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ABSTRACT

Using neural networks, we integrate the ability to account for Doppler smearing due to a pulsar’s
orbital motion with the pulsar population synthesis package psrpoppy to develop accurate modeling
of the observed binary pulsar population. As a first application, we show that binary neutron star
systems where the two components have highly unequal mass are, on average, easier to detect than
systems which are symmetric in mass. We then investigate the population of ultra-compact (1.5min ≤
Pb ≤ 15min) neutron star–white dwarf (NS–WD) and double neutron star (DNS) systems which are
promising sources for the Laser Interferometer Space Antenna gravitational-wave detector. Given the
non-detection of these systems in radio surveys thus far, we estimate a 95% confidence upper limit
of ∼1450 and ∼1100 ultra-compact NS–WD and DNS systems in the Milky Way that are beaming
towards the Earth respectively. We also show that using survey integration times in the range 20 s to
200 s with time-domain resampling will maximize the signal-to-noise ratio as well as the probability
of detection of these ultra-compact binary systems. Among all the large scale radio pulsar surveys,
those that are currently being carried out at the Arecibo radio telescope have ∼50–80% chance of
detecting at least one of these systems using current integration integration times and ∼80–95% using
optimal integration times in the next several years.
Subject headings: pulsars: general — pulsars: binary — gravitational waves

1. INTRODUCTION

The era of multi-messenger astronomy was ushered
in with GW170817, a detection of gravitational waves
(GWs) emitted by the merger of two neutron stars us-
ing the Laser Interferometer Gravitational-wave Obser-
vatory (LIGO, Harry & LIGO Scientific Collaboration
2010) and Virgo (Accadia et al. 2012) detectors (Abbott
et al. 2017a) as well as across the electromagnetic spec-
trum by a range of ground and space-based telescopes
(Abbott et al. 2017b). While LIGO-Virgo has made an-
other confirmed detection of a double neutron star (DNS)
merger event (Abbott et al. 2020) and released alerts for
a few more potential DNS mergers, these are relatively
rare cataclysmic events. On the other hand, the Laser In-
terferometer Space Antenna (LISA, Amaro-Seoane et al.
2017) is a space-based GW detector which is sensitive
to compact objects in binary systems emitting GWs at
frequencies between 0.1mHz . fGW . 100mHz. Given
the abundance of binaries consisting of compact objects
as well as their non-cataclysmic nature, these systems
provide rich potential for long-term multi-messenger sci-
ence.
The strongest sources for LISA are Galactic ultra-

compact binary (UCB) systems, which are binary sys-
tems with stellar-mass components and orbital periods
Pb < 15 min. These UCB systems can consist of any
combination of white dwarf, neutron star or black holes,
with the most common source (∼ 107 in the Galaxy)

being double white dwarf (DWD) binaries (Nelemans
et al. 2001a,b). However, population synthesis simula-
tions have shown that LISA should also detect a few
tens of ultra-compact double neutron star (DNS) and
neutron star–white dwarf (NS–WD) systems (Andrews
et al. 2020; Lau et al. 2020). UCB systems are “verifi-
cation binaries” for LISA, i.e. they should be detectable
within weeks of LISA beginning operations. Verification
binaries for DWD systems have already been identified
in the electromagnetic (EM) band using optical surveys
(Brown et al. 2010; Kilic et al. 2010; Napiwotzki et al.
2004). However, no verification binary consisting of a
neutron star has been detected yet. The most promising
DNS system for detection by LISA is the Double Pulsar
system, J0737–3039 (Burgay et al. 2005), but this system
will only accumulate a signal-to-noise ratio (S/N) of ∼3
over the planned 4-yr LISA mission.
Joint, multi-messenger observations of these UCB sys-

