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ABSTRACT

The dimensions of Fanaroff-Riley class | jets and the stekasities at galactic centres imply
that there will be numerous interactions between the jestelthr winds. These may give rise
to the observed diffuse and ‘knotty’ structure of the jetshia X-ray, and can also mass load
the jets. We performed modelling of internal entrainmeatrfrstars intercepted by Centau-
rus As jet, using stellar evolution- and wind codes. Fromtoimetry and a code-synthesised
population ofl2 Gyr (Z = 0.004), 3Gyr (Z = 0.008) and0 — 60 Myr (Z = 0.02) stars, ap-
propriate for the parent elliptical NGC 5128, the total nambf stars in the jet is- 8 x 108.
Our model is energetically capable of producing the obgkXreay emission, even without
young stars. We also reproduce the radio through X-ray gpaatf the jet, albeit in a down-
stream region with distinctly fewer young stars, and rectlre mean X-ray spectral index.
We derive an internal entrainment rate-0f2.3 x 1072 M yr—! which implies substantial
jet deceleration. Our absolute nucleosynthetic yieldsHerAGB stellar population in the jet
show the highest amounts féie, 10, 2C, *N and?°Ne. If some of the events gt 55 EeV
detected by the Pierre Auger Observatory originate froerivdl entrainmentin Centaurus A,
we predict that their composition will be largely intermaigi-mass nuclei wittfO, 12C and
14N the key isotopes.

Key words. acceleration of particles — galaxies: individual (Centsuk) — galaxies: jets —
radiation mechanisms: non-thermal — stars: mass-losss: stands, outflows.

1 INTRODUCTION loading via stellar winds from stars contained within the Jehe
contribution from internal entrainment, in FR| sources wvehe
both processes are likely to operate, appears to be in extess
that from external entrainment in the inner regions of thievga
(Laing & Bridle|2002] Wykes et al. 2013; Perucho el al. 2(ﬂ4).
Stars in elliptical galaxies are predominantly from old piap
tions, with K- and M-type stars dominating the galaxy’s greted
light (e.glAthey et al. 2002; van Dokkum & Confioy 2010) ane-pr
vious attempts to model stellar mass input into jets assumtiyn
K and M stars, as above (Komissédiov 1994; Bowman|et al.l 1996).
A young stellar component is expected in some sources throug
the presence of a starburst. Central stellar densities éssive el-
lipticals can be of the ordet0!® Mg kpc™3 (Treu & Koopmans
2004) although they fall off rapidly with distance from thene
tre. Hence, inevitably, there are stars in the path of theHetv-

A growing body of opinion suggests that jets in Fanaroff-
Riley class | (FRI; | Fanaroff & Riley| 1974) radio galax-
ies start off essentialy leptonic and become mass loaded
through entrainment, causing them to decelerate on kilo-
parsec scales| (Reynolds et al. 1996; Laing & Bridle 2002;
Hubbard & Blackman 2006; Wykes et al. 2013; Perucho 2014).
Mass loading of baryons comes about through various routes.
While a number of authors_(De Young 1986; Bicknell 1984,
1994; | Laing & Bridle | 2002;| Wykes et al. 2013) have focused
mostly on external entrainment from hot gas of the surround-
ing galaxy ISM, more recent literature_(Komissarov 1994;
Bowman et al. 1996; Bednarek & Protheroe 1997; Laing & Bridle
2002; | Hubbard & Blackman__2006; Bosch-Ramon étlal. 2012;
Wykes et al. 2013 Huarte-Espinosa etlal. 2013; Peruchol;2014
Perucho et all_2014) considers internal entrainment, nm&ass

1 ThelLaing & Bridl¢ (2002) results on 3C 31 in particular aregistent
with all of the mass input withiri kpc from the nucleus being due to stellar
* E-mail: sarka@astro.ru.nl mass loss; however, they cannot exclude the possibilitxieieal entrain-
1 E-mail: m.j.hardcastle@herts.ac.uk ment within this distance.
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ever, the jet interacts not with the star itself but with thellar
wind. Stellar winds, with a plethora of wind-driving meclems
including radiative-line driving, dust driving, Alfvén wa pres-
sure, stellar rotation and stellar pulsation (2.9. LamefSa&sinelli
1999; Neilson 2013), occur all across the main sequence end b
yond until the onset of the compact object phase. The steitzat
typically extends for tens to hundreds of stellar radii. Eheges

of dramatically enhanced mass-loss rates during the éwolir-
clude, for low-mass stars, Asymptotic Giant Branch (AGBagd
i.e. voluminous stars with slow, dense winds and a massraies

of M ~1x107°—1x10"* Mg yr! (e.glVassiliadis & Wodd
1993;lvan Loon et al. 1999; Olofsson etial. 2002). Among high-
mass stars, the Luminous Blue Variable (LBV) phase with slow
very dense winds lose typicallyl ~ 1x10"*—1x10"2 Mg yr—*
(e.g.L.Vink & de Koter 2002), and the follow-up ph%me Wolf-
Rayet (WR) stars — a stage with high-velocity winds and ~
1x107°5 —1x 107* Mg yr~! (e.glSander et dl. 2012). Consid-
erable uncertainties exist in mass-loss rates for highsnséexr's,
particularly due to wind clumping on small spatial scaleg.(e
Fullerton et all. 2006; Vink & Grafener 2012). The wind stridnig
generally expressed as the ratio of terminal velocity t@psove-
locity veo /vesc, Which is a strong function of the effective tempera-
tureTos. The properties of the high-mass-loss stars are summarized
in Table1.

Centaurus A is the closest.8 & 0.1 Mpc;|Harris et al. 2010)
radio galaxy, a FR1 object with a physical age of 560 Myr
(Wykes et al. 2013; Eilek 2014; Wykes eflal. 2014), assodiafieh
the massive Ep galaxy NGC 5128 (Hzrris 2010). The nucleus har
bours a supermassive black hole, with a megsg: = (5.5+£3.0) x
10" Mg, derived by Cappellari et al. (2009) from stellar kinematics
A prominent dust lane (e.q. Dufour et al. 1979; Ebneter & &ali
1983;| Eckart et al._1990), with starburst (e.g. Mdllenho#31,;
Unger et al! 2000; Minniti et al. 2004), crosses the centeatp
Due to its luminosity and proximity, Centaurus A furnishea@ans
of testing models of jet energetics, particle content,ipiaraiccel-
eration, and the evolution of low-power radio galaxies ineyal.

Centaurus A shows a twin jet in radio and X-ray bands, sym-
metrical on parsec scales but with evident asymmetry ondales.
The main (i.e. northern) jet (Figl 1) which is markedly btigihthan
the counterjet, is seen at a viewing angle of approximatéfy 5
(Tingay et all 1998; Hardcastle ef al. 2003). From photdiation
models for such a viewing angle, Bicknell et al. (2013) haee d
rived the Lorentz factor of the jef; < 5. [Tingay etal. [(2001)
and| Miller et al. [(2014) have measured jet component spefeds o
0.1 —0.3c at subparsec scales, while Hardcastle et al. (2003) found
projected speeds di.5c at ~ 100 pc, pointing towards jet ac-
celeration downstream or to sampling of disparate jet ky€Ehe
power of the jet driving the currently active 5kpc-scale lobes
(i.e. the inner lobes) is well constrainel, ~ 1 x 10**ergs™*
(Wykes et al. 2013 and references therein); the physicabatigs
jetis probably~ 2 Myr (Croston et al. 2009; Wykes et/al. 2013). A
large number of radio and X-ray knots is discernible in theoje
kpc scales (Kraft et al. 2002; Hardcastle et al. 2003; Kaagilal.
2006; | Worrall et al.| 2008 Tingay & Lenc 2009; Goodger et al.
2010), with the radio knots of larger proper motions showiog-
paratively little X-ray emission (Goodger et al. 2010). bhd#ion
to the knots, diffuse X-ray emission extends out to abb&ikpc
in projection from the nucleus (Hardcastle et al. 2007). $hec-

2 But see_Kotak & Vink |(2006) and Smith & Tomblesan (2014) whe-di
favour a scenario with LBVs being massive stars in transitmWR stars.

4.5 kpc

obscuration
by dust lane

Figure 1. Left: Very Large Array (VLA) 5 GHz radio map & arcsec res-
olution showing the emission of the 4.5 kpc-scale (projected) jet. Right:
Chandra X-ray image atl arcsec resolution of the same part of the jet.
Clearly distinguishable X-ray knots are visible throughthe jet. Also
shown is the extent of the dust lane, and the ‘inner’ regioadg box) con-
sidered by Hardcastle et/al. (2006) and discussed in Se@i@nand 413.
Figure adapted from Hardcastle & Croston (2011).

tral indices of individual X-ray knots have a wide range oluess,
but at least some have flat spectra suggestive of ongoinglpart
acceleration| (Goodger etlal. 2010); in principle, ongoirgtiple
acceleration is required for any part of the jet that produke
ray emission. The overall spectrum of diffuse emission & jet
is flat in the radio but steepens before the mid-infraredh e
integrated X-ray spectral index being steeper than exgefcten
simple continuous-injection models (Hardcastle et al.e200he
spectral index of diffuse emission is also a function of atise
along the jet, with steeper spectra being observed at ldiginces
(Hardcastle et al. 2007).

