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LISA detector proposal L3 
Constellation of 3 spacecraft in an equilateral configuration              

(a giant interferometer) 
with 2.5 million-km arms 

Expected launch in 2034

Fixed the Noise Level to N2 (better than expected) 

L3 Proposal -> Mission duration: 4 years science mission
                                                    10 years nominal mission 

                    -> Length of the arms: 2,5 million of Km
                                   ->    Laser: 1064 nm 

                                   ->    Mirror size: 30 cm 

2.

LISA now in PHASE B1 (phase of development)
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GW sources 
and 

LISA scientific goals

1 Ph Trans

[LISA L3 proposal 2017]

LISA Main Scientific Targets

- MBHBs
- EMRIs

- Compact WDs

Klein A., et al. ‘15 

Gair J. R., et al. 17 

LISA Cosmological Scientific Targets

- First order phase transition around Tev

- Inflationary GWs
- Cosmic Strings

In preparation

Figueroa D., Ricciardone A., et al ’16

Caprini C., et al ’15, ‘19

Figueroa D., et al ’19

- MBHBs as Standard Sirens

- Primordial Black Holes

Tamanini N., et al ‘15
[Karnesis  N., et al., 2021]

See A. Mangiagli talk



Potentially interesting scenarios

- Presence of extra degrees of freedom during inflation

- New patterns of symmetry during inflation

- Merging of Primordial BHs after inflation

- . . .

Axion Inflation

Spectator Field 

Massive graviton during inflation

[Figueroa D., Ricciardone A., et al ’16 - CosWG paper]

[J. Cook, L. Sorbo, '11]

[N. Barnaby, E. Pajer, M. Peloso ’11]

[R. Namba et al. ’15]

[N.  Barnaby et al. ’12]

  [M. Shiraishi, A. R., S. Saga, '13] 

[N. Bartolo, D. Cannone, A. R., G. Tasinato '15]

[D. Cannone, G. Tasinato, D. Wands ’14]

[S. Endlich, A. Nicolis, J. Wang ’12]

[S. Clesse, J. G-Bellido,  15]
[S. Bird et al,  16]
[M. Sasaki et al,  16]

Inflationary GWs generated by the amplification of the vacuum fluctuations
 have an amplitude OUT of LIGO, ET/CE and LISA range



Inflationary sources: Axion-inflation  L � � '

4f
Fµ⌫ F̃

µ⌫

Axion - Inflation
⇠ ⌘ '̇

2fH

[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
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 GW background

GW energy spectrum today

vacuum fluctuations

LISA

Axion-Inflation

Bartolo et al ’16, 1610.06481 

Non-Gaussian, 
& Chiral 

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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[Domcke, Pieroni, Binetruy, ’16]

[Namba et al., ’15]
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[Bartolo N., et al. ’16 - LISA CosWG paper]

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

[Namba et al., ’15]

Peculiar features
- Blue-Tilted SGWB Spectrum

- Chiral SGWB spectrum

- Non-Gaussian SGWB

non-Gaussianity, mu-distorsion (+LIGO)

LISA sensitivities

complementarity between CMB 
and direct GW observations



SGWB from Phase transition

- Bubble collisions
- MHD Turbulence
- Sound Waves

Processes 

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

Phase transitions

 9

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 
• magnetohydrodynamic turbulence 
• sound waves 

peaked spectrum with
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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.

19

LISA

parameter example 
taken from
Caprini, Hindmarsh et al ’15
[LISA CosWG]
(update in progress)

fpeak ⇠ 10
�3

Hz
T

100 GeV
(68)

10

talks by:  
Dietrich Bodeker, 
Daniel Cutting
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talks by:  
Dietrich Bodeker, 
Daniel Cutting

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

[Caprini C., et al ’16, ’19- LISA CosWG paper]



First-order PT

Since LISA is sensitive to energy scales 10 GeV-100 TeV:

LISA can probe EWPT in BSM models...
- direct extensions of MSSM
- direct coupling of Higgs sector with scalars
- SM plus dimension six operator  

