gravitational attractive force =~ €& electromagnetic repulsive force

* However, supergravity admits only AdS vacua

e.g. Minimal gauged SUGRA coupled to U(1)" vector fields with scalars

1 1
S = F f (5R+2Q2U)*51 — QABd¢A A *5d¢B — G]_]F(I) A\ *5F(J) — ECIJKA(D N F(J) N F(K)] |
K

U=CHEVV Xk >0 I J..=1..N;4B,..=1,..N-1
Cuk :intersection numbers of CY (N: Hodge number /1,1 of CY)

g :(inverse) AdS radius

D, + X,( P =46,y ) FD) +

8

1 1
Eg?/ﬂX VI €,

SUSY transformation

3 3i
3”7 'WF(I)aAXI — —QABV 0,0" + EQVIaAX ]




Embedding into supergravity

Wick rotation (g — i4) gives an inverted potential  V=22CVKVV;Xx >0
“Fake supergravity”

Our 5D metric is a solution of fake supergravity with Ci23=1
dS5 = —(H1H2H3)_2/3dt2 + (H1H2H3)1/3hijdxidxj

A = gt X! = HY(H H H;)'? hyj: hyper-Kéhler space

c.g H|= % + hi(x), Hy = % + ho(x), Hs = h3(x) V1:V2:(6j.t0)_1, 13=0

» “Killing spinor” equation is satisfied for

1 = i vp _ v ) l I
1y06 = €, » 1/2-“BPS” state oYy =Dy + SXI (yﬂ v —45, yp) Fy)+ 21/1)/#X Vlle,

3, i 3i .
€ = (H1H2H3)_]/6EHK , 0y = [g)/“ FL?@AXI - EQAB)/"aM(pB + 5(1/1)V1(9AXI] €,

» 4D solution is obtainable via Gibbons-Hawking space
2 . . - -
dsgy = H™' (dx° + ) + Hodx'dx/,  Vxy =VH. Zyjoxshcu =0
ga/axsg,uy — O, » dSi = —Edtz + E_léijdxidxj, o= (HH1H2H3)_1/2 .

We expect all BPS solutions can be obtained using Killing spinors M.\ in work




Black holes in FRW universe

® . . . ) )
® Black hole 1n “Swiss-Cheese Universe”  Finstein-Straus 1945

eglue Schwarzschild BH w/ FRW universe

ds® = —dt? + a*(dr? 4 r*dQ3)

ds® = —f(R)dT? + f~1(R)dR? + R*d03,
f(R)=1-2M/R

eIsrael’s junction condition at X: Ry = ary,
dust FRW
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M = —=(rsa)’po, p=po/a’

-Schwarzschild portion is static

-matters do not accrete onto the hole




