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ABSTRACT

We present Chandra X-ray results for the jet, nucleus, and gaseous atmosphere of
NGC 315, a nearby radio galaxy whose jet kinematics are known through deep radio map-
ping. Diffuse X-ray synchrotron emission is detected from the jet out to 30 arcsec from the
nucleus, through regions both of fast bulk ow and deceleration. The X-ray to radio ux ra
tio drops considerably where the ow decelerates, but the X-ray and radio emissions show
similar transverse extents throughout, requiring distributed particle acceleration to maintain
the supply of X-ray-emitting electrons. A remarkable knotty lament within the jet isseenin
both the radio and X-ray, contributing roughly 10 per cent of the diffuse emission along its
extent at both wavelengths. No completely satisfactory explanation for the lament is found,
though its oscillatory appearance, roughly aligned magnetic eld, and requirements for par-
ticle acceleration, suggest that it is a magnetic strand within a shear layer between fast inner
and slower outer ow.
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1 INTRODUCTION

The nearby dlliptical galaxy NGC 315 has long been known to be
the host of an FRI (Fanaroff & Riley 1974) radio source whose
jets extend for a degree on the sky (Fanti et al. 1976; Bridle et al.
1976; Williset al. 1981; Jagers 1987; Laing et al. 2006a). Theradio
jets are one-sided in their inner regions (with evidence for acceler-
ation on parsec scales found by Cotton et al. 1999), but become
increasingly symmetrical on kpc scales. Thisis consistent with the
hypothesis of adecelerating relativistic ow, as discussed by Bick-
nell (1994). More recent modeling by Canvin et a. (2005) ndsan
on-axis ow speed of 0.9¢ prior to deceleration at a projected an-
gle of 14 arcsec from the core, and a jet inclination to the line of
sight of & = 38 + 2 degrees. Deceleration is likely to result from
mass-loading of the jets, either from entrainment of the external
interstellar medium (1SM) or from stellar mass loss within the jet.
The ISM fundamentally affects jet propagation via pressure gradi-
ents and buoyancy forces (e.g., Bicknell 1994; Worrall, Birkinshaw
& Cameron 1995; Laing & Bridle 2002b), so a knowledge of the
density and pressure of the hot ISM, which can be determined di-
rectly from X-ray observations, is essential to an understanding of
jet dynamics.

Earlier Chandra observations of NGC 315 found an X-ray jet
coincident with the stronger radio jet (Worrall, Birkinshaw & Hard-
castle 2003). The present paper gives the results of a deeper Chan-
dra observation, and in particular discusses the association of co-
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herent, lamentary structures in the radio jet with X-ray emission.
We also present the density and pressure of the ISM on the scales
of the X-ray-emitting jet, as determined from this more sensitive
observation.

The redshift of NGC 315 is0.01648 £ 0.00002 (Trager et al.
2000). In this paper we adopt values for the cosmological parame-
tersof Hy = 70kms™' Mpc™!, Qumo = 0.3,and Qa0 = 0.7. Thus
1 arcsec corresponds to a projected distance of 335 pc at NGC 315,
and a deprojected distance aong the jet of 544 pc. Spectral index,
«, isde nedinthe sensethat ux density is proportional to v <.
J2000 coordinates are used throughout.

2 OBSERVATIONS
2.1 Chandra

We observed NGC315 in VFAINT data mode with the back-
illuminated CCD chip, S3, of the Advanced CCD Imaging Spec-
trometer (ACIS) on board Chandra on 2003 February 22 (OBSID
4156, sequence 700835). Details of the instrument and its modes
of operation can be found in the Chandra Proposers’ Observatory
Guide'. Results presented here use c1A0 v3.2.2 and the CALDB

1 http://cxc.harvard.edu/proposer
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Figure 1. Plots showing the correspondence of features in the Chandra 0.8-5 keV X-ray data and the VLA 5 GHz data with a 0.4 arcsec beam. (a). X-ray
counts with a pixel size of 0.0984 arcsec. The radio ridge line, formed by connecting the maxima of Gaussian functions tted to a sequence of cuts taken
perpendicular to the jet axis, is superposed. (b) As (a), except that the X-ray data are adaptively smoothed with a top-hat Iter containing a minimum of 8
counts in each smoothing kernel. (c). Colour image of the radio data with a scale from 0 to 1.2 mJy beam—1. (d). X-ray image of (b) with radio contours
at 0.05 and 0.2 mJy beam—1, and then equally spaced at intervals of 0.2 mJy beam—! up to 2 mJy beam~—1. Note that in (a), (b) and (d) the galaxy X-ray
emission is centrally saturated to show the X-ray jet, but see Worrall et a. (2003) for an earlier radial pro le of the 0.4-7 keV galaxy emission.

v3.1 calibration database. We re-calibrated and analysed the data,
with random pixelization removed and bad pixels masked, follow-
ing the software threads from the Chandra X-ray Center (CXC)2.
Only events with grades 0,2,3,4,6 were used.

There were some intervals during the observation when the
background rate as much as doubled, and these periods (about 5
per cent of the exposure) were removed, leaving acalibrated dataset
with an observation duration of 51.918 ks.