...and beyond the EWPT 
- DM sector: provides DM candidate and confining PT
- Warped extra dimensions: PT from the dilaton/radion 

stabilisation in RS-like models 

LISA as a new probe of BSM physics 
complementary to colliders



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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Gµ = 10�15
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Gµ = 10�13
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Gµ = 10�10
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Auclair et al, arXiv:1909.00819

• 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
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Gµ ⇠ 10�14
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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

100% 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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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
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 JO B USJBOHVMBS GPS�
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BCPVU ��○� ćF FYQFDUFE TFOTJUJWJUZ BOE TPNF QPUFO�
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RVFODZ SBOHF PG -*4" DPNQBSFE XJUI JUT TFOTJ�
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[SGWBinner code (LISA CosWG) ’19, ’20]

[Domcke, V., et al.,’20]

⌦GW(f, ~x)
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(Power law + astro (foregrounds) binaries)(Axion inflation, Phase Transition beyond SM)

Spectral shape Reconstruction

See J. Fumagalli talk

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

Figure 1: Main Plot. [Top] Reconstruction of the power-law benchmark signal in

the cases whithout [left] and with [right] including foregrounds. The injected signal has

↵⇤ = �12 and nT = 0. [Bottom-left] Triangle plot of the signal and noise parameters

obtained using Polychord. [Bottom-right] the triangle plot is extended to the amplitude of

galactic and extragalactic foregrounds to explicitly show the degeneracies with the template

parameters. [MB]

standard deviation is computed both using the Fisher matrix formalism and Polychord1.

In both cases we perform the analysis with and without foregrounds. When foregrounds

are included, nested sampling provides a better estimate on the error compared to the the

Fisher, probably because the latter, assuming Gaussian pdfs, easily picks up degeneracies.

This is easy to see from the line of constant nT = 2/3.

• Comparison between Fisher and Polychord. The performance of Fisher and

Polychord in estimating the model parameters are compared in Figs. 5 and 4. For simplicity

we show the case of a flat spectrum nT = 0. When foregrounds are not included in the

analysis, the Fisher formalism and nested sampling start to di↵er for ↵⇤ . �12.7 which

1
Note that, in the latter case, the posterior distributions are not always Gaussian and centered around

the injected value. This often happens when SNR < 10. For example, we may have cases where the upper

and lower limits on a parameters are di↵erent or we only have an upper limit on a certain parameter.

Nevertheless, the standard deviation is still a good estimate of the errors on the parameters.
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ISOTROPIC 
BACKGROUND 

Small 
PERTURBATION 

(direction-dependent)

GWs of high frequency propagating through
 large-scale (low frequency) cosmological perturbation due to LSS

Two contributions: 1.  At production

2.  During the propagation through universe

[Bartolo, Bertacca, Matarrese, Peloso, AR, Riotto, Tasinato ’19, ’20]

Treatment as CMB

AGWB Anisotropies

[Alba, Maldacena, 2015]
[Contaldi, 2016]

(Geometric Optics Limit)

⌦GW(⌘0, k, n̂) ⌘ ⌦̄GW(⌘0, k) + �⌦GW(⌘0, k, n̂)
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Figure 1: Traces of early universe physics can be looked for through multiple observational windows.

and it is intriguing that a PT happening at temperatures around the weak scale or TeV scale would give a signal
in the most sensitive region of the upcoming LISA experiment [189]. Higher PT scales could be probed by
LIGO and follow-up experiments such as the Einstein Telescope and Cosmic Explorer, while PTA experiments
are sensitive to PTs at later times that could potentially happen in a hidden sector [190, 191].

2.3 Outlook and Open Problems
We are entering an age of “multi-messenger cosmology", with multiple cosmological probes (CMB, LSS and GWs)
poised to provide new tests of the physics of the early universe (see Fig. 1). In order for these observations to
fulfill their true potential, however, theoretical advances will be crucially needed. The following is a list of some
of the most important open problems for each of the topics described above.

