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Can environmental effects spoil precision gravitational-wave astrophysics?
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No, within a broad class of scenarios. Gravitational-wave (GW) astronomy will open a new window on com-
pact objects such as neutron stars and black holes (BHs). It is often stated that large signal-to-noise detections
of ringdown or inspiral waveforms can provide estimates of the masses and spins of compact objects to within
fractions of a percent, as well as tests of General Relativity. These expectations usually neglect the realistic
astrophysical environments in which compact objects live. With the advent of GW astronomy, environmental
effects on the GW signal will eventually have to be quantified. Here we present a wide survey of the corrections
due to these effects in two situations of great interest for GW astronomy: the BH ringdown emission and the
inspiral of two compact objects (especially BH binaries). We mainly focus on future space-based detectors such
as eLISA, but many of our results are also valid for ground-based detectors such as aLIGO, aVirgo and KAGRA.
We take into account various effects such as: electric charges, magnetic fields, cosmological evolution, possible
deviations from General Relativity, firewalls, and the effects related to various forms of matter such as accretion
disks and dark matter halos.

Our analysis predicts the existence of resonances dictated by the external mass distribution, which dominate
the very late-time behavior of merger/ringdown waveforms. The mode structure can drastically differ from the
vacuum case, yet the BH response to external perturbations is unchanged at the time scales relevant for detectors.
This is because although the vacuum Schwarzschild resonances are no longer quasinormal modes of the system,
they still dominate the response at intermediate times. Our results strongly suggest that both parametrized and
ringdown searches should use at least two-mode templates.

Our analysis of compact binaries shows that environmental effects are typically negligible for most eLISA
sources, with the exception of very few special extreme mass ratio inspirals. We show in particular that accretion
and hydrodynamic drag generically dominate over self-force effects for geometrically thin disks, whereas they
can be safely neglected for geometrically thick disk environments, which are the most relevant for eLISA.
Finally, we discuss how our ignorance of the matter surrounding compact objects implies intrinsic limits on the
ability to constrain strong-field deviations from General Relativity.

PACS numbers: 04.30.Db, 04.25.Nx, 04.80.Nn. 04.50 Kd. 04.70 -s, 04.25.Nx, 98 80.Es.
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The tirst direct observation
of GWs and ... BHs|

Hanford, Washington (H1) Livingston, Louisiana (L1)

Strain (1072%)

nstructed ( //1u{~|u"_}
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Frequency (Hz)

Normalized amplitude
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Not the biggest BHSs In the

Universe!

A monster of
4.5 million solar
masses Iin the

so-5 @

Keck/UCLA Galactic
Center Group
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Massive black holes are
hosted in (nearly) all galaxies

They power quasars and active galactic nuclei (AGN)
that outshine host galaxy




lookback time (Gyr)

Galaxies merge...

... SO massive BHs must merge too!
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Ferrarese & Merritt 2000
Gebhardt et al. 2000,
Gultekin et al (2009)

EB 2012
Figure credits: Lucy Ward
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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 ACDM
bottom-up structure formation with observed “downsizing” of cosmic galaxies

Galaxy M87

2000 light years

4000 light years

-
-
ot
-
-
-
e
-

VLA — - HST - WFPC2
Radio DA Rehtyears Visible

NASA, NRAO and J. Biretta (STScl) * STScl-PRC99-43



(Galax

Evaporation
and dissolution

Tidal truncation
and disruption

High-z black-hole seeds:
light vs heavy, high vs low
halo occupation number

Black-hole mergers:
delayed from
galaxy mergers;
in stellar vs gaseous
environments, or
triggered by triples

BH co-evolution

Accretion and mergers
(merger tree)

Dynamical friction,
tidal stripping/evaporation

UV ionizing

Dark Matter background

Cooling, cold flows,
gravitational quenching

SN feedbac
Gaseous disk
Star Tidal
formation evaporation

instability

Tidal /

evaporation

instability

Pseudo
-bulge

Major mergers

‘ Star formation |

EM and GW SN feedback

emission

Fueling triggered
by star formation
(e.g. radiation drag)

AGN feedback (jets)

Black hole QSO accretion

Nuclear
gas reservoir

- Radio-mode accretion

AGN feedback (jets)
In situ star formation

Tidal truncation|and disruption in galaxy mergers;
Mass deficit from black-hole binaries and kicks /' Nuclear Star

Cluster

Dynamical-friction driven infall of
star clusters

EB 2012



MBH mass function




Fossil evidence for massive
BH mergers

o Nuclear Star Clusters: masses up to ~107 Msun, I ~ pC

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

o Erosion by BH binaries crucial
to reproduce NSC scaling relations

Me; 0.7¢"% Myin + 0.5Myp;y, In (—

+5Mbin (Vkick/%sc)l.’m ’

