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ABSTRACT

We presentChandra X-ray results for the jet, nucleus, and gaseous atmosphfere
NGC 315, a nearby radio galaxy whose jet kinematics are kritmough deep radio map-
ping. Diffuse X-ray synchrotron emission is detected frdva jet out to 30 arcsec from the
nucleus, through regions both of fast bulk flow and decedtamaihe X-ray to radio flux ra-
tio drops considerably where the flow decelerates, but thrayXand radio emissions show
similar transverse extents throughout, requiring disted particle acceleration to maintain
the supply of X-ray-emitting electrons. A remarkable kgditament within the jet is seen in
both the radio and X-ray, contributing roughly 10 per centhaf diffuse emission along its
extent at both wavelengths. No completely satisfactoryamgiion for the filament is found,
though its oscillatory appearance, roughly aligned magtiedd, and requirements for par-
ticle acceleration, suggest that it is a magnetic strandimvé shear layer between fast inner
and slower outer flow.

Keywords: galaxies: active — galaxies: individual: NGC 315 galaxjiets — radiation mech-
anisms: non-thermal — radio continuum: general — X-raysuges

1 INTRODUCTION discusses the association of coherent, filamentary stescto the
radio jet with X-ray emission. We also present the densitgt an
pressure of the ISM on the scales of the X-ray-emitting jst, a
determined from this more sensitive observation.

The redshift of NGC 315 i8.01648 £ 0.00002 (Trager et al.
2000). In this paper we adopt values for the cosmologicairpar
ters of Hp = 70km s~ Mpc™!, Qmo = 0.3, andQao = 0.7. Thus
1 arcsec corresponds to a projected distance of 335 pc at N&C 3
and a deprojected distance along the jet of 544 pc. Spenttakj
«a, is defined in the sense that flux density is proportional t6.
J2000 coordinates are used throughout.

The nearby elliptical 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; Bridétie
1976;| Willis et al/ 1981}, Jagers 1987; Laing et al. 2006de Ta-
dio jets are one-sided in their inner regions (with evidefureac-
celeration on parsec scales found|by Cotton ket al.|1999)béut
come increasingly symmetrical on kpc scales. This is ctersis
with the hypothesis of a decelerating relativistic flow, &cdssed
by|Bicknell (1994). More recent modeling by Canvin et al.Gap
finds an on-axis flow speed of @.@rior to deceleration at a pro-
jected angle of 14 arcsec from the core, and a jet inclinatbon
the line of sight ofd = 38 + 2 degrees. Deceleration is likely

to result from mass-loading of the jets, either from entrent
of the external interstellar medium (ISM) or from stellar ssa
loss within the jet. The ISM fundamentally affects jet prgation
via pressure gradients and buoyancy forces (e.g., BicKr@sit;
Worrall, Birkinshaw & Cameron 1995; Laing & Bridle 2002b) s
a knowledge of the density and pressure of the hot ISM, whéch ¢
be determined directly from X-ray observations, is ess&mdi an
understanding of jet dynamics.

Earlier Chandra observations of NGC315 found
an X-ray jet coincident with the stronger radio jet
(Worrall, Birkinshaw & Hardcastle| 2003). The present paper
gives the results of a deepéhandraobservation, and in particular

(© 0000 RAS

2 OBSERVATIONS
2.1 Chandra

We observed NGC 315 in VFAINT data mode with the back-
illuminated CCD chip, S3, of the Advanced CCD Imaging Spec-
trometer (ACIS) on boar€handraon 2003 February 22 (OBSID
4156, sequence 700835). Details of the instrument and itteso
of operation can be found in tiehandraProposers’ Observatory
Guidd]. Results presented here usgo v3.2.2 and thecALDB

L |http:/lcxc.harvard.edu/proposer
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Figure 1. Plots showing the correspondence of features inChandra0.8-5 keV X-ray data and the VLA 5 GHz data with a 0.4 arcsearbda). X-ray
counts with a pixel size of 0.0984 arcsec. The radio ridge, Iformed by connecting the maxima of Gaussian functioredfitb a sequence of cuts taken
perpendicular to the jet axis, is superposed. (b) As (ajgEixthat the X-ray data are adaptively smoothed with a tadier containing a minimum of 8
counts in each smoothing kernel. (c). Colour image of théorddta with a scale from 0 to 1.2 mJy beaf (d). X-ray image of (b) with radio contours
at 0.05 and 0.2 mJy beam, and then equally spaced at intervals of 0.2 mJy behmp to 2 mJy beam!. Note that in (a), (b) and (d) the galaxy X-ray
emission is centrally saturated to show the X-ray jet, bab\errall et al.|(2003) for an earlier radial profile of the J.4eV galaxy emission.

v3.1 calibration database. We re-calibrated and analyseddta, 2003) we used a 128-row subarray with a 0.44 s readout tinge, an
with random pixelization removed and bad pixels maskedip\iol pile-up was negligible at the core. With the knowledge oftbee

ing the software “threads” from tHéhandraX-ray Center (CX(ﬂ count rate from that observation, we selected the 512-rdvarsu
Only events with grades 0,2,3,4,6 were used. ray for the longer observation in order to increase the fiéMew

There were some intervals during the observation when the while still restricting pile-up at the core to 5 per cent. Tlhewas
background rate as much as doubled, and these periods @bout aligned in the 8 arcmin direction. We took advantage of VFAIN
per cent of the exposure) were removed, leaving a calibdetbet cleaning except for spectral analysis of the core, sincedgilp
with an observation duration of 51.918 ks. events take on the appearance of VFAINT background eveuts an

The observation was made with a 512-row subarray, giving a 4 removing them would lead to an underestimate (albeit sroéthe
by 8 arcmin field of view in the S3 CCD. The S1, S2, and S4 CCDs core flux.

were also active. The subarray was used to reduce the rei@aeut We shifted the X-ray image by 0.12 arcsec, mostly in right
to 1.74 s and so decrease the incidence of multiple evertigniite ascension, to register the X-ray core with the radio-corsitiom
frame-transfer time. In our earlier 5 ks observation (Wbagal given in the VLA Calibrator Databadea = 00"57™48°.883, § =

2 |pttp://cxc.harvard.edu/ciao 3 |http://www.vla.nrao.edu/astro/calib/manual/csoltal
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+30°21'08".81. This amount of shift is withifChandras absolute
aspect uncertaintids

