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Pulsars
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Pulsars are rapidly rotating highly magnetized 
neutron stars, born in supernova explosions of 

massive stars.

Masses: 1.2 - 2 M⨀, Radii ~ 13 km.

Emission (radio, optical, X-ray, gamma rays…) 
produced in beams around the star. 

Pulsars are cosmic lighthouses! 

Extreme objects: 
• Luminosities up to 104 L⨀

• Surface temperature ~ 106 K
• Surface gravity ~ 1011 Earth’s
• Surface magnetic fields: 108 - 1015 G
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LAT pulsars as of May 2016
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58 young radio- and X-ray-selected (green circles, cyan crosses: EGRET pulsars)
54 young gamma-ray-selected (white squares)

92 radio-selected MSPs (red diamonds), 1 gamma-ray-selected MSP (yellow diamonds)
205 in total!

Public list of LAT-detected pulsars available at: https://confluence.slac.stanford.edu/x/5Jl6Bg

https://confluence.slac.stanford.edu/x/5Jl6Bg
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Detected pulsars versus time
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Gamma-ray pulsar detection rate impressively steady!

Note: Total = MSPs + Radio/X-ray-sel + γ-sel
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Pulsar energetics
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L� = 4⇡f⌦hd
2

Ė = 4⇡2I
Ṗ � ṖShk � ...

P 3

ṖShk = 2.43⇥ 10�11µ2
? d P

Can we get a clearer view of the Lγ vs Ė relationship? 

Where does the deathline for gamma-ray emission lie?

We need good proper motion and distance measurements (Shklovskii effect): radio timing!

Preliminary
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Importance of accurate proper motions and distances

We want to probe the gamma-ray emission deathline, i.e. the limit in spin-down power below which 
MSPs cease to produce detectable gamma-ray emission. 

Spin-down power: 

With I the moment of inertia, P the rotational period and Ṗ the spin-down rate. The apparent Ṗ 
value that we measure can be very different from the intrinsic one!

Example with J0437-4715: (Ėint / Ėobs) ~ 0.25! Importance of accurate proper motions and distances.

We also want to constrain the spin-down power - gamma-ray luminosity relationship. The luminosity 
crucially depends on the distance (d2).
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MSP selection
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Table 2. Properties of the radio timing data analyzed in this study. For each pulsar and observation backend, we list the number of selected TOAs,
the MJD range, the time span of the TOA datasets, and the median uncertainty of the individual TOAs.

Pulsar Name Residual RMS (µs) Backend NTOA MJD Range Time span (yrs) �med (µs)
J0034�0534 7.99 BON 66 53761.7 — 55808.1 5.6 21.02

NUPPI 30 55935.7 — 57032.7 3.0 16.13
J0340+4130 3.31 BON 170 55309.6 — 55862.0 1.5 2.73

NUPPI 143 55823.2 — 56805.5 2.7 2.10
J0610�2100 2.19 BON 89 54270.5 — 55805.3 4.2 2.60

NUPPI 49 55854.2 — 57047.9 3.3 1.40
J0614�3329 1.53 BON 60 55160.1 — 55857.2 1.9 2.20

NUPPI 54 55838.2 — 57038.9 3.3 1.69
J0740+6620 0.46 NUPPI 43 56675.0 — 57037.0 1.0 1.05
J0751+1807 1.17 BON 198 53373.0 — 55880.2 6.9 2.05

NUPPI 153 55825.3 — 57047.0 3.3 0.83
J0931�1902 4.76 NUPPI 27 56399.8 — 57044.0 1.8 4.98

PuMa-II (1.4 GHz) 23 56113.7 — 57061.9 2.6 10.29
PuMa-II (0.35 GHz) 32 56113.7 — 57118.8 2.8 10.51

