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DYNAMICAL BOSONIC STARS:

Bezares, M., & Sanchis-Gual, N. (2024). Exotic compact objects: a recent numerical-relativity
perspective. arXiv preprint arXiv:2406.04901.
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Cardoso, V., & Pani, P. (2019). Living Reviews in Relativity, 22(1), 1-104.
Cardoso, V., Hopper, S., Macedo, C. F., Palenzuela, C., & Pani, P.

EXOTIC COMPACT OBJECTS e sctissarmirsapine i 220605540
» To what extent are all astrophysical, dark, compact objects
both black holes and described by the Kerr geometry?

» ECOs: Involve extreme gravitational fields and may be the
key to understand outstanding puzzles in fundamental
physics.

» From dark matter to quantum gravity: Wormholes,

scalarized BHs, gravastars, fuzzballs, quark stars, boson
stars....

» In this talk | will focus on boson stars.
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WHAT ARE BOSON STARS?

Kaup, D. J. (1968). Klein-gordon geon. Physical Review, 172(5), 1331.

Ruffini, R., & Bonazzola, S. (1969). Systems of self-gravitating particles in general
relativity and the concept of an equation of state. Physical Review, 187(5), 1767.

Jetzer, P. (1992). Boson stars. Physics Reports, 220(4), 163-227.

Brito, R., Cardoso, V., Herdeiro, C. A., & Radu, E. (2016). Proca stars: gravitating Bose—
Einstein condensates of massive spin 1 particles. Physics Letters B, 752, 291-295.

» Scalar boson stars and its vector “cousins”, known as Proca stars, are
made of massive particles with integer spin following the Bose-Einstein
statistics: ultralight bosons.

» Atthe lowest energy level state can be classically described by a

wavefunction, characterized by the particle mass .

» Considering a complex scalar field with harmonic dependence:

w(t,r) = yYr(r, D) + iy, (r, ) = yy(r) e

—iwt

» The star forms a stationary, soliton-like solution.



ON THE STABILITY OF BOSON
AND PROCA STARS

* Cunha, P. V., Font, J. A., Herdeiro, C., Radu, E., Sanchis-Gual, N., & Zilhao, M.
(2017).

Lensing and dynamics of ultracompact bosonic stars. Physical Review D, 96(10),
104040.

« Escorihuela-Tomas, A., Sanchis-Gual, N., Degollado, J. C., & Font, J. A. (2017).
Quasistationary solutions of scalar fields around collapsing self-interacting
boson stars. Physical Review D, 96(2), 024015.

- Sanchis-Gual, N., Herdeiro, C., Radu, E., Degollado, J. C., & Font, J. A. (2017).
Numerical evolutions of spherical Proca stars. Physical Review D, 95(10), 104028.
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2 Pani, P. (2019). Axion boson stars. Journal of
M max O . 633 M Planck / ,u Cosmology and Astroparticle Physics, 2019(09), 061.

Liebling, S. L., & Palenzuela, C. (2017).
Dynamical boson stars. Living Reviews in
Relativity, 20(1), 5.
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BOSON AND PROCA STARS

Neutron stars

1.0020 . - . .
—— BSSN
------ fCCZ4 (x,M=0)
L Lo -~ fCCZA (k,M=0.098) |
e fCCZ4 (1, M=0.28)
_1.0000 | | ;
(o8 LY L | u * “""
_':\rnj," - 'I g v ,- ,-"‘Nl,\t \H
< o O
0.9990 ! &i |||I il I| '| Ll | ll ﬁ i "‘ 1 ﬂ “ }i | :‘V
d F Y { v 'l |' ( ||' l‘u: '||" v I'j u l':l [ l‘ ,1' v ‘ \ ‘ [ \
Lo ¥wﬂfvv\'¢u¥bvh
0.9980 | 7
0.9970 :
1.00
5 —— BSSN
0.80 | S e 74 (k,=0)
i: ----- 74 (k,=0.02)
" e 74 (k,=0.07)
2060 | n Z4 (k=0.2)
2 ;
g |
S 040 A
020 !
0.00 ‘ A ‘ ‘ ‘
0 100 200 300 400 500
Time

