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Taxonomy of GWsA taxonomy of GW signals
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binarias compactas  

BH binaries

supernovae

pulsars
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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)⇢GW ⇠ M2
P!

2h2
GW
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⇢c = 1.2⇥ 1011M�Mpc�3⇢c ⇠ keV/cm3



Stochastic gravitational-wave background (SGWB)

incoherent, persistent GW signal

faint/numerous sources

astrophysical and cosmological

GW density parameter:

œGW(f ) =
1

flcrit

dflGW

d(ln f )
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GWs soundscape today
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Possible backgrounds & ideas at Hz: a rich bandμ
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Possible backgrounds & ideas at Hz: a rich bandμ
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Backgrounds from fundamental physics
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i) Ares: LISA-like conceptμ
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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
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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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ii) Ranging of asteroids?



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

     Klioner                 1710.11474

    Garcia-Bellido et al. 2104.04778

Çalışkan et al 2312.03069

https://arxiv.org/abs/2204.07677


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



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
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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)

@W

@t
= �@i

⇣
D(1)

i W
⌘
+ @i@j

⇣
D(2)

ij W
⌘

with @i ⌘ @/@Xi

D(1)
i = Vi + lim

⌧!0

1

⌧

Z t+⌧

t
dt0

Z t0

t
dt00 h�j (x, t

00) @j�i (x, t
0)i .

D(2)
ij = lim

⌧!0

1

2⌧

Z t+⌧

t
dt0

Z t+⌧

t
dt00 h�i (x, t

0)�j (x, t
00)i .

r̈i +
GM

r3
ri = �ik

1

2
ḧkjr

j

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
(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)
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(averaged over orbits) 

Our approach to the problem
Blas&Jenkins Phys.Rev.Lett. 128 (2022) 10, 101103 
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Our approach to the problem
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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
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Credit: J. Foster 

(work in progress,  Blas, Bourguin, Foster, Hees, Herrero, Jenkins)



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)

Possible backgrounds

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

in 2050
Murphy 1309.6294

(2038 line requires replacing the mirrors 
…may/will happen before 2030!)
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Hz GWsμ
 The Hz band is very rich for astrophysical and cosmological sourcesμ

 The resonant absorption of GWs by binaries (LLR/SLR/pulsars) may      
give a handle at level (in 2038)  

 There are ideas of how to access it, though most of them are futuristic

 Future plans:  use LLR, SLR, pulsar data (w/ SYRTE, SCF_Lab, MPIfRA, 
Nanograv people…): we need/welcome new hands.


   Find other resonant effects   
   (e.g. in rotation, w. M de Amicis, wide binaries….which frequencies?)
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Interaction GWs with light

UHFGWs -> Laboratory searches

Interaction GWs with matter external dofs

Interaction GWs with spin or other internal dofs

we have a lot to learn from DM searches!

GWs interact with every source of energy-momentum!

in the laboratory



GWs and EM fields

GWs + EM field -> EM field
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Figure
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vertex.

Thus, the
field

redefinition
generates an

expansion
of the

triple
graviton

vertex
as shown

in
Fig. 3, giving

two
new

contributions
for

the
quadruple

graviton
vertex

with
the

two

param
eters

(a
1 , a

2 ).
So, by

choosing
a
proper

value
for

these
param

eters, we
can

cancel

som
e
of the

contributions to
the

quadruple
graviton

vertex
in
the

standard
Lagrangian.

For our fields, we use the m
ost general param

eterized
expansions which

are relevant to

the lowest order vertices. This m
eans that we write all possible param

eterized
com

binations

up
to
four h

for the
gravitational field

h
µ⌫ as

h 0
µ⌫ =

h
µ⌫ +

 h
c
1 h

µ↵ h
↵⌫
+
c
2 h

µ⌫ h
↵↵ i

+
 2 h

c
3 h

µ⌫ h
↵↵ h ��

+
c
4 h

µ⌫ h ↵�
h
↵� +

c
5 h

µ↵ h
↵⌫ h ��

+
c
6 h

µ↵ h
⌫� h ↵� i

+
 3 h

c
7 h

µ⌫ h
↵↵ h �� h

��
+
c
8 h

µ⌫ h
↵↵ h ��

h
�� +

c
9 h

µ⌫ h ↵�
h �� h

�↵

+
c
1
0 h

µ↵ h
↵⌫ h �� h

��
+
c
1
1 h

µ↵ h
↵⌫ h
�� h ��

+
c
1
2 h

µ↵ h
⌫� h ↵�

h
��

+
c
1
3 h

µ↵ h
�⌫ h ↵�

h
��

i
+
· · · ,

(2.50)

