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Ø Pair instability gap
§ Black holes with masses 

above ~60 Msun can not 
directly originate from 
collapsing stars

Ø Black holes below 1 Msun?
§ Almost guaranteed 

primordial origin!

Ø Is there a mass gap between 
neutron stars and black holes?
§ X-ray observations indicate 

no black holes with masses 
in the range 3 - 5 Msun

§ Is this gap real, and if so 
what is the explanation?

How are black hole masses distributed?



A new binary neutron star (?) detection
Ø GW190425

§ Only LIGO Livingston; bad sky localization; no EM counterpart found
§ Consistent with binary neutron star, but also with one of the two objects 

being a light black hole!
§ More massive than any galactic binary neutron star observed with radio 

that will merge in a Hubble time

LIGO + Virgo, arXiv:2001.01761
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Figure 5. The total system masses for GW190425 under
di↵erent spin priors, and those for the 10 Galactic BNSs
from Farrow et al. (2019) that are expected to merge within
a Hubble time. The distribution of the total masses of the
latter is shown and fit using a normal distribution shown by
the dashed black curve. The green curves are for individual
Galactic BNS total masses distributions rescaled to the same
ordinate axis height of 1.

Figure 5). 6 A similar (& 5�) deviation is found if we
compare its chirp mass to those of Galactic BNSs. This
may indicate that GW190425 formed di↵erently than
known Galactic BNSs.
There are two formation channels for BNS systems:

the isolated binary evolution channel (Flannery & van
den Heuvel 1975; Massevitch et al. 1976; Smarr & Bland-
ford 1976; Kalogera et al. 2007; Postnov & Yungel-
son 2014) and the dynamical formation channel (Prince
et al. 1991; Phinney & Sigurdsson 1991; Grindlay et al.
2006; Lee et al. 2010; Ye et al. 2019). The former is
the standard formation channel for Galactic-field BNSs
(e.g., Tauris et al. 2017), in which the two NSs are
formed in a sequence of supernova explosions that occur
in an isolated binary.
Assuming a formation through the standard channel,

GW190425 might suggest a population of BNSs formed
in ultra-tight orbits with sub-hour orbital periods. Such
binaries are e↵ectively invisible in current radio pulsar
surveys due to severe Doppler smearing (Cameron et al.
2018) and short inspiral times (. 10 Myr), but have
been predicted to exist in theoretical studies (e.g., Bel-
czynski et al. 2002; Ivanova et al. 2003; Dewi & Pols
2003), and possibly with a comparable formation rate to
the currently observed Galactic sample (Vigna-Gómez
et al. 2018). The formation of GW190425’s source might
have involved a phase of stable or unstable mass trans-
fer from a post helium main-sequence star onto the NS.

6

PSR J2222−0137, with a mass of 1.76±0.06M�, is also in a high-

mass binary (with m
tot

= 3.05 ± 0.09M�, 3� higher than the

mean of Galactic BNS population, Cognard et al. 2017); however,

the secondary is believed to be a white dwarf, rather than a NS.

If the mass ratio between the helium star donor and
the NS were high enough, the mass transfer would be
dynamically unstable and lead to a Case BB common-
envelope phase that could significantly shrink the binary
orbit to sub-hour periods (Ivanova et al. 2003). The
high mass of GW190425 may be indicative of this for-
mation pathway, since a more massive helium-star pro-
genitor of the second born NS would be required for
a common envelope to form. In this process the sec-
ondary would likely be ultra-stripped, and so the subse-
quent supernova kick may be suppressed (Tauris et al.
2015). The small supernova kick, combined with the
very tight orbital separation, will increase the probabil-
ity that the binary remained bound following the su-
pernova that formed the BNS. Additionally, the high
mass of GW190425 may point to its NSs being born
from low-metallicity stars (e.g., Ebinger et al. 2019b).
Giacobbo & Mapelli (2018) showed that BNSs with to-
tal masses of 3.2–3.5M� can be formed from isolated
binaries provided that the metallicity is relatively low
(⇠5-10% solar metallicity). Athough not obviously re-
lated to scenarios discussed here, the high-mass X-ray
binary Vela X-1 contains a NS with varying mass esti-
mates from 1.5 up to 2.1M� (Barziv et al. 2001; Quain-
trell et al. 2003; Falanga et al. 2015; Giménez-Garćıa
et al. 2016) in a 9-day orbit with a ⇠ 22M� supergiant
star companion. The supergiant is expected to undergo
core collapse forming a NS or BH; therefore, Vela X-1
could potentially evolve to a high-mass BNS similar to
GW190425.
An alternative way to make the GW190425 system

