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Main points of the lecture

* What are the GWs (history, description)

* Formalism 1in GR (linearization, gauges, emission)
* Detection techniques (interferometry, LIGO)

* Recent observations (BH-BH, NS-NS)

* Other 1ssues (speed of GWs, hyperbolic encounters)
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The spacetime:

Newton vs Einstein

Newton's fixed space Einstein's flexible space-time
source: NASA

Accelerating masses

cause ripples 1n space-time
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Sources of GWs:

1) Binary systems, eg BH-BH or
NS-NS etc

2) Tensor perturbations (inflation)
— They affect the CMB

3) Supernovae (core collapse)

Massive star (~10-30 Msun) develops iron core which

collapses in T~100ms. Proto neutron star forms —

EoS stiffens — bounce — GWs
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Brief history:
In 1915-16 Einstein formulated General Relativity
8wl

|
Ry — EFPHR + Aguw = ?T#”

Soon after, he conjectured the existence of wave solutions,

but was uncertain due to gauge artifacts.
Letter to Schwarzschild 1n 1916:

“Since then [November 14] I have handled Newton's case differently, of course, according to the final
theory [the theory of General Relativity]. Thus there are no gravitational waves analogous to light waves. This
probably is also related to the one-sidedness of the sign of the scalar T, incidentally [this implies the

nonexistence of a ”gmﬂimﬁﬂnal dipole”] [6].
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Later Einstein found 3 types of waves, but Eddington showed two of
them were spurious due to the choice of frame...

In 1936 he tried to publish a paper in Physical Review that
GWs do not exist (!) and the referee (Robertson of the FRW metric

fame) rejected it. So, Einstein sent an angry letter to the editor:

July 27, 1936

Dear Sir.

“We (Mr. Rosen and I) had sent you our manuscript for publication and had not authorized you to show
it to specialists before it is printed. | see no reason to address the—in any case erroneous—comments of your
anonymous expert. On the basis of this incident I prefer to publish the paper elsewhere.”

Respectfully

Einstein

P.S. Mr. Rosen, who has left for the Soviet Union, has authorized me to represent him in this matter.
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Later Einstein changed his mind again and now believed in GWs
after realizing the error in his calculations. He then changed the title
and published the paper as “On gravitational waves”.

“Note—The second part of this article was considerably altered by me after the departure to Russia of
Mr. Rosen as we had misinterpreted the results of our formula. I want to thank my colleague Professor
Robertson for their friendly help in clarifying the original error. I also thank Mr. Hoffmann your kind

assistance in translation.”

: Y
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Argument settled forever in 1957 by Feynman:

In a letter to Victor Weisskopf, Feynman recalls the 1957 conference in Chapel Hill and says, “1
was surprised to find that a whole day of the conference was spent on this issue and that ‘experts’
were confused. That's what happens when one is considering energy conservation tensors, etc.

instead of questioning, can waves do work?” [19].
w
w
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Feynman’s argument that GWs
are real:

They displace the beads, thus

producing heat (due to friction)! |J | a

> 4
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First detector in 1960 by Joseph Weber

RECORDER

f"ﬂ‘{::— ®| CILINDER
D'ETEI:TGH$ o A =y =




Lecture Notes on Gravitational Waves

A pulsar is a highly magnetized rotating
neutron star that emits beams of EM radiation
out of its magnetic poles. They are very
precise clocks! Eg J0437-4715 has a period
0f 0.005757451936712637 secs with

error of 1.7x10"—17 secs!!

Line of Zero Orbital Decay

stron time (s)
A
o
|

In 1974 Hulse and Taylor found

that a pair of binary pulsars was §-20

-15

inspiralling in perfect

—30 a General Relativity Prediction.—

agreement with GR!

Cumulative shift of peria
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Better way to detect GWs 1s with
interferometry! In 2002 LIGO

started operating until 2010.

AdvLIGO started in 2015.
More details later on...
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leference between GWS and EM waves. Electromagnetic WE:-"E

1) EM waves travel through space, GWs
are ripples 1n spacetime itself

11) EM waves can be absorbed, GWs cannot

111) GWs are weakly interacting,

EM waves strongly interact with charges

1v) GWs produced at minimum by
quadrupole, EM by dipole. More later on...
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Furthermore:

Z  Tidal forces by
> g;avitational waves

- ¥, F

1) GWs are travelling, time-dependent {(

tidal forces ‘“ N

.—:——"3—-—'%_

“~Fabry=-Perot

“Test-mass bar _
’ » interferometer

.

11) GW allow for a measurement of

the luminosity distance di(z), but not
the redshift z!

111) With EM counterpart we can
construct Hubble diagram as for

we do for the supernovae
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Gravity 1s weak and GWs interact weakly, so we need to linearize GR

1 8nG
Rnu - EF;:HR = ? Tplﬂ'

GR 1s diffeomorphism invariant
dzf 0z
o aMe) T gwle) = guld) = 5@

Small perturbation around empty space

gpl.-':ﬂpu'l'hpvt |hm="¢ 1:
|:> hpw () — by (27) = hpw(x) — (O + Ouéy)

gt — '™ =g+ ¢4 (x)
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Linearize the Riemann tensor

1
L — E(ﬂvaphw + 0,05y — 0,0 by e — 0,0,y )

Introduce “barred” h:

h =" Ry h=n"he =h—2h=—h

1 |:> 1 _

Ej-ﬂ-‘ - h‘#” o Eﬂﬂl’h h;.w = E,uu = SThwh

Use that in the full equations

i T T n 167G
Dhyy + Muu007 hpo — 070y hyp — 0°0uhup = —

ct

Tﬂ_p
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Residual freedom, choose gauge (Lorentz gauge — GR eqs
become decoupled wave equations)

0T = 0
Why is this possible?

