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ABSTRACT

Context. The central regions of galaxies are complex environments, rich in evolved and/or massive stars. For galaxies hosting an
active galactic nucleus (AGN) with jets, the interaction of the jets with the winds of the stars within can lead to particle acceleration,
and to extended high-energy emitting regions.

Aims. We compute the non-thermal emission produced by the jet flow shocked by stellar winds on the jet scale, far from the jet-star
direct interaction region.

Methods. First, prescriptions for the winds of the relevant stellar populations in different types of galaxies are obtained. The scenarios
adopted include galaxies with their central regions dominated by old or young stellar populations, and with jets of different power.
Then, we estimate the available energy to accelerate particles in the jet shock, and compute the transport and energy evolution of the
accelerated electrons, plus their synchrotron and inverse Compton emission, in the shocked flow along the jet.

Results. A significant fraction of the jet energy, ~0.1-10%, can potentially be available for the particles accelerated in jet-wind shocks
in the studied cases. The non-thermal particles can produce most of the high-energy radiation on jet scales, far from the jet shock
region. This high-energy emission will be strongly enhanced in jets aligned with the line of sight due to Doppler boosting effects.
Conclusions. The interaction of relativistic jets with stellar winds may contribute significantly to the persistent high-energy emission
in some AGNs with jets. However, in the particular case of M 87, this component seems too low to explain the observed gamma-ray

fluxes.
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1. Introduction

Active galactic nuclei (AGN) are composed of a supermas-
sive black hole that accretes material from the inner re-
gion of the galaxy host. Some AGN are associated with the
production of collimated relativistic outflows or jets (e.g.,
Begelman et al. 1984). These jets propagate through complex
environments, rich in stars, dust, gas, clouds, and even stellar
clusters. It is very likely, then, that extragalactic jets inter-
act with the obstacles present in the central region of galax-
ies. These interactions can affect the jet dynamically on differ-
ent scales (e.g., Blandford & Koenigl 1979; Wang et al. 2000;
Sutherland & Bicknell 2007; Jeyakumar 2009). For instance,
the penetration of stars with strong winds inside the jet has
been proposed as a possible mechanism for jet mass-loading
and deceleration (e.g., Komissarov 1994; Bowman et al. 1996;
Hubbard & Blackman 2006; Perucho et al. 2014).

In addition to jet dynamical effects, the presence of stars
inside the jet can also lead to the generation of high-energy
emission. The interaction of a relativistic jet with a pow-
erful stellar wind produces a double bow-shock structure.
The shock in the jet flow is a potential site of particle ac-
celeration, and can contribute to the jet non-thermal emis-
sion. There have been several works exploring the gamma-ray
emission, in the form of both steady radiation and transient
events, due to jet-obstacle interactions (e.g., Dar & Laor
1997; Bednarek & Protheroe 1997; Beall & Bednarek 1999;
Araudo et al. 2010), and in particular, due to jet-star interactions
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(Barkov et al. 2010; Araudo et al. 2013; Bednarek & Banasinski
2015; dela Citaetal. 2016; Banasinski et al. 2016). There is
also some direct and indirect evidence of jet-star interactions
and jet mass-load by stellar winds (e.g., Miiller et al. 2014;
Wykes et al. 2013, 2015, and references therein).

Recent numerical simulations have shown that: (i) the effec-
tive surface of the shock induced by an obstacle is larger than
the obstacle section, increasing the conversion of kinetic energy
into internal energy; and (ii) Doppler boosting has to be taken
into account even for standing shocks (Bosch-Ramon 2015;
de la Cita et al. 2016). In addition, it has been found that for jet-
star interactions taking place at relatively large distances from
the central source, say 2pc-scale, accelerated particles are not
strongly cooled close to the shock. In fact, the non-thermal par-
ticles can cover distances similar to the jet height without signif-
icant energy loss (Bednarek & Banasinski 2015; de la Cita et al.
2016). Regarding the most likely radiation mechanisms, in the
jet’s innermost regions, hadronic processes cannot be discarded,
but in general leptonic emission, namely synchrotron and in-
verse Compton (IC), will be more efficient in less extreme en-
vironments (see Barkov et al. 2012b,a; Khangulyan et al. 2013,
for related discussions).

In this work, we study the collective, steady, leptonic, high-
energy radiation resulting from the interaction of an AGN jet
with different stellar populations. We compute the non-thermal
radiation produced at the scale of the jet, and do not consider
in detail the radiation component originated on the smaller
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scales of the jet-wind interaction structure. The jet-wind in-
teraction region was investigated for individual interactions in
de la Cita et al. (2016), its emission being roughly generalized
for many encounters for the radio galaxy M 87 in Bosch-Ramon
(2015). A detailed study of the extended jet emission as the re-
sult of the stellar population in the radiogalaxy Centarus A was
conducted by Wykes et al. (2015). This study mostly focused on
the presence of red giant stars in the host galaxy.

Here, we aim at analyzing the relevance of the jet-scale high-
energy emission contribution for different types of galaxy hosts,
namely characterized either by old or young stellar components.
Our treatment of the problem includes relativistic beaming and
accounts for the effective increase in the shock area, which are
effects that were not taken into account before when comput-
ing the contribution to high-energy emission from collective jet-
star interactions on jet scales. We disregard, at this stage, the
effects of strong anisotropy in the stellar spatial distribution at
the galaxy center, which may influence the number of available
stars interacting with the jet.

The article is organized as follows: in Sect. 2, the stellar pop-
ulations in the central regions of two types of galaxy are charac-
terized; Sect. 3 contains a description of the jet model; in Sect. 4,
we outline the properties of three different galaxy hosts ; Sect. 5
presents an estimate of the apparent non-thermal emission for the
galaxies studied; whereas Sect. 6 presents accurate calculations
of the transport of relativistic electrons along the jet, and a com-
putation of their high-energy emission. The results are presented
in Sect. 7, and the conclusions in Sect. 8.

2. Characterization of the stellar populations
interacting with AGN jets

This work is one of the first approximations to the prob-
lem of large-scale emission from jet-star interactions (see also
Bednarek & Banasiniski 2015; Wykes et al. 2015), and for this
reason two different scenarios are adopted for the types of AGN
galaxy host studied: a star-forming galaxy with a dense disk of
molecular gas surrounding the nucleus in which the star forma-
tion rate (SFR; MsgRr) is very high; and a massive galaxy with an
old stellar population distributed in a bulge. More detailed stud-
ies of specific sources, or a mixed galaxy with a large population
of evolved stars plus a high SFR, are left for future work.

