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Spacecraft design
• Measurement points must be shielded from 

fluctuating non- gravitational influences

• The spacecraft protects test-masses (TMs) 
from external forces (drag-free system) and 
always adjusts itself on it using micro-
thrusters

•Readout:  - interferometric (sensitive axis of main laser/GW)

 - capacitive sensing (in the remaining 5 dofs)
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LISAPathfinder final main results

Successful demonstration of the ability to shield 
from fluctuating non-gravitational influences
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Spacecraft design
• Laser emission: each spacecraft sends 

a laser beam to the others.

• The received beam is too weak to reflect directly, so 
it is phase-locked and amplified locally.
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What do we expect to detect with LISA?

10 years of GWs

LISA  -   A. Petiteau  -  Journée P2I - Orsay - 27 Novembre 202424

Binaries observed by LISA
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Figure 2.2: Illustration of the primary LISA source classes in the gravitational wave (GW) frequency-amplitude plane.
Included are merging massive Black Hole binaries (MBHBs) and an extreme mass-ratio inspiral (EMRI) at moderate
redshift; stellar-mass Black Holes (sBHs), including potential multiband sources, at low redshift; and Galactic binaries
(GBs), including verification binaries (VBs), in the Milky Way. Chapter 3 presents each of these sources and their
science opportunities in detail. Solid teal, solid blue and dashed black lines denote sensitivity limits from instrumental
noise alone, the unresolved GW foreground, and their sum, respectively. The displacement of the cloud of resolvable
sources above the noise is due to the detection threshold being set to signal-to-noise ratio (SNR)=7. The grey shaded
area is the extrapolation of LISA’s instrumental noise below 0.1mHz. All quantities are expressed as Strain Amplitude
Spectral Densities (ASDs) in order to facilitate a unified plot. For deterministic signals, the ASD is not formally
defined but can be approximated as Af

p
f where Af is the Fourier amplitude and f is the Fourier frequency.

Spectral Densities

Spectral densities, which describe the distribution of signal energy as a function of frequency,
are a useful tool for expressing LISA’s instrument performance. Formally, the Power Spectral
Density is defined as the Fourier transform of the autocorrelation function. For a stochastic
signal x (t ) with units [·], the Power Spectral Density (PSD) gives the expectation value for
the variance of the Fourier transform, Sx (f ) / |hx̃ (f )i |

2 and has units [·]
2
/Hz. The PSD

is useful as it allows the strength of a potential GW signal to be compared to instrument
noise only over the relevant portion of the measurement band. In most of this document, the
Amplitude Spectral Density (ASD),

p
Sx (f ), with units [·]/

p
Hz, is used.

As with electromagnetic radiation, different science opportunities reside in different bands of the
gravitational wave spectrum but require distinct approaches to realise sufficiently sensitive instruments.
Figure 2.1 presents a schematic representation of the GW spectrum, spanning more than ten decades
in frequency. The millihertz frequency band targeted by LISA sits between the higher frequencies
covered by ground-based detectors and the lower frequencies observed by pulsar timing arrays.
LISA’s measurement band is expected to have a rich and diverse population of astrophysical –
and potentially cosmological – sources, and thus provides an extremely broad science case for GW
astronomy. Figure 2.2 provides an illustration of a selection of LISA sources in the GW frequency

Page 19/155
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Galactic Binaries
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LISA Science
‣ SO1: Study the formation and evolution of compact binary                                         

stars in the Milky Way Galaxy: 
• Formation and evolution pathways of dark compact                                                  binary 

stars in the Milky Way and in neighbouring galaxies; 
• The Milky Way mass distribution; 
• The interplay between gravitational waves and tidal dissipation.

Sun

Precision: 
•Distance:  30% - 1% 
•Chirp mass: 10% - 0.0001% 
•Sky position: few deg2
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∼
∼

• A large number of stars are in binary 
systems and evolve towards WD, NS 
and stellar BH binaries (expected ~60 
millions in the galaxy)

• Most are in the inspiral phase: 
quasi-monochromatic, 
permanent GW signal

Compact binaries in the galaxy

• ~ 20 known WD systems are guaranteed LISA sources: verification binaries 

• Resolved binaries: ~ 25000 sources are expected with SNR 7-1000 

• Stochastic foreground from sources with too low SNR, yearly modulated
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optimisations.
Because the sources overlap both in time and in frequency, the search step must operate as a “global
fit”, simultaneously solving for the joint distribution of parameters for every source present in the data
(see Section 8.3.2). From this joint distribution it will be possible to construct marginal distributions
for individual events, and hence reconstruct the source waveforms, with uncertainties, accounting for
confusion with other sources (see Section 8.4). It will also be possible to compute the correlation
between pairs of events and to construct a distribution for the total signal component of the data
and the residual after subtracting this total signal component. This residual will be valuable when
searching for unknown sources.

8.3.1 Waveforms: current status and prospective

Figure 8.3: Shapes of the waveforms corresponding to the
GW emission of (from top to bottom): Massive BH binary
mergers; Extreme-mass-ratio inspirals; a single Galactic
binary; a typical stochastic process; and a cosmic string
cusp.

The accuracy of the waveform model that links
source parameters to observed data directly lim-
its the precision of LISA’s source reconstruction.
Waveform models are on a development path to
reach the accuracy needed to control the system-
atic errors. Methods already exist to fold uncer-
tainties into source reconstruction [311]. Most
GW sources in the LISA data are expected to be
compact objects in a binary configuration. When
isolated, and far from coalescence, such systems
are characterised by a set of 17 physical param-
eters. These are the masses and (3D) angular
momenta of the two binary components, the ec-
centricity and inclination of the orbit of the binary
and parameters characterising the sky location,
distance and orientation of the system relative to
the Solar System. For Galactic binary sources,
the model can be simplified as the signals will
be approximately monochromatic, with perhaps
one and at most two frequency derivatives de-
tectable, the effect of the spins being too small
to be detected. For some systems there could be
additional effects due to the environment, such

as tidal effects, magnetic effects and planets around Galactic binaries or accretion disc effects in
extreme mass-ratio inspirals (EMRIs). Models including such effects will have additional parameters.
Stochastic backgrounds, another type of sources, are characterised by a variable number of parameters
that describe the overall amplitude, and spectral shape.
Typical GW signals that we expect to find in the LISA data stream are illustrated in Figure 8.3.
Waveform modelling for LISA has a strong foundation in the development of such models for ground-
based observations, which has been used to detect GWs from binaries and to infer their properties
since 2015. Three main methods are used to compute waveforms from first principles, covering
different parts of the parameter space (see Figure 8.4).
Numerical Relativity (NR) solves the field equations directly, building on the 2005 breakthrough [62,

Page 116/155
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Galactic Binaries - what we will learn?
SO1: Study the formation and evolution of compact binary 
   stars in the Milky Way Galaxy: 

        • Formation and evolution pathways of dark compact binary 
             stars in the Milky Way and in neighbouring galaxies; 

        • The Milky Way mass distribution; 

        • The interplay between gravitational waves and tidal dissipation 
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‣ SO1: Study the formation and evolution of compact binary                                         

stars in the Milky Way Galaxy: 
• Formation and evolution pathways of dark compact                                                  binary 

stars in the Milky Way and in neighbouring galaxies; 
• The Milky Way mass distribution; 
• The interplay between gravitational waves and tidal dissipation.

Sun

Precision: 
•Distance:  30% - 1% 
•Chirp mass: 10% - 0.0001% 
•Sky position: few deg2

∼
∼
∼

Foreground for Cosmology - to be subtracted

• Spatial distribution of ultra-compact binaries detected by LISA that are too dim 
for detection with EM telescopes?  

Spatial distribution of numerous individual double WDs 
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Super Massive BH Binaries

        LISA -   A. Petiteau  -  CPPM - 27th November 201770

Super Massive Black Hole Binaries
‣ Gravitational wave: 

• Inspiral: Post-Newtonian, 
• Merger: Numerical relativity, 
• Ringdown: Oscillation of the                                                       

resulting MBH. 

‣ Duration: between few hours and several months 
‣ Signal to noise ratio: until few thousands 
‣ Event rate: 10-100/year 

propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
Only the LIGO detectors were observing at the time of

GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg2 (90%
credible region) [39,46].
The basic features of GW150914 point to it being

produced by the coalescence of two black holes—i.e.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]

M ¼ ðm1m2Þ3=5

ðm1 þm2Þ1=5
¼ c3

G

!
5

96
π−8=3f−11=3 _f

"
3=5

;

where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ¼ m1 þm2 is ≳70M⊙ in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ¼ Ly ¼ L ¼ 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ¼ 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ¼ ðGMπf=c3Þ1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).
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MBH are indirectly observed in the 
centre of many galaxies.

Galaxies collide -> MBH must exist 
in binaries

The loudest LISA sources 
(Other than unexpected ones)

• MBHB from    to 104M⊙ 107M⊙

• Signal duration: from few hours to 
several months prior to merger

• SNR up to few thousands

• Up to z ~ 20!

• Expected rates: 10-100/year
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optimisations.
Because the sources overlap both in time and in frequency, the search step must operate as a “global
fit”, simultaneously solving for the joint distribution of parameters for every source present in the data
(see Section 8.3.2). From this joint distribution it will be possible to construct marginal distributions
for individual events, and hence reconstruct the source waveforms, with uncertainties, accounting for
confusion with other sources (see Section 8.4). It will also be possible to compute the correlation
between pairs of events and to construct a distribution for the total signal component of the data
and the residual after subtracting this total signal component. This residual will be valuable when
searching for unknown sources.

8.3.1 Waveforms: current status and prospective

Figure 8.3: Shapes of the waveforms corresponding to the
GW emission of (from top to bottom): Massive BH binary
mergers; Extreme-mass-ratio inspirals; a single Galactic
binary; a typical stochastic process; and a cosmic string
cusp.

The accuracy of the waveform model that links
source parameters to observed data directly lim-
its the precision of LISA’s source reconstruction.
Waveform models are on a development path to
reach the accuracy needed to control the system-
atic errors. Methods already exist to fold uncer-
tainties into source reconstruction [311]. Most
GW sources in the LISA data are expected to be
compact objects in a binary configuration. When
isolated, and far from coalescence, such systems
are characterised by a set of 17 physical param-
eters. These are the masses and (3D) angular
momenta of the two binary components, the ec-
centricity and inclination of the orbit of the binary
and parameters characterising the sky location,
distance and orientation of the system relative to
the Solar System. For Galactic binary sources,
the model can be simplified as the signals will
be approximately monochromatic, with perhaps
one and at most two frequency derivatives de-
tectable, the effect of the spins being too small
to be detected. For some systems there could be
additional effects due to the environment, such

as tidal effects, magnetic effects and planets around Galactic binaries or accretion disc effects in
extreme mass-ratio inspirals (EMRIs). Models including such effects will have additional parameters.
Stochastic backgrounds, another type of sources, are characterised by a variable number of parameters
that describe the overall amplitude, and spectral shape.
Typical GW signals that we expect to find in the LISA data stream are illustrated in Figure 8.3.
Waveform modelling for LISA has a strong foundation in the development of such models for ground-
based observations, which has been used to detect GWs from binaries and to infer their properties
since 2015. Three main methods are used to compute waveforms from first principles, covering
different parts of the parameter space (see Figure 8.4).
Numerical Relativity (NR) solves the field equations directly, building on the 2005 breakthrough [62,
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• LISA detects the inspiral, merger, ringdown
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Figure 3.4: Strain amplitude spectral density of the GW signal of merging MBHBs versus the observer-frame frequency,
for systems studied in Tables 3.2, 3.3, 3.4, with mass ratio 0.5. Source-frame masses and redshifts are indicated in
round boxes (coloured traces). Lines are colour coded according to the time to merger at each frequency. Solid teal,
solid blue and dashed black lines denote LISA’s instrumental strain amplitude, the Galactic foreground, and their sum,
respectively. The grey shaded area is the extrapolation of LISA’s instrumental noise below 0.1 mHz.

