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DARK MATTER'S INVISIBLE INFLUENCE
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They may have non-gravitational interactions,
but no conclusive detection!

' 20,000 30,000
Distance (light-years)

Dark Matter

Many DM candidates:

Leptons

Nuclear Matter Photons Other dark . . . .
electrons, muons, ' . Wave-like Particle-like Macroscopic
quarks, gluons R W, Z, h bosons particles I I ! I >DM Mass
' 102%2eV leV T 10" GeV T 103 ¢g
Thermal DM (WIMP, Primordial BH, etc.
DM Y SIMP, ...), Sterile v, etc.

) . . SM DM 5
Direct Indirect Particle Astrophysical
Detection Detection Colliders Probes

SM DM DM

DM

4/26



Scalar-field dark matter

» Scalar-field DM is well-motivated

» They can form self-gravitating structures

QCD axion

axion-like particles from string-theory compactification

“axiverse”

 Real scalar: oscillatons

Mmax ~ Mgl/,u

u 1s the scalar-field mass

Complex scalar: boson stars (BSs)
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Scalar-field dark matter

Schive 2026
Liv.Rev.Comput.Astrophys

> Fuzzy DM (u~1072%2 — 1072%V): solitonic cores, kpc-scale
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> Heavier scalars (u~1071% — 1071%eV): from solar to supermassive masses

» Exotic compact objects (ECOs) or black-hole (BH) mimickers

Their mergers may produce gravitational waves (GW5s)

> A new observational window!

6/26



BS-BS binary

» Use numerical relativity to study ECO binary mergers and GW signals
e boson star head-on collisions [23, 42, 72, 86, 149, 167, 200, 211]; Cardoso et al. PRD2016 ...
Bezares, @ boson star orbital mergers [47, 49, 50, 95, 129, 210, 212, 240, 251, 252]; Palenzuela et al. PRD2017 ...
?}?;Clhis- e oscillatons (real scalar fields) [148, 265]; Helfer et al. PRD2019, Widdicombe et al. JCAP2020
2406.0490] ® £-boson stars [167];
e axionic boson stars [239];

e Proca stars [66, 67, 231, 236]. Sanchis-Gual et al. PRD2019 ...

Croft, Helfer et al. CQG2023

lo|m?
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BS-BH binary

» However, encounter of BS and BH is inevitable

Clough, Dietrich, Niemeyer PRD2018: oscillaton-BH head-on collisions

20
10 r r r Cardoso, Ikeda, Zhong et al. PRD2022;
Zhong, Cardoso et al. PRD2023
ok B L . i > ==V BS-BH head-on collisions
‘ Large mass ratio, MBs <10
MpH
10 b b I 8 BH accretes more than 95% of the BS
B material
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BS-BH binary

» Comparable-mass BS-BH binary: Very recently!

* May produce distinct GW signatures and initial-data quality is critical

0.07

0.06

0.05

0.04

0.03

0.02

0.01

10 15-15 -10 =5 0 5

X/ M

10 15-15 -10 =5 0 5

X/ M

10 15-15 -10 =5 0 5! 0.00

X/ M

lo

E/M

0.0006 1

0.0005 1

0.0004 1

0.0003 1

0.0002 1

0.0001 1

0.0000 -

® 06 0 o

BH head-on
Mini

Op = 0.3

Op = 0.25
Op = 0.2

Og = 0.15

~

A = 1000

0.15
Cmax

0.05 0.10

0.20

0.25

BS-BH head-on collisions and inspirals
Marks, Staelens, Sperhake 2604.06312

9/26



Outline

[0 Formalism

10/26



Formalism
Model
5= [ aovTg | f - 3 (Ve Vor + V(i)

Solitonic potential

90
oo = 0.2
Noether charge
T = 2 (eVrE — gV ),
N = / d>z\/—gJY,

3 + 1 formulation
ds* = —a’dt* + v;;(dz* + B'dt)(dx’ + B?dt)

Ovi; = —2aK;; + LY,
0,K;; = —D;Dja+a (R + KK;; — 2K, K”;
+47 [(S — p)vij — 2545]) + LKy,
Orp = —all + Ly,
Ol = a (KII+ V'p — D;D'¢p)
— (D;a) D' + LI

H=R+ K? —Kinij — 167p = 0,
Mi EDjKjZ‘—DiK—STFjZ' ZO,

(\
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+AMR

W3" (t, Rex) = / Uy (t, Rex, 0, 9)Yy,, (0,¢) sin0dode,
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Isolated boson star and black hole

» Isotropic coordinates
ds® = —a?(r)dt* + o*(r)d;;dz'da’

> Boson star
p(t,r) = A(r)e™!

