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Lnvironments Lffects: opportunity and choices

“WHEEL OF
_FORTUNE

Environmental eftects as clear science case for high precision detectors s sarausse+ 2014
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.o Massive BHs evolving in DM-rich tfields, binary formation in accretion disks...

» Binaries as 'Table-lop experiments: target and moving probes ot their
surroundings

new signatures

1] . Sundamental
physics

systematics  +

o Next-gen detectors will target binaries with different scales and dynamical
reglmes

» (some) Gommon observables but: difterent approaches, simplifications,
waveform models
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Dynamacal Friction

Interactions with particle in a medium transters of momentum/energy from the orbital motion to the

environment, inducing a drag force on the moving body

.o DF changes 1n the dynamics translate into a phase shift

S. Chandrasekhar, 1973

o o
o ) o
°°‘0 ¢ o.|°°
90 00° o°o°°

(10%-5 x 103) M
IBBH

Gravitational drag

GW150914
—5/3 B 8
Yaw o (mm f) / {vacuum T &ben‘f} 0Yenv < po(mm f) H/3 GWI170608
GW170817 '
1074}
o Environmental eftects typically contribute at low tfrequencies 0
S

10 °F

smallest value
1071%

» Asymmetric binaries and next-gen detectors made for each other

V. Cardoso & A. M. 2020

=+ vacuum
107181
1078
. Analysis on GWTC-1/2 LVK binaries show no evidence of
environmental etfects G- C. Santoro +, 2035 A
MBBH

(108-5 x 10°) Mo
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Dynamacal Friction

DF extended to perturber moving through a gaseous (collisional) medium, scalar field cloud, and including

T~ e . L. I. Petrich +, 1989; D. Syer, 1994; E. Ostriker, 1999, L. Hui +, 2017; Y. Rephaeli +, 1980; E. Barausse, 2007;
relat1V1St1C COTT@CthnS L. Annulli +, 8020; S. Hartman +, 8021; R. Vicente & V. Cardoso, 2022; D. Traykova +, 2022; Z. Wang + 2024;
J. Bamber +, 2022; J. Aurrekoetxea +, 3023; J. Aurrekoetxea +,, 023

.o Gomparisons/ calibrations between numerical and semi-analytical results

EMRI relativistic evolution 1n
overdense region with DI corrections

D. Traykova, +, 2023 analytical expression for DF (and R Vicente +. 2025
4 accretion) of light fields : ' ' l - -
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Cloudy environments

Ultra-light boson clouds can grow and create overdesnities around spinning BHs, due to accretion or
. D. Baumann +, 2019, 2022; R. Brito +, 2015
superradiance

. Perturbations enhanced at specific orbital frequencies

» Backreaction on the secondary evolution . -

36\'«

scalar fluxes

> When the orbital distance ~ cloud size, the cloud gets 1onised _1 \ F. Duque +, 2024

G. Tomaselli +, 2023; G. Tomaselli, 2025

» Iransition from bound to unbound states: energy supplied by the
binary

~ The mspiral 15 (also) driven by the interaction with the cloud
(aka dynamical friction)

e s T s

-—
-

~ Sharp features in the emission . Brito & S. Shah, 2024

~ Scalar radiation can dominate over GW emuission at large
distances gravitational fluxes
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Shikes

Simulations of BH accretion predict spikes with overdensities » aondolo & 4. sitx, 1999; L. sadeghian +, 2015; F. Ferrer +, 2017
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~ Dynamics and GW emission of BBHs affected (and enhanced) by the spike

G. Bertone +, 2024
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Primary spin significantly improves
detection prospects of DM spikes with
LISA




Shikes

Relativistic EMRI evolution within a DM spike

V. Cardoso +, inc. A. M., 2022, 2023, Y. Zhao +, 2024; N. Speeney + inc. A. M., 2024; S. Gliorio + inc.
A. M, 2025; P. Fernandes & V. Cardoso, 2025; M. Rahman & T. Takahashi+, 2025

.o Ghanges mostly dependent on the halo “compactness” € = M, ,;,/ay ( S 10™%)
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ONMs intermezzo