• Inflation: Despite being a very successful phenomenological model, inflation is not yet a complete theory.
In particular, the microscopic origin of the inflationary expansion is still unknown. This challenge can be
addressed through two complementary approaches. On the one hand, it remains important to construct
explicit models of inflation and study their observational predictions, including the effects of UV comple-
tion. On the other hand, we can carve out the space of consistent inflationary correlations starting from
basic physical principles such as locality, causality and unitarity. In this way, we can hope to provide a
systematic classification of the inflationary predictions. At a more phenomenological level, future galaxy
surveys will provide interesting new constraints on non-Gaussian correlations. In order for these obser-
vations to fulfill their true potential, however, the non-Gaussianity associated to nonlinear gravitational
evolution and galaxy biasing must be characterized very accurately, so that the primordial signals can be
extracted reliably. This will require both advances in numerical simulations, as well as improvements in
the theory description of large-scale structure.

• Reheating: Some of the theoretical challenges related to the reheating era include: (1) Delineating the
model dependent vs. relatively universal predictions, both from a model-building perspective and those
resulting from nonlinear phenomena (e.g. [192–196]). (2) Numerically simulating the nonperturbative
physics of this period with increasingly more ‘realistic’ field content – scalars, fermions, Abelian and
non-Abelian fields (see [197–203]) and detailed accounting of metastable/solitonic structures, full quan-
tum and gravitational effects. (3) Performing the numerical simulations long enough to reach full (local)

175] are currently on the brink of discovering a stochastic GW background (SGWB). In 2020, NANOGrav was the first PTA
collaboration to present strong evidence for a new stochastic process affecting its 12.5-year data [176]. Joint PTA analyses based on
larger data sets in the next years, eventually leading up to PTA observations with FAST [177] and SKA [178, 179], will help clarify
whether this process really corresponds to a SGWB signal and shed more light on its origin [180]. Possible explanations include
the mergers of supermassive black-hole binaries [181] on the astrophysical side as well as an abundance of BSM scenarios on the
cosmological side, including but not limited to cosmic strings [150–152], scalar-induced GWs (SIGWs) generated at second order of
perturbation theory in conjunction with the production of primordial black holes [182–185], cosmological phase transitions [162, 186–
188], and axions [162, 163].
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LIGO and follow-up experiments such as the Einstein Telescope and Cosmic Explorer, while PTA experiments
are sensitive to PTs at later times that could potentially happen in a hidden sector [190, 191].
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poised to provide new tests of the physics of the early universe (see Fig. 1). In order for these observations to
fulfill their true potential, however, theoretical advances will be crucially needed. The following is a list of some
of the most important open problems for each of the topics described above.

• Inflation: Despite being a very successful phenomenological model, inflation is not yet a complete theory.
In particular, the microscopic origin of the inflationary expansion is still unknown. This challenge can be
addressed through two complementary approaches. On the one hand, it remains important to construct
explicit models of inflation and study their observational predictions, including the effects of UV comple-
tion. On the other hand, we can carve out the space of consistent inflationary correlations starting from
basic physical principles such as locality, causality and unitarity. In this way, we can hope to provide a
systematic classification of the inflationary predictions. At a more phenomenological level, future galaxy
surveys will provide interesting new constraints on non-Gaussian correlations. In order for these obser-
vations to fulfill their true potential, however, the non-Gaussianity associated to nonlinear gravitational
evolution and galaxy biasing must be characterized very accurately, so that the primordial signals can be
extracted reliably. This will require both advances in numerical simulations, as well as improvements in
the theory description of large-scale structure.

• Reheating: Some of the theoretical challenges related to the reheating era include: (1) Delineating the
model dependent vs. relatively universal predictions, both from a model-building perspective and those
resulting from nonlinear phenomena (e.g. [192–196]). (2) Numerically simulating the nonperturbative
physics of this period with increasingly more ‘realistic’ field content – scalars, fermions, Abelian and
non-Abelian fields (see [197–203]) and detailed accounting of metastable/solitonic structures, full quan-
tum and gravitational effects. (3) Performing the numerical simulations long enough to reach full (local)