J1024�0719 0.96 BON 184 53714.2 — 55807.5 5.7 1.65
NUPPI 118 55819.5 — 57047.1 3.4 1.12

J1231�1411 4.42 BON 174 55168.3 — 55878.4 1.9 3.62
NUPPI 207 55877.4 — 57046.2 3.2 3.40

J1455�3330 1.75 BON 248 54238.0 — 55881.5 4.5 4.63
NUPPI 260 55819.6 — 57049.3 3.4 2.94

J1614�2230 0.47 BON 80 54896.2 — 55881.5 2.7 0.65
NUPPI 142 55853.6 — 57032.4 3.2 0.45

J1730�2304 1.22 BON 113 53385.4 — 55852.7 6.8 2.15
NUPPI 47 55923.5 — 57047.4 3.1 0.65

J1741+1351 1.21 BON 38 54085.5 — 55903.5 5.0 2.24
NUPPI 18 55812.8 — 57051.4 3.4 1.58

J1811�2405 0.48 BON 4 55597.4 — 55735.0 0.4 0.46
NUPPI 43 55871.6 — 57048.4 3.2 0.37

J1823�3021A 3.77 BON 28 53784.3 — 55889.6 5.8 4.47
NUPPI 22 55980.3 — 57038.4 2.9 2.44

J2017+0603 1.22 BON 50 55246.4 — 55871.7 1.7 2.34
NUPPI 57 55879.7 — 57048.5 3.2 1.60

J2043+1711 1.19 BON 23 55425.0 — 55841.8 1.1 2.56
NUPPI 22 55877.7 — 57029.6 3.2 2.62

J2214+3000 2.54 BON 98 55136.8 — 55856.8 2.0 2.82
NUPPI 78 55819.9 — 56954.8 3.1 1.94

J2302+4442 2.57 BON 94 55150.8 — 55869.8 2.0 3.99
NUPPI 93 55852.9 — 57047.6 3.3 2.19

systematic time o↵set (‘JUMP’ parameter) between the BON and the NUPPI TOA datasets, in order to accommodate di↵erences132
in the observing systems and in the template profiles. The timing solutions obtained after this first iteration were then used to133
phase-fold the observation files, and new integrated profiles and template profiles were created with the updated observation files.134

In the second iteration of the analysis, we concatenated the frequency information from the 1.4 GHz BON and NUPPI data to135
produce one TOA per observation, representing the entire frequency bandwidth available. The DM parameters were frozen at the136
values obtained from the previous step, and the timing analysis was repeated. To clean the TOA residual data from any remaining137
outliers degrading the timing analysis, we rejected residuals r

i

verifying |r
i

�med(r)| > K�, where med(r) denotes the median value138
of the residuals, � is the median absolute deviation (MAD; see e.g. Huber 1981), and setting K to 3 which approximates a cut at139
two standard deviations for a Gaussian distribution.140

In the case of PSR J0931�1902, the Nançay timing dataset was complemented by adding Westerbork Synthesis Radio Telescope141
(WSRT) TOAs generated from the PuMa-II backend (Karuppusamy et al. 2008). Observations for this pulsar were done on a monthly142
basis at two frequencies using the 1380 MHz receiver with a bandwidth of 160 MHz and the 350 MHz observations with a bandwidth143
of 80 MHz. All data were coherently dedispersed using dspsr and folded using the PSRCHIVE software in a similar way as the144
Nançay data. To generate TOAs, synthetic templates were generated based on high S/N additions of all available observations at145
each frequency. The extended timing baseline and the quality of the WSRT TOAs improved the measurement of the astrometric146
parameters.147

Table 2 summarizes the properties of the TOAs selected at this stage of the analysis. The main results from the timing analysis148
with Tempo2 are summarized in Section 2.3.149

Article number, page 4 of 13page.13

19 radio & gamma-ray MSPs 
with missing/incomplete PM 

information. 

Nançay data for all pulsars 
(BON backend until mid-2011, 
NUPPI backend afterwards).

Timing dataset complemented 
with Westerbork (NL) data for 

J0931-1902.

Note: timing parallax 
amplitude =

1.2 µs for d=1 kpc and β=0°.