The Quasi Normal Mode spectrum of a BH surrounded by spherical DM distribution

L. Pezzella +, inc. A. M., 2024; T. Spieksma, +, 2024

conversion between metric and flurd modes

metric response
/

_density response
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SNR required to distinguish the ringdown

signal from vacuum
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Lafe in an accretion disk

IMBH and a sBH evolving in the AGN disk of a supermassive BH

" Peng =, 2024 0.01
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.o sBH migrates faster when IMBH 1s present

- sBH aftected by tidal torques, type-I migration, interfering waves

.o The sBH migrates synchronously with the IMBH, a(#)/a(t = 0) — 1 ~ the same

« Dafferent outcomes depending on the sBH 1mitial configuration

IMRI-IMRI ‘ o T EMRI-IMRI ‘ ¢ ® IMRI-EMRI
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Accretion disk torques

Accretion disks induce torques that can attect EMRI trajectories

B. Kocsis +, 2011; E. Barausse +, 2014; M. Garg + 2024; L. Speri+ 2023
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- lorques can be detected by agnostic templates with a power-law of the radius

A physical model (A, n,) can be mapped to viscosity & etticiency of the disk
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Accretion disk torques

Catching torque variability with semi-analytical approximations w. copparon +, 202s; a. Derazinski +, 2021, P. Dufel +, 2020

— GW fluxes Type II numerical torque -~ Type I analytical torque > LI — Y (fra),r.4 Q2 q2 M2
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Multi-FParameter expansions

Going towards Self-Force calculations secondary «— —— environment

.o Modelling environmental effects on top of vacuum solutions g, = gg)y’o) + g&ly’()) + gﬁ,,()y’l) + gl(Lly’l)

m
. M A T \
multi-parameter ’ ® ;.
—> —
expansion
Kerr g =m,IM €
wake profile of matter due to the
secondary
Solve perturbatively Einstein equations +
RW-Zerilli-like equations
- scalar field environments -
R. Brito & S. Shaha, 2024 1,0 P(1,0 ’
C. Dyson +, 2025 L 07, — 87 + V'] ém (1) = Sﬁfrr(L (t,7) |
DongJdun Li +, 2025 modularity Wlth»
- 100
vacuum
. . : P(1,
 tluid environments 02 = 07 + VPVt r) = St (¢ r)
M. Rahman & T. Takahashi+, 2025

S. Datta & A. M., 2025 N
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Contaminations & biases: one at a lime

Does mismodeling atfect parameters reconstruction, and other tests of fundamental physics (tests ot GR)?
L. Speri +, 2023; L. Speri + inc. A. M., 2024; S. Barsanti + inc. A. M., 2025

scalar field
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~ Bias 1n the source intrinsic parameters 1s small

~ Problematic for ‘small’ deviations, like beyond GR/environmental corrections
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Contaminations & bases: multiple effects

Does mismodeling atfect parameters reconstruction, and other tests of fundamental physics (tests ot GR)?

Faeg = Op, (Jount paramelers)/ oy (single parameler)

for vanishung beyond GR amplitude

EMRIs S. Kejriwal +, 2023
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oy = bas/statistical error

MBHDBs M. Garg +2024
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lake home messages

Astrophysical environments are there (we know) and can be measured (maybe)

- Wavetorm modelling, 1n particular for asymmetric binaries
- Intertace with numerical sitmulations

—» Gomplementarity of agnostic and physical models
— Gorrelations with vacuum parameters

-~ Gorrelations with other fundamental physics parameters

Much more environments around

 Interplay between eccentricity and environmental effects = puque + 2025; M. Garg + 2024
\J Tidal I'€eSONAICeES B.Bonga + 2019; P. Gupta +, 2021

o Repeated interactions with black hole disks s xejriwa+ 2024; 7. spieksma & . cannizzaro+ 2025

» Multi-messenger observations and studies of BH environments 4. caputo +, 2020; A. Toubiana + 2021; L. Sberna +, 2022
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Back up




