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Introduction

The “no-hair” original idea (1971):

the (equilibrium) Black Holes are uniquely determined by (M,J,Q) -
(asymptotically measured quantities subject to a Gauss law)
and no other independent characteristics (hair)

Can have a different mass quadrupole, etc...




Introduction

The “no-hair” original idea (1971):
the (equilibrium) Black Holes are uniquely determined by (M,J,Q) -

(asymptotically measured quantities subject to a Gauss law)
and no other independent characteristics (hair)

The idea is motivated by the unigueness theorems
and indicates that black holes are very special objects

... but two
black holes

with same

M, J...

4 Two stars
i ! with same
N i

Oy M J

Can have a different mass quadry

...must be exactly equal...
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mass

7
The “no-hair” original idea (1971): /

the Black Holes are uniquely determined by (M,J,Q)
A

angular momentum

(Kerr black hole)
electric charge
(Reissner-Nordstrom black hole)

4 )

e various no-hair theorems
* loopholes?

» hairy Black Holes

« active field of research

maximal set:
i, J, @ - =




(11 I 1 2 3 .
the “no-hair” conjecture: no hair theorem:

the Black Holes are uniquely determined by (M,J,Q) Pena-Sudarsky (1997)

(i) rotation: Kerr black hole with scalar hair

]TIJ

OO — U(|W]
160G o ¢ (1))

S = | / d*r\/—g [

numerics
(Herdeiro and Radu 2014)

1]

vacuum Kerr
Is a solution (¥%=0)

existence proof:
Chodosh&Sp\lapentokh-Rothman

=

regular, stationary, asymptotically flat black holes
with scalar hair

likely the simplest example of hairy Black Hole




spinning black holes only!

H ~ Fi{mgﬂ—wt]

. Oy
w I‘“““"I
synchronization condition: w=mQy (zero flux)
X

[ general mechanism! } \

event horizon angular velocity
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The “no-hair” conjecture: no hair theorem:

the Black Holes are uniquely determined by (M,J,Q) Mayo-Bekenstein (1996)

(ii) efectric charge: Reissner-Nordstrom
black hole with (gauged) scalar hair

) 1 . . .
B lp Fef _powtDow — U(|w))
167G 4

S = / dtr\/—g [

I)ﬂ U = ((—)(1 — *Ft"{fflﬂ ) i

numerics

(Herdeiro and Radu 2020) Reissner-Nordstrom black hole

Is a solution (y=0)

regular, static, asymptotically flat black holes
with gauged scalar hair




U o~ et charged black holes only!

gauge coupliing constant electrostatic (chemical) potential



folklore:

rotating black hole with scalar hair

Rotation{—)Electric charge

charged black hole with scalar hair

W « ¥ P b
Sy oo N M ™ N \ i s
'| [ {1\ \ \ \ [ \ ; i =
ll { \ | \ .;_j \\. .j \“ \‘l" { \k JI“ % | \,\ f '|\ f 2 . — -
synchronization _ resonance W = qb
condition: w=mily condition: /
\ /

——

Q: any similarities? common origin?

A: Yes! In a Kaluza-Klein setting




general idea:

[use a Kaluza-Klein framework! }

dsg = e_”’w(m)dsﬁ 1 e2a¥(T) (dz + ZAi(LE)dLEi)Q

sth dimension

Kaluza
and Klein

W (1920s)

dimension

3-space 3-space



general idea:

[use a Kaluza-Klein framework! J

dsg = e_”’w(m)dsﬁ 1 e2a¥(T) (dz + ZAi(LE)dLEi)Q

Kaluza
and Klein
(1920s)

1 1 o .
“RW _ — AW R 5 maw]

4 4

1
Sy /d%m/ —g4) [



general idea:

[use a Kaluza-Klein framework! ]

/ D=5: rotation

dsz = E_W’D(I)dsﬁ + e2av(x) (dz + 2A;(x)da")?

