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Binary pulsar systems are superb probes of stellar and binay evolution and
the physics of extreme environments. In a survey with the Areibo telescope,
we have found PSR J19030327, a radio pulsar with a rotational period of
2.15 ms in a highly eccentric ¢ = 0.44) 95-day orbit around a solar mass com-
panion. Infrared observations identify a possible main-sguence companion
star. Conventional binary stellar evolution models predi¢ neither large orbital
eccentricities nor main-sequence companions around mifliecond pulsars. Al-
ternative formation scenarios involve recycling a neutronstar in a globular
cluster then ejecting it into the Galactic disk or membershp in a hierarchical
triple system. A relativistic analysis of timing observatons of the pulsar finds

its mass to be 1.740.04 M., an unusually high value.

The population of binary and millisecond pulsars in the dislour Galaxy is thought to
have two main formation mechanisni.(Most pulsars with spin periods of tens of millisec-
onds have neutron star (NS) companions in orbits of highredcay caused by the near dis-
ruption of the system by a supernova explosion. In contpagsars with spin periods less than
about 10 ms (i.e. “millisecond pulsars” or MSPs) have whiteud (WD) companions in orbits
made highly circular (orbital eccentricities< 0.001) by tidal effects during the recycling pro-
cess. The combination of rapid spin rates and circular ®ibitonsidered vital evidence that
MSPs achieve their short periods via accretion of mass agdlanmomentum from binary
companion stars?). Here we report the discovery of an unprecedented MSP ¢ogalines a
different formation mechanism and whose potentially largess may play an important role in

constraining the equation of state of matter at supra-aucensity|8).



Discovery and Follow-up Observations

We are conducting a pulsar survey of the Galactic plane ubed\recibo L-band Feed Array
(ALFA) receiver on the 305-m Arecibo radio telescope in Ru&ico 4). The large collecting
area of Arecibo, the rapid sampling rate (everyu8% and the high spectral resolution (256
channels over 100 MHz, which minimizes the dispersive smgatue to free electrons along
the line of sight) provides sensitivity to MSPs over a mualyéa volume of the Galactic disk
than any previous pulsar survey.

The 2.15-ms pulsar J196®327 was discovered using a search pipeline based on theRRES
suite of pulsar analysis softwar®, €). It was detected as a highly significant signal with a large
dispersion measure (DM) of 297 pcciin data taken in October 2005. Follow-up timing
observations using Arecibo, the Green Bank Telescope, fatMesterbork Synthesis Radio
Telescope revealed the binary orbit of the pulsar to be fiigbtentric (Fig. 1). The Keplerian
orbital parameters give a minimum companion mass of-01887 M., (for pulsar masses of
1.3-1.9 M,). Additional constraints come from the extensive timingloé pulsar, including
a general relativistic interpretation of the measureménh® advance of periastrot, and a
detection of the Shapiro delay. As described in the supphang online material, and in the
caption to Table 1, the best model fit to the pulse times ofarmdicates that the companion
has a mass of.051(15) M, and that the pulsar has a masslaf4(4) M. It should be noted
that these masses are based~dn5 years of timing data which cannot yet include parame-
ters such as proper motion which can affect the mass measaten\While the pulsar mass is
significantly more massive than the 1-25.45 M., seen in most double neutron star (DNS) sys-
tems ) it is comparable to the inferred masses of several receetigcted pulsars in eccentric
binaries in globular cluster§(8,/9, at least one other Galactic MSEJJ, and the X-ray pulsar

Vela X-1 (11). If the large pulsar mass is confirmed in future observatidrwill constrain the



equation of state of matter at supra-nuclear density arehpiatly rule-out certain ‘soft’ equa-
tions of statel3). The companion mass is compatible with those of a NS, WD ,anfsequence
(MS) companion. Although the spin parameters of PSR J39327 (Table 1) resemble those
of other Galactic disk MSPs, the pulsar is clearly distinbew orbital eccentricity is compared
as well (Fig. 2). Further details of the search pipelindpfetup observations, and the timing
analysis are provided in the supporting online material.

Given the possibility that the companion could be a NS, andmi@lly a pulsar, we searched
for pulsations from the companion using several of the Ave@bservations, but found none.
These null results set an upper limit on pulsed emissiondaBHz of ~20 . Jy for a period of
2ms and~9 ;. Jy for a period of 200 ms assuming a pulse duty cycle of 30%eoptlise period.

