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The Crab Nebula and its pulsar has been the subject of a nuhetailed observations with
the ChandraX-ray Observatory. The superb angular resolutio@bndra high-resolution tele-
scope has made possible numerous remarkable results. eetleseribe a number of specific
studies of the Crab that | and my colleagues have undertalRéndiscuss the geometry of the
system, which indicates that the “inner X-ray ring”, tydlgadentified with the termination shock
of the pulsar’s particle wind, is most likely not in the ecuiél plane of the pulsar. Other topics
are the northern wisps and their evolution with time; therabterization of features in the jet to
the southeast; pulse-phase spectroscopy and possibdtatioms with the features at other wave-
lengths, particularly the optical polarization; and a shdor correlations of the X-ray flux with
the recently-discoveregray flares.
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1. Introduction

The Crab Nebula and its pulsar needs no lengthy introduction. The risadderred to the
excellent review by Hester [1] for historical details. We emphasize two mearent discoveries:
Namely, the variability of the Nebula hard-X-ray energies on a few-yearstale [2] and the
discovery ofy-ray flares usindAGILE andFermi[3, 4]

2. The Geometry: The pulsar isnot at the center of thering.

For this study, we analyze@handraeroth-order images that used the Low-Energy Transmis-
sion Grating Spectrometer (left side of Figure 1). We draw your attentiorettati that the pulsar
does not appear at the center of the ellipse. Although there are nunpssible explanations,
we feel that displacing the “inner ring” surrounding the pulsar along fie axis (right side of
Figure 1) provides a reasonable interpretation. In this model, a circutpofiradius R is centered
on the axis of symmetry of the pulsar wind nebula (PWN) - presumably therjsusgen axis. The
line of sight to the observer is at a polar an@lé¢o the axis of symmetry, which is projected at
a position anglap (East of North) on the sky. By convention, we take the PWN’s positive ax
of symmetry z to lie in the northwest quadrant, so tigatz 30(°. To resolve the ambiguity in
the polar angléd, we interpret the brighter regions of the Crab torus to result from rédtitven-
hancement of emission from outflowing material [5]. Thus, the brightdéonsgof the torus are
nearer the observer, which requires tBat 9(° - i.e., we observe the “bottom” of the ring. Up to
this point, the model is essentially the same as that used previously to detpinejeGray inner
ring (e.g., [6, 7, 8]), the X-ray torus [9], and visible-light structur@,[1]. Note too that different
magnetohydrodynamic calculations and simulations (e.g., [11, 12, 13, d4fp&srences therein)
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Figure 1. Left: ChandraLow Energy Transmission Grating (LETG)/ High Resolutionm@aa - Spec-
troscopy detector (HRC-Seroth-order image of the Crab Nebula (ObsIDs 758 and 758, @40 x 40"
field centered on the pulsar. North is along the +Y axis; Easig the §\$X axis. The units are HRC
pixels (0132"). The approximately E-W streak results from diffraction {he cross-dispersion direction)
by support bars in the LETG facets. Right: Illustration of tieometrical model discussed in the text.
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yield a torus-jet structure resulting from an equatorial striped wind. Hewever, the ring does
not lie exactly in the equatorial plane of the pulsar, but rather at low (@mHzero) latitudel ~ 5°.

We used two methods for determining the position of the ring. One was badkd peak flux, the
other on the position of the inner edge. The results were similar if not identitsahg the inner
edge we found: the radius of the inner-rifRj= 13.25 +0.26 ; the polar angle from the symmetry
axis to the line of sight9 = 119.1° + 1.0°; the position angle of the projected axis of symmetry (E
of N), ¢ = 2984° + 1.1°; the axial distance along the symmetry axis from the pulsar to the plane
of the inner ring, = 1.04' +£0.13"; and the latitude of the inner ring, = +4.4%° 4+ 0.77° (See

[15] for further details.)

3. Northern Wisps

The 22 observations used for this study were taken with the back-illumina@é&y BCIS-
S3, over the time interval from MJD 55467.2 to 56181.9 (2010 Sep 28 - 3@p211). A frame
time of 02 s was used to minimize pileup. Even so, pileup impacts the brighter regions of the
nebula as may be seen in the image in the left side of Figure 2 where the ppsarsas a “black
hole” in the image being so piled up that the data are completely eliminated. Telemiirgton
also reduced the effective integration time. We restricted data to a 300 ACIS-pixel region
(~ 150 x 150') centered on the pulsar. For the first 3 observations, the dither amplitiisetvo
zero; for the remainder it was set atl

Figure 2 left shows th&€handraACIS S3 summed X-ray image of the inner portion of the
Nebula (ObsIDs 13750-13754) with regions marked for study of thestsirel to the northwest
of the pulsar. We refer to features to the northwest as “wisps”. As in piead, these structures

4140
1000

4120
800

600

4100
Distance (arcsec)

400

4080
200

4040 4060 4080 4100 ° 600 800 1000 1200
X MJD-55000.

