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• GW Astrophysics
• Stochastic gravitational waves backgrounds.
• Physics of SGWBs across the frequency domain.
• Observational Landscape.
• Challenges.
• New directions.
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• First direct detection of a BH 
merger even in 2015.

• BH binary: 36 and 31 solar 
masses.

• Frequency ~ 100Hz.
• Distance ~ 400 Mpc.

Gravitational Waves

LIGO GW150914 discovery event
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GW Astronomy

• Routine observations of transient BH-BH and BH-NS, merger events mean 
we are in the age of GW astronomy.

• Ongoing efforts to constrain fundamental properties of gravity, source 
populations, and neutron stars.

• Not yet in the ”statistical age” but this is certain for transient phenomena.
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Fundamental constraints (transient events)
• Hubble rate constraints.
• Standard sirens.

– EM counterparts.
– BH-NS or NS-NS?

• Dark sirens.
– Mass distributions.
– Galaxy redshift cross-

correlations.
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Figure 5. Posterior probability density for H0 and the population parameters µg,mmax and �, governing the position of the
Gaussian peak, the upper end of the mass distribution and the merger rate evolution in the Power Law + Peak mass model.
The solid and dashed black lines indicate the 50% and 90% CL contours.

upper end of the source primary mass distribution re-
spectively.
The presence of a peak in the BBH source mass distri-

bution allows us to set a characteristic source mass scale,
which informs H(z) and allows us to exclude higher val-
ues of H0. Marginalizing over the cosmological param-
eters, we obtain a central value of µg = 32+6

�8 M� for
the peak position of the Gaussian BBH excess. On the
other hand, the disfavoured Truncated model shows
support at higher H0. This result is due to the fact that
the Truncated model is not able to adequately fit the
presence of massive binaries while producing an excess
of BBHs with masses ⇠ 40M� in the detector frame.
For this reason, higher H0 values are more supported
since those values place events at higher redshifts, thus
reducing their source masses.

When we combine the H0 posteriors from the three
mass models with the H0 inferred from the bright stan-
dard siren GW170817 (see Fig. 6), we find a value
of H0 = 68+12

�8 km s�1 Mpc�1 for the Power Law
+ Peak model and H0 = 68+13

�8 km s�1 Mpc�1 for
the Broken Power Law model. These results rep-
resent an improvement of 17% and 12 % respectively
compared with the H0 value reported in Abbott et al.
(2021a) that made use of GW170817 and six BBH detec-
tions from O2, with redshift information inferred from
galaxy catalogs. For the Truncated model, we ob-
tain H0 = 69+21

�8 km s�1 Mpc�1. These results are ob-
tained assuming a redshift independent mass distribu-
tion. Considering a redshift dependence of the mass
distribution, can degrade the constraints.

4.2. Results using galaxy catalog information

[LVK O3 results (Abbot et al. 
2021)]

26 Abbott et al.

Figure 9. Hubble constant posterior for several cases. Gray
dotted line: posterior obtained using all dark standard sirens
without any galaxy catalog information and fixing the BBH
population model. Orange dashed line: posterior using all
dark standard sirens with GLADE+ K–band galaxy catalog in-
formation and fixed population assumptions. Black solid
line: posterior from GW170817 and its EM counterpart.
Blue solid line: posterior combining dark standard sirens
and GLADE+ K–band catalog information (orange dashed line)
with GW170817 and its EM counterpart (black solid line).
The pink and green shaded areas identify the 68% CI con-
straints onH0 inferred from the CMB anisotropies (Ade et al.
2016) and in the local Universe from SH0ES (Riess et al.
2019) respectively.

Figure 10. Evolution of the Hubble parameter predicted
from the most preferred mass model Power Law + Peak
(blue lines). The yellow shaded area indicates the 90% CL
contours identified by the uniform priors on H0, ⌦m and w0

while the blue shaded area indicates the 90% CL contours
from the posterior of the preferred mass model. The dashed
lines indicate the median of the prior and posterior for H(z)
respectively.

Figure 11. Systematic e↵ects on the inference of the Hubble
constant due to the choice of di↵erent values for the mean µg

of the Gaussian component in the source mass model, and
other population model parameters (upper panel) and dif-
ferent choices for the luminosity band and weighting scheme
adopted for the GLADE+ galaxy catalog (lower panel). The
pink and green shaded areas identify the 68% CI constraints
on H0 inferred from the CMB anisotropies (Ade et al. 2016)
and in the local Universe from SH0ES (Riess et al. 2019)
respectively.

we explored the e↵ect of its variation is the � parameter
in the rate evolution model. In the same plot one can
see the H0 posterior for � = 2.59. This parameter has a
stronger e↵ect on the H0 posterior, making the posterior
less informative and at the same time moving its peak
to higher values.
The galaxy catalog brings additional information only

for GW190814, due to the much better sky localization
(⇠ 18 deg2) for this event; this has the e↵ect of providing
more support for the H0 tension region.
In Fig. 12, we show how population assumptions im-

pact the hierarchical likelihood calculation as a func-
tion of H0, for the hypotheses that the host galaxy is



Fundamental constraints (transient events)
• Tests of GR.
• Parametrised models for deviation from 

General Relativity e.g.
– Inspiral-Merger-Ringdown 

consistency (binary à final 
product?)

– Post-Newtonian generalisations.
– Dispersion relation.
– Polarisations.
– BH spectroscopy (ringdown 

analysis)
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FIG. 3. Results of the IMR consistency test for the selected
BBH events with median (1 + z)M < 100M� (see Table IV). The
main panel shows the 90% credible regions of the posteriors for
(�Mf/M̄f ,��f/�̄f ) assuming a uniform prior, with the cross marking
the expected value for GR. The side panels show the marginalized
posterior for �Mf/M̄f and ��f/�̄f . The gray distribution correspond
to the product of all the individual posteriors. O3a (pre-O3a) events
are plotted with solid (dot–dashed) traces. Color encodes the red-
shifted total mass in solar masses, with a turnover between blue and
red around the median of the (1 + z)M/M� distribution for the plotted
events. The results for GW190412 and GW190814 are identified by
dotted and dashed contours, respectively. The two events with con-
tours that do not enclose the origin are GW170823 (dot–dashed) and
GW190814 (dashed). GW190408 181802 has a multimodal posterior
that results in the small contour (blue) away from zero.

that have SNR > 6 in both regions. When studying the set
of measurements as a whole (cf. Sec III B), we impose an
additional criterion on the median redshifted total mass such
that (1 + z)M < 100 M�. This additional cut further ensures
that the binary contains su�cient information in the inspiral
regime because the test would be strongly biased for heavy
BBHs. A criterion based on mass was not applied in [15]
because most GWTC-1 events automatically satisfied it. The
cuto↵ frequency and SNRs for all events used in this analysis
are detailed in Table IV.3

In order to constrain possible departures from GR, we intro-
duce two dimensionless parameters that quantify the fractional

3 The frequency f IMR
c was determined using preliminary parameter inference

results and the values in Table IV may slightly di↵er to those obtained using
the posterior samples in GWTC-2. However, the test is robust against small
changes to the cuto↵ frequency [137].

TABLE IV. Results from the IMR consistency test (Sec. IV B). f IMR
c

denotes the cuto↵ frequency between the inspiral and postinspiral
regimes; ⇢IMR, ⇢insp, and ⇢postinsp are the SNR in the full signal, the in-
spiral part, and the postinspiral part respectively; and the GR quantile
QGR denotes the fraction of the likelihood enclosed by the isoproba-
bility contour that passes through the GR value, with smaller values
indicating better consistency with GR. For lower SNRs, the likelihood
is typically broader and QGR is generally higher. An asterisk denotes
events with median (1 + z)M > 100M�, for which we expect strong
systematics. We highlight GW190412 with a dagger as we show
results for comparison to [111], but the event is not used in the joint
likelihood as the postinspiral SNR is below the threshold for inclusion.
The di↵erence in the results for GWTC-1 events compared to [15] is
due to the change in priors.

Event f IMR
c [Hz] ⇢IMR ⇢insp ⇢postinsp QGR [%]

GW150914 132 25.3 19.4 16.1 55.7
GW170104 143 13.7 10.9 8.5 29.0
GW170809 136 12.7 10.6 7.1 26.6
GW170814 161 16.8 15.3 7.2 22.9
GW170818 128 12.0 9.3 7.2 26.8
GW170823 102 11.9 7.9 8.5 93.3

GW190408 181802 164 15.0 13.6 6.4 11.4
GW190412 213 19.1 18.2 5.9 69.0†
GW190421 213856 82 10.4 8.1 6.6 78.7⇤
GW190503 185404 99 13.7 11.5 7.5 53.2
GW190513 205428 125 13.3 11.2 7.2 35.0
GW190519 153544 78 15.0 10.0 11.2 85.6⇤
GW190521 074359 105 25.4 23.4 9.9 0.0
GW190630 185205 135 16.3 14.0 8.2 58.8
GW190706 222641 67 12.7 7.8 10.1 96.5⇤
GW190727 060333 96 12.3 10.0 7.2 98.7⇤
GW190814 207 24.8 23.9 6.9 99.9
GW190828 063405 132 16.2 13.8 8.5 21.5
GW190910 112807 92 14.4 9.6 10.7 29.3⇤

di↵erence between the two estimates

�Mf

M̄f
= 2

Minsp
f � Mpostinsp

f

Minsp
f + Mpostinsp

f

, (2)