To search for a MS companion, we obtained images of the piigdcwvith the Gemini North
telescope on July 24, 2007. The total exposure times werdrithnthe infrared J, H and K
bands (1.27, 1.67 and 2.22n, respectively). After calibrating the astrometry and toinaetry
of the images against the 2MASS catalog, we find a single sthimithe 0.131-0 frame-tie
error circle at the position of the pulsar (Fig. 3). It has= 19.22(9), H = 18.41(10) and
Kg = 18.03(9) magnitudes. Given the density of stars in this field, we esnthe probability
of finding a star in the error circle by chance is 2.6%. Using3#8 models12) and estimating
the reddening with red clump sta/k3 at the~6.4 kpc distance inferred from the pulsar's DM
(14), we find that a 0.9 M star of age 10 Gyr would have similar magnitudes to thoserabde
The uncertainties in the distance and reddening measutsrakso allow for a 1.05 M star of
age 1-5 Gyr making it possible that this (likely) MS star issanpanion to PSR J1963327.

If the MS star is the pulsar’s binary companion, ionizedlatekinds might be detected as
increases in the measured DM or as an eclipse of the pulsewlar the companion passes
between the pulsar and Earth. From multi-frequency obsiensaround the orbit, we find

no evidence of an eclipse, and we limit any additional DM dbntion to <0.02 pc cnt®. If



the companion of PSR J1968327 is a~1 M, main-sequence star with Solar-like winds,
we would expect an additional DM contribution of orderi@c cnm? near conjunctions).
Strong irradiation of the companion by the pulsar’s relatic wind, however, could lead to a
substantially larger mass loss. Our DM variation limit ag@gainst such a large mass loss.
For a system like PSR J1908327, a rotationally induced quadrupole moment in the com-
panion could cause a classical periastron adveb@ethat would contribute to the measured
w = 2.46(2) x 10~*degyr!. If the companion star is a WD rotating near breakup velocity
the classical contribution would typically be of order-1@egyr!, but could be more than
an order of magnitude larger for specific but unlikely systementations. If the companion
is a 1-2 Gyr, 1.05M, main-sequence star with a typical rotational period ofl8 days|L7),
the classical contribution would bex20-¢ degyr! for most system orientations. Such a star
would need a rotational period between 1.3 and 1.5 days ead/onlikely system orientation
to account for~10% of the measured, or a rotational perioé0.5 day to account for all it.
These numbers suggest that the measurésl dominated by general relativistic effects and,

given the high quality of the fit, that the use of the relaticiiming model is well justified.

Formation Mechanisms

What is the origin of this unique system with a short spingeriarge orbital eccentricity, and
possible MS companion? According to conventional evohdry scenariosl)), binary pulsars

that have been recycled down to millisecond periods shdwiays appear in circularized orbits.
In contrast, pulsars in eccentric systems should be onlgilyniecycled or not recycled at all.
Since PSR J19080327 does not fall into either of these broad categories, amsider three

alternative scenarios. The first is that the pulsar was mmytited but was born spinning rapidly
in an eccentric orbit at the time the NS was created. The skhbas the pulsar recycled in a

globular cluster and then ejected into the Galactic diske ffird has the pulsar recycled in a
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hierarchical triple system.

For various reasons it seems unlikely that the pulsar wasddrspinning rapidly at the time
of core-collapse with a small surface magnetic fielet {2° G). First, there are no pulsars like
J1903+0327 in any of the more than 50 young supernova remnants iohahiNS has been
inferred or detected directhd8). Second, a “born-fast” scenario for PSR J190327 would
likely be expected to account for some or all of the 18 isaldtSPs detected in the Galactic
disk. While the formation of those systems is puzzling sthesobserved timescales for evapo-
rating a companion star seem too long, their spin distransti space velocities, and energetics
are indistinguishable from those of recycled (i.e. not biast) binary MSPs and their space
velocities and scale heights do not match those of non-kedymulsars/19). Third, magnetic
fields in young pulsars likely originate either from dynanoti@n in the proto-NSZ0) or via
compression of ‘frozen-in’ fields of the progenitor staridgrcollapsel21). If compression is
the correct mechanism, then young pulsars with magnetitsfiel10'° G are rare, as we know
of none. Alternatively, the dynamo model actually requirgsidly spinning systems to have
strong magnetic fields. While core-collapse born-fast magms seem to be ruled out, the
accretion induced collapse of massive and rapidly rotatiis to NSs might form MSP£0).
This collapse may be able to produce the observed orbitahpeters, but the large observed
pulsar mass would require the collapsing WD to be well abbeeGhandrasekhar mass, and
would also suggest that the companion should be evolved.

