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Binary evolution of  compact sources
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LISA will observe old-and-new families of  binaries 
Huge potential for new science cases and new challenges (problems) 

comparable mass  
binaries

(very) asymmetric  
binaries, i.e. EMRI, IMRI

different mathematical approaches to model different sources (post-Newtonian, 
Self  Force, ….)

astro-physical set up, orbital features, interaction with environment

Challenges for waveform modelling of  systems on different scales are different

Scales & new families

How dirty a black hole can be ? @ IFPU



LVK, GWTC 3 2111.03605

90+ events observed so far from LVK, spanning a relatively small interval of  
mass ratios 

Space detectors expected to beat down such 
value by several orders of  magnitudes

Science potential

Slow inspiral phase which could allow to continuously observe AB for very long periods, from 
months to years 

dynamical evolutions with an uncommon richness, with resonances, large eccentricities and 
off-equatorial orbits, etc.

astro-fundamental physics setups
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q ⇠ 10�6 � 10�7

dynamics dictated by q, with the duration of  
the inspiral & number of  cycles growing as q 
decreases 
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Scales & new families



Every family has problems

dynamics dictated by the mass ratio
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Why so dirty?

V. Springel et al., Mon. Not. Roy. Astron. 391 (2008) G. Bertone et al., Nature 562, 7725 (2008)

massive BH evolve in DM-rich 
environment, within galaxies

GW sources evolve in a variety of  gas/matter contents/fields, which may 
leave detectable imprints on GW 

particle physics  
laboratoriesbinaries can assemble and evolve  

in accretion disks

Can we infer properties on the environment in which binaries evolve?

Are vacuum templates safe against (astrophysical) systematics?

changes in generation and propagation of  GWs

How dirty a black hole can be ? @ IFPU



How do we describe dirty BHw?

How dirty a black hole can be ? @ IFPU
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q =
m2

m1
⌧ 1

post-Newtonian theory

speed of  light expansion

Different approaches to compute GW signals 
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h̃(f) = Aei GW

breaks before the merger

bad for asymmetric binaries

mass ratio expansion

Self-Force theory

good for comparable mass binaries

bad for comparable mass binaries (but)

good for asymmetric binaries

fully relativistic
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 GW /  0PA +  1PA + . . .
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O(1)

(some) dirty BH models (almost) no dirty BH model



different effects can be included adding specific corrections the post-
Newtonian waveforms

The environment affects the binary orbital motion

density of  the  
medium
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� = 11/3
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� = 2
<latexit sha1_base64="N8h2F8Dd10G8RHCcsm6KcBuajGo=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKez6vghBLx4jmAckS+idTJIhM7vrzKwQlvyEFw+KePV3vPk3TpI9aGJBQ1HVTXdXEAuujet+O7ml5ZXVtfx6YWNza3unuLtX11GiKKvRSESqGaBmgoesZrgRrBkrhjIQrBEMbyd+44kpzaPwwYxi5kvsh7zHKRorNdt9lBKvTzvFklt2pyCLxMtICTJUO8WvdjeiiWShoQK1bnlubPwUleFUsHGhnWgWIx1in7UsDVEy7afTe8fkyCpd0ouUrdCQqfp7IkWp9UgGtlOiGeh5byL+57US07vyUx7GiWEhnS3qJYKYiEyeJ12uGDViZAlSxe2thA5QITU2ooINwZt/eZHUT8reRfn8/qxUucniyMMBHMIxeHAJFbiDKtSAgoBneIU359F5cd6dj1lrzslm9uEPnM8fgtOPow==</latexit>

� = 3

gravitational  
drag accretion gravitational  

pull

GW can be used to bound the density of  the matter distribution in which binary 
evolve

