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Gravitational Wave Interferometry
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• 2014: First direct detection of a 

binary BH merger by LIGO-Virgo (m 

~ 30 Msun, f ~ 100Hz, d ~ 400 Mpc)

• 2024: A network of terrestrial 

gravitational wave interferometers

• ~ 2035: Space based (LISA) and 

future ground based instruments 

(ET, CE…)

LIGO GW150914 discovery event (2014)

The network of ground-based detectors

LISA, the planned space-based interferometer



Imperial College London

Low-Frequency Gravitational Waves

11/12/20244

Frequency band of the gravitational wave sources and detectors [GWPlotter]

• GW interferometry: f ≥ uHz

• Pulsar Timing Array and astrometry probe 

the nHz band

• Many expected sources of nHz gravitational 

waves (supermassive BHs, phase 

transitions, ultralight DM…)

SMBH binary inspiral

Ultralight Dark Matter

1st order phase transitions
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Coherent and Stochastic Signals
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Resolved microwave sources Unresolved microwave sources (CMB)

Resolved gravitational wave events Unresolved gravitational wave background (SGWB)
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Stochastic Background Sources
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• Astrophysical contribution: (unresolved events)

• Cosmological contribution (inflation, cosmological defects, ...)
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Coherent and Stochastic Searches
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• Coherent search: a deterministic 

template for the GW signal

• Stochastic search: superposition 

of many weak independent 

signals

• GW amplitude promoted to a 

stochastic Gaussian variable

• Power spectrum
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Stochastic Power Spectrum

11/12/20248

• Uncorrelated GWs (no phase correlation 

between frequencies, polarisations, and 

directions) – statistical isotropy.

• …but intensity (power) can be anisotropic

• Stationarity
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Pulsar Timing Arrays
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• Pulsar's proper rotational frequency

• Redshift measurement over timescales  

“Earth term” “pulsar term”

(dropped for large distances)

𝐿 ≫ 𝜆𝐺𝑊 ≥ 10 𝑙𝑦
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Hellings Downs Curve
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• Redshifts are angularly correlated due to “Earth” term GW 

metric distortion. 

[David Champion, MPIRA]

NANOGrav, 2023

• Tests on non-Einstenian polarisations, anisotropies, spectral shape…

ePTA, 2023
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GW Astrometry
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• Geodesics distorted by GWs along the line of 

sight.

• Apparent position and proper motion of emitters 

vary with time.

[Book & Flanagan 2011]
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Distant Source Limit

11/12/202412

• Distant source limit:

• Resloved source searches: e.g. monochromatic GW. 

Time dependence + angular response.

• Stochastic GWB searches: angular cross-correlating 

astrometric deflections + frequency spectrum.

[Golat & Contaldi 2022] 
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Ast romet ric deflect ions

0µas 0.002µas|δn I (t)|

T iming residuals

0ns 250ns|r I (t + ⌧)|

FIG. 1. Realisat ions of ast romet ric deflect ion (at t ime t) and t iming residual (at t ime t + ⌧) responses to an SGWB of

cosmological origin (with spect ral index β = 0) and ⌦gw (f 0 = 50Hz) = 10− 8 produced using the HEALPix package. The t ime
lag ⌧= 43weeks between the maps has been chosen to emphasise the cross-correlat ion.

how the di↵erent correlat ions are sourced by the parity
of the underlying GW polarisat ions which are analogous
to their CMB counterparts.

For example, using Eqs. (61a)–(61d), we can easily in-
fer which uniquesignatures in theoverlap reduct ion func-
t ionswould beproduced by a chiral GW background with
parity-violat ing modes CT B

` and CE B
` .

The spect ra CE E
` and CB B

` were calculated in [27] for
tensorial, vectorial and scalar polarisat ions using the for-
malism int roduced by O’Beirne and Cornish [30]. In fact ,
all spect ra can be calculated as simple scaling laws in
mult ipole ` a priori.