Globular clusters (GCs) are known to be efficient producémgl®Ps, including those in
eccentric binaries, due to interactions between NSs anel atilars or binaries in their high
density cores. Of the-130 known GC pulsar®2@), more than 10% are in highly eccentric
(e > 0.2) orbits. These numbers, combined with the known populataifiNSs in GCs and the
Galaxy, and the respective masses of GCs and the Galaxyy timl GCs produce eccentric

binary pulsars at least 1000 times more efficiently per uaissrthan the Galactic disk. Further-



more, stellar interactions and exchanges can provide M$aaians for MSPs, although those
companions should be less massive than the most evolvedawScstrrently observed in GCs
(~0.8-0.9 M,,).

Although GCs seem a natural formation ground for PSR JA9327, there is no known
GC located near PSR J1968327 on the sky, nor is there any evidence for an unknownerlust
in the 2MASS catalog24), the SpitzerGLIMPSE survey data2g), or in our Gemini observa-
tions. An intriguing possibility is that PSR J1908327 was formed in the core of a GC and
then ejected from the cluster, possibly in the same intemnathat induced the orbital eccentric-
ity we observe today. This would have to have occurred songetvithin the last~1—-2 Gyr
(i.e. within the characteristic age of the MSP). Detailedidations of NS interactions in GCs
have shown that up t6'50% of recycled NSs are ejected within th&0 Gyr lifetimes of the
GCs R6). Once the pulsar has left the cluster it drifts far away fritgnparent cluster on
10°—10@ year timescales. Alternatively, the cluster could havenbdisrupted during orbital
passages through the Galactic disk and bulge within the pasiyr (27). Rough estimates
based on the masses and densities of the GC system and theicdisk suggest (see the
supporting online material) a110% chance that PSR J1963327 originated in a GC. The
characteristic age of the pulsar is perhaps the biggestecdy for a GC explanation as it re-
quires that the newly-made MSP had one or more violent iotienras which replaced the star
that recycled the NS, and then was displaced enough from@hsu@h that the GC is no longer
visible to us, all within~2 Gyr.

In a third formation scenario PSR J1903327 is part of a primordial hierarchical triple
system. In such a system the inner binary evolves normalfiythis case the secondary the
secondary mass likely needs to be quite fine-tuned to to peoduhighly-recycled massive
MSP while still producing a high-mass (6-2.1 M) WD in a wide circular orbit, although no

such borderline systems have been observed to date. Irctnargo the WD is the companion



seen in the timing. The third star in the system, now the M6tk we detect as the infrared
counterpart, is in a much wider and highly inclined orbitward the inner binary. Secular
perturbations in such a system can cause large oscilladioie inner-binary eccentricity and
the outer-orbit inclination (so-called Kozai cycle&B). Especially for a cycle period resonant
with the inner-binary relativistic periastron advance-at x 10° yrs, a 0.9 M, MS star~120 AU
out in a highly-inclined~ 700 yr orbit can induce large inner-binary eccentricitigS)( Initial
estimates (see the supporting online material) for the &bion and survival probability of such
a triple system suggest that a few percent of observed NS—W@ibs could be members of
hierarchical triples. As such, it seems plausible that difiteling ~50 pulsar—WD binaries, we
have now found the first in an hierarchical stellar triple.

A related scenario that avoids the need for formation of l@ofhlly recycled MSP and
a high-mass WD companion (which has never been observedehdfas PSR J1963327
recycled as part of a compact inner binary in a hierarchrgalkt in a configuration as recently
suggested for 4U 2127 (30). The MSP then ablated away its WD companion and was left
in a 95-day eccentric orbit around the MS star we now observe.

