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Outline

1) What we know Literature:

* M. Maggiore, GWSs, Vol |

* Motivation * C. Caprini, D. Figueroa, Cosmological

* What is a GW?
* LIGO: signal & detection
* LIGO: some highlights

2) Current frontier

 GW background
e Pulsar timing arrays
 BSM searches with GWS

backgrounds of GWs, arxiv: 1801.04268

3) What we want to know

* Going to space & underground
* New opportunities at new frequencies
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HISTORY OF THE UNIVERSE

Accelerators [LHC

LHC
protons

High-energy
cosmic rays

SNOIIDAN

[

WAOS

t = Time (seconds, years)
E = Energy (GeV) % oy ey
Key 3

© quark \ - \ o
neutrino ion star 7
& s ¥ N
Mbosons i o
electron . atom ,i galaxy »

meson

@ muon Bk
o @ baryon ﬂ, photon ? hcﬂ:

tau

Particie Data Group, LBNL © 2014 Supported by DOE




HISTORY OF THE UNIVERSE

Accelerators [LHC

LHC
protons

High-energy
cosmic rays

t = Time (seconds, years)

WIO4 J1ONN

<

E = Energy (GeV) 7
Key
ark .
0 e neutrino ‘ ion * star
% gluon )
M bosons e
electron . atom W galaxy
meson @
@ e F ¥ Bl
0 @ baryon . photon ; kals

photons
neutrinos

gravitational
waves

[f ~
W Q’a’e
S :
7 /ey .
Y
" A
&

Particie Data Group, LBNL © 2014 Supported by DOE



HISTORY OF THE UNIVERSE

L'IG_‘O-' reach:
O(1) Gpc ~ O(10%) ly
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Whatis a GW ?

Einstein’s equations:

1 8rG
o = 9= =g e
curved space-time energy momentum tensor of

described by metric 9u»  matter / energy content
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Whatis a GW ?

Einstein’s equations:

1 8rG
o = 9= =g e
curved space-time energy momentum tensor of

described by metric 9u»  matter / energy content

—_———

space time metric determines trajectories of all objects

_—

massive objects curve space time
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Whatis a GW ?

Einstein’s equations:

1 8rG
R,Lbl/ §g,UJ/R — C—4T,uy
curved space-time energy momentum tensor of

described by metric 9u»  matter / energy content

—_———

space time metric determines trajectories of all objects

_—

massive objects curve space time

small perturbation around background metric: guv = My + s b | <1

167G
92 — 92\h,  — TP For experts:
(0; #) oA THY SVT decomposition,
I tensor component
propagation of GW in vacuum  source term of GWs on both sides
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What does a GW look like?

GW coming out of the plane, effect on test masses :

00 0O\NO0
6 o i . 3 2

2 2

—_— transverse, two polarizations, massless
1 0 O 0 1 0
h;; = (h+e;;. + hxeixj) cos[w(t — 2)], e;;. _ % 0 -1 0], ef= % 1 0 0
0 0 O 0 0 O
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How are GWSs sourced ?

167G
2 2
(e a:b’)h;w — oA Ly o~ _
[ X 1
far field regime, like in electrodynamics: i .
\ MU ._s_ ..5'..- L =
L 4G1 5 r ~ r=x-y =X
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How are GWSs sourced ?

167G
2 2
(07 — 0F)hyuw = C—4Tw/ P -
[ X b
far field regime, like in electrodynamics: i _—
\ L - ._s_ ..5‘.3 L .—'-
L 4G1 3 r ~_ ) =X/ =X
> hy(t,F) = 6—4;/d y T (t — E’y)
3 1 -
o Lij = | &’y (yiy; — 3V 0i5)p(Y)
re-write integral, take tensor component:
2G; .. p = Too = energy density
———> hz-j(t,x) = Elij(t_r/c)

amplitude drops ~ second time derivative
as 1l/distance of quadrupole moment

* need a moving object
* need a quadrupole moment
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How are GWSs sourced ?

167G
(8152 - 8:%’)h,ul/ — C—4T,ul/

far field regime, like in electrodynamics:

. 4G 1 r
—=>  h(t, %) = ——/d3y Ty (t — E’y)

ctr

re-write integral, take tensor component:

———> hz’j (t, f) = ﬁlm (t o T/C)

ctr
I

amplitude drops ~ second time derivative
as 1l/distance of quadrupole moment

7~ _\\"\ L.
/[ o X — ?
,..—-—"'"—'.--
( / ru! - """'"-—::——‘-:.5 - —
\\ r=x-y =X
\"'--...-/

o
S,
I

1 S
/ &Py (yiy; — §y25¢j)p(y)

p = Too = energy density

object GWs ?

o
o —>

* need a moving object
* need a quadrupole moment
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How are GWSs sourced ?

_ 167G

2 2
(0F = 0D hyu =~ Ty L X
[ X b
far field regime, like in electrodynamics: </ ?,6,‘_ #____:___;_..:——-—:_ .
L 4G1 r ~ r=x-y =X
—=>  h(t, %) = A /d3y Ty (t — E’y) ~T"
3 1 -
o Lij = | &’y (yiy; — 3V 0i5)p(Y)
re-write integral, take tensor component:
26 - p = Too = energy density
———> hz-j(t,ac) = Elij(t_’r/c)
. . L object GWSs ?
amplitude drops ~ second time derivative
as 1/distance of quadrupole moment PY x
o —>

* need a moving object

* need a quadrupole moment Q
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How are GWSs sourced ?