tems can provide significantly more information than ob-
servations in the EM or GW bands alone. As shown by
Shah et al. (2012), measuring the inclination of an UCB
system through EM observations can improve the con-
straint on the GW amplitude of that system by a factor
as large as six. In addition, knowing the sky position
of an UCB system can improve the GW parameter esti-
mation by a factor of two (Shah et al. 2013). Addition-
ally, for DNS systems, joint EM and GW observations
can constrain the mass-radius relation to within ≈0.2%
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(Thrane et al. 2020). Thus, it is important to find as
many UCB systems as possible before LISA is launched
in the 2030s to maximize the scientific potential of the
mission.
In the EM band, neutron star binaries are discov-

ered by searching for pulsars, which are rapidly rotating
neutron stars emitting beamed emission at radio wave-
lengths. So far, 185 pulsars have been discovered in bi-
nary systems with a white dwarf companion, while 20
pulsars have been discovered in binary systems with an-
other neutron star (for an up-to-date list, see the ATNF
pulsar catalog1, Manchester et al. 2005). The short-
est orbital period for a pulsar–WD binary is ∼2 hours
(PSR J1518+0204C, Hessels et al. 2007; Pallanca et al.
2014), while for DNS systems the shortest orbital period
is ∼1.8 hours (J1946+2052, Stovall et al. 2018). Hence-
forth in this paper, we assume that the binary system
contains a pulsar whenever we refer to ultra-compact
NS–WD or DNS systems.
The limiting factor in detecting UCB systems in radio-

wavelength surveys is the Doppler smearing of the pulsar
emission due to its orbital motion (Johnston & Kulkarni
1991a) as it causes a reduction in the S/N with which
the pulsar is detected. This Doppler smearing is quan-
tified using the orbital degradation factor (Johnston &
Kulkarni 1991a), which can take values between 0 and 1,
and lower values of the orbital degradation factor signify
higher Doppler smearing and thus a larger reduction in
S/N for the pulsar. The orbital degradation factor de-
pends on, among other things, the orbital period of the
binary system and is smaller for systems with small or-
bital periods. Thus, UCB systems, with their extremely
small orbital periods, are difficult to detect in normal
radio pulsar surveys
To improve sensitivity to pulsars in binary systems,

where the apparent pulse period can change significantly
during the observation due to the Doppler effect, ac-
celeration and jerk search techniques are employed in
radio pulsar surveys (see Lorimer & Kramer 2004, for
a review of implementation techniques). Acceleration
searches have now been widely implemented in the search
pipelines for almost all large radio pulsar surveys (for ex-
ample, Eatough et al. 2013), while jerk searches are only
recently being implemented (Andersen & Ransom 2018)
due to the technique being significantly more computa-
tionally expensive than acceleration searches. The effect
of the acceleration search technique on the S/N of the
pulsar was quantified in Johnston & Kulkarni (1991a)
for circular binaries, while Bagchi et al. (2013) expanded
their work to include eccentric systems as well as the
effect of jerk search techniques.
While these techniques have been well known in the lit-

erature, they have never been fully incorporated into pul-
sar population synthesis simulations. While Bagchi et al.
(2013) did provide software to compute the orbital degra-
dation factors, the calculations (much like the search
techniques themselves) are time-intensive and thus not
optimized for inclusion in large scale population synthe-
sis analysis such as psrpoppy (Bates et al. 2014). As a
result, there has not been any significant modeling of the
observed binary pulsar populations.
In this work, we develop a computationally efficient

1 https://www.atnf.csiro.au/research/pulsar/psrcat/

framework to calculate the orbital degradation factor us-
ing the software provided by Bagchi et al. (2013). To
do this, we integrate the orbital degradation factor into
psrpoppy (Sec. 2), a pulsar population synthesis pack-
age designed to model the observed pulsar population
discovered in multiple radio surveys at different radio
frequencies (Bates et al. 2014). We use this to place up-
per limits on the population of ultra-compact NS–WD
and DNS systems in the Milky Way given that we have
not yet detected any such system (Sec. 3) and calculate
the probability for any of the current large pulsar sur-
veys to detect these UCB systems. Finally in Sec. 4, we
calculate a range of optimum integration times that will
maximize the S/N for UCB systems, thereby increasing
the probability of detection of these systems in radio sur-
veys.

