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Why measure NS masses (and radii)?
• Neutron stars represent a 

location in the quark matter 
phase diagram that is not 
being probed by heavy ion 
collision experiments!

• Their macroscopic quantities, 
like mass and radius, depend 
on the microscopic behaviour 
of the very dense matter in 
their cores.

Picture in: Bernd-Jochen et al. Prog.Part.Nucl.Phys. 62 (2009) 381
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The Problem:

• No one knows in what form is matter in the 
core of a neutron stars!

• Many guesses being made, which lead to 
different relations for the mass and radius!
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What these masses mean
Figure by Norbert Wex. See http://www3.mpifr-bonn.mpg.de/staff/pfreire/NS_masses.html
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The Instrument...
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Why are binary pulsars so exciting?

• In a binary pulsar, having a clock in the 
system allows us to measure the range 
relative to the center of mass of the binary.

• The 5 Keplerian orbital parameters 
derived from pulsar timing are thousands 
of times more precise than derived from 
Doppler measurements – with the same 
measurements!

• This feature is unique to pulsars, and is 
the fundamental reason why they are 
superior astrophysical tools.

• This is the reason why I am giving this talk 
here!

• Plus: two point masses! Clean system!!
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Why are binary pulsars so exciting?
• Number of rotations between 52872.01692 and 55813.95899 (SSB): 43 449 485 656 ± 0.

• Spin period (today, MJD 57406, at 9:00): 0.005850095774916893 ± 0.000000000000000005 s                                                                                         

• Orbital period (Pb): 8h 30m 53.9199264 ± 0.0000003 s 

• Semi-major axis of the pulsar’s orbit, projected along the line of sight (x): 102957453 ± 6 m. 

• Eccentricity (e): ( 3 ± 1) × 10−7. This means that the orbit deviates from a circle by (5 ± 3) µm!

• Proper motion: 7.037 ± 0.005 mas yr−1, 5.073 ± 0.012 mas yr−1, parallax: 0.68 ± 0.05 mas.

• Orbital decay: −(25.9 ± 3.2) × 10−15 ss−1 (or 0.8 ± 0.1 µs yr−1!) - See Freire et al. 2012, MNRAS, 
423, 3328.
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The mass function
• For most binary pulsars, all we have are 

the Keplerian parameters and all we can 
derive if the mass function:

• One equation, three (known) 
unknowns! :-(
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Precession of Periastron
• IF a binary pulsar is compact and 

eccentric – which the DNS J0737−3039 
certainly is – the timing precision allows 
the measurement of several relativistic 
effects.

• The periastron of PSR J0737−3039 
advances 16.89947 degrees/year.
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The Einstein delay
• Einstein delay also measured: 0.3856 ms 

(from time running slower at periastron)

• Enough for mass determination!

• All assuming GR is the correct theory of 
gravity.
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Newtonian physics
Prediction of GR's quadrupole emission

The orbital decay
• Orbital decay due to GW emission 

measured very precisely!

• Test of GR!! Theory passes the test!!
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The Shapiro delay
• Orbit is edge-on!

• Two more tests of GR (companion mass 
and sine of orbital inclination)!

•  Theory successful again!

actually includes parts of the plane disallowed
by the Keplerian mass functions of both pulsars
(see Fig. 1). To derive legitimate predictions for
the various parameters, we used the following
Monte Carlo method. A pair of trial values for
ẇ and xB (and hence R and the B mass func-
tion) is selected from Gaussian distributions
based on the measured central values and un-
certainties. (The uncertainty on xA is very small
and is neglected in this procedure.) This pair of
trial values is used to derive trial masses mA

and mB, using the GR equation ẇ 0 3(Pb/2p)j5/3

(TRM)
2/3 (1j e2)j1, where e is the orbital eccen-

tricity and M 0 mA þ mB and TR K GMR/c
3 0

4.925490947 ms, and the mass-ratio equation
mA/mB 0 xB/xA. If this trial mass pair falls in

either of the two disallowed regions (based on
the trial mass function for B), it is discarded.
This procedure allows for the substantial uncer-
tainty in the B mass function. Allowed mass
pairs are then used to compute the other PK
parameters, assuming GR. This procedure is
repeated until large numbers of successful trials
have accumulated. Histograms of the PK pre-
dictions are used to compute the expectation
value and 68% confidence ranges for each of
the parameters. These are the values given in
Table 2.

