
SolitonSoliton starsstars, , bosonboson constellationsconstellations

and and hairyhairy blackblack holesholes

YakovYakov ShnirShnir

Institut Denis Institut Denis PoissonPoisson, , ToursTours,, 10th 10th MarchMarch, 2022, 2022

ThanksThanks to to mymy collaboratorscollaborators:  :  

J Kunz, J Kunz, C.HerdeiroC.Herdeiro,  ,  

I.PerapechkaI.Perapechka, and E , and E RaduRadu

Phys. Phys. LettLett. B 824(2022)136811 . B 824(2022)136811 

Phys.Lett.BPhys.Lett.B 812 (2021) 136027812 (2021) 136027

Phys.Rev.DPhys.Rev.D 103 (2021) 065009103 (2021) 065009

Phys.Lett.BPhys.Lett.B 810 (2020) 135847810 (2020) 135847

Phys.Lett.BPhys.Lett.B 797 (2019) 134845797 (2019) 134845

JHEP 07 (2019) 109JHEP 07 (2019) 109



OutlineOutline

Boson Stars & QBoson Stars & Q--ballsballs

U(1) gauged boson starsU(1) gauged boson stars

Multipolar Multipolar bosonboson starsstars

Boson stars and hairy Boson stars and hairy BHsBHs

Boson Stars and hairy Boson Stars and hairy BHsBHs in the O(3) sigmain the O(3) sigma--modelmodel

Spinning black holes with  Spinning black holes with  skyrmionicskyrmionic hairshairs

EinsteinEinstein--Maxwell Maxwell BHsBHs with scalar hairswith scalar hairs

DiracDirac starsstars

SummarySummary



QQ--ballsballs

LL == ||∂∂µµφφ||22 −− VV ((||φφ||)) Q = i

�
d3x (φ∂tφ

∗ − φ∗∂tφ)

φφ == ff ((rr))eeiiωωtt Spherically symmetric Q-ball

G. Rosen (1968),G. Rosen (1968),

R. Friedberg, T.D. Lee R. Friedberg, T.D. Lee 
& A. & A. SirlinSirlin (1976)(1976)

S. Coleman (1985)S. Coleman (1985)

QQ == 88ππωω

∞∞��

00

ddrrrr22ff 22

Field equation: dd22ff

ddxx22
++

22

rr

ddff

ddrr
++ ωω22ff ==

11

22

ddVV

ddff
ff ∼∼ 11

rr
ee−−

√√
mm22−−ωω22rr

VV == aa||φφ||22 −− bb||φφ||44 ++ ||φφ||66Potential:

Angular frequency

is restricted: 

ωωmmiinn ≤≤ ωω ≤≤ ωωmmaaxx



QQ--balls stabilityballs stability

Condition of classical stability

(Vakhitov-Kolokolov criteria):

ωω

QQ

ddQQ

ddωω
<< 00

Solution is classically stable if it is a

minimum of energy at a fixed value of charge: 

EE ≤≤ mmQQ

Fission condition: the energy of a single Q-ball must be less than the total energy

of smaller Q-balls that it could fragment to.  

Quantum stablity: there are no negative modes in the

linearized spectrum of fluctuations aroung the Q-ball



FriedbergFriedberg--LeeLee--SirlinSirlin QQ--ballsballs

Q = i

�
d3x (φ∂tφ

∗ − φ∗∂tφ)LL == ((∂∂µµξξ))22 ++ ||∂∂µµφφ||22 −−mm22ξξ22||φφ||22 −− µµ22((11 −− ξξ22))22

Spherically symmetric FLS Q-ballξξ == XX((rr)) ;; φφ == YY ((rr))eeiiωωtt

µµ22 == 11//44

mm22 == 11

µµ22 == 00

mm22 == 11

massivemassive

masslessmassless

XX ∼∼ 11 −− ee−−
√√
µµ22−−ωω22 rr

XX((rr)) ∼∼ 11 −− CC
rr ++ OO((rr−−22))