is to have the stellar companion of a massive NS re-
placed with another NS through a dynamical encounter.
Observations of millisecond pulsars in globular clusters
have found evidence of massive NSs up to ⇠ 2M� (Ran-
som et al. 2005; Freire et al. 2008). However, current
modelling of globular clusters suggest that the dynam-
ical formation channel has a negligible contribution to
the BNS merger rate in the local Universe (Belczyn-
ski et al. 2018; Ye et al. 2019), which makes a dynam-
ical origin for GW190425 unlikely. However, a dynam-
ical formation scenario was recently proposed for three
BNSs in the Galactic field with similarly short orbital
periods and high eccentricities to the globular-cluster
BNS PSR B2127+11C (Jacoby et al. 2006); Andrews
& Mandel (2019) argued that the clustering of these
binaries in the orbital period-eccentricity space chal-
lenges the standard binary evolution theory and further
proposed that they were formed in globular clusters,
but ejected into the field due to dynamical interactions.
Future gravitational-wave observations of BNS mergers



How are black hole spins distributed?

LIGO + Virgo, PRX 9, 031040 (2019)

approximately 60–120 M⊙ [135–138]. The lowest-mass
BBH systems, GW151226 and GW170608, have 90%
credible lower bounds on m2 of 5.6 M⊙ and 5.9 M⊙,
respectively, and therefore lie above the proposed BH mass
gap region [139–142] of 2–5 M⊙. The component masses
of the BBHs show a strong degeneracy with each other.
Lower-mass systems are dominated by the inspiral of the
binary, and the component mass contours trace out a line of
constant chirp mass Eq. (5) which is the best measured
parameter in the inspiral [34,63,122]. Since higher-mass
systems merge at a lower GW frequency, their GW signal is
dominated by the merger of the binary. For high-mass
binaries, the total mass can be measured with an accuracy
comparable to that of the chirp mass [143–146].
We show posteriors for the ratio of the component

masses Eq. (6) in the top left in Fig. 5. This parameter
is much harder to constrain than the chirp mass. The
width of the posteriors depends mostly on the SNR, and
so the mass ratio is best measured for the loudest
events, GW170817, GW150914, and GW170814. Even

though GW170817 has the highest SNR of all events,
its mass ratio is less well constrained, because the
signal power comes predominantly from the inspiral,
while the merger contributes little compared to the
BBH [147]. GW151226 and GW151012 have posterior
support for more unequal mass ratios than the other
events, with lower bounds of 0.28 and 0.29, respec-
tively, at 90% credible level.
The final mass, radiated energy, final spin, and peak

luminosity of the BH remnant from a BBH coalescence are
computed using averages of fits to numerical relativity
(NR) results [15,148–153]. Posteriors for the mass and spin
of the BH remnant for BBH coalescences are shown in the
right in Fig. 4. Only a fraction ð0.02–0.07Þ of the binary’s
total mass is radiated away in GWs. The amount of radiated
energy scales with its total mass. The heaviest remnant BH
found is GW170729, at 79.5þ14.7

−10.2 M⊙ while the lightest
remnant BH is GW170608, at 17.8þ3.4

−0.7 M⊙.
GW mergers reach extraordinary values of peak lumi-

nosity which is independent of the total mass. While it

FIG. 5. Parameter estimation summary plots II. Posterior probability densities of the mass ratio and spin parameters of the GWevents.
The shaded probability distributions have equal maximum widths, and horizontal lines indicate the medians and 90% credible intervals
of the distributions. For the two-dimensional distributions, the contours show 90% credible regions. Events are ordered by source-frame
chirp mass. The colors correspond to the colors used in summary plots. For GW170817, we show results for the high-spin prior
ai < 0.89. Top left: The mass ratio q ¼ m2=m1. Top right: The effective aligned spin magnitude χeff . Bottom left: Contours of 90%
credible regions for the effective aligned spin and mass ratio of the binary components for low- (high-) mass binaries are shown in the
upper (lower) panel. Bottom right: The effective precession spin posterior (colored) and its effective prior distribution (white) for BBH
(BNS) events. The priors are conditioned on the χeff posterior distributions.

B. P. ABBOTT et al. PHYS. REV. X 9, 031040 (2019)
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Ø Spins can be used to distinguish 
between formation mechanisms

§ Field binaries:                              
Binary black holes originating 
directly from a heavy binary star 
system
• Expect aligned spin vectors

§ Dynamical formation:                     
Two black holes form separately in 
a dense stellar environment, then 
dynamically form a binary
• Expect misaligned spin vectors

§ Primordial black holes:                      
If generated during QCD phase 
transition, expect small spins     



Access to strongly curved, dynamical spacetime

Characteristic timescale
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Yunes et al., PRD 94, 084002 (2016) 



Ø Lovelock’s theorem:
“In four spacetime dimensions the only divergence-free symmetric rank-2 tensor constructed solely from 
the metric gμν and its derivatives up to second differential order, and preserving diffeomorphism 
invariance, is the Einstein tensor plus a cosmological term.”

