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Matched filtering

@ The matched filtering is very sensitive to the phase of GW signal: we are
tracking phase and amplitude

@ Change in the parameters of emitting system -> change in the phase and/ or

amplitude: basic for the parameter estimation

@ Mismatch between real signal and a model signal (used as a template)

translates into a drop in Overlap -> drop in SNR -> drop in detection rate
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Generaton of GWs: short summary

O Assume slow motion (v<<c)
O Take observe far away (far zone) ]a: — T ‘ ~R
O We are interested in the radiative part of gravitational potentials => take “TT” part

JEZ 8 4 ! 4! 3/TT
hip = T e s - Rida

O Use the conservation law i V,,/ — (]

(c: )
9 d2 T =
h?kT = [E ﬁM ik (t — )] Quadrupole formula (Landau & Lifshitz)
\_ W,

e / 7 (33‘7 b — ¢ kT) d°z  mass quadrupole moment




Generaton of GWs: short summary

O Besides leading order (mass quadrupole) other moments also give contribution. There are
two types of moments: mass-moments and current-moments

l
Iy~ ML mass moments

z
S; ~ MvL'  current moments

1 [d?, d3T d?S, d3S l
T S e Loty
Bl T e

h;_|_,>< .

O Einstein equations are non-linear: grav field is its own source (the red term which we have
neglected). Post-Newtonian expansion: ¢ = y e =l

Gv—Tiw b o

Solving Einstein equations iteratively updating the equation of motion at each step




Generaton of GWs: short summary

Gravitational waves: can we attach stress energy tensor? Yes, but it is defined as a quantity
averaged over several (GW) wavelengths.

1
e = 6 Py ahy,g+ hx ahx,p)

dE
dt
as,

1
— =z < M, . M. j> Energy loss (energy flux): shrinking of binary orbit

= <./\/l T /\/l li> Angular momentum loss: circularization of a binary

2.
dt 5”.\

Levi-Civita antisymmetric symbol




Generation of GWs: long story

Post-Newtonian approximation (falling into a rabbit hole)

e Post-Newtonian (PN) expansion is valid under assumption of slow motion (v/c << 1):
small parameter of expansion, solving Einstein equations iteratively.
e this expansion is valid in the near zone of the source (L < A5y, GW wavelength): PN
cannot incorporate boundary at infinity (observer)

T0i Tij . . : :
€ ~ mMax T00° \/ o0 [~ & 1PN — (v/c)*, 1.5PN — (v/c)°, 2PN — (v/c)*, ....

e Post-Minkowskian (PM) expansion: post-linear expansion in 4 - perturbation of

Minkowsi metric (or effectively expansion in G) is valid in the weak field: valid in the far
zone, not valid near source where field is strong

e In addition: we can perform a multipolar expansion of metric (determined at future null
infinity) . Two types: mass and current multipoles . The radiative multipoles are those
falling as 1/R as R — oo with the null coordinates t — R/c = const.

e The idea is to solve Einstein eqns (for 2-body) iteratively splitting spacetime in 3 regions:
near zone (PN-formalism), far zone (PM) and some intermediate zone (where we match
two solutions). Near zone: PN - solution woth the source, Far zone: PM vacuum solution.
Intermediate zone: decompose PN solution in multipoles, decompose PM multipoles in

(v/c) and match order by order: matched assymptotic expansion S i

7 J‘a




Generation of GWs: long story

Post-Newtonian approximation (falling into a rabbit hole)

o Einstein eqns can be formulated in /% = , /—gg® — n*’, where n* is Minkowski metric

and we use harmonic coordinates dﬂil“ﬁ = 0, (use G=c=1)

hoB = 1678 = 167|g|T™# + AP

T

Landau-Lifshitz pseudotensor
(non-linear in metric terms)

flat s/t
wave operator

e Formal solution
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Generation of GWs: long story

Post-Newtonian approximation (falling into a rabbit hole)

* Far zone solution: vacuum, retarded multipolar expansion

- K2t R o
hoP — Z or, < Z (R )> 2 s et o s gy and 0, is L-th partial derivative
l

Interested in spacial part (strain)

R

mass moments current moments

= e 1 :
hy — Or—2 (—L;jL—z(t = R)) & Our—2 (Eeab(isj)bL—l(t = R))

o In the next iteration: l_z?zﬂ) = Tg (l_zl, l_zl)

e Gravitational radiation: 1/R terms and also need to take TT (transverse-traceless) part

e We can also expand in v/c

I, ~ MI} T d' . A
S, ~ MuvL R dt! R




Generation of GWs: long story

Post-Newtonian approximation (falling into a rabbit hole)

e Near zone solution, slow motion

dominant term

B = iies o E N

solution

7,00 :4/ p(z’) a3
— |
r

|Z
/

expand in — < | : multipole expanstion
r

R — [l /p(:z?’)d%’ el p(zz" d3z’ + 2Ll /p( % (a:’k:c’j — 15-7"“7“’2) d%’]

R R 3R3 3
5 Newtonian potential Dipole P* mass quadrupole

moment ot

current moments appear in A"
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Generation of GWs: long story

Post-Newtonian approximation (falling into a rabbit hole)

* Match solutions in the near wave zone using near zone solution as boundary

Pk
Iyn'n

>3
h'(t — R)

in the near zone we had: /%’ = 6 at r < Agy, use it as a boundary condition to outgoung wave

o The outgoing wave solution:

= 1
Note that: 7% ~ 2 [Eljk(t = R)] because we work in r < Agy
Jk

e Use harmonic condition 2% s = 0 to trade spacial derivatives for time derivatives:

4™ = 262 (157 (¢ - R)]

* Non-linear effects: the non-linear terms on r.h.s — propagation not along null cone of
flat spacetime: scattering of GWs on the curvature created by a binary system: back-
scattering is continuous procss, it depends on the past history of the system

* Multipole expansion and spherical harmonics: in multipole expansion we see
n' = x'/r — direction of GW propagation, we could use spherical coord. and decompose
in spherical (spin-weighted) harmonics:

[
h+ = ’th — S: y: hlm(_z)Ylm(07¢)

2, A S
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Binary system

y
! Consider binary system on a circular orbit.
" a l my > mg, M =mq+mo u:mlmg/M
® - N . x
m | g™ , o
M M Use Kepler’s law 3
2 g
Ti = = O COSUb s — == @S0
M
my " e = ;
) —— O, i — — —— e
M : M

I — /Tooxjxkd?’x — / [0(Z — Z1)my + 6(Z — Zo)my] z;x1d> s = myalz® + moz)ak

.. : 2/3 polarization basis
oo = by — —i Gldlea )l G iop,

ar— (20— G R s —

ja:y = jya} — —2,u (Mw)2/3 Sin th, 199 — Iazaz COS2 9, I¢¢ — Iyya I@¢ — Ixy cos 0.

e — hogg— —2 (1 -+ cos? (9) %(Mw)2/3 COS :2w(t s R) e ¢()

hy = hgy = —4cos «9%(Mw)2/3 sin [2w(t — R) — ¢¢
12




Binary system
zZ L 2 5 =
: P hi = hgg = —2 (1 + cos® 04) E(Mw)w?’ cos [2w(t — R) — ¢o]
// hy« = hgp = —4 cos (9dﬁ(]\4w)2/3 sin [2w(t — R) — ¢o]
e - :
¥

mi O Inclination: angle between orb. angular momentum and

propagation direction (6g), alternatively ¢ = 7 — 04 angle
between L and direction to the source.

