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Why so dusty?

GW sources evolve 1n a variety of gas/matter contents/fields, which may
leave detectable imprints on GW ————  changes in generation and propagation of GWs

O (lan we infer properties on the environment in which binaries evolve?

O Are vacuum templates safe against (astrophysical) systematics?

V. Springel et al., Mon. Not. Roy. Astron. 391 (2008)

massiwe BH evolve in DM-rich
environment, within galaxies

binaries can assemble and evolve
m accretion disks

G. Bertone et al., Nature 562, 7725 (2008)

theoretical arguments
supporting new fields
clustering at different scales
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Dusty phase shifts

The environment affects the binary orbital motion ‘ S
A ®
——  changes generation and propagation of GWs
ges g propagation of v
O different effects can be included adding specific corrections the post-
Newtonian WaVeformS h = A€i¢GW Cardoso & Maselli AA 644, A147 (2020)
_5/3
wGW X (mﬂ-f) vacuum + 5¢env
O generic correction due to the binary environment
0Penv X Penv(mmf) "
density .of the < J il il 1
medium
v=11/3 v =3 v =2
_:::éi. l :.:.'?; gravéi(él“gional aceretion grain)tthll'onal

GW can be used to bound the density of the matter distribution in which binary
evolve
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Where do we look for the dust

Constraints on the environment’s density from different effects & sources &

dete ctors V. Cardoso & A. M., A&A 644, A147 (2020)
environmental effects typically contribute at low frequencies (10%-5 x 10%) M,
IBBH
Collisionless accretion Gravitational drag
w 100
10° L i
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density of medium
normalised to Ho0

c Asymmetric binaries work (really) well j
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EMRIs in nuce

EMRISs provide a rich phenomenology, due to their orbital features

O Non equatorial orbits

X O Eccentric motion
< ——N "'\I O Resonances
\\_;‘_‘;; >~ Complete ~ (10* — 10°) cycles before the plunge

Berry +, Astr02020 1903.03686 (2019)
dynamacs dictated by q

\ I bymianial

o B g S blessing & disguise
N\ p

Tracking EMRIs for O(vear) requires

accurate templates
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Very appealing to test fundamental & astro-physics

Precise space-time map and accurate binary parameters
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Ditterent approaches to compute GW signals
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breaks before the merger
good for comparable mass binaries

bad for asymmetric binaries

(some) dirty BH models
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How do we describe dusty BHs?

Self-Force theory

: : ma
mass ratwo expansion q = o <1
1

Yaw X Yopa + Yipa + - ..

v oo+

O(1/q) O(1)
O fully relativistic

good for asymmetric binaries

O bad for comparable mass binaries (but)

(almost) no dirty BH model




1 he Background

Solve Einstein’s equations in spherical symmetry sourced by the halo

V. Cardoso + A. M., PRDL 105, L061501, (2022)
stress-energy tensor V. Cardoso + A. M., PRL 129, 241103, (2022)

E. Figueiredo, A. M., V. Cardos, PRD 107, 104033, (2023)

o) = o) 214 /a0 ot = s { =t <1
I |
Hernquust NEW FEwnasto

gt =1-=2m(r)/r

rr

Qi = (1 _ 2Mpm o o » 1= 2Mpa/a0 < Redshifi factor
r

O Asymptotically flat, r, = 2Mpy particle motion
(geodesics)

O To mimic galaxy observations

ao 2> 10* Myaio Mpu < Myalo < ag y
“assemble” binaries and

study GW emassion
O Model characterised by M, ., dg
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Spikes

'The halo mass function

10%10[M]§H P] 10810[M1§H P]

10%10[M1§H P]

MHalo/ao = 0.1 MHalo/GO = 0.01

MHalo/a/O = (.001

Sy, e Einasto

oy Ny ]

Hernquist -
T :;,,.r.:.,_,_\\ NFW
“ N

[ = Hepy/THpy

00T = Hipy/°THpyr (01 = Hipyr/OrHpyy

numerical simulations of BH
accretion growth predict
spikes with overdensities
P. Gondolo & J. Silk, PRL 83, (1999)

O lengthscale dependent on
the BH mass

O spike vanishing at 4Mpy

Spikes are relevant to enhance GW emission for close binaries and hence environment

detectability
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Spikes

'The halo mass function

pDM(l — 4MBH/7°)

MHalo/ao = 0.1

Mitalo/ag = 0.01

MHalo/ao = 0.001

——»  halo compactness
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Geodesics

T'he halo affects the orbital properties of massive and massless particles

Innermost Stable

Cureular Orbit Light Ring

1 1
Mpusco = 65 vacuum MpaQLR ~ Ve

1 m non-linear /M won-linear
Mgy ~ —— (1 — vrtinea /10;1—2/{6(11
PHEISCO 6\/6 w T corrections MBHQLR o 3 \/’ w corrections

T redshifl factor

redshufl factor

O Atleading order the halo only redshifts the dynamics

O Non-linear correction of the order M?/a2 < 1078
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EMRI evolving within environments

GW enusswon from EMRI

O Consider linear perturbations of a BH+halo background induced by the small

secondary G, = 8m(T,, +1T},)
gravitational-sector

X Ol
Jap = ggﬁ) + hiys + hl;ﬁ

o Compute GW fluxes Eqy ~ | h, -pol |2

O Evolve orbital elements

orbital
radius d?“(t) _ _EGW dr
dt dEqn
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Slhuid-sector

up =up +u, P =po+p1

orbital phase




Axial modes

How does the halo change the axial perturbations of the BH?

