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ABSTRACT

Context. GeV gamma-ray pulsations from over 140 pulsars have beaaatesized using thEermiLarge Area Telescope, enabling
improved understanding of the emission regions within teetron star magnetospheres, and the contributions of rguisahigh
energy electrons andftlise gamma rays in the Milky Way. The first gamma-ray pulsatsetdetected were the most intense/and
those with narrow pulses.

Aims. As theFermimission progresses, progressively fainter objects caituléesl. In addition to more distant pulsars (thus probing
a larger volume of the Galaxy), or ones in high backgroundoreg(thus improving the sampling uniformity across thedgtt
plane), we detect pulsars with broader pulses or lower logiin Adding pulsars to our catalog with inclination argthat are rare

in the observed sample, aodwith lower spindown power, will reduce the bias in the emtty known gamma-ray pulsar population.
Methods. We use rotation ephemerides derived from radio obsenatmphase-fold gamma rays recorded byRaemiLarge Area
Telescope, to then determine the pulse profile propertigsctgal analysis provides the luminosities and, when tgeasito-noise
ratio allows, the cutfi energies. We constrain the pulsar distances thgrint means in order to minimize the luminosity uncertasiti
Results. We present six new gamma-ray pulsars with an eclectic mixabgrties. Three are young, and three are recycled. They
include the farthest, the lowest power, two of the highesg-dycle pulsars seen, and only the fourth young gamma-tiésapwith a
radio interpulse. We discuss the biases existing in theentigamma-ray pulsar catalog, and steps to be taken to teitiga bias.

Key words. observations — pulsars: general — pulsars: individual 5346028, J16462224, J17051906, J17325049,
J1843-1113, J19130904)- stars: neutron — stars: individual: AG Car, GG Car

1. Introduction

Excellent as it may be, the “SecoRérmi LAT Pulsar Catalog”l(Abdo et al. 2013, hereafter 2PC) is &éihdAt launch, and early
in the mission of NASAs~ermi Gamma-ray Space Telescopgrimary goal for the Large Area Telescope (LAT) instrutrteam
and the Pulsar Timing Consortium (PTC, _Smith et al. 2008)twasinambiguous identification and characterization ofrgamay
pulsars. We thus applied strict criteria to identify gamrag-emission that is highly modulated over a neutron staatiant. These
criteria favor sources bright enough to identify the spatutdfs typical of gamma-ray pulsars.

Fermi has begun the second half of its nominal ten-year missiodh,cam focus is shifting to a more uniform sampling of
the gamma-ray pulsar population. Gamma-ray emission redeéelj. Romani & Watters 2010) predict that for some magnetic
inclinations,, and viewing angleg;, the emission changes little with rotational phase, and pulsations become morefitult
to detect. Simple geometry suggests that thes&)(combinations are relatively rare: to validate the modé&savfew detections,

a large neutron star population must be sampled. This maahéng a large space volume, i.e., searching to largerriissd.
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For Galactic pulsars with some distribution of heights abaud below the plane, larger distances imply, overall, tc@&actic
latitudes, and thus higher background levels due to thénbdiffuse emission near the Galactic plane. To compound the prnoble
predicted modulation weakens for pulsar spindown poempproaching the empirical “deathline” neax 30* erg s* discussed

in 2PC, where gamma-ray emission seems to vanish. SincertfiedsityL, scales with some low power @, the flux scales as
L,/d?, and detectability of a steady source depends on the flibatground level, an expanded gamma-ray pulsar sample will
include some very faint detections, blending into the bagkgd at times.

The eclectic mix of six new gamma-ray pulsars presented t@re in common that they are all faint in one way or another,
where “faint” in this paper meansftlcult to detect or characterize. Taljle 1 summarizes thepeqmies. They were discovered
during the ongoing program of routinely gamma-ray phaseiig as many known pulsars as possible, using the over &a@aon
ephemerides provided by the PTC. They were mentioned in @REsome detail provided hy Hou etlal. (2014). The presemkwo
goes into more depth, especially for their spectra. Thewtithte the challenges that arise in trying to compare gbdguulsar
samples with the predictions of population syntheses agevesand weaker sources become accessible to the LAT. Theyhuoay
help define future strategies to make the observed samptngdete as possible.

2. Observations and Analysis
2.1. Gamma-ray data

The LAT is an electron-positron pair conversion telescop&ermi, launched on 2008 June 11 (Atwood et al. 2009). Sensitive to
gamma rays in the 20 MeV te 300 GeV energy band, the LAT has better sensitivity and ipaabn than previous instruments.
With the reprocesseBass 7data used for the analyses presented here, thelhgffument Response FunctiofiRFs) have an
on-axis défective area ok~ 7000 cnf above 1 GeV (P7RER15). Below several GeV multiple scattering dominates tAd’s
angular resolution. The on-axis instrumgeint-spread functioifPSF) provides 68% confidence regions for gamma-ray diecti
reconstruction within angular radii slightly more thahdi the lowest energies used herel(GeV), decreasing to underd0 at 3
GeV, at which energy the spectral rollover has become pnocedifor most pulsars.

Table[2 details the gamma-ray dataset, background modelsstandardcience Toolsnalysis software we us&dWNe used
over 52 months of P7REP data, keeping “source” class eveigts probability of being gamma-ray photons) with energiesveen
0.1 and 100 GeV within a I0radius “region-of-interest” (ROI). The center of the RObi$set from the pulsar position, explained
in Section 2.3. The broad PSF imposes a large region for thetrsp analysis, reduced for the pulse profile study, asritest
below. The zenith angle cuk(100) rejects atmospheric gamma rays from the Earth’s limb. W kely events that had good
quality flags and were collected when the LAT rocking angleg(a between the normal to the LAT's front surface and thétalrb
plane) was smaller than 520bservation times when a pulsar was withirt B the Sun or Moon'’s direction were excluded, to
remove possible contamination by gamma rays created whemnicoays graze their surfa@d his does notfiect the two pulsars
far from the ecliptic plane, PSRs J105#28 and J17325049.