Figure 2: Left: Summed ACIS image of ObsIDs 131150-154. Thenide northwest portion of the rect-
angular box defines the region selected for studies of thalrditribution. The north-west portions of
the 5 -wide annular region determined by the inner and outersadbpdefines the region for studying the
azimuthal distribution. Right: The time evolution of thalia structure to the northwest of the pulsar. The
time spacing is 10 days. If an observation took place at ang tithin the 10-day interval, the data were
included as a column in the figure. If there were short gapsdiitne sequence, they were linearly averaged.
Thus, if there was a two-column gap, for the first missing soliwe would add two thirds of the previous
observation to one third of the next observation, etc.
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appear to be constantly forming and breaking off from the innermost wisigh is coincident with
what we have referred to as the “inner ring” (e.g.[6]). The right siiEigure 2 shows the time
evolution of the radial portions of the X-ray-emitting flux. There are attléakistinct progressions
of the peak flux in the figure with deprojected radial velocities range frdiv @ 0.5 v/c. The
azimuthal profile of the innermost X-ray wisp has a broad width of tens gifeds which agrees
well with predictions from magnetohydrodynamic modeling.

We are now in the process of comparing the X-ray view of the wisps with ogrdeaneous
optical observations. The comparison is revealing and will, along with fudéils of the X-ray
observations, be described in [16].

4. The Southern Jet

In this section we present a brief summary of spatial variations of the jetaingrto the
southeast of the pulsar. Figure 3 shows two LETGS zero-order imakys 8ayears apart. Itis
clear from the figure that the the jet has grown in length and change@ shaépis time interval.
We are in the process of completing an exhaustive study @@ldindraobservations of the Crab
spanning a 12-year time interval. We characterize the jet by determining, wasctioh of the
distance from the pulsar, the Gaussian center, the Gaussian width, kheupfeace brightness, and
the length of the jet. Preliminary results are (the work will be described in de{air]) as follows:

e The direction of the jet undergoes a major change in position angle froat 486 to about
140 as the jet emerges from the synchrotron nebula.

e There is a second major shift in position angle that takes place at roughty 3@ from
the pulsar. At this distance the jet reaches a maximum in position angle ancetlezaas
direction.

e These latter reverses in position angle do not always take place atglye¢his same distance
from the pulsar and it is not clear whether the reversals follow some syttaraaation with

Figure 3: Left: The zero-order image from ObsID 759, taken in 2000 aayuNorth is up and east is to
the left. Right: The zero order image from ObsID 9765 takeR(08 February. The almost vertical streak
in both images is the dispersed grating spectrum of the pul$ee orthogonal streak is the cross-dispersed
grating spectrum of the pulsar.
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time. If we assume a linear variation, the characteristic projected velocitiésngrat about
v/c=0.024.

e The jetis kinky with numerous changes of apparent slope as a functitiatafice along the
jet. Furthermore, a strong case can be made that once formed, a kirlk tratward along
the jet with characteristic projected velocitieswt ~ 0.1.

e The width varies along the jet and the local maxima and minima do not always aicthe
same location amongst different sets of observations. If one attributemthistion, the
projected velocity isv/c ~ 0.001 for the maxima and/c = 0.003 for the minima.

e The distribution of the surface brightness along the jet is different agrdifit times. If
we ascribe these changes to linear motion, then the projected velocitiestheeartler of
v/c=0.009.

e The surface brightness predominately exhibits a single peak along thedjellaneasure-
ments appear to show hints of oscillatory variations with a characteristicadiEpabetween
7" and 17, depending on the observation.

e The jetis getting longer with time expanding at a projected velocity/of 0.03.

5. Pulse Phase Spectroscopy

The superb angular resolution 6handraenables distinguishing the pulsar from the surround-
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Figure 4: The top panel shows the measured variation of the X-ray dawendex with pulse phase. The
solid curve in the upper panel results from fitting a sine walus a constant. The second panel from the
top shows the X-ray light curve for reference (backgrountisubtracted). The middle panel shows the
variation of they-ray spectral index from [19]. The bottom two panels showwhasgation of the optical
degree of polarization and position angle with phase frodj.[2
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ing nebulosity and hence allows a fairly unbiased study of the pulsar8]mj& utilized Chandra
low-energy transmission grating spectrometer to perform spectrosdogeevations of the pulsar,
effectively isolated from the Nebula. We used the data for a number gipas, including di-
rectly measuring the impact of scattering of flux out of the image by intersteténsgy We found
the powerlaw index of the pulsed component to vary approximately sinusgidalghown in the
upper panel of Figure 4. A potentially very exciting result of this study thas the only signifi-
cant departure from the sinusoid occurs over the same phase rasgefase 0.9) as some rather
abrupt behavior in the optical polarization magnitude and position angle artdrthof a similar
feature iny-rays (Figure 4).

More details, including unbiased upper limits to the surface temperature otthieon star
for different models of the atmosphere and a discussion relating suctodatoretical models of
neutron star cooling and neutron star interiors, may also be found in [18].