Ø Relaxing one or more of the assumptions allows for a plethora of alternative theories:

Ø Most alternative theories: no full inspiral-merger-ringdown waveforms known
§ Most current tests are model-independent 

The nature of gravity

Berti et al., CQG 32, 243001 (2015)



Ø Inspiral-merger-ringdown process
• Post-Newtonian description of inspiral phase

• Merger-ringdown governed by additional parameters βn, ⍺n

Ø Look for possible deviations in these parameters:

Ø Rich physics:                                                                                                                
Dynamical self-interaction of spacetime, spin-orbit and spin-spin interactions

The strong-field dynamics of spacetime

LIGO + Virgo, PRL 118, 221101 (2017) 



Ø Inspiral-merger-ringdown process
• Post-Newtonian description of inspiral phase

• Merger-ringdown governed by additional parameters βn, ⍺n

Ø Combine information from multiple sources:

The strong-field dynamics of spacetime

LIGO + Virgo, arXiv:1903.04467



Ø Consistency between inspiral and merger-ringdown?
• Masses and spins during inspiral can be used to predict masses and spins           

of the final object
• Compare prediction from inspiral with what follows from merger-ringdown

Ø Here too, combine information from multiple sources

The strong-field dynamics of spacetime

LIGO + Virgo, arXiv:1903.04467



Ø Dispersion of gravitational waves?                                                                           
E.g. as a result of non-zero graviton mass:
• Dispersion relation:

• Group velocity:

• Modification to gravitational wave phase:

Ø Bound on graviton mass:

The propagation of gravitational waves
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Ø More general forms of dispersion:

corresponds to violation of local Lorentz invariance
§ multi-fractal spacetime
§ doubly special relativity
§ higher-dimensional theories

The propagation of gravitational waves
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Ø Does the speed of gravity equal the speed of light?
Ø The binary neutron star coalescence GW170817 came with gamma ray 

burst, 1.74 seconds afterwards

Ø With a conservative lower bound on the distance to the source:

Ø Excluded certain alternative theories of gravity designed to explain 
dark matter or dark energy in a dynamical way

The propagation of gravitational waves

-3 x 10-15 < Δv/vEM < +7 x 10-16

LIGO + Virgo + Fermi-GBM + INTEGRAL, ApJ. 848, L13 (2017)



Ø “Braneworld” model
§ Standard model physics confined to 

the 3D brane
§ Gravity can propagate into the bulk 

(which would explain why it is the 
weakest interaction)

§ “Leakage” of gravitational waves into 
large extra dimensions would cause 
deviations from expected 1/distance 
drop-off
§ Compare distance inferred from GW 

signal with distance to host galaxy
§ Exclude extra dimensions depending 

on length scale of possible screening 
mechanism, and transition steepness

The propagation of gravitational waves
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FIG. 3. 90% upper bounds on the number of spacetime di-
mensions D, assuming fixed transition steepness n and dis-
tance scale Rc. Shading indicates the regions of parameter
space excluded by the data.

[87] to constrain the EM distance, assuming a Gaussian
distribution for the posterior probability p(dEM

L |xEM),
with the mean value and standard deviation given by
40.7 ± 2.4 Mpc [87]. Contrary to [85], our analysis relies
on a direct measurement of dEM

L and is independent of
prior information on H0 or any other cosmological pa-
rameter. For the measurement of the GW distance, the
posterior distribution p(dGW

L |xGW) was inferred from the
GW data assuming general relativity and fixing the sky
position to the optical counterpart while marginalizing
over all other waveform parameters [19]. Our analysis
imposes a prior on the GW luminosity distance that is
consistent with a four-dimensional Universe, but we have
checked that other reasonable prior choices do not signif-
icantly modify the results. We invert the scaling relation
in Eq. (2) to compute D(dGW

L , dEM
L , Rc, n) in Eq. (3).

Fig. 3 shows the 90% upper bounds on the number of di-
mensions D, for theories with a certain transition steep-
ness n and distance scale Rc. Shading indicates the ex-
cluded regions of parameter space. Our results are con-
sistent with the GR prediction of D = 4.