1 Gamma-ray data, analysis software, rotation ephemeritesthe difuse background models are publically available atFieni Science
Support Center, FSSC, htfffermi.gsfc.nasa.ggss¢l

2 The Sun’s position is included in the LAT spacecraft “FT2talfiles. The moon’s can be added to the FT2 ugimgonpos” available at
httpy/fermi.gsfc.nasa.ggssgdatdanalysiguser
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Table 1. Properties of the three young gamma-ray pulsars (top) aee tiemma-ray MSPs (bottontj.and B.c for pulsars with proper motion
measurements are Doppler corrected as in 2PC, with uneiéetifrom the proper motions and distances. The first splegticertainties are
statistical, the second are systematic. The luminosityraes a beaming factdy, = 1. Profile fit types — G: Gaussian; G2: 2-sided Gaussian; L:

Lorentzian; L2: 2-sided Lorentzian.

Pulsar name J1055-6028 J1705-1906 J19130904
Galactic longitude, latitudd,(b) (28913, -0.75°) (319, 1303) (4350, -0.68)
Spin period,P (ms) 99.7 299.0 163.2
Dispersion measure, DM (pc cf) 6359 2291 9727
Flux density at 1.4 GHZ514 (mJy) 0.78 8 0.07
Spin-down powerE (10%%ergs?) 1180 6.11 160
Characteristic age, (kyr) 53.5 1140 147
Field at light cylinder,B ¢ (kG) 16.4 0.4 3.7
Distanced (kpc) 83 09+0.1 30+04
Observatory PKS PKS JBO
Nroa 102 73 195
Timing residual RMS gs) 981 248 1400
Ephemeris validity range (MJD) 5450556397 54220- 56397 54588- 56423
ROI centersl( b) (2930°, -1.8°) (2.1°, 151°) (46.7°, —-0.6°)
TS (TSw) 334 (54) 31(12) 139 (40)
Spectral indexI” 16+02+01 23+02+02 15+03+06
Cutdf energy,E; (GeV) 22+05+07 16+08+13
Integral energy fluxG100 (1072 erg cnr?s™?) 36+4+8 27+08+0.2 31+5+14
Luminosity, L, (103 ergs) 280+ 30%38 0.25+ 0.08 + 0.06 34+5+18
Efficiency,n (%) 24+ 30 40+13+10 21+3+11
WeightedH-test (significance) 61 (B0) 39 (520) 54 (620)
Npeak 2(3) 1 2(3)
Radio lags (phase) 0.13+0.05 057+ 0.01 033+ 0.04
v-ray peak separation (phase) B1+0.05 032+ 0.04
On-peak definition (phase) .9D-0.70 040- 0.65 00-0.38
Lightcurve fit type G L G
Pulsar name J16406-2224 J17325049 J18431113
Galactic longitude, latitudd,(b) (4105, 3827) (34003, -9.45°) (2206°, —3.40)
Spin period,P (ms) 3.16 5.31 1.85
Dispersion measure, DM (pc cf) 1843 5683 5997
Flux density at 1.4 GHZS14 (mJy) 2 1.7 0.10
Binary period,P, (days) 175.4607 5.2630
Proper motion in right ascensiom, cos(dec) (mas yt) 210+ 0.03 -0.51+011 -2.17+0.07
Proper motion in declinationge. (mas yr?) -112+0.07 -9.90+0.22 -2.74+0.25
Timing parallax, (mas) 22+13
Spin-down powerE (10%%ergs?) 33708 32+01 578+ 0.02
Field at light cylinderB.c (10° G) 27.0j3;g 158+ 0.2 1927+ 0.3
Distanced (kpc) 0.45'5%% 14+02 17+02
Observatory NRT PKS NRT
Nroa 154 344 107
Timing residual RMS gs) 0.96 3.3 0.95
Ephemeris validity range (MJD) 5331256438 52647 55724 55040- 56473
ROI centersl(b) Pulsar position (340Q°, -11.3°) (25.00, -8.4°)
TS (TSw) 32(1.6) 65 (7) 83 (6)
Spectral indexI” 21+02+01 22+01+01 28+0.1+02
Integral energy fluxGigo (1012 ergcnr?s71) 23+06+02 70+11+14 155+ 2121
Luminosity, L, (10*3ergs™) 0.056+0.0133%8  17+03+06 54+ 0.7j§;7
Efficiency, (%) 16+ 0,480 52+ 82 9.0+1.2°12
WeightedH-test (significance) 45 (Bo) 36 (500) 49 (590)
Npeak 1 2 1
Radio lags (phase) 0.48+0.03 039+ 0.04 009+ 0.01
v-ray peak separation (phase) 27+ 0.04
On-peak definition (phase) 21 -061 025-0.80 080-0.20
Lightcurve fit type G G2 L2

Notes. @ At discovery was misnamed J1055032.
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2.2. Radio Timing and Gamma-ray Profiles

Ground tests of the satellite GPS-based clock system welloby on-orbit monitoring, demonstrated an absolute etiergs-
tamp precision ok 1us relative to UTC|(Abdo et al. 2009b). The PTC regularly tiroger 800 radio pulsars, providing rotation
ephemerides with which to phase-fold gamma-ray photon&iSshal. 2008). This has been a great success, allowingtitate of
more than half of the gamma-ray pulsars to date. The otheesaigcovered in blind period searches of the gamma-ray siegefor
example Pletsch etlal. (2012). Table 1 lists the radio olaseries and the validity date ranges for the ephemerideshme. The
radio data used in this work came from the Lovell telescogedtell Bank Observatory (JBO, Hobbs et al. 2004b); fronFtakes
observatory (PKS, Weltevrede etlal. 2010); and from the Banadio telescope (NRT, Cognard et al. 2011). The ephele&dom-
pletely cover the gamma-ray data sample, except for théseibnd pulsar (MSP) PSR J173049. We extrapolated this highly
stable pulsar’s timing solution to the end of the data, amehébthat the pulsed significance increased uniformly.