present at cosmic noon, around redshift z ⇠ 2, when the star formation rate and AGN activity reach
their peak [288]. EM observations further reveal the existence of rare, distant quasars at redshift
z ⇠ 6 � 7 [439], shining when the Universe was only 700–800Myrs old and the neutral baryons of the
intergalactic medium were still turning into a tenuous plasma, completing cosmic reionisation. They
have masses around 109 M� that can not form directly from the gravitational collapse of gigantic gas
clouds of such mass or any other object, and thus pose questions on their rapid mass growth from
seeds of about 102 to 104 M�, on time-scales of less than a billion years. MBHs are expected all to
be born from seeds, and current EM observations indicate that their present-day mass is acquired by
accretion and to a lesser extent by mergers. Early Black Hole growth is now being unveiled by JWST
[372] with the discovery of a vigorously accreting 106 M� MBH at z ⇠ 10 [289]. In addition JWST
is now observing a rich population of AGN with masses around 106–107 M� in the redshift interval
4< z < 11, with evidence of candidate merging MBHs around z ⇠ 4 [290]. LISA will be sensitive to
mergers of systems in this mass and redshift range.
MBHBs as LISA transient sources and the nature of the measurements – LISA will detect
the Inspiral-Merger-Ringdown (IMR) signal of MBHBs with total mass from 105 M� up to about
107 M�, and the inspiral-only of binaries of a few 103–104 M�. These sources become detectable by
LISA weeks/days/hours before the merger, depending on mass and redshift, and become quiescence
shortly after coalescence, forming a class of transient sources, in contrast to the continuous sources
such as Galactic binaries and EMRIs. Figure 3.4 shows IMR tracks of merging MBHB as a function
of the GW frequency f as measured in the LISA-frame. Figure 3.5 shows LISA’s cosmic horizon,
which extends even beyond z ⇠ 12. Thus, LISA will let us pierce deep into the epoch of cosmic
reionisation, when the first stars, Black Holes and galaxies are forming.
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SMBHB - what we will learn?
SO2: Trace the origin, growth and 
merger history of massive black holes
across cosmic ages:

• Discover seed black holes at cosmic 
dawn z;

• Study the growth mechanism and merger 
history of massive black holes from the 
epoch of the earliest quasars;

• Identify the electromagnetic counterparts of 
massive black hole binary coalescences.
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Figure 3.5: Left panel: contour lines of constant SNR from MBHBs. Binaries have mass ratio q =M1/M2 = 0.5 and
aligned spins of amplitude �1,2 = 0.2. The SNR, shown in the colour bar is the result of sky, polarisation and inclination
averaged for the dominant quadrupole mode. Right panel: Overlaid on the dashed contour lines of constant SNR
is the distribution of the two populations of MBHB mergers resulting from light seeds (light blue) and heavy seeds
(yellow) as simulated in [106]. The grey shaded areas show the current distribution of the AGN population [436], and
red dots indicate the quasars observed at 6.3< z < 7.5 [439]. For AGN and quasars, the mass M on the x -axis is that
of a single MBH.

3.2.2 Study the growth mechanism and merger history of massive Black
Holes from the epoch of the earliest quasars

Once the seeds are established, an extended epoch of MBH growth takes place from the time of
cosmic reionisation around z ⇠ 8 down to the present, crossing the epoch of cosmic noon at z ⇠ 2.
Figure 3.5 (right panel) depicts redshift and mass loci where mergers are expected to occur according
to an example model [106]. Accretion [253] and mergers [71] influence in different ways the evolution
of the BH mass and the spin in modulus and direction [92], informing whether accretion is chaotic,
leading to randomly oriented spins, or coherent, leading to aligned spins, parallel to the binary orbital
angular momentum [164].
The Science Investigation SI 2.2 aims to investigate the growth mechanisms of MBHs, from the
epoch of cosmic reionisation to the present, to answer the following questions:

• How do MBHs grow in mass?
• How do MBH spins evolve?
• How do MBHs assemble inside the cosmic web?
• How efficiently do MBHs merge and when?

SI 2.2 aims to detect the IMR signal from MBHB between a few 104 M� up to ⇠107 M�, at
redshift z Æ 8.

This investigation is split into two parts: SI 2.2a to show LISA’s capability of detecting and astro-
physically interpreting merger signals from MBHBs around the epoch of cosmic reionisation, and SI
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• Use SMBHB as standard candles/bright 
sirens to infer H0

contour lines of constant SNR from MBHBs. 
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Extreme Mass Ratio Inspirals
• Binaries for which the masses of the two 

objects are very different 

                10−7 < q ≡
m2

m1
< 10−4

• The waveforms are complex and 
the rates are highly uncertain

• The SNR can be as high as few hundreds

• They offer the opportunity to map the full BH 
population of the Universe

• Probe the properties and immediate 
environments of black holes in the local 
Universe

• They can be used to perform tests of General Relativity
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EMRIs
‣Capture of a “small” object by massive 

black hole (10 – 106 MSun): Extreme 
Mass Ratio Inspiral 
• Mass ratio > 1000 
• GW gives information on the geometry                          

around the black hole.  
• Test General Relativity in                                          

strong field 
• Frequency : 0.1 mHz to 0.1 Hz  
• Large number of source could                                     

be observed by LISA
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optimisations.
Because the sources overlap both in time and in frequency, the search step must operate as a “global
fit”, simultaneously solving for the joint distribution of parameters for every source present in the data
(see Section 8.3.2). From this joint distribution it will be possible to construct marginal distributions
for individual events, and hence reconstruct the source waveforms, with uncertainties, accounting for
confusion with other sources (see Section 8.4). It will also be possible to compute the correlation
between pairs of events and to construct a distribution for the total signal component of the data
and the residual after subtracting this total signal component. This residual will be valuable when
searching for unknown sources.

8.3.1 Waveforms: current status and prospective

Figure 8.3: Shapes of the waveforms corresponding to the
GW emission of (from top to bottom): Massive BH binary
mergers; Extreme-mass-ratio inspirals; a single Galactic
binary; a typical stochastic process; and a cosmic string
cusp.

The accuracy of the waveform model that links
source parameters to observed data directly lim-
its the precision of LISA’s source reconstruction.
Waveform models are on a development path to
reach the accuracy needed to control the system-
atic errors. Methods already exist to fold uncer-
tainties into source reconstruction [311]. Most
GW sources in the LISA data are expected to be
compact objects in a binary configuration. When
isolated, and far from coalescence, such systems
are characterised by a set of 17 physical param-
eters. These are the masses and (3D) angular
momenta of the two binary components, the ec-
centricity and inclination of the orbit of the binary
and parameters characterising the sky location,
distance and orientation of the system relative to
the Solar System. For Galactic binary sources,
the model can be simplified as the signals will
be approximately monochromatic, with perhaps
one and at most two frequency derivatives de-
tectable, the effect of the spins being too small
to be detected. For some systems there could be
additional effects due to the environment, such

as tidal effects, magnetic effects and planets around Galactic binaries or accretion disc effects in
extreme mass-ratio inspirals (EMRIs). Models including such effects will have additional parameters.
Stochastic backgrounds, another type of sources, are characterised by a variable number of parameters
that describe the overall amplitude, and spectral shape.
Typical GW signals that we expect to find in the LISA data stream are illustrated in Figure 8.3.
Waveform modelling for LISA has a strong foundation in the development of such models for ground-
based observations, which has been used to detect GWs from binaries and to infer their properties
since 2015. Three main methods are used to compute waveforms from first principles, covering
different parts of the parameter space (see Figure 8.4).
Numerical Relativity (NR) solves the field equations directly, building on the 2005 breakthrough [62,
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EMRIs
‣ Gravitational wave:  

• very complex waveform 
• No precise simulation at the moment 

‣ Duration: about 1 year 
‣ Signal to Noise Ratio: from tens to few hundreds 
‣ Event rate:                                                            

from few events per                                                                                                                                       
year to few                                                                
hundreds
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Cosmology with LISA

LISA  -  A. Petiteau  -  EDSU-Tools - Noirmoutier - 6th June 202421

LISA Science
‣SO6: Probe the rate of expansion of the Universe : 

• Cosmology from bright sirens: massive black hole binaries; 
• Cosmology from dark sirens: extreme mass ratio inspirals and stellar-origin 

black hole binaries; 
• Cosmology at all redshift: combining local and high-redshift LISA standard 

sirens measurements.

Constraint on the geometry of the Universe: 
•No calibration needed 
•H0 to a few % with observations up to z  3∼

• SMBHB can be used as “bright” sirens at high 
redshift to infer cosmological parameters, e.g., 
Hubble parameter 

• EMRIs and SOBHB can be used as dark sirens at 
smaller redshift to infer cosmological parameters,
 e.g., Hubble parameter 

EM counterparts and coincident GW detection: MBHB 
are expected to have counterparts if they occur in gaseous 
disks at the centre of galaxies (very uncertain rate)

• Both sources can be used to perform
tests of General Relativity
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Table 3.10: Accuracy of key cosmological parameter measurements (68% confidence level) obtained by different
LISA sources in 4 years of observations. Upper (lower) bounds represent pessimistic (optimistic) population scenarios.

Source H0 ⌦M w0

EMRIs [1 � 6]% [25 � 60]% [7 � 12]%
MBHBs [3 � 7]% [4 � 9]% -

SI 6.2 aims to constrain the expansion rate of the Universe with EMRIs out to z Æ 1.

Predictions for the number of extreme mass-ratio inspirals (EMRIs) that LISA will detect vary between
a few to several thousands per year [53] out to z ⇠ 3, with large uncertainties on their population due
to yet poorly understood astrophysics. Since EM counterparts from these events are not expected
to be bright enough to be observed, EMRIs can only be used as dark sirens. Assuming galaxy
catalogues complete up to z =1, a recent investigation [268] showed that a few high-SNR EMRIs,
observed up to z ⇠ 0.7, can safely be used to probe ⇤CDM with a joint estimate of H0 at few %
but large uncertainties on ⌦M (see Table 3.10). The same high-SNR events may allow us to get
some information also on the dark energy equation-of-state parameter w0, assuming H0 and ⌦M

known a priori. Constraints on H0 by a few percent will provide useful complementary insights to
solve the Hubble tension, assuming a solution will not be found before, while a gravitational-wave
measurement of dark energy will yield information not accessible by EM observations [84].

LISA aims to determine the rate of expansion of the Universe at low and medium redshifts
by combining GW observations and galaxy redshift surveys, with the further goal of testing
⇤CDM and obtaining insights on the nature of dark energy.

3.6.3 Cosmology at all redshift: combining local and high-redshift LISA
standard sirens measurements

LISA will be a unique observatory measuring the expansion rate of the Universe across cosmic
history. The joint-inference on H0 and ⌦M resulting from the combined analyses of the standard siren
populations described above, in particular of EMRIs and MBHBs, is expected to provide compelling
constraints, possibly reaching the sub-percent level on H0 and a few percent on ⌦M . These LISA
sources probe different redshift regimes, allowing to partly break correlations between the cosmological
parameters.
LISA cosmological measurements could also be extended in different ways, via e. g., MBHB merger
events at z ¶ 2 could be strongly lensed gravitationally. GWs emitted by these events may travel close
enough to a galaxy so that multiple signals from the same event are detected with their time delays
depending on the cosmological parameters, which could then be measured by LISA [375].

By mapping the nearby Universe with dark sirens and the distant Universe with bright sirens,
LISA will open unprecedented opportunities to unveil the mysteries of dark energy and test the
foundations of the standard cosmological model.
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e↵ectively providing a noise monitor. Since in this work, we do not violate these assump-
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required, e.g., for likelihood evaluation. This feature makes the AET channels particularly
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Under the assumption of equal arms and noise levels, we can simplify the above coe�cients
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It is worth noting that, for the A and E channels, the TM noise dominates at lower fre-

quencies, while the OMS noise dominates at higher frequencies. On the contrary, the OMS

noise prevails across all frequencies for the T channel. In the analyses performed in this

paper, we apply Gaussian priors to A and P , which are centered on their nominal values,

3 and 15, and have a width of 20%.
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where the first factor comes from the superposition of many inspiraling signals [192], the
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Figure 1: Histograms of the predicted distribution of number of sources resolvable by LISA,
inferred from GWTC-3 observations, using synthetic catalogues generated as explained in
Section 2.2. The blue (orange, green) probability density refers to an SNR threshold ⇢0 =

4 (6, 8). (Inset plot) Point estimates of the number of detectable sources: bullet markers
correspond to the median of each distribution in the main plot, while thick (thin) lines
denote the 68%(90%) confidence interval. Percentages in each row denote the probability of
zero detectable sources for each given ⇢0 threshold.

We compare our findings on the number of sources merging within the mission with
results in literature. In Ref. [12], the authors populated with sBHBs the star formation regions
resulting from the Illustris hydrodynamic cosmological simulation [37], using the binary star
evolution code MOBSE [38] with a fiducial model approximately matching the mean merger
rate recovered by GWTC-3. For sources merging before the end of the LISA mission (4 yr),
they find point estimates of 2, 5 and 18 for the SNR thresholds ⇢0 = 8, 6 and 4. That is
at least a factor of 4 greater than our result, likely due to modeling differences (e.g. greater
likelihood of massive sources, a merger rate consistently greater than the mean GWTC-3 one
for z < 2).

