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Abstract: <p>The Kerr metric of vacuum general relativity is expected to describe astrophysical black holes. Boson stars, on the other hand, are one
of the simplest gravitating solitons, suggested as astrophysical compact objects, black holes mimickers and as dark matter candidates. Kerr black
holes with scalar hair, found in [1], continuously interpolate between these two types of, per se, physically interesting solutions. | will describe the
construction of these solutions and discuss theoretical, astrophysical and high energy physics aspects and challenges for Kerr black holes with scalar
hair.<br>
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1) Motivation
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There 1s
strong observational evidence
that extremely compact and massive
objects exist, which we call

black holes.
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Figure 1.3 Observed correlations between supermassive black hole mass M,
and (left) the infrared luminosity of the bulge of the host galaxy in units of
solar lnminosities (represented in the top axis by the absolute magnitude
.”]\ bulge )+ and (right) the velocity (lihl!(‘!"viilll o, of the stars in the bulge.
(Reprinted with permission from (40 .

v: 1312 6698
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The first (stellar mass) black hole candidate: Cygnus X-1

Estimated mass:
14.8 solar masses
(radius 44 kms)

Orosz, ). A. et ul.. The Astrophysical Journal 742 (2011) 84

Spin measurements:
Claim a>0.92 at 3 sigma level. Mase Transter

wou, | 1 a Astrophyxical Journal 742 (2011) 8BS
Accretion Disk

Cygnus X-1 HDE 226868
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Figure 1.4 Sketches of 21 bl

i |. :.|.!| .‘r‘,Il.'.' s SO SCANM L';\I : i
upper-left corner). The tidally-distorted shapes of the companion stars are

accurately rendered i l\'l-1 T

enters of the disks, A disk's tilt

cgenad m tin

reometry. The black holes are located at the

indicates the inclination angle ¢ of the
]-IIJ.H\ wher ) COrresponads to a svstem that ewed face-on: o.p
¢ = 217 for 4U 1543-47 (bottom right ) and ¢ = 75° for M33 X-7 (vop right
Ihe size of a system is largely set by the orbital period, which ranges from
13.9 davs lor th

vant svstem GRS 19154106

to 0.2 davs for tinv XTI
I11184480, Thre

svstems hosting persistent X-ray sources M3 X T
LMC X1 and Cyg X are located at the top. The other 18 systemns Naravan und McClintodk (2013
wre transient sources, (Figure courtesy of J. Orosz
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Will it be possible to
demonstrate

the existence of black holes in
the foreseeable future?
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Building waveform catalogues...

........

......

Mroué et al, arXiv: 1 3046077
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GR paradigm based on the uniqueness theorems
‘ lsrael 1964 I68: Carter 1970; Hawking 1972: Rolbinson 1975, 19, and othe:

Cverview Four decad i black hole LU ent theorems 1), Robinson (2004, 20049)

GRAVITATIONAL FIELD OF A SPINNING MASS AS AN EXAMPLE
OF ALGEBRAICALLY SPECIAL METRICS

Roy P. Kerr*

Univers [ Al nax and Ae e Ar u a A . s
He ™ -
Goldberg and Sachs' have proved that the alge- where is a complex coordinale, 4 dol denoles
braically special solutions of Einstein’s empty differentiation with respect o0 w, and the operator
space [ield equations are characterized by the D is defined by

existence of a geodesic and shear-[ree ray con

gruence, &, Among these spaces are the plane-

fronted waves and the Robinsoa-Trawmans metrics Fis real, whereas 3 and s (which s deflined |
for which the coagruence has nonvanishing diver- b wm, »im,) Are mplex. They are all independ
gence, bat 18 hypersuriace orthogosal enl of the coordisate r 3 is defined by

Carter-Robinson theorem:
An asymptotically-flat stationary and axi-symmetric vacuum spacetime that is non-singular on and
outside an event horizon, is a member of the two-parameter Kerr family.

The assumption of axi-symmetry has since been shown to be unnecessary, 1.e. for black holes,
stationarity => axisymmetry (Hawking, Wald).
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The “no-hair” idea

Bes 330 A BLACK HOLE HAS NO "HAIR

Rulhim, Wheeler (

Original idea:
collapse leads to equilibrium black holes uniquely determined by M,J,Q -
asymptotically measured quantities subject to a Gauss law

ilI'l(I no ()ll]L‘I' il'l(](_‘[,)(_‘l‘l(lL'lli ('l’lill'il(‘tL‘I'iSti('S (I‘lilil')

Motivated by uniqueness theorems
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Hairy black hole solutions exist (D=4, asymptotically flat):

Aul\' C\mnplc l instein- \dn«r-i\\llls lhcm\'

----- n 1990; Kunzle and wl-ul-Alam, 1990; "».',l. woand Galtgov, 1990

Other examples were obtained in: Einstein-Skyrme, Einstein-Yang-Mills-
[)lldt()n l ll]“\tCln \d.rl”“ﬂ\‘l“\*] ll'rg'\, LII]‘\tL‘lI‘l non- ’\l)(.'lldn II(]( a, etc

Review by Bizén 1994: Volkov and G L]l ov {199
*Hair’ anchored on non-linearities of the field. Hard to have insighls.