Timing of PSR J16482224 using 154 observations acquired over nine years wathitncay radiotelescope yields a parallax of
= 2.2+ 1.3 mas. The root-mean-square of the timing residuals, wethtar the uncertainties on each measurement, is just under
1us.ILohmer et 2l.. (2005) previously constrained its timirggtlax tor < 3.7 mas. PSR J1843113 also has sub-microsecond
residuals, slightly more than the expected parallax shifi@lower end of the distance range derived from the Dispefdeasure
(DM, the electron column density along the line of sight mead during pulsar observations at radio frequencies).dvyew we
detect no parallax for this pulsar. Distances are discuiss8dction 2.4.

Gamma-ray photon phases were calculated wittahai plugin to the TEMPO2 pulsar timing software (Edwards et 80&).
The light curves in Figurds 1 afdl 2 use events from withinfzhe pulsar radio position and anesighted as described in Section
5.1 of 2PC, except that thefiget of 1 reported there was not in fact used, neither in 2PC nor intbik. The weights represent
the probability that a photon comes from the pulsar rathan tilhom nearby sources or theffdise background, computed using
the spectral results of SectibnP.3. The weighteeest (Kerr 2011) has improved sensitivity compared to theaighted version
(de Jager & Biisching 2010). In the gamma-ray pulsatiorcbeae required- 50~ significance to declare a detection.

We define zero phase at the pulsar's radio peak. We show 25pkinsotation for the gamma-ray light curves, except for
J1055-6028 (20 bins) and J1843113 (16 bins). We followed the fitting procedure presente2RC to characterize the observed
gamma-ray profiles, exploringfiérent shape functions, and quantified by the maximum likelihmethod. Tablg 1 lists some pulse
profile parameters.

The dfsets between the radio and gamma-ray peaks depends on the datrapto infinite frequency of the radio pulse times-
of-arrival using the DM value. We determined the DM valuesvasbuilt the rotation ephemerides used to phase-fold thergam
rays.They agree with the published DMs listed in the ATNFspuldatabase (Manchester €t al. 280Bhe uncertainties o due
to the DM uncertainties or to DM changes over time are ndgligior the three MSPs. For the three young pulsars, ouriootat
model was “whitened” using WAVEs in TEMPO2, again with DM fik the published values. For J1 708906 the measured DM
uncertainty and published rate of change (Hobbs et al. 20@4ttoo small to fiect ours value. For 110556028 and J191:80904
the DM uncertainties translate éouncertainties smaller than our peak position uncertantée did not explore in detail whether
the DM changes over the data epoch for these two pulsars.

Table 2. Fermi LAT dataset. See Section 2 for definitions of terms.

Time interval 2008 Aug 4 to 2012 Dec 12 (MJD 54682.5 to 562)'3.5
Dataset Reprocessed Pass ‘Bource” event class.
IRFs P7REPSOURCEV15

Energy band 100 MeV - 100 GeV

Zenith angle cut <100

Rocking angle cut <52

ROl radius for spectral analysis  1®ff-center, except for PSR J1642224.
ROl radius for light curves 2

Galactic diftuse model gll_iem.v05.fit

Isotropic model iso_sourcev05.txt

ScienceTools version vor32p04

2.3. Spectra

Figure[3 shows the on-pulse spectral energy distributiBEDS) of the six pulsars, and Table 1 lists the fit results. Juisars are
too weak for phase-resolved studies beyond the on-pulset&®i described below. We used thermi Science Tool “gtlike”, a
maximum likelihood analysis tool that weights events frdra target and background sources according to the enepgndent
PSF. We used the binned analysis with the “MINUIT” optimiZEie gtlike tool models data in a square region, which wecet t
14 on a side, inscribed within theffset 10 radius data sample.

Instead of centering the ROIs at the pulsar positions, witeshihe ROI centers away from the bright sources. The shiiftsv
us to obtain the smooth “residuals maps” that indicate thehtodeling is reliable. A residuals map shows thfeedénce between

3 httpy/www.atnf.csiro.afresearctpulsaypsrcagexpert.html
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spatial maps of observed gamma-ray counts, and the map ofscoredicted by the likelihood model. The histogram of gmdual
map pixels has a gaussian distribution for well-modeled getiding reliable spectral parameters. Mis-modeledssicause zones
of excess or deficit in the maps, and tails in the residuatediiam. The pulsar's spectral parameters may or may noatiefrom
their best values in such cases.

The residuals maps for most of our pulsars had such tailstal@alactic difuse emission and bright nearby sources. We
therefore shifted the ROI centers to the positions listedahle[1. As examples, we shifted PSR J106628 away from the
tangent of the Carina-Sagittarius spiral arm, where tifRisk emission is particularly bright. Gamma-brigh€Car is 2 away
(Reitberger et al. 2012). We shifted PSR J1803804 away from the gamma-bright supernova remnant W44. R68032224 did
not need a shift.

