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GWs (essentials)
Perturbations of space-time


travelling as waves of frequency  f

Characterised by 2 polarizations  (dimensionless) h+,×

GWs carry energy. They have energy density
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c = 1

h2⌦gw(f) h ⇡ 0.67
⇢c ⇠ keV/cm3



GWs (typologies)
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The μAres detection landscape

SKA

μAres

LISA

~1000 inspiralling SMBHBsout to z~10

Hundreds of merging MBHBsout to z~20

SgrA*+0.05M☉ 106 yr to merger

~100k Galactic DWDs

>1k extragalactic BHBs

SgrA*+10M☉ 108 yr to merger
~100 Galactic BHBs

Galactic binaries GWB
Cosmological MBHB GWB

108M☉+104M☉ IMRI @z=7
107M☉+104M☉ IMRI @z=7

107M☉+103M☉ IMRI @z=1
3×105M☉+10M☉ EMRI @z=1

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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Astrophysical backgrounds
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Sesana et al.
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Backgrounds from fundamental physics
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FOPT

Lasky et al PRX 6, 011035 (2016)

T~200 MeV

Renzini et al 2202.00178
(based on 1512.06239)



Absorption of GWs by binaries

Influence of a GW on a binary system (e.g. non-relativistic)
Intuitive idea (from ‘60s)

f ⇠ µHz

few days

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
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Newtonian Potential

Perturbing Gravitational Wave

possible resonances at  =n/Pf

h ⇠ cos(2⇡ft)
r ⇠ e cos(2⇡t/P )

f ⇠ µHz
~ few days

Blas+Jenkins, 2107.04061, 2107.04063



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
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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)
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For the SGWB… Fokker-Planck approach



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
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Possible backgrounds

Our estimates from 2021 for 2038
Blas&Jenkins Phys.Rev.Lett. 128 (2022) 10, 101103 

Murphy 1309.6294

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

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



There’s more information in the data
(work in progress: Foster, Blas, Bourguin, Foster, Hees, Herrero, Jenkins)
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Figure 17. (Above) In black, we depict the time evolution
of the light-travel-time perturbation for the Earth-Moon sys-
tem when acted upon by an acceleration in the azimuthal
direction of the orbit with a magnitude of 1µm/day2. Grey
lines depict the envelope of the growth of the perturbation
in time, which scales as t2, while the grey band illustrates
the region within which the perturbation oscillates over a sin-
gle orbit. The red band illustrates the precision of a single
light-travel-time measurement, assumed to corresponding to
a distance perturbation precision of 3 mm. (Below) As in the
top panel, but inspecting the time-evolution of the perturba-
tion to the binary period. A less rapid linear growth of the
perturbation is realized, with lesser relative sensitivity via the
measurement precision of 3 mm related to a period sensitiv-
ity via the relation in Eq. 131 made in [2, 8]. Moreover, the
analysis of [2, 8] made use only of the secular evolution of
the period perturbation, which we illustrate on our plot by
downsampling averaging the numerical result in black over
each period. Further sensitivity will be lost in this approach
due to loss of resolution of the oscillatory features.

From our results of Sec. III, it hence follows that, unlike
the light-travel-time or pulse time-of-arrival, the pertur-
bation to the period P1 will grow at most linearly in t

when on-resonance as it does not depend on the true
anomaly perturbation f1.

We note that the orbital period is not a directly observ-
able quantity. By comparison, the sensitivity calculation
we have performed in this work has been careful to con-
struct directly observable quantities from the predicted
perturbed orbits. Nonetheless, we proceed to compare
them by adopting the ansatz of period perturbation sen-
sitivities made in [2, 8], in which a Earth-Moon distance
measurement with precision � could be related to a mea-
surement of the period by

�P =
3(1 � e

2
0)P0

2p0
� . (131)

Since, by assumption, both the light-travel-time and the
period perturbation sensitivity are constant in time, we

see that sensitivity calculations correctly making use of
the light-travel-time will achieve more rapid growth than
those which incorrectly use the period perturbation. For
instance, for a deterministic GW, sensitivity via the light-
travel-time scales as t

5/2 while it scales as t
3/2 from the

period perturbation.
To illustrate this di↵erence, we refer back to the iso-

lated Earth-Moon binary, which we perturb by an accel-
eration of the form

asig(t) = cos(2⇡⌫t)✓̂(⌥0(t)) µm day�2
.

with ⌫ = 2/P0. We then compute the perturbed or-
bital elements and map them into the first-order pertur-
bations to the light-travel time, relevant for the analy-
sis performed in this work, and to the orbital period,
relevant for the analysis performed in [2, 8]. The time
evolution of those perturbations for the first 30 orbits
starting from an unperturbed initial condition is shown
in Fig. 17. We clearly see the quadratic growth of the
light-travel-time as compared to the linear growth of the
period perturbation.