O Same functional as 1n vacuum
2 6
Tl 1 V™R, = T e — —“g) 00+1) - ”;(T) m(r)

I

T T T 1
= vacuum
Mhao/a0 =10""

Mhaio/a0 =5x10"2 :
— Misio/2y=102 . . .
. Change in the scattering potential due

‘:
to the halo compactness

015 |

Vax (r)

0.05

10.0
/Mgy

5.0

O The halo affects the structure of the potential and boundary conditions

O axial modes are not coupled to fluid perturbations
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Redshift again

In the small compactness limit M/ap < 1

2A]\fhalo 3]\4halo Sch dr Mhalo dr
vaX ~ 1 L ax JaX ~ 1 o JaX, cnw ~ 1 o
< ao Schw im ao m dT*

N 7

Moo \ 1 Mhato\ ax.Schw
() oo -2
0

ao m

Equwalent to a vacuum solution
with rescaled parameters

Mao .
,u—>ﬁ:,u<1—|— hl) redshift of the BH mass
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Axial modes

(2,1) axial flux emitted by an EMRI on circular motion

E. Figueiredo, A. M., V. Cardos, PRD 107, 104033, (2023)

O fluxes tend to be smaller in the presence of the halo
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O Changes of axial fluxes can all be interpreted and quantified in terms of redshift scalings

O Redshifted quantities drastically reduce the difference for realistic halos
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Polar modes

Polar sector introduces couplings between matter and metric components

O System of 5 coupled differential equations for V = (Hy, Hy, K, W, dp)

&V _ AV -3
dr

. . 5pr,€m — CgTépﬁm
O 'The radial/tangential speeds of sound enter the modes 5 2 5
pt,ﬁm — Cst Petm

_\P | | —&p | o /an\ J
0.1 /ﬂ/’\/“\ " (\
M | ﬂq(\”f\(\ \m(\' conversion between metric

107°} ' and fluid modes

500 1000 1500 2000 2500 3000
U— rnv'r.‘".w’),/JLIRH

New horizons for Pst



Polar modes

(2,2) polar flux emitted by an EMRI on circular motion
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redshifted

Redshift rescaling not enough to take into account shift in the fluxes

generation and propagation affected by deviations due to the coupling between polar
modes and the fluid
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Catching the dusty environment

S. Gliorio +, in preparation

dr i dr dd M GW dephasing AD — & B
- — —Laow 0 = > = —
dt dEorb dt 7“3 Y m
AP > 1 > evolution can be
™~ distinguishable
Mhalo/aO - 10_3 Mhalo/ao = 10_4 Mhalo/ag = 10_5
[ — (10°-10)M, ' L — (10°-10)M - gl — 10°-10 1
1500F — (10°-50)M 1 SO0F 05 —s0)m, ] | 10°-50
(10°-10M (10°-10M - [ — 10°-10
— (105-50)M,, [ — (105-50)M, : - — 10°-50

1000

2(¢v_¢m)
2(dy—dm)
2(¢v_¢m)

500

- 0 -

0O 2 4 6 8 10 12 0O 2 4 6 8 10 12

New horizons for Pst



Distinguishung dusty waveforms

How different are vacuum and matter waveforms as seen by LISA ?

h'U hm = 4Re/ df > f[hv’ hm] —
e Solf) VTR )
F $0.997 > signals may be
distinguishable
, O-— ® c=10" T=12 months _ - O ca 0-3 T=6 months _
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Back up




EMRIs in vacuum

How do we study EMRI in vacuum (GR)?

