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RevMexAA (Serie de Conferen
ias), 15, 234{236 (2003)HIGH RESOLUTION X-RAY OBSERVATIONS OF PULSAR WINDSB. M. GaenslerHarvard-Smithsonian Center for Astrophysi
s, USARESUMENLos pulsares j�ovenes giran extremadamente r�apido pero tambi�en se est�an desa
elerando a una tasa muy r�apida.Este pro
eso se lleva 
antidades enormes de energ��a de la estrella en forma de un viento relativista. Por mediode la resolu
i�on propor
ionada por el Observatorio de Rayos X Chandra, una multitud de observa
iones nuevasde pulsares y sus vientos est�a demostrando la diversidad y 
omplejidad 
on las que los pulsares intera
t�uan 
onsu medio ambiente. En este art��
ulo revisamos nuestro entendimiento b�asi
o de los vientos de los pulsares ybrevemente resumimos algunas de las nuevas ideas propor
ionadas por Chandra a
er
a de la estru
tura de los
hoques, la a
elera
i�on de las part��
ulas y la 
omposi
i�on de los vientos.ABSTRACTYoung pulsars spin in
redibly qui
kly but are also slowing down at a very rapid rate. This pro
ess 
arriesaway enormous amounts of energy from the star in the form of a relativisti
 wind. Through the high resolutionnow o�ered by the Chandra X-ray Observatory, a 
ood of new observations of pulsars and their winds isdemonstrating the diversity and 
omplexity with whi
h pulsars intera
t with their surroundings. This paperreviews our basi
 understanding of pulsar winds, and brie
y summarizes some of the new insights provided byChandra on sho
k stru
ture, parti
le a

eleration and wind 
omposition.Key Words: ISM: JETS AND OUTFLOWS | STARS: NEUTRON | SUPERNOVA REMNANTS |X-RAYS: ISM1. INTRODUCTIONThere is an enormous amount of kineti
 energyasso
iated with the rapid rotation of a young pul-sar. For example, a newborn neutron star with aninitial period of 5ms has a rotational kineti
 energyof � 1051 erg, 
omparable to that released in theasso
iated supernova explosion. Pulsar timing ob-servations 
learly demonstrate that all known iso-lated pulsars are slowing down, indi
ating that thishuge reservoir of kineti
 energy is being steadily dis-sipated. The power asso
iated with this loss of rota-tional energy (the \spin-down luminosity") is_E = ddt �12I!2� = 4�2I _PP 3 ; (1)where P = 2�=! is the pulsar spin-period, and Iis the star's moment of inertia (usually assumedto have the value I � 1045 g 
m2). For the ob-served range of P and _P , we �nd values up to_E � 1039 erg s�1, implying that some pulsars deposittheir energy into their environment at a rate 
ompa-rable to the bolometri
 luminosity of the most mas-sive stars. It is thus reasonable to ask: where doesall this energy go?In most 
ases the luminosity of the pulsationsthemselves is negligible. It is rather thought thatmost of a pulsar's spin-down energy goes into a rel-ativisti
 wind, populated with ele
trons, positrons,