If LISA detects sources with a small enough residual time-to-coalescence, in our conven-
tion ⌧c  15 yr, future ground-based GW experiments should be able to observe them as they
merge. Let us now focus on these multiband sources, either those individually resolved by
LISA (⇢0 = 8), or potentially found in archival searches in the LISA data (⇢0 = 4, 6). These
sources account for roughly 1/3 of the total for all SNR thresholds. Fig. 2b shows the number
of resolvable sources aggregated by residual time-to-coalescence intervals: for SNR detection
threshold ⇢0 = 4 we find 16

+14
�11 multiband (i.e. ⌧c  15 yr) sources at 90% confidence interval,

for ⇢0 = 6 the number decreases to 4
+6
�3. For ⇢0 = 8, we find 2

+3
�2 multiband sources. Even

though the posterior lower bound is compatible with zero, 79% of the catalogues yield at least
one source with ⌧c  15 and SNR above ⇢0 = 8. The percentages shown in Fig. 2b denote
the fraction of catalogues yielding no detectable sources aggregated by ⌧c ranges.

Figure 3 further illustrates the complementarity between space- and ground-based detec-
tors. It displays the source parameter distributions across our catalogues. The 90% probabil-
ity contours for the most relevant source parameters of the expected resolved events (i.e. chirp

– 7 –

S. Babak et al., JCAP 08 (2023) 034, ArXiv:2304.06368. 



15
A. Ricciardone 1510 years of GWs

Stellar Origin Black Holes
• The science that can be done with them 

depends on the number of resolved sources 

• (Resolved: closer to merger and to us)

• The rest (unresolved ones) generates a 
Stochastic GW Background 
(SGWB: distant and inspiralling)

• Expected about 10 resolved in 4 
years of mission, a few multi-band

e↵ectively providing a noise monitor. Since in this work, we do not violate these assump-

tions12, we focus on this particular TDI basis, significantly simplifying the computations

required, e.g., for likelihood evaluation. This feature makes the AET channels particularly

appealing for our analysis.

Assuming TDI suppresses laser noise, the main residual noise sources for LISA (also

known as secondary noises) are the Test Mass (TM) noise, representing deviations from free-

fall in the TM trajectories, and the Optical Metrology System (OMS) noise, representing

uncertainties in the determination of the TM positions. The total noise power spectrum

for any TDI variable can thus be expressed as

PN,ij(f) ⌘

X

⌫

P
⌫

N,ij(f) =
⇥
T

TM
ij,lk

(f)STM
lk

(f) + T
OMS
ij,lk

(f)SOMS
lk

(f)
⇤

, (3.5)

where T
TM
ij,lk

and T
OMS
ij,lk

are the TM and OMS transfer functions, projecting the individual

TM and OMS noise components onto the TDI variable. S
TM and S

OMS are estimated

as [1]

S
TM
lk

(f) = A
2
lk

 
1 +

✓
0.4mHz

f

◆2
! 

1 +

✓
f

8mHz

◆4
!✓

1

2⇡fc

◆2 ✓ fm2

s3

◆
, (3.6)

S
OMS
lk

(f) = P
2
lk

 
1 +

✓
2 ⇥ 10�3Hz

f

◆4
!

⇥

✓
2⇡f

c

◆2

⇥

✓
pm2

Hz

◆
. (3.7)

Under the assumption of equal arms and noise levels, we can simplify the above coe�cients

as products of Kronecker �s and two constant parameters, A
2
lk

= A
2
�lk and P

2
lk

= P
2
�lk.

It is worth noting that, for the A and E channels, the TM noise dominates at lower fre-

quencies, while the OMS noise dominates at higher frequencies. On the contrary, the OMS

noise prevails across all frequencies for the T channel. In the analyses performed in this

paper, we apply Gaussian priors to A and P , which are centered on their nominal values,

3 and 15, and have a width of 20%.

Beyond cosmological signals, the SGWB signal in the LISA band will have two guaran-

teed contributions from astrophysical sources. At low frequency, there will be a stochastic

contribution from many unresolved Compact Galactic Binaries (CGBs) [185]. At larger fre-

quencies, there will be a signal due to the incoherent superposition of Stellar Origin Black

Hole Binaries (SOBHBs) and Binary Neutron Stars (BNSs) [186, 187] (see also [188–190]).

As a consequence, the signal part of eq. (3.3) can be expressed as

PS,ij(f) ⌘

X

�

P
�

S,ij(f) = Rij(f) [SGal(f) + SExt(f) + SCosmo(f)] , (3.8)

where SGal(f) and SExt(f) represent the galactic and extragalactic foreground contribution

respectively, and the last contribution is given by all the signal templates listed in section 2

12
See, e.g., , ref. [173] for a recent analysis for a non-equilateral geometry and unequal noise in the three

spacecraft using di↵erent sets of TDI variables.
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where the first factor comes from the superposition of many inspiraling signals [192], the

second factor is due to the loss of stochasticity at higher frequencies, and the last factor,

which produces a sharp cut-o↵ in the spectrum, models the complete removal of binaries

emitting at su�ciently large frequency. For what concerns the values of the parameters

used for the injection, we use the time-dependent parameterisation introduced in ref. [191]:

log10(f1) = a1 log10(Tobs) + b1 ,

log10(fknee) = ak log10(Tobs) + bk , (3.11)

and set Tobs = 4 years with 100% duty cycle, a1 = �0.15; b1 = �2.72; ak = �0.37; bk =

�2.49, together with AGal = 1.15 · 10�44; ↵ = 1.56; f2 = 6.7 ⇥ 10�4Hz. In principle,

all these should be measured together with the parameters of the SGWB of cosmolog-

ical origin. In practice, we restrict our analysis by varying only the amplitude param-

eter AGal. In reality, since we work in ⌦GW units, the parameter we use in the anal-

ysis is log10(h
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AGal/(3H

2
0 )]. Finally, we impose a Gaussian prior on

log10(h
2⌦Gal) with central value ' �7.8412 and standard deviation ' 0.21.

For the extragalactic contribution, the background signal can be adequately described

by a power-law model with a fixed value for the tilt:
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As for the galactic template in eq. (3.10), the tilt comes from the superposition of many

signals in the inspiral phase [192]. While the subtraction of su�ciently loud events might

lead to deviations from this behavior, this e↵ect is expected to be small [189]. For this

reason, in the present work, we assume the parameterisation in eq. (3.12), controlled by the

amplitude parameter only, to su�ce. Recent observations by the LVK collaboration [193]

suggest that the SGWB due to SOBHB and BNS should have ⌦SOBHB+BNS(25Hz) =

7.2+3.3
�2.3 ⇥ 10�10 which, rescaled at LISA frequency (f⇤ = 10�3Hz) implies log10(h

2⌦Ext) '

�12.38. In our analyses, we impose a Gaussian prior on this parameter, centered around

such a value, and with a standard deviation equal to ' 0.17.
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The SGWB detection with LISA is 
expected to be informative of the 

population characteristics 

• The science that can be done with them depends on the number of resolved sources  
• The rest (unresolved ones) generates a Stochastic GW Background 
• On must estimate both at the same time via iterative subtraction 
• Resolved: closer to merger and to us; SGWB: distant and inspiralling 
• Expected about 10 resolved in 4 years of mission, a few multi-band 
• Very much depends on the high-z population characteristics 
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Figure 1: Histograms of the predicted distribution of number of sources resolvable by LISA,
inferred from GWTC-3 observations, using synthetic catalogues generated as explained in
Section 2.2. The blue (orange, green) probability density refers to an SNR threshold ⇢0 =

4 (6, 8). (Inset plot) Point estimates of the number of detectable sources: bullet markers
correspond to the median of each distribution in the main plot, while thick (thin) lines
denote the 68%(90%) confidence interval. Percentages in each row denote the probability of
zero detectable sources for each given ⇢0 threshold.

We compare our findings on the number of sources merging within the mission with
results in literature. In Ref. [12], the authors populated with sBHBs the star formation regions
resulting from the Illustris hydrodynamic cosmological simulation [37], using the binary star
evolution code MOBSE [38] with a fiducial model approximately matching the mean merger
rate recovered by GWTC-3. For sources merging before the end of the LISA mission (4 yr),
they find point estimates of 2, 5 and 18 for the SNR thresholds ⇢0 = 8, 6 and 4. That is
at least a factor of 4 greater than our result, likely due to modeling differences (e.g. greater
likelihood of massive sources, a merger rate consistently greater than the mean GWTC-3 one
for z < 2).

If LISA detects sources with a small enough residual time-to-coalescence, in our conven-
tion ⌧c  15 yr, future ground-based GW experiments should be able to observe them as they
merge. Let us now focus on these multiband sources, either those individually resolved by
LISA (⇢0 = 8), or potentially found in archival searches in the LISA data (⇢0 = 4, 6). These
sources account for roughly 1/3 of the total for all SNR thresholds. Fig. 2b shows the number
of resolvable sources aggregated by residual time-to-coalescence intervals: for SNR detection
threshold ⇢0 = 4 we find 16

+14
�11 multiband (i.e. ⌧c  15 yr) sources at 90% confidence interval,

for ⇢0 = 6 the number decreases to 4
+6
�3. For ⇢0 = 8, we find 2

+3
�2 multiband sources. Even

though the posterior lower bound is compatible with zero, 79% of the catalogues yield at least
one source with ⌧c  15 and SNR above ⇢0 = 8. The percentages shown in Fig. 2b denote
the fraction of catalogues yielding no detectable sources aggregated by ⌧c ranges.

Figure 3 further illustrates the complementarity between space- and ground-based detec-
tors. It displays the source parameter distributions across our catalogues. The 90% probabil-
ity contours for the most relevant source parameters of the expected resolved events (i.e. chirp

– 7 –

S. Babak et al., JCAP 08 (2023) 034, ArXiv:2304.06368. 
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Stochastic GW Background

LISA  -   A. Petiteau  -  Journée P2I - Orsay - 27 Novembre 202432

LISA Science
‣ SO7: Understand stochastic GW backgrounds 

and their implications for the early Universe and 
TeV-scale particle physics: 

• Characterise the astrophysical SGWB; 
• Measure, or set upper limits on, the spectral 

shape of the cosmological SGWB; 
• Characterise the large-scale anisotropy of the 

SGWB. 

‣ SO8: Search for GW bursts and unforeseen 
sources : 

• Search for cusps and kinks of cosmic strings; 
• Search for unmodelled sources.

Stochastic GW backgrounds 
and their implications for  
 - early Universe 
 - TeV-scale particle physics (BSM physics)

• GWs from Inflation

• GWs from First Order Phase Transition (FOPT)

• GWs from Cosmic Strings (CS)

• GWs from Primordial Black Holes (PBH)

Probe different range of scales (and of the inflationary potential), 
much smaller than CMB

ESA UNCLASSIFIED - Releasable to the Public LISA Definition Study Report - ESA-SCI-DIR-RP-002

optimisations.
Because the sources overlap both in time and in frequency, the search step must operate as a “global
fit”, simultaneously solving for the joint distribution of parameters for every source present in the data
(see Section 8.3.2). From this joint distribution it will be possible to construct marginal distributions
for individual events, and hence reconstruct the source waveforms, with uncertainties, accounting for
confusion with other sources (see Section 8.4). It will also be possible to compute the correlation
between pairs of events and to construct a distribution for the total signal component of the data
and the residual after subtracting this total signal component. This residual will be valuable when
searching for unknown sources.

8.3.1 Waveforms: current status and prospective

Figure 8.3: Shapes of the waveforms corresponding to the
GW emission of (from top to bottom): Massive BH binary
mergers; Extreme-mass-ratio inspirals; a single Galactic
binary; a typical stochastic process; and a cosmic string
cusp.