For tensorial polarisat ions, power spect ra will be zero
for mult ipoles lower than a quadrupole, leaving

CT T
` ≥ 2 = 2⇡ 2N `

2, (62)

CT E
`≥ 2 =

4⇡
p

`(` + 1)
2N `

2, (63)

CE E
`≥ 2 = CB B

`≥ 2 =
8⇡

`(` + 1)
2N `

2 . (64)

Not ice that the angular spect ra do not contain any in-
format ion about the SGWB amplitude but only on the
anisot ropic correlat ion induced by the observables. The
overall normalisat ion of the correlat ion pat terns is pro-
vided by the spect ral density Sh (f ) in Eq. (8) (see Ap-
pendix A).

It is easy to check (see Table I in Appendix C) that
Eq. (64) is the same as the C` presented in Mihaylov
et al. [27] up to a factor of two.10 They also possess the
same `-scaling as in the case of monochromat ic waves.
As discussed in Roebber and Holder [24] for PTAs, this

10 T his factor is just a convent ion. In M ihaylov et al. [27] t hey use

Γ i j = Γ +
i j + Γ ⇥

i j while we use average Γ i j = (Γ +
i j + Γ ⇥

i j )/ 2.

is to be expected. Also note that unlike in the case of
monochromat ic waves, the parity-violat ing modes CT B

`

and CE B
` vanish.

For completeness, we also include the remaining, non-
Einsteinian polarisat ions. For the vectorial longitudinal
polarisat ions, we have

CT T
`≥ 1 = 2⇡

✓

1−
8

9
δ̀ 1

◆

1N `
2, (65)

CT E
` =

2⇡
p

`(` + 1)

✓

1−
10

9
δ̀ 1

◆

1N `
2, (66)

CE E
` = CB B

` =
2⇡

`(` + 1)

✓

1−
8

9
δ̀ 1

◆

1N `
2, (67)

for the scalar t ransverse mode we have

CT T
` = ⇡

✓
δ̀ 1

9
+ δ̀ 0

◆

, (68)

CT E
` =

2⇡
p

`(` + 1)

δ̀ 1

9
, (69)

CE E
` =

4⇡

`(` + 1)

δ̀ 1

9
, (70)

and for scalar longitudinal mode we have

CE E
` =

2⇡

`(` + 1)

✓

1−
8

9
δ̀ 1

◆

. (71)

For the longitudinal polarisat ion in the distant star limit ,
closed-forms of Γzz (⇥) and Γz✓(⇥) do not exist [26, 41].11

For this reason, there is no CT T
` or CT E

` . In the more

11 We believe this is why the method in M ihaylov et al. [27],

O’Beirne and Cornish [30] t o obtain CE E
`

for the longi tudinal

polarisat ion fails.
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Astrometry with GAIA
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• Launched in 2013.

• Observation of 109 sources with astrometric precision 

of 10-100 μas.

• Each source is observed 80 times (5-year nominal 

mission) —10-9-10-7 Hz window. 

• Extension to 8-10 years.

• Ω𝐺𝑊 < 10−2 constraint on the stochastic GW 

background (cf. Ω𝐺𝑊 ∼ 10−8 from PTA)
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Astrometry

[Golat & Contaldi 2022] 
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to the frequency domain spectra of the underlying grav-
itat ional wave backgrounds.

Let us assume we observe a set of N? stars. For every
star I at each epoch t we have a t iming residual, r I (t),
and astrometric deflect ion, δnI , ı̂ (t). We combine these
to a vector hI ,i (t) = (r I (t), δnI , ı̂ (t))

| and cross-correlate

(hI ,i ? hJ,j ) (⌧) = hhI ,i (t)hJ,j (t + ⌧)i

= Ti j (⌧)Γ i j (⇥I J ), (A1)

where in the last line we have separated the correlat ion
into angular Γ i j (⇥I J ) and temporal Ti j (⌧) parts. The
correlat ion st ructure that is normally considered in an-
gular separat ion is also reflected in the temporal corre-
lat ions for di↵erent lags ⌧. We show both correlat ions
in Figs. 5 and 6. Not ice how the cross-correlat ion of
t iming residuals with deflect ions is odd with respect to
the lag and that , in general, the amplitude of the cross-
correlat ion will depend on the lag along with the total
integrat ion t ime which sets the e↵ect ive frequency high-
pass (see below).