Further observations of PSR J19a3327 will allow us to decide between these (or other)
formation scenarios. A measurement of a large projectecesgelocity (-100-200 km s?), via
long-term timing or Very Long Baseline Interferometry astretry, might reflect a cluster origin
given the high velocities of most GCs. Spectroscopic olzems of the MS star will reveal
its spectral type and metallicity, both possible indicatfmr or against a GC origin, and will
show whether it exhibits the 95-day orbital motion of thegaul If the star is the companion,
the radial-velocity curve will further constrain the masséboth the pulsar and the companion.
Additionally, if the MS companion is confirmed to be more nasshan~1 M., it will likely
rule out a GC origin as MS stars of that mass in clusters haeady left the MS. Finally,

long-term and higher-precision timing of the pulsar wiladratically improve the relativistic



parameters of the system (and therefore the derived mamsasyill reveal secular changes in
the spin and orbital parameters caused by the presenceiad attdr or by classical effects from

the rotation of a MS companion.
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Timing Parameters Assuming General Relativity

Right Ascension (J2000) ..................... h 8™ 05:79368(3)
Declination (J2000) .........ccciiiiiiieinnnn. °(Br 19/2220(11)
SpinPeriod (MS) ..., 2.14992ZR35(3)
Period Derivative (S/S) ..........ooviiuiinn... 1.879(20-%°
Dispersion Measure (pCCM) ................ 297.537(7)
Epoch of Period (MJD) ...................... 54280.0
Orbital Period (days) ............c.ocoiiiiin. 95.1748(@)
Projected Semi-Major Axis (It-S) ............. 105.605Bb)
Eccentricity .......... ... . i 0.438411(12)
Longitude of Periastron ...................... 141.6%(AF
Epoch of Periastron (MJD) ................... 54063.8MA5)
Total System Mass, Mk (M¢) ..ottt 2.79(5)
Companion Mass, M(My) .................. 1.051(15)
Other Parameters

Scattering Time at1.4GHz (ms) .............. 0.126(1)
1.4-GHz Flux Density (mJy) ................. 1.3(4)
2-GHz Flux Density (mJy) ..........ccoovunn.. 0.62(5)
5-GHz Flux Density (mJy) ................... 0.09(2)
SpectralIndex ..., -2.1(2)

Derived Parameters
Galactic Longitude (J2000) .................. °3363
Galactic Latitude (J2000) .................... —1°0136
Mass function (M) ..., 0.1396076(2)
Distance (KPC) ... ~6.4
Surface Dipole Magnetic Field Strength (Gauss) »2L0°
Characteristic Age (Gyr) ..........coovnn... 1.8
Spin-down Luminosity (ergss) ............. 7.5%10*
Advance of Periastron (degyt) ............. 2.46(2104
Orbital inclination .................... ... ... 78(2)
Pulsar Mass, M(M¢g) ...t 1.74(4)

Table 1: Measured and derived parameters for PSR J4@837. The timing parameters were
measured using the DE405 Solar System ephemerg@safd the “DDGR” timing model
which assumes that general relativity fully describes thameters of the binary systei3Y].

A total of 342 pulse arrival times measured between MJDs 63849 54568 were fit. The
numbers in parentheses are twice the TEMPO-reportedieertainties in the least significant
digit or digits quoted as determined by a bootstrap errofyaisa The distance is inferred
from the NE2001 free electron density modkd), Ensemble distance measurements using this
model have an estimated error of 25%, although errors favihaal pulsars may be larger.

12



| L | L | L | L | L |

o570 %y

50

r No binary orbit °

Residuals (sec)
—-50
T
€]
|

—-100
(©)

30
T
I

Residuals (us)
0
]
&i
5
-
e
4
—b—
o
e
S,
(==
e
-y
«

50 -50

Full DDGR Timing Solution

1

- ; § é@i g%%@ 284 4y B g o ilig |
: i % b L} B i &7 T % ]

Residuals (us)
0

-50
T
I

T T T T T T T T
0 0.2 0.4 0.6 0.8 1
Orbital Phase

Figure 1. Residual pulse arrival times as a function of atbithase (mean anomaly) for
PSR J19030327 after subtraction of the best-fit timing model. The tigiwesiduals are from
observations made with the Arecibo telescope (blue ciyctee Westerbork Synthesis Radio
Telescope (red triangles), and the Green Bank Telescoper{(grosses), and are defined as ob-
served minus modelopThe measured timing residuals if no orbit is accounted foe fesult-
ing curve is the Roemer delay (i.e. the light-travel timeoasrthe orbit) and its non-sinusoidal
shape shows the large eccentricigy=£ 0.44) of PSR J19030327. The uncertainties on the
data points would be the same as in the lower panels but the iscdifferent by a factor of
10°. Middle The same residuals as in the top panel but with the Roemey dathall general
relativistic delays except for Shapiro delay from the tigygolution in Table 1 remove@®ottom
The timing residuals for the full “DDGR” timing model deslgeid in Table 1 which assumes
that general relativity fully describes the parametershefhinary system32). The weighted
root-mean-square timing residual shown here isi5.9
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Square blue points are double neutron star systems, titemngreen points are pulsars with
main-sequence or massive companions, circular yellowtpaire pulsars with white dwarf or
sub-dwarf companions, and the red star is PSR J1903+032¢h wbcupies a unique place in
the diagram.
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the position of the pulsar based on astrometric calibratroade with the 2MASS catalog. The
star within the error circle is the possible main-sequermeeganion to the pulsar.
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Materials and methods