The Shapiro delay shape illustrated in Fig. 2
gives the most precise test, with sobserved/spredicted 0
0.99987 T 0.00050 (21). This is by far the best
available test of GR in the strong-field limit,

having a higher precision than the test based on
the observed orbit decay in the PSR B1913þ16
system with a 30-year data span (22). As for the
PSR B1534þ12 system (6), the PSR J0737-
3039A/B Shapiro-delay test is complementary
to that of B1913þ16 because it is not based on
predictions relating to emission of gravitational
radiation from the system (23). Most important,
the four tests of GR presented here are qual-
itatively different from all previous tests be-
cause they include one constraint (R) that is
independent of the assumed theory of gravity at
the 1PN order. As a result, for any theory of
gravity, the intersection point is expected to lie
on the mass ratio line in Fig. 1. GR also passes
this additional constraint.

In estimating the final uncertainty of xB and
hence of R, we have considered that geodetic
precession will lead to changes to the system
geometry and hence changes to the aberration of
the rotating pulsar beam. The effects of aber-
ration on pulsar timing are usually not separately
measurable but are absorbed into a redefinition
of the Keplerian parameters. As a result, the ob-
served projected sizes of the semimajor axes,
xobsA,B, differ from the intrinsic sizes, xintA,B, by
a factor (1 þ eA

A,B). The quantity eA depends
for each pulsar A and B on the orbital period, the
spin frequency, the orientation of the pulsar spin,
and the system geometry (12). Although aberra-
tion should eventually become detectable in the
timing, allowing the determination of a further
PK parameter, at present it leads to an undeter-
mined deviation of xobs from xint, where the latter
is the relevant quantity for the mass ratio. The
parameter eAA,B scales with pulse period and is
therefore expected to be two orders of magnitude
smaller for A than for B. However, because of
the high precision of the A timing parameters,
the derived value xobsA may already be signifi-
cantly affected by aberration. This has (as yet) no
consequences for the mass ratio R 0 xobsB/x

obs
A,

as the uncertainty in R is dominated by the much
less precise xobsB. We can explore the likely
aberration corrections to xobsB for various pos-
sible geometries. Using a range of values given
by studies of the double pulsar’s emission
properties (24), we estimate eAA È 10j6 and
eAB È 10j4. The contribution of aberration
therefore is at least one order of magnitude
smaller than our current timing precision. In the
future this effect may become important, pos-
sibly limiting the usefulness of R for tests of
GR. If the geometry cannot be independently
determined, we could use the observed devia-
tions of R from the value expected within GR
to determine eAB and hence the geometry of B.

Space motion and inclination of the orbit.
Because the measured uncertainty in Ṗb de-
creases approximately as Tj2.5, where T is the
data span, we expect to improve our test of the
radiative aspect of the system to the 0.1% level
or better in about 5 years’ time. For the PSR
B1913þ16 and PSR B1534þ12 systems, the
precision of the GR test based on the orbit-

Table 2. Four independent tests of GR provided by the double pulsar. Observed PK parameters
were obtained by fitting a DDS timing model to the data. Values expected from GR take into
account the masses determined from the intersection point of the mass ratio R and the periastron
advance ẇw. Uncertainties refer to the last significant digits and were determined using Monte Carlo
methods.

PK parameter Observed value Expected value from GR
Ratio of observed
to expected value

ṖPb 1.252(17) 1.24787(13) 1.003(14)
g (ms) 0.3856(26) 0.38418(22) 1.0036(68)
s 0.99974(j39,þ16) 0.99987(j48,þ13) 0.99987(50)
r (ms) 6.21(33) 6.153(26) 1.009(55)
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Fig. 2. Measurement of a Shapiro delay demonstrating the curvature of space-time. Timing residuals
(differences between observed and predicted pulse arrival times) are plotted as a function of orbital
longitude and illustrate the Shapiro delay for PSR J0737-3039A. (A) Observed timing residuals after a
fit of all model parameters given in Table 1 except the Shapiro-delay terms r and s, which were set to
zero and are not included in the fit. Although a portion of the delay is absorbed in an adjustment of the
Keplerian parameters, a strong peak at 90- orbital longitude remains clearly visible. This is the orbital
phase of A’s superior conjunction (i.e., when it is positioned behind B as viewed from Earth), so that its
pulses experience a delay when moving through the curved space-time near B. The clear detection of
structure in the residuals over the whole orbit confirms the detection of the Shapiro delay, which is
isolated in (B) by holding all parameters to their best-fit values given in Table 1, except the Shapiro
delay terms (which were set to zero). The red line shows the predicted delay at the center of the data
span. In both cases, residuals were averaged in 1- bins of longitude.
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The other pulsar
• The other neutron star is also visible as a 

pulsar (PSR J0737−3039B)!