2.2 Radio

The observations and reduction of the 5 GHz VLA radio dataluse
in this work are described in Laing et/ al. (2006a). We useghisity

images made with beams of 0.4 arcsec and 1.5 arcsec FWHM for

comparison with the X-ray emission in the inner and outetspair
the jet, respectively. The radio images were shifted-by.1 arcsec

to align the core with the position given in Sectlon]2.1. Wedis
Stokesl, Q andU images at a resolution of 0.4 arcsec to derive the
distributions of degree of polarization aiilvector position angle
at 5 GHz. The degree of polarization was corrected to firserord
for Ricean bias| (Wardle & Kronberg 1974). The effects of Fara
day rotation were removed from the position angles usinga tw
frequency rotation-measure image at 1.5 arcsec resol(figpri1ld

of |Laing et al.| 2006a). Ambiguities in the position-angldfeti
ences were determined using a five-frequency rotation-med

at 5.5 arcsec resolution. The average correction for Faradation
over the base of the jet is 16 degrees, and the maximum \ariati
over the region is 2.4 degrees. Errors in the correction éoaéfay
rotation are estimated to be 1 degree. Depolarization between 5
and 1.4 GHz is negligible (section 5.2|of Laing et al. 2006ay
there is therefore no evidence either for internal Faradtation or
for significant unresolved gradients in foreground rotatio

3 JET RESULTS
3.1 Radio-jet morphology and polarization

The radio jet is relatively faint and unresolved in width dat
about 4 arcsec from the core, after which it brightens andaios
a prominent oscillatory filament displaying a number of cise
knots (Fig[dc). The radio ridge line is not perfectly sttdigloser
to the core than 4 arcsec, but whether or not this is an inrtenex
sion of the filament cannot be addressed by our current data.

We have examined the polarization structure of the jet and fil
ament. Figur€l2a shows vectors whose lengths are propairtion
the degree of polarization and whose directions are alomgppar-
ent magnetic field, superimposed on a grey-scale of totahgity.
Canvin et al.|(2005) concluded that the high polarizatichaedge
of the jet is from a roughly equal mixture of toroidal and la@ndi-
nal components, and that the average on-axis field (witheatihg
the filament as a separate entity) is close to isotropic.

The high degree of polarization at the edges of the jet makes i
difficult to separate the polarized emission due to the filatrfrem
that of the surrounding jet plasma. We derived a rough egtimia
the polarization of the filament alone on the assumption tinat
emission from the rest of the jet is axisymmetric, as follows

(i) We first chose the origin of polarization position anglebe
along the jet axis so that Stok€sandU (corrected for Faraday ro-
tation as described in SectibnP.2) are respectively symnatd
antisymmetric under reflection in the axis for an intrinficax-
isymmetric brightness distribution.

(ii) We then blanked thé, @ andU images in the area covered
by the filament (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 reddr
polarization,p and whose directions are those of the apparent magnetic
field (i.e., perpendicular to the E-vector position anglea€orrection for
Faraday rotation), superimposed on grey-scales of tahgity at 5 GHz

in the range 0 — 1 mJy beam. The resolution is 0.4 arcsec FWHM and the
intensity scales are shown by the labelled bars. (a) An inoddlee inner

jet covering the same area as Figlife 1. (b) Emission fromrtiadl-scale
structure of the filament alone, estimated as describedeintetkt, over the
area shown by the box in panel (a).

(iii) The assumption that the remaining emission is, on ager
axisymmetric then allowed us to replace pixels in the bldnie
gion by their equivalents on the other side of the mid-linkisT
procedure does not work for points close to the mid-line, n&lee
assumed instead thgt = U = 0 (exactly true on the mid-line for
the models of Canvin et al. 2005) and interpolafefitom nearby
pixels outside the filament area.

(iv) Finally, we subtracted these estimates of the diffusése
sion from the originall, Q andU data to leave images of the fila-
ment alone.

The results are shown in Figure 2b, on which the most proniinen
radio knots are labelled. Running along the radio filaméat,ap-
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Figure 3. The core and outer jet showing smoothed X-ray data as in Fig-
ures 1b and 1d with contours of the 5-GHz radio data with tcSex beam.
The lowest contours are at 0.05, 0.4, 0.8, 1.2, 1.6 mJy béarfihe white

box indicates the region mapped in Figure 1.

parent magnetic-field vectors appear roughly parallel tofita-
ment out to component |, with knot G the main exception, mgkin
the filament a ‘magnetic strand’. The typical fractionalgy@ation

is high atp ~ 0.2 — 0.4 for knots A through I. The exception is
the bright knot E, where the average~ 0.1, but there is a null
in the polarization at the brightness peak, plausibly tesyfrom
averaging over &0° change in direction of the filament if the ap-
parent field remains aligned. After component |, where tlaerfént
becomes poorly defined, the vectors are roughly perperatital
the overall jet direction, as in the compact, radio-brigtmigi highly
polarized component J. There is no evidence for any anorsalou
Faraday rotation or depolarization associated with thenglat (see

sectior 2.P).

3.2 The X-ray properties of the radio jet

The core, galaxy atmosphere, and resolved X-ray jet that wer
tected in the earlier sho@handraobservation (Worrall et al. 2003)
are measured with greater precision in the new data. Bethase
galaxy atmosphere has a soft X-ray spectrum, data from the re
tively hard 0.8-5 keV X-ray band are selected for comparisth
the radio data in Figurés 1 aht 3.

3.2.1 X-ray and radio morphological comparison

Working outwards from the core, the innermost 3 arcsec ofdhe
dio jet cannot be matched with X-ray features because her¥th
ray emission from the core and the NGC 315 galaxy are relgtive
bright. The first X-ray feature we identify with the jet is 3aéc-
sec from the core at = 00"57™48°.68, § = +30°21’11".3.
(Fig.[db). To investigate the reality of this feature andhebabil-

ity that it is associated with the jet, we extracted courdsifia cir-
cle of radius 0.7 arcsec around the source. Following Waetall.
(2003), we used theRAF STSDAS task ELLIPSE to model the
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Figure 4. Image showing 0.3-2 keV counts in 0.0984 arcsec pixels,-adap
tively smoothed with a top-hat filter containing a minimum&¢é€ounts in
each smoothing kernel. The on-source region used to metsuspectrum

of the jet is shown. The softer X-rays shown here, as compaitdFig-
ured1 anf3, emphasize emission from the galaxy gas.

the source circle contains 40 counts, whereas the average foa

a circle of the same size lying anywhere in the annulus is 14.7
counts, making the detection highly significant. The largesn-

ber of counts in a circle of the same size positioned anywblse

in the annulus is 23, and therefore it is unlikely to be a coieace
that the circle with 40 counts lies in projection on the rgdioThis
inner X-ray knot lies in a region of weak extended radio eiiss
from the inner jet, and there appears to be no significantiaeced
radio emission at its position.

The complex incorporating knots A through D in Figlile 2b
is bright in both X-ray and radio (Fifl 1d), and shows paittidy
close structural similarities. Throughout the region totdrthere is
distributed X-ray emission over the full extent of the diféuradio
jet, and localized X-ray peaks follow the ridge line.