FriedbergFriedberg--LeeLee--SirlinSirlin QQ--ballsballs

µµ22 == 11//44

mm22 == 11

µµ22 == 00

mm22 == 11

massivemassive

masslessmassless



U(1) U(1) gaugedgauged FriedbergFriedberg--LeeLee--SirlinSirlin QQ--ballsballs

U(1) current:U(1) current: jjµµ == ii((φφDDµµφφ
∗∗ −− φφ∗∗DDµµφφ)) QQ ==

��
dd33xx((ggAA00 ++ ωω))||φφ||22

LL == −− 11

44
FFµµννFF

µµνν ++ ((∂∂µµξξ))22 ++ ||DDµµφφ||22 −−mm22ξξ22||φφ||22 −− µµ((11 −− ξξ22))22

DDµµ == ∂∂µµ ++ iiggAAµµ ,, FFµµνν == ∂∂µµAAνν −− ∂∂ννAAµµ



U(1) U(1) gaugedgauged FriedbergFriedberg--LeeLee--SirlinSirlin QQ--ballsballs

LL == −− 11

44
FFµµννFF

µµνν ++ ((∂∂µµξξ))22 ++ ||DDµµφφ||22 −−mm22ξξ22||φφ||22 −− µµ((11 −− ξξ22))22

ξξ == XX((rr)) ;; φφ == YY ((rr))eeiiωωtt

X

Y

Bubble of the massless charged

complex scalar field φ



Spinning QSpinning Q--ballsballs

φφ == ff ((rr,, θθ))eeii((ωωtt++nnϕϕ)),, nn ∈∈ ZZ

Axially symmetric Q-balls JJ ==

��
dd33xxTT 00ϕϕ == 22nnωωNN 22 == nnQQ

n=1 P-even n=1 P-odd

Volkov & Wohnert (2002)

ff ((rr,, θθ)) == ff ((rr,, ππ −− θθ))

ff ((rr,, θθ)) == −−ff ((rr,, ππ −− θθ))

ParityParity--even solutions:even solutions:

ParityParity--odd solutions:odd solutions:

There are zeros ofThere are zeros of

RadiallyRadially and  angularly and  angularly 

excited Qexcited Q--ballsballs

φφ((rr,, θθ,, ϕϕ)) ∝∝ 11√√
rr
JJll++11//22((ωωrr))YY nn

ll ((θθ,, ϕϕ))

Jl+1/2(ωr), Y nl (θ, ϕ)



Spinning QSpinning Q--ballsballs

n=1,k=1 P-even n=1,k=2 P-even

n=1,k=2 P-odd



QQ--balls interactionballs interaction

Bowcock, Foster & Sutcliffe (2009)

Asymptotic force of interaction:

F = −16ω4 cosαe−2d

The interaction is attractive if the Q-balls are in phase (α = 0),
it is repulsive if the Q-balls are out of phase, (α = π)

Battye & Sutcliffe (2000)

φφ == φφ11 ++ iiφφ22

z

z



LocalisedLocalised solitonssolitons: Gravity : Gravity vsvs KleinKlein--GordonGordon

Pure gravity (attraction)Pure gravity (attraction)Pure gravity (attraction)

LL == −− RR

1166ππGG

Klein-Gordon massive theoryKleinKlein--Gordon massive theoryGordon massive theory

Lichnerowicz (1955): there are black 

holes but there are no gravitational 

solitons, the only globally regular, 

asymptotically flat, static vacuum 

solution to the Einstein eqs with finite 

energy is Minkowski space.

L = |∂µφ|2 + µ2|φ|2

Kaup (1968):  Dispersion can be balanced by the gravitational attraction

Derrek theorem: Complex Klein-Gordon 

theory in 3+1 dim do not admit localised 

soliton solutions.