2.1. Effect on the non-thermal energy budget

We characterize the stellar populations inside the jet to obtain the
luminosity injected in the form of accelerated particles at the jet-
star interactions. This non-thermal luminosity can be estimated
as

Ss(m,t
Lnt = fanT Lj< S(;r_l )> ny(m, z) dm dz,
]

where nnr is the fraction of jet energy that crosses the effective
interaction area S that is converted into non-thermal particle
energy, L; the jet luminosity, ng(m, z) the (assumed stationary)
stellar number density, m the stellar mass, z the jet height, ¢ the

time, and % (or (%”_”’))) the (time average of the) fraction of
J ]
jet area intercepted by one stellar interaction.
One can integrate over the height of the jet the quantity:

Ss(m)
UT:ff< S
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> ng(m, z) dm dz. ()

If the value of ot is much higher than 1, it can be an indica-
tor that the interaction is dynamically relevant for the jet, as
all its section will be shaded by collisions with stars and their
winds. In addition, ot > 1 would mean that the jet-star colli-
sions should take place in the wake of (many) other collisions
further upstream of the jet.

When the jet interacts with a stellar wind, a double bow-
shock is generated. The stagnation point is defined as the point
where the wind and jet ram pressures are equal, and is located at
a distance R, from the star. This can define a section for the inter-
action with the jet, S5 = 7rR§. However, it has been shown using
hydrodynamical simulations that kinetic energy is converted into
internal energy at larger distances from the star. This implies that
the dynamical interaction is effective significantly farther from
the star than R with respect to kinetic energy dissipation, in-
creasing the effective area of the shock by a factor A = 10-100
(Bosch-Ramon 2015). The pressures at the stagnation point for
the stellar wind and for the jet are:

M vy, L
47R ' Sy’

Py :pyi] = (3)

respectively, where c is the speed of light, M the stellar mass-
loss rate, and v, the stellar wind speed. At the stagnation point,
PS = Pj, thus

S¢m,1) AmRI(m,1) AcMm,1) vy(m,1)
Si AR 41

“

Consequently, for or < 1, the non-thermal luminosity injected
into the jet depends on the stellar density, wind velocity and
mass-loss rate, that is, it does not depend on the jet power. The
stars with high momentum rates (Mv,,) are the most relevant
for the interaction. Therefore, we focus here on high-mass stars
for high-SFR AGN galaxies, and post-main sequence low-mass
stars for massive AGN host galaxies with an old stellar popula-
tion; for simplicity, both groups are modeled as main sequence
OB stars, and red giants at different stages of evolution, respec-
tively. Therefore, particularly high mass-loss phases of stars (su-
pergiant, Wolf-Rayet, luminous blue variable, asymptotic giant
branch) are not considered as they would be relatively rare, de-
spite their impact being possibly dominant should they interact
with the jet not far from its base.

2.2. OB stars in star-forming galaxies

Massive star-forming galaxies, such as ultra-luminous and lu-
minous infrared galaxies (ULIRGs and LIRGs), can have
SFR of hundreds to a thousand solar masses per year (e.g.,
Sanders & Mirabel 1996). Studies of nearby ULIRGs have
shown that these galaxies tend to concentrate most of the star
formation in inner circumnuclear disks, of a few hundreds of par-
sec in radius and approximately a hundred parsec in height (e.g.,
Medling et al. 2014). In such disks, the SFR can be as high as
a few hundred solar masses per year (e.g., Downes & Solomon
1998; Teng et al. 2014). We consider here that the stellar popula-
tion interacting with the jet is composed of young OB stars, be-
ing formed at the high rates typical of U/LIRGs, and distributed
homogeneously in a circumnuclear disk.

2.2.1. Stellar number density

The number of stars being formed per unit of mass, time and vol-
ume (V) is ¢(m, r, t), which actually does not depend on location
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(i.e., radius r from the galaxy centre in spherical coordinates)
for ahomogeneous spatial distribution. Assuming that the SFR is
constant in time (see Araudo et al. 2013), a homogeneous spatial
distribution of stars within the disk, and a power-law dependence
on the mass, ¢(m, r, ) can be expressed as:

6= K(ﬂ)

My ®

where x ~ 2.3 in the 0.1 < m/M; < 120 range considered
(Salpeter 1955; Kroupa 2001), and K is a normalization con-
stant with units [K] = Mg' yr~! pc~>. The star formation rate is

AlSFR = 1]‘¢ mdmdV:

120 M,

—x+1
m ) dm, (6)

(i
where Ry is the stellar disk radius and Ay the total disk thick-
ness. Along with Mggg, these quantities can be known for a given
galaxy; thus, the constant K can be obtained.

As stars are being born, they accumulate in the galaxy. For

stars of masses such that ¢ < )iz, where #;;z is the stellar lifetime,
the density of stars is

AlSFR = l(ﬂ1?§ hd b"
0.1 My

!
ns(m) = f (', m)dt’ ~ ¢(t = 0) - 1. (7
0
For t > #;f, the massive stars have started to die, and the dis-
tribution becomes steeper than —2.3. Then, the stellar density
becomes ng(m) = ¢p(m, t = 0) - tyre(m), with

-b
tige(m) = 10° (Mﬂ) yr. ®)

©

We consider @ = 9.9, b = 2.9 in the range 1.25 < m/M, < 3;
a=96,b=24in3 <m/Myg <7,a =91, b = 1.8 in

7 <m/My < 15;a =80, b =0.8in 15 < m/My < 60; and

tite ~ 0.004 Gyr at m > 60 M, (Ekstrom et al. 2012).

2.2.2. Mass-loss rate and wind speed

To estimate S¢(m), assumed constant in time for an OB main
sequence star, it is necessary to know M and v,,. We follow the
prescriptions in Vink et al. (2000) derived for OB stars. For O
stars (16 < m/Mg < 120),

log M(m) = — 6.7 + 2.2 log(L,/10° L) — 1.3 log(m/30 M)
~1.2 log (%) +0.9 log(Ter/40000K)

~ 10.9 [log(Te/40 000 K)]* + 0.85 log(Z/Z),
9

where L, T. , and Z are the luminosity, effective temperature,
and metallicity of the star, respectively. The terminal wind ve-
locity of the stars in this range is vy = 2.6 veg-

For B stars (2 s m/Mg < 16),

log M(m) = — 6.7 + 2.2 log(Ly/10° L) — 1.3 log(m/30 M)
~16 1og(”"“/%) + 1.1 log(Terr/20 000 K)

+0.85 102(Z/Zo).
(10)

The terminal wind velocity of the stars in this range is vy, =
1.3 vese for Teg > 12500 K, and it drops to vy =~ 0.7 vese for
Ter < 12500 K (Lamers et al. 1995).