O 'The asymmetric character introduces a natural parameter to study the

problem in perturbation theory ¢ = m,/M <« 1

0
gap = g((lﬁ) + hozﬁ

| W =y, (X)) dyly dyl leading
(,t';.w = T};U = 8TMmy / ( YUl ) ¢! 2P A
9 dA - dA adiabatic
O 'The solution determines the phase evolution
adiabatic furst post-adiabatic

¢(t) — ¢diSS—1 -+

}

O(1/q) o)

Regge-Wheleer-erill
(Schwarzschild background)

Teukolsky
(Rerr background)

error
<+ needed

< 1 radian
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EMRIs in vacuum

€as = 95y + ahl) + ?h2 + O(°)

Contributions to the orbital trajectory

D?z¢ o o
72 :CIf1 ‘|‘(12f2 +O(q3)

Inspiral evolution on radiation-reaction time ¢,

cumulative shifl

ter = E/E ~ M/q 02" ~ @[5ty ~ ¢
of second order SF
Match filtering require error in phase << | radian:  f3' 5 &

O(t) = — [Do(t) + qP1(t) + O(¢?)]
J L feons

— fé)fdiss

T. Hinderer & E. Flanagan, PRD 78, 064028 (2008)

New horizons for Pst



A relatiistic spacetime

Relativistic BH spacetime surrounded by a matter distribution

V. Cardoso +, PRD Lett. 105, 061501, (2022)
V. Cardoso +, PRL 129, 241103, (2022)

E. Figueiredo +, PRD 107, 104033, (2023)

N. Speeney +, PRD 109, 104079, (2024)

O Spherical symmetry + anisotropic stress energy tensor

dr?
2 _ 2 2 70)2
ds a(r) dt +1—2m(fr)/r+/r d
(TH) = —— (PP} «—s T*, = diag(—p, 0, pr, pr)
mp

A. Einstein, Annals Math. 40 (1939)

O Numerical solution for BHs in DM rich environments

average density 4——] typical scale
(1) = po(r/a0) [+ (rfag) |-/ p(r) = peexp {~dullr/r)V" ~ 11}
1 1
Hernquust NEW Einasto

O Model characterised by M, ag
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1 he perturbation scheme

For the gravitational sector

Y0l
Po ‘l‘ hax

I ] a3

| L ™

hag = h

(—1)" «

'S ¢
h =3 3 4R + AL alt) + Agnagm + B b + Bun e+ Q0 ¢t + Qi com

+ Dem dem |1 Gem o + Fem fem - 00 0 (i
a0 00 YR vie
0 yhr o 0 (
0 yEno (]

O 7 polar components + 3 axial harmonics
O For a spherically symmetric background the 2 families decouple

O In vacuum GR using the Regge-Wheeler-Zerilli gauge the components reduce

to | axial and | polar functions

Regge & Wheeler, PRD 108, 1063 (1957)
Zernlli, PRD 2, 2141 (1970)
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1 he wave equations

2 master equations for 2 perturbations T y ;1')’,' 1
(12 1‘)1111 2 \ {({ o 1) 6M mnfo on the
w—e -’ — m — Jax —» : R -
(1.,.3 + [ ‘ ( r2 ro Bem = J, orbital setup 55t Vheeler

\

d?Zom o 18M?°> 4+ 18M2rA + 6 M2 A% + 2r°A%(1 + A) o
u;‘-' Z‘II) o '])()
-3t [ S3M LA { pol  ~enllt

b3

O Perturbations are need to compute the GW fluxes...

1 o= — )
Ef,, = — 2| Z 1| R,
grayv 647 ;2 .m'—z—[ ([ . 2) ( | le + | {m )
O ... which drive the orbital evolution .

| —p  orbual phase

orbital o (+ ) (; . 1 -

i e d (¢) _ _F dr | dd(t) _ *\1:2

dt dE orb | dt ’]".3 /2
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Polar modes

Polar sector introduces couplings between matter and metric components

—

O System of 5 coupled differential equations for V' = (Hy, Hy, K, W, dp)

O The radial/tangential speeds of sound enter the modes

WV AV =3
dr

6p7“,£m — Cir 5p£m

0Pt em = Co,0pom

O (2,2) flux for secondary at r, ~ 8 Mgy

less compact

¢ m  Vacuum Hernquist
‘\\\ Ay, \( \ : :
» j\—”“l"}}.:.f, : 0.1 0.001 the halo 1s diluted
1l-[3}..: N . ]
99  1.70686-A 1 2.4341e-4 | 1.7038e-4 the density 1s low close to
2 .7068e- , :
41 41 1.7037e-4
100 [([AI3sed | L7037, the RAiElg B actness, ag

\ increases for larger MHyalo

more compact
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Quast Normal Modes

0.0 - 0.0f 1
& M=20My, M/ag=10 ' Miar=1(r 6

~0.1} + M=10'M,, Fr 2+ 422 ] -0.1 + B » . » ')
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Re| My w;,) Rel Mgyt wion]
: : . redshifl
O Both real and imaginary part decrease as M/ag increases <+
offect
O Very little dependence on the halo mass
O In the eikonal limit wonm = QLrl — i(n + 1/2)]A]
O For small compactness
Qo MM N, MM
S ag T ap Avac ag T ag
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Quast Normal Modes

ONM behaviour as a function of the halo compactness
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O The QNMs have a clear light-ring interpretation

O Linear and subdominant corrections agree with the analytic scaling of frequencies and

damping times
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