Additionally, the data allows us to infer constraints on
the characteristic distance scale Rc of higher-dimensional
theories with a screening mechanism, while fixing D to
5, 6 or 7. The posterior for p(Rc|xGW, xEM) is obtained
from the joint posterior probability of Rc, d

GW
L and dEM

L ,
given by a function that is formally the same as Eq. (3),
but with D and Rc switching places. We fix the model
parameters D and n and compute Rc(d

GW
L , dEM

L , D, n) by
inverting the scaling relation in Eq. (2). Since we consider
higher-dimensional models that allow only for a relative
damping of the GW signal, we select posterior samples
with dGW

L > dEM
L , leading to an additional step function

✓(dGW
L � dEM

L ) in p(Rc|xGW, xEM). In Fig. 4, we show
10% lower bounds on the screening radius Rc, for theo-
ries with a certain fixed transition steepness n and num-
ber of dimensions D > 4. Shading indicates the excluded
regions of parameter space. For higher-dimensional theo-

FIG. 4. 10% lower limits on the distance scale Rc (in Mpc), as-
suming fixed transition steepness n and number of spacetime
dimensions D. Shading indicates the regions of parameter
space excluded by the data.

ries of gravity with a characteristic length scale Rc of the
order of the Hubble radius RH ⇠ 4 Gpc, such as the well
known Dvali-Gabadadze-Porrati (DGP) models of dark
energy [88, 89], small transition steepnesses (n ⇠ O(0.1))
are excluded by the data. Our analysis cannot conclu-
sively rule out DGP models that provide a sufficiently
steep transition (n > 1) between GR and the onset of
gravitational leakage. Future LIGO-Virgo observations
of binary neutron star mergers, especially at higher red-
shifts, have the potential to place stronger constraints on
higher-dimensional gravity.

CONSTRAINTS ON THE POLARIZATION OF
GRAVITATIONAL WAVES

Generic metric theories of gravity predict up to six
polarization modes for metric perturbations: two tensor
(helicity ±2), two vector (helicity ±1), and two scalar
(helicity 0) modes [90, 91]. GWs in GR, however, have
only the two tensor modes regardless of the source prop-
erties; any detection of a non-tensor mode would be un-
ambiguous indication of physics beyond GR. The GW
strain measured by a detector can be written in general
as h(t) = FAhA, where hA are the 6 independent polar-
ization modes and FA represent the detector responses
to the different modes A = (+, ⇥, x, y, b, l). The an-
tenna response functions depend only on the detector
orientation and GW helicity, i.e. they are independent of
the intrinsic properties of the source. We can therefore
place bounds on the polarization content of GW170817
by studying which combination of response functions is
consistent with the signal observed [92–96].

The first test on the polarization of GWs was per-
formed for GW150914 [13]. The number of GR polariza-
tion modes expected was equal to the number of detec-
tors in the network that observed GW150914, rendering
this test inconclusive. The addition of Virgo to the net-

LIGO + Virgo, PRL 123, 011102 (2019)



Ø Metric theories of gravity allow up to 6 polarizations
Ø Distinct antenna patterns:

Ø In the case of GW170817, sky position was known from EM counterpart
§ Pure tensor / pure vector = 1021 / 1
§ Pure tensor / pure scalar  = 1023 / 1 

The propagation of gravitational waves

Isi & Weinstein, PRD 96, 042001 (2017)

.

Polarization from 3-detector observation of GW170814

12 of 20

Abbott et al., PRL 119, 141101 (2017)Isi & Weinstein (2017) Need multiple detectors: thanks to Virgo!

six polarizations �! distinct antenna patterns

In GR: GW are transverse, traceless
only tensor polarizations

pure tensor / pure scalar = 1000 / 1
pure tensor / pure vector = 200 / 1

LIGO + Virgo, PRL 123, 011102 (2019)



Ø Black holes, or still more exotic objects?

• Boson stars

• Dark matter stars

• Gravastars

• Wormholes

• Firewalls, fuzzballs

• The unknown

What is the nature of compact objects?



Ringdown and the no-hair conjecture

Ø Assuming vacuum Einstein equations:
“Stationary black holes are completely characterized by mass and spin”

Ø Ringdown regime: Kerr metric + linear perturbations
§ Ringdown signal is superposition of “quasi-normal modes”

§ Characteristic frequencies and damping times completely determined by 
mass       and spin       : 

§ Empirically checking these dependences can be viewed as an indirect test 
of the no-hair conjecture

On the empirical verification of the black hole no-hair conjecture from
gravitational-wave observations

Gregorio Carullo1,2,⇤ Laura van der Schaaf2, Lionel London3, Peter T. H. Pang4, Ka Wa Tsang2,
Otto A. Hannuksela4, Jeroen Meidam2, Michalis Agathos5, Anuradha Samajdar2,

Archisman Ghosh2, Tjonnie G. F. Li4, Walter Del Pozzo1,6, and Chris Van Den Broeck2,7

