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e Why Self-Interacting Scalar Dark Matter

Tensions in standard model of cosmology
() (e.g., Core-cusp problem, missing satellites, Fornax Globular Cluster timing problem)
No direct detection of Weakly Interacting Massive Particles
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wWhy Self-Interacting Scalar Dark Matter ?

Tensions in standard model of cosmology
(e.g., Core-cusp problem, missing satellites, Fornax Globular Cluster timing problem)

No direct detection of Weakly Interacting Massive Particles

® We

But other models are also well constraints, e.q.

® Fuzzy dark matter hardly solves this tensions considering
Lyman-a forest/rotational curves of galaxies

Thus: Self-interacting scalar dark matter

® Dark matter is composed of bosons
within 10722eV < m < eV

® Form
self-gravity and effective pressure v ) £ -
— different behavior at galactic scales [Shive et al. Nature Phys 10, 496 - 499 (2014)]
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e Dynamical Friction

Definition Framework
The dynamical friction is referring A Schwarzschild (non-spinning)
() of moving objects through
gravitational interactions with the environment (i.e., solitonic solution), in

steady state

Here, we refer to:

Mass accretion and gravitational drag

Impact on: Gravitational waves emission (phase shift) for binary black holes
Y3
\I’<f) = 27Tftc — (DC — Z == \IIGR(f)—{‘

A. Boudon [Kocsis et al. PhysRevD.84.024032 (2011), Barausse et al. PhysRevD.89.104059 (2014), Cardoso & Maselli ASA 664 (2020), ..]




e Action and Field Solution (Large-Mass Limit)
Action: Sy = / dizy/—g [—%g“'/@mbau(/ﬁ—‘/(ﬁb)
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e Action and Field Solution (Large-Mass Limit)
Action: Sy = / dizv/—g [—%g“”@mb@yqb—‘/(@]

V(0) = 3¢ +Vi(9), Vil9) = 2—%4 (i Tk p s )

At small scales:

f=<1_§)2 The Klein-Gordon equation: 82¢ (\/—V§b> —|—f (¢) _

1+ [Brax et al. PhysRevD. 101 023521 (2020)] é)tz qb
h={(1 !
( + 47“)
At large radii:

h=1-2®y
f=1+420y
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e Action and Field Solution (Large-Mass Limit)
Action: S¢ = /d458\/—_g [—%g’“’@uqﬁayqb — V(Cb)]

V(®) = B¢+ Vi), Vi(9) = %& (first term obeys p oc a=?)

At small scales:

2
1—Ia\2 The Klein-Gordon equation: 0 §b /_ (¢)
/= <1+ i—) [Brax et al. PhysRevD. 101 023521 (2020)] atg ( VQb) —+ f =

4
h= ( 47’) . ) )
Using (neglecting at zeroth order the partial
At large radit derivatives), we obtain ;
h=1- 20N Amplitude
f=1+420y

/
¢ =po(r,0)cnfw(r, 0)t — K(k) K(r,0)]
/

Modulus (nonlinear oscillator)
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e Hydrodynamical Infall?

Radial accretion
The effective continuity equation can be (only radial derivatives)

() ° 2 Solutions for k as for hydrodynamical infall teondi (1952), Michel (1972)]

[Brax et al. PhysRevD. 101 023521 (2020)]
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e Hydrodynamical Infall?

Radial accretion
The effective continuity equation can be (only radial derivatives)

() ° 2 Solutions for k as for hydrodynamical infall teondi (1952), Michel (1972)]

In our case

In subsonic case:
same k near the black hole
+ need to solve at large-radii along ko

In supersonic case:
A little bit more complicated
(depends on bow shock)

[Brax et al. PhysRevD. 101 023521 (2020)]
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e Hydrodynamical Infall?

Radial accretion
The effective continuity equation can be (only radial derivatives)

2 Solutions for k as for hydrodynamical infall teondi (1952), Michel (1972)]

In our case

In subsonic case:
same k near the black hole
+ need to solve at large-radii along ko

In supersonic case:
A little bit more complicated
(depends on bow shock)

Enthalpy/Soliton density

[Brax et al. PhysRevD. 101 023521 (2020)]

. 3 ™~ .
(Vﬁ)2 = 5 [k+(f)2 — k2] where we defined k+(f)2 :l{(‘;—|— +

V- | (ke - 5(987) 98| =0




e \elocity and Density Fields in Subsonic Regime

( Supersonic Regime Up-Coming!)
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e \elocity and Density Fields in Subsonic Regime
( Supersonic Regime Up-Coming!)
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e Associated Dynamical Friction