Simple dependencies of the parameters with the stellar mass
are assumed: L o« m> in the 2 < m/My < 50 range, Ly oc m in

1/4
the 50 < m/Mo < 120 range, Ry o m®®, and Tor = (2 )

Metallicity was measured by Huo et al. (2004) in the central
regions of some nearby ULIRGs, among them one of the objects
studied in this work, Mrk 231, obtaining values of Z ~ Z,. We
assume here solar metallicity for ULIRG-type galaxies, which
implies that the last term in Egs. (9) and (10) does not contribute
to the mass loss of their stars. It would have a significant impact,
however, when deriving mass-loss rates for massive stars in en-
vironments significantly metal-poorer than our own galaxy (e.g.,
ULIRGs at z ~ 2-3).

The prescriptions given above do not account for two known
discrepancies between theoretical and observational mass-loss
rates: clumping, and the weak-wind problem. Wind-clumping
refers to density inhomogeneities in the stellar wind, and not
considering them causes an overestimation of the mass-loss rates
that can amount to factors of 2 to 10, depending on the specific
diagnostics used to derive the observational values (Puls et al.
2008). Analytical models need to be corrected by the square
root of the Clumping factor (Mg = M - f; ;") before being ad-
justed to observational data. Comparisons with the Vink et al.
(2000) model, which does not account for clumping, find dis-
crepancies between the theoretical model and empirically de-
rived mass-loss rates of a factor 2-3 lower (e.g., Surlan et al.
2013; Sundqvist et al. 2011; Smith 2014). Puls et al. (2008) sug-
gest a maximum correction for theoretical models of a factor
of 2. In order to be conservative, we reduce the mass-loss rate
values given by Egs. (9) and (10) by a factor of 3.

The weak-wind problem refers to the fact that empiri-
cally derived mass-loss rates for late O-/early B-type stars
might be a factor 10-100 lower than theoretically expected.
The first statistically relevant evidence was provided by
Chlebowski & Garmany (1991), and was confirmed by many
later studies using UV line diagnostics (see Puls et al. 2008, and
references therein). However, later results show that the weak-
wind problem is reduced or eliminated when taking into account
a hotter component of the wind, as the wind is not weak, but
its bulk is only detectable in X-rays (e.g., Huenemoerder et al.
2012). Still, a reduction of a factor of 3 in the mass-loss rates
of massive O-types to account for clumping, and a reduction of
a factor of 10 for late O-/early B-type stars to account for both
clumping and weak winds, is suggested in a review by Smith
(2014).

When applying Egs. (9) and (10), we correct by a factor of
3 for clumping, and leave the weak-wind problem uncorrected
due to the still unknown optimal reduction factor. However, as
seen in Fig. 1, where a quantity occm X dLyy/dm is shown, stars
with masses below 40 M do not contribute significantly to the
non-thermal luminosity; and the weak-wind problem would start
to be significant for stars of spectral type O7-O8, which have
masses of ~25—-28 My (Smith 2014). Therefore, for this study,
correcting for weak winds becomes unnecessary.

Following the given prescriptions and assumed dependen-
cies, the mass-loss rate depends only on the mass. One can com-
pute a weighted average over the mass that is independent of the
SFR or the physical characteristics of a particular galaxy. This
is valid as long as enough stars of a given mass are present to
be treated as a continuum distribution to the needed degree of
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accuracy. The average mass-loss rate is
[ M(m)ny(m)dm
N f ns(m)dm

in the considered 2 < m/Mg < 120 range. Following the same
procedure, a mass-averaged wind momentum can be derived:
(Mvy) =9.0x 10% gcm s™2.

The total number of stars with masses 240 M, within the jet,
for any given galaxy is

Msr ha \* (300 pc 2( 0 )2
100 Mg yr=! /1100 pc R4 0.1/ °
where 6 is the jet opening angle. Despite the fact that we adopt

the continuum distribution assumption here, this result shows
that it is only marginally valid.

(M) =34x107° Myyr!, (11)

Nog = 13( (12)

2.3. Red giants in elliptical galaxies

Elliptical galaxies have in general very low SFRs, and therefore
do not have a significant population of young OB stars that can
interact with the jet. However, red giants can have high mass-
loss rates, in the range of ~107'°—~107> My, yr~! (Reimers 1975),
and are abundant in this type of galaxies.

In the characterization of elliptical galaxies we assume the
red giants to be distributed in an inner spherical bulge, with a
density that decays as a power-law with the radial distance from
the galaxy center. We also assume that there is no on-going star
formation.

2.3.1. Stellar number density

Knowing the mass profile of any particular elliptical galaxy, we
can estimate the total mass of stars contained inside the bulge
(Mt). Then we use the Salpeter initial mass function (IMF) and
normalize it to the total mass of stars:

4 o m x+1
My = K=nR} f (—) dm,
3 0.1M, \Mo

with x = —2.3, and where Ry, is the radius of the spherical bulge,
and m, the mass of the stars in the galaxy exiting the red giant
phase in the lifetime of the galaxy, that is, the largest stellar mass
available.

Knowing the lifetime of a galaxy (), the red giants in
the galaxy are those with masses between m; and mj,, with
my = m(tife = tgu) being the mass of the stars entering the
red giant phase at a time equal to the age of the galaxy, and
my = m(tiife = tga1 — trg) being the mass of the stars which entered
the red giant phase exactly one red-giant lifetime before. We as-
sume the lifetime of a red giant to be ~5% of the main sequence
lifetime, and thus fix #z; = 0.05#5,. We note that this approach
assumes that all stars have been formed a time 7,4, ago, that is
star formation extended in time is not considered. Some stars
may have formed later, which would enter the red giant phase at
fga With higher masses, and would then lose more mass in the
red giant phase.

Since the lifetime of a galaxy is much larger than the lifetime
of a red giant, m; and m, will be very similar. For a lifetime
similar to that of the Milky Way, these masses are ~0.83 M.
Then, we obtain the total number of red giants as:

4 L (™[ m -
Nt = K=nR;, — 1 dm.
3 ml MO
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13)

(14)

Since all the red giants have very similar masses, and the total
number of them is given by Eq. (14), together with the fact that
their mass-loss rate and wind velocities are mass-independent
(see Sect. 2.3.2), there is no need to maintain a mass depen-
dency on the number density. However, in this case, since we are
considering a large and spherical bulge, there is a decay of the
density with radial distance/jet height (z), that is, ny(z) o< Ny /2.
We assume this dependence to be a power law, and consider two
values for the index &: € = 1, which is the stellar index estimated
for M 87 (derived from Gebhardt & Thomas 2009), and & = 2
for comparison.