(1 AU)

2
cos�

2cd
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Example timing residuals
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Case of PSR J1455-3330 (P ~ 7.987 ms, Porb ~ 76.2 d)
Wrms ~ 1.76 µs, Red. 𝝌2 ~ 1.4

Note: no artificial whitening! Only physical parameters: ra, dec, PM, PX, P, Ṗ, and orbital parameters.
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Proper motion and parallax measurements

9

L. Guillemot1 et al.: The Gamma-ray Millisecond Pulsar Deathline, Revisited

Table 3. Proper motion and parallax measurements for the pulsars considered in this study. Quoted uncertainties on the measured parameters
PMRA, PMDEC, and PX, are the 1� statistical error bars from Tempo2. In the cases where the parallax was not measurable, we quote 2� upper
limits based on the radio timing data. For pulsars with previously reported proper motion or parallax values, we report these results and give the
associated references. References: (1) – Hobbs et al. (2005), (2) – Burgay et al. (2006), (3) – Nice et al. (2005), (4) – Verbiest et al. (2009), (5) –
Hotan et al. (2006), (6) – Ransom et al. (2011), (7) – Toscano et al. (1999), (8) – Bhalerao & Kulkarni (2011), (9) – Demorest et al. (2010), (10) –
Espinoza et al. (2013), (11) – Ng et al. (2014), (12) – Guillemot et al. (2012)

Pulsar PMRA (mas yr�1) PMDEC (mas yr�1) PMTOT (mas yr�1) PX (mas) Derived PX distance (kpc) References
This work Prev. This work Prev. This work Prev. This work Prev. This work Prev.

J0034�0534 7.9(8) – =9.9(17) – 12.6(14) 31(9) < 7.4 – > 0.14 – –, –, 1, –
J0340+4130 =0.59(16) – =3.81(34) – 3.85(33) – < 1.3 – > 0.77 – –, –, –, –
J0610�2100 9.21(6) 7(3) 16.73(8) 11(3) 19.10(8) 13(3) < 1.3 – > 0.77 – 2, 2, 2, –
J0614�3329 0.58(9) – =1.92(12) – 2.00(11) – < 2.2 – > 0.45 – –, –, –, –
J0740+6620 =6(11) – =32(4) – 32.6(41) – <11.7 – > 0.09 – –, –, –, –
J0751+1807 =2.71(7) – =13.2(4) – 13.51(35) 6.0(20) 0.66(15) 1.6(8) 1.51(35) 0.62(31) –, –, 3, 3
J0931�1902 =1.1(8) – =4.4(12) – 4.6(12) – < 5.0 – > 0.20 – –, –, –, –
J1024�0719 =35.247(23) =35.3(2) =48.14(5) =48.2(3) 59.67(4) 59.7(3) 0.89(14) 1.9(8) 1.13(18) 0.53(22) 4, 4, 4, 5
J1231�1411 =62.03(26) =100(20) 6.2(5) =30(40) 62.34(26) 104(22) < 1.8 – > 0.56 – 6, 6, 6, –
J1455�3330 7.88(5) 5(6) =1.90(12) 24(12) 8.11(5) 25(12) 0.99(22) – 1.01(22) – 7, 7, 7, –
J1614�2230 3.87(12) – =32.3(7) – 32.5(6) 32(3) 1.30(9) 0.5(6) 0.77(5) 2.0(24) –, –, 8, 9
J1730�2304 20.7(4) 20.27(6) 8.3(83) – 22.3(31) – 1.19(27) – 0.84(19) – 4, –, –, –
J1741+1351 =8.93(8) – =7.43(17) – 11.62(13) 11.71(1) < 1.2 0.93(4) > 0.83 1.08(5) –, –, 10, 10
J1811�2405 0.65(14) 0.53(13) =9.1(52) – 9.2(51) – < 0.4 – > 2.50 – 11, –, –, –

J1823�3021A 0.31(24) – =8.2(17) – 8.2(17) – < 7.0 – > 0.14 – –, –, –, –
J2017+0603 2.35(8) – 0.17(16) – 2.35(8) – 1.2(5) – 0.9(4) – –, –, –, –
J2043+1711 =6.12(27) =7(2) =11.2(5) =11(2) 12.8(4) 13(2) < 4.4 – > 0.23 – 12, 12, 12, –
J2214+3000 20.90(11) – =1.55(15) – 20.96(11) – 1.7(9) – 0.60(31) – –, –, –, –
J2302+4442 =0.05(13) – =5.85(12) – 5.85(12) – < 2.5 – > 0.40 – –, –, –, –