175] are currently on the brink of discovering a stochastic GW background (SGWB). In 2020, NANOGrav was the first PTA
collaboration to present strong evidence for a new stochastic process affecting its 12.5-year data [176]. Joint PTA analyses based on
larger data sets in the next years, eventually leading up to PTA observations with FAST [177] and SKA [178, 179], will help clarify
whether this process really corresponds to a SGWB signal and shed more light on its origin [180]. Possible explanations include
the mergers of supermassive black-hole binaries [181] on the astrophysical side as well as an abundance of BSM scenarios on the
cosmological side, including but not limited to cosmic strings [150–152], scalar-induced GWs (SIGWs) generated at second order of
perturbation theory in conjunction with the production of primordial black holes [182–185], cosmological phase transitions [162, 186–
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Conclusions
The Cosmological SGWB is a powerful tool to shed light on the 
microphysics of the early universe, as well as the later evolutionary stage:

- Well motivated inflationary models

- First order phase transition

- Cosmic Strings

- …

The detection or NOT of primordial GWs with LISA, constrains 
inflationary cosmological parameters complementary to CMB

LISA will have the ability to probe several peculiar features 
of the SGWB:
 - chirality
 - anisotropies
 - cross-correlation with other cosmological probes



Thank you!





GW are represented by tensor perturbation                      
of the FLRW metric

hij

ds2 = �dt2 + a2(t)(�ij + hij)dx
idxj

Transverse and traceless @ihij = hii = 0 2 D.O.F
(2 polarizations)

- Period of accelerated (exponential) expansion driven by a scalar field 
(inflaton) that rolls down on its flat potential

Stretches the microphysics scales to super-horizon sizes

Inflation and Primordial GWs

Generation of perturbations

Solve Standard Big-Bang shortcomings



Chirality

RX1X2
V (f) = 0

V= circular polarization Stokes parameter 

⌦GW(n̂) / (1 + ~� · n̂)⌦0
GW
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Measurement of GW polarization at LISA / ET
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SNRLISA !
vd

10−3

ΩGW,R −ΩGW,L

4 · 10−11

√
T

3 years
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Measurement of GW polarization at LISA / ET

Two GWs related by a mirror symmetry produce the same

response in a planar detector. Cannot detect net circular

polarization of an isotropic SGWB

Isotropy in any case broken by peculiar motion of

the solar system. Assumption, vd ! 10−3 as CMB
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vd

10−3

ΩGW,R −ΩGW,L

1.2 · 10−11

√
T

3years
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• Do the GW and the CMB dipole coincide ?

Assuming a dipole modulation due to the motion of our Solar System with respect to the cosmic frame -> 
BREAKING OF ISOTROPY 

For an ISOTROPIC SGWB

[Domcke, V., et al.,’20]

[Smith & Caldwell, ‘16]

[B. Thorne et al., ‘17]
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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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LISA/ET

Using a Boltzmann approach (similar to CMB)

SGWB Anisotropies

The SGWB also brings FREQUENCY information, in contrast with CMB (apart from Spectral Distorsions)

of the short-scalr scalar perturbations that are responsible for the PBH formation). Here we
study the 3�point function induced by the GW propagation. This is also proportional to the
non-Gaussianity of the scalar perturbations. In this sense, the SGWB can be used as a novel
probe (beyond the CMB and the LSS) of the non-Gaussianity of the scalar perturbations.

Although in most of this work we limit our attention to linearized fluctuations, in Sec-
tion 6 we consider non-linear e↵ects induced by long-wavelength scalar perturbations, which
modulate correlation functions involving short-wavelength modes. We make use of a powerful
method first introduced by Weinberg in [27], which focusses on adiabatic systems, and iden-
tifies the e↵ects of long modes with an appropriate coordinate transformation. Applying this
method to our set-up, we compute how non-linearities induce a non-vanishing squeezed limit
of the 3-point function for the SGWB density contrast. We determine how such squeezed
limit depends on the scale-dependence of the spectrum of primordial scalar fluctuations; on
the momentum dependence of the background SGWB distribution; and on the time, scale,
and direction dependence of the scalar transfer functions connecting primordial to late-time
adiabatic scalar fluctuations.

