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Ultralignt particles interacting
with the detector



See also: Manita et al., PRD 109, 095012 (2024)

Direct interaction with the detectors

ULDM of spin-0 (scalar), 1 (vector), or 2 (tensors) interacting with the detector optics (mirrors)
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Direct interaction with the detectors

ULDM of spin-0 (scalar), 1 (vector), or 2 (tensors) interacting with the detector optics (mirrors)
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\Vector bosons (dark photons) strain

LVK, Abbott et al., PRD 105, 063030, 2022: Guo et al., Comm. Phys 2, 155 (2019)




Vector posons (dark pnotons) strain

LVK, Abbott et al, PRD 105, 063030, 2022; Guo et al., Comm. Phys 2, 155 (2019)
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Vector posons (dark pnotons) strain

LVK, Abbott et al, PRD 105, 063030, 2022; Guo et al., Comm. Phys 2, 155 (2019)

- ULDM interacting with GW interferometers (baryons/baryons minus leptons in the materials -
fused silica). Treated as an oscillatory “classical field”

. The differential strain due to:

- A spatial gradient — relative acceleration between the objects due to the different field
amplitude
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V) = Copana\ Ta gy = 628 %10 (10_23)( 2018, ,

fo




Vector posons (dark pnotons) strain

LVK, Abbott et al, PRD 105, 063030, 2022; Guo et al., Comm. Phys 2, 155 (2019)

- ULDM interacting with GW interferometers (baryons/baryons minus leptons in the materials -
fused silica). Treated as an oscillatory “classical field”

. The differential strain due to:

- A spatial gradient — relative acceleration between the objects due to the different field
amplitude

20pM o - € 100 Hz .
2\ — 1 _¢€ — 628 % 10~ Pierce et al. 2018, PRL 121, 061102
V) =z " g =68 107 (5 ) (—

finite light travel time

. Effect due to the

Morisaki et al. 2021, PRD 103, 051702
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DM signal - CW like signal

A time-dependent force acting on the test masses.
Oscillating at the same frequency and phase as the DM field
(superposition of plane waves)

2
fo = mac?/(2nh) —> 8 _1% L r04x1077 + Doppler effect (~10-8)
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Maxwell-Boltzmann spreading fe = fo = 107" fo.
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DM signal - CW like signal

A time-dependent force acting on the test masses.
Oscillating at the same frequency and phase as the DM field
(superposition of plane waves)

Stochastic and narrowband signal
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Search on O3 LIGO/Virgo data

Methods and results - LVK, Abbottet al., PRD 105, 063030, 2022
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Vector DM search in KAGRA

- Vector fields in KAGRA: sapphire test masses
and fused silica auxiliary optics. S

. Different materials have different responses to <" B Y-arm cavity
the vector field (different g/M of the mirrors)

- The differential strain is enhanced

reflection - o :
ower BS X X-
vort P o X-arm cavity

recycling
cavity signal
recycling
S cavity
anti-symmetric
p0r|t—>—|
Michimura et al., PRD102, 102001 (2020); o

Nakatsuka et al. PRD108, 092010 (2022);
LVK, arXiv:2403.03004



https://arxiv.org/abs/2403.03004
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Boson Clouds
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clump around spinning BHs due to superradiance

. Given a BH with (Mg, ¥;) and a boson particle of my,, the superradiance instability is
maximized if the confinement conditions are satisfied fic/m, ~ 2GMpy/c”

. Astrophysical BHs could match well with boson masses ranging from 1020 to 1010 eV

- Potentially observable through their effects on the BH's dynamics and the gravitational
waves they emit

- The gravitational wave frequency few is mainly determined by the boson mass

- LIGO/Virgo/KAGRA are sensitive to a mass range of 10-14 to 10-1 eV (10-2000 Hz)
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Boson clouds

;é\e/@ .
W

Superradiance condition:

Qpy

- We need: boson angular frequency < BH's outer
horizon angular frequency for the growth

— < Qpy
. field bosons condensate, occupying the same
maximally efficient when (quantum) state with huge occupation
wave is scattered off ;tb ~ rS NUMODErSs

a rotating black hole,
energy and angular momentum are extracted from a BH
leading to the amplification of these fields.

. This process (~mins-days) subtracts energy
from the BH momentum -> The BH slows down

- The superradiance stops (at saturation) and
the cloud dissipates through GWs (~days-years)

[Picture credit: Ana Sousa Carvalho] 12




T'he boson cloud signal

e The BH-boson cloud system resembles the hydrogen fine structure constant
atom = gravitational atom > a3, I
h o e . h
e The strain amplitude decays as  h(t) = — - :
14 >
® The G\/\/ frequency iS twice the f|e‘d frequency ” ><10'4' Creldit: D’:Antoni'o et aI'. Phys'. Rev.'D 98, .10301.7 (201'8)
fow ~ 645 H (10 Mg\ ( «a o
~ Z — 8
GW Mo 01 (at 1st order) B
o A small spin-up due to annihilation is present 3 :

, 10 M.\ 2 19 , 10 M.\ 2 15 0 05 1 15 2 25 3 35 4 45 5
f~3X 1014 Hz/s < - ®> (();“1) )(l? f~1x 10~ Hz/s < — @> <O;“1> )(iz {ime [seconds] 107
BH . BH .