1
8

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

analogy with axions + EM field -> EM field 
<latexit sha1_base64="CdPTF4gDFoC9l6MDGNcYzmInRoM=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegEDxGMA/ILmF2djYZMvtgplcIS37DiwdFvPoz3vwbJ8keNLGgoajqprvLT6XQaNvfVmltfWNzq7xd2dnd2z+oHh51dJIpxtsskYnq+VRzKWLeRoGS91LFaeRL3vXHdzO/+8SVFkn8iJOUexEdxiIUjKKRXEpcFDLgpEmag2rNrttzkFXiFKQGBVqD6pcbJCyLeIxMUq37jp2il1OFgkk+rbiZ5illYzrkfUNjGnHt5fObp+TMKAEJE2UqRjJXf0/kNNJ6EvmmM6I40sveTPzP62cY3ni5iNMMecwWi8JMEkzILAASCMUZyokhlClhbiVsRBVlaGKqmBCc5ZdXSeei7lzVLx8ua43bIo4ynMApnIMD19CAe2hBGxik8Ayv8GZl1ov1bn0sWktWMXMMf2B9/gCHmJC2</latexit>

aF̃F

Raffelt Stodolsky 87

2.6
Field

Redefinition

2

T
h
eo
re
tica

l
B
a
c
k
g
ro
u
n
d

h

[
a
\

g

field
operators.

W
e
can

illustrate
this

theorem
by
taking

a
scalar

field
�
as
an
exam

ple,

where
the

generating
functional is given

by

Z
= Z

D
[�] exp ⇣

i Z

d 4

x
L(�, @

µ �) ⌘
.

(2.46)

Now, redefining
the

scalar field
�
!

�̃
=
�
+
a
1 � 2

+
a
2 � 3

+
· · ·, we

get

Z
= Z

D
[�̃] exp ⇣

i Z

d 4

x
L(�̃, @

µ �̃) ⌘
.

(2.47)

This
redefinition

is
allowed

as
long

as
the

Jacobian
of the

integral is
essentially

one
[10].

Sim
ilarly, we

can
also

redefine
the

other fields: h
µ⌫ , �, and

�̄.

Now
let us explain

how
the field

redefinition
can

sim
plify

the Lagrangian. Consider the

following
field

redefinition
for the

gravitational field

h
µ⌫

!

h 0
µ⌫ =

h
µ⌫ +

 h
a
1 h

µ� h
�⌫
+
a
2 h

µ⌫ h
��
i
+
· · ·

.

(2.48)

Inserting
this into

h
µ⌫ @ µ

h ⌫↵
@
↵ h �� , which

is part of the
triple

graviton
vertex, as an

illus-

tration
gives

h
µ⌫ @ µ

h ⌫↵
@
↵ h ��

!

h
µ⌫ @ µ

h ⌫↵
@
↵ h ��

+
a
1 h

µ� h
�⌫
@ µ
h ⌫↵

@
↵ h ��

+
a
2 h

µ⌫ h
��
@ µ
h ⌫↵

@
↵ h ��

+
· · · ,

(2.49)

Figure
3: Field

redefinition
for the

triple
graviton

vertex.

Thus, the
field

redefinition
generates an

expansion
of the

triple
graviton

vertex
as shown

in
Fig. 3, giving

two
new

contributions
for

the
quadruple

graviton
vertex

with
the

two

param
eters

(a
1 , a

2 ).
So, by

choosing
a
proper

value
for

these
param

eters, we
can

cancel

som
e
of the

contributions to
the

quadruple
graviton

vertex
in
the

standard
Lagrangian.

