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Results are presented from a semicoherent search for continuous gravitational waves from a nearby
neutron star candidate, Fomalhaut b, using data collected in the second observing run of Advanced
LIGO. The search is based on a hidden Markov model scheme, capable of tracking signal frequency
evolution from the star’s secular spin down and stochastic timing noise simultaneously. The scheme
is combined with a frequency domain matched filter (F-statistic), calculated coherently over 5-day
time stretches. The frequency band 100-1000 Hz is searched. Any candidates surviving a hierarchy
of vetoes will be considered for further scrutiny. We present the 95% confidence frequentist strain
upper limits assuming that no detection is claimed in this search.

I. INTRODUCTION

Gravitational waves (GWSs), perturbations in space-
time that propagate at the speed of light, were first di-
rectly observed in 2015 when the Laser Interferometer
Gravitational-Wave Observatory (LIGO) detected a merg-
ing binary black hole system (GW150914) [1, 2]. The
Virgo detector joined the observation at the end of the
second observing run in 2017 [3]. In the years since the
first detection, the sensitivity of these interferometers has
been greatly improved, allowing for increasingly frequent
detections of compact binary coalescences (CBCs) [4].
However, there are many other types of GW sources that
also radiate with frequencies that fall within the obser-
vational band of ground-based interferometers that are
worth studying. In particular, for this project, we will fo-
cus on persistent, well modelled continuous gravitational
waves (CWs) produced by isolated spinning neutron stars.
These CWs, if detected, will provide invaluable informa-
tion regarding the structure of the neutron star sources as
well as the nuclear equation of state in extreme-pressure
situations [5]. Therefore, a great deal of work is being
done to improve methods with which to detect CWs (e.g.,
Refs. [6-8]).

One of the most promising types of CW sources are
young neutron stars that are born of core collapse super-
novae. Young sources are of particular interest because
they have had less time to settle out and thus are more
likely to have certain nonaxisymmeteries. These non-
axisymmetries, coupled with the large spin-down also
characteristic of young neutron stars, could produce de-
tectable CWs [5, 9, 10]. Ref. [9] presents the latest search
results for 15 supernova remnants and a nearby neutron
star candidate, Fomalhaut b, in the first observing run of
Advanced LIGO. We consult the list of sources in [9] and
select the source we study here.

Fomalhaut b, one of the sources on the list, was orig-
inally hypothesized to be an exoplanet orbiting around
the star Fomalhaut A [11]. However, certain peculiarities,
namely its non-detection in the infrared and its potentially
highly eccentric orbit, have led astronomers to speculate

over whether or not it is in fact an exoplanet. Recently, a
different hypothesis has been gaining momentum; rather
than a companion object, Fomalhaut b may in fact be
a background neutron star to Fomalhaut A [12]. This
source has characteristics that could make it a less promis-
ing candidate for a CW search, namely its relatively old
age and the remaining uncertainty regarding its identity.
In spite of these things, however, Fomalhaut b remains a
promising candidate due to its extremely close proximity.
It is currently hypothesised to be just 11 pc away, which
would make it, assuming the neutron star hypothesis to be
true, the closest known neutron star to our solar system
[12].

There are three types of searches for CW sources:
targeted searches for pulsars whose sky positions and
ephemerides are well measured electromagnetically, di-
rected searches for neutron stars with known sky positions
but unknown rotation frequencies, and all-sky searches,
surveys done over the whole sky to search for emitting
sources [5]. For this project, a directed search, more ex-
pensive than a targeted search but less expensive than an
all-sky search, is conducted. Because the expected strain
amplitudes of CWs are orders of magnitude smaller than
those produced by CBCs, they are incredibly hard to
detect without integrating data over very long periods of
time. However, such integrations are very expensive and
require vast computational resources [5]. Furthermore,
there is an intrinsic, stochastic frequency wandering, or
“timing noise,” associated with these sources that may de-
grade the sensitivity of fully coherent searches [13]. Thus,
although fully coherent searches are still of interest in cer-
tain systems with negligible timing noise, a semicoherent
search can be of great use for sources in which the timing
noise has significant effects [10].