and possibly ions as well. If this wind 
an be 
on-�ned, syn
hrotron emission will be generated, pro-du
ing an observable pulsar wind nebula (PWN).By far the most well-studied PWN is the CrabNebula. The 
entral pulsar in the Crab has _E =4 � 1038 erg s�1; one 
an independently infer that� 1038 erg s�1 must be supplied to the surroundingnebula to maintain the observed distribution of mag-neti
 �elds and parti
les. We 
on
lude that the bulkof a pulsar's spin-down is deposited into its PWN,and that a PWN a
ts as a useful probe of a pulsar'senergy loss and intera
tion with its surroundings.2. PULSAR WIND NEBULAEA simple model of pulsar wind nebulae allowsone to understand their basi
 energeti
s and stru
-ture. Near the pulsar, wind parti
les 
ow freely out-wards with zero pit
h angle. While this region isnot dire
tly observable, we 
an infer from theoret-i
al arguments that in this region the wind has a
omposition � � 1 (e.g., Coroniti 1990), where �is de�ned as the ratio of ele
tromagneti
 energy toparti
le energy in the wind.At some point from the pulsar the wind will be
on�ned by external pressure. In this region a ter-mination sho
k is formed, in whi
h parti
les are a
-
elerated and syn
hrotron radiation is produ
ed. Atleast in the 
ase of the Crab Nebula, observationsand modeling of the PWN emission allow us to de-234
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X-RAY OBSERVATIONS OF PULSAR WINDS 235termine � � 0:003 at the termination sho
k (Ken-nel & Coroniti 1984; Emmering & Chevalier 1987),
orresponding to a weakly magnetized wind. It isnot 
lear where or how the wind makes an appar-ent transition from � � 1 to � � 1, a problemreferred to as the \� paradox" (Melatos 2002, andreferen
es therein). Downstream of the terminationsho
k, the wind de
elerates and the pit
h angles arerandomized; syn
hrotron emission is subsequentlygenerated, produ
ing an extended PWN.Syn
hrotron emission is an intrinsi
ally broad-band pro
ess. However, of parti
ular interest in the
ase of PWNe is emission in the X-ray band, be
ausethe syn
hrotron lifetimes of X-ray-emitting ele
tronsare 
omparatively short (typi
ally 1 to 10 years fortypi
al PWN magneti
 �elds). This means that X-ray observations of PWNe dire
tly tra
e the 
urrent
onditions in the nebula and near the pulsar. How-ever, these short lifetimes also implies that the emit-ting parti
les generally are not able to travel far fromthe pulsar, resulting in a 
omparatively small angu-lar extent for the nebular emission. In pra
ti
e, thismeans that previous X-ray images of PWNe, typi-
ally with a spatial resolution of an ar
min or worse,showed interesting morphologies but were unable to
learly resolve any nebular stru
tures. Furthermore,observations in the soft part of the X-ray band suf-fer from signi�
ant photoele
tri
 absorption, limitingthe sensitivity of the resulting images.Due to these limitations, X-ray studies of pulsarsand their nebulae have long been a frustrating 
aseof \blobology". It is only with the laun
h in 1999of the Chandra X-ray Observatory that major newadvan
es in this �eld are �nally now being made.The main reason for this is Chandra's superb subar
-se
ond resolution, whi
h allows us to see stru
turesvery 
lose to the 
entral pulsar. The Chandra CCDsalso have moderate spe
tral resolution, suÆ
ient forspatially resolving the emitting parti
le distributionin these sour
es. Finally, Chandra's 
overage of theharder parts of the X-ray band (up to 10 keV) en-sures that the sensitivity of the observations are notlimited by absorption.3. THE CRAB NEBULANot surprisingly, the Crab Nebula was the �rstPWN looked at by Chandra. The resulting image(Figure 1, Weisskopf et al. 2000; Hester et al. 2002)is nothing short of spe
ta
ular, showing a variety offeatures not apparent from earlier images. These in-
lude the 
entral pulsar, a region of redu
ed emissionaround the pulsar 
orresponding to the unsho
kedwind zone, a 
lear turn-on of emission beyond this

unshocked windtermination shock

jet

pulsar

torus

Fig. 1. Chandra image of the Crab Nebula (Weisskopfet al. 2002). The 
entral pulsar has an age of 950 yrs,a spin-down luminosity _E = 4� 1038 erg s�1 and is at adistan
e of 2 kp
. The image is 40 � 40 in size.zone representing the termination sho
k, a broadtorus 
omprising the bulk of the nebular emission,and a fainter \jet" aligned with the axis of the torus.The ellipti
al morphology of the terminationsho
k demonstrates that the relativisti
 out
ow fromthe Crab pulsar is not isotropi
, but rather is fo
usedinto an equatorial 
ow. Within this interpretation,it seems likely that the jet of emission is dire
tedalong the pulsar spin-axis, whi
h is the only �xedsymmetry axis asso
iated with the system.4. PULSAR B1509{58PSRB1509{58 is a young and energeti
 radio, X-ray and 
-ray pulsar. Previous observations haveshown this sour
e to be surrounded by an elongatedX-ray PWN, with thermal X-rays from the asso
i-ated supernova remnant G320.4�1.2 immediately tothe north. ROSAT data have revealed a number ofinteresting features in this sour
e: there is the sug-gestion of a 
ollimated out
ow along the pulsar spin-axis like that seen in the Crab Nebula, a possible
ompa
t dis
 of emission immediately surroundingthe pulsar, and eviden
e for a \torus plus jets" mor-phology resembling that of the Crab (Greiveldingeret al. 1995; Brazier & Be
ker 1997).We have 
arried out Chandra observations of thissour
e to follow up on these possibilities, as reportedin detail by Gaensler et al. (2002). The resultingimage, presented in Figure 2, shows the pulsar it-self, surrounded by a di�use elongated nebula, witha 
lear jet-like stru
ture lying to the south of the
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236 GAENSLER

