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|- Ultra-light Dark Matter as a Dark Matter candidate

A) Known properties of DM

Energy content of the Universe

- 27% of the energy density of the universe

- Cold (non-relativistic)

- Dark: small electromagnetic interactions

- Collisionless / pressureless: small self-interactions or interactions with baryons

. Dark energy

B Darkmatter [Ql] Atoms

However there remains a huge uncertainty on its mass and many scenarios exist,
from elementary particles to macroscopic objects:
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B) Many DM candidates
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C) Ultra-light dark matter 107%?eV <m < 1eV

Renewed interest in recent years (Hui, Ostriker, Tremaine, Witten 2017), especially since WIMPs have not been detected yet
and ULDM might alleviate some small-scale tensions of LCDM.
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These problems may be solved by a proper account of baryonic physics (feedback from Supernovae and AGN),
but ULDM remains an interesting candidate on its own.



D) Fuzzy dark matter m ~ 10~ %%eV

m )—1 v

k
10-22 eV 100km/s ) o

De Broglie wavelength:  Aap = 27/(mwv) ~ (

The DM density field behaves like CDM on large scales but structures are suppressed below  AgB

In particular, hydrostatic flat cores (« solitons ») can form at the center of DM halos.

For Fuzzy Dark Matter: m ~ 10_226\/ AaB ~ lkpc

However, this model already seems ruled out by Lyman-alpha forest power
spectra (because of this suppression of small-scale power).

A slice of density field of Y DM simulation on various scales at z=0.1 r (kpc)

Schive, Chiueh, and Broadhurst (2014) Radial density profiles of haloes formed in the DM model



E) Self-interactions

Instead of relying on the quantum pressure (large Agg), we can also suppress small-scale structures
through self-interactions.

This also generates an effective pressure, which is now due to the self-interactions.



lI- Fast oscillations in Ultra-light Dark Matter density
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B) Non-relativistic regime

On the scale of the galactic halo we are in the nonrelativistic regime: the frequencies and wave numbers of interest
are much smaller than m and the metric fluctuations are small.

1) From Klein-Gordon eq. to Schrodinger eq.:

Decompose the real scalar field ¢ in terms of the complex scalar field

(e‘i””tl// + eimﬁ/f*) factorizes (removes) the fast oscillations of frequency m b < mi, Vi< ma

O =

9| -
3

Y(x,t) evolves slowly, on astrophysical or cosmological scales.

Instead of the Klein-Gordon eq., it obeys a (non-linear) Schrodinger eq..
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2) From Schrodinger eq. to hydrodynamics (Madelung transformation) Madelung 1927, Chavanis 2012, ...

. - V
One can map the Schrédinger eq. to hydrodynamical eqgs.: Y = \/%e” s

The real and imaginary parts of the Schrodinger eq. lead to the continuity and Euler egs.:

p+V.-(pv) =0 conservation of probability for ) =B  conservation of matter for p
U+ (0- V)7 = -V (Pg + Px + 1) o P
1= —
Pa
/ \ Self-interactions , P 5
effective pressure eff X P
« quantum pressure »  Pg = — V-VP V=2
g P Q 2m2\/15

comes from part of the kinetic terms in w



3) Soliton (ground state): hydrostatic equilibrium

As compared with CDM, the self-interactions allow the formation of hydrostatic equilibrium solutions,
with a balance between gravity and the effective pressure:
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a
4m? 1
. Pa = 3—)\47 o = VarGp

Finite-size halo, called « soliton » or « boson star » ¢

0/p(0) Density profile
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Ruffini and Bonazolla 1969,
Chavanis 2011,
Schiappacasse and Hertzberg 2018, ...




m > 10"V :  galactic soliton governed by the balance between the repulsive self-interaction and self-gravity.

m ~ 1072?'eV . Fuzzy Dark Matter (de Broglie wavelength of galactic size): galactic soliton governed by the balance
between the quantum pressure and self-gravity.

Numerical simulations of FDM indeed find that solitons form, from gravitational collapse, within an extended NFW-like
out-of-equilibrium halo.
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l1l- Impact of the oscillatory DM gravitational potential on GW

A) DM oscillations

fast oscillations

"\

Khmelnitsky & Rubakov. 2013

T, t) = A(Z,t) cosimt + a(x,t
(shift of PTA time delays) Pt) = \ / )
Brax et al. 2402.04819 slow variations on astrophysical scales
Blas et al. 2410.07330
The density field has a subleading oscillatory component:  ppy = pPo + Posc T, = 0,0 0,6 — g,w ((09)? — m*¢?)
1 2 49 9 2 2 kQ A\ o 2T 7. 2T
/002577114 Posc ~ (V@)™ ~ k mpo<v,0() B0 " Man
The gravitational potential also has a subleading oscillatory component: Un(Z, 1) = VUo(Z) + Vosc(F) cos|wt + 2a(T)]
G w = 2m
VU4 = 471G po Wose = 7T—p



B) Frequency shift

In the optical approximation, as for the Sachs-Wolfe effect for CMB photons, the gravitational potential along the line of sight
leads to a frequency shift of the GW signal:

A R - fmin _
Tf :\IJ}(%JG)\IJ{(@J) f 2w whence m, < (1 HZ>3><10 16 eV
emission reception (negligible)

The integrated Sachs-Wolfe effect is neglected \ — c < 2_7T
(many oscillations along the l.o.s.): f k

This effect is due to the propagation of the GW from the source to the observer, not to new physics modifying the production of the GW.