The outermost structure in Figuré 1, incorporating knot J in
Figure[2b), is where the radio filament shows considerabitghbr
ness fluctuations, and by this point the coherent structasebken
lost, with the filament broken into pieces. The filament appéa
be breaking up where the jet broadens in both radio and Xaray,
the flow is thought to slow down. The general corresponderee b
tween the radio and X-ray emission is still good, despiteibarer
X-ray photon statistics. However, the bright, compact sacbm-
ponent J & = 00"57™48%.1) has only a faint X-ray equivalent,
despite being as bright as knot E at 5 GHz.

In the outer reaches of the X-ray jet (FI[d. 3) where coher-
ent and compact radio features cease, we nonetheless see a co
respondence between brighter X-ray and radio emission ras fa
out as the feature at = 00"57™47%.1. The X-ray source at
a = 00"57™46°.5 has no particular relationship with the radio jet
and is likely to be a background object. However, the faintcttire
ata = 00"57™47¢.1 and the diffuse emission around it (abagat’
from the nucleus) do appear to be jet related, and mark thieefstr
extent to which we are confident that X-ray jet emission igcletd.
Thus although the X-ray emission is brightest in the first fo$ec
of the jet, itis also detected in the region between 14 and&fka
where the jet is decelerating.

3.2.2 Jet spectrum and Intensity

galaxy atmosphere, based on the 0.3-2 keV data smoothed withwe used the on-source region shown in Figure 4 and the back-

a Gaussian of = 1.3 arcsec, and used the resulting intensity con-
tours to define an elliptical annulus of full width 1.4 arcseen-
tred on the core, in which the source circle falls. At 0.8-%,ke

ground region shown in Figufg 5 to measure the composite spec
trum of the X-ray jet in the region containing the radio filamhe
between 3.2 and 16.2 arcsec from the nucleus. There are 696 ne

(© 0000 RAS, MNRASD0O, 000—-000
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Figure 5. The exposed part of the ACIS-S3 chip. The 0.3-7 keV X-ray channel energy (keV)

counts in 1.476 arcsec pixels have been exposure corresteddaptively
smoothed with a top-hat filter containing a minimum of 15 dsun each
smoothing kernel. The jet and gas, and unassociated pairnteare seen.
The rectangle marks the region used to measure the backifouspectral
fitting of the gas. Unresolved X-ray emission is seen fronfldtespectrum
radio source atv = 00257™38%.720, § = +30°22/44".99 (Laing et al.
20064a), confirming the earlier suggestiori_of Worrall & Birkhaw |(2000)
based orROSATand Palomar Sky Survey data that, although the source
lies in projection on the large-scale radio jet, it is an latesl background
object.

Figure 6. The X-ray spectrum of composite emission from the jet fited t
the combination of a power-law and thermal model.

0.8
T

counts between 0.3 and 5 keV. The emission has a soft spectrum
A fit to a single-component absorbed power law is pogr € 34

for 18 degrees of freedom). As anticipated, since the jetrds p
jected on significant thermal X-ray emission, an improveneas
obtained when a thermal model was included, accountingdfonta

22 per cent of the counts. A fit with the only source of absorp- A R R
tion being that in our own GalaxyNg = 5.92 x 10%° cm™2; 1.5 2 2.5
Dickey & Lockman (1990) giveg2 = 17.4 for 15 degrees of free- Photon Index, a + 1
dom.

The jet X-ray spectrum is shown in Figdie 6. The best-fit gas Figure 7. x2 contqurs (&, 90 per cent gnq 99 per cent, fortwq interesting
abundance is 0.25 solar, but while this parameter is verylpoon- parameters) showing the fitted un(_:ertaln_tles in power-f@gesal index and
strained the other parameters of the fit (except for the gasséon kT for counts_ extract_ed from the jet region. The thermal abooesa hz?\ve

. " . been constrained to lie between 10 and 100 per cent of sothglasorption
measure) are m_sensmve_ to the value adopted. UncedaiitikT is fixed to the Galactic value.
and power-law index (Fid.]7) are found with the abundance con
strained to lie between 10 and 100 per cent of solar. The gas te
perature is consistent with that found generally for the N8&& ray spectral measurement. The corresponding radio fluxtgieafs
galaxy (see Se€.4.2). The jet spectrum, with its best-fijpeslof 74 mJy leads to a radio-to-X-ray spectral indexcgf, = 0.89.
o = 1.2 is relatively steep, and steeper than the core spectrum (seeWhile the jet has yet to be detected in the optieal,> .. > ar
Sec[4.])x? decreases slightly if a small level of intrinsic absorp- requires, in the simplest case, a broken power-law spectamoh

0.4

tion, as may occur from cold gas in the NGC 315 galaxy, is itketl supports a synchrotron origin for the X-ray emission. Aitgb the

in the fits, and then the power-law index increases by a fethsen  optical upper limits from the HST imaging of Verdoes Kleijnad!

While the statistics are insufficient to claim that this esscabsorp- (1999) lie significantly above an extrapolation of the raslmec-

tion is significant, we can conclude at 30 confidence that the trum between 1.4 and 5 GHz, the upper limit3o2u,Jy at 4506

power-law index is no flatter thasm = 0.9. of |Butcher et al.|(1980), based on ground-based obsergatien
The radio spectral index in the region over which the X-ray quires the spectrum to steepen between the radio and optical

spectrum has been extractedais = 0.61, whereas our best es- The radio flux density of the filament alone (estimated from

timate foro, is 1.2 + 0.2. The X-ray luminosity in the region in the image shown in Fifl 2b, convolved to a resolution of O8ec

which the jet spectrum has been extracte@ig840.2) x 10*° ergs FWHM to match theChandrapoint-spread function) is 7.3 mJy,
s~! (0.3-5 keV), and the 1 keV flux density corrected for Galac- which is 10 per cent of the radio flux from the rectangular eagi
tic absorption isl0.573'9 nJy. This is more accurately determined  shown in Figuré4 that contains 696 net X-ray counts (0.3\§ ke

than our previously published value because we now have an X- The convolved radio image was used to define a mask covering

(© 0000 RAS, MNRASDOQ, 000-000
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Figure 8. Profiles along the jet of the 5-GHz radio flux density (solice)i
and 0.3-5 keV X-ray net counts (data points with Poissonrerand arbi-
trary scale). The radio profile is from a map with a restoriagrh of 0.6 arc-
sec FWHM, to match th€handraresolution. The width of the on-source
extraction boxes are set interactively using the size of@éhenvelope in
the radio image. The X-ray background measurements arerfgions of
~ 5-arcsec width on either side of the jet. Additional uncextias apply to
the inner few X-ray bins due to imperfect subtraction of théagy counts.

the area of the filament, and 184 X-ray counts (0.3-5 keV) were
summed over the mask. Since the mask allows through both fila-
ment and diffuse-jet X-ray counts, it was necessary to esérand
subtract the background contributed by the diffuse jet bgsang
regions within the jet envelope that are adjacent to the &lamThe
wiggly nature of the filament means we sampled diffuse regain
similar transverse distances from the jet axis as the filanidre
background estimate was 94 counts, giving a statisticadjyifs-
cant 90 net X-ray counts. Within the rather large statisticecer-
tainties (13 per cent), and harder to quantify systematéertain-

ties in the diffuse-jet contribution, this is consistenttwibeing the
same fraction of total jet emission as in the radio.