O Distance to the source: luminosity distance £ = Dp

O GW emission strongest if face on/off, and weakest if the source is edge-on
O If masses are not spinning: the total angular momentum is orbital angular
momentum L
O If masses are spinning, then the total angular momentum: j— 7 4+ G, + S,
if spins have arbitrary orientation (not aligned with the orbital angular
momentum) - the orbit precesses (L rotates around J) due to spin-orbital coupling:
L0 <k
O Dominant harmonic: 2 x orbital freq. (circular), there are harminics 1,3,4,...x y

orbital freq. but lower in amplitude
13




Binary system

Loss of energy due to GWs
dESY . 5 s
s (MisMis) = 5 (Mw) Balance equation
jor s iy 02 0 10/3
Total energy of the binary system L 2,2 Coe _377 (Mw) '
e Al T (wr1)? | ma(wrz)? s
a 2 2a
This equation can be easily integrated
200 - X O (ﬂ.f)8/3
a = [?UMS(t = t)] » ~ 256M5/3q
256 = (N) 1 o
nf = [ =Mt - t)] dote ) elldis 0 Sl )
= ﬂ 5 1Mo
i
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Binary system

256 7
O [—nMg(tc — t)] O The orbit shrinks as t —> tc

O GW (and orbital) frequency grows with time and infinite at tc (approach breaks down)

5/8
00 = [ansydt =2 | ot -0+

O The phase depends on the chirp mass: Mc is the best measured parameter

dfGW 96 6 01573z £)11/3 O Very strong dependance on the frequency: very
T e slow evolution for the broad orbits
M5/3 5/3
OIf " > Mo, = m1
the frequency evolution could be sloweven if the orbit is {
relativistic (extreme mass ratio inspiral EMRI) A\

A



Binary system

D

At =
256M5/3n

(7f)*?  time to coalescence (merger) starting from freq. f

LIGO/VIRGO: operates on the ground, freq range 30-2000 Hz.
take f=40 Hz, NS-NS system each mass 1.4 solar mass: At ~20sec
take f = 30 Hz, BH-BH system each 30 solar mass: At ~0.32sec

LISA (space based detector) will operate in freq. range 0.1- 100 mHz
take f=0.1mHz, M =m; 4+ my =10°My, At~ 35days/n < lyear

O Post-Newtonian iterations: we plug back to Einstein equations the evolving orbit and linear
solution for the GW, solve at the next order

O — (I)O e (I)N o 62(1)1PN 1 63(1)1.5PN L 64(1)2PN e

16



Binary system

O Waveform (GW signal) in the frequency domain

GW, leading order in amplitude hy(t) =Arcos®(t), hy = Axsin®(t)
Fourier transformation h(f) = / hiee ds
= 5 _7/6_iU(f)
If amplitude is slowly evolving, hi(f) = (1+cos” )/ o 7 D, Joro i
monotoneous function of time T
7 - 2 c o 76 iu(f)
hi(f)=2icos L\/;47T2/3 D, = ok
The phase in freq. domain
W(f) = 2mfte — o — 3 + SETMA) L (MF) (M) (M)

O Amplitude and the dominant term in phase depend on M. only (other terms depend
on total mass and mass ratio.
O Amplitude is higher at low frequencies (early inspiral, slow frequency evolution,

many cycles. {
y cy \&

17 “




GW signal

A A A

~ P " A PN ~ ~ \ ~ A A M N A f A\ \ N\ N N A f\ f\ N A\ \ A/
"/\.\ 1/\ ,f\. I’\I /A'. ,/\.I N\ 1,’\‘\ ’,A.I ,f'\‘l ,/*.‘ 'f\.' N f/ \ N f\ N\ / \ Ir'“ / \ f \ / \ |, .‘ \ f \ |‘ Xy .I |' vl I' \‘ NN | "N N | J \ | |
FONT \‘ TN Y Y X X YXY IX Y X A ) f\ /\ | \ /) L= \ |

\ \ \ \ \ \ /
\/ "v" ‘\',“’ \j‘ y‘u" "u" \/ \/ \/ \/ \/ \/ \/ / \/ J

100} 10333

4OF 1 1 1 1 1 1 1 | 025 -
-1.0 -0.9 -0.8 -0.7 -0.6 —_0.5 -0.4 -0.3 -0.2 -0.1 0.0 $KS
Time (s) :

[Credits: SXS collaboration]

18




Modelling GW signal

1 T T |
Inspiral Merger Ring-
f down
1.0 -
0.5 \ _
0.0 - ﬁ[v»
-0.5 + U i
-1.0 r— Numerical relativity ]
I Reconstructed (template)
I I | |
[ T T |
0.6 - =
0.5 H— Black hole separation —
' === Black hole relative velocity ]
0.4 |- .
0.3 F | l | |
0.30 0.35 0.40 0.45
Time (s)

O, N WPA

Separation (Rs)

Binary parameter space

a0
=
i
1 I
o |
© [
Q. [
Q [
7] 1
1
1
1
. Perturbation theory,
Numerical Relativity : self-force
0 1
1 Mass ratio —» a0

[Leor Barack]

GW signal from binary stsem can be conventionally split into three parts: inspiral (Post-
Newtonian decomposiotion, merger (numerical relativity), ringdown (BH perturbation)

19
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NR surrogate waveforms

non-precessing
precessing e Using a large number of numerical waveforms
. (solving Einsten equations numerically: very short -
Tos- ?ﬁs B about 20 orbits before the merger.)
o] ‘«?‘ e e Using them as a basis for waveform decomposition
oy * Interpolating across parameters space
Sos ] gt RERR e The most accurate to-date model, but limited in the
R A 3ot parameter space
1 5 10 0.0
q

g1t
32
38 -
LT ot S
;.gg e— | e— |
T A
2 ||| =t}
LB — | — |
e e S
L =———— =—
S:ssuv — -ﬁM
!‘ii e - - m-_d
e e—— e

lllllllllllllllllllllllll




1-M [%]

Phenomenological template family

Region | Region Il

Region lla Region lib

1000}

100!:-|<

10}

0.005 0.010 0.050 0.100

mf

Comparison of non-precessing waveforms

| .(6.0.0)

001l | .(18,04,0)

0.001

20 40 80 100

M [Mo]

.(1,0.98, 0.98)
. (1, -0.95, -0.95)

. (8, 0.85, 0.85)
. (8, -0.85, -0.85)

.(18,-04,0.)
.(18,-0.8,0.)

