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GW Detectors Interferometers

Very precise rulers

Robert Hurt (Caltech)

Light intensity I depends light travel difference in perpendicular arms
Tiniest measurable phase shift: ∆ϕ ∼ 10−8

I ∝ sin (ωGWLintf ) =⇒ Lopt =
1

4fgw
∼ 750km

(
100Hz
fgw

)−1

Effective optical path increased by factor N ∼ 500 via Fabry-Perot cavities

ϕ ∼ ∆L/λ → ∆Lmin ∼ 10−15 m, hmin ∼ δL
N×L

∼ 10−19/N
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GW Detectors Noise

Noise budget

Barriga et al., CQG (2013) 084005

Why Hz−1/2? Detector’s FoM is noise spectral density Sn(f ):

⟨ñ(f )ñ(f ′)⟩ = Sn(f )δ(f − f ′)

i.e. Sn(fi ) ∼ |ñ(fi )|2∆f .
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GW Detectors The observatories

LIGO H, L, Virgo, KAGRA
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GW Detectors The Science runs

• Observation run O1: 12/9/15– 19/1/16 ∼ 130 days, with 49.6 days of
actual data, PRX (2016) 4, 041014, 2 dets, 3BBH
• O2 30/11/16 – 31/7/17 2 dets + 1/8– 25/8/17 3 dets
3(+1) BBH + 1BNS in triple coinc, 122.2 d
• O3a: 3 detectors, 1/4 - 1/10 2019, 39 detections, 149.6 d
• O3b: 1/11/19 – 27/3/20 → 90 detections

(69 BBH + 4 NSBH + 2 BNS with FAR< yr−1), 124.6 d
• O4a: 24/5/2023 → 16/1/2024 128 (86 BBH, including 2 NSBH +
GW230529)

KAGRA until 20/6/23, 126.5 d
• O4b: 10/4/2024 → 28/1/2025, 141.9 d (229 → 106 BBH)
• O4c: 28/1/2025 → 18/11/2025 (break 1/4–11/6), 126.5d

LIGO/Virgo/KAGRA arxiv:2508.18082/18083
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GW observations Catalog

Stellar (≲ 100M⊙) compact object with known masses

Frequency 10-103 Hz determines size of sources
Remnant of various GW events represent first Intermediate Mass Black
Holes (> 102M⊙) – SuperMassive BHs ≳ 105M⊙ (up to 109M⊙)
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GW observations Catalog

Cosmic ladder

6× 103 km
106→ 1010 km

107→ 15 kpc
105→ 1 Mpc

103→3Gpc
1kpc ≃ 3× 1016 km, 3kpc ∼ 104 light years
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GR basics

Wave equation, TT gauge

Linearised Einstein equations (h̄µν ≡ hµν − 1
2
ηµνh, h ≡ ηµνhµν):

□h̄µν + ηµν h̄
,αβ

αβ − h̄ ,α
µα,ν − h̄ ,α

να,µ = −16πGNTµν

With coordinate transformation

xµ → x ′µ = xµ + ξµ =⇒ h̄µν → h̄′
µν = hµν + ξµ,ν + ξν,µ − ηµνξ

α
,α

one can set h̄ ,ν
µν = 0 leaving 6 d.o.f.: 2 are radiative 4 are longitudinal

The vacuum e.o.m.s are

□h̄µν = 0 → □h̄′
µν = □h̄µν +□

(
ξµ,ν + ξµ,ν − ηµνξ

α
,α

)
4 more d.o.f. can be killed in vacuum keeping the Lorentz condition

∂µh̄µν = 0 → ∂µh̄′
µν = □ξν = 0

hµν
ξµ,h ,µ

νµ→ hij(h = 0 = h ,j
ij ), for z−propagating waves means one is left with 2 radiative

d.o.f.

