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Abstract. We report theChandradetection of an X-ray jet in 3C 15. The peak of the X-ray emission in the jet is 4.1

(a projected distance of 5.1 kpc) from the nucleus, and coincident with a component previously identified in the radio and
optical jets. We construct the spectral energy distribution (SED) for this component, optical knot C, and find that X-ray flux is
well below the extrapolation of the radio-to-optical continuum. We examine four models for the X-ray jet emission: (I) weak
synchrotron cooling in equipartition, (II) moderate synchrotron cooling in equipartition, (1) weak synchrotron plus synchrotron
self-Compton (SSC) cooling, and (IV) moderate synchrotron plus SSC cooling. Given weak evidence for a concave feature in
the X-ray spectrum, we argue that case (lI) can most reasonably explain the overall emission from knot C. Case (lll) is also
possible, but requires a large departure from equipartition and for the jet power to be comparable to that of the brightest quasars.
In all models, (I}-(1V), electrons must be accelerated upytgy = 107, suggesting that re-acceleration is necessary in knot C

of the 3C 15 jet. Difuse X-ray emission has also been detected, distributed widely over the full extent (632&pkpc) of

the radio lobes. The X-ray spectrum of th&fdse emission is described by a two-component model, consisting of soft thermal
plasma emission from the host galaxy halo and a hard nonthermal power-law component. The hard component can be ascribed
to the inverse Comptonization of cosmic microwave background (CMB) photons by the synchrotron emitting electrons in the
radio lobes. We compare the total energy contained in the lobes with the jet power estimated from knot C, and discuss the
energetic link between the jet and the lobes. We argue that the fuelingtigjeahd the source agésf) are comparable for

case (Il), whereate < s is likely for case (lIl). The latter may imply that the jet has a very small filling factd 2. We

consider the pressure balance between the thermal galaxy halo and non-thermal relativistic electrons in the radio lobes. Finally,
we show that the X-ray emission from the nucleus is not adequately fitted by a simple absorbed power-law model, but needs
an additional power-law with heavy absorptiody(~ 10723 cm?) intrinsic to the source. Such a high column density is
consistent with the presence of a dense, dusty torus which obscures the quasar nucleus.
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1. Introduction until recently only been possible at lower frequencies, i.e., at

" radio and optical wavelengths.
Jets are among the most exciting (but also among the least un-

derstood) cosmic phenomena, being higtficeent particleac- ~ The excellent spatial resolution of t@handra XRay
celerators that generate relativistic electron distributions. T¥sevatory has now resolved the X-ray spatial structure
extreme jet power is most likely generated near a super-massi@ng the jets of more than 20 radio galaxies (e.g., Harris &
black hole, probably via the conversion of gravitational enerdyfawczynski 2002, and references therein). The broadband
from accreting matter. The interest in observations of jets &ectral energy distributions (SEDs) of knots and hotspots
shorter wavelengths is related to the ability to (1) probe tif8OW great variety between the radio and X-ray energy bands.
sites of high energy particle acceleration and help determifiemost cases, the X-ray spectra are much harder than ex-
their physica| parameterS’ and (2) trace the energy transmgted from a Simple eXtrapOlation of the Optical fluxes. This
from the nucleus to the outer hot sposlio lobes. However, Suggests that both the radio and optical photons are due to

observations of jets with high spatial resolutionl{) have theé same non-thermal synchrotron radiation, whereas X-ray
photons are produced via Compton scattering of either syn-

Send gfprint requests toJ. Kataoka, chrotron photons (SSC; e.g., Wilson et al. 2001 for the hotspot
e-mail:kataoka@hp.phys.titech.ac. jp of Pictor A) andor cosmic microwave background photons
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(EC/CMB; e.g., Sambruna et al. 2001 for the knots in 3C 273t very well, suggesting that the optical emission is strongly
In other cases, the X-ray—optical-radio spectrum is consistdominated by synchrotron radiation. In this paper, we report
with a single smoothly broken power-law spectrum, suggesiteChandradiscovery of X-ray emission from the knots, lobes
ing that the broad band emission is entirely due to non-thernaald nucleus of 3C 15. By combining the data from radio
synchrotron radiation (e.g., Wilson & Yang 2002 for the jet db X-rays, we derive the power of the jet and the lobes sep-
M 87, and Hardcastle et al. 2001 for jet in 3C 66B). arately for extensive study. Throughout this paper, we adopt
The X-ray detections of jets and hotspots have a grddg = 75 kmsiMpc ™ andgy = 0.5, so that ¥ corresponds
impact on the determination of their physical parameters, tasl.25 kpc at the redshift of 3C 15= 0.073.
well as the maximum energy of accelerated electrons (see (1)
above). Once the source of seed photonsiis identified, a compar- .
ison of the synchrotron (radio to X-ray) and inverse Comptoft OPservations
(SSC or EQCMB; X-ray) fluxes allows us to independentlys 1. symmary of previous radio observations
determine the energy densities of the relativistic electrons and
the magnetic fieldye andug respectively. This approach has3C 15 has a bright northern jet containing four prominentknots,
been applied to X-ray observations of radio lobes viBiCA With a much weaker counter-jet on the southern side of the nu-
(Kaneda et al. 1995; Tashiro et al. 2001), in which the X-ragfeus. VLA observations at 8.3 GHz were made by Leahy et al.
emission extends over arcmin scale sizes. By analyzing X-@@97), and we use these data in this paper, with an 0.34 arc-
data of more than 10 radio lobes, Isobe (2002) found that loksgs resolution image shown as contour levels in Figidper
are generally “particle dominated”, in the sense that ug. right). The nucleus and jets are surrounded by lobe emission,
RecentChandradetections of knots and hotspots have resultg¢hich extends over 50 arcsec (a projected distance of 63 kpc).
in this idea being extended to more compact regions in jdige surface brightness profile of 3C 15 projected onto the ma-
with ~arcsec spatial extents. In some objects, the X-ray flux@s axis of the radio lobes is shown in Fig. 2. Leahy et al. (1997)
of knots and hotspots turned out to be much brighter than tapeled the four radio knots A, B, C and D, however, the op-
expected from equipartition between particles and fields (e.@cal observations described in the next section resolved the
Hardcastle et al. 2002; Kataoka et al. 2003; Georganopouloga&dio knot A into two optical knots. In this paper we follow
Kazanas 2003). the optical scheme of labeling the knots A and B (correspond-
Comparison of the powers in jets and lobes provides an if#g to radio knot A) and C (corresponding to radio knot B).
portant clue to the formation of astrophysical jets and the evollihe jet-counter-jet flux density ratio is 3010 (Leahy et al.
tion of radio galaxies (see (2) above). This is because lobes 3897). The VLA images suggests the source does not lie in
undoubtedlyf ueledby jets over a long time, possibly throughthe plane of the sky, in which case the jet asymmetry may
out their lifetime. Assuming the total power of the jetf and partially be due to relativistic beaming. Assuming a spectral
the total energy supplied in the radio lob&fe), the “fuel- index,ar, of 0.6 (whereS o« v~?r), the flux asymmetry im-
ing time” of the system may be defined &g ~ Epe/Le. Pliesgcosd = 0.635+ 0.025, hence) ~ 45-50 for g > 0.9.
Meanwhile, the “source age” can be defineds@as~ D/vex,,  This corresponds to a Doppler beaming factor in the range
where theD is the spatial extent andyp is the expansion speed0.40< 6 < 1.2.
of the radio lobes. Observationally, symmetry arguments show
that the main-axis expansion of FR |l lobes is sub-relativisti . : :
(vexp < 0.1 ¢; e.g., Scheuer 1995), and since the lobes a?éz' Summary of previous optical observations
not spherical the limit to transverse expansion is several timBse optical counterpart of the radio jet in 3C 15 was found in
lower. In fact, lobes are surrounded by hot plasma which wHS T observations by Martel et al. (1998), and we use these
prevent them expanding freely, either by thermal or by rarftS T data in this paper. The optical morphology of the jet
pressure confinement (e.g., Leahy & Gizani 2001). We expetbsely matches the features of the radio jet, suggesting that the
truel ~ tsrc if the jet power is injected into the radio lobes in @ptical emission is strongly dominated by synchrotron radia-
stationary, constant manner. A large departure from this equadn (Fig. 5 of Martel et al. 1998). Three prominent knots in the
ity may imply that either the injection of power by the jet iget were detected at a PA ef30°. Thanks to the excellent im-
not uniform, angbr that there are significant contributions fronage resolution of thelS T(0.1”), the size of each knot has been
particles which we cannot observe. Comparisofpg@fandts,c accurately measured. The innermost knot, knot A, is broad and
provides important information for understanding the jet-lotgiffuse. It extends from 2.6 kpc (2°)Lto 3.5 kpc (2.8) from
connection. the nucleus. Knots B and C are comparatively compact and
3C 15 is an unusual radio source with an optical jet whiakell defined. The FWHMSs of knot B and C are betB.5 kpc.
has been imaged with thdubble S pace TelescoffelST). The outermost knots of the radio jet, defined as C and D by
The HS T observations found no bright, unresolved nucleus lreahy et al. (1997) are not detected in the optical image. Martel
the core of the galaxy, in contrast to other galaxies hosting agi-al. (1998) compared the fluxes of the jet measured iVthe
tical jets (Martel et al. 1998). The radio structure of 3C 1&ndR bands with radio and soft X-ray data. The low resolution
is intermediate between FanéreRiley (FR) classes | and I, radio data and the X-ray observations maddj@SATinclude
although its luminosity is above that of a number of sourcélsx contributions from both the jet and the nucleus of 3C 15.
showing classical FR Il structure (Leahy et al. 1997). The op-fit through the radio to optical data yieldg, = 1.03+ 0.02.
tical morphology of the jet matches the features of the radishen the flux measurement of only the northern jet (combined
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Fig. 1. Upper left a 0.4-8 keV X-ray image of 3C 1%handraACIS-S3) smoothed with a two-dimensional Gaussiawn-of 1.0 arcsec.