This paper details the process of conducting a directed
search of the neutron star candidate Fomalhaut b in the
second Advanced LIGO observing run (O2) with the end
goal of detecting a CW signal. The search is conducted
using data from January 3, 2017 to August 25, 2017 in
the frequency band 100-1000 Hz, divided into 1-Hz sub-
bands to parallelize the computation. The data is split



into 5-day coherent segments in order to maintain search
sensitivity in the presence of timing noise. The short
Fourier transforms (SFTs) of the data are passed through
a frequency domain matched filter (the F-statistic). These
coherent 5-day segments are then combined incoherently
using a hidden Markov model (HMM), a tracking scheme
equipped to deal with the evolving signal frequency. The
tracking scheme has its origins in engineering, and it
has recently been used in many CW searches to improve
computational efficiency [8, 14, 15]. The output is then
passed through a hierarchy of vetoes, and any candidates
that remain will be further followed up in future studies.

The organization of the paper is as follows. Section 11
outlines the methods used in the search. Section III de-
tails the search setup, including source parameters, search
configuration, threshold, and sensitivity estimates. In Sec-
tion IV, we explain the four-step veto process performed
on the over-threshold candidates, and discuss future work
to follow up on any remaining candidates. Finally, the
conclusion is given in Section V.

II. METHODS

This search is composed of two main procedures: (1)
coherently summing up the signal power over 5-day time
stretches using the F-statistic, and (2) a HMM tracking
scheme finding the most probable signal evolution path
over the total observing run. The following subsections
briefly describe the signal model and the methods.

A. Continuous Wave Signal

The phase of the signal as observed in the detector can
be described as
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where fék) is the k-th time derivative of the signal fre-
quency at t = 0, 7 is the unit vector directed outward
from the solar system barycenter (SSB) to the neutron
star, and 7(¢) is the position vector of the detector retative
to the SSB. Then, the signal can be expressed as

h(t) = A*hu (), (2)

where A* represents the amplitude associated with each of
four linearly independent components h,(t) that depend
on the phase given above [10]. (See Eqgs. 3-6 from Ref.
[10] for the four components.)

B. F-statistic

The F-statistic is used to estimate the likelihood that
the signal described above is present in the frequency

domain data. The time-domain data z(t) collected by the
detector can be written as

(t) = A'hy(t) + n(t) 3)

where n(t) is stationary, additive noise [16]. First, a scalar
product as a sum over single-detector inner products is
defined as

(ely) =D _(@*y™) (4)
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where X indexes the detector, Si¥ (f) is the single-sided
power spectral density of detector X, the tilde denotes
a Fourier transform, and R is the real part of a complex
number [17]. Then, the F-statistic can be expressed in
the form

1
F= 5:@/\/1””351,7 (6)

where z, = (z|h,), and M*"” represents the matrix in-
verse of M, = (hu|hy,) [10]. If the noise is Gaussian
and the single-sided power spectral density, Sy, (f), is the
same in all detectors, the probability of detection can
be written such that it solely depends on one term: the
signal-to-noise ratio, given by
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where K is a constant that depends on the sky location,
orientation of the source, and number of detectors, hg is
the characteristic gravitational-wave strain, and Tt} is
the length of each coherent piece of data [16].

(7)

C. Hidden Markov Model

This semicoherent search is based on the HMM scheme
solved by the Viterbi algorithm to estimate the most likely
frequency evolution path of the signal. (See Ref. [18]
for an explanation of the classic Viterbi algorithm.) It is
computationally efficient and robust in the presence of
timing noise [10].

A Markov chain is a stochastic process that transitions
from one discrete state to another at discrete times. A
hidden Markov chain is comprised of two variables: the
state variable ¢(t) € {q1,--- , qn,, }, which is unobservable
(in other words, it is hidden) and where Ny is the total
number of hidden states, and the measurement variable
o(t) € {01, -+ ,0n,}, which is observable and where No
is the total number of observable states. For any time
tn+1, the hidden state is solely dependent on the state at
time t,, and has a transition probability of

Agiq; = Prlg(tny1) = gjla(tn) = @il (8)



The hidden state ¢;, present in the observable state o;,
has an emission probability defined as

Lojq; = Prlo(tn) = 0jlq(tn) = ai]- 9)

The prior is written as
IT,, = Prq(to) = . (10)

The probability that an observed sequence O =
o(to), ..., 0(tny ), where N is the total number of time
steps, is the result of a hidden state path @ =
q(to), ..., q(tny) via a Markov chain can be described by

Pr(Q[O) =Lo(tx, )a(tnp) Aattng)attng 1) Lott)a(t)
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The most probable path, calculated by maximizing

Pr(Q|0) is
Q" (0) = argmax Pr(Q|0), (12)

where arg max returns the argument that maximizes the
function [10].

