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OUTLINE

1- General considerations:
massive black hole binaries (MBHBs) and
gravitational waves (GWs)

2- Science with the eLISA mission

3- Bonus: pulsar timing arrays (PTAs)
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mergers, MBHBs will
inevitably form!

Volonteri Haardt & Madau 2003




Every accelerating mass distribution with non-zero quadrupole moment
emits GWs!

Juv = Nuv T Ny, hypy < 1

Perturbed Minkowski metric tensor :

Perturbation perpendicular to the wave
propagation direction



Massive compact systems with a time varying mass quadrupole
momentum:

1-collapses and explosions (supernovae, GRBS)

2-rotating asymmetric objects
(pulsars, MSPs)

3-binary systems:

a-stellar compact remnants ;
(WD-WD, NS-NS, NS-BH, BH-B

b-extreme mass ratio inspirals (EMRIs),
CO falling into a massive black hole

c-massive black hole binaries (MBHBS)
forming following galaxy mergers




Supernova explosion (credits C. Ott)
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1-1t is a completely new window on the Cosmo. New windows always
brought new unexpected exciting discoveries in the past.

2-MBH formation and evolution in the young Universe is a puzzle, GW
astronomy will provide neat detections to z>10, telling us mass and
spin properties of the MBHs with unprecedented precision.

3-GW detection of MBH binaries will provide direct measurement of the
luminosity distance of the source, no electromagnetic observation can
provide that.

4-combination of GW and electromagnetic observations will allow us to
do cosmography in a 'calibration free' way.

5-GW detection of an accreting system might become the Rosetta stone
for accretion physics.



We want compact accelerating systems
Consider a BH binary of mass M, and semimajor axis a

h ~ ~

a r 64 r

In astrophysical scales

M Mpc

h~10"%
2 Jﬂ-l_lzl _D

10 M_ binary at 100 Mpc: h~10*, f<10°
10° M binary at 10 Gpc: h~10-¢, <10~
10° M binary at 1Gpc: h~10*, <10~
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B

-same orbit as
LISA

-1Gm armlength
-four laser links
-max 6 year
lifetime

/ ) A

eLISA is sensitive at mHz frequency, where
the evolution of MBH binaries is fast.

eLISA will detect MBH binary
Inspirals and mergers.

Galactic binaries
- BH binary resolved

.« EMRI ® venfication
r—1 confusion

Inspirals

M’mt= 1 [.'I_"' Mm
1 minute

Characteristic strain amplitude

Y . | .

10= 102
Frequency (Hz)

Signal-to-noise ratio (SNR) ] 10



» When did the first black holes form in pre-galactic halos,
and what is their initial mass and spin?
» What is the mechanism of black hole formation in ga-

lactic nuclei, and how do black holes evolve over cosmic
time due to accretion and mergers?

« What is the role of black hole mergers in galaxy forma-
tion?
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» When did the first black holes form in pre-galactic halos,
and what is their initial mass and spin?

» What is the mechanism of black hole formation in ga-
lactic nuclei, and how do black holes evolve over cosmic
time due to accretion and mergers?

« What is the role of black hole mergers in galaxy forma-

tion?

lookback time (Gyr)




» When did the first black holes form in pre-galactic halos,
and what is their initial mass and spin?

» What is the mechanism of black hole formation in ga-
lactic nuclei, and how do black holes evolve over cosmic
time due to accretion and mergers?

« What is the role of black hole mergers in galaxy forma-
tion?

Baby Black Hole Adoption Certificate

lookback time (Gyr)




- black hole - black hole mergers




We consider 4 different formation models differing in:
1- MBH seeding mechanism (small vs large seeds)

2- Accretion geometry (efficient vs chaotic)

Models are named after the LISA PE taskforce paper:
1-SE: small seeds+efficient accretion
2-SC: small seeds+chaotic accretion
3-LE: large seeds+efficient accretion
4-LC: large seeds+chaotic accretion

Detector | 1int. SNR=8 1int. SNR=20 2int. SNR=8 2 int. SNR=20 2 e

64.96 40.98 79.73 49.96
— ORI

dN/dlog q

40.09

40.66
84.76

dN/dlog M,

-4 -3 -2 -1 0
log q

49.19

Jh un

redshift

Blg uncertainties, see Koushlappas et aI 2005, AS et al. 2007, 2011
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P =N eLISA will give us:

0.4

=8

S amAmmE| -\ndividual (redshifted) masses

R S e S S T

ooy ) to <1% relative accuracy

-spin of the primary hole to
<0.1 (in many cases to <0.01)

-sky location to 10-1000 deg

-luminosity distance to <10%
INn many cases

(Results by N. Cornish,
using spinning full IMR waveforms)



Astrophysical unknowns in MBH formation scenarios

1- MBH seeding mechanism (heavy vs light seeds)
2- Metallicity feedback (metal free vs all metalliticies)
3- Accretion efficiency (Eddington?)

