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Detectable sources of gravitational waves
Ø Strength of gravitational wave signals: quadrupole formula

Ø Back-of-the-envelope:

Ø Detectability of gravitational waves:
§ Limited by detector sensitivity

o Current ground-based detectors, short-duration source: 
Need

o Long signal of known shape: “signal-to-noise ratio” grows as
with      the observation time
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: asymmetry of the source
: mass
: characteristic speed
: distance to observer
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Detectable sources of gravitational waves
Ø Different detectors will be sensitive in different frequency ranges

Ø Pulsar timing arrays: down to 

LISA Sensitivity Curves 2

Figure 1. A plot taken from the LISA L3 mission proposal showing the expected
sensitivity (green line) and a variety of possible sources (various colors) in units of
dimensionless characteristic strain.

1. Sensitivity Curves

The LISA sensitivity curve can be well approximated by the equation

Sn(f) =
10

3L2

 

POMS(f) +
4Pacc(f)

(2⇡f)4

!0

@1 +
6

10

 
f

f⇤

!2
1

A+ Sc(f) , (1)

where L = 2.5 Gm, f⇤ = 19.09 mHz, and expressions for POMS(f), Pacc(f) and Sc(f)

are given in equations (10), (11) and (14) below. Here we explain how this curve is

computed and how it can be used (and sometimes mis-used).

The simplest type of sensitivity curve, and the one used by the ground-based

detector community, is the power spectral density of the detector noise Pn(f), or the

amplitude spectral density
q

Pn(f). The mean-squared noise in the frequency band

[f1, f2] is just the integral of Pn(f) over that band. But for a detector like LISA,

where signals may have wavelengths that are shorter than the arms of the detector, it

is conventional to include the ensuing arm-length penalty in the sensitivity curve [5].

The strain spectral sensitivity is then defined in terms of the square root of the e↵ective

noise power spectral density

Sn(f) =
Pn(f)

R(f)
, (2)

where R(f) is the sky and polarization averaged signal response function of the

instrument. The signal response function R(f) relates the power spectral density of the

Figure 49: A plot of
p

Sn(f) as a function of frequency for LISA, together with some repres-

entative gravitational wave sources. The green curve shows the contribution to
p

Sn(f) from

instrumental noise sources. The grey area is the contribution from unresolvable white dwarf bin-

ary signals that form a stochastic background, which combines with the instrumental noise; the

resulting
p

Sn(f) is indicated by the dashed black curve. The purple dots illustrate white dwarf

binary signals that can easily be detected individually. In fact, a number of close-by binaries

that have already been observed with ordinary telescopes will act as “verification binaries” for

LISA (purple asterisks): Barring instrumental malfunctions, LISA should see their signals at the

given frequencies with an already predicted loudness. (For more details about this plot, see ht-

tps://arxiv.org/pdf/1803.01944.pdf.)

well-modeled), and there is no advantage to be had from long observation times. This

is because with only one detector, a stochastic background looks like a contribution to

the noise. The situation is di↵erent when considering multiple detectors: A stochastic

background will still appear as a contribution to the noise, but in a way that is correlated

174

§ Ground-based 
(LIGO, Virgo, …, Einstein Telescope):

§ Space-based LISA:
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ET−D−LF
ET−D−HF
ET−D sum

Figure 1. Left panel: the sensitivity of the ET-B (red, dot-dashed) and ET-D (yellow, dashed)
configurations, compared to the o�cial target sensitivity of advanced Virgo (blue solid line). Right
panel: the separate contributions from the LF and HF instruments to the sensitivity of ET-D.

Figure 2. Left: astrophysical reach for equal-mass, nonspinning binaries for Advanced LIGO, Ein-
stein Telescope and Cosmic Explorer (from ref. [26, 27]). Right: lines of constant signal-to-noise ratio
in the (total mass, redshift) plane, for a network of one ET and two CE detectors. The curves shown
assume equal-mass binary components (figure courtesy by M. Colpi and A. Mangiagli).