Hardcastle et al.| (2003) and Nulsen €t al. (2010) suggested
that some or all of the knots might be the result of the intivade-
tween the jet and the winds of high-mass-loss stars. An &gBnt
with supernova remnants has been disfavoured (Hardcastle e
2003) based on such supernova remnants’ expected emissaini m
anism (thermal) and relatively low temperatuge { keV). Most re-
cently, Miller et al.|(2014) found support for the presentstars
in Centaurus A's jet based on radio observations probingstie
parsec scales.

Wykes et al.|[(2013) proposed that a considerable fraction of
the entrained baryonic material in Centaurus A consistadian,
nitrogen and oxygen, and is passed to its giant (i.e. outdrgd
where it undergoes stochastic acceleration. A mixed coitipos
of material that evolves into ultra-high energy cosmic ryslE-
CRs) is consistent with recent results from large partitgéection
instruments, which imply that the CR composition becomewies
as a function of energy and that it may have more than one compo
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Table 1. Properties of high-mass-loss stars: initial stellar maks;, stage duratiofistage, mass-loss rate at that stafé, total particle number density of
the windn., (from the continuity equation), stellar mass$,, stellar radiusR.. (in optical and X rays), effective temperatufeg, X-ray luminosity Lx, and
the ratio of terminal velocity to escape velocity, /vesc -

Minit tstage M nw' M Ry Tesr Lx Uoo/Uesc
Me) (kyr) Mo yr=1) (cm—3) M) (Ro) (K) (ergs™)
AGB 0.8—80 100—1000 1x107°—1x10"% 10 — 1012 0.5—5 100 — 1000 2000 — 4000 0.1
LBV > 30 10 — 100 1x107%—1x10"2 1—1012 10 — 50 20 — 100 10000 — 30000 1 x 103! 0.2
WR > 20 10 — 100 1x1075—-1x10"%* 107*—-10% 5-10 2-3 50000 — 150000 1 x 1031 3

Note. The lower limit omny, represents the number density at the stand-off distaneeytper limit the number density at the stellar surface. Heage velocity includes the Eddington facktg .

1?

nent (e.g. Abreu et &l. 2013; Letessier-Selvon &t al. |20 npert
2014).

The main objective of the present paper is to ascertain veheth
interactions with stellar winds could quantitatively bespensible
for the observed X-ray emission in Centaurus A's jet and twiet
we can in principle account for the broad features of the spec
trum of the present-day kpc-scale jet in this way. We thenthise
constraints on the stellar population that we have derigezhtcu-
late the mass-loss rates and nucleosynthetic isotopesyiigiol the
current and pre-existing jet to test the models and prextistiof
Wykes et al.[(2013).

Sectio 2 introduces useful stellar and jet parametersiwith
our basic model of jet-star interactions. The closest ualergs
are probably the simulations by Bosch-Ramon etlal. (201R), a
though they do not consider a stellar wind, the study of jetda-
tion via stellar winds by Hubbard & Blackman (2006), and tée j
massive star wind interactions modelled|by Araudo et al1§20
The novel feature of our approach is the use of stellar eoiut ﬁ T 1? 1? T

—_—

and wind codes to carry out the modelling. In Section 3, we pro

vide a resumé of the codes, and outline the restrictions ppiba-

imations. Sectiofl4 presents the results of the modellingrims Figure 2. Schematic representation of a star with wind in a jet flow, ved

of resultant synchrotron spectra, gives some estimatesisétoss size and location of the shock and the shock region. Yellotweloresents
. : Vs : : . the star, black arrows the stellar wind. The black solid ignine astropause,

r;fgs dgs:gsgt?hg]ﬁkgfzc:r;;r:h;nrrszirtliilnogg ct)hjgtl(?ar.g adljém which happens at order of the stand-off distadtie from the star. Green

- . arrows show the jet flow overall and around the astropause blte lines
and lobes. The arguments are summarized and conclusions dra indicate the shocked region witB-field approximately perpendicular to

in Sectio$. ] o the jet flow; the blue dashes to indicate uncertainty about fao out the
Throughout the paper, we define the energy spectral indices  shock region persists. The uppermost blue line can be thafghs the
in the sense&, o v~ < and particle indicep asn(E) < E~P. shock itself. The physical size of the shocked region saaitrsthe stand-

off distance. The red solid lines show high-energy electrorssing and
recrossing from the shocked to unshocked media.

2 STELLARAND JET PARAMETERS

2.1 Basic model medium and. the relative space velocity of the star with respect to

the surrounding fluid. For stars in a jet fluid, equatldn (19drees
We consider the stand-off distané®, i.e. the distance from a star g J q (1

at which there is a balance between the momentum flux from the | Muy, 1/2 5
star and the momentum flux of the surrounding medium. The gen- **° — (47r(Uj/c2) vf Fj) ’ @
eral approximation reads (elg. Dyson 1975; Wilkin 1996)
i o whereU; is the energy density of the jet afiy = (1 — 52)~%/2
Ro — ( Uw ) . N the jet Lorentz factor. We adopt = 0.5c and U = 8.77 x
dmpuz 10~ ergem® (Wykes et all. 2013)R, essentially corresponds to
Here v, denotes the velocity of the isotroEicsteIlar wind (in the location of the contact discontinuity separating theckbd jet

the restframe of the star), the mass density of the surrounding 92s and the stellar wind. _
We assume,, = vesc and write

3 Stellar winds of so-called magnetc O and B stars (e.g.
Babel & Montmerle| 1997) are anisotropic, tunelled along tBefield Grunhut et al! 2013) and the anisotropy is, as a result of thwation,
axes. However, the fraction of such stars is small (7 per cent; expected to be largely washed outras.
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2G' M., ) 1/2 3) whose high-energy cutoff is given by equatibh ¢4)) is an injec-
R, ’ tion rate because it is the instantaneous spectrum produced by the

whereG is the gravitational constand/.. the stellar mass anA.. acceleration. This leads to

the stellar radius. Ee,max
rnE Lintcrccpt - EC Z(EC) dEC s (7)

Uw = Vesc = (

We suppose that the thickness of the shocked region upstreal
of Ry scales withR, (see Fig.R). Fermil-type acceleration takes

Ee,min

place as particles cross and recross the shock. Fermi lematieh where Lintercept IS the luminosity intercepted by the star aad
is no longer efficient when the gyroradius of a particleexceeds ~ is an efficiency factor¢ < 1). Forp = 2 we have the simple
that of the shocked region and so we can write result € Lintercept = %0 IN(Ee,max/Ee,min), With io the power-
law normalization of the injection spectrum. We add it&) up
Eemax >~ Roe B, (4) to obtain the total electron injection as a function of epefiar

all the stars:[(E.) = Y i(E.). We calculate the synchrotron
emissivity from the jet, considering.(E.), the number of elec-
trons in the jet as a function of electron energy(E.) obeys
dne(FEe)/dt = I(Ee) — ne(Ee)/tesc — ne(Ee)/tioss(Fe). Here
I(Ee) = > i(Ee), tesc is the (energy-independent) time for mate-
rial to move out of the jet{ [;/2v;, with [; the length of the jet,
divided by two to get the typical distance an electron hasaeel to
escape the jet) anl.ss(Ee) is the energy-dependent electron loss
timescale, wherebi,ss goes ad / E.. For a steady-state jet we set

with E. max the maximum electron energy,the electric charge
and B the magnitude of the magnetic field.

For a jet dominated by leptons, the sound speed is higher than
the adopted jet speed 6f5¢, which means that it is not obvious
that a strong bow shock will form in the jet material. However
vj = 0.5cis actually the projected jet speed: for the angle to the line
of sight we are using, the internal speed in the jet would beefa
than this. Moreover, it is reasonable to suppose that Camg#s
jet has entrained enough material by the region we consideate
Ja lower internal soundgspeed. g ’ dne(Ee)/dt = 0 for all energies. Then

In the conditions of Centaurus A's jet, WR stars would have I(E.)

