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Outline
• The astrophysics of MBHs, AGNs and EMRIs (cf also 

Stas Babak’s talk yesterday and Cole Miller’s on 
Thursday) 

• Environmental effects on gravitational waveforms 
(accretion, planetary migration, dynamical friction, 
peculiar accelerations, etc) in inspiral, merger and 
ringdown 

• “Exotic” environmental effects 

• Implications for SF calculations and GR tests







“broad class” = 90-99% of EMRIs



The first direct observation 
of GWs and … BHs!



Not the biggest BHs in the 
Universe!

A monster of                                                                  
4.5 million solar                                                          solar 
masses in the                                                                   
centre of our Galaxy! 



Massive black holes  are 
hosted in (nearly) all galaxies
They power quasars and active galactic nuclei (AGN) 
that outshine host galaxy

 3C 273: 2.6 billion light years away,  
would shine as bright as Sun if at  

Proxima Centauri distance 

 Pictor A: giant jet spanning continuously  
for over 570,000 light years 

(red=radio, blue=x-ray) 



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



What links large and small scale?
• Small to large: BH 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

• Large to small: galaxies provide fuel to BHs to grow (”accretion”)

Disk of dust and gas 
around the massive BH 

in NGC 7052 



Galaxy/BH co-evolution

EB 2012



MBH mass function



Fossil evidence for massive 
BH mergers

Nuclear Star Clusters: masses up to ~107 Msun, r ~ pc

BH binaries eject stars by slingshot effect and through remnant’s 
recoil (“erosion”)

Erosion by BH binaries crucial                                                                
to reproduce NSC scaling relations                                                      

Antonini, EB and Silk 2015a,b



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

Babak et al  
(incl. EB) 2017



EMRIs: detectability

Babak et al (incl. EB) 2017



EMRIs: SNR

Babak et al (incl. EB) 2017



EMRIs: parameter estimation

Babak et al (incl. EB) 2017



EMRIs: parameter estimation

Babak et al  
(incl. EB) 2017



AGN duty cycle

Pardo+ 2016

Shankar+ 2011

Jones+  
2016



Environmental pollution of LISA signals 
(EB, Cardoso and Pani 2014)

Long possible list of effects
• Direct gravitational pull from matter (accretion disk, halo, stars…)
• Mass changes due to accretion onto BHs (both primary and satellite)

• Hydrodynamic drag due to accretion (from conservation of linear momentum)

• Dynamical friction (gravitational pull from density waves excited by body)

• Planetary migration (exterior wake lags being satellite and thus pulls it, interior 
wake trails and pushes it); cf also Yunes et al 2011 

   

• Electric and magnetic fields, electric charges, etc.



Dynamical friction in stars and gas

E. C. Ostriker  
1998



Planetary migration

Simulation by F. S. Masset 

Satellite can open gap if

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

migration



Environmental effects, where?



Inspiral, dissipative dynamics
Assume steady state thin accretion disk  
(a la Shakura Sunyaev)

Gravitational pull ~ 2nd order SF



Inspiral, dissipative dynamics
Accretion

Larger than 2nd order SF!

Dynamical friction

Dominant at r > 40 M;  
~ 2nd order SF at small separations



Inspiral, dissipative dynamics

Planetary migration

Dominates over GW fluxes at r>20-30 M,  
larger than 2nd SF at all separations



Inspiral, dissipative dynamics
Dark matter

(Collisionless) accretion (because BH size >> MFP)

Dynamical friction

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

Gravitational pull



Inspiral, dissipative dynamics
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



Inspiral, dissipative dynamics
- Stellar perturbers: probably unlikely because  

• binary separation << interstellar distance (even in dense 
nuclei)  

   
• 2-body scattering timescale ~ Gyr >> radiation reaction time 

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

- Other possibility: 2nd SMBH at ~ 0.1 pc distance  
(Yunes, Miller & Thornburg 2011)



Inspiral, dissipative dynamics
EMRI, 1y inspiral; EB, Cardoso and Pani 2014

EMRIs: ~104-105 
cycles in band

• Results checked with direct orbital integrations, SPA 
• Extrapolation to q ~ 1 shows all effects are negligible at least 

at r < 60-70 M for MBH binaries



Inspiral, conservative dynamics

EB, Cardoso and Pani 2014



Merger ringdown

EB, Cardoso and Pani 2014



FIM PE of environmental  
effects in EMRIs

EB+ Stas Babak et al, preliminary

Amigr ~1 for thin accretion disk; prograde orbits



FIM PE of environmental  
effects in EMRIs

EB+ Stas Babak et al, preliminary

Gas density normalized to 169 fEdd11/20 kg/m3 (thin accretion disk); 
retrograde orbits



Ringdown’s sensitivity to near horizon physics
Deviations away from Kerr geometry near horizon (e.g. firewalls, gravastars, wormholes, 
etc) can produce significant changes in QNM spectrum

Deviations take                                     to show up in time-domain signal because QNMs 
generated at the circular null orbit (Damour & Solodukhin 2007, EB, Cardoso & Pani 2014, 
Cardoso, Franzin & Pani 2016) and coordinate time diverges on horizon

Need “matter” with high viscosity to explain absence of hydrodynamic modes;                               
possible with NS matter+large B, but not with boson stars (Yunes, Yagi & Pretorius 2016);

Schwarzschild BH of mass M+thin shell of 0.01 M at r0

r0 =60 M, shell of mass M, 
Gaussian wavepacket initially at ISCO

Cardoso, Franzin & Pani 2016 EB, Cardoso & Pani 2014



Constraints on 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

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



Bounds on BH mimickers
• Spinning objects (eg BHs) possess ergoregion, i.e. region where free falling 

observers cannot be static and need to coronate with BH due to frame dragging

• In ergoregion, negative energy modes can be produced but are confined within 
ergoregion (only positive energy modes can travel to infinity)

• By energy conservation, more negative energy modes can be produced, which would 
cause instability save for the existence of BH horizon (which acts as sink)

• BH mimickers with no horizon are unstable (ergoregion or super-radiance instability)

• Constraints on models of “echos” in LIGO signal

EB, Brito, Cardoso,  
Dvorkin, Pani 2018



Systematics in GR tests

EB, Cardoso and Pani 2014



Systematics in GR tests
Environmental pollution of tests of GR violations is 
especially relevant because both are expected to be mainly 
low frequency effects

From EB, Yunes & 
Chamberlain 2016



Peculiar acceleration
• Constant velocity gives Doppler shift (re-absorbed in re-normalization of 

chirp mass and distance) 

• Acceleration of binary’s center of mass formally gives -4PN term in 
waveforms, but that term has small coefficient proportional to acceleration  

• Detectability explored in stellar-mass BH binaries in LISA for binaries 
forming in dense clusters or AGN disks 

• EMRIs to be investigated, but probably difficult to accelerate COM 
significantly due to MBH mass



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

(especially planetary migration, dynamical friction and accretion) are 
comparable to 2nd order SF, and possibly to 1st order SF (in extreme 
cases) 

• MBHs are probably safe from these effects, at least at r < 60-70 M 

• Environmental effects could “blur” tests of GR, especially at low PN 
orders 

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

• More exotic environmental effects can be due to axionic DM or near-
horizon structure (fuzzballs, firewalls)



http://www.ggi.infn.it/showevent.pl?id=305 

http://www.ggi.infn.it/showevent.pl?id=305


https://signup.lisamission.org/