O = ?’:“upaﬂap - aluap

‘EM - ‘E';w = R#P - (an‘fv + 0u€y — :‘?#Uap‘fp} |:> @“F,Fp - (3”"—1;:»:]’ = a“‘r_lpu — D&,

oy = foul) D 0& = ful)

Final result: with sources or In vacuum
_ 167G -
thv = - oA Tmf Dh‘ﬁh‘ — [I
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Use the gauge to remove spurious degrees of freedom (dof).
Question: How many propagating dof does GR have?

O¢, =0 o () = Ty, (2') = By () — (Opbo + Gu &)
Make the choices

£ > h=0
g(x) > h%@)=0
Eliminate some of the hij

auﬁpy =0 |:> auhm + ﬂih.;.,- ={) |:> ﬂuhﬂﬂ =0

Finally the TT gauge: " =0, K% =0, &h;=0
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Solutions in vacuum are plane waves

Ohy =0 5> AL (#) = ei(k)e B = (w/e, k) and w/e = |F]

The polarizations
it = F/|F)

o he 0
i hEF(tz) = | hy —hy O coslw(t — z/c)]
Fhi; =0 D whiy =0 EEm ) ( o0 a)ﬁ
Structure of space-time

ds®* = —cdt* + dz* + (1 + hy cosfw(t — z/c)]) do?
+ (1 — hy cos[w(t — z/c)]) dy* + 2hy cosjw(t — z/c)]dxdy

Expansion in Fourier space: ot ( Lo )
- iy
hao(t,%) = f df f 0201 hoa(f, B)ef (i) e 27 =Rx/) (01
A=d4 x ¥V T “ab — 10 b
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Effect on masses: study the geodetic deviation for two geodesics

E#{T} DEE;.L drY dx? i Lepp
_ _pH o §=ghij ¢
I R

The + polarization:

s g ; h
h;[;[' = h, sinet ( é fll ) |:> dx = —?(Iﬂ + 51};,.,:2 S]J]{Wt) dx(t) = —|—?+J:g sin(wt)
— hy e s hy .
ay = —|—?{yn + dy)w* sin(wt) dy(t) = —?-ynsm{wt)
The x polarization e
w +

| ©

/2

?KID Siﬂ(:wt}

oy
=
—
e ]
o —
|

0@%@5

=]
.
{
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Feynman showed that GWs do work and carry energy. Energy of a
wave 1s E~h"2, so second order!!! Do expansion:

pr:Rpu+RLﬂ+RLE:‘;}+...

Rewrite the Einstein eqs and average of wavelengths:

T b 1
R,. = % ( py Eg‘”" ) |:> R,u:u - "‘(R[EJ} + L (Tnv - igFUT}
Define the energy momentum tensor of the waves

ot 1
_ (2) (2) " 1 _ BalG
tP’fI’" _ Sﬂ'G {R QgP'fL"'R } |:> Rj.l!.!-' EQ R C—A {T.H-l-" + tlr..l!.L"}
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1
Do the expansion: R® = 5 lﬁaph&,aaph“ﬂ + b 8,0, hag ~ h*P8,05hau — h*P0,05hs,

+h%00, 85k, + 0 &8sk — 0°h%Ouhsy — O5h®? 8, by,

1
+85h*? 8y by — 05h*P ), hey — 5 0% hdahyy + %&”‘h@uh&“

+%aﬂha“hw} |

The GW energy momentum tensor is

L hagd hof) 5>t 15 G

2+ h?)

LLLF

The energy flux and momentum carried by the waves are:

dE SSTE ST TT de f TT ok TT
'Ll —_— = ds h p KT
o =0 dt 321G A (hiy ha) dt 3211'(? 7
By = [ d2t® D)
v dkE ? m 2 12 i e 3 ikl i TT kalpTT ikl TTi TT
d_A= 16'{[’8 _miﬂ (h-l" +hx) J =32':ITGfd x[-f habif ffhgb +2'E hakha-l ]
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Solutions with sources via retarded Green’s function

D‘I—‘.!w _ _M T,;;u

16wz
¢t

o () = — / &7 Gz — o) T (2')

C4
> k=
[

0.G(x -z ) =8z =)
Glr-1")= - : §(x, — 2"

dar|x — x|

The solution can be written

R

Low velocity expansion

rox -0, ro,
x—x|=7r-x n+0({f) |:> TH('*'E"‘ - =x)2mﬁ—5>x)

[

T n L i i i g g2

T+ — 2" 2" 85T + ...
¢ O 92 0=kl
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Define moments
1
M= E—E/dSITm}f:t,xL

- i
Mizc_E/dGITm{t,K}I, 1 20

I x)] = = A (B)MM(E —r/o)
M= clE/dEI T%(t,x) 'z’ , |:> L ]q““‘d roet Y

MU = ELE/EFI T%(t, x) z'z?
Introduce quadrupole tensor

MH — (Mk! _ %ékEMﬁ) + %IEHM“

¢ 126G .
) L |:> [hETT(t, x)]quud = ;FQEJTH -r/c)
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Radiated power and angular momentum

(5 o are
(Eﬂj) réed {hﬂhﬂ} Pquad - ﬁ{Q‘JQH}
quad

dQ T 3G :>
i > . P
(dur ) . —GE!'H{QI;{;Q;“}

Ez ikl i : E B 5S¢
J= s f d*z [-e Mhap 2@ hgy + 265 by h;ﬂT] quad

Radiation from Octupole:

phm . prkim _ % (51'1 Mk'ﬁ:;m 4 g Mk'lk' + &[kak’k')

