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ABSTRACT
We report the discovery of a young and energetic pulsar in the Parkes multibeam survey of the Galactic plane.
PSR J10165857 has a rotation period of 107 ms and period derivatig&®& 104 , implying a characteristic

age of 21 kyr and spin-down luminosity 8f6 x 10* ergs.sThe pulsar is located just outside, and possibly
interacting with, the shell supernova remnant G284L38. Archival X-ray data show a source near the pulsar
position that is consistent with emission from a pulsar wind nebula. The pulsar is also located inside the error
box of the unidentified EGRET source 3EG J16B315, for which it represents a plausible counterpart.

Subject headings: ISM: individual (G284.3-1.8, 3EG J10135915) —
pulsars: individual (PSR J1016857) — supernova remnants

1. INTRODUCTION in New South Wales, Australia. The pulsar has been the subject

. . , of regular timing observations at Parkes since 1999 May. These
Observations of young rotation-powered pulsars offer unique \,se the center beam of the multibeam receiver and the same

opportunities to illuminate several fundamental questions about 4 acquisition system as the survey to collect total power
the physics of neutron stars and supernova remnants (SNRS)samples every 0.25 ms from 96 contiguous frequency channels
In particular, synchrotron emission from a pulsar wind nebula peyween 1230 and 1518 MHz. The 1-bit digitized samples are
(PWN) can be used to determine properties of the relativistic \yjten to tape for subsequent analysis, together with relevant
pulsar wind, to probe the density of the ambient medium, and g|escope parameters, including the start time of the observation

to study the evolution of SNR ejecta and their interaction with eterred to the observatory time standard. The time on-source
the local interstellar medium (ISM). Confirmed associations 5 g minutes on average each observing day.

between pulsars and SNRs also provide the opportunity t0 di- - The timing data are analyzed in standard fashion: samples
rectly constrain the birth properties of neutron stars, including oy higher frequency channels are appropriately delayed to
their space velocities and initial rotation periods. Such asso- compensate for dispersion in the ionized interstellar medium.
ciations are often difficult to judge on the basis of the distance pata from all frequency channels are then summed, and the
and age estimates for both objects, and a very powerful met.ho‘ﬁasulting time series is folded modulo the predicted topocentric
of confirming an association is the observation of interaction pulsar period to generate an average profile for each obser-
between pulsar/PWN and SNR. However, young pulsars aréyaion, A sum of several aligned average profiles yields the
rare, and cases where such interaction is apparent are rarer stillgiandard profile” (Fig. 1), with which individual profiles are
One of the main aims of the Parkes multibeam survey of . elated to obtain times of arrival (TOAS).
the Galactic plane (Manchester et al. 2001) is precisely to detect 1o TOAs are analyzed with the TEMPO software pack-
young pulsars, and at leasB0 of the 600 pulsars discovered 468 they are converted to the solar system barycenter using the
to date are youthful, with characteristic age 100 kyr. Sev- 3 DE200 planetary ephemeris (Standish 1990) and fitted to a
eral of these are energetic as well (e.g., D’Amico et al. 2001). Taylor series expansion of pulse phase by minimizing the
In this Letter, we report on one such object, which archival \ygighted rms of timing residuals (observed minus computed
radio, X-ray, andy-ray observations suggest is remarkable.  phase). This yields precise values of pulsar rotation frequency
v, its derivativer , and celestial coordinates. Many young pulsars,
2. RADIO PULSAR J1016-5857 including PSR J10165857, experience rotational instabilities,
) ) . and in the presence of such “timing noise,” particular care must
PSR J1016 5857 was discovered in data acquired on 1999 pe taken in order to minimize contamination of fitted parameters.
March 15, collected in the course of the pulsar multibeam Following the prescription of Arzoumanian et al. (1994), we first
survey (Manchester et al. 2001) at the 64 m Parkes telescopewhiten” the timing residuals, by fitting for position, », and
higher frequency derivatives as required ( in this case). The
Stl C(t)'l;\‘mbiaYAslime)'iiC)ngL?abOfatOfy, Columbia University, 550 West 120th  resulting celestial coordinates and uncertainties are our best es-
reet, New YOrK, . : H H
Al sy o s, G500 BT S w5 O e pareetes and re e ) e 1 e
3 Uyniversity of Manchester, Jodrell Bank Observatory, Macclesfield, Chesh- held ﬁxe_q ands set to zero. We then perform one final fit that
ire SK11 9DL, UK. o . _ includesy . This isnot a term describing the secular evolution
ItalyOsservatono Astronomico di Bologna, via Ranzani 1, 40127 Bologna, pf the neutron star rotation, but resu“s from rqtathna| instability
s F'>hysics Department, McGill University, 3600 University Street, Montreal, in the pulsar. I,n fact, both the sign and magnitude of ;trongly
Quebec H3A 2T8, Canada. suggest that it mostly represents recovery from a glitch that