in the mirror coatings, we still have several Watt of absorbed power in the coatings. This
requires to increase the thickness of the suspension fibers in order to remove the generated
heat which, in turn, would spoil the performance of the suspension system and therefore
the sensitivity at low-frequencies. These considerations have led to a ‘xylophone’ concept,
in which the detector is actually composed of two di↵erent instruments, one optimized for
low frequencies (LF) and one for high frequencies (HF); the LF interferometer has low power
(since laser power is only needed to beat down the shot noise in the high frequency range) and
cryogenic mirrors, while the HF instrument has high power and mirrors at room temperature.
This has lead to the ET-C sensitivity curve and, after some further refinement of some noise
models, to the ET-D sensitivity curve [25], again shown in the left panel Fig. 1, while the right
panel shows also the separate contributions from the LF and HF interferometers. The ET-D
sensitivity curve will be the baseline sensitivity that we will adopt in this paper. Occasionally,
in some plots we will also compare with the results for the ET-B sensitivity, to appreciate
the dependence of the results on the sensitivity curve.

An example of the extraordinary potential of 3G detectors is provided by Fig. 2. The

– 3 –
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Advanced LIGO and Advanced Virgo



Detectable sources of gravitational waves

“Burst” sources

Fast-spinning neutron starsMerging neutron stars, black holes

Stochastic gravitational waves

Tr
an

si
en

t s
ig

na
ls

 Continuous signals 



Inspiral, merger, and ringdownThe coalescence of two black holes



Detecting signals from coalescing binaries
Ø Matched filtering: 

Ø Signal-to-noise ratio            peaks when a signal is present in the data

detector data

S V Dhurandhar

Figure 1. Matched filtering: The top part of the figure shows just the inspiral
signal, the middle part shows the signal embedded in the noise, while the
bottom part of the figure shows the peak when the signal is ‘condensed’ by
the matched filter. Note that the peak occurs at the arrival time of the signal.

by the false alarm rate (events due to noise only) that one is prepared to tolerate,
which in turn, is decided by the expected event rate.

However, it has been shown in [5] that one does not need templates in all the
parameters, but only in those parameters which decide the shape of the wave-
form or the dynamics of the system; in this case the masses and the spins. Such
parameters have been called intrinsic, while the other kinematical parameters have
been termed extrinsic [6]. Here I will discuss the spinless case and the wave-form
given up to 2 PN order. I will later qualify the discussion with some remarks when
spin is included in the analysis.

The amplitude can be easily handled by using normalised templates: one can
scan over ta by using the fast Fourier transform (FFT) which evaluates the integral
in eq. (4) for all values of the time-lag τ , cheaply. The initial phase is maximised
over by quadratures – one evaluates c(τ) for only two values of the inital phase 0
and π/2 and maximises the result by squaring and adding the two filtered outputs.
One however, needs templates in the intrinsic parameters, in this case, the two
masses m1 and m2.

A more convenient set of parameters than the masses are the chirp times:

τ0 =
5

256πηfa
(πMfa)−5/3, τ3 =

1
8ηfa

(πMfa)−2/3, (6)

where fa is a fiducial frequency (we use units in which c = G = 1) and η = µ/M .
The templates are arranged so that the maximum mismatch allowed is fixed at
3% corresponding to a maximum of 10% loss in SNR. These parameters are used
because the template spacings are almost uniform in them. One can put a natural

720 Pramana – J. Phys., Vol. 63, No. 4, October 2004

trial waveform at time t0

S V Dhurandhar

Figure 1. Matched filtering: The top part of the figure shows just the inspiral
signal, the middle part shows the signal embedded in the noise, while the
bottom part of the figure shows the peak when the signal is ‘condensed’ by
the matched filter. Note that the peak occurs at the arrival time of the signal.

by the false alarm rate (events due to noise only) that one is prepared to tolerate,
which in turn, is decided by the expected event rate.

However, it has been shown in [5] that one does not need templates in all the
parameters, but only in those parameters which decide the shape of the wave-
form or the dynamics of the system; in this case the masses and the spins. Such
parameters have been called intrinsic, while the other kinematical parameters have
been termed extrinsic [6]. Here I will discuss the spinless case and the wave-form
given up to 2 PN order. I will later qualify the discussion with some remarks when
spin is included in the analysis.

The amplitude can be easily handled by using normalised templates: one can
scan over ta by using the fast Fourier transform (FFT) which evaluates the integral
in eq. (4) for all values of the time-lag τ , cheaply. The initial phase is maximised
over by quadratures – one evaluates c(τ) for only two values of the inital phase 0
and π/2 and maximises the result by squaring and adding the two filtered outputs.
One however, needs templates in the intrinsic parameters, in this case, the two
masses m1 and m2.