Antonini, EB and Silk 2015a,b

50 100 200 500 108 107 108 10° 10" 10" 10"

o (km 8_1) Mbulge(MSun>



EMRIs: detectabllity

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

Mass MBH Cusp M-o EMRI rate [yr—?]
Model  function spin  erosion relation Total Detected (AKK) Detected (AKS)

Baraussel2 Gultekin09 1600

Baraussel2 KormendyHo13 1400

Baraussel2 GrahamScott13 2770

Baraussel2 Gultekin09 520 (620)
Gairl0 Gultekin09 140

Baraussel2 Gultekin09 2080
Baraussel2 Gultekin09 15800
Baraussel2 Gultekin09 180
Baraussel2 Gultekin09 1530
Baraussel2 Gultekin09 1520
Gairl0 Gultekin09 13
Baraussel2 Gultekin09 20000
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EMRIs: detectabllity
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Babak et al (incl. EB) 2017



EMRIs: SNR
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EMRIs: parameter estimation

i

Babak et al (incl. EB) 2017




EMRIs: parameter estimation

Babak et al
(inecl. EB) 2017




AGN duty cycle

G(zMg) — — — -
G(z,Mgy)+P(2<0.7)

— — —

o 9 o o
o o o —
S O o o
o — ) o
o o o o

1

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0

o3 Log A Shankar+ 2011

log(L/Lyy,)
—— - 4 3 2 1 0
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- == Model (Somerville et al. 2008)
Extrapolated Aird et al. (2012)
AAA lLocal (Reinesetal. 2013)

P(log AlMg,,z)*U(Mg,,z) [dex™']

AGN Fraction

Best Fit: This Work

1 A T A
{)

et al. 2011
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ed in X-1 1YS
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0.2 0.3 0.4 0.5 0.6 : : 2 1 0 1
Redshift log(L[OTIT})/M,) Jones+

2016

Pardo+ 2016




Environmental pollution of LISA signals
(EB Cardese and Pani 20:4)

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)

M

. . ™m
Mggd con =~ 2.2 x 1072 Myr—! Mggd.sat = 2.2 x 1077 M -yr 1
Edd, X ( 106 M, ) oMA Edd,sat ( 10M,, ) Gy

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

(Y — v
L gas sat
Faf = ———

- I'vgas _ vsatl |vgas _

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

Lmer = (L), [1+ A(r/M)B] €,
~ -Z\/-[|vsat|§

Emigr — Lz

- Electric and magnetic fields, electric charges, etc.



Dynamical friction in stars and gas

Stars / Dark Matter

E. C. Ostriker
1998




Planetary migration

Satellite can open gap if




Environmental effects, where?

Inspiral

0 1000 2000 3000 4000 5000
time (s)




Inspiral, dissipative dynamics

Assume steady state thin accretion disk
(a la Shakura Sunyaev)

M = 2mrH pv,

11/20
JEdd (1 o
715/8

Gravitational pull ~ 2nd order SF



Inspiral, dissipative dynamics

Accretion

AM  MAt

v VRN RSN | arger than 2nd order SF!

Dynamical friction

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



Inspiral, dissipative dynamics

Planetary migration

Lmigrl _5 ,2/5 M 7/5
( L ) = 10" fEqq (W 1 —
d thin J AV

Lmi Ir 9/16 M 1/4 B i 2 —11/8 .
migr 11 _ 9« 1()_.1]‘.};:)(/111( ( " ) 1 —/5 ) ~103/32
LG\\' thin 10 l’\[f{ : _

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




Inspiral, dissipative dynamics

Dark matter

Gravitational pull M-, o (_ r pPDM
M | 106M 100/ \103Mgpe—3

) PDM T T -
106M - 103 Mope—3 1yr 220km/s

My \° PDM r ]1/21 r
P ——— P 1l
106 A[j._: 103 A[j_: pC_3 100 'min

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



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 ~ 1021 M

sufficient to neutralize even an extremely charged BH)

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

i) B 608

g <1.7x107°

106M s 108Gauss



Inspiral, dissipative dynamics

- Stellar perturbers: probably unlikely because

* pinary separation << interstellar distance (even in dense
nucleil

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




Inspiral, dissipative dynamics

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

Correction 0o/ P P
planetary migration < 10* cf. Refs. [46, 47]

—-0.3
thin accretion disks (DF) | < 10? feaa (%) (125) " (mé‘[{,@) (cf. Sec. XILJ)

thin accretion disks (GP) <107° cf. Fig./16/
B Te )92 (M 21075 cp(x)