For our fields, we use the m
ost general param

eterized
expansions which

are relevant to

the lowest order vertices. This m
eans that we write all possible param

eterized
com

binations

up
to
four h

for the
gravitational field

h
µ⌫ as

h 0
µ⌫ =

h
µ⌫ +

 h
c
1 h

µ↵ h
↵⌫
+
c
2 h

µ⌫ h
↵↵ i

+
 2 h

c
3 h

µ⌫ h
↵↵ h ��

+
c
4 h

µ⌫ h ↵�
h
↵� +

c
5 h

µ↵ h
↵⌫ h ��

+
c
6 h

µ↵ h
⌫� h ↵� i

+
 3 h

c
7 h

µ⌫ h
↵↵ h �� h

��
+
c
8 h

µ⌫ h
↵↵ h ��

h
�� +

c
9 h

µ⌫ h ↵�
h �� h

�↵

+
c
1
0 h

µ↵ h
↵⌫ h �� h

��
+
c
1
1 h

µ↵ h
↵⌫ h
�� h ��

+
c
1
2 h

µ↵ h
⌫� h ↵�

h
��

+
c
1
3 h

µ↵ h
�⌫ h ↵�

h
��

i
+
· · · ,

(2.50)

1
8

O(Fµ⌫)



Connection to axions

This already sets the scale of the GW we want to measure:

for resonant production (for constant )   ⃗B λgw ≈ L

waves of (a priori) laboratory size





LISA

1 Introduction

The groundbreaking discovery of Gravitational Waves
(GWs) by ground-based laser interferometric detec-
tors in 2015 is changing astronomy [1] by opening
the high-frequency gravitational wave window to ob-
serve low mass sources at low redshift. The Senior
Survey Committee (SSC) [2] selected the L3 science
theme, The Gravitational Universe [3], to open the 0.1
to 100mHz Gravitational Wave window to the Uni-
verse. This low-frequency window is rich in a variety
of sources that will let us survey the Universe in a new
and unique way, yielding new insights in a broad range
of themes in astrophysics and cosmology and enabling
us in particular to shed light on two key questions: (1)
How, when and where do the first massive black holes
form, grow and assemble, and what is the connection
with galaxy formation? (2) What is the nature of grav-
ity near the horizons of black holes and on cosmologi-
cal scales?
We propose the LISA mission in order to respond to
this science theme in the broadest way possible within
the constrained budget and given schedule. LISA en-
ables the detection of GWs from massive black hole
coalescences within a vast cosmic volume encompass-
ing all ages, from cosmic dawn to the present, across
the epochs of the earliest quasars and of the rise of
galaxy structure. The merger-ringdown signal of these
loud sources enables tests of Einstein’s General Theory
of Relativity (GR) in the dynamical sector and strong-
field regime with unprecedented precision. LISA will
map the structure of spacetime around the massive
black holes that populate the centres of galaxies using
stellar compact objects as test particle-like probes. The
same signals will also allow us to probe the population
of these massive black holes as well as any compact ob-
jects in their vicinity. A stochastic GW background or
exotic sources may probe new physics in the early Uni-
verse. Added to this list of sources are the newly discov-
ered LIGO/Virgo heavy stellar-origin black hole merg-
ers, whichwill emitGWs in the LISAband from several
years up to a week prior to their merger, enabling coor-
dinated observations with ground-based interferome-
ters and electromagnetic telescopes. The vast majority
of signals will come from compact galactic binary sys-
tems, which allow us to map their distribution in the
Milky Way and illuminate stellar and binary evolution.
LISA builds on the success of LISA Pathfinder
(LPF) [4], twenty years of technology development,
and the Gravitational Observatory Advisory Team
(GOAT) recommendations. LISA will use three arms

and three identical spacecraft (S/C) in a triangular for-
mation in a heliocentric orbit trailing the Earth by
about 20○. The expected sensitivity and some poten-
tial signals are shown in Figure 1.