��f

�̄f
= 2
�insp

f � �postinsp
f

�insp
f + �postinsp

f

, (3)

where the superscripts denote the estimate of the mass or the
spin from the inspiral and postinspiral portions of the signal
[136]. As in [15], we perform parameter estimation using uni-
form priors for the component masses and spin magnitudes and
an isotropic prior on the spin orientations; this choice induces a
highly non-uniform e↵ective prior in �Mf/M̄f and ��f/�̄f . In
order to alleviate this, and in contrast with [15], we re-weight
the posteriors to work with a uniform prior for the deviation
parameters. This eliminates confounding factors and has the
advantage of more clearly conveying the information gained
from the data. For example, binary configurations with com-
parable mass ratios and �e↵ ⇠ 0 will lead to a remnant spin
⇠ 0.7 [138–140], which means that the �f prior is concentrated
around this value and that, consequently, the ��f is concen-
trated around 0; this leads to artificially narrow ��f posteriors
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FIG. 6. Combined GWTC-2 BBH results for parametrized violations of GR obtained from the designated events in Table V, for each deviation
parameter � p̂i (abscissa). The probability densities shown in color represent the population-marginalized expectation, Eq. (1), obtained from a
hierarchical analysis allowing independent GR deviations for each event. In contrast, the unfilled black distributions result from restricting all
events to share a common value of each parameter. Phenom (SEOB) results were obtained with IMRPhenomPv2 (SEOBNRv4 ROM) and are
shown in blue (red); the {�i, ↵i} coe�cients are not probed with SEOB, as they are intrinsic to Phenom waveforms. For the hierarchical results,
error bars denote symmetric 90%-credible intervals and a white dashed line marks the median. The dashed horizontal line at �p̂i = 0 highlights
the expected GR value.

deviations from GR that do not just modify a single coe�cient
[27, 153, 154]. In particular, the coe�cients will be sensitive to
corrections that occur at generic PN orders even when varying
a coe�cient that corresponds to some fixed PN order [27, 154].
Allowing the test to vary multiple coe�cients simultaneously
can often lead to posteriors that are less informative, with the
single-coe�cient templates often being preferred to the tem-
plates with multiple parameters in the context of Bayesian
model selection [153]. Varying multiple coe�cients simultane-
ously would therefore not improve the e�ciency of detecting
violations of GR [153]. On the other hand, nontrivial multi-
coe�cient deviations may be detected even when only one
� p̂i is allowed to vary at a time [51]. We adopt uniform pri-
ors on � p̂i that are symmetric about zero. Due to the way in
which parametrized deformations are implemented, evaluating
a model in certain regions of the parameter space can lead to
pathologies and unphysical e↵ects. This can result in multi-
modal posterior distributions or other systematic errors, see the
discussion in Appendix C.

In Fig. 5 we show the 90% upper bounds on the absolute
magnitude of the GR violating coe�cients, |� p̂i|. The indi-
vidual bounds are colored by the mean redshifted chirp mass,
(1 + z)M, as inferred assuming GR (Table I). The results for
GWTC-2 include all new BBHs reported in [16] plus the BBHs
reported in GWTC-1 [17], combined by assuming a shared
value of the coe�cient across events (i.e., by multiplying the in-
dividual likelihoods). Whilst the combined results for GWTC-1
and GWTC-2 do not include the two BNS events, GW170817
and GW190425, in Fig. 5 we show the results for GW170817
separately for comparison to previously published results [14].

We broadly see that lighter binaries contribute prominently
to our constraint on the inspiral coe�cients and heavier bina-
ries drive the constraints on the postinspiral coe�cients. This is
to be expected as more (less) of the inspiral moves into the sen-
sitivity of the detectors as we decrease (increase) the mass and
we suppress (enhance) the SNR in the postinspiral. For all co-
e�cients, bar the �1PN and 0.5PN terms, the joint-likelihood

bounds determined using GWTC-1 and GWTC-2 BBHs im-
prove on all previous constraints [14, 15]. The tightest bounds
on the �1PN and 0.5PN coe�cients come from GW170817,
which improves on the GWTC-2 BBH constraints by a fac-
tor of 120 and 2.2 respectively. We find that the combined
GWTC-2 results improve on the GWTC-1 constraints by a
factor ⇠1.9 for the inspiral coe�cients and ⇠1.4 for the postin-
spiral coe�cients respectively. This improvement is broadly
consistent with the factor expected from the increased number
of events,

p
17/5 ⇡ 1.8 for the inspiral and

p
26/7 ⇡ 1.9 for

the postinspiral respectively. Neglecting the �1PN coe�cient,
we find that the 0PN term is the best constrained parameter,
|�'̂0| . 4.4 ⇥ 10�2. However, this bound is weaker than the
90% upper bound inferred from the orbital-period derivative
Ṗorb of the double pulsar J0737�3039 by a factor ⇠3 [2, 155].

Although all results from individual events o↵er support
for the GR value, a small fraction of them contain �p̂i = 0
only in the tails. This is the case for some of the coe�cients
for GW190519 153544, GW190521 074359, GW190814,
GW190828 065509, and GW190924 021846. Yet, given the
large number of events and coe�cients analyzed, this is not
surprising: for GR signals in Gaussian noise, we would expect
on average approximately 1 out of 10 independent trials to re-
turn �p̂i = 0 outside the 90%-credible level just from statistical
fluctuations.

To evaluate the set of measurements holistically, we produce
the population-marginalized distributions for each parameter
� p̂i following the method described in Sec. III B; the result is
the filled distributions in Fig. 6. These distributions represent
our best knowledge of the possible values of the � p̂i’s from
all LIGO–Virgo BBHs with FAR < 10�3 yr�1 to date. For
comparison, Fig. 6 also shows the joint likelihoods obtained by
restricting the deviation to be the same for all events (unfilled
black distributions), which were used to derive the combined
GWTC-2 constraints in Fig. 5.

All population-marginalized distributions are consistent with
GR, with � p̂i = 0 lying close to the median for most param-
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TABLE VII. Results for the modified dispersion analysis (Sec. VI). The table shows 90%-credible upper bounds on the graviton mass mg and
the absolute value of the modified dispersion relation parameter A↵, as well as the GR quantiles QGR. The < and > labels denote the upper
bound on |A↵| when assuming A↵ < 0 and > 0, respectively, and Ā↵ = A↵/eV2�↵ is dimensionless. Rows compare the GWTC-1 results from
[15] to the GWTC-2 results.

mg |Ā0| |Ā0.5| |Ā1| |Ā1.5| |Ā2.5| |Ā3| |Ā3.5| |Ā4|
[10�23 < > QGR < > QGR < > QGR < > QGR < > QGR < > QGR < > QGR < > QGR
eV/c2] [10�45] [%] [10�38] [%] [10�32] [%] [10�26] [%] [10�14] [%] [10�8] [%] [10�2] [%] [104] [%]

GWTC-1 4.70 7.99 3.39 79 1.17 0.70 73 2.51 1.21 70 6.96 3.70 86 5.05 8.01 28 2.94 3.66 25 2.01 3.73 35 1.44 2.34 34
GWTC-2 1.76 1.75 1.37 66 0.46 0.28 66 1.00 0.52 79 3.35 1.47 83 1.74 2.43 31 1.08 2.17 17 0.76 1.57 12 0.64 0.88 25
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FIG. 12. Violin plots of the full posteriors on the modified dispersion
relation parameter A↵ calculated from the GWTC-2 events (blue),
with the 90% credible interval around the median indicated. For
comparison, we also show the GWTC-1 previous measurement (gray),
reported in [15].

A↵. We find that the average width of the 90%-credible interval
of the individual-event upper limits is a factor of 0.12 of the
reported upper limit itself, i.e., the average uncertainty in the
upper limit is 0.12. Out of all upper limits, 9 carry fractional
uncertainties larger than 0.5. The most uncertain upper limit
is that for GW190828 065509 and A4 < 0, with a fractional
uncertainty of 1.7.

Figure 12 shows the overall posterior obtained for negative
and positive values of A↵. The enhanced stringency of our
measurements relative to our previous GWTC-1 results is also
visible here, as seen in the smaller size of the blue violins
with respect to the gray, and the fact that the medians (blue
circles) are generally closer to the GR value. The latter is
also manifested in the GR quantiles QGR = P(A↵ < 0) in
Table VII, which tend to be closer to 50% (QGR = 50% implies
the distribution is centered on the GR value).

From our combined GWTC-2 data, we bound the graviton
mass to be mg  1.76 ⇥ 10�23eV/c2, with 90% credibility

(Table VII). This represents an improvement of a factor of
2.7 relative to [15]. The new measurement is 1.8 times more
stringent than the most recent Solar System bound of 3.16 ⇥
10�23 eV/c2, also with 90% credibility [197].

VII. REMNANT PROPERTIES

A. Ringdown

In GR, the remnant object resulting from the coalescence of
two astrophysical BHs is a perturbed Kerr BH. This remnant
BH will gradually relax to its Kerr stationary state by emitting
GWs corresponding to a specific set of characteristic quasi-
normal modes (QNMs), whose frequency f and damping time
⌧ depend solely on the BH mass Mf and the dimensionless spin
�f . This last stage of the coalescence is known as ringdown.
The description of the ringdown stage is based on the final
state conjecture [198–201] stating that the physical spectrum
of QNMs is exclusively determined by the final BH mass
and spin (the no-hair conjecture [162, 202–208]) and that the
Kerr solution is an attractor of BH spacetimes in astrophysical
scenarios.8

By analyzing the postmerger signal from a BBH coales-
cence independently of the preceding inspiral, we can verify
the final state conjecture, test the nature of the remnant ob-
ject (complementary to the searches for GW echoes discussed
in Sec. VII B), and estimate directly the remnant mass and
spin assuming it is a Kerr BH—which, in turn, allows us to
test GR’s prediction for the energy and angular momentum
emitted during the coalescence (complementary to the IMR
consistency test discussed in Sec. IV B, and the postinspiral
parameters in Sec. V A). This set of analyses is referred to as
BH spectroscopy [122, 123, 212–221]. Unlike the IMR con-
sistency test, a ringdown-only analysis is not contaminated by
frequency mixing with other phases of the signal and it does
not require a large amount of SNR in the inspiral regime (the
lack of such SNR is why the IMR consistency test was unable
to be applied to GW190521 [82, 83], for instance).