) . —4 2
magnetic field 10 (to5Gams)” (5a7 106 M, v 2538

charge - ()’ (gf) ™" 25 =i EViRls: 08 102

174
—5/8 . 5/8
na : . -2 M v —3/8 T
gas accretion onto the central BH| 10 fEad ( T00 Mo, ) ( o5 ) lyr)

cycles in band

—0.58
thick accretion disks (DF) | 10~° feag (01) ()0 (ﬁ) (cf. Sec. XI1J)

~1
acoreti . -8 M (PDM) T Ty
DM accretion onto central BH | 10 ( 106 Mg ) ( 103 Moy po—3 ) (1 yr> (220 km/s

10~ 1 frdd (Lf_)4 ( M )2 10-5 0.1 Ca=3/2(%)

thick accretion disks (GP) 0949 (51 o0 VI —— = o5

. 1 o L 10.65 0-17
DM distribution (DF) 10~ (#M/)pc‘) (10_5 ) (105\1{1@: )
( R )a __{pDM) _ (LL)ll/z—d ( M )2 107° ca ()

SRR —& —16
DM distribution p ~ (GP) | 10 7Tx10M 103 Mg /pc3 \6M 106 M, 0.15

2 5

1016 (PDM) ( rf )11/2 M 10°° ea(X)
103 M, /pc3 \6M 106]\[(7-/., v 68

. - e —26 A ry \11/2 M 10~° ca(x)
cosmological constant 10 R (61\[ ) Tooag ) o 68

galactic DM halos

* Results checked with direct orbital integrations, SPA
e Extrapolation to g ~ 1 shows all effects are negligible at least

atr < 60-70 M for MBH binaries



Inspiral, conservative dynamics

Correction Oper /P

Cosmological constant 10~
alactio alac —21 J } PDM
Galactic DM halos 10 AT 03 M o /3

Al acorets —16 > M 0.1/~
Thick accretion disk 10 T T M o (Tc

Accretion 10°° fEdd

, - 6/5 _a/E
Thin disk (assuming Eq. (95) and 7. = 10)| 10~ f,.;d(,'/”’( M ) ()~

0.1

106 M
Charge 107 (q/l()_"‘)z |
DM distribution p ~ 7 102! (¢) e (7, /10) 4 (¢)

109 M - 7x109 M

2

Magnetic field 10~° (tes—)"

10® Gauss

EB, Cardoso and Pani 2014



Merger ringdown

Correction 10r|[%] 161 |[%]
spherical near-horizon distribution 0.05 0.03
ring at ISCO 0.01
electric charge 10—°
magnetic field 108
gas accretion 10— 11
DM halos
cosmological effects

Or1 = 1 —wR,I/wg),)I

EB, Cardoso and Pani 2014



FIM PE of environmental
effects In EMRIs

Amigr ~1 for thin accretion disk; prograde orbits



FIM PE of environmental
effects In EMRIs

Gas density normalized to 169 feqq!1/20 kg/m3 (thin accretion disk);
retrograde orbits



Ringdown’s sensitivity to near horizon physics

o Deviations away from Kerr geometry near horizon (e.g. firewalls, gravastars, wormholes,
etc) can produce significant changes in QNM spectrum

o Deviations take At ~ log|ro/(2M) — 1] 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

o 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 ro

r°=2.1 M, E=1.1

r,=2.001M, E=1.5

— wormhole
--- black hole

second pulse (b)

—— shell, 3M=M, r,=60GM/c*|
- — - vacuum, $M=0

(ct-r.)/(GM/cz)

Cardoso, Franzin & Pani 2016 EB, Cardoso & Pani 2014 ro =60 M, shell of mass M,
Gaussian wavepacket initially at ISCO



Constraints on axions/fuzzy DM

1 i 105 ' ; /ears
Isolated spinning BH + LISA, 4year

: - - 10% E
massive scalar fields with LIGO 05, 2 years

Compton wavelength 10°}
comparable to event horizon 2 107
radius are unstable under < -
super-radiance 10 F-frer---m-r - - 1
10% |
Mass and (mostly) angular D] S ¥ ISR = N B = &
momentum are transferred -19 -18 -17 -16 -15 -14 -13 -12
from BH to scalar log;o(ms/eV)

condensate surrounding BH
on instability timescale; e

condensate then emits LIGO Ol
almost mor_wochromatlc LIGO O2
waves on timescale LIGO 05

- Observable by LIGO/LISA
as stochastic background
and resolved sources '

) (

~ 14 —1 *
Taw ~ 6 x 107X (wM%)<

M
10 Mg

Tinst ~ 0.07 x* (

E

10" 102 10

Brito, Ghosh, EB et al,
f(HZ) 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

to/ty~ |log(10749)]

EB, Brito, Cardoso, 50 100 200 500 ' 100 102 102
Dvorkin, Pani 2018 f (Hz) f (Hz)




Systematics in GR tests

4

167G

+ SO, gu] + 3 0SS [ W, 0. g, ],

dz*\/—g | R+0* ‘I'+Zal (P,g,0W¥,0g, ..

