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Dark Matter: where to look?

10~ 2%%eV eV GeV  101ev Mp 10 Mg

“Ultralight” DM “Light” DM WIMPs Composite DM PBH, MACHOs




Similar behaviour at large-scales

m ~ 10722 eV Scale of ~30 Mpc, Schive et al. 1406.6586

We see differences at small scales



(ULDM does not behaves as CDM at small-scales

Description as a particle, as a classical field or as DF?

e.g. Milky way DM halo

) typical distance between particles d ~ n=Y3 ~ (M/(mV))™1/3 ~ 20 kpe/(10° Mg)Y/ 3mt/3

1) typical size of particle wavepacket inthe halo L 2 1/(muwesc) ~ 190 (

m 1
1()—226\/) pe

bosons

% particles overlap for d< L ﬂmMW 16V
fermions :

field theory description

become degenerate close to this limit

a my 2 keV Tremaine-Gunn bouno

b ‘condensed dark matter’ Baretal 2102.11522
Garani et al 2207.06928

écL:—

1
2

(9,0)° —m?¢?

+ gravity
(spin O, 1 or 2)
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Dark Matter (DM)

N Mga, 1 1 101%Mq
Vgal m Vgal m (30 kpC)3

Number density: ng, =

—29 -1
De Broglie Wavelength: A4, ~ 0.5 kpc (10 eV) (250 e )

m v

10—2231/)4

Occupation number : N’ = n /1‘2’11, ~ 107% X ( —

Given N> 1 for m << 0(10)eV DM can be described by a classical field with

EOM: 0O¢ + m?¢p =0

Homogeneous solution are given by an oscillating field with frequency w = m



ULDM does not behaves like CDM at small-scales

L 2 9,9 .
dark matter halo L — 5 _(aﬂ¢) — m ¢ ) T graVIty
10~2%%eV 1073
Sun RLo° . >\dB ~ kpC
Milky Way Close to /Idb

In terms of fluid variables (e.g. p & m?¢?:
gravitational potential

¢k ~ e I(wt—kx)

Virialized configuration: collection of waves .
with distribution determined by properties from the galaxy .

Umax 3 5 o e s
O X / d3v eV /o0 gt =ImUToifz | .
0

oo ~ 107 %¢  inthe MW : . pure CDM part o\ phenomena at small scales!
ree wave : (repulsive effect: “guantum pressure”)
The DM potential has coherent oscillations in 4 4, : 10-22eV 10-3
) AdB ™~ kpc
106 (10—6> . b m v
t ~ — 3



ULDM does not behaves like CDM at small-scales

L 2 9,9 .
dark matter halo L: — 5 _(8ﬂ¢) — m ¢ ) T graVIty
10~2%%eV 1073
Sun RLo° disk )\dB ~ kpC
\—h_;ff m U
Milky Way Close to 4,

In terms of fluid variables (e.g. p & m?¢?:
gravitational potential

¢k ~ e I(wt—kx)

Virialized configuration: collection of waves .
with distribution determined by properties from the galaxy .

Umax 3 5 o ; e s
0, oc/ d3v eV /o0 gt =ImUToifz | .
0

oo ~ 107 %¢  inthe MW : . pure CDM part o\ phenomena at small scales!
'ee wave . (repulsive effect; “quantum pressure”)
The DM potential has coherent oscillations in /ldb : _ | 10—3
A) coherent oscillations + C) changes dynalmlcs at smaller S
Scaies

B) stochastic ‘narrow’ piece




New phenomenology from ULDM

gravitational potential

DM small scale dynamics

C) changes dynamics at smaller

scales
pure CDM part repulsive term
Schive et al.1407.7762 A
, 8 ooosrmmiimmcs o zZ=120 0 7] [ _; _
soliton | . cooz=s0 O d(x,t) = ——=e e iy (z) + h.c.
7 \ . ---©--- z=0:9 1 2 V 27‘-
107 ¢ ~ ‘ e z=0.0(res x8) T
So ~ ---8--- 2=0.0
A\ O ---#--- Soliton collision 1
107 % o O CDM (z=8.0) 7
o Po . .
Eof Psol = e with core radius
= (1+0.091(—) )
10 e
10° 10~22ev\? (10°Mq
7. ~ 0.2 kpc( ) ~ 0.4 A44
102 m Mol
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Hui 2101.11735

y (kpec)

y (kpc)

HALO AND SOLITON
FORMATION

10*
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103
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Mg
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S
T

1.20 Gyr

Projected Density ( ‘

10!