The “source models” used by gtlike contain sources with tBatistic” TS> 16 (Mattox et al. 1996) within a £5adius of the
offset ROI center, taken from an interim 4-year source listr&sifarther than“sfrom the pulsar radio position, or outside of the
offset 14 square data region, were assigned fixed spectral forms aitdmpeters taken from the 4-year list. Spectral paramegers f
the pulsars and remaining nearby sources were left freditoTree Galactic dfuse emission model matched to our analysis version
and IRFs is given in Tablg 2, as is the isotropic componenighvimodels both the extragalactidiise gamma-ray emission and
residual misclassified cosmic rays. The source model .xed filill be available online at the FSEC

PSR J18341113 has the largest ROI shift, nearly; $Ve verified that its spectral parameters with or withouttsty the ROI
are the same, within the systematic uncertainties degthiblow. PSR J18351106 is reported in 2PC but does not have $6
in the 4-year source list. It is very close to gamma-brighRRI8833-1034. Adding it to the source model does not change the
spectral results.

The pulsars are modeled with an exponentially fiigower law,

b
an . No(E/Eo)reXp[— (EE) } 1)

whereNq is the diferential flux normalization (phcmist MeV1), I' is the photon indexE, defines the energy scale, aBdis

the cutdf energy. The 117 gamma-ray pulsars in 2PC are generallydestiribed by a simple exponential cfiitd = 1, a shape
predicted by outer magnetosphere emission models. Thieterigulsars show “harder” specttax 0.5. Pulsar brightness is not

a concern in the current paper, and due mainly to the souveeskness, freeing thie parameter does not improve the fits. We
setb = 1. We increase the signal-to-background ratio by seleaiirlg photons in the on-peak intervals, defined in Table 1. The
fit results are the same within statistical uncertaintiestiver we select by phase or not, but the cut improves the B8jghthe
significance.

The spectral cutds are robust for only two of the young pulsars, and Table & tlstir cutdf energiesE.. For the other four
pulsars the dference of the log likelihood fits witb = 0 versus 1 is T&: < 13. That is, we cannot reliably distinguish a pure
power law from one with a cuffy and tabulate only the simpler spectral shape. The energyfleagrated above 100 MeG1qo,
is more robust than the integrated photon flux, because tieetde acceptance increases and the PSF narrows at higgrgiesn
(Ackermann et &l. 2012). We report or®oo.

Figure[3 shows both the power-laty £ 0) and cutd (b = 1) fits, showing uncertainties (dashed curves) only for tirefional
form reported in Tablgl1. The points in the figure come from aimam likelihood analysis in logarithmically-spaced egyebands
between AL and 100 GeV. Each pulsar is modeled by a simple power lawindiixI” = 2 in each band, with all other sources fixed
to their nominal parameters, except that the normalizaifdhe Galactic diuse component is left free for the three low latitude
sources. Upper limits (95% confidence level, calculatedgiiie Bayesian method) on the pulsar flux are shown if theaphiss
TS < 4in agiven band.

Systematic uncertainties were estimated by re-fitting thpeak data with the Galacticftlise level shifted by its approximate
uncertainty of+6%, and by re-fitting the on-peak data usinteetive area functiond¢¢ that “bracket” the uncertainty range
(Abdo et al! 2008b). The overall systematic uncertainties tve quote are the sums in quadrature of the parametes sdfilting
from changing the ffective area and the Galacticfiise intensity. The discussion of 2PC Equation 14 explaiaesrtathod. The
smooth interpolation of\. ¢ versus logE) yields+ 10% at 0.1 GeVi 5% near 0.56 GeV, and 5% at 10 GeV.

An improvement made here as compared to 2PC concerns thaéretzf the sources more thahfBom the pulsar, for which the
spectral parameters are fixed. The numbers of predictedsfrom each of the outlying sources were obtained using dineimal
Aqt1. The likelihood fit with the modified\ s uses these predicted counts to determine the parametérs néarby sources, and
of the pulsar. This ensures that the total number of prediicteints matches the number observed in the data. Thble k3hme
systematic shifts of the spectral parameters in a few casésurprising for signals just emerging above the backgipbut overall
the statistical and systematic uncertainties have the saagmitude and we find that the results are robust.

2.4. Distances

Table[1 lists the pulsar distances. None of the pulsars sngaper are in the ongoing campaign to measure pulsar pasheth
the Very Long Baseline Array (VLBA, see Chatterjee et al. Z(00hatterjee 2013). We discuss the timing parallax digtafi®SR
J1640-2224 at the end of this section. The other five distances watered using the DM and the NE2001 model of the electron
density throughout the Milky Way (Cordes & Lazio 2002). AIRC, we estimate the distance uncertainties by re-runnE2DR1
for the two values (1 0.2)DM, except for PSR J105%5028, discussed below.

NE2001 is the principal tool used to obtain radio pulsaratises, providing useful, even accurate, distances for radgt-
loud pulsars. “Accurate” is cited as30% by some authors, although evidence for that number igami&chnitzeler (2012) finds
that modeled DMs match observed DMs to within a factor of d.2 ffor about 75% of the directions to pulsars. Examples of
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Fig. 1. Gamma-ray pulse profiles (black histograms) for the younggrs PSR J1055%028 (left), J17051906 (middle), and
J1913+0904 (right). Each gamma-ray event is weighted, and the bens are explained in Section 2.2. The horizontal dotteskli
are the background levels, witHlo uncertainties. Each pulsar rotation is shown twice. Fithédight curves overlay the histogram
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Fig.2. Same as Fid.l1, for millisecond pulsars PSR J1&124 (left), J17325049 (middle), and J1843113 (right).

the NE2001 distance being wrong by a factor of several irellRER J02486021, behind a dense part of the Heart and Soul
nebula [(Theureau etlal. 2011); PSR J085644, with a line of sight tangent to the Gum nebula (Acerd.e2@13); and PSR
J202%-3651 (Abdo et al. 2009a), in the Cygnus region. Uncertaibtyua which distances are or are not reasonable casts doubt on
gamma-ray pulsar luminosity and space distributions ireganTo cross-check the DM distances, useful even withaitbédoming
improvements to NE2001 (Cordes 2013), we compare the NE2@@tron density along the lines of sight to the pulsars with
different observations. Figuré 4 illustrates these “diagogistor the two pulsars with the largest distances in our damp

