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h(t)

phase transitions 

An example signal: cosmological phase transitions

key prediction of many particle physics

models

four parameters:

I temperature Tú
I strength –
I rate —/Hú
I bubble-wall velocity vw

peak frequency

fú ¥ 19 µHz ◊ Tú

100 GeV

—/Hú

vw
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⌦GW(f) =
1

⇢crit

d⇢GW

d(ln f)
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GWs soundscape today
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The μAres detection landscape
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Hundreds of merging MBHBsout to z~20

SgrA*+0.05M☉ 106 yr to merger

~100k Galactic DWDs
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SgrA*+10M☉ 108 yr to merger
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Figure 1: µAres sky-averaged sensitivity curve (thick black curve; dashed: instrument only; solid: including astrophysical
foregrounds), compared to LISA (thin solid black curve) and SKA (solid black line at the top left). Sources in the SKA portion
of the figure include individual signals from a population of MBHBs (pale violet), resulting in an unresolved GWB (jagged
blue line) on top of which the loudest sources can be individually resolved (dark blue triangles). The vast diversity of µAres
sources is described by the labels in the figure. For all Galactic sources (including DWDs, BHBs, and objects orbiting SgrA⇤),
the frequency drift during the observing time has been assumed to be negligible. We thus plot h

p
n, where n is the number of

cycles completed over the mission lifetime, assumed to be 10 years. In this case, the signal-to-noise ratio (SNR) of the source
is given by the height of its marker over the sensitivity curve. Extragalactic sources (including BHBs, MBHBs, EMRIs, and
IMRIs) generally drift in frequency over the observation time. We thus plot the standard hc = h(f2/ḟ). In this case, the SNR
of the source is given by the area enclosed in between the source track and the sensitivity curve. In both cases, when multiple
harmonics are present, SNR summation in quadrature applies.
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Backgrounds from fundamental physics
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Figure 1: µAres sky-averaged sensitivity curve (thick black curve; dashed: instrument only; solid: including astrophysical
foregrounds), compared to LISA (thin solid black curve) and SKA (solid black line at the top left). Sources in the SKA portion
of the figure include individual signals from a population of MBHBs (pale violet), resulting in an unresolved GWB (jagged
blue line) on top of which the loudest sources can be individually resolved (dark blue triangles). The vast diversity of µAres
sources is described by the labels in the figure. For all Galactic sources (including DWDs, BHBs, and objects orbiting SgrA⇤),
the frequency drift during the observing time has been assumed to be negligible. We thus plot h

p
n, where n is the number of

cycles completed over the mission lifetime, assumed to be 10 years. In this case, the signal-to-noise ratio (SNR) of the source
is given by the height of its marker over the sensitivity curve. Extragalactic sources (including BHBs, MBHBs, EMRIs, and
IMRIs) generally drift in frequency over the observation time. We thus plot the standard hc = h(f2/ḟ). In this case, the SNR
of the source is given by the area enclosed in between the source track and the sensitivity curve. In both cases, when multiple
harmonics are present, SNR summation in quadrature applies.
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iii) Future astrometry?

 

Fedderke et al 2204.07677 Stellar interferometry

Monitoring many stars (GAIA or better) 2

corrections have been made and the term “Earth” is used
to refer to an idealised stationary observer.

The possibility of detecting GWs via astrometric de-
flections was first suggested in [14]. The astrometric de-
flection of a distant star was first derived in [15] (also see
[16] for a detailed derivation) and is summarised here.
The Earth and star are assumed to be at rest in flat
space. The coordinate components of the photon’s four-
momentum are not directly observable; instead an ob-
server on Earth measures the tetrad components of the
photon’s four-momentum and from these is able to de-
duce the star’s astrometric position (the unit vector ~n),
and the frequency of the starlight. A monochromatic
plane-fronted GW, from the direction of the unit vector
~q, gives the metric perturbation1

hµ⌫(t, ~x) = <
�
Hµ⌫ exp(ik⇢x

⇢)
 
, (1)

where Hµ⌫ are small complex constants satisfying the
usual transverse-traceless gauge conditions and the
wavevector, kµ=(!,�!~q), is null.

The observed photons follow null geodesics from the
star to the Earth; integrating the geodesic equations gives
the change in the coordinate components of the photon
four-momentum. The GW also changes the Earth-bound
observer’s tetrad, this may be calculated by integrating
the parallel transport equations along the worldline of the
Earth. Combining these results gives the change in the
tetrad components of the photon four-momentum, and
hence the measured frequency and astrometric position.

