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To whom it may concern: 

Recommendation letter supporting the postdoc application of Shasvath J Kapadia 

Dear colleagues, 

I am writing to express my strongest support for the postdoc application of Shasvath J Kapadia. 
Shasvath is a highly motivated, ambitious and hardworking young researcher, and is one of the 
strongest candidates in his peer group in gravitational-wave (GW) physics and astronomy. 

I have known Shasvath for the last three years. I met him in 2012 at a conference in KITP Santa 
Barbara where he was presenting an interesting poster on floating orbits in extreme-mass-ratio 
inspirals. He asked whether he could with me on a project related to LIGO’s science. Although, I 
tried to brush him aside citing the difficulty of long-distance collaboration (I was moving to 
India at that time), he persisted. After a year or so we actually started working together which 
turned out to be a very fruitful collaboration. I will be basing my letter on the aspect of his work 
that I know the best. However, his PhD work is quite diverse, covering problems related to the 
computation of orbits of extreme-mass-ratio inspirals, use of machine learning algorithms to 
distinguish between real GW triggers and spurious noise-generated triggers in the search for 
GWs from compact binaries using LIGO, etc. I hope that his other referees will elaborate on these 
aspects. 

The project (arXiv:1509.06366) that Shasvath worked with myself and Nathan Johnson-McDaniel 
was on computing the effective higher order terms in the post-Newtonian (PN) expansions of the 
gravitational binding energy and GW energy flux from inspiralling compact binaries. In the 
adiabatic PN approximation, the phase evolution of GWs from inspiralling compact binaries is 
computed by equating the change in binding energy with the GW flux. This energy balance 
equation can be solved in different ways, which result in multiple “approximants” of the PN 
waveforms. Due to the poor convergence of the PN expansion, these approximants tend to differ 
from each other during the late inspiral. Which of these approximants should be chosen as 
templates for GW detection and parameter estimation is not obvious. We computed some 
effective higher order (beyond the currently available 4PN and 3.5PN) non-spinning terms in the 
PN expansion of the energy and the flux that minimize the difference of multiple PN 
approximants (TaylorT1, TaylorT2, TaylorT4, TaylorF2) with effective one body waveforms 
calibrated to numerical relativity (EOBNR). We showed that PN approximants constructed using 
the effective higher order terms show significantly better agreement (as compared to 3.5PN) with 
the inspiral part of the EOBNR. For non-spinning binaries with component masses 1.4 -- 15 M⊙, 
most of the approximants have a match (faithfulness) of better than 99% with both EOBNR and 
each other. Although these effective terms are not the same as actual higher order terms, they find 
immediate practical use in GW searches. PN waveforms employing these effective higher order 
terms can be used in LIGO/Virgo searches for compact binaries as computationally inexpensive 
surrogates of EOBNR waveforms in the “low-mass” region of the parameter space. We are in the 
process of extending this computation to the case of spinning binaries, where this work is of 
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LIGO observations are fully consistent being binary black holes 

• GW150914 Observed freq evolution points compact 
binary of M ~70 M⊙  and separation of ~300 km. 
Inference ⇒ binary black holes.  

• Signals fully consistent with BBH solutions in GR. 
Based on several consistency tests 
(including residuals). 
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Still, the possibility of massive, dark, compact, 
exotic objects as potential explanations of the 

LIGO events is not completely ruled out



Black hole mimickers 

• Many theoretical models potentially suffer from 
conceptual, physical and mathematical difficulties.  

Very little results from NR simulations, currently. 
Merger dynamics poorly studied, in general.  

• Look for generic features in the GW signal 

Imprints of  tidal deformation  
Spin-induced quadrupole moment  
Quasi-normal modes 
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[Sennett et al 2017, Cardoso et al 2017, …]

[Krishnendu et al 2017]

[Macedo, Cardoso, Pani, …]



Constraints from tidal deformation

• Self-consistent Bayesian PE Estimate 
posterior distributions of  the masses and 
tidal deformability from the “inspiral.”  

Waveforms: Point particle (IMRPhenomP, 
SEOBNRv2_ROM) + adiabatic tides (1PN).  

Depending on the tidal deformation, the objects 
can come in contact before the end of  the point 
particle inspiral.  

• Upper bounds on the tidal deformation 
and mass ⇒ constraints on the 
compactness (as well as parameters describing 
the EoS, e.g., polytropic index/const for polytropic 
EoS). 

5

[Mukherjee, Johnson-McDaniel, Ajith, Del Pozzo, Vitale, Hinderer]

P R E L I M
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Constraints from GW150914 like BBH signals in ~O3. 
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FIG. 2. Two dimensional error contours indicating the measurability of s in the �1 � �2 plane for two representative binary systems: (5, 4)M�
(left panel) and (10, 9)M� (right panel) for advanced LIGO sensitivity. The inclination angle of the binary is chosen to a value of ⇡/3 and the
source is located and oriented in such a way that it produces a signal-to-noise ratio of 10 at the detector.

event to be a BBH merger. We next show that the e↵ect of spin-
induced quadrupole moment can be measured by gravitational
wave experiments like advanced LIGO and advanced Virgo
and hence can be used to test the binary black hole nature of
the compact binary and constrain the parameter space allowed
for BH mimickers.