2

®1ns =0Tr2(M f;Z)
3 1

1 3
+-— (00 +o1f + -0 fY? + a3 f33 + —04f2)
i 4 5 2

PInt = % (ﬁo + B1f + B2 Log(f) — % _3)

1 4
OPMR = E {ao +aorf—oaof '+ §03f3/4

)

« Waveform constructed in the frequency
domain

« Uses Post-Newtonian results for the early
evolution (inspiral) of a binary

« For merger-ringdown part: there is an
analytical expression with free parameters
which are calibrated to fit the NR data

» Precession is added by rotation taken from
the Post-Newtonian evolution

« Very fast to generate

f—asfrp
fdamp

+ g tan—! (




Decomposing the waveform in spherical harmonics

For (quasi)circular binaries, the dominant mode is [ = 2, m = £ 2 (twice orbital frequency)

0.100}
0.050} —5) °© For inspiral: odd harmonics suppressed by (v/c)
I . e’ —o and (my — my)/(my + my))
E‘ 0,001 e AL 65| @ Coupled differently to inclination: breaking
T - (43) .
_____________________________ -4 degeneracy 1n parameter Space
1 % 10—4 asgo=gemgmeseegess"" 2 . . \.
—8000 —6000 —4000 —2000 O
GW190412
Y | A N — T~
1200 | —— dominant multipole
—LIGO - —==-higher mmltipoles
— cl:i:JGO / higher :Illllliz)lll\"h —\
— AdLIGO 1000 _ ) and precession // I,":]
—(2,2) i \ \\ ,
== @) r_ M““f N \\\
GO0 -

Higher order modes

(g )=8.0)

[>2 m=—

h_|_ =z ’th — S: S: hlm(_Z)mm(07¢)
l

- = — —
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Orbital precession

e [f the spins of BHs are not parallel to the orbital angular
momentum: spin and orbital precession around total
momentum of the binary

Credit: Carl Rodriguez Dimensionless Ricci Scalar
.03 04 05 06 07
| " £ TR :;L‘,.\_ﬂ' ;
0.2



https://www.youtube.com/watch?v=9s1VoTy_U3s

Spins of BHs in detected binaries

Left (right) halves of the circles are shaded in proportion to posterior on spin

magnitude and tilt of the more (less) massive component

GW190412 GW190517_055101 GW190519_153544
[ 0 0 0
"z,Q;/ T B o
//' 0.8
&/ 06 2, 2, %,
/ 0.4 \\ \"
fll; r 02 "‘\ ‘Ill]l \
f \ |
31 0.0 '8 8 '8
\ J . | |
/ / /
\ / \ / \ J
9, ) / =~ o, \ /’\ o, A [V"‘\
(7 <. > <.
Cj‘\-\ /o C::\\\ // o (.::\\\ // é’
\\' / \\' ‘/// \\\, (/
Vg | Vg o Vg I
¢S /(Gm?) o081 2 ¢S1/(Gm?) 08T o081 52/ (Gm S1/(Gm?) 08T o081 Sz /(Gm

GW190720.000836 GW190728.064510
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In some cases we find tighter
constraints on the spin of the more

massive merger component. 24




In-plane components of the spins: precession?

NV C = Calt d OGP e Pe ;s at Xak et 2 OISy P 2 7

e A few systems where posterior on effective 1.0
precession spin parameter ), (measure of spin in S
orbital plane) differs from the prior. 0.8 -
* More massive component in source of GW190814 0.6 7
has small spin magnitude, and therefore we infer X
small effective precession spin parameter. 0.4 - : .

e Mild evidence for spin precession in sources of
GW190412 and GW190521.

* No systems with strong evidence of precession

29


https://arxiv.org/abs/2010.14527

GW190412

Parameter EOBNR PHM  Phenom PHM  Combined GWI90412
0° 0°

mi /Mg 317538 28.1745 [30.15;‘.-6} BT el
my /Mg 8.01:85790 8.8717 8.3_&93 @ 0e | \ ;.
M/Mg 39.755% 36.9%53 38.47379 ® .,
- 0.2 - '.‘

g-' - 0.0 t8

.. “\.. S/

0g; | | &"\
Sy /(Gm?) o081 481 cSa/(Gm3)

LVC 2020 GW190412

* Logio(Bayes factor) > 3 in favour of higher order modes (beyond quadrupole)
 Tilt angle ~45.8 deg, x1~ 0.44

* Good localization ~21 deg?, Vogog ~ 0.037Gpc3

* Questions of formation: densed env., triple or quadruple system, evolution in

AGN disk

26


https://arxiv.org/abs/2004.08342

Extreme mass ratio inspirals

e Capture of a small compact object (CO): stellar mass BH, NS, WD by a massive black hole
in the galactic nuclei (LISA sources)

e Extremely larg mass ratio: spend long time in vicinity of MBH before they plunge: (v/c) is
not small: PN theory is not accurate. NR — not efficient.

e The mass ratio (m,/m; = m/M < [) is now a small parameter

* Geodesic motion in Kerr + adiabatic evolution: osculating elements

$ S 77
- M, > M

.......
----------

Credits: Maarten van de Meent
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Extreme mass ratio inspirals

365 days before merger, axis units AU, current average speed 0.164 ¢

Credits: Steve Drasco
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EMRIs: short story

® Orbital motion: (almost) elliptical with a strong relativistic precession + orbital

precession due to spin-orbital coupling

e Signal is very rich in structure (hard to detect but gives a lot of information)

e Ultra-precise parameter determination (if detected). Can map spacetime of a heavy
object: holiodesy