In this search, the one-dimensional state variable ¢(t) is
defined as fy(t). The discrete hidden states are mapped
one-to-one to the frequency bins that make up the out-
put of F(f) calculated over the span of length T, (see
Sec. IIB). Bin size is set such that Af = 1/(2T¢on). We
choose Teon to satisfy

t+Tecon X
/ at'fo(?)
t

for 0 < t < Tops — Teon, Where Ty is the total observation
time. (See Ref. [10] for more details).

Assuming that the impact of timing noise is significantly
smaller than that of secular spin down and that f; follows
a uniform distribution between zero and the maximum
estimated frequency derivative | fo|max, and substituting

< Af (13)

| fo|max into the above relation, Eqn. (8) becomes simply

1
Aqiflqi = AtIilIi = 5 (14)

(All other entries here are zero.) Then, using the defi-
nition of the frequency domain estimator, the emission
probability is defined as

Loty = Prlo(t)|fi < fo(t) < fi+ Af]  (15)
oc explF(fi)], (16)

from t to t+Tcon, where f; represents the central frequency
in the ¢-th bin. A uniform prior of II;, = Ng s selected
because there is no independent knowledge of fo [10].
The algorithm outputs the most likely pathway of the
frequency evolution Q*(O) over the course of Tops. This
is called the Viterbi path and consists of a precise fre-
quency measured at each time step. The Viterbi path

has an associated Viterbi score S defined such that the
log likelihood of the optimal Viterbi path is equal to the
mean log likelihood of all possible paths plus S standard
deviations at final step Np. This is shown as follows:

g — hl(sq* (tNT) - lf/ln(;(tNT)
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Here, d,, (tn,) is the maximum probability of the path
that ends in state ¢; (1 < ¢ < Ng) at step Ny and
dg+(tny) is the likelihood of the optimal Viterbi path
(the probability Pr[@Q*(0)|0]). If the Viterbi score S is
significantly larger than the scores computed for all other
possible frequency evolution pathways, it is more likely
that a signal is present [10].

Figure 1 shows the results of tracking a synthetic signal
with hg = 8 x 1072° injected into Gaussian noise [am-
plitude spectral density (ASD) S,i/2 =4 x 10724 Hz=1/?]
at 151.23 Hz, a frequency chosen randomly. The total
observing time searched is 40 days, with T¢,, = 1d. The
frequency derivative fy of the injected signal is set to
—1x 10" Hzs™!. The signal evolution path reproduced
by the HMM algorithm is plotted over the original signal
path to show the accuracy with which the HMM algorithm
is able to track signals, with a root-mean-square error
1.15 x 1075 Hz between the two paths. The reproduced
signal path is displayed in a stair-step pattern because
the HMM method uses discrete frequency bins (shown as
dashed lines). The injected signal, by contrast, evolves
continuously. The HMM estimate matches the true signal
well in that it never strays more than one bin from the
true signal.

III. SETUP
A. Source Parameters

Fomalhaut b is located at 225739.1-293720 (J2000). In
Ref. [9], Fomalhaut b was searched using both the most
optimistic and pessimistic estimates of age and distance
found in the literature: one search assumed a distance of
0.011kpc and an age of 316 kyr, while the other assumed
a distance of 0.02kpc and an age of 3000 kyr. Both sets
of estimates are taken into consideration when choosing
an optimal value for Ty, in this search.