The Boson Stars:The Boson Stars: φ(r, t) = f(r)eiωt

Stationary spinning configurations:

a way  to evade Derrick’s theorem



Spherical symmetry:

Boson StarsBoson Stars

S =

�
d4x

√−g
�

R

16πG
−|∂µφ|2 − µ2|φ|2

�

RRµµνν −−
11

22
RRggµµνν == 22αα22TTµµνν ;;

��
�� −− µµ22

��
φφ == 00 αα22 == 44ππGG

jjµµ == ii((φφ∂∂µµφφ
∗∗ −− φφ∗∗∂∂µµφφ))U(1) current:U(1) current: QQ ==

�� √√−−ggjjttdd33xx

ds2 = −σ2(r)N (r)dt2 +
1

N (r)
dr2 + r2(dθ2 + sin2 θdφ2)φφ == ff ((rr))ee−−iiωωtt



Boson StarsBoson Stars

S =

�
d4x

√−g
�

R

16πG
−|∂µφ|2 − µ2|φ|2

�

RRµµνν −−
11

22
RRggµµνν == 22αα22TTµµνν ;;

��
�� −− µµ22

��
φφ == 00 αα22 == 44ππGG

jjµµ == ii((φφ∂∂µµφφ
∗∗ −− φφ∗∗∂∂µµφφ))U(1) current:U(1) current: QQ ==

�� √√−−ggjjttdd33xx

Axial symmetry:  φφ == ff ((rr,, θθ))eeii((mmϕϕ−−ωωtt)) Volkov & Wohnert (2002), 

Kleihaus, Kunz and List (2005)



FLS Boson StarsFLS Boson Stars

Friedberg-Lee-Sirlin model (1976):  

LLmm ==
11

22
((∂∂µµξξ))

22
++ ||∂∂µµφφ||22 ++ mm22ξξ22||φφ||22 −− µµ22

��
11 −− ξξ22

��22

ξξ == XX ((rr,, θθ)),, φφ == YY ((rr,, θθ))eeiiωωtt++nnϕϕ

ddss22 == −−FF00ddtt22 ++ FF11
��
ddrr22 ++ rr22ddθθ22

��
++ rr22 ssiinn22 θθFF22

��
ddϕϕ −− WW

rr
ddtt

��22



HeadHead--on collision of the EKG boson stars on collision of the EKG boson stars 

(full 3d simulations)(full 3d simulations)

Reproduced by courtesy of  
Carlos Herdeiro and  Pedro de Alfonso 

Repulsive channel



Boson ConstellationsBoson Constellations

Herdeiro, Kunz, 

Perapechka, Radu & YS (2020)

11√√−−gg
∂∂

∂∂rr

��
ggrrrr
√√
−−gg ∂∂ff

∂∂rr

��
++

11√√−−gg
∂∂

∂∂θθ

��
ggθθθθ
√√
−−gg ∂∂ff

∂∂θθ

�� ��
nn22ggϕϕϕϕ −− 22ggϕϕtt ++ ωω22ggtttt

��
ff == µµ22((ff ))

S =

�
d4x

√−g
�

R

16πG
−|∂µφ|2 − µ2|φ|2

�

YYllmm((θθ,, ϕϕ)) ==
√√

22

��
((22ll ++ 11))

44ππ

((ll −−mm))!!

((ll ++ mm))!!
PPmmll ((ccooss θθ)) ccoossmmϕϕReal Real sphericalspherical harmonicsharmonics

Perturbative excitations of the scalar field are seeds

for bounded configurations of the multiboson stars

ff ((rr,, θθ,, ϕϕ)) ∼∼ 11√√
rr
JJ11//22++ll((−−iirr

		
µµ22 −− ww22)) YYllmm((θθ,, ϕϕ))

φφ == ff ((rr,, θθ,, ϕϕ))eeiiωωtt



C.Herdeiro,J.Kunz, E Radu, 

Perapechka & Y Shnir (2020)