Figure 1: Examples of GW sources in the fre-
quency range of LISA, compared with its sensi-
tivity for a 3-armconfiguration. Thedata are plot-
ted in terms of dimensionless ‘characteristic strain
amplitude’ [5]. The tracks of three equalmass black
hole binaries, located at z = 3 with total intrin-
sic masses 107, 106 and 105M⊙, are shown. The
source frequency (and SNR) increases with time,
and the remaining time before the plunge is indi-
cated on the tracks. The 5 simultaneously evolv-
ing harmonics of an Extreme Mass Ratio Inspiral
source at z = 1.2 are also shown, as are the tracks of
a number of stellar origin black hole binaries of the
type discovered by LIGO. Several thousand galac-
tic binaries will be resolved after a year of obser-
vation. Some binary systems are already known,
and will serve as verification signals. Millions of
other binaries result in a ‘confusion signal’, with a
detected amplitude that is modulated by the mo-
tion of the constellation over the year; the average
level is represented as the grey shaded area.

An observatory that can deliver this science is de-
scribed by a sensitivity curve which, below 3mHz, will
be limited by acceleration noise at the level demon-
strated by LPF. Interferometry noise dominates above
3mHz, with roughly equal allocations for photon shot
noise and technical noise sources. Such a sensitivity
can be achieved with a 2.5million km arm-length con-
stellation with 30 cm telescopes and 2W laser systems.
This is consistent with the GOAT recommendations
and, based on technical readiness alone, a launchmight
be feasible around 2030. We propose amission lifetime
of 4 years extendable to 10 years for LISA.

Page 6 LISA – 1. INTRODUCTION

Amaro-Seoane et al. 1702.00786
LISA Sources



Arcetri, Oct 26th 2021
Sebastian A. R. Ellis — Tuning in to Radio Gravity

Crucial question: what sources above kHz?

?

<latexit sha1_base64="8rFzh+ReFPcU7igGF62RibMb1OY=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKexKRG8GvXiMYB6QLGF20kmGzM6uM71iWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEc6jzSEa6FTADUiioo0AJrVgDCwMJzWB0M/Wbj6CNiNQ9jmPwQzZQoi84Qyu1OghPmF5NusWSW3ZnoMvEy0iJZKh1i1+dXsSTEBRyyYxpe26Mfso0Ci5hUugkBmLGR2wAbUsVC8H46ezeCT2xSo/2I21LIZ2pvydSFhozDgPbGTIcmkVvKv7ntRPsX/qpUHGCoPh8UT+RFCM6fZ72hAaOcmwJ41rYWykfMs042ogKNgRv8eVl0jgre5Xy+V2lVL3O4siTI3JMTolHLkiV3JIaqRNOJHkmr+TNeXBenHfnY96ac7KZQ/IHzucPUreQKg==</latexit>

PBH inspirals 

Superradiance 

Exotic objects 

…

Standard Model:

Stochastic

BSM:

Thermal plasma fluctuations 

Ghiglieri & Laine (2015) 

Ghiglieri et al (2020) 

Ringwald et al (2020)

Inflation 

Phase transitions 

Cosmic Strings 

…

Coherent

The Gravitational Soundscape at high frequencies

3 Aggarwal et al, 2011.12414

Ringwald et al, 2011.04731 

Very different picture comparing to EM spectrum

standard

physics

new physics

Primordial plasma 

thermal fluctuations

Ghiglieri et al JHEP 07 (2020) 092
Ringwald et al JCAP 03 (2021) 054

Light PBHB

Ultra-light DM

Exotic objects

Arcetri, Oct 26th 2021
Sebastian A. R. Ellis — Tuning in to Radio Gravity

Crucial question: what sources above kHz?

?

<latexit sha1_base64="8rFzh+ReFPcU7igGF62RibMb1OY=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKexKRG8GvXiMYB6QLGF20kmGzM6uM71iWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEc6jzSEa6FTADUiioo0AJrVgDCwMJzWB0M/Wbj6CNiNQ9jmPwQzZQoi84Qyu1OghPmF5NusWSW3ZnoMvEy0iJZKh1i1+dXsSTEBRyyYxpe26Mfso0Ci5hUugkBmLGR2wAbUsVC8H46ezeCT2xSo/2I21LIZ2pvydSFhozDgPbGTIcmkVvKv7ntRPsX/qpUHGCoPh8UT+RFCM6fZ72hAaOcmwJ41rYWykfMs042ogKNgRv8eVl0jgre5Xy+V2lVL3O4siTI3JMTolHLkiV3JIaqRNOJHkmr+TNeXBenHfnY96ac7KZQ/IHzucPUreQKg==</latexit>

PBH inspirals 

Superradiance 

Exotic objects 

…

Standard Model:

Stochastic

BSM:

Thermal plasma fluctuations 

Ghiglieri & Laine (2015) 

Ghiglieri et al (2020) 

Ringwald et al (2020)

Inflation 

Phase transitions 

Cosmic Strings 

…

Coherent

The Gravitational Soundscape at high frequencies

3 Aggarwal et al, 2011.12414

Ringwald et al, 2011.04731 

Arcetri, Oct 26th 2021
Sebastian A. R. Ellis — Tuning in to Radio Gravity

Crucial question: what sources above kHz?