The complex-valued GW waveform during ringdown can be
expressed as a superposition of damped sinusoids:

h+(t) � ih⇥(t) =
+1X

`=2

X̀

m=�`

+1X

n=0

A`mn exp
"
� t � t0

(1 + z)⌧`mn

#
exp
"
2⇡i f`mn(t � t0)

1 + z

#
�2S `mn(✓, �,�f ), (7)

8 In principle such frequencies and damping times would also depend on the
electric charge of the remnant BH. However, for astrophysically relevant

scenarios the BH charge is expected to be negligible [209–211].

[LVK O3 results (Abbot et al. 
2021)]



Astrophysics (transient events)
• Constraints on BH and NS mass 

distributions and merger rates.
• Impact forecasts on future fundamental 

constraints.
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FIG. 13. Constraints on the evolution of the BBH merger
rate with redshift. Top: Posterior on the power-law index
 governing the BBH rate evolution, which is presumed to
take the form R(z) / (1 + z). The blue histogram shows
our latest constraints using GWTC-3 ( = 2.9+1.7

�1.8), while
the dashed distribution shows our previous constraints under
GWTC-2. Bottom: Central 50% (dark blue) and 90% (light
blue) credible bounds on the BBH merger rate R(z). The
dashed line, for reference, is proportional to the rate of cosmic
star formation [158]; we infer that R(z) remains consistent
with evolution tracing star formation.

well-motivated, we show that these events are outliers
from our recovered BBH population. Specifically, we re-
peat the population analysis using the PP model, high-
lighting the extent to which the population changes when
including these events.

For a population consisting of all potential BBH events
in O3, including GW190917 and GW190814, the mass
distribution must extend to lower masses. In Fig. 14
we plot the recovered distribution for the minimum
BH mass, mmin, that characterizes the primary mass
scale above which black holes follow the parameter-
ized power law distribution. The minimum mass is
mmin = 2.3+0.27

�0.23M�, with an extremely sharp turn-on

of �m = 0.39+1.3
�0.36M�. By contrast, if we remove the

two low-mass events, we find a minimum BH mass of
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FIG. 14. The posterior distribution on the minimum mass
truncation hyper-parameter, mmin, inferred with the PP
model. The posteriors are shown both including and exclud-
ing the two BBH mergers containing low mass secondaries,
GW190814 and GW190917. The cuto↵ at mmin = 2 M� cor-
responds to the lower bound of the prior distribution. The
inclusion of either of these two events significantly impacts
the distribution. The shaded regions indicate the 90% credi-
ble interval on the m2 posterior distribution for the two outlier
events, GW190814 (purple) and GW190917 (grey).

mmin = 5.0+0.86
�1.7 M�, which is consistent with a mass gap,

and a broader turn-on of �m = 4.9+3.4
�3.2M�. It is the sec-

ondary masses, m2 of these events that are in tension
with the remainder of the population, as demonstrated
in Fig. 14 where the secondary masses are shown by the
shaded regions. A single minimum mass is imposed upon
all BH, therefore the secondary masses of low-mass or
asymmetric binaries have the strongest impact on our
inference of mmin.

These analyses imply two key results about the com-
pact binary population. First, the binary black hole
population excluding highly asymmetric systems such as
GW190814 is well-defined, and the analyses carried out
in this section are well-suited to characterizing the bulk of
the BBH population. Second, the existence of GW190814
implies the existence of a subpopulation of highly asym-
metric binaries, disconnected from the BBH population
but potentially connected to the recently-identified pop-
ulation of NSBH.

VII. SPIN DISTRIBUTION OF BLACK HOLES
IN BINARIES

Compared to our previous work [11], we find two key
new conclusions for black hole spins: that the spin dis-
tribution broadens above 30M�, and that the mass ra-
tio and spin are correlated. Adopting previous coarse-
grained models, we find consistent conclusions as our
analysis of GWTC-2; notably, we still conclude that a
fraction of events probably have negative �e↵ .

The component spins of binary black holes may of-
fer vital clues as to the evolutionary pathways that
produce merging BBHs [180–187]. The magnitudes of

30

FIG. 9. The empirical cumulative density function F̂ =
P

k Pk(x)/N of observed binary parameter distributions (derived
from the single-event cumulative distributions Pk(x) for each parameter x) are shown in blue for primary mass (left), e↵ective
inspiral spin (center), and redshift (right). All binaries used in this study with FAR< 1/4yr are included, and each is analyzed
using our fiducial noninformative prior. For comparison, the gray bands show the expected observed distributions, based on
our previous analysis of GWTC-2 BBH. Solid lines show the medians, while the shading indicates a 90% credible interval on
the empirical cumulative estimate and selection-weighted reconstructed population, respectively. GW190814 is excluded from
this analysis.
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FIG. 10. The astrophysical BBH primary mass (left) and mass ratio (right) distributions for the fiducial PP model, showing
the di↵erential merger rate as a function of primary mass or mass ratio. The solid blue curve shows the posterior population
distribution (PPD) with the shaded region showing the 90% credible interval. The black solid and dashed lines show the PPD
and 90% credible interval from analyzing GWTC-2 as reported in [11]. The vertical gray band in the primary mass plot shows
90% credible intervals on the location of the mean of the Gaussian peak for the fiducial model.

m1 2 [5, 20]M� m1 2 [20, 50]M� m1 2 [50, 100]M� All BBH

m2 2 [5, 20]M� m2 2 [5, 50]M� m2 2 [5, 100]M�

PP 23.6+13.7
�9.0 4.5+1.7

�1.3 0.2+0.1
�0.1 28.3+13.9

�9.1

BGP 20.0+11.0
�8.0 6.3+3.0

�2.2 0.75+1.1
�0.46 33.0+16.0

�10.0

FM 21.1+11.6
�7.8 4.3+2.0

�1.4 0.2+0.2
�0.1 26.5+11.7

�8.6

PS 27+12
�8.8 3.5+1.5

�1.1 0.19+0.16
�0.09 31+13

�9.2

Merged 13.3 – 39 2.5 – 6.3 0.099 – 0.4 17.9 – 44

TABLE IV. Merger rates in Gpc�3 yr�1 for BBH binaries, quoted at the 90% credible interval, for the PP model and for three
non-parametric models (Binned Gaussian process, Flexible mixtures, Power Law + Spline). Rates are given for three
ranges of primary mass, m1 as well as for the entire BBH population. Despite di↵erences in methods, the results are consistent
among the models. BGP assumes a non-evolving merger rate in redshift. The merger rate for PP, FM, and PS is quoted at a
redshift value of 0.2, the value where the relative error in merger rate is smallest.

[LVK O3 results (Abbot et al. 2021)]



Transients à Stochastic Backgrounds

• What about the stochastic regime?
– Signal from unresolved points sources.
– Confusion limited.
– Extended sources (angularly correlated).
– Cosmological backgrounds.

IFT Xmas Workshop
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Stochastic GW Backgrounds (SGWBs)

• What signals can we expect?

• What physical mechanisms generate SGWBs?

• How well can we observe these signals?

• Can we “mine” SGWBs for statistical constraints?

IFT Xmas Workshop
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ESA Planck 
Satellite.



Cosmic Infrared Background

IFT Xmas Workshop

DIRBE



• Monopole = 1 number

• Dipole = 3 numbers

• COBE ~ 1000 numbers!



• Deterministic
– Amplitude and phase carry 

information.
• Stochastic

– Superposition of waves with 
stochastic amplitudes and 
uncorrelated phases.

Stochastic GWs

IFT Xmas Workshop
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• Assumptions:
– Superposition of waves with 

stochastic amplitudes and 
uncorrelated phases.

Stochastic GWs

IFT Xmas Workshop
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• LVK prediction of 
isotropic SGWB from 
binary mergers.

• The limit is close to 
expected level.

• Detection in O4? 

• Statistical era of 
population studies.

IFT Xmas Workshop
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FIG. 23. Forecast of astrophysical gravitational-wave background due to binary mergers following O3. (Left): The individual
contributions expected from BNS, NSBH and BBH mergers. While uncertainties on the energy-density due to BNS and NSBH
are due to Poisson uncertainties in their merger rates, our forecast for the stochastic background due to BBHs additionally
includes systematic uncertainties associated with their imperfectly known mass distribution. (Right): Estimate of the total
gravitational-wave background (blue), as well as our experimental current sensitivity (solid black) [172, 313]. For comparison,
we additionally show the expected sensitivities of the LIGO-Virgo network at design sensitivity, as well as that of LIGO’s
anticipated “A+” configuraton.

Analyses presented in our previous work [11] and in a
companion paper [316] employ coarse-grained models for
the BBH population, smoothing over some of the sub-
tle features identified above. We find that these coarse-
grained models draw similar conclusions on current data
as our previous studies; see Sec. VIA. Applications that
focus on large-scale features of the mass distribution (e.g.,
the stochastic background, as described in Sec. X) only
require these coarse-grained results. Nonetheless, the
mass distribution remains a critical source of systematic
uncertainty in any merger rate integrated over any mass
interval, particularly in mass intervals with few observa-
tions. We specifically find the BNS and NSBH merger
rates exhibit considerable uncertainty in the mass dis-
tribution, with relative merger rate errors within (and
between) models far in excess of the expected statisti-
cal The Poisson error associated with the count of these
events. These systematics propagate directly into our
most conservative estimates for their merger rates.