Boson ConstellationsBoson Constellations



φφℓℓ++11,,ℓℓ,,11 dipole

quadrupole

sextipole

ParityParity--even solutions: even even solutions: even ll

ParityParity--odd solutions:  odd lodd solutions:  odd l

GrossGross--PitaevskiiPitaevskii equation with localizing potential:equation with localizing potential:

iΨt = −Ψ + Ψ|Ψ|2 + V (0r)Ψ; Ψ(0r, t) = e−iµtψ(0r)

N. Boulle et al,
Phys. Rev. A 102, 053307 (2020) 



Chains of Boson Stars:       Chains of Boson Stars:       

SS ==

��
dd44xx

√√−−gg
��

RR

1166ππGG
−−||∂∂µµφφ||22 −− λλ22 ||φφ||22((||φφ||44 −− aa||φφ22 || ++ µµ22))

��

LewisLewis--PapapetrouPapapetrou parametrizationparametrization::

ddss22 == −−ffddtt22 ++
mm

ff

��
ddrr22 ++ rr22ddθθ22

��
++ llrr22 ssiinn22 θθ




ddϕϕ −− oo

rr
ddtt
��22

Herdeiro, Kunz, 

Perapechka, Radu & YS (2021)

φφNN,,11,,00



Chains of Chains of BSsBSs: critical behavior: critical behavior



U(1) gauged Boson StarsU(1) gauged Boson Stars

P.Jetzer and J.J.van der Bij (1989), D.Pugliese, H.Quevedo, J.Rueda and R.Ruffini (2013):  

Boson stars in the Einstein-Klein-Gordon-Maxwell model:

S =

�
d4x
√−g

�
R

16πG
−1

4
FµνF

µν − |Dµφ|2 −µ2|φ|2
�

; Dµφ = ∂µφ−igAµφ

U(1) current:U(1) current: jjµµ == ii((φφDDµµφφ
∗∗ −− φφ∗∗DDµµφφ)) QQ ==

��
dd33xx((ggAA00 ++ ωω))||φφ||22



U(1) gauged FLS Boson StarsU(1) gauged FLS Boson Stars

SS ==

��
dd44xx

√√−−gg
��

RR

1166ππGG
−− 11

44
FFµµννFF

µµνν ++ ((∂∂µµξξ))22 ++ ||DDµµφφ||22 −−mm22ξξ22 ||φφ||22 −− µµ((11 −− ξξ22))22
��

massivemassive

masslessmassless

Gravity 
(attraction)

Gravity Gravity 

(attraction)(attraction)

Electrostatic 
(repulsion)

Electrostatic Electrostatic 

(repulsion)(repulsion)

2 Scalars 
(attraction & 

repulsion)

2 Scalars 2 Scalars 

(attraction & (attraction & 

repulsion)repulsion)



"How the Universe Works" 
(Discovery channel, 2018 )



S Coleman: “Can a black hole have colored hair?”

J Wheeler:  “Black holes have no hair”

S Hawking: “Black holes have hair “

IsraelIsrael’’s theorem:s theorem: Static Einstein-Maxwell black holes are spherically symmetric

‘‘NoNo--hairhair’’ theorem:theorem:
Stationary black holes are completely characterized 

by their mass MM,  charge QQ and angular momentum JJ

1970s- 1980s :



The hairs areThe hairs are::
Other observables apart the mass MM,  
charge QQ and angular momentum JJ

Examples:Examples:

 Einstein-Skyrme theory
 Einstein gravity coupled to Yang-Mills fields
 Self-gravitating U(1) gauged scalar field with non-linearity
 Modified models of gravity
 Higher dimensional theories
 Models in AdS spacetime
 Spinning black holes with matter fields
 etc..

From 1990s… Black holes may have hairs! 