The paper is organized as follows. In Section 2 we present the computation and the
formal solution of the Boltzmann equation for GW propagation. In Section 3 we decompose
the formal solution in spherical harmonics, paralleling a treatment that is familiar in the
study of CMB perturbations. In Section 4 we compute the angular power spectrum and
bispectrum of the SGWB perturbations. In Section 5 we review one physical mechanism
that can result in a sizeable cosmological SGWB with some degree of anisotropy. In Section
6 we study non-linear e↵ects on the squeezed bispectrum. These results are discussed and
summarized in Section 7. The paper is concluded by three appendices. Appendix A contains
the details of the computation of the anisotropies due to the large-scale tensor perturbations.
Appendix B provides some intermediate steps on the computation of the GW bispectrum
induced by tensor modes. Finally, Appendix C presents an immediate connection between
our formal solutions and the CMB results obtained in the case of initial thermal state.

Part of the results contained in the present work were also summarized in the Rapid
Communication [58].

2 Boltzmann equation for gravitational waves

We consider first order perturbations around a Friedmann-Lemaitre-Robertson-Walker (FLRW)
background in the Poisson gauge

ds
2 = a

2(⌘)
⇥
�e

2�
d⌘

2 + (e�2 
�ij + �ij)dx

i
dx

j
⇤
, (2.1)

where a(⌘) is the scale factor as a function of the conformal time ⌘. � and  are scalar
perturbations while �ij represent the transverse-traceless (TT) tensor perturbations. We
neglect linear vector modes since they are not produced at first order in standard mechanisms
for the generation of cosmological perturbations (as scalar field inflation), and we consider
tensor modes at linearised order.

Given the statistical nature of the GW we can define a distribution function of gravitons
as f = f(xµ, pµ), which is function of their position x

µ and momentum p
µ = dx

µ
/d�, where

� is an a�ne parameter along the GW trajectory. As we will see, observables as number
density, spectral energy density, and flux (directions) can be derived from the distribution
function. The graviton distribution function obeys the Boltzmann equation

L[f ] = C[f(�)] + I[f(�)] , (2.2)

– 3 –
Liouville operator

Collision operator

Emissivity operator

f
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Graviton distribution function

of the short-scalr scalar perturbations that are responsible for the PBH formation). Here we
study the 3�point function induced by the GW propagation. This is also proportional to the
non-Gaussianity of the scalar perturbations. In this sense, the SGWB can be used as a novel
probe (beyond the CMB and the LSS) of the non-Gaussianity of the scalar perturbations.

Although in most of this work we limit our attention to linearized fluctuations, in Sec-
tion 6 we consider non-linear e↵ects induced by long-wavelength scalar perturbations, which
modulate correlation functions involving short-wavelength modes. We make use of a powerful
method first introduced by Weinberg in [27], which focusses on adiabatic systems, and iden-
tifies the e↵ects of long modes with an appropriate coordinate transformation. Applying this
method to our set-up, we compute how non-linearities induce a non-vanishing squeezed limit
of the 3-point function for the SGWB density contrast. We determine how such squeezed
limit depends on the scale-dependence of the spectrum of primordial scalar fluctuations; on
the momentum dependence of the background SGWB distribution; and on the time, scale,
and direction dependence of the scalar transfer functions connecting primordial to late-time
adiabatic scalar fluctuations.

The paper is organized as follows. In Section 2 we present the computation and the
formal solution of the Boltzmann equation for GW propagation. In Section 3 we decompose
the formal solution in spherical harmonics, paralleling a treatment that is familiar in the
study of CMB perturbations. In Section 4 we compute the angular power spectrum and
bispectrum of the SGWB perturbations. In Section 5 we review one physical mechanism
that can result in a sizeable cosmological SGWB with some degree of anisotropy. In Section
6 we study non-linear e↵ects on the squeezed bispectrum. These results are discussed and
summarized in Section 7. The paper is concluded by three appendices. Appendix A contains
the details of the computation of the anisotropies due to the large-scale tensor perturbations.
Appendix B provides some intermediate steps on the computation of the GW bispectrum
induced by tensor modes. Finally, Appendix C presents an immediate connection between
our formal solutions and the CMB results obtained in the case of initial thermal state.

Part of the results contained in the present work were also summarized in the Rapid
Communication [58].