Specitying ¢ = A(0)=—>a(r), 1(r), and A(r)

with asymptotically flat boundary conditions

» Black hole
o 1 — MBH/QT
aBH(r) a 1+ MBH/QT’
Mgnu
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with vanishing scalar field
BS, BH — Lorentz boost to velocity v
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Plain superposition and its malaise

Plain superposition Fos BS-BS binary, perturbation §v;; = 75- (') — &4
_ A B_ 5.
|%’j - %’j + %3 5z97| x Yij = ,),3 + ’75' . 5ij Blac;ole
. A mn B nm . ueeze through initial data
_ “ .
Y = PA -+ VB, Possible Highly perturbed star
consequences
II = HA + HB. P N to ty ty
p N ~— ’
A B B/t
Equal mass: Yii = Yij + Yij [~ Vi (Ta)
Malaise metric correction Vinor £ f
* premature collapse B, i A, g perturbations
 unphysical radial 75 (T4) = 75 () — »
oscillations

e alters GW signal
Helfer, Sperhake et al. CQG2022
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Improved superposition

Unequal mass BS-BS binary: conformal-factor correction

Evstafyeva, Sperhake et al. CQG2023

)\ — X 1 ~V7;j — )\ 1 Yij Correction radius
new ’ ¢ ! ¢ wiylx ; J ’
(a: ) (.73 ) wA(ZC ) A ’wB< ) B /ﬁ'—Rﬁ ? J

—wp () )0A(z}) + wp(wh)dA (7))

Anew () = Mah) + 0A(zh) = A () A S @ wn(rh) — wa(rh)ws(zh)
Anew (2) = A(zh) + 0A(zh) = Ap(2h) - ; wa (24)0N(xh) — wa (xh)oN(xY)
P wa(el )ws(eh) — wa(oh)ws(rh)

Fos BS-BH binary, problem is more severe and needs careful treatment
5)\BH = )\BH(ZCiBH) — )\(CCZBH) — 0 RBH — 0

0ABs(Ths)
ws (Thg)

— )\new (2137') = )\(Zlfz) + Wgs (:L'Z)

7B}
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1 2 12 |0|? i
Numerical results V=ileP (1-25) o0 =02
0
Model A(0) 1Mps w/ 4799 C
BS-170 0.17 0.7134 0.4392 3.3224 0.2146 H
BS-147 0.147 0.3609 0.6780 4.2557  0.0848 M
BS-100 0.1 0.2700 0.8506 6.1717 0.0437 L
Run q Object A Object B v vB d M Initial data
BSBH-q1-H 1 BS-170 Mgy = 0.7134 0.1 —0.1 20,40,60,80  1.4340  Improved/Plain
BSBH-q1-M 1 BS-147 Mpu = 0.3609 0.1 -0.1 40 0.7254 Improved
BSBH-q1-L 1 BS-100 Mgpu = 0.2700 0.1 -0.1 40 0.5427 Improved
BSBH-q038 0.38 BS-100 Mpr =0.7134  0.1447  —0.0553 40 0.9874 Improved
BSBH-q05 0.5 BS-147 Mpr =0.7134  0.1325  —0.0675 40 1.0791 Improved
BSBH-q2 2 BS-170 Mg =0.3609  0.0675  —0.1325 40 1.0791 Improved
BSBH-q2.64  2.64 BS-170 Mpg = 0.2700  0.0553  —0.1447 40 0.9874 Improved
BSBS-q1-H 1 BS-170 BS-170 0.1 —0.1 40 1.4340 Improved
BSBS-q1-M 1 BS-147 BS-147 0.1 —0.1 40 0.7254 Improved
BSBS-q1-L 1 BS-100 BS-100 0.1 -0.1 40 0.5427 Improved
BSBS-q038 0.38 BS-100 BS-170 0.1447  —0.0553 40 0.9874 Improved
BSBS-q05 0.5 BS-147 BS-170 0.1325  —0.0675 40 1.0791 Improved
BHBH-q1 1 Mpu = 0.7134 Mpu = 0.7134 0.1 —0.1 40 1.4340 Plain
BHBH-q038 0.38  Mpg =0.2700  Mpg =0.7134  0.1447  —0.0553 40 0.9874 Plain
BHBH-q05 0.5 Mgpn =0.3609  Mpp =0.7134  0.1325  —0.0675 40 1.0791 Plain 1726




Comparison of initial data

> Initial constraint violations

» Evolution of the scalar field and premature collapse

—— Plain

1 | —~— Improved
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Comparison of initial data
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Equal-mass BS-BH collisions
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Unequal-mass BS-BH collisions: q=0.5
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Unequal-mass BS-BH collisions: q=0.5

> q = MBS/MBH =050r2
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Unequal-mass BS-BH collisions: q=0.38

> q = MBS/MBH =0.38 or 2.64
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J Conclusions and discussion
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Conclusions and discussions

» Conformal-factor correction improves initial-data quality
* Suppresses the Hamiltonian constraint violation
* Removes spurious radial oscillations
* Avoids premature collapse
» Equal-mass:
* GW efficiency increases with BS compactness and approaches BH-BH limit
* Remaining scalar field 1s negligible
» Unequal-mass:
* g > 1 GW efficiency can exceed BH-BH counterpart
* strong degeneracies in (2, 0) mode
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Thank youl!



