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Thediscovery of a radioactively powered kilonova associated with the binary
neutron-star merger GW170817 remains the only confirmed electromagnetic

counterpart to a gravitational-wave event% Observations of the late-time
electromagnetic emission, however, do.not agree with the expectations from
standard neutron-star merger models. Although the large measured ejecta mass*
could be explained by a progenitor system that is asymmetric in terms of the stellar
component masses (that is, with a mass ratio g of 0.7 to 0.8)°, the known Galactic
population of merging double neutron-star systems (that s, those that will coalesce
within billions of years or less) has until now consisted only of nearly equal-mass
(g>0.9) binaries®. The pulsar PSR J1913+1102 is a double systemin a five-hour,
low-eccentricity (0.09) orbit, with an orbital separation of 1.8 solar radii’, and the two
neutron stars are predicted to coalesce in 4701 million years owing to
gravitational-wave emission. Here we report that the masses of the pulsar and the
companion neutron star, as measured by a dedicated pulsar timing campaign, are
1.62 +0.03 and 1.27 + 0.03 solar masses, respectively. With a measured mass ratio of
q=0.78+0.03, this is the most asymmetric merging system reported so far. On the
basis of this detection, our population synthesis analysis implies that such
asymmetric binaries represent between 2 and 30 per cent (90 per cent confidence) of
the total population of merging binaries. The coalescence of a member of this
population offers a possible explanation for the anomalous properties of GW170817,
including the observed kilonova emission from that event.

Since its discovery’ in 2012, we have been regularly monitoring the
double neutron star (DNS) PSR J1913+1102 with the Arecibo radio tel-
escope. Our observations have used the Mock Spectrometer and the
Puerto Rico Ultimate Pulsar Processing Instrument (PUPPI) to coher-
ently remove dispersive smearing from the pulsar signal, caused by the
interstellar free-electron plasma along the line of sight to the pulsar. We
analysed data from this pulsar using standard pulse timing techniques
(see Methods).

With a spin period of 27 ms, PSR }J1913+1102 was probably the
first-formed neutronstar in this binary system; it subsequently gained
angular momentum via accretion of matter from the progenitorto the
second neutron star’. The timing of the pulsar has allowed a precise
measurement of the rate of advance of the periastron, which is
@ =(5.6501+0.0007)" yr’.Inaddition, we have now determined two
more post-Keplerian parameters: the first is the Einstein delay
(y = 0.471 £ 0.015 ms), which describes the effect of gravitational

redshiftand relativistic time dilation due to the varying orbital veloc-
ity and proximity of the neutron stars to oneanother during their orbits.
The second is the decay of the orbital period caused by the emission
of gravitational waves (P, =(-4.8+0.3)x10 3 s s7.

In Fig. 1, we show the general-relativistic mass constraints corre-
sponding to each measured post-Keplerian parameter. From @, the
total system mass is (2.8887 + 0.0006)M. (M., solar mass), making PSR
§1913+1102 the most massiveamong known DNS systems (by a 2% mar-
gin). By combining @ and y, we obtain the individual neutron-star
massesm,=(1.62+ 0.03)M,and m_= (1.27 £ 0.03)M, (unless otherwise
stated, uncertainties denote 68% confidence) for the pulsar and the
companion, respectively, which give a mass ratio of g = m./m, =
0.78 + 0.03. The observed P, is consistent with the general relativity
prediction for these neutron-star masses; apart from confirming them,
this effect provides a unique test of alternative gravitational theories
that will be reported elsewhere (P.C.C.F. et al., manuscript in
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Fig.1|Pulsar mass-companion mass diagram for the PSR J1913+1102
system. Shaded regions bounded by solid curves represent lomass
constraints from eachmeasured post-Keplerian parameter, derived in the
contextof general relativity. These are: the orbital precession rate (»), the time
dilation/gravitational redshift (y) and the rate of orbital decay (Py). The inset
shows azoom-inof the dotted square region in the main plot, withthe 30
confidence region for the mass measurementsshaded inred. The two most
precisely measured parameters allow us to determine the individual masses of
thissystem. Each additional post-Keplerian parameter measurement provides .
anindependent consistency test of the predictions of general relativity.

preparation). Table 1 summarizes the best-fit model parameters for
the PSR j1913+1102 system.