Ry of order 16 pc, which corresponds, using the jet meBa ne(Ee) = 1/tese + 1/tioss ®)
field strengtl of 66 uG (Wykes et all 2013), to. ~ 2 x 10'2
and Eemax ~ 1 x 10'®eV. For LBVs and normal O/B super-
giantsﬁ we computeRy ~ 3pc andFe max ~ 2 x 10'7 eV, and
for AGB starsRy ~ 1pc andFEemax ~ 7 x 10'°eV. In con-
trast, a typical M star only haRy ~ 1 x 10~° pc ~ 2AU, and 2.2 Censusof old- and young-population stars
thusve ~ 1 x 10° and Ee max ~ 7 x 10*' eV in the jet. We

have no evidence from observations of the jet for electrduya 2.2.1 Distribution, ages and metallicities of old stars
Ye ~ 1 x 108, that iS Eemax ~ 5 x 10" eV in the X-ray; the
electron loss timescale there is tens to hundreds of yehestalia-
tive loss limit where the synchrotron loss time equals thetign
time, sets a fundamental limit on the energies that therelectan

) _ 12 9 ; :
reach:ye max = (3¢/or B) 5.7 107 from which follows have argued for two old stellar populations throughout NGZS

15 H .
Eemax ~ 2.9 x 107" eV (again for our meai-field of 66 .G). 70— 80 per cent of stars forming older population with age$ -
Note thatle max for the high-mass-loss- and high-mass stars, and | Gy and with metallicities consistent with valugs= 0.0001 —

for the fundamental !imit correspond to gamma-ray photons. 0.04, while 20 — 30 per cent stars have an age in the rafge
The amount of jet energy intercepted by each star can be ex- 4 Gyr with a minimum metallicity of).1 to 0.25 the solar valueZ,

The synchrotron emissivity can then be calculated fraifi.) in
the standard way (e.g. Rybicki & Lightman 1986).

Earlier works (e.d. Soria et ial. 1996) have provided eviddncthe
existence of hundreds of red giant branch (RGB) stars and AGB
stars in the halo of NGC 5128, and have hinted at more than one
epoch of star formation on Gyr timescales. Rejkuba et al1120

pressed as (Ze = 0.0198). Given that the majority of the stars are fairly old
Eintercept = TR2 Ui T (5) and that the overall metallicity distribution function fpeaclose to
log(Z/Z») = —0.3 (Rejkuba et &l. 2011, their fig. 1), we adajst

Thus, for the ensemble of stars per cent of old stars df2 Gyr atZ = 0.004 and25 per cent of old

5 stars of3 Gyr atZ = 0.008 as the ‘average’ ages and metallicities
FEintercept,an > mUj 0.5¢ I Z Ry . (6) for our modelling (see Tablé 2).
The total luminosity produced by the jet-star interacti@nmot
(greatly) exceed this value. 2.2.2 Distribution, ages and metallicities of young stars

Finally, we can ask what spectrum is expected from the obser-

vations of the jet. To this end, we consider the injectiocteta dis- Centaurus A's optical and infrared emission shows a procedin
tribution i( E). We assume that for each star it is a power law with dust lane (e.¢. Dufour etial. 1979: Eckart et al. 1990), witiaa-
an injection index whose normalization scales Wiff,sercept and burst of~ 60 Myr (Unger et al. 2000) which is plausibly a result of

a Large Magellanic Cloud-type galaxy (with no black hole)gie
ing with NGC 5128, as suggested by the amount of molecular and
dust material (F. Israel, private communication). The dase hin-
ders optical to ultraviolet studies of the inner1 kpc (projected)
of the jet.

If the starburst in Centaurus A formed stars only once, about

4 The B-field strength of a star falls off as the inverse of the distan
squared from the star (magnetic dipole), and is thus smatld?y than
Centaurus A's jet meai-field; this makes it unimportant for our calcula-
tions. More relevantly even, the shocked region is sepadufaden the stellar

wind material by a contact discontinuity, the astropause. . 60Myr ago, stars with an initial mas$/i.ic £ 6Me may no
5 The qualification ‘normal O/B supergiants’ encompassesrd-Brtype longer be presentinit. The supernova SN 1986G _thfit 9CCUM|
stars on the main sequence, and later stages, until theafrtbetL BV/WR south-east part of the starburist (Evans 1986; Cristiari 8882),

phase. well away from the jet, does not provide evidence for a curren
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Table 2. Adopted stellar populations ages, metalliciti#sand numerical
fractions f.

Age Z fx
(Myr) (per cent)
12000 0.004 75
3000 0.008 25
0—-60 0.02 0—2

high-mass star presence in the starburst, being of la type-H
ever, there is probably intermittent star formation atgigince the
(most recent) merger and so we expect O and B stars to form.
Mollenhoff (1981) and Minniti et al! (2004) have reporteddistar
clusters in parts of the starburst and WR-type emissioncdbase
Very Large Telescope (VLT) observations, and blue starteiss
are also directly visible itHubble Space TelescogElST) images
(Villegas et all 2005).

Examples of star-forming regions not coincident with thetdu
lane include young stars in a number of filaments along tharjet
beyond its radial extent (e.g. Graham 1998; Rejkubalét €120
2002;| Oosterloo & Morgantii 2005; Crockett etlal. 2012); savhie
this star formation could be triggered (directly or inditgk by
the (current or pre-existing) jet activity (for example.ikBer et al.
2012 have shown, via numerical simulations, that jets dgger
star formation during the initial phases of their expansion per-
haps by a starburst wind originating in star associationsesitded
in the dust lane. Where estimated, the ages of these starstae
range~ 1 — 15 Myr (Fassett & Graham 2000; Graham & Fassett
2002 Rejkuba et al. 2001, 2002; Crockett et al. 2012). Yatags
may be present also elsewhere in the NGC 5128 field, counting i
the volume of the current jet.

On the basis of metallicities obtained from spectroscopy of
H I regions of the starburst (Méllenhoff 1981 ; Minniti et lal.G2)
and fromSuzakuX-ray line observations of diffuse plasma of the
circumnuclear material (Markowitz etial. 2007), which amthb
close to solar, we adogf = 0.02 for the young stellar compo-
nent (Tablg€R).

2.2.3 Number of stars in the jet

A convenient approach for assessing the number of stargijeth
volume is to determine the observed luminosiby(s) in physical
units from aperture photometry, work out the normalizafactor
from the SSE-synthesised (see Sedtion 3) stellar popnlatid as-
sume some jet geometry.

To determineL,s from aperture photometry, we have used
the R-band photomet@[?] for the decimal logarithm of the diame-
ter of the aperture Iqgl) = 2.02 yielding 5.2 arcmin (i.e.5.7 kpc
projected size, close to the adopted projected jet lengthsddpc,
see also Sectidn 3). We synthesise, utilizing the SSE re\tle-
scribed in Sectio]3), a population &f stars (with the stellar pa-
rameters summarized in Table 2) and for each star computa-the
minosity at the reference frequenck.(s), assuming that the star
is a black body with radiu®2 = R.s and temperatur@ = T.g.
We then havel,.s = 2.84 x 10720 1077-58/2-247(3.8 x 10%¢)?,

6 R-band is less affected by obscuration thHasband.
7 http://Teda.univ-lyonl.fr/fG cgi ?2n=380=NGC5128

where the numerical factor (in ergscm=2 Hz 1) is the flux den-
sity equivalent to the zero of magnitude in tReband (Zombeck
2007). We next add up these luminosities to obtain theit. The
total number of stars required is théfoc = N Lobs/Ltot. This
yields a total number of stars in the jet of 8 x 10%. The aper-
ture photometry luminosity should be corrected for the fhat the
region we are seeing is not a sphere of radiibut the integral
over a cylindrical slice through the galaxy of radiis However,
that correction will probably be of order unity, and in thepopite
sense to the correction for the dust lane, which we can not do.

We have very little information to allow us to estimate thacfr
tion of young stars, hence we ought to ask what fraction ofhgou
stars is reasonable. A starburst lastiogVyr with a star formation
rate (SFR) ofl — 2Mg yr—! (which is only the same as the Milky
Way's, see Robitaille & Whitney 2010 and references théneio-
ducess — 12 x 107 M, of young stars. This would yield arourid
per cent young stars. The SFR estimated from the far inflared
nosity of Centaurus A's starburst éfr = 5.8 x 10° L at3Mpc
(Eckart et al. 1990; i.eLrr = 3.6x10*® ergs™* at3.8 Mpc) mul-
tiplied by the factort.5 x 10~%* (see Kennicuit 1998, their relation
for < 100 Myr old starbursts), gives a SFRef1.6 M yr—!, con-
sistent with the above value. Note that if the starburst ifined to
the dust lane, it is possibly toroidal, i.e. not filled in trentre, with
the result that the jet is traversing the starburst for onfsaation
of its obscured part, if at all. That would bring the youngllate
content close to zefdThese uncertainties mean that it is most ap-
propriate to ask about the viability of the model as a fractd
young stars, modelling the spectrum with a range of plaesihl-
ues. We chose to run the codes witto.1, 0.2, 0.3, 0.5, 1 and2
per cent young stars (Taljle 2, and see Sedtiohs[4.7 — 4.3).

