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Millisecond pulsars with elliptical orbits

•  MSP: pulsar with a spin period < 20 ms

•  Until 2008, all had been found in orbits 
with very low eccentricities (< 0.002) and 
WD or low-mass companions.

•  PSR J1903+0327 was the first 
exception…

•  e = 0.43!

•  Companion is a 1.03 solar mass MS 
star!!!

•  System formed in triple! (Freire et al. 
2011, Portegies-Zwart et al. 2011)



From: NRAO / Cornell University Press Release



The triple system

•  The GBT 350-MHz drift-
scan survey found a MSP 
in a hierarchical triple! 
(Ransom et al., Nature, 
2014).

•  The system has one MSP 
and two WDs

•  This shows clearly that 
evolution in triple systems 
is not impossibly rare.

•  Evolution was different 
than for J1903+0327: the 
system remained stable 
through many episodes of 
mass transfer!
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2QH�RI�WKH�PDLQ�JRDOV�RI�DQ\�SXOVDU�VXUYH\�LV�WR�ÀQG�QHZ�DQG�LQ-
teresting pulsar systems.  In 2012, we found a relatively bright 
QHZ�PLOOLVHFRQG�SXOVDU��063��VPDFN�LQ�WKH�PLGGOH�RI�$UHFLER·V�
declination range as part of the GBT Driftscan pulsar survey 
IURP������� �$QG� LW� LV�PRVW�FHUWDLQO\�DQ�H[RWLF�DQG� LQWHUHVWLQJ�
system. Our initial observations showed that the pulsar was 
orbited every 1.6 days by a white dwarf star of about 0.2 so-
lar masses.  That in itself is not surprising as we believe that 
millisecond pulsars are effectively created–or recycled as we 
say–when mass is transferred by the red giant precursor to 
the white dwarf onto the neutron star, thereby spinning it up. 
 
What was surprising was that the pulsar’s motion, as measured 
E\� H[TXLVLWHO\� SUHFLVH� SXOVDU� WLPLQJ�� FRXOG� QRW� EH� FRPSOHWHO\�
H[SODLQHG�E\�WKDW�����GD\�RUELW�� �:H�EHJDQ�D�PDVVLYH�REVHUY-
ing campaign with Arecibo, the GBT, and Westerbork (which ob-
VHUYHG�WKH�SXOVDU�HYHU\�GD\�RU�WZR�IRU�RYHU�D�\HDU��WR�ÀJXUH�RXW�
where this other motion was coming from.  It turns out that there 
is an older, cooler, 0.4 solar mass white dwarf orbiting that in-
ner binary every 327 days, making a hierarchical triple system. 

Three-body systems are notorious in physics and astronomy be-
cause, unlike with their two-body counterparts, it is impossible 
to write down simple analytic formulae for their orbits.  Their 
JUDYLWDWLRQDO� LQWHUDFWLRQV�FDQ�EH�LQFUHGLEO\�FRPSOH[�� �<HW�KHUH�
ZH�KDYH�D�V\VWHP�FRPSULVHG�RI�WKUHH�FRPSDFW�REMHFWV��PHDQ-
ing that only gravitational interactions between them are impor-
tant), orbiting on relatively short timescales, and where one of 
them is an incredibly precise clock!  In fact, with Arecibo and the 
QHZ�3833,�EDFNHQG��ZH�FDQ�PHDVXUH�WKH�DUULYDO�WLPHV�RI�SXOV-
es to better than 1 microsecond in only about 10 seconds of 
observing time, which translates roughly to a measurement of 
the pulsar’s position to better than a kilometer while it is mov-
ing on orbits which are tens of millions of kilometers across! 
 
-XVW� UHFHQWO\��ZH� IXOO\� ´VROYHGµ� WKH� FRPSOH[�RUELWV�RI� WKH� V\V-
tem using high-precision three-body integrations of the gravi-
tational equations of motion matched to our timing obser-
YDWLRQV�� � 7KH� PDVVHV� RI� DOO� WKUHH� REMHFWV� DUH� PHDVXUHG� WR�
better than a part in 10,000, the inclinations of both orbits 
are measured to about a hundredth of a degree (and, sur-
SULVLQJO\�� DUH� DOPRVW� SHUIHFWO\� FR�SODQDU��� DQG� WKH� FRPSOH[�

gravitational interactions are seen with high-signif-
icance over time scales as short as a single day. 
 