Precession of

orbital plane !
1
8 T T T T , T T T T >e-22 I I I I

Modulation due to precession of orbital plane

Body close to I 4e-22 b i
6 I central object
| ) ~N 3e-22 -
4 P

—_ N
° o
N N
N N
|
|

Wave amplitude
1;?&> I

-le-22
“4r 2e22 | J .
6 L _ Body close to \ Body far from
3e-22 I central object central object 7]
8 I I I I I I I I I 4e-22 | | | !
10 8 -6 4 2 0 2 4 6 8 10 0 2000 4000 6000 8000 10000
X time (s)
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EMRIs: long story

e Geodesic motion of a test mass in Kerr spacetime (Boyer-Lindquist coordinates):

derived from super-Hamiltonian: # = 8w phpY = — Emz
Eﬁ — R(T,LZ,E,Q), E@ ZCI)(’I“,H,Lz,E,Q)
d\ dA 2 DD
79 gt X=r"+a"cos 0
Zﬁ =\t @(T7LZ)E7Q)7 25 :T(raH’LmE’Q)

spin of MBH

Turning points

e Geodesic is parametrized by affine parameter 4, and there are 8 constants of motion:
4 initial coordinates (#j, ry, 0, ) and 4 1st integrals (E - energy, L, projection of
orbital momentum on the spin of MBH, Q - Carter constant, m)

é ;4 /l/ e GW carry energy and angular momentum away
YTl w e Adiabatic approximation: Orbit evolves slowly
M

it e Osculating approach: at each instance fit a

geodesic: slow change from one geodesic to
another: E, L, Q — slowly changing functions to
be plugged into eq. of motion

Credits: Maarten van de Meent

30



EMRIs: long story

e More regirously: we need to solve the Einstein equations with the s/e tensor.
Approximating small body as delta-function:

muruY

TH —
Y sin Qut

o(r —7(t))o(0 — 6(t))o(¢ — (1))

e The equation we want to solve is of type: 5 ¥ = go(x — z(?)), and the equation of

motion is a forced geodesic motion with a force: self-force is defined as FF* = g V*Wy:
gradient of the regular part of the retarded field: ¥, = ¥ — W (full - singular part)

e Computation of regular part is a challenge:
o Decompose in spherical harmonics ¥ = )’ ¥,,(.. Y™, $) and regularize each parts in each

l.m

mode contributing to the singular solution
e Approximate the singular solution as ¥, subtract it from the full and solve eqn for the
remaining regular part:

O0,¥r = g6(z* — 2#(t)) — O,¥5 = S(z*,2#)  regular effective source on the rh.s

Du* 2
coupled to the equation of motion: m d:b = q(g"" + v*u”)V, Vg

il



Modelling GW signal using Effective-one-body (EOB) approach

Effective-one-body approach [Buonanno & Damour 1999]:
The main idea is to map the (real) dynamic of two comparable mass binary
to an effective problem of motion of test mass in an effective spacetime

( EOB has three essential components\

@ Map conservative two-body dynamics to a

Real problem -— Effective problem

SKerr

motion of a test mass m in the field of a central
body M.

@ Add the radiation reaction force

@ Construct the waveform based on the
computed dynamics with attached the ring-

Tm11M9
M=mq+mg, p= Wi an RD part of the signal /

See review: [Damour 2012]
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Conservative dynamics (non-spinning BHs)

We start with Hamiltonian (in ADM coordinates) for 2-body problem
L= — T2, P=DPl= —P>

- : 1 e
H(Z,p) = Mc* + Hn(Z,p) + Z CZ—kaPN(%P)
k

Known up to 4PN order
[Damour, Jaranowski, Schaefer 2014,15]

Newtonian part:
test mass m in the central field of M:
EOB is relativistic generalisation
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Conservative dynamics (non-spinning BHs)

The “effective” dynamics is constructed using the “effective” spherically symmetric spacetime

(- )
D(Teff 77)

dste — —Alree n)dt | e Vs e dO

: ff (Teft, 1) AT 1) ff f ¢

The Schwarzschild limit requires:

’ =
2M

Alreg,n=0)=1— e e =) —2
Teff

¢ 7

The (super) Hamiltonian describing geodesic motion:

=

ghi P oS +H Q)| = —

Geodesic term in effective spacetime

\A”Post-geodesic” , (at least) quartic in linear momentum
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Conservative dynamics: mapping

The Hamiltonian for the effective problem

S il s .
Heff(reffapeff)/:u =7 A(Teff) [1 +ﬁgﬁf i ( ( ff) 7 1) (77feﬂ"-peﬂ")2 R Q(ZS H)]

D(7es) e

1
Both Hamiltonians to be written in terms of action-variables: J; = % pidx;
Mapping
H.g —
geff(Neff,Jgff) — ey J¢)] i :> HM\/1—|—277 ﬂc’UJ =
£ = 1(B) =z :

/‘\ example of tuning parameter\

Erealu geff“ 3 4 4
e CE e R
— — — - 2 3
n+l, n+1,0+1 — Ll 1041 D= L5, (7) + 2n(3n — 26) (7) i

/ n,l M 28]
n - ~N / & 277(4 5 377) (7) %
: m11M9
Damour 2012] e o deformation parameter




EOB: dissipation due to GW's

Equations of motion

dH
gp - OH dr OH (g)%m%
9o = Op. di - 0Op
dp, OH Dissipation of energy from the system =
Fo, T e flux of energy carried by GWs
& p A
Radiation reaction force 17— _512 (12 S: S: (mQ)2| B hem2>
(quasi-circular motion) : L oy 7 .

[Buonanno, Damour 2000]

[Damour, Iyer, Nagar 2009] /

Luminosity distance
2

hethx =3 ) ¥ 10,9

£ m=—¥4

\spin weighted (-2) spherical harmonics
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EOB: inspiral-merger wavelorm

We use waveform decomposed in spin(-2) weighted spherical harmonics

hgm —— hév h?,nlj [Damour, Iyer, Nagar 2009]

/m

“Newtonian” part, where x = (M Q)z/ 3
-
M Mn : =
L - -

numerical coefficients (f-ns of £, m, 1)

[ﬁfﬂi\f — | = A h1.55133/2 e — Se+mTem(Pem)€€i5J

post-Newtonian resummed / factorized part

S7



EOB: ring-down (RD) signal

@ Identify RD attachment time: maximum of orb. freq. ~ light ring

@ Generate the RD signal as superposition of damped eigen frequencies of final BH

@ Define the amplitude of each QNM by demanding continuity of matching to inspiral-
merger part of the signal

DL — (Wt 1/ Tpn 7 ) (t—tmatch)
( = ) BRI Z Ag e Wemint 1 Temin :

EOB dynamics

— EOB trajectory \ lnSplI'al merger
— = EOBISCO
— — EOB light ring
— EOB horizon
T T T
\ N

~\/\/\\‘/\/\/\':?
\/\/\/\/\/ _;

OML
I

DL/M Reh22
S o

._'; .