MI*(t) = ph(t)z) (t)zh (t)

192G .. ki )
{h;il;T}uc =~ oo A ()nm O 11 d* Ok d* O (U_)
Lo TaTm s s O\ a
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Inspiral binaries in circular orbits

/w m, m,

e
m, +m, 2 ;32 2
kO — he(t:6,4) = - 2R (‘*mﬁ)cm{wmm.

ct 2
1 4Gl R
,_Cm ha(t8,9)) = - =5

wy = R3

To(t) = Rcos(wst + E}

. cos  sin{2wytrey +2¢) .
yolt) = Rsinfwst + 3]

z(t) =0

Power emitted

dP 2GR e
dP 4 :> (—) = gid)
( E) guad lﬁﬂ-G {h ! h at! quad we’

2 2
g(8) = (H“;ﬁ &j + cos” 6

32 Gu?
rl: .an.d—ﬂ
1

10

&
.-:SR*
ﬁ ﬁ
_cﬁm

= EUJE < / Frequency of the GW!
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Introduce the chirp mass

/3 23
GM.:)E (“fﬁw) l_+52052_—ﬂ Cﬁﬁ{zﬂfﬂ!ml -I-Et‘,b)

4
t) = -
WE = G_’;I- h']'{ :I pe ( Gﬁ ¢
! 4 (GM\'" (rfe\
—> nx{z}=;( c;j (_f-) 080 SI(2T fyutren + 26),
3/5
_ . 3/5,.2/5 _ (mymgz) _
Mc = ' m {ml +'m2:|lf5 b E f GMCD,-'-W 10/
5 G 2¢3

The system is losing energy thus the frequency changes

,  Gm R=—2R%-
: o, 5/3
— S lw RV . 12 15 (GM 11/3
— PG ) -t (5) W
Eorbit = Eiin + EF":'t Eorbit- = F{GEME“’nggEJHS

~ Gmymg
2R
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Time to coalescence

Change of amplitude

with time

1/ 5 1NY® fom 8
—> fg“’mzﬁ?(ﬁ?) (?)

a8 /8
~ 134 Hz (I‘EIM@) (1—5)
M, T
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Elliptical orbits
2EL?
-
ee=1+ g
_ (GmR)'/? o cos?y  sintpcosy
- re |:> May = pr ( singreosy  sin® Jub
a(1 - €?)
: r =
- S 1+ ecosy

a(l+e) a(l—e)
Radiated power

G [...2 3 - 1 ..
Ply)= £E [M:n + Moy +2My; - —fMu +M22}2}

o2 1.
= 5 [M11+M12+3M12 MIIMEE]

8GY ptm®
T 1565 g5(1 — e2)s

(1+ ecosw)* [12(1 + ecosth)® + e sin? Y]
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3264 2m?
Average over orbit P ey fle)

1 T
PE—/ dt P = il L5 P
T”zdw ”‘*"m(”ﬁi”g—ﬂ"‘
e [Ty
o ‘/"; 'ul'r P{w) 1090}

2T s ]
— .30 -2 [
=(1-¢) fn o (1+ ecosy) “P(y) :> m%

8G 2 m? _ |
= Tigg L= *

Zn f
:v:[ {;—i’ [12(1 4 ecos )" + e(1 + e cosy)? sin® | § 0z 04 05 0@
[0}

Change 1n period

- e |
o (=3 w o
S ERES amnn e

T 96 G*3um?® (T —8/3
=G =>F-5 5 (&) 1O

Cumulative shift of periastron time (s)
L s & b & & 4
(=} o (=1 w [=]
A R RRARES R

|
'S
o
T

L
1975 1980 1985 1990 1995 2000 2005
Year
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Change 1n orbital elements

T3¢ 7ot

de 304 G um?® € 121
dL - 3267w ] 7, de __ (1 . __Ez)
Z- 3 FaE  1-anr (HEE dt 15 ol (1-e2)p \ " 304

3 2
dE  32GY%m? 1 73, 37 do 64 G'um 1 ( 73, 37 )
a5 Sagd (1- 2} 1 €t 35 dt 5 e (1-e)7? b 24& T 96"

100
50

Orbit circularization
da 121+ (73/24)" + (37/96)¢" _ e (1+ 121
de  19%e(l = eB)[1 4 [121/304)€7 :> ale) =@ 10 304°

Time to coalescence (eg Hulse-Taylor pulsar)

Ip

)s?ngg 7

ol

T{ﬂq},ﬁu] =

15 ¢ j*“dﬁ at(e)(1 - €)°?

304 GOm?y fy e(l+ ZLe?)

i = Trig = 1.4M@
> > rlao, o) = 300 Miys

8/3 2/3
M- T~ T.7
~ 9.820 Myr (11:? ) (E) (ﬂ; )uml v 175 e

m
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Do rotating spherically symmetric objects emit GWs?
NO!

Inertia tensor

L C

Go to a rotating frame , o
Ii;j = RygRl,=(RIR )y

Iy = R;'j I;-

sing cospe 0 0 0

0 0 1

v b+ 0 0 I, 0 0

(E)2+(E)2+(E)2_1 > == 0 @+a 0 |=[0 5L o
= 5

b 0 0 0 I

1
v —sine 0 |:> Lcos’p+ Iysin*p —sinpcosyp(l, — 1) 0
cos Y Sy = —sinpcosp(ly — 1) ILisin®p+ Lheosiyp 0
Ri; = p = (M

Iy

|
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The quadrupole tensor 1s

1
ij = — (Iij — EE;U'TI' I) = _Ifj + constant I . I cOs 25,:] sin 2:'{;. ]
|:> Qi = - 5 : sin2p —cos2p 0 | + constant
Trl =1, + Is + Is = constant 0 0 0

What happens for spherically symmetric objects (a=b=c)?