The next GW survey could have a BNS detection range
increased by approximately 15–40% [317]. Even without
allowing for increased merger rates at higher redshift,
the next survey should identify roughly 3 times more
events of each class then used in this study, including
several new events from the BNS and BHNS category.
We continuously revise our assessment of future observ-
ing prospects [317].
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the Conselleria d’Innovació, Universitats, Ciència i Soci-
etat Digital de la Generalitat Valenciana and the CERCA
Programme Generalitat de Catalunya, Spain, the Na-
tional Science Centre of Poland and the European Union
– European Regional Development Fund; Foundation for
Polish Science (FNP), the Swiss National Science Foun-
dation (SNSF), the Russian Foundation for Basic Re-
search, the Russian Science Foundation, the European
Commission, the European Social Funds (ESF), the Eu-
ropean Regional Development Funds (ERDF), the Royal



SGWB constraints

IFT Xmas Workshop

8

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.
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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
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Power law fHL

99% [Hz] ĈHL/10�9 fHV

99% [Hz] ĈHV /10�9 fLV

99% [Hz] ĈLV /10�9 fO1+O2+O3
99% [Hz] ĈO1+O2+O3/10�9

0 76.1 �2.1 ± 8.2 97.7 229 ± 98 88.0 �134 ± 63 76.6 1.1 ± 7.5
2/3 90.2 �3.4 ± 6.1 117.8 145 ± 60 107.3 �82 ± 40 90.6 �0.2 ± 5.6
3 282.8 �1.3 ± 0.9 375.8 9.1 ± 4.1 388.0 �4.9 ± 3.1 291.6 �0.6 ± 0.8

TABLE I. Search results for an isotropic GWB, using the optimal filter method for power law GWBs with ↵ = {0, 2/3, 3}. For
each of the three baselines IJ , we show the point estimate and 1� uncertainty for the cross-correlation estimate CIJ , along with
the frequency band from 20 Hz to f IJ

99% containing 99% of the sensitivity. We see that the HL baseline is the most sensitive, and
the HV and LV baselines are more sensitive at higher frequencies, and for larger spectral indices, due to the longer baseline. In
the last two columns, we also present the search result combining all three baselines from O3, as well as the O1 and O2 data.
As noted in the main text, the point estimates for the HV and LV are approximately 2� away from zero, however this is not
consistent with a GWB given the result of the much more sensitive HL baseline.

Uniform prior Log-uniform prior

↵ O3 O2 [43] Improvement O3 O2 [43] Improvement
0 1.7 ⇥ 10�8 6.0 ⇥ 10�8 3.6 5.8 ⇥ 10�9 3.5 ⇥ 10�8 6.0
2/3 1.2 ⇥ 10�8 4.8 ⇥ 10�8 4.0 3.4 ⇥ 10�9 3.0 ⇥ 10�8 8.8
3 1.3 ⇥ 10�9 7.9 ⇥ 10�9 5.9 3.9 ⇥ 10�10 5.1 ⇥ 10�9 13.1
Marg. 2.7 ⇥ 10�8 1.1 ⇥ 10�7 4.1 6.6 ⇥ 10�9 3.4 ⇥ 10�8 5.1

TABLE II. Upper limits at the 95% credible level on ⌦ref under the power law model for the GWB. We show upper limits
conditioned on di↵erent fixed power law indices ↵, as well as a marginalized limit obtained by integration over ↵, using a
Gaussian prior with zero mean and a standard deviation of 3.5. We show the results using a prior that is uniform in ⌦ref ,
as well as uniform in log ⌦ref . As described in the main text, the uniform upper limits are more conservative, while the log
uniform priors are more sensitive to weak signals. We also compare with the upper limits from [43], and give the improvement
factor we achieve using O3 data.

Polarization O3 O2 [43] Improvement

Tensor 6.4 ⇥ 10�9 3.2 ⇥ 10�8 5.0
Vector 7.9 ⇥ 10�9 2.9 ⇥ 10�8 3.7
Scalar 2.1 ⇥ 10�8 6.1 ⇥ 10�8 2.9

TABLE III. Upper limits at the 95% credible level on ⌦ref

for scalar, vector, and tensor polarizations, along with the
improvement of the O3 result over the previous result from
O2. We use the log-uniform prior for ⌦ref and a Gaussian
prior on the spectral index for each polarization, as described
in the main text.

approximate the frequency dependence of the measure-
ments. The vector ⇥MAG contains the parameters of the
model for the coupling functions TI,J(f), which we take
to be a simple power law

|TI(f)| = I

✓
f

10 Hz

◆��I

. (12)

The parameters for the power law GWB are the strength
⌦ref and spectral index ↵. We use nested sampling to
estimate the model evidences for three separate models:
N, MAG, and PL+MAG, using the notation defined in
Section II C.

Our prior distribution for the magnitude I is log uni-
form from 10�25 to 10�22 pT�1 for all of the detectors.
Our prior on the spectral index �I is uniform from �

min

I to
�

max

I , the minimum and maximum values of the spectral
index for the magnetic coupling measured at detector I

during the O3 run. For Hanford, Livingston and Virgo,
the � priors chosen for the study are (0, 12), (1, 10)

and (0, 7), respectively. The chosen prior range is large
enough to encompass all measured coupling function
measurements in O3, including the uncertainties men-
tioned in Section III. We find log

10
B

MAG

N
= �0.03, which

indicates that there is no preference for a model with cor-
related magnetic noise compared to a model with only
uncorrelated Gaussian noise. We also consider a model
with a power-law GWB present, using the log-uniform
prior on ⌦ref and Gaussian prior on ↵ as in Section IV A.
We find that the Bayes factor between a model with cor-
related GWB and magnetic noise, to a model with only
uncorrelated Gaussian noise, is log

10
B

MAG+PL

N
= �0.3,

confirming that there is no evidence of a GWB in the
data.

V. IMPLICATIONS FOR COMPACT BINARIES

With upper limits on the GWB in hand, we now ex-
plore the implications of these results for the GWB due
to CBCs. We first compare our upper limits to updated
predictions for the energy-density due to CBC sources.
We then combine our limits with the direct detections of
CBCs in the local Universe to constrain the merger rate
of compact binaries at large redshifts.

A. Fiducial model

Observations from O3a have significantly increased our
knowledge of the compact binary population [67, 68, 70–
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Power law fHL

99% [Hz] ĈHL/10�9 fHV

99% [Hz] ĈHV /10�9 fLV

99% [Hz] ĈLV /10�9 fO1+O2+O3
99% [Hz] ĈO1+O2+O3/10�9

0 76.1 �2.1 ± 8.2 97.7 229 ± 98 88.0 �134 ± 63 76.6 1.1 ± 7.5
2/3 90.2 �3.4 ± 6.1 117.8 145 ± 60 107.3 �82 ± 40 90.6 �0.2 ± 5.6
3 282.8 �1.3 ± 0.9 375.8 9.1 ± 4.1 388.0 �4.9 ± 3.1 291.6 �0.6 ± 0.8

TABLE I. Search results for an isotropic GWB, using the optimal filter method for power law GWBs with ↵ = {0, 2/3, 3}. For
each of the three baselines IJ , we show the point estimate and 1� uncertainty for the cross-correlation estimate CIJ , along with
the frequency band from 20 Hz to f IJ

99% containing 99% of the sensitivity. We see that the HL baseline is the most sensitive, and
the HV and LV baselines are more sensitive at higher frequencies, and for larger spectral indices, due to the longer baseline. In
the last two columns, we also present the search result combining all three baselines from O3, as well as the O1 and O2 data.
As noted in the main text, the point estimates for the HV and LV are approximately 2� away from zero, however this is not
consistent with a GWB given the result of the much more sensitive HL baseline.

Uniform prior Log-uniform prior

↵ O3 O2 [43] Improvement O3 O2 [43] Improvement
0 1.7 ⇥ 10�8 6.0 ⇥ 10�8 3.6 5.8 ⇥ 10�9 3.5 ⇥ 10�8 6.0
2/3 1.2 ⇥ 10�8 4.8 ⇥ 10�8 4.0 3.4 ⇥ 10�9 3.0 ⇥ 10�8 8.8
3 1.3 ⇥ 10�9 7.9 ⇥ 10�9 5.9 3.9 ⇥ 10�10 5.1 ⇥ 10�9 13.1
Marg. 2.7 ⇥ 10�8 1.1 ⇥ 10�7 4.1 6.6 ⇥ 10�9 3.4 ⇥ 10�8 5.1

TABLE II. Upper limits at the 95% credible level on ⌦ref under the power law model for the GWB. We show upper limits
conditioned on di↵erent fixed power law indices ↵, as well as a marginalized limit obtained by integration over ↵, using a
Gaussian prior with zero mean and a standard deviation of 3.5. We show the results using a prior that is uniform in ⌦ref ,
as well as uniform in log ⌦ref . As described in the main text, the uniform upper limits are more conservative, while the log
uniform priors are more sensitive to weak signals. We also compare with the upper limits from [43], and give the improvement
factor we achieve using O3 data.