A more convenient set of parameters than the masses are the chirp times:

τ0 =
5

256πηfa
(πMfa)−5/3, τ3 =

1
8ηfa

(πMfa)−2/3, (6)

where fa is a fiducial frequency (we use units in which c = G = 1) and η = µ/M .
The templates are arranged so that the maximum mismatch allowed is fixed at
3% corresponding to a maximum of 10% loss in SNR. These parameters are used
because the template spacings are almost uniform in them. One can put a natural
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variance of the noise
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S V Dhurandhar

Figure 1. Matched filtering: The top part of the figure shows just the inspiral
signal, the middle part shows the signal embedded in the noise, while the
bottom part of the figure shows the peak when the signal is ‘condensed’ by
the matched filter. Note that the peak occurs at the arrival time of the signal.

by the false alarm rate (events due to noise only) that one is prepared to tolerate,
which in turn, is decided by the expected event rate.

However, it has been shown in [5] that one does not need templates in all the
parameters, but only in those parameters which decide the shape of the wave-
form or the dynamics of the system; in this case the masses and the spins. Such
parameters have been called intrinsic, while the other kinematical parameters have
been termed extrinsic [6]. Here I will discuss the spinless case and the wave-form
given up to 2 PN order. I will later qualify the discussion with some remarks when
spin is included in the analysis.

The amplitude can be easily handled by using normalised templates: one can
scan over ta by using the fast Fourier transform (FFT) which evaluates the integral
in eq. (4) for all values of the time-lag τ , cheaply. The initial phase is maximised
over by quadratures – one evaluates c(τ) for only two values of the inital phase 0
and π/2 and maximises the result by squaring and adding the two filtered outputs.
One however, needs templates in the intrinsic parameters, in this case, the two
masses m1 and m2.

A more convenient set of parameters than the masses are the chirp times:

τ0 =
5

256πηfa
(πMfa)−5/3, τ3 =

1
8ηfa

(πMfa)−2/3, (6)

where fa is a fiducial frequency (we use units in which c = G = 1) and η = µ/M .
The templates are arranged so that the maximum mismatch allowed is fixed at
3% corresponding to a maximum of 10% loss in SNR. These parameters are used
because the template spacings are almost uniform in them. One can put a natural
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s̃⇤(f) ĥ(f) e2⇡ift0

Sn(f)
df

⇢opt = T 1/2

✓
�Sh

S2
n

����
�Sh

S2
n

◆1/2

hk(✓; t) = F (k)
+ (↵, �, )h+(t+�tk) + F (k)

⇥ (↵, �, )h⇥(t+�tk) �tk(↵, �)

✓ = (m1,m2,S1,S2,↵, �, , ◆, r, tc,�c, ~E)

g =

0

BBB@

1 0 0

0 1 0

0 0 1

1

CCCA

1



Detecting signals from coalescing binaries
Ø Many different choices for masses m1 , m2 in the trial waveforms:

“Template bank”

 

Placement of template banks

Example of placement in (m
1
,m

2
)

– Spin dimensions not shown

                                       

                                                        

                

                                                   



90 candidate detections so far

Ø Mostly binary black holes
Ø Binary neutron stars: GW170817, GW190425
Ø Neutron star-black hole: GW200105, GW200115

LIGO + Virgo+ KAGRA, arXiv:2111.03606 



Ø Gamma ray counterpart
§ Origin of gamma ray bursts

Ø Thanks to LIGO-Virgo “triangulation”:
Discovery of “kilonova” afterglow
§ Origin of heavy elements

Ø New cosmic distance markers
§ Novel way of doing cosmology

Ø Measurement of neutron star tides

§ Structure of neutron stars

Ø Can we learn more about dense nuclear 
matter by also including information from 
heavy ion collision experiments on Earth?

GW170817: binary neutron star inspiral

LSC, Virgo, arXiv:1710.05832
E.g. Huth et al, arXiv:2107.06229



Other “special events”

Ø GW190412
§ Binary black hole with significantly different 

masses 
(8 and 30 solar masses)

§ First observation of harmonics of the basic signal

Ø GW190814
§ Black hole of 23 solar masses                                                    

+ a mystery object of 2.6 solar masses
o Neutron star, or black hole?