Thanks to theproperty of cross-correlat ion and Fourier
t ransform, F { f ? g} = F { f } F { g} , we can find what
the temporal correlat ions are from correlat ions in Fourier
space that are

h̃hI ,i (f )h̃⇤
J,j (f 0)i =

1

2
δ(f − f 0) Sh (f )Γ̄I J ,i j (f ) , (A2)

Γ̄I J ,i j (f ) =
(− i) i (i) j

(2⇡ f ) i j
Γ i j (⇥I J ) , (A3)

where i = δi r and i j = i + j are exponents coming
from the the fact that the t iming residual is an integrated
redshift . We can use Ti j (⌧) as a physical scaling of our
C` , which we can use to plot maps of realisat ions of r I (t)
and δnI ı̂ (t − ⌧) in the sky (see Fig 1). This scaling is

Ti j (⌧) = Re

( Z 1/ ∆ t

1/ T

df e− 2⇡ i f ⌧Sh (f )
(− i) i (i) j

(2⇡ f ) i j

)

(A4)

=
6H 2

0

(2⇡ )2+ i j

⌦gw (f 0)

f
β
0

⇥ Re
n

t i j − β+ 2 E
i j − β+ 3

⇣
2⇡ i

⌧

t

⌘
(− i) i (i) j

o ∆ t

t = T
,

where we have int roduced the generalised exponent ial in-
tegral

En (z) =

Z 1

1

e− z⌫

⌫n
d⌫. (A5)

A pp endix B : Polar isat ion basis

For completeness, we include a summary of the polari-
sat ion convent ions used as there are a number of di↵erent
convent ions adopted in the literature.
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Given any orthonormal coordinate system x, y, z we
can find a frame associated with spherical coordinates at
point r = (r, #, ' ) | as follows

êr (r ) = r̂ , ê' (r ) =
ẑ ⇥ r̂

|ẑ ⇥ r̂ |
, ê# (r ) = ê' (r ) ⇥ r̂ . (B1)

This vector frame can be used to define a complete set of
six polarisat ion basis tensors for any general polarisat ion.
We can sort them into tensorial modes

e+
ab(k̂ ) = ê#

a ê#
b − ê'

a ê
'
b , e⇥

ab(k̂ ) = ê#
a ê

'
b + ê'

a ê✓b, (B2)

vectorial modes

eX
ab(k̂ ) = ê#

a êr
b + êr

a ê#
b , eY

ab(k̂ ) = ê'
a êr

b + êr
a ê

'
b , (B3)

and scalar modes

eS
ab(k̂ ) = ê#

a ê#
b + ê'

a ê
'
b , eL

ab(k̂ ) =
p

2êr
a êr

b. (B4)
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[Golat & Contaldi 2022] 

Astrometry x Redshift

• Can extend to cross-correlations of deflections 

and redshifts. 

• + Non-Einsteinian polarisations

– Metric travelling waves that are not TT.
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Astrometry x Redshift

[Golat & Contaldi 2022] 
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to the frequency domain spect ra of the underlying grav-
itat ional wave backgrounds.

Let us assume we observe a set of N? stars. For every
star I at each epoch t we have a t iming residual, r I (t),
and ast rometric deflect ion, δnI , ı̂ (t). We combine these
to a vector hI ,i (t) = (r I (t),δnI , ı̂ (t))
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Given any orthonormal coordinate system x, y, z we
can find a frame associated with spherical coordinates at
point r = (r, #, ' )| as follows

êr (r ) = r̂ , ê' (r ) =
ẑ ⇥ r̂

|ẑ ⇥ r̂ |
, ê# (r ) = ê' (r ) ⇥ r̂ . (B1)

