
Environmental effects and matter 
systematics for (low-frequency) 

gravitational astronomy 

Enrico Barausse (SISSA, Italy)



• What sources: SOBHs, MBHs (and their binary versions: 
SOBHBs, EMRIs, IMRIs, MBBHs) 

• What environment? Gas? DM stars? accretion, dynamical 
friction/migration? 

• How we model environment and how we detect it 

• Degeneracy with GR tests at single source/population level 

Talk outline



The loud future of GW astronomy



At high SNR, we will see deviations from our GR vacuum predictions. 

To do physics, need to understand origin of anomalies:  

- Waveform systematics? 
- Noise artefacts?  
- Global fit? 
- Astrophysical environment?  
- Deviations from GR?
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Isolated stellar-mass BH are endpoint of stellar evolution 

•

Stellar-mass BH binary formation   



Field  
SOBHBs

Belczynski et al 2016

Gas?  
Eccentricity?



Dynamical channel

• Possible in dense environments 
(globular/nuclear clusters, AGNs) 

• May be as important as field channel

Antonini & Radio 2016

Rodriguez & Loeb 2018



Stellar-mass BH binaries  
across detectors

Sesana 2016



Massive BHs



MBHs and their milieu
• MBH jets or disk winds transfer kinetic energy to the galaxy and keep it “hot”, 

quenching star formation (”AGN feedback”). Needed to reconcile ΛCDM bottom-up 
structure formation with observed “downsizing” of cosmic galaxies

• Galactic nuclei provide fuel to BHs to grow (”accretion”)

Disk of dust and gas 
around the massive BH 

in NGC 7052 



Galaxies merge…
… so massive BHs must merge too!

+

=

Figure from De Lucia & Blaizot 2007

Ferrarese & Merritt 2000
Gebhardt et al. 2000,
Gültekin et al (2009)

EB 2012
Figure credits: Lucy Ward



The “final pc problem”

Begelman, Blandford & Rees 1980

Environment is crucial for mergers (dynamical friction, disk 
migration, stellar hardening, MBH triples, eccentricity…)



How many sources are affected by gas?

Pardo+ 2016

Several % (at least) of EMRIs/MBHBs/SOBHBs affected by gas/matter: 

- Is effect on GW signals measurable? 

- Can it bias recovery of source parameters (eg masses) or tests of GR?



EMRI rate: do we know anything?

Rates uncertain: depend on 
low-mass end of BHMF, 
presence of core vs cusp, and 
intrinsic EMRI rate per MBH

Babak+2017



Tests of GR and environment

Need to subtract peculiar acceleration (Damour &Taylor 1991) 

Acceleration enters fluxes at -4PN like accretion [same effect on M(1+z)] 
 



Tests of GR with BH binaries
Environmental “pollution” of GR tests worrisome as both low 
frequency effects

EB, Yunes & 
Chamberlain 2016



Environmental effects, orders of magnitude

EMRI, 1y inspiral; EB, Cardoso and Pani 2014

EMRIs: ~104-105 
cycles in band

Extrapolation to q ~ 1 shows all effects are negligible at least 
at r < 60-70 M for MBH binaries



Copparoni & EB 2026

Negligible for MBHBs

EMRIs and SOBHBs are a different story…



Gravitational pull from thin disks
Assume steady state thin accretion disk  
(a la Shakura Sunyaev)

Gravitational pull ~ 2nd order (cons) SF



Dynamical friction/accretion

E. C. Ostriker 1998

• Accretion onto BHs (both primary and satellite)/peculiar acceleration

• Hydrodynamic drag/winds due to accretion

• Dynamical friction (gravitational pull from density waves excited by body): 
dominant at r > 40 M



Planetary migration

Derdzinski+20

• Satellite can open gap if

Type I (no gap)  
or Type II (gap) 

migration

•  Sign can change (migration traps) 

•  Can have stochastic contributions 
(Derdzinski+20, Copparoni+EB+25)

• Exterior wake lags being satellite and thus pulls it, interior wake trails and pushes it               
(cf Yunes+11, Derdzinski+20): dominates over GW fluxes at r>20-30 M,                               
larger than 2nd SF at all separations   



Dark matter

(Collisionless) accretion (because BH size >> mean free path)

Dynamical friction

Neglibigle unless HUGE overdensities near the BH (Silk & Gondolo 
1999; for comparison, local DM density is ~ 10-2 Msun/pc3

Gravitational pull



More effects…
BH electric charge:

• Discharged by Schwinger pair-production and/or by vacuum breakdown 
triggering electron positron cascade

• Intergalactic or accretion disk plasma sufficient to neutralize any charged BH, 
because electrons have a huge charge-to-mass ratio (accretion of ∼ 10-21 M 
sufficient to neutralize even an extremely charged BH)

• But charge can be induced by external B (Wald 1974)

q < 10-3



More effects…

• Stellar perturbers: probably unlikely because  
   
- binary separation << interstellar distance (even in dense  nuclei)  
- Two-body relaxation timescale ~ Gyr >> radiation reaction time 

BUT if we’re lucky this may be observable (Amaro-Seone+ 2011) 

• Other possibilities: 2nd SMBH at ~ 0.1 pc distance  
   (Yunes, Miller & Thornburg 2011), b-EMRIs (SOBHB+MBH)



EMRIs as probes of AGNs

Speri+EB+2022



Results robust despite simple models…

Copparoni+EB+2025 
Also Copparoni & Duque in prep



Environment can be discovered  
via consistency tests

Copparoni, Chandromouli & EB 2025



Environment as foreground for tests of GR

Injected: disk migration 
Recovered: Gdot~ G AGR deviation/yr

Speri+EB+2022



Degeneracy broken at population level

Modified gravity is global, while environment is local
Kejriwal+EB+2025, Copparoni & EB 2026

17, 85, 170 dets



Population inference without the global fit

Srinivasan+EB+25



Population inference without the global fit

Srinivasan+EB+25





SOBHBs in AGNs (GW190521-like)

Toubiana+EB+21, Sberna+EB+22 



Gas accretion, dynamical friction, and orbital motion around the AGN’s 
massive black hole (acceleration/Doppler, strong lensing and Shapiro time 
delay, precession) detectable in SOBHBs formed near AGNs                             
[Toubiana+EB+21]

GW190521-like systems as probes of AGNs



SOBHBs as probes of AGNs

Doppler+Shapiro; Sberna+EB+22



Full posteriors…



Environmental effects on SOBHB background

Chen+EB+2025



Eccentric SOBHB background

Chen+EB+2026



EPTA 2023, also other PTAs…

A nHz stochastic background of GWs



The PTA signal vs MBHB predictions



Environmental effects and eccentricity 
change spectral slope

Bonetti, Sesana, EB, Haardt 2018

Dynamical friction, 
hardening, gas 
migration, MBH 

triples…  
cf last parsec problem



• If BH binaries take long to merge, triple systems naturally form as a 
result of later galaxy mergers

• Merger induced by Kozai-Lidov mechanism (secular exchange 
between eccentricity and orbital inclination)

PN 3-body simulation in a stellar 
environment, with m1=108 Msun,                 

m2=3 x 107 Msun, m3=5 x 107 Msun 
(Bonetti, Haardt, Sesana & EB 2016)

MBHB eccentricity from triples

Eccentricities >0.99 (at LISA band entrance)
and ~0.1 at merger



Exotica: axions/fuzzy DM
• Isolated spinning BH + 

massive scalar fields with 
Compton wavelength 
comparable to event horizon 
radius are unstable under 
super-radiance

• Mass and (mostly) angular 
momentum are transferred 
from BH to scalar 
condensate surrounding BH 
on instability timescale; 
condensate then emits 
almost monochromatic 
waves on timescale

• Observable by LIGO/LISA 
as stochastic background 
and resolved sources; effect 
on EMRIs, etc

Brito, Ghosh, EB et al,  
PRL+PRD 2017



Conclusions
• In EMRIs moving in AGN accretion disks, environmental effects (especially 

planetary migration, dynamical friction and accretion) are significant 

• Overall, majority of EMRIs should still be “matter-free” (for practical 
purposes) due to 1-10% AGN duty cycle 

• SOBHBs may show detectable environmental effects if formed 
dynamically in AGNs disks (like GW190521?) 

• MBHs (but possibly not IMRIs) are probably quite safe from these effects, 
at least at r < 60-70 M 

• Unmodeled environmental effects could bias tests of GR, especially at low 
PN orders, but populations come to the rescue 

• More exotic environmental effects (DM)?



Open questions
• Can we model environmental effects accurately? Agnostic 

waveform model for matter effects? 

• Surprises? Matter effects we did not think about? On 
sources we don’t not think will be affected? 

• What if matter effects are too large? Missed detections/
bias? 

• How to tell matter from non-GR effects? hierarchical 
analysis? 

• Implications for waveform modeling (eg SF)?