Lj. |:> Qi =10

Ig = g[cz + RZJ
0

In general

a—b L—I 1 a+b+2ab .
= = — = O
S PR AV —) L 20 a1 +0(@) =)

cosZyp s8in2p 0

I
= E?E ( sin2p —cos2p 0 ) + constant |:> Lew = 32{33’!652123

0 0 0 i



Lecture Notes on Gravitational Waves

The Post-Newtonian expansion (PN):
Decompose 1n terms of v/c

gt e Wiey Waay T00 . (000 L (2) 00
0o = Voo + g +..., Ph=thir® W PRy s
gij = &+ g+ Weis., T =Dy L@

Expand the geodesic equation

d

. 2
dat o detdat =) & ~ =T
dr? _F“”d_f dr

2 1 1 1 CZ
=C iﬂhm—ﬂnhcj =§3‘hm

The expansion becomes

jﬁl =, I::>

i1 11
E = l+§Bl +?Cl +ED1 +O(6}




Lecture Notes on Gravitational Waves

Where

A _G?an : OPN (Newton’s term)
"
= GTQ {ni l—t’f — v 4 4(vyw) + E{ﬂrﬁgjg + 5Gm1 + 4Gmg
: 2 r r
z : 1PN
Ht = o) [4(ney) ~30ues)| }
g = G;LQ {ni l— 2y + dvs(v1ve) — 2(vme)? + gv?{nvg}g ]
15
+ 5" 5(nva)? — (vi’vﬂl(ﬂvzﬁﬂ = —d(m’ﬂ)
Gm 15 5 39 17
! ( 1 gt UQ (vwg] - ?(nm} — 39(nv1)(nve) + —(nvg} )
G my (o 2
402 — 8(vi12) + 2(nv1)? — 4(nv1) (nve) — 6(nwe) 2PN
+(v] — v5) |:’U1 (nva) + 4v3 (nwy) — 5va(nvy) — 4(vyva)(nay)
9
+4(v1vg) (nva) — 6(nwy)(nvy)® + E(m’ﬂ}ﬂ
55 (G1ma
oy g T Oy 9
Not conservative!!! M 4 (ror) + 4 {ﬂﬂg}) N r ( (mv1) (nvg})l}

Reason for GWs

b 1

: G 526G
+ n'(nv) l?;vg s S mg} }(
& & ¥

2.5PN




Main points of the lecture

* What are the GWs (history, description)
* Formalism 1in GR (linearization, gauges, emission)
* Detection techniques (interferometry, LIGO)

* Recent observations (BH-BH, NS-NS)

* Other 1ssues (speed of GWs, hyperbolic encounters)



ecture Notes on Gravitational Waves

GWs require photon-based distance measurements to be detected! We need

something that travels at the speed of light (which 1s constant), hence:

LIGO - A GIGANTIC INTERFEROMETER

TIONAL WAVE ELACK HOLE

MIRROR MIRROR

troughs of the gravitational

Normally, the light returns unchang-
nsp rom both

-x®) B

BEAM SPLITTER  LIGHT DETECTOR

BEAM SPLITTER LIGHT DETECTOR
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o mirror
y A
Laser interferometry e beam .
(Michelson 1887) B splitter Lt
> < ——d
Lascr

photodetector

Electric field measured:

1 —dwpt-+-2ikL L
E =—-—-FE Li+aiky br
1 5 €
Eo, = +1E0E-th+2ikLLa- |:> Eout = —iEDE_thHk"{L’-FL“} Ein[kL{Ly - L:[:}] |:>
2

|E0ut|2 = EE ﬁiﬂzlkL(Ly - Lﬂ:}]
Eﬂut. = El + E‘J!
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Connection with GWs (effect on distances)
ds? = 0,

g e =) = an1- i) ==

ty
Ly =clti — ;) — E ] dt' bt
ds” = ~cdt* 4 [L + ho (£))da® + [L - hy(t)ldy® + d? dhi=to) =3 | dthi(l)

Similarly (on the way back):

c [t
Ly =elta = £y) - 5 dt" ho ().
t

Total time and difference in phase:
P = Pysin[gg + A (t)]

2L, 1 [~ 2L, L. sin{wgwLz/c)

F,
ty —tg = ; + 3 g dt' ho(t') = T + . hito + L. /c) (WonLa/ ) - ?ﬂ {1~ cos[2¢g + 2A¢:(t)]}
w, L [ Admich = Ay — Dy = 20¢,
‘ﬁém(t} = hg =sinc (“"EWLI / ‘3) C':'S[wgw{t - Lm/ C}] Py

c (AP)gw = ?|Eiﬂ2¢n| (Ad)nich
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The detector measures the total strain but measurements given in

terms of signal-to-noise

hit) = ,Dimf{

Final measurement depends on the transfer function T(f)

Depends on detector geometry

hout(f) = T(f)R(f)

The output also includes the noise (more later)

Sout(ﬂ = huut{t) + “’Dut{t}

=T
f=0

el
@) = 8(F = 1)35a(0) —> (RHE) = 180T

5(f=0)— { arze"”“ﬂ]
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Spectral noise density 1s variance of the noise:

o] (n*(t)) = (n*(t = 0))
ok — = [ @t i
1 o2 T
ESRUI] {In ) = % / df Sn(f) Spectral noise density

Signal to noise ratio (K 1s the filter function):
s= [~ aore = [ anoxw = [ ghniew)
(n(t)) =0