In the following, we describe several details of the disecpwand follow-up observations of
PSR J19030327 as well as statistical arguments relating to origin giadular cluster or a

triple star system.

Discovery

The survey §J) collects data during 5-min pointings for each of seven tpmss on the sky
using the Arecibo L-band Feed Array (ALFA) receiver and t#ibspectrometers covering 100-
MHz of bandwidth centered at 1400 MHz. The recorded data B&8drequency channels and
a time resolution of 64s. We initially detected PSR J1908327 in September 2006 using a
search pipeline based on the PRESTO suite of pulsar anabfsigare §2, 53 The basic steps
of the pipeline are similar to those of the “quicklook pipeli ($1), except that we process the
data at full resolution in both time and radio frequency, wef@rm extensive radio-frequency
interference excision in the time and frequency domaing,vea look specifically for compact
binary pulsars using linear “acceleration” searct@$.(To remove the dispersive effects of the
interstellar medium, the data were first dedispersed fo2 182l dispersion measures (DMs)
between 0-1003 pccn®. The DM trial values are spaced such that the pulse smeatiag d
to interstellar dispersion is1 ms for all DMs<600 pc cnt?, thereby giving us unprecedented
sensitivity to millisecond pulsars (MSPs) in the disk of @alaxy. We conduct standard period-
icity and acceleration searches by taking the Fast Fourarsform (FFT) of each dedispersed
time series using incoherent harmonic summing of up to 1@barcs. In addition, single-pulse
searches of the data were carried out which were sensittvartsient events in the time domain

with widths in the range 64st0 0.1s
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Timing

Once a pulsar is discovered it is characterized by its mogiSpin parameters and any orbital
parameters. Using the search data these parameters atg paustrained, but they can be
measured to much greater levels of precision by fitting angmodel of the pulsar’s rotation
to the data. Integer numbers of pulsar rotations are fittéxdmn the times-of-arrival of the
observed pulses; in such a “phase connected solution” egtation of the pulsar is accounted
for.

Follow-up timing observations were carried out with Arecdt~1.5 GHz on 22 days be-
tween September 2006 and January 2007 and2at GHz for several days between January
2008 and April 2008, with the Westerbork Synthesis Radie§abpe (WSRT) at1.4 GHz on
14 days between April and December 2007, and with the Greak Belescope (GBT) primar-
ily at ~2.1 GHz between December 2006 and April 2008. The Arecibembsions used the
seven beam ALFA receiver and a Wideband Arecibo Pulsar BsocdWAPP) usually in the
same configuration as used in the survey. The GBT obsergatiaale use of the Green Bank
Pulsar Spigot$5, a digital correlator which synthesized either 768 or 1§8§uency chan-
nels covering 600 MHz of bandwidth and sampled every 84992ndividual GBT observations
were made at 5 and 9 GHz with the Spigot in a mode with 1024 &eqy channels recorded
over 800 MHz of bandwidth and sampled every 81u82WSRT observations used the PUMa
Il data acquisition systen®g) to record eight 20 MHz wide dual polarization bands. Eaaidba
was subsequently analyzed offline by forming a 64-chanrtedi@nt filterbank leading to a final
time resolution of 16.8s.

The timing model parameters shown in Table 1 of the mainlartiere derived from the
best-fit model to the pulse arrival times we obtained with @heve telescopes and instru-
mentation. A timing model using a simple Keplerian orbit\pdes a very poor fit to the

data (reduced< of 29.5 for 327 degrees of freedom [DOF]). The addition of abital pe-
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riastron advances() dramatically improves the fit (reduced-of 2.12 for 326 DOF), giving

w = 2.46(2)x10~*degyr!, but systematic trends remain in the timing residuals. Give
orientation of the orbit, these remaining trends are m&styliexplained by the Shapiro delay:
the delay should have an amplitude of teng®sf an order of magnitude larger than our arrival
time measurement precision, even though most of that sigiiabe covariant with the pro-
jected semi-major axig,sin i. Using the “DDGR” model §7, S8, which assumes that general
relativity correctly describes the dynamics of the systeith Weplerian orbit parameters plus
the total system mass M and the mass of the companion stay, the fit is further improved
(reducedy? = 1.13 for 325 DOF) and results in no visible systematics @rtsiduals (Fig. 1).
In Fig. S1, we show &2 contour map of the mass constraints from the DDGR model.