Upper right radio and X-ray image of 3C 15 lobes and jet (expanded plot of the solid square ligftthbanel). The grey scale is the X-ray
image smoothed with & = 0.3 arcsec Gaussian. The VLA 8.3 GHz image is adapted from Leahy et al. (1997). The contour levels are (0.02,
0.11, 0.62, 3.5, 20) mJy beatfor a beam size of 0.34x 0.34”. Bottom expanded plot of the central jet region (17x417.4”) shown by the

solid square in thepper right panel). The image is smoothed witlra= 0.3 arcsec Gaussian. A, B, and C denote the jet knots as defined in
Martel et al. (1998). The VLA contour levels are (0.2, 0.56, 1.6, 4.3, 12) mJy Bfama beam size of 0.34x 0.34".

knots A, B, and C) is considered, a radio-optical spectral indegrsion 11.1.0 of XSPEC. We generated a clean data set by
of 0.95+ 0.01 is obtained. selecting the standard grades (0, 2, 3, 4 and 6) and the energy
band 0.4-8 keV.

2.3. X-ray observation and data reduction
3. Results

3C 15 was observed by th€handra Xray Obsepatory .

on 2000 November 6 in a guaranteed time observg'-l' X-ray image
tion (sequence number 700368, obs. ID2178) using tibe X-ray image, produced by smoothing the r@andra
Advanced CCD Imaging Spectrometer (ACIS-S) speanage in the energy range of 6:8 keV with a Gaussian
troscopic array. The nucleus of 3C15 was centered 26f width 1.0” is shown in Fig. 1 ¢pper lef). We find faint

in the =Y direction from the location of the best focusX-ray emission surrounding the nucleus, extended in the
on chip S3 (nominal position of the ACIS-S3 chip). Allnorth-west—south-eastdirection. Comparing this to the 8.3 GHz
of the regions of radio emission from 3C 15 were imagedLA image in Leahy et al. (1997), the extended X-ray emis-
on S3. The total good time interval was 28.2 ksec, taksion appears to be correlated with the extended radio lobes.
with the default frame time of 3.2 s. We have analyzefin expanded plot of the solid square in the left figure is
archival data on 3C15 provided by HEASARC Browsshown in the right panel, where the radio contours are su-
(http://heasarc.gsfc.nasa.gov/dp-perl/W3Browse/ perposed on the X-ray image (grey scale) smoothed with
Browse.pl). The raw level-1 data were reprocessed usiryo- = 0.3 arcsec Gaussian. X-ray emission can be clearly
the latest version (CIAO 2.2.1) of the CXCDS software argken from the bright central nucleus and the northern jet.
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Fig. 2. Log profiles along the major axis of the lobes of 3C4pThe Fig. 3. Log profiles along the major axis of the jet of 3C H,the
X-rays in the 0.48 keV range,b) the radio emission at 8.3 GHz radio emission at 8.3 GHb) theV band HS T; adapted from Fig. 3
(normalized to the nuclear radio flux), awjlthe ratio between the in Martel et al. 1998), and) the X-rays in the 0.48 keV range. All
radio and X-ray profilesSaqid/Sx; hormalized to central nucleus). jet profiles are normalized to the knot C flux. The underlying galactic
light, and hence bright nuclear emission, are subtracted in the optical
profile b).

An expanded plot of the central jet region (17.4 17.4")
is shown in the bottom panel. The nucleus and jet knots are
detected at the 228 (527 counts) and 7 (60 counts for Martel et al. (1998). The total extent (FWHM) of the X-ray nu-
knot C: see below) level, respectively. The number of net X-r&jeus and knot C are bothl”, consistent with the the broad-
photons associated with the radio lobes is 246 photons, whirhing of theChandraPSF ¢0.5” half-energy radius). There
includes a background of 73 photons in the-B4eV range is also a suggestion of faint X-ray emission from the northern
(110 level), where we have excluded pixels within’1L&f the jet intermediate between the nucleus and knot C (denoted A
possible point sources, including knot C, kndta@nd the nu- in Fig. 3c), although this is heavily contaminated by the bright
cleus (see below). nuclear emission. This feature is located +.8.1" from the

In order to examine the spatial correlation between ttgicleus, and contains 4512 photons. This position is approx-
radio and X-ray emission, we projected the raw ACIS inimately coincident with the innermost knot detectedH@ T
age onto the major axis of the radio lobes. Here the stifnot A; see Sect. 2.2), however thiiset of (0.2-0.9)+ 0.1”
integration is restricted to a width of 2Qtransverse to the between the X-ray and optical peaks, with the X-ray peak being
major axis. The X-ray logarithmic surface brightness pr@loser to the nucleus, seems to be significant. Future observa-
file is shown in Fig. 2a, together with the radio profile ifions with improved photon statistics and image resolution are
Fig. 2b. The X-ray profile has been smoothed with a Gaussia@cessary to confirm this.
of width 1”. No background subtraction has been performed
in the X-ray image, hence the profile contains an average ba
ground of 0.64 countbin in the 0.4-8.0 keV band (given as the
dashed line in Fig. 2a). Although the X-ray photon statistics awe extracted the X-ray photons from knot C within a circu-
limited, the X-ray and radio profiles clearly show similar spdar region of 1.6 radius, to reduce the contamination of pho-
tial extents but dferent structures. The X-ray profile exhibitsons from knot A (to less than~10%). Approximately 97%
a “center-filled” morphology with a relatively uniform surfaceof the counts from a point source are collected within a cir-
brightness (except for the nucleus region), while the northetolar region of this size. Background subtraction was per-
jet and southern rim are bright in the radio image. Thefierdi formed, where the background counts were accumulated at
ences can also be seen in the bottom panel, where the surtheesame fi-nuclear distance. Figure 4 shows the background-
brightness ratio%adio/Sx; normalized to the nucleus) is a min-subtracted ACIS spectrum of knot C. We first assumed a power-
imum at the center, and gradually increases at larger distan¢a®. function absorbed by Galacty only (fixed to 3.03x