Rotation(——)Electric charge

D=5 black holes with D=4 black holes with
synchronized scalar hair | UL resonant scalar hair

w = mQyy w = qP



extend the KK model for a D=5 complex scalar field:

dsg — o~ W(2) dsz + e2a¥(z) (dz +2A4; (m)dmi)g .

with ds? = ggj(m)dmidmj and a =

1 A 1 1
— _o@) | I pd) _ 2 Bap pid 25 0590
§1= 1o fMd v/ —g [4R N FY = SOty
1 |
- 597 (Ditﬁfﬂjé + Dj'iIJ*D.i@) - U(|<1>|,¢)] |
qszzk

U (1], 1) = p2 0™ 4 ke |32
Iy = Dj =0, —iq. A,

\ gauge derivative /




the concrete construction:

use a particular ansatz which factorizes the angular dependence (ODES)

ds* = —Fo(r)dt* + Fi(r)dr® + Fa(r) (o] + 03) + Fa(r)(o3 — 2W (r)dt)*

o1 = cosdf 4 sintsin fdyp

09 = —sin 'df + cos ) sin fdp
aq = di) + cos Hdy.

no scalar field ——— >the Kaluza-Klein monopole (vacuum background)

NUT parameter

Rexy :
ds* = (1 + —) [dr?® 4 r*(d6” + sin® 6d?)] + IT; ~ (dip + cos fdyp)? — dt*
T =

N— 7
—

k the Taub-NUT instanton (Hawking 1977) /




the (vacuum)Taub-NUT instanton uplifted to D=5 C——> soliton

A
-~ N

2N 4AN*

ds* = (1 + —) [dr?® 4 r*(d6” + sin® 6d?)] + o (dvp + cos Bdyp)? — dt*

T

4 4

1 1 .
[/ Lo Lo

» the Gross-Perry--Sorkin magnetic monopole (1983)
A = Ncosfdyp




» the (vacuum)Taub-NUT instanton uplifted to D=5
solitonic solution (no horizon, no singularities)

i = (1422 [dr?® 4 r*(d6” + sin® 6d?)] + Al (dvp + cos Odp)* — dt*
= . P T+ X P

'

_ (1T g2 2N dr* 20102 1 win2 02 4N* - 2
ds = (1 T)dt—l—(l—l— T)L_,_..h—l—'r(dt? + sin t?d\p)—l—lJrE(dw—l—cnsé?dgo)

r r

ds* = —Fo(r)dt* + Fi(r)dr® 4+ Fa(r) (07 + 03) + Fa(r)(oz — 2W (r)dt)*

. ) £
« our work: Sin ge™ "2\ (% _wi)
T 26 F-wt)
add scalar hair o) ( Oeis ) ‘




the ansatz used in numerics C——> a set of ODEs

_rg 4 4 2
d32 _ _EZFo(r)udtQ + €2F1(1“}H( ) (1 + T_H) [d?‘2 + T2 (J% + O_%)] + EZFQ(T}ﬂ[G‘Q _ ZW(T)dﬂz
(1+22)? :

r

H(r)

150 F
qilm =
=

Boson Stars
50 &xﬂ‘enmi HBHs 1 i
vacuum BHs
0 0.92 0.96 |
W/

the domain of existence of solutions
(some universal features)



N\

(" b=s5 = rotation )

G
= —Fo(r)dt* + Fi(r :r"EQ;%'-' (o1 4 03) + Fa(r)(oz — 2W (r)dt)?

2

U = ¢(f) ( sin 29B :fi ) ei(%_wt),

2
CcOs 26

one can map
the properties

Oy = D; =0, —1q: A,

explicit construction w=my = W‘TH =qsP




playing with EKG vortices

(i) D=4 gauged Boson Stars from D=5 (ungauged) solutions

2

d _ 2\ o —twt
ds? = e~ 2¥(r) (—e—%(ﬂN{r)dﬁ + NTT} +?~2d93) g2 W =o(r)e

t =cosha I"—sinha Z
where v € R

2 =cosha 7 —sinha T l;OOSt

sinh « cosh

25(r)

V(r) = (e—Qa(rj—E,w(r}N(T) _ 1)




playing with EKG vortices

(i) D=4 (ungauged) Boson Stars in a Melvin magnetic universe

2

N(r)

ds® = e~ V(") (—e_gamN(r)th +

+ ngﬂg) + e2a¥(r) g2

Y — §0—|—Bgz

B(r)e it (r.0) =1 %3 (T)BDT sin? 6.

14

4

—3ai(r) 2 :..2 {2'
A= T Bor sl ) = () + — op A 0)

2a

\ 2A(r. 0)




to summarize:
main message:

f-seemingly different classes of solutions can be related =

« an example: synchronized vs. resonant hairy Black Hole

- rich landscape of Kaluza-Klein solutions

- J

/ an example:

D=4 gauged Boson Stars
(Minkowski asymptotics)

e D=5 Einstein-scalar field <4)Z)ns ‘

— / (generation technique)

7 Y.
? | boson vortices \

many open questions...

D=4 (ungauged) Boson Stars
In Melvin Universe
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Muito obrigado pela vossa atencao!
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