In order to confirm that this timing is consistent with geneetativity, the “DD” model §9,
$9, a theory independent relativistic description of theitatlparameters, was used separately
fitting for the orbital periastron advance, the companiossrend sine of the inclination angle
(sini). In this fit (reducedy? = 1.12 for 324 DOF) all of the post-Keplerian parameters Whic
are not specific to general relativity are consistent wighgarameters from the general relativity
specific DDGR model at the 1«2level. The timing model parameters for the DD model are

show in Table S1.

Search for a pulsar companion

Given the possibility that this is a double neutron stareystand that the companion is po-
tentially a pulsar, we searched for pulsations from the camgn using several of the early
observations of the system taken at Arecibo. As well as beayeach observation indepen-
dently, we summed power spectra from the individual obsamsa to increase sensitivity. We
dedispersed each observation at the known DM of PSR J1@837. We then removed the

deleterious orbital effects of the system prior to incohdyesumming the power spectra from
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FFTs. The orbital accelerations were calculated and rethbyenoting that the orbital period
and eccentricity of the companion’s orbit are the same a® &R J19030327, but the lon-
gitude of periastron is different by 180 The only unknown parameter in this calculation is
the ratio of the semi-major axes of the pulsar and companiuiohwis the inverse of the ratio
of their masses. A search over a series of trial projected-s&jor axes for the companion
was therefore used, ranging from 60 to 185 light-secondss ditcompasses the range of well-
measured neutron star mass84(). Finally the summed FFT was searched for candidates
using the techniques described above. The search yieldsigmificant candidates.

We set an upper limit on pulsed emission at 1.4 GHz qi 2pfor a period of 2 ms and;2ly
for a period of 200 ms, both at a DM of 297 pctin These upper limits correspond to 1.4 GHz
radio luminosities of 0.8 and 0.4 mJy Kpespectively. Only two percent of all radio pulsars
currently known have luminosities below the latter valuer @on-detection therefore excludes
most of the observable radio pulsar population as a compahid does not of course rule out
a neutron star that is unfavorably beamed away from our lirsggit or rotating too slowly to

be observed as a pulsar.

Optical and infra-red analysis

The field of PSR J1903+0327 was observed with the Near InttdaRager (NIRI) on the Gem-
ini North telescope on July 24, 2007. Dithered series of 6isé@xposures were obtained in the
J, H and K filters, amounting to a total exposure time of 10 minutes chddter. All images
were corrected for dark current and flatfielded using skyflEHt® non-uniform sky distribution
was removed by substracting a sky frame constructed of thegistered science images to re-
move the contributions of stars. After these corrections,itnages taken with the same filter
were registered and averaged.

Astrometry was done relative to the 2MASS catalogiig]), as the small field of view of
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NIRI (2’ x 2) contains no astrometric standards from the UCAC2 catald@L?). A total of 71
2MASS stars coincided with the registered and aver@gdand image and 51 of these were
not saturated and appeared steller and unblended. Aftativiely removing 9 outliers, the final
astrometric calibration has rms residual9Y&¥86 in right ascension an@’094 in declination.
A comparison of the positions of 281 UCAC2 standards coingidvith 2MASS stars within
10’ from the position of PSR J1903+0327 shows no significant dleween the positions in
both catalogues.

Taking the rms uncertainty on both coordinates as a measutkd 1o uncertainty in the
astrometric calibration, we find a single star insidee3 error circle on the pulsar position at
Q2000 = 19203™053796(6) anddyane = 03°27'19719(9), where the uncertainty on the position
is the quadratic sum of the uncertainty in the astrometrythadntrinsic positional uncertainty
of the star in the imagé/(02 in each coordinate). This position if offset from the pulgasition
by 07034(88) in right ascension an@'032(96) in declination.