hTT
µν =


0 0 0 0
0 h+ h× 0
0 h× −h+ 0
0 0 0 0

 = Λij,kl(ẑ)hij

Λij,kl(n̂) = PikPjl − 1/2PijPkl Pij(n̂) = δij − n̂i n̂j

R. Sturani (IFT-UNESP/ICTP-SAIFR) GWs & compact objects 28-9/7/2026 – IDPASC 13 / 29



GR basics

GW EM tensor

Averaged Einstein equations

⟨R(1)
µν ⟩ = 8πGN

(
Tµν −

1

2
gµνT

)
− ⟨R(2)

µν ⟩

Background (slowly varying) + waves (high frequency):

T (GW ) ≡ − 1

8πGN
⟨R(2)

µν − 1

2
ηµνR

(2)⟩

and the EM tensor (energy density)

T (GW )
µν =

1

32πGN
⟨∂µhTTαβ ∂νh

(TT )αβ⟩ → ρGW =
1

16πGN
⟨ḣ2+ + ḣ2×⟩

and flux

dEV

dt
=

∫

V
d3xṪ (GW )00 = −

∫

∂V
niT

(GW )0i = −
∫

∂V
T (GW )00
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GR basics

Quadrupole formula

E = −1

2
ηMv 2 η ≡ m1m2/M

2 , F =
1

32πG
Λij,kl(n̂)ḣij ḣkl

hij(t, x) = −16πG
1

□
Tij = 4G

∫
d3x

Tij(tr = t − |x − x ′|, x ′)

|x − x ′|
≃ 4G

r

∫
d3xTij(t − r , x ′) + Ṫij(t − r , x ′)n̂ · x ′ +

1

2
T̈ij(t − r , x ′)n̂k n̂lx ′kx ′l + . . .

expansion parameter Ṫijx
′/Tij ∼ ωx ′ ∼ v .

By using repeastdly EM-conservation:∫
(T 0kx ix j),k = 0 = −

∫
Ṫ 00x ix j + T 0ix j + T 0jx i ,∫

(T ikx j + T jkx i ),k = 0 = −
∫
Ṫ i0x j + Ṫ j0x i + 2T ij ,

F =
ḣij ḣkl
32πG

∫
dΩΛij,kl(n̂) =

G

5

...
Q

TT
ij

...
Q

(TT )
kl

circ
=

32

5
η2 v

10

G

where Q
(TT )
ij ≡ Λij,kl(n̂)

∫
T 00xixj ∼ Λij,kl(n̂) ηMx ix j =⇒

−ηMv
dv

dt
=

dE

dt
= −32

5
η2 v

10

G
=⇒ ∆ti→f =

5GM

256η

(
1

v 8
i

− 1

v 8
f

)
R. Sturani (IFT-UNESP/ICTP-SAIFR) GWs & compact objects 28-9/7/2026 – IDPASC 15 / 29



GR basics

Sensitivities and duration

10 3 10 1 101 103

f(Hz)

10 25

10 24

10 23

10 22

10 21

10 20

10 19

10 18

De
te

ct
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 n
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se
 (H

z
1/

2 )

GW150914
GW170817
A-LIGO 
ET
LISA

h̃(f ) ∼ f−7/6(GMc )
5/6

DL
e iψ(f ), v 3 = GMπf , Mc ≡ η3/5M

Signal duration controlled by 5
256π

(πMc fi )
−5/3 = 30× 1

η

(
M

20M⊙

)−5/3 (
fi

20Hz

)−5/3

∆ti→f ∼ 5
256π

(πGMc)
−5/3

(
f
−8/3
i − f

−8/3
m

)
→

5

256π
(πMc fi )