® National Radio Astronomy Observatory, P.O. Box 2, Green Bank, WV occurred prior to the discovery of the pulsar (see Lyne 1996).
24944,

" Center for Space Research, Massachusetts Institute of Technology, 70 Vas-
sar Street, Cambridge, MA 02139. 8 See http://pulsar.princeton.edu/tempo.

L51



L52 YOUNG AND ENERGETIC PSR J10165857 Vol. 557

TABLE 1
10 g b ' ' PARAMETERS OF PSR J1016-5857
s L % r ] | Parameter Value
i ] sets R.A. (J2000) ......c.ovinaieiannnnn, 106m21516(1)
s ] Decl. (J2000)........eeeeaeeeann.. —5857'12/1(1)
0F--- § L TR 5: i Rotation frequencyy ................. B1274229245(4) s
g A b P . Period,P ............ [ 0073797565311(5) s
N2 & s Frequency derivativey ............... —6.991787(7)x 102 s?
o S . st " Period derivativeP ................... 8.061818(8)x 10 *
s LI ) H Second frequency derivative? ...... 1.03(2) x 10252
& 1o l . . 1 Epoch......ccoooiiiiiii MJB1730.0
0 Dispersion measure, DM............ 394.2(2) cm?® pc
5 ! DAtA SPAN -+ eeeeeeeeeee e MJB1451-52002
o rms timing residual (red/whité)...... 4.3/0.24 ms
g Flux density at 1400 MHz........... 0.46(5) mJy
= Derived parameters:
2 J‘ } { Galactic longitude]| ................ 28208
S RPN IR B I\ T U G SO 1 A I A P S Galactic latitudep ................. —-1°88
{ Distance,d® ...............c..ouee. 3? kpc
} Characteristic ager, ............... 2.1x 10*yr
Spin-down luminosityE ........... 2.6 x 10 ergs s*
Magnetic field strengthB ......... 3.0x 10% G
B | . . . . I Note.—Numbers in parentheses represent dncertainties in the
51500 52000 least significant digits quoted.
Date (MJID) :gitted _for separately (not a secular term); see § 2.
ee Fig. 1.
©See § 3.

Fic. 1.—Pulse profile and post-fit timing residuals for PSR J103857.
Corresponding parameters and weighted rms residuals for “ted) and .
“white” (bottom) solutions are listed in Table Top, inset: Average pulse ~ about 5% (see Green 2000)}However, the morphology of this
profile at 1400 MHz, with 0.6 ms resolution. The full profile width at half the  particular pairing appears to bear a resemblance to that of PSR
g“;’é'lr_“g? f(')’:te”:r%’.'ng;(p%iitié?]sh Sﬂdﬁfé dlg:A)bgsﬁiot jallule) mzaa';asi B1757-24 (another Vela-like pulsar) and its associated SNR

. 14 14 - . - 1 9

cubic trend in residuals indicates presence of timing nddstom: Same as G5.4-1.2 ( the DUCk_)' In the latter case, the pl‘”Sar has_ ap-
top panel, but with additional fit foi (see § 2). parently caught up with, penetrated, and overtaken the rim of

its SNR, leaving a trail in its wake; the pulsar is now embedded

The timing residuals corresponding to the solution presented in
Table 1, based on 1.5 yr of data, are shown in Figure 1.

With period P = 1/r = 107 ms and a highP , PSR
J1016-5857's inferred characteristic age,= P/2P = 21 kyr,
is relatively small and its spin-down luminosityE =
472P/IP® = 2.6 x 10%*®ergs s?, large. The surface dipole mag-
netic field strength i8 = 3.2 x 10°(PP)¥? = 3.0 x 10 G -58°30° &
(Table 1). These parameters make it similar to the small number
of “Vela-like” pulsars, which haver,~ 10* —20yr and E >
10%*® ergs s*. Prior to the Parkes multibeam survey, only nine
such pulsars were known. Thus far, we have already doubled
this numbef. Pulsars in this group have high levels of glitch
activity, and many are associated with PWNe and/or SNRs.