?

<latexit sha1_base64="8rFzh+ReFPcU7igGF62RibMb1OY=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKexKRG8GvXiMYB6QLGF20kmGzM6uM71iWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEc6jzSEa6FTADUiioo0AJrVgDCwMJzWB0M/Wbj6CNiNQ9jmPwQzZQoi84Qyu1OghPmF5NusWSW3ZnoMvEy0iJZKh1i1+dXsSTEBRyyYxpe26Mfso0Ci5hUugkBmLGR2wAbUsVC8H46ezeCT2xSo/2I21LIZ2pvydSFhozDgPbGTIcmkVvKv7ntRPsX/qpUHGCoPh8UT+RFCM6fZ72hAaOcmwJ41rYWykfMs042ogKNgRv8eVl0jgre5Xy+V2lVL3O4siTI3JMTolHLkiV3JIaqRNOJHkmr+TNeXBenHfnY96ac7KZQ/IHzucPUreQKg==</latexit>

PBH inspirals 

Superradiance 

Exotic objects 

…

Standard Model:

Stochastic

BSM:

Thermal plasma fluctuations 

Ghiglieri & Laine (2015) 

Ghiglieri et al (2020) 

Ringwald et al (2020)

Inflation 

Phase transitions 

Cosmic Strings 

…

Coherent

The Gravitational Soundscape at high frequencies

3 Aggarwal et al, 2011.12414

Ringwald et al, 2011.04731 

?

Stochastic Coherent

Arcetri, Oct 26th 2021
Sebastian A. R. Ellis — Tuning in to Radio Gravity

Crucial question: what sources above kHz?

?

<latexit sha1_base64="8rFzh+ReFPcU7igGF62RibMb1OY=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKexKRG8GvXiMYB6QLGF20kmGzM6uM71iWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEc6jzSEa6FTADUiioo0AJrVgDCwMJzWB0M/Wbj6CNiNQ9jmPwQzZQoi84Qyu1OghPmF5NusWSW3ZnoMvEy0iJZKh1i1+dXsSTEBRyyYxpe26Mfso0Ci5hUugkBmLGR2wAbUsVC8H46ezeCT2xSo/2I21LIZ2pvydSFhozDgPbGTIcmkVvKv7ntRPsX/qpUHGCoPh8UT+RFCM6fZ72hAaOcmwJ41rYWykfMs042ogKNgRv8eVl0jgre5Xy+V2lVL3O4siTI3JMTolHLkiV3JIaqRNOJHkmr+TNeXBenHfnY96ac7KZQ/IHzucPUreQKg==</latexit>

PBH inspirals 

Superradiance 

Exotic objects 

…

Standard Model:

Stochastic

BSM:

Thermal plasma fluctuations 

Ghiglieri & Laine (2015) 

Ghiglieri et al (2020) 

Ringwald et al (2020)

Inflation 

Phase transitions 

Cosmic Strings 

…

Coherent

The Gravitational Soundscape at high frequencies

3 Aggarwal et al, 2011.12414

Ringwald et al, 2011.04731 

Inflation

Phase transitions,

Cosmic strings


Close encounters of BHs

Sources of UHFGW ( )    > 10 kHz
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A very exploratory field… 

we still need to deeply think what’s better for the future

?do we move to something else
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(shaking the walls)
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FIG. 1. Cartoon of a two-spherical-cell setup, illustrating the two coexisting signals. The pump mode E0 of the cavity is

driven at frequency !0 (orange). The incoming gravitational wave of frequency !g either directly couples to the electromagnetic

fields (left inset) or indirectly by exciting the mechanical vibrational modes at frequencies !p (right inset), thereby sourcing

electromagnetic power at !0 ± !g. Thus, the signal mode E1 at frequency !1 is resonantly excited if !g ' |!1 � !0|, which is

read out by a directional coupler centered around !1. The mode profiles of the mechanical vibrations (as indicated by the solid

boundary of the cells) and the electromagnetic modes (orange and blue lines) are shown for an optimal configuration. A scan

across various gravitational wave frequencies amounts to tuning the electromagnetic frequency di↵erence !1 � !0, which can

be performed by, e.g., varying the diameter of the central aperture connecing the two cells.