2.3. Results150

The post-fit timing residual root-mean-square (rms, given by the ‘TRES’ parameter in Tempo2) values for each MSP considered in151
this study are given in Table 2, along with a summary of the main properties of the NRT TOAs. Reduced �2 values for the MSPs152
in the table range from 1.0 to 2.5, indicating that the timing solutions describe the TOAs adequately. For all pulsars, the timing153
precision and time interval considered allowed us to measure the proper motions. In a few cases we could also detect an annual154
parallax in the TOA residuals. For a pulsar at a distance d and with an ecliptic latitude of �, the parallax e↵ect introduces a sinusoidal155
variation in the TOA residuals with an amplitude of l

2 cos2(�)/ (2cd

), where l is the Earth-Sun distance, and c is the speed of light.156
The e↵ect is subtle: at d = 1 kpc and for � = 0 the amplitude is only 1.2 µs; so that it was only measurable for a subset of the MSPs157
with low residual rms values.158

The proper motion and parallax measurements are listed in Table 3 along with the associated 1� uncertainties from Tempo2. Also159
given in the table are the previously-reported values when available, for comparison. For the MSPs with no parallax measurement160
we determined 2� upper limits, these limits are also reported in the table. Our PM and PX values are consistent with those of161
Desvignes et al. (2015) who combined data recorded with the BON backend, analyzed with di↵erent methods, and from other radio162
telescopes.163

We explored how the Lutz-Kelker e↵ect (Lutz & Kelker 1973) changes the inferred pulsar distances, using the code provided164
by Verbiest et al. (2012), for the six pulsars for which we measured a timing parallax. For four of the pulsars, the ATNF database165
lists values of the flux density at 1400 MHz, which we provided to the code. The distance is decreased for all six pulsars. For four166
of the pulsars the corrected distance is within 15% of PX�1, with no consequences for our conclusions. For PSRs J2017+0603167
and J2214+3000 the distances decrease to 0.4 and 0.2 kpc, respectively, that is, about 40% of the uncorrected values. Even this168
rather large change does not qualitatively change our conclusions (for example, the �-ray luminosity and e�ciency values, see the169
paragraphs for these two pulsars below). We neglect the Lutz-Kelker e↵ect in the rest of this paper.170

The new proper motion parameters as well as the distances derived from the parallax measurements were used to calculate the171
Shklovskii corrections to Ṗ. The distances of pulsars with no detection of the parallax signature were determined using the NE2001172
model of Galactic free electron density (Cordes & Lazio 2002). The spin-down rate values corrected for the Shklovskii e↵ect and173
for the acceleration in the Galactic potential are given in Table 1. In the following we present the salient results stemming from the174
timing analysis, and the new spin-down rate estimates. The cases of PSRs J0610�2100 and J1024�0719 are discussed in separate175
sections, 2.4 and 2.5.176

177

• PSR J0034�0534: nearly nine years of NRT data yield a total transverse proper motion of µ? = (12.6 ± 1.4) mas yr�1, signifi-178
cantly smaller than the value of (31±9) mas yr�1 determined by Hobbs et al. (2005) and thus reducing the Shklovskii correction179
appreciably: our estimate of Ṗint is about 70% larger than the value of ⇠ 2.9⇥10�21 reported in 2PC, assuming the same NE2001180
distance of (0.54 ± 0.11) kpc. The pulsar’s e�ciency of conversion of spin-down power into � radiation, ⌘ = L�/Ėint, decreases181
slightly from about 3% to 2%.182

183
• PSR J0340+4130: the modest proper motion determined for this pulsar of (3.85 ± 0.33) mas yr�1 introduces a small Shklovskii184

correction to the observed spin-down rate value at the NE2001 distance of (1.73 ± 0.30) kpc. A �-ray luminosity of about185
7.3 ⇥ 1033 erg s�1 was determined in 2PC for this pulsar. The slightly reduced Ėint value compared to that quoted in 2PC makes186
the �-ray e�ciency ⌘ to be ⇠110%. PSR J0340+4130 is likely closer than the NE2001 distance of 1.73 kpc, which would reduce187
L� significantly and also diminish the Shklovskii correction. No significant timing parallax is detected for this pulsar with the188

Article number, page 5 of 13page.13

New PM estimates for many northern MSPs, new PX distances for 4 ⇒ improved Ė and Lγ constraints. 