2.3 Broad-band spectrum of thejet

Observationally, the best constrained broad-band spactra-
dio through X-ray, of the kpc jet is presented_in Hardcadtla e
(2006); as in FR1 jets in general (elg. Hardcastle et al. [p02
is inconsistent with a single power-law model. Hardcastk e
(2006) define three sections outside the dust lane (negessget
the IR and optical data points): the ‘inner region’ (see [[igiot to
be confused with the term ‘inner jet’ which includes the enpiart
upstream oR.4 kpc as well), and further downstream the ‘middle
region’ and ‘outer region’.

2.3.1 X-ray component

Hardcastle & Croston (2011) have measured Centaurus A%-jet
ray diffuse luminosity fromChandradata of ~ 134 nJy which
translates, adopting the distance to Centaurus A8.8Mpc, to
Lx ~ 6x10% ergs!. Forall of the knots, we adopt the sum of the
X-ray luminosities fromChandraobservations by Goodger et al.
(2010) that gives~ 126nJy, i.e.Lx ~ 5 x 10*®ergs™! at the

8 Additional support for a low fraction of young stars in therrat jet
comes from (publicly availablelFALEX images that seem to show that
young stars are very present but only in the dark lane. Shisedtirk lane
genuinely is an extended thin disc (ETD) that only existekitively large
radial distances from the core (Nicholson et al. 1992) gfstars will not be
noticed by the jet. Moreover, the analysis of the circumearckisc (CND)
by Israel et al. (in preparation) suggests that there areonog stars and
present-day star formation within a few hundred pc from thec
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3.8 Mpc distance, and thubx ~ 1.1 x 10%° ergs™* for the com-
bined diffuse- and knot emission.

Most stars are intrinsic X-ray sources. Takingsa# 10® stars
in the jet to be solar-like (the mean steady X-ray luminosityhe
SunisLx o ~ 1x10%" ergs™'), we would have atotal X-ray lumi-
nosity Lx ~ 8 x 10%® ergs™! from such stars. This is three orders
of magnitude below the measured X-ray luminosity of theudiéf
emission of the jet and thus negligible. The higk values of in-
dividual high-mass-loss stars (Table 1) are also well beltat is
observed for the X-ray knots. X-ray binaries (Low-Mass X-Bi-
naries, LMXBs, and High-Mass X-ray Binaries, HMXBs) have a
few orders of magnitude highdrx than the single-evolution stars
considered above, typically in the rangg ~ 1 x 10*° ergs?
to Lx ~ 1 x 10%® ergs*.|Goodger et al[(2010) have found no
evidence for the X-ray-bright knots in Centaurus A's jetrigeas-
sociated with LMXBs.

3 FRAMEWORK AND APPROXIMATIONS

We used the stellar evolution code described| by Hurleylet al.

(Nrear) and simulated Nsimulated) Stars. We count stars whose syn-
chrotron emission would extend abol@'®-® Hz in order to sepa-
rately trace the effect of young massive stars plus AGB stars
We neglect the effect of windless stellar objects such asewhi
dwarfs (WDs): the effective cross section for interactidthweom-
pact objects is completely negligitlid.We presume that the star-
burst has a uniform distribution through the centre of thiebga
We assume that all stars in the jet are field stars, not inerls@
therefore also neglecting a possible occurence of mulsifzes at
close distance, intercepting the same arc of the jet andehenc
ducing Eintercept,ani. We do not account for binary interaction ef-
fects on the mass-loss rate. We disregard second-ordetsesiech
as the extent to what the various type of stars are affectetidy
jet plasma, potentially leading to changesfin and the mass-loss
rate. The chance that a supernova exploded within the jetdzoy
in the lifespan of~ 2 Myr is negligible (and there is thus far any
observational evidence for a supernova remnant insidertsept-
day jet, see also Sectibh 1), hence we do not account forithere
Since our modelling is designed for a mean population obsaar
any given time in the jet, orbital star crossing does notcafteir
treatment. (It is the synchrotron timescale that mattetschvis

(2000), and stellar wind codes by Cranmer & Saar (2011) and tens to thousands of years. As long as the evolutionary taless

Vink et all (1999, 2000, 2001), either translated into Pwgtluy
with Python interfaces generated by us. We wrote additional
Python codes to extract, from the elemental codes, the hsiin
ties and mass-loss rates for stellar populations with ooptsdl
age and metallicity constraints, and to compute the paenmet
Ee,max, Fintercept,all, €NErgy intercepted by stars producing X-rays
Eintercept,x, NUMber of stars with spectrum reaching frequencies
above10'%° Hz, the total luminosityL.; and the total mass-loss
rate M.

The Single-Star Evolution (SSE) rout[ﬂwe(HurIey etal.
2000), based on a number of interpolation formulae as aifumct
of Minis, stellar age and, provides predictions foM for phases
with high mass-loss rates. To fill in for the missing mass Iages,
we added the BOREAS routlff (Cranmer & Saér 2011), which

computesM for cool main-sequence stars and evolved giants, up

to T.g = 8000 K, and the mass-loss prescripmf Vink et all
(1999,1 2000} 2001) on the basis of Monte Carlo radiativestran
fer calculations for high-mass stars, which is valid in thage
8000 < Tem < 50000K.

The calculation ofRy, by calling the SSE routine for the stel-
lar masses and radii, inherently involves. for calculating the
wind speed, and hence assumgs/vesc = 1, which is rough (see
in this context TablEl1, and also e.g. Judge 1992 for low-rst@ss).
The jet geometry adopts a projected lengti &fkpc which trans-
lates to a physical length of the jet ®87 kpc at the viewing angle

50°, and we have treated the jet as a simple cone with an opening

angle15°. For the initial mass function (IMF), i.e., the distributio
of stellar masses at formation, we adopt the Salpeter IMpéSer
1955):¢(Minit) = dN(Minit) X Ml;i/lf/‘: dMinit, with z = 2.35
between0.5 and 120 M and a ‘heavy’'z = 1.3 between0.08
and 0.5Mq (Rejkuba et all 2011). We next draw stars from the
IMF, using the cumulative probability distribution, andi@#ate
their present-day mass and radius using SSE, their massédtes
as outlined above, and the maximum electron energy of jstic
accelerated in stand-off shocks as described in equationgd). A
normalization factor is included to account for the numblereal

9 [ntt p: /7 astronomy. sw n. edu. au/ ~] hurl ey
10 http://ww. cf a. harvar d. edu/ ~scr anner
I http://star.arm ac. uk/ ~j sv/ Mlot . pro

larger than or comparable to that, we are justified in assgitfiat
the stars do not change.)

The final computations, in which we used0 million simu-
lated stars to avoid small-number effects in the stars thadyce
X-rays, were done on the University of Hertfordshire clusfe

4 RESULTSAND INTERPRETATION
4.1 FEjintercept,x Criterion

First, we investigate whether we can meetBig.ercept, x Criterion,
i.e. whether the stars that are supposed to produce thes<reey-
cept enough energy to allow them to do so, for a plausibldifnac
of young stars.

Tabld3 shows the output from our modelling, revealing
FElintercept,x betweer9.7 x 103 and5.1 x 10** ergs™!, depend-
ing on the fraction of young stars. There is some scatterdrreh
sults, as expected: if there are potentially very young masgars
in the jet then they will have a significant effect @intercept,x
and Eintercept,all- EVEN with a zero fraction of young stars, we do
not run into difficulties in producing the observationalltermined
Lx ~1x10* ergs! (see Section2.3.1).

Thus, our model is energetically capable of producing the
observed X-ray emission. There are likely enough high-Aess
stars and normal O/B supergiants to provide all the discketay
knots and produce the diffuse emission. This alleviatesnted
for additional synchrotron-producing mechanisms in Centa A's
jet such as stochastic acceleration, shear or magnetinmecbon,

12 A M-type star withRg of order1 AU intercepts about a factdi0® more
power than a windless WD.

13 The cluster formation efficiency (CFE) is generally highssibly up
to 50 per cent, shortly after the stars have formed (e.q. Kruijs2@1?2).
On a Gyr timescale, the fraction of stars in clusters is fotmte much
smaller than this, for NGC 5128 in particular only of ordet — 0.3 per
cent (Harris & Harris 2002). However, the CFE in the dust laray still be
relatively high.

4 http://stri-cluster.herts.ac. uk/
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Figure 3. Electron distributions of the kpc-scale jet correspondimthe synchrotron spectra of Fig. 4, with old and youagd(1, 0.2,0.3, 0.5, 1 and2 per

cent) stellar components. The left-hand panel ptat§y) as a function ofy. The

right-hand panel plots. (v)y? to demonstrate the negqr2 power law up

to~ ~ 10%, and the steepening of the density spectrum at high&hese results are for a run wiff,e,; = 8 x 108 and Ngmulatea = 1 X 108 stars.