HMM Tracking of Injected Signal at f; = 151 Hz
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FIG. 1. HMM tracking of a synthetic signal with hg = 8 x 1072° injected into Gaussian noise (ASD S,l/2 =4x10"% Hzfl/Q) at

a starting frequency of 151.23 Hz. The blue curve represents the injected signal (with fo = —1x10"* Hzs™ '), and the red curve
represents the optimal Viterbi path reproduced by the HMM tracking. The dashed lines indicate the size of the frequency bins.

Fomalhaut b’s first frequency derivative, though not
directly known, is estimated using [9, 10]

Jo

- < fo<—
(nmax*

(nmin -

1)tage (20)

where t,4, is the age of the source, and nyin and Nmax
represent the minimum and maximum breaking indices
n, respectively. T.on, may then be chosen based on the
following equation:

Tcoh < (2|f0|)71/27 (21)

such that Eqn. (13) is satisfied.

Table I shows the range of estimates for fo, calculated

using Eqn. (20), and Teon, calculated using Eqn. (21).

Here, the breaking index is assumed to be within the
range 2 < n <7, s0 fo and T, are calculated for three
possible values within this range, 2, 5, and 7. f.4 is
estimated to be either 316 kyr or 3000 kyr. The frequency
range considered is 100-1000 Hz. Although a larger band
could be used, this band is where the detectors are most
sensitive, and it is what is searched.

B. Search Configuration

The observation period used for this project is the
duration of LIGO’s O2 observing run, excluding the first
few weeks when the data quality was less than optimal
and was followed by a brief end-of-the-year break; that
is, a GPS time from 1167545066 to 1187733592 (Jan. 03
to Aug. 25, 2017), a total duration of about 234 days.
Based on the estimated ranges of fo and Teon (Table I),
we choose Teon = 5d. Plugging this into the relationship
outlined in Eqn. (21), the fo range covered in this search
is 0 < |fo|/(Hzs™!) < 2.68 x 10712, We have the total
number of steps Np = 47.

C. Threshold

The Viterbi score threshold S, corresponding to a
given false alarm probability (1% in this search), rep-
resents the Viterbi score needed such that the signal
present in the data only has a 1% chance of having been
falsely identified. To find this threshold, a series of 200
realizations of pure Gaussian noise are simulated and
searched with the same configuration as the real search
(i.e., Teon = 5d and Typs = 234 d) for each of five different



Breaking Index Age (kyr) |fo| (Hzs™1) Teon (days)
2 316 [1.00 x 107, 1.00 x 10719 [0.82, 2.58]
3000 [1.06 x 1072, 1.06 x 10~ ] [2.52, 7.96]
5 316 [2.51 x 1072, 2.51 x 107 %] [1.63, 5.17)
3000 [2.64 x 10713, 2.64 x 10712 [5.04, 15.93]
7 316 [1.67 x 107'2, 1.67 x 107"] [2.00, 6.33]
3000 [1.76 x 10713, 1.76 x 1072 [6.17, 19.51]

TABLE I. Ranges of fo and T.op estimated for Fomalhaut b. These are estimated for three different breaking indices and two
different age estimates. The frequency range considered is from 100 Hz to 1000 Hz.

1-Hz frequency sub-bands, starting from: 100 Hz, 300 Hz,
500 Hz, 700 Hz, and 900 Hz. The resulting scores are com-
piled and sorted and then the score at the 99th percentile
is chosen, yielding Sy, = 6.95. Scores above this would
be in the top one percent of the data, corresponding to
the 1% false alarm probability.

This threshold is verified using interferometric data
from O2. The above process is repeated in three 1-Hz sub-
bands, starting from: 300 Hz, 600 Hz, and 900 Hz. This
yields Sy, = 6.97, in good agreement with the threshold
estimated using Gaussian noise. Hence we set Sy = 6.95
in this search.

D. Sensitivity

The hg that yields a 95% detection efficiency, denoted
by h3®%, is obtained by injecting a series of 100 synthetic
signals into Gaussian noise (ASD S}/Q =4x107% Hz~1/?)
in four 1-Hz sub-bands, starting from 155Hz, 355 Hz,
555 Hz, and 755 Hz. If more than 95% of the signals are
recovered, this process is repeated with a smaller value of
ho, and vice versa. These simulations are marginalized
over the orientation of the source. We obtain an average
of h®” = 1.56 x 10~26 for these four sub-bands [10].

