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Different physical processes, influencing the X-ray jetisrtnal balance are considered. We
focus on the problem of possible fast jet cooling via radetbsses. Thus, the contributions
of each process to the jet thermal balance are calculatednw#stigate possible jet heating by

inverse Compton scattering of hard X-ray quanta on jet mast the influence of shock wave

propagation on jet heating, and the mechanism of jet kiregtérgy transformation into heat via

Coulomb collisions of jet and corona protons. Quantitatigémates are made for the case of
Galactic microquasar SS433 based on previous results atitiers. The only important heating

mechanism for this source turned out to be Coulomb collsion
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Subrelativistic Jets' Heating Mechanisms

1. Introduction

Jets are quite frequent in the Universe and can have varipes and shapes. Despite the fact
that they were discovered decades ago, many questionglimgdinem remain unanswered. The
main issues deal with jet formation, the mechanisms of j#incation and heating. In the present
paper we will focus on the last issue that requires jet thebaknce equation investigation. We
consider the X-ray jet, i.e. the region close to the base @fah fully ionized, with temperatures
around tens keV. Under these conditions the major energyrnteeschanisms are bremsstrahlung
and adiabatic expansion cooling. Jet temperature profdagty depends on the bremsstrahlung to
adiabatic losses ratio. In the case of SS433 we consider deiitse jet, surrounded by substantially
less dense corona, emitting hard X-rays. It was demondtratfl] that the best fit of simulations
to INTEGRAL data gives us jet to corona density ratio about 200 with odlgzatic cooling con-
sidered. But bremsstrahlung cooling at the bottom of thésjegveral times greater than adiabatic
cooling (about 3.5 times greater). In the absence of jetifgatechanisms it must lead to rapid
jet cooling shifting the X-ray jet boundary closer to thetbat, in contradiction with observations.
So, mechanisms supplying energy to the jet must be preseantpensate for radiative cooling.
Here we investigate three possible jet heating mechanigmisiverse Compton scattering of hard
corona X-rays on jet electrons, 2. Heating by shock waveggndissipation generated at the bot-
tom of the jet, 3. Heating by jet kinetic energy transforroatinto heat via jet and corona protons
Coulomb collisions. Our calculations show the importantéhe third mechanism in supporting
the jet thermal balance only.

2. Jet energy balance equation

Let us write jet internal energy balance equation assunfiagit consists of mono atomic per-
fect gas. This approximation is well justified in the X-ray; J@here the temperature is high enough
to maintain full ionization, gas is rarefied enough to negpecticle interaction and radiation energy
is small because of small optical depth in the transversattion.
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Here ¢ denotes internal energy per unit mags energy inflow/outflow per unit masg - gas
pressureV = 1/p - volume per unit mass. Because we assume that gas flow isnstgti and
in every point gas moves in radial direction with velocity = 0.27c, we haved/dt = vjgd/dr.
Internal energy of a perfect gas with=5/3 is related to density and pressure ¥ia- 3p/2p,
pressure is related to temperature pia nkT (n - particle concentratiork - Boltzmann’s constant).
We neglect electron contribution to densfily= myn and use density profile of a stationary conic
flow with constant opening angle and mass flow = nja‘,o(ro/r)z, Nja o is defined by jet opening
angle and mass flow ratio. For SS433 it was shown in [1] thabdisefit to observations correspond
to Njet.0 = 0.86- 10'° cm~3. We will use this value in our calculations. For bremsstiaglcooling
we will accept a known expressiari’ = 0,852 103n;j«/T (see, e.g. [2]). The equation (2.1)
will transform into an equation on jet temperature

2.1)

dar 4T 2mp ¢4
dar — 3r 3kvja

(2.2)



Subrelativistic Jets' Heating Mechanisms

108

107

T K

10°¢

10° T T T T T T T T T LN B B N |

1 10 100
1/To

Figure 1: Jet temperature profiles with adiabatic cooling only (séhé) and bremsstrahlung cooling in-
cluded (dotted line).