2. INTEGRATING ORBITAL DEGRADATION
FACTOR INTO PSRPOPPY

We use the framework developed in Bagchi et al. (2013)
to calculate the orbital degradation factor for a binary
system. The orbital degradation factor, γ, can take val-
ues between 0 ≤ γ ≤ 1 and when calculated at the har-
monic, m, depends on the mass of the pulsar, m1, and
the companion, m2, the orbital period, Pb, eccentricity,
e, inclination, i, and angle of periastron passage, ωp, as
well as the spin period of the pulsar, Ps, and the inte-
gration time of the survey, tobs (Johnston & Kulkarni
1991a). The orbital degradation factor can be calculated
for the case of a normal pulsar search (γ1) as well as pul-
sar searches which apply acceleration (γ2) and jerk (γ3)
search techniques. The radiometer S/N for the pulsar
in the binary system is reduced by a factor of γ2

i , where
i = [1, 2, 3] depending on the type of search technique. A
lower orbital degradation factor implies a lower recovered
S/N for the pulsar in the binary system due to Doppler
smearing of the its signal from its orbital motion. We as-
sume all modern pulsar surveys use acceleration search
techniques and present results based on γ2 in this work.
The software to calculate the orbital degradation fac-

tor that was provided with Bagchi et al. (2013) is com-
putationally inefficient for use in large scale population
synthesis simulations. To solve this problem, we used
this software as a data generator to train a simple neural
network to calculate the orbital degradation factor for a
given binary system.

2.1. Data standardization

The neural network takes the parameters described
above as an input to calculate the orbital degradation
factor. The range of training values for each of the in-
put parameters are shown in Table 1. These values are
chosen to span the expected range of values for the pop-
ulation. We limit the harmonic, m, to a maximum value
of 5, since the power in larger harmonics is relatively neg-
ligible for binary systems (Bagchi et al. 2013). We also
allow the companion mass, m2, to vary up to 109 M⊙ to
allow simulation of pulsars orbiting the Milky Way’s cen-
tral supermassive black hole, Sgr A*, which has a mass
∼106 M⊙, as well as an even more massive hypothet-
ical supermassive black hole. Since some of the input
parameters can span multiple orders of magnitude, it is
necessary to normalize the data to ease the training of
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on the number of ultra-compact NS–WD systems in the
Galaxy is 1450 systems, while that for ultra-compact
DNS systems in the Galaxy is 1100 systems.
As stated earlier, the upper limits above are the num-

ber of UCB systems that are beaming towards Earth.
The total number of these systems in the Galaxy can
be calculated by scaling Ntot by the beaming correction
factor, fb (Kim et al. 2003). Given the large uncertainty
in the beaming correction factors, if we use the average
beaming correction factor measured for the merging DNS
systems, fb = 4.6 (Pol et al. 2019), the upper limit on the
total number of ultra-compact NS–WD and DNS systems
comes out to ∼6700 and ∼5000 systems respectively.
The number of ultra-compact DNS systems derived

here is less than the total number of merging DNS sys-
tems derived in Pol et al. (2019) and Ferdman et al.
(2020). This difference can be explained by the fact
that the UCB systems that we consider in this work
have lifetimes ∼ few Myr, significantly smaller than that
for the merging DNS systems studied in the aforemen-
tioned studies. As a result, these systems are closer to
merger and spend a relatively short amount of time in
this subclass of DNS systems compared to the larger or-
bital period merging DNS systems from Pol et al. (2019),
which results in an overall smaller population size of
ultra-compact DNS systems. The upper limit on the
number of ultra-compact DNS systems is also consistent
with recent estimates of the size of this population made
by Lau et al. (2020) and Andrews et al. (2020). Note
that in these simulations, we assumed that the luminos-
ity function for both of these types of systems is the same
and is the same as that of the observed pulsar population
(Faucher-Giguère & Kaspi 2006). However, if the lumi-
nosity function for these systems is different, that will
also influence the number of such systems in the galaxy.

