Standard Sirens



Standard Sirens

¢ We look at GWs emitted by coalescing binaries S

¢ From the waveform we measure the luminosity distance.

¢ If we have In addition a measurement of the redshift, we
MBI of the curve dr(z).
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Outline

¢ Derivation of the waveform for inspiraling binaries.

¢ Propagation of GWs In our universe, assuming a
homogeneous and Isotropic metric.

- dependence In the luminosity distance
¢ What can we learn from the luminosity distance!

B ession of dp(z) In a FLRVY metric.

¢ Forecasts on dark energy from LISA.
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Outline

¢ Propagation of GWs in an inhomogeneous universe.

¢ wo relevant effects

e Inhomogeneities change the luminosity distance

e Inhomogenerties change the waveform

¢ What s this impact of inhomogenerties on GWs
detection and interpretation/’
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M. Maggiore Gravitational Waves

Inspiraling binaries

See lectures by Luc Blanchet

E e defined as g0 = Guy + P

We study the propagation In a flat space-time, 1.e. G, = M.

EW = i %nwh obeys a wave equation DEW — — 167G
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Inspiraling binaries
¢ We calculate the solution outside the source.

¢ We use the T T (transverse-traceless) gauge

- h,, described by two polarisations h, and hy

¢ We expand at lowest order in v/c

¢ GWs are generated by variations of the quadrupole
EiEmeEntor the solrce

= /d?’xTOO(t,X)xixj
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Quadrupole formula

<
SN 1
~
TS
1

€ :
ho(t,0,p) . {Mll(cos2 p — sin® @ cos” ) + Mo (sin? ¢ — cos” ¢ cos” 6)

WEVE - sin- 0 — Mo sin 2¢0(1 + cos” §) + M5 sin @ sin 20
+ Mos cos ¢ sin 26

e ; -
L0, ©) = {(Mll — Mss) sin 2 cos 6 + 2M15 cos 2¢ cos 6

— 2M3 cos psin @ + 2Mos sin p sin 6’}
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Quadrupole of a binary system

p(t,x) = m10(x — x1(t)) + mad(x — x2(t))
MY (t) = /d?’x ladp(t, x) = mizia? + moxla)

We can simplify the derivation by going to the reference
frame of the center of mass

M (t) = pary ()i (t)

ViR Al and | xolt) —x e

My -+ Mo

If we know the trajectory xq(t) we know M
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Step 1: circular orbit

We assume that the relative coordinate xq(¢) describes a circle

The trajectory is fixed —» no backreaction from GW emission

A

1o(t) = Rcos (wpt + 7/2) :
yo(t) = Rsin (wpt + 7/2) :
3 ( )3/5 . i
chirp mass M, = (mT:Lmslg)lﬁ fow = ;:V o 27TB
y 2

2/31—|—cos26’

4
hy(t,0,p) = ;(GMC)5/3(7TfGW) oS (QWfGWtret - 290)

4 :
e 0. 0) = ;(GMc)5/3(7TfGW)2/3 cos 0 sin (QWwatret + 290)
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Step 2: inspiral orbit

¢ Emitting GWs costs energy —» the orbit decreases

dEorbit

= —PFP
dt

¢ We assume a quasi-circular motion |R| < R-wp = W < w5

Gm1 (%)
2R

Eorbit = FExin + Epot TEhe A

BlEEloy decreases —» R decreases —» wp INcreases

—» more |loss of energy —»  coalescence
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Step 2: inspiral orbit

G2 M5 W \ * i G2M> N
Borbit = — ( = wGW) —> 1 = ( ) Gl

32 A 32 Sou]

¢ We compare this with the power carried away by GVWVs

1
¢ Enersy-momentum tensor t,, = Sllihseti, P
1 average over
p = AUD <h?F o h2<> many periods

- Gge

¢ The power Is the energy carried away per unit of time

_2 il 10/3
e 2

/&
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Evolution of the frequency

dBorbi : 96
S - P > fow=—rGM) S

. S 3/8
I e MC g — t 0T, tc
& lien . fow 7T(G ) (2567‘) 7

What about the waveform?

0 R(t) cos ( /t t dt’wg(t’)> (0] = ) i ( /t t dt’wg(t’)>

17 17
We define the phase  ¢(t) = /dtwew(t) /dt 2ws (t')

to to
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Woave-form

2 /SiliE cos? 6

(GMC)5/3 (ﬂfGW(T)) ;
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(GMC)5/3 (ﬂ_fGW(T))Q/?’
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Expanding universe
Friedmann-Lemaltre-Robertson-Walker metric
ds® = —dt* + a°(t)6;;dx"dx’

We use our solution to describe the GV close to the source

" — Tphys — @S T - comoving coordinate

he(rs) = = (GMY (mfs(73) 222 cos (ps(rs)
B (GM.)Y(rfs(rs))" cosOsin (dslo))

asr
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From the source to the observer

¢ Propagation in an expanding universe

mh e 0 l%i

T ar

¢ The wavelength is stretched by the expansion

expansion fS
AN ——— U N Jo = e

Redshift: 14 2= 22
as
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From the source to the observer