Cloudy environments

Ultra-light boson clouds can grow around spinning BHs, due to accretion or superradiance
D. Baumann +, 2019, 2022; R. Brito +, 2015

o Perturbations enhanced at specific orbital frequencies

» Backreaction on the secondary evolution - -

G. Tomaselli +, 2023; G. Tomaselli, 2025

. When the orbital distance ~ cloud size, the cloud gets 1onised

— Co-rotating
— Counter-rotating

— P /4

| N
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o Iransition from bound to unbound states: energy supplied by the

binary 100 -
= 'T'he mspiral 1s (also) driven by the interaction with the cloud 0 ~" e
, o 50 100 150 200 250 300 350
(aka dynamical friction) R./M

. .. Ionization/GW power v.s. secondary radius
~ Sharp features 1n the emission P ’
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Cloudy environments

—>

Towards a relativistic description of EMRIs within scalar clouds

o Adiabatic fluxes of a BH surrounded by an ultra-light tfield

R. Brito & S. Shah, 2024
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~ Sharp features as resonances 1n the horizon flux & cut-oft at large radn

~ Scalar radiation can dominate over GW emission at large distances
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Wave-like DM and overdensities

Numerical simulations of wave-like DM on equal mass BH mergers . samber+, 2022; o. aurrexoetxea +, 2023; 9. Aurrekoetzea +, 2023

o Orbital evolution of BBHs 1in an imitially homogeneous dark matter environment,
with difterent initial configurations

energy density
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: .. 2 . .
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Shikes

. . . . V. Cardoso +, inc. A. M., 2022, 2023, Y. Zhao +, 2024; N. Speeney +, 2024; S. Gliorio +inc. A. M,
BH solutions within a DM proﬁ]e and perturbatlons 2025 P. Fernandes & V. Cardoso, 2025; M. Rahman & T. Takahashi+, 2025

Juv = QS)VaCk) + huw  coupled with fluid perturbations
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» Changes mostly dependent on the halo “compactness” € = M,_;./a, ( S 1074
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conversion between metric and flurd modes
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ONMs intermezz0

Axial Quast Normal Modes for a BH surrounded by spherical DM distribution

L. Pezzella +, inc. A. M., 2024
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Contaminations:

multiple effects

Can we disentangle different environmental ettects with LISA? = cole 2023

semimajor axis / Tisco

dephasing index

N. Becker & L. Sagunski, 2023
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Accretion Disk + DM Spike

DM spikes & accretion disks

. Spikes and accretion dominating at different times/separations

o E/IMRIs 1n different frequency ranges carry complementary
informations

~ Muluple diagnostics: dephasing index, eccentricity evolution...

Environmental Effects on Black Hole physics (@ GR24 and Amaldi 16



Love numbers for BHs in matter

'Thidal deformabilities A for Kerr BHs 1n vacuum vanish

o For BHs dressed by matter: A # 0

T. Hinderer, 2008; T. Binnington & E. Poisson, 2009; T. Damour & A. Nagar, 2008; P. Landry & E.

Poisson, 2015; P. Pani + inc. A. M., 2015; N. Gurlebeck, 2015; A. Le Tiec +, 2021;

V. Cardoso + inc. A. M., 2017

M. Branches: +, 2023
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= Interesting science case for multiband analyses (LISA+ET)
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Love numbers in matter: systematics effects

Is there any systematic error 1n the source parameters when using a wrong wavetorms model? v peruca+inc. a u, 2025

o Equal mass binaries observed by E'T" & LISA

Injection: GW signal with A # 0 + > Recovery: GW signal with A = 0 > AO x A

» distance (@)
bias = statistical error

dr/Gpc

bas over
imected value

‘D
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Parasitic BH's

. . . . . V. Cardoso + 2022, Z. Zhong +, 2023
Small black hole moving through a much massive scalar field distribution

w 'Thdal eftects, accretion, DF, GW emission...

X muni boson star solitonic boson star
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o DF ettective at r S (Mgy/M)Ryg

~» Hard to disentangle DF from tidal eftects and accretion
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