−5/3 ×

{
1
fi

∆t < texp
∆f
f 2i

∆t > texp
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GR basics

Wave generation: localized sources

Einstein formula relates hij to the source quadrupole moment Qij

Qij =

∫
d3xρ

(
xixj −

1

3
δijx

2

)
, v 2 ≃ GNM/r , η ≡ m1m2/M

2

hij ∼ g(θn̂L)
2GN

D

d2Qij

dt2
≃ 2GNηMv 2

D
cos(2ϕ(t))

f = 2kHz
( r

30Km

)−3/2
(

M

3M⊙

)1/2

< fMax ≃ 12kHz

(
M

3M⊙

)−1

v = 0.3

(
f

1kHz

)1/3 (
M

M⊙

)1/3

<
1√
6

Geometric factor g(θn̂L) takes account of transversality projection Λij,kl(n̂)
(angular momentum L of the binary, observation direction n̂)

h+ ∼ 1 + cos2(θn̂L)

2
η
Mv 2

D
cosϕ(ts/M, η, S2

i /m
4
i , . . .)

h× ∼ cos(θn̂L) η
Mv 2

D
sinϕ(ts/M, η, . . .)

Amplitudes of 2 polarizations modulated by θn̂L (h ↗ for θn̂L ↘0), never both vanishing

unlike dipolar motion for the electromagnetic case
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2
η
M(1 + z)v 2

D(1 + z)
cosϕ(tO/(M(1 + z)), η, S2

i /m
4
i , . . .)

h× ∼ cos(θn̂L) η
M(1 + z)v 2

D(1 + z)
sinϕ(tO/(M(1 + z)), η, . . .)
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GR basics

Wave generation: localized sources

Einstein formula relates hij to the source quadrupole moment Qij
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∫
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M

M⊙

)1/3

<
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Geometric factor g(θn̂L) takes account of transversality projection Λij,kl(n̂)
(angular momentum L of the binary, observation direction n̂)

h+ ∼ 1 + cos2(θn̂L)

2
η
Mv 2

dL
cosϕ(tO/M, η, S2

i /m
4
i , . . .)

h× ∼ cos(θn̂L) η
Mv 2

dL
sinϕ(tO/M, η, . . .)

Amplitudes of 2 polarizations modulated by θn̂L (h ↗ for θn̂L ↘0), never both vanishing
unlike dipolar motion for the electromagnetic case

h sensitive to red-shifted masses M → M(1 + z) ≡ M
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GR basics

Almost omnidirectional detectors

Detectors measure hdet : linear combination F+h+ + F×h×

-1 0 1
F+

F×

L H

h+,× depend on source
pattern functions F+,× depend on orientation source/detector
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GR basics

Pattern functions:
√

F 2
+ + F 2

×
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BNS NSBH BBH
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Stars and compact objects Rate

Astro predictions, measures from O1/O2/O3. Galaxy density ∼ 2× 10−2Mpc−3

LIGO/Virgo CQG (’10) 27 173001, PRX (’16), APJ (2016), PRL 119 (’17)
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Stars and compact objects BH mass function
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fullpop, gwtc-4.0

fullpop, gwtc-5.0

pixelpop, gwtc-5.0

Features at M
M⊙

∼ 10, 30 (and 20?), power law steepening for M > 35M⊙

Focus on supposed gap at 2 ≤ M
M⊙

< 5 (stellar collapse)

Bailyn+,arxiv:9708032

and 50 < M
M⊙

< 130 (PPISN from star with 70 < M/M⊙ < 140)

Woosley arxiv:1608.08939

LIGO/Virgo/KAGRA, arxiv:2508.18083, 2605.27226
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Stars and compact objects BH mass function

Solar Mass Black Holes

1st Mass gap: 2M⊙ < MBH ≲ 5M⊙: SN explosion prevents BH formation
2nd Mass gap: 50M⊙ < MBH ≲ 150M⊙
Pair Instability Super Nova (γ → e+e− drops pressure):
Are the (would be) gaps populated?

direct black hole
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Stars and compact objects BH mass function