This process is repeated in real O2 data in a sample 1-
Hz sub-band 715-716 Hz, chosen because it is a relatively
clean band. This yields an upper limit of h85% =1.67 x
10~2, an order of magnitude larger than h°” obtained in
Gaussian noise. This is because (1) the O2 noise level has
not reached the design sensitivity, and (2) the duty cycle
(i.e., the proportion of time that the data is in analyzable
science mode) of O2 is only about 50%. In this sample
sub-band, th% obtained from O2 data is slightly better
than the existing upper limits presented in Ref. [9] (i.e.
hY®% =2 x 1072% at 715 Hz). The sensitivity in the full
frequency band remains a work in progress.

IV. VETO PROCESS

We record the search results in the Appendices for the
moment given that the analysis has not yet been fully

completed. The results of the veto process that outlined
below will be added in a future publication once the
study is entirely finished. All candidates with S > Sy, are
followed by a four-stage veto process to eliminate the ones
resulting from noise artifacts [14]. This section details
the methods that have been implemented to eliminate
candidates so far.

First, we eliminate any candidates whose Viterbi paths
intersect any known instrumental lines present in either
the Hanford or Livingston interferometers.

Second, additional candidates are vetoed due to the
contamination of artifacts in a single detector. The cri-
teria is as follows. For each candidate, if searching data
from a single interferometer yields S > S, where S,
is the original score obtained with both interferometers
combined, while searching the other interferometer yields
S < Sin, and if the Viterbi path from the interferometer
with § > S, intersects the original path, that candidate
is vetoed.

Third, further candidates are vetoed by splitting the
observation time into two halves and analyzing each half
separately. A candidate is vetoed if the score obtained by
searching one half of Ty is higher than or equal to Sy
(corresponding to the full Typ,s) but the score obtained in
the other half is lower than Sy, and if the Viterbi path
from the half with the higher score intersects the original
path.

Fourth, the remaining candidates are further followed
up by increasing To,. We increase To from 5 days to
10 days for a candidate whose fj is small enough such
that Eqn. (21) holds true when T, = 10d. Then, for
each candidate, the F-statistic and the Viterbi path are
recomputed. If the candidate is from astrophysical origin,
the resulting Viterbi score with T, = 10d should be
higher than Sy, and the Viterbi paths of the original
run and the run with the increased T, should match.
Hence we veto a candidate if its score S’ corresponding to
Teon = 10d falls below Sy and if the Viterbi paths from
these two separate runs are at least 0.01 Hz apart.

Any candidates that remain will be further followed up
using a number of additional methods. Further scrutiny
includes a deeper F-statistic search estimating both fy
and fy in the remaining 1-Hz bands with longer T,op,
searching the data collected in the first and third observing



runs of Advanced LIGO, and using other CW search
methods.

If no detection is claimed, we place an upper limit on
the signal strain at the 95% confidence level, h85%, as a
function of frequency. This remains a work in progress
in the full band. The sample upper limit obtained in
02 in the 1 Hz sub-band starting from 715 Hz is h)®” =
1.67 x 1072%, as detailed in Sec. IITD.

V. CONCLUSION

We detail the methodology for a directed search for
CW signals from the neutron star candidate Fomalhaut
b in the frequency band 100-1000 Hz, using Advanced
LIGO O2 data. An efficient, semicoherent search method,
based on a HMM tracking scheme and a matched filter
F-statistic, is used to track the signal frequency. The
above-threshold candidates are passed through a four-step
veto procedure. Any candidate surviving these vetoes
should also be cross-checked in more sensitive observing
runs, O3 and beyond. The follow-ups of the candidates
are underway. If all candidates are eventually eliminated,
upper limits can be placed on hy with 95% confidence.

This remains a work in progress. In a sample sub-band,
715-716 Hz, we obtain h85% = 1.67 x 10725, assuming
there is no detection.

In the future, the search may benefit from new infor-
mation gathered from electromagnetic observations of the
source, as well as the further upgrading of the instruments.
Regardless of the eventual outcome of this search, this
methodology represents an important development in the
search for CWs and should be extended to other isolated
neutron star sources.
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