1 Dipartimento di Fisica “Enrico Fermi”, Università di Pisa, Pisa I-56127, Italy
2 Nikhef – National Institute for Subatomic Physics,
Science Park, 1098 XG Amsterdam, The Netherlands

3 School of Physics and Astronomy, Cardi↵ University, The Parade, Cardi↵ CF24 3AA, UK
4 Department of Physics, The Chinese University of Hong Kong, Shatin, NT, Hong Kong

5 DAMTP, Centre for Mathematical Sciences, University of Cambridge,
Wilberforce Road, Cambridge CB3 0WA, United Kingdom

6 INFN sezione di Pisa, Pisa I-56127, Italy and
7 Van Swinderen Institute for Particle Physics and Gravity,

University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands
(Dated: May 12, 2018)

We show that second-generation gravitational-wave detectors at their design sensitivity will allow
us to directly probe the ringdown phase of binary black hole coalescences. This opens the possibility
to test the so-called black hole no-hair conjecture in a statistically rigorous way. Using state-of-the-
art numerical relativity-tuned waveform models and dedicated methods to e↵ectively isolate the
quasi-stationary perturbative regime where a ringdown description is valid, we demonstrate the
capability of measuring the physical parameters of the remnant black hole, and subsequently deter-
mining parameterized deviations from the ringdown of Kerr black holes. By combining information
from O(5) binary black hole mergers with realistic signal-to-noise ratios achievable with the current
generation of detectors, the validity of the no-hair conjecture can be verified with an accuracy of
⇠ 1.5% at 90% confidence.

Introduction – The detection of gravitational waves
(GWs) by the LIGO and Virgo Collaborations [1, 2] has
opened up a variety of avenues for the observational ex-
ploration of the dynamics of gravity and of the nature
of black holes. GW150914 [3] and subsequent detections
[4–9] have enabled unique tests of general relativity (GR)
[5, 6, 8, 10]. Among the several detections, GW150914
still holds a special place, not only because it was the
first and the loudest binary black hole event detected, but
also because it was the kind of textbook signal that al-
lowed measurements of the frequency and damping time
of what has been interpreted as the least damped quasi-
normal mode (QNM) of the presumed remnant black hole
(BH) resulting from a binary black hole merger [10]. This
sparked considerable interest in the community, since it
opened up the prospect of more in-depth empirical stud-
ies of quasi-stationary Kerr black holes [11, 12] in the near
future, as the sensitivity of the Advanced LIGO and Ad-
vanced Virgo detectors is progressively improved [1, 13].
Consistency with the prediction of GR hinted that the
end result of GW150914 was indeed a Kerr black hole
[14], but inability to detect more than one QNM did not
yet allow tests of some key GR predictions for these ob-
jects. As first predicted by Vishveshwara [15] and fur-
ther investigated by Press [16], and Chandrasekhar and
Detweiler [17], in the regime where linearized general rel-
ativity is valid, the strain of the emitted gravitational-
wave signal, at large distances from the BH and neglect-
ing subdominant power-law tail contributions, takes the

form

h(t) =
X

nlm

Anlme

�t/⌧nlm cos(!nlmt + �nlm) . (1)

For black holes in GR, all frequencies !nlm and damp-
ing times ⌧nlm are completely determined by the black
hole’s mass and spin.1 This can be viewed as a mani-
festation of the black hole no-hair conjecture, which es-
sentially states that in GR, a stationary axisymmetric
black hole is determined uniquely by its mass, intrinsic
angular momentum, and electric charge (with the latter
expected to be zero for astrophysical objects) [19–26]; see
[27] for a review. This connection is key to several tests
that have been proposed in the literature [28–36]. So far
the possibility to verify (or refute) experimentally the
no-hair conjecture has been explored mostly in the con-
text of third-generation ground-based [37, 38] or space-
based [39] gravitational-wave detectors. In this Letter, we
show that the existing advanced interferometric detector
network, when operating at design sensitivity, will be ca-
pable of testing the no-hair conjecture with an accuracy
of a few percent with the observation of the ringdown
signal already for O(5) GW events.

1 BH perturbation theory alone cannot predict the amplitudes
Anlm and relative phases �nlm; in the case of black holes re-
sulting from a binary merger, these are set by the properties of
the parent binary black hole system; see e.g. [18].
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Ringdown and the no-hair conjecture

Ø Given a waveform model, (indirectly) test the no-hair theorem by allowing for 
deviations:

Ø Let the different              and            vary in turn, and measure them together with 
all other parameters in the problem
§ Obtain probability density distributions
§ Combine information from multiple signals

Ø Assuming Advanced LIGO/Virgo                                                                                      
at design sensitivity, and                                                                                                   
6 sources similar to GW150914:
§ measurable to O(2%)
§ measurable to O(10%)
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The equation of state of neutron stars

Ø Structure of neutron stars?
§ Structure of the crust?
§ Proton superconductivity
§ Neutron superfluidity
§ “Pinning” of fluid vortices to the crust
§ Origin of magnetic fields?
§ More exotic objects?