1% See also http://www.mrao.cam.ac.uk/surveys/snrs.

-58°40

3. SUPERNOVA REMNANT G284.31.8

DECLINATION (1950)

PSR J1016'5857 is located, at least in projection, near the
SNR G284.3-1.8 (MSH 10-53; Milne et al. 1989; see Fig. 2). -58°50'
SNR G284.3-1.8 is an incomplete radio shell with nonthermal
spectrum and with significant polarization, interacting with mo-

I A )

lecular clouds (Ruiz & May 1986). The pulsar is located exactly . 0 5 |
at the very tip of a “finger” of emission on the western edge of o, o R 0"/
the remnant ané 15 from the SNR’s approximate geometrical -59°00' (0, 7 . (;
center. [T PO S S NP WA T W 7
In the Galactic plane, the spatial density of SNRs and pulsars whlsm 00® 10" 16™ 00 10}‘14,”“30s

is high, so the fact that a young pulsar lies near the edge of a
SNR does not necessarily imply that they are associated: the
probability of finding a pulsar lying by chance within "16f

a SNR center in this region of the Galax37(® <| <300 )is _ Fic. 2—MOST radio map at 843 MHz of SNR G284:3.8 (Milne et al.
1989), with a spatial resolution of 45The position of PSR J1016857,

known with subarcsecond accuracy (Table 1), is indicated with a large plus
9 See http://www.atnf.csiro.au/research/pulsar/pmsurv. sign at the tip of the protuberance on the western edge of the SNR.

RIGHT ASCENSION (1950)
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J1016-5857/G284.3-1.8 association is real, and the age of
1 the system is-7., we can estimate the velocity required for the

- g 1 pulsar to move ballistically from its putative birthplace (SNR

- T : - 1 center) to its present location: ~ 500@/3 kpc)(21 kyrt)

’ km s*. This velocity is within the range expected for young

neutron stars (Lyne & Lorimer 1994) but is highly supersonic

I ’ , ] in the local ISM. A characteristic bow shock PWN is then

B N, -~ ) expected, as is observed for PSR B1#24 (Gaensler & Frail

/ . '~ . | 2000). Such a bow shock nebula, of typical extexit, could

‘ N not be seen in Figure 2. Furthermore, the larger scale finger

| connecting to the SNR need not point in the direction of motion,

= f o ¥ y & TN since the “wake” left behind by the pulsar can be distorted by

I \ [ ¥ - . & 1 ISM motions and turbulence. Finally, in comparing the PSR

) 1 J1016-5857/G284.3-1.8 and PSR B175724/G5.4-1.2

= | g, \' - systems, we note that the pulsars are uncannily akke:

| 107/128 ms, 7, = 21/16 kyr, E = 2.6/2.5x 10*® ergs §,

S ' . ] B = 3/4 x 102 G.

30
\
/

Dec. (B1950)
45
l Ll
F
b
/
/

-59°00
v
w

4. X-RAY OBSERVATIONS

10M18™ 16™ 14™ 1™ Energetic young pulsars such as PSR JIB®7 often
R. A. (B1950) produce detectable high-energy emission, especially if their
distance is not too large (as we have argued in the previous
FG. 3—Eingtn 1P rvation of the PSR J1 7ISNR section). A search of the HEASARC archive for serendipitous
6282.3—31.8 fielzt?a posgibly?tsgenztec(’l so?Jrcet ig detgctedJnce);??hse /psosition of high-energy observations of PSR J16HB57 has yielded one
the pulsar ¢rosshairs; see § 4). The ellipse overlaid represents the approximate pointing at SNR G284.31.8, obtained with the Imaging Pro-
2 o contour of positional uncertainty for the EGRET source 3EG JHER5 portional Counter (IPC) on board tHginstein Observatory.
(H,artman et al. 1999; see § 5), which has an effectiveuhcertainty radius The IPC is sensitive to 0.1-4.5 keV X-rays over itsxl 1°
43 field of view with an image resolution of'43'. The standard
processed image from this 1.9 ks exposure (sequence 15288)
in a ram pressure—confined (bow shock) PWN (Manchester etacquired on 1980 February 5, is shown in Figure 3. The pulsar
al. 1991; Frail & Kulkarni 1991). Because of the limited res- position is near the center of the IPC field and coincides with
olution and sensitivity of the Molonglo Observatory Synthesis an excess of localized X-ray emission, the most significant in
Telescope (MOST) data shown in Figure 2, it cannot yet be the field. This emission is consistent, given the limited number