° gives the rate of mass accretion of the black hole:

. . - b,
() MBH:_/AdSpA/U: 27r/ dbbﬁ’l)z|2_—27f/ dbpr’Uz‘zc_i_
S 0 L
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e Associated Dynamical Friction

° gives the rate of mass accretion of the black hole:

O MBH:_/

S

. oo bt
ds.ﬁgzzq/ dbbﬁvz|é_—27r/ dbbﬁvz\é+
0 0

Finding ZA)+ from the streamlines:

MBH = Porsz/Cg ~ POQ2M§H/C§
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e Associated Dynamical Friction

° gives the rate of mass accretion of the black hole:

: - b— by
O MBH:—/dS~ﬁU:2ﬂ/ dbb pu;|; —27T/ dbbﬁvz\2+
0] 0

S

Finding ZA)+ from the streamlines:

MBH = Porsz/Cg ~ POQ2M§H/C§

° gives the force (at large radii + perturbatively):

d . . .
F, = pz:—/ dS-vaz—/ dS - P&, = | Mapuo
Sout Sout




e Comparison with Fuzzy and Cold Dark Matter

N g2AIéHPOUO

Ourresult: | F, 5
CS
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e Comparison with Fuzzy and Cold Dark Matter

G2 M2, pov
Ourresult: | F, ~ BHAPOTO0
.
O -
CG2M?2. pov
® Chandrasekhar: Frree ~ ]??Hpo 0
vo < ¢s (velocity dispersion) Cs

[Chandrasekhar (1943)]
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e Comparison with Fuzzy and Cold Dark Matter
g2M]%HPOUO

Ourresult: | F, ~

CG2M?2. pov
® Chandrasekhar: Frree ~ E’Hpo 0
vo < ¢s (velocity dispersion) Cs
[Chandrasekhar (1943)] 9 9
g=M
® Fuzzy dark matter: Frpy ~ ]23Hp0
C

—Ccg K Vg < Cq
Ta
[Hui et al. PhysRevD.95.043541 (2017), ..]




e Comparison with Fuzzy and Cold Dark Matter
g2M]%HPOUO

Ourresult: | F, ~

CG2 M3, povo
® Chandrasekhar: Frree ~ E’Hp
vo < ¢s (velocity dispersion) Cs
[Chandrasekhar (1943)] 9 9
G M
R ® Fuzzy dark matter: Frpy ~ BHPO
T'sg = 2 T'sg Cg
S —Cg < Vg < Cg
""a : Soliton size [Hui et al. PhysRevD.95.043541 (2017), ..]
G2 M2, pov
" . , BHPOV0
Subsonic perfect gas: Fperfect gas ™ 3
C
S

[Ostriker Astrophys.J. 513-252 (1999), Lee & Stahler Mon.Not.Roy.Astro.Soc. 416-3177 (2011)]
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G2 M3 pov0
Ourresult: | F, ~ BHP
2
S
CG2M?2. pov
Chandrasekhar: Frree ~ ]ngo 0
vo < ¢s (velocity dispersion) Cs
[Chandrasekhar (1943)] 9 9
g=M
Fuzzy dark matter: Frpm ~ ]23Hp0
T'sg CS
—Ccg K Vg < Cq
Ta
[Hui et al. PhysRevD.95.043541 (2017), ..] g2M2 pOfUO
Subsonic perfect gas: Fperfect gas " B?
C
S

[Ostriker Astrophys.J. 513-252 (1999), Lee & Stahler Mon.Not.Roy.Astro.Soc. 416-3177 (2011)]

e Comparison with Fuzzy and Cold Dark Matter

F, Cs
lﬂ&ee C

Z

~ vy L1
FrpMm
F,
~cg K 1
F perfect gas
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e Comparison with Fuzzy and Cold Dark Matter

G My povo
Ourresult: | F, ~ BHP
2
O =
CQ2M]%HPOUO F. C
® Chandrasekhar: Frree ~ - 4 =
vy < ¢ (velocity dispersion) Cs Firee C
[Chandrasekhar (1943)] 9 9
g“M
® Fuzzy dark matter: Frpn ~ BHFO F, |
. c2 2 ~ vy K
B, < vy < e E FDM
Ta
[Hui et al. PhysRevD.95.043541 (2017), ..]
2272
. G M§pov0 i
®  Subsonic perfect gas: Fperfect gas ™ 3 ~ g K 1
Cs F perfect gas