Suggests mathematical limitations of the “no-hair’ idea.

“The proliferation in the 1990s of stationary black hole solutions with hair of various sorts, may give the impression that

the principle has fallen by the wayside. However, this is emphatically not the case for scalar field hair (...)
Mavo and Bekenstein (1996)
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Timely to study alternatives to Kerr

that can parametrize phenomenological deviations.

We wall suggest one such alternative, within General Relativity
minimally coupled to a complex, massive, scalar field.
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'l‘imu'li\' o s[lltl'\' ;l|l('1‘n;11i\'t‘r~ to [\'(‘I‘l‘

Il‘l;ll can |);ll‘;1mvll‘i‘/.v |)lu'nUmcnnl()git‘;tl (Ik‘\'i{lli()ll.\'.

We wall suggest one such alternative, within General Ru*luli\'il_\'

[l]illi[l](l”‘\' L'Ull}‘ll(‘(l to a (‘()IHI)IL‘.\. lﬂ(lh.\ll\'(‘. S(‘(ll{ll' [it‘l(l.
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2) Boson Stars
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Boson stars:

Laup 1968); Rullint and Bonazzola (1969)
I 1 ngy 1 l 1 L
RS b e ) , .
l:m.stun Klein g /d’.:\,--'- 3| ——R— %" &% — 28"®
Gordon theory: | 167G
Rotating ds? = —2Folr®) g2 4 (2Rr8) (412 | 12007} 4 o2F2(n0,2 6102 0 (dip — W (r, 0)dE)
boson stars: o
Yoshida and Eriguchi (1997) ® = ¢(r, @) ™Y~
S k and Mielke (1998
Three input parameters: (w,m,n)
Solutions prcscr\'cd : _
l - l l l - ] l 1%, w o
oy a single helicoida TR

l(il]ing vector feld:
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Surfaces Ol\ constant Scalal‘ energy density
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Perturbative stability:

Slill)]L‘ l)l'.’ll'l(‘ h
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J
|
|
/
J
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Unstable branch

06 0n.7 R a9
witmi)

Similar to Fermionic Compact stars
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Superradiant instabilities:

stable branch
4 (no urgo-surl';uw.-)
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Compactness:

1- (.6 0.7 08 0ne |

WAL )

()& () X 09 |
Wiima )
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Compactness:

WAL )

0 6H () {5 0w
W/imau)

Used to constrain scalar fields
with stellar kinematics

Amaro-Seone, Barvanco, Bernal and Rexzolls 2010
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3) Scalar clouds around Kerr black holes
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inear analysis: Klein-Gordon equation in Ke
Linear analysis: Klein-Gordon equation in Kerr
0 = 1i2® & = e~ ™ S grn (6) Rem ()

Radial Teukolsky equation: weukoty 1972); iill e al. 1972)

R Y - LR I &A A 5y 2Mr + a*
(_\ ) (u'u" 2maw + p1°r° + A ) Rim
dr \ dr ‘ A c e P
K (r® 4 a”)w — am
Generically one obtains z/mm[-bound states:
wr < 0 if wg > w, decay
, critical frequency R AT R iU bound
W =WwWpr T+ W] < Uy w,

states: c'/uu().f

grow
Press and Teukolsky

wy >0 if wg < w,
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Damour, Deruelle and Ruthm (1976);

Klein-Gordon (linear) clouds around Kerr:

Zouros and Eardley (197 Detweller (1980): Hod 201
\ “|::|,:f-- oK

J: Yakos 1 Rothman (2(

Clouds for Kerr: discrete set labelled by (n,l,m) subject to one

quantization condition which ‘\-'iclds BH mass,spin. 1

m._lf.l_

Mu

0.75
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4) Kerr black holes with scalar hair
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Einstein Klein-Gordon: non-linear setup

