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 Einstein 1916-18: quadrupolar
radiation in linear theory

]_ 6 70 G Uber Gravitationswellen.

T L Gur = v+ Ry o,

154 Cosmasitmung vem 14, Februar 1918, — Minellnng vom 31, Januar

Ny =

I)Sr wichtige Frage, wic dic Aushreltung der Gravitationsfelder er
tolgt, ist schon vor aaderthalb Jahren in einer Akademicarbeit von
wir behiandelt worden'. Da aber meine damalige Darstellung des Gegen-
standes nicht gentgend durchaichtig und auBerdem durch einen be
dauerlichen Reehenfehler verunstaltet ist, mu8 feh hier noochmals auf
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* Travel at the speed of light s
vgw = C
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> A
e Binary systems emit GW because of their time varying 8 R e e LA
guadrupole moment QO
D)
o Radiation emitted at twice the orbital frequency g
| -
» Quadrupolar emission pattern L . g
1 Tlme I 1
« Evolution of the frequency with time including radiation inspiral Merger Ring-
back-reaction 0/ “/
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01+02+03 = 90, O4a* = 81, 04b* = 34, Total 5 205

* 0d4a and O4b entries are preliminary candidates found online.

101 02 03a 03b,/0O4a O4b

14 months
ﬁ
# | : : ' : : : i : i . i
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
LIGO-G2302098((147b743), updated on 1 July, 2024 Time (Days) Credit; LIGO-Virga-XAGRA Collaboration

aLIGO - India

Walter Del Pozzo 4 10 yr of GW, Pisa, 24th Sep 2025



eeeeeeeeeeeeee



7) (v Where do BHs come from? £5)

Dipartimento di Fisica “E. Fermi”

Istituto Nazionale di Fisica Nucleare

e |solated/Field

Giant star

°* CcOommon envelOpe . Compact companion

e stable mass transfer

Accretion disc

* Dynamical/Cluster

. globular cluster * Primordial black holes
e young star clusters * [riples/quadruples
* AGN disk  Hierarchical
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?‘"> INFN Vlass distribution (}

—  B-SPLINE, GWTC-4.0
10! —— BROKEN POWER LAwW + 2 PEAKS, GWTC-4.0
3 J POWER LAw + PEAK, GWTC-3.0

VK phenomenological modeling

* Primary mass modelled as a :
broken power-law plus peak
(Fishbach & Holz 2017, Talbot &
Thrane 2018) =y

| e e
o Feature at ~ 10 and 35 M 7
i 10*
» Preference for nearly equal mass g 10
10~1 — . , .
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LVK, arXiv:2508.18083
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4 - >
XB
* Primary spin ~ 0.4 8-
=, \
* Redshiit distribution rules out | & ”\\
uniform-in-comoving-volume
. | . O | | | |
dlStrIbUthn 0.2 0.4 0.6 0.8 1.0

* Evidence for astrophysical
evolution

Star Formation (Arbitrary Norm)

103 - PoweR LAaw REDSHIFT, GWTC-3.0

| —— POWER LAw REDSHIFT, GWTC-4.0 -
| —— B-SPLINE, GWTC-4.0

o SFR?
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* In GR, gravitational waves (GW) are Inspiral Merger Ring-
wave solutions to Einstein’s equations

generated from accelerating masses, 9/) “/) O ‘

propagating at the speed of light

1.0 |-
e Shape of GW signal carries information 0.5 ﬂ |-
about c 00F j\w-—
C-0.5 | -

. . V)
e pinary dynamics and component -1.0 F—Numerical refativity “ -

N Reconstructed (template)
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+ final object nature - 03 0 g
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LVC, arXiv:1602.03837
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L | |

* SNR ~ 80 | = GW250114 -
- GW150914

* Accurate measurement of signal
properties

my (Mo ]

 Fundamental physics test
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m [Mo]
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17) @nv Laws of black hole dynamics V)

* Oth: The horizon has constant surface gravity for a stationary black
hole

e 1st: For perturbations of stationary black holes, the change of energy
'S related to change of area, angular momentum, and electric charge

e 2nd: The horizon area Is, assuming the weak energy condition, a
non-decreasing function of time

e 3rd: It Is not possible to form a black hole with vanishing surface
gravity

Bardeen, J. M.; Carter, B.; Hawking, S. W. (1973)
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The nature of the final object &)

 BH perturbation theory predicts that

BHs “vibrate”:

t—1p

h(t) = Z Apnime  ™nim coS(Wnim (t — to) + ©nim )

nim

. Central frequencies w,,;,, and decay
times 7,,;,,. are functions of BH mass

and spin only (manitestation of the BH
unigueness hypothesis, Berti et al,

arxiv:0512160)

e First observation: GW15

0914
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LVK, Phys. Rev. Lett. 135, 2025
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Pulsar timing arrays
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NANOGRav: 0.7
68 pulsars, 16 yrs of datao 6
~ 3 — 4osignificance '
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EPTA+INPTA:
25 pulsars, 24 yrs of data

~ 30 significance
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e Astrophysical distributions are initial
tool to test stellar evolution

* o date (and in our limited sensitivity):

BBHs and GW behave just like GR
predicts
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