Cardoso & Maselli AA 644, A147  (2020)

changes generation and propagation of  GWs

<latexit sha1_base64="nDuAyB6UbwcwS9WnVofOV9Awx3o="></latexit>

� env / ⇢env(⇡mf)��

generic correction due to the binary environment

<latexit sha1_base64="E4f2bgsWfYHWkopfWQqQo+VnUFc="></latexit>

 GW / (m⇡f)�5/3


vacuum+ � env

�

<latexit sha1_base64="8In+csDQx9wK6lohlBVirEFaAYo=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEfG2EqgtdVrAPaGKYTKft0JlJmJkIJWbhr7hxoYhbf8Odf+O0zUJbD1w4nHMv994Txowq7TjfVmFufmFxqbhcWlldW9+wN7caKkokJnUcsUi2QqQIo4LUNdWMtGJJEA8ZaYaDq5HffCBS0Ujc6WFMfI56gnYpRtpIgb3TP7+A5D6lXqxokHqSw+tmlgV22ak4Y8BZ4uakDHLUAvvL60Q44URozJBSbdeJtZ8iqSlmJCt5iSIxwgPUI21DBeJE+en4/gzuG6UDu5E0JTQcq78nUsSVGvLQdHKk+2raG4n/ee1Ed8/8lIo40UTgyaJuwqCO4CgM2KGSYM2GhiAsqbkV4j6SCGsTWcmE4E6/PEsahxX3pHJ8e1SuXuZxFMEu2AMHwAWnoApuQA3UAQaP4Bm8gjfryXqx3q2PSWvByme2wR9Ynz9a1ZWz</latexit>

h = Aei GW

Which family?

How dirty a black hole can be ? @ IFPU



Which family?
V. Cardoso & A. M., A&A 644, A147 (2020)

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

EMRI

IMRI

IBBH

MBBH

Asymmetric binaries work (really) well

density of  
medium

environmental effects typically contribute at low frequencies

astrophysical setups matter! (overdensities)

How dirty a black hole can be ? @ IFPU



EMRIs in nuce 
Binary systems with a stellar-mass body inspiralling into a massive BH 

Primary with
<latexit sha1_base64="QpqHG08/kGQQSPLPVraWYLjmazc=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR6sKSSNUui27cFCrYBzQxTCaTdugkE2YmQil146+4caGIW//CnX/jtM1CWw/cy+Gce5m5x08Ylcqyvo3c0vLK6lp+vbCxubW9Y+7utSRPBSZNzBkXHR9JwmhMmooqRjqJICjyGWn7g+uJ334gQlIe36lhQtwI9WIaUoyUljzzoO5IGsGSbd1XTnWrntQ9hwdceWbRKltTwEViZ6QIMjQ888sJOE4jEivMkJRd20qUO0JCUczIuOCkkiQID1CPdDWNUUSkO5peMIbHWglgyIWuWMGp+ntjhCIph5GvJyOk+nLem4j/ed1UhVV3ROMkVSTGs4fClEHF4SQOGFBBsGJDTRAWVP8V4j4SCCsdWkGHYM+fvEhaZ2X7onx+WynWrrI48uAQHIESsMElqIEb0ABNgMEjeAav4M14Ml6Md+NjNpozsp198AfG5w8/mpTd</latexit>

M ⇠ (104 � 108)M�

Secondary such that the mass ratio

Key point of  theoretical description

Emit GWs in the mHz band, golden 
targets for LISA

T. Baker +, Astro2020 1907.06482 (2019)
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Complete                        cycles before the plunge

EMRIs provide a rich phenomenology, due to their orbital features

Berry +, Astro2020 1903.03686 (2019)

Non equatorial orbits

Eccentric motion

Resonances

Precise space-time map and accurate binary parameters 

Very appealing to test fundamental & astro-physics

blessing & disguise

Tracking EMRIs for O(year) requires  
accurate templates

EMRIs in nuce 

How dirty a black hole can be ? @ IFPU



Accretion disks
Accretion disks induce torques that can affect EMRI trajectories

L. Speri + PRX 143, 021035 (2023)

radiatively efficient, Newtonian, thin accretion-disk models

<latexit sha1_base64="qnwk0lu9QTX/vuZKGqjG3AyAg/c="></latexit>
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viscosity

Subdominant compared to GW emission but potentially observable
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L̇ = L̇GW + L̇disk

amplitude
slope

type I migration
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Accretion disks
Are agnostic templates useful?

posterior on the amplitude for agnostic search 
(vacuum injection v.s. recovery + accretion)