(Pulsar parallax database: http://www.astro.cornell.edu/research/parallax/ — 70 as of Feb 2016)

A few interesting cases:  

- J0610-2100: the new PM estimate leads to Lγ/Ė > 200! Distance very likely overestimated. 

- J1024-0719: see next page.

http://www.astro.cornell.edu/research/parallax/
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J1024-0719

J1024-0719: PM and d very accurately known, but 
Ėint

 < 0!

Guillemot et al. (2016): P0, P1, P2 detected with 
~9 yrs of timing.

Bassa et al. (2016): P0… P4 with ~20 yrs of 
timing! 

Acceleration along the line of sight, caused by the 
presence of a nearby object?

Bassa et al. (2016): J1024-0719 and 2MASS 
J10243869−0719190 form a common proper 

motion pair and are gravitationally bound. 

Timing measurements suggest a wide (Pb > 200 
yr) orbit.
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Figure 3. The position of PSR J1024�0719 (black), star B (blue) and star
F (grey) between 1950 and 2025. The positional uncertainties of stars B
and F are indicated by the ellipses at the OmegaCAM observation of star
B (epoch 2012.15) and the FORS1 observation of star F (epoch 2001.24).
The lines expanding from the ellipse illustrate the positional uncertainty
due to position and proper motion as a function of time. On the scale of
this plot, the uncertainties on the timing position and proper motion of
PSR J1024�0719 are negligible. Also plotted are measurements of the po-
sition of star B in the USNO-A2 (Monet et al. 1998), USNO-B1 (Monet
et al. 2003), 2MASS (Cutri et al. 2003; Skrutskie et al. 2006) and PPMXL
(Roeser et al. 2010) catalogs. The epochs of these measurements are given
in brackets. The USNO-A2 catalog does not provide positional uncertain-
ties; we conservatively estimate 0.004 uncertainties on the position.

4.2 Association with PSR J1024�0719

In Table 2, we list the proper motion and pulsar position propagated
to the epoch of the OmegaCAM observations (MJD 55984.135) for
several timing ephemerides of PSR J1024�0719. Within the uncer-
tainties, the pulsar position and proper motion as measured by the
three pulsar timing arrays are consistent with each other. We find
that star B is o↵set from PSR J1024�0719 by �↵ = �0.0012(5) and
�� = �0.0003(4), corresponding to a total o↵set of 0.0012(6). Here, the
uncertainty is dominated by the astrometric calibration against the
UCAC4 catalog. For star F, the total o↵set is 2.0037(11). Moreover,
the proper motions determined from the 14.2 year baseline between
the FORS1 and FORS2 observations show that, within 2�, star B
has a proper motion consistent with the pulsar.

The similarity in position and proper motion between star B
and PSR J1024�0719 is independently confirmed by several sur-
veys. At R = 18.78, star B is bright enough to have been recorded
on historic photographic plates and hence is included in the USNO-
A2 (Monet et al. 1998) and USNO-B1 (Monet et al. 2003) astro-
metric catalogs. It is also detected in the near-IR in the 2MASS
survey (Cutri et al. 2003; Skrutskie et al. 2006). Star B is present
in the PPMXL catalog by Roeser et al. (2010), which combines the
USNO-B1 and 2MASS astrometry to determine proper motions,
and also the APOP catalog by Qi et al. (2015), which uses STScI
digitized Schmidt survey plates originally utilized for the creation

Figure 4. Proper motion measurements of PSR J1024�0719 and star B. The
proper motion of PSR J1024�0719 is denoted by the thick black dot. The
proper motion of star B as determined in this work, the PPMXL catalog
(Roeser et al. 2010) and the APOP catalog (Qi et al. 2015) are shown with
the triangle, circle and square, respectively. The small points and histograms
at the top and right of the figure represent proper motion measurements from
stars in the APOP catalog, selecting 14754 stars within a radius of 1� around
PSR J1024�0719.

of the GSC II catalog (Lasker et al. 2008) to derive absolute proper
motions. The position and proper motion of star B in these catalogs
is plotted in Fig. 3 and Fig. 4 and listed in Table 2.