Ø GW190521
§ Binary black hole, 66 + 85 solar masses
§ Can not have been formed directly from stars!

o Resulting from earlier mergers?
§ Remnant black hole: 142 solar masses

FÇȺɂȹȽȺȻɵɡɵƊŊąŴƊÚŁɵňÚŻŻąŻ
P���a����0䖭

P���a���0䖭
PDVV�UDWLR�T�a��

)LUVW�EODFN�KROH�PHUJHU�ZLWK�DV\PPHWULF�PDVVHV

+LJKHU�KDUPRQLFV 'RPLQDQW�TXDGUXSRODU�
PRGH��EXW�DOVR�RYHUWRQHV��

LSC, Virgo, arXiv:2004.08342

LSC, Virgo, arXiv:2006.12611

LSC, Virgo, arXiv:2009.01075



Searching for sub-solar mass black holes
Ø If black holes with mass significantly below 1 solar mass: most likely primordial 14

FIG. 2. Constraints on the fraction of dark matter in PBHs.
The horizontal axis shows the source frame mass of the black
hole in each model; for LVK results this is the component
mass for each object in the binary. Each constraint shown
carries a model dependency. Shown (pink) are the LVK re-
sults from O1 [96], O2 [97], and O3a (this work); (orange) mi-
crolensing constraints from MACHO [152], EROS [153], and
OGLE [154]; (green) dynamical constraints from observations
of Segue I [155] and Eridanus II [156] dwarf galaxies; (blue) su-
pernova lensing constraints from the Joint Light-curve Anal-
ysis and Union 2.1 datasets [157]. LVK results use the Planck
“TT,TE,EE+lowP+lensing+ext” cosmology [140].

IV. CONCLUSIONS AND OUTLOOK

Gravitational waves from compact object mergers pro-
vide a unique probe of dark matter structures on the
smallest scales. Here, we have considered two possible
dark matter candidates: PBHs and fermionic dark mat-
ter particles that can dissipate and form dark matter
black holes. Both of these formation mechanisms can
potentially produce both sub and supersolar mass black
holes. We have focused on the SSM regime, which cannot
be populated with black holes by any known astrophysi-
cal channel.

We have used three di↵erent algorithms to search the
data from O3a for compact binaries in which at least
one of the component objects had a mass between [0.2�
1.0] M�. We have found no candidates, and obtained
upper limits on the merger rate of SSM black holes in
the range [220� 24200] Gpc�3 yr�1 . The upper limit is
dependent on the chirp mass of the source and shown in
Fig. 1. These upper limits can be recast into limits on
the physical parameters of SSM black holes populations.

By considering a phenomenological model for SSM
PBHs in which the compact objects are all formed with

FIG. 3. Constraints on the fraction of dark matter, fDBH,
in black holes formed from cooling of dissipative dark matter
and their minimum possible source frame mass Mmin.

the same mass, we have obtained a limit on the abun-
dance of these black holes as a function of their mass at
formation: fPBH

<
⇠ 6% in the mass range, as seen in

Fig. 2. This significantly improves microlensing and su-
pernova lensing constraints in the same mass region as
well as our previous constraints from Ref. [97], though we
note that there are uncertain mechanisms that can reduce
the expected PBHmerger rate and raise the allowed value
of fPBH [148–150]. We have also considered a model for
fermionic dissipative dark matter, parametrized by the
abundance of the black holes it produces, and by their
minimum mass. The most stringent limit is obtained at
Mmin = 1 M� for which fDBH

<
⇠ 0.003%, as shown

in Fig. 3. The constraint on the minimum mass can
be interpreted in two ways. The most straightforward
is as a constraint on the Chandrasekhar limit of dark
matter black holes [78], which constrains the mass of a
dark fermion analogous to the proton to be in the range
0.66–8.8 GeV/c2. Additionally, the minimum mass of
black holes formed when the dark matter gas cools and
fragments depends on the coldest temperature the gas
can reach, that is, on the dark matter chemistry. For
the model we considered, this temperature is set by the
energy di↵erence of the lowest energy molecular radia-
tive transition. Therefore, a constraint on the minimum
mass of any dark black holes also implies a constraint on
the dark molecular energy spacing, although the precise
relationship depends on astrophysical modeling.

In the coming years, the sensitivity of Advanced LIGO
and Advanced Virgo will continue to improve [158], and
the global network of detectors is expected to grow with

LSC, Virgo, KAGRA, arXiv:2109.12197



Future detectors
Ø Overlap between Einstein Telescope 

and LISA
§ Intermediate mass binary black holes

Ø New sources for LISA
§ Supermassive binary black holes

§ Extreme mass ratio inspirals, e.g.