From Boson Stars to Black HolesFrom Boson Stars to Black Holes

Hod (2012), Herdeiro and Radu (2014):  Kerr BHs with scalar hair

no-scalar-hair theorem (Pena & Sudarsky, 1997): there are no static 

black hole analogues of the spherically symmetric regular boson stars

Synchronisation condition: w = mΩH

ζζ == ∂∂ϕϕ ;; ξξ == ∂∂ttTwo Two KillingKilling vectorsvectors:c:c

SymmetrySymmetry of of thethe solutionsolution::

there is no flux of scalar field

into the BH:

χχ == ξξ ++
ωω

mm
ζζ

χχµµ∂∂µµφφ == 00

SuperradiantSuperradiant instability instability of the Kerr of the Kerr 

spacetimespacetime: Black hole bomb mechanism : Black hole bomb mechanism 

Я Зельдович, (1971): Генерация волн вращающимся телом, Письма ЖЭТФ, 14, 270



From Boson Stars to Black HolesFrom Boson Stars to Black Holes

J.P. Hong et al (2020), Herdeiro and Radu (2020):  RN BHs with charged scalar hair

Resonance condition:

SS ==

��
dd44xx

√√
−−gg
��

RR

1166ππGG
−− 11

44
FFµµννFF

µµνν −− ||DDµµφφ||22 −− VV ((||φφ||))
��

;; VV ((||φφ|| == µµ22φφ22−−λλφφ44++ββφφ66

Gauge fixing:Gauge fixing: ggAA00((rrhh)) ++ ww == 00A0(∞) = 0



Kerr black holes with parity odd hairsKerr black holes with parity odd hairs

U(1) current:U(1) current:

LLmm == ||∂∂µµφφ||22 ++ µµ22 ||φφ||22
(Herdeiro & Radu 2014)

jjµµ == ii((φφ∂∂µµφφ
∗∗ −− φφ∗∗∂∂µµφφ))

φφ == ff ((rr,, θθ))eeii((ωωtt++nnϕϕ))

((�� −− µµ22))φφ == 00

ParityParity--even solutions:even solutions:

ff ((rr,, θθ)) == ff ((rr,, ππ −− θθ))

ff ((rr,, θθ)) == −−ff ((rr,, ππ −− θθ))

ParityParity--odd solutions:odd solutions:

(Kunz, Perapechka & Ya S 2019)



ErgosurfacesErgosurfaces

gtt = F 20 − r2 sin2 θF 22W
2 = 0



Boson Stars and hairy Boson Stars and hairy BHsBHs in thein the O(3) sigmaO(3) sigma--modelmodel

Spinning QSpinning Q--lump:lump:

C. Herdeiro, E. Radu, I.Perapechka
and Ya.Shnir,  JHEP 02 (2019) 111S=

�
d4x
√−g

�
R

8πG
−(∂µφa)

2−µ(1−φ3)
�

; (φa)
2 =1

φφ11 == ssiinn ff ccooss((nnϕϕ ++ ωωtt));; φφ22 == ssiinn ff ssiinn((nnϕϕ ++ ωωtt));; φφ33 == ccooss ff

SO(2) current:SO(2) current: jjµµ == −−φφ11∂∂µµφφ22 ++ φφ22∂∂µµφφ11

ds2 = −F0(r, θ)dt2 + F1(r, θ)
�
dr2 + r2dθ2

�
+ F2(r, θ)r2 sin2 θ [dϕ−W (r, θ)dt]2



Gravitating Gravitating SkyrmionsSkyrmions

SS ==

�� ��
RR

αα22
++ LLSSkk

��√√−−ggdd44xx

Spherical symmetry: ds2 = −σ2(r)N (r)dt2 +
1

N (r)
dr2 + r2(dθ2 + sin2 θdφ2)

LSk =
1

2
Tr

�
∂µU∂

µU†
�

+
1

4
Tr


�
U†∂µU,U

†∂νU

2�

+ µ2Tr (U − I)

The The SkyrmeSkyrme field:field:

UU :: SS33 →→ SS33
UU ((00rr,, tt)) −−−−−−→→rr→→∞∞ II



Black holes with  Black holes with  skyrmionicskyrmionic hairshairs

(Luckock and Moss, 1986, Bison 1992,

Shiiki and Sawado, 2005)