Photometry was also done relative to the 2MASS catalogugnifizade offsets were deter-
mined and outliers were iteratively removed, leaving 30astars for the photometric calibra-
tion. The calibrations showed no significant dependende stér color. We find that the object
in the error circle hag = 19.22(9), H = 18.41(10) and Ks = 18.03(9).

To estimate the reddening towards PSR J1903+0327, we udedurap stars to trace the
reddening as a function of distan&I). Again using the 2MASS catalogue, we selected 1400
stars withins’ from PSR J1903+0327 and determinedfheK colour of the red clump stars at
different Ks magnitudes using the formalism &14. At the DM-distance of PSR J1903+0327,
d = 6.4(16) kpc (assuming a 25% uncertainty), we constrain the reddeativl,, = 4.9(11).
For this distance and reddening, the intrinsic magnitudeékeostar inside the error circle are
My = 3.8(11), My = 3.5(10) and Mg, = 3.5(10).

Though the metallicity and age of the star are unknown, sthselar metallicity, ages of
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1 Gyr or less and masses between approximately 0.8 and 1v@ilvhave similar absolute mag-
nitudes §15. Stars older than 1 Gyr will have evolved and will match the@ute magnitudes
for lower masses. At 10 Gyr and solar metallicity the masgeatecreases to approximately
0.75to 1.1 M,. For a mass of 1.05 Mas determined from the radio timing, a solar metallicity
star will match the observed absolute magnitudes if the swgss than 6 Gyr.

At the apparent magnitudes, the star is bright enough focalgir infrared spectroscopy to
determine radial velocity variations which would unamlaigsly confirm the star as the binary

companion to PSR J1903+0327.

Globular cluster calculations

While PSR J19030327 is unprecedented in the Galactic plane several MSRscen#ic bi-
naries have been seen in globular clusters (GCs). GCs arenktiobe excellent breeding
grounds for MSPs, with formation rates per unit mad<€)0 times that in the disk3(16, S1Y.
PSR J19030327 may have formed in a GC which was later disrupted, orpest&rom an
existing GC~ 10? yr ago such that they are no longer in the same part of the skypyN6Cs
may have been completely disrupted via gravitational ategons with the disk and bulge over
the course of many orbits in the Galactic potential. As altetheir stars become part of the
Galactic spheroid population (an approximately sphedcsttibution of older stars distributed
in an extension of the central Galactic bulge, with a diamete-10 kpc). Estimates suggest
that over half the spheroid mass could have come from suchpded GCs $1§. Such dis-
ruption should require several Galactic orbits of the G@, pleriods of which are-0.5-1.0
Gyr. However, in the particular case of PSR J190327, we are constrained by the relatively
small characteristic age of the system. Since a charatteage is usually an upper limit on the
true age of a radio pulsa&4), any model involving GC disruption requires a recycledspul

to exchange its companion and acquire an eccentric orbittaqrent GC to then be totally
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disrupted in less thar2 Gyr. This is challenging given the orbital periods of GCs.

By comparing the densities of the spheroid and disk we camatd the probability of
PSR J19030327 being found in the disk but actually being associatet thie spheroid pop-
ulation. Using estimates of the stellar densities at lowaGiad latitudes of both the spheroid

$19 and disk §20) populations, we fin@neroid/paisk = 4.7x107° Mg pe™3/4.3x1072 Mg, pc™3 ~
1 x 1073, Assuming that half of the spheroid mass originated in gitgd GCs, thes2 Gyr age

of PSR J1903-0327 implies thatt20% of that mass could have come from GCs disrupted since
the recycling of the pulsar. Furthermore, if we assume ti@geé GCs produced highly eccentric
binary MSPs~10® times more efficiently per unit mass than the disk, we canalyuestimate
that the probability that PSR J1988327 came from a disrupted GC440%.

We can make a similar estimate of the probability that PSR310327 was ejected from
a GC. The number of GC-ejected PSR J190327-like systems should be roughly the ratio
of the GC system mass (1B1,) to the disk mass (2OM ) times the 18 formation efficiency
factor for highly eccentric binary MSPs times th&0% fraction of pulsars which are eventually
ejected from GCsS2]). The resulting~5% probability again indicates that some GC formation

mechanism for PSR J1908327 is plausible.

Hierarchical triple system calculations

Hierarchical stellar triple systems are common, and sugfst&s may explain the eccentricity
we observe in PSR J1968327. To date no pulsars have been found in other stelldestip
Hierarchical triples contain an inner binary (in this cdse MSP and the-1.05 M., companion
seen in timing at the 95-day orbit) with a third object onnifiat greater distance (in this case,
the main sequence star observed in the infra-red). Here sessashe plausibility of forming
such an end state.