Torques may not be detectable even if  dephasing larger than <latexit sha1_base64="bx9a4HQ+ytDY9rs+PbhbxTJdGxA=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTia1nUhcsK9gFNKJPppB06k4SZGyGE+ituXCji1g9x5984bbPQ1gMDh3PO5d45QSK4Bsf5tkorq2vrG+XNytb2zu6evX/Q1nGqKGvRWMSqGxDNBI9YCzgI1k0UIzIQrBOMb6Z+55EpzePoAbKE+ZIMIx5ySsBIfbvq3TIBxGuOuDcEk5PY7ds1p+7MgJeJW5AaKtDs21/eIKapZBFQQbTuuU4Cfk4UcCrYpOKlmiWEjsmQ9QyNiGTaz2fHT/CxUQY4jJV5EeCZ+nsiJ1LrTAYmKQmM9KI3Ff/zeimEV37OoyQFFtH5ojAVGGI8bQIPuGIURGYIoYqbWzEdEUUomL4qpgR38cvLpH1ady/q5/dntcZ1UUcZHaIjdIJcdIka6A41UQtRlKFn9IrerCfrxXq3PubRklXMVNEfWJ8/K/iUeQ==</latexit>

�� & 1

Torques may not be detectable for typical value of  the disk viscosity <latexit sha1_base64="3MUkKiCoiAzY5Y40sOOBicuGr2A=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEnons8mY2Z1lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9oapkqyhpUCqnaAWomeMwahhvB2oliGAWCtYLR7dRvPTGluYwfzDhhfoSDmIecorFSs4siGWKvXHGr7gxkmXg5qUCOeq/81e1LmkYsNlSg1h3PTYyfoTKcCjYpdVPNEqQjHLCOpTFGTPvZ7NoJObFKn4RS2YoNmam/JzKMtB5Hge2M0Az1ojcV//M6qQmv/YzHSWpYTOeLwlQQI8n0ddLnilEjxpYgVdzeSugQFVJjAyrZELzFl5dJ86zqXVYv7s8rtZs8jiIcwTGcggdXUIM7qEMDKDzCM7zCmyOdF+fd+Zi3Fpx85hD+wPn8AY7BjyI=</latexit>↵
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106M�-50M�-0.9

amplitude such that the dephasing  
vacuum injection v.s. recovery + accretion

<latexit sha1_base64="bx9a4HQ+ytDY9rs+PbhbxTJdGxA=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTia1nUhcsK9gFNKJPppB06k4SZGyGE+ituXCji1g9x5984bbPQ1gMDh3PO5d45QSK4Bsf5tkorq2vrG+XNytb2zu6evX/Q1nGqKGvRWMSqGxDNBI9YCzgI1k0UIzIQrBOMb6Z+55EpzePoAbKE+ZIMIx5ySsBIfbvq3TIBxGuOuDcEk5PY7ds1p+7MgJeJW5AaKtDs21/eIKapZBFQQbTuuU4Cfk4UcCrYpOKlmiWEjsmQ9QyNiGTaz2fHT/CxUQY4jJV5EeCZ+nsiJ1LrTAYmKQmM9KI3Ff/zeimEV37OoyQFFtH5ojAVGGI8bQIPuGIURGYIoYqbWzEdEUUomL4qpgR38cvLpH1ady/q5/dntcZ1UUcZHaIjdIJcdIka6A41UQtRlKFn9IrerCfrxXq3PubRklXMVNEfWJ8/K/iUeQ==</latexit>

�� & 1

vacuum injection v.s. recovery + agnostic

agnostic model

How dirty a black hole can be ? @ IFPU
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Accretion disks