A comparison of the profiles of X-ray and radio emission
down the jet are shown in Figuré 8. The X-ray emission drops re
ative to the radio beyond 16 arcsec where the jet is deceigrat
There is reasonable agreement in jet width between the eadio
X-ray in both the fast and decelerating regions of the jed.(8), al-
though the X-ray statistics in the decelerating region aefatively
poor. An implication is that the processes which govern ¢iative
amounts of diffuse X-ray and radio emission depend primanil
distance from the nucleus and do not vary significantly actbs
jet.

4 OTHER X-RAY COMPONENTS
4.1 The central region

We extracted the X-ray spectrum for a circle of radius 1 arcse
centred on the core, using the background region shown in Fig
ure[§. In contrast to the situation for the short observatidrere a
single-component power law gave a good fit, the improvedsstat
tics of the new data require the inclusion of a thermal coreptn
as found also by Donato, Sambruna & Gliozzi (2004). 6.6 pat ce
of the counts (significant only below 1 keV) arise from therthal

B (a) 4.1 — 18.3 arcsec

—
o))

—

o
(o)l

o

Mean radio flux density / mJy beam™!

o
(o)l

(b) 18.3 — 30 arcsec
0.4

0.3

0.2

0.1

i

—20 0 20
Angle from jet axis / deg

Mean radio flux density / mJy beam™!

Figure 9. As in Figurd 8 but across the jet. The integrations alongeharg
for distances from the nucleus of (a) 4.1 to 18.3 arcsec, evtigr filament
contributes about 10 per cent of the flux and (b) 18.3 to 30earoshere
the jet is believed to be decelerating, and where the X-ragdw flux ratio
has decreased significantly. The arbitrary scale for theyXpoints is the
same as in Figufld 8 for panel (a), and lower by a factor of 2(B)in

Table 1.Parameter values for the power-law spectral fits

Structure Qg ng (cm—2)2 J1 kev (NJy)
Core 0.57+0.11 (7.6+1.2) x 1021 120420
Jeb 12402  Of 105129

90% uncertainties for 1 interesting parameﬁe?fm(n + 2.7). For both struc-
tures a thermal component is also included in the spectmlditExcess
over Galactic column density. f = fixed. b. For the region shawFigurd%.

component in our best composite fit, for whigh = 103 for 94
degrees of freedom. Although the abundance of the gas idypoor
constrained, the best-fit value is solar, and this was frozehe
estimates of the uncertainties on the other parameterssifitth

The X-ray spectrum of the core (FIg.J10) is strikingly harder
than that of the jet (FidL]6), and the fitted power-law indexédeed
significantly flatter than that of the jet, taking into accbthre un-
certainties (compare left panel of Figl]11 with Hi§. 7). Apation
of the pileup model available inspPEcfinds that pileup (estimated
to be~ 5 per cent) has negligible effect on our spectral fits. Table 1
gives the fitted power-law model parameters for both the aack
jetregions.

In agreement with our earlier results and those of Donatb et a

(© 0000 RAS, MNRASD0O, 000—-000
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Figure 10. The X-ray spectrum of composite emission from the core fitted
to the combination of a power-law and thermal model.
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Figure 11. x2 contours (&, 90 per cent and 99 per cent, for two interesting
parameters) showing uncertainties in parameters in thecomgponent fit
to the X-ray data from a 1-arcsec-radius region centred emdine.

(2004), intrinsic absorption of 7.6 x 10%' cm™? is required for
the power-law component (Fif.111) which, corrected for ghso
tion and the point spread function, has a 1 keV flux density of
0.12 £ 0.02 pJy (90% uncertainty for 1 interesting parameter) and
a 0.5-8 keV luminosity of7.6 & 0.3) x 10*! erg s''. The rela-
tively low intrinsic absorption supports our earlier cargibns that
the measured core emission from this source is predomynpatil
related in originl(Worrall & Birkinshaw 1994 Worrall et/&003).
NGC 315 is a dusty galaxy with a resolved disk-like structonea-
sured with the Hubble Space Telescope) that is respongibla f
reddening ofd, = 0.25 (de Ruiter et al. 2002). We can use the ex-
pression given in Wilkes et al. (1994) (based on Burstein §ldse
1978) to convert reddening into hydrogen column densityeuatite
assumption of a Galactic dust-to-gas ratio, and fiid= 7 x 102
cm~2, insufficient by an order of magnitude to account for the
X-ray absorption. However, de Ruiter et al. (2002) alsonestée

a dust mass from IRAS 10@m data that is a thousand times
larger than that inferred from the reddening absorptiodystand
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Leon et al.[(2003) report the detection of carbon monoxidi wi
double-horned line profile characteristic of a rotatingdistorus,
and estimate a molecular gas mass-of3 x 10° M. The pre-
cise nature and location of most of the gas and dust in NGC 315
is currently unknown, and some could be associated with an in
ner torus. While (weak) broad emission lines have been ttec
(Ho et al! 1997), the results do not constrain the propesfiegpos-
sible torus, as lines are seen in both direct and reflectddr{ped)
light (Barth, Filippenko & Moramn 1999).

If we wish to measure the accretion efficiency of the central
source we should allow for the possible presence of a torpseto
vent underestimating the central luminosity. Even withteditcol-
umn density of less tham0?? cm~2, the X-ray observations do
not rule out the presence of an inner torus with a line-ofisepl-
umn density of, for example,02®> cm~2; they merely set an up-
per limit on the X-ray luminosity that can lie behind such a pu
tative torus (e.g., Worrall & Birkinshaw 2005; Evans et &008).
The high quality of the X-ray dataset for NGC 315 allows us to
determine whether this luminosity is consistent with thqiested
for accretion at close to the Eddington limit onto a standgeb-
metrically thin and optically thick accretion disk (ShaktBunyaev
or similar) or whether a radiatively inefficient accretioovil (e.g.,
Narayan & Yil1994; Blandford & Begelman 1999) is suggestad. |
the case of NGC 315, for a photon spectral index of 2.0 we fiat th
any concealed X-ray component has 90%-confidence uppéds limi
at 0.5-8 keV of7 x 10* or 1.5 x 10*2 erg s! if absorbed by
gas withNg = 10%% or 10%* cm~2, respectively. Since empirical
relations find a black-hole mass ef 2 x 10° M, (Bettoni et al.
2003; Marchesini et dl. 2004), the limits must be comparet am
Eddington luminosity of- 2.6 x 10*7 erg s™*. Even allowing for
output at wavelengths other than the X-ray, accretion in BG&
must be greatly sub-Eddington or radiatively inefficient.