The first is the atomic hydrogen (HI) number density. It is,auerage, ten times higher than the electron number density
(He et al! 20113). The ratio is lower when, for example, ned@Bystars provide intense ionizing ultraviolet light. The iimber
density is 1823x 10*®T,AV/Ad where the constant is obtained assuming that the HI is digtiten at 21 cm [(Dickey & Lockman
1990), andr}, is the brightness temperature recorded by the Leiden-AirgiBonn (LAB) survey (Kalberla et al. 2005). The survey
providesTy, in steps ofv.sg Wherev sris the Doppler shifted line-of-sight velocity with respéatthe local standard of rest. For
HI in the Milky Way, a large component ofsris due to the rotation of the Galaxy. We approximate the iataturve as flat, with
a rotational velocity of 235 km$ and a distance of 8.5 kpc between the Sun and the Galactierceve derive HI densities under
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Fig. 3. Spectral energy distributions for the three young pulsiaft) @nd the three millisecond pulsars (right). The sotigight
lines are the power-law fits, whereas the solid curves shevexiponentially cut ff power laws. The dashed curves show the 95%
confidence level uncertainties for the fits reported in THblEhe data points are described in the text.

the assumption that the spectral shifts are due entirelyatadic rotation and that for the channel width of the suri®y the gas
is uniformly distributed along the line of sight over a disteAd converted fromAV using the rotation curve.

Carbon monoxide (CO) traces molecular hydrogen, Fhe fraction of electrons in a molecular cloud is very siatllorder
107 (Wootten et al. 1979). Nevertheless, CO indicates the poesef dense, molecular gas and, perhaps, of an electroasee
use the CO survey by Dame et al. (2001) and a similar convefeiol, to hydrogen molecule density,»21.8 x 10°°T,AV/Ad.
Figurel4 indicates clouds on the lines of sight for both pglsor PSR J1055028 the two possible distances for a givegr are
shown: when a distance corresponds to tygx values, the quantity derived from the HI and CO radio intignisi plotted twice,
once ford < 3 kpc and again for % d < 5.5 kpc. At larger distances in this direction there is no amthjg For PSR J191:80904,
the mirror point is at a distance incompatible with the DM amaot shown. At high latitudegl > 5°) the CO survey data is
integrated over sgand the distance conversion is not available.

Finally, we also examine the Doppler-shifted Hydrogen recombination line intensity, which also indésathe presence of
electrons, as a function of sk, but did notinclude it in Figurel4. We use,l$pectra from the Wisconsin H-Alpha Mapper (WHAM)
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survey (Hafner et al: 2003), and the Southern H-Alpha Sky Survey AtlasASSA) for southern sources (Gaustad et al. 2001).
Both surveys, as well as the compilation by Finkbeiner (200®vide images integrated ovgk g showing structures that may be
on or near each pulsar’s line of sight. The image intensitigsespond to emission measures EM.25R, with EM in units of pc
cm® andR in Rayleighs, assuming a gas temperature of 8000 K. The NE&@fiel estimates EM from the integral igf along

the line of sight, which is sensitive to the non-uniformifyrg. We do not compare the measured and predicted EM valuessin thi
work, but do note the detailed study off@girent Galactic electron models using thgiHaps by Schnitzeler (2012).

NE2001 models electron densities in e.g. the arms and haledbalaxy as being uniform, with correction tables of “chsh
and “voids” for directions where anomalies have been ndtivée search for unmodeled anomalies. THedlilty is knowing what
size and density to assign to a new clump or void. Exchandiiegdtandard” NE2001 biases with our owd hocvariants would
add only confusion for small distance shiftts fine, we added an additional clump along the line of sight only¥8R J10556028.

PSR J10556028 was discovered in reprocessing of the Parkes multipmpdsar survey (PMPS) data. Improved algorithms
picked out signals missed during earlier analyses (Kei# @009), adding to the total of over 750 pulsars discovaréae survey.

At the nominal NE2001 distance of :Bigg kpc, it would match the farthest detected gamma-ray puR8R(J14106132 at an
NE2001 distance of 15.6 kpc). Figtirk 4 (bottom frame, léftves this, where the integrated electron curve reaches ¢asuned
DM value of 636 pc cm?. Figure[4 (left) also shows an excess of both HI and CO aroukpt8n that direction. Both Reid etlal.
(2009) and NE2001 show the line of sight running throughdiant to) the Carina-Sagittarius spiral arm in that rangégramg
(exiting) the arm at about 7 (9) kpc. Two massive stars appear the pulsar (see also Section 3.2). AG Carinae (AG Cax) is
50 solar-mass luminous blue variableQ® degrees away, with a ring nebula of angular siZ¥0|Hoekzema et all (1992) place
AG Car at 6+ 1 kpc from Earth. GG Carinae (GG Car) isBaLyrae-type eclipsing binary,.09° degrees away, at 5 1 kpc
(Marchiano et al. 2012). Both angular separations cormegpm 7 or 8 pc from the line of sight.

The SHASSA H image shows high EM (400 pc ¢ in the direction of the pulsar, consistent with clumps @oglons along
the line of sight. AG Car is five times brighter and GG Car igthtimes brighter, illuminating the region (in projectidrgtween
the stars and extending to the pulsar. We thus propose twanfel scenarios. The first appears in the Figure astheump at 8
kpc. It raisee to 0.1 electrons cim?, an eighth of the HI density at the distance of the HI and C(k jrtansities. The size of.6
kpc is based on the extent of the HI cloud, amongst the laagf@$E2001 clumps. This only decreases the DM distance to £3 kp
within the uncertainty obtained from the £10.2)DM prescription.