• R = mA / mB = xB / xA

• Fourth test: GR still works!
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Take away points
• In GR, only the masses enter as a parameters in the description of these effects, at least to 

leading PN order. To measure moment of inertia, we will need to go beyond LO (possible in the 
double pulsar).

• It is nice to have systems like the double pulsar to test GR / to cross-check the mass 
measurement techniques - they can really produce very precise (and consistent) results.
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Double neutron star mass measurements

–
4
–

Table 1: Double neutron star systems known in the Galaxy
Pulsar Period Pb x e M Mp Mc References

(ms) (days) (lt-sec) (M!) (M!) (M!)

J0737−3039A 22.699 0.102 1.415 0.0877775(9) 2.58708(16) 1.3381(7) 1.2489(7) 1
J0737−3039B 2773.461 1.516
J1518+4904 40.935 8.634 20.044 0.24948451(3) 2.7183(7) - - 2
B1534+12 37.904 0.421 3.729 0.27367740(4) 2.678463(4) 1.3330(2) 1.3454(2) 3
J1753−2240 95.138 13.638 18.115 0.303582(10) - - - 4
J1756−2251 28.462 0.320 2.756 0.1805694(2) 2.56999(6) 1.341(7) 1.230(7) 5
J1811−1736 104.1 18.779 34.783 0.82802(2) 2.57(10) - - 6
J1829+2456 41.009 1.760 7.236 0.13914(4) 2.59(2) - - 7
J1906+0746* 144.073 0.166 1.420 0.0852996(6) 2.6134(3) 1.291(11) 1.322(11) 8
B1913+16 59.031 0.323 2.342 0.6171334(5) 2.8284(1) 1.4398(2) 1.3886(2) 9
J1930−1852 185.520 45.060 86.890 0.39886340(17) 2.59(4) - - 10
J0453+1559 45.782 4.072 14.467 0.11251832(4) 2.734(3) 1.559(5) 1.174(4) This Letter

Globular cluster systems

J1807−2500B* 4.186 9.957 28.920 0.747033198(40) 2.57190(73) 1.3655(21) 1.2064(20) 12
B2127+11C 30.529 0.335 2.518 0.681395(2) 2.71279(13) 1.358(10) 1.354(10) 13

Note. — 1: Burgay et al. (2003) & Kramer et al. (2006), 2: Janssen et al. (2008), 3: Wolszczan (1991) &
Fonseca et al. (2014), 4: Keith et al. (2009), 5: Faulkner et al. (2005) & Ferdman et al. (2014), 6: Corongiu
et al. (2007), 7: Champion et al. (2004) & Champion et al. (2005), 8: Lorimer et al. (2006) & van Leeuwen
et al. (2015), 9: Hulse & Taylor (1975) & Weisberg et al. (2010), 10: Swiggum et al. (2015), 12: Lynch et al.
(2012), 13: Anderson et al. (1989) & Jacoby et al. (2006)
* Note: there is some uncertainty on whether these systems are DNSs.
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New DNS mass measurement.
• PSR J0453+1559 (Martinez 

et al., ApJ. 812, 143, 2015)

• This is the first asymmetric 
DNS! Mp = 1.559(5) M⦿,      
Mc = 1.174(4) M⦿.

• If tighter systems like this 
are found, this has 
profound implications for 
the formation of heavy 
elements in the Universe!
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Old and new trends

• Total of 15 systems known might be DNSs, but three of these are doubtful. Outside globular 
clusters, there are now 13 systems, but two of them are doubtful.

• They can be born with a range of masses that is much wider than previously thought!

• Most DNSs discovered recently have low eccentricities, and many of the recently discovered 
NSs in them have relatively low masses.
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DNSs and millisecond pulsars
• By millisecond pulsar we mean 

something that spins really fast - 
NOT the recycled pulsars in DNS 
systems, but the few ms pulsars 
in the circular pulsar-WD 
systems.