Ansatz:
2 2hal(r.0) - 2 {r.0 'hl‘l 2 .'I afai{r.0) 2 . 2 "y \ 2
ds ¢ Ndt® 4+ e“* " e df) ) g resin® 8 (de — Wir. 8)dt)
T Single KVF BH c.f.
O =dr,f)e" " : Dia [lb itz and Santos (2011)
Asymptotically: Near the horizon:
2M oI (i Jagemosd
T -1+ » f=vi uia Ot : simn“f#+4... . \" : i'{!
I (]
e~ Vur-u? F; = F(0) + 22F?(0) + O(aY)
o= f(6) N
=

W =Q 4 O(z?)
() lJ|.,|”.| t {q'-f'g:'

w
take: Qy =
m

Four input parameters: m,w,ry,n
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event horizon

Kerr black holes

100x¢

event horizon

Hairy black holes
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Figure 8:  The scalar field (left panel), its energy density (middle panel) and angular momentum density
(right panel) on the horizon, for an example of a KBHSH (all panels have been multiplied by a factor of
10°).
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Hairy black holes phase space

m=[{)

Mu

m=2:

0.5 0.75 |
2,/

Pirsa: 15030115

Page 36/53



Hairy black holes phase space
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Hairy black holes phase space

RBoso n Stars (g=1)

exrremal HBHs

Mu

md)
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Hairy black holes phase space

Boson Stars (q=1)

Mu

- Can violate Kerr bound

Pirsa: 15030115 Page 39/53



Pirsa: 15030115

Extremal BHs (Kerr and hairy)

:.. ,” 'l.ff l.o-'-'.)
i \fj—‘j c ,'oo-n'..--

My _ .
\ . | —
lapa ._." L Japwum .

Ta /MG, observe the

nel)

FI1G. 2: Varios quantities in terms of the scalar ficld frequency w for extremal KBHsSH: (top left pa J f
Kerr bound s saturated for vacuum Kerr and otherwise violated; (top right panel) horizon linear velocity — observe it is always
smaller than unity and only saturated for vacuum Kerr: (bottom left panel) the ratio My /Mag (bottom right panel) the
ratio Jy /Japa - observe that the relative contribution of the scalar field energy and angular momentum increases from the
Kerr limit towards the centre of the spiral I o 1
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Hairy black holes are more star-like

Geroch-Hansen quadrupo]c moment:
Geroch (1970): Hansgen (19 ); Pappas and Apostolatos (2012

150
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Wiggly tails: a gravitational wave signature?

[ T
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Hairy black holes intcrpo]atc between Kerr and boson stars.

Can be seen at linear level: do not rely on non-linear effects.
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Hairy black holes interpo]atc between Kerr and boson stars.
Can be seen at linear level: do not rely on non-linear effects.

From the perspective of Kerr black holes:
branching towards a new family of solutions due to superradiant

instal)ility.

.\\(‘t 11{1Ilj‘-lllﬁ
\ (]1.‘1i1|t‘-->~\? l” I \'~.]1i‘ ]1 t ;lHli\ lm‘tl !)_\ llln' F\ll[)t‘if(li]i.ﬂ]l[ illwl;ilrilil_\ ol
cl f-‘i\t‘[l IlL'I(l flll"x‘-.]lit]] [l\x't'llL'l:‘_\' momentum ft'll,\l‘*['i"\[il]ll‘

independent, allows a hairy generalization with that field.

Pirsa: 15030115 Page 44/53



Extensions: e.g. including quartic self-interactions

[ HBH HBHs: 2 HBHs
eHBH eHBHs: 2 eHBH
B BS:
Y
\.
\
\
V"
\.\_
W\
)] \
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Stability:

Mode, linear or non-linear? All ditficult pml)lems.

Absolute stability not mandatory for physical relevance

(ex: uranium!)
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Stability:

Mode, linear or non-linear? All difficult pmblems.
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Ergo-surfaces:

imsnn stars
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Stability: clouds

BH

HL'.‘IL’II' Maode

0 Superradiant regime |
i black hole decreases ungular \'L‘l()(‘ll.\-'
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Stability: clouds

BH

X
¥

Transter of rotational
energy from BH to

S(‘&llill' (‘I()ll(l

.\'L'.'IL'II' Maode
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< Oy uperr wdiant regime

m black hole decreases angular velocity
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Stability: clouds

BH
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Transter of rotational
energy from

scalar cloud to BH
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m black hole decreases angular velocity
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(Incomplete) To do list:

- More detailed ana]‘vsis of slal)i“tt\' (perturbations and time evolution)
- Shadows of hairy black holes
- Gravitational wave signals

- Astrophysical constraints
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Thank you for your
attention!
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