SkyrmionSkyrmion sizesize RRSkSk ~ (~ (eeFFpp) ) 
--11 vsvs Schwarzschild Schwarzschild radiusradius RRSchSch= 2M= 2MSkSkG; G; 

MMSkSk ~~ FFppee--1               1               RRSkSk ~~ RRSchSch asas FFpp ~ ~ MMPlPl = G = G --1/21/2

Hairy black hole – event horizon inside Skyrmion



Gravitating Gravitating isospinningisospinning SkyrmionsSkyrmions

T.Ioannidou, B.Kleihaus and J.Kunz

Phys.Lett. B643 (2006) 213

ππ11 == φφ11 ccooss((nnϕϕ ++ ωωtt));; ππ22 == φφ11 ssiinn((nnϕϕ ++ ωωtt));; ππ33 == φφ22 ;; σσ == φφ33

UU ((rr)) == σσ ++ ππaa ·· ττ aa

LewisLewis--PapapetrouPapapetrou parametrizationparametrization::

I.Perapechka and Ya.Shnir

Phys.Rev. D96 (2017) 125006
Generalized EinsteinGeneralized Einstein--SkyrmeSkyrme model:model:

SS ==

�� ��
RR

αα22
++ LLSSkk

��√√−−ggdd44xx

Potential                      µµ22((11 −− σσ22))

LLSSkk == LL22 ++ LL44 ++ ccLL66 ++ LL00

Asymptotic expansion:Asymptotic expansion:

ddss22 == −−ffddtt22 ++
mm

ff

��
ddrr22 ++ rr22ddθθ22

��
++ llrr22 ssiinn22 θθ




ddϕϕ −− oo

rr
ddtt
��22

ff ≈≈ 11 −− 22MMGG

rr
++ OO

��
11

rr22

��
,, oo ≈≈ −− 22JJGG

rr22
++ OO

��
11

rr33

��

PionPion clouds:clouds: φφ11 == ssiinnHH((rr,, θθ));; φφ22 == 00;; φφ33 == ccoossHH((rr,, θθ))

Q=1             

Q=0             



SkerrmionsSkerrmions

U = σ I+ τa · πa π1 + iπ2 = φ1(r, θ)ei(mϕ−wt), π3 = φ2(r, θ), σ = φ3(r, θ)

Synchronisation condition: w = mΩH

The event horizon angular velocity: ΩH =

	
M2
Kerr − 4r2H

2MKerr(MKerr + 2rH)

Q density E density J density

ΩΩHH == 00..9955,, MMKKeerrrr == 00..0044

LLmm == LL22 ++ LL44



SkerrmionsSkerrmions (Topological sector)(Topological sector)

Line element (with backreaction):

ds2 = −F0(r, θ)dt2 + F1(r, θ)
�
dr2 + r2dθ2

�
+ F2(r, θ)r2 sin2 θ [dϕ−W (r, θ)dt]2

SS ==

�� ��
RR
αα22

++ LLSSkk
��√√−−ggdd44xx

BH hairiness:  p = MH/M p=1 p=1 →→ Kerr BHKerr BH p=0 p=0 →→ GraviSkyrmeGraviSkyrme

(Herdeiro, Perapechka, Radu & Ya S 2018)



SkerrmionsSkerrmions ((PioPion n cloudsclouds))

U = σ I+ τa · πa

α = 0.5

π1 + iπ2 = sin f(r, θ)ei(mϕ−wt), π3 = 0, σ = cos f(r, θ)

U(1) U(1) NoetherNoether charge:charge: J = mQ



SkerrmionsSkerrmions ((PioPion n cloudsclouds))

U = σ I+ τa · πa

α = 0.5

π1 + iπ2 = sin f(r, θ)ei(mϕ−wt), π3 = 0, σ = cos f(r, θ)

ErgosurfacesErgosurfaces::