Noise:
NZ=[(&(t) - (3(t))*],_o= (8*(Nr=0 = f N dtdt’ K(t)K (t) (n(t)n(t'))

/drdth’{f r}f dfdf’ 220 g (DR(f) = /dfs WE(f
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Final expression for the Signal to Noise:

[T df (K (f) - h(f)

_ o0 > K(f) = const. 5
. : .
e a s \
Optimal filter

Then
(3) =1 f o'

Example 1: stochastic backgrounds

=|

f=oo 2
1 dp 4m
d(lo ) % e _ AT
. 2f) dl f = diogf 3m2d o)

O ey e[

highy

Pew = 3on Gi
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Example 2: Distance to coalescing binaries

Function that depends on geometry

- 5 1/2 1 ¢ fGM. 5/6 - _ of the system, inclination etc
)= (E) 2;-;:,:%17( ¢ ) f Uﬁﬁﬂﬁ?(ﬂnﬁ;b}/

S 2 5 1 122 GM,; 5/3 Fiman f—?,."a
(E) = 61433,-_2 ( P ) |Q{€1¢:—L}|2./; df Sﬂ{f}
Averaging over inclination etc we can solve for the distance

2 (5\'? ¢ (GMNYO [ flee p3
dsigm=5(g) sza(ca) !/c, #Sn{f}

1/2
(S/N)~
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Average amplitude on Earth and length of detector

hg ~ 10—21

AL = (1/2)hyL :> AL~2%x107"%m

Sources on noise:

1) Shot noise: photons are discrete! They follow Poisson distribution

P % Noyhw, (AP)shat = %Ny?rwb /P = Pysin’ do
p[N;N}=mNNE‘N :(? ) =(?P{}) | sin ¢y
Large N limit of Poisson — Gaussian!
Can you prove it?

Total signal to noise: P = Pysin®[gg + Dé(1)
S (AP)ew = % {1~ cos[2¢g + 2A¢5(t)]}

N~ (AP)ghot \ (AP)gw = %Hiﬂ 2o 4L <:|

hy
B (PUT)”? 4l M

Admich = Ay — Ady = 204,
ol cos g P
Bt i (AP)aw = ED|55112¢50| (Ad)ich
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2) Radiation pressure (laser beam hitting mirror)

ﬁLa.JLP
AF =2APfc=2 1/ ET :> §2 =9 \/ Eﬁ”f

el
A%(E)) oA

3) The quantum limit (shot noise+rad pressure)

o —ownumrse |
50Dl = Sl + 5ol e R
=== Suspension thermal noise :_ B :_ :_
Coating Brownian noise RN
= = = Coating Thermo-optic noise :— = t t
N Substrate Brownian noise |-+ = H
o o o —:I:;— Em:essl:'.-ias. 11
4) Seismic noise < T A
z N S EEEEE S L EERE: E
x(f}EA(IHE) mHz 1/? W R g0l o
1 : S WA VRN ]
1tIJ° 10’ I1uz 10 10"

Frequency [Hz]



Main pomts of the lecture

* What are the GWs (history, description)
* Formalism 1in GR (linearization, gauges, emission)
* Detection techniques (interferometry, LIGO)

* Recent observations (BH-BH, NS-NS)

* Other 1ssues (speed of GWs, hyperbolic encounters)
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LIGO detection (2015):

— H1 signal, band and notch filtered
— NR template
— NR template, band and notch fil*ered

-0.20 -0.15 -0.10 -0.05 0.00 i The two LIGO detectors. The signals
Time (s) have to appear in both of them!

Processed to look real (noise reduction etc)
Notch — Removes noise eg at 60Hx etc.
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The signal (strain) from both LIGO detectors (S/N~24):

I I T 1
———
gl 1.0
o 0.5
— 1
~ 0.0
= 0.5
wn =-1.0 H— 11 observed - -
— H1 obszerved (shiflted, inverted)
L L

0.30 0.35 0.40 0.45
Time (s)

The signal in time — frequency and strain-frequency domain:

N R -
— 512 % 10-21 I — L1
= o & :
L 256 82 [
> 6 £ R
c 128 L. $ o |
5 4y = %
g 8¢ 2’ 5 FW
w = L

32 'D E 10—23 -

030 035 040  0.45 L
20 100 1000

Time {5} Frequency (Hz)
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Fit to the data:

A= g ((9_56)3 78 (fow) (JE'GW)S)

1/

a2
|:> fow (0 ==

Linear fit of f,;i?{t} from combined H1, 11 strain

N L

B

(Frequency / Hz)
Fud
L 3

a8
Frequency (Hz)

.34 0.35 035 0.37 038

Time (5]

d; ~ 45Gpc (

Hz

1(]—21

fm"'r|max

It

h|1T.I.E.1

)

Primary black hole mass
Secondary black hole mass
Final black hole mass
Final black hole spin
Luminosity distance

Source redshift z

365 M,

291 M,

621 M,
067:353
41078 Mpc

0.092553
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Overview and comparison of all GW observations

Masses in the Stellar Graveyard




Overview and comparison of all GW observations (update Dec. 2018)
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Overview and comparison of all GW observations (update Dec. 2018)
ArXiv: 1811.12907