Ø Widely differing theoretical 
predictions for equation of state
§ Pressure as a function of density
§ Mass as a function of radius
§ Tidal deformability as a function of 

mass

Demorest et al., Nature 467, 1081 (2010)



Ø Gravitational waves from inspiraling neutron stars:
§ When close, the stars induce tidal 

deformations in each other
§ These affect orbital motion, which  

modifies the gravitational wave signal

Ø Tidal field of one star causes quadrupole 
deformation in the other:                                                           

where                     depends on internal        
structure (equation of state)

Ø Enters inspiral phase at 5PN order, through

§ O(102 - 105) depending on mass and EOS

Tidal deformations in binary neutron stars

Qij = ��(EOS;m) Eij

�(EOS;m) � ⌘ 0 � > 0 � < 0

1
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1

�(m)/m5 / (R/m)5
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Probing the structure of neutron stars
Ø Measurement of tidal deformations on GW170817

§ Free parameters in the waveform:

§ First results: more compact neutron stars favored

§ Since then more detailed investigations:                                                       
LIGO + Virgo, PRL 121, 161101 (2018)
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Equations-of-state: model selection
Ø Given two hypotheses       ,        we can calculate the odds ratio:

§ ratio of prior odds
§ ratio of evidences

Ø Consider hypotheses        ,                        corresponding to different theoretical 
predictions for the equation of state
§ For a given equation of state         , one has a waveform model in which the 

tidal deformations depend on component masses in a specific way:                      
,

§ The free parameters in each model are  

Ø Define some reference model         , e.g. one in which                        , and 
compute             for         
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Equations-of-state: model selection

Ø Results from GW170817:

LIGO + Virgo, arXiv:1908.01012



A new cosmic distance ladder
Ø Mapping out the large-scale structure and 

evolution of spacetime by comparing:
§ Distance
§ Redshift

Ø Current measurements depend on  
cosmic distance ladder  
§ Intrinsic brightness of e.g. supernovae 

determined by comparison with 
different, closer-by objects

§ Possibility of systematic errors at 
every “rung” of the ladder

Ø Gravitational waves from binary mergers: 
Distance can be measured directly from 
the gravitational wave signal!



A new cosmic distance ladder

Ø Measurement of the local expansion of 
the Universe: the Hubble constant
§ Distance from GW signal
§ Redshift from EM counterpart         

(galaxy NGC 4993)

Ø One detection: limited accuracy

Ø Few tens of detections: O(1%) accuracy

LIGO + Virgo, Nature 551, 85 (2017)

Del Pozzo, PRD 86, 043011 (2012)
Chen et al., Nature 562, 7728 (2018)
Feeney et al., PRL 112, 061105 (2019)
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this completely independent measurement cannot be overstated since the cosmic-distance ladder 
determination of the Hubble constant is in tension with the value inferred from the cosmic microwave 
background by the Planck mission. According to the Planck results of July 2018 [95], the discrepancy 
is now at the 3.6-sigma level, which underscores the timeliness of the proposed research. To further 
highlight our deep involvement in this topic: Nikhef postdoc Archisman Ghosh is currently co-chairing 
the joint LIGO-Virgo working group on Cosmology. 

The statistical way of 
obtaining redshifts 
through cross-
correlation with 
galaxy catalogues can 
be used not only with 
coalescences that 
involve neutron stars, 
but also with binary 
black-hole mergers, 
and will be a valuable 
addition to the case 
where counterparts 
can be found. 
However, care needs 
to be taken to mitigate 
biases and 
uncertainties inherent 
in this approach, such 
as the incompleteness 
of galaxy catalogues 
at high redshifts [93]. 
For binary neutron-
star and neutron-star 

– black-hole coalescences, where an electromagnetic counterpart is expected to be present, we want 
to optimise our chances of finding it with the dedicated BlackGEM array of telescopes as well as 
other electromagnetic infrastructures. This comes with separate challenges depending on different 
requirements, e.g. time scale versus optimal area coverage. 