• It is thought that these could be 
more massive, given the much 
longer accretion episode! So, we 
REALLY WANT TO DO THIS
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Measuring MSP masses: It’s hard!

• Timing precision is much higher, BUT

• Measuring masses much more difficult since generally orbits are so circular! This means that 
precession of periastron and Einstein delay (which provide precise mass measurements for most 
DNSs) are not available.

• Solutions: 1) Pulsars in globular clusters / 2) Measurements of Shapiro delay / 3) Find unusually 
eccentric systems / 4) do spectroscopy (see John Antoniadis’ talk). 
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Solution 1: Pulsars in globular clusters

Image courtesy of Scott M. Ransom
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Solution 1. Pulsars in Globular clusters

• Unlike Galaxy, pulsars in globular clusters 
are mostly MSPs in binary systems

• they have more eccentric orbits! This is 
due to the high stellar densities and the 
high probability of stellar encounters that 
change the shape of the orbit.

• These eccentric orbits allow the 
measurements of the precession of 
periastron - and perhaps something more.

• ... but not much. Wider orbits are the most 
affected, therefore other effects weaker.

• Shapiro delay difficult to measure: these 
pulsars are faint.
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Timing of GC binaries. I. 47 Tuc H

• The rate of advance of periastron allows an 
estimate of the total system mass for many 
GC binary MSPs.

• PSR J0024-7204H: (1.61±0.04) M⦿ (Freire et 
al. 2003, MNRAS, 340, 1359). 

• The pulsar mass can not be larger than 1.52 
M⦿, the companion has a mass larger than 
0.16 M⦿.

• This was the first measurement showing that 
the recycling of a MSP can be accomplished 
with ~0.1 M⦿.

From: Freire et al., 2003, MNRAS. 340, 1359
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Timing of GC binaries.II. NGC 6544B

• PSR J1807-2500B is a MSP 
with a spin period of 4.18 
ms.

• Pb = 9.95667 days, x = 
28.9204 s, e = 0.74702.

• Precise masses derived from 
precession of periastron and 
Shapiro delay, as in the case 
of J0453+1559:                                 
Mp = 1.3655(21) M⦿                     
Mc = 1.2064(20) M⦿             
(Lynch, Freire, Ransom & 
Jacoby 2012, ApJ, 745, 109)

• Possible DNS! Only one with 
a MSP, since it was formed 
in an exchange encounter.
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MSP Ensemble

• Statistical evidence in 2008 was already 
suggesting that millisecond pulsars have 
a much broader mass range than 
previously thought - by a factor of two!

• Massive NSs are not rare!

• This is much wider than observed for the 
neutron stars in double neutron star 
systems, even now.

• The likely reason for this is the accretion 
of material into the neutron star that was 
needed to recycle it into a millisecond 
pulsar.
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Confirmed!!!

Confirmed!!!

Not clear!
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Solution 2. Shapiro delay

• Shapiro delay still measurable for circular orbits.

• Requires good timing precision and high 
inclination and preferably high companion 
masses - difficult for MSPs with He WD 
companions

• First detection of Shapiro delay: PSR B1855+09

• No precise mass measurement: combination of 
timing accuracy and high inclination not there 
yet.

• Same for many of the early MSPs (like e.g., 
J1713+0747)
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A precise MSP mass

• PSR J1909−3744 is a MSP with a 
spin period of 2.947 ms - and one 
of the most precise timers known.

• Pb = 1.533 d, e = 0.000000135(15)

• i = 86.58(11) degrees!

• Precise masses derived from 
Shapiro delay only:                      
Mp = 1.438(24) M⦿                       
Mc = 0.2038(23) M⦿             
(Jacoby et al. 2005, ApJL, 629, 
113)

L114 JACOBY ET AL. Vol. 629

TABLE 1
Improved Parameters of the PSR J1909!3744 System

Parameter Valuea

R.A., . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .aJ2000
h m s19 09 47.4379988(6)

Decl., . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .dJ2000
′!37!4414!.31841(4)