Polarization O3 O2 [43] Improvement

Tensor 6.4 ⇥ 10�9 3.2 ⇥ 10�8 5.0
Vector 7.9 ⇥ 10�9 2.9 ⇥ 10�8 3.7
Scalar 2.1 ⇥ 10�8 6.1 ⇥ 10�8 2.9

TABLE III. Upper limits at the 95% credible level on ⌦ref

for scalar, vector, and tensor polarizations, along with the
improvement of the O3 result over the previous result from
O2. We use the log-uniform prior for ⌦ref and a Gaussian
prior on the spectral index for each polarization, as described
in the main text.

approximate the frequency dependence of the measure-
ments. The vector ⇥MAG contains the parameters of the
model for the coupling functions TI,J(f), which we take
to be a simple power law

|TI(f)| = I

✓
f

10 Hz

◆��I

. (12)

The parameters for the power law GWB are the strength
⌦ref and spectral index ↵. We use nested sampling to
estimate the model evidences for three separate models:
N, MAG, and PL+MAG, using the notation defined in
Section II C.

Our prior distribution for the magnitude I is log uni-
form from 10�25 to 10�22 pT�1 for all of the detectors.
Our prior on the spectral index �I is uniform from �

min

I to
�

max

I , the minimum and maximum values of the spectral
index for the magnetic coupling measured at detector I

during the O3 run. For Hanford, Livingston and Virgo,
the � priors chosen for the study are (0, 12), (1, 10)

and (0, 7), respectively. The chosen prior range is large
enough to encompass all measured coupling function
measurements in O3, including the uncertainties men-
tioned in Section III. We find log

10
B

MAG

N
= �0.03, which

indicates that there is no preference for a model with cor-
related magnetic noise compared to a model with only
uncorrelated Gaussian noise. We also consider a model
with a power-law GWB present, using the log-uniform
prior on ⌦ref and Gaussian prior on ↵ as in Section IV A.
We find that the Bayes factor between a model with cor-
related GWB and magnetic noise, to a model with only
uncorrelated Gaussian noise, is log

10
B

MAG+PL

N
= �0.3,

confirming that there is no evidence of a GWB in the
data.

V. IMPLICATIONS FOR COMPACT BINARIES

With upper limits on the GWB in hand, we now ex-
plore the implications of these results for the GWB due
to CBCs. We first compare our upper limits to updated
predictions for the energy-density due to CBC sources.
We then combine our limits with the direct detections of
CBCs in the local Universe to constrain the merger rate
of compact binaries at large redshifts.

A. Fiducial model

Observations from O3a have significantly increased our
knowledge of the compact binary population [67, 68, 70–

[LVK O3 2021]



IFT Xmas Workshop

<latexit sha1_base64="ALnZ2HAdI0hLnaCxnCZT7rc2Sis="></latexit>

⌦GW(f) = ⌦GW(f0)

✓
f

f0

◆↵

Sh(f) = Sh(f0)

✓
f

f0

◆↵�3

GWB Type α
Astro 3

Inspiral 2/3

Cosmo 0



• Inflation sets up a primordial, super-horizon, 
near-scale-invariant background of GWs.

• Similar to curvature perturbations.
• Squeezed travelling waves (zero-momentum) 

until horizon re-entry.
• Radiation-matter equality imprinted in sub-

horizon evolution.

SGWB sources

[Thrane & Romano 2014] 
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Coherent vs Incoherent?
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• Squeezed super-horizon modes will be coherent on 
re-entry.

• “Standing Waves” (Grischuk 1974) correlated left 
and right moving travelling waves.

• Could be detected using coherent GW detectors [CC 
& Magueijo 2018].

• Phase coherence in h à bispectrum <h3>? [Bartolo 
2018]

• cf. angular coherence of CMB acoustic peaks.
• Large-scale structure “decoheres” primordial SGWB 

at observable frequencies [Margalit, Pieroni, & CC 
2020].

Coherent vs Incoherent?

2

FIG. 1. Time delay power spectrum C�'
` for single-redshift

GW sources and an observing frequency f = 10�9 Hz. The
power peaks on the largest angular scales since the e↵ect is a
direct integration of the underlying potential.

consequence is that only phase-incoherent methods for
reconstructing any SGWB map are of any use1. These
are methods that use the square of the detector response
to solve directly for the intensity of the underlying strain
field [33, 34]. These methods assume no phase coherence
in the data and are analogous to radio frequency meth-
ods for mapping CMB anisotropies using coherent radio
detectors [35].

Line-of-sight decoherence.– We follow Isaacson’s geo-
metric optics approach [24, 25] and decompose the met-
ric as gµ⌫ = �µ⌫ + ✏hµ⌫ , where, in our case, �µ⌫ is a flat
Friedmann–Lemâıtre–Robertson–Walker (FLRW) metric
(c = 1) with scalar perturbations �(⌘,x) and  (⌘,x),

�µ⌫dx
µdx⌫= a2(⌘)

⇥
�(1 + 2�)d⌘2 + (1� 2 )dx2

⇤
. (1)

Here, hµ⌫ are GW perturbations on top of this back-
ground and ✏ is a small expansion parameter. In this
limit, we assume that the GW wavelength is much
smaller than the curvature scale set by the total met-
ric. We neglect the back-reaction of the GWs on the
background spacetime by setting its stress tensor to zero.
We define h̄µ⌫ = hµ⌫ �

1
2�µ⌫�

⇢�h⇢� and, choosing the

transverse-traceless gauge, we write h̄�
µ⌫ = Ae�µ⌫e

i'/✏.
Here, � 2 {+,⇥} labels the polarisation described by
the tensor e�µ⌫ while A and ' are real functions of re-
tarded time corresponding to the amplitude and phase
of the GW. The GW wavevector can then be identified
as kµ = @µ'.

With this notation, Einstein’s equations provide two
constraints on the wavevector [24, 26]. At the order

1 While this fact had already been recognised for astrophysical
SGWBs [15, 16], we emphasise that our results show that this
applies also to primordial or cosmological SGWBs.

of ✏�2, we find k2 = 0, i.e. the GW follows a null
geodesic. Encoded in this is the fact that the phase '
is constant during propagation since, for a�ne param-
eter l, d'/dl = kµrµ' = kµkµ = 0. At O(✏�1), we
find kµrµe�⇢� = 0, i.e. the polarisation tensor is parallel-
transported along the null geodesic. To leading order in
the scalar perturbations we have kµ = 2⇡ f(1, p̂) where
f is the intrinsic frequency of the GW and p̂ is the unit
vector in its direction of travel. Note that the angular fre-
quency measured by a comoving observer with 4-velocity
uµ = (1,0)/a is !(a) = kµuµ = 2⇡ f/a. That means,
from our position at scale factor a = 1, f is the same as
the GW frequency measured in our detectors.
To account for scalar perturbations to the metric at

linear order, one must solve the geodesic equation for the
vector kµ in the background �µ⌫ . The resulting phase
shift accumulated along the l.o.s. is [26]

�'(n̂) = 2⇡ f

Z

l.o.s.

[�(⌘,x) + (⌘,x)] d⌘ , (2)

where the integral runs from conformal time at emission
⌘e to observation ⌘o and follows the null trajectory of the
GW in a universe without perturbations, x = (⌘o � ⌘)n̂.
Here, n̂ = �p̂ denotes the direction on the sky. This
has a natural interpretation in terms of the cosmological
Shapiro time delay. During propagation, the GW is de-
flected by gravitational wells along its path causing it to
travel an extra distance d(n̂) =

R
(�+ )d⌘. The phase

shift is due to the additional non-integer number of cy-
cles the wave experiences along this detour compared to
the unperturbed path. In particular, we see that ' is no
longer conserved along the geodesic.
We quantify this e↵ect for a standard cosmological

model and discuss its implications for the detection of
SGWBs. As we will show, the measured phase 'o (in
units of 2⇡) is randomised to such an extent that any
information contained in the initial phase distribution is
scrambled for all observable frequencies.
The Weyl potential, defined as the combination �W =

(� +  )/2, determines the overall e↵ect. The evolution
of �W in the Fourier domain can be computed using
Einstein-Boltzmann solvers such as CAMB2 [36]. This al-
lows us to define an angular transfer function for a l.o.s.
calculation of the angular power spectrum for the quan-
tity �'

C�'
` = 32⇡ f2

Z 1

0
dk k2PW (k)|�W

` (k, ⌘o)|
2 , (3)

where (2⇡)3�(3)(k � k0)PW (k) = h�0
W (k)�0?

W (k0)i is the
primordial power spectrum of the potential. The angular

2 https://camb.info/



• First-order phase transitions at early times.
• E.g. QCD, EW, phase transitions.

– Nucleate bubbles of vev.
– Turbulent motion.
– Bubble collision
– Non-linear dynamics

• MeV scale à Pulsar Timing Arrays. 
• GeV-TeV scale à LISA
• > TeV à AEDGE, ET?

SGWB sources (Phase Transitions)

[Roper et al 2023] 

[Mark Hindmarsh] 
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• Signal from binary inspirals.
• Galactic and extra-galactic.
• Solar masses à Super-massive.

SGWB sources (Inspirals)

IFT Xmas Workshop
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LISA Observations
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• LISA SGWB
– Huge signal from resolved and 

unresolved galactic binaries.
– Unresolved signal à SGWB.
– Superimposed over extra-galactic 

SGWB signal
• Foreground separation problem

– Frequency
– Time
– Angular

IFT Xmas Workshop

[Sesana 2021] 



Beyond the monopole…

IFT Xmas Workshop

[6df Redshift] 

[Planck CMB] 

[Planck lensing] 



SGWB anisotropies
• SGWBs are anisotropic

– Kinematic dipole.
– Doppler.
– Intrinsic.
– SW and ISW effects.

• Line of sight calculation cf. CMB [CC 2016].
• SGWB all tracers of inhomogeneities.

– Primordial.
– Cosmological.
– Inspiral. 

