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Black hole discovery




Two predictions of the Einstein's Genkra
Relativity @P1

1 Gravitational wa®s
1 Black holes

One hundred years later ...

The first observing run (O1) of Advandd&QOwvas scheduled to start
9 am GMT (10 am BST), 14 September 2Bath gravitational-wave
detectors were running fine, but thereexre few a extra things the
calibration team wanted to do and notldhe automated analysis ha
been set up, so it was decided to postothe start of the run until
18 September. No-one told the Univer#d.9:50 am, 14 September
there was an event.
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https://christopherplberry.files.wordpress.com/2016/02/fig1_split_v17_top_standalone.png

3 Dec 2018 -- The LIGO Scientific Cofttimn and the Virgo
Collaboration have released the resutfstheir search for
stellar-mass coalescing compact binamesing the first and
second observinguns using an advanced gravitationalwea
detector network. This includes the camént detection of ten

binary black hole mergers and one binagutron star merger.

4 new events. Té"most maswe case” GW170729. Its sourct
Is made up of black holes with massdsNpand 34 ] .
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Masses in the Stellar Graveyard
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Facts about GW150914

Masses 35M and 30M . Final mass 62M , 3N
was emitted in the form of gravitationaaves. This

is about 5% of the total mass. 3.6%10 twas i
times greater thanhe combined power of all light
radiated by all the stars in the obsé&feauniverse.

It was observed about 8 cycles from 3b5td 250 Hz.

Total number of emitted gravitons °10 .




Gravitational waves

Metric peturbationg=/ +, h~ il - Q,

rc*
MR2 .. MR

-Ié

Third law ofkepler: $~ GM, T ~E

GM’

G aFg oR 6 . c8R ©
~——a&=~ 0
rRE ¢ R 9 ? GeR 2




)
CEO 3.63 10°erg / s. If we put% °1/4, then{%S) oq °

-E° 3.6310%rg /s= 3.6 10 watt 50 times greater thar
the combined power of all light radiatdaly all the stars in
the observable univers

Thisevent happened at the distance+ 400mpc 1340°1
light years, - 1.3 10cm . The grav. radid$66M,

3
R,~ 6C &m =1.8 310cm , h 9.25['8 1d7 19 .
1.33 1G







Gravitational collapse will always occur on
any star core over & solar masses,
iInevitably producing a black hole

Approximately 1/3 of the star systems in

the Milky Way are binary or multiple. The
rest 2/3 are single stars. A heavier
companion Iin the stellar binary has faster
evolution than the lighter one. If the mass
of the heavy star Is large enough a system
may become alack hole binary




Known candidates for stellar mass black holes
were discovered in such systems. The motion
of a star companion in the binary can be
detected. This gives information about the
mass of the black hole candidate.

Estimates give . the number of stellaramdlack

holes in our Galaxy is about?0 *10 . A gan
or larger number of neutron stars exmsthe Gahxy.




Indirect methods of seach for
stellar mass black holes

| X-ray object in a binary system,
| Its mass measuring by means of Newttavs
 Existence of an accretion disk,

'Velocity of matter athe |ISCO: Broading of
Fea lines,
{ Total brightness of the accretion disk.




Schwarzshild BH:
leco = . =avi

E..o/M=+8/9
BH efficiency: 5.720

ExtremaKerr BH (J/M*=1):

rISCO = M

E..o/m=+1/3
| BH efficiency: 42.5%|




Black Holes classification

A Stellarmass black holes with M ~3- 60M_

A (Super)massive black holes with M ~10- 10M
A Intermediate-mass black holes with M ~10°M

A Primordial black holes with mass up toM ~ M

A Micro black holes M > M

Planck

The quantum gravity effects become important
y _ |hc 10°g for black holes withM <M. I The blgck
Planck 4 5 holes of smaller mass do not exist, at least in
the standard classical sense.




Supermassive black holes

1 BH in the center of our Galaxy, Milky 8y. Sagittarius A*
is the location of a supermassivecklole of mass- 4 20
1 SMBHs in the center of other galaxies.




Ablack holas a compact massive object, the
gravitational field of which is so strong that nothing
(even the light) can escape from it.

he boundary of the black hole, called the
event horizon is a surface at which the
escape velocity is equal to the velocity of
light.