3G plus LISA

Stefan Hild LVC Maastricht, Sep 2018 Slide 9
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Ø Any source that is short(ish) in time

§ Compact binary coalescences
§ Supernovae in or near our galaxy
§ Neutron star instabilities
§ Cosmic strings
§ Long gamma ray bursts
§ Soft gamma-ray repeater giant flares
§ Accretion disk instabilities
§ …
§ The unknown

Ø Many of these are poorly modeled  
§ Can’t necessarily used matched 

filtering
§ Look for “coherent power” in multiple 

detectors
o Common features in different 

detector outputs around the same 
time, consistent with a single sky 
location

“Burst” sources

LISA

 

“Burst” sources

Transient sources                                

(other than coalescing binaries):

§ Supernovae in or near the galaxy

§ Cosmic strings

§ Long gamma-ray bursts

§ Soft gamma-ray repeater giant flares

§ Neutron star instabilities

§ Accretion disk instabilities

...

§ ... the unknown

Many of these are poorly modeled 

§ Can't necessarily use matched filtering

C. Ott, LIGO-G1000171
C. D. Ott for the Burst Group, LIGO-G1000171 5

Burst Sources: Frequency Content, Duration



“Burst” sources
6 Ernazar Abdikamalov, Giulia Pagliaroli, and David Radice

In slowly or non-rotating models, the centrifugal force has little dynamical im-
pact. Instead, convection and SASI perturb the PNS and excite its oscillations [10].
In the following, we discuss these two cases separately.

Furthermore, there are sub-dominant (and/or somewhat exotic) mechanisms for
generating GWs: besides perturbing the PNS, convection and SASI can directly
emit GWs. The variations in neutrino luminosity in the different regions produce
anisotropic flux of neutrinos. The dense matter inside PNS may undergo phase tran-
sition, which may lead to a ”mini” second core-collapse of the PNS. Finally, if the
PNS accumulates more mass than it can support, it collapses to a BH. Each of these
processes can emit GWs and we will discuss them in more detail later.

Non-rotating and slowly-rotating case

� � 10 10g/cm 3

shock wave

ga
in

 re
gi

on

neutrino-driven 
convection

PN
S

�

��
�

PNS 
convection

�

accreting flow

·M

R � 40 km

R � 150 km

� � 10 8g/cm 3

� � 10 9g/cm 3

�c � 3 � 1014 g/cm3

Fig. 1 The schematic depiction of the CCSN central engine for slowly rotating case. The neutrinos
emitted by the proto-neutron star (PNS) drive neutrino-driven convection in the gain region. The
diffusion of neutrinos out of the PNS leads to negative radial gradient of the lepton number, driving
PNS convection. The SASI drives large-scale oscillations of the shock with low ` number.

10 Ernazar Abdikamalov, Giulia Pagliaroli, and David Radice

Fig. 5 Left panels: GW strain as a function of time for eight models of [11]. Right panels: The
spectral energy distribution of the GW signal together with the sensitivity curves of Advanced
LIGO and ET-D detectors for sources at 10kpc distance. Reprinted from D. Radice, V. Moro-
zova, A. Burrows, D. Vartanyan, H. Nagakura, Characterizing the Gravitational Wave Signal from
Core-Collapse Supernovae, Astrophys.J.Lett. 876, L9 (2019) [11]. © AAS. Reproduced with per-
mission.

spectrogram shown in Fig. 6 for the 25M� model. The origin of this signal has been
ascribed to a number of processes, including the prompt post-shock convection. The
contributions of the shock oscillations [13] and acoustic waves in the post-shock
region have also been emphasized [14]. Depending on model, the GW strain of the
early quasi-periodic signal can reach up to hD ⇠ 2 � 5cm, but due to their short
duration, their contribution to the overall signal is somewhat modest (cf. Fig. 4).