[Ostriker Astrophys.J. 513-252 (1999), Lee & Stahler Mon.Not.Roy.Astro.Soc. 416-3177 (2011)]

g 18¢3r2,

) AG2 M2 2 22 o
Before going further, supersonic result:  Fpp = Mgpuvo + 9 Mpnpo log <6(U0 il



e Gravitational Wave Phase Shift and Fisher Analysis

Considering corrections from dynamical friction as perturbations,
we obtain at

s
\IJ+ = 27ngwtc — Py — Z + \Ijgw + Wacer + Yehandra
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3
oo )t
(TR1 |- mz)g

mimsa
(T?”L1 + m2)2

Considering corrections from dynamical friction as perturbations,
we obtain at

e Gravitational Wave Phase Shift and Fisher Analysis

4

i
®y — — + \Ijgw + Vacer + Yehandra

wles

PO (G M8 )

: 5 400 G3M2(1+ v
\Dg Z (gM 87ngw) 3 \Ijaccr ~ = 13 T V%CQ
50 Cl f —|— CQ f 16
lIIchandra ~ — [ (36)11/2 ( )] g3MC2p0 (gMC87ngW) o
my w ,',.2 Cg
&) = (32)" 105+ 30410g (% R2> oW >ud) , §=gym, Rie=6 imcz

2
2 ) 3
Vjc = Csmax [1, (6 _gm21> }
€ T'aCs
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e Gravitational Wave Phase Shift and Fisher Analysis
Considering corrections from dynamical friction as perturbations,
we obtain at
O _
v, ~ 27ngwtc — ®p — Z + \Ijgw + Vacer + Yehandra
(mama)? 3 5 400 G3M2(1+v)po L]
(m1 + ma)* \Ifg Z (QM 87ngw) 3 Wacer &2 — 13 L V%cg (gMCSﬂ'fgw) 3
= 50 |C (¢ _16
(1 +-1ma) \IIchandra = - [ 1(3J;)1 D) 2(f>]Q3MC2po (QMC87ngW) 3
1%
mi fow rg = cg’ M ngi% Vo = Ccgnax ggmi :
G(f) = (M) 105+30410g< ? R?,c> O >ue) , =gz, Rie=6 ot o = Cs {1, (6 Wacg> }
=2 Fisher matrix:. I'jj = /fmax A Oy 004 df, 0; = {1 1
vl ' g e Sn(fgw) 00; agj gw - { Og( ) Og( ) tes Pc, Po,Pa}
Covariance: %y = (1“_1)ij , Standard deviation: o = /Sy
A. Boudon




Dark matter in

—23 3
Solar neighborhood: DM ™~ 6,7.10"*’g/cm

e Some Preliminary Results (1/2)

White lines: MBBH:
Limit on 6
logarithm < my = 10 15\)/[@
ms = 5.10°Mg
b 2 _ 4
Subsonic limit 1,7'3 SNR =3.10
for largest BH S :
) g IBBH:
Yellow lines: 10 mi = 1041\/[@
Subsonic limit 13 3
10 -
for smallest BH my = 5.10°Mg
) 1070 1077 107 101 SNR = 708
Baryonic Polpiz0
densities in:
® Thin disks:
p < 10g/cm3 z
® Thick disks: g
a

p <10 "g/em?

[Barausse,et al.
Phys.Rev.D.
89,104059 (2014)]
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White lines:
Limit on
logarithm <

Subsonic limit
for largest BH

Yellow lines:
Subsonic limit
for smallest BH

Baryonic
densities in:
® Thin disks:
p < 10g/cm3

® Thick disks:
p <10 "g/cm?
[Barausse,et al.

Phys.Rev.D.
89,104059 (2014)]
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e Some Preliminary Results (1/2)

MBBH:
my = 10°Mg
my = 5.10°Mg

SNR = 3.10*

IBBH:
my = 10*Mg,
mg = 5.10°Mg

SNR = 708

IMRI:
my = 10*Mg
mo — 10M®
SNR = 22

EMRI:
my = 10°Mg,
mo = 10M@
SNR = 64

Dark matter in

Solar neighborhood: PPM ~ 6,7.1
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Dark matter in d.mMINGjJUQ%ﬂmﬁ

e Some Preliminary Results (2/2) Sgxmeter

Adv-LIGO GW150914

GW150914:

my = 35,6Mg ET-D GW150914
o — 30,60 B-DECIGO GW150914

GW170608:
mq = 11Mg
meo = 7,6Mg

L
Detectability
T
i
Detectability
PalPH20
—
o
mlm
T
A
Detectability

107104 V4 T 1
107 1072 10 10°° 10°° 10° 102 104 10! 104 107
Polpr20 Palpr20 PolPH20

» Adv-LIGO GW170608

Baryonic
- B-DECIGO GW170608 ET-D GW170608

® Thin disks:

p < 10g/cm?