Scaling the 3690 counts (0.4-7 keV) from the core by observ-
ing time, we would have expected29 + 5 counts in our earlier
short observation, in agreement with 88 + 18 counts detected
(Warrall et all 2003). Thus we have no indication that theeduais
varied in intensity over the 28 months between the obsensti
However| Fabbiano et al. (1992) and Worrall & Birkinshawdep
present evidence that the X-ray core intensity has varistbhi
ically, and the radio flux density from the parsec-scale dwe
shown considerable variation in the recent past (Cottoh &089;
Lazio et &l 2001).

The central gas as measured from the core spectruni(Big. 11)
is relatively cool as compared with the rest of the galaxy gas-
sistent with a cooling time that is short compared with thébla
time (Sec[4R). We find a density of 0.28 ciand pressufkof
4.5 x 107'* Pa when we model the gas as a uniform sphere of
radius 1 arcsec. The consistency of this pressure with fredja-
cent regions where the contribution from the core is smait(8.2)
lends supporting evidence that we are applying the cormenpos-
ite model to the core emission.

4.2 Properties of the X-ray-emitting gas

The deeper observation allows the temperature and digtibaf
the diffuse X-ray-emitting gas around NGC 315 to be measured
with greater precision. As in Worrall etlal. (2003) we extezta
radial profile and fitted it to the combination of a point sauffor

5 1 Pa =10 dyne cm?
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Figure 12. x2 contours (4, 90 per cent and 99 per cent, for two interesting
parameters) showing uncertainties in parameters in thersjpe of the X-
ray gas from a core-centred annulus of radii 4 and 20 arcsexciuding

a 30-degree pie slice around the jgfmn = 41 for 47 degrees of freedom.

the core) aan-mode{ﬂ, both convolved with the point spread func-
tion. Out to a radius of about 40 arcsec the gas is well destily
the 8 model, but beyond this it drops off more sharply. This drop-
off will be discussed elsewhere, together with the implarag for
the dynamics of the jet.

Out to the maximum radius of the resolved X-ray jet the
gas is fitted with a3 model of core radiud.7 + 0.2 arcsec and
B = 0.5240.01 (1 o uncertainties for two interesting parameters).
We can convert the distribution of integrated counts to arinsic
profile of pressure using equations given_in Birkinshaw & Vatr
(1993) (for further details see Worrall & Birkinshaw 2006 te
gas isisothermal. However, here there is a complicatioa.cbunts
extracted from a source-centred annulus of radii 42 and 120 a

Table 2. Gas temperatures

Region Radii from nucleus kT (keV)* Zg’b
(arcsec)

Core <1 T IEY

Inner gas 4-20 0.68+0.03 0.67932

outer gas 42 -120 0.8610 b4 0.2570 17

a. 90% uncertainties for 1 interesting parame;ei‘ig) + 2.7). b. Abun-
dances as a fraction of Solar. f = fixed. c. Model-fit to datanfne@gion
includes power-law core emission. d. Region excludes thidieoX-ray jet.
Model-fit to data includes small component of power-law esiois from the
wings of the point spread function describing the nucleus.

H
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Figure 13. Pressure of the X-ray emitting gas. The point at 0 to 1 arc-

sec, using the region in Figuié 5 as background, give a good fit sec radius is determined from the spectral fit to the coreinaisg) the gas

(x*> = 78 for 77 degrees of freedom) to a thermal model with
kT = 0.8615 55 keV (90% uncertainties for 1 interesting parame-
ter) which is significantly hotter than in the central reg{ig.[11).
To estimate the temperature of gas at radii where the redolve
ray jet is best measured, we used an on-source annulus o#radi
and 20 arcsec (appropriate for projected distances alagthe-
tween 2.5 and 12 arcsec for an adopted angle to the line of sigh
of 38 degrees) with background measured from an adjacent ann
lus of radii 20 and 42 arcsec, in each case excluding a pie sfic
30 degrees around the jet direction. The data fit mostly arther
model, but include a small contribution from the wings of fént
spread function that is fitted with a power law of spectrakxdnd
absorption consistent with those found from the centratckec
circle. Uncertainties in the temperature and abundancsteen
in Figure[12. The gas here is at a temperature between thiagin t
core and that in the outer reaches of the gas distributidsieis
a summary of the measured temperatures for different ancada
from the nucleus.

While there is a significant degree of non-isothermalityhie t
gas distribution, the pressure structure is dominated byliange
in gas density with radius, and the assumption of a constampér-
ature is an adequate description of the jet's environmettdzn 4

component is from an isotropic sphere. The rest of the prodilebines our
beta-model fits with spectral parameters from Fiule 12.r€peesentative
1o error bar takes into account uncertainties in spectral patad param-
eters.

tance from the core. The external gas pressure will be cadbin
with the kinematical models of Canvin et al. (2005) into a aiyir
cal model for the jet in a forthcoming paper. The gas coolingget
is short, aR.8 x 10° years and! x 10® years at 15 arcsee( 5 kpc)
and 4 arcsec+ 1.3 kpc) from the core, respectively.

5 DISCUSSION
5.1 Particle-acceleration constraints from the X-ray emision

The radio jet emission is well established as being synobmot
radiation from a plasma whose relativistic bulk motion proes
the initial brightness asymmetry between the jet and thentesu
jet. The physical coincidence and morphological simijadit the
X-ray and radio jets strongly suggest that they share a cammo
origin within the relativistic bulk flow. Inverse-Comptonatels

and 20 arcsec. Figufe]13 shows the run of gas pressure with dis applied to the radio-emitting electron population for theminant

6 Surface brightness proportional b+ (82 /62, )]°-5—38, wheref.y is
the core radius (Cavaliere, A. & Fusco-Femlano 1978; Sarba86)

sources of scattered photons (jet synchrotron, cosmicomare
background), assuming minimum energy, significantly uper
dict the observed X-ray emission. For the diffuse jet regiwar
which the X-ray spectrum is extracted, the magnetic fieleingfth,
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B, would need to be at least a factor of 45 below the minimum-
energy value B, increasing the total energy in the source by at
least a factor of 280 as compared with minimum energy. This is
contrast to the rang@3Bme < B < 1.3Bme typically measured
for diffuse radio-emitting plasma where the X-ray emissione-
liably associated with inverse Compton scattering (Crostoal.
2005%). The results therefore support a synchrotron origirtte
X-ray emission, which thus marks regions where large numbgr
electrons can be accelerated to high energies.