Strong correlation between amplitude 
and slope

Detectability of  torques

Posterior inconsistent with A=0 at more 
than <latexit sha1_base64="eWrU0dVe1h0kpLlh0avWRhon0IE=">AAAB7nicbVDJSgNBEK2JW4xb1KOXxiB4CjPux6AXjxHMAskQejo9SZNehu4eIQz5CC8eFPHq93jzb+wkc9DEBwWP96qoqhclnBnr+99eYWV1bX2juFna2t7Z3SvvHzSNSjWhDaK40u0IG8qZpA3LLKftRFMsIk5b0ehu6reeqDZMyUc7Tmgo8ECymBFsndQ67xo2ELhXrvhVfwa0TIKcVCBHvVf+6vYVSQWVlnBsTCfwExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NwJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauObMGMySS2VZL4oTjmyCk1/R32mKbF87AgmmrlbERlijYl1CZVcCMHiy8ukeVYNrqqXDxeV2m0eRxGO4BhOIYBrqME91KEBBEbwDK/w5iXei/fufcxbC14+cwh/4H3+ABMaj2o=</latexit>

3�

Torque can be detected by agnostic 
template with a power-law in the 
radius

If  we have a physical model, (A,nr) can be mapped to viscosity & efficiency of  the 
disk 

 injection + accretion v.s. recovery + accretion

How dirty a black hole can be ? @ IFPU



Accretion disks
Parameter’s bias due to mismodeling of  the ‘true’ signal

Good match only on a shorter portion of  the signal 
won’t affect  

astro-conclusions
problematic for ‘small’ deviations, like beyond GR corrections

Bias in the source intrinsic parameter is small

How dirty a black hole can be ? @ IFPU



Accretion disks: multi-messenger

How dirty a black hole can be ? @ IFPU

Map to fundamental parameters of  the disk

joint constraints on 
density &  

accretion ratio

measurement of  the 
bolometric luminosity 
can help breaking the 

degeneracy

<latexit sha1_base64="/1viVIcTGp5rPu1Z2RONNdUJISY=">AAACEXicbZDLSgMxFIYz9VbrbdSlm2ARKkiZEW8boejGZQV7gc4wZNJMG5pJhiQjlKGv4MZXceNCEbfu3Pk2pu0sausPgY//nMPJ+cOEUaUd58cqLC2vrK4V10sbm1vbO/buXlOJVGLSwIIJ2Q6RIoxy0tBUM9JOJEFxyEgrHNyO661HIhUV/EEPE+LHqMdpRDHSxgrsShRknoxhKNjoeoYrHmJJH514JFGUCX4c2GWn6kwEF8HNoQxy1QP72+sKnMaEa8yQUh3XSbSfIakpZmRU8lJFEoQHqEc6BjmKifKzyUUjeGScLoyENI9rOHFnJzIUKzWMQ9MZI91X87Wx+V+tk+roys8oT1JNOJ4uilIGtYDjeGCXSoI1GxpAWFLzV4j7SCKsTYglE4I7f/IiNE+r7kX1/P6sXLvJ4yiCA3AIKsAFl6AG7kAdNAAGT+AFvIF369l6tT6sz2lrwcpn9sEfWV+/ZEmdYQ==</latexit>

fbol = fbol(↵, ✏)



How do we make a BH (relativistically) dirty?

The curious case of  a rigorous spacetime 

Numerical solution for BHs in DM rich environments 

Hernquist

<latexit sha1_base64="/eZfgsJYwdiYI1TsXRIgXvAm4AE="></latexit>

⇢(r) = ⇢0(r/a0)
�� [1 + (r/a0)

↵](���)/↵
<latexit sha1_base64="WAYtUWzudQq65/6L4iOkhsvi+jQ="></latexit>

⇢(r) = ⇢eexp
n
�dn[(r/re)

1/n � 1]
o

NFW Einasto

particle motion 
(geodesics)

typical scaleaverage density

V. Cardoso+, PRD Lett. 105, L061501, (2022) 
V. Cardoso +, PRL 129, 241103, (2022) 

E. Figueiredo +, PRD 107, 104033, (2023) 
N. Speeney +, 2401.00932 (2024)
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background spacetime