10 kHz to GHz range. The large quality factors of SRF cavities, Q ⇠ 1011 operating at !0 ⇠ GHz, allow them to act

as e�cient converters of mechanical to EM energy and operate with much smaller readout noise than the mechanical-

EM transducers employed in modern Weber bar experiments [37–40]. In this sense, the optimal setup described here

functions as a Weber bar with significantly reduced EM noise, resulting in increased sensitivity to GW frequencies

that are outside the bandwidth of the mechanical resonance. This is discussed in more detail in Sec. VI. As a result,

even for fixed EM frequency splittings, in which case most GW frequencies can only excite the signal o↵ resonance,

the reduced EM noise allows this setup to potentially operate as an exquisite broadband detector of high-frequency

GWs. In this case, such a search has the added benefit of being sensitive to transient signals that would otherwise be

missed by a scanning experiment. For the analysis in this paper, we will consider spherical-cell SRF cavities (such as

those employed in the MAGO prototype), since their enhanced symmetry allows greater coverage of the GW sky as

well as the availability of analytic results for the various mode profiles.1 However, this setup can be applied to any

cavity geometry, including the elliptical cavities currently used for state-of-the-art SRF systems.

Compared to previous work, we introduce three new results: 1) we compute a new source of signal from the direct

coupling between the GW and the EM energy in the cavity, 2) we discuss the sensitivity of a broadband operation

of the experimental apparatus, where the parameters of the cavity are not resonantly tuned to the GW frequency,

and 3) we analytically determine the GW-mechanical and mechanical-EM coupling for spherical cavities, allowing

us to estimate the sensitivity as a function of the GW’s polarization and direction of propagation. The outline of

this paper is as follows. In Sec. II, we discuss signals arising from either the GW-mechanical or GW-EM coupling.

1 Spherical Weber bars have been studied in, e.g., Refs. [41–46].

MAGO set-up
(Microwave Apparatus for Gravitational Waves Observation) 
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Figure 4. Sketch of Weber’s cylinder detector and photo of Joseph Weber at the antenna.

Weber built two detectors. The 2rst one was at the University of Maryland and the other was
situated 950 km away, in Argonne National Laboratory near Chicago. Both detectors were
connected to a registration center by a high-speed phone line. The idea of having two antennas
separated by a large distance allowed Weber to eliminate spurious local signals, that is, signals
produced by local disturbances such as thunderstorms, cosmic rays showers, power supply
5uctuations, etc. In other words, if a detected signal was not recorded simultaneously in both
laboratories, the signal should be discarded because it was a local signal and therefore spurious.

For several years, Weber made great eAorts to isolate his cylinders from spurious vibrations,
local earthquakes, and electromagnetic interference, and argued that the only signi2cant source of
background noise was random thermal motions of the atoms of the aluminum cylinder. This
thermal agitation caused the cylinder length to vary erratically by about 10W16 meters, less than the
diameter of a proton; however, the gravitational signal he anticipated was not likely to get much
greater than the threshold stochastic noise caused by thermal agitation.