Intrinsic lower bound

Pull of DM profile Pull of disk profile
p~ /)U(R/")S/2 /) ~ po(R/r )“
BD wpp = 107°PT  wgp 2 107YPT  wgp 2 1007°°PT  wgpy 2107 °PT

EDGB C3 > 107 2PT (3 > 1072°PT (3> 1077729 pT C3 > 1072 PT

DCS Ca 2 10°PT ¢4 2 107"PT G > 1077754 pT Ca 2 1073PT
/E/Hofava FZ1077PT F 2107 **PT F 21074 %pT FZ107%pT
coefficient P DM M7yt IIRD\I ,(,/)d“l‘ Miyvi® * R, V-

Theory magnetic fields electric charge coefficient 7T

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

A0620-00 LMXB

=
=
o
—
8=
o
=
2]
=
o)
31

From EB, Yunes &
Chamberlain 2016



Pecullar 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

LISA mission|Acceleration LISA only LISA+LIGO (t. < 10y)

duration scenario |Total 100% 50% 30% 10% |Total 100% 50% 30% 10%

. 1300.5 106.5

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



onclusions

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

CasSes

MBHSs are probably safe from these eftects, at least at r < 60-70 M

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




Muin topics:

® THEORETICAL FOUNDATIONS OF BLACK-HOLE
PHYSICS, COSMOLOGY, AND GRAVITATION

® TESTS OF GRAVITY WITH LISA

® GW INFERENCES ON THEORETICAL PHYSICS,
STANDARD MODEL EXTENSIONS, AND
EXOTIC COMPACT OBJECTS

o GW DATA ANALYSIS AND WAVEFORM
SYSTEMATICS FOR LISA SOURCES

Support:

COST Action CA16104 "GWverse"

'Obsuvabons of astrophysncal

European Research Council Starting Grant 757480 "DarkGRA"

European Union's Horizon 2020 - Marie Sklodowska-Curie 690904

GGl: http //www.ggi.infn.it/showevent.pl?id=305
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'or non-linearly strong -- have potentla| to shd&lig ) [ the most*
profound questions in physics today: from the nature of"cﬁpﬂct objects to ' whether »
Einstein's theory accurately describes the merger of black holes. The first spacesborne .. -
detector, LISA, a joint ESA-NASA mission is olanned to be tlowd i
in 2034, allowing for the first observation of the merger f supermassive black holes .
and of extreme mass-ratio inspirals. These observations will enaue nqw ou:uﬁte tests
of general relativity, in particular in the strong regime. .l e
We announce the Fundamental Physics with LISA workshop wh Italc plaoe- 2
on November 12-14, 2018 at the Galileo Galilei Institute | , Florence,
IT). lts goal will be to deons ways in which we can test General Rélahvutﬁarﬂ learn . .
about fundamental theoretical physics with future LISA observations. = ’
In order to encourage interaction and dISGISSIOﬂ, the wodcshop will bnng hogether
experts in theory, phenomenology, modeling and data analysis, and will have an
unusual format. Each day will be centered around one of these facets, and oomstof

three topical sessions in which discussions will be moderated by a panel of three or |

four experts. The goal of the workshop is to foster fruitﬁJlrinteractiom between
different dimensions of LISA science. g A

Invited speakers: |A. Arvanitaki, S. Babak, E. Berti, D. Blas, R. Bnto, . Buonanno*, C:
Burrage, C. Caprini, V. Cardoso, K. Chatziioannou, N. Comd;, J. de Boer P, Ferreira, J.
Gair*, S. Giddings, T. Hinderer, S. Hughes, L. HUI, A. Klein, B. Kocsis, c Palenzuela,
A. Raccannelli, T. Sotiriou, L. Stein*, A. Tolley, M. Trodden, M Van den: Meent M "
Vallisneri, A. Vecchio, F. Vernizzi, F. Vidotto, H. Witelt,-K Vagi, A Zlmnerman R

* to be confirmed . A

- Organizing Committee: .
Enrico Barausse (Institut d'Astrophysique de Paris),

Thomas Hertog (KU Leuven), -

Philippe Jetzer (Umversnty of Zurich);

Paolo Pani (Saplenza University of Rome), -
Nlco|as YUnes (Montana State Umvemty)« N
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