Event  my/Me mp/Ms MM e  Mi/Mo a5 Eng/(Moc®) fpea/(ergs™")  dp/Mpc z AQ/deg?
GW150914 356738 306730 286°1f —001°07 63.1°3 069705  310¢  3604x10% 43070 00908 179
GWI51012 233*140 136741 152730 00403  357+%0 0674083 150 3208, 10% 1060730 02109 1555
GWI151226 137:%% 77422 8903 01803 205%%¢ 074400 1000 34407,10% 440712 000°0% 1033
GW170104 31.0°12 201742 21530 00400 491732 06608 2203 33:95x10% 0600 010700 924
GWI170608 109°33 7.6  79°02 003010 17832 069708 0900  35904x10% 320112 007°02 396
GWI170729 5067188 343+  357°%3  036:02 8037138 08109 4877 4299 10% 2750°1330 048:01 1033
GWI170800 352783 238732 25.0°%  0.07:018 S564+32 070008 2706 35:08,10% 099073 0207085 340
GW170814 307:3] 253732 242:14 007012 534327 072000 2704 37:0490% Sgorle 27003 g7
GW170817 146012 127+000 1186201 0007082 <28 <089 =004 >0.1x10% 40°10  001°0% 16
GWI170818 355773 268743 2673  —009'01 50843 0674007 27403 34:03x10% 1020780 02007 39
GWI170823 3067100 204+63  293+42 00803 6564 071700 3309 3605, 10% (850730 034°013 1651

TABLE IIl. Selected source parameters of the eleven confident detections. We report median values with 90% credible intervals that include
statistical errors, and systematic errors from averaging the results of two waveform models for BBHs. For GW 170817 credible intervals
and statistical errors are shown for IMRPhenomPv 2NRT with low spin prior, while the sky area was computed from TaylorF2 samples. The
redshift for NGC 4993 from [*7] and its associated uncertainties were used to calculate source frame masses for GW170817. For BBH events
the redshift was calculated from the luminosity distance and assumed cosmology as discussed in Appendix B. The columns show source frame
component masses m; and chirp mass M, dimensionless effective aligned spin ye. final source frame mass M, final spin a,, radiated energy
Erg, peak luminosity leu, luminosity distance d;, redshift z and sky localization ALQ). The sky localization is the area of the 90% credible
region. For GW 170817 we give conservative bounds on parameters of the final remnant discussed in Sec. V E.
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Merger rate of events (up to Dec. 2018), as a function of redshift and mass  ArXiv: 1811.12940

) Fixedd Parameter { power-law)
_dN (2) 1" —— Fixed Parameter (flat-in-log)
T avar ¢

R(z)

—— Redshift Evolution Model

Cutoff at ~45Msun

0.0 (0.2 0.4 0.6 0.8 —— Model A
10 —— Model B
—— Model C
10"
1[.]_] " ¥ v T - - : ““
5 10 15 2) 25 30 35 10 45 ()

iy [er?:-]
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Overview and comparison of all GW observations (update Oct. 2020)

arXiv: 2010.14527 M M my Mo Yeff 1y, z My Xt AL} SNR
Me)  (Mg)  (My) (M) (Gpe) (Mp) (deg”)
CWI190408_181802 43.0752 1831193 24675 184733 0,030 1.5570-20 0201095 41.173% 0.67705¢ 150 15.3703
GW190412 38.4155 133700 300t 83705 02570 074t 1t 0151008 3730 067 0 0e 21 18.9103
GW190413.052954 58.615%% 24.6157 34.7502% 23,7103 —0.01103) 3551920 0591024 56.01 %% 0.6810 1% 1500 8.9102

GW190413_134308 78.8"173 330757 4750120 3187107 0031020 4457201 o730 7550150 0687010 730 100102
GW190421.213856  72.9'5%" 31.2157 41.3105%" 319158 —0.06'037 2,88 137 0.491 037 69.71.%° 0671017 1200 1071073
GW190424 180648 72.67157 31.05538 405005 318578 013503 2205158 0397030 68.95157 0.747005 28000 10.4403

0.3 0.02 0.6 0.3 .11 0.0% .01 0.3

GW190425 34707 L4415 201003 14755 0.06%54 01675757 0.03105; - ~ 10000 1247573
GW190426_152155  7.27%% 2417008 57755 15705 —0.03%705 0377008 0.08T00 - 1300 87708
. 9.4 . 4.2 o9 2 7.7 e -01.20) 1.64 0. . BB = o004 0.2
GW190503_185404 717133 302752 43.3%9% 284777 —0.037020 1451083 027101 68.675% 0667592 094 124102

GWI190512_180714  35.9'3% 146115 23.3'2% 126757 0037017 1437020 027000 345558 0651007 220 122707
GW190513.205428 53.9'75 21.6%75 35.715% 180007 o.11537 206195 0371013 516153 0681013 520 129709
GW190514.065416 67.24157 285479 30,00 147 284197 0191029 41325 067103 6451175 0.63101% 3000 82102
GW190517_055101 63.579¢ 26.6750 374707 2534700 0.523010 1.86%,52 0.34703) 5937545 0.87100% 470 10.7H)5
GWI190519.153544 106.67 175 44.5757 66.07 150 40,5711 0317020 2537058 044707 101.015530.7970 5% 860 15.67)5
GW190521 163.9755269.2710-0 95.31257 69.0753 7 0.031032 39213142 0.6410 38 156,335 50,7112 1000 14.2F)3
GWI190521_074359 74.7'7% 32.1'5% 42.2%50 328700 0097000 1247022 0247000 7LOYSS 0.727007 550 25.8'0)
GW190527_092055 59.117%% 243490 36.5505% 22.613%° 0.117)38 2497908 0.4410-30 5641207 0711012 3700 8.1103
GW190602.175927 11631122 49.14 %% 6911150 478177 0.07'037 2.69°1 75 047057 1109557 0.701 01 690 12,8103
GW190620.030421 92.1H13% 383182 5714180 35,5122 0331022 2.81718F 0491038 87.2418% 0797098 7200 12,1403
GW190630.185205 591755 24.9%5 351858 237737 003055 0807057 0.18¥5:400 56.4755 0.707007 1200 156753