Boson stars

0.02005 |
A=0 —
A =100 —
0.02004 '
0.02003 -
50.02002
=
©0.02001 |
0.02000
DIREEg 1000 2000 3000 4000 5000 6000
t
2.5
B : Msc Mbh """"
E Msc_Mbh """"
2.0¢
H: M, My -------
K: MSC Mbh
1.5+
_ .
1.0
I
0.0L ‘ ‘
0 100 150 200




DYNAMICAL BOSONIC STARS AND GRAVITATIONAL WAVES

BOSON AND PROCA STARS

Prolate (3)

Spherical and prolate Proca stars

Spherical (7)
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BOSON AND PROCA STARS
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Herdeiro, C. A. R., Radu, E., Sanchis-Gual, N., Santos, N. M., & dos Santos Costa Filho, E. (2024). The non-spherical
ground state of Proca stars. Physics Letters B, 852, 138595.
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SPINNING BOSONIC STARS -

= 1r
a
<
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=

05

» The Proca field ansatz:

0

05 0.6 0.7 0.8 09 1
w/n

H, N . (o
A = | —dr + H,d0 + iH, sin Odg + iVdt | e""#~*)
r

» and the scalar field ansatz:

y(t, 7,0, 9) = R(NO,(0) "7~



Time:1032.53 Time:1066.67 Time:1109.33

Sanchis-Gual, N., Di Giovanni, F., Zilhao, M., Herdeiro, C., Cerda-Duran, P., Font, J.
A., & Radu, E. (2019). Nonlinear dynamics of spinning bosonic stars: formation and
stability. Physical review letters, 123(22), 221101.
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Sanchis-Gual, N., Di Giovanni, F., Zilhao,
M., Herdeiro, C., Cerda-Duran, P., Font, J.
A., & Radu, E. (2019). Nonlinear
dynamics of spinning bosonic stars:
formation and stability. Physical review
letters, 123(22), 221101.
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Table 1: Bosonic stars. Non-radial (in)stability of mini-bosonic stars on the stable
branch.

Static Static Rotating Rotating
Classes f=m=0 f=1,m=0 f=1,m==x1 £=2,m=%2

Scalar Stable Unstable table ' Unstable
Proca  Unstable |




A STABILIZATION
MECHANISM
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MULTI-STATE BOSON STARS AND MIXED STARS

Bernal, A., Barranco, J., Alic, D., & Palenzuela, C. (2010). Multistate boson stars. Physical Review D, 81(4), 044031.

Fabrizio Di Giovanni et al (2021), A stabilization mechanism for excited fermion-boson stars, Class. Quantum Grav. 38 194001
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FIG. 1 (color online). Ground-1st excited configuration for
¢,(0) = 0.0197 and fraction n = 1. The upper panel corre-
sponds to the initial profiles of the two scalar fields, and the
lower panel, to the lapse function & and the conformal factor W.
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FIG. 6: Late-time snapshots of the radial profile of the mod-
ule of the scalar field ¢ for models MS10 (top) and MS15
(bottom). The dashed black lines indicate the profiles of the
corresponding static models with similar p. and ¢..



DYNAMICAL BOSONIC STARS AND GRAVITATIONAL WAVES

v -

1.e-05

Time = 0

Time = 0

N2
0.0002 @ -
9.e-05 1 -
— .

0

Time = 2048

0

Time = 3072

L)

Time = 6144

0.00045

2005
0.0002 l’rrin\lnhlhl_\

0.0002

' 9.e-05 1.e-05
)

Time = 4096

0
0.0003 et

0.0002 2608
' 9.0-05 1.6-05 w/u=0.97
0, 0.
Time = 6144

0.975 0.98
Wo/lL

I/ Tinstability

Time = 7168

0.00015

w4/u=0.98

SATURN

0.0002
' 9.e-05

Time = 8]{;2 Time = 92i6
0.969
0.0002 505
'o.s--ns '.u-r.-s -
Time = n(;i_73.4 —— ||3'73_4 Time = 11878.4 Sanchis-Gual, N., Di Giovanni, F., Herdeiro, C., Radu,
E., & Font, J. A. (2021). Multifield, Multifrequenc
Bosonic Stars and a Stabilization
‘ . @ Mechanism. Physical Review Letters, 126(24), 241105.
0.0002 8005 ﬁ%9
' 9.0-05 ' 4.0-05 27
0. -0,0064

0.




y lem)

y lem)

y lem)

y

ylem)

Bosonic dark matter and unstable rapidly

rotating neutron star: impact on the

TINE : 0.0 ms

instability and gravitational wave emission.