2.3.2. Mass-loss rate and wind speed

The mass-loss rate of a red giant depends on its luminosity and
radius, following:

M=ax103(L)(% (&)M yr!
L@ g R (0] s

15)
where g is the stellar surface gravity (Reimers 1975). As a red
giant evolves, more hydrogen from the H-burning shell sur-
rounding the core turns into helium, increasing the mass of the
He-core, and the stellar radius and luminosity. Therefore, the
mass-loss rate has a time dependence for a red giant star.

Joss et al. (1987) provide a fit, based on numerical models, to
the core mass-luminosity relation for red giants with core masses
in the range of 0.17 Mg < m. < 1.4 Mg:

105‘3ﬂ6 me
L ~ Lo, = —, 16
(me) 1+ 100444 + 100545 © H M, (16)
and a fit to the core mass-radius relation in the same range:
3.7 x 103u*
Rme) = - (17)

1+ 317504 °

As all the red giant stars in the galaxy have a very similar mass,
we consider them all to have the same initial core mass, and
consequently the exact same mass-loss rate as a function of time.
The time dependence can be introduced when considering that
the dominant energy source in red giants is the p—p chain, with
a ~0.7% efficiency, and the He-core mass increases as hydrogen
burns into helium according to (Syer & Ulmer 1999):
L(m¢) =~ 0.007 Moc?ji. (18)
The core-mass range considered in this work is 0.17-0.43 M,:
starting with an initial core mass that corresponds to the lower
limit of the range for which Egs. (16) and (17) are fitted, and
stopping at a value for which the radius, mass-loss and life-
time of the red giant are reasonable (Rf ~ 110 R, My ~
5% 1078 Mg yr! and #;, ~ 7.3% 10® yr). These values are limited
by the considered initial mass of the star, as the sum of the final
core mass and total mass lost cannot exceed it. Unlike with OB
stars, Eq. (15) does not include a metallicity dependence. Red
giants are assumed here to lose along their lifetime all the mass
that does not go into the core, independently of metallicity, and
therefore the final average mass-loss rate is the same regardless
of the specific effects of metallicity on the M(f)-curve.

Wind speeds of red giants are relatively low, typically
<107 cm s7! (e.g., Crowley 2006; Espey & Crowley 2008). In
this work we take, for simplicity, vy, = 107 cm s, considering
it constant during the star evolution.
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Fig. 1. Contribution to the non-thermal luminosity injected into the jet
through stellar interactions for different stellar masses of OB stars.
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Fig. 2. Mass-loss rate as a function of time for a red giant with a core
mass ranging from 0.17 M, to 0.43 M, in a lifetime of ~7.3 x 10% yr.

As seen in Fig. 2, the latter stages of the life of a red giant
(~0.01 t,g, which means, ~1% of red giants within the jet) con-
tribute most significantly to the mass-loss rate and, therefore, to
the injected non-thermal luminosity. For Egs. (1) and (4), as the
mass-loss rate and wind speed are mass-independent, they can
both be used as constants if (M) is time-averaged:

. M@ o 1
(My="——=57x10"" Mgyr . 19)
rg
Then, taking the considered constant value for the wind speed,
we obtain an average wind momentum of (Mvy) = 3.6 X
102 gecms™2.
3. Jet model

We adopt a jet with a conical geometry, that is, a constant open-
ing angle 6, which is launched at a distance zy above the super-
massive black hole in the center of the galaxy. The radius of the

jetis a function of the distance z to the black hole:

R() =62z (20)
Assuming equipartition between the magnetic field and the jet
total energy density, the magnetic field in the jet base would be

2
By_1 L 1)
87 27Rj(z0)*c
where By = B(zp). The magnetic field decreases with z according
to

20 \"
B(z) = By (;) ) (22)
with 1 < m < 2, depending on the topology of the magnetic
field.

Polarization angles from blazars are found to be either nearly
transverse or nearly parallel to the jet axis; this dualism is
consistent with magnetic fields that are intrinsically oblique,
but the observed directions are altered by relativistic effects
(Marscher et al. 2002). For toroidal and poloidal fields compara-
ble in the jet frame, since B, /B, > I, a relativistic jet would be
dominated by the toroidal magnetic field in the observer frame
(Lyutikov et al. 2004).

In this work, we parametrize the magnetic pressure through
a fraction {4 of the equipartition value. Also, in most cases the
magnetic field is assumed to be predominantly perpendicular to
the flow motion, so we adopt m = 1 (Spruit 2010). Therefore, in
the flow frame one obtains

1[4l
Bi(2) = — 1] =34
0=\ e

where I is the jet bulk Lorentz factor, which is considered to be
constant. We consider two cases: {oq = 1, which means that B(z)
is in equipartition, and Jeq = 1072 as an example of a magnetic
field below equipartition. In the case where we consider a domi-
nant poloidal field, m = 2 (see Sect. 7; a poloidal magnetic field
decays faster than a toroidal field with z), we take into account
that it remains invariant between the observer and jet frames, that
is B,(z) = B,(2).

(23)

4. Galaxy hosts

The prescriptions described in Sect. 2 and the jet model de-
scribed in Sect. 3 are applied to specific galaxy types to estimate
the contribution of jet-star interactions to high-energy radiation
in realistic contexts.

4.1. Elliptical galaxy: M 87

As a fiducial elliptical galaxy, we consider the case of M 87.
The galaxy bulge has a radius of ~40” (Harris et al. 1999),
which corresponds to R, ~ 3.1 kpc. Knowing the bulge
size, we estimate the total mass contained within it from
Gebhardt & Thomas (2009), and determine the total number of
red giants using Eqs. (13) and (14). The number of red giants
within the bulge is ~1.3 x 10°.

The jet in M 87 has a luminosity of L; = 10* ergs™!
(Owen et al. 2000), an inclination angle of 20° (Acciari
et al. 2009), and an opening angle of ~0.1 rad (Biretta &
Meisenheimer 1993; Doeleman et al. 2012). Taking this aper-
ture, the number of red giants within the jet would be ~3.2x 10°.
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Fig. 3. Total mass loaded into the jet (left axis), and total fraction of jet
surface intercepted by stellar interactions (right axis), as a function of
jet height, for ¢ = 1 and 2, in M 87.