Table 3. Parameters obtained from modelling, for various fractiohs
young (i.e.0 — 60 Myr) stars f., young and with Ngjmulated = 1 X 108
stars: energy intercepted by stars leading to X-ray emisBi@;crcept, X
number of stars leading to X-ray emissidfk, energy intercepted by all
starsEiptercept,all and entrainment raté.

fx,young  Elintercept,X Nx Eintcrccpt,all v

(per cent) (ergs?t) (ergs™h) Mg yr—1h
0 9.7 x10%9  1.73 x 104 1.8 x 1040 2.3 x 1073
0.1 6.2 x 1040 1.84 x 104 7.1 x 1040 2.9 x 1073
0.2 4.9 x 1040 2.0 x 104 5.8 x 1040 3.0x 1073
0.3 3.5 x 1040 216 x 104 4.4 x 1040 4.4 %1073
0.5 1.0 x 1041 2.47 x 10* 1.0 x 1041 4.0 x 10~3
1 3.7 x 1041 3.40 x 104 3.8 x 1041 7.4 %1073
2 5.1 x 1041 5.04 x 10* 5.2 x 104! 1.5 x 10—2

although we do not exclude these processes making additiona
tribution in parts of the jet. Our work assum#&80 per cent accel-
eration efficiency, which may be too optimistic; at the othand,

we use the mean jd8-field to estimate maximum energies, while,
presumably, the post-shock field is amplified. We have ighore
shielding of stars by one another, which may in fact occuotoes
degree for the young component (see foothote 13) and soeeduc
Eintercept,x @nd Eintercept,al. ANOther caveat is that the viewing
angle is not extremely well known; this could affect the nembf
jet-contained stars and hence impactffsercept, X, Fintercept,all
and the resulting synchrotron spectrum. Given that theiogen-

gle of Centaurus A's jet is- 12° on subparsec and parsec scales
(e.g.[Horiuchi et al. 2006; Mdller et al. 2011, 2014), ourwesp-
tion of the jet opening angle df5° overall means a slight overes-
timate of the number of stars in the jet. However, none ofateds
fects, with the exception of a particle-acceleration efficy < 1,
affect our basic conclusion. Our analysis of the spectrumi (ae

implications for the fraction of young stars) depends cataly
on equation[{#4). This rests only on the statement that Fecogla
eration becomes inefficient when the electron gyroradiusines
larger than the scale of the system, and on the assumptibththa
shocked region size scales linearly with.

An additional statement we can make based on the zero-
fraction young stars outcome is that there must be at least0*
AGB stars in the jet. We make use of this value in Se¢fion4.6.2
below.

4.2 Electron spectrum

In a subset of our codes, we implement the calculationgfy),
using equatiori{8). We computéy) for each star and add them up
to obtainI(+), using a modified version from the above, scaled us-
ing equation[(B), to get the actual electron energy spectnuthe
jet ne(). We include a scaling with Iqgmax) from equation[{l7).
The results are shown in F[gd. 3: the left-hand panel is witfry)
and the right-hand panel with. (v)y? to emphasise the steepen-
ing at high energies. Note that () steepens to a power-law index
of greater tharp = 3 (p ~ 3.3 at high~), consistent with ob-
servations. Moreover, the onset of steepening is at theopppte
frequency.

We ascribe the high-tail to the effect of either of AGB, LBV
and WR stars and normal O/B supergiants (which hB&yecom-
parable to LBVs; see Sectibn?.1). However, we have no means o
discriminating between the above stellar types in the way #f-
fect the high= tail.

An additional point to make is that the stellar wind density
nw, particularly for the high-mass-loss stars, is relativ@yh (see
Tablg1), even aRy, which could lead to a production of secondary
electrons through hadron-hadron collisions. This affeatscalcu-
lation in so far as it would mean that the injection spectruoubd
not be a single power law, but it does not affect the energeiic
straints on the X-ray emission. However, it is doubtful wiest
the stellar wind material of a particular star will actuadigter the
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Figure 4. Left: Broad-band spectrum of the kpc-scale jet with old aadng (, 0.1, 0.2,0.3, 0.5, 1 and2 per cent) stellar components. A run witi..,; =

8 x 10% and Ngimulateqa = 1 X 108 stars. Radio through to X-ray data points (red, filled ca}lef the ‘inner region’ of the jet (corresponding to the jat o
2.4 — 3.6 kpc scale projected) are adopted from Hardcastlel et al&)20Me points represent diffuse- and knot emission. \M@rtars arel o errors on the
data; where omitted, the error bars are smaller than the sljgmRight: Spectral index of the kpc-scale jet as a functibfiequency, with the old and young
stellar components as above. The red horizontal line itecdhe mean X-ray spectral index.

shocked region upstream of it. More plausible is perhapsntiost mean X-ray spectral indexy(~ 1.3; red horizontal line) for sensi-
of the material is ablated and entrained for encounters dream, ble fractions of young stars of ordér— 0.5 per cent. Moreover, it
lowering somewhat the probability of the secondary elecpo- illustrates that if there are no young stars we obtain vexgsspec-
duction. tral indices; this is a possible explanation for the vergptspectral

index ( ~ 2.5) of the jet seen at large distances from the core by
Hardcastle et al. (2007).
In summary, we reproduce the broad-band spectrum of the

The resultant, broad-band synchrotron spectrum of the kpc j Present-day jet up to optical frequencies. For fractionyamfng

4.3 Radioto X-ray spectrum

(Fig.[4) shows different cutoffs, inconsistent with a siglower- stars consistent with our expectations, we are within afact 3

law. Our fine-tuning exercise on the fraction of young starthi of the X-ray flux, which we regard as a good outcome given the

jet revealsd — 0.5 per cent young stars. sensitivity of the X-ray spectrum to the details of assuomgiin
The left-hand panel of Fifj] 4 displays the broad-band spectr ~ our models, and the fact that some fraction of the low-enetgg-

of the kpc jet with the observational data points for the &nne- tron population is probably accelerated elsewhere.

gion’ of the jet, i.e2.4 — 3.6 kpc (projected) from the galaxy centre
(see Fig1l), as in Hardcastle et al. (2006). Here we haveectaw/

to vF,. The broad features of Fig. 4 demonstrate that all fractions
of young star values well reproduce the spectrum up to thieapt
The X-ray and higher frequencies are very sensitive to thetifsn

4.4 Entrainment rates

of young stars. The normalization is adjusted to make theecgo We next re-examine the entrainment rates within the jet darias
through the radio data point, which is equivalent to assgrttiat through adding the mass-loss rates for our stellar popustand
all the electrons in the jet are produced by stellar intévast fac- their normalization and scaling them to obtain the totagrinal en-
tors of order unity in the assumptions from Seclion 2.1 counddke trainment rate over the jet.

a significant difference to details of the synchrotron speuathere. We compute a lower limit to the entrainment ratelof- 2.3 x

In our fit, the ‘inner region’ has the same radio to X-ray ra- 107% Mg yr~'. Compared to the result.of Wykes et al. (2013), who
tio as the wholet.5 kpc jet. Note that this is arbitrarily normal-  calculated¥ ~ 6.8 x 1022 gs™* (i.e. ~ 1.1 x 1073 Mg yr 1),

ized to the radio fluxes, rather than being directly nornealifrom with older stars as the major contributors, this is highealigctor
Eintercept,all- We do not assert that the proposed acceleration mech- ~ 2, which is in good agreement, given the simple assumptions in
anism might produce all the radio emission. It is possiblt the the earlier work. Our result implies internal entrainmehtt@ x
emission at bands other than the X-ray (partially) origgserom 10% Mg during the lifetime of the current jet, and 6 x 10° M

electrons that have not been acceleratesitu. For example, since over the lifetime of the giant lobes. Including the extereatrain-
we measure radio emission there, some electrons must bleracce ment contribution, i.e. material picked up from the gala8mand

ated in the pc-scale jet and these can be transported to &fasstf transported downstream the jet, estimated by Wykes et @132
some of the particle acceleration that gives the radiczaptmis- as¥ ~ 3.0 x 10> gs™* (i.e. ~ 4.7 x 107° Mg yr™ 1), will not

sion is not related to stellar interactions, which is covalelie, then markedly increase the above figures for the jet and lobes.

the normalization of all the curves might go down. Before we assess the entrainment rates in individual nuclei

The right-hand plot in Fidl]4 shows the spectral index varia- (Sectiof4.5), we briefly address the impact of the entraimma
tion with frequency. This demonstrates that we can repredhe the jet flow speed.
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45 Jet deceleration

We could ask what speed does the current jet have, if it imllyit
baryon-free with a speed aroufidsc, and assuming that momen-
tum is conserved. The relativistic leptonic jet fluid belsaas hav-
ing a densitylU;/c*. Hence, if the relativistic momentum flux is
Muv T, we have a condition

T™r

)

2 Ui o Y
i 2 vialin=Muv2Ts2,

AGB stars, including the so-called super-AGB stars, exqree hy-
drogen burning at the base of the convective envelope andethe
yields are once again dominated Hyburning but with an added
primary component from the dredge-up of He-shell produzthé
H-burning region. The net yields of stars in this upper-masge
4 — 10 Mg are dominated byHe, N, 2*Na, Mg and ?°Mg
(e.g.LSiess 2010; Doherty et al. 2014). In all cases, the mkomi
element expelled by a population of low- and intermediatessn
stars is still hydrogen, but with enhanced levels relativéhe ini-

where we assume that the momentum at the end of the jet is dom-tial abundances of the isotopes mentioned above.