PSR J1913+1102 s part of a population of severai very compact DNS
binary systems with moderate orbital eccentricities (<0.2) and low
proper motions (for example, PSRs J0737-3039A/B?, J1756-2251°
and J1946+2052'). These imply an evolutionary path in which the
second-formed neutron star isborn as a result of an envelope-stripped
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Fig. 2| Probability density of the population of PSR J1913+1102 -like DNS
systemsinthe Galaxy, asafraction ofthe total number of DNSs that will
merge withina Hubbletime. We find this fraction to be 0.11:32}, where the
uncertainty representsthe 90% confidence interval (vertical dashed lines). The
quoted value is the median of the distribution, shown onthe plotas asolid
verticalline, and the peak value of 0.06 is represented by a dotted vertical fine.
Thisimplies thatroughly 1in10 merging DNS systems are likely to have
asymmetriccomponent masses.
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Table 1| Measured and derived parameters for PSR

J1913+1102

Parameter name Value

Reference epoch (MJD) 57,504.0

Observing time span (MJD) 56,072-58,747
Number of arrival time measurements 2,541

Solar System ephemeris used DE436
Root-mean-square timing residual 56 us

Reduced x? of timing fit 1.01

Right ascension, a (J2000) 19 h 13 min 29.05365(9) s
Declination, & (J2000) 11° 02’ 05.7045(22)"
Proper motion ina -3.0(5) masyr™
Proper motion in & -8.7(1.0) mas yr?
Pulsar spin period, P 27.2850068680286(19) ms
Spin period derivative, P 1.5672(7)x10™®ss™
Dispersion measure, DM 339.026(3) pccm™
Orbital period, Py, 0.2062523345(2) d
Projected semi-major axis of the pulsar’sorbit,x ~ 1.754635(5) light s
Orbital eccentricity, e 0.089531(2)
Longitude of periastron, @ 283.7898(19)°
Epoch of periastron passage, T, (MJD) 57,504.5314530(10)
Total system mass, M 2.8887(6)M
Companion mass, M, 1.27(3WM

Rate of periastron advance?®, & 5.6501(7)° yr™
Einstein delay®, v 0.000471(15) s
Orbital period decay rate®, P, -4.8(3)x10 " ss™
Pulsar mass, M, 1.62(3)

Mass ratio, g 0.78(3)

Orbital inclination angle, i 55.3°
Dispersion-derived distance®, d 714 kpc
Two-dimensional systemic peculiar velocity®, v, 100(70) km s™
Surface magnetic flux density at the poles?, B, 21x10°G
Characteristic age?, T, 2.8 Gyr

Time to coalescence, T, 470%2 Myr

Values in parentheses represent the 10 (68% confidence) uncertainty on the last quoted digit.
Unless otherwise noted, measured parameters were determined using the DDGR timing
model***, which assumes general relativity to be the correct theory of gravity. MJD, modified

Julian date.

*Post-Keplerian orbital parameters were measured using the model-independent Damour and

Deruelle timing model**-%,

Distance is derived using a model of the Galactic ionized electron density*é, with estimated

uncertainty of 20%.

“Velocity is with respect to the local standard of rest, and thus peculiar to the binary system.
The surface magnetic field and characteristic age are derived from the pulsar spin period and

its derivative®.

helium star progenitor having undergone a supernova with very little
mass loss and low natal kick®", owing to eithera rapidiron core collapse
eventorelectron capture onto an oxygen-neon-magnesium core2 ™,
Either of these scenarios lead to alow-mass (s1.3M,) neutron star’,
which is confirmed by our measurements. Furthermore, we estimate
the tangential component of the peculiar velocity of the system to
be 100 + 70 km s™ (95% confidence); although the uncertainty is still
large, this hints at arelatively low kick velocity arising from the second
supernova compared to the overall pulsar population.