Equilibrium of a degenerate star

Modeling a star with Tµν = (ρ+ p)uµuν + pgµν , assuming spherical
symmetry (ds2 = −e2Φ(r)dt2 + e2Λ(r)dr2 + r2d2Ω) one has

dp

dr
= −G

(
m + 4πr3p

)
(ρ+ p)

r(r − 2m)
→ −G

mρ

r2

For a degenerate star the particle density from Fermi-Dirac distribution

n = 2

∫ ∞

0

1

e(E(p)−µ)/T + 1

d3p

(2πℏ)3
T→0→ P3

F

3π2ℏ3

with PF = µ(T = 0). To find the equation of state rho(p) assume free
ultra relativistic particles:

Eur

V
=

∫ PF

0
P

d3P

(2πℏ)3
=

3

4
(3π2)1/3ℏn4/3
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Stars and compact objects Equilibrium of a degenerate star II

Applied to a white dwarf (relativistic electrons) with 2 nucleons per electrons:

pur =
1

4
(3π2)1/3ℏ

(
ρ

2mp

)4/3

leading to

1

3
(3π2)2/3ℏ(2mp)

−4/3ρ1/3
dρ

dr
= −Gm(r)

ρ

r 2

M2/3
∗ ρ1/3

dρ

dr
= −m

ρ

r 2
, M2/3

∗ ≡ 1

3
(3π2)2/3

ℏ
G
(2mp)

−4/3

Under rescaling r → λr , ρ → λaρ, M → λa+3M

M2/3
∗ λ

4
3
a−1ρ1/3

dρ

dr
= −λ2a+1m

ρ

r 2

the eq. is invariant for a = −3
Solutions are parametrized by 1 initial conditions ρc ≡ ρ(r = 0), from the scaling

M ∼ M∗

R ∝ ρ
−1/3
c M

1/3
∗

with

M∗ ∼
(

ℏ
G

)3/2

m−2
p ≡ m3

Planck

m2
p

Analogously for the neutron stars
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Stars and H-R diagram

Astrophysical magnitude defined as M1 −M2 = −2.5 log10(L1/L2)
E.g. M∗ ∼ −21− 2.5 log10(L∗/LMW ) (for ref.
LMW ≃ 5× 1036W ≃ 2× 1010L⊙) Stars (unlike BHs) are very well
observed and they happen to fall into regions of the Luminosity -
Temperature diagram (Hertzsprung-Russell)

Credit https://www.infoescola.com/astronomia/diagrama-hr-e-evolucao-estelar/R. Sturani (IFT-UNESP/ICTP-SAIFR) GWs & compact objects 28-9/7/2026 – IDPASC 26 / 29



Stars and H-R diagram

Codes: Oh, Be A Fine Guy/irl Kiss Me (alphabetical order os spectral
lines)

O: hottest blue stars, blue-violet > 3× 104 K

B: blue-white, 1− 3times104 K

A: white, 7.5− 10× 103 K

F: yellow (metal line appears), 6− 7.5× 103 K

G: yellow (sun-like stars), 5.2− 6× 103 K

K: orange (cooler metal/molecular bands) 3.7− 5.2× 103 K

M: (coolest red stars) 2− 3.7× 103 K
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Stars and H-R diagram

Field binaries vs. clusters

common envelope
dynamical encounter

M. Mapelli arXiv:2106.00699R. Sturani (IFT-UNESP/ICTP-SAIFR) GWs & compact objects 28-9/7/2026 – IDPASC 28 / 29



Stars and H-R diagram

Strange cases

GW150914: 30+30 M⊙ unseen before in BH-star

“Low” Mass gap

GW190704 7 3.1 M⊙,
GW190814 23 2.6 M⊙,
GW190821 8 3.9 M⊙,
GW190910 34 3.2 M⊙,
GW190920 7 2.8 M⊙,
GW200210 24.1 2.8 M⊙,
GW230529 3.6 1.4 M⊙,

GW191219 31.1 1.17 M⊙, highest mass ratio

GW231123 137 101 M⊙, highest total mass
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