Different ideas to test this model — we focus on the

effect of propagation of radiation in this DM

environment

Ferreira 2005.03254
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The mass of the soliton is related to the mass of
the DM halo where it is formed. Schive 1407.7762
1

10~ %%eV

lv[halo 3
12
10 MQ

M., ~14x 10°

mdm

But some dispersion is observed in the literature
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Because of the inhomogeneities of the gravitational

background along the line of sight a signal experiences

gravitational redshift

Aw,

~ r L r _ 1
o d|, + nt v;|, — ;g where

lSW—(cD+LIJ)V‘+nlf 0;(® +¥)dA

The DM background oscillates, then the gravitational
potentials also oscillate.

Decomposing ¥ = (W) + W cos(wgst) as well as for D,

from Einstein equations one finds

Khmelnitsky & oy B
Rubakov 1309.5888 oV = m2 and ws = 2m

Periodic modulation in the time of arrival residuals of
millisecond Pulsars

At ~ — ft Awe(t

0 We

) e’ ~ — [1(W,—¥,) dt’

GRAVITATIONAL REDSHIFT

Clemente et al. 2023, 2306.16228
1()g1() f(HZ)

-9.3 -8.8 -8.3 -7.8 7.3
. 1 1 | - L L 1
—-—  PPTA Bayes 2018
. S £ttt NANOGrav 2018
—12- / = T S C'()l‘l'('l;tt('(l
: Uncorrelated
——  Pulsar-correlated

", ==== DM density

—24.0) —923.5 —23.0 —29.5 —92.0)
log1p my(eV)
f 1 f 1
low — high —
Tobs 5 tobs
T,pc ~ 25 years Ot,ps ~ 3 weeks
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ULDM modulates GWs

The same as for Pulsars will happen for any radiation at a fixed frequency w, = GW will
experience frequency modulation. First, let’'s consider a monochromatic GW:

hew = Acos (w.u+ @) +A Z—ZY\esin[(we + ws)u+ @)]
carrier frequency

e GW emitters could come from inside the
soliton (not contaminated by dust in the GC)

———~ * Could be more abundant than Pulsars in PTA
2 : ‘:}, * No limitation on observation time (higher
( ﬁ;«\ EWTVR, frequency could be reached)
/ * JSignal from other Galaxies
_/B#C\CG&QN&&
MOoBuARDO D Signal-to-Noise-Ratio (SNR) of sidebands:
l ,II\'
" SNR - ng( )SNR
3 : 5 — Po, M, X h
=T gy V2 Ws e
W W We W 4V Amplitude of of the

the modulation carrier
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Minimal coupling: pure gravitational interaction

With §® = &, cos(2mt) and V = %mzcl)z(l

1 ¢*

Solutions are given by 2™
TP i
& [‘PZ F] ~ T oremz P
V2, = 8 [5(D) + v &

12 f2m?

*Direct coupling: ULDM directly coupled to SM

2

(e.g. My P )()( or My~ 2 XX), under a conformal

’rrcmsformcmon to the Jordcm-Flerz metric:

Gy = A%(P) gy, with A =1+

and

—orA =1+ —
Ay A

12 f4

order Einstein equations
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Self-interaction increases the effect at
larger radius

2000
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(Galactic sources

* Astrophysical populations of galactic

1 w
SNRs = “Y(poy, m, x,)VN SNR,

monochromatic GW sources: V2 ws
o White Dwarfs/ X-MRIS — f, ~ mHz N (SNRu) VN (SNRu) (fe)[H)
(detectable by LISA, TianQin, Taiji) | Double White Duarfs
LISA 5.5(1.6) x 10° 37(38) 7.8(4.3)
TianQin  2.5(0.7) x 10° 37(37) 5.1(2.9)
Taiji 5.8(1.7) x 10° 59(60) 13(6.8)
. . ptAres 504(148) x 10° 49(48) 97(52)
o Deformed Spinning Neutron Stars — f, ~ kH. Y.
(detectable ET/CE) LIsA 0() ~ 10° ~10  1903.1087
Spinning NSs
Expected /Simulated values for the calculation of Er/ce  oew) ~ 30 ~10°  2303.04714

the sensitivity from different astrophysical
populations (N carriers)



© S. Gasparotto Cassini test of GR
Cassini S.
102
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ULDM IN THE MW 3
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10'6_ d o PR | . PR | . — .
LISA 10723 10722 1072 10729
mleV]
107°

Great prospects for direct coupling: ET and LISA can

probe the uncover window at masses
2X107%% eV <m<3x107%teV

—
o
|
N

Amplitude of the modulation
T

o NFW | b ""Ca&%ini Stochastje
. oy L Ny aas s -15( ‘
1 0—23 1 0—22 1 0—2] 1 0—20 ] O PTA
mleV] =z
. : . <
Spinning NS in ET outperform compared to LISA binaries =)
| &
Not possible to probe NFW profile for m > 107%3¢eV PR e
ET could probe the ULDM soliton for the minimal coupling
for masses m < 2 X 107%% eV ~ . Quadratic coupling
10722 10747 107 107%°

mleV]