The PSRJ1913+1102 mass ratio makes it the most asymmetricamong
the known DNS binaries that are expected to merge within a Hubble
time, which otherwise have g2 0.9. Considering all known DNS systems,
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Fig.3|Post-fittiming residuals for PSR J1913+1102. These are obtained after
including all best-fit parameters in the Damour and Deruelle General Relativity
(DDGR) model**** ephemeris for this pulsar. Each contributing instrument is
rep)resented by different colours: Mock spectrometer centred at1,300 MHz
(orange) and at 1,450 MHz (red); PUPPI centred at 1,400 MHzinincoherent
mode (purple); PUPPIcentred at 1,400 MHzincoherent-fold mode (yellow);

the only one having a similar massasymmetry is PSR J0453+1559%, with
g=0.753 £ 0.00S5; however, its orbital period of 4.07 days implies a
coalescence time about 100 times greater thanthe age of the Universe.
By contrast, PSR J1913+1102 has an expected time to coalescence of
470'2 Myr, whichwe determined from the orbital decay rate and other
measured orbital elements.

There are currently nine confirmed compact DNS binaries that are
predicted to merge within a Hubble time, for which precise neutron-star
mass measurements have been made®. We performed a population
synthesis analysis for these DNS systems, including PSR J1913+1102,
using their individual properties and known masses (see also Methods).
We found that PSR J1913+1102-like binaries represent 11'2' %of merging
DNS systems (Figs. 2, 3), where the quoted value isthe mediariand the
errors represent the 90% confidence intervals. This therefore estab-
lishes the existence of a population of asymmetric DNS systems that
{is sizable enough to potentially lead to the discovery of several cor-
responding merger events by ground-based gravitational-wave obser-
vatories such as LIGO/Virgo. As such, the discovery of PSR J1913+1102
provides evidence for the need to account for asymmetric coalescing
DNS binaries—approximately one-tenth of events—in interpeting
merger scenarios and the underpinning physics.

Observations of the electromagnetic counterparts to the GW170817
event have largely been related to a relatively large amount of ejecta
dueto the preceding DNS merger, with masses of the order of 0.054/,
(refs. *'%). This is at odds with standard models of DNS coales-
cence, which typically predict smaller ejecta mass by at least a

-factor of 5, primarily on the basis of the assumption of equal-mass (or
near-equal-mass) progenitor DNS binary systems>*, Until recently,
this has been areasonable assumption given the known DNS popu-
lation®. It is plausible that the anomalously massive ejecta inferred
from the observed late-time emission in the case of GW170817 may
be explained with anequal-mass system, particularly if oneincludesa
secular component to the ejecta’® 2. The merger may also be explained
by the invocation of various models to describe the observations. These
include an off-axis jet from a short y-ray burst?%; a mildly relativistic
wide-angle outflow that interacts with the dynamic ejecta®?; ahyper-
massive neutron-star remnant of the merger acting as a spin-down
energy source??; and a hierarchical triple system in which a disk is
formed from a Roche lobe-filling outer star®,

By contrast, numerical simulations haveshown that high-asymmetry
(0.65s g <0.85) systems will naturally produce larger tidal distortions
during themerger phaseand resultin larger-mass, and therefore brighter,
disks than those of roughly equal-mass systems'®?*- The resulting tidal
effects consistently produce sufficient neutron-rich ejecta to power akil-
onovaand resultinanenhancementof r-process material®. A sufficiently

2016 2017 2018 2019

Year

and PUPPIcentred at2,350 MHz in coherent-fold mode (cyan). The latter
provided asubstantial improvement indata quality, as evidenced by the
reductionin the weighted root-mean-square timing residuals to 48 us, down
from72psat1,400 MHz in coherent mode. Theerror barsshownreflect thelo
(68%) uncertainties of each data point.

unequal-massbinary that will merge withina Hubble time may therefore
be responsible for events such as GW170817, particularly in the siow,
-0.04M, red component seen in the latter*. A substantial population
of asymmetric DNSs such as PSR J1913+1102 would therefore iead to
an enhanced detection rate of bright kilonovae. The electromagnetic
counterparts to such events are therefore particularly important for
understanding the Galactic heavy-element abundance!s*33,
Enhanced pre-coalescence tidal distortions due to asymmetric merg-
ers may also aliow certain neutron-star equation-of-state models to
beruled out through study of the gravitational-wave waveform-5-%,
Additionally, gravitational waves from merging DNSs have recently
beenused as distance indicators (so-called ‘standard sirens’), enabling
an independent probe of the Hubble constant, Hy, when combined with
radial-velocity measurements of the electromagnetic counterparts®.
Future asymmetric DNS mergers with similar electromagnetic counter-
parts tothose of GW170817 would lead to a considerably more precise
determination of H,—about 15 suitable detectionswould providea-2%
measurement*°—and potentially provide the means by which toresolve
the disagreement between H, as measured from the cosmic microwave
background* and through local Universe analysis methods*.
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Methods