“assemble” binaries 
and study GW 

emission

Extreme Mass 
Ratio Inspirals

Model characterised by <latexit sha1_base64="Owerpz+ayS7vbZ5to3IYD754kX4=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBg4Rd8XUMevEiRDAPSJaldzJJhszsLDOzgbDkT7x4UMSrf+LNv3GS7EETCxqKqm66u6KEM20879sprKyurW8UN0tb2zu7e+7+QUPLVBFaJ5JL1YpAU85iWjfMcNpKFAURcdqMhndTvzmiSjMZP5lxQgMB/Zj1GAFjpdB1H8KsowQeAJeTMwi90C17FW8GvEz8nJRRjlrofnW6kqSCxoZw0Lrte4kJMlCGEU4npU6qaQJkCH3atjQGQXWQzS6f4BOrdHFPKluxwTP190QGQuuxiGynADPQi95U/M9rp6Z3E2QsTlJDYzJf1Es5NhJPY8BdpigxfGwJEMXsrZgMQAExNqySDcFffHmZNM4r/lXl8vGiXL3N4yiiI3SMTpGPrlEV3aMaqiOCRugZvaI3J3NenHfnY95acPKZQ/QHzucPuHuTFA==</latexit>
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Spikes
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The halo mass function

numerical simulations of  BH 
accretion growth predict 
spikes with overdensities

lengthscale dependent on 
the BH mass

spike vanishing between 

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

P. Gondolo & J. Silk, PRL 83, (1999)
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Spikes
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halo compactness

halo mass

The halo mass function

adiabatic 
growth

<latexit sha1_base64="iF8bk9XUKYk8+b8KK8WgXjF0GFU=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQF9ak+FqW6qKbQgX7gCaEyXTSDp08mJkIJWTnxl9x40IRt/6CO//GaZuFth64cOace5l7jxsxKqRhfGu5peWV1bX8emFjc2t7R9/da4sw5pi0cMhC3nWRIIwGpCWpZKQbcYJ8l5GOO7qZ+J0HwgUNg3s5jojto0FAPYqRVJKjH1p8GDqJxX1420hL5mmlMXvV6ukZP3H0olE2poCLxMxIEWRoOvqX1Q9x7JNAYoaE6JlGJO0EcUkxI2nBigWJEB6hAekpGiCfCDuZ3pHCY6X0oRdyVYGEU/X3RIJ8Ica+qzp9JIdi3puI/3m9WHrXdkKDKJYkwLOPvJhBGcJJKLBPOcGSjRVBmFO1K8RDxBGWKrqCCsGcP3mRtCtl87J8cXderNayOPLgAByBEjDBFaiCOmiCFsDgETyDV/CmPWkv2rv2MWvNadnMPvgD7fMHi+KX1A==</latexit>

⇢DM(1� 2MBH/r)



Orbital properties

How dirty a black hole can be ? @ IFPU

redshift factor

non-linear corrections

Properties of  test particles: orbital frequencies

Innermost Stable 
Circular Orbit Light Ring

<latexit sha1_base64="9J77WwSIt15CJbX8kipqNl4OR2I="></latexit>

MBH⌦ISCO ' 1

6
p
6

✓
1� M

a0
+

M(M + 396MBH)

6a20

◆ <latexit sha1_base64="9x9Bu3Q5w6SvMKKLyXcvolM5frk="></latexit>

MBH⌦LR ' 1

3
p
3

✓
1� M

a0
+

M(M + 18MBH)

6a2
0

◆
vacuum

redshift factor

non-linear corrections

At the leading order the halo only redshifts the dynamics

To mimic galaxy observations
<latexit sha1_base64="H4ABgW8SDpH1InPzH9xnQsIuYGc=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsyIr2XRjRuhgn1Apw6ZNNOG5jEkGaEMXbjxV9y4UMStH+HOvzFtZ6GtBwKHc87l5p4oYVQbz/t2CkvLK6trxfXSxubW9o67u9fUMlWYNLBkUrUjpAmjgjQMNYy0E0UQjxhpRcOrid96IEpTKe7MKCFdjvqCxhQjY6XQLaPQC/rGBjj0vfuTmzALFIcDxOQ4dCte1ZsCLhI/JxWQox66X0FP4pQTYTBDWnd8LzHdDClDMSPjUpBqkiA8RH3SsVQgTnQ3mx4xhodW6cFYKvuEgVP190SGuNYjHtkkR2ag572J+J/XSU180c2oSFJDBJ4tilMGjYSTRmCPKoING1mCsKL2rxAPkELY2N5KtgR//uRF0jyu+mfV09uTSu0yr6MIyuAAHAEfnIMauAZ10AAYPIJn8ArenCfnxXl3PmbRgpPP7IM/cD5/AHOHl1s=</latexit>