The temperature at the base of theTéty) = Tp is set to be equal 18 keV (see [1]). Introducing
new variables = T /To andx = r /rq (ro is the distance to jet base) and expressing bremsstrahlung
cooling in terms of radiative losseg (ro) to adiabatic coolingfd(ro) = —2vj¢kT /mpro ratio D

at jet base we abtain the following equation for dimensissiteemperature profile:

dt _ 2 (zi N Dﬂ) 1) =1, (2.3)

dx 3\ x X2

The equation (2.3) was investigated in [3], they obtainedraaiytical solution in the form

5 ()" oo ()]
To r r
The case withD <« 1 corresponds to small radiative losses compared to adiabss and the tem-
perature profile does not differ significantly from the cas@ure expansion. We have a different
case here b =2q'" /q?(ro) ~ 7,6, so the jet will cool dramatically and the X-ray jet boundar
will be much closer to the jet base than it appears in obsengatFig.1 illustrates the problem.
The radiative cooling temperature profile was obtained Wwitmsstrahlung (free-free transi-
tions) cooling only. In our calculations we will use a moreligtic radiative cooling curve based on
analytical approximation [4] of numerical calculationg®f 7] with bound-free and bound-bound
transitions included. The obtained radiative cooling temafure profile contradicts observational
data, according to which the X-ray jet extends up torg@8]. It is evident that some mechanisms
supplying energy to the jet must be present to compensatadative cooling.

3. Contribution of Comptonization to the jet’s thermal balance

The jet matter interacts with photon gas consisting of dmaredisk emission and corona
bremsstrahlung. We are interested in the X-ray jet regich w¥émperatures around 1 keV, so
the matter and emission will interact mainly via Comptonttsrang. The new frequency of a
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photon with frequency being scattered on a free electron moving with velogity(Lorentz factor

y=1/y/1— B2) will be [9]

_ 1-up
V1o U’ B +hv/ymec?(1—cosp)’

whereu andy’ are cosines of angles between directions of motion of phamaielectron in the lab
frame before and after scattering respectivglfgeing the angle between initial and final photon
directions of motion (scattering angle) in the lab frame. Wé#glect photon frequency change due
to recoil effect compared to Doppler shift change. At thebjs$e the electron thermal velocity is
comparable to the bulk velocity3, ~ 0.3c), so the electron distribution is not very different from
the the isotropic case and Comptonization cools the elestras jet matter cools down the thermal
component of jet velocity becomes small and Comptonizdtiegins to heat the jet as the photons
create chaotic electron momentum component via scattermgincrease their temperature. To
estimate the frequency change in both cases we set thevediatjuency change equal to

v (3.1)

Av
- ~ B (3.2

We estimate the value of Compton heating/cooling. The amouenergy gained/lost by photons
from/to unit mass of jet matter via Compton scattering i®giby the expression:

3 disk
oTC r &
Oc = e /d hAV— = 307N, corrcorqo.;or <r—0> [1+ goor } (3.3)

cor

o1 = 6.65- 1072 cm? - Thomson scattering cross-sectinglcor - corona density at its baseyr
- corona radiusg% and €% - disk and corona photon densities respectively. Using xipees-
sion for bremsstrahlung cooling we obtain the Comptorazatiooling/heating to radiative cooling

ratio:
2 3 disk
Gc Mo.cor | To,cor ( o > £
= 3o7r e e Bl — <1, (3.4)
q(f)fJet o No,jet \| Tojet I cor ( geor )

If we take into account thateer o/Njeto = 0.005, ro/reor = 0.15, and the valuesd/e% and

307 corNocor B/ T Joer are both the order of unity, we conclude that Compton codbmegligible
with respect to radlatlve cooling. So, we will not take thifeet into account when investigating
jet thermal balance.

4. Heating by shock wave energy dissipation

Shock waves can be generated at the jet bottom by turbulasdnwective motions. We will
assume that a shock wave propagates along the jet generéetatomr = rg with given Mach
numberMg. In the jet rest frame the shock wave front propagates wilthcity D = Mcs, where
Cs is the local sound speed in the unperturbed gas. We havei@nsigt state, so we will assume
a sequence of shock waves separated by given time intervalwilNcharacterize this state by
'average’ temperatur€ for the time intervalAt. The value ofAt can be inferred from observations.



Subrelativistic Jets' Heating Mechanisms

[ BT
]
T T TTTTT

102

o 107
ET

10%

108 ; — . i

riro

Figure 2: Jet temperature profiles with shock wave heating includedshed line corresponds to shock
wave propagation witM = 2, dash-dotted - tM = 3, dash-dot-dotted - t = 5. Dotted line - temperature
profile without heating, solid line - adiabatic cooling only

For SS433 we set it to be equal to 1 second based on X-ray tinabildy observations [8]. The
mean shock wave heating can be approximated as

_TAS
Oow & — = =
KT 2yM2  y—1 y—1 2 ﬂ
| - | 4.1
(y—1)mpAt {n<v+1 v+1>+yn<v+l+M2(v+1) @