Radio lobes detected by Owen et al. (2000) show that the emis-
sion in M 87 comes from a region within ~40 kpc. The jet re-
mains undisturbed and collimated only for a few kpc, where it is
relativistic, with a Lorentz factor of I' ~ 2-3 (Biretta et al. 1995).
Thus, here we focus on an extension of zp,x = 5 kpc and adopt
a Lorentz factor of I' = 3.

We plot in Fig. 3 the total loaded mass rate and the total sur-
face of interaction as defined in Eq. (2). At the total bulge height,
we obtain ratios I Mc?/L; ~ 3 and o7 ~ 0.01, which mean that
wind mass-load and subsequent jet slow down is likely impor-
tant in the jet of M 87 on kpc scales. On the other hand, only 1%
of the jet section is covered by interactions, which may mean
that the loaded mass is confined only to relatively small regions
of the jet. However, given the unstable nature of jet-wind inter-
actions and the subsequent loaded matter evolution (see, e.g.,
Bosch-Ramon et al. 2012; de la Cita et al. 2016), plus the com-
plex dynamic pattern arising from such an inhomogeneous con-
figuration, it seems more likely that the loaded wind material will
effectively spread all over the jet. It is worth noting that both the
number of stars within the jet and the jet mass-load estimates
derived here are similar to those found by Wykes et al. (2013,
2015) for the radiogalaxy Centaurus A.

4.2. Starburst galaxies: Mrk 231 and 3C 273

We study two sets of parameters describing star-forming galax-
ies: One is considered to be a local Universe galaxy with a weak
jet and a very high SFR, for which we take the particular case of
Mrk 231. The other starburst is the powerful quasar 3C 273.

Mrk 231: the jet in Mrk 231 has a luminosity of L; =
10® ergs~! (Reynolds et al. 2009). There is evidence supporting
a jet viewed nearly along the line of sight, with an inclination
i < 14° and a high Lorentz factor (e.g., Reynolds et al. 2009;
Davies et al. 2004); we adopt i = 10°, and a Lorentz factor of
I' = 6. The size of the collimated radio source is estimated at
~70 pc (Taylor et al. 1999), and its opening angle 6 = 0.1.

The stellar disk of Mrk 231 has a total thickness of 23 pc and
a radius of ~300 pc, and a nuclear SFR of ~100-350 M, yr ~!
(Downes & Solomon 1998; Teng et al. 2014). We take here the
limit value of 350 Mg, yr ~'.

The total mass rate loaded inside the jet of Mrk 231 by stars
and the total surface of interaction, as defined in Eq. (2), are
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Fig. 4. Total mass rate loaded into the jet (left axis), and total fraction of
jet surface intercepted by stellar interactions (right axis), as a function
of jet height for Mrk 231.

plotted in Fig. 4 as a function of jet height. At the total jet height,
we have ratios FMcz/Lj ~ 0.17 and o7 =~ 0.09. Unlike the
case of M 87, the jet of Mrk 231 seems to be only slightly mass-
loaded and slowed down by the winds of massive stars, but in this
case the loaded matter will spread inside the jet more efficiently
due to a higher or-value.

The source 3C 273, located at z = 0.158, is one of the bright-
est and closest quasars. The jet luminosity is Lj ~ 10* erg s7!
(e.g., Stawarz 2004; Ghisellini et al. 2010; although lower intrin-
sic luminosities of ~4 x 10* erg s~ were recently estimated by
Punsly & Kharb 2016). VLBI observations show a small-scale
radio jet, whose components are characterized by apparent su-
perluminal motions, indicating a jet close to the line of sight.
In addition, radio observations also reveal a large-scale jet, that
extends up to tenths of kpc (Conway et al. 1981). The viewing
angle of the larger jet, however, seems to differ from the one of
the inner jet by ~20° (Stawarz 2004). Thus, we study the emis-
sion produced in the inner jet.

Superluminal motions are found up to a distance of hundreds
of pc (Davis et al. 1991); we consider that the jet extends up to a
distance comparable to the stellar disk radius, that is zy.x = Ry.

This source is highly variable at all wavelengths; a precess-
ing inner jet (Abraham & Romero 1999) and a double helix in-
side the jet (Lobanov 2009) have been suggested as responsible
for the radio variability. Since we do not attempt to model the
multi-wavelength emission of the source nor its variability, we
consider average values for the inclination angle and the Lorentz
factor, adopting i = 6° and I' = 10 respectively (Jorstad et al.
2005).

With an infrared luminosity of log(Lir/Ls) = 12.73
(Kim & Sanders 1998), 3C 273 is classified as a ULIRG. For
the stellar disk properties, we take a total thickness of 100 pc
(average value for nearby ULIRGs in Medling et al. 2014), and
a radius of 300 pc as in Mrk 231. SFR estimations for this ob-
ject are 50-150 M, yr~! (Farrah et al. 2013), and 129 My yr~'
(Zhang et al. 2016), for the whole galaxy. As in this type of ob-
ject, most of the star formation originates in the inner regions; we
assume a SFR of ~100 M, yr~! to be concentrated in the molec-
ular disk. At the total jet height, we have ratios ' Mc?/L; ~ 1073
and o7 ~ 4 x 107, as seen in Fig. 5. Therefore, mass-load and
the dynamical effects induced by stellar winds are likely minor
in this source.
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Table 1. Main parameters of the model.

Parameters 3C273 Mrk 231 M 87
d: distance [Mpc] 730 180 16
SRF: star formation rate [Mg, yr~'] 100 350 -
hq: stellar disk thickness [pc] 100 23 -
Ry: stellar disk radius [pc] 300 300 3100
Le: jet power [erg s™'] 10% 10% 10%
Zmax: jet height [pc] 300 70 5000
I': Lorentz factor 10 6 3
6: opening angle [rad] 0.1 0.1 0.1
i: inclination [°] 6 10 20

Notes. References for all parameter values are given in Sect. 4. Distances are taken from NED as of March 2017. ® Radius of the galactic bulge.

The stars in M 87 are assumed to be spherically distributed.
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Fig. 5. Total mass rate loaded into the jet (left axis), and total fraction of
jet surface intercepted by stellar interactions (right axis), as a function
of jet height for 3C 273.

Table 1 lists all the relevant parameter values of the model
and the sources.