C) GW phase shift

|
GW signal:  h(t) = A(t) cos|P(1) Phase and time related to the frequency drift: @ = 27:/ df? — /df}

Going to Fourier space:  h(f) = /dt e Ith (1) = A(f)et? )

Saddle-point approximation: A(f) o« f77/8, w(f) =2nft, —D(t,)—xn/4, f(ty) f



T
At leading order, the frequency drift is due to the emission of GW: w(f) =2xft. — D, — 1 + wow(f):

3 (2GM\-5/3 3715 55 GM [\
WGW(f) — 128 <ﬂgc3 f) [1 T (ﬁ_l_Ty) (ﬂ > f) }

M=m;+my, v=mmy/M>, M=1"M

The Sachs-Wolfe effect due to the DM gravitational potential gives a contribution A _ 5 e o
= 1.
(due to the correction to the observed frequency): w(f) 7| dif

Ly

The contribution from the constant part is degenerate
with the leading GW contribution:
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Probe scalar masses m ~my,, my < f for (GMf/c?) <1, Rgn <\



D) Comparison with dynamical friction

In many cases (CDM, supersonic motion in fluids or SFDM), the drag force on a BH moving within a medium
takes the form of the Chandrasekhar result:

. AnG*mip .
m;v; — — ﬂg ;/nlpA’Ui,
Ui
.. . . 3 -16/3 3 3
This gives a correction to the frequency drift and to the GW phase, Ay = — 1Y /6\/1'0 (ﬂg/;/lf) A(nf/l;L ’?2)
which is independent of the scalar mass: 38912 ¢ ¢ v M
E) Fisher matrix analysis (SNR)’ o df o
max _ l// l'[/
Lij =~ df  ¢-1/3 / g f 00 00
m1 (Mg)|mz2 (Me)| SNR |dr (Mpc)|detections fmin T(f)f foin Sn(f) i O
MBBH|| 10° 5x10° |3 x 10*| 10° 0.4 - 600
IBBH 10* 5x10° | 708 10° 0.4 - 600
IMRI 104 10 64 103 ] - 80 {0;} = {t.. ®..In(m,),In(m,), Pos. }
EMRI 10° 10 22 10° 20 - 400

WD 0.4 0.3 7 5% 1073 10%




F) LISA Detection thresholds for 1 event (comparison of various binary systems)

DM gravitational potential DM density

relativistic

DM cloud
LISA LISA

LI)OSC

2m < fmin for MBBH

5 \38 (wGM2my\—3/8| (5 my Gp )
ol =55, () (G ) 7
WD have smaller mass, which improves the detection threshold. The density threshold increases with the scalar mass.

For my 2 1072 eV dynamical friction is more important than the oscillations of the DM potential.
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G) DECIGO
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The detection thresholds are of the same order as for LISA, but somewhat better.
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IV- Conclusion

This probe is unlikely to be competitive with other more direct observations of DM substructures.

For my > 10~2! eV standard effects such as dynamical friction (accretion, gravitational pull) are expected to dominate.
For mg <107** eV  the clouds that could be detected would have a Compton wavelength greater than 1 pc.

For my,~ 107> eV the clouds that could be detected by LISA would have a density that is greater than in the solar
neighbourhood by a factor of 10° , a mass above 10° M., and a radius above 0.4 pc

non-standard formation mechanism at z ~ 10?

» Except for a small region of the DM parameter space, standard analysis where such an effect is neglected are justified.









Gravitational Waves emitted by a BH binary
inside a SFDM soliton

Collaboration with A. Boudon, Ph. Brax

Boudon et al. 2305.18540



- Additional forces on the BHs due to the dark matter environment

Gravity of the dark matter cloud:

MBHVYBH |halo = ——QmBHPO(X — Xo)

3

Accretion drag:
MBHVBH |acc = —MBHVYBH

Dynamical friction:

)
. 87Tg MpP0o 'R
MBHVBH|df = — 3 In{ — | veu
305 ruv Lo



ll- Decay of the orbital radius

<a> — <d>acc T <él>df + <6.Z>gw

Correction due to the halo bulk gravity

3/2
: a |
(A)aee = —AA e — a (—) Bace Accretion drag

: a \'? gm 1
<a>df — —d (g_m> Bar + Cyt In 0 o Dynamical friction
A\)




Il11- Phase of the GW waveform

1 [Gm 27 poa’
GW frequency: I = N3 1 + 3
: : 1/2 .
_ -1 [Gm ( m  3a a’ a
Frequency drift: T = ;\/? (% — Z) + G po (Q_m> -

Phase: ®(zr) = 27 [ df (/1) Time: ¢ = [ df (l/f)

~/

Fourier transform of the GW signal:  i( f) = A(f)ei‘l’(f)

JU
Phase: \P(f) =2nft; — D, — 1 + Tgw + Phato + Wacec + Wat

\\\

DM corrections

3 (aGMF\ TP 20 (743 11 aGmf\ 2>
Fow = 128( ) I T O+1PN

c3 3

Wialo -3 PN V... -4.5/-55PN U4r -5.5PN
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1IV- Fisher matrix analysis
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LISA:
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V- Region in the parameter space that can be detected
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B-DECIGO - GW150914
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Models with coupling ~
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