The accuracy of the waveform model that links
source parameters to observed data directly lim-
its the precision of LISA’s source reconstruction.
Waveform models are on a development path to
reach the accuracy needed to control the system-
atic errors. Methods already exist to fold uncer-
tainties into source reconstruction [311]. Most
GW sources in the LISA data are expected to be
compact objects in a binary configuration. When
isolated, and far from coalescence, such systems
are characterised by a set of 17 physical param-
eters. These are the masses and (3D) angular
momenta of the two binary components, the ec-
centricity and inclination of the orbit of the binary
and parameters characterising the sky location,
distance and orientation of the system relative to
the Solar System. For Galactic binary sources,
the model can be simplified as the signals will
be approximately monochromatic, with perhaps
one and at most two frequency derivatives de-
tectable, the effect of the spins being too small
to be detected. For some systems there could be
additional effects due to the environment, such

as tidal effects, magnetic effects and planets around Galactic binaries or accretion disc effects in
extreme mass-ratio inspirals (EMRIs). Models including such effects will have additional parameters.
Stochastic backgrounds, another type of sources, are characterised by a variable number of parameters
that describe the overall amplitude, and spectral shape.
Typical GW signals that we expect to find in the LISA data stream are illustrated in Figure 8.3.
Waveform modelling for LISA has a strong foundation in the development of such models for ground-
based observations, which has been used to detect GWs from binaries and to infer their properties
since 2015. Three main methods are used to compute waveforms from first principles, covering
different parts of the parameter space (see Figure 8.4).
Numerical Relativity (NR) solves the field equations directly, building on the 2005 breakthrough [62,

Page 116/155

Inflationary GW

PT GWs Test Physics Beyond the Standard Model of Particle Physics

PBH GWs Shed light on Dark Matter candidates
Astophysical GWB Implication for population parameters
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SGWB Reconstruction

• Characterise the astrophysical GWB from 
sBHBs LISA data according to LVK 
predictions

LISA  -   A. Petiteau  -  Journée P2I - Orsay - 27 Novembre 202432

LISA Science
‣ SO7: Understand stochastic GW backgrounds 

and their implications for the early Universe and 
TeV-scale particle physics: 

• Characterise the astrophysical SGWB; 
• Measure, or set upper limits on, the spectral 

shape of the cosmological SGWB; 
• Characterise the large-scale anisotropy of the 

SGWB. 

‣ SO8: Search for GW bursts and unforeseen 
sources : 

• Search for cusps and kinks of cosmic strings; 
• Search for unmodelled sources.

• Detect and Subtract the GWB from GB?

• Measure, or set upper limits on, the
spectral shape of the cosmological
SGWB

• Demonstrate that CGWB can be 
reconstructed in LISA data under 
minimal assumptions of the 
instrumental noise+reconstruction of 
spectral shape 

[SGWBinner code 
(LISA CosWG) ’19, ’20]

Conclusions
• For not having been designed to do cosmology, LISA performs pretty well!

Constraining early universe and high energy physics with SGWBs 

• SGWBs from the primordial universe might seem speculative but their potential to 
probe fundamental physics is great and amazing discoveries can be around the corner 

• Physics beyond the SM: many proposals of signals, interesting constraining power 
• LISA has especially three very motivated science cases (in my opinion): 

- SGWB at the EW scale, complementary to particle colliders 
- SGWB from II order perturbations when PBH can be the totality of DM 
- SGBW from cosmic strings in coincidence with PTA  

• Concerning inflation, direct SGWB detection can be useful to probe another range of 
scales (and of the inflationary potential), much smaller than CMB

- Prediction of spectral shapes -> the only 
handle to identify the SGWB origin 

- Foreground from astrophysics sources 
- Decent understanding of the instrument noise 
- Residuals from the global fit of LISA sources 

• The detection is very challenging! 
In general, one must control: 

LISA Red Book, SGWBinner
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Global Fit

LISA data analysis 

ASI commitment to provide data center (HW + eng support), 
plus pipeline development
• “bottom up” opportunities for new groups to emerge
• requires Institute / Agency level resources

«LISA data challenge»
https://lisa-ldc.lal.in2p3.fr/

• LISA hardware has mature design and national agency commitments
• LISA data analysis is young, actively growing and still open to new groups

• possible solutions for extracting thousands of sources exist, but research rapidly 
expanding, from “TDI” initial data analysis to “global fit” to science interpretation

detected 
galactic 
binaries

known 
verification 

binaries

noise

SMBH 
mergers

credits to W.J.Weber

The data model

Walter Del Pozzo CSN2, Venezia, 7th Apr 2025

Dipartimento di Fisica “E. Fermi”

The LISA data analysis problem
• The data model 

   

• with  the (unknown) number of classes of 
signals (e.g. ) and 

 is the unknown number of signals per class 

• The challenge is to estimate the joint posterior 
for all sources, their numbers and their 
astrophysical distributions, jointly with the 
detector and noise models
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With the (unknown) number of classes of signals 
(e.g., c= SMBH, sBH, EMRI, etc) and N_c is the 
unknown number of signals per class

The challenge is to estimate the joint posterior
for all sources, their numbers and their
astrophysical distributions, jointly with the
detector and noise models
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signals (e.g. ) and 

 is the unknown number of signals per class 

• The challenge is to estimate the joint posterior 
for all sources, their numbers and their 
astrophysical distributions, jointly with the 
detector and noise models

d(t) = n(t) +
K

∑
c=1

Nc

∑
j=1

hc
j (t; θc

j )

K
c = SMBH, sBH, EMRI, …

Nc
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Dipartimento di Fisica “E. Fermi”

Challenges - Algorithms

37

• Block Gibbs sampling 

• Sample each “block” 
independently, conditioned on 
everything else 

• Reversible-Jump MCMC 

• Iterate and hope it converges

 Littenberg et al, arXiv:2004.08464
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LISA Global Fit - Pisa - CTMCMC
Continuous time MCMC algorithms 
are Markov processes where
the transitions are governed by 
Poisson distribution

Walter Del Pozzo CSN2, Venezia, 7th Apr 2025

Dipartimento di Fisica “E. Fermi”

CTMCMC

• Idea is to associate the probability of 
a state* to the time the chain spent in 
that state p(∏

j
Ωj |D) ∝ {τ}j

42

*: a state is a given number of sources per class with a given set of parameters

Astorino, Buscicchio, Valbusa Dall’Armi, DP, Pomper, in preparation

*A state is a given number of sources per 
class with a given set of parameters

100 injected GB sources
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LISA Timeline

Some plot

LISA  -   A. Petiteau  -  Journée P2I - Orsay - 27 Novembre 202418

Timeline and status 

‣ 1993: first proposal ESA/NASA 
‣ 20/06/2017: LISA mission approved by ESA Science Program Committee (SPC) after the success of 

LISAPathfinder and GW detection by LIGO-Virgo. 
‣ End 2021: success of the ESA Mission Formulation Review 
‣ 25/01/2024: success of the Mission Adoption Review and adoption by the SPC:  design is fully validated 

and we have the ressource to build the instrument  
‣ (New) LISA Science Team in place  
‣ Long building phase of multiple MOSAs: 6 flight models + test models 
‣ Launch 2035 
‣ 1.5 years of transfer, 4.5 years nominal mission, 6.5 years extension

Phase A Phase B1 Phase B2/C/D Phase E

Scope, 1st 
definition Definition Detailled definition, production, integration, tests, validation L Transfer C Operations

2022 2024 2026 2028 2030 2032 2034 2036 2038 2042

Adoption Launch
Commissioning

…

…

…

…

…

…

MFR

‣ 1993: first proposal ESA/NASA 
‣ 20/06/2017: LISA mission approved by ESA Science Program Committee (SPC) after the success of 
LISAPathfinder and GW detection by LVK. 
‣ 2020-2022: B1 phase success - stat industrial implementation to build the instrument 
‣2022-2024: Mission Adoption 
‣ (New) LISA Science Team in place 
‣ 8 years: building phase (B2/C/D) of multiple MOSAs: 6 flight models + test models 
‣ 2030-2034: launch Ariane 6.4 
‣ 1.5 years of transfer, 4.5 years nominal mission, 6.5 years extension GW Detections
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Conclusions

  LISA has been adopted in January by ESA, i.e. it is fully 
supported by ESA, its member states and NASA

 It is now in its development and building phase for a launch in 2035 
for 4.5 to 10 years of operations

 LISA will cover a large range of domains and has a huge 
science case for astrophysics, cosmology and fundamental 
physics.

 LISA is a tool to explore the Universe !

  LISA is a large mission led by ESA to detect GWs in the 
mHz band been adopted in January by ESA



Thank you!
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History of LISA
‣ 1978: first study based on a rigid structure (NASA) 
‣ 1980s: studies with 3 free-falling spacecrafts (US) 
‣ 1993: proposal ESA/NASA: 4 spacecrafts 
‣ 1996-2000: pre-phase A report 
‣ 2000-2010: LISA and LISAPathfinder: ESA/NASA mission 
‣ 2011: NASA stops => ESA continue: reduce mission 
‣ 2012: selection of JUICE L1 ESA 
‣ 2013: selection of ESA L3 : « The gravitational Universe » 
‣ 2015-2016: success of LISAPathfinder + detection GWs
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LISA at ESA 
‣ 25/10/2016   : Call for mission 
‣ 13/01/2017   : submission of «LISA proposal» (LISA consortium)   
‣ 8/3/2017      : Phase 0 mission (CDF 8/3/17 → 5/5/17) 
‣ 20/06/2017   : LISA mission approved by SPC 
‣ 8/3/2017      : Phase 0 payload (CDF June → November 2017) 
‣ 2018→2020   : competitive phase A : 2 companies compete  
‣ 2020→2022   : B1: start industrial implementation 
‣ 2022-2024     : mission adoption 
‣ During about 8.5 years : construction 
‣ 2030-2034     : launch Ariane 6.4 
‣ 1.5 years for transfert 
‣ 4 years of nominal mission GW observations !
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LISA MISSION SUMMARY

Science Objectives

• Study the formation and evolution of compact binary stars and the structure of the Milky Way Galaxy
• Trace the origins, growth and merger histories of massive Black Holes across cosmic epochs
• Probe the properties and immediate environments of Black Holes in the local Universe using extreme mass-ratio

inspirals and intermediate mass-ratio inspirals
• Understand the astrophysics of stellar-mass Black Holes

• Explore the fundamental nature of gravity and Black Holes
• Probe the rate of expansion of the Universe with standard sirens
• Understand stochastic gravitational wave backgrounds and their implications

for the early Universe and TeV-scale particle physics
• Search for gravitational wave bursts and unforeseen sources

Measurement

Gravitational waves (GWs) in the Frequency Band of 0.1mHz - 1.0Hz with a GW Strain Spectral Density: 10�21–10�23

Payload

Lasers 2 per spacecraft • 2W output power • wavelength 1064 nm • frequency stability
300Hz/

p
Hz

Optical Bench 2 per spacecraft • double-sided use • high thermal stability (Zerodur)

Interferometry heterodyne interferometry • 15 pm/
p

Hz precision • Inter-spacecraft ranging to
⇠1m

Telescope 2 per spacecraft • 30 cm off-axis telescope • high thermal stability

Gravitational Reference System 2 per spacecraft • acceleration noise <3 fm/(s2
p

Hz) • 46mm cubic AuPt test
mass • Faraday cage housing • electrostatic actuation in 5 degree of freedom

Mission
Duration 4.5 years science orbit • >82% duty cycle • ⇠6.25 years including transfer and commissioning

Constellation Three drag-free satellites forming an equilateral triangle • 2.5 ⇥ 106 km separation • trailing/leading
Earth by ⇠20° • inclined by 60° with respect to the ecliptic

Orbits Heliocentric orbits • semimajor axis ⇠1AU • eccentricity e ⇡ 0.0096 • inclination i ⇡ 0.96°
Data Analysis

Noise
Reductions

Laser noise suppression with time-delay interferometry • Ranging processing and delay estimation •

Spacecraft jitter suppression and reduction to 3 lasers • Tilt-to-length effect correction • Clock noise
suppression • Clock synchronisation

Data Levels

Level 0 Raw data, de-multiplexed, time-ordered, corruption removed
Level 0.5 Primary science telemetry, decommutated, time-stamped, unit-level calibrations applied
Level 1 Time-Delay Interferometry (TDI) variables (GW strain)
Level 2 Output from a global fit pipeline, statistical evidence for candidate sources
Level 3 Catalogue of GW sources (detection confidence, estimated astrophysical parameters)

Page 3/155

LISA MISSION SUMMARY 
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Optical bench
deltaG = d2(o12)/dt2 - Stiff * o12 - Gain * Fx2



What is a Stochastic Gravitational 
Wave Background (SGWB)

A SGWB is, by definition, made up of an incoherent superposition of signals 
from sources that are unresolved in both the time and angular domain

Gravitational wave production in the early Universe Valerie Domcke (DESY, Hamburg)

Sources of GWs

 5

transcendent signals:  merger of compact objects 

(black holes, neutron stares,  
  white dwarfs, …)

stationary  signals:  sum of unresolved transcendent  
sources 

cosmological stochastic background

propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
Only the LIGO detectors were observing at the time of

GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg2 (90%
credible region) [39,46].
The basic features of GW150914 point to it being

produced by the coalescence of two black holes—i.e.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]

M ¼ ðm1m2Þ3=5

ðm1 þm2Þ1=5
¼ c3

G

!
5

96
π−8=3f−11=3 _f

"
3=5

;

where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ¼ m1 þm2 is ≳70M⊙ in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ¼ Ly ¼ L ¼ 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ¼ 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ¼ ðGMπf=c3Þ1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).
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where drGW is the energy density in the frequency interval f to f + d f , rc =
3H2

0 c2

8pG is the
critical energy density, and H0 is the Hubble constant. The energy density parameter in
GWs, that can be compared to other quantities used in cosmology such as the energy
density parameters of matter, dark energy, relativistic particle or curvature, is:

WGW =
Z

WGW( f )d ln f (2)

Going back to the cosmological stochastic background formed by the overlap of many
weak sources in the early Universe, it is assumed to be Gaussian because of the central limit
theorem which says that the sum of a large number of independent variables converges
to a normal distribution, whatever distribution the variables follow individually. It is also
stationary in the sense that the normal distribution does not change with time. Figure 1
shows a time series of the GW strain amplitude of a Gaussian and stationary stochastic
background: the amplitude h(t) at any given time t follows a normal distribution centered
in zero and with the same variance. It is also assumed to be isotropic by analogy with the
Cosmic Microwave Background and unpolarized. Then it is completely characterized by
the energy density spectrum as defined in Equation (2). However, when the background
is non Gaussian, non stationary or non isotropic, which can be the case for astrophysical
backgrounds, other quantities need to be introduced, as we will discuss later.