In the second scenario, we place the electron clump betweestarsi(b = 28917, —0.68 and 5.5 kpc), with a radius of 10 pc
(typical in NE2001). We “reverse engineer” the density. flisawe find that the DM yields 6.8 (8.7) kpc fog = 25 (15) electrons
cm3, respectively. The Figure shows 7.6 kpc far = 20 electrons cre. In NE2001,n. decreases exponentially with angular
distance from the center of the clump, truncated at the cleadjus. The spike in the Figure reaches 11 electrons coff-scale
for readibility. The largest NE2001 clump densities are B@teons cm?®. The densities necessary for such a large DM at half the
standard distance are realistic. We express a prejudicvar bf PSR J10556028 being in the tangent region of the arm, at the
distance of the massive stars, but allow for it to be at theade suggested by HI alone, and will u$§ Bpc. It remains one of the
more distant gamma-ray pulsars.

PSR J19130904's nominal NE2001 distance of03t 0.4 kpc is typical of the gamma-ray pulsars reported in 2PC. Hihe
intensity at its position is near the background level (a pevent®). Figured4 shows a dense CO cloud near 2.6 kpc.rigispike at
the same distance comes from the line of sight grazing aatdME2001 clump modeling the methanol maser CH30OH 43.88;0.
with ne = 6 electrons cm?. The maximum density due to the maser clum@5Qelectrons cit?, is off the plot scale. Away from
the spike the density ise < 0.05 electrons cr?, while the HI density is~ 0.9 atoms cm®. Since on average, as stated above,
HI/ne ~ 10, ne away from the spike could be larger. The pulsar would thendaear, but in fact the distance prediction is especially
sensitive to the details of the maser modeling, and we rétaiNE2001 value. The other four pulsars are nearer than,2Wficno
striking features in the élierent maps. In general, the maps better indicate possilmésmodeling for more distant pulsars, beyond
the large structures near the solar region, and where nagl@ities are higher.

The timing parallax for PSR J164Q224 corresponds to 4580 pc, less than half the NE2001 value, although the unceigaint
overlap. The Lutz-Kelker correction providedlby Verbieisak (2012) accounts for the bias skewing observed distaaagy from
the true values. For PSR J1642P24 it yields a very close distance 400 pc, a consequence of the large parallax uncertainty, and
we do not use the correction. The NE20@lversus distance curve shows a discontinuity in the first &jpailar to that shown for
PSR J10556028, followed by a steep decline in density as the line difitsigr this high-latitude pulsar leaves the Galactic disk.
Smoothing it, and doubling the pre-step density as sugddstéhe HI curve, would surely bring the DM distance into agnent
with the parallax measurement.

X-ray observations of absorption can yield hydrogen coluensities, which can be compared with the integrated proton
densities from the HI, CO, and,Hneasurements for an independent distance estimate. Wehedahe archives and found 28 ks
and 8 ks observations with XMM-Newton for PSRs J166628 (PI: Y. Nazé) and J1768.906 (PI: K. Mason), respectively, and 9
ks with Swift (from December 2011 - December 2013) for J162@P4 (Sakamoto & Knoche 2011). The observations coxgtd
several keV. The PSR J1056028 data were taken in the field of an observation targetf@gAr which resulted in a non-detection
of the star/(Nazé et &l. 2012). Analysis reveals no X-raynterparts for any of the three pulsars, and thus, no distemiestraints.

A 20 ks Chandra observation of J1841R113 (PI: K. Wood) used the High Resolution Camera and isitaide for such spectral
analysis.

2.5. Gamma-ray luminosity

The luminosity isL, = 4rfaGio0d?. The “beaming factorfq is the ratio of the power radiated by the pulsar into all space
the power radiated towards a given line of sight (see Eq. 18@). Restatingfo normalizes the observed intensity for a given
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Fig. 4. Diagnostics for DM distances obtained using the NE2001 mdde PSRs J10556028 (left) and J191:80904 (right).
Counting from the top, the second frame shows the protonitilEsnglong the line of sight of the pulsar derived from theB.A
survey HI brightness temperatufg (left axis), and from the Dame etlal. (2001) CO survey brigeintemperature (right axis). The
radial velocity from the surveys has been translated totanlie (x-axis for all frames) using a flat rotation curverfirame). The
top frame shows the proton densities integrated into coldamsities. The fourth frame is the electron density used BZ001,
integrated to give DM in the fifth frame (the spikes exceedytseale). See text for a discussion of the clumps added tNH2O01
model for J10556028.

inclination/ of the pulsar rotation axis to the average intensity ovenalinations. Emission models predifgt ~ 1 for our sample,
and we seffo = 1. .

Table[1 includes the luminosities and thf@encies; = L,/E obtained for each pulsar. The systematic uncertaintidadec
two contributions: the flux uncertainty due to uncertaintiethe éfective area and theftlise emission ; and the propagated distance
uncertainties. We added these uncertainties in quadrature ) _

We adopted the widely-used value for the neutron star mowfanertia, | = 10*° g cn?, to calculateE = 4721 PP-3. Much
evidence indicates that neutron star radii and massesrges than the 10 km and4. M, used to obtain this value dfHebeler et al.
2013). The moments of inertia are probably twice as high famg pulsars, and perhaps three times larger for recyclsanzu
The dficiencies would then be smaller by the same factors.

3. Six Faint Gamma-ray Pulsars
3.1. Identifying Selection Bias

“Faint” means more than just having a low flux. Several patensedfect how many years of LAT observations it takes to detect
a given pulsar. Selection bias thueats theFermi pulsar sample at some level, in spite of the uniformity of allesky survey.
Identifying these biases is a first step. In the next secti@begin calculations to correct for the bias due to profibgpsh with the
aim to allow more accurate comparisons with populationfsyses.