To directly compare to the results of [2, 8], we make
identical assumptions of a measurement precision in the
light-travel time corresponding to distance perturbation
measurement of � = 3mm, which we relate to a period
perturbation precision via Eq. 131. We then illustrate
single-measurement precision to each perturbation with
a light red band in Fig. 17. The properly calculated
sensitivity to the light-travel-time perturbation is con-
siderably greater incorrectly calculated sensitivity to the
period perturbation, with the relative di↵erence growing
greater in time due to their di↵erent scaling with time in
their evolution.

F. SATELLITE NETWORKS AND ORBITAL
CORRELATIONS

An interesting future possibility to increase the chances
of detection and confirmation of the origin of any possi-
ble anomaly is the use of several probes sensitive to the
same background. As a first exercise in this direction, we
now consider the case where we have multiple satellites
and evaluate the correlated evolution of those perturbed
orbits. This will require only a modest extension of the
previous computations. For each satellite, which we in-
dex with a capitalized superscript, we can compute a
mapping of orbital perturbations to distance perturba-
tions TA, a fundamental matrix for the first-order per-
turbations �

A, and the solutions to the covariance inte-
grals ⌅

A. We can then evaluate the correlation between
the observables for arbitrary satellites driven by, e.g.,a
SGWB, as

⌃AB(t, t0) = TA

↵
(t)TB

�
(t0)h⌥↵,A

1 (t)⌥ �,B

1 (t0)i

= 3⇡H2
0Cij,lmTA

↵
(t)TB

�
(t0)�A

↵(p)(t)�
B

�(q)(t
0)

⇥

Z
d⌫⌫⌦GW(⌫)⌅A

(p)ij,d(t|⌫)⌅B

(q)lm,d
(t0|⌫) .

(132)

There’s more information in the data
(work in progress: Foster, Blas, Bourguin, Foster, Hees, Herrero, Jenkins)
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Sensitivity By ECCENtrICITY



We were too pessimistic!

Current data, no degeneracies

New ideas for the Moon



 the orbital models are complex: degeneracies!



Caveats

Third body: OK, shifts the frequencies Other resonant effects (tidal dissipation)

cherry picking the GW: full degeneracy

?



Libration

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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First study to appear with Lizalde and Giménez

we can generate enough libration to be detectable….
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Other systems
Any gravitationally bound system can test this

the existence of a background heats up orbits 

�P

�t
⇠ 9P 2

4

1X

n=1

nH
2
0⌦n

in 5 billion years, this can have tremendous effects
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Ultralight dark matter
We are sensitive to oscillating gravitational potentials 

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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i

 in a virialized haloϕk ∼ ei(ωt−kx)

If dark matter can be treated as a classical field (it happens for  )m ≪ 10−9mp

� /
Z vmax

0
d3v e�v2/�2

0ei!vte�im~v·~xeif~v + c.c.

in the MW�0 ⇠ 10�3cdistribution:
2

FIG. 1. Simulated VULF based on the approach in Ref. [41]
with field value �(t) and time normalized by �DM and coher-
ence time ⌧c respectively. The inset plot displays the high-
resolution coherent oscillation starting at t = 0.

lacking 2 and is becoming more relevant as experiments
begin searching such regimes.

Here we focus on this regime, T ⌧ ⌧c, characteris-
tic of experiments searching for ultralight (pseudo)scalars
with masses . 10�13 eV [33–39] that have field coherence
times & 1 day. This mass range is of significant inter-
est as the lower limit on the mass of ultralight axions
is down to 10�22 eV and can be further extended if it
does not make up all of the DM [27]. Additionally, there
has been recent theoretical motivation for “fuzzy dark
matter” in the 10�22 � 10�21 eV range [27–30] and the
so-called string “axiverse” extends down to 10�33 eV [31].
Similar arguments also apply to dilatons and moduli [32].

Figure 1 shows a simulated VULF field, illustrating
the amplitude modulation present over several coherence
times. At short time scales (⌧ ⌧c) the field coherently os-
cillates at the Compton frequency, see the inset of Fig. 1,
where the amplitude �0 is fixed at a single value sampled
from its distribution. An unlucky experimentalist could
even have near-zero field amplitudes during the course of
their measurement.