The X-ray knot closest to the core, at a distance of 4 arc-
sec, lies where the radio emission is still relatively weak b
slowly increasing, before the abrupt brightening. NGC Jlthére-
fore similar to 3C 66B|(Hardcastle, Birkinshaw & Worrall 21)0
3C 31 (Hardcastle et al. 2002) and 3C 15 (Kataokalet al.|2003;
Dulwich et al/ 2007) in showing X-ray emission in the radant
region immediately before the abrupt radio brighteninghlsym-
metrical, relativistic model of NGC 315 developed| by Cargfiral.
(2005), the increase in rest-frame emissivity which leadbié ra-
dio brightening occurs at the same distance from the nudfetine
main- and counter-jet. This suggests that the brightersinglated
to a larger-scale phenomenon, perhaps associated witlyehiam
external pressure. The occurrence of significant X-ray sioisbe-
fore the radio brightening complicates the simple picture.

There is also a clear variation in the ratio of X-ray to ra-
dio emission along the main jet at larger distances (HigT&g
ratio decreases by a facter 3 at a projected distance of about
16 arcsec from the nucleus, consistent with the start ofldiest@n
(~ 14 arcsec in the model of Canvin et al. 2005). X-ray emission
is detected throughout the rapid deceleration zone (14 +&2a)
but not beyond. 3C 31 shows a similar behaviour (Laing & Bridl
2004), and a decline in X-rays is seen along the jet of 3C 66B
(Hardcastle et al. 2001) although here no deceleration mbdee
been constructed. Thus there appears to be a link betwespekd
of the jet flow and the X-ray/radio ratio, and consequentlyh®
jet's particle acceleration. Wherever X-ray emission iedtd in
3C 31 and NGC 315, the variation of radio emissivity with dis-
tance from the nucleus is inconsistent with models in whigh t
relativistic particles change energy only by adiabaticséssand
the magnetic field is frozen into the flow (Laing & Bridle 2004;
Canvin et all 2005). This provides independent evidencedisa
sipative effects are important, consistent with the rezmagnt for
particle acceleration.

The occurrence of X-ray emission throughout the jet volume
implies that there must be distributed particle accelemafThe life-
time problem is particularly acute in the filament, where Xaey
emission is brightest: for knot E's minimum-energy magnégld
of ~4 nT, the lifetime for the X-ray-emitting electrons #8400
yr. This is comparable with the light-travel time across knet,
but far smaller than the equivalent for the entire X-ray éngtre-
gion (~50,000 yr). As the flow in FRI jets is probably internally
transonic|(Bicknell 1994; Laing & Bridle 2002b), Fermi atzra-
tion at strong shocks is not a plausible acceleration mesimait is
more likely that strong shear associated with jet decataratiuses
a small fraction of the kinetic energy of the jet to be fed, bspu-
lence in the shear layer, into the high-energy electrorsoresble
for the X-radiation (e.g., as In Stawarz & Ostrowiski 2002).

The synchrotron minimum-energy pressures of individual
knots may slightly exceed the pressure of the external X-ray
emitting medium. For example, knot E’s internal minimunesgy
pressure isv 4 x 1072 Pa if the knot is moving with 09at 38
degrees to the line of sight (higher if moving more slowlyram-
pared with the external pressureof3 x 10~'? Pa at its depro-
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jected radius of 14 arcsec. A preliminary conservation-daalysis
(work in preparation) finds that the diffuse radio emissiorihe
start of rapid expansion in the jets is also overpressurefhnd
earlier for 3C 31[(Laing & Bridle 2002b).

5.2 The nature of the filament

Complex, non-axisymmetric structure appears to be common
in the jet-brightening (and geometrically flaring) region$
FRI jets observed with sufficiently high angular resolution
In addition to NGC315, good examples are 3C31, Cen A,
B20326+39 and 3C 296 (Laing & Bridle 2002a; Hardcastle et al.
2003; [Canvin & Laing| 2004; Laing etial. 2006b). This non-
axisymmetric radio emission is seen:

(i) downstream from where enhanced X-ray emission assttiat
with the jet is detected, and thus where there is the firsieedd of
local particle acceleration, and

(i) before the region where significant jet deceleratiogibs,
in sources where this has been modelled.

There is no evidence for variation in the average X-rayfradi
ratio across the jet in NGC 315 (Fig. 9), although the coigsa
are poor close to the nucleus (because of inadequate riesdlut
and beyond> 18 arcsec where the X-ray emission is faint. Neither
does the average X-ray/radio ratio differ grossly betwémenfila-
ment and the surrounding diffuse emission (E§ec. B.2.2pitdedif-
ferences in fine-scale structure between the two waveldragits.

It therefore seems most likely that the filament is an emigsan-
hancement within a region of distributed particle accé¢ienarather
than a favoured location for particle acceleration.

The filament in NGC 315 differs both morphologically and in
its polarization properties from features which have belentified
as strong shocks, such as those producing bright X-rays ir¥ M 8
(Perlman et al. 1999) and 3C 15 (Dulwich etlal. 2007). Thesfatt
tend to show apparent magnetic fields transverse to the igt ax
whereas the filament has a primarily longitudinal field. Alilgh
thenon-axisymmetristructures observed in FRI sources other than
NGC 315 are not well enough measured or resolved to separate
their apparent field structures from those of the surroundimis-
sion, as we have done for NGC 315, in several sources the @ampo
ite polarization data are consistent with apparent fielidgmad with
the structures.

The radio filament lies wholly within the overall envelope of
the diffuse jet emission, reaching about 60 per cent of thefreen
the axis to the edge in projection (Figl] 14a). It is possibkt the
filament appears to cross the jet axis only in projection, tuad
all of its emission comes from intermediate radii in the Jés&o,

a promising explanation for the filament's enhanced enmitysin
both the X-ray and radio may be that it lies in a shear layer be-
tween faster inner jet plasma and slower outer flow. The devel
ment of such a shear layer as a jet propagates would occuatg a r
that depends on the rate of mass entrainment through thedboun
ary layer. The model transverse velocity-profiles fittedhis jet
by|Canvin et al.|(2005) have a ratio of edge to on-axis vefaait
0.8 £+ 0.2 in the region of interest. Given that the on-axis velocity
is estimated to b&.9¢, the best-fitting model implies a large ve-
locity shear, although a top-hat profile is also consisteiti the
data. There is also evidence from much larger distances7(fid.
Canvin et al! 2005) where the jet is well resolved, that thm-tr
cated Gaussian functional form assumed for the transveise-v
ity profile may under-represent the maximum shear, and thhahm
of the velocity gradient further down the jet in fact occubmat
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internal to the jet or a magnetic structure in the interatetiedium
of NGC 315, entrained into the shear layer where the jet beigh

5.3 The filament as a helical structure?

If the filament is a coherent, quasi-helical structure ir¢hdimen-
sions, rather than a superposition of random, non-axisymune
knots which merely appears helical in projection, then wghmi
constrain its properties further.