Ø Core collapse supernovae:
§ For collapsing stars of                  :  

Formation of a proto-neutron star
§ Convection
§ Standing-accretion shock: 

Large non-radial oscillations

Abdikamalov et al., arXiv:2010.04356
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“Burst” sources

Ø Cosmic strings:

§ Formation of “cusps” that 
briefly travel at nearly  speed 
of light: 

§ Formation of “kinks” through 
the interaction of two strings: 

§ Non-detection enables upper 
limits on the string tension

§ Accumulation of GW bursts 
from cusps and kinks can lead 
to stochastic background
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LSC, Virgo, KAGRA, arXiv:2101.12248



Continuous waves
Ø Emission by fast-spinning neutron stars

§ Isolated neutron stars:
Asymmetry due to “starquakes”

§ Neutron stars in binaries: 
Accretion

Ø The signals are weak!

§ But, for very long-lived signals,        
signal-to-noise ratio

Ø Targeted searches when sky position and 
pulsar frequency known: 
Crab pulsar, Vela pulsar, … 

Ø Computationally challenging to perform 
all-sky searches
§ Signals Doppler-modulated due to 

motion of Earth
§ Need to search over sky position in 

addition to other parameters
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Continuous gravitational waves

All-sky searches for isolated neutron stars

§ Account for Doppler modulation due to motion of 

the Earth:

● Binning in sky position:                            

Up to (few)x10
5 
points

§ Given a sky position, account for change in 

frequency due to spin-down:

● Binning in spin-down coefficients:           

Typically additional O(10
6
) points

§ Hierarchical approach

● Refined grids once candidate events

● Signal reconstruction 

                          

arXiv:1407.8333

                          

      

        



Continuous waves

LSC, Virgo, KAGRA, arXiv:2111.13106
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Continuous waves

Ø X-ray observations of neutron 
stars accreting matter from a 
companion star

Ø No neutron stars in X-ray binaries 
spinning faster than ~700 Hz
§ Spinning-up due to accretion 

being counteracted by 
gravitational wave emission? 

Patruno & Watts, arXiv:1206.2727

2.2. What is the Spin Distribution of RMSPs?

Lorimer et al. (2015) showed in an analysis of a sample of 56
RMSPs that their distribution was consistent with being log-
normal. Tauris (2012) and Papitto et al. (2014) also showed
that the distribution of RMSPs is not consistent with a normal

distribution, in line with our previous findings. Since in this
work we use both isolated and binary RMSPs, we now justify
this by means of statistical analysis. First we perform an SW
test for normality for isolated and for binary millisecond
pulsars. The results show that neither is consistent with a
normal distribution (p-values of 0.02 and 0.0001 for isolated
and binary millisecond pulsars, respectively). A k-sample AD
test shows that they they are compatible with being drawn from
the same parent population (p-value of 0.14). Furthermore, the
mean spin frequency of isolated and binary RMSPs is nearly
identical (245 versus 248 Hz, with similar standard deviations).
Therefore our decision to include both systems in the sample of
RMSPs is justified. We now try to characterize the spin
frequency distribution of all RMSPs by considering three
theoretical distributions: log-normal, normal, and a Weibull
distribution. The latter has the form

f x k
k
x

x
e, , , 1

k
x kH

H
� H�

⎛
⎝⎜

⎞
⎠⎟( ) ( )( )

where k and γ (both assumed positive) are fitting parameters
known as shape and scale parameters, respectively. We fit the
three distributions and then compare the agreement between
the theoretical expectations and the actual data in four plots in
Figure 3: a histogram of empirical and theoretical densities, a
cumulative distribution function plot, a quantile-quantile plot,
and a P–P plot (which compares the empirical cumulative
distribution function of our data with the three theoretical
cumulative distribution functions). The strongest deviations
are seen for the log-normal distribution, followed by the
normal distribution. The Weibull distribution with shape

Figure 2. Histogram of accreting neutron stars comprising all known AMXPs
and NXPs (as reported in Table 2). No source is known above 619 Hzx .

Table 2
Accretion and Nuclear-powered Millisecond Pulsars

Source Name Spin Frequency Type Orb. Period
(Hz) (hr)

4U 1728–34 363 NXP 4.2
KS 1731–260 524 NXP N/A
IGR J17191–2821 294 NXP N/A
4U 1702–429 329 NXP N/A

SAX J1750.8–2900 601 NXP N/A
GRS 1741.9–2853 589 NXP N/A
EXO 0748–676 552 NXP 3.8
4U 1608–52 619 NXP 12.9
4U 1636–536 581 NXP 3.8
MXB 1659–298 567 NXP 7.1
Aql X–1 550 AMXP 18.9
IGR J00291+5934 599 AMXP 2.5
PSR J1023+0038 592 AMXP 4.8
XSS J12270–4859 593 AMXP 6.9