a0 & 104Mhalo
<latexit sha1_base64="3E5DxHflzALajUSs5UkW8HsZ3hk=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkG8xqosXZCKRB9SE0WO67RWbSeyHaQq6szCr7AwgBArX8DG3+CmGaDlSJbOPedeXd8TJowq7Tjf1tLyyuraemmjvLm1vbNr7+23VZxKTFo4ZrHshkgRRgVpaaoZ6SaSIB4y0glHN1O/80CkorG41+OE+BwNBI0oRtpIgX10G2Se5LDemHiMwaIaIhbnNQqcwK44VScHXCRuQSqgQDOwv7x+jFNOhMYMKdVznUT7GZKaYkYmZS9VJEF4hAakZ6hAnCg/y0+ZwBOj9GEUS/OEhrn6eyJDXKkxD00nR3qo5r2p+J/XS3V07WdUJKkmAs8WRSmDOobTXGCfSoI1GxuCsKTmrxAPkURYm/TKJgR3/uRF0j6rupfVi7vzSq1exFECh+AYnAIXXIEaaIAmaAEMHsEzeAVv1pP1Yr1bH7PWJauYOQB/YH3+AOHsmcM=</latexit>

MBH ⌧ Mhalo ⌧ a0

<latexit sha1_base64="tcSqELKHYZDwA6yVwhcSiJWoFO4="></latexit>

MBH⌦ISCO ' 1

6
p
6

✓
1� Mhalo

a0
+

Mhalo(Mhalo + 396MBH)

6a20

◆ <latexit sha1_base64="J2Qkra/YaoKr/NXrij1HuW6nSwY="></latexit>

MBH⌦LR ' 1

3
p
3

✓
1� Mhalo

a0
+

Mhalo(Mhalo + 18MBH)

6a2
0

◆



GW emission from EMRI

How dirty a black hole can be ? @ IFPU

S. Gliorio +, in preparation

How do we evolve a dirty binary? 

background perturbations GW fluxes
<latexit sha1_base64="5UrlkAmuDFwjqPK3UJ/eXNMYsJ4=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAh1UxLxtSy6cVnBPqCJYTKdtkNnJmEehRLyJ25cKOLWP3Hn3zhts9DWAxcO59zLvffEKaNKe963s7K6tr6xWdoqb+/s7u27B4ctlRiJSRMnLJGdGCnCqCBNTTUjnVQSxGNG2vHobuq3x0QqmohHPUlJyNFA0D7FSFspct1BlAXcBMLkT1nVO8sjt+LVvBngMvELUgEFGpH7FfQSbDgRGjOkVNf3Uh1mSGqKGcnLgVEkRXiEBqRrqUCcqDCbXZ7DU6v0YD+RtoSGM/X3RIa4UhMe206O9FAtelPxP69rdP8mzKhIjSYCzxf1DYM6gdMYYI9KgjWbWIKwpPZWiIdIIqxtWGUbgr/48jJpndf8q9rlw0WlflvEUQLH4ARUgQ+uQR3cgwZoAgzG4Bm8gjcnc16cd+dj3rriFDNH4A+czx86MpNn</latexit>

g(0)µ⌫

<latexit sha1_base64="yDApObGMhNUwyATM1qB+wCYnyxI=">AAACBHicbVDLSsNAFJ34rPUVddlNsAgVoSTia1l047KCfUATw2Q6aYfOTMI8hBK6cOOvuHGhiFs/wp1/47QNoq0HLhzOuZd774lSSqRy3S9rYXFpeWW1sFZc39jc2rZ3dpsy0QLhBkpoItoRlJgSjhuKKIrbqcCQRRS3osHV2G/dYyFJwm/VMMUBgz1OYoKgMlJol3ph5jPtcz26yyru4eio/yOEdtmtuhM488TLSRnkqIf2p99NkGaYK0ShlB3PTVWQQaEIonhU9LXEKUQD2MMdQzlkWAbZ5ImRc2CUrhMnwhRXzkT9PZFBJuWQRaaTQdWXs95Y/M/raBVfBBnhqVaYo+miWFNHJc44EadLBEaKDg2BSBBzq4P6UECkTG5FE4I3+/I8aR5XvbPq6c1JuXaZx1EAJbAPKsAD56AGrkEdNAACD+AJvIBX69F6tt6s92nrgpXP7IE/sD6+AdaSmDw=</latexit>

