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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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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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growing interest!



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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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
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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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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. 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].
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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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field
operators.

W
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can

illustrate
this

theorem
by
taking

a
scalar

field
�
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ple,

where
the

generating
functional is given

by

Z
= Z
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i Z

d 4
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µ �) ⌘
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(2.46)

Now, redefining
the

scalar field
�
!

�̃
=
�
+
a
1 � 2

+
a
2 � 3

+
· · ·, we

get

Z
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D
[�̃] exp ⇣
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d 4

x
L(�̃, @

µ �̃) ⌘
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(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
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for the

gravitational field
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· · ·
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Inserting
this into

h
µ⌫ @ µ

h ⌫↵
@
↵ h �� , which

is part of the
triple

graviton
vertex, as an

illus-

tration
gives
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↵ h ��
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+
· · · ,

(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
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up
to
four h

for the
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Outlook
A very exploratory field…  

we still need to deeply think what’s better for this endeavour

(V. GRAV]TATION RESEARCH)
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Fig. V-20. Proposed antenna.

that is to be detected. This points out the principal feature of electromagnetically
coupled antennas relative to acoustically coupled ones such as bars; that an electro-
magnetic aDtenna can be.longer thar its acoustic counterpart in the ratio of the speed
of Ilght to the speed of sound !n materials, a faetor of l0-, Since it is not the strain
but rather the diJferential displacement that is measured in these gravitational antennas,
the proposed antenna can offer a distinct advantage in sensivity relative to bars in
detecting both broadband and 'single-frequenc)' gravitational radiation' A significant
improvement in thermal noise can also be realized.

5, Noise Sources in the -{ntenna

The power spectrurn of noise from various sources in an antenna of the design shorvn
in Fig, V-20 is estimated below. The power spectra are given in equivalent displace-
ments squared per unit frequeney interval,
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FIG. 3. Power spectral densities (PSDs) evaluated at !0 + !g for the total mechanical signal (blue) and noise arising from

thermal occupation of the EM modes (pink), thermal occupation of the mechanical modes (green), and a quantum-limited

amplifier (cyan). The characteristic strain of the gravitational wave is set to h0 = 10�20. The contribution of a single excited

mechanical mode at ⇠ 1 MHz to the signal (dashed blue) and noise (dashed green) is also shown. See Sec. IV for further details

regarding noise. The parameters of the cavity are the same as shown later in Fig. 5. Left: PSDs for a scanning setup, in which

the EM mode splitting is fixed to the GW frequency, !1 � !0 = !g. Right: PSDs for a non-scanning setup, in which the EM

mode splitting is fixed to the lowest-lying spin-2 mechanical resonance, !1 � !0 = min !p ⇠ 10 kHz with mechanical quality

factor Qp = 106.

from relating the metric in the PD frame to that in the TT frame hPD
⇠ (!gV

1/3

cav )2 h0. When !g ' |!1 � !0|, this

resonantly excites the signal mode, leading to a total integrated signal power of [47, 50, 51]

P (EM)

sig
'

1

2

Q2
1
Qint

Qcpl

|⌘g
EM

|
2 Pin h2

0
⇥

�
!gV

1/3

cav

�4
, (12)

where we have defined the dimensionless GW-EM coupling

⌘g
EM

=

R
d3x E⇤

1
· ĵ

�
Vcav

R
d3x |E1|

2
�1/2

. (13)

Note that compared to the mechanically-sourced signal in Eq. (10), the direct EM signal in Eq. (12) is suppressed by

a factor of max(!g, !p)4 V 4/3

cav . This confirms the intuition laid out in the discussion near Eqs. (1) and (3) and justifies

our focus on the mechanical signal in this work. It is instructive to compare Eq. (12) to the signal power attainable

in a setup employing static EM fields. For instance, Ref. [48] recently proposed a modified version of the “DMRadio”

axion dark matter experiment, consisting of a static B-field applied to an LC circuit (whose resonant frequency is

matched to !g). As shown in Ref. [48], a distinct readout specialized to the GW-generated EM field (in the form of

a “figure-8” loop pickup) enables the same !g-scaling as shown in Eq. (12).

III. MECHANICAL AND ELECTROMAGNETIC MODE COUPLING

In this section, we highlight key requirements of the cavity design, focusing on optimization of the GW-mechanical

and mechanical-EM couplings, as defined in Eqs. (5) and (7), respectively. An optimal design will enable O(1) values

for both couplings, as well as EM modes with a tunable frequency splitting matched to the GW frequency. We

!1 � !0 = !g !1 � !0 = min!p ⇠ 10 kHz

h0 ⇠ 10�20