IFT Xmas Workshop
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2.5 the sgwb anisotropies 65

Figure 21: Angular power spectrum of the anisotropies of the total SGWB produced by
BBHs, BNSs, and NSBHs at fref = 65 Hz. The black dotted lines represent
the power-law fit at large angular scales, whose slopes are also reported.

modifying CLASS to incorporate redshift-dependent bias and magnification
bias would lead to more accurate results. As an initial step, we computed the
angular power spectrum of the anisotropies in the total background, given by
the superposition of all events, both resolved and unresolved. It’s important to
emphasize again that the SGWB measured by a real detector is given by the
unresolved events only. Nevertheless, analyzing the anisotropies in the total
background is interesting for two main reasons:

1. The total SGWB provides a detector-independent estimate of the expected
signal amplitude;

2. Working with the total SGWB enables a comparison of our results with
other predictions in the literature.

In Figure 21, we show the angular power spectrum of the anisotropies in the
total SGWB for BBHs, BNSs, and NSBHs at fref = 65 Hz. Independently on
the binary type, the spectra behave as a power-law at large angular scales and
bend at smaller scales, reaching a peak at l ⇠ 5⇥ 10

3. The slope of the power-
law is close to 1, which means that C` / 1/` approximately, as it was also
found in Refs. [89, 97].

One important innovation of this work is the analysis of the statistical prop-
erties of the anisotropies in the residual SGWB, as potentially measured by
real detectors, i.e., considering only the unresolved GW events. The angular
power spectrum of the SGWB anisotropies at fref = 65 Hz for LIGO/Virgo and
ET are shown in Figure 22. For both detectors and for all binary types, the
angular power spectrum behaves as a power law at large angular scales, as we
also found when considering the total background. In this case, however, the
power law is steeper and its slope is close to 2. Indeed, the value of the slope is

[Capurri et al. 2022] 
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@f = 65Hz

3.4 detection prospects for the cross-correlation signal 85

Figure 27: In each panel, we show the auto-correlation angular power spectrum of the
SGWB as dashed lines and the cross-correlation angular power spectrum of
⌦gw ⇥  as solid lines. The panels correspond to different sources (BBHs,
NSBHs, or BNSs) and detector networks (LVK, LVK+ET, LVK+CE), as well
as the detector-independent case (i.e., the total SGWB). For reference, the
lensing convergence auto-correlation angular power spectrum is also plot-
ted.

to mitigate the impact of instrumental and shot noise: indeed, it is around
three orders of magnitude larger than the one of auto-correlation. The cross-
correlation with another tracer of the same underlying dark matter distribution
actually enhances the SGWB anisotropies induced by the LSS. However, the in-
strumental noise is too high and this substantial improvement is not sufficient
to guarantee a direct detection of the cross-correlation signal.

As a final step, we try to increase as much as possible the S/N using a
network with the five instruments considered in this work to detect the total
SGWB. Combining the outputs of more detectors is an effective way to reduce

[Capurri et al. 2022] 
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FIG. 6. 95% upper limits on the signal angular power spec-
trum C`’s of the SGWB for the the three assumed spectral
indices. All values are scaled to a reference frequency f0 = 50
Hz. Depending on the spectral index, the estimate converges
up to di↵erent maximum multipoles ` with the ↵ = 3 case
giving the highest resolution since it integrates low and high
frequency with equal weights. We show `(` + 1)C`/2⇡ since
this is a measure of equal variance per logarithmic interval in
`. A scale invariant signal in this measure would be flat.

in Section III B we can estimate both a ⌦GW and its
anisotropies from each map. The results for the 95% up-
per limit in the monopole of ⌦GW are shown in Fig. 7.
The constraints are higher than the signal in the equiva-
lent single, broadband estimate, since the information is
split into ten separate estimates but it is useful to note
that the spectral dependence is consistent with a noise
dominated estimate with increasing power as a function
of frequency. Fig. 8 shows the SNR and noise maps for
three of the frequency bins. Given the noise level in this
analysis we do not extract upper limits on any measures
of the anisotropy but it is useful to note how the mode
structure on the sky changes as a function of frequency.
This e↵ect, evident in the top half of Fig. 8, becomes
very apparent in this kind of spectral analysis and can
be understood through the frequency-to-sky mode cou-
pling encoded in the projection operator A

⌧
pf [13]. The

bottom half reveals the sky modulation of the noise as
a function of frequency, which appears smoothed in the
noise maps in Fig. 4.

IV. DISCUSSION

The upper limits for ⌦GW(f0) obtained by integrat-
ing O1 and O2 data runs presented in Table I are the
most constraining to date. They are in agreement with
independent results presented by the LIGO and Virgo
collaboration [18], taking into consideration longer inte-
gration times used here, as in our analysis we discard

FIG. 7. 95% upper limits for the SGWB monopole for each
of the maps obtained in the ten separate frequency bins used
in the model-independent spectral analysis. The method as-
sumes a scale invariant shape for the signal in each spectral
bin. The spectral shape is consistent with a noise dominated
estimate.

fewer time segments overall. This di↵erence is proba-
bly due to the independent quality control pipelines but
also due to the shorter segment length we adopt for our
analysis. This last point means that, in principle, the
stationarity conditions are more easily satisfied in our
analysis. Comparing results between runs it is apparent
that the 1/f component of the noise is significantly bet-
ter in the O2 run given the improvements in the ↵ = 0
case which is the most sensitive to lower frequencies. De-
spite the fluctuation in noise regimes during the O2 run,
the duration and overall sensitivity improvements mean
that it dominates the signal-to-noise integration of the
combined run.
The SNR scaling in the maps in Fig. 4 and the time

evolution of the standard deviation of the sky strain in-
tensity plotted in Fig. 3 only show the noise distribution
and the diagonal pixel-pixel correlation on the sky. As
such it is not meaningful to compare them with those pre-
sented in [19] from the LIGO and Virgo collaboration, as
these distributions depend substantially on the di↵erent
methods used in the integration of the data. A quanti-
tative comparison of the output of the two independent
pipelines will become more important as we approach de-
tection. The small scales present in the maps in Figs. 4
and 8 are then simply the scales at which the noise fluc-
tuates for a given frequency weighting and pixel size, and
are not to be mistaken with the angular resolution of the
detectors.
Despite the results being presented here being upper

limits it is useful to note two important contributions of
our work. The first is the consistent evaluation of both
the monopole of the background and its anisotropies in
generalised sky coordinates. This means our method is

[Renzini & CC 2019] 



SGWB map-making
• We know how to do it (radio-astronomy).
• Complications (observing):

– Non-compact beams.
– Few baselines.
– Fixed scanning patterns.
– Low resolution.

• Complications (signal):
– Non-stationarity (transients).
– Shot-noise.
– Frequency dependence.

IFT Xmas Workshop
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FIG. 5. An example input map from the simulations (left panel) to be compared to the final output maps obtained integrating
with di↵erent frequency cuto↵s, fmax = 0.1 Hz (central panel) and fmax = 0.01 Hz (right panel). These highlight the di↵erent
resolutions the LISA channels have in di↵erent ranges of frequency.

FIG. 6. Transfer functions T` for the average reconstructed C`s obtained with di↵erent frequency cuto↵s (left panel) and
di↵erent spectral shapes, ↵ = 3 and ↵ = 0, both in the high frequency case fmax = 0.1 Hz (right panel). Each simulation set
consists of 50 maps, each a di↵erent realisation of the same C` input. There appears to be a clear one-to-one relation between
the resolution `max of the instrument and the frequency cuto↵. Conversely, there is an average di↵erence of 5% between the
transfer functions obtained with di↵erent spectral weightings, however this does not a↵ect the resolution cuto↵.

assumed to be the same here. We explore the ability of
LISA to reconstruct these input maps by changing the
frequency integration range, varying the spectral param-
eter ↵, and toggling the sky-integrated amplitude I(f0)
with respect to the noise level set by N .

2. Noise generation

LISA TDI noise is an active area of research, and there
are ongoing studies on which TDI configuration will yield
the lowest noise measurements. However these go beyond
the scope of our project, as these model the orbits and
breathing modes of the constellation more realistically.
In the simplified equal-arm scenario considered here, to
good approximation the noise in each auto-correlation
of TDI channels may be described by the same power
spectrum, SCC , and similarly the noise in each cross-
correlation may be described by SCD. The 3 ⇥ 3 model
TDI noise correlation matrix N is then completely de-
scribed by SCC on the diagonal and SCD on the o↵-
diagonal terms. The expressions for these power spectra

used in this work are

SCC = 16 sin2 a (Sint + (3 + cos 2a)Sacc) , (30)

SCD = �8 sin2 a cos a (Sint + 4Sacc) , (31)

as presented in [19], where Sint and Sacc are the interfer-
ometer and acceleration noise-components respectively.

The noise realisation Nin must respect the correlations
imposed by N , hence the noise is first generated linearly
in the noise-diagonal space, and then rotated back into
correlated noise space. This is achieved by generating
a random 3-vector in noise-diagonal space and rotating
it into the TDI noise vector nin = (nX , nY , nZ)in using
the eigenvector matrix of N . In the limit of equilateral
configuration and identical noise at the vertices that we
are considering here, the noise-diagonal space is precisely
the space of the {A, E, T} channels, and the same rota-
tion as described in [43] is employed to transform from
one to the other. Nin is then simply the outer product
of nin. An example data segment is provided in Fig. 4.

[LISA CosmoWG: CC et al. 2020] 
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• Non-trivial frequency domain structure of 
overlap functions make realistic map-making 
challenging.