~ 2GM

R ===

C




John
Archibald
Wheeler

(1911-

2008)

The name "black hole" was invented in December 1967 by Jok
Archibald Wheeler. Before Wheeler, these objects were often
NEFSNNBR (G2 |a bofl Ol ai




4D black holes and
their properties




Event horizon (BH boundary) is almost everywhere
null surface

Black hole surface topologyﬁ

Its surface area never decreases (EC)

Soon after their formation black holes become
all UAZ2Yl NB oUTkg/c6.0l f R

Stationary black holes are either static (Schwarzschil
or axially symmetric (Kerr).




Unigueness theorem: Stationary isolated BHs are
uniquely specified by their mass and angular
momentum and are described by the Kerr metric.

The Kerr metric besides the evident ST symmetries
has also hidden symmetry.

Geodesic equation of motion are completely
Integrable Masslesdield equations allow the
separation of variables

Black holes are classically stable.




The radius=2Mis known as the gravitational radius or the Schwarzschild
radius. In physical units, after restorinG and c constants, it has the value

2GM

CZ

Schwarzschild metric

-1

Iy =

ds = % ng &%‘%- dg 2 2

describes thegravitational field in vacuum, outside a spherical distribution of
matter. This matter may be either static or have radial motion preserving the
spherical symmetry. According tBirkhoff'stheorem, the external metric does
not depend on such motion. In the absence of matter, the metric describes an

exterior of a spherically symmetric static black hole. In this cal§§ IS the
radius of its event horizon.







Riﬁdlél‘ SpaCé ds° 4> Fdf d 7 &d ?




Einstein-Rosen bridge

The equationU =-V determines a threedimensionalspacelikeslice of the
Kruskalspacetime This slice passes through the bifurcation surface of the

horizons. It has two branches. This subspace is called&imsteirRosen
bridge. Its internal geometry

2
d2=—9"  y2qu2 =cwp

0

1-2M v

W =1 M

r=r@ M 2/ 2r
diZ=dr® +7(d % sin® dg°)

The geometry of a twalimensional sectiong = /(2 of the metric can be
embedded in a at thredimensional space as a revolution surface




d2=dZ +df RdF2 ol z2F ridf
where Z= ‘2\/2M(r 2M)
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“If the hell exists, the best place

l l )
for it is inside a blaclk hole.







Euclidean black hole

In the “physicalspacetimethe signature of the metricig-; +; +; +.)The
Schwarzschild metric is static and it allows an analytical continuation to the
Euclidean ond + ; + ; +; +.)This continuation can be obtained by making the
Wick's rotation t = itE . The corresponding space, called a Euclidean black h
has interesting mathematical properties and has important physical applications.

dr?

The twodimensional part of the Euclidean metric dgé =dJ dié +—

Near the Euclidean horizon is has the form dgf° k *dtZ «d °?

In a general case this metric has a conical singularity. This singularity vanighes if
IS a periodic coordinate with the period

ca. 20
t | —
E k ‘




Euclidean Schwarzschild metric
in the vicinity of the horizon

Consider the (Ir)-sector of the Schwarzschild metric

-

ds’ +

\_

g dt +d_r

g

J

g=1 -

2M

I

¥

dg’

In the vicinity of the horizon: 1 =r;(1 &) \y<1

the proper length distance from the horizon / = n \/, ~ 2r «/




dg’ = k& “dt* +d °

k=1 (ZFS) 1:(4\/ﬂ ) IS the surface gravity of the black hole.

d€° k2 Fdf +d 7 £d 2

Regularity atr =0 requires Is periodiatva period 2p/ .
This condition detrmines Hawig themperatte




— _ hcd
Q: - 8oGkg M
Why 7 enters the expression for the tenapare”

We keep Inthe relations, but pt G =
h hKk h

Q~E~haw~

/ 2p 8 M
We used here thdt Is equal to thagekof the

Euclidean time.




Gibbons-Hawking instanton

This regular four dimensional Euclidean space is called the Euclidean
black hole or theGibbonsHawkinginstanton. The inverse period in Euclidean
time is equal

Is called the Hawking temperature of the black hole.