The probability that an unrelated star has, within the
uncertainties, a position and proper motion consistent with
PSR J1024�0719 is minuscule. The APOP catalog and the FORS2
photometry yield a stellar density for stars with R < 18.78 (equal
or brighter than star B) of 1 to 2 stars per square arcminute, while
within 1� from PSR J1024�0719, only 8 out of 7300 APOP stars
with R < 18.78 have a proper motion in right ascension and
declination that is within 10 mas yr�1 of that of PSR J1024�0719
(µ = 59.71 mas yr�1). Based on these numbers, we estimate that the
chance probability of a star having a similar position and proper
motion to PSR J1024�0719 is about 10�7 for stars equal or brighter
than star B. Such a low probability confirms that star B is associ-
ated with PSR J1024�0719 and that both objects form a common
proper motion pair.

At or above the brightness level of star F, there are about 10
objects per square arcminute in the FORS1 R-band image, suggest-
ing that there is a probability of about 7% of finding an object as
bright and close as star F with respect to the pulsar position. Hence,
we consider star F as a field star, not related to PSR J1024�0719.

4.3 Properties of star B

The spectroscopic observation of star B shows strong absorption
lines of Na D and Ca II, while H↵ is weak. There is some sugges-
tion of absorption from the TiO bands near 6300 and 7000 Å. A
comparison against templates from the library by Le Borgne et al.

MNRAS 000, 1–15 (2016)

From Bassa et al., accepted to 
MNRAS (2016)
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Four new gamma-ray MSPs

Faint gamma-ray pulsations from four MSPs detected using ~7 years of Pass 8 LAT 
data, and the timing solutions presented earlier.
« Standard » spectral and light curve properties. 

11



L. Guillemot, 19/05/16

MSP gamma-ray detectability

Ė/d2 versus P for MSPs in the Galactic disk 
(adding gamma-ray MSPs in GCs, PSR 

J1823A and J1824A).

A large majority of energetic and nearby 
MSPs are seen in gamma rays: 75% above 

Ė/d2 = 5e33 erg/s/kpc2!

Confirmation that the gamma-ray 
detectability of MSPs depends crucially on 

Ė (and the distance).

Non-detections due to unfavorable 
beaming geometries? (Guillemot & Tauris, 

2014)
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Fig. 3. Left: Spin-down power Ė divided by the square of the distance d as a function of the period P, for MSPs in the Galactic disk. PSRs
J1823�3021A and J1824�2452A, two MSPs in globular clusters but detected in � rays, are included in the plot. Green stars represent �-ray MSPs,
undetected ones are shown as red circles. Guillemot & Tauris (2014) explain non-detections of energetic and distant MSPs in � rays as due to
unfavorable viewing angles. All Ė values are corrected for the e↵ect of the acceleration in the Galactic potential. Filled symbols indicate pulsars
for which we could correct for the kinematic Shklovskii e↵ect. The right-hand panel shows the cumulative fraction of MSPs detected in � rays,
with decreasing Ė/d2 as indicated by the green arrow. Right: Spin-down power values for the MSPs with Ė/d2 � 1.5 ⇥ 1032 erg s�1 kpc�2. Half of
the MSPs in this sample are seen with the Fermi LAT. The green histogram shows the �-detected MSPs, the empty histogram corresponds to the
total number of MSPs in each Ė decade. The dashed line shows the fraction of �-detected MSPs per Ė decade.

neutron star latitude profile more or less favorably. However, Johnson et al. (2014) found little variation in the f⌦ factors obtained415
for a sample of �-ray MSPs and under di↵erent emission models, their f⌦ values being typically close to unity. Varying geometrical416
correction factors thus likely play a limited role in the large L� spread. The spin-down power may also be a↵ected by magnetospheric417
parameters, such as the magnetic inclination, ↵, or the current flows. Spitkovsky (2006) and Pétri (2012) considered pulsars with418

force-free magnetospheres and found the following expression for the spin-down power: Ė↵ ' 3/2Ėvac
⇣
1 + sin2 ↵