Shock energy dissipates into heat, so we write shock wavgeiensity balance equation gov-
erning the local Mach number evolution:

2(M2-1) 4 1\dM 1 ., 1dpp 3dT
(y+1)M?
24 (y— Mz

Po is the unperturbed by shocks density profile in the jet. Withice the shock wave heating
term in the jet energy balance equation and obtain the exuBdi temperature profile:

=—Po

1 dT_l% %(qﬂ ﬁ) (4.3)

y—1dr  podr 'k \Mcs Vja
The solution of the last two coupled equations will yield fmrature and Mach number pro-
files in the jet (Fig.2)
It is clear that shock waves can heat the jet locally, neampthee of generation. To heat
the whole jet we need a system of shocks generated alongttbegause of broad spectrum of
initial perturbations or because of jet matter interactidth the surrounding medium. The last

mechanism was mentioned in [10] to explain the heating 0f38S4ray jet.
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Figure 3: Jet temperature profile with radiative cooling and colligibheating includeda = (r /rg)~%/2
(dashed line)a = (r/ro) 1163 (dash-dotted line). Solid line - adiabatic expansion case.

5. Proton Coulomb collisions

Let us consider jet heating by Coulomb collisions of corond jgt protons. Thermal corona
protons enter the jet where they serve as targets for jeppganoving at/j¢ = 0.27c. As a result
of scattering, jet protons lose part of their energy to carprotons thus transforming jet kinetic
energy into heat. We estimate the maximum heating rate émabe produced by this mechanism
as the number of protons with Maxwell distribution crossingt surface per unit timewy,/4

(\th = +/8KT /rmm) multiplied by jet proton kinetic energylpvjza/z:

Ocoll,max = ijaz\é%% ~ % (5.1)
Here conical jet shape is assumed = 2rtg(6;«/2) and corona and jet density profiles in the
form nje = Njet0(ro/1)?, Neor = Neor.0(ro/1)? With Neor o = 4.3 102 cm™3, njer 0 = 0.86- 101> cm 3
[1]. Then collisional heating to radiative cooling raticeadistance equal to corona radius 6, 4rq
is maximal and equal tez 34. This is the upper limit foge /gy because it is assumed that all
jet kinetic energy is transformed into heat. Actually, gthin for corona protons with respect to
Coulomb scattering, so collisional heating will reducengfigantly if corona proton trajectory is
straight line. But if magnetic field is present, proton tcajgies are curved and they stay longer
in the jet, increasing the effectiveness of collisionaltmga Magnetic field of~ 1.3-107% G is
enough for proton gyroradius to be equal to jet radius. Itityeanagnetic field valueBjgo is
several orders of magnitude greag > Bjao, jet is thick for corona protons and collisional
heating is effective. We do not know how magnetic field doay vath distance along the jet, so
to model magnetic field radial dependence we introduce iomet(r) characterizing the fraction
of maximal hating rate in the collisional heating term.

Qeoll (') = Ocolt max(r) *a(r) (5.2)
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The results of calculations with collisional heating areganted in Fig.3. It is clear from the
figure that Coulomb collisions can heat the X-ray jet effgdti. When jet temperature drops to
~ 10’ K rapid cooling occurs because of significant increase datae losses. The dashed line in
the figure follows the adiabatic curve quite well up to distsof about 1 explaining the X-ray
observations [1], the dash-dotted line corresponds tossikaeheating of the X-ray jet. Both cases
require< 103’ erg/s kinetic energy conversion which is less than 1% ofehkipetic luminosity.

6. Conclusion

It was demonstrated that with radiative cooling taken irdocaint in the jet energy balance
equation using data obtained in [1] leads to fast jet cooliittp distance. We have investigated
three possible jet heating mechanisms. Comptonizatios doe contribute much to the energy
balance. Shock wave, propagating along the jet heat itlioddleir energy is dissipated in a
small interval close to their generation place. The whalegm be heated by a system of shocks
generated along the jet by broad spectrum of initial pediimbs or by interaction of jet matter
with the surrounding medium. The most promising mechanisfatdieating is jet kinetic energy
transformation into heat by Coulomb collisions of jet andotra protons. In the presence of small
magnetic field of about- 0.1 — 1 G effective heating of the while X-ray jet region can be achd
requiring only a small fraction of jet kinetic energy flux¢kethan 1%). Because of that jet bulk
motion speed decrease with distance due to heating is tolh tentee observable at the moment.
More details about the calculations can be found in [11].
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