The jet envelope is relatively symmetric about the jet axis.
Within this, the appearance of the filament suggests a sefies
knots in a helically-wound structure with roughly two pef$oof
oscillation across the axis (from A to D, then from D to theioeg
FGH; Fig[14). The oscillation amplitude is a roughly consfsac-
tion of the jet width. The filament can be traced as far as kradtér
which the structure becomes less ordered. It is temptingtéopret
knot E as a cusp where the filament is close to the line of sidte.
black curve in Fig_Tla shows the projection of a spiral cuviiese
radius is 0.6 of the jet width and whose phase has been adijisste
form such a cusp at knot E; the wavelength along the jet isdc7 k
which projects to 3.1 arcsec on the plane of the sky.

A simple projection of this sort is only appropriate for a-sta
tionary pattern. The flow speed must be relativistic, in orde
avoid seeing comparably bright structures in the courgttrgf this
and other FRI sources with non-axisymmetric knot structute
the pattern (as well as the flow) moves relativistically,ntlzder-
ration will change its observed shape. To quantify this cffee
calculated the locus traced by blobs of emission launchea &
precessing injector placed 4 arcsec in projection from thdaus
along the jet axis and travelling ballistically as in model$S 433
(Hiellming & Johnston 1981). The black curve in Figl 14b skow
an example for a precession angle of 3.5 deg, a velocitygef and

Figure 14. False-colour images of the 5-GHz emission of the main jet of g period of 2500 yE] The curve is close to sinusoidal with no cusp.

NGC 315 at aresolution of 0.4 arcsec FWHM, with simple modétke fil-
ament superposed. The locations where the radio jet brighaieruptly and
the start of rapid deceleration from the mode| of Canvin e{2005) are
marked. ‘X’ marks the location of the inner X-ray knot dissed in Sec-
tion[3:2.1, and the radio knots of Figdide 2 are also indicai@d The black
curve traces a spiral with a projected wavelength of 3.1earégng along
the surface at 60 per cent of the width of the jet envelope.\lliige curves
show the projection of this surface and the outer boundaryh® models
of ICanvin et al.|(2005). (b). The black curve shows the lodushserved
positions for components ejected with a speed.8t, as described in the
text, and the white curves show the projected maximum widéthed by
the componsnts. The adopted jet inclination is 38 degradsofth curves.

half way out from the jet axis. If a similar velocity profile gles
closer to the nucleus, the maximum velocity shear couldeédde
occur roughly where we detect the radio and X-ray filament.

Although this is a toy model taking into account only the kireg-
ics, the lack of a cusp is a robust result as the moving paterb-
served close to edge-on in its rest framéd ~ cos ). The curve
does not match well the appearance of the filament, makirifiit d
cult to understand the filament as a coherent structure rgavith
the underlying relativistic flow. Interpreting the NGC 31&ifnent
as a three-dimensional helix-like structure is therefooblgmatic
despite its apparently oscillatory appearance.

The filament may have some similarities with the kpc-scale
jetin M 87 (Owen et al. 1989), whele Lobanov, Hardee & Eilek
(2003) model alternations of bright features from side ttesis
the superposition of two filaments, with oscillation wavejths
~ 0.4 kpc and amplitudes of order the width of the radio jet. A low
contrast, two-stranded, filamentary structure has also been in
the radio and optical in 3C 66B (Jackson et al. 1993), but meeeo
sponding X-ray structure was found by Hardcastle et al. 1200

Quasi-periodic oscillatory structures have been seen on

The filament could be a magnetic structure, sustained by the parsec scales in other jets (e.d.. Lobanov & Zen5us |2001;

velocity shear, that becomes bright where it is exposedgadme
relativistic electron distribution that causes the brégting of the
diffuse radio emission in the jet. This is consistent witk fia-
ment representing a similar fraction of the jet emissiondthtihe
radio and X-ray (Se¢. 3.2.2) and is also consistent with ttung
longitudinal polarization seen in the filament (Jec] 3.1, theo-
retical work is required to test its viability. A specific memism
— field-amplification by the dynamo action of the turbulennoe i
the shear layer — is described by Uipin (2006). In that cdse, t
filament would be a basically longitudinal feature, distdrby mo-
tions within the shear layer. The seed field might then eitieer

Hardee, Walker & Gomez 2005), although it is unclear whethe
they are narrow compared with the jet width, as in the
NGC 315 filament. One interpretation of these structureg.,(e.
Abraham & Romero 1999; Tatevama & Kingham 2004) has been
that they result from the ballistic motions associated wyte-
cession of the injection direction when individual knotavel on
straight-line trajectories, as in the simple model disedssbove.

7 Light-travel-time effects cause the velocity projectedtiom plane of the
sky to bevsin6/[1 — (v/c) cos 0] for velocity v along the jet axis.
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In this case, the oscillation should be strictly periodid affect
the whole jet envelope, which is not the case in the kpc-gealsf

NGC 315. Alternatively, the oscillations have been inteted as
helical gas streaming motions, perhaps associated with gana

ations in the injection direction amplified by Kelvin-Helwite in-

stabilities (e.gl. Savolainen et al. 2006).

5.4 Ajetinstability?
5.4.1 Synchrotron thermal instability

The synchrotron thermal instability. (Simon & Axford 1967;
Eilek & Caroff|1979; de Gouveia Dal Pino & Opher 1993) is a lo-
cal instability occurring in a magnetized plasma with insren-
ergy and inertia dominated by relativistic and cold compsere-
spectively, and has been suggested as a possible causeneffite
tion in radio sources. de Gouveia Dal Pino & Opher (1993) show
however, that a filament formed by this instability would egp
darker than its surroundings in the X rays and brighter aelde.g.
radio) frequencies. The brightness contrast in NGC 315aspe
be similar in the two wavebands, so the synchrotron thernsahi
bility is an unlikely cause for the filament.

5.4.2 Kelvin-Helmholtz instabilities

Alternatively, we might seek to explain the filament in NGG2is
a hydrodynamic, or magnetohydrodynamic instability if vesame
that its brightness increases with the overpressure geaeog the
mode (e.gl, Birkinshaw 1984, 1991; Hardee 2000). One piigsib
is that the instabilities are associated with the jet as alevhal-
ternatively, the filament may lie within the shear layer bextw the
fast central and slow outer parts of the jet ($ed 5.2). Fhearsd
flow, |Birkinshaw (1991) showed that typical unstable heica
higher-order, Kelvin-Helmholtz modes have narrow pressoax-
ima within the shear layer. The thickness of the filamentsxtbe
jet might then indicate the width of the shear layer.