Rotating black holes




4D KerfNUF(A)AS
Derivation in 3 Simple Steps

Step 1. Write flat ST metric in ellipsoidal coordinates

dS = -dt €X d¥ dZ

X =+r? @’singcosf, Y <r’ a%sin @in
Z=rcosg, X% 4 %

r’+a®
2

d¥ = -df @ &cos? 9) 6 de)

+a’

+(r* 8% sin“gd F
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y=acosqg, st a ,[ ya&

= L §ay

d_f %,
)[ Q

(1) Coefficients are rational functions;
OAAOD 6! fY2ali aeYYSiNA




Step 3: Use this form of the metric to solve Einstein
equations

Assume thab, = D()and, D =y(
and solve the equatidd, = -/8§

(/=L /3)

[Carter 1968



"Trace equation’ gives:
WP oty D2g® oy, +
i P E2/r* ¢y J ou A

D =r’ %rz & b

C
Dy :/y4 -é-yz & &




The other equations fix some const:
and we hae

D <r° &)@ /#°) 2Mr,
D, {a" y)1 /¥) 2Ny

a- rotation parameteiM - mass,
N - NUT' parameter/ - cosmological ter




If we put/ =N = 0 and change coordinat
y=acosg,t=t a ., y& , f

we obtain Kerr solution in standard Boy
Lindquist coordinatest (r,qg, [ ).




Kerr metric

S 3° &cosqg , rb =Mr -a’
A=(r* @%° -absin‘g




The event horizonis locatedat I =r, , . M \/M > a’-
Which are the roots of the equation D(r) =0

The event horizon of the Kerr
spacetimeis a null 3dimensional
surface. Its spatial slices have the Static limit
geometry of a 2dimensional
distorted sphere.

Ergosphere
The rotating black holes exist only f 2

”

at M Outer event

Fora>M the Kerr solution does ~ horizon
not have a horizon and it describes
a naked singularity. It is generally

believed that such a singularity doe Inner event
not arise in real physical processes horizon

Ring singularity




Einstein-Rosen bridges
for Kerr spacetime

a/M =0.999 a/M =0.999999 a/M =0.999999999




Metricg IS a trivial example of the Kiflg tensor.

Kerr metric has 2 Killing vectors” and”

Carter (1968) found that it also has #iKg tensor.
This gives 4 integral of motion and magarticle anc
light equations completely integrable.







Angular momentum in Higher Dimensions

D=2 )

8J, 0
0 Y,

Jj=2
x..

I
c0 O

|- O: OTO: O: Ot




5D vac. stationary black holes

a b C

oYY



(1) No Uniguness Theorem: For givish
and] more than one BH solution

(2) Complete integrability and separatio
of variables are generic properties

of HD analogues of KeB H
(hiddensymnetry generatorsV & D KO7)
(3) Stability of HD BHs ?




Main Results

/int

In
hig

ne most generd]l Ker NUTH )A dS \

ner- dimensional black hole spacetime

(1) Geodesic motion is completely integrable

(2)

Hamilton- Jacobi and Klein- Gordon equs

Qions allow the complete separation of variaﬂ




Motivations

Separation of variables allows one to reduce a physical
problem to a simpler one in which physical quantities
depend on less number of variables. In case of complete
separability original partial differential equations reduce
to a set of ordinary differential equations

Separation of variables in the Kerr metric
IS used for study:

(1) Black hole stability

(2) Particle and field propagation

(3) Quasinormal modes

(4) Hawking radiation




Main lesson: Properties of higher
dimensional rotating BHs and the
4D Kerr metric are very similar.

HDBHSs give a new wide class of
completelyintegrablesystems




"General KeelNUF! R{ YSUNRO& Ay I
Pope, Class. Quant. Grav. 23, 5323 (2006).

n=[D/2]|, D 2n e
Rmn:(D _1)/ 9 i

/[,M-mass a -(nt @& rotation parameter
M,-(n 41 e) NUT' parameters

Total# of parametersis Be |




Generator of Symmetries

PRINCIPLE CONFORMAL KY TENSOR
2-tormh, . with the following properties

() Non-degenerate (maximal matrix kau
(i) Closeddh= 0
() Conformal KY tensor

Dchab —Jes  YXa X b1 b@
X, 1s a primary Killing vector




All KereNUTFAdSmetrics possess @
PRINCIPLE CONFORMAL K

TENSOR
(V.F.&ubiznalkQ n 7 U




Unigueness Theorem

A solution of Einstein equations with
the cosmological constant which

possess #RINCIPLE CONFORMAL K
TENSOR sKerrNUTAdSmetric

(Hourl,Oota&Yas nt Qn d
Krtous V.F. .&ubiznalQny T U




4D Kerr metric example
Principd CCKY tensor h=db

b=_(y +2)dt Fyd J

H” =h"h . de{H "-kd)" &
k.=y>, k =1r°

Lesson: Essential coordinatesy
Killing coordnates (¢, )




KillingYano Tower

CCKY: hY h=h&h @ W

] times

KY tensors: Kk, = *H2()

. )
Killing tensors: K =Kk, k|,

Primary Killing vector: x, === Bh__

Secondary Killingvectors: x; =K« x




Total number of conserved quantities:

(nN+e) kN 1 1+2n= eb =
KV KT ¢
The integrals of motion are functiona

Independent and in involution. The
geodesic equations in the Kerr-NUT
-AdS ST ae completely integtae.