2 Boltzmann equation for gravitational waves

We consider first order perturbations around a Friedmann-Lemaitre-Robertson-Walker (FLRW)
background in the Poisson gauge

ds
2 = a

2(⌘)
⇥
�e

2�
d⌘

2 + (e�2 
�ij + �ij)dx

i
dx

j
⇤
, (2.1)

where a(⌘) is the scale factor as a function of the conformal time ⌘. � and  are scalar
perturbations while �ij represent the transverse-traceless (TT) tensor perturbations. We
neglect linear vector modes since they are not produced at first order in standard mechanisms
for the generation of cosmological perturbations (as scalar field inflation), and we consider
tensor modes at linearised order.

Given the statistical nature of the GW we can define a distribution function of gravitons
as f = f(xµ, pµ), which is function of their position x

µ and momentum p
µ = dx

µ
/d�, where

� is an a�ne parameter along the GW trajectory. As we will see, observables as number
density, spectral energy density, and flux (directions) can be derived from the distribution
function. The graviton distribution function obeys the Boltzmann equation

L[f ] = C[f(�)] + I[f(�)] , (2.2)
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Perturbed FLRW metric



where L ⌘ d/d� is the Liouville term, while C and I account, respectively, for the collision of
GWs along their path, and for their emissivity from cosmological and astrophysical sources
[15]. The collision among GWs a↵ects the distribution at higher orders (in an expansion
series in the gravitational strength 1/MP , where MP is the Planck mass) with respect to the
ones we are considering, and they can be disregarded in our analysis (see [29] and references
therein for a discussion of collisional e↵ects involving gravitons). The emissivity can be due
to astrophysical processes (such as black hole merging) in the relatively late universe, as
well as cosmological processes, such as inflation or phase transitions. In this work we are
only interested in the stochastic GW background of cosmological origin, so we treat the
emissivity term as an initial condition on the GW distribution. This leads us to study the
free Boltzmann equation, df/d⌘ = 0 in the perturbed universe

df

d⌘
=

@f

@⌘
+

@f

@xi

dx
i

d⌘
+

@f

@q

dq

d⌘
+

@f

@ni

dn
i

d⌘
= 0 , (2.3)

where n̂ ⌘ p̂ is the GW direction of motion, and where we have used the comoving momentum
q ⌘ |~p|a (as opposed to the physical one, used in [15, 30]). This simplifies the equations by
factorizing out the universe expansion. The first two terms in (2.3) encode free streaming,
that is the propagation of perturbations on all scales. At higher order this term also includes
gravitational time delay e↵ects. The third term causes the red-shifting of gravitons, including
the Sachs-Wolfe (SW), integrated Sachs-Wolfe (ISW) and Rees-Sciama (RS) e↵ects. The
fourth term vanishes to first order, and describes the e↵ect of gravitational lensing. We
shall refer to these terms as the free-streaming, redshift and lensing terms, respectively, as
customarily done in CMB physics.

Keeping only the terms up to first order in the perturbations, Eq. (2.3) gives
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= 0 , (2.4)

where we have followed the standard procedure developed for the CMB in [30, 39]. The
distribution function f can be expanded as

f
�
⌘, x

i
, q, n

i
�
= f̄ (q) + f

(1)
�
⌘, x

i
, q, n

i
�
+ .... ⌘ f̄ (q)� q

@f̄

@q
�
�
⌘, x

i
, q, n

i
�
+ .... , (2.5)

where the dominant, homogeneous and isotropic contribution f̄(q) solves the zeroth order
Boltzmann equation. The function f

(1)(⌘, xi, q, ni) is the solution of the first order equa-
tion, and the ellipses denote the higher order solutions in a perturbative expansion. In this
expression we have parameterized the first order solution in terms of the function �, so to
simplify the first order Boltzmann equation [15]. For a thermal distribution with temper-
ature T , one finds � = �T/T . This is particularly the case for the CMB, for which, due
to the thermalization, the temperature anisotropies are frequency-independent up to second
order in the perturbations. For gravitons, as we already mentioned, the collisional term is
extremely small, and, for a generic production mechanism, � generically retains an order one
dependence on frequency (as we show below, also for the GW case the propagation e↵ects
induce frequency-independent perturbations at linear order).