It took several years for Weber and his team to begin detecting what they claimed were
gravitational wave signals. In 1969 he published results announcing the detection of waves [23]. A
year later, Weber claimed that he had discovered many signals that seemed to emanate from the
center of our galaxy [24]. This meant that in the center of the Milky Way a lot of stellar mass became
energy (E = mc2) in the form of gravitational waves, thus reducing the mass of our galaxy. This
“fact” presented the problem that a mass conversion into energy as large as Weber’s results implied
involved a rapid decrease of the mass that gravitationally keeps our galaxy together. If that were the
case, our galaxy would have already been dispersed long ago. Theoretical physicists Sciama, Field,
and Rees calculated that the maximum conversion of mass into energy for the galaxy, so as not to
expand more than what measurements allowed, corresponded to an upper limit of 200 solar masses
per year [25]. However, Weber’s measurements implied that a conversion of 1000 solar masses per
year was taking place. Something did not 2t. Discussions took place to determine what mechanisms
could make Weber’s measurements possible. Among others, Charles Misner, also from the
University of Maryland, put forward the idea that signals, if stemming from the center of the Milky
Way, could have originated by gravitational synchotron radiation in narrow angles, so as to avoid
the above constraints considered for isotropic emission. Some others, like Peter Kafka of the Max
Planck Institute in Munich, claimed in an essay for the Gravity Research Foundation’s contest in
1972 (in which he won the second prize) that Weber’s measurements, if they were isotropically
emitted, and taking into account the ineFciency of bars, would imply a conversion of three million
solar masses per year in the center of the Milky Way [26]. It soon became clear that Weber’s alleged
discoveries were not credible. Weber’s frequent observations of gravitational waves related to very
sporadic events and raised many suspicions among some scientists. It seemed that Weber was like
those who have a hammer in hand and to them everything looks like a nail to hit. 

this rings the solid (Weber bars)
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FIG. 5. Reach of a MAGO-like setup to monochromatic GWs. The mechanical (purple) and EM (blue) signals are separated

for visual comparison, but they would both be present in a single experiment. The shaded purple and blue regions labeled

“scanning” and “scanning (EM)” show the sensitivity to mechanical and EM signals, respectively, for a scanning setup in

which the EM mode splitting is matched to the GW frequency, i.e., !1 � !0 = !g and assuming vibrational noise as inferred

by recent Fermilab measurements of cavity microphonics. The solid and dashed light-shaded contours labeled “scanning

(thermal)” and “non-scanning (thermal)” show the sensitivity when vibrational noise is attenuated to its irreducible thermal

value, for a scanning or broadband setup, respectively. In the latter case, the EM mode splitting is fixed to the lowest-lying

mechanical resonance, i.e., !1 � !0 = min !p ⇠ 10 kHz. In the scanning or broadband setup, the time to cover an e-fold in

!g or the total experimental time are fixed to 1 year, respectively. The degree of overcoupling to the readout is optimized for

105
 Qcpl  1010 (fixed to Qcpl = 105) at each frequency for the scanning (non-scanning) projection. Also shown in gray

are existing limits from LIGO-Virgo [67], AURIGA [39, 62, 68], bulk acoustic wave (BAW) resonators [18], and the Holometer

experiment [17]. The green shaded region corresponds to signals generated from superradiant bosonic clouds around black holes

of mass M? ⇠ M� (105 Hz/!g) at a distance of 1 kpc (see Appendix F).

GWs. These include searches performed by LIGO and VIRGO7 [67], the Weber bar experiment AURIGA [39, 62, 68],

the Holometer interferometer [17], and a bulk acoustic wave (BAW) resonant mass antenna [18]. The green shaded

region corresponds to the predicted signal strength of coherent GWs generated from superradiant bosonic clouds

around black holes of mass M? ⇠ M� (105 Hz/!g) at a distance of 1 kpc [28, 69]. We refer the interested reader to

Appendix F for further discussion of such signals.

VI. COMPARISONS TO OTHER EXPERIMENTS

In Fig. 5, we estimated the reach to coherent GWs with amplitude h0. However, to compare to other experimental

setups, it is often more useful to phrase the sensitivity in terms of the “e↵ective noise strain” PSD Snoise

h , since it

7 Note that the reach of LIGO-Virgo cannot be extrapolated beyond ⇠ 10 kHz. Besides the fact that current data is sampled at ⇠ 16 kHz,

there is also a lack of feasible calibration to understand and control the changed optical response at high frequencies. We thank M.

Seglar and O. Piccinni for discussions on this point.

today’s noise

2 K floor

1 yr integration (each measurement ms)!
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Multiband approach to GWs: great potential to transform both astrophysics and BSM

i) there is vigours effort to in four regions (CMB/PTA/LISA/LVK)

ii) new ideas are needed in other phenomenologically rich regions  
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For this: 
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