While jet distortions are commonly interpreted as Kelvin-
Helmholtz instabilities, such instabilities acting by heelves
would not be expected to generate simple structures becauise
tiple instability modes are always present together, withilar
growth rates, so a complicated flow pattern would developvdf
regard the filament as a coherent, quasi-helical structhes a
pure mode or simple mix of modes is required. Fine tuning woul
then be needed, for example by injecting the correct modady p
cession of the jet direction, and then amplifying it by thduie
Helmholtz process, while suppressing many other fastlilitas
(e.g., Birkinshaw 2002). This problem is alleviated if thHarfient
is a random superposition of non-axisymmetric knots réthan a
coherent structure.

The filament appears to have the symmetry ofran= 1
Kelvin-Helmholtz instability mode (where is the azimuthal mode
number). Abody (reflection) mode of this type would correspond
to a bulk helical motion of the entire jet. Where the wholeisture
is affected, for example the VLBI jet of 3C 120, this interat&n
is appropriate (Hardee etlal. 2005), but in NGC 315 the outes-e
lope of the jet appears to be undisturbed. In contrast, argapie
tion of n = 1 andn = 2 surfacemodes was used to fit the double
filamentin M 87 ((Lobanov et al. 2003). If the filament in NGC 315
is a helical structure, then it must lie well within the voleraf the
jet, and is unlikely to be generated by instabilities on tindace.

If the instability is instead restricted to a shear layee #z2-
imuthal extent of the filament must still be defined by the sppe
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sition of modes with similar saturated amplitudes. Whilis tten

be achieved by a suitable superposition of (say} 1 andn = 3,
orn = 2 andn = 3, modes, it is hard to see how these modes
are excited while other surface or body modes, which havieenig
growth rates, are suppressed.

5.5 Aninjection model?

We now consider the possibility that the filament is a stmectu
formed by injection of magnetic field or particles into theeah
layer, either (a) where the injector is stationary and thenbés ro-
tating about its flow axis, so that the material of the filanigitself
rotating about that axis, or (b) where the injector is roignd the
beam is non-rotating, so that the filament is being advedmtya
the beam.

In the case of (a), the observation that the wavelength dfithe
ament in projection is significantly larger than the halfithi of the
jetimplies that the rotation velocity of the beam matertaha edge
of the jet must be comparable with the component along the axi
which we infer to bed.7 — 0.9¢. Doppler beaming for such a fast
rotation would cause a strong systematic variation in tighbmess
of both the filament and the surrounding diffuse emissioritteee
side of the jet centre-line. This is not seen and we therafdes
that jet rotation, while expected in principle from any atmching
mechanism associated with a rotating structure such asastian
disc, is insufficient to shape the filament.

In the case of (b), the velocities of the individual knotshe t
filament are outwards along the jet without large rotaticrah-
ponents. The appropriate period~s 2500 yr, as derived for the
simple ballistic model plotted in Fif.14. If the filament igected
where the jet first brightens, the radius of 150 pc leads togt-
tion speed comparable with which is not reasonable. If, instead,
we assume injection close to the base of the jet, then théaosh
velocities required are more reasonable. For a black hoks rmg
~ 2 x 10° My (Sec[Z1), matter in Keplerian motion around the
black hole with a period of 2500 yr would be at a radius-of .4 pc,
which is too large to be within the accretion disk. While gas a
magnetic field from a rotating source, possibly a torus resijibe
for X-ray absorption and far-infrared emission (Sec] 4xight be
stripped off into the edge of the jet near its base, this woedplire
that a structure introduced in the jet on pc scales survivehd
~ 5 kpc scale of the filament, which is difficult to imagine.

6 SUMMARY

OurChandraobservation of NGC 315 has resolved X-ray jet emis-
sion between 3.6 and 30 arcsec from the core, and also trans-
verse to the jet axis. The X-ray spectrum fits a power law with
ar = 1.2 + 0.2, which is significantly softer than seen in the
core, and the steepening from = 0.61 througha,x = 0.89

to ax = 1.2 supports a synchrotron origin for the jet X-rays. In
common with other nearby jets measured with high linearlueso
tion, the X-ray emission turns on closer to the core than tsiion
where the radio jet brightens significantly and flares.

The X-ray emission is well matched to the radio in spatial ex-
tent transverse to the jet axis. The synchrotron natureeoKthays
requires a mechanism for distributed electron acceleratoreV
energies. This mechanism becomes less effective aboutctécar
from the core, where the kinematic model for the radio jeiveer
from deep radio imaging (Canvin et al 2005) shows that thésjet
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decelerating: in this region the ratio of X-ray to radio flgdower
by a factor of~ 3.

Between the positions of jet brightening and deceleratéon,
knotty filament contributes roughly 10 per cent of the enoisst
both radio and X-ray wavelengths. The filament has an osmilla
appearance, and our radio polarization data show that thyaetia
field is roughly parallel to this filament for most of its lehgiThe
kinematic model for the jet further from the nucleus regsistwer
flow towards the edge of the jet than on the axis, so it is restsen
to assume that the flow is sheared also in the region of theditbm
where such measurements are not possible from current\ata.
suggest that the filament is a magnetic strand within suctearsh
layer. Individual knots in the filament may be somewhat oresp
sured with respect to the external X-ray-emitting gas efvehey
are at minimum energy.

The geometry of the filament is uncertain. One possibility is

that it is a quasi-helical structure wrapped around thex&t, al-
though it is difficult to model the observed shape well if tha-p
tern is moving relativistically. Alternatively, its app@ace as a

coherent structure may be due to a chance superpositionnef no

axisymmetric knots or it could be a surface feature whosaiago
location inside the jet volume results from projection.

consistent with emission close to the Eddington lumingsitig-
gesting that the central engine is radiatively inefficidrite exis-
tence of a significant gas torus is not ruled out by the dateesin
the X-ray emission detected from the core can be associatad w
non-thermal radiation from the small-scale jet rather thanission
associated with the accretion structure.

The X-ray-emitting atmosphere around NGC 315 has been
measured with the highest precision to date usingGhandra
data reported here. Out to 40 arcsec (13.4 kpc), the atmasphe
can be described by/@amodel of core radius.7 + 0.2 arcsec and
B = 0.52 £ 0.01 (1o uncertainties for two interesting parameters),
but at larger radii the intensity drops more sharply. Sigaifi tem-
perature structure is measured, ranging fiami )03 keV close
to the radio core(.68 + 0.03 keV between 4 and 20 arcsec from
the core, and.861 ) ;¢ keV beyond 40 arcsec from the core. This
is consistent with relatively fast cooling times (e2y§ x 10° years
at 15 arcsec from the core) that increase towards the conewine
gas density is higher.
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