pulsar

arcs
G320.4−1.2

jet

nebula

knots

Fig. 2. Chandra image of PSRB1509{58 and its PWN(Gaensler et al. 2002). The 
entral pulsar has an ageof 1700 yrs, a spin-down luminosity _E = 2� 1037 erg s�1and is at a distan
e of 5 kp
. The two sub-panels showthe 
entral region at su

essively higher resolution.pulsar along the main symmetry axis of the nebula.There is also an ar
 of emission immediately to thenorth of the pulsar, bise
ted by this symmetry axis.At higher resolution, a se
ond ar
 is seen nestlinginside the main ar
. Even 
loser to the pulsar is a
olle
tion of 3 to 4 knots of X-ray emission.The Chandra data demonstrate that there is a
lear symmetry axis asso
iated with this system, de-�ned on s
ales ranging from 1000 up to 100. As withthe Crab Nebula, it is most likely that this axis rep-resents the pulsar spin axis. The 
ollimated, 
urvedjet-like feature also resembles that seen for the Crab.This feature has a harder X-ray spe
trum than therest of the PWN. If this hard spe
trum results froma la
k of syn
hrotron 
ooling 
ompared to surround-ing emission, the more rapid rate at whi
h parti
lesin this region must be replenished implies a 
ow ve-lo
ity along this feature of > 0:2
 (Gaensler et al.2002). Thus it appears that this stru
ture is indeeda true jet, whi
h is somehow being a

elerated and
ollimated by the pulsar.The morphology of the ar
s seen to the northof the pulsar suggest that they are 
ir
ular ringsin an in
lined equatorial plane. Gaensler et al.(2002) have interpreted these ar
s in the 
ontextof the PWN model of Gallant & Arons (1994),who argue that ions in the wind undergo magneti
re
e
tion in the termination sho
k zone, and thatBryan M. Gaensler: Harvard-Smithsonian Center for Astrophysi
s, 60 Garden Street MS-6, Cambridge MA02138, USA (bgaensler�
fa.harvard.edu).

the ele
trons are 
onsequently 
ompressed at the ionturning points. This produ
es syn
hrotron \wisps"where the ele
trons are 
ompressed, whose predi
tedspa
ing (� 1:8 to 1) mat
h that of the two ar
s seenhere. The parti
le 
ux through these features al-lows us to 
al
ulate a magnetization parameter atthe termination sho
k of � � 0:005, 
omparable tothat previously determined for the Crab Nebula.Within this interpretation, the knots seen very
lose to the pulsar then represent emission from theunsho
ked wind, upstream of the termination sho
k.While the pro
ess through whi
h these features areprodu
ed is as yet un
ertain, we assume that theirobserved width represents a Larmor orbit of theemitting parti
les. The 
onsequent magneti
 �eldallows us to infer that � < 0:003 at a separationfrom the pulsar of �< 0:1p
 (see Gaensler et al. 2002for details). Thus, if there is truly a transition in thewind from � � 1 to � � 1, it o

urs mu
h 
loser tothe pulsar than 
an be resolved even with Chandra.5. CONCLUSIONSThe detailed Chandra datasets now being ob-tained on these and other PWNe 
on
lusivelydemonstrate that X-ray observations at high reso-lution give us our best insight yet into the pro
essesthrough whi
h pulsars lose their rotational energy.Fundamental similarities are now emerging amongstthe wind properties of the pulsar population, butthis new level of detail also makes 
lear that thereare important (and yet to be understood) di�eren
es.I thank Jon Arons for his enthusiasm and inputin interpreting the PWN surrounding PSRB1509{58. This work has been supported by NASA throughgrants SAO-GO0-1134X and NAG5-11376.REFERENCESBrazier, K. T. S., & Be
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