(when self interaction is negligible)

see Collaviti et al. arXiv:2407.04304 .

We do not consider the effect due to transition levels



https://arxiv.org/abs/2407.04304

Scalar boson clouds methods and searches (CW-like)




Scalar boson clouds methods and searches (CW-like)

o First all-sky survey. Frequency 20-610 Hz (O3 LIGO data). Small spin-up range around zero -

Abbott et al. PRD 105, 102001 (2022) (see also Palomba et al. PRL 123 171101 (2019) - O2 data; Dergachev and Papa PRL 123
101101 (2019) - O1 data). All-sky semi-coherent method: D'Antonio PRD 98, 103017 (2018);
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e First all-sky survey. Frequency 20-610 Hz (O3 LIGO data). Small spin-up range around zero -

Abbott et al. PRD 105, 102001 (2022) (see also Palomba et al. PRL 123 171101 (2019) - O2 data; Dergachev and Papa PRL 123
101101 (2019) - O1 data). All-sky semi-coherent method: D'Antonio PRD 98, 103017 (2018);

e [Ensemble of signals, characterization and impact on CW analyses: zhy, et al., PRD 102, 063020
(2020): Pierini, et al., PRD 106, 042009 (2022)
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Scalar boson clouds methods and searches (CW-like)

e First all-sky survey. Frequency 20-610 Hz (O3 LIGO data). Small spin-up range around zero -

Abbott et al. PRD 105, 102001 (2022) (see also Palomba et al. PRL 123 171101 (2019) - O2 data; Dergachev and Papa PRL 123
101101 (2019) - O1 data). All-sky semi-coherent method: D'Antonio PRD 98, 103017 (2018);

e [Ensemble of signals, characterization and impact on CW analyses: zhy, et al., PRD 102, 063020
(2020): Pierini, et al., PRD 106, 042009 (2022)

® Directed:

4+ targeting the Galactic Center in O3 data: no priors on BH mass, spin or ages - Abbott et al.
PRD 106, 042003 (2022); semi-coherent method in Piccinni et al., PRD 101, 082004 (2020)

+ targ
the

eting known galactic BHs: Cygnus X-1 02 - rely o

N the mass, s

arget - Sun et al. PRD 101, 063020 (2020); Hidder

et O

.PRD 99 084042 (2019);

o]

Markov moc

e

N and age estimates of

tracking (directed) Isi
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EXClUSlOn rengnS LVK, PRD 105, 102001 (2022)

: tage=103 yr : tage=103 yr
-12 _ -12 N =
%- 10 i tage=106 yr- %‘ 10 e=104-5 yr BH SPIIN 09
el 8 : b
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i = M 7 [ 1kpe
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= c . 10M, ) \01 D) Xi = Xe)
O O ,
2 2 ,
. | 0
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assuming a BH with a given
spin, distance and age

we exclude some BH-boson
Masses combination
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Astrophysical reach of the search LVK PRD105 102001 (2022)

Mmaximum distance at which a given BH-boson cloud system, with a certain age,
s not emitting CWs, as a function of the boson mass

i * tage=1(;3;lr
102 0 tage=104 yr - . . . .
(IR Simulating a BH population with:
Rk 1 Ot =1 0°yr *"!'% . . .
2 5§ g - Kroupa mass distribution [5, 100] Mg
l_'ié L | * uniform spin distribution [0.2, 0.9].
DE |
100;
tage>107 yrs
10° A similar trend for a simulated BH

1012 population of [5, 50] M.
boson mass [eV]

Results depend on the properties of the simulated BH population.
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Vector boson clouds in post-merger

rermnant .