• Einstein Telescope (ET) + Cosmic Explorer 
(CE) + 4G LVK.

• Will detect kinematic dipole but struggle to 
detect anisotropy of inspiral SGWB.

• But sub-percent level constraint on SGWB 
monopole!

Ground-based

IFT Xmas Workshop

[Mentasti, CC, & Peloso 2023] 
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• Milli Hz frequencies.
• 106 km baselines.
• Galactic foreground of resolved and 

unresolved binaries.
• Extra-galactic SGWBs?
• Can we separate the galactic from the 

extragalactic background?
• LISA and Taiji?

Space-based

IFT Xmas Workshop

[Mentasti, CC, & Peloso in prep.] 



Space-based

IFT Xmas Workshop

[Mentasti, CC, & Peloso in prep.] 
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⌦gal ⇠ f2/3

Realistic frequency 
spectrum and time domain 

scanning. 

No morphology template.



Space-based

IFT Xmas Workshop

[Mentasti, CC, & Peloso in prep.] 

• Template (morphology) based analysis.
• Assuming LISA noise is well understood then 

a full time-frequency analysis will distinguish 
between galactic and SGWB (cosmo Ω~10-9) 
amplitudes.

• If LISA self-correlations are too big:
– LISA-Taiji combination frequency only 

difficult.
– LISA-Taiji combination time-frequency 

OK.
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• PTAs are detecting something!
• Hellings-Down correlation must be 

confirmed.
• Single source (SMBHs) or SGWB?
• Integration continues.
• Can ”map-make” but sparse reconstruction.
• Next generation surveys using radio 

telescope arrays – SKA.

Pulsar Timing Arrays

IFT Xmas Workshop

40 stochastic gravitational-wave backgrounds

Figure 10: Bayesian reconstruction of the correlations between pulsars, modeled as a
cubic spline within a power-law model with variable spectral index. The
violins represent the marginal posterior densities (with median and 68%
credible values) of the correlations at the knots. The knot positions are cho-
sen on the basis of the features of the Hellings–Downs correlation curve
(dashed black line). Credits: Figure 2 of Ref. [13].

automatically attributed to an SGWB. Confirming a SGWB detection requires
identifying phase-coherent interpulsar correlations with the characteristic pat-
tern predicted by Hellings and Downs. In Refs. [13–15], the NANOGrav, EPTA
and PPTA collaborations announce the detection of a stochastic signal corre-
lated among their monitored pulsars. The correlations between the pulsars fol-
low the expected Hellings–Downs pattern. The Bayesian reconstruction of the
correlations between 67 pulsars in the NANOGrav 15-year dataset is shown in
Figure 10. The presence of a SGWB with a power-law spectrum is strongly fa-
vored over a model considering only independent pulsar noises, with a Bayes
factor12 of 1014. These PTA detections mark the first-ever direct measurement
of a SGWB. The principal results of the PTA analyses are referred to a fiducial
power-law spectrum of characteristic GW strain

hc(f) = AGWB

✓
f

ff

◆↵

. (83)

However, the analysis is performed in terms of the timing-residual cross-power
spectral density

Sab(f) = �ab
A

2

GWB
12⇡2

✓
f

fref

◆-�GWB

f
-3

ref , (84)

12 The Bayes factor is the ratio of the marginal likelihoods of two competing statistical models,
used to quantify the support for one model over the other.

[NANOGrav 2023] 



• Distortion of apparent position vs timing redshift 
(PTAs).

• Micro arcsecond resolution with 109 galactic 
sources – many baselines...

Astrometry

8

Astrometric deflections

0 µas 0.002 µas|�nI(t)|

Timing residuals

0 ns 250 ns|rI(t+ ⌧)|

FIG. 1. Realisations of astrometric deflection (at time t) and timing residual (at time t + ⌧) responses to an SGWB of
cosmological origin (with spectral index � = 0) and ⌦gw(f0 = 50Hz) = 10�8 produced using the HEALPix package. The time
lag ⌧ = 43weeks between the maps has been chosen to emphasise the cross-correlation.

how the di↵erent correlations are sourced by the parity
of the underlying GW polarisations which are analogous
to their CMB counterparts.

For example, using Eqs. (61a)–(61d), we can easily in-
fer which unique signatures in the overlap reduction func-
tions would be produced by a chiral GW background with
parity-violating modes CTB

` and C
EB
` .

The spectra C
EE
` and C

BB
` were calculated in [27] for

tensorial, vectorial and scalar polarisations using the for-
malism introduced by O’Beirne and Cornish [30]. In fact,
all spectra can be calculated as simple scaling laws in
multipole ` a priori.

For tensorial polarisations, power spectra will be zero
for multipoles lower than a quadrupole, leaving

C
TT
`�2 = 2⇡ 2N`

2
, (62)

C
TE
`�2 =

4⇡p
`(`+ 1)

2N`
2
, (63)

C
EE
`�2 = C

BB
`�2 =

8⇡

`(`+ 1)
2N`

2
. (64)

Notice that the angular spectra do not contain any in-
formation about the SGWB amplitude but only on the
anisotropic correlation induced by the observables. The
overall normalisation of the correlation patterns is pro-
vided by the spectral density Sh(f) in Eq. (8) (see Ap-
pendix A).

It is easy to check (see Table I in Appendix C) that
Eq. (64) is the same as the C` presented in Mihaylov
et al. [27] up to a factor of two.10 They also possess the
same `-scaling as in the case of monochromatic waves.
As discussed in Roebber and Holder [24] for PTAs, this

10 This factor is just a convention. In Mihaylov et al. [27] they use
�ij = �+

ij + �⇥
ij while we use average �ij = (�+

ij + �⇥
ij )/2.

is to be expected. Also note that unlike in the case of
monochromatic waves, the parity-violating modes C

TB
`

and C
EB
` vanish.

For completeness, we also include the remaining, non-
Einsteinian polarisations. For the vectorial longitudinal
polarisations, we have

C
TT
`�1 = 2⇡

✓
1�

8

9
�`1

◆
1N`

2
, (65)

C
TE
` =

2⇡p
`(`+ 1)

✓
1�

10

9
�`1

◆
1N`

2
, (66)

C
EE
` = C

BB
` =

2⇡

`(`+ 1)

✓
1�

8

9
�`1

◆
1N`

2
, (67)

for the scalar transverse mode we have

C
TT
` = ⇡

✓
�`1

9
+ �`0

◆
, (68)

C
TE
` =

2⇡p
`(`+ 1)

�`1

9
, (69)

C
EE
` =

4⇡

`(`+ 1)

�`1

9
, (70)

and for scalar longitudinal mode we have

C
EE
` =

2⇡

`(`+ 1)

✓
1�

8

9
�`1

◆
. (71)

For the longitudinal polarisation in the distant star limit,
closed-forms of �zz(⇥) and �z✓(⇥) do not exist [26, 41].11

For this reason, there is no C
TT
` or C

TE
` . In the more

11 We believe this is why the method in Mihaylov et al. [27],
O’Beirne and Cornish [30] to obtain CEE

` for the longitudinal
polarisation fails.

[Golat & CC 2022] 
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FIG. 4. Frequentist analytic sensitivity curves for an astro-
metric survey (AMS) and pulsar timing array (PTA). All
curves assume observation of 5 years measured fortnightly.
The PTA sensitivity curve is included for reference and is as-
sumed to be made of 36 pulsars with the rms error in the
timing-residuals of 100 ns [45], whereas the astrometry curve
assumes 106 stars with measurement noise of 10 µas.

which can be inverted to find a sensitivity curve hc(f).

As mentioned in [45], this curve will not account for
the loss of sensitivity due to fitting out the quadratic
timing/astrometric model. To account for this, we can
use the same approximation as [45] which allows us to
change the integral in Eq. (79) from frequency to time
domain. We then look at two limits; the high frequency
limit (ft � 1), which we use to find h

HIGH
c (f) and the

low frequency limit (ft ⌧ 1) in which we expand the in-
tegrand (Eq. (15) in Moore et al. [45]) and take the con-
tribution of order O(f3

t
3) to find h

LOW
c (f). We combine

these two which are equivalent to their Eqs. (14) and (16)
to get

hc(f) ⇡ h
LOW
c (f) + h

HIGH
c (f)

⇡
�

�

r
%ij�t

T


16f2ij

3(N2
? �N? )

�1/4 
1 +

f
3
p

f3

!
, (80)

where fp is frequency at which h
LOW
c (fp) = h

HIGH
c (fp)

and it is also chosen to be 2/T . We show the monochro-
matic sensitivity curves in Fig. 4 alongside those for an
SGWB. The frequency dependence for astrometric ob-
servations, in this case, is flat and this increases the ad-
vantage of astrometric observations even further. Our
baseline assumption of N? = 106 at 10 µas is a conser-
vative one. An ambitious goal of N? ⇠ 109 at a similar
resolution at a sampling rate of 10�5 Hz would o↵er an
interesting level of sensitivity in a frequency band that is
complementary to other detection methods.

VI. DISCUSSION

We have introduced a polarisation-like complex spin-
s field description of “astrochronometric” observables
on the sphere. This setup enables the analysis of the
sphere using the spin-weighted harmonics formalism in
analogy with the polarisation of the CMB. This formal-
ism can be used to derive compact forms of the har-
monic cross-spectra of observables sourced by any po-
larisation content of GWs. The formalism also allows a
simplified relationship between the angular power spectra
and coordinate domain correlation functions as shown in
Eqs. (61a)–(61d). These relationships have proven to be
very useful in the analysis of CMB observations which ne-
cessitate robust estimation of correlations in polarisation
patterns in both coordinate and harmonic domains.