In addition, the inner white dwarf is hot and opti-
cally bright, and members of our team have made 
beautiful photometric and spectroscopic obser-
vations of it, measuring its radial velocity (which 
matches predictions from pulsar timing), surface 
gravity and temperature. We have also detected the 
pulsar with the VLBA and a campaign is underway 
WR�PHDVXUH�D�KLJK�SUHFLVLRQ�SDUDOOD[�GLVWDQFH� WR� WKH�
SXOVDU� ZLWKLQ� WKH� QH[W� \HDU�� �:LWK� D� NQRZQ� GLVWDQFH�
DQG�PDVVHV�� -���������� ZLOO� OLNHO\� EHFRPH� DQ� LP-
portant calibration point for white dwarf models. 
 
The system is already one of the highest preci-
VLRQ� H[DPSOHV� RI� D� JUDYLWDWLRQDO� WKUHH�ERG\� V\VWHP�
NQRZQ� �H[FHSW� SHUKDSV� IRU� WKH� (DUWK�0RRQ�6XQ�
system, which is dramatically complicated by the 
non-compactness of the bodies), and continued tim-
ing observations may allow high-precision tests of 
parts of General Relativity and inclusion into NANO-
Grav for gravitational wave detection.  Finally, the 
complicated evolution of the system, involving the 
“deaths” of three main-sequence stars, will provide 
fodder for astrophysical studies for years to come. 
 
 

Figure caption: A schematic of the millisecond pulsar triple-system 
-������������7KH�SXOVDU�VSLQQLQJ�HYHU\�����PLOOLVHFRQGV�LV�RUELWHG�HYHU\�
����GD\V�E\�D�a�����VRODU�PDVV�ZKLWH�GZDUI��DQG�WKDW�LQQHU�V\VWHP�LV�
RUELWHG�HYHU\�����GD\V�E\�D�a�����VRODU�PDVV�ZKLWH�GZDUI��7R�KHOS�ZLWK�D�
sense of scale, the distance from the Earth to the Sun is about 500 light-
seconds (lt-sec), while the radius of the Sun itself is only 2.3 lt-sec.

A Millisecond Pulsar in a Stellar Triple System

$XWKRUV��6FRWW�5DQVRP��,QJULG�6WDLUV��-DVRQ�+HVVHOV��$QQH�$UFKLEDOG��'DYLG�.DSODQ��0DUWHQ�YDQ�.HUNZLMN��-DVRQ�%R\OHV��$GDP�
Deller and the members of the GBT Driftscan Survey team. 



More discoveries

•  Three different surveys (HTRU-N, PALFA and AO327) have recently discovered three more 
MSPs with eccentric orbits. An example of striking beauty is PSR J2234+0611, which as timing 
precision of 218 ns (in 1.5 minute pointings!) and is relatively nearby – thus allowing for good 
optical follow-up.
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More discoveries 

The new systems are:







P (ms) Pb (days) e Mc (M¤) Survey
PSR J1946+3417 3.1 27 0.13 0.24 HTRU-N
PSR J1950 4.3 22 0.08 0.24 PALFA (NEW!)
PSR J2234+0611 3.6 32 0.13 0.23 AO327
PSR J1903+0327 2.2 95 0.44 1.03 PALFA
PSR J0337+1715 2.7 1.6/327 0.00/0.035 0.19/0.41 GBT 350MHz 

Drift scan



Phinney (1992) 
Phinney & Kulkarni (1994) 

no  mass transfer after SN  

Circularization 
by tidal forces  

Eccentric MSPs:  PSR J2234+06        (Deneva et al. 2013) 
                        PSR J1946+3417    (Barr et al. 2013) 

                              PSR J1950+2414    (Knispel et al. 2014) 



Kozai-mechanism:



  is conserved

Did they form in triples?

21 coszL e i= −

crit
z zL L< → Kozai oscillations

Inclination can 

be ”traded” for 

eccentricity



More discoveries 

… but then, why the regularity in the orbital parameters?