SHS

Horizon distances

Hidden Markov model tracking signals on timescales from

hours to months. Jones et al., PRD 108, 064001 (2023)
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Other ways to look for BC evidence

(other than CW methods)




Other ways to look for BC evidence
(other than CW methods)

- Impact of DM on binary dynamics - Baumann et al, PRD99, 044001 (2019); Hannuksela et al. Nature Astron. 3 447
(2019); Xue, Huang, Sci. China Phys., Mech. & Astro., 67 210411 (2024)
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Other ways to look for BC evidence
(other than CW methods)

- Stochastic background generated by the superposition of all signals from scalar or vector

boson cloud; Assume BH spin distribution and merger rate - Tsukada et al., PRD 103, 082005 (2021): Vector
boson clouds (O1+O2): Yuan et al., PRD106, 023020 (2022): Scalar boson clouds (O1+02+0O3)
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Other ways to look for BC evidence
(other than CW methods)

. SGWB from tensor boson clouds - Guo et al. Arxiv 231216435




Other ways to look for BC evidence
(other than CW methods)

- Constraints from BH spin distributions (spin [imited by superradiance) - Ng et al., PRL 126, 151102 (2021)
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Other ways to look for BC evidence
(other than CW methods)

. Effects on the GW waveform due to boson transfer BBH system - Guo et al. 2309.07790




Other ways to look for BC evidence
(other than CW methods)

- Checking the rates of hierarchical black hole mergers in nuclear star clusters - Payne et
al 2022 ApJ 93179 (2022)
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Conclusion

Earth-based interferometers can be used to look for DM evidence as a GW signal or as direct
detectors

Searches in GW data are already providing interesting constraints in the ultralight mass range
New DA techniques are under development, improving also in the signal modeling

There is a wide margin of improvement if we consider second-order effects, different self-
interaction regimes, etc...

In the case of detection, it might be difficult to distinguish between sources (e.g. NS or BC?) and
between signal models (scalar, vector, tensor, self-interaction or not, relativistic regime, ...)

We look forward to the upcoming O4 run!
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Scalar vs Vector: timescales and ho

Scalar bosons Vector bosons

9 7
M 0.1\ 1 M 0.1} 1
T« ~ 20 days o — | — T A 2MIns o — | —
15 11
M 0.1 0.5 M 0.1 0.5
Tow ~ 10° yr e — Tow ~ & days o —
10 M, 0 Xi— X 10 M ¢ Xi— Xy

M "1k M >(1G
hy ~ 6 X 107 s ) (= — ( i—xf) hy ~ 3 x 1072 (i> < pC) ( i_)(f>
10 Mg ) \ 0.1 d 10 Mg / \ 0.1 d

Valid In the non relativistic regime 2




Scalar vs Vector: Frequency

Scalar bosons Vector bosons
10 M, o
Jow = 645 Hz Y 01 (at 1st order)
BH .
| 10 M.\ ? 19 | 10 M.\ ? 15
f~3x 1071 Hz/s ( @> <i> 17 f~1x107° Hz/s ( @) <i> P2
Mpy 0.1 My 0.1

weak signals that are longer-lived loud signals that are shorter-lived
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grangian ‘[25, 26|. In this paper, we consider linear in-
teraction terms with the electron rest mass m. and the
electromagnetic field tensor F),,:

¢ B F* ¢

Ling D A’Y 1 — A_emewe"pea (2)

where 1., 1. are the SM electron field and its Dirac
conjugate, and A, A, parameterise the coupling. Spe-
cific types of scalar DM, such as the hypothetical Mod-
uli and Dilaton fields motivated by string theory, have
couplings to the QCD part of the SM as well [27-29)].
The addition of the terms in Eq. 2 to the SM La-
grangian entails changes of the fine structure constant
a and the electron rest mass m. |2, 3]. The appar-
ent variation of these fundamental constants in turn
changes the lattice spacing and electronic modes of a
solid, driving changes of its size [ and refractive index

()

0" Me

M _ _5.1073 (25—0‘ + 57"’6) , (4)

0" Me

In this work, we consider a ultralight vector dark mat-
ter field A, (¢, z), which is regarded as a gauge boson of
U(1) p gauge symmetry with D being a label for a charge,
such as B and B — L. We assume it interacts with ordi-
nary matter through the coupling to the U(1)p current
J5. The Lagrangian density £ is then given as

6062 Eog [ MAC
4

2\ 2
L=-20FmE, + 2 (T ) APA, —epedtA,

(1)
where F),, = 0,A, — 0,A, is the field strength, c is the
speed of light, A is the reduced Planck constant, m 4 is the
mass of the vector field, ¢ is the permittivity of vacuum
and €p is the gauge coupling constant normalized by the
electromagnetic coupling constant. Since the temporal
component of the vector field Ag is negligibly small, we
consider only its spatial components A = (Agz, Ay, AL) in
the following discussion.
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M; I hy Tinst TGW
Mol x; [100° eVl «; f[Hz] [5Mpc/r] [day] [yr]
3 090 122 0273 58k 4x102 01 2

10 090 36 0273 17k 1x102 03 6

60 070 40 0179 191 5x102 39 8k
60 090 60 0273 290 7x10°2 2 38
200 0.85 1.6 0.243 77 1x107%4 12 511
300 0.95 1.4 0.311 66 8 x 1024 4 40