A first example of parameterg#facting detection is provided by PSR J184313, discovered in the PMPS (Hobbs et al. 2004a).
Its distance (1.7 kpc) is large but not unusual for gammaM8&yPs. Itsk is high for an MSP, while its latitude is low for an MSP
but mid-range for young pulsars. In fact it is one of the gammmaMSPs closest to the plane, giving it a higlffuse emission
background level. (Figure 17 of 2PC shows the latitude deeece of the LAT detection sensitivity for unpulsed sounséh
pulsar-like spectra.) Figuié 3, however, shows what is gbbthe dominantf@ect: the spectral indek = 2.8 is the steepest of
any gamma-ray MSP and, crucially, as steep as tffas#i emission spectrum. Thus, whereas most pulsars rise #t@wditfuse
background in some spectral range, J184B13 does not.
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PSR J17325049 was discovered in a Parkes survey of intermediate Galatitudes at 1.4 GHz (Edwards & Bailes 2001). It
is slightly closer, and farthertbthe plane, than J1843113 but has twenty times smaller spindown power. Lumigdalts more
steeply with decreasing for low spindown powers. This pulsar was not in the second k#lirce catalog (2FGL), but a source
positionally consistent with the pulsar was found during dievelopment of the 3FGL catalog based on four years of LAA. dse
obtained a Parkes rotation ephenf&rimased on observations described by Manchestef et al.)y2®h&se folding the gamma-ray
data immediately yielded compelling pulsations: pulsetcees are generally more sensitive, but an ephemerisiedee

Two more pulsars in our sample have very IBWPSRs J164682224 and J17051906. Our parallax distance gives J162224 a
luminosity as low as the two previous record holders, MSB8304715 and J10240719 (2PC). PSR J1642224 was discovered
in a high latitude search at Arecibo (Foster & Wolsz¢zan 988 low spindown power and luminosity are balanced by fatte
distance and latitude. PSR J17®06 was one of 155 pulsars discovered during the secondiglasurvey of the entire sky south
of declination 20 (Manchester et al. 19/78), and is in one of thefmi bubble% (Su et al. 2010), so that the félise background
level is higher than might otherwise be expected. Its nearhelps make it detectable. J172906 has the lowest spindown power
and lowest luminosity of any young, radio-loud gamma-ralgaiuto date. The spectral ctités at the lowest energy of our sample,
difficult to measure due to the weak signal-to-noise ratio.

Close examination of th®P diagram (Fig. 1 of 2PC) reveals that just below the “empiraeath-line” discussed in 2PC,
between 1 and810%* erg s, very few pulsars were gamma-ray phase-folded. Work isealiy in progress to obtain ephemerides,
primarily from Jodrell Bank Observatory, to better explthis niche in parameter space and in particular, to see whtth 3<10%3
value reflects a pulsar property or selection bias.

A large beaming factoffg, gives a small flux for a “normal” luminosity, as discussedmmani et al.. (2011) for “sub-luminous”
pulsars. Gamma-ray emission models pagdict §, for a given pulsar only if its inclinatiog as well as the angle between the
rotation and magnetic axes are known. Without the predidti@a priori detectibility of a given pulsar is in doubt, although in
practicefg rarely changes the flux by a large factor. Once a pulsar has detected, d, ) and hencefg can be estimated by
comparing the observed profiles with model predictions. Bain& Watters [(2010) provided an “Atlas” of predicted profleapes
over a grid of inclination angles for young pulsars, for thegnission models. For simplicity, we refer mainly to thetéygap” or
OG model, well-suited to PSR J1705906, discussed below. The grid cells have as many as fofilggiaorresponding to small

to large widthsy = VE of the outer gap. MSPs have much smaller light cylindersngivay the shapes of the gamma-ray emission
zones compared to young pulsars. Johnsonl et al. (2014) hadeled all of the 2PC gamma-ray MSPs.

Another way to estimatea(¢) is to analyze the radio polarization position angle (PPAjiation with rotation phase
(Craig & Romani 2012). PSR J178%906 stands out in our sample as only the fourth young ganaygulsar with a radio
interpulse, visible in the top-middle frame of Fig. 1. Theyous are the EGRET pulsars Crab and PSR B1825and 2PC pul-
sar J09084913. In principle, sampling the PPA swing at two widely gaped phase intervals should constrain) better than
for pulsars with a single narrow radio peak. We thus expe®g J17051906 to allow detailed gamma-ray modeling, and firm
predictions forfg. However, a ‘kink’ in the PPA swing of J1764906’s interpulse is incompatible with simple models. Tirkk
is examined by Weltevrede et &l. (2007), along with a wedithtioer radio observations showing, for example, that the tadio
emission regions are physically connected. Of the threésdiscenarios they propose, none explain all of the data.

For J1705-1906's very lowkE, the observed single-peak gamma-ray profile is expectgdonthe Atlas OG model fowr > 50°.
Pulsar radio beams will be seen from Earth only/if- a| < p, where the half-angle of the radio cone is typically taken as
p = 5.8°P~Y/2 (Watters & Romani 2011). For the period of J17A®06 this givep ~ 10°. An independent analysis of the radio
pulse widths by Weltevrede et/al. (2007) yielded 12°, assuming that the pulsar is an orthogonal rotator. We thdg fi 60°,
and the Atlas then favors even largewvalues. That is, J1768.906 appears confirmed as an orthogonal rotator, suppdheng
two-pole and the bidirectional scenarios discussed byaedtle et al. (2007).

3.2. Profile Shapes and Detection Sensitivity

Striking in Figure$ 1l and]2 is the absence of any ‘classic’ mannay pulse profiles. None of the six resembles the Crab larsve
lightcurves with two narrow peaks separated by a half rotattven when Tabld 1 lists two peaks in the profile fit, theysarelose
together that they appear as a single, broad, uneven peldaps with a small peakido the side.