60k
- _ - -
é‘E :g‘t JI‘-:
é,\ :“\ :‘-
4 E i i
mg— le-5 gde=s
(cm] lem) le6 o
TIME (xr- T46 ms ‘ Yok TINE . 37 925 e m=2 u13 Ul3-e
4{ — m=l 6
) ’ - 12
2 E § E_ 4-
> = _ = | = 2 '
. : : g ol L) | ||||l|| L0
: g % T -
4 ¢ : t 02 ¢ 2
0 2 4 4 2 0 2 -2
x m] 1eb x [em] 1e6 -4
AL TIME : 43343 e
4 -4 -6 m=2

-4

-1

10
2 on "
0 e
-3 04 :l
02 3

80 100 120 20 a0 60 80

t= rex (MS) t=rox (MS)

20 40

cm)

y lem)

%
Swrouty [gem ™)

ety [gem=*)

le-5
— m=2 U13-d

le-5

mass Sarmuty [gem ™)

mass

x fem) leb

e
" u o
> o o =)
EEE——— . EE——————— - EES——— . S - [
o o - S O 9O o o o O o -~ o
oo e o w2
mass dermity [oom ) /e ]
o
. h o- N
)
@
(=]
.-
o
o
.
~N =
S
—

1
TIME n ~._ e 1nt 1ot TIME - GB9%5 my w10
!
4 10 __ — — : —
12
. 0g i . E ( ¢
‘ 4 ¢ 4 108 ‘ 0B
0 062 E o g5 0§ E os ¥
. 04ag T 3 0s¥ ,
. 4: < : : -2 :
022 2 02 g £
4 2 0 2 4
% fem) 1t % lom) le6
1 Sl %10 T3 )i y TIME : 131.0 m ) " y Y Y y . > i - v ’ y y . ;
e 153 S84 s i 0 lat 1018 & o 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120

‘ 10_ — 12—~ 4 o t—rex (Ms) £~ faur (MS)
- 0g s § . £ . 12 E
‘ A 4 Vs ‘ LB
s . » 1082
- 06 =i & ! na & b &
° a2 a2 me L0 0% %
nz 3 ? 0 E 02 E
— = = - e

-4 -2 0 2 i
% jcem) 10

Di Giovanni, F., Sanchis-Gual, N., Guerra, D., Miravet-Tenés, M., Cerda-Duran, P., & Font, J. A. (2022). Impact of
ultralight bosonic dark matter on the dynamical bar-mode instability of rotating neutron stars. Physical Review
D, 106(4), 044008.
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Di Giovanni, F., Sanchis-Gual, N., Cerda-Duran, P., Zilhao, M., Herdeiro, C., Font, J. A., & Radu, E. (2020).
Dynamical bar-mode instability in spinning bosonic stars. Physical Review D, 102(12), 1240009.
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EXCITED BOSON STARS
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Brito, M., Herdeiro, C., Radu, E., Sanchis-Gual, N., & Zilhao, M. (2023). Stability and physical properties of
spherical excited scalar boson stars. Physical Review D, 107(8), 084022.



MERGERS OF BOSONIC STARS

Palenzuela, C., Olabarrieta, I., Lehner, L., & Liebling, S. L. (2007). Head-on collisions of boson stars. Physical Review
D, 75(6), 064005.

Palenzuela, C., Lehner, L., & Liebling, S. L. (2008). Orbital dynamics of binary boson star systems. Physical Review

D, 77(4), 044036.

Bezares, M., Palenzuela, C., & Bona, C. (2017). Final fate of compact boson star mergers. Physical Review D, 95(12),
124005.

Palenzuela, C., Pani, P., Bezares, M., Cardoso, V., Lehner, L., & Liebling, S. (2017). Gravitational wave signatures of
highly compact boson star binaries. Physical Review D, 96(10), 104058.