This vector frame can be used to define a complete set of
six polarisat ion basis tensors for any general polarisat ion.
We can sort them into tensorial modes

e+
ab(k̂ ) = ê#

a ê#
b − ê'

a ê
'
b , e⇥

ab(k̂ ) = ê#
a ê

'
b + ê'

a ê✓b, (B2)

vectorial modes

eX
ab(k̂ ) = ê#

a êr
b + êr

a ê#
b , eY

ab(k̂ ) = ê'
a êr

b + êr
a ê

'
b , (B3)

and scalar modes

eS
ab(k̂ ) = ê#

a ê#
b + ê'

a ê
'
b , eL

ab(k̂ ) =
p

2êr
a êr

b. (B4)

• Sparse vs Dense sampling of sky.

• Independent systematics.

• Verification of angular correlations.

• The feature of cross-correlation is an odd 

temporal component (lagged correlation).
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Astrometry x Redshift
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Ast romet ric deflect ions

0µas 0.002µas|δn I (t)|

T iming residuals

0ns 250ns|r I (t + ⌧)|

FIG. 1. Realisat ions of ast romet ric deflect ion (at t ime t) and t iming residual (at t ime t + ⌧) responses to an SGWB of

cosmological origin (with spect ral index β = 0) and ⌦gw (f 0 = 50Hz) = 10− 8 produced using the HEALPix package. The t ime
lag ⌧= 43weeks between the maps has been chosen to emphasise the cross-correlat ion.

how the di↵erent correlat ions are sourced by the parity
of the underlying GW polarisat ions which are analogous
to their CMB counterparts.

For example, using Eqs. (61a)–(61d), we can easily in-
fer which uniquesignatures in theoverlap reduct ion func-
t ionswould beproduced by a chiral GW background with
parity-violat ing modes CT B

` and CE B
` .

The spect ra CE E
` and CB B

` were calculated in [27] for
tensorial, vectorial and scalar polarisat ions using the for-
malism int roduced by O’Beirne and Cornish [30]. In fact ,
all spect ra can be calculated as simple scaling laws in
mult ipole ` a priori.

For tensorial polarisat ions, power spect ra will be zero
for mult ipoles lower than a quadrupole, leaving

CT T
` ≥ 2 = 2⇡ 2N `

2, (62)

CT E
`≥ 2 =

4⇡
p

`(` + 1)
2N `

2, (63)

CE E
`≥ 2 = CB B

`≥ 2 =
8⇡

`(` + 1)
2N `

2 . (64)

Not ice that the angular spect ra do not contain any in-
format ion about the SGWB amplitude but only on the
anisot ropic correlat ion induced by the observables. The
overall normalisat ion of the correlat ion pat terns is pro-
vided by the spect ral density Sh (f ) in Eq. (8) (see Ap-
pendix A).

It is easy to check (see Table I in Appendix C) that
Eq. (64) is the same as the C` presented in Mihaylov
et al. [27] up to a factor of two.10 They also possess the
same `-scaling as in the case of monochromat ic waves.
As discussed in Roebber and Holder [24] for PTAs, this

10 T his factor is just a convent ion. In M ihaylov et al. [27] t hey use

Γ i j = Γ +
i j + Γ ⇥

i j while we use average Γ i j = (Γ +
i j + Γ ⇥

i j )/ 2.

is to be expected. Also note that unlike in the case of
monochromat ic waves, the parity-violat ing modes CT B

`

and CE B
` vanish.

For completeness, we also include the remaining, non-
Einsteinian polarisat ions. For the vectorial longitudinal
polarisat ions, we have

CT T
`≥ 1 = 2⇡

✓

1−
8

9
δ̀ 1

◆

1N `
2, (65)

CT E
` =

2⇡
p

`(` + 1)

✓

1−
10

9
δ̀ 1

◆

1N `
2, (66)

CE E
` = CB B

` =
2⇡

`(` + 1)

✓

1−
8

9
δ̀ 1

◆

1N `
2, (67)

for the scalar t ransverse mode we have

CT T
` = ⇡

✓
δ̀ 1

9
+ δ̀ 0

◆

, (68)