inated by entrained material. Takidg = 1 x 10*® ergs™* (Sec-
tion[),T';,1 ~ 1.15 (Sectioh2.ll) and the internal entrainment rate
of U ~ 1.4 x 102gs™! (i.e.~ 2.3 x 1073 Mg yr!; see the
foregoing section), we solve fef »T'; > to find 0.04¢. The jet may

Pre-supernova phases 8fini; 2 10 — 12Mg stars copi-
ously produce*He, *2C, N and *°O (e.g. Hirschi et all_2005;
Kobayashi et al! _2006; Chieffi & Limongdi 2013). At somewhat

lower levels — and this is relevant to AGB stars as well as mas-

. . . o H 1 13 17 18 20 24
gain some momentum due to a possible external pressure gradi Sive stars — nuclei such dsle, “Li, **C, 170, '*0, **Ne, *'Mg,

ent, but it is not expected to increase the derived valueGfc by
much. Thus, the material expected to be entrained via steilals
can lead to a significant slow-down of the current jet, withmam-
pletely disrupting it.

The higher entrainment rates for a larger fraction of young
stars in the jet (Tab[d 3) suggests that the jet would demtelaery
quickly if there were a high fraction of young stars. Giveis tto-
gether with the X-ray normalization and spectral index itissand
the fact that there is no energetic reason to prefer highidraof
young stars, low values for the fraction of young stars aredeed.
However, note that the fraction of young stars is integratest the
jet, and may in reality vary spatially (see Secfiond.2.2discus-
sion of the nuclear starburst and how far out it extends).

4.6 Enrichmentin nuclei

In this section, we present nucleosynthetic yields of thetrabun-
dant isotopes in stellar winds for stellar populations ia tburrent
and pre-existing) jet, given the age and metallicity caists.

4.6.1 General picture

Winds of low-mass ¥init < 1Mg) main-sequence stars are
very weak and predicted to contain isotopes only at theainiti
abundances; to first order, the composition of higher-maais-m
sequence winds is also the initial one. This ensures'tiat '°0,
12¢ and **N are the most abundant isotopes in their winds, albeit
at minute quantitieE?] AGB stars, the most numerous ingredient
among our high-mass-loss star sample, shed abeGtM ; of ma-
terial per star into their surroundings during the lifetioi¢he AGB
phase (see TaHlé 1). Stellar nucleosynthesis of AGB stal sheir
nucleosynthetic yields have recently been reviewed by k&
Lattanzio (2014; see also Herwig 2005; Cristallo et al. 3pBere
we briefly highlight the relevant features.

The lowest-mass AGB stard/,it ~ 0.8—1 M) that evolve
in under12 Gyr expel solely the products @f-burning which are
mixed to the surface by the first dredge-up. The net yieldsame-
nated by*He, “He, *C and**N. Stars with masses between about
1.5 and3 — 4 Mg, depending on metallicity, expel the products of
(partial) He-burning along withH-burning; hence, the net yields
are dominated byHe, 2C, N and?2Ne[' The most massive

15 Protons, while not a product of stellar nucleosynthesks séill the most
abundant component of stellar winds.

16 | ower-mass AGB stars sholff O-condensations in their envelopes and
are therefore generally referred to as oxygen-rich AGB. (8meck et &l.

288, 328, and the radioactivé® Al and %°Fe (with half-lives, re-
spectively,~ 0.7 and 2.6 Myr) are also expected. The stable nu-
cleus®SFe, often considered in contemporary studies of the com-
position of (U)HECRSs by authors engaged in particle dedeatix-
periments, is only formed during supernova explosionsujinche
decay chann€ei®Ni(ev)®®Co(ey, BT 7)"CFe, i.e., it does not occur
at higher than initial abundances in stellar winds. This msataat
the yields of®®Fe (and other iron-group elements) from the pre-
supernova evolution are negligible.

The main isotopes of AGB nucleosynthesis (see also Table 4)
stem from the following reaction channels: the triple-alpinocess
that leads to carbofiHe(c, 7)¥Be(a, v)*2C; nitrogen production
via proton capturé” O(p, )'*N; oxygen by alpha capture, primar-
ily through the channel?C(«, v)*¢0. The created oxygen can be
destroyed through®O(p, v)!"F. Neon is produced via the reac-
tions F(a, p)*>Ne and'* N(a, 7)"* F(87, v)*¥O(e, 7)**Ne, and
sodium through proton capture on nédiNe(p, v)**Na. The mag-
nesium isotopes, created via alpha captaf&e(a, n)?°Mg and
22Ne(a, v)**Mg, have similar reaction rates at the stellar energies
of AGB stars and the pre-supernova evolution of massive §tag.
Karakas 2010; Doherty etlal. 2014).

4.6.2 Quantitative yields

A SSE-synthesisetl2 Gyr (Z = 0.004) population will not con-
tain any stars ofMinic = 0.9Mg while a3Gyr (Z = 0.008)

~

population will not have stars dffini; = 1.4 M. Of a subset of
the young population) — 3 Myr, all stellar masses are expected
to be present; of a subset 66 Myr (Z = 0.02) stars only, stars
of Minit = 6.4Mg will be absent (see also Sectfon2]4.2)Note
that main-sequence O and B stars, almost certainly contairtbe

0 — 60 Myr group, despite being important energetically, do not
significantly add to the nucleosynthetic yields.

From a slightly different perspective, we can say that among
the still living stars ofl2 Gyr (Z = 0.004), there will be stars in the
current jet of the initial mass ran@e08 < Minit < 0.9 Mg; this
will contain a group of AGB stars of only/init ~ 0.9 Mg. Among
the living stars of3 Gyr (Z = 0.008), there will be stars of the
range0.08 < Minit < 1.4Mg; amidst these there will be solely

AGB stars of Minit ~ 1.4 Mg. Among the living stars 060 Myr

2000;| Athey et all_2002), despite the absence of nucleostiatf® O in
their winds.

17 Similar results are obtained by the classical analyticglraimation
which gives a lifetime of a star (in yr) a®0'0 /M3 ", wheres = 3 for

massive starsM/« > 30 M) ands = 4 for lower-mass stars.
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(Z = 0.02), there will be stars of rang@08 < Minit < 6Mg;
out of these, there will be AGB stars of onMinit ~ 6 Mg .
Due to their high relative number, as argued in Sefioh 4.1,

Table4. Net nucleosynthetic yields (in M) for the most abundant isotopes.
The amount expelled per model star (by RGB to AGB evolutipidrases)
into the jet byl2 Gyr (Z = 0.004), 3 Gyr (Z = 0.008) and60 Myr (Z =

and a longer mean stage duration (Table 1), AGB stars are the0.02) stars.

main representative of the high-mass-loss stars in Carg#\s

jet plasma. The low fraction of young stars in the jet (altide

in Section§2.2]3 and 4.3) causes the lower-mass AGB stdins wi

Minit ~ 0.9Mg and Minis ~ 1.4 Mg to numerically dominate

the jet-contained AGB population. Given the high perceataf

12 Gyr old stars overall (see SectlonZ]2.1 and Table 2), AGB sta

of Minit ~ 0.9 M are expected to be the foremost representative.
To calculate the net yields of individual stars we integthte

mass lost from the model star over the star’s lifetime adogrtb

My (k) = /T [ X (k) — Xinie (k)] M dt, (10)
0

where M, (k) is the yield of specie& (in M), M is the current
mass-loss rateX (k) and Xinit (k) refer to the current and ini-
tial mass fraction of speciek, and 7 is the total lifetime of the
stellar model. The net yield is positive, in the case wheeedh
ement is produced (e.§He) and negative, if it is destroyed (e.g.
160). The Z = 0.004, 0.008 and0.02 nucleosynthetic yields of
Miniy = 1 — 6 M stars have been computed by Karakas (2010),
with the yields from aVfinis = 0.9 Mg, Z = 0.004 model calcu-
lated specifically for this paper. ThHeinit = 1.4 Mg, Z = 0.008
yields are technically for &/init = 1.5M@, Z = 0.008 model
since we do not have &fi,;s = 1.4Mg, Z = 0.008 model; how-
ever, the differences are expected to be very small and saawe c
use the yields as representative of a model of this mass.