The frequency perturbation is described by the red-
shift, defined as 1 + z ⌘ ⌦emit/⌦obs, which is given by

z =
n
i
n
j

2(1� ~q · ~n) [hij(E)�hij(S)] ; (2)

this result is the foundation of PTA efforts to detect GWs
[17, 18]. The redshift depends (anti)symmetrically on
the metric perturbations at the “emission” and “absorp-
tion” events at the star and Earth respectively (hij(S)
and hij(E)). This symmetry arises from the endpoints of
the integral along the null geodesic from the star to the
Earth. This redshift (when applied to a pulsar) can be
integrated to give the timing residual signal searched for
by PTAs.

The astrometric perturbation also depends on the met-
ric perturbations at the star and at the Earth, although
not symmetrically. This loss of symmetry arises from per-
turbations to the spatial vectors in the observer’s tetrad
which depend only on the metric at the Earth. The full

1 When working with astrometry it is natural to define the sky
position of the GW source, ~q; this differs from the usual PTA
convention where the GW propagation direction, ~⌦=�~q, is used.

FIG. 1. Orthographic projection of the Northern hemisphere
with 103 stars. A GW from the North pole (black dot) causes
stars to oscillate at the GW frequency. The black (red) lines
show movement tracks for a linearly plus (cross) polarised
GW. For clarity, the GW has an unphysically large strain
amplitude of A= 0.1. The four-fold rotational symmetry of
the transverse–traceless GWs is clearly imprinted on the sky.

expression for the astrometric deflection is lengthy, how-
ever it simplifies considerably in the limit where the star
is many gravitational wavelengths away from Earth [15];

�ni =
ni � qi

2(1� ~q · ~n)hjk(E)n|̂
n
k � 1

2
hij(E)nj

. (3)

In this limit the astrometric deflection depends only
on the “Earth term”. The “star term” (or “pulsar term”)
is also sometimes dropped in PTA searches for individ-
ually resolvable sources, but for a different reason. Be-
cause each pulsar is at a different (generally poorly con-
strained) distance from Earth the “pulsar terms” are all
at different frequencies and phases and may be treated
as an effective source of noise. Recent searches have
tended to include the “pulsar terms” (e.g. see recent pub-
lished searches for individual supermassive black hole bi-
naries from the three main PTAs [19–21], and references
therein) which has the benefit of increasing the observed
signal-to-noise at the expense of fitting for the distance to
each pulsar (for a discussion of the benefits of including
the pulsar term see, e.g. [22]).

Gaia’s sensitivity to GWs comes from the large num-
ber of stars it observes. Stars are typically separated
by many gravitational wavelengths, therefore each “star
term” will be different (as well as being suppressed by the
distance to the star) whereas the “Earth term” is domi-
nant and common to all stars. It is this common “Earth
term” that Gaia aims to detect. Including the “star term”
marginally increases the signal-to-noise ratio for the clos-
est few stars but makes a negligible difference for the ma-
jority (e.g. a GW with wavelength �=1016 m deflecting
a typical star at d=10 kpc gives a “star term” suppressed

10

Fig. 6. A random realization of the astrometric deflection field
for a background of tensorial + and ⇥ waves. The position
of each star is recorded twice, separated by a time �t. These
two position are shown here (in Mollweide projection) at the
foot and head respectively of each arrow. The length of each
arrow is proportional to the total power in the gw background
at frequencies f < 1/�t. The length of the arrows has been
greatly scaled up here for clarity.

In order to gain a better understanding of what this
vector field correlation over the sky means it is useful to
draw a realization of this random process and to plot the
result. The results are shown in Fig. 6, and an overview
of the procedure used to produce the data in this plot
can be found in Appendix C.
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Fig. 7. The astrometric and redshift correlations as a function
of angular separation on the sky in a background of scalar,
“breathing” gws (i.e. S). The functions which determine the
astrometric correlations (�S

x✓(⇥) and �S
y�(⇥), see eq. (47)) are

normalized so that their maximum is unity. The pta result
for the correlated redshift in eq. (48) is plotted, normalized
to 1/2 at ⇥ = 0.

B. Scalar “Breathing” Polarization

The astrometric correlations arising in a background of
transverse scalar gws (i.e. P 2 {S}) is considered here.
Appendix D shows how to evaluate the integrals �S

x✓ and
�S
y� defined in eq. (33); here only the results of these

integrals are presented.