¢ Time intervals are affected by the expansion dto = (1 + 2)dts

dfs 96 8/3 5/3 11/3
o bl M

d 1
O

¢ If the redshift Is constant during the time of observation

dfo _ 96 g3

B M () M. = (1+2)M.

| . 3/8
JolTo) = ;(GMC)_WS (256 TO>
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From the source to the observer

5/8
Bl Cihe observer oo(mo) = —2 ( i > = @

—» [he phase Is constant along null geodesics ¢o(10) = ¢s(7s)

ae 0.0 and k'L, =0 > koo

he(f0) =~ (GMO)™ (xfo(r0))" 552 cos (¢o(ro)
N eio) = - (G./\/lc)5/3 (77]"0(7'0))2/3 cos 0 sin (gbO(TO))

aor(1l + 2)
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From the source to the observer

5/8
Bl Cihe observer oo(mo) = —2 ( i > = @

—» [he phase Is constant along null geodesics ¢o(T0) = ¢s(Ts)

ae 0.0 and k'L, =0 > koo

luminosity distance

Skl 1+ cos® 0
4(70) =g (M) (nSo(r0)) V=55 cos (do(ro)

4

o et
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From the source to the observer

5/8
Bl Cihe observer oo(mo) = —2 ( i > = @

—» [he phase Is constant along null geodesics ¢o(10) = ¢s(7s)

ae 0.0 and k'L, =0 > koo

hi(70) = %(GMC)W?) (mfolro))/*~= = ? cos (¢0(70))
hx (To) — i(C:./\/lc)g)/:g (Wfo(To))Q/S COS@Sin (¢O(TO))

dr,
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Impact of the expansion

+ The amplitude is diluted with the distance d, = /7=

¢ The frequency Is redshifted.

=
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Impact of the expansion

+ The amplitude is diluted with the distance d, = /7=

the change In the waveform

I equeney degenerated with a

change In the chirp mass

= = s
S (@)}
EOD0 S LRy i

GW signalxlO18
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at the source z = 2 at the observer

=
n

GW signal x10%2
o
o

s

-30 =725 =240 =113 =1Ll -0.5 0.0 =20 = 75) =2[0) =I5 -1.0 =1 0.0

Time [s] Time [s]

Benasque 2017 Standard Sirens Camille Bonvin  p. 21/33



Information

¢ What can we learn if we measure hy and hy !

d 96
¢ We measure d{—O = 78/3(GM.(z ))5/3f11/3
O

—» measurement of the redshifted chirp mass M,

2
¢ Ratio of the amplitude ar T
Ay 2 cos 6

—» measurement of the orientation of the binary

2/31 + cos? 0

i(G/\/lc)5/3 (WfO(TO)) :

hi(t0) = 0

COS (¢0 (To))
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Information

¢ What can we learn if we measure hy and hy !

d 96
¢ We measure d{—O = 78/3(GM.(z ))5/3f11/3
O

—» measurement of the redshifted chirp mass M,

2
¢ Ratio of the amplitude ar T
Ay 2 cos 6

We can measure directly the luminosity distance

2/31 + cos? 0

i(GMC)S/:S (WfO(TO)) :

hi(t0) = 0

COS (¢O (To))
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Standard sirens

¢ Why the name: standard sirens!’
¢ In (bad) analogy with supernovae

¢ Supernovae type la emit the same energy when exploding

we know their luminosity

from the flux we infer d; = w/i
4 F

¢ Standard candles = objects that emit same luminosity
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Standard sirens

¢ By analogy we say: with GWs we can measure directly the
luminosity distance —» standard sirens

¢ Not very good analogy because binary systems do not all
emit the same energy: h, and hy depend on the system.

¢ We have enough information from the two polarisations
and the waveform to measure the distance.

¢ Advantage: we do not rely on similarity between objects.

¢ Problem: we do not have a measurement of the redshift.
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Standard sirens

¢ By analogy we say: with GWs we can measure directly the
luminosit * | '

_ 50000; | accelerating
2 40000
¢ Not ver = | not all
emit the :;5 D000 decelerating /Stem.
= 20000 ’
¢ We haw § 10000 1sations
and the 0.

¢ Advantage: we do not rely on similarity between objects.

¢ Problem: we do not have a measurement of the redshift.

Benasque 2017 Standard Sirens Camiille Bonvin

P- 26/33



Electro-magnetic counterpart

¢ lo do cosmology we need dr,(z2)

¢ With multiple detectors we can locate the position of the
source (with some uncertainty).

¢ We can try and see If the system emits something in the optical.

See lecture by Alexis Coleiro

¢ We can use cosmology to infer the redshift from the distance,
use this to determine In which galaxy the binary is and then
measure the redshift of the galaxy.
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What can we learn from the luminosity distance!

Black Board
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Number of standard sirens with electro-magnetic
counterpart

See lectures by Alberto Sesana

Number of standard sirens (5 years mission)
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Tamanini et al., arXiv:1601.07112
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Wa

Constraints on the equation of state
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Tamanini et al., arXiv:1601.07112
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Caprini and Tamanini, arXiv:1607.08755

Early dark energy

EARLY DARK ENERGY
0.500 - |
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Caprini and Tamanini, arXiv: 1 607.08755

Early dark energy
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