P (ms) Pb (days) e Mc (M¤) Survey
PSR J1946+3417 3.1 27 0.13 0.24 HTRU-N
PSR J1950+2414 4.3 22 0.08 0.24 PALFA
PSR J2234+0611 3.6 32 0.13 0.23 AO327
PSR J1903+0327 2.2 95 0.44 1.03 PALFA
PSR J0337+1715 2.7 1.6/327 0.00/0.035 0.19/0.41 GBT 350MHz 

Drift scan
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ABSTRACT
Millisecond pulsars (MSPs) are believed to be old neutron stars, formed via Type Ib/c core-
collapse supernovae, which have subsequently been spun up to high rotation rates via accretion
from a companion star in a highly circularized low-mass X-ray binary. The recent discoveries
of Galactic field binary MSPs in eccentric orbits, and mass functions compatible with that
expected for helium white dwarf companions, PSR J2234+06 and PSR J1946+3417, therefore
challenge this picture. Here, we present a hypothesis for producing this new class of systems,
where the MSPs are formed directly from a rotationally delayed accretion-induced collapse of a
super-Chandrasekhar mass white dwarf. We compute the orbital properties of the MSPs formed
in such events and demonstrate that our hypothesis can reproduce the observed eccentricities,
masses and orbital periods of the white dwarfs, as well as forecasting the pulsar masses and
velocities. Finally, we compare this hypothesis to a triple-star scenario.

Key words: stars: neutron – pulsars: general – stars: rotation – supernovae: general – white
dwarfs – X-rays: binaries.

1 IN T RO D U C T I O N

Almost since the discovery of PSR B1937+21, the first millisecond
pulsar (MSP; Backer et al. 1982), it has been suggested that these
objects are old neutron stars spun up to high spin frequencies of
several hundred Hz via accretion of mass and angular momentum
from a companion star (Alpar et al. 1982; Bhattacharya & van den
Heuvel 1991). In this so-called recycling phase, the system is first
observable as a low-mass X-ray binary (LMXB, e.g. Bildsten et al.
1997), later as an accreting X-ray MSP (Wijnands & van der Klis
1998), or even as an MSP in the transition phase between an accre-
tion powered MSP and a rotation powered radio MSP (Archibald
et al. 2009; Tauris 2012; Papitto et al. 2013).

An inevitable consequence of a long phase (108–109 yr) of recy-
cling in an LMXB, where tidal forces operate, is that it should
leave a fossil record of a highly circular system (Phinney &
Kulkarni 1994). And indeed, until recently, all of the more than
100 observed, fully recycled MSPs (here defined as pulsars with
spin periods less than 20 ms), in binaries with helium white dwarf
(He WD) companions and located outside of globular clusters, have
very small eccentricities in the range e = 10!7–10!3 (ATNF Pul-
sar Catalogue; Manchester et al. 2005). Pulsar systems in globular
clusters, on the other hand, often have their orbits perturbed after
the recycling phase terminates because of their location in a dense
environment (Rasio & Heggie 1995; Heggie & Rasio 1996). Until

! E-mail: pfreire@mpifr-bonn.mpg.de (PCCF); tauris@astro.uni-bonn.de
(TMT)

the start of 2013, the only known fully recycled MSP with a high
eccentricity, and located in the Galactic field, was PSR J1903+0327
(e = 0.44; Champion et al. 2008). This MSP has a G-type main-
sequence companion star and is thought to have originated from a
hierarchical triple system that ejected one of its members (Freire
et al. 2011; Portegies Zwart et al. 2011; Pijloo, Caputo & Portegies
Zwart 2012).

1.1 Discovery of MSPs in eccentric orbits

Recently, Deneva et al. (2013) presented the discovery of PSR
J2234+06 and soon afterwards Barr et al. (2013) announced the dis-
covery of PSR J1946+3417. PSR J2234+06 and PSR J1946+3417
are of special interest because they resemble each other and share
very unusual properties. Both of these Galactic field pulsars (see
Table 1) have a spin period, P " 3 ms, an orbital period, Porb " 30 d
and a companion mass, M2 " 0.24 M#. All these values are within
typical ranges expected for MSPs with He WD companions. How-
ever, both of these MSP binaries are also eccentric, e " 0.13, which
is unusual and unexpected from current formation theories of MSPs,
as explained above. Therefore, it is clear that these system must have
a formation history which is different from the ‘normal’ MSP-WD
systems in the Galactic field.