I

|

ISCO—| 1

S ' i // /l1ght ring

22
-}
~

Y/M

M

S oo <

W B~
L~

2MQ
o O
—_ DN
T T
A/_

N . | . | . | . | .i i . | ] .
-350 -200 -150 -100 -50 0 50
(t—-RH /M A
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EOBNR: calibration

@ It was somewhat simplified description of EOB model (reality is a bit ugly)

@ Adiabatic transition from circular-to-circular breaks: non-quasi-circular (NQC) corrections

@ Missing high PN-terms important close to the merger

@ The RD part is taken from the linear perturbation of a single BH: two merging BHs pass
through a highly non-linear regime: requires extra (pseudo) QNMs or phenomenological RD
part [Damour & Nagar 2014].

NR waveforms used to extend and to improve EOB-> EOBNR which also makes them
partially phenomenological model

gravitational-wave cycles
56 57 58 59 60 61 62 6364
- . . ! L | N I R —

-

o
w O W

O

o
w O W

O
S W

o
(OS]

DL/M Reh22 DL/M Reh22 DL/M Reh22

C 1 | 1 | L | 1 | 1 | 1 | H 1 | .
11500 11550 11600 11650 11700 11750 11800 11850 -
(t—R" /M &,

Plot: courtesy of A. Taracchini 39



Including spins

Spinning case: spinning particle in deformed Kerr spacetime |[Barausse &
Buonanno 2010,2011; Nagar+2014, Balmelli & Damour 2015]

Hamiltonians are more complex and we also need map the spins of two body
problem to “etfective Kerr”.

Real problem -— Effective problem
SKerr

SKerr = Sl iz S2

S, = S.(S1,S2)

SEOBNR with (anti)aligned spins: [Pan+2013, Taracchini+2014, Nagar+2014, 2015]
SEOBNR: precessing [Pan+2013, Babak+2016]
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SEOBNR model for precessing binary BHs

@ First we generate the waveform in the precessing frame [Buonanno+ 03,
Schmidt+ 11, O’Shaughnessy+ 11, Boyle+ 11]

@ Spins are projected on the orbital angular momentum (but time dependent)

@ Waveform is produced as for (anti)aligned spin configuration, we have
generated (=2, m = +1,+2 modes

@ We use “off the shelf” model of non-precessing SEOBNR [Pan+ 13] no
recalibration is done

@ We rotate the waveforms to the frame aligned with the total momentum of the
final BH and attach the RD

€= Ln(0) @ Finally we rotate waveform to the inertial

&5 (1) = Ln(t)

frame associated with an observer
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Comparison precessing SEOBNR and NR waveforms

ml/m2:5, ]Sl/m%\:()& (91:900, SQZO

0.10F kffﬁfff'mj”fffff”m'ffﬁﬁﬁf,[ffﬁfff[]&ﬁfff,ffﬁfffﬁffff[ﬁﬁfﬁfiﬁf'ﬁffﬁfffk

ey 0.05F 6900 7000 70072000 T30
= |
)

—— precessing NR . rrrrrrrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrr L -
- precessing EOBNR

—0.05}]

0 1000 2000 3000 4000 5000 6000 7000

— | | | ‘ ~30 GW cycles
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& ; | j Evolution of spin components: blue is NR
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AN
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(t—7r")/M
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Pulsar Timing Array

The main idea behind pulsar timing array (PTA) is to useultra-stable millisecond pulsars as
beacons (clocks sending signals) for detecting GW inthe nano-Hz range (10 - 107 Hz).

[Credits: D. Champion]
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Millisecond pulsars

O Pulsars - neutron stars (end product of evolution of stars with the mass > 7 solar) with
rapid rotation and strong magnetic field

O Emit beamed e/m radiation from the magnetic poles. Powered by rotation: spinning down.

O Beamed radio emission swaps across the line of sight — seen as pulses in observations
(similar to the lighthouse)

Beam of
radiation

Rotation <.J->
axis

)

Pl

O
(-
iyt
0
[
X

Magnetic
axis

N

Intensity

Beam of
radiation

Copyright © 2005 Pearson Prentice Hall, Inc.




Millisecond pulsars

O Millisecond pulsars: period of rotation

o millisec 10-10 :_ ;
O Often in binaries [ )
O Very old NSs, very stable rotation 10-12 L i
O The most accurate clock on the long [ ]

time scale (decades) B 40-14 L ]

> “ “
2 [ :
2 ~ :
5 10716 - -
© | 4
B | 4
o 10718 L -
10—20 :_ :
10-22 [ o el g ‘1\1 il ol PO T | 111111-‘
0.01 0.1 1 10

Period (s)
[ Wikimedia]

[Credits: NASA]
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Pulsar timing

N\
Z ) A PSR J0437-4715 | 35605 —
TR 1382 MHz
ale)
3 T yd \ 3e-05 |
i e o 5 e il [ A
0 = ; ; ; '. '. ; - — [
5005}
30 forwr—s e M 5
E., 2005
< eor -~ | = i | .
25 -
.-é 1.5e-05
= < .5e-05 |
8 20 R e e e <
2 ‘ yo) 1e-05 }
ARE - 3
2 a
R e e T L T Y
WWAWNWMMWWWMW <
5 t -
> 7
-5e.06 1 1 1 1 1 1 1 1 1
0 PO it ey LR s pn e 0002 -00015 -0001 -00005 O 00005 0001 00015 0.002
Time (s)
100 120 140 160 180 200 220 240 260
Rotational Longitude (deg) [F1g53 credits

S. Burke-Spolar & L. Lentati]

O Each observed radio pulse profile has a lot micro-structure. If we average over ~hour the

(average) profile is very stable

O We can use the average pulse profile to estimate the time-of-arrival (TOA) of the pulses.

O The idea is to measure the TOA, and compare to the expected TOA. We know the spin of the
pulsars, so we can predict the TOA. The difference between measure and expected TOA:

residuals
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Residual {ms)

Residual (ms)

T'iming pulsars

)

2

O We need to build a timing model to
make accurate prediction for TOAs -
take into account various physical
effects

O Dispersion of e/m wave and its time
dependence

O Rate of change of rotation (b)

O Sky position of the pulsar (c)

O Proper motion of a pulsar (d)

Taken frem “Handbaok of Mular Adranomy” by | comer & Keamer

: ' ] 100
15 (c
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y o)
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) ) ) -100
6000 } (b
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0 ~ L ) A il
48000 49000 SO000 S1000 52000 48000

Epoch (MJD)

O Timing model could be quite
complex if pulsar is in the binary

42000  S0000

Taken from “Handbook of Pulsar Astronomy” by Lorimer & Kramer
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Residuals

O Building the timing model: depends on many parameters
ttoa = ttoa(Pa Pa Pa Aclockv ADM(L)a A@—@a AEa AS)

2P P eriod of pulsar’ rotation and its derivatives: spin-down
2 2 P p

Aclock difference in the local clock and terrestrial standrad

A DM (L) delays caused by propagation in the interstellar medium
A @) 50

Transformation from the local frame to the solar system barycentre

A Accounts for relative motion (Doppler) + gravitational redshift caused by the
E Sun, plantes or binary companion.