5. Radiated non-thermal power

Assuming that IC losses dominate, one can easily estimate the
apparent luminosity of the high-energy emission expected from
the interaction of a given AGN jet with the population of stars in
the host galaxy. The radiative efficiency of the shocked fluid can
be approximated as:

(24)

where t;rla 4 accounts for the non-radiative losses (e.g., adiabatic
losses, particle advection), and tr’ag accounts only for IC losses in
the Thomson regime':

dcor E

T3 (mec?)? @ph-

The luminosity density generated only by the red giants in the

galaxy is comparable to the one generated by the whole stel-
lar population in the bulge (derived from Gebhardt & Thomas

fir = (25)

' However, these losses could be associated as well to synchrotron

losses under a magnetic field of equivalent energy density to the domi-
nant photon field.

2009). Here we consider as target photons for IC interactions
those emitted by the whole red giant population. Given that other
photon fields produced in the galaxy or its central region can be
present, the radiative efficiency derived is rather conservative.
The photon energy density at a given z-value is estimated as:

won(2) = f Ly(m)ny(m, z)

ph 4re(? + r? — 2rzcos )
In the case of M 87, Ly(m) should be replaced by (L), the time
averaged red giant luminosity.

The apparent non-thermal luminosity per unit volume at
height z due to jet-star interactions is then:

mdV.

(26)

dL%() 5 ]Sym,2)
av —Th\rTLjfrad(Z)l_—j2 f < S, >ns(z,m)dm, 27

where n(z, m) is the density of stars, and 6; is the Doppler boost-
ing factor, given by

1
~ T(1 - Bjcosi)’

where i is the inclination, that is, the angle between the jet axis
and the line of sight. Notice that Eq. (26) is the photon energy
density in the laboratory frame; in the jet frame, it is enhanced by
a factor ~1"j2 (whereas the IC target photon energy is enhanced by

~T';). We note, however, that f;,q is an invariant quantity. As men-
tioned in Sect. 2, the effective area of the shock is larger than the
one defined by the stagnation distance; we adopt here A = 100
(Bosch-Ramon 2015). The total radiative output is computed in-
tegrating Eq. (27) over the jet volume.

We estimate the apparent non-thermal radiative output at a
reference energy of Ej. = (m.c®)?/kT,T', where E|. is approx-
imately the maximum of the IC cross-section in the flow frame
around the Thomson-Klein-Nishina (KN) transition. In the case
of M87, we obtain LyT ~ 5 X 1073 ynrL; at E, ~ 250 GeV,
for both values of the index of the stellar density. For Mrk 231,
the apparent non-thermal luminosity is Ly ~ 7 x 107 nyrL; at
Efc ~ 10 GeV, whereas for 3C 273, it is lower than the jet lumi-

nosity, Lyt & 7 x 10~*nnrLj, with the same Ej.. In Sect. 8 we
discuss how reliable these estimates are.

0 (28)

6. Non-thermal processes

As shown in Sect. 5, Ly can easily reach ~1% of the jet lu-
minosity. In this section we study the non-thermal processes in
more detail, and compute the synchrotron and IC spectral energy
distributions (SEDs).
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6.1. Energy losses

We consider that particles lose energy by synchrotron radiation,
IC interactions, and adiabatic cooling. We calculate the cooling
rates in the flow frame. The cooling rate for synchrotron radia-
tion is given by:

_ 4 cor B?(2)

r—1 ’

t E' 2)=- , 29
smene B0 = 30 o 29
and adiabatic losses can be estimated as:

R 2T

ta'(E',2) = 37 (30)

There are several radiation fields that can provide targets to IC
interactions: locally produced radiation, as synchrotron emission
(synchrotron self-Compton, SSC), and external photon fields,
such as the radiation from the stars in the galaxy, infrared (IR)
photons from dense regions, or the cosmic microwave back-
ground (CMB).

In particular, IR photons have been considered in the star-
burst galaxies. The IR luminosity of the star-forming disk in
Mrk 231 is estimated in Lig = 3 x 102 Ly erg s7!; for the
ULIRG 3C 273, we consider an IR luminosity of Lig = 5.4 X
10" Lo erg s™! (both from Sanders et al. 1988). We model the IR
fields as gray bodies with a temperature of ~200 K. In the case of
M 87, the starlight and CMB photons are the most relevant tar-
gets (Hardcastle & Croston 2011); thus, we include CMB pho-
tons for this source. The extragalactic background light (EBL)
energy density is, however, at least a factor 30 below the CMB
(Cooray 2016); we therefore do not consider the EBL as an ad-
ditional target.

In addition, 3C 273 shows an excess in the optical/UV emis-
sion, likely the result of an accretion disk or reprocessing of ra-
diation from a hot corona. The coronal emission is also observed
on X-rays at E < 30 keV (Madsen et al. 2015). The size of the
accretion flow is estimated in 0.02—0.05 pc (Chidiac et al. 2016).
As a result, its photon energy density is deboosted when seen
from the jet. Moreover, the scattering probability for IC inter-
actions is reduced a factor (1 — Bcos 8)> ~ 107'°. We consider,
then, that this component does not provide a relevant target for
our study.

The energy density of synchrotron photons is 1074-1073
times lower than the magnetic energy density in zy.x for both
values of the magnetic field, for the three sources. Then, SSC
have turned out to be irrelevant in our scenario, as expected given
the large scales involved. In the timescale analysis, we focus on
scales ~zmax as in most of the cases explored here the largest
scales are radiatively dominant.

The maximum energy that electrons can attain depends on
the energy loss/gain balance. The acceleration rate is assumed to
be:

ecB'(2)

e (E,9) = n—

, 3D

where 17 = (v/c)?/2nr and it approaches 0.1 as v — ¢ (we follow
the same approach as in de la Cita et al. 2016, further details are
provided there).

Figure 6 shows the cooling rate at zm,x, together with the ac-
celeration rate for the starburst galaxies, for the sub-equipartition
value of the magnetic field. Figure 7 shows the cooling rate at
Zmax for M 87, both for B = Bq and B = 10‘lBeq, in the case of
the stellar index & = 1. Similar results (not shown here) to those
presented in Fig. 7 are obtained when considering the stellar in-
dex & = 2.
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In all the explored cases, the maximum electron energy is
determined either by synchrotron losses or diffusion out of the
accelerator (i.e., the jet-star direct interaction region).