We notice that the two median expectations for the companion
masses of PSR J2234+06 and PSR J1946+3417 are very similar to
each other and fairly close to the values expected from the correla-
tion between WD mass and orbital period for post-LMXB systems
(e.g. Tauris & Savonije 1999); if the unknown orbital inclination

C$ 2013 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society

 at M
PI R

adio A
stronom

y on January 20, 2014
http://m

nrasl.oxfordjournals.org/
D

ow
nloaded from

 



A new evolutionary scenario

We suggest the possibility that MSPs might form directly from the collapse of a fast-rotating 
WD. Previous work by Tauris et al. 2013, A&A, 558, A39 assumes that accretion goes on, 
creating a circular system. In this work, accretion ceases before AIC.



critJ

R-mode instabilities (Lindblom 1999)

loss of spin ang.mom
(r-mode instabilities,

 magnetic dipole radiation))



A new evolutionary scenario

Our scenario can reproduce the features of these systems very neatly – particularly the 
eccentricities, which are given by e = Δm / Mt ~ 0.1.



Tests

We predict that:

•  Companions should be faint WDs

1.  One confirmed: PSR J2234+0611.

•  They should have masses as given by the Tauris & Savonije (1999, A&A, 350, 928) relation.

•  The MSP masses should be low, between 1.24 and 1.31 M¤ (These will be measured precisely 
very soon! Systems are eccentric, which makes it very easy), IF pre-collapse WD rotation is rigid.

•  The spatial velocities of these systems should be very small. Proper motions easily measurable, 
3-D velocities only possible when radial velocity of companion WD is measured.



What we will learn if this scenario is correct:

•  Average mass loss in AIC SNe, 
which should give us a strict upper 
bound on the gravitational binding 
energy of NSs – important for the 
study of the equation of state!

•  Average kicks of EC SNe – these 
must be small (~2 km/s), otherwise 
we should not see this concentration 
at eccentricities of ~0.1. 





The end



Reference slides



“Centisecond” and Millisecond Pulsars

•  The main difference between normal and 
recycled pulsars is not merely the spin period, 
which is faster for the second class. Recycled 
pulsars also spin down much more slowly.

•  Furthermore, many more of them are in binary 
systems!

•  The fast-spinning objects (P < 8 ms) - the 
millisecond pulsars (MSPs) are either isolated 
or have light white dwarf companions and low-
eccentricity orbits.

•  Some of the slower-spinning recycled pulsars 
(8 < P < 110 ms) - the “centisecond” pulsars 
(CSPs) are either isolated, or they have a 
massive white dwarf or a neutron star 
companion. The orbits for these systems are 
generally eccentric!



Normal Pulsars and Millisecond Pulsars

•  The differences among the recycled pulsars 
reflect different evolution scenarios!

•  If the companion is massive, accretion won’t 
last long - mildly recycled pulsar (CSP). The 
massive companion then goes supernova, 
producing a double neutron star system 
(DNS) with an eccentric orbit.

•  If companion is not so massive, it will evolve 
to a white dwarf. In this case, accretion lasts 
much longer! Resulting pulsar should spin 
much faster and it should be much more 
massive. Resulting orbit should be very 
circular, as observed for the vast majority of 
MSPs in the Galaxy.

From: Duncan Lorimer’s Living Review on Binary and Millisecond Pulsars



A strange binary system

•  With a spin period of 2.15 ms, PSR J1903+0327 
was the first millisecond pulsar (MSP) 
discovered in Arecibo’s ALFA pulsar survey.

•  It is in a 95-day binary system. Its mc ~ 1.0 M¤ 
companion is by far the most massive of any 
MSP with a similar spin period.

•  It is the first millisecond pulsar in the disk of the 
Galaxy to have an eccentric orbit: e = 0.44. All 
other MSPs in binary systems have e < 0.002 
(Champion et al., Science, 320, 1309).

•  It is very difficult to explain the formation of such 
a binary system with previous stellar evolution 
theory.  Even more because the companion is a 
MS star! (Freire et al. 2011, MNRAS, 412, 2763). From: Champion et al., Science, 320, 1309 (2008)



The origin of PSR J1903+0327

•  Galactic motion of PSR J1903+0327 
excludes an exchange interaction origin, 
which can only happen in an environment 
with a very high stellar density (like globular 
clusters or the Galactic centre)

•  Timing and optical observations exclude the 
possibility of a complex system at present.

•  System likely originated as a triple (Freire et 
al. 2011, MNRAS, 412, 2763, Portegies-
Zwart et al. 2011, ApJ, 734, 55). 

Previous donor was accretting into proto-MSP. 
Orbit widened, and system became dynamically 
unstable. Eventually, donor star (being the 
lightest in the system) was ejected. �
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