Figure 1. Time series of the strain amplitude in GWs for a Gaussian stochastic background.

For a population of astrophysical sources from all over the Universe, the fractional
energy density can be expressed as:

WGW( f ) =
f

crc
FGW( f ) (3)

The integrated flux in gravitational waves is given by the sum of all the individual
contributions:

FGW( f ) =
Z

Q
p(q)dq

Z zmax(q)

zmin(q)
dz

dR
dz

(q, z)FGW(q, z, f ) (4)

Unresolved Sources: Stochastic Backgrounds

Cosmological

Astrophysical



Astrophysical GW Background

Carry information about:

- star formation history
- statistical properties of source populations
- our cosmological model 

It is a kind of “noise” for the cosmological background, even if with different properties  

⌦(f) =
f

⇢c

Z
d✓ p(✓)

Z zmax(✓)

0
dz

R(z; ✓)

(1 + z)H(z)

dEGW (fs; ✓)
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FIG. 3. Cross-correlation spectra combining data from all
three baselines in O3, as well as the HL baseline in O1 and
O2. As described in the main text, the spectrum is consistent
with expectations from uncorrelated, Gaussian noise.

�15 �10 �5 0 5 10
↵

�13�12�11�10�9 �8 �7 �6 �5

log
10

⌦ref

�8
�6
�4
�2

0
2
4
6
8

↵

95%
68%

FIG. 4. Posteriors for the strength ⌦ref and spectral index
↵ for the power law model described in the main text, using
a prior uniform in the log of ⌦ref . The top and right panels
show marginalized posteriors for ⌦ref and ↵, while the center
plot shows the 2D posterior density. The dashed, gray lines
indicate the prior distributions.

6.6 ⇥ 10�9 (2.7 ⇥ 10�8) when marginalizing over ↵. This
represents an improvement by a factor of about 6.0 (3.6)
for a flat power law, 8.8 (4.0) for a power law of ↵ = 2/3,
and 13.1 (5.9) for a power law of ↵ = 3. The improvement
for large ↵ is due in part to the improved high-frequency
sensitivity of Advanced LIGO in O3; to the addition of
the baselines involving Virgo; and to the specific noise re-
alization, in particular the negative point estimate ↵ = 3
in O3, as seen in Table I. We find a log

10
Bayes Factor of

�0.3 when comparing the hypotheses of signal and noise
to noise-only when marginalizing over ↵.

B. Non-GR polarizations

We can use our results to constrain modifications to
GR by using the SVT-PL model defined in Section IIC.
This analysis benefits from the inclusion of Virgo data,
since adding more detectors to the network can help dis-
tinguish between di↵erent polarizations, as shown in [45].
We note that ⌦GW does not necessarily have the inter-
pretation of an energy density in modified theories of
gravity, and it is in general more appropriate to think of
these quantities as a measure of the strain power in each
polarization [108].

We use the log-uniform prior on each strength ⌦(p)

ref

and the Gaussian prior for each spectral index ↵p,
as described in the previous section. We show the
results in Table III. Marginalizing over the spectral
indices for each polarization, we find that the up-
per limit on a scalar-polarized GWB in this model is

⌦(S)

GW
(25 Hz)  2.1 ⇥ 10�8, the limit on a vector GWB

is ⌦(V)

GW
(25 Hz)  7.9 ⇥ 10�9, and the limit on a tensor

GWB is ⌦(T)

GW
(25 Hz)  6.4 ⇥ 10�9. Note that the upper

limit on tensor modes in this analysis is slightly di↵erent
from the upper limit when we consider only GR modes
given in the previous section, because of the inclusion of
additional parameters. We compute that the log

10
Bayes

factor of the non-GR to GR hypotheses is �0.2 and the
log

10
Bayes factor of the hypothesis that any polarization

to be present, to the hypothesis that only noise is present,
is �0.4. Note that to compute the Bayes factors, we in-
clude prior odds between di↵erent non-GR hypotheses as
described in [45]. This confirms there is no evidence of
non-GR polarizations. The non-detection of scalar and
vector polarized GWBs is consistent with predictions of
GR.

C. Joint fit for GWB and magnetic noise

We extend the standard analysis to do a joint fit al-
lowing for both a GWB with an arbitrary power-law in-
dex, as well as an apparent GWB arising from correlated
magnetic noise. While we have already seen that corre-
lated magnetic noise is below the O3 sensitivity in Sec-
tion IIID, the analysis presented here is complementary
because it allows us to simultaneously fit for the presence
of both a GWB of astrophysical origin and a correlated
magnetic noise component. In future runs, this kind of
joint fit will become increasingly important. We use the
method described in [61].

We evaluate whether correlated magnetic noise is de-
tected by first constructing a likelihood function that in-
cludes a model for both the correlated magnetic noise
and a power-law GWB, ⌦M(f |⇥) = ⌦PL(f |⇥PL) +
⌦MAG(f |⇥MAG). Our model ⌦MAG(f |⇥MAG) takes the
same form as Eq. 11. However, rather than use the cou-
pling functions measured using magnetic-field injections,
we model the coupling functions as power laws, which

3

spectral density is not known precisely enough to be sub-
tracted accurately, and therefore in practice the cross cor-
relation is nearly optimal. With this caveat, we can con-
struct an optimal estimator to search for a GWB of any
spectral shape by combining the cross-correlation spectra
from di↵erent frequency bins with appropriate weights

Ĉ
IJ =

P
k w(fk)ĈIJ(fk)�

�2

IJ (fk)P
k w(fk)2�

�2

IJ (fk)
,

�
�2

IJ =
X

k

w(fk)
2
�

�2

IJ (fk), (4)

where fk are a discrete set of frequencies, and the optimal
weights for spectral shape ⌦GW(f) are given by

w(f) =
⌦GW(f)

⌦GW(fref)
. (5)

Here, fref is a fixed reference frequency. For ease of com-
parison with previous observing runs, we choose the ref-
erence frequency to be fref = 25 Hz. This is approxi-
mately the start of the most sensitive frequency band for
the isotropic search as described in [43]. This analysis is
very flexible and can be applied to a GWB of any spec-
tral shape. We will report results for a power law GWB
of the form

⌦GW(f) = ⌦ref

✓
f

fref

◆↵

. (6)

Our final estimator combines information from all base-
lines optimally using the sum

Ĉ =

P
IJ Ĉ

IJ
�

�2

IJP
IJ �

�2

IJ

, �
�2 =

X

IJ

�
�2

IJ , (7)

where
P

IJ is a shorthand notation meaning a sum over
all independent baselines IJ . We can also include cross
correlation results from previous observing runs in a nat-
ural way by including them in this sum as separate base-
lines. More concretely, we combine HL-O1, HL-O2, HL-
O3, HV-O3 and LV-O3.

C. Parameter estimation

In order to estimate parameters of a specific model of
the GWB, we combine the spectra from each baseline IJ

to form the likelihood [79]

p(ĈIJ
k |⇥) / exp

2

4�
1

2

X

IJ

X

k

 
Ĉ

IJ
k � ⌦M(fk|⇥)

�
2

IJ(fk)

!2
3

5 ,

(8)

where Ĉ
IJ
k ⌘ Ĉ

IJ(fk), and where we assume that the

Ĉ
IJ
k are Gaussian-distributed in the absence of a sig-

nal. The term ⌦M(f |⇥) describes the model for the
GWB, characterized by the set of parameters ⇥. This

hybrid frequentist-Bayesian approach has been shown to
be equivalent to a fully Bayesian analysis in [80].

Equation (8) assumes that cross-correlation spectra
measured between di↵erent baselines are uncorrelated.
This is not strictly true, as di↵erent baselines share de-
tectors in common. Correlations between baselines, how-
ever, enter at O(⌦2) and so can be neglected in the small-
signal limit [58].

In this work we shall consider several di↵erent models:

• Noise (N): ⌦N(f) = 0. We implicitly include un-
correlated Gaussian noise as part of every model
that follows.

• Power Law (PL): ⌦PL(f) = ⌦ref

⇣
f

fref

⌘↵
. The

parameters ⇥PL are the amplitude ⌦ref and spec-
tral index ↵. We will consider cases in which ↵ is
allowed to vary as well as those in which it is fixed.

• Scalar-Vector-Tensor Power Law (SVT-
PL): This model contains tensor polarizations,
as allowed in general relativity (GR), and vec-
tor and scalar polarizations, which are forbidden
in GR but generically appear in alternative the-
ories of gravity. We define p to be an index re-
ferring to polarization, p = {T, V, S}, where T,
V, and S refer to tensor, vector, and scalar po-
larized GWs, respectively. We assume the GWB
for each polarization can be described by a power
law, which may be di↵erent for each polariza-
tion. Thus there are six parameters ⇥SVT�PL,

given by the amplitudes ⌦(p)

ref
and spectral indices

↵p for each polarization. The model is given by

the sum ⌦SVT�PL(f) =
P

p
�

(p)

IJ (f)⌦(p)

ref

⇣
f

fref

⌘↵p

,

where �
(p)

IJ (f) = �
(p)

IJ (f)/�IJ(f) is the ratio of the
overlap reduction function for polarization p and
baseline IJ to the standard (tensor) overlap reduc-
tion function for that baseline [45].

• Magnetic (MAG): ⌦MAG(f) describes correla-
tions between two detectors induced by large-scale
coherent magnetic fields, which can appear as an
e↵ective background. We model this e↵ective back-
ground in terms of magnetometer correlations and
a transfer function between the local magnetic field
and the strain channel of the detectors. The free
parameters ⇥MAG describe the coupling function,
as described in Section IV C.

• CBC: ⌦CBC(f) is determined by an underlying
parametrized model for the mass distribution of
compact binaries and their merger rate R(z) as a
function of redshift. The parameters of this model
are discussed in Section V.

We will also consider combinations of these models,
for example ⌦M(f) = ⌦PL(f) + ⌦MAG(f). Given the
likelihood, we form a posterior using Bayes theorem,
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FIG. 6. Posterior constraints on the BBH merger rate
RBBH(z) as a function of redshift when allowing for a merger
rate that peaks and subsequently turns over at high z, com-
bining stochastic search results and direct BBH detections.
The black line shows our median estimate of RBBH(z), while
solid grey lines denote 90% credible bounds. For comparison,
the dashed red line is proportional to the rate of cosmic star
formation [111]. At 90% credibility, the merger rate of BBHs
is bounded below ⇠ 103 Gpc�3 yr�1 beyond z ⇡ 2, an order
of magnitude improvement relative to O1 and O2 [74].
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(gray shade) for all frequencies where the confusion residual signal from the CGBs dominates over the instrumental
noise (i.e. for frequencies larger than ⇠5⇥10�4). On the other hand, we notice that at lower frequencies the template
overestimates the level of confusion noise with respect to the result obtained from the simulated catalogue. In order
to look for a possible source for this deviation, we performed further parameter estimation assuming the spectral tilt
(the �7/3 in eq. (6)) to be another free parameter of the model. In this case we obtained a slightly larger value for
the tilt (see pink curve in figure 3) which leads to a better fit to the data in the low frequency band. While a detailed
analysis of this deviation could motivate further investigations, it lies beyond the scopes of the present work and thus
it is left for future studies on the topic.