Type II boson stars with ergoregion

Type I hairy black holes

Type III hairy black holes

gtt = F 20 − r2 sin2 θF 22W
2 = 0



DiracDirac starsstars

LLmm == −−ii 11

22

��
γγµµDDµµ

¯̄ΨΨΨΨ −− ¯̄ΨΨγγµµDDµµΨΨ
��

++ µµ ¯̄ΨΨΨΨ

FermionicFermionic current:current: jjµµ == ¯̄ΨΨγγµµΨΨ ¯̄ΨΨ == eeii((mmϕϕ−−ωωtt))((ψψ11,, ψψ22,,−−iiψψ∗∗11 ,,−−iiψψ∗∗22 ))

(Herdeiro, Perapechka, Radu & Ya S 2019)

e
0
µdx

µ = eF0dt , e
1
µdx

µ = eF1dr ,

e2µdx
µ = eF1rdθ , e3µdx

µ = eF2r sin θ
�
dϕ− W

r dt
�

Metric tetrad:Metric tetrad:

ds2 = ηab(e
a
µdx

µ)(ebνdx
ν)

γα = eαµγ
µ

DDµµΨΨ == ((∂∂µµ −− ΓΓµµ))ΨΨ



U(1) gauged U(1) gauged DiracDirac starsstars

FermionicFermionic current:current: jjµµ == ¯̄ΨΨγγµµΨΨ

(Herdeiro, Perapechka, Radu & Ya S 2022)

ds2 = ηab(e
a
µdx

µ)(ebνdx
ν)

γα = eαµγ
µ

LLmm == −−ii 11

22

��
γγµµDDµµ ¯̄ΨΨΨΨ −− ¯̄ΨΨγγµµDDµµΨΨ

��
++ µµ ¯̄ΨΨΨΨ

DDµµΨΨ == ((∂∂µµ −− ΓΓµµ ++ iiggAAµµ))ΨΨS =

� �
R

α2
− 1

4
FµνF

µν + Lm
�√−gd4x

Angular momentum:Angular momentum: JJ == mmQQ
magnetic dipole moment:magnetic dipole moment:

gyromagnetic ratio

µµ == gg
QQJJ

22MM

One particle condition:  Q=1



There are  new regular solutions of the EKG model which represent 

multipolar BSs with a well defined multicomponent structure.

There is certain similarity with multicomponent configurations in the 

macroscopic Bose-Einstein condensates.

The morphologies of the energy density of the multipolar boson stars is 

similar to those of the probability density of the hydrogen atomic orbitals. 

The hairy black holes are necessarily spinning,  the internal rotation 

(isorotation) must be synchronous with the rotational angular velocity of the 

event horizon. 

We constructed spinning Dirac stars, they possess non-zero angular 

momentum J=nQ with half-integer n. 

U(1) gauged multicomponent boson stars, AdS4 spacetime, possible link to the 

flat space solutions, BEC… etc

SummarySummary





Thank you!Thank you!



EinsteinEinstein--deTurckdeTurck EquationsEquations

(M. Headrick, S. Kitchen and T. Wiseman, Class. Quant. Grav. 27

(2010) 035002)

Elliptic Einstein-de Turck equations:

DeTurck choice of     :ξξ

Spacetime metric: ddss22 ==ff11((rr,, θθ))
ddrr22

NN ((rr))
++ SS11((rr,, θθ))((rrddθθ ++ SS22((rr,, θθ))ddrr))22

ff22((rr,, θθ))rr22 ssiinn22 θθddφφ22 −− ff00((rr,, θθ))NN ((rr))ddtt22

ddss22 ==
ddrr22

NN ((rr))
++ rr22((ddθθ22 ++ ssiinn22 θθddφφ22)) −− NN ((rr))ddtt22Reference metric:

(e.g. Schwarzschield)

Have to verify Have to verify a posterioria posteriori that  that  ξξ= 0, = 0, 

to get a solution to Einstein equationto get a solution to Einstein equation

Rµν −∇(µξν) − Λgµν = 2α2Tµν

ξξµµ == ggννρρ
��
ΓΓµµννρρ((gg)) −− ¯̄ΓΓµµννρρ((gg))

��
Reference metric