A 5 Extra time required to trave in the curved spacetime containng
Sun/companion (if in binary)

dt = t?oa 7 ?oa = dterrors o 57—GW + noise
'\
Errors in fitting the model / due to GWs
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T'iming Residuals

credits: Mikel Falxa

T I

— Radio signal
tn trl tn+2 —— Model
L, i t,., — = GW signal

m | ﬁ

- N 'l ' Iy ! ' |
'y T e 1A [ ¥l A A e LA |
1 H | A | 3 ll |1 M

Intensity
Strain

Ui — 1 2 L. " 0n o - noise

toa  “toa i
Errors in fitting the model / due to GWs

Dl




Response to GW signal

e PTA can be seen as a multi-arm detector where e/ m signal
travels only in onedirection (from a pulsar to the Earth). Pulsar
plays role of an accurate clock, andwe measure change in phase
(frequency) of arriving pulses (similar to thefrequency (phase)
of the laser light)

e Important quantity which characterizes the response of
any GW observatory is € = (27 f« L/c)

£

size of GW detector

el — Roxh; ; n'nd  long wavelength approximation:
LIGO/ Virgo

==y TGO {12 KHz TI5A: 1 ~0.05: 17,
PTA: £*~0.002 nHz

A= =1

|

T- e;';lrth time
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Response to GW signal

dt =t =1, —dbt..., .+ 0tew F noise
. nr
) ) 1 n*n? Ah;;
OTaw = T(t) — / _V(t/)dt’; oL =7 L £2)
0o Yo y 2 Lk
Familiar from LISA

Ahy; = hi;(t, = t — L(1 + k) — hy; ()

t, — pulsar time, ~ time of emission of the radio pulse:

O depends on the relative position of a pulsar and GW
source

O depends on the distance to the pulsar L

O L ~ few kpc ~10 000 years — “pulsar” term h(z,)

contains info about the system 105 years in the past as

compared to the “earth” term

T- e;';lrth time

.................................................

O pulsar term depends on the pulsar.
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Radiotelescops: EPTA

The Effelsberg Radio T¢¢
Effelsberg, Germal

‘ " : o 1y Radio Telescope
£33 ERAN A - ncay, France

.....

« -

Al I AT RS
)

The Sardinia Radio Telescope The Westerbork Synthesis Radio Telescope
Pranu Sanguni, Italy Westerbork, The Netherlands
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Super-massive black holes (SMBHs)

Massive black holes should reside in the nuclei of (we hope)
every galaxy. (S)MBH are formed from relatively small seeds
(remnants of poplll stars, direct collapse of giant protocloud)
and acquire mass through accretion and major mergers

(result of galactic encounter)

L
'

0r
C - T 0.8
2._
. 0.6
— -
; -
O 4
N P _0.4
v i
E s ®
- ~ - (0.2 !
5 F =
o 8
Q B 0.0
Y - A
S T §
~ 10 ? 05
12— 0.4

credits: G. De Lucia 55



Supermassive black hole binaries

O Main sources are supermassive black hole binaries (mass 107 — 100 solar) on
very broad orbit (period ~ year(s)) AE -

O The orbital evolution due to GW emission is very slow: =~ & n(M/r)
signal is (almost) monochromatic over period of observations

Theoretical 'average' spectrum
Contribution of individual sources

10'“ —f— pectrum averaged over 1000

Ed 4 Monte Carlo realizations GW signal from the
= population of SMBH
binaries: forms a stochastic

signal at low fregs. (similar
to Galactic binaries in LISA

x
" GW onl . ) i
10yr observation . Brightest sources in each
1 L1 1 I -

S E— frequency bin ;
10-8 10~ quency |Credits: A. Sesana]
observed frequency [Hz]




GW signal

Consider non-spinning SMBH binary in circular orbit

e pulsar and earth terms: each is monochromatic signal

e frequency. of pulsar term might or might not coincise with the erath term:
= Il in b

o amplitude of the pulsar term is larger: ~ @~/

X h_|_(ta wa) h (t W)
S c 2 1A |
S =1, (k,na)[ 27 £l 7 o f ] ' a - pulsar index
o o W
Fg(k’”“)[ o X2(7rf )]
\_/ \_a/

relative position Earth term coherent
pulsar and GW source across pulsars

Pulsar term
w, = ot =L (1 +7_.k))

D/



GW signal in PTA

Response to GW signal of PTA in freq. domain

credits: A. Petiteau

Amplitude

Pulsar term contribution

E 4.x107 A,\ A
107 E ‘\ l
: 3.x 10 I /‘ ,/
o 2.x107 //A\/WQ |
o “ )4\/‘\‘)‘ A4 1AM
o DL

Earth term contribution
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Detection statistic and search algorithm

e We assume that noise is Gaussian: he likelihood function (likelihood of the signal with
given parameters is

o 1
ks \V/ (2m)"det

O (—%(5% e 5 g))

e Ot - concatenated residuals from all pulsars in the array: total size n

e 5 - is a model of deterministic signals (for example GW signals from
individually resolvable SMBHBs

e C is the noise variance-covariance matrix (size n X n)

Caipj = C*"80p0ij + Cl100p + CiMbop + CG,ﬁj

white
red noise dispersion stochastic GW
measurement : Tk :
: spin variation signal
noise ~ -
noise noise

5%



Noise modelling in PTA

e White noise — not very interesting. two parameters per backend per pulsar:
unaccounted noise.
* Red noise: very generic noise description in freq. domain

S = A ! SSG A

SO, e BT red noise in each. pulsar

red noise
e DM (dispersion measurement variation) noise: depends on the radio-frequency of
observation

Ay
Spu(f) _f oy

e Correlated red noise processes

S — F(IﬂA

oorf Teor —includes also cross spectrum between each pair of pulsars: I ; - spacial

correlation coefficients
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Hellings-Downs curve: stochastic GW signal

e Stochastic GW signal — noise like signal which is correlated in observation of all
pulsars. The correlation due to GW is very specific: Hellings-Downs curve.
e Correlation for the isotropic stochastic GW signal depends only on the angular

separation between the pairs of pulsars.
0.6

Simulated data

0.4

0.2

correlation between arrival times
(@)

| | | | | | | |
0 20 40 60 80 100 120 140 1e0 180
angle between pulsars (degrees)
[Fig. from IOP, Physics World]
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Gaussian-process approach to PTA: falling into a rabbit hole