Proper motion in a, (mas yr!1) . . . . . . . . . . . .ma !9.470 (11)
Proper motion in d, (mas yr!1) . . . . . . . . . . . . .md !35.76 (8)
Annual parallax, p (mas) . . . . . . . . . . . . . . . . . . . . . . 0.88 (3)
Pulse period, P (ms) . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.947108021647488 (3)
Period derivative, (10!20) . . . . . . . . . . . . . . . . . . . .Ṗ 1.40258 (4)
Reference epoch (MJD) . . . . . . . . . . . . . . . . . . . . . . . . 53000.0
Dispersion measure, DM (pc cm!3) . . . . . . . . . . . 10.39392 (6)
Binary period, (days) . . . . . . . . . . . . . . . . . . . . . . .Pb 1.533449450441 (10)
Projected semimajor axis, (lt-s) . . . . . . . .a sin i 1.89799117 (4)

(10!7) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .e sin q 0.56 (18)
(10!7) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .e cos q !1.24 (10)

Time of ascending node, (MJD) . . . . . . . . . .Tasc 53000.4753280898 (13)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .sin i 0.99822 (11)

Companion mass, ( ) . . . . . . . . . . . . . . . . . . . .m Mc , 0.2038 (22)

Derived Parameters

Pulsar mass, ( ) . . . . . . . . . . . . . . . . . . . . . . . . . .m Mp , 1.438 (24)
Mass function, . . . . . . . . . . . . . . . . . . . . . . . . . . . .f(m) 0.0031219531 (2)
Range of Shapiro delay, r (ms) . . . . . . . . . . . . . . . . 1.004 (11)
Orbital inclination, i (deg) . . . . . . . . . . . . . . . . . . . . . "0.1186.58!0.10
Orbital eccentricity, e (10!7) . . . . . . . . . . . . . . . . . . . 1.35 (12)
Longitude of periastron, q (deg) . . . . . . . . . . . . . . 155.7452858095" 7
Time of periastron, . . . . . . . . . . . . . . . . . . . . . . . . .T0 53001.13873788" 0.03
Parallax distance, (kpc) . . . . . . . . . . . . . . . . . . . . .dp

"0.041.14!0.03
Transverse velocity, (km s!1) . . . . . . . . . . . . . .v⊥

"7200!6
Intrinsic period derivative, (10!20)b . . . . . . .Ṗint 0.28 (4)
Surface magnetic field, (108 G)b . . . . . . . . . .Bsurf "0.060.92!0.07
Characteristic age, (Gyr)b . . . . . . . . . . . . . . . . . . .tc

"316!2
Galactic longitude, l (deg) . . . . . . . . . . . . . . . . . . . . . 359.73
Galactic latitude, b (deg) . . . . . . . . . . . . . . . . . . . . . . !19.60
Distance from Galactic plane, (kpc) . . . . . .FzF 0.383 (12)

a Figures in parentheses are uncertainties in the last digit quoted. The
formal error calculated by TEMPO is taken as the 1 j uncertainty, except
as described in § 2.1; all quoted uncertainties correspond to the 68.3%
confidence interval.

b Corrected for secular acceleration based on measured proper motion
and parallax

Fig. 1.—High-precision timing residuals for PSR J1909!3744. Filled circles
represent TOAs from the 1341 MHz band, while open squares denote the
1405 MHz band. (a) Residuals vs. observation epoch for best-fit model taking
Shapiro delay fully into account (Table 1). (b) Residuals vs. orbital phase for
best-fit Keplerian model. Some of the Shapiro delay signal is absorbed in an
anomalously large Roemer delay and eccentricity. (c) Residuals vs. orbital
phase for the best-fit model, but with the companion mass set to zero (i.e.,
the correct Keplerian orbit, but neglecting Shapiro delay). (d) Residuals vs.
orbital phase for the best-fit model taking Shapiro delay fully into account
(Table 1).

of arrival (TOAs) were accomplished in the usual manner using
the PSRCHIVE6 suite. Because of roll-off of the anti-aliasing
filters, 8 MHz was removed from each band edge prior to
formation of dedispersed total intensity profiles, giving a final
bandwidth of 48 MHz per band. To avoid averaging over phe-
nomena that vary on orbital timescales, observations longer
than 10 minutes were broken into 10 minute segments. Finally,
TOAs were calculated by cross-correlation with a high signal-
to-noise ratio template profile, formed by summing a total of
5.4 days of integration in the 1341 MHz band. Arrival times
with uncertainty 11 ms were excluded from further analysis.
Our final data set contains 1730 TOAs, roughly half of which
come from each of our two frequency bands.
We used the standard pulsar timing package TEMPO7, along