Separation of variables In

HD Black Holes




In D =2n +e dimensional ST the Principal CKY
tensor (as operator) has 2D eigenspagcHs

eigenvaluex®. Theycan beused as coordates.

D canonical coontates n essential coordinates »
andn+e Klling coordnates y ..

Complete separability takes place indie
canonical coodinaes.




Hamilton-Jacobi S °) =nt
J WKB F ~ exp(S)
Klein-Gordan @-m°) F

§ "Dirac eqns/ KGegn"
Dirac equabn (g™®, tm) Y &




Recent results

1 Complete separability of Maxwell eguats in
4 and higher dimensional spacetiméhe off-shell
generalized Kerr-NUT-(A)dS metricksynin (2017,
FKK (2017);

1 Complete separablility of massive iedquations in
4 and higher dimensional spacetiméhe off-shell
generalized Kerr-NUT-(A)dS metricsKK (2017)];




"Black holes, hidden symmetries, and qiate
iIntegrability”, VF,Pavel Krtous and DavKubiznak.

Living Rev.Rel. 20( 201y no.1, 6 (195.np
arXiv:1705.05482.




Quantum black holes




Denote byg charge' of the particle cAssm anc
by G the field strength. Probability=

P~exptl// ) dg & 2nc),

/.. =h/mcis the Compton length and Is a
separation of particles when they beconeal.

P exp(- 2m2(:3)
gGh
Static electric fieldg=e G E Y
om’c’
ekEn

) (Schwinger, 951)

P ~exp




In gravity:d=m, G &

mc’
P~exp(— p ) =eXxpf

hiC’
S8oGkM

Qy =




Order of magnitude estimation

[E]

_[miryg* LIS
[T]°

[ T]
. hc? . e .
E ~—-. This relation is valid in an
I"S
number of dimensions.

. 17




"Ground state’- no-boundary
wave function

BarvinskyV.F. Zelnikox Wawefunctionof a Black
| 2t S YR GKS 5&éylYAOIf nh
Phys.RevD51, 1741 (1995)




Gibbons-Hawking instanton

This regular four dimensional Euclidean space is called the Euclidean
black hole or theGibbonsHawkinginstanton. The inverse period in Euclidean
time is equal

Is called the Hawking temperature of the black hole.




|Y') is a wavefunction of (free) quantumlﬂeE.

j(X)= Rt 8,%) YE 0x) /(%) (X K)
G ®|Y) = YAR)




J (X)=7,.(X)+/ _(y)

YG.000 )yl

/(X




Y(.(¥./.(¥) =Z" D &, X)]exp( &( )F
BC. Fk =Koy =), Kk B8 /.(5

Statement: So defined ground state efamction coinside
with Hartle-Hawkingvacuumin the eternal black hole.

["Wavefunction of a Black Hole and they@amical Origin of Entropy"
Barvinsky,V.F., Zelnikov, Phys.Rev. D511995) 1741-1763.]

Density matrix

E=Z.Tr( (Y




Density matrix for
quantum fields near BH

V. (), JLXD~AD LW Y( X/ (y) Y(/(¥)) LX)




Density matrix

J +(X)
r(7, (%), J{xN=2" (D Fexp( &[ IF

J +(%)

Z=@|D Rexp( &[ F




rG .07 .00) =G (] &l 7x))
E =7 exp( - b¥ ),

HF, is a Hamiltonian of the fiel§ iR,

b=kl2 pis the inverse Hawking temperat
(period of the Hawking-Gibbons instan)




Problems and Puzzles of
Black Holes




Black Hole Entropy Problem




dM=Tds - s=%

Al




Entropy scales
Stellar mass black hole @, Y} S~ 10
Milky Way black hole 1 ~ 4 1BM_ )YS~ 1.7 10

Relic gravitonsy S 19
CMB photonsy S 1¥
Relic neutrinoY S~ 10

A single Black Hole in the Milky Way has
larger entropy than all visible matter in
the observable Universe