determined whether a similar association exists between PSRof counts, with a point source, with possible extended emission.
J1016-5857 and SNR G284:31.8. Nevertheless, the location  From the original event data files, we extracted 134 counts

of PSR J1016:5857 at the tip of a bright structure connected from anr = 3!0 circle around the peak of emission and es-
to G284.3-1.8 is suggestive of a physical association between timated the background counts within a surrounding annulus
the pulsar and SNR. _ _ at3/2<r < 6/2. The 45 background-subtracted counts yield a
If the pulsar and SNR are associated, the pulsar is at thesource significance of 4.8 and a centroid that is1'8 offset
distance of the SNRJ = 3  kpc, on the near side of the Carina from the radio position. While much larger than the nominal
spiral arm, as determined from optical and CO line observationsEinstein pointing error £10"), this offset is consistent with the
with an uncertainty of only~20% (Ruiz & May 1986). This  |PC instrumental measurement error and the small number sta-
distance is smaller than that inferred from the pulsar’s dispersiontistics (e.g., Harris et al. 1990).
measure (DM) and a model for the free electron distribution in  To estimate the luminosity of the source, we assume a typical
the Galaxyd = 973 kpc (Taylor & Cordes 1993). However, the pulsar power-law model with photon indes2, as might be
model is at its most uncertain along spiral arm tangents, theappropriate for magnetospheric emission or origin in a nonther-
direction of PSR J10165857, so that the discrepancy may not mal nebula. A measure of the Galactic neutral hydrogen column
be as serious as it appears. A similar example is provided bydensity to the pulsar is estimated from tha btudy of Dickey
the recently discovered1600 yr old pulsar J11196127 (Cam- & Lockman (1990)* This givesN,, ~ 102 cm?, consistent with
ilo et al. 2000) and its clearly associated SNR G295 the rule of thumb of 0.1 free electrons per H atom and the pulsar's
(Crawford et al. 2001; Pivovaroff et al. 2001), where the model DM. For isotropic emission, we obtain an unabsorbed X-ray
puts the p_u_lsar al>30 kpc, when in fact it liescats 8 kpc. |Juminosity Of Ly 0.1 45kev~ 10%(d/3 kpc)? ergs s*. This rep-
Hypothesizing the PSR J1036857/SNR G284.31.8 asso-  resents an efficiency for conversion of rotation-driven luminosity
ciation, we consided = 3  kpc hereafter. into X-rays ofL,/E~5 x 10* in theEinstein band. Such an
The age of G284.31.8 is estimated by Ruiz & May (1986)  efficiency for the point source and any compact nebula sur-
as~10 kyr, by fitting line profiles observed from an optical rounding it is consistent within uncertainties with that observed
filament to models of interstellar radiative shocks. This is sim- for young pulsars (e.g., Seward & Wang 1988).
ilar to the pulsar's characteristic age,= 21  kyr. However,  Given the limitations of the detection, the origin of the ob-
pulsar characteristic ages are not necessarily accurate estimategrved emission is not certain at present. Possible contributions
of true ager: e.g., in the B175%24/G5.4-1.2 systemg >

7, (Gaensler & Frail 200_0), while for the _pUl_Sar in SNR 1 Accessible via thenH tool at http:/heasarc.gsfc.nasa.gov/docs/corp/
G11.2-0.3, r< 7, (Kaspi et al. 2001). Still, if the PSR tools.html.
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include emission from a point source (e.g., pulsed magneto-uncertain). Altogether, this makes an association between PSR
spheric emission), a compact nebula (bow shock or static), theJ1016-5857 and 3EG J10135915 possible and intriguing.
SNR, or even interaction of the SNR with a molecular cloud The proof that 3EG J10135915 is they-ray counterpart of
(see Ruiz & May 1986)° However, the inferred flux is in PSR J10165857 would come from the detection gfray
excess of the thermal emission expected from28 kyr old pulsations. This will be difficult with EGRET data, since the
neutron star for a reasonahll, , while the measured flux istiming noise of the pulsar and the likelihood of glitches (8 2)
approximately as expected from a PWN in such a pulsar sys-prevent the reliable backward extrapolation of the ephemeris
tem. Also, if the extended emission is real, it appears to point required to search foy-ray pulsations.