The resultant net yields\f, (k), for our adopted stellar popu-
lations are tabulated in Talflk 4, i. e. yields with respethédinitial
composition, whereas the absolute yields, i.e. the amdumiate-
rial actually expelled, are given in Talple 5. Both include tlontri-
bution from the RGB through to the tip of the AGB phase. How-
ever, the yields are weighted towards the AGB as these apeiass
ated with the strongest stellar wind and the greatest masshtass
lost during the preceding RGB stage is relatively small carag
to the AGB phase, except for the lowest-mass stars that draer
AGB (Minit ~ 0.9 Mg stars). To show yields for a range of stellar
ages (we would ideally compute a rar@e- 60 Myr for the young
component), we would need a chemical evolution model, wisich
beyond the scope of this paper. One can see ([Gble 5} Hhats
over-abundant relative to other nucleosynthetic prodogesfactor
2> 138 (12Gyr Z = 0.004 stars), a factop, 72 (3Gyr Z = 0.008
stars) and> 44 (60 Myr Z = 0.02 stars).'*N is slightly under-
abundant td>C, except for the case of young staf&0 shows high
absolute values since it is copiously present in the ingtshposi-
tion; it is not generally produced in low-mass stars durimgAGB
phase of evolution (Karakas 2010, butsee Pignatarilet 48 2o
illustrate that different treatment of convection can leatf O pro-
duction). Intermediate-mass stars that experience hgdrbgrning
at the base of the envelope will destl$\O (see Section4.6.1).

We use'2C as an example for the calculation of the amount
of a specific isotope lost per year, for the most recent year of
the 12 Gyr (Z = 0.004) stars. The total amount lost during the
Minit = 0.9 Mg model's lifetime is~ 1.6 x 10~* M, (TabldB). In
total,~ 2.8 x 10~ Mg, is released, with- 42 per cent lost during
the AGB. Hence, roughly§.7 x 1075 Mg, of 12C is lost during the
AGB. Given the duration of the AGB phase of\di.i; ~ 0.9 Mg
(Z = 0.004) star of ~ 21.8 Myr, this means a mass-loss rate in
120 of Mizg ~ 3.1 x 1072 Mg yr—!. We next multiply this by

Isotope Amount expelled

age= 12 Gyr age= 3 Gyr age= 60 Myr

Z =0.004 Z =0.008 Z =0.02

0.9 Mg stars 1.4Mg stars 6 Mg stars
g —4.72x 1073  —1.74x 1072  —-3.52x 107!
3He 8.67 x 1075 2.94 x 10~4 4.29 x 106
4He 4.63 x 10~3 1.68 x 10—2 3.31 x 10~1
12¢ —2.25x107% —1.04x10"* —9.86 x 103
le 3.32 x 10—6 1.96 x 10—° 5.55 x 10~4
14N 2.54 x 1075 3.93 x 10% 3.62 x 10~2
160 —2.69x10"6 —842x10°6 —8.03x 103
20Ne 4.23 x 108 —-1.12x1077 —1.37x107°
22Ne —1.11 x 107 5.76 x 10~6 8.98 x 10~4
23Na 1.31 x 107 1.54 x 105 1.31 x 104
24Mg 1.73 x 108 1.58 x 10—8 —5.11 x 107°
25Mg  —830x 1079 —548 x 10~8 1.27 x 104
26Mg 6.79 x 109 1.07 x 108 2.47 x 10~4
27TAl 4.52 x 1079 6.45 x 108 2.12 x 1075
283j 2.16 x 10~8 1.66 x 10—8 1.30 x 105
329 1.31 x 10—8 7.80 x 1079 —5.69 x 106
343 6.18 x 10~? 4.50 x 109 5.61 x 10~8
56 e 3.87 x 10~8 1.0 x 108 —4.10 x 1075

Table 5. Absolute nucleosynthetic yields (in &) for the most abundant
isotopes. The amount expelled per model star (by RGB to AGRu&en-
ary phases) into the jet by2 Gyr (Z = 0.004), 3Gyr (Z = 0.008) and
60 Myr (Z = 0.02) stars.

Isotope Amount expelled

age= 12 Gyr age= 3Gyr age= 60 Myr

Z = 0.004 Z =0.008 Z =0.02

0.9Mg stars 1.4 Mg stars 6 M@ stars
g 2.18 x 101 6.22 x 10~1 3.14
3He 8.67 x 10~° 2.94 x 10~4 4.29 x 106
4He 7.82 x 102 2.38 x 101 1.82
12¢ 1.58 x 104 9.47 x 10~4 5.53 x 10~3
1BC 5.49 x 10~ 3.23 x 1075 7.40 x 10~4
14N 9.11 x 10~° 7.76 x 10~4 4.18 x 10~2
160 5.67 x 10~4 3.32x 1073 4.07 x 102
20Ne 9.63 x 10~° 5.62 x 10~4 8.21 x 10~3
22Ne 7.63 x 1076 5.10 x 10~° 1.56 x 10—3
23Na 2.12 x 1076 1.31 x 10~° 3.01 x 1074
24Mg  3.06 x 10~° 1.79 x 104 2.56 x 10~3
Mg 4.01 x 106 2.34 x 1075 4.71 x 10~4
26Mg  4.62 x 106 2.70 x 10~° 6.41 x 10~4
271 3.46 x 10~ 2.02 x 1075 3.16 x 104
28gi 3.89 x 10~° 2.27 x 10~ 3.33 x 1073
329 2.36 x 10~5 1.37 x 10* 2.01 x 10~3
349 1.11 x 102 6.49 x 10~° 9.49 x 10~4
56 Fe 6.96 x 10~5 4.06 x 10~* 5.90 x 10~3
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Table 6. Mass-loss rates in individual isotopes (inMr—1) for the most
abundant nucleosynthetic species. The amount per yeasegleo the jet by
75 per cent ofl2 Gyr (Z = 0.004), 25 per cent of3 Gyr (Z = 0.008) and
0—0.5 per cent o0 Myr (Z = 0.02) AGB stars. AGB phase durations and
the percentage of material lost are, respectively21.8 Myr and ~ 42.4
per cent (forMjnit = 0.9M@, Z = 0.004 stars),~ 15.5 Myr and~ 87.8
per cent (forM;niy = 1.4M@e, Z = 0.008 stars) and~ 1.21 Myr and

~ 99.3 per cent (forMiniy = 6 Mg, Z = 0.02 stars). See the main text
for an example calculation.

Isotope Amount expelled
age= 12Gyr age= 3Gyr age= 60 Myr
Z = 0.004 Z =0.008 Z =0.02
0.9Mg stars 1.4 Mg stars 6 M stars
5% 25% 0-0.5%
g 3.17 x 107° 8.80 x 10~° 0—1.29 x 10~
3He 1.27 x 108 4.16 x 10~8 0—1.76 x 10~ 10
1He 1.14 x 102 3.37 x 107° 0—7.46 x 10~°
12¢ 2.30 x 10~8 1.34 x 107 0—227x1077
MN 1.33 x 108 1.10 x 107 0—1.72x 106
160 8.28 x 10~8 4.70 x 10~7 0—1.67x10°6
20Ne 1.40 x 108 7.96 x 10~8 0-3.37x10"7
22Ne 1.11 x 109 7.22 x 1079 0—6.40 x 108
24Mg 4.47 x 1079 2.53 x 10~8 0—1.05x 1077
26Mg  6.74 x 1010 3.82 x 1079 0—2.63x10°8
28gi 5.67 x 1079 3.21 x 10~8 0—1.37x10"7
329 8.10 x 1079 1.95 x 108 0—8.23x10°8
56 e 1.02 x 108 5.75 x 10~8 0—242x1077

the number of specific AGB stars in the jet. Of the 1 x 10*
AGB stars estimated in the jet (Sectionl4.1j, per cent of them,
i.e. 7.5 x 103, are Miniy ~ 0.9Mg (Z = 0.004) stars,25 per
cent, i.e.2.5 x 10, are Minie ~ 1.4 Mg (Z = 0.008) stars, and
0 — 0.5 per cent, i.e0 — 50, are Minit ~ 6 Mg (Z = 0.02). This
leads toMiz¢ ~ 2.3 x 1078 Mg yr~! for the ensemble of2 Gyr
(Z = 0.004) stars (see Tablé 6). Over the probable physical life-
time of the current jet{ 2 Myr) and the giant lobes~{ 560 Myr),
this is a'2C mass of, respectivelyy 4.6 x 10~2 and~ 13Mg
(i.e. 0.001 per cent of the all-particle mass lost). The results for
other, main isotopes and other AGB stars (AGB phase dumation
of ~ 15.5 Myr for the Miniy = 1.4Mg Z = 0.008 component
and~ 1.2 Myr for Minix = 6Mg Z = 0.02) are summarized in
Tabld®.