Timing analysis

PSRJ1913+1102 was discovered in 2012 by Einstein@Home in data from
the PALFA survey’, which uses the William E. Gordon 305-m radio tel-
escopeat the Arecibo Observatory in Puerto Rico to search for pulsars
within 5° of the Galactic plane. Since the discovery, we have been using
the Arecibo Observatory to regularly monitor this pulsar with the Mock
Spectrometer and the PUPPI pulsar backend system. This has been
done as both a dedicated follow-up campaign for PSR J1913+1102 and
regularly as a test source before PALFA observing sessions.

Thetimes of arrival of these pulses were measured by cross-correlating
each pulseprofilewithanoise-free representative template profile, from
which we calculated a phase shiftand applyittothe observed time stamp
of the dataprofile*®. The uncertainty ineachresulting pulse arrival time
wasdetermined by adopting the error in the calculated phase shift from
the aforementioned correlation procedure. This process was carried
out using the PSRCHIVE suite of analysis tools*. Corrections between
terrestrial timeand the observatory clock were applied using data from
Global Positioning System satellites and the Bureau International des
Poids et Mesures. Our model also included inputfromthe Jet Propulsion
Laboratory DE436 Solar System ephemeris, in order to convert meas-
uredarrival timesto the reference frame of the Solar System barycentre,
by taking into account the motion of Earth.

Thesebarycentred times of arrival were then compared toa predic-
tive model of their expected arrival at Earth using the TEMPO pulsar
timing software package (https://github.com/nanograv/tempo). Every
rotation of the neutron star was enumerated relative to a reference
observing epoch by accounting in our model for intrinsic pulsar prop-
erties, such as the rotation frequency and its spin-down rate, as well
asits sky position and proper motion. We also addressed potential
arrival-time delays due to the frequency-dependent refractive effect
oftheionized interstellar medium by including the dispersion measure
(DM) in our timing model, which is the integrated column density of
free electrons along the line of sight between Earth and the pulsar.
The relatively large value DM =339.026 + 0.005 pc cm™ for this pul-
sar explains why initial observations, primarily taken at an observing
frequency centred at1.4 GHz, displayed evidence of interstellar scatter-
ing that resulted in considerable smearing of the observed pulse shape
due to multi-path propagation of the signal onits way to Earth’. Thisled
toincreased systematic uncertainties in the derived pulsar parameters,
and we therefore switched to observations with the higher-frequency
S-band Low receiver (centred at 2.4 GHz with abandwidth of 800 MHz)
toreduce these effects.

Along with these model parameters, our timing data resulted inan
important measurement of the Keplerian orbital elements of the PSR
J1913+1102 system, as well as several post-Keplerian parameters (these
are quoted with 68% confidence-level uncertainties in Table 1). The
latter are a theory-independent set of parameters that characterize
perturbations on the Keplerian description of the orbit in the relativistic
regime*>*. As described in the main text, we have now improved the
measurement precision of the orbital precession rate and determined
the Einstein delay. From this, we were able to constrain the individual
masses of the neutron stars in this system by assuming that general
relativity is the correct theory of gravity, as encapsulated in the DDGR
timing model**, We have also made a precise determination of the
orbital decay rate due to the emission of gravitational waves, which
serve to remove orbital energy from the system over time. We expect
the precision of the orbital decay toimprove rapidly over time ¢ (scaling
as £*2) with further observations. It should also be noted that sources
of kinematicbiases can beintroducedinto the measured orbital decay
and pulsar spin-down rates from apparent acceleration of the pulsar
due toits tangential motion (that is, the Shklovskii effect®®) and the
Galactic potential®**2. We find the total proper motion of this pulsar
tobe 9.3+ 0.9 mas yr, within 3o of what would be expected ifthe PSR

J1913+1102 system were in the local standard of rest (6.50 mas yr™);
this assumes a distance of 7.14 kpc. This distance is estimated from
the measured value of DM, using amodel of the Galactic free-electron
density distribution*t. The total kinematic bias to the observed orbital
decay corresponds to approximately one-third of the uncertainty in
the orbital decay measurement. We are therefore confident that our
measurements are consistent with intrinsic parameter values for the
pulsar at the current level of uncertainty.