SAX J1808.4–3658 401 AMXP 2.0
XTE J1751–305 435 AMXP 0.7
XTE J0929–314 185 AMXP 0.7
XTE J807–294 190 AMXP 0.7
XTE J1814–338 314 AMXP 4.3
HETE J1900.1–2455 377 AMXP 1.4
Swift J1756.9–258 182 AMXP 0.9
SAX J1748.9–2021 442 AMXP 8.8
NGC6440 X-2 206 AMXP 0.95
IGR J17511-3057 245 AMXP 3.5
Swift J1749.4-2807 518 AMXP 8.8
IGR J17498-2921 401 AMXP 3.8
IGR J18245-245 254 AMXP 11.0
MAXI J0911–655 340 AMXP 0.7
IGR J17602–6143 164 AMXP N/A

Note. The sources highlighted in bold are discussed in Section 6.

Figure 3. Probability density of RMSPs (top left panel) with three theoretical
distributions fitted (Weibull, log-normal, and normal). Top right panel:
empirical and theoretical cumulative density functions for RMSPs. Bottom
left panel: empirical quantile-quantile plot for RMSPs. Note that the data show
the strongest deviations from the theoretical log-normal distribution (oblique
solid black line). Bottom right: empirical probability plot of RMSPs.
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Ø Recall the cosmic microwave background
§ Electromagnetic radiation 
§ Generated ~300,000 years after 

the Big Bang, when first atoms formed

Ø There may also exist stochastic backgrounds of gravitational waves
§ Astrophysical:

o Superposition of periodic signals from all the pulsars stars in the        
Milky Way

o Superposition of signals from binary black hole and neutron star mergers 
throughout the Universe

§ Primordial:
o Phase transitions in the early Universe
o End of inflation (decay of the inflaton) 
o Superposition of bursts from cosmic strings

Typically involve energies that are inaccessible to e.g. particle colliders
Ø Convenient to define

Stochastic gravitational wave backgrounds 
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: energy density of GW background
: critical density needed to close the Universe 
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Ø Stochastic background takes the form of correlated noise between multiple 
detections 

Ø Search for cross-correlations between detectors:

… which is similar to matched filtering but now using two detector outputs

Ø Optimal filter:

Ø Need to make a choice for the form of
o For many types of background, 

within the sensitive frequency range
can be approximated by a power law: 

o E.g. background from binary coalescences:

Stochastic gravitational wave backgrounds 
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where            “overlap reduction function”            
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Stochastic gravitational waves

§ Gravitational wave backgrounds of a 
fundamental nature

● Inflation: period of exponential 
growth of the Universe

– E.g. axion inflation

● Phase transitions: fundamental 
forces splitting off

● Cosmic strings

● ...

§ Searched for by cross-correlating 
between detectors:

● Optimal filter: 
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Ø The observed binary black hole coalescences are giving us access to merger rates 
and mass distributions

Ø From these, can estimate               for all binary black hole coalescences in the 
visible Universe 

Stochastic gravitational wave backgrounds 
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Ø For LISA: background from all white dwarf binaries in the Milky Way

Ø When searching for other sources (e.g. supermassive binary black holes), 
effectively becomes a contribution to the noise

Stochastic gravitational wave backgrounds 

LISA Sensitivity Curves 2

Figure 1. A plot taken from the LISA L3 mission proposal showing the expected
sensitivity (green line) and a variety of possible sources (various colors) in units of
dimensionless characteristic strain.

1. Sensitivity Curves

The LISA sensitivity curve can be well approximated by the equation

Sn(f) =
10

3L2

 

POMS(f) +
4Pacc(f)

(2⇡f)4

!0

@1 +
6

10

 
f

f⇤

!2
1

A+ Sc(f) , (1)

where L = 2.5 Gm, f⇤ = 19.09 mHz, and expressions for POMS(f), Pacc(f) and Sc(f)

are given in equations (10), (11) and (14) below. Here we explain how this curve is

computed and how it can be used (and sometimes mis-used).

The simplest type of sensitivity curve, and the one used by the ground-based

detector community, is the power spectral density of the detector noise Pn(f), or the

amplitude spectral density
q

Pn(f). The mean-squared noise in the frequency band

[f1, f2] is just the integral of Pn(f) over that band. But for a detector like LISA,

where signals may have wavelengths that are shorter than the arms of the detector, it

is conventional to include the ensuing arm-length penalty in the sensitivity curve [5].