_ 167G

2 2
(0F = 0Dy = — T L X
[ X o §
far field regime, like in electrodynamics: </ ?,6,‘_ #____:___;_..:——-—:_ .
L 461 r ~ r=x-y =X
—=>  h(t, %) = A /d3y Ty (t — E’y) ~
3 1 -
o Lj= [ d°y (ysy; — 3V 0i5)P(Y)
re-write integral, take tensor component:
2G; .. p = Too = energy density
—> Nyt 7) = Lt =1/
. . L object GWSs ?
amplitude drops ~ second time derivative
as 1/distance of quadrupole moment PY x
o —> X

* need a moving object

* need a quadrupole moment Q
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How are GWSs sourced ?

_ 167G

2 2
(0F = 0Dy = — T L X
[ X o §
far field regime, like in electrodynamics: </ ?,6,‘_ #____:___;_..:——-—:_ .
L 461 r ~ r=x-y =X
—=>  h(t, %) = A /d3y Ty (t — E’y) ~
3 1 -
o Lj= [ d°y (ysy; — 3V 0i5)P(Y)
re-write integral, take tensor component:
2G; .. p = Too = energy density
—> Nyt 7) = Lt =1/
. . L object GWSs ?
amplitude drops ~ second time derivative
as 1/distance of quadrupole moment PY x
o —> X

* need a moving object

* need a quadrupole moment Q J/

6/14 Valerie Domcke - CERN



LIGO: laser interferometer GW observatory

lllll

Sn;:'u:u Bt —— LIGO I:Ianford
: 1 — LIGO Livingston
0 Virgo |
% 10-22 | | |

GW moves the mirrors, changing the relative & 5

light travel time in the two arms. 1072 4

Resulting phase shift changes =
|nterfer0meter pattern Frequency [Hz]
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LIGOs first signal
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GW150914
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OBSERVING

O-‘ .r-‘ UN

CWI90403_051519
CWIH0413_ 134308 -.’;.Vﬂi\‘—ﬁﬂ 3656, r
CWIS0707_093326 o7 2 : 5 - = JIBTIT. 0008
26 33

GW190805_ZM37 cweoels 634 GWI90828_ 065509

1
CWI00926.050336

BLACK HOLE

OzGrads

O4a : completed Feb 24, O4b: start 10/04/2024. Each one year of data taking

9/14



Masses In the Stellar Graveyard
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LIGO - Virgo

Neutron

stars: testing GR

Fermi/GBM

counts/s (arb. scale)
normalized F,

GW170817, 1/10.05832

[}
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2000

GW signal and optical counterpart

GW.

LIGO, Virgo

y-ray 0

Fermi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE, CALET, H.E.S.S., HAWC, Konus-Wind

— constrain speed of GWs (massive gravity)

X-ra

Swift, MAXI/GSC, NuSTAR, Chandra, INTEGRAL

! versus speed of light
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HCT TZAC, LSGT, T17, Gemini-South, N
-5, Zadko, ITelescope.Net, AAT, Pi of the Sky, AST3-2, ATLAS, Danish Tel, DFN, T80S, EA

Swope, DECam, DLT40, REM-ROS2, HST, Las Cumbres, SkyMapper, VISTA, MASTER, Magellan, Subaru, Pan-STAF
ITT, GROND, SOAR, ESO-VLT, KMTNet, ESO-VS 08, I II. Illl II I I" I I I
0OTES: I I,

T, VIRT, sALT GhiEs

VEM

REM-ROS2, VISTA, Gemini-South, 2MASS, Spitzer, NTT, GROND, SOAR, NOT, ESO-VL¥Kanata Telescope, HST

:\f\ll |||||yﬁu||| I |\|

B. P. Abbott et al 2017 ApJL 848 L13
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Neutron stars: testing GR

288 LIGO - Virgo FermiaEh =
N r_u =
= GW170817, 1710.05832
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Neutron stars: testing ACDM

GW170817 LV Collaboration, Nature 551, 85-88 (2017)
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Independent measurement of recent expansion rate of the Universe (dark energy)
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GW observatories : status and outlook

pulsar timing arrays interferometers

nHz mHz kHz
>
frequency
QCD PT EW PT GUT PT
-«
109Mo — 10°Mg 10Mo — 10M 100Mg — Mg

mass (merging compact objects)
time (cosmological events)
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To sum up

GWs are perturbations of the space time metric, sourced by

* violent (large acceleration)
 anisotropic (large guadrupole moment) motion
* with high mass / energy density (large quadrupole moment)

GWs deform length (and time), act as a force on free-falling objects

— measured through extremely accurate relative length measurement (LIGO)

GW astronomy has provided tests of star formation, black hole properties, general
relativity, our Standard Model of Cosmology, and many more.

Next lectures: pushing the boundaries in sensitivity and frequency, probes of
physics beyond the Standard Model of Particle Physics.
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