The expanded profile of the X-ray jet is shown in Fig. 310°° cn?: Stark et al. 1992). The best fit X-ray photon index
together with the radio (VLA 8.3 GHz) and optical§$ T) jet wasTjer = 1.71°34% and the corresponding 6:5 keV flux
profiles. Note that the strong background light of host galaxyigas (8.38183) x 1075 erg cn? s7*. The reduced/? is 3.1
subtracted in the optical profile, resulting in only the jet knofsr 2 degrees of freedom, which correspond${g?) = 5%.
being visible (see also Sect. 4.3). The X-ray image resolutigithough the photon spectrum can formally be fitted by a sim-
is poorer than that of the optical and radio, but it is clear thpte power-law function, in the sense thi(?) > 5%, it is ap-
most of the X-ray jet emission originates from the knot C qfarent that the model does not provide the best possible fit to

9‘2 X-ray spectrum of knot C
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Table 1.Best-fit spectral parameters for knot C of 3C 15.

Model Photon Index@  Photon Index2 BreakE (keV)° 0.5-5 keV flu¥ red.x? (d.o.f.)
PL 1712044 (838183 x 1015 31(2)
Broken PL 3.0 (fixed) 1.5 (fixed) 00+0.18 87318) x 105 0.98(2)

2 The best-fit power-law photon index assuming a Galastjof 3.03x 107° cm2,

b The best-fit power-law photon index above the break for a broken power-law model.
¢ The best-fit break energy for a broken power-law model.

4 In units of erg cm? st (absorption corrected).
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Fig. 4. Background-subtracted ACIS spectrum of knot C fitted by Rkig. 5. Background-subtracted ACIS spectrum of the lobes of 3C 15.

broken power-law function. The middle panel shows the residualsThe dotted and dashed histograms represent the best-fit soft RS and

the power-law fit with a dferential photon index df = 1.7. A con- hard PL components, respectively. The solid line shows their sum.

cave feature is apparent in the residuals. The bottom panel showsThe second panel shows the residuals to the Raymond-Smith fit with

residuals to the best-fit broken power-law model fixed'at= 3.0 atemperature dfT = 2.9 keV. The third panel shows the residuals to

andIl’; = 1.5. the power-law fit with diferential photon indeX’ =1.9. The bottom
panel shows the residuals to the best-fit Raymond-Smith plus power-
law model.

the data; the observed X-ray spectrum show a concave feature

with a break around 1 keV (Fig. 4). Spectral fits with a bro-

ken power-law model improve the goodness of the fit signife power-law (PL) function. They? were 2.1 and 1.8

cantly, as summarized in Table 1. Note that, below this brefik 6 degrees of freedom, respectiveR(¢?) = 0.05, 0.09),

energy, the photon spectrum shows a steep power-law indéth a significant excess around 81.0 keV. We thus fitted

of I'L ~ 3.0, which flattens appreciably T3, ~ 1.5 above the the data by a single PL plus RS model with the abundance

break. The 0.55 keV flux was estimated to be (8.23%) x fixed at 0.4 solar. The obtained parameters are summarized

10%ergcn? s, in Table 2, and results of fits by RIRS model is shown in

Fig. 5. The total X-ray flux of the radio lobes is calculated to

be (3.18%7%) x 107'* erg cnmt? s71 in the 0.5-5 keV energy

0.61
range. The X-ray luminosity of the thermal component fitted to

To examine the diuse X-ray emission from the radio lobesRS model isLgs = (4.51'797) x 10% erg s, wheread p =
we accumulated an ACIS spectrum within an elliptical regioid-257343) x 10** erg s* for the non-thermal PL component.
containing the whole radio structure. An ellipse of’69 30”
centered on the nucleus was selected, excluding regions aroy
the jet and the nucleus (see above) and those withof 2 pos-
sible point source. We accumulated the background spectrmnay photons from the nucleus were extracted from a circu-
over a circular region of 1 arcmin radius centered on the nla+ region of 1.9 radius (within which approximately 98% of
cleus, excluding the region of the lobes. Figure 4 shows theunts from a point source would be collected). Contamination
background-subtracted ACIS spectrum of the lobes of 3C &b photons from knot Ais less than 1%. The background
in the 0.5-5 keV range. The X-ray spectrum could not be fitphotons were accumulated over the lobe region. Figure 6
ted well by either a simple Raymond-Smith (RS) model ahows the background-subtracted ACIS spectrum of the

3.3. X-ray spectrum of the lobes

np X-ray spectrum of the nucleus
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Table 2. Best-fit spectral parameters for the lobes of 3C 15.

Model KT (keV)* Abundancé RS flux (05-5 keVY Photon Inde% PL flux (0.5-5 keVy red.y? (d.o.f.)
RS 2916 0.4 (fixed)  (268+0.23)x 104 21(6)

PL 1857017 (30753 x 107 1.8(6)

RS+PL 08501 0.4 (fixed) (870389 x 10715 1.33:0% (231+£048)x 10 041(4)

2 The best-fit plasma temperature for the Raymond-Smith model, assuming a Gdjaofi8.03x 107° cm 2.
b Metal abundance for the Raymond-Smith model.

¢ Flux of the Raymond-Smith model in units of erg hs* (absorption corrected).

4 The best-fit power-law photon index.

€ Flux of the power-law model in units of erg cis™* (absorption corrected).

Table 3.Best-fit spectral parameters for the nucleus of 3C 15.

Model Photon Index@ 0.5-5 keV flux1® Absorbed N¢ Photon Index? 0.5-5 keV flux® red.y? (d.o.f.)
PL 045+ 009  (137+007)x103 .. 145(22)
Dbl-PL 128:018 (68111 x 104 7.0x 107 (fixed) 1.92:041 (44728 x 103 0.55(20)

a The best-fit power-law photon index for PL1.

b0.5-5 keV flux for PL1 in units of erg cn? s7* (absorption corrected).
¢ Absorbed column density for PL2.

4 The best fit power-law photon index for PL2.

€0.5-5 keV flux for PL2 in units of erg cn? s* (absorption corrected).

_Nucleus of 3C15 the error in the power-law index for PL2, we thus fixed to
1072f 1 7.0x 10?2 cm2 and refit the data. The best-fit parameters are
= summarized in Table 3. The absorption corrected fluxes were
& (6.81711%) x 1071* erg cnr? s for PL1, and (447239) x
§ PL component T e 10713 erg cn? s7! for PL2, respectively. The corresponding
2o el | Xeray luminosities aréppy = (352939 x 10* erg s?, and
*g ....... ttal LpLo = (2.31752%) x 10* erg s?, respectively.
3 ,
© 4. Discussion
Absorbed PL
4 et = = + = 4.1. Emission mechanism of knot C
L, R B S ARSAEEE, o . . . .
or == —1—++++-I—T-_|_’+'++ +* H;t As described in the previous sections, we have detected
< _2 st = = et the X-ray counterpart of the radio-optical jet-knot in the ra-
0 Z____+_,—_|_—___..|_—J-__1___4_.+:I:__F__ :|___—.|—_—1-__|=+:|§_+Jr+++-_|:_ dio ga_laxy 3C 15. Fig_ure 7 shows 'Fhe SED from radio to X—ray
R SR . . PL+absPL energies of knot C. Since only the integrated fluxes of the radio
0.5 1.0 2.0 5.0 and optical knots (from A to C or D) are given in the litera-
Photon Energy [keV] ture, we calculated the radio and optical fluxes of knot C by