Once we apply our model to the dataset, we produce post-fit timing
residuals—the difference between the predicted and observed pulse
arrival times (Fig. 3). The timing precision achieved by this fit to our
pulsearrivaltime data is characterized by the root-mean-square (r.m.s.)
of the post-fit timing residuals. Our analysis of the PSR J1913+1102 data-
set resulted in r.m.s. residuals of 56.1 ys, consistent with the typical
measured uncertainty in the observed pulse arrival times. We achieved
areducedy? (thatis, x* divided by the number of degrees of freedom) of
1.01for ourfit, reaffirming the success of our timing modelin describing
the system, and implying that the timing residuals can be well repre-
sented by white Gaussian noise, as can be seenin Fig. 3.

Population synthesis

Modelling of the merger event that caused GW170817 has mostly relied
on a DNS population consisting of roughly equal-mass neutron stars.
Although this may be the result of a binary system with pre-merger
mass ratio g =1, the discovery of PSR J1913+1102 highlights the need
to consider the effects of anasymmetric DNS merger. We note here for
completeness that itis possible that GW170817 was caused by aneutron
star-black hole merger. However, the abnormally low mass of the black
holein sucha progenitor systemwould make thisan unlikely scenario®.

Previous studies®* %" simulated the population of DNS binaries from
the measured parameters of known systems within a modelled Galac-
tic pulsar population; this was done using the known sensitivities of
the pulsar survey in which they were discovered. The modelling must
account for selection effects, including the search degradation factor
due to orbital acceleration, calculated from a semi-analytical model
with the pulsar and companion masses and the system inclination as
input®®, We calculated the probability density of the population of PSR
J1913+1102-like DNSs that are beamed towards Earth (Nops jio3) using
themore precisely measured orbital properties presented inthiswork.
Assuming a beaming correction fraction for the pulsar® of f, = 4.6, we
derived the probability density of the total population (N ji13) Of
J1913+1102-like DNS systems in the Galaxy: (Npop jio13 = Nobs jiors X fo)- The
mode of the resulting distribution is Ny, o3 = 7002556 °, where the
uncertainties represent the 90% confidence interval of the distribution.
Thisis consistent with previous estimates®®, but has smaller errorbars
owing to the updated orbital parameters and the addition of a new
radio pulsar survey®’.

Owingtoits smallorbital period, the PSRJ1913+1102 system will merge
in 470 Myr, well within one Hubble time. There are eight other known
DNS systems in the Galaxy that will also merge within the age of the
Universe (which we henceforth refer to as merging DNSs, MDNSs). We
obtained theindividual probability densities of the population of these
MDNSs using results givenin previous studies®®”. Assuming that these
individual populationdistributions representindependentcontinuous
random variables, we estimate the total population of MDNS systems
in the Galaxy by convolving the individual population probability dis-
tributions, resulting ina mode Ny, wons = (1L.4753) X103, Using our
derived probability densities of PSR J1913+1102-like systems together
with those of all MDNS systems, we then compute the probability den-
sity of PSR J1913+1102-like DNS systemsin the Galaxy as afraction of the
MDNS population to be11*3! % (90% confidence), using the median as
the quoted value (with the mode of the distribution occurring at 6%);
Fig.2 presents the corresponding probability distribution. Thisin turn
leads to an estimate that roughly one-tenth of detected DNS mergers
result from the coalescence of an asymmetric binary system.
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Data availability
All data are available from the corresponding author on request.

Code availability

The code used in this analysis is publicly available at: https://github.
com/nanograv/tempo (pulsar timing analysis); https://github.com/Nih
anPol/2018-DNS-merger-rate (population synthesis); https://github.
com/rferdman/pypsr (plotting tools).
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