Short intro into a Gaussian Process (GP)

e GP generalize the notion of Gaussian randiom variables to the case of infinite number of
degrees of freedom
® GP can be specified in 2 equivalent ways:

, as a sum of deterministic basis functions: Z ¢ (x)w; - where w, are weights - Gaussian

]

random variables (W 2;;). weight-space view

e as a continuous f-n f(x) such that the ensemble average E[ f(x)] = m(x) and the covariance:
E[(f(x) — m(x)(f(x) — m(x"))] = k(x, x'). function-space view

e Those two approaches are connected by

quz Lijs (')
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Gaussian-process approach to PTA: falling into a rabbit hole

e Applying GP to the PTA likelihood function: Gaussian prior

on weights

/GP\ /\_

6__ Em((st —Z ¢a(tz)wa)(C:§) 1(5tj—za qba(tj)wa) e_%za,bwa(zab> 1wb

ot wy, GE) = X
p(dt| ) \/(27r)"det(0w) \/(27r)mdet(2)
weight-space approach whiteTnoise
o o D SO A C ) +0t;

Wlth Cz;n == tz, t Z ¢a ab¢b

/(@n)"det(C® + C)
\ /

red noise variance-covariance matrix

p(dt|lw;, GP) =

In time domain, uncorrelated red noise:

WD =% = il frmij)" where 7, = |, — ;| and
Crp = A%(fr/yr ){m Ysin (5) (fo7is) Z 2n+1_7)} _

Z f; is low freq. cut-off
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Gaussian-process approach to PTA: falling into a rabbit hole

e Alternatively we can use basis functions: based on the decomposition of residuals in the
Fourier modes:

ot(t;) ~ Z ap sin 27 ft; + by, cos 27 ft;

weights basis functions ¢ (f,, 1) = ¢L (1))

We use non-complete set of Fourier modes: covariance matrix can be approximated as

C:n Z¢F ab b )

where

Zab X (A')Q"n.f = 7) Oab /L — red noise PSD

and for stochastic GW signal: C g% Z dr(t. ) f; (J;ﬁWQbF (,5), where

ia,jf

Ef;(];g‘/ Faﬁ(A(z?Wf a_ ygw)éab/ 2
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Gaussian-process approach to PTA: falling into a rabbit hole

Advantage of this description: again likelihood

o3 2ij 0ti(C+CI) 6t

plothes, G ) = e aet (™ £ O

Data size: n - large, need to invert very large (covariance) matrices - n X n
Can use Woodbury {-la

@ el @ woll-cl clos toclo ol

e L X e S e e

inversion of m X m matrix

Number of modes: m < n
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Residuals of 6 best EPTA pulsars

From top to bottom these are PSRs: J0613-0200, J1012+5307, J1600-3053,]1713+0747, J1744-1134,
and J1909-3744

I
NN
L

Residuals (us)
o

UIN
o own

e Old systems
—51 e New systems

50000 52000 54000 56000 58000 60000
M|D

{
Up to 25 years of monitoring: black - DR1, blue - DR2 (data release) \S
67 n | 4%
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Common red noise in EPTA data

preliminary
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NanoGrav 12.5 yrs data result

[Arzoumanian+ 2020]
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Common uncorrelated red noise

NanoGrav , EPTA and PPTA support presence of a common red noise
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Stochastic GW signal?

| Arzoumanian+ 2020] THE NANOGRAV COLLABORATION
Is there evidence Is there evidence for a spatially Is there evidence for a
for a common-amplitude correlated y = 13/3 process? second y = 13/3 process
y = 13/3 process? No strong evidence for HD on top of HD?
Yes, strong evidence. correlations, moderate evidence Little evidence either way.

against monopole and dipole.

HD correlated
monopole correlated

Drocess + monopole
-2.3 [DE438] 0.13 [DE438] processes
-1.3 [BE] 0.21 [BE]
e log1o BF = 4.5 [DE438] . HD correlated
pulsar intrinsic common-amplitude | 0.64 [DE438] HD correlated 0.02 [DE438] .
. I 4.2 [INPOP193] 0.37 [BE] 0.06 [BE] + common-amplitude
noise only 2.4 [BayesEphem = BE] process . process . processes
median Acp = 1.96 10-15 [DE438] —2.4 [DEA438] ~0.12 [DE438]
15 " -
1'22 1&15 {g\lgomga] —23 [BE] . —0.20 [BE] HD correlated
' dipole correlated + dipole
rocess
P processes

* No statistical significance to support Hellings-Downs spacial correlation:
e Need more pulsars to compute more pair-wise correlations (EPTA->20)
e Need longer data set to uncover more of the red signal (Nanograv-> 15 yrs)
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Can it be GW from SMBHs?

SMBH-bulge relations

S -— -
-~ -— -

NG12.5

EPTA DR2vO
Circular population
68% Population
95% Population

e Analytic prediction: spectral index

e Simulation of SMBHB populations is shown as
green contours: wide range spectral indices

* Results of NanoGrav and EPTA are consistent

with spectral index from the population of
SMBHBs
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Solar system ephemeris

e We use Solar system barycenter (SSB) as a reference system to reduce all observations

e The systematic error in SSB (from ephemeris) could create residual (dipolar cos-like
spacial correlation) common signal with red-noise like spectrum

* Poorly determined position of SSB

e Use phenomenological model (vary orbital elements of Jupyter and Saturn) to mimick
possible systematics (BayesEphem)

» 1 1 1 1 I I I 1 1 1 1 I l I 1 1 1 .
- = DE42] == DEA35 .
100 [— pBs0  — pBass ‘ b 4 | p(logiyAcp) fixed SSE
: : 5 3-
= 107! |k — '; [ DE438
2 = , | 1 meopi
- : s
<
I . < i
1072 E & 1 - BAYESEPHEM i’
- NANOGrav 11-year dataset - :"
10—3 | | | 1 I | | | | I 1 1 | | I | | | | ] O
—18 —17 —16 —15 —14 —15.5 —15.0 —14.5
logjpAGws logyo Acp
[ Arzoumanian+ 2018] [Arzoumanian-+ 2020]
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Search for indivdual SMBHBs

Reminder: GW signal(s) from a population of SMBHB:s:
e We are now after “loud” individual systems (hot spots) sticking above the stochastic
component