Constraints on the formation of the inner binary are: (i)dori a 2.15-ms MSP there must
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have been a long period of stable mass transfer to spin upetiteom star; (ii) to produce the
wide 95-day orbit the white dwarf progenitor cannot be tossnae, to avoid common-envelope
(CE) evolution and spiral-in; (iii) the star must have beeamssive enough to leave~al.05 M,
white dwarf after final mass transfeé$22. We therefore consider an initial system containing
a central binary formed by a 8 Mprimary; a secondary that is just below CE mass, we shall
here assume 3M and a 0.9 M third star.

A survey of the multiplicity of massive stars in the Orion N ($23 suggests that 80%
of spectroscopic binaries with OB-star primaries have m@thiisual companion. These systems
must survive the supernova that creates the pulsar: the bnary will remain bound given
suitable mass-loss and kick paramet&24. The outer companion can remain bous®)
if its orbital velocity is comparable to the new system vélpof the inner binary (a few tens
of kms™, ($26). The multiplicity survey $23 finds ~5-10% of third companions are close-
in enough to remain bound in the supernova. The semi-majesr aixthis outer orbit may
then increase as mass is lost from the system during thermpsaup phaseS27. In this
hierarchical triple the outer companion cannot unbind tiveer binary, but its orbit evolves
towards a Kozai-cycle resonance with the inner-binarytikedic periastron advance period

$2§. Our above rough estimates of the various fractions coentaira roughly 4% chance that
a given evolved NS-WD binary is part of a hierarchical triptes there are currentlyx50 NS-
WD systems known in Galactic-disk binaries, this simplénegte is consistent with the idea
that PSR J19080327 is the first in such a triple. We do note that this fornragoenario still
faces the difficulty that thus far no other such systems watin la highly recycled pulsar and a
wide-orbit very massive WD companion have been observed.

Two other probability arguments for the detection of thisteyn are not directly related to
the formation plausibility. First, for a system with masd4es4, 1.05 and 0.9 M, a relatively

high inclination of the third star’s orbit > 45°and some eccentricity in the outer orbit, the
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inner-binary eccentricity is higher than= 0.44 for about 20% of the oscillation time@§).
Second, for the line-of-sight acceleration from the thiat $o0 be less than our measutgdhis

third star must currently be close to plane of the sky, tha@igsrobability of which is~5%.
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Timing Parameters Using the DD Model

Right Ascension (J2000) ....... 193" 05:79368(3)
Declination (J2000) ............ 027 19/2220(11)
SpinPeriod(ms) .............. 2.1499123298435(3)
Period Derivative (s/s) ......... 1.879¢20-2°
Dispersion Measure (pc cm) .. 297.537(7)

Epoch of Period (MJD) ........ 54280.0

Orbital Period (days) ........... 95.1741176(2)
Projected Semi-Major Axis (It-s) 105.593459(8)
Eccentricity ................... 0.43667838(5)
Longitude of Periastron ........ 141.652477(3)
Epoch of Periastron (MJD) ..... 54063.8402310(6)
Advance of Periastron (degyr) 2.46(3x10°*

Sine of Orbital Inclination . ..... 0.966(10)
Companion Mass, M(My) .... 1.3(2)

Table S1: Measured and derived parameters for PSR JA®/. The timing parameters
were measured using the DE405 Solar System epheme&@8sand the “DD” timing model
which uses a theory independent relativisitc model to desdhe parameters of the binary
system §£9, S3. A total of 342 pulse arrival times measured between MJ29B63and 54568
were fit. The numbers in parentheses are twice the TEMPCOiegpbo uncertainties in the
least significant digit or digits quoted as determined by atftoap error analysis.
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Figure S1: Ay?-map showing the 1 and 2confidence regions for the total system masg(M
and companion mass @Ylbased on the timing solution presented in Table 1 after klogthe
nominal TEMPO errors. Those errors were within 20% of thet&toap error estimates. The
grey region in the lower right portion of the figure is excldd®y the mass function. The grey
lines show inclinations of 70, 75, 80, and 85 For PSR J19080327, M, is best constrained
from the measurement of the relativistic advance of penast while M, is constrained by a
measurement afin ¢ via the Shapiro delay (see Fig. 1).

28