CT E
` =

2⇡
p

`(` + 1)

δ̀ 1

9
, (69)

CE E
` =

4⇡

`(` + 1)

δ̀ 1

9
, (70)

and for scalar longitudinal mode we have

CE E
` =

2⇡

`(` + 1)

✓

1−
8

9
δ̀ 1

◆

. (71)

For the longitudinal polarisat ion in the distant star limit ,
closed-forms of Γzz (⇥) and Γz✓(⇥) do not exist [26, 41].11

For this reason, there is no CT T
` or CT E

` . In the more

11 We believe this is why the method in M ihaylov et al. [27],

O’Beirne and Cornish [30] t o obtain CE E
`

for the longi tudinal

polarisat ion fails.
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Differential Astrometry
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• Measuring absolute angles is difficult → differential angular 

measurements.

• Cross-correlating pairs of close-by stars.

• Cross-correlating differential measurements and PTA

[Crosta et al. 2024]
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Solar System GW Astrometry
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• ~109 small-sized objects in the solar system ~106 

already known.

• Closer (L<< λGW) but fainter (apparent magnitude m > 

9).

• Accelerating (but on long timescales).

• Short-distance limit of astrometry – distinct response 

function with simple agular structure.

[Mentasti & Contaldi 2024]
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Solar System GW Astrometry
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• Much simpler angular correlation structure

• How could this be done?

[ Mentasti & Contaldi 2024] 
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Solar System GW Astrometry

Vera C. Rubin (LSST)

• LSST: Operational from 2024 (now?).

• High astrometric accuracy, widefield, high 
sensitivity, high cadence.

• Also GAIA…
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Cosmic Shear
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• Metric perturbations due to dark matter induce distortions: 

magnification and shearing (ellipticity)

• Linear distortion tensor

• Obtained from galaxy image second moments

[Dodelson]
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Cosmic Shimmering

11/12/202423

• Dark matter is cold (zero momentum) → no time 

dependence of shearing. 

• Signal degenerate with intrinsic ellipticity of source.

• ℎ𝑖𝑗 are travelling waves → time-dependent distortions

• Spin-2 : magnification and shearing not degenerate

• Also source pseudo-scalar rotation (in principle).

• Time-resolved cosmic shearing is a signal of gravitational 

waves.

time
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Cosmic Shimmering

11/12/202424

• Time-varying galaxy image observed second 

momenta over nHz scale

spin-0 spin-2

• Decomposition of the distortion matrix
time

[Mentasti & Contaldi 2024]
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Cosmic Shimmering
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• Correlation functions for couples of observed galaxy 

ellipticities.

– Generalised spin-weighted formalism.

– Sensitive to polarised backgrounds (and non-

Einstenian polarisations).

• State-of-the-art mission has ~100 mas angular 

precision and bad SNR.

• Possible detection for future missions

• Angular correlations:

– Magnification → HD

– Shearing → New correlation.

– Shearing x Mag. → New correlation.

– Mag. X Rotation → Uncorrelated.
[Mentasti & Contaldi 2024] 

Hellings Downs Analogues
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Cosmic Shimmering: Observability
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• Gaussian noise

• Signal and noise in astrometric measurements

• Cross correlating datastreams

• What noise?

• PTA: white + red + other chromatic 

noise

• Astrometry…we don’t know!

• White noise as working assumption
cadence of samples

single measurement error
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Cosmic Shimmering: Observability

11/12/202427

• SNR forecasts.

• T = 15 year survey.

• Cadence = 3 days.

Angular size of 

object

Number of objectsResolution

Number of galaxies of physical size 10 Kpc resolvable at 

different distances

• Cross-correlation with PTA and Astrometry at nHz 

frequencies?



Imperial College London

Summary

• Evidence for nHz GW signal from PTA.

• Astrometry as a probe of GWs is maturing.

• Difficult to assess the systematics

• Multiple channels (solar & extrasolar astrometry, shimmering).

• Cross-correlating PTA and astrometry: reduction of systematics…

• Data (optical surveys) are there, so use them – never say never!
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