⌘
where Ėvac =419

4⇡2
IṖ/P3 is the vacuum spin-down power typically used for estimating Ė. Similar to the correction to L� due to the f⌦ term, this420

correction to Ė can only partially mitigate the spread.421
How brightly an MSP emits in � rays, and how much of its total energy budget it converts into high-energy emission, surely422

depends on the shape and extent of the zone where electron cascades occur, and on the electric potential that can be sustained423
across the zone. The latter is mitigated by the plasma currents flowing through and around the zone. Continued modeling e↵orts424
to reproduce observations such as in Figure 4, and especially to allow predictions of the �-ray luminosity for arbitrary P, Ṗ, and ↵425
values would permit improved estimates of the MSP contribution to the di↵use background.426

5. Summary427

We have presented the analysis of several years of Nançay and Westerbork radio timing data for a selection of �-ray MSPs, which428
allowed us to determine their proper motions, and measure timing parallaxes for four of them. These parameters were used to429
improve our estimates of their spin-down power values by correcting for the Shlovskii e↵ect, and of their �-ray luminosities.430
We have also presented the analysis of more than six years of Pass 8 Fermi LAT �-ray data, leading to the discovery of high-431
energy pulsations for four MSPs: PSRs J0740+6620, J0931�1902, J1455�3330, and J1730�2304. The latter object is now the least432
energetic �-ray pulsar known, setting the empirical deathline for �-ray emission from MSPs to Ėdeath ⇠ 8 ⇥ 1032 erg s�1. PSRs433
J0610�2100 and J1024�0719, whose Ė values are likely unknown, could be even less energetic objects.434

By considering the population of known Galactic disk MSPs, we have confirmed that those seen to emit � rays by the Fermi LAT435
are the energetic and nearby ones. In the sample of MSPs with Ė/d2 values above 5 ⇥ 1033 erg s�1 kpc�2, 75% are observed to emit436
pulsed �-ray emission. Nevertheless, selecting �-ray MSPs with Shklovskii-corrected Ė values, we have showed that above Ėdeath437
the spin-down power and the �-ray luminosity appear mostly uncorrelated, in spite of the improved Ė and L� estimates. Varying438
moments of inertia, emission geometries and more realistic prescriptions for the energy budget that MSPs can convert into �-ray439
emission could mitigate the lack of apparent correlation. Continued analyses of Pass 8 LAT data may also reveal �-ray pulsations440
from even less energetic MSPs, constraining the �-ray emission deathline and the spin-down-power versus luminosity relationship441
further.442
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Green stars: gamma-ray-detected MSPs. 

Red circles: undetected ones.

Filled symbols: Shklovskii-corrected.
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Spin-down power vs luminosity relationship
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Fig. 4. Luminosity L� = 4⇡hd

2 above 0.1 GeV as a function of the spin-down power (Ė) for the sample of MSPs considered in this work (red
triangles), and other MSPs with Shklovskii-corrected Ė values (blue diamonds). Vertical error bars in gray represent the uncertainties due to the
distance, while colored error bars represent the uncertainties on the �-ray energy flux, h. The dashed line represents L� = Ė, and the dash-dotted
line indicates the heuristic luminosity L

h

� =
p

1033
Ė. Empty symbols represent pulsars with distance values estimated via the dispersion measure

and the NE2001 model of Cordes & Lazio (2002), filled symbols are pulsars whose distances were determined with other methods, such as the
measurement of the timing parallax.
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J1730-2304: least energetic 
gamma-ray pulsar known 

(Ė = 8.4+/-2.2 x 1032 erg/s)

Empty symbols: distances 
from the NE2001 Galactic 
electron density model.
Filled symbols: parallax 

distances, or other.

Empirical deathline: Ė ~ 1e33 erg/s or lower. Lack of clear correlation between Ė and Lγ! 

Varying moments of inertia, emission geometries and more realistic energy budget 
estimates could mitigate the lack of apparent correlation.
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Gamma-ray MSP deathline(s)

Various studies have shown that MSPs could contribute 
to the diffuse gamma-ray emission in the Milky Way, and 

to the galactic center excess.