6. Search for the Origin of the y-ray Flares

Subsequent to announcements by AL E and by theFermiLAT teams of the discovery
of y-ray flares from the Crab Nebula in the fall of 2010, an international lootktion that we
are leading has been monitoring X-ray emission from the Crab @ftandraon a regular basis.
Observations typically occur once per month. In 2011 April, we also tregjer set ofChan-
dra Target-of-Opportunity observations in conjunction with the brighyesty flare yet observed.
The aim of the program is to characterize X-ray variations within the Nelmld, if possible, to
precisely locate the origin of thgray flares. Here we briefly summarize the results of the 2011
April X-ray observations.
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Figure5: Left: FermiLAT photon flux (107 ph/(cn? s)) above 100 MeV during the 2011-April flare as a function of
time [21]. The vertical lines mark times of theGhandrapbservations. Right: Summed count image for thétandra
observations during thgray flare. North is up, east to the left, and the pulsar is at (0,0). Thadynkorizontal streak
through the location of the pulsar is the trailed (out-of-time) image, resultorg the very short exposure of each pixel
as the image is read out. As the 5 observations occurred at slightly diffieéangles, the read-out streak is slightly
blurred. TheX symbols mark locations of the 3 statistically most significant variations, withnibst significant being
the one to the east of the pulsar.
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Table 1: 99%-confidence upper limits for the analysis pixel with thestrsignificant variation.
M 2 12
NE[10‘4 ph/(cn? skeV)] 0.55 0.70 1.36
Fe[10 3 erg/(cnf skeV)] 0.88 1.12 2.18
ELe[10% erg/s] 0.42 0.54 1.05

My 120 1.22 1.27

The five observations (ObsIDs 131503154) use the (back-illuminated) ACIS S3 CCD ap-
proximately centered on the Crab pulsar during and somewhat after the/20i y-ray flare (Fig-
ure 5). Although standard processing typically produces an aspetiosobetter than &', this
small uncertainty still introduces noticeable shifts amongst different detatisas we re-registered
images using the read-out streak and the hole produced by the piled ap asipuides.

The right side of Figure 5 shows the counts per ACIS pixel, summed ovér thservations
and binned a into a 69 60 array of 2< 2 ACIS pixels centered on the pulsar . Each of these “anal-
ysis pixels” is sufficiently large to enclose most of thbandrgpoint spread function anywhere in
the field of view.

We calculated the mean count rateaveraged over th@ = 5 observations, weightédy
the respective (counting-rate) statistical erayr. Next we computé x?. Figure 5 indicates the
location of the three pixels with the highegt. The most significant variation hag = 23.5 on
v = (J—1) = 4 degrees of freedom. Such a fluctuation is expected in at least 1 ofl®6£6 in
31% of realizations and thus it considered terribly significant. Based upon jfeprobability
distribution and the number of “tries”, a 99%-confidence detection woujdire x%q,, > 31.2 on
4 degrees of freedom. While we detect no statistically significant variati@®-confidence, we
note that the 3 most significant variations occur at bright locations on tlee imy.

Other effects, such as changes in the roll angle of the read-out st@alead to possibly
spurious variability. This may be the case for the analysis pixel with the mosfisagnt variation,
which lies adjacent to the average read-out streak (Figure 5).

Neglecting pile-up, the photon spectral flux is proportional to the couatfoa an assumed
spectral shape. Consequently, any change in count rate corossfmoa proportionate change in
this flux. Using theChandrdPIMMS? for ACIS-S and an absorption coluny = 3.1x 10?1 cm 2,
we determine this constant of proportionality for a X-ray power-law phatdaxl y = % 1, and 2.
Table 1 shows our calculations of the upper limits at 1-keV to the photon ap#ai Ng (Ex), the
energy spectral fluke (E), and the indicative (isotropic) luminosifLe (Ey) = 4mD?EF:(Ey) at
D = 2 kpc, for the analysis pixel with the most significant X-ray variation. €cting for pile-up
has little effect in low-count-rate regions, but would raise these flux ujppés by 10% or so for
the high-count-rate regions.

We can also use thgray data to quantify the implications of our lack of detection of time
variations in the X-ray data. The approach compares a variability measutteef X-ray (1-keV)

tri =3y 4{rij/05}/ 5)-4{1/0f
2 X =yl (ny —r)?/af}.
Shttp://asc.harvard.edu/toolkit/pimms.jsp
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photon spectral fluANg (Ex) in each analysis pixel with the analogous variability measure for the
y-ray (100-MeV) photon spectral fluxNe (E,). Based upon the sample standard deviation of the
photon spectral flux d&x = 1 keV for each X-ray analysis pixel and the measured standard deviation
atE, = 100 MeV, we constrain the effective X-ray yeray photon index of the flaring component:
My = —log[ANe(Ey)/ANe(Ex)]/log[E,/Ex]. We compute 99%-confidence upper limitslig,
(Table 1 last row). These limits are marginally consistent with the low-enedggpolation of the
y-ray spectruml(, = 1.27+0.12) of the flaring component [21]. More details may be found in a
paper the team recently submitted to the Astrophysical Journal [22].

Finally, we note that the peak of tlyeray flaring occurred at MJD 55000+667.425 (2011 April
16 10:12 UTC) and thus isot coincident with the peeling off of a northern wisp (Figure 2).
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