The introduction of a spin-s description enables us to
easily create realisations of the sky in both timing and
deflection observables. This will be of use in assessing
the feasibility of observational strategies and the devel-
opment of robust estimation tools for future data sets.
This application relies on a mature infrastructure devel-
oped over several decades for analysis, simulation, and
visualisation of polarised CMB observations.

A key advantage of our formalism is that it makes the
connection between the spin of GW polarisation and the
nature of the resulting anisotropies explicit. We see di-
rectly how di↵erent Einsteinian and non-Einsteinian po-
larisations source `  2 di↵erently and how vectorial po-
larisations induce specific correlations in the observables.
If astrochronometric observations were to become accu-
rate enough, the search for the tell-tale presence of GW-
induced dipole components might provide constraints on
departure from GR. Challenges remain, however. The
presence of a kinematic dipole due to the observer’s mo-
tion relative to the cosmological rest frame, along with
higher multipoles due to acceleration, may prove to be
an insurmountable obstacle. We leave for future work a
calculation of SNR for individual multipoles to constrain
individual polarisations.

We have also presented an estimate of signal-to-noise
ratio statistics for astrometry. Our results show that as-
trometric observations, and their correlations with timing
observations, may provide a complementary window in
frequency to a PTA–style analysis. The possibility here
is that a fast scan strategy at current levels of angular
resolution may provide interesting constraints at frequen-
cies 10�6 Hz to 10�5 Hz that are between the PTA and
LISA windows.
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• Vera C. Rubin (LSST).
• 50 micro arcsec astrometry with 106 solar 

system objects (asteroids).
• Short-distance limit of astrometry.
• Correlations similar to Hellings-Down curves.

Astrometry

[Mentasti & CC 2023] 
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� [mas] N = 1⇥ 10
5

N = 5⇥ 10
6

50.0 9.9⇥ 10
�1

2.0 ⇥10
�2

0.1 3.9⇥ 10
�6

7.9 ⇥10
�8

0.01 3.9⇥ 10
�8

7.9 ⇥10
�10

TABLE 2

Threshold values of ⌦0, as introduced in eq. (17) needed

to produce SNR > 1 in eq.(16) using asteroid astrometry.

The top right value (N = 5⇥ 10
6
, � = 50mas) corresponds

to a headline LSST mission specification (Ivezić et al.

2019), while the first entrance of the second row

(N = 1⇥ 10
5
, � = 0.1mas) is the upper limit that GAIA

could obtain. In the bottom-right corner, we show the

ideal case of a survey with high astrometric accuracy and

capable of probing a large number of solar system objects

(N = 5⇥ 10
6
, � = 0.01mas). A cadency of �T = 3 days and a

total observation time of T = 10 years are assumed

it is conceivable that future generations of space-based
astrometric surveys could track O(106) asteroids at this
with such accuracies. Indeed, future surveys may not
be designed with this analysis in mind but any survey
that tracks large numbers of solar system objects can
be exploited to provide complementary limits to those
obtained in the long-distance regime.

Discussion.– Undoubtedly, in practice, the observa-
tions proposed here will face several other systematic
challenges. Asteroids are not well-behaved test masses
and are subject to a range of external forces. The result-
ing acceleration may dominate noise contributions if the
timescales overlap the frequencies being targeted. As-
teroids likely su↵er from significant intrinsic brightness
fluctuations and this may limit the astrometric accuracy
of the tracking. The analysis of these observations would
also require highly accurate definitions of reference coor-
dinate frames used to translate between Earth-centric
observations to SSB coordinates. Notwithstanding these
challenges, given the enduring interest in how observa-
tions of any SGWB could transform our understanding of
both astrophysical processes and fundamental physics, it
is interesting to consider the prospects of short-distance
astrometry.
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• Atom Interferometry.
• Optical lattice atomic clocks.
• Phase and/or doppler shift measurements at 

tunable frequencies.
• AION, AEDGE, MAGIS, etc. proposals.
• Ground and space-based proposals.
• Track inspirals across 4 decades in frequency?
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Figure 4. Left panel: Cosmic super string spectrum with Gµ = 10�11.75 and intercommutation probability

p = 10�2.25 in standard cosmology together with its possible modifications by a period of kination or matter

domination (MD) ending at temperatures T > 5 MeV and 5 GeV. The grey violins indicate the spectra capable

of explaining the NANOGrav 15yr data. Right panel: Sensitivity of various experiments to a modification of

the expansion rate at a temperature T� for a given value of the string tension Gµ with p = 1. The gray bands

indicate values favoured by the NANOGrav 12.5yr data [75, 78]. The right panel was taken from ref [47].

AION-km would be sensitive to first-order phase transitions occurring also at higher temperatures554

than EWSB, providing the opportunity to test the fundamental high-energy theory beyond the reach555

of any present or near-future particle collider.556

Another potential source of gravitational waves from the Early Universe is a cosmic string network.557

If produced in a phase transition at very high energies it would continue emitting GWs until today,558

producing a spectrum featuring a relatively flat plateau over a large range of frequencies [71–73].559

The recent GW signal in the 15-year data from NANOGrav [21] could in fact be fitted very well560

with such a signal [55, 74] (for earlier analysis of this potential source see [75–77]) provided the mass561

per unit length of the network lies within Gµ ⇠ ⇥10�11
� 10�12 with intercommutation probability562

p ⇠ 10�3
� 10�1 [74]. This interpretation would indicate that the signal could also be measured in563

AION-km as well as LISA, ET and AEDGE, although not necessarily in upcoming runs of the LIGO,564

Virgo and KAGRA experiments [74]. Should this interpretation prevail, measurement of the spectrum565

over a wide range of frequencies would also enable the mapping of the expansion rate of the Universe,566

as any modification would leave its imprint on the spectrum. We show examples of modifications567

of the spectrum coming from an early period of matter domination and kination in the left panel of568

Fig. 4. However, it is important to point out that even much smaller modifications such as a change569

in the number of relativistic degrees of freedom could be measured. The right panel of the same figure570

shows the reach of experiments in terms of the temperature at which the expansion rate is modified.571

3.3 Dark matter signals572

For masses below approximately 1 eV, a bosonic ultra-light dark matter (ULDM) field within our573

galaxy could be e↵ectively described as a superposition of classical waves [82]. The coherent os-574

cillations of these ULDM waves would give rise to a diverse range of time-dependent signals that575

could be explored using atom interferometers. These signals encompass various phenomena, including576

the time-dependent oscillations of fundamental ‘constants’ in the context of scalar ULDM candi-577

dates [47, 83–85], the time-dependent di↵erences in accelerations between atoms in theories involving578

vector candidates [17], and the time-dependent precession of nuclear spins in the case of pseudoscalar579

candidates [86]. In general, these signals have a frequency determined by the ULDM mass, an ampli-580

– 8 –
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Figure 1: Spectral strain sensitivity of the SAGE GW detector for the two proposed schemes described
in Sect. 4.1. SAGE-AI refers to the atom interferometry scheme with 12 ~k atomic beam splitters (Sect.
4.1.1). The SAGE-Clocks curve represents the optimized performance of the tuned detector for the scheme
using optical clocks (Sect. 4.1.2). The design sensitivity of eLISA [28], Advanced Virgo [41] and Advanced
LIGO [42] is reported for comparison. Shaded areas represent the expected spectral strain amplitude of
GWs from sources within the accessible frequency ranges of future space detectors and current ground
detectors. EMRI: extreme mass ration inspirals; MBHB: massive black-hole binaries; NSB: neutron star
binaries; CBI: compact binary inspirals; RGB: resolved galactic inspirals.

atoms to be employed either as test masses in light-pulse atom interferometry or as frequency references
for optical atomic clocks. Potential advantages of the use of atomic sensors, which are common to the
two approaches, include the tunability of the sensitivity curve, quantum back-action noise immunity, and
insensitivity to laser frequency noise, which in turn allows for the possibility of a detector design based on
a single linear baseline, requiring only two satellites instead of three.

Further advantages of the proposed idea include the possible phase multiplication using multiple-pulse
sequences, and the resilience of the proof mass: the properties of the atomic proof-masses are indeed
regular and well-known. Moreover, these test masses are virtually immune from several spurious e↵ects
such as charging events. The quantum nature of atomic sensors, which are based on resonant atom-
light interaction, relaxes the requirements on transmitted laser power, thus allowing longer baselines.
The frequency measurement scheme would allow a continuous tuning of the sensitivity curve in order
to observe a GW signal from its first detection through its evolution up to the frequency range where
terrestrial detectors can start to follow the signal. This scheme would allow to increase the baseline, and
thus to improve the low-frequency sensitivity, without sensitivity degradation at higher frequencies.

Di↵erently from other space and Earth-based GW observatories, the SAGE mission will have a multi-
purpose application to di↵erent experiments in fundamental physics, as discussed in the following.

2.2 Searching for Dark Matter

A variety of cosmological-scale observations (e.g., gravitational lensing, galactic rotation curves, peaks in
the cosmic microwave background spectra) indicate that ordinary visible or baryonic matter makes up only
5% of the total energy density of the universe, with the remaining balance attributed to dark matter (DM)
and dark energy. What is the microscopic composition of DM? Are there non-gravitational interactions of
DM with standard model particles and fields? Given these interactions, what are the strategies enabling
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Summary

• Foothills of the stochastic era for GWs.
• Detection of SGWB (inspirals) in LVK O4 run (late 2024?).
• Lots of physical mechanisms generate SGWBs. Rich landscape.
• Characterising angular distribution with 1st/2nd Gen detectors will be difficult.
• Next generation of detectors will exploit new methods and frequencies.
• Frequencies > kHz?