�S
x✓(⇥) =

⇡

3
cos⇥ ⌘ ⇡

3
� 2⇡

3
sin2(⇥/2) , (47a)

�S
y�(⇥) =

⇡

3
. (47b)

Again, this should be compared to the pta result for
the redshift correlation in a stochastic background of
“breathing” gws. This was derived by [16] as

corr(⇥) =
1

2
(1 + �) +

1

2
� 1

4
sin2(⇥/2) , (48)

the variable � is defined just after eq. (46). All three of
these functions are plotted in Fig. 7.
The most surprising aspect of astrometric correlation

is the result for �S
y�(⇥); the “perpendicular” components

of the astrometric deflection at any two points on the
sky are always perfectly correlated. This is an extremely
strong constraint which any allowed realizations of the
vector field must obey. The interpretation of this be-
comes clearer when a random realization of the correla-
tion is drawn; this is shown in Fig. 8.
The random realizations of the astrometric deflections

plotted in Figs. 6 and 8 are qualitatively di↵erent. The
transverse traceless polarisations of gr produce a dis-
tinctive curl-like pattern at large angular scales, whereas
the transverse-trace (or scalar) mode generates a dipole-
like structure on the sky. The polarization content of the
stochastic gw background determines the spatial corre-
lations among the astrometric deflections. If Gaia, or
some other future astrometry mission, is able to measure

Fig. 8. A random realization of the astrometric deflection
field for a background of scalar “breathing” S waves. This
was produced in the same way as Fig. 6. It is clear from the
plot that the astrometric deflection vector field has a random
dipole-like structure on the sphere; the origin of this behavior
is the fact that �S

y�(⇥) ⌘ constant, and the astrometric de-
flection at any two points on the sky are perfectly correlated.

e.g. Moore et al           1707.06239
     Mihaylov et al.        1804.00660
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    Garcia-Bellido et al. 2104.04778

Çalışkan et al 2312.03069
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iv) Atomic interferometry in space: AEDGE
Badurina et al 2108.02468 (AION)

40000 km

Graham  et al 1206.0818 (MAGIS)
Abou El-Neaj et al 1908.00802
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Is this all we can do in this band?

f ⇠ µHz

few days

� ⇠ 1011 km ⇠ 10�5 kpc66 AU

Natural units for Solar System!



Binary resonance: a brief history
discussed by Misner, Thorne, and Wheeler. . .

. . . but that was 50 years ago!

investigated more recently by Lam Hui et al, PRD (2013),

similar ideas used to search for dark matter by Blas et al, PRL (2017)

time for a closer look?
alexander.jenkins@kcl.ac.uk Detecting GWs with binary resonance EPS-HEP, 26 July 2021 6 / 13



Absorption of GWs by binaries

Influence of a GW on a binary system (e.g. non-relativistic)
A way forward: binary resonance

GWs cause oscillations between

orbiting bodies

resonant for frequencies f = n/P,

where P is the period

imprints on the orbit accumulate

over time

alexander.jenkins@kcl.ac.uk Detecting GWs with binary resonance EPS-HEP, 26 July 2021 4 / 13

Intuitive idea (from ‘60s)

GWNewtonian potential

r̈i +
GM

r3
ri = �ik

1

2
ḧkjr

j

ri

f ⇠ µHz

few days



Orbital elements

period P, eccentricity e:

size and shape of orbit

inlination I, ascending node ◆:

orientation in space

pericentre Ê,
mean anomaly at epoch Á:

radial and angular phases

x̂ ŷ

ẑ

◆

!

 

I
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Osculating orbits Absorption of GWs by binaries

Better characterised for its 6 Newtonian constants of motion

r̈i +
GM

r3
ri = �ik

1

2
ḧkjr

j



for generic perturbation:

Absorption of GWs by binaries



for generic perturbation:

Absorption of GWs by binaries



stochastic 
deterministic  

we move from dynamics of the variable to dynamics of the distribution W(X)

Ẋi(X, t) = Vi(X) + �i(X, t)
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For the SGWB… Fokker-Planck approach



Our new approach

D(1)
i

D(2)
ij

track distribution function W (X , t) of

orbital elements X = (P, e, I ,◆, Ê, Á)

evolves through Fokker-Planck eqn.