The observation was made with a512-row subarray, giving a4
by 8arcmin eld of view inthe S3 CCD. The S1, S2, and $4 CCDs
were also active. The subarray was used to reduce the readout time
to 1.74 sand so decrease the incidence of multiple eventswithin the
frame-transfer time. In our earlier 5 ks observation (Worrall et al.

2 hitp://cxc.harvard.edu/ciao

2003) we used a 128-row subarray with a 0.44 s readout time, and
pile-up was negligible at the core. With the knowledge of the core
count rate from that observation, we selected the 512-row subar-
ray for the longer observation in order to increase the eld of view
while still restricting pile-up at the core to 5 per cent. The jet was
aligned in the 8 arcmin direction. We took advantage of VFAINT
cleaning except for spectral analysis of the core, since piled-up
events take on the appearance of VFAINT background events and
removing them would lead to an underestimate (albeit small) of the
core Ux.

We shifted the X-ray image by 0.12 arcsec, mostly in right
ascension, to register the X-ray core with the radio-core position
giveninthe VLA Calibrator Database®, o = 00"57™48°.883, 6 =

3 http://www.vla.nrao.edu/astro/calib/manual /csource. html
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+30°21'08".81. Thisamount of shift iswithin Chandra’s absolute
aspect uncertainties®.

2.2 Radio

The observations and reduction of the 5 GHz VLA radio data used
inthiswork aredescribedin Laing et al. (2006a). We used intensity
images made with beams of 0.4 arcsec and 1.5 arcsec FWHM for
comparison with the X-ray emission in the inner and outer parts of
thejet, respectively. The radio images were shifted by ~ 0.1 arcsec
to align the core with the position given in Section 2.1. We used
Stokes I, @ and U images at aresolution of 0.4 arcsec to derivethe
distributions of degree of polarization and E-vector position angle
at 5 GHz. The degree of polarization was corrected to rst order
for Ricean bias (Wardle & Kronberg 1974). The effects of Fara-
day rotation were removed from the position angles using a two-
frequency rotation-measureimage at 1.5 arcsec resolution ( g. 11d
of Laing et al. 2006a). Ambiguities in the position-angle differ-
ences were determined using a ve-frequency rotation-measure t
at 5.5 arcsec resolution. The average correction for Faraday rotation
over the base of the jet is 16 degrees, and the maximum variation
over theregion is 2.4 degrees. Errorsin the correction for Faraday
rotation are estimated to be < 1 degree. Depolarization between 5
and 1.4 GHz is negligible (section 5.2 of Laing et a. 2006a), and
thereistherefore no evidence either for internal Faraday rotation or
for signi cant unresolved gradients in foreground rotation.

3 JET RESULTS
3.1 Radio-jet morphology and polarization

The radio jet is relatively faint and unresolved in width out to
about 4 arcsec from the core, after which it brightens and contains
a prominent oscillatory lament displaying a number of discrete
knots (Fig. 1c). Theradio ridge line is not perfectly straight closer
to the core than 4 arcsec, but whether or not thisis an inner exten-
sion of the lament cannot be addressed by our current data.

We have examined the polarization structure of the jet and |-
ament. Figure 2a shows vectors whose lengths are proportional to
the degree of polarization and whose directions are along the appar-
ent magnetic eld, superimposed on a grey-scale of total intensity.
Canvin et a. (2005) concluded that the high polarization at the edge
of thejet isfrom aroughly equal mixture of toroidal and longitudi-
nal components, and that the average on-axis eld (without treating
the lament as a separate entity) is close to isotropic.

The high degree of polarization at the edges of the jet makesit
dif cult to separate the polarized emission dueto the lament from
that of the surrounding jet plasma. We derived a rough estimate of
the polarization of the lament alone on the assumption that the
emission from the rest of the jet is axisymmetric, as follows:

(i) We rst chose the origin of polarization position angle to be
along the jet axis so that Stokes  and U (corrected for Faraday ro-
tation as described in Section 2.2) are respectively symmetric and
antisymmetric under re ection in the axis for an intrinsically ax-
isymmetric brightness distribution.

(ii) Wethen blanked the I, Q and U imagesin the area covered
by the lament (estimated by eye).

4 http://cxc.harvard.edu/cal/ASPECT/celmon/
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Figure 2. Vectors whose lengths are proportional to the fraction of linear
polarization, p and whose directions are those of the apparent magnetic

eld (i.e., perpendicular to the E-vector position angle after correction for
Faraday rotation), superimposed on grey-scales of total intensity at 5 GHz
intherange0 1 mJy beam—!. Theresolutionis 0.4 arcsec FWHM and the
intensity scales are shown by the labelled bars. (a) An image of the inner
jet covering the same area as Figure 1. (b) Emission from the small-scale
structure of the lament alone, estimated as described in the text, over the
area shown by the box in panel (a).

(iif) The assumption that the remaining emission is, on average,
axisymmetric then alowed us to replace pixels in the blanked re-
gion by their equivalents on the other side of the mid-line. This
procedure does not work for points close to the mid-line, where we
assumed instead that Q = U = 0 (exactly true on the mid-line for
the models of Canvin et a. 2005) and interpolated I from nearby
pixels outside the lament area.

(iv) Finally, we subtracted these estimates of the diffuse emis-
sion from the original I, Q and U datato leave images of the la-
ment alone.

The results are shown in Figure 2b, on which the most prominent
radio knots are labelled. Running along the radio lament, the ap-