Waveform model: Due to the recent progresses in the post-
Newtonian modelling of spinning compact binaries [41–50],
we now have access to the higher order spin corrections to
the GW phasing and amplitude. The waveform model used
here is a variant of the recently computed frequency domain
gravitational waveform [50] for compact binaries with spins
which are aligned or anti-aligned with respect to (w.r.t.) the
orbital angular momentum of the binary. In the waveforms of
Ref. [50], the dependence on s and a is not explicitly shown,
but is set to 1 and 0, respectively which are the values for a
binary comprising of Kerr BHs. But here we use a waveform
where these dependencies are explicit. Note that the leading
spin-induced quadrupole corrections (spin-squared terms) both
in the waveform amplitude and phase appear at 2PN order. Fur-
ther, the sub-leading corrections to the phase appear at the 3PN
order. The next-order PN corrections (3.5PN e↵ect) associated
with spin-induced quadrupole moment has not been computed
yet. However there are terms involving cubic-spin interactions
appear in phase and simply come from interaction of certain
leading order spin-orbit and spin-spin terms in both energy
flux and conserved energy. In addition, at the same order,
terms involving genuine spin-spin-spin corrections along with
(subdominant) spin-induced octupole moment terms appear
in phase (see [41] for a related discussion). The spin-induced
octupole moment coe�cients (�1,2) are assumed to be 1 (the
BH value) in this work. The waveform used for the analy-
sis presented here is being provided, both for completeness
and convenience, in a Supplemental Material, readable by the
algebraic computing software MATHEMATICA.

Estimation of s: We use the semi-analytical parameter es-
timation technique based on the Fisher information matrix
formalism [51, 52] (see also [53] for use in the context of
GWs) to deduce typical accuracies with which s may be es-

timated from GW observations. Fisher information matrix
approach allows us to calculate the the widths of the posterior
distribution of various parameters for Gaussian noise and in the
limit of high SNR (see [54] for detailed discussion on the possi-
ble caveats). The distribution of errors �✓i on the set of binary
parameters described by ✓i is given by p(�✓i) = p0 e�

1
2 �i j�✓i�✓ j ,

where the Fisher information matrix is defined as �i j = (h̃i|h̃ j).
Here, h̃i note the derivative of the frequency domain gravita-
tional waveform w.r.t. the various signal parameters (h̃i =

@h̃
@✓i )

and ( | ) denotes the noise-weighted inner-product. Inverse
of the Fisher information matrix is called covariance matrix.
Square root of its diagonal elements yield a lower bound on
the errors �✓i = ✓i � ✓̄i associated with the measurement of
the parameter ✓i, where ✓̄i is the true value of the parameter
and ✓i is its measured value. Though much less realistic than
numerical methods based on algorithms such as Markov chain
Monte-Carlo (MCMC), the semi-analytic method used here is
significantly inexpensive in terms of computational time and is
expected to match with the predictions of numerical methods
in the high SNR limit [55]. Moreover, our aim here is to pro-
vide a proof of principle demonstration of the test proposed in
this letter. However, we caution that the errors we quote here
should be taken as a typical order of magnitude of the expected
errors and future MCMC investigations will be required to
quantify it more accurately.

Fisher information matrix calculations with PN waveforms
with sub-dominant modes have been carried out in various con-
texts in the past (see e.g. [56–58]). However, our calculation
has two important di↵erences w.r.t. the earlier works. Firstly,
we truncate the waveforms when the orbital evolution reaches
the inner-most stable circular orbit (ISCO) of the remnant BH
whose masses and spins are given by the numerical fitting
formulae listed in Eqs (3.7) and (3.8) of [59] (see Ref. [60]
for a detailed discussion about the choice of ISCO using the
mass and spin of the remnant black hole). Secondly, the upper
cut-o↵ of the frequency integrals of the Fisher information
matrix is assumed to be 2FISCO in this work unlike the earlier
works where it was assumed to be k FISCO, where k is the max-
imum number of harmonics of the orbital phase present in the

Constraints from spin induced quadrupole moment 

• Spinning compact objects acquire a 
quadrupole moment Q induced by the spin. 