A
Detectability
PalPH20
1
-
Detectability

® Thick disks:

LR
Detectability

p <10 "g/cm?

[Barausse,et al.

Phy

SN =D 10736 10 1051 105 105 102 101
PolpH20

/
(Ve e
10 10~ 1072 10° 102 10°
PolpH20

PolPH20
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Conclusion and Prospects

than other models
Gravitational waves phase shift:

® -4PN for mass accretion term
® -55PN for Chandrasekhar-like term

Detection with the next generation interferometers
— except for very dense dark matter medium

What needs to be done;

® Making more realistic assumptions (Kerr black hole, eccentricity?)

° in the calculation (neutron stars in binaries and

application to cosmological tensions)

® What happens if we consider another kind of self-interaction?

1
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ANY QUESTIONS?
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e Bernouilli, Non-Harmonic and Conservation Equations

3 equations (to solve 3 unknowns), at

p)
O Relativistic Bernoulli equation: (Vﬁ)2 _ % (2%)2 _ (1_}5?2)1@
Deviation from harmonic oscillator: >\4¢;O — - k2k2
™m - ¢ _ 1 (e—imtw+e+imtw)

v2m

i ' o Mgy Mapo
® Atlarge radii k — ko with kj ~ 52 = T e \/ieis
m m “\'m

Taking the

. . o
Conservation equation: <V,MTO > =0 (to ensure steady state)

® Givesan

V- (perVB) =0, pest = m¢ng<cnl2>

AO



V=111 — Vg

Total and
reduced
masses:

M =mq + moy

e Description of binary black holes

Chandrasekhar-like term:
(from supersonic regime)

Mass accretion term:

L4 1 v

Facer = = Fehandra = ) A+ Blog | —

v Cs

8 g2 T'a Ta 4 g2
A= 7;#200 [mi” log (Rl,c) O(v1 > v1,c) + mjlog (RQ,C) O(v2 > m,c)] . B= WMQ 0 [m30(v1 > v1e) + miO(vz > vac)]

’V 2gm; %—| 2 gm%
Critical velocity:  vie = ¢smax |1, 6\/j - and characteristic radii: Ric =64/ =25
L e T‘aCS J ’ (S Mﬁcg

Impact on orbital decay and eccentricity

° Mass accretion: °

Gravitational drag:

. 2 -
; M [ . a \?2 GM 1
<@ >acer= — (M = 2;) a < @ >chandra= —2a <Q—M) A+ Blog ( Tg)

3 _
. . 2 M 1
< ¢ >acer= 0 < € >chandra= 3¢ (QLM) A+ Blog ( gT T >
e3cs ) |

Al
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e Different Events for Different Interferometers

Detcnls on masses and spins of considered events Sound Noise Ratio (SNR) depending on the detector

__ Properties

Q oo [ 5 |
mon | 0" | 510
T

EMRL ] 107 | 10 | ‘ EMRI

| _-
Gwisoota | GW150914 | N T
FW170608 7,6 310,¢

Gwirogos | x [ 2120 [s02] 35 |

Frequency

Detector  ———— We also use f (Urel) to stay

ivisti rrection: = ) o
RS SISEITES I_ agnostic on relativistic effects
2 212 Eero 3 1 fm | ,
V(1 +07) T S PN tret ~ 0,37
T T W

The considered events and detectors: [Cardoso and Maselli, AstronAstrophys. 644, A147 (2020)]

(not the same spectral functions, they evolved!) [Ajith et al., PhysRevLett. 106, 241101 (2011)]

e 1
PhenomB inspiral-merger [1 — 4,4547(1 — xer)* 27 + 3,521 (1 — )26 + O(V)}

transition value: Jim = GMm B .
, M —3 [, 7] %[Bertietal. PhysRevD. 71, 084025 (2005)]
@ Frequency value of the binary Fobe = 4, 149 10-5 { c ] { obs:| .

4 years before the merger: 10M® lyr