back toward the center of the SNR, suggestive of a ram

pressure—confined wind nebula.
6. DISCUSSION AND FUTURE WORK

5. GAMMA-RAY SOURCE 3EG J10135915 We have discovered an energetic and youthful pulsar, ap-

As shown in Figure 3, PSR J1046857 and théEingtein X- parently located just outside SNR G284.B.8. Based on its
ray source are within the43' error box of EGRET source 3EG Spin characterlstlcs, PSR ‘]19.15857 l)4elongs to the rare CJSSS
J1013-5915. Thisy-ray source has flux3.3+ 0.6) x 107  Of Vela-like pulsars, those with, ~ 10° ~1Qr andE> 10
photons cm? s * (>100 MeV) and photon indek = 2.32 + ergs s*. These pulsars are of particular interest, as many are
0.13(Hartman et al. 1999). This photon index is slightly larger €Mbedded in PWNe and are observed to be interacting with
than for mosty-ray pulsars but consistent with those of the Crab heir SNRs. In addition, such pulsars are very efficient at con-
(C = 2.19 and the Vela-like PSR J222%114 [ = 2.24 verting their spin-down luminosity intg-rays and form the
which is almost certainly the source of therays from 3EG majority of EGRET sources |de_nt|f|ed W'th pulsgrs_. .
J22276122 (Halpern et al. 2001). 3EG J1018915 is possibly We have argued, based on its positional coincidence with
a composite source (Hartman et al. 1999), in which case the@N€ notable feature in the SNR, that PSR J183857 may
photon index of any pulsar component may be different from be_ Interacting V‘_"th 6284'3_1'8 and therefore th?‘t thg two
the nominal value, and its flux will be lower than that listed. OPJEcts are physically associated. Further supporting this notion
The source is not obviously variable (McLaughlin et al. 1996), IS the detection of an X-ray source nearby PSR J105#b7
and the flux integrated from 100 MeV to 10 GeV with the and the positionally coincident unidentifigdray source 3EG

nominal photon index corresponds to an isotropic luminosity J1013-5915. The luminosities of both X- angtray sources,
L ~16 5 10%(d/3 kpc)? ergspgl or ~0.06& P y if located at the distance of G284-3.8, are consistent with
L~ 1 : 0.

The chance probability for superposition of a Vela-like pulsar Provenance from PSR J1016857.

and an EGRET error box in the Galactic plane is not negligible; _ €onfirming this picture will require high-resolution radio and
in the 1500 defjcovered by the Parkes multibeam survey, X-ray observations that show the proposed interaction between

where there are about 10 Vela-like pulsars known, EGRET pulsar and SNR. If a bow shock is detected, its detailed study

error boxes cover 24 d&gr 1.6% (Hartman et al. 1999). The May constrain the pulsar velocity, age, spin evolution, and am-
chance probability that at least one of those pulsars is aligned®i€nt medium (see Gaensler & Frail 2000; Olbert et al. 2001).
with one of the error boxes is therefote— (1 — 0.016}° = Confirmation of the nature of the EGRET source may have to
0.15 The actual probability is somewhat smaller if one con- aWwait future missions such &LAST.

siders only nonvariable EGRET sources, but it is nevertheless

significant. . i The Parkes radio telescope is part of the Australia Telescope,
However, bothL,/E~0.06 and.,/L, ~100 are approxi- \hich is funded by the Commonwealth of Australia for op-
mately as expected for a pulsar of the age &d of PSRgration as a National Facility managed by CSIRO. The National
J1016-5857 (e.g., Thompson et al. 1999; Seward & Wang Radio Astronomy Observatory is a facility of the National
1988), as is the Iag:k of variability i-rays. Also, every pulsar  gcience Foundation operated under cooperative agreement by
with a value ofE/d® greater than that of PSR J18B857 has  associated Universities, Inc. This research has made use of
been detected imy-rays (although the distances of PSR ata obtained from the High Energy Astrophysics Science Ar-
J1016-5857 as well as those of other pulsars are substantially chive Research Center (HEASARC), provided by NASA's
Goddard Space Flight Center, and of the SIMBAD database,
2 Only one cataloged object exists withih & the pulsar position, the A2 operated at CDS, Strasbourg, France. F. C. acknowledges sup-

star HD 302636, Laway. If this star were a supergiant it would lie outside _ _
the Galaxy, while if it is a main-sequence A2 V star it liesst kpc. At such port from NASA grants NAGS-9095 and ADP NAG5-9120.

a distance, the flux measured from tBimstein source would imply a lumi- l. H. S. is a Jansky Fellow. E. V. G. is supported by NASA
nosity in excess of that known for any A2 V star. LTSA grant NAG5-22250.
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