On these short time scales the DM signal s(t) exhibits
a harmonic signature,

s(t) = �⇠�(t) ⇡ �⇠�0 cos(2⇡f�t+ ✓) , (1)

where � is the coupling strength to a standard-model field
and ✓ is an unknown phase. Details of the particular ex-
periment are accounted for by the factor ⇠. In this regime
the amplitude �0 is unknown and yields a time-averaged

2 We only found explicit investigation of the T ⌧ ⌧c regime in
Ref. [54] where the authors state the exponential distribution of
the dark matter energy density, and by the authors of Ref. [53]
discussing sensitivity in their Appendix E.

energy density h�(t)2iT⌧⌧c = �2
0/2. However, for times

much longer than ⌧c the energy density approaches the
ensemble average determined by h�2

0i = �2
DM. This field

oscillation amplitude is estimated by assuming that the
average energy density in the bosonic field is equal to the
local DM energy density ⇢DM ⇡ 0.4GeV/cm3, and thus
�DM = ~(m�c)�1p2⇢DM.

The oscillation amplitude sampled at a particular time
for a duration ⌧ ⌧c is not simply �DM, but rather a ran-
dom variable whose sampling probability is described by
a distribution characterizing the stochastic nature of the
VULF. Until recently, most experimental searches have
been in the m� � 10�13 eV regime with short coherence
times ⌧c ⌧ 1 day. However, for smaller boson masses
it becomes impractical to sample over many coherence
times: for example, ⌧c & 1 year for m� . 10�16 eV. As-
suming that �0 = �DM neglects the stochastic nature of
the bosonic dark matter field [33–39].

The net field �(t) is a sum of di↵erent field modes with
random phases. The oscillation amplitude, �0, results
from the interference of these randomly phased oscillat-
ing fields. This can be visualized as arising from a ran-
dom walk in the complex plane, described by a Rayleigh
distribution

p(�0) =
2�0

�2
DM

exp

✓
� �2

0

�2
DM

◆
, (2)

analogous to that of chaotic (thermal) light [55]. This
distribution implies that ⇠ 63% of all amplitude realiza-
tions will be below the r.m.s. value �DM.

We refer to the conventional approach assuming �0 =
�DM as deterministic and approaches that account for
the VULF amplitude fluctuations as stochastic. To com-
pare these two approaches we choose a Bayesian frame-
work and calculate the numerical factor a↵ecting cou-
pling constraints, allowing us to provide modified exclu-
sion plots of previous deterministic constraints [33–39].
It is important to emphasize that di↵erent frameworks
to interpret experimental data than presented here could
change the magnitude of this numerical factor [56–59].
In any case, accounting for this stochastic nature will
generically relax existing constraints as we show below.

Establishing constraints on coupling strength — We
follow the Bayesian framework [60] (see application to
VULFs in Ref. [41]) to determine constraints on the cou-
pling strength parameter �. Bayesian inference uses prior
information (such as assuming that one candidate makes
up all of the DM, or conditions imposed by the SHM) to
derive posterior probability distributions for given propo-
sitions or model parameters. One additional prior we
assume here is that the DM signal is well below the ex-
perimental noise floor. The central quantity of interest in
our case is the posterior distribution for possible values

⇢ =
1

2
m2�2 also oscillates

!v ⇡ m(1 + v2)

X

i

�0,i cos (mt+ fi) = �0 cos(mt+ f)� /
Z vmax

0
d3v e�v2/�2

0ei!vte�im~v·~xeif~v + c.c.
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Gravitational wave detection 
through their absorption by binaries 

 The Hz band is very rich for astrophysical and cosmological sourcesμ

 The resonant absorption of GWs by binaries may give a handle 

 2025:  the use of time of arrival makes it even more sensitive!

Blas&Jenkins Phys.Rev.Lett. 128 (2022) 10, 101103 (in 2038, from LLR) 

 guaranteed physics case!!!!

 Future: complete data analysis (work in progress: Foster, Blas, Bourguin, Foster, Hees, Herrero, Jenkins)

other systems (libration, Oort,…)
mini-F: dedicated mission with large P and e



Miró, 1937.

“Help Spain” poster calling

for international help in 

to support the democratic republic

in the Spanish Civil war. 

Help to perform the

real analysis welcome!