with the Jet Propulsion Laboratory’s DE405 ephemeris, for all
timing analysis. TOAs were corrected to UTC (NIST). Using
the TOA uncertainties estimated from the cross-correlation pro-
cedure, our best-fit timing model had reduced , indi-2x ! 1.2
cating that our arrival time measurements are relatively free of
systematic errors. In our final analysis, these TOA uncertainties
were scaled by a factor of 1.1 to achieve a reduced and2x ! 1
improve our estimate of uncertainties in model parameters. Be-
cause TEMPO estimates parameter uncertainties based on the
assumption that the reduced is unity, and because TOA un-2x
certainties normally must be scaled by significantly larger factors
to satisfy this assumption, it has become customary to take twice
the formal error from TEMPO as the 1 j uncertainty to com-
pensate for systematic errors. We have not followed this practice

6 See http://astronomy.swin.edu.au/pulsar/software/libraries.
7 See http://pulsar.princeton.edu/tempo.

as our scaling factor is nearly unity. Because of the system’s
low eccentricity (e), we used the ELL1 binary model, which
replaces the longitude of periastron (q), time of periastron ( ),T0
and e with the time of ascending node ( ) and the Laplace-Tasc
Lagrange parameters and (Lange et al. 2001).e sin q e cos q
The resulting parameter values are all consistent with those ob-
tained using the DD model (Damour & Deruelle 1985; Damour
& Deruelle 1986), although the estimated uncertainties of several
orbital parameters differ significantly. We give the results of our
timing analysis in Table 1. Although the rms timing residual
could be lowered to 74 ns by integrating our daily observations,
high time resolution around superior conjunction was vital in
mapping the Shapiro delay of the pulsar. The weighted rms
residual of only 230 ns obtained from 10 minute integrations in
each of the two bands is still exceptional.

2.1. Shapiro Delay and Component Masses

As shown in Figure 1, our timing data display the unmistakable
signature of Shapiro delay. Measurement of this relativistic effect
has allowed the precise determination of orbital inclination,

deg, and companion mass,"0.11i p 86.58 m p 0.2038"!0.10 c

. These values were derived from a map in –20.0022 M x m, c

space (Fig. 2) but are in excellent agreement with the resultscos i
of TEMPO’s linear least-squares fit for and .m sin ic

Combined with the mass function, our tight constraints on
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A precise and large MSP mass

• PSR J1614−2230 is a MSP with a 
spin period of 3.15 ms.

• Pb = 8.68 d, e = 0.00000130(4)

• i = 89.17(2) degrees!

• Precise masses derived from 
Shapiro delay only:                      
Mp = 1.97(4) M⦿                           
Mc = 0.500(6) M⦿                 
(Demorest et al. 2010, Nature)

• Update: Mp = 1.928(17) M⦿ 
(Fonseca et al., in preparation)   
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Solution 3: Triples, disrupted triples and other 
monsters

• These MSPs are eccentric, and can be quite strong - precise masses for most of them!

• Problem: rare
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From: NRAO / Cornell University Press Release
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Mass for PSR J1903+0327

• Precise MSP mass: 1.667 ± 0.021 M⦿ (99.7% C. L.). See Freire et al., 2011, MNRAS,412, 2763. 
System formed by disruption of a triple system. 

PSR J1903+0327 33

h
3h

3

/ω
.
+ ’−µ
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.
+ ’−µ
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R

R ς

Figure 7. Companion mass as a function of cos i and mp. The thick contour levels are derived from a 3-D χ2 map of the
cos i, mc and Ω space (where Ω is the position angle of the line of nodes) and then collapsed in the spaces represented in the
figure (see text for details). The thin contour levels represent a 2-D χ2 map of the cos i−mc space calculated taking only the
Shapiro delay into account. The lines represent the constraints derived from the spectroscopic mass ratio (R, black dashed),
the apsidal motion (ω̇, solid orange - here with increased uncertainty due to the proper motion, solid pink), the harmonic
amplitude (h3) and harmonic ratio (ς) of the Shapiro delay (in purple) and finally an upper limit on the inclination given by
ẋ (pink solid line). The gray area in the mass-mass diagram is excluded by sin i ≤ 1. In the marginal plots we can see that the
1-D probability distribution functions for the pulsar and companion masses are much narrower when the apsidal motion (even
with uncertainty due to the proper motion) is taken into account (thick lines), but this assumes that there are no significant
classical contributions to ω̇. The latter must be < 2.3′′/century (1-σ) given the agreement between the h3, ς and ω̇±µ′ bands.
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The triple system

• The GBT 350-MHz drift-
scan survey found a pulsar 
in a hierarchical triple, PSR 
J0337+1715! (Ransom et 
al., 2014, Nature, 505, 520)

• Precise mass 
measurements can be 
derived from the 3-body 
interaction.