Bezares, M., & Palenzuela, C. (2018). Gravitational waves from dark boson star binary mergers. Classical and Quantum
Gravity, 35(23), 234002.

Evstafyeva, T., Sperhake, U., Helfer, T., Croft, R., Radia, M., Ge, B. X., & Lim, E. A. (2023). Unequal-mass boson-star
binaries: initial data and merger dynamics. Classical and Quantum Gravity, 40(8), 085009.

Croft, R, Helfer, T., Ge, B. X., Radia, M., Evstafyeva, T., Lim, E. A,, ... & Clough, K. (2022). The Gravitational Afterglow of
Boson Stars. Classical and Quantum Gravity.

Siemonsen, N., & East, W. E. (2023). Binary boson stars: Merger dynamics and formation of rotating remnant

stars. Physical Review D, 107(12), 124018.
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FIG. 2. Coalescence of binary BSs: Snapshots in time of the Noether charge density in the orbital plane. Each row corresponds to a
different compactness (from top to bottom: 0.06, 0.12, (.18, and 0.22). The collision of the stars happens at different times due to the
different initial conditions and compactness of cach case. Note the emission of two scalar blobs in the third panel of the C = 0.12 case.

Palenzuela, C., Pani, P., Bezares, M., Cardoso, V., Lehner, L., & Liebling, S. (2017). Gravitational wave signatures of
highly compact boson star binaries. Physical Review D, 96(10), 104058.
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Parameter g = 1 model ¢ # | model

Waveform model

log B log ACMa:.-:

Quasi-circular Binary Black Hole
Head-on Equal-mass Proca Stars
Head-on Unequal-mass Proca Stars
Head-on Binary Black Hole

80.1
80.9
82.0
75.9

105.2
106.7
106.5
103.2

TABLE I. Bayesian evidence for our GW190521 source
models. We report the natural Log Bayes Factor obtained
for our different waveform models and corresponding maxi-
mum values of the Log Likelihood. We note that parameter
estimation codes are not designed to find the true maximum
of the likelihood, so that the values we report should be con-

sidered as approximate.

Primary mass 11570 Me 1157 M5
Secondary mass 1157, Me 11177 Mo
Total / Final mass 231713 M. 228711 M,
Final spin 0.75°00: Mg 0.7570 03
Inclination 7/2 — |t — 7 /2| 0.83707% rad 0.5870%% rad
Azimuth 0.6570%% rad 0.787)% rad
Luminosity distance 5717358 Mpe 7007252 Mpe
Redshift 0127003 0.14700%
Total / Final redshifted mass 25875 My 2617 Mo
Bosonic field frequency w/pyv  0.89370 012 (#)0.9057) 043
Boson mass gy [x107 7] 872105 eV 8597027 eV
Maximal boson star mass 173718 Me 1757 Mg
Evidence for (2,0) mode log B~ 0.6 —

TABLE 1I. Parameters of GW190521 assuming a head-
on merger of Proca stars. In the the first column we as-

sume equal masses and spins. In the second column we allow
for unequal masses, fixing the primary oscillation frequency
to w1 /v = 0.895 and varying the second on an uniform grid.
We estimate the secondary oscillation frequency wa/pyv. We
report median values and symmetric 90% credible intervals.
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TABLE 1I. Parameters of GW190521 assuming a head-
on merger of Proca stars. In the the first column we as-

, | sume equal masses and spins. In the second column we allow
[ - for unequal masses, fixing the primary oscillation frequency
to w1 /pyv = 0.895 and varying the second on an uniform grid.

JJ —l_‘ We estimate the secondary oscillation frequency wa/pyv. We
| | report median values and symmetric 90% credible intervals.
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objects: the case of head-on mergers of
equal-mass Proca stars. arXiv preprint
arXiv:2404.01395.
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CONCLUSIONS

» Dynamical robustness of exotic compact objects.

» Gravitational waves from BS binaries could be used to
detect ultra-light boson particles (GW190521 and others).

» GW190521 has brought us in the realm of what are we
really observing.

» Low significance trigger $200114
» More waveforms are needed. Surrogates.

» Is there (ultra-)light in the dark?
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