The strain spectral sensitivity is then defined in terms of the square root of the e↵ective

noise power spectral density

Sn(f) =
Pn(f)

R(f)
, (2)

where R(f) is the sky and polarization averaged signal response function of the

instrument. The signal response function R(f) relates the power spectral density of the

Figure 49: A plot of
p

Sn(f) as a function of frequency for LISA, together with some repres-

entative gravitational wave sources. The green curve shows the contribution to
p

Sn(f) from

instrumental noise sources. The grey area is the contribution from unresolvable white dwarf bin-

ary signals that form a stochastic background, which combines with the instrumental noise; the

resulting
p

Sn(f) is indicated by the dashed black curve. The purple dots illustrate white dwarf

binary signals that can easily be detected individually. In fact, a number of close-by binaries

that have already been observed with ordinary telescopes will act as “verification binaries” for

LISA (purple asterisks): Barring instrumental malfunctions, LISA should see their signals at the

given frequencies with an already predicted loudness. (For more details about this plot, see ht-

tps://arxiv.org/pdf/1803.01944.pdf.)

background will still appear as a contribution to the noise, but in a way that is correlated

between detectors, while instrumental noise fluctuations in the di↵erent detectors usually

are not. This distinction opens up the possibility of detecting much weaker gravitational

wave background signals than would be possible with a single detector.
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Primordial stochastic backgrounds
4.2 Early History of the Universe 21

STOCHASTIC BACKGROUND SOURCES AND DETECTOR SENSITIVITIES
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Figure 4.2: Stochastic GW background for several proposed model spectra in comparison with past mea-
surements (Advanced LIGO upper limit [249], constraints based on the big bang nucleosynthesis and cosmic
microwave background (CMB) observations, low-l CMB observations, and pulsar timing [250]), and future
expected sensitivities [251], (the final sensitivity of Advanced LIGO [252], Cosmic Explorer [90], and LISA, all
assuming 1 year of exposure [253, 254]). The gray band denotes the expected amplitude of the background due
to the cosmic population of compact binary mergers, based on the observed coalescieng binary systems [255].

To be an efficient direct source of GWs, a phase transition must be of first order. First-order phase
transitions proceed through the nucleation of bubbles of the, energetically more favourable, true vacuum in the
space-filling false vacuum. The dynamics of the bubble expansion and collision is phenomenologically rich,
and the sources of GWs are the tensor anisotropic stresses generated by these multiple phenomena: the bubble
wall’s expansion [217, 260], the sound waves in the plasma [219], and the subsequent magnetohydrodynamic
turbulence [220, 261]. The nature of the phase transition and its energy scale determine the amplitude and
the spectral shape of the GW background. An example of such a background is shown in Figure 4.2 which is
potentially within reach of the 3G network [254].

Cosmic Strings: Topological defects such as cosmic strings may arise in the aftermath of a phase transition
[262]. Often, the string tension is the only free parameter and it defines the energy scale of the phase transition
and the accompanying spontaneous symmetry breaking scale that leads to the formation of cosmic strings. It
is also possible to form a network of fundamental cosmic (super)strings. Cosmic strings predominantly decay
by the formation of loops and the subsequent GW emission by cosmic string cusps and kinks [263, 264].
Searches for individual bursts of GWs from cosmic strings and for the stochastic background from a string
network have placed a strong constraint on the string tension for the three well-known models [265–268].
The 3G network will either detect cosmic strings or improve on these bounds by eight orders of magnitude,
depending on the model (see Fig. 4.2).

Dark Photons: A dark photon is proposed to be a light but massive gauge boson in an extension of the
Standard Model. If sufficiently light, the local occupation number of the dark photon could be much larger
than one, so it can then be treated as a coherently oscillating background field that imposes an oscillating force
on objects that carry dark charge. The oscillation frequency is determined by the mass of the dark photon.
Such effects could result in a stochastic background that could be measured by 3G detectors, potentially
exploring large parts of the parameter space of such models [269].

Kalogera et al., arXiv:2111.06990



Detectable sources of gravitational waves

“Burst” sources

Fast-spinning neutron starsMerging neutron stars, black holes

Stochastic gravitational waves
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