Theoretical 'average' spectrum
Contribution of individual sources

1014

L i I e p B S B B pectrum averaged over 1000
Monte Carlo realizations
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GW onl ] ) i
10yr observation Brightest sources in each

L1 I L [ [ L L L1 -
10-8 10-7 frequency bin

observed frequency [Hz]




Continuous GW signal

e Each GW signal from SMBHB is characterized by:
o Earth term: A, 1, w, @y, f, Op.y» Dy
e Pulsar term: L ,, M. — distance to the pulsar (poorly known), chirp mass
o In total 8 + N, parameters

e Each pulsar gives 2 measurements: (real and imaginary at each freq.)

e Earth term depends on 6 params (for a given freq.)
* We need at least 3 pulsars per GW source for parameter estimation

[ SIMULATED DATA]

Sky map: 3 pulsars and 1 GW source

Pulsars

Source

scaled likelihood
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Continuous GW signal

Another example: 5 GW sources, and 50 pulsars.

Assume that there is only 1 GW source. [ SIMULATED DATA)
The likelihood sky map

12.8

11.2

l.. With 1-source model we resolve
three strongest sources: size of black
| circle is proportional to GW strain

Likelihood for 2,3,4,5,6,7-source model

0.0
03 1 02
———9 T
0.28
0.18 y
0.26 é
2 Zt 2 /
GW sources / 2016
5 / 3 /
= /’ = GW sources
(.22 0 . .
L / TN P €014 with different strength
/ 1UCIIUICdAL \GVV S50UICCS /
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d
0.18 0.12
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number of GW sources number of GW sources




Contnuous GW signal (EPTA

e Search for continuous GW signal using frequentist and Bayesian techniques
e analytic maximization (marginalization) over some parameters

e Search for continuous GW signal using earth-term only (coherent) or using earth+pulsar
term (more expensive)

e Pulsar ranking: 41 pulsar in EPTA data, search is expensive - rank pulsars by “goodness”
- how much they contribute to the total signal-to-noise ratio. Monte-Carlo simulation
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Upper limit on continuous GW signal in EPTA data

upper limit of GW strain using different statistics, methods, frameworks

v 10 °
e Rt [T R/ . iR -
| A
—8
10 =
@
P
B =
:C‘E
—— Fp, 0.28% - 1010 -8
10_14 ------ — - Fp.ML, 0.73% R
e Fe 0.32% D“
e Bayes E, 0.12%
m— Bayes_EP, 0.15%
s Bayes_EP_NoEv, 0.68%

102 10220 Probability of detecting GW source
f [Hz] based on astrophysical simulation
of SMBHB population
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Upper limit on continuous GW signal in EPTA data

Directional upper limit (sky map) at 7nHz (best EPTA DR1 frequency)

e white circles: pulsars used to set upper limit, size proportional to “goodness”
* two nearest supeclusters: Coma and Virgo
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What 1s next?

e NanoGrav: require longer observations (combining 15 yrs of data)

e EPTA: (i) need to finish analysis of 6 best pulsars, (ii) need to include more pulsars ( 20)
to confirm H-D correlations

e PPTA: have very long observations and few very good MSP (south): another
confirmation of common red process

e [PTA: combine all data together to see if significance grows as expected.

e Need to confirm GW (if it is GW signal) using methods [Cornish+ 2016, Taylor+ 2017]
to destroy correlations and test statistical significance of our findings (preserving the
noise properties)

e Wait longer:

e new high quality data SKA (MeerKAT), Fast, ...
e Check SNR as a function of time

<SNR > x T” - x T2, y > 1 — RN spectral index (e.g. 13/3 for
stochastic GW signal from SMBHBs)
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Cumulative normalised (S/N)?

1035.
S ()28
Q E
§ i
= 101 E
a F
100 E
10—t
10—9
1.00
0.95 : RN
090 2 | et
0.85 -
0.80 R S O A S A R O
0.75 T AR AR T A A AR Cor
0.70 H--- Sebeed eedeeebend eedeeebend eedeechend et et R R ek
0.65 -+ LR RS L S LSRN IAAF FE SRS R R RN AU SR SRR R S R R A S SR SR
ool v
N T OO FTOMO T —OOOMONNMNONTOT T ANONMOOMOOOMITITNONTONTNSNON S
T T OO UVOANU FTOULNMH~ANOITULITNNDTON~UOTONMMUOLO—NOLW~—~—Om
NN~ N OMANOODOIT ITHNMOMMMOANMNM™—TOAN~NOMOL OO0 O~ < O~
XYY Qo Q@ & QO T OONY T oy ey oo
Eom IR SN NN T eI BERRo2REIL23I YN ESaq
PRES8Co 02 og 22832828 83 N3RoqgqerNg8Eg82R20022 00
ﬂ;ﬁﬁﬂ;;ﬁ;;gg,—l—)g;—)—)ﬁﬁﬁﬁQ’ﬂ;q;;ﬁﬁ—)—)—);q—)ﬁgq
nwe——e——— mwe—_—_—_—
[ ] 107® 3
107 | - of ]
F 3 10_5— E
- 1 = E E
. 1° wof ]
102 | - 10 g_ _§
- ] 10_“;— =
03l il o2 bl
— — — — - - ! — - - — - D
10713 10712 10-11 10710 107 10 1078 1077 107 107 10~ 1073 1072
Gu Qe

10~4 |- |

Pessimistic [e.g. Sesana et al. (2016)]

Oputmistic |e.g. McWilliams ¢t al

_

102

10713

1 | | 1 I | 1 | 1 I 1 | I 1 | | 1 :
§ 0
b lOO T T T T l 1 T T T | 1 T | T 1 1 1 —
>80 NANOGrav+ E
60 =
= 40 =
| oo 20 =
- 0 E—
— Bayes_EP_NoEv 100 ;_ T T T T T ;
80 3
60 E E
40 E E
20F E
= L 3
I T T T =
108 107 —;
f[Hz] —
""""""""""" I 1 L L 1 —;
10 G->1 OO :_I LA I I ’l L T 1 1 1.1 =
; ) — —
...... . 107 220 F E
Fe, 0.32% [a 0 = PRI |

Bayes.E, 0.12%
Bayes EP, 0.15%
Bayes EP_NoEv, 0.68%

(e)
W

10-7
f [Hz]

[\

0




UUUUUUUU

Stanislav (Stas) Babak.
AstroParticule et Cosmologie, CNRS (Paris)

Y.

DIDEROT )‘

LISA: detecting ravitational [SESSu—
waves from space.

ISAPP, 7-17 June 2021