(e.g., Calore et al. 2014, Brandt & Kocsis 2015, Petrovic 
et al. 2015, etc.)

These studies indicate that gamma-ray flux estimates 
from MSP populations crucially depend on the maximum 

luminosity of MSPs. 

(not so much on the low luminosities)

High-Lγ « deathline » poorly known!

Our study: low-Ė deathline ~ 1e33 erg/s. Most MSP Ė 
values around that threshold!

Also: uncertainties in d, fΩ, moment of inertia, Ė 
calculation, Lγ vs Ė…

Current results (in favor or against the MSP scenario) to 
be taken with a grain of salt.
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Fig. 4. Luminosity L� = 4⇡hd

2 above 0.1 GeV as a function of the spin-down power (Ė) for the sample of MSPs considered in this work (red
triangles), and other MSPs with Shklovskii-corrected Ė values (blue diamonds). Vertical error bars in gray represent the uncertainties due to the
distance, while colored error bars represent the uncertainties on the �-ray energy flux, h. The dashed line represents L� = Ė, and the dash-dotted
line indicates the heuristic luminosity L

h

� =
p

1033
Ė. Empty symbols represent pulsars with distance values estimated via the dispersion measure

and the NE2001 model of Cordes & Lazio (2002), filled symbols are pulsars whose distances were determined with other methods, such as the
measurement of the timing parallax.
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Empirical low-Ė deathline 

Empirical high-Lγ deathline

L. Guillemot et al.: The gamma-ray millisecond pulsar deathline, revisited

Fig. 3. Left: spin-down power Ė divided by the square of the distance d as a function of the period P, for MSPs in the Galactic disk.
PSRs J1823�3021A and J1824�2452A, two MSPs in globular clusters but detected in � rays, are included in the plot. Green stars represent
�-ray MSPs, undetected ones are shown as red circles. Guillemot & Tauris (2014) explain non-detections of energetic and distant MSPs in � rays
as due to unfavorable viewing angles. All Ė values are corrected for the e↵ect of the acceleration in the Galactic potential. Filled symbols indicate
pulsars for which we could correct for the kinematic Shklovskii e↵ect. The right-hand panel shows the cumulative fraction of MSPs detected in
� rays, with decreasing Ė/d2 as indicated by the green arrow. Right: spin-down power values for the MSPs with Ė/d2 � 1.5 ⇥ 1032 erg s�1 kpc�2.
Half of the MSPs in this sample are seen with the Fermi-LAT. The green histogram shows the �-detected MSPs, the empty histogram corresponds
to the total number of MSPs in each Ė decade. The dashed line shows the fraction of �-detected MSPs per Ė decade.

Fig. 4. Luminosity L� = 4⇡hd

2 above 0.1 GeV as a function of the spin-down power (Ė) for the sample of MSPs considered in this work (red
triangles), and other MSPs with Shklovskii-corrected Ė values (blue diamonds). Vertical error bars in gray represent the uncertainties due to the
distance, while colored error bars represent the uncertainties on the �-ray energy flux, h. The dashed line represents L� = Ė, and the dash-dotted
line indicates the heuristic luminosity L

h

� =
p

1033
Ė. Empty symbols represent pulsars with distance values estimated via the dispersion measure

and the NE2001 model of Cordes & Lazio (2002), filled symbols are pulsars whose distances were determined with other methods, such as the
measurement of the timing parallax.
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MSPs with Ė/d2 > 1.5e32
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Summary and conclusions

• Analysis of Nançay/Westerbork timing data yielded new proper motion estimates 
for a selection of northern radio and gamma-ray MSPs, and new parallax distances 
for some of them. 

• Improved spin-down power and gamma-ray luminosity estimates.

• PSRs J0740+6620, J0931-1902, J1455-3330, and J1730-2304 are gamma-ray pulsars.

• PSR J1730-2304 is now the least energetic gamma-ray pulsar known. Empirical 
deathline for gamma-ray MSP emission slightly decreased. MSP population 
contributes more to diffuse gamma-ray emission than previously thought.

• Lack of clear correlation between Ė and Lγ in the gamma-ray MSP population.

Thank you for your attention!
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