• This system has enormous 
potential fof SEP tests (see 
Freire, Kramer & Wex, 2012, 
CQGra, 29, 184007)

22 | Arecibo Observatory Annual Astronomy Report 2012

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. 
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A new class of binary MSPs

• There is a new class of binary 
MSPs with P = 2 - 5 ms, e ~ 0.1 
and Pb = 22-32 days (4 so far)!

• Strong objects, with good 
timing...
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A new class of binary MSPs

• PSR J1946+3417 is a MSP with a 
spin period of 3.17 ms recentrly 
discovered with the Effelsberg 
telescope (Barr et al. 2013, 
MNRAS, 435, 2234).

• Pb = 27.02 d, e = 0.134

• Precise masses derived from 
Shapiro delay and precession of 
periastron:                                   
Mp = 1.870(10) M⦿                       
Mc = 0.2733(11) M⦿                   
(Barr et al., in preparation)

• Massive NSs are not rare!
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Solution 4: spectroscopic mass measurements

• PSR J1738+0333 is a 5.85-ms 
pulsar in a 8.5-hour, low 
eccentricity orbit. It was 
discovered in 2001 in a Parkes 
Multi-beam high-Galactic latitude 
survey (Jacoby 2005, Ph.D. 
Thesis, Caltech)

• Companion WD detected at 
optical wavelengths, and relatively 
bright!

All pictures in this section: Antoniadis et al. (2012), MNRAS, 423, 3316
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Solution 4: spectroscopic mass measurements

• The WD is bright enough for a study of the spectral lines!

• Together with WD models, these measurements allow an estimate of the WD mass:         
0.181+0.007−0.005 M⦿.
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Solution 4: spectroscopic mass measurements

• Shift in the spectral lines 
allows an estimate of the mass 
ratio: q = 8.1 ± 0.2.

• This allows an estimate of the 
orbital inclination (32.6 ± 1.0°) 
and the mass of J1738+0333:         
1.46+0.07−0.06 M⦿.

• Results in Antoniadis et al. 
2012, MNRAS, 423, 3316.

• These mass measurements 
allowes the most stringent 
tests of alternative theories of 
gravity, like Scalar-Tensor 
theories - See Freire et al. 
2012, MNRAS, 423, 3328.
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The big one: PSR J0348+0432

• This is a pulsar with a 
spin period of 39 ms 
discovered in a GBT 
350-MHz drift-scan 
survey (Lynch et al. 
2013, ApJ. 763, 81).

• It has a WD companion 
and (by far) the shortest 
orbital period for a 
pulsar-WD system: 2h 
27 min.

Credit: Norbert Wex 
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PSR J0348+0432

• Recent optical measurements at 
the VLT find a WD mass of 0.172 
± 0.003 M and a pulsar mass of 
2.01 ± 0.04 M (Antoniadis et al. 
2013, Science, 340, n. 6131).

• Most massive NS with a precise 
mass measurement.

• Confirms that such massive NSs 
exist using a different method 
than that used for J1614−2230. It 
also shows that these massive 
NSs are not rare.

• Allows, for the first time, tests of 
general relativity with such 
massive NSs! Prediction for 
orbital decay: −8.1 μs /year!
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GR test / better mass measurement

• Already a test of GR: GW emission detected!
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Conclusions

• NSs in DNSs are now showing a wider mass distribution

• Measuring masses for MSPs is much more difficult

• ...4 strategies employed, all with advantages and disadvantages,

• GC pulsars, Shapiro delay measurements, eccentric Galactic binaries, spectroscopy

• ... which show that

• MSP mass distribution is much wider in MSPs, with upper masses of about 2 M⦿.

• Massive NSs are not rare!

• MSP mass distribution might be bimodal.
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The Future:

• Within 2 years, the number of NS mass measurements will double.

• Within 10 years, we will have a ~10% measurement of the moment of inertia of PSR 
J0737−3039A (and possibly another system as well), which is interesting because we know the 
mass of that pulsar as well.

• We need the SKA!
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