g(0)µ⌫ + hµ⌫

<latexit sha1_base64="+fML3hkBkbjf1HsJC7Yj4OVg3JA=">AAACFHicbVDLSgMxFM3UV62vqks3wSIIQpkpvpZFEV1WsA/o1JJJ0zY0yQzJHaEM8xFu/BU3LhRx68Kdf2P6WGjrhcDJOffc5J4gEtyA6347mYXFpeWV7GpubX1jcyu/vVMzYawpq9JQhLoREMMEV6wKHARrRJoRGQhWDwaXI73+wLThobqDYcRakvQU73JKwFLt/JHfCSG5StuJryW+rqe+4dK3DsB9y8nYV3E6vt+X2vmCW3THheeBNwUFNK1KO/9lp9NYMgVUEGOanhtBKyEaOBUszfmxYRGhA9JjTQsVkcy0kvFSKT6wTAd3Q22PAjxmfzsSIo0ZysB2SgJ9M6uNyP+0Zgzd81bCVRQDU3TyUDcWGEI8Sgh3uGYUxNACQjW3f8W0TzShYHPM2RC82ZXnQa1U9E6LJ7fHhfLFNI4s2kP76BB56AyV0Q2qoCqi6BE9o1f05jw5L8678zFpzThTzy76U87nD+V1n14=</latexit>

ĖGW ⇠ |hµ⌫ |2

orbital 
elements <latexit sha1_base64="q4XFrX+0t1r75ByXrAd0ELCBrjU=">AAACH3icbVDLSgMxFM3UV62vqks3wSK4scyIVjdCUYouK9gHdIaSyWTa0MyD5I5QhvkTN/6KGxeKiLv+jeljUVsPXDicc29y73FjwRWY5sjIrayurW/kNwtb2zu7e8X9g6aKEklZg0Yikm2XKCZ4yBrAQbB2LBkJXMFa7uBu7LeemVQ8Cp9gGDMnIL2Q+5wS0FK3WLF9SWjqySz1ILs5s70I0lrWTW0Z4PtWNmfXpmIk3SzrFktm2ZwALxNrRkpohnq3+KNfpknAQqCCKNWxzBiclEjgVLCsYCeKxYQOSI91NA1JwJSTTu7L8IlWPOxHUlcIeKLOT6QkUGoYuLozINBXi95Y/M/rJOBfOykP4wRYSKcf+YnAEOFxWNjjklEQQ00IlVzvimmf6ERAR1rQIViLJy+T5nnZqpQvHy9K1dtZHHl0hI7RKbLQFaqiB1RHDUTRC3pDH+jTeDXejS/je9qaM2Yzh+gPjNEvQ1ekXQ==</latexit>

dr

dt
= �ĖGW

dr

dEorb

<latexit sha1_base64="AwnIn0G5Cy/lB5/6cn+O4j5/Q2E=">AAACDnicbVDJSgNBEO2JW4zbqEcvgyHgKcy4X4SgFy9CBLNAZgw9PT1Jk57F7hohNPMFXvwVLx4U8erZm39jZzlo9EHB470qqur5KWcSbPvLKMzNLywuFZdLK6tr6xvm5lZTJpkgtEESnoi2jyXlLKYNYMBpOxUURz6nLX9wMfJb91RIlsQ3MEypF+FezEJGMGipa1bcUGCiArfeZ7kKID9z5Z0ANZGvciVuD/K8a5btqj2G9Zc4U1JGU9S75qcbJCSLaAyEYyk7jp2Cp7AARjjNS24maYrJAPdoR9MYR1R6avxOblW0ElhhInTFYI3VnxMKR1IOI193Rhj6ctYbif95nQzCU0+xOM2AxmSyKMy4BYk1ysYKmKAE+FATTATTt1qkj3UQoBMs6RCc2Zf/kuZ+1TmuHl0flmvn0ziKaAftoj3koBNUQ5eojhqIoAf0hF7Qq/FoPBtvxvuktWBMZ7bRLxgf3/88nVs=</latexit>