The remainder, i.e8 x 10% (total) —1 x 10* (AGB) stars,
are assumed to be on the main sequefigeper cent of this, i.e.
6 x 10° stars, are of tha2 Gyr (Z = 0.004) population,25 per
cent, i.e2 x 108 stars, are 08 Gyr (Z = 0.008) and0 — 0.5 per
cent, i.e.0 — 4 x 10° stars, are 060 Myr (Z = 0.02). We adopt
a solar-like main-sequence mass loss~of2 x 107 Mg yr=*
for each of these stars, which givag ~ 1.6 x 107> Mg yr—*
overall for the all-particle main-sequence loss. To caltailthe
composition of that material, we need to break down this mass
loss rate into75 per cent of12Gyr (Z = 0.004), 25 per cent
of 3Gyr (Z = 0.008) and a few tens of per cent a@f0 Myr
(Z = 0.02). Assuming a scaled-solar isotopic breakdoWiie is
initially ~ 0.25 in a Z = 0.004 population; this yields\/a, ~
0.25 x 1.2 x 107° ~ 3.0 x 1075 My yr—'. For other isotopes,
e.g.,12C, the calculation is similar: the mass fraction is initially
X(*2C) ~ 2.5x107* x 12x1.2x 107%, divided by (0.02/0.004)
to get an initial scaled composition Zt= 0.004, from which fol-

Table 7. Mass-loss rates in individual isotopes (incMr—1!) for the most
abundant nucleosynthetic species. The rough amount pergleased to
the jet by75 per cent ofl2 Gyr (Z = 0.004), 25 per cent of3 Gyr (Z =
0.008) and0 — 0.5 per cent of60 Myr (Z = 0.02) main-sequence stars.
See the main text for an example calculation.

Isotope Amount expelled
age= 12 Gyr age= 3 Gyr age= 60 Myr

Z = 0.004 Z =0.008 Z =0.02
0.08 —0.85Mg  0.08 —1.35Mg  0.08 — 5.55Mg

75% 25% 0—0.5%
1H 8.9 x 10~ 2.9 x 106 0—5.6x10"8
3He 7.0 x 10~10 4.7 x 10~10 0—-23x10"1
1He 2.9 x 10~ 1.0 x 106 0—22x10"8
12¢ 7.2 x 1079 4.8 x 1079 0—2.4x10"10
14N 2.6 x 1079 1.8 x 1079 0-88x 1011
160 2.3 x 10-8 1.5 x 108 0—7.6x10"10
20Ne 2.9 x 1079 2.6 x 1079 0-1.3x10"10
22Ne 3.1 x 10710 2.1 x 10~10 0—1.0x 10~
24 Mg 1.2 x 1079 8.2 x 1010 0—4.1x10"11
26Mg 1.9 x 10710 1.2 x 10710 0—-6.2x 10712
28gi 1.6 x 109 1.0 x 1079 0-52x10"11
323 9.5 x 1010 6.3 x 1010 0-32x10"11
56 e 2.8 x 1079 1.9 x 1079 0-9.3x10"11

Table 8. Approximate amount of mass (in &) in individual isotopes lost
by the combined AGB and main-sequence phases to the cumedtthe
pre-existing jet (expressed by the physical age of the dags) by the
ensemble of75 per cent of12Gyr (Z = 0.004), 25 per cent of3 Gyr

(Z = 0.008) and0 — 0.5 per cent 0f60 Myr (Z = 0.02) stars.

Isotope Amount expelled
current jet pre-existing jet

2 Myr 560 Myr
1H 2.6 x 102 7.4 x 10*
3He 1.1 x 1071 3.1 x 10t
4He 9.8 x 10! 2.7 x 10*
12¢ 3.4 x 1071 9.5 x 10t
14N 2.6 x 10~1 7.2 x 101
160 1.2 3.3 x 102
20Ne 2.0 x 10~1 5.5 x 10!
22Ne 1.8 x 1072 5.0
24Mg 6.4 x 10~2 1.8 x 10t
26Mg 9.6 x 1073 2.7
2854 8.1 x 1072 2.3 x 10!
329 5.8 x 1072 1.6 x 10!
56 e 1.5 x 10~1 4.1 x 10t

lows Mizc ~ 7.2x 107 M yr—!. The main-sequence mass-loss
rates in individual isotopes are tabulated in Table 7. l§m@hble8
shows the approximate amount of mass in individual isotdqests

by the combined AGB and main-sequence phases to the current
jet, and also to the older jet that inflated the giant lobesi¢lvh

is of a similar or slightly higher jet powet, — 5 x 10" ergs™;
Wykes et all 2013). This indicates that the most abundanienuc
make up~ 2.1 per cent {He), ~ 0.026 per cent {°0), ~ 0.007
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per cent {2C), ~ 0.006 per cent {*N) and ~ 0.004 per cent the kpc jet up to the optical, albeit in a region outside tlelsirst
(*°Ne) of the total mass in the jet and the lobes. that might be expected to have fewer young stars. We recheer t
To gauge the composition of the jet (and lobes, to which these mean X-ray spectral index for sensible fractions of youragssof
isotopes will be passed) in terms of the entire potentidlaste  order0 — 0.5 per cent. Given the stellar age constraints and the
content, we would need to add the ejecta from stars in theerang plausible fraction of young stars, the AGB stars must nucadii
8 — 10My (super-AGB and low-mass stars that become super- dominate over their high-mass-loss counterparts cugregmésent
novae) as well as more massive stars that become WRs and-highe in the jet; among the AGB stars, those with,i; ~ 0.9 M ought
mass supernovae. Recall that pre-supernova phases af stallu- to be the foremost representative.
tion are predicted to expel a large amount®® (e.g/Hirschi et &l. (3) We propose that the jet experiences increasing bargon fr
2005%;| Chieffi & Limongil 2013; Sectidn4.8.1). Moreover, cainb tion and derive an entrainment rate of 2.3 x 1072 Mg yrfl,
rich WR stars are thought to expel high quantities*dfe (e.g. which is within a factor~ 2 of the rough estimate of internal en-
Maeder & Meynet 1993). We do not model the pre-supernova evo- trainment rate by Wykes etlal. (2013). Such an amount of nahter

lution of massive stars here but the yields we calculate deaest
provide an indication of the main-sequence phase and of G A
contribution, which is likely to be of greatest importancesiall
(see above).

If some of the events at>= 55EeV registered by the
Pierre Auger Observatory originate from internal entranm

can cause substantial deceleration, by virtue of momenaianbe,
of the present-day jet.

(4) We have established that AGB stars fGyr (Z =
0.004), 3Gyr (Z = 0.008) and 60Myr (Z = 0.02) princi-
pally contribute towardéHe, 160, 12C, N and?°Ne nuclei in
the jet. As ‘super-AGB’ stars mainly produddle, *N, 2Mg

in Centaurus A (in the jet with a subsequent transport to the and 2Mg, and main-sequence and pre-supernova phases add a
giant lobes for the final, stochastic acceleration, as stgde large fraction of'°O, we predict that, if some of the Auger Ob-
by IWykes et all 2013), the predominant UHECR composition at servatory events of: 55EeV originate from internal entrain-
the detector from this soul® is expected to be a mixture of mentin Centaurus A, their composition is plausibly predwamily
160 /12C 1N [?Ne/5CFe/?88i/**Mg/?°Mg, with 90, '2C 60 /12C 1N/ ?Ne/5CFe/?88i/**Mg/?°Mg, with 160, '2C
and“N the key isotopes. Thus the scattering for these UHECRs and'*N being the key elementd

in the intergalactic and Galactic magnetic field may well bb-s Targeting the unobscured knots in the Centaurus A's jet with
stantial. For more distant FR | sources, the UHECRSs acdeltit the X-Shooter instrument on the VLT or with the future E-ELT,
the source will photodisintegrate routeto an Earth-based detec-  to search for'®0 and*?>C emission line spectra characteristic of
tor[™ showing a lightening in the composition compared to the one strong stellar winds, may be a real test of the existence ohgo

at the source of origin (e.g. Allard et/al. 2005). high-mass-loss stars in the jet. Further refinement of #ueratm-

ber and star population ages in Centaurus A's jet and theciasso
ated metallicities would put tighter constraints on theaordand
synchrotron spectrum of the jet. In a future paper, we witlore

on VLBA circular polarization observations designed to stosin

the particle composition — ‘light’ (electron-positron) dreavy’
(electron-hadron) jet — on the smallest scales.

5 SUMMARY AND CONCLUSIONS

We have modelled mass loading through stellar winds of Centa
rus A's jet using stellar evolution- and wind codes| by Huré\al.
(2000)) Cranmer & Saar (2011) and Vink et al. (1999, 20001200
and computed conjointly the entrainment rates and nuctebstic
isotope yields. The principal novelties of this paper aretid es-
timate of the mass input rate by using more realistic stplbgula-
tions, an estimate of particle acceleration luminosity sypelctrum,
and abundances of the entrained material. The key resdtasar
follows:

(1) From R-band photometry and a SSE-synthesised
NGC 5128's stellar population with ages and metallicitiesaGyr
atZ = 0.004, 3Gyr atZ = 0.008 and0— 60 Myr at Z = 0.02, we
infer ~ 8 x 10® for the total number of stars within the jet volume.
An obvious observational proxy for the fraction of the- 60 Myr
stars in the jet is lacking; based on our modelling, we adedhe
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