The zeroth order homogeneous Boltzmann equation simply reads @f̄/@⌘ = 0, and it
is solved by any distribution that is function only of the comoving momentum q, namely
f = f̄ (q). In our approach this solution is simply given as the homogeneous part of the
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during propagation
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Anisotropies of the SGWB

[Bartolo, Bertacca, Matarrese, Peloso, AR, Riotto, Tasinato ’19, ’20]

At linearized level

tion, and its anisotropies retain precious information about the primordial cosmological

evolution.

The Boltzmann equation for the graviton distribution function f(xµ, pµ), with xµ the

graviton position and pµ = dxµ/d� its momentum, is given by

L[f ] = C[f(�)] + I[f(�)] , (2.2)

where L ⌘ d/d� is the Liouville operator, while C and I account, respectively, for the colli-

sion of GWs along their path, and for their emissivity from cosmological and astrophysical

sources [15]. In the case of a cosmological SGWB, the emissivity term can be treated as

an initial condition on the GW distribution, while, as we will see in section 3, in the case

of an astrophysical background it is related to the astrophysical process that generate the

GW signal at various redshifts, such as the black hole merging. On the other hand, we

disregard the GW collision term since it a↵ects the distribution at higher orders in an

expansion series in the gravitational strength 1/MPl, where MPl is the Planck mass. We

assume that our universe is well described by a perturbed FLRW metric

ds2 = a2(⌘)
⇥
�e2�d⌘2 + (e�2 �ij + hij)dxidxj

⇤
, (2.3)

where a(⌘) is the scale factor as a function of the conformal time ⌘, � and  scalar

fluctuations, and hij the transverse-traceless tensor fluctuations. We can then solve the

Boltzmann equation (2.2), at background and linear levels. The background Boltzmann

equation simply reads @f̄/@⌘ = 0, and it is solved by any distribution that is function only

of the comoving momentum q, namely f = f̄ (q). This implies that the physical momentum

of the individual gravitons redshifts proportionally to 1/a.

At linearized level, the evolution equation for f becomes [15–17]
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q

@f

@q
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where n̂i = q̂i is the direction of motion of the gravitons. The distribution function f is

related to the GW energy density by

⇢GW (⌘0, ~x) =
1

a4
0

Z
d3q q f (⌘0, ~x, q, n̂) ⌘ ⇢c,0

Z
d ln q ⌦GW (⌘0, ~x, q) , (2.5)

where we use the spectral energy density ⌦GW introduced in Eq. (2.1), which depends also

on the position ~x where the energy density is evaluated. The su�x 0 indicates a quantity

evaluated today. We can account for a possibly anisotropic dependence by defining the

quantity !GW through

⌦GW(⌘0, ~x, q) =

Z
d2n̂ !GW(⌘0, ~x, q, n̂)/4⇡ , (2.6)

and then the bar quantity ⌦̄GW(⌘0, q) is defined as spatial average (over the evaluation

point ~x) of the above quantity ⌦GW (⌘0, ~x, q). With these ingredients we can introduce

the density contrast

�GW (⌘0, ~x, q, n̂) ⌘ �!GW(⌘0, ~x, q, n̂)

⌦̄GW(⌘0, q)
⌘ !GW(⌘0, ~x, q, n̂) � ⌦̄GW(⌘0, q)

⌦̄GW(⌘0, q)
, (2.7)
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Sachs-Wolfe and Integrated SW

SW: caused by the gravitational redshift due to the potential fluctuations at the decoupling epoch

ISW: caused by the time variation of gravitational potential integrated along the line of sight

Doppler: induced by the relative motion between the observer and the CMB/GW “last scattering surface”

J. A. Peacock



Test of the Statistical Isotropy of 
the Universe using GW

⇣(~x) = g(~x)[1 + h(~x)]
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We focus on the hemispherical power asymmetry observed in CMB maps by WMAP and Planck

Study evolution of GW in presence of a modulating field:

Using a minimal variance estimator (Hu & Dvorkin, 2008)

BBO have indeed the potential to shed light on the significance of the CMB power asymmetry

[Galloni, Bartolo, Matarrese, Migliaccio, AR, Vittorio, ’22]