4- Accretion geometry (coherent vs. chaotic)

Accretion Geometry - co vs ch

CRUCIAL QUESTION:

Given a set of LISA observation of
coalescing MBH binaries, what
astrophysical information about the

Edd-co vs MH-co ——
Edd-ch vs MH-ch

underlying population can we
recover?

0 0.2 0.4 0.6 0.8
Confidence (p)

VHM-noZ-Edd = BVR-noZ-MH s BVR-Z-Edd -2 04 0.6
BVR-noZ-Edd VHM-Z-Edd -=-= Confidence (p)

Metallicity - noZ vs Z Seeding - VHM vs BVR

Create catalogues of observed

binaries including errors from eLISA [
observations and compare = o \ -
observations with theoretical 1

models

0.4 0.6
Confidence (p) Confidence (p)

AS et al. 2011, see also Plowman et al 2011




Credits: J. Gair

Configuration Two Michelson Streams One Michelson Stream
Black hole spin Black hole spin
0 0.5 : 0 0.5
LISAS 1100 250 600
LISA25 350 135 150
LISA1 80 30 35
Config 1 45 15 20 Fedshifted mass (M, m)

Config 2 45 50

Config 3 25 30

0.2 -

Config 4 80 90

Config 5
log(AM/M), log(Am/m) log(Aa,)

eLISA will give Uus.: Eccentricityatplunge ~ Quadrupole moment
- MBH mass to <0.1% '
- spin of the primary hole to <0.01
- sky location to few deg? _

- luminosity distance to few% oo(Aen/on) 0g(80)
(Barack & Cutler 2004, eLISA science team, Amaro-Seoane et al. 2012)
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characteristic amplitude
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characteristic amplitude
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Pulsars are neutron stars that emit regular burst of radio radiation

Pulsar timing is the process of measuring the time of arrival (TOA) of each
individual pulse and then subtracting off the expected time of arrival given a

physical model for the system. 7

T

1- Observe a pulsar and measure the TOA of each pulse

2-Determine the model which best fits the TOA data =
3-Calculate the timing residual R e L
R=TOA-TOA Al -
m = |
£ 15r B
=
If your model is perfect, then R=0. R PN :
contains all the uncertainties related to the = !
signal propagation and detection plus the = ©>f | J ‘ ( ’ E
effect of unmodelled physics, like B 01 | N ’ ‘ |

-possibly- gravitational waves e e e o
Time (s)



The GW passage cause a modulation of
the MSP frequency

V) =¥ ap Pt Tf (Q)Ah4(t;Q)

0

e
pulsar =
& i
w

The residual in the time of arrival of the A / El
pulse is the integral of the frequency \Earth AL
modulation over time LT

(Sazhin 1979, Helling & Downs 1983, Jenet et al. 2005,
AS Vecchio & Volonteri 2009)

10° M binary at 1Gpc: h~10*, f~10*
Implies a residual ~100ns

100ns is the accuracy at which we can time the most stable
millisecond pulsars today!




EPTA/LEAP (large European
array for pulsars)

.

\ /' NanoGrav (north American nHz
observatory for gravitational waves)



EPTA/LEAP (large European

PPTA (Park
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Mcconnell & Ma 2013 SKA 2030+

10-8 10-7
observed frequency [Hz]




Summary

> We are *not yet* in a new era (nor in a golden age) of
gravitational wave astronomy. But.....

(> Advanced ground based interferometer are expected
to open the high frequency window, possibly detecting
dozens of compact binaries per year.)

> eLISA will detect MBH binaries throughout the Universe.

> eLISA will allow to test GR by observing compact objects
inspiralling into SMBHs (EMRIs)

> In the meantime PTAs might have a chance to make the
very first GW detection (almost certainly the first low
frequency one).
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