Fig. 6. Background-subtracted ACIS spectrum of the nucle direct integration from the radio and optical images. These are

of 3C 15. The best-fit model, consisting of two power-law compd- mJy for 8.3 GHz and 6y for V band, respe(_:tlvely (See_
nents, is shown with the histograms. The middle panel shows th8ahy et al. 1997 and Martel et al. 1998 for the integrated jet
residuals to the power-law fit with aféérential photon indek = 0.5. fluxes). Figure 7 clearly indicates that the X-ray flux obtained
The bottom panel shows the residuals to the best-fit double power-Mih Chandrais well below the extrapolation from the radio-
model. to-optical continuum. A power-law fitS, « v, wheresS, is

the flux density) through the radio and optical points yields a

spectral index ofy, = 0.9, whereas a power-law fit through
nucleus. A high energy bump is seen in the spectrum, whittte optical and X-ray (at 1 keV) data yields a steeper spectral
cannot be fitted by a simple power-law function (rel= 32.0 index ofaox ~ 1.1-1.2. This fact suggests that the synchrotron
for 22 degrees of freedon®(y?) = 0.08). We therefore adoptpeak in thevF, plot must lie below the X-ray energy bands.
a model consisting of two power-law functions, one of whichlowever, the X-ray emission process of knot C is currently
is modified by Galactic absorption (PL1) with the other (PLQ)ncertain due to the poor photon statistics (Fig. 4): in fact,
having a heavily absorbed neutral hydrogen column density ime cannot conclude if the X-ray spectrum is “falling” or “ris-
trinsic to the source. A satisfactory fit was obtained if we asig” in thevF, SED plane. The former case would suggest that
sumedNy = (7.3'59) x 1072 cmr? for PL2. In order to reduce the X-rays are produced by pure synchrotron emission, as for
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Fig. 7. SED of knot C of the 3C 15 jet. The radio and optical fluxes are calculated by direct integration from the radio and optical images given
in Leahy et al. (1997) and Martel et al. (1998). The X-ray data are fror@ ti@ndraobservations (this work; & error at 1 keV flux). The four

models considered in the text are plotted: (I) weak synchrotron cooling.ferug, (II) moderate synchrotron cooling fog = ug, (Ill) weak
synchrotron plus SSC cooling, and (IV) moderate synchrotron plus SSC cooling. The fitting parameters are summarized in Table 4.

the radio-to-optical bands, whereas the latter would imply thahereug is the magnetic energy density.y is the seed pho-

the X-rays are the low end of the hard inverse Compton (I&n energy densityR is the source radius arg;, is the shock

emission. In the following, we thus consider both these scenaglocity normalized to the velocity of light.

ios in discussing the jet parameters. The parameteynax could be determined by equating the ra-
A power-law energy injection of electrons up to a certaigiative cooling time with the acceleration time scale. Although

maximum energymax (as expected from shock accelerationthe acceleration time is not as well understood as the cooling

into the radiating region should yield a steady-state electrtime (via the synchrotron and inverse-Compton losses), it can

distribution approximated by be approximated by considering the mean free p#t), for
1 the scattering of electrons with magnetic disturbances. Taking
N(y) = Noy_s(l " l) exp(—i), (1) the_ mean fr_ee path to be proportional to the Larmor radyis,
York Ymax by introducing another parametéf,=4/Ry], the maximum en-

wheresis the injection index, anl is the number density of €9y Of electronsis given by

electrons per energy at= 1 (e.g., Inoue & Takahara 1996). We 12

assume the minimum Lorentz factor of electrongs,, is equal Vmax = [ 9B } Bshe 3)

to unity unless otherwise stated (see below). The paramgter 80(Us + Usoft)o1é

is the characteristic energy above which the electron spectrum . .

breaks by one power in the index, and is determined by t note that the break in the electron population, of course,

balance between radiative cooling and advective escagerani/!ll N0t appear ifypy is larger thanymay. In this case, Eq. (1)
adiabatic energy loss will be reduced to a simpler form

3mec?
York = Wsm

@ NO) =Ny exp -2, @

Ymax
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Table 4. Comparison of fitting parameters of the SED for knot C.

Parameters (NSy(WCE) (INSy(MCL)® (I)Sy + SSC(WCLY (IV)Sy + SSC(MCL}
R (pc) 250 250 250 250

B (uG) 570 240 12 8

No (cm3)¢ 1.3x107? 5.8x 10 20.0 14x10*

s° 2.8 2.2 2.8 2.2

Ymin 1 1 1 1

York - 2.6x 10 - 15x1¢°

Ymax 6.0 x 10° 2.4 %10 14x 10 4.0x 10

Ue/Up 1.0 1.0 36 x 10° 23x 10

Usync (€rg cnT?) 12x10% 14x10 9.7x10%? 14x10

Lkin (erg s1)®

15x 10512,

26x10MT2

11x 10812,

32x 1072,

Le (erg sh)f 1.9x 1013 34x10MT13 15x 1013, 43x10°T3

- - 5x 1072 - 2x10°%
£n 9.9x 10°p52, 36.8 32x10° B2, 0.1
teool (S) 3.9%x 10% ymaxyt 5.6 x 10 ymaxy ™t 14x 10" ypay ™t 4.8x 100 yayt
Cleoal (PC) 3.8Ymay " 5.4 Ymaxy " 1400y maxy ™" 465ymaxy "
CL-brk? X O O O
=17 O O O X

a Corresponding figure is Fig. 7 (1).

b Corresponding figure is Fig. 7 (ll).

¢ Corresponding figure is Fig. 7 (ll1).

d Corresponding figure is Fig. 7 (V).

€ Kinetic power of electrons in knot T'g « is the bulk Lorentz factor of knot C.

f Total power of electrons in knot C.

9 Shock velocity of knot C.

h The acceleration parameter given in the text, wiiarés the shock velocity in the jet.
I Cooling time of electrons of energym.c2.

I The distance travelled by an electron before losing its energy by radiation.

Following Kino & Takahara (2003), we call the latter situafcorresponding t@ = 0.9 andd = 45°; see Sect. 2.1). This
tion “weak cooling (WCL)" since radiative cooling is not ef-indicates that the dominant source of seed photons which are
ficient, and the injected electron spectrum keeps its origingbscattered is synchrotron photomigss =~ Usync (Synchrotron
form. Meanwhile, “moderate cooling (MCL)” represents theelf-Compton (SSC) dominated).

former situation{pric < ymax), producing a cooling break inthe | the following, we consider four possible cases to account
electron spectral distribution (Eq. (1)). for overall SEDs:

Our goal is to derive the above jet parameters so as no\(k){tSynchrotron X-ray emission under the weak cooling [Sy,

conflict with the observational results. Assuming a spheric

geometry for the emission region, the radius of the knot C g\?):s ::%rrrgl);)ts),:i;\l\sm?]cmh?:tfcr)ﬁteIﬁgoshggc[)s(yr,aMcelr_gi;ssion under
3C 15 can be set tR = 7.7 x 10?° cm (corresponding to the P y P y

i . the weak cooling [SyneSSC, WCL];
FWHM of 0.5 kpc; see Sect. 2.2). We do not consider Doppl . .
beamingde-beamingfects and také ~ 1, following the sug- ﬁ(/) as for (Ill), but with moderate cooling [Syr&SSC, MCL].
gestion of Leahy et al. (1997) The injeCtion index of E|eqt) Synchrotoronyweak Coo"ng
trons can be determined either by the radio-optical indgwr
optical-X-ray indexaox: S= 1+ 2ay, = 2.8 for WCL, whereas We first consider a scenario in which the X-ray emission is
S = 2a0x = 2.2 for MCL. We can estimate the synchrotropurely due to synchrotron emission from a power-law elec-
luminosity integrated over all frequencies using the formuteon distribution (Eq. (4)). In this case, we cannot determine
given by Band & Grindlay (1985), with the result thiadync~ physical quantities uniquely, since the observed SED can be re-
10*2 erg st. Thus the synchrotron photon energy density @roduced by any choice of magnetic figiglor electron energy
Usync = 101 erg cnT® (see also Table 4). Comparing thiglensityue such thalsync o< Ue Ug. Here we assume the conven-
with the cosmic microwave background (CMB) photon enerdional equipartition condition between particles and fielgs<
density boosted in the jeticvs = 4.1x 10713 (1+2)*T5 , = us) for simplicity. Figure 7 (I) shows the SED fit assuming the
5.4 x 1071 erg cnt3, the synchrotron photon energyparameters listed in Table 4. We found that a magnetic field of
density is more than a factor of three larger. Here fgex  Beq = 570G is required to reproduce the spectra in equipar-
is bulk Lorentz factor of the jet and we assufigk =~ 2.3 tition, which corresponds tae = ug = 1.3 x 1078 erg cnt3.
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Comparing this with the synchrotron photon energy densifihis is because the radio photons are emitted bytimecooled
Usync= 1.2x 1071t erg cnt3, both the field and particle energypart of the electron population§~5), whereas both the optical
densities are about 1000 times larger than the radiation eneagyl X-ray photons are radiated by cooled electrons {1).
density. If the emission region’s size is approximately relatedRy
Since the peak frequency of synchrotron emission of an.. for cooled electrons, a simple relation can be expected
electron of energymec? is given byv ~ 10° By*(1 + 2%, for the region sizesRx < Ropt < Riag- Unfortunately, the image
Ymax = 6.0 x 10° is needed to produce X-ray photons. Theesolutions of radio (0.39, optical (0.1'), and X-rays (0.5)
cooling time of the highest energy electrons is 2.90° s, are not s#icient to test this hypothesis, but such an approach
which corresponds to a travel distanceefo = 3.8 pc, which  will provide an interesting opportunity for probing the particle
is muchsmallerthan the region size dR = 250 pc. In such acceleratiofdeceleration mechanism in the jet in the near
a situation, high energy electrons should lose their energy foyure.
radiation, and hence produce a break in the power-law ind :
at yprk ~ 0.01vmaxBsh. This is inconsistent with our original (?m Synchrotron + SSC, weak cooling

g.s;’umpttlon of \;vea:(_CO()tl;]pg ybrkaZ 7"“{‘/’; There_atre dtwo As we have seen in Sect. 3.2, the X-ray spectrum of knot C

lirerent ways of solving this probiem. VVe may INtroduce g, ., \yeak evidence of mixed power-law (broken power-law)
cooling _brea_k_, as|s dl_sc_:ussed in detail in (I1), or alternatn_/elgmission_ One possibility to account for the apparent con-
the equipartition conditionte = u) may not be met in this cave feature in the X-ray spectrum is the overlap of the syn-

source. The latter assumption requires smaller value,ofChrotron and SSC components in B&andraX-ray energy

since the high?St energy electron7s must have a_lor}ger life: t"thd. Under this assumption, we first discuss “weak cooling”
For example, in order fopuy 2 10°, the magnetic field must with an electron spectral index ef= 2.8. In principal, we can

brigllérstigne t(hseeee Eq. ;Zrz)t !Ownh'(;r; 'Z a‘l?hprdlgtrtgrf mt""%rt].';l:]dgonstrain the physical quantities tightly by comparing the syn-
Ziscussed in detail i?]u(IIFI)I) ition vaiue. 1his SItUation &, rotron and SSC luminosity ratitisync o Ue Ug, andLssc «

) Ue Usyne IN order to produceomparablesynchrotron and in-
(1) Synchrotron, moderate cooling verse Compton luminosities, a large departure from an equipar-
j ] - tition is unavoidable sincag ~ Usyne. ASSuming the observed
As we have discussed in (1), equipartition between the electrpq,e Oftsyne (~10711 erg cnT3), we require a magnetic field
energy density and magnetic field energy density inevitably 1§ an orderB ~ 10 4G. In order to explain the observed syn-
quires a cooling break since the magnetic field is SO strongyrotron spectrum with such a weak magnetic field, the elec-
Here we assume that both the optical and X-ray phot?ns &6n energy densityi. must be large, sincele o« LeyndUs.
produced by cooled part of the electron populatisf ). A more accurate calculation provides a satisfactory fit to the
By settings = 2.2 for the electron spectral index, we obtaiBED forB ~ 124G (ug = 5.7x 1022 erg cnt3) andue = 2.1x
ar =~ 0.6 andaox = 1.1, respectively. Note that thes falls  10-5 erg cnr3, respectively (Fig. 7 (111)).
in the typical spectral index of FRHAR-II jets in GHz band

. .7; e.g., Bridl Perley 1984). E lati f th .
(0.5-0.7; e.g., Bridle & Perley 1984). Extrapolation of t ®Because we have to infer the overall SSC spectra from the

two lines locates the break frequency gty ~ 102 Hz ~ .
o . “hottom edge” of the hard X-ray spectrum. We thus consider
10 By2, . Under these conditions, physical parameters are d&> ; L
York Phy P ether or not other choices of magnetic field could also re-

termined to reproduce the SED (Fig. 7 (ll)). A cooling breal . . .
causes two importantfiects on the estimation of jet quanti—pro.duce the_: dat".’" For a given synchrotron luminosity-( n
a given region sizeR), the SSC peak frequency and luminos-

ties; (i) substantially reducing electron engimymber density . 1 ) .
belowyur, and hence (ii) reducing the equipartition magnetly Yary @Svsscec B andLsscoc B, respectively. There;‘ore,
field considerably Beq = 240 uG). We found that all the jet variations inB shift the position of the SSC peak g v

parameters can be determined self-consistently if the ShOCk(%?{andraX-ray band, only a magnetic field & = 10 4G is

locity is sub-relativisticBsy =~ 0.05. The kinetic power, the total L0 N .
y Pen P ceptable. In such a situation, the cooling time of the highest

h fthe j i he followif . .
E);)l\;vt(iegr?;dt e pressure of the jet are estimated by the fo OWIeﬁergy electronsyax = 1.4x 107) is 1.4x 10 s, which cor-

responds to a travel distance of 1400 pc. This suggestgghat
Liin =~ 7R?CT3,  (Ue + Ug), (5) doesnotappear as long g, > 0.2. In contrast to the case (1),
this is consistent with our original assumption of weak cooling.

While this model (11l) reproduces the observed concave
1 feature of X-ray spectrum, there are two majoffidulties
P= §(Ue+ Up). (7) " in understanding the derived jet quantities. First, the depar-
ture from equipartitionye/us ~ 3.6 x 10°, seems to be too
We obtain Ly, ~ 2.6 x 10 '3, erg s’, Le = 3.4 x large. One possibility to reduce the discrepancy is to adopt a
1013  ergs', andP = 1.5x 107 erg cn1®, respectively. larger value ofymin (1), since the electron energy density
We will compare these jet powers to the energy contained k'mehavesacyr‘nfgz. For example, if we assumgn, ~ 10°, then
the radio lobes in Sect. 4.4. Ug/Ug Would be~1.4x 10%. This is still far from equipartition,
An interesting prediction from this model is that the spatidhough the dierence is significantly reduced. (Note, however,
extent of knot C would be dierent at diferent energy bands.that such a large value ¢fyi, is unlikely from the viewpoint of