Figure 3 – Fit of the two models we considered to the confusion residuals signal from CGBs. The first model,
following faithfully eq. (6), assumes a fixed spectral index of ns = �7/3 (shown in blue). The pink data refer to a

model where the spectral index ns is a free parameter of the fit (see text for details).

IV. STOCHASTIC SIGNAL DUE TO STELLAR MASS BINARY BLACK HOLES

Since the initial successes of the ground-based GW detectors, there have been studies focusing on the possibility of
measuring GW from SBBHs [73–75]. Based on the current understanding of the SBBH population, the expected the
number of detectable sources in the LISA band ranges from O(1) to O(10). These sources will be in the LISA band
for several years before entering and merging in the band covered by ground based interferometers [8, 73, 75, 76].
LISA is sensitive to the early inspiral stage of orbital evolution of SBBHs, where the orbit shrinks very slowly and
therefore most of the binaries stay in the observing band throughout the LISA observation time.

Depending on the population model, the SBBH signals may fill the LISA observing band down to ⇠3mHz, thus
partially overlapping with the high frequency tail of the CGB population. At these frequencies the CGB popula-
tion transitions from being a confusion-dominated population to the regime where all sources are individually identi-
fiable cite10.1093/mnras/stz2834. The region of potential overlap between the CGB residual and the SBBH population

Table II – The parameters of the empirical model describing the confusion noise due to the unresolved CGBs
signal. We report on both methods of performing the data smoothing : running mean and median

Parameter
Estimated

Running mean Running median
⇢0 = 5 ⇢0 = 7 ⇢0 = 5 ⇢0 = 7

a1 -0.16 -0.25 -0.15 -0.15
ak -0.34 -0.27 -0.34 -0.37
b1 -2.78 -2.70 -2.78 -2.72
bk -2.53 -2.47 -2.55 -2.49

A⇥ 10�44 1.15 1.14 1.14 1.15
f2 0.00059 0.00031 0.00059 0.00067
↵ 1.66 1.80 1.66 1.56

Figure 4: Ratios rCount (blue) and r⌦ (orange) for the terrestrial detector residual backgrounds for the total pop-
ulation I/II and III.

Figure 5: Energy density of ET (left panel) and ET+2CE (right panel) residual populations, at frequencies be-
tween 1Hz-2kHz. The solid lines indicate the contribution of the di↵erent types of binaries: BBH in red, BNS in
blue and BHNS in green. The dotted lines show the power integrated curves for ET (in purple on the left panel)
and ET+2CE (in pink on the right panel).
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design sensitivity of a pair of detectors i and j and �ij is the normalized isotropic overlap reduction function (ORF),
characterizing the loss of sensitivity due to the separation and the relative orientation of the detectors for sources
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Inflationary sources: Axion-inflation  
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[Bartolo N., et al. ’16 - LISA CosWG paper]

INFLATIONARY MODELS

JCAP12(2016)026

Figure 4. Spectrum of GWs today h
2⌦GW obtained from a numerical integration of the dynamical

equations of motion (for a model of quadratic inflaton potential, with inflaton - gauge field coupling
f = MPl/35), versus the local parametrization h

2⌦GW / (f/f⇤)nT , evaluated at various pivot fre-
quencies f⇤ and with the spectral tilt nT obtained from successive approximations to the analytic
expression (3.13).

In figure 4, we compare the analytic expression (3.13) for the spectral tilt nT against the
result of a numerical evolution of ⌦GWh

2. For definiteness, we choose a quadratic inflaton
potential, and we fix the coupling between the gauge field and the inflaton to f = MPl/35.
This gives ⇠N=60 ' 2.46 at the CMB scales. We observe from the figure that the final
expression for the tilt in (3.13) provides a very good approximation (red segments in the
figure) to the slope of the numerical result (blue solid line in the figure). The term (1� ✏) in
the denominator of (3.13), due to the fractional change of the Hubble rate Ḣ/H

2, contributes
to nT only to second order in slow-roll parameters, and hence we disregard it. The expression
nT ' �4✏+ (4⇡⇠ � 6)(✏� ⌘) predicts correctly the slope of the numerical signal, within the
LISA frequency range, to better than ⇠ 4%. In the figure, the di↵erence between the red
segments and the true numerical signal cannot be distinguished by eye.

Let us note that for the range of ⇠ that LISA can probe [⇠ & 3.5, see figure (5)], the
term �4✏ in the final expression of (3.13) is actually negligible compared to the other terms.
We can thus further approximate the expression for the tilt as nT ' (4⇡⇠ � 6) (✏� ⌘), which
still predicts correctly the slope of the numerical signal within the LISA frequency range,
for instance in the fiducial chaotic quadratic model to better than ⇠ 10%. The advantage
of using this simplified expression for the tilt is that it allows us to reduce the number of
independent variables that the GW signal depends on, from {HN , ⇠, ✏, ⌘} to {HN , ⇠, (✏� ⌘)}.
This simplifies our next goal, which is to obtain a model-independent parameter estimation
based on the LISA sensitivity curves.

In figure 5 we plot the region in the parameter space (⇠, ✏ � ⌘) that LISA is capa-
ble of probing, with the left and right panels depicting, LISA’s best (A5M5) and worst
(A1M2) configurations, respectively. In both panels we take as a pivot scale f⇤ the frequency

of the minimum of each LISA sensitivity curve h
2⌦(AiMj)

GW (f), with f⇤|A5M5 ' 0.00346 Hz

– 14 –
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GW Background

PGW,S (k) = P(GW,S),vacuum (k) + P(GW,S),sourced (k)⌦TOT

GW
(f) = ⌦GW,vacuum(f) + ⌦GW,sourced(f)
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Peculiar features
- Blue-Tilted SGWB Spectrum

- Chiral SGWB spectrum

- Non-Gaussian SGWB

[Bartolo N., et al. ’16 - LISA CosWG paper]

[Cook & Sorbo, ’11]
[Domcke, Pieroni, Binetruy, ’16]

[Namba et al., ’15]
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The SM electroweak phase transition is a cross-over PT 

Various BSM models instead predict first-order PT 
    (at EW scale or beyond) 

This sources GWs through 

• bubble collisions 
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• sound waves 
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Figure 3: Example of GW spectra in Case 2, for fixed T⇤ = 100 GeV, ↵ = 1, vw = 1, ↵1 = 0.3, and

varying �/H⇤: from left to right, �/H⇤ = 1 and �/H⇤ = 10 (top), �/H⇤ = 100 and �/H⇤ = 1000

(bottom). The black line denotes the total GW spectrum, the blue line the contribution from the

scalar field, the green line the contribution from sound waves, the red line the contribution from

MHD turbulence. The shaded areas represent the regions detectable by the C1 (red), C2 (magenta),

C3 (blue) and C4 (green) configurations.
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As the temperature in the very early universe decreases, there can be 
several PTs: QCD, EW....Beyond Standard Model?  

If the PT is first order, the SGWB signal could be detectable by LISA/ET

[Caprini C., et al ’16, ’19- LISA CosWG paper]
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Cosmic Strings (or other kind of topological defects) are non-trivial field 
configurations left-over after the phase transition has completed 

A network of cosmic strings emits GWs 

(results are model dependent) 

One model of 
Nambu Goto 
local strings

Gµ = 10�17
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• The signal extends over many frequencies since the GW production is 
continuous throughout the universe evolution 

• The energy density of the cosmic string network is a constant fraction of 
the universe’s one 

GW signal from cosmic strings

[Auclair P., et al ’19- LISA CosWG]
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LISA or ET

1 Introduction

The direct detection of gravitational waves (GWs) by the LIGO and Virgo network [1–5]
marks the dawn of a new era in astronomy, opening a unique window with which to observe
the Universe. GWs carry invaluable information about the sources that created them —
which could be of astrophysical or cosmological origin — since they propagate unimpeded
through space. Gravitational waves therefore constitute one of the most promising new
messengers with which we can probe aspects of the Universe so far undetermined by other
means.

One of the main targets of GW experiments is the detection of a stochastic gravita-
tional wave background (SGWB) of cosmological origin. The most famous example of such
a SGWB is the quasi–scale invariant background from inflation, due to quantum fluctu-
ations [6–9]. This background is expected to be too small be to detectable by currently
planned GW observatories. However, if axion-type species are present during inflation, po-
tentially observable GWs can also be produced with a significant blue-tilt (see e.g. [10–21],
or [22] for a general discussion on GWs from inflation). Furthermore, post-inflationary,
early-universe phenomena can also generate GWs with a large amplitude, e.g. a kination-
dominated phase [23–27], particle production during preheating [28–35], oscillon dynam-
ics [36–40], strong first order phase transitions [41–47], or cosmic defect networks [48–54].
For a comprehensive review of SGWB signals of cosmological origin, see [55]. In this paper,
we focus on precisely one such cosmological source: cosmic strings. We investigate, in par-
ticular, the ability of the Laser Interferometer Space Antenna (LISA) [56] — which will be
the first GW observatory in space — to probe the SGWB emitted by a network of cosmic
strings.

Cosmic strings are stable topological defect solutions of field theories [57] which may
have formed in symmetry breaking phase transitions in the early Universe [58, 59]. Altern-
atively, they can be cosmologically stretched fundamental strings of String Theory, formed
for instance at the end of brane inflation [60, 61]. The energy per unit length of a string µ,
is of order ⌘2, where ⌘ is a characteristic energy scale (for topological strings, the energy
scale of the phase transition). In the simplest cases, the string tension is also of order µ, and
strings are relativistic objects that typically move at a considerable fraction of the speed of
light. The combination of a high energy scale and a relativistic speed clearly indicates that
strings should be considered a natural source of GWs.

A network of strings formed in the early Universe emits GWs throughout the history of
the Universe, generating a SGWB from the superposition of many uncorrelated sources. In
this paper, we forecast the constraints that LISA may put on the dimensionless combination
Gµ (where G = 1/M2

p is Newton’s constant, and Mp = 1.22⇥ 10
19 GeV the Planck mass),

which is related to the energy scale ⌘ through

Gµ ⇠ 10
�6

⇣ ⌘

1016 GeV

⌘2
, (1.1)

and which parametrizes the gravitational interactions of the string.
There are other ways one can hope to detect the presence of cosmic strings in the

Universe that do not directly involve the observation of the GWs they generate. In fact,
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Figure 14. The 95% confidence detection region of ET-D for stochastic backgrounds assuming
one year of observation time (shaded area), compared with the prediction for the stochastic GW
background from cosmic strings, for two di↵erent models of the loop distribution discussed in ref. [220]
(left panel) and [221] (right panel). (Figure provided by A.C. Jenkins).

stochastic GW background may be produced as true vacuum bubbles collide and convert the
entire Universe to the symmetry-broken phase. In the Standard Model of particle physics,
the electroweak and the QCD transitions are just cross-overs, hence any generated gravita-
tional wave signal is not expected to be detectable. However, there are many extensions of
the Standard Model (e.g., with additional scalar singlet or doublet, spontaneously broken
conformal symmetry, or phase transitions in a hidden sector) which predict strong first-order
phase transitions, not necessarily tied to either the electroweak or the QCD phase transition.
In such models, the power of the generated gravitational wave signal depends on the energy
available for conversion to shear stress, which is determined by the underlying particle physics
model. Hence, a stochastic background of GWs will allow us to test particle physics models
of the very early Universe, at energy scales far above those that can be reached at the Large
Hadron Collider. First-order phase transitions can also lead to turbulence that may generate
a stochastic background of gravitational waves.