d�

dt
=

r
M

r3

waveform

<latexit sha1_base64="uMxsi3L4S6dpHAzuR2tWm1wEEuE=">AAACFnicbVDLSgMxFM34rPVVdekmWAQ3LTPiayMUdeGygn1Ap5Q7aaYTmswMSaZQhn6FG3/FjQtF3Io7/8ZMW1BbD9zL4Zx7Se7xYs6Utu0va2FxaXllNbeWX9/Y3Nou7OzWVZRIQmsk4pFseqAoZyGtaaY5bcaSgvA4bXj968xvDKhULArv9TCmbQG9kPmMgDZSp1BybyjXgN1qwC6z1kldKfAASJKIUelHCYBHo06haJftMfA8caakiKaodgqfbjciiaChJhyUajl2rNspSM0Ip6O8mygaA+lDj7YMDUFQ1U7HZ43woVG62I+kqVDjsfp7IwWh1FB4ZlKADtSsl4n/ea1E+xftlIVxomlIJg/5Ccc6wllGuMskJZoPDQEimfkrJgFIINokmTchOLMnz5P6cdk5K5/enRQrV9M4cmgfHaAj5KBzVEG3qIpqiKAH9IRe0Kv1aD1bb9b7ZHTBmu7soT+wPr4BDLKfVw==</latexit>

�� = �vacuum � �halo

<latexit sha1_base64="u4BoMMOLSYSyFeYjldckMMJBiXg=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVRLxtSzqwmUF+4AklMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2yy09cCFwzn3cu89USq4Adf9dkorq2vrG+XNytb2zu5edf+gbVSmKWtRJZTuRsQwwSVrAQfBuqlmJIkE60Sj26nfeWLacCUfYZyyMCEDyWNOCVjJD+6YAIKD5pD3qjW37s6Al4lXkBoq0OxVv4K+olnCJFBBjPE9N4UwJxo4FWxSCTLDUkJHZMB8SyVJmAnz2ckTfGKVPo6VtiUBz9TfEzlJjBknke1MCAzNojcV//P8DOLrMOcyzYBJOl8UZwKDwtP/cZ9rRkGMLSFUc3srpkOiCQWbUsWG4C2+vEzaZ3Xvsn7xcF5r3BRxlNEROkanyENXqIHuURO1EEUKPaNX9OaA8+K8Ox/z1pJTzByiP3A+fwCcoZDV</latexit> �
�

GW dephasing

<latexit sha1_base64="bx9a4HQ+ytDY9rs+PbhbxTJdGxA=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTia1nUhcsK9gFNKJPppB06k4SZGyGE+ituXCji1g9x5984bbPQ1gMDh3PO5d45QSK4Bsf5tkorq2vrG+XNytb2zu6evX/Q1nGqKGvRWMSqGxDNBI9YCzgI1k0UIzIQrBOMb6Z+55EpzePoAbKE+ZIMIx5ySsBIfbvq3TIBxGuOuDcEk5PY7ds1p+7MgJeJW5AaKtDs21/eIKapZBFQQbTuuU4Cfk4UcCrYpOKlmiWEjsmQ9QyNiGTaz2fHT/CxUQY4jJV5EeCZ+nsiJ1LrTAYmKQmM9KI3Ff/zeimEV37OoyQFFtH5ojAVGGI8bQIPuGIURGYIoYqbWzEdEUUomL4qpgR38cvLpH1ady/q5/dntcZ1UUcZHaIjdIJcdIka6A41UQtRlKFn9IrerCfrxXq3PubRklXMVNEfWJ8/K/iUeQ==</latexit>

�� & 1 signals may be 
distinguishable



Summary

How dirty a black hole can be ? @ IFPU