GW190701.203306 94.373%' 40.3755 53.97L%F 40.8757 ) 0,073 2067075 0377015 90.27,.5° 0667005 46 113703
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Overview and comparison of all GW observations (update Oct. 2020)
CW190706_222641 1041739 242.7H 190 67.01125 3827104 0.28020 4427735 0717032 99.07153 0787000 650 12.610%
CWI90707.093326 20175 85708 116192 g4t 0051500 0771055 0161007 19.2415 0667007 1300 133107
GWI190708.232457 309735 132'00 176137 13227 002008 088'0%0 018000 205130 0,60 001 14000 131103
GW190719.215514 57.81183 235165 36 54180 208129 0.32102% 3941250 0641023 5491173 o 784011 2900 8.3102
GW190720.000836 21543 89105 134157 78733 04801 079105 0167042 204845 0720588 460 110733
GW190727_060333 67.17457 286753 380725 20477, 0114025 3.307 50 055702 63.871%° 0.737010 830 11.97)32
GWI190728 064510 2067175 867075 123152 1t 7 0128020 0877058 0asth0e 19.6777 0717008 400 13.010%
GW190731_140936 70.1715% 205771 4157122 288757 0.067027 3.307239 055703 67.07136 0.707019 3400 87702

—0.26 10.8 —0.13 —0.5
GW190803.022701 64.513%° 273757 37.311%°% 273105 —0.031 051 327" 185 055/ 028 617 1% 068701 1500 86153
GW190814 258710 6098006 93 9111 5594008 (006 .2440.00 (0510009 95 gF1-1 p2gt002 19 249101

GW190828 063405 58.0777 25031 321458 26.2+1% 0194015 293405 038010 540472 0757006 520 16.2402
GW190828.065509 34.4731 133712 241479 102436 0087926 1.6079:52 0.307919 331755 0657098 660 10.0102
GW190909_114149  75.07522 30.070%% 45.81795-0 2837101 0067050 3.777530 0.62705% 7207765 0.6670 5, 4700 81704
GW190910_112807 79.675% 34373 43.977% 356753 0.027)18 1467508 0.287016 75.872% 0.707058 11000 141705
CWI190915.235702 59.970% 253732 35.3%55 244728 o.02'050 Le2') 7l 03011y 57200 070100 400 13.6153
CWI190924 021846 13970 5802 go'70 50'03 00370058 05705 0.12f00) 13.3557 0.67I008 360 115104
GW190929.012149 104.3133935.87 157 80,8153 0 2411103 0012057 231508 0381015 1015152 %066 1030 2200 101108
GW190930.133541 20.3+52 85795 1231341 7817 014403 0.7679:35 0157098 194792 0727997 1700 9.51032

TABLE VI. Median and 90% symmetric credible intervals on selected source parameters. The columns show source total mass
M, chirp mass M and component masses m;, dimensionless effective inspiral spin yer, luminosity distance [y, redshift z, final
mass Mr, final spin yr, and sky localization A2, The sky localization is the area of the 90% credible region. For GW190425
we show the results using the high-spin prior (|i:| < 0.89). We also report the network matched filter SNR for all events.
These SNRs are [rom LALInlerence IMRPhenomPv2 runs since RIFT does not produce the SNRs automalically, except [or
CW 190425 and GW 190426_152155 which use the SNRs from fiducial runs, and GW 190412, GW 190521, and GW 190814, which
use IMRPhenomPv3HM SNRs. For GWI190521 we reporl resulls averaged over three wavelorm [amilies, in contrast o the
results highlighting one waveform family in [21]. arXiv: 2010.14527
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Overview and comparison of all GW observations (update Oct. 2020)
arXiv: 2010.14527
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Overview and comparison of all GW observations (update Oct. 2020)

arXiv: 2010.14527
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Neutron star- neutron star binary: there’s an optical counterpart!

Neutron stars are collapsed stars, supported by neutron degeneracy
pressure. Masses <1.4 Msun

spin axis A

rﬁagnetic
field lines

Usually emit radiation in pulses (— pulsars)

LIGO saw event GW 170817 linked to GRB170817A, detected by

Fermi
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Detected by 2 LIGOs and Virgo — triangulation!

25 50 75

Spin of the objects 1s important in this case:

Low-spin priors (|y| <0.05) High-spin priors ([y| < 0.89)

Primary mass m, 1.36-1.60 M, 1.36-2.26 M
Secondary mass m-» 1.17-1.36 M, 0.86-1.36 M
Chirp mass M L18870003M 11887 oM
Mass ratio m»/m; 0.7-1.0 0.4-1.0

Total mass my 27470 0M 282700 M,
Radiated energy E 4 > 0.025M c? = 0.025M ¢?
Luminosity distance Dy 407, Mpe 407%, Mpe
Viewing angle ® < 55° < 56°
Using NGC 4993 location . <28° < 28°
Combined dimensionless tidal deformability A < 800 < 700
Dimensionless tidal deformability A(1.4M, ) = 300 = 1400
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Other GW experiments/detectors:

The spectrum of gravitational wave astronomy

h 4 Cosmic Microwave
Background All three experiments measure
¢ L changes in light travel times
-5 Wil 7. Pulsar Timin L
10 . v g between objects due to GWs.
. e .
1 0 —10 *Primordial gravitational
waves Space-based
Interferometers
—15
10 Ground-based
sSupermassive black
A Interferom eters
mergers
1 0_ 20 »Primordial gravitational
waves ' = f
s Stellar mass compact
binaries
* Supermassive black hole sNeutron star mergers
Ui *Black hole mergers -
—8 —4 2 -
10 10
Frequency [Hz|

y iy
i Sy

. : fovell, JodfeltBank
Effelsberg 100-m, Germany |y

Above fedc INCEP || South Pole siation. Photo couriesy Keith Yandeviinge.