Extra galactic sources

* EMRI: (my,m;) = (10°M, 60Mg ) at Gpc -

* IMRI: : (my, my) = (10*Mg, 10M) at Gpc
* BBH: GW170608-like event -
* BNS: GW170817-like event | (B-)DECIGO

P|years]
10 1 0.10 0.01
B 1MRI(LISA) X BBH (B-DEC) X BBH (DEC)
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o".‘— ,"" il
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_.——::::::Z:::—-:& ________ '
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—————— A -
ot
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10-23 10-22 10-2! 10-20 0.1 0.5 1 5 10 50 100



Ultra-light bosonic DM

C) changes dynamics

Conclusions e-Print: 2410.07330 [hep-ph]

at smaller scales

B Generate over der

sities at galactic

centers that oscilla

B ULDM oscillations

B |LISA ‘coherent sou

B LISA galactic sourc

‘e coherently

oet Imprinted in the phase of GWs

I\'
W

rces may detect this effect (SNR~ w—ZY(Po’m’ xe)SNRy 4 /N)

es opening 2 X |0=22eV<m< 3 X [0=2] eV mass window

B Extragalactic (chirping) sources could probe ULDM over densities in other Galaxies
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GWS FROM SPINNING NS

Reviews e.g Gittins 2401.01670,
Piccinni 2202.01088

Rotating NS can support long-lived, non-axisymmetric deformations
known as mountains = potential sources of continuous GW

] 4G el3)? 10_25(10kp0>( ¢ )( I )( ", )’2 Ellipticity parameter
) ~ )
1

d 10-6 0% gecm? /) \500 Hz e =(I,—1,)/13

75+ X100 overpopulated Average number of detectable sources

from 2303.04/14

ctd

Model n

ET CE
A2iow 231.9 + 14.6 338.1 = 16.8
A2piah 387.2 + 19.4 524.3 +22.6
E2.orm 0.5+0.6 20+ 14
E2nif 1.7+ 1.3 52+2.2

Great uncertainty on the detection prospects
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CHIRPING CASE

» Gravitational redshift y = ®|% + nt v;|} — Iicy

fwe)(
J we

*Relative phase correction 1 =

*Quadrupolar result for the GW frequency

5

A NC

T > 121 1., ,
e (72 ) -‘—.l (1311"2 (1—:;:3.—:—37‘@'5) cos O

13 16
13329 1., ,\ .
+0Tws 1 I | —i=.—:—=7"w;5 | sinB | + 6,
“A16 2 16 1 ‘

-----------------------

0.8}

0.6}

= 0.4{

0.2}

— GWIT0817 .

0.0 5 : — GWI170608

— GWI70817
10-17| — GWI170608
— IMRI

107"°F — EMRI

mleV]

10721

10—23 i

1 0—25 ,

10~4 0.01 1 100

11074

Plyears]



New phenomenology from ULDM

|||||||||||||||||||||||||||||||||

Umaxzx 3 252 oy L A"""AM\AM
DM halo b o / By eV /78 giwnt g mTE ifs 4 o I
0 S
. m 1 10° /1070 !
A) coherent oscillations WM S N days { ~ — ( p )
~ nI%
¢ ~ ¢g cos(wt + 1Y) SM-DM oF,,, F
interactions maM® Ve
B) stochastic ‘narrow’ piece |
— —— -~ <¢* ¢> these fluctuations
Kim 2306.13348 1 '
Ban-Or et lal 19 S~ 10~3m " B heat, decqrrglate (interf),
y o' friction
1.0k & 10_1? _ Marsh, Niemeyer 18
\ 3 102 W = 2m DaIaI,Krathov 22
05 ;3; : / Ban-Or et lal 19
A\ N o\ 10} / Bar-Or et al 1809.07673




Properties of the soliton

1
V2m

o(x,t) = e "™a(x,t) + c.c.

1L e, wLm

spherically symmetric stationary, non-relativistic solution; & 558 Blum. sbiryakov 18

Mpt  _imit iyt . .
d(x,t) = Wi "x(x) + h.c. scaling solution
2 r) = A x1(Ar
o v = —0.69 xXa(r) iﬁ( )
| ‘ ‘ ® Schive et al (2014) Tex = A Tel
| ; ; = Mocz et al (2017)
0.100 S U A Schwabe etal (2016) My = \M,
ol N 2
| A=A
| N _ )4
0001 e oS e Pex = A Pel

05 1 5 10 50 100 What fixes y”?