Note, however, that the SSC luminosity is quite uncertain

In.order to achieve comparable synchrof®8C fluxes in the

Le ~ 7R%cl3, « (Ue + Ug + P), where (6)
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shock dynamics in jets, whesgn ~ I'sLk; Kino & Takahara 10712
2003.) Therefore, a large departure from equipartition cannot
be avoided within the framework of model (lll). The second
problem is related with unreasonably large jet power expected 10-13 |
with this model. The total power of the jet is given by = 3~
1.5x 10°1Z , ergs’. This jet power exceeds the total outputﬁ
of most bright quasars (e.g., Celotti et al. 1997), though 3C 13 .
is a relatively weak radio source (intermediate between FR=t
and FR-II; Leahy et al. 1997). 5
Also if the jet X-ray emission were of inverse Comptoné
origin, we would expect it to follow the synchrotron emission™ !
more closely (emission from low-energy electrons rigcted
by radiative loss), whereas in fact it is closer to the optical,
suggesting that X-ray emissions are dominated by synchrotron ,-1s
emission. Therefore, we consider model (lll) to be less
plausible than (1), given the very weak evidence from the
X-ray spectrum. In Sect. 4.4, we will discuss this model frofig- 8. SED of radio lobes in 3C 1Bow tie: X-ray power-law spec-
the view point of the energetic link between the jet and lobd&!m obtained withChandra(this work), Open circle obtained by
Future observations at the radio-IR bandsllljé Hz), as well direct integration from the 3.6 cm_ ra_ldlo image in Leahy et al. (1997).
as higher quality X-ray data are strongly encouraged to test t%ré)SSGSNED data base, but multiplied by 0.76.
predictions of model (llI).

o-14 [

synchrotron EC/CMB

0-15 |

1 ; 1 1 : 1 1
109 1012 1015 1018 102! 1024
frequency: v [Hz]

(IV) Synchtotron + SSC, moderate cooling (i) A composite synchrotron plus SSC model predicts a mag-
netic field far below equipartitiorBeq 2 30 B).

Finally we consider the case in which the electron distributigieking these into account, we consider case (I1) to be the most
has a cooling break and most of the X-ray photons are produdgly for the overall SED of knot C (Sy, MCL). Although
via SSC. Following case (I1), we assurse 2.2 and the break €25€ (i) is still possible, the IargeT departure from equiparti-
frequency ofvr ~ 1012 Hz. Figure 7 (IV) shows the SED fit tion as well as the extremely large jet powlar,> 10 erg s*,
using this model. The existence of a cooling break substantiaifgems to be problematic. In all four models-(Iy), electrons
reduces the electron energy density,and hence reduces thdTust be accelerated up#Qax ~ 10" in knot C of 3C 15, which
discrepancy between, andug. However, the magnetic field COrreéspondsto a travel distanceébol < 1.4kpc (see Table 4).
strength is still 30 times below the equipartition valuegf= Comparing this with therojecteddistance of knot C from the
2404G. The total power of the jet is estimated tole= 4.3x nucleus, 5.1 kpc, re-acceleration is clearly necessary in knot C.
10% 13, erg s, which is reduced by a factor of 40 from

modgl_(l[l). In such a situation, the shock velocity must be nonr > Emission mechanism of the lobes

relativistic;Bsn ~ 2 x 1073,

Although this model (IV) seems to reproduce the overdi our 30 kse€€handraobservation of 3C 15, we have detected
SED well, it requires an acceleration parameter of smaller thdiffuse X-ray emission closely associated with the radio lobes.
unity (¢ = 0.1). In the conventional picture of resonant pitchhe X-ray spectrum can be reproduced by a two component
angle scattering (Blandford & Eichler 19872 can be identi- model consisting of soft and hard components. Considering the
fied with the ratio of energy in the non-turbulent magnetic fiel@mperature and the luminosity of the Raymond-Smith fit, the
to that in the turbulent field. Thug,is expected to be largersoft X-ray component may naturally be attributed to thermal
than 1 by definition. For example, Inoue & Takahara (1996)mission from the hot halo of the host galaxy (e.g., Matsushita
argued that > 1 for sub-pc—scale jets in blazar type AGNsgt al. 2000). In fact, the X-ray luminosity of thermal compo-
whereas in normal plasmas such as that in the interstelt@nt,Lrs = 4.5x 10 erg s, is well within the typical range
medium or supernova remnantsjs inferred to be of order of elliptical galaxies, 1&-*2erg s (e.g., Eskridge et al. 1995).

unity (e.g., Bamba et al. 2003). We thus considet 1 is The power-law modeling of the hard component gives
unreasonable in the framework offlisive shock accelerationa spectral indexax = O.33jgf;§. Unfortunately we cannot
theory. compare it with the synchrotron radio index of 3C 15,
since we have the radio-lobe flux at only one frequency
Summary of Model Fitting for Knot C (i.e. the 3.6 cm map). However, it is known that theegrated

radio spectrum hagg = 0.75 from the NED photometry data
In summary, we have considered four possible models to repbase http://nedwww.ipac.caltech.edu/). Since the to-
duce the overall SED of knot C in 3C 15. The major results tdl radio flux is almost entirely dominated by the lobes at radio
our considerations are: frequencies (e.g., 76% of the radio flux is due to lobe emis-
(i) The synchrotron X-ray model under equipartition inevitablgion at 3.6 cm), it could be a reasonable approximation of
requires a cooling break, since high energy electrons lose thsinchrotron radio emission from radio lobes. Figure 8 shows
energy on very short time scaldg < R/c). the SED of radio lobes thus produced. The NED data,
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Table 5. Fitting parameters of the SED for radio lobes.

Parameters Sy EC/CMB

V (cm?)? 5.8x 108

B (4G) 3.7

No (crm3) 7.0x 10

S 2.5

Ymin 1

Ymax 1.0x 10°

Ue/Ug 21x10°

Usync (€rg cnT®) 35x 10
Plobenon-th (€rg cnm?)® 38x 10710

ES.. (ergs) 89 x 10°°

teool (S) 53x 108 Ymaxy
Cteool (PC) 52 % 10 ymay L

@ Volume of the radio lobes.
b Pressure from non-thermal electrons in the lobes.
¢ Total energy supplied in the radio lobes.

multiplied by a factor 0.76, are nicely consistent with the lobEhe Lorentz factors of electrons which upscatter CMB photons
flux estimated at 3.6 cm. We can clearly see that the radigyms =~ 101 Hz) to the X-ray bandwx ~ 10118 Hz) would
flux does not connect smoothly with the flat X-ray spectrurbey ~ 107%-34, These electrons emit synchrotron photons in
We thus consider that the filise hard X-rays are producedhe frequency range of~ 1057 (B/1 uG) Hz, for which there
via inverse Compton scattering on the electrons which erndtno observational data (Fig. 8). We thus extrapolate the ob-
the synchrotron photons in the radio band. The slightly dierved radio flux by assuming the radio spectral indaexo¥
ferent spectral index between the radio and X-rays may i-75. We obtairfagio = 2.1x 10714 (B/1 uG)*~= erg cnt? s7¢
ply that X-ray photons are produced loyer energy electrons for the frequency range of~ 10°~7 (B/1 uG) Hz. Comparing
than those which produce the observed radio emission. In fabis with the integrated X-ray flux ofx = (2.3 + 0.5) x
Kellermann et al. (1969) reported that the spectral index dok&'* erg cnt? s7* in theChandrabandpass, the magnetic field
flatten somewhat at lower frequencies. strength is estimated to i~ 4 uG. The result of SED model

In order to determine the origin of the seed photons whidltting is shown as solid lines in Fig. 8. We have assumed the
are upscattered to X-ray energies, we approximate the geamaximum Lorentz factor of electrons to hgax =~ 10°. The
etry of the radio lobes as a cylinder 62.5 kpc’(bth length best fit parameters are summarized in Table 5.

and 20 kpc (186) in diameter. This yields a lobe volume of A comparison of the synchrotron and inverse Compton flux
V =58x 10°° e ang‘a synchSrotron photon energy deryensities allows us to derives = 1.1 x 107 erg cm® =