6.2. Particle injection

We adopt an injection function, in units of particles per time and
energy unit for a jet height interval dz, given by

dQ(E",2) = Qo()E"" exp(—E" [ Ef,4,(2),

where the injection index is taken as @ = 2, characteristic of
diffusive acceleration mechanisms. The normalization function
Qo(z) depends on the available non-thermal energy, quantified
by Eq. (1). Since the particle energy in the flow frame is E{;; =
Ext/T’, and the cell crossing time in the flow frame is I" times
longer, dQ(E’, z) can be normalized through

(32)

Efpay 1
f dE'E'dQ(E’,7) ~ r_zdLNT(Z), (33)

Enin

where dLnt(2z) is the non-thermal injected luminosity within
the jet height interval dz. The transport equation of electrons
is solved following the approach described in de la Cita et al.
(2016).

Figure 8 shows electron energy distributions at different
heights obtained for M 87 in the case & = 1. For the equipar-
tition magnetic field, the effect of synchrotron cooling is clearly
seen in the particle spectra; notice also that particles are able to
achieve higher energies at higher z. Since the diffusion and accel-
eration rates vary with z in the same way, the maximum energy
is constant along the jet. The non-thermal fraction nnt has been
fixed to 0.1 as a reference value to compute the emission.

6.3. Spectral energy distributions

Once the electron energy distribution is known, we can compute
in the flow frame the synchrotron and the IC photon rate per
energy unit produced within each height interval dz: dN;(E’ ,2),
and the whole jet SED:

"Zmax E;max .
e = [ [ ag .. (34)
Zmin

ymin

where E, is the gamma-ray photon energy in the flow frame.

As mentioned above, particles propagate far from the jet-
star interaction region, and reach jet scale regions before cooling
down significantly. There, particles are advected with the jet ve-
locity, close to ¢, which implies that Doppler boosting must be
taken into account (Bosch-Ramon 2015). In the observer frame,
the SED is enhanced according to (Lind & Blandford 1985):

Ey Ly(Ey) = 8 E}, L(E},), (35)

where E, = 6;E/, and 6; is given by Eq. (28).

7. Results

Figure 9 shows the contribution to the non-thermal luminosity
by jet-star interactions on jet scales for the starburst galaxies
3C 273 (top panel) and Mrk 231 (bottom panel). For reference,
the panels show the sensitivity of three gamma-ray instruments:
MAGIC (operating; above 100 GeV), CTA (forthcoming; above
~30 GeV), and Fermi (operating; ~0.1-100 GeV).
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Fig. 9. SEDs of the synchrotron and IC emission for the starburst galaxies. The top panel corresponds to 3C 273, and the bottom panel to Mrk 231.
In both panels, solid lines correspond to a magnetic field in equipartition with the jet ram pressure, and dashed lines to the case below equipartition.
Radio data for both sources are also presented, along with Fermi detection and HESS upper limits for 3C 273.

Radio data of 3C 273 and Mrk 231 are also presented
in Fig. 9 (Steenbrugge et al. 2010; Soldi et al. 2008). In the
case of Mrk 231, the radio data were taken between 1996 and
2006, a year in which an intense radio flare was detected (this
highly variable radio emission is associated with AGN activity;
Reynolds et al. 2009). The predicted radio fluxes are well below
the typical observed fluxes from Mrk 231 and 3C 273.

For 3C 273, we also show gamma-ray emission detected by
Fermi during a quiescent state in 2009 (Abdo et al. 2010), and
upper limits to TeV emission by HESS (Aharonian et al. 2008).
The source is also prominent at X-ray frequencies, although
a high percentage in this band comes from a hot corona/disk.
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Nevertheless, the emission from the interactions studied here
does not contribute significantly in X-rays.

In Fig. 10 we show the contribution to the non-thermal lumi-
nosity of M 87 by jet-star interactions on jet scales for the dif-
ferent slopes of the stellar density (top panel), and the two frac-
tions of the equipartition parameter (bottom panel). The figure
also shows the sensitivity of the gamma-ray instruments listed
above. The data taken by Fermi correspond to a quiescent state
of M 87, since during a period of ten months there was no ev-
idence of a flare (Abdo et al. 2009). Between 2005 and 2007,
the MAGIC collaboration collected more than 100 h of observa-
tions of M 87 in a persistent low-emission state (i.e., no flaring
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Fig. 10. SEDs for the jet of M 87. The top panel shows the SEDs obtained using the two stellar indexes. The bottom panel corresponds to a stellar
index of ¢ = 1, and both equipartition and below-equipartition magnetic fields. Sensitivities of gamma-ray detectors are also included, together
with the detection by MAGIC (Aleksic et al. 2012) and Fermi (Abdo et al. 2009) of M 87 during the source steady state.

events; Aleksié et al. 2012). Both data sets can be used simul-
taneously, as suggested in Aleksic¢ et al. (2012). The radio lumi-
nosity for M 87 is from Doeleman et al. (2012). As in the case
of Mrk 231 and 3C 273, there is no conflict between the pre-
dicted radio emission and the typical observed fluxes from these
sources.

The inner jet of M 87 (<3 kpc) displays a structure made
up of several knots, which can be resolved at radio and optical
wavelengths. There is also X-ray emission associated to these
knots, but it is slightly shifted upstream with respect to the op-
tical peak (Marshall et al. 2002). In addition, the X-ray spectra

from the core and the brightest knots (those close to the nucleus)
are similar, and the core flux is larger than those predicted by
accretion flow models (Wilson & Yang 2002). All this seems to
indicate that an inner jet might contribute (if not dominate) to
the X-ray emission. The X-ray fluxes measured close to the nu-
cleus of M 87, and in the knot A of the jet, imply luminosities
of ~10* erg s™! at 1 keV (Wilson & Yang 2002; Marshall et al.
2002). These are similar to the predicted synchrotron luminosity
for a magnetic field in equipartition with the jet kinetic power.
However, the emission obtained from our model is expected to
be diffuse, and unable to reproduce the structure seen in the jet of
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Fig. 11. SEDs for the jet of M 87 in the case of £ = 1, produced by the different components of the magnetic fields: poloidal (dashed lines) and

toroidal (solid lines).

M 87. This suggests two possibilities in our scenario: that a mag-
netic field below equipartition is a more realistic assumption,
or that the acceleration efficiency is lower than the one adopted
here.

At TeV energies, the contribution to the luminosity from IC
against the CMB is comparable with that against starlight, in
agreement with previous results (Hardcastle & Croston 2011).

Although significant transverse components of the mag-
netic field are found along the jet in M 87 (specially in the
bright knots), the projected magnetic field lies mostly along the
jet (Owen et al. 1989). We thus consider a case with a domi-
nant poloidal component. Figure 11 shows the SEDs obtained
for M 87 using different configurations of the magnetic field
(equipartition values).