ˆW

ˆt
= ≠ ˆ

ˆXi

1
D

(1)

i W

2
+

ˆ

ˆXi

ˆ

ˆXj

1
D

(2)

ij W

2

drift and di�usion coe�cients

D
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Œÿ

n=1

An,i(X)œgw(n/P)

D
(2)

ij (X) =
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n=1

Bn,ij(X)œgw(n/P)
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(averaged over orbits) 

Secular effects (accumulate with time)
Blas&Jenkins Phys.Rev.Lett. 128 (2022) 10, 101103 



Our new approach

D(1)
i

D(2)
ij

track distribution function W (X , t) of

orbital elements X = (P, e, I ,◆, Ê, Á)

evolves through Fokker-Planck eqn.

ˆW

ˆt
= ≠ ˆ

ˆXi

1
D

(1)

i W

2
+

ˆ

ˆXi

ˆ

ˆXj

1
D

(2)

ij W

2

drift and di�usion coe�cients

D
(1)

i (X) = Vi(X) +

Œÿ

n=1

An,i(X)œgw(n/P)

D
(2)

ij (X) =

Œÿ

n=1

Bn,ij(X)œgw(n/P)

alexander.jenkins@kcl.ac.uk Detecting GWs with binary resonance EPS-HEP, 26 July 2021 7 / 13

(averaged over orbits) 

Secular effects (accumulate with time)
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Two binary probes

timing of binary pulsars

(pulsar animation credit: Michael Kramer)

lunar and satellite laser ranging

(image credit: NASA)
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Two binary probes

timing of binary pulsars

(pulsar animation credit: Michael Kramer)

lunar and satellite laser ranging

(image credit: NASA)
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Two probes f ⇠ µHz

few days



Confirming with simulations
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(work in progress: 
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Blas&Jenkins Phys.Rev.Lett. 128 (2022) 10, 101103 

(2038 line requires replacing the mirrors 
…may/will happen before 2030!)

(better ranging?)

Murphy 1309.6294



10°10 10°7 10°4 10°1 102

f/Hz

10°14

10°11

10°8

10°5

10°2

≠
gw

(f
)

NeÆ

NeÆ (forecast)

PPTA

SKA

MSPs (2021)

MSPs (2038)

LLR (2021)

LLR (2038)

SLR (2021)

SLR (2038)

Cassini

Earth normal modes

LISA

AION

LVK

ET

NANOGrav

SMBBHs

FOPTs

SMBH mimickers

Ultralight bosons

μHz

Envelope of pulsars (P~hours - 100 days)

Satellites (P~hours)

Lunar laser ranging (P~month)

Our estimates (solid: today; dashed 2038)
Blas&Jenkins Phys.Rev.Lett. 128 (2022) 10, 101103 

(2038 line requires replacing the mirrors

…may/will happen before 2030!)

(better ranging? new satellites? )

Murphy 1309.6294

We may see the signal of PTAs!!!

Possible backgrounds
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in 2050
We may see the signal of PTAs!!!



A way forward: binary resonance

GWs cause oscillations between

orbiting bodies

resonant for frequencies f = n/P,

where P is the period

imprints on the orbit accumulate

over time
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Further ideas in the Solar system
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Future missions?

Exploit other resonances of the Solar System (also rotation)

Wide binaries??

Blas&Jenkins 2022

Doppler Tracking of Spacecrafts:  Armstrong, Iess, Tortora and Bertotti 03
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GWs with orbits in the Solar System

 The Hz band is very rich for astrophysical and cosmological sourcesμ

 The resonant absorption of GWs by binaries (LLR/SLR) gives a new 
handle to detect gravitational waves at very competitive levels

 Future plans: better analysis. New mirror in the Moon? New optimised 
satellites?

Detection guaranteed!



Combining binary pulsar bounds

10�9 10�7 10�5 10�3

f/Hz

10�8

10�6

10�4

10�2

100

�
gw

(f
)

J0737�3039 (double pulsar)

B1913+16 (Hulse-Taylor)

B2127+11C

B1534+12

J1829+2456

J1439�5501

B2303+46

J0045�7319

J1740�3052

B1259�63

J1638�4725

Combined

alexander.jenkins@kcl.ac.uk Detecting GWs with binary resonance EPS-HEP, 26 July 2021 13 / 13





Characteristic strain
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Monochromatic sources

Credit:Herrero-Valea

(work in progress: 

Blas, Bourguin, Foster, Hees, Herrero, Jenkins, Xue)