Sity of Usync ~ 3.5 107" erg cnm™ (see Table 5). Similarly, 5100y,. Thus we find that there is a significant electron dom-
IR/optical photons from the host galaxy halo are expectediignce in the lobes of 3C 15. This ratio is larger than those
provide an energy density of:2 107 (10 kpgd)“ erg cn®, reported for lobes in other radio galaxias/(is < 100; e.g.,
whered is the distance from the nucleus to the X-ray emitting,shiro et al. 1998: Isobe 2002), but thefelience is mainly
region in the lobe (Sandage 1973). Since the energy densitygf (o the dierent choice ofmin: We have assumeghin = 1
these seed photons falls below that of the CMEus = 54X throughout this paper as discussed in Sect. 4.1. If werget:

10 erg cn7®, we will consider CMB photons as the dominanf o as for these published works, we obtair: 66 ug, which

seed photons for inverse Compton X-ray emission. Note, how-ye|| in the range of published works. The total power sup-
ever, that IRoptical emission may dominate over the CMB ifhlied in the lobes is estimated as:

the innermost regions of the radio lolzeg 5 kpc. In this case,
it may be that inverse Compton scattering dfelient seed pho-
tons is occurring in the X-ray (CMB seed photons) gathy g, = (Ue + Ug)V + PV = 8.9 x 10°%rgs 9)
(IR/optical seed photons) bands.
The ratio of the radio (synchrotron) flux to the X-ray

(inverse Compton) flux is therefore related by Itis interesting to compare the thermal pressure estimated from
the Raymond-Smith (RS) X-ray emission, and non-thermal

fx ~ Yoms, (8) pressures of relativistic electrons in the radio lobe. If we as-
fradio Us sume a very simplified model in which thermal photons are

Here, we must compare the ratferay fluxes which cor- produced by electrons which have a constant number density,
respond to thesame population of relativistic electrons. nes Over the radio lobes, the best fit X-ray spectral model (see
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Sect. 3.3 and Table 2) provides the number density of thermia¢ling the nucleus which is postulated to exist in active galax-
electrons as ies (e.g., Antonucci & Miller 1985; Krolik & Begelman 1986).

Negn = 3.1x 1073 cm 3, (10) Interestingly, additional evidence of a hidden active nucleus

where we have assumed that the thermal plasma volumd'@s been obtained from the surface brightness profile of 3C 15
equal to that of radio lobe/ = 5.8 x 10° cr?. The pressure in theV andR bands. While these are very well described by
of thermal plasma is thus given by a de Vaucouleurs profilesr#, between 0.5 kpc and 10 kpc,

1) 3 3C 15 lacks a sharp, point-like AGN inside a radius of"0.3
Piobeth = 1.9net KT = 8.1x 10“erg cm”, (11)  (Martel et al. 1998). This optical observation is consistent with
wherekT = 0.85 keV from Sect. 3.3 (see Table 2). Meanwhiléhe lack of strong AGN-type features in the spectrum of 3C 15
the non-thermal pressure of relativistic electrons is estimated@gdhunter et al. 1993). Two possibilities have been suggested
1 to account for the absence of a resolved AGN, which is in con-
Plobenon-th = §(Ue +Ug) = 3.8x 10 erg cm®. (12) trast common to the other 3C radio galaxies with optical jets

The large dference betweeR andp mav partl imaged withHS T. First, the central source may be presently
g lobenon-th lobeth MAY PATY 3112 ctive, but is activated at regular intervals, leading to the peri-

due to our over-simplified model for the thermal plasma d%_ ic ejection of material along the jet axis (resulting in knots A
tribution, but it seems that a more powerful (dense) ther ‘il ) gihe] 9 '

plasma, other than that emitting the X-rays, is necessary to anf”md 9)' Alternatively, heavy obscuration by dust towards the
fine the relativistic electrons in the radio lobes Ine of sight to the nucleus could also account for the nondetec-

ign of an AGN. Dust permeates the central regions of 3C 15: if

Finally, we should comment on the features of the surfa A )
brightness ratio%aqi/Sx) given as Fig. 2c. It has been claime e extinction is large enough, the bright nucleus would then be
rad idden from our line of sight as implied from the X-ray spec-

that this ratio represents the magnetic field distribution alo?r%m of the nucleus. It should be noted that the dust seen in

i - - . 2
the major axis of the lobes, SinGadio/Sx o B (except for the HS Timages is on a much larger scale than the hypothet-

the nucleus regions; see Eq. (8)). In this sense, the magn . . .

: . : lecular torii around AGNSs. Thus it might be possible
fiel K he nucl ol MO " .

leld may be weakest near the nucleus, increasing severa at the dust cloud orbiting on the kpc-scale that we directly

at larger distances, as was suggested for the field-particle igé is the material which obscures part of the X-rav core: in
tribution of the FR 1l radio galaxy 3C 452 (Isobe et al. 2002)3. ) . P Y ’
However, we should note that the thermal component, if di%'Eher words, a large "dust torus” might be present around the
tributed over the scale of the galaxy, could be centrally Coﬂgcleus of 3C 15.
densed. These are possibly related to the thermal RS emission
seen in the X-ray spectrum of the radio lobes (Fig. 5). In princi- . .
. i SN 4.4. The link between the jet and lobes
ple, it would be possible to discriminate between the two emis-
sion components by comparing X-ray images iffetent en-
ergy bands, where the soft X-raysq keV) are dominated by
thermal RS emission and the hard X-rag2 (keV) would be . : AR . :
of non-thermal inverse Compton origin. Unfortunately, photo‘?TQ’t.Ing opportunity to probe t_he dynamlcs n th? ]e,t,' By di-
statistics are not sficient for such a study. We simply com-yIdlng E'°'°e. by Le, we can est|mate_ the “fueling time” of the
ment here that the apparent center filled morphology of i tft“e"l WT'Ch anl bﬁ cofmsparted4vilth thek;stogr;e ajgg("lsee
X-ray image (Fig. 2a) may partly be due to a centrally co -ei .FZ). n mo 1eT(h) ? I.ec t ) WE 0 atmdgt _b ' f
densed thermal plasma, rather than variations in the magn t(?gx Iib*§ I%[g gy.rs Tehisueislnqguallrxgtife@xgsﬁs?ste?]t v?ietlh_the
fiel h. Th li - file of th BLK
ield strengt e actual inverse-Compton profile of the ra ource age of radio lobekse ~ 2.1 x 107 (0.01 Glvexg) YTS.

lobes might be closer to the synchrotron radio profile than sug- ° . ey
gested in Fig. 2. Future deep X-ray observations will clari contrast, other models, in particular (1ll), predict signifi-
antly smallerts,f compared tdge. In fact, for Lg ~ 1.5 x

this point further. .
P 10%812  erg s, we obtaintye = 1.9x 10 yrs.

Comparison of the power transported by the jat)(and the
total energy contained in the lobeB ) provides an inter-

These facts suggest again that the synchrotron emis-
sion with moderate cooling, case (Il), provides a reasonable
In Sect. 3.4, we showed that the X-ray spectrum of the nexplanation of the X-ray emission mechanism of knot C.
cleus consists of two fferent power-law components. TheHowever, there are still several possibilities to account for the
low-energy componentis well represented by a hard power-lapparent discrepancy in model (1), i.¢yel < tgrc. First, we
with Galactic absorption, whereas the high-energy componemy havainderestimatethe total energy in the lobes since we
is heavily absorbed witNy = 107223 cm2. One possibility to only take account of relativistic electrons. In fact, we cannot
account for this X-ray spectrum is that the two components astimate the contribution from thermal electrons and possibly
produced in dierent emission regions around the nucleus: tipeotons which should constitute a reservoir for acceleration of
low-energy power-law may be due to the inner-jet emission andn-thermal electrons. If only 0.1% of electrons are “visible” in
possibly comes from the parsec-scale region, whereas the hitje-radio and X-ray bands, the discrepancy may be reduced sig-
energy component may be emission from the hidden active mificantly. (However, we note that the situation is the same for
cleus at the center. Considering the symmetrical lobe morphtble total power of the jet,g, in the sense that we only take ac-
ogy, the obscuring material is most likely the molecular torumunt of the contribution from “visible” relativistic electrons.)