Phase transitions followed by spontaneous breaking of symmetries may leave behind
topological defects as relics of the previous more symmetric phase of the Universe. In the
context of Grand Unified Theories, it has been shown [222] that one-dimensional defects,
called cosmic strings are generically formed. Cosmic string loops oscillate periodically in
time, emitting GWs, which depend on a single parameter, the string tension µ, related to
the energy scale ⌘ of the symmetry breaking through

Gµ ⇠ 10�6

⇣ ⌘

1016 GeV

⌘
2

. (3.3)

Cosmic strings may emits bursts of beamed gravitational radiation. The main sources of
bursts are kinks, discontinuities on the tangent vector of a string resulting from string inter-
commutations and exchange of partners, and cusps, points where the string instantaneously
reaches the speed of light. Gravitational back reaction is expected to smooth out the string
microstructure which implies that kinky loops become less wiggly and cusps may be the most
important points for GW emission. Another mechanism leading to bursts of gravitational
waves is kink-kink collisions, during which gravitational waves are emitted in all directions.
The incoherent superposition of these bursts generates a stationary and almost Gaussian
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[ET Science Case, 2020]



Cosmic Strings (or other kind of topological defects) are non-trivial field 
configurations left-over after the phase transition has completed 

A network of cosmic strings emits GWs 

(results are model dependent) 

One model of 
Nambu Goto 
local strings
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• The signal extends over many frequencies since the GW production is 
continuous throughout the universe evolution 

• The energy density of the cosmic string network is a constant fraction of 
the universe’s one 

GW signal from cosmic strings

[Auclair P., et al ’19- LISA CosWG]

Gµ ⇠ 10�9
<latexit sha1_base64="2ozKSG5fEibzoNOcLo6PLOKUPhk=">AAACL3icbVDLSsNAFJ3Ud31VXboZLIILLYkIKm5EF7qsYFuhiWUyva2DM0mYuREk5GP8BL/Cra7EheLWvzCJEdR6Vodz7vP4kRQGbfvFqoyNT0xOTc9UZ+fmFxZrS8ttE8aaQ4uHMtQXPjMgRQAtFCjhItLAlC+h418f537nBrQRYXCOtxF4ig0DMRCcYSb1ageJWwzp6qHvJXbDLrA5QtIT6qqYukYo6tiXydZ+mvZq9W+bjhKnJHVSotmrvbr9kMcKAuSSGdN17Ai9hGkUXEJadWMDEePXbAjdjAZMgfGS4r6UrseGYUgj0FRIWojwsyNhyphb5WeViuGV+evl4n9eN8bBnpeIIIoRAp4vQiGhWGS4Fll6QPtCAyLLLwcqAsqZZoigBWWcZ2KcxVnN8nD+fj9K2tsNx244Zzv1w6MymWmyStbIBnHILjkkp6RJWoSTO/JAHsmTdW89W2/W+1dpxSp7VsgvWB+f6ZqkVQ==</latexit><latexit sha1_base64="2ozKSG5fEibzoNOcLo6PLOKUPhk=">AAACL3icbVDLSsNAFJ3Ud31VXboZLIILLYkIKm5EF7qsYFuhiWUyva2DM0mYuREk5GP8BL/Cra7EheLWvzCJEdR6Vodz7vP4kRQGbfvFqoyNT0xOTc9UZ+fmFxZrS8ttE8aaQ4uHMtQXPjMgRQAtFCjhItLAlC+h418f537nBrQRYXCOtxF4ig0DMRCcYSb1ageJWwzp6qHvJXbDLrA5QtIT6qqYukYo6tiXydZ+mvZq9W+bjhKnJHVSotmrvbr9kMcKAuSSGdN17Ai9hGkUXEJadWMDEePXbAjdjAZMgfGS4r6UrseGYUgj0FRIWojwsyNhyphb5WeViuGV+evl4n9eN8bBnpeIIIoRAp4vQiGhWGS4Fll6QPtCAyLLLwcqAsqZZoigBWWcZ2KcxVnN8nD+fj9K2tsNx244Zzv1w6MymWmyStbIBnHILjkkp6RJWoSTO/JAHsmTdW89W2/W+1dpxSp7VsgvWB+f6ZqkVQ==</latexit><latexit sha1_base64="2ozKSG5fEibzoNOcLo6PLOKUPhk=">AAACL3icbVDLSsNAFJ3Ud31VXboZLIILLYkIKm5EF7qsYFuhiWUyva2DM0mYuREk5GP8BL/Cra7EheLWvzCJEdR6Vodz7vP4kRQGbfvFqoyNT0xOTc9UZ+fmFxZrS8ttE8aaQ4uHMtQXPjMgRQAtFCjhItLAlC+h418f537nBrQRYXCOtxF4ig0DMRCcYSb1ageJWwzp6qHvJXbDLrA5QtIT6qqYukYo6tiXydZ+mvZq9W+bjhKnJHVSotmrvbr9kMcKAuSSGdN17Ai9hGkUXEJadWMDEePXbAjdjAZMgfGS4r6UrseGYUgj0FRIWojwsyNhyphb5WeViuGV+evl4n9eN8bBnpeIIIoRAp4vQiGhWGS4Fll6QPtCAyLLLwcqAsqZZoigBWWcZ2KcxVnN8nD+fj9K2tsNx244Zzv1w6MymWmyStbIBnHILjkkp6RJWoSTO/JAHsmTdW89W2/W+1dpxSp7VsgvWB+f6ZqkVQ==</latexit><latexit sha1_base64="2ozKSG5fEibzoNOcLo6PLOKUPhk=">AAACL3icbVDLSsNAFJ3Ud31VXboZLIILLYkIKm5EF7qsYFuhiWUyva2DM0mYuREk5GP8BL/Cra7EheLWvzCJEdR6Vodz7vP4kRQGbfvFqoyNT0xOTc9UZ+fmFxZrS8ttE8aaQ4uHMtQXPjMgRQAtFCjhItLAlC+h418f537nBrQRYXCOtxF4ig0DMRCcYSb1ageJWwzp6qHvJXbDLrA5QtIT6qqYukYo6tiXydZ+mvZq9W+bjhKnJHVSotmrvbr9kMcKAuSSGdN17Ai9hGkUXEJadWMDEePXbAjdjAZMgfGS4r6UrseGYUgj0FRIWojwsyNhyphb5WeViuGV+evl4n9eN8bBnpeIIIoRAp4vQiGhWGS4Fll6QPtCAyLLLwcqAsqZZoigBWWcZ2KcxVnN8nD+fj9K2tsNx244Zzv1w6MymWmyStbIBnHILjkkp6RJWoSTO/JAHsmTdW89W2/W+1dpxSp7VsgvWB+f6ZqkVQ==</latexit>

Gµ ⇠ 10�14
<latexit sha1_base64="criwePlsVsB9nh3iSvzWPtMWHm0=">AAACMHicbVDLSsNAFJ34rPUVdelmsAgutCRS0IUL0YUuK1gVklgm09s6OJOEmRtBQn7GT/Ar3OpKFyJu/QqTWEGtZ3U45z5PmEhh0HFerLHxicmp6dpMfXZufmHRXlo+M3GqOXR4LGN9ETIDUkTQQYESLhINTIUSzsPrw9I/vwFtRByd4m0CgWKDSPQFZ1hIXXsv86shnh6EQeY0nQqbIyQ/or5KqW+Eoq5zmW25rTzv2o1vn44Sd0gaZIh21371ezFPFUTIJTPGc50Eg4xpFFxCXvdTAwnj12wAXkEjpsAEWXVgTtdTwzCmCWgqJK1E+NmRMWXMrQqLSsXwyvz1SvE/z0uxvxtkIkpShIiXi1BIqBYZrkURH9Ce0IDIysuBiohyphkiaEEZ54WYFnnWizzcv9+PkrPtpus03ZNWY/9gmEyNrJI1skFcskP2yTFpkw7h5I48kEfyZN1bz9ab9f5VOmYNe1bIL1gfn2PspIs=</latexit><latexit sha1_base64="criwePlsVsB9nh3iSvzWPtMWHm0=">AAACMHicbVDLSsNAFJ34rPUVdelmsAgutCRS0IUL0YUuK1gVklgm09s6OJOEmRtBQn7GT/Ar3OpKFyJu/QqTWEGtZ3U45z5PmEhh0HFerLHxicmp6dpMfXZufmHRXlo+M3GqOXR4LGN9ETIDUkTQQYESLhINTIUSzsPrw9I/vwFtRByd4m0CgWKDSPQFZ1hIXXsv86shnh6EQeY0nQqbIyQ/or5KqW+Eoq5zmW25rTzv2o1vn44Sd0gaZIh21371ezFPFUTIJTPGc50Eg4xpFFxCXvdTAwnj12wAXkEjpsAEWXVgTtdTwzCmCWgqJK1E+NmRMWXMrQqLSsXwyvz1SvE/z0uxvxtkIkpShIiXi1BIqBYZrkURH9Ce0IDIysuBiohyphkiaEEZ54WYFnnWizzcv9+PkrPtpus03ZNWY/9gmEyNrJI1skFcskP2yTFpkw7h5I48kEfyZN1bz9ab9f5VOmYNe1bIL1gfn2PspIs=</latexit><latexit sha1_base64="criwePlsVsB9nh3iSvzWPtMWHm0=">AAACMHicbVDLSsNAFJ34rPUVdelmsAgutCRS0IUL0YUuK1gVklgm09s6OJOEmRtBQn7GT/Ar3OpKFyJu/QqTWEGtZ3U45z5PmEhh0HFerLHxicmp6dpMfXZufmHRXlo+M3GqOXR4LGN9ETIDUkTQQYESLhINTIUSzsPrw9I/vwFtRByd4m0CgWKDSPQFZ1hIXXsv86shnh6EQeY0nQqbIyQ/or5KqW+Eoq5zmW25rTzv2o1vn44Sd0gaZIh21371ezFPFUTIJTPGc50Eg4xpFFxCXvdTAwnj12wAXkEjpsAEWXVgTtdTwzCmCWgqJK1E+NmRMWXMrQqLSsXwyvz1SvE/z0uxvxtkIkpShIiXi1BIqBYZrkURH9Ce0IDIysuBiohyphkiaEEZ54WYFnnWizzcv9+PkrPtpus03ZNWY/9gmEyNrJI1skFcskP2yTFpkw7h5I48kEfyZN1bz9ab9f5VOmYNe1bIL1gfn2PspIs=</latexit>

Future CMB B-mode LIGO/Virgo bound
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LISA or ET

1 Introduction

The direct detection of gravitational waves (GWs) by the LIGO and Virgo network [1–5]
marks the dawn of a new era in astronomy, opening a unique window with which to observe
the Universe. GWs carry invaluable information about the sources that created them —
which could be of astrophysical or cosmological origin — since they propagate unimpeded
through space. Gravitational waves therefore constitute one of the most promising new
messengers with which we can probe aspects of the Universe so far undetermined by other
means.

One of the main targets of GW experiments is the detection of a stochastic gravita-
tional wave background (SGWB) of cosmological origin. The most famous example of such
a SGWB is the quasi–scale invariant background from inflation, due to quantum fluctu-
ations [6–9]. This background is expected to be too small be to detectable by currently
planned GW observatories. However, if axion-type species are present during inflation, po-
tentially observable GWs can also be produced with a significant blue-tilt (see e.g. [10–21],
or [22] for a general discussion on GWs from inflation). Furthermore, post-inflationary,
early-universe phenomena can also generate GWs with a large amplitude, e.g. a kination-
dominated phase [23–27], particle production during preheating [28–35], oscillon dynam-
ics [36–40], strong first order phase transitions [41–47], or cosmic defect networks [48–54].
For a comprehensive review of SGWB signals of cosmological origin, see [55]. In this paper,
we focus on precisely one such cosmological source: cosmic strings. We investigate, in par-
ticular, the ability of the Laser Interferometer Space Antenna (LISA) [56] — which will be
the first GW observatory in space — to probe the SGWB emitted by a network of cosmic
strings.

Cosmic strings are stable topological defect solutions of field theories [57] which may
have formed in symmetry breaking phase transitions in the early Universe [58, 59]. Altern-
atively, they can be cosmologically stretched fundamental strings of String Theory, formed
for instance at the end of brane inflation [60, 61]. The energy per unit length of a string µ,
is of order ⌘2, where ⌘ is a characteristic energy scale (for topological strings, the energy
scale of the phase transition). In the simplest cases, the string tension is also of order µ, and
strings are relativistic objects that typically move at a considerable fraction of the speed of
light. The combination of a high energy scale and a relativistic speed clearly indicates that
strings should be considered a natural source of GWs.