3.2. Probability of pulsar surveys detecting an UCB
system

Knowing the upper limit on the number of UCB sys-
tems that are beaming towards us, we can calculate the
probability of the radio pulsar surveys listed in Table 2
in detecting these systems. To do so, we assume that the
number of the UCB systems (both NS–WD and DNS) in
the Galaxy is equal to their upper limits, i.e. we calculate
the probability for these surveys in the most optimistic
scenario.
Next, we use psrpoppy to generate this number of

pulsars in the Galaxy, with the orbital, spin, luminosity,
spatial and spectral index distributions being the same
as described in Sec. 3.1. We generate 103 different ver-
sions of these populations to ensure that we are efficiently
sampling all of the prior distributions. Accounting for
the orbital degradation factor, we then “run” each of the
surveys listed in Table 2 on each of these populations and
count the number of systems that are detected by each
survey. We then calculate the complementary cumula-
tive distribution function for the number of detections
by each survey, which is shown in Fig. 5.
As we can see, the surveys with the Arecibo radio

telescope, i.e. PALFA and AODRIFT, have the high-
est probability to detect ≥1 of these UCB systems. This
is followed by the GBNCC and HTRU mid-latitude sur-
vey, while the HTRU low-latitude and PMSURV have
the least probability of detecting any of these UCB sys-

tems.
The difference in the efficiency of these surveys at de-

tecting the UCB systems is due to the integration times
used for processing these surveys. As can be seen in
Table 2, AODRIFT has the shortest integration time of
all the surveys, followed by GBNCC, PALFA, and the
HTRU mid-latitude survey. A shorter integration time
always produces a larger degradation factor, thereby pro-
viding a larger S/N detection for these systems.
However, it is possible to use a longer integration

time and still maintain sensitivity to UCB systems, as is
demonstrated by the PALFA survey. While the PALFA
survey has the third-shortest integration time in Table 2,
it is able to offset the relative loss in S/N due to the or-
bital degradation by increasing the overall sensitivity of
the radio telescope. We discuss the balancing of the sur-
vey integration time with the orbital degradation factor
further in Sec. 4.

3.3. Multi-messenger prospects for detectable
ultra-compact binaries

In this optimistic scenario where the number of UCB
systems beaming towards the Earth corresponds to the
95% upper limit derived above, we can expect to detect
as many as four of these UCB systems with the radio
pulsar surveys at Arecibo alone. Given their short orbital
periods, these UCB systems could be promising sources
for LISA, the space-based gravitational wave observatory
that is scheduled to launch in the 2030s (Amaro-Seoane
et al. 2017). To see if these systems will be detectable
with LISA, we need to compute the S/N for these systems
with respect to LISA’s sensitivity curve (Robson et al.
2019).
For a binary system with eccentricity, e, the GW emis-

sion from the system is spread over multiple harmonics
of the orbital frequency, fn = n/Pb, where n represents
the n’th harmonic. The total S/N for these systems as
observed by LISA can be calculated as the quadrature
sum of the S/N at each of these harmonics (D’Orazio &
Samsing 2018; Kremer et al. 2018),

S/N2 ≈
∞
∑

n=1

h2
n(fn)TLISA

SLISA(fn)
(8)

where SLISA(fn) is the LISA sensitivity curve as defined
by Robson et al. (2019), TLISA = 4 yrs is the timespan
of the LISA mission, and hn(fn) is the strain amplitude,

hn(fn) =
8√
5

(

2

n

)5/3
(πfn)

2/3(GM)5/3

c4d

√

g(n, e) (9)

where G is the Gravitational constant, c is the speed
of light, d is the distance to the binary system, M =

m
3/5
1 m

3/5
2 (m1 +m2)

−1/5 is the chirp mass of the binary,
and g(n, e) provides the relative amplitude between the
different harmonics (see Eq. 20 in Peters & Mathews
1963).
Using these relations, we can calculate the S/N with

which LISA would observe the UCB systems that are
detected with the radio pulsar surveys described above.
For the UCB binaries that were detected in the simula-
tions described in Sec. 3.2 (both NS–WD and DNS), we
extract the mass, m1 and m2, of the components of the
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