It is worth noting that our jet models miss jet regions larger
than those explored where electrons may still radiate through IC
in the CMB. This could be particularly relevant for M 87 and its
disrupted jet regions beyond a few kpc, as its kpc-scale jet emis-
sion is already little enhanced by Doppler boosting. A similar
effect occurs for 3C 273, where a kpc-scale jet seems to have a
larger inclination with respect to the line of sight, hence reducing
the Doppler enhancement.

8. Discussion and summary

In this work, we compute the SEDs of the non-thermal radiation
produced by the interaction of extragalactic jets with stars on
jet scales. We study two types of galaxy hosts: starburst versus
massive elliptical AGN, exemplified by three objects: Mrk 231
and 3C 273 versus M 87; for each one, the stellar populations
have been characterized.

For a star-forming galaxy with a high SFR such as Mrk 231,
the luminosity in gamma rays computed numerically can be as
high as ~10 gyt % of the jet luminosity (~1 pnr% for 3C 273) as
long as the magnetic field is a fraction <1072 of the equipartition
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value. In that case, the radiation is mostly produced at TeV en-
ergies. In all the studied cases, the radiation comes mainly from
the largest scales of the emitter, meaning 100 pc scales for the
starbursts, and kpc scales for M 87. In M 87, as Doppler boost-
ing effects are minor, the non-thermal luminosity reaches only
~0.1 n1% of the jet luminosity. This illustrates the great impor-
tance of jet speed and orientation. In addition, the section cov-
ered by the stellar winds is smaller than in the case of Mrk 231;
not so with respect to 3C 273, but the latter has a much more
powerful jet (in addition to the strongest Doppler boosting of
the three studied cases). For equipartition fields, unlike Mrk 231
and 3C 273, the synchrotron radiation efficiency in M 87 may be
significantly higher than for the IC emission, with synchrotron
photons reaching 0.1-1 GeV energies, but most of the emission
being released in X-rays. We remark that such high fluxes, ex-
pected to be smoothly spatially distributed in our model, are in
contradiction with the structured X-ray luminosity observed in
the nucleus and knots in M 87. Another important difference be-
tween M 87 and the starburst galaxies is the more diluted target
photon fields in the former, as seen when comparing the IC cool-
ing rates in Figs. 6 and 7. The available non-thermal-to-jet lumi-
nosity ratios obtained in this work range Lyt/L; ~ 1073-1071.
These ratios are rather significant, although it is worth pointing
out that a defect of stars in the jet directions would proportion-
ally affect Lnt/L;.

Despite M 87 being potentially detectable by CTA for
nnt — 1, it seems unlikely that the interactions of its jets with
stars on jet scales will contribute significantly to the persistent
gamma-ray emission already detected from this source. It does
not seem feasible either, given the limitations in angular resolu-
tion, to disentangle a putatively detectable, jet-star interaction
kpc-scale radiation from other emitting regions of the galaxy
center. For the two starburst AGNs studied, in particular for
3C 273, a detection is possible if the magnetic field is well be-
low equipartition and the acceleration is efficient. Even Mrk 231
might be detectable with CTA for nyt — 1. Nevertheless, the
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detectability of these sources ultimately depends on unknown
parameters, namely nnt, and a, the latter determining whether
gamma rays will be an important radiation channel. Slightly
more optimistic Doppler boosting parameters would also sig-
nificantly improve the detectability of these sources. In sum-
mary, the non-thermal emission from jet-star interactions on
large scales may represent a non-negligible (persistent) contri-
bution to gamma rays, although the uncertainties are high, and
more accurate studies, source-specific or population-based, are
still needed to better determine the role of the process at high
energies, and constrain the values of the free parameters.

It is worth comparing the global large-scale emission, and
the emission emitted locally (close to the interaction region),
which has not been calculated in this work (see de la Cita et al.
2016). To this end, one can compare the radiative efficiency
(Eq. (24)) at the jet scale to that at the jet-star interaction scale.
For a region where escape losses dominate radiative losses,
Jraa ~ tr_ad/te_slC o lcwph, Where [, and wy, are a characteristic
emitter length and the characteristic target photon energy den-
sity, respectively. At large scales, I ~ z, and a prescription for
wpn is given in Sects. 5 and 6.1. Locally, we can approximate
le ~ 10Ry(z), and wyp ~ Ly /4mc(3Ry(z))%. The interactions of
the jet with the most evolved red giants, and with massive stars
with m > 40 M, dominate the non-thermal activity; we consider
M = 10" Mg yr~! and Ls = 100 L, in the case of red giants, and
M=2x10My yr', v, = 108 cm s~ and Ly = 5 x 10* L,
for massive stars. The temperature of the target photon field also
affects the cooling distance of electrons, and has to be included

in the analysis; roughly: fg;b / rlg’gal o Tiocal/Teion- Differences
in Doppler boosting between the global and the local scales are
neglected.

For 3C 273, one obtains:

glob

rad Z
T ~ 1|55
ocal pc

rad

(36)

hence at hundred-pc scale the global IR IC component largely
dominates, whereas the global stellar IC component is compara-
ble with the local one. Something similar happens for Mrk 231.
For M 87, on the other hand, one obtains:

fglob

rad
local
rad

fglob

rad
local
rad

~2x 10‘3(pic), foré = 1,
(37)

~3,VYz foré =2,

now, the radiative roles of global CMB and stellar components
are comparable, and the temperatures of the dominant target
fields are also similar for both the global (taking only red gi-
ants) and the local components. Therefore, the global contribu-
tion on kpc scales should dominate small-scale contributions for
both index values. We recall that the comparison is very crude,
and the uncertainty is probably order-of-magnitude. Neverthe-
less, the result indicates that the few-kpc scale jet emission from
jet-star interactions may easily overcome that from the interac-
tion regions themselves.

The analytic prescription to estimate the apparent luminosity
given by Eq. (27), considering only IC interactions with stel-
lar photons, yields values approximately ten times higher than
those derived numerically (almost a hundred times higher for
M 87). This is somewhat expected, given the crude approxima-
tion to compute the radiation efficiency: the actual IC cooling
rate at the Thomson-KN transition is slightly below the adopted

simple value, and the electrons with lower and higher energies
radiate with lower efficiencies. In the Thomson approximation,
and for @ = 2, the energy dependence of efficiency already
yields an overestimate of the analytical prediction by a factor of
In(E{-/E; . ) ~ 10. Therefore, we remark that using the analyti-
cal prescription to estimate the gamma-ray luminosity from the
jet-star interactions is overestimating its value by approximately
a factor of 10.
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