A network of strings formed in the early Universe emits GWs throughout the history of
the Universe, generating a SGWB from the superposition of many uncorrelated sources. In
this paper, we forecast the constraints that LISA may put on the dimensionless combination
Gµ (where G = 1/M2

p is Newton’s constant, and Mp = 1.22⇥ 10
19 GeV the Planck mass),

which is related to the energy scale ⌘ through

Gµ ⇠ 10
�6

⇣ ⌘

1016 GeV

⌘2
, (1.1)

and which parametrizes the gravitational interactions of the string.
There are other ways one can hope to detect the presence of cosmic strings in the

Universe that do not directly involve the observation of the GWs they generate. In fact,
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Figure 14. The 95% confidence detection region of ET-D for stochastic backgrounds assuming
one year of observation time (shaded area), compared with the prediction for the stochastic GW
background from cosmic strings, for two di↵erent models of the loop distribution discussed in ref. [220]
(left panel) and [221] (right panel). (Figure provided by A.C. Jenkins).

stochastic GW background may be produced as true vacuum bubbles collide and convert the
entire Universe to the symmetry-broken phase. In the Standard Model of particle physics,
the electroweak and the QCD transitions are just cross-overs, hence any generated gravita-
tional wave signal is not expected to be detectable. However, there are many extensions of
the Standard Model (e.g., with additional scalar singlet or doublet, spontaneously broken
conformal symmetry, or phase transitions in a hidden sector) which predict strong first-order
phase transitions, not necessarily tied to either the electroweak or the QCD phase transition.
In such models, the power of the generated gravitational wave signal depends on the energy
available for conversion to shear stress, which is determined by the underlying particle physics
model. Hence, a stochastic background of GWs will allow us to test particle physics models
of the very early Universe, at energy scales far above those that can be reached at the Large
Hadron Collider. First-order phase transitions can also lead to turbulence that may generate
a stochastic background of gravitational waves.

Phase transitions followed by spontaneous breaking of symmetries may leave behind
topological defects as relics of the previous more symmetric phase of the Universe. In the
context of Grand Unified Theories, it has been shown [222] that one-dimensional defects,
called cosmic strings are generically formed. Cosmic string loops oscillate periodically in
time, emitting GWs, which depend on a single parameter, the string tension µ, related to
the energy scale ⌘ of the symmetry breaking through

Gµ ⇠ 10�6

⇣ ⌘

1016 GeV

⌘
2

. (3.3)

Cosmic strings may emits bursts of beamed gravitational radiation. The main sources of
bursts are kinks, discontinuities on the tangent vector of a string resulting from string inter-
commutations and exchange of partners, and cusps, points where the string instantaneously
reaches the speed of light. Gravitational back reaction is expected to smooth out the string
microstructure which implies that kinky loops become less wiggly and cusps may be the most
important points for GW emission. Another mechanism leading to bursts of gravitational
waves is kink-kink collisions, during which gravitational waves are emitted in all directions.
The incoherent superposition of these bursts generates a stationary and almost Gaussian
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PBHs as DM - Current constraints

Most updated constraints leave a window open for PBHs as DM
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Recently reanalysed in [arXiv:1906.05950]

GW signal from second order scalar perturbations: 
PBH and LISA

A. Riotto, https://indico.math.cnrs.fr/event/5766/contributions/5153/
attachments/2801/3587/Paris2021.pdf

There is a mass window for 
which PBH can still constitute 
the whole of the dark matter

If one wants to produce PBH in 
this mass range, one also has an 

observable SGWB in LISA by 
second order scalar perturbations

N. Bartolo et al, arXiv:1810.12218, 
arXiv:1810.12224
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GWB from cosmological sources superimposed to the Astrophysical GWB

Peculiar features to distinguish them:
Spectral Dependence:

Net Polarization: 

⌦GW(f)
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Anisotropies/Directionality:
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 UP PQFO UIF ���
UP ���N)[ (SBWJUBUJPOBM 8BWF XJOEPX UP UIF 6OJ�
WFSTF� ćJT MPX�GSFRVFODZ XJOEPX JT SJDI JO B WBSJFUZ
PG TPVSDFT UIBU XJMM MFU VT TVSWFZ UIF 6OJWFSTF JO B OFX
BOE VOJRVF XBZ
 ZJFMEJOH OFX JOTJHIUT JO B CSPBE SBOHF
PG UIFNFT JO BTUSPQIZTJDT BOE DPTNPMPHZ BOE FOBCMJOH
VT JO QBSUJDVMBS UP TIFE MJHIU PO UXP LFZ RVFTUJPOT� 	�

)PX
 XIFO BOE XIFSF EP UIF ĕSTU NBTTJWF CMBDL IPMFT
GPSN
 HSPX BOE BTTFNCMF
 BOE XIBU JT UIF DPOOFDUJPO
XJUI HBMBYZ GPSNBUJPO 	�
 8IBU JT UIF OBUVSF PG HSBW�
JUZ OFBS UIF IPSJ[POT PG CMBDL IPMFT BOE PO DPTNPMPHJ�
DBM TDBMFT 
8F QSPQPTF UIF -*4" NJTTJPO JO PSEFS UP SFTQPOE UP
UIJT TDJFODF UIFNF JO UIF CSPBEFTU XBZ QPTTJCMF XJUIJO
UIF DPOTUSBJOFE CVEHFU BOE HJWFO TDIFEVMF� -*4" FO�
BCMFT UIF EFUFDUJPO PG (8T GSPN NBTTJWF CMBDL IPMF
DPBMFTDFODFT XJUIJO B WBTU DPTNJD WPMVNF FODPNQBTT�
JOH BMM BHFT
 GSPN DPTNJD EBXO UP UIF QSFTFOU
 BDSPTT
UIF FQPDIT PG UIF FBSMJFTU RVBTBST BOE PG UIF SJTF PG
HBMBYZ TUSVDUVSF� ćF NFSHFS�SJOHEPXO TJHOBM PG UIFTF
MPVE TPVSDFT FOBCMFT UFTUT PG &JOTUFJO�T (FOFSBM ćFPSZ
PG 3FMBUJWJUZ 	(3
 JO UIF EZOBNJDBM TFDUPS BOE TUSPOH�
ĕFME SFHJNF XJUI VOQSFDFEFOUFE QSFDJTJPO� -*4" XJMM
NBQ UIF TUSVDUVSF PG TQBDFUJNF BSPVOE UIF NBTTJWF
CMBDL IPMFT UIBU QPQVMBUF UIF DFOUSFT PG HBMBYJFT VTJOH
TUFMMBS DPNQBDU PCKFDUT BT UFTU QBSUJDMF�MJLF QSPCFT� ćF
TBNF TJHOBMT XJMM BMTP BMMPX VT UP QSPCF UIF QPQVMBUJPO
PG UIFTF NBTTJWF CMBDL IPMFT BT XFMM BT BOZ DPNQBDU PC�
KFDUT JO UIFJS WJDJOJUZ� " TUPDIBTUJD (8 CBDLHSPVOE PS
FYPUJD TPVSDFT NBZ QSPCF OFX QIZTJDT JO UIF FBSMZ 6OJ�
WFSTF� "EEFE UP UIJT MJTU PG TPVSDFT BSF UIF OFXMZ EJTDPW�
FSFE -*(0�7JSHP IFBWZ TUFMMBS�PSJHJO CMBDL IPMF NFSH�
FST
 XIJDIXJMM FNJU(8T JO UIF -*4"CBOE GSPN TFWFSBM
ZFBST VQ UP B XFFL QSJPS UP UIFJS NFSHFS
 FOBCMJOH DPPS�
EJOBUFE PCTFSWBUJPOT XJUI HSPVOE�CBTFE JOUFSGFSPNF�
UFST BOE FMFDUSPNBHOFUJD UFMFTDPQFT� ćF WBTU NBKPSJUZ
PG TJHOBMT XJMM DPNF GSPN DPNQBDU HBMBDUJD CJOBSZ TZT�
UFNT
 XIJDI BMMPX VT UP NBQ UIFJS EJTUSJCVUJPO JO UIF
.JMLZ 8BZ BOE JMMVNJOBUF TUFMMBS BOE CJOBSZ FWPMVUJPO�
-*4" CVJMET PO UIF TVDDFTT PG -*4" 1BUIĕOEFS
	-1'
 <�>
 UXFOUZ ZFBST PG UFDIOPMPHZ EFWFMPQNFOU

BOE UIF (SBWJUBUJPOBM 0CTFSWBUPSZ "EWJTPSZ 5FBN
	(0"5
 SFDPNNFOEBUJPOT� -*4" XJMM VTF UISFF BSNT

BOE UISFF JEFOUJDBM TQBDFDSBę 	4�$
 JO B USJBOHVMBS GPS�
NBUJPO JO B IFMJPDFOUSJD PSCJU USBJMJOH UIF &BSUI CZ
BCPVU ��○� ćF FYQFDUFE TFOTJUJWJUZ BOE TPNF QPUFO�
UJBM TJHOBMT BSF TIPXO JO 'JHVSF ��

'JHVSF �� &YBNQMFT PG (8 TPVSDFT JO UIF GSF�
RVFODZ SBOHF PG -*4"
 DPNQBSFE XJUI JUT TFOTJ�
UJWJUZ GPS B ��BSNDPOĕHVSBUJPO� ćFEBUB BSF QMPU�
UFE JO UFSNT PG EJNFOTJPOMFTT ADIBSBDUFSJTUJD TUSBJO
BNQMJUVEF� <�>� ćF USBDLT PG UISFF FRVBMNBTT CMBDL
IPMF CJOBSJFT
 MPDBUFE BU z = 3 XJUI UPUBM JOUSJO�
TJD NBTTFT 107
 106 BOE 105M⊙
 BSF TIPXO� ćF
TPVSDF GSFRVFODZ 	BOE 4/3
 JODSFBTFT XJUI UJNF

BOE UIF SFNBJOJOH UJNF CFGPSF UIF QMVOHF JT JOEJ�
DBUFE PO UIF USBDLT� ćF � TJNVMUBOFPVTMZ FWPMW�
JOH IBSNPOJDT PG BO &YUSFNF .BTT 3BUJP *OTQJSBM
TPVSDF BU z = 1.2 BSF BMTP TIPXO
 BT BSF UIF USBDLT PG
B OVNCFS PG TUFMMBS PSJHJO CMBDL IPMF CJOBSJFT PG UIF
UZQF EJTDPWFSFE CZ -*(0� 4FWFSBM UIPVTBOE HBMBD�
UJD CJOBSJFT XJMM CF SFTPMWFE BęFS B ZFBS PG PCTFS�
WBUJPO� 4PNF CJOBSZ TZTUFNT BSF BMSFBEZ LOPXO

BOE XJMM TFSWF BT WFSJĕDBUJPO TJHOBMT� .JMMJPOT PG
PUIFS CJOBSJFT SFTVMU JO B ADPOGVTJPO TJHOBM�
 XJUI B
EFUFDUFE BNQMJUVEF UIBU JT NPEVMBUFE CZ UIF NP�
UJPO PG UIF DPOTUFMMBUJPO PWFS UIF ZFBS� UIF BWFSBHF
MFWFM JT SFQSFTFOUFE BT UIF HSFZ TIBEFE BSFB�

"O PCTFSWBUPSZ UIBU DBO EFMJWFS UIJT TDJFODF JT EF�
TDSJCFE CZ B TFOTJUJWJUZ DVSWF XIJDI
 CFMPX �N)[
 XJMM
CF MJNJUFE CZ BDDFMFSBUJPO OPJTF BU UIF MFWFM EFNPO�
TUSBUFE CZ -1'� *OUFSGFSPNFUSZ OPJTF EPNJOBUFT BCPWF
�N)[
 XJUI SPVHIMZ FRVBM BMMPDBUJPOT GPS QIPUPO TIPU
OPJTF BOE UFDIOJDBM OPJTF TPVSDFT� 4VDI B TFOTJUJWJUZ
DBO CF BDIJFWFE XJUI B ���NJMMJPO LN BSN�MFOHUI DPO�
TUFMMBUJPO XJUI �� DN UFMFTDPQFT BOE �8 MBTFS TZTUFNT�
ćJT JT DPOTJTUFOU XJUI UIF (0"5 SFDPNNFOEBUJPOT
BOE
 CBTFE PO UFDIOJDBM SFBEJOFTT BMPOF
 B MBVODINJHIU
CF GFBTJCMF BSPVOE ����� 8F QSPQPTF BNJTTJPO MJGFUJNF
PG � ZFBST FYUFOEBCMF UP �� ZFBST GPS -*4"�

1BHF � -*4" o �� */530%6$5*0/

[SGWBinner code (LISA CosWG) ’19, ’20]

[Domcke, V., et al.,’20]

⌦GW(f, ~x)
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