• Method: Estimate # from signal, treating it 
as free parameter (first appearing at 2PN 
in phase). 
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[Krishnendu, Arun, Mishra (2017)]

# =1 for Kerr BHs. For other 
objects, depends on the EoS

Fractional error in measuring the symmetric combination 
of # from BBHs with masses (10,9) Msun and different 

dimensionless spins (SNR 10 in Adv LIGO).  
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FIG. 1. Errors in measuring s as a function of binary’s total mass for three di↵erent mass ratio cases (left panel) and for di↵erent spin
configurations (right panel) for advanced LIGO. The values of dimensionless spin parameters (�1, �2) are fixed at 0.9 and 0.8 for the left panel
plots where as mass ratio (q) is fixed to be 1.2 for the plots in the right panel. Both panels assume a fixed inclination angle of the binary, ◆ = ⇡3 .
The binary’s location and the orientation is chosen in a way that produces an observed signal to noise ratio of 10.

[31–34]. But this method works for only those cases where the
mass of the central BH is much higher than its companion.

In this letter we propose a new method to test the binary
black hole nature of the detected GW event by measuring the
spin-induced quadrupole moments of the binary’s constituents,
whose values are unique for Kerr BHs in GR.

The basic idea is the following. If the two compact ob-
jects constituting the binary are spinning, each will possess a
quadrupole moment due to the deformation induced by their
individual spins 2. For a Kerr BH, due to no-hair conjecture,
this quadrupole moment depends only on its mass and spin.
For non-BH compact objects (such as neutron stars or more
exotic objects such as gravastars and boson stars), in addition
to the mass and the spin, it can also depend on the equation of
state.

For an isolated Kerr BH, it is well-known that quadrupole
moment scalar is given by Q = �m3 �2, where m is the mass of
the BH and � = |S|m2 (where S is the spin vector of the BH) is the
dimensionless spin parameter. The negative sign indicates the
fact that the spin induces oblateness to the BH. For a non-BH
compact object, this may be generalised to Q = � m3 �2,
where  ⌘ 1 for BHs. For neutron stars,  may range between
' 2–14 depending on the equation of state [36] (see also [37]).
For boson stars  may lie between ' 10–150 [38] and for
gravastars  may even take negative values [39] (which means
the spin leads to prolateness of the object instead of oblateness.)

It is interesting to note that in the PN model of compact
binaries, the spin-induced quadrupole moment terms appear at
the same order where the leading order quadratic-in-spin terms
appear (note Q / �2), which is second PN order [40]. The pa-
rameter, , that characterises the magnitude of the spin-induced
quadrupole moment (given the nature of the object), for each
binary component, can be tagged as 1 and 2, following the

2 The spin also induces other (sub-dominant) higher order multipole moments.
A future study will assess the simultaneous measurability of quadrupole and
octupole moments using third generation detectors [35].

notation of [41] 3. If we re-write the waveforms in terms of the
symmetric and anti-symmetric combinations of 1 and 2 given
by s = (1 + 2)/2 and a = (1 � 2)/2, respectively, then a
BBH system is specified by s = 1, a = 0. Hence, if we can
accurately measure s and a to be 1 and 0, respectively, we
have established that the detected compact binary is a BBH.

However, note that s and a are highly degenerate parame-
ters whose simultaneous extraction turns out to yield almost no
constraint on them 4. Hence, we resort to a method where we
fix the a to be 0, as expected for a Kerr binary BH, and then
try to calculate the accuracy with which s may be constrained
by GW observations. The aim here is to see how well can
we estimate s around the true value of 1 (for a BBH) and
hence confirm that the observed system is indeed a BBH. The
accuracy with which one can estimate s constrains the values
of s allowed for other exotic compact objects. The smaller the
error on s is, the stronger are the constraints on the parameter
space allowed for BH mimickers. In this sense, the proposed
test is a “null-test” of the BBH nature, where, observations
would constrain the allowed range of deviations of s from the
BBH value. Moreover, since the spirit of the test relies on the
fact that quadrupole moments of a BH would be depend only
on the mass and the spin, the proposed test can be regarded as
the “no-hair theorem” test for the BBHs.

In addition, if we parametrize the deviation of  by  = 1+↵
(where ↵ is the deformation parameter which is 0 for BHs),
and assume that the constituents of the binary are of identical
types (↵1 = ↵2) then, again, showing s = 1 is equivalent
to showing the BBH nature of the compact binary system.
This is because a ⌘ 0 in this case, which is the assumption
we work with while treating only s as the parameter to be
measured. Hence we argue that under the above assumptions,
it is enough to measure s = 1 to reliably call the observed

3 Throughout the paper, su�x 1 refers to the heavier compact binary compo-
nent , and 2 the lighter one.

4 This will have to be revisited using Bayesian methods in a future work.



Open questions

• Combining constraints from the inspiral and 
ringdown. Another version of  the inspiral-
ringdown consistency test?  

• Waveform systematics: Spin-tidal coupling is 
neglected in the tidal PE. Accuracy of  PN 
waveforms in the estimation of  spin-induced Q.  

Very useful to have some NR simulations of  
some of  the BH mimickers. 
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