 

Our team includes data analysts (Nikhef) as well as astronomers and astrophysicists (Nijmegen, 
GRAPPA/Amsterdam in particular Nissanke); regarding electromagnetic counterparts we again note 
that Nijmegen is the PI institution of BlackGEM (Groot). We envisage two junior scientists working 
on this activity: 

x A PhD student (PhD4) will work at controlling and correcting for the inevitable biases and 
uncertainties inherent in measuring the Hubble parameter using the statistical method for 
redshift determination [91-93]. These include selection effects in gravitational-wave 
detections, incompleteness of galaxy catalogues, peculiar motion of galaxies, and 
uncertainties in (especially photometric) redshift measurements, all of which need to be 
taken into account in a methodical fashion. Some types of galaxies are more likely to host 
binary coalescences than others; a reliable way to fold in this information is yet to be found, 
but could dramatically improve the accuracy of the method. Finally, for those events where 
an electromagnetic counterpart can be identified, knowledge of jet structure that is starting 
to be acquired could be used to partially break the degeneracy between viewing angle and 
distance, thus significantly enhancing the accuracy of the distance measurement [96]. 

x A second PhD student (PhD5) will work on rapid and accurate methods to optimise 

Figure 8. Probability distributions for the Hubble parameter H0 from 51 simulated 
binary neutron-star inspirals (colored curves). Although no single inspiral event gives 
an accurate measurement of H0, combining information from all of them leads to a 
value with only a few percent uncertainty (grey shaded curve). The `true’ value of 
H0 in the simulation is indicated by the vertical dashed line. (Figure from Ref. [94].) 



Stochastic gravitational waves

Ø Gravitational wave backgrounds of a 
fundamental nature
§ Inflation: period of exponential 

growth of the Universe
§ Phase transitions: fundamental 

forces splitting off
§ Cosmic strings
§ …

Ø Combined background of weak 
signals from astrophysical sources
§ Coalescing binaries out to arbitrary 

distances
§ All the continuous waves sources in 

the Milky way
§ …

LISA

 

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: 

                          

      

        



Stochastic gravitational waves

Ø Takes the form of “noise” that is 
correlated between detectors
§ Searched for by cross-correlating 

between detectors:

§ Optimal filter:

Ø In the case of astrophysical 
stochastic background from binary 
coalescences:                                   
Detection in a few years’ time?

4

FIG. 1. The left panel shows the predicted median background for the BNS (red) and BBH (green) models described in the
text, the total (combined) background (blue), and the Poisson error bars (grey shaded region) for the total background. We also
show expected PI curves for observing runs O2, O3, and design sensitivity (see the main text for details about the assumptions
made for these observing runs). Virgo is included in O3 and beyond. The PI curves for O3 and beyond cross the Poisson error
region, indicating the possibility of detecting this background or placing interesting upper limits on the evolution of the binary
merger rates with redshift. In the right panel, we plot the signal-to-noise ratio as a function of observing time for the median
total background (blue curve) and associated uncertainty (shaded region). The median of the predicted total background can
be detected with SNR = 3 after 40 months of observation time, with LIGO-Virgo operating at design sensitivity (2022 – 2024).
The markers indicate the transition between observing runs. We only show 12 months of the Design phase here, although for
the calculation of the PI curves it is assumed to be 24 months long (see [45]).

The BBH background is di↵erent in nature even
though the resulting energy density spectrum is simi-
lar. BBH events create a highly non-stationary and non-
Gaussian background (sometimes referred to as a pop-
corn background in the literature), i.e. individual events
are well separated in time, on top of the continuous back-
ground from contributed BNS inspirals. The duration of
the waveform is much smaller for these massive sources
(14 s on average in the band above 10 Hz, considering
both the power law mass distribution and the distribu-
tion in redshift [46]) and much less than the time interval
between events (223+352

�115 s on average) resulting in rare
overlaps.

Table I shows the estimated energy density at 25 Hz
for each of the BNS, BBH and Total backgrounds. We
also show the average time between events ⌧ for each
of these backgrounds as well as the average number of
overlapping sources at any time �, and the associated
Poisson error bounds. The inverse of ⌧ gives the rate of
events in Universe in s�1.

Conclusion — The first gravitational wave detection of
a binary neutron star system implies a significant contri-
bution to the stochastic gravitational wave background
from BNS mergers. Assuming the median merger rates,
the background may be detected with SNR = 3 after 40
months of accumulated observation time, during the De-
sign phase (2022+)[45]. In the most optimistic case, an
astrophysical background may be observed at a level of

3� after only 18 months of observation, during O3, the
next observing run.
There are additional factors which may lead to an

even earlier detection. First, the presence of additional
sources, for example black hole-neutron star systems, will
further add to the total background. Even small contri-
butions to the background can decrease the time to detec-
tion significantly. Second, the analysis we have presented
here assumes the standard cross-correlation search. Spe-
cialized non-Gaussian searches may be more sensitive,
particularly to the BBH background [47, 48]. Unlike a
standard matched filter search, non-Gaussian pipelines
do not attempt to find individual events, but rather to
measure the rate of sub-threshold events independently
of their distribution.
A detection of the astrophysical background allows for

a rich set of follow-up studies to fully understand its com-
position. The di↵erence in the time-domain structure of
the BBH and BNS signals may allow the BNS and BBH
backgrounds to be measured independently. After de-
tecting the background, stochastic analyses can address
whether the background is isotropic [49–51], unpolarized
[52], and consistent with general relativity [53]. Finally,
understanding the astrophysical background is crucial to
subtract it and enable searches for a background of cos-
mological origin [46].
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New (types of) detectors