4.3. Emission mechanism of the nucleus
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Alternatively, it is plausible that by considering the brightsignificant absorptionNy ~ 10°22% ¢cm2 intrinsic to the
est jet knot (knot C) we havaerestimatedhe jet power. The source. Such a high column density may support the existence
knots are thought to be where the particle /andield densi- of dusty torus around the nucleus, as suggested by the optical
ties are enhanced compared to the rest of the jet. It may dizservations.
reasonable to assume that the jet is actually very sparse, g\glgnowled iate the insightful d sua-
that its average power is much lower, e.g., 0.1% of that In gementaVe appreciate the insightful comments and sug

estions of the referee, Dr. M. Georganopoulos, that have improved

the bright knot. It might be said that the jet has a spatial ﬁl?ﬁis paper. We also thank Dr. N. Isobe for useful discussion of

ing factor of only~.1(.)’3. Such uneven jet structure may bg 5y properties of radio lobes. J.K. acknowledges a support by
related with the activity of the central nucleus. If the nucleugsps KAKENHI (4340061). This research has made use of the
expels blobs of material intermittently, rather than in a statioRASA/IPAC Extragalactic Database (NED) which is operated by the
ary manner, it will produce bright knots along the jet axis @kt Propulsion Laboratory, California Institute of Technology, under
semi-regular intervals (such as that observed for knots A, &ntract with the National Aeronautics and Space Administration.
and C). This idea can be readily accommodated by the internal
shock scenario, recently proposed by a number of authors to
account for the variability properties of sub-pc scale jets (e.gzeferences
Spada et al. 2001; Kataoka et al. 2001; Tanihata et al. 2003).
Although somewhat specula_tive, occasion_al activity of the_ jﬁhtonucci, R., & Miller, J. 1985, ApJ, 297, 621
(0.1% of the time) may explain the energy link between the jeampa, A., Yamazaki, R., Ueno, M., & Koyama, K. 2003, ApJ, 589,
and the lobes in radio galaxies quite well. Future observations g7
in the hard X-ray and gamma-ray bands are necessary to &std, D. L., & Grindlay, J. E. 1985, ApJ, 298, 128
this further. Blandford, R. D., & Eichler, D. 1987, Phys. Rep., 154, 1
Bridle, A. H., & Perley, R. A. 1984, ARA&A, 22, 319
Celotti, A., Padovani, P., Ghisellini, G., etal. 1997, MNRAS, 286, 415
Eskridge, P. B., Fabbiano, G., & Kim, D.-W. 1995, ApJS, 97, 141
5. Conclusion Georganopoulos, M., & Kazanas, D. 2003, ApJ, 589, L5
Hardcastle, M. J., Birkinshaw, M., & Worrall, D. M. 2001, MNRAS,
We have reported the X-ray detection of the jet, lobes, and ab- 326 1499
sorbed nucleus of the FR Il radio galaxy 3C 15. The X-rayardcastle, M. J., Birkinshaw, M., Cameron, R. A., et al. 2002, ApJ,
image obtained withChandra clearly shows that most of 581, 948
the X-ray jet emission comes from knot C, which was prédarris, D. E., & Krawczynski, H. 2002, ApJ, 565, 244
viously detected in the radio and optical jets. We found th#oue, S., & Takahara, F. 1996, ApJ, 463, 555
the X-ray flux is well below the extrapolation from the radio!S°Pe€: N-, Tashiro, M., Makishima, K., etal. 2002, ApJ, 580, L111

t tical fi Wi ider f il ¢ Isobe, N. 2002, Ph.D. Thesis, University of Tokyo
O-oplical continuum. Ve consider four posSIDIE CaSes 10 183,645 H., Tashiro, M., Ikebe, Y., et al. 1995, ApJ, 453, L13

produce the overall SED: (I) weak synchrotron cooling witRataoka, J., Takahashi, T., Wagner, S. J., et al. 2001, ApJ, 560, 659
Ue = up, (II) moderate synchrotron cooling withe = Us, Kataoka, J., Edwards, P., Georganopoulos, M., Takahara, F., &
(111 weak synchrotron plus SSC cooling, and (IV) moderate Wagner, S. 2003, A&A, 399, 91

synchrotron plus SSC cooling. Case (1) and (IV) were safeigllermann, K. 1., Pauliny-Toth, 1. I, & Williams, P. J. S. 1969, ApJ,
ruled out by considering the acceleration and radiative cool- 157, 1 _

ing processes over the source. We argue that case (II) i§30; M., & Takahara, F. 2003, MNRAS, submitted

reasonable scenario to understand the SED of knot C, gﬂ?“k‘ J., & Begelman, M. 1986, ApJ, 308, L55

. . . . " . . eahy, J. P., Black, A. R. S., Dennett-Thorpe, J., et al. 1997, MNRAS,
the case (lll) is possible if equipartition is strongly violated g, 5

(Ue/ug = 3.6x 10°) and the jet power is extremely large=(= | gany, J. P., & Gizani, N. A. B. 2001, ApJ, 555, 709

10* erg s1). In either case, the highest energy electrons, wilflartel, A. R., Sparks, W. B., Macchetto, D., et al. 1998, ApJ, 496, 203
Ymax = 107, need to be re-accelerated in knot C. Thffudie Matsushita, K., Ohashi, T., & Makishima, K. 2000, PASJ, 52, 685
hard X-ray emission associated with the lobes is most likefambruna, R. M., Urry, C. M., Tavecchio, F., et al. 2001, ApJ, 549,
due to the inverse Compton emission of CMB photons by the L161

synchrotron emitting electrons in the radio lobes. Assumi ﬂgﬁgfﬁ;ﬁ\lggg’iggs’\hﬁIE;fA;l;?? 331

a radio spectral index atg ~ 0.75, we found that the lobes VAN ; P

. . ) Spada, M., Ghisellini, G., Lazzati, D., & Celotti, A. 2001, MNRAS,
in 3C 15 are particle dominated, whargug ~ 2100. The fu- P 325. 1559

eling time (el is qualitatively consistent with the source ageark, A. A., Gammie, C. F., Wilson, R. W., et al. 1992, ApJS, 79, 77
tsrc for the case (ll), whereas the latter must be significantiadhunter, C. N., Morganti, R., di Serego Alighieri, S., et al. 1993,
shorter for the case (lll). The discrepancy of (lll), however, MNRAS, 263, 999

can be understood if the jet is actually very sparse, and Hagihata, C., Takahashi, T., Kataoka, H., & Madejski, G. M. 2003,
a spatial filling factor of only 1. By comparing the ther-  ApJ, 584, 153 o

mal pressure associated with the galaxy halo and non-thergfliro. M., Kaneda, H., Makishima, K., et al. 1998, ApJ, 499, 713

. . S ashiro, M., Makishima, K., lyomoto, N., Isobe, N., & Kaneda, H.
pressure in the radio lobe, we found that relativistic electroﬁs 2001, ApJ, 546, L19

cannot be confined only with the X-ray emitting thermal gagjison A s. Young, A. J., & Shopbell, P. L. 2001, ApJ, 547, 740
Finally, we show that the X-ray emission from the nucleus cofiiison, A. S.. & Yang, Y. 2002, ApJ, 568, 133

sists of two power-law components, one of whiclfets from