BICEP 2

= .
Sy LT

e ‘
NRT, Nancay, France V WSRT, Westerbork,



Main pomts of the lecture

* What are the GWs (history, description)

* Formalism 1in GR (linearization, gauges, emission)
* Detection techniques (interferometry, LIGO)

* Recent observations (BH-BH, NS-NS)

* Other 1ssues (speed of GWs, hyperbolic encounters)



The speed of Gravitational Waves

GRB170817A was observed ~1.7 s after GW 170817 —
1) Constraints on speed of GWs and modifications of gravity!

3107 <¢yfe—1<T7-1071

2 =1+ a |:> };f;‘j-F[3+EM]thj+[1+%)k2hij:D
2) Optical counterpart — redshift — cosmological constraints

"> Hy =701 kms~' Mpc~!

3.0 ——— WFFI  ------ PCL2
WEF2  ==-mn- SQMI
36 [ ——— WFF3 =------ SQM2

—— AP4  —-— SQM3
—— AP3  —-— PS

2.5

2.0

1:5

Mass (M.)

1.0F

0.5F

0.0k y Co
L 1 n || i [ n 1 " 1 L

14.2 14.4 14.6 14.8 15.0 15.2 15.4
Radius (km) log;op [¢ cm ™)




GW emission from hyperbolic PBH encounters

1) PBHs (see Inflation lecture) may scatter in clusters (aka

hyperbolic encounters) 1711.09702
o) — b sin g _ a(e? —1)
() = oslp—v0) —cosgo 1+ ecos(p — )
1
{Pp = arccos (_E)
Fmin =ale—1)=b :1 > R, = gi,j”
2) Amplitude and power emitted
p_dE __ G 5 iy 32Cu™§
=& = B \9u7) = e fee)

3cos*p—1 3cospsing 0
Qi; =pri(e) | 3cospsing 3sinp—1 0 |:>

0 0 -1

3(1 @ —po))? _ V2 .
f(w, CJ — ( +;[;:205_(‘Pi)4!00n [24+ 13 €2 glp, e) = H[3l3+0962+1064

+(108 + 4T e%) e cos(y — )

+48e cos(p — o) + 11 €? cos2(p — l,ag}] P ) FUREaRl el

1/2

2G = =12 2Guvg
he = ﬁ{@ij@ Tiic12= Wﬂ'{lﬁ'y €)



GW emission from hyperbolic PBH encounters

3) Frequency domain and power spectrum

Lo i} 1 = 4]
&E=] P{t}dtz—f P(w) dw Plw) = % > ol
i.5
8 G2 MY?mim? :> G 2
=& r ¢ =~ B z"?j'
4) The quadrupole tensor 1s given by
1 (3 —e®)cosh 26 — Becosh{  3ve? — 1{2esinh{ — sinh 2¢) 0
Qij = Eﬂgp 3ve2 — 1(2esinhé —sinh 2¢)  (2e? — 3) cosh 2¢ 4 decosh é 0
0 0 de cosh & — €2 cosh 2¢

t(f) = volesinh & —¢),
r({) = alecosh { —1).

vp = y/a?/GM,



GW emission from hyperbolic PBH encounters

5) The power spectrum:

2

_ 3D gy L E23 1 gy
F.(v) = - H,;, '"(ive) + 2 UH“:"' (ive)
GE 21{{2 2 o 2 2 2
P(w) = ; — ;;D vty |Gy + 2D a0 ve) + 2222 L 0 e
i ] 2
b1, 18(e* — 1)
GRu?M? 1672 + |y Halive)| + %
== [ v FE[:U:I! 2
ae? 180 [22—1]_ (1),. 1 1)y,
® |——= i H, (ive) + - H;, ''ive)
e

\ Hankel function

6) Total power and peak frequency

AE = f:u P{r;dz:f;m LB

m

GTJFZ#ZJJEJ."E 16 7 +e |
= Fe.(v)d
( SaTl? ) 180 jﬂ- i

12 F,(v)
Ty (y® +1)%

R0 = v (=7 -3t 6 | =y ol wmte1=”—°(”1)
y=vE 1 (e—1) b \e—1

z(y) = y—arctany,

—2vz(y)

ViF,(v) =




GW emission from hyperbolic PBH encounters

7) Peak frequency 1s important (detectable by LIGO)

1.0¢

0.0k

5 10 50 100

e

8) GW memory effect! After scattering (w—0) spacetime
remembers event. ..

GPutM? 32 (e* —1)
a?ch Het

Plw=0)=



GW emission from hyperbolic PBH encounters

9) Possibility of detection by LISA-LIGO:

1) LISA+LIGO are sensitive in specific frequencies-strains.
11) These are known as sensitivity curves (see below).
i11) PBH by hyperbolic encounters gives unique predictions for strain+frequency. Also unique stain for

detector.
1v) The scattering will be seen as a unique (not periodic even like in the binaries) event, aka a glitch.

A
Lﬂml;!
0% s

1.0
10710} z=0.1, A= 0.
= 0.8
e
=10% .
M=10 _H'E -

. - 0.6
\ :f’”’; 0.4

AdeIGD PRl . L l|n..2....-.-.:"-.:-|._._.- . _‘:
-6 -5 -4 -3 =2 0.2

100

Logyg(B). B=vic
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