PSRs J10556028 and J191:80904 are the most extreme cases. PSR J40384 was discovered with the PMPS a few years
before the launch ofermi (Lorimer et al. 2006), and has since received little attantn the literature. Both pulsars have large
spindown powers and lie near the Galactic equator, in bugipms. The two pulsars are the farthest of our sample, aihou
J1913-0904 is ‘only’ 3 kpc away. Their spectral parameters are tgpical. Their ‘faintness comes from having larger pulse duty
cycles than any 2PC pulsar: in Figlile 1, over 60% ofthEOO MeV pulse profile is above the backgrourtb- level. The largest
duty cycles in 2PC are 40% to 50%.

To provide an indication of how common or rare broad-peakdsigss might be, Figufd 5 has the samg/{ grid as Fig. 15 of
the Atlas. Radio-loud pulsars favor the top-left to bottaght diagonal of the grid (the magnetic axis passes nedirtbef sight,

(¢ - a) < p, as above). ‘Classic’ gamma-ray pulsars dominate the loight cells. The upper-left cells correspond to radiodpu
gamma-quiet pulsars. Broad peaks as for PSRs H&BS and J19180904 appear at the upper-right: orthogonal rotators, with
the rotation axis tilted towards Earth. (J123®06 would be an orthogonal rotator with its rotation axianheperpendicular to the
line of sight.) For the naive assumptions of Figlre 5, thatisoring efects that tend to align or unalign the magnetic and rotation
axes, and ignoring radio detectibility, of order 15% of allgars would have such broad peaks, for this particularemehtation

of an OG model. For the spin periods of PSRs JHEER8 and J191:80904,0 ~ 16°. PSR J191380904’s very low flux density of
70y at 1.4 GHz/(Lorimer et al. 2006) could indicate that only ¢uge of its radio beam skims the Earth. The width of the radio

4 R.N. Manchester, personal communication.
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profile of J1913-0904 is rather narrow and the swing of the PPA is remarkablyTlais too could indicate that the line of sight
cuts far from the magnetic axis.

Intuitively, pulsation tests work better when pulses ararghTo quantify this, we have simulated a range of pulse Iprofi
shapes, from Vela-like to “box-like”, as for J1056028 and J19180904. We add these signals to background, uniform in phase,
and calculate the H-test for thousands of trials. Eig. Strighows how often the H-test significance exceedsas a function of
signal strength. (The background intensity is left fixedd anrresponds to the region surrounding Vela.) A broad llaxdignal
(width w = 70%) is detected as often as a Vela-like signal only if it.i& times stronger. In consequence we suspect that pulsars
from that @, ¢) range are under-represented in the LAT sample.

The Atlas also predicts that aligned pulsars (smalviewed equatorially (largé) will emit gamma rays with essentially no
phase modulation at all. Neither the H-test nor any othepganity test will find these. They would appear as steadysesiwith
spectra typical of gamma-ray pulsars (see Eq. 1) at theiposiof radio pulsars with largg/d?. If too faint, spectral analysis will
not reveal their similarity with gamma-ray pulsars. Seattibof 2PC partially addresses this topic, identifying 11spus where
the spectral shape in théfgeak phase intervals resemble those of gamma-ray puBansersely, Table 13 of 2PC includes a
few pulsars spatially coincident with steady gamma-rayaes) for which gamma-ray pulsations have not been seemfgauiet
candidates).

The absence of strongdfepulse emission from PSR J1055028, apparentin Fifl 1, bears mention. Earlifénmis mission, the
LAT detected a flare from this direction (Yasuda €t al. 2089)ify XRT observations (ObsIDs 31426, 31427) detected a fairdayX-r
source coincident with the luminous blue variable star AG @bso called WR 31b) suggesting it might be the countei(@ireung
2009). Our subsequent analysis revealed the XRT counts pretominantly in the 0-32 keV band with rate 1 + 0.4 counts
ksec? (observed flux B x 1074 erg cnt? s~ assuming a power-law with photon index 2.5). In fact, anofii¢ential counterpart
to the LAT source is GG Car. Although not significantly degetin theSwiftobservation, it is a binary system of two very massive
stars, and interactions between their winds could in pplediead to gamma-ray emission (Werner et al. 2013). BectugeseAT
off-pulse intensity matches the expectefildie background level around PSR J166628 we infer that none of the massive stars
are bright gamma-ray sources, except perhaps episodically

4. Conclusions & Prospects

We see more atypical gamma-ray pulsar§@sni's mission continues and fainter signals become detectalbbsving us to probe
a broader range of pulsar parameter space. In particulaiepeat the characteristics of six new gamma-ray pulsarshwvhave in
common that they all have some property that delayed thetodery for a few years.

We have developed a method to “diagnose” the reliabilityisfashces obtained using the NE2001 model and radio digpersi
measures (DM), where we compare the model’s predictionthiéoelectron density along the line of sight with other digrtsacers.

In the case of PSR J1056028 we conclude that the pulsar is at half the distance @usly thought. We also reported a timing
parallax distance for PSR J1642224 using Nancay data.

We have calculated the dependence of pulsed detectiorigiysin the pulse’s duty cycle, showing that thigexts the unifor-
mity with which we sample pulsars withftirent inclination angles. Pulsed detectidiiciency decreases but remains acceptable
for very broad pulsations.

Data reconstructed with th&ass 8 analysis under development are being tested within the in&frument team (Atwood et al.
2013). Pass 8'’s greatly increased acceptance at low enkegges which pulsars can rise above theude emission; that is, it
changes the pulsar detection biases in the LAT data and &l iis acquire a more complete sample.
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