Ø Pulsar timing arrays

Ø Laser Interferometer Space Antenna (LISA)

Ø Einstein Telescope



Pulsar timing

Ø Radio astronomers monitor pulsars:
§ Neutron stars as “lighthouses”
§ Period can be measured with great 

accuracy

Ø When a gravitational wave passes by, 
time runs faster/slower

Ø Large number of pulsars in the Milky 
Way together form a gravitational 
wave detector
§ Sensitive to ultra-low frequencies:  

10-9 – 10-6 Hz
§ Observations of supermassive binary 

black holes long before they merger?
§ Possible first detection 2020-2030

§ Primordial background of GWs?



Pulsar timing

Ø International pulsar array
§ European Pulsar Timing Array:      

4 largest radio telescopes in 
Europe (including Westerbork)

§ NANOGrav:                                 
United States, Australia               
(Green Bank, Arecibo, Parkes)

Ø Near future:                                            
Square Kilometer Array



Laser Interferometer Space Antenna (LISA)

Ø Project of the European Space Agency,   
to be launched in 2034

Ø Three probes in orbit around the Sun, 
exchanging laser beams
§ Triangle with sides of a few million km
§ Sensitive to low frequencies:                

10-4 – 10-1 Hz 

Ø Different types of sources:
§ Binary white dwarfs in the Milky Way
§ Mergers of supermassive black holes
§ Smaller objects in complicated orbit 

around supermassive black hole
§ Primordial background of GWs?



Einstein Telescope
Ø EU-funded conceptual design study in 2011

§ Triangular, sides of 10 km
§ Underground
§ Superior noise suppression
§ More sensitive optics
§ Six interferometers:

§ High frequencies (high laser power)
§ Low frequencies (cryogenic)

Ø Factor 10 improvement over LIGO/Virgo at 
design sensitivity
§ Access to the entire visible Universe
§ 100,000 merger detections per year

§ How did stellar mass binary black holes 
arise? 

§ Are there primordial black holes?
§ Detailed probe of neutron star interiors 
§ Cosmology

§ Large-scale structure and evolution 
of spacetime

§ Primordial background of GWs?



Einstein Telescope in the Belgian-Dutch-German border region?

Ø Location in the south of Limburg
§ Clay with hard rock underneath
§ Well-suited for damping of seismic 

vibrations
§ Drilling to depth of 320 meters to 

prove quality of the site

03/02/2018, 15*09Google Maps

Page 1 of 1https://www.google.nl/maps/dir//50.612005,6.3937808/@50.7720782,5.6473972,10z/data=!4m2!4m1!3e2

Kaartgegevens ©2018 GeoBasis-DE/BKG (©2009),Google 10 km 

Logboek diepe boring ruismeting: Inrichting Diepe boring t.b.v. ruismeting Einstein Telescoop aan de Terzieterweg 17 te Epen   ..  
Projectnummer :  409939 ...................................................................................................................................................................  
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'Aankomst Boorwagen op boorlocatie'        'Plaatsing boorwagen en buizenwagen' 

  
'Plaatsing watercontainer'         'Opstelling boorwagen van buiten werkterrein' 

  
'Gereed maken boorstelling'         'Plaatsing container t.b.v. boorvloeistof'  

  
'Gereed maken boorstelling' 'Boorstelling gereed, waterpassen eerste buis.' 



Plans in the United States: Cosmic Explorer

Ø 40 km arm length

Ø (Mostly) above ground

Ø Single L-shaped detector
§ Or two, in different 

locations

Ø Partially cryogenic

Ø Recent idea                          
(after first detections)

Ø Together with ET:                  
sky localization



Plans in the United States: Cosmic Explorer

Cosmological 
reach of 3G

Stefan Hild LVC Maastricht, Sep 2018 Slide 8
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Advantages in having Einstein Telescope, Cosmic 
Explorer running at the same time as LISA

3G plus LISA

Stefan Hild LVC Maastricht, Sep 2018 Slide 9
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3G plus LISA

Stefan Hild LVC Maastricht, Sep 2018 Slide 9
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Ø LISA has a planned launch in 2034
Ø Make sure ET and CE have consistent timelines



Into the future


