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Abstract—We consider various physical processes that affect the thermal balance of an X-ray jet. We focus
on the rapid cooling of dense jets via bremsstrahlung, and all processes are considered from the viewpoint
of their contributions to the jet thermal balance. Jet heating by Compton scattering of hard X-ray photons
from the hot corona, the effect of shocks in the jet on heating of the jet, and the transformation of jet kinetic
energy into heat via Coulomb collisions between protons of the jet and corona are considered. Numerical
values have been obtained for the Galactic microquasar SS 433 based on previous results for modeling the
X-ray spectrum of this source. Collisions of the jet particles with the ambient gas turns out to be the most

important jet heating mechanism for this source.
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1. INTRODUCTION

Jets are quite frequent in the Universe, and can
have various sizes and shapes. Although their exis-
tence has been known for decades, many questions
remain open, first and foremost, related to the for-
mation, collimation, and radiation of jets. In the
present paper, we consider the last of these ques-
tions, which reduces to an investigation of energy
balance in the jet. We consider the X-ray jet, i.e.,
the region close to its base where the temperature
reaches tens of keV and the matter is completely
ionized. Under these conditions, the main energy-
loss mechanisms are bremsstrahlung and cooling due
to adiabatic expansion. The temperature profile in
the jet can vary substantially, depending on the ratio
radiative to expansion losses. In the source SS 433,
we are dealing with a dense jet surrounded by a more
rarefied corona, radiating in the hard X-ray range. As
was shown in [1], the best agreement between the
results of simulations and INTEGRAL observations
is obtained if the ratio of the densities of the jet and
corona is about 200 and only adiabatic cooling is
taken into account. However, radiative cooling is
appreciably higher than cooling due to expansion near
the jet base. If there is no heating, this should lead to
rapid cooling along the jet, moving the boundary of

* . N . . .
E-mail: krivosheev@iki.rssi.ru

the X-ray ray jet down to its base, in contradiction
with observations. Therefore, mechanisms supplying
energy to the jet must be present, compensating for
the radiative losses.

We consider here three mechanisms for jet heat-
ing.
(1) Compton scattering of hard X-ray photons of
the corona on jet electrons.

(2) Heating due to shock wave energy dissipation,
shocks are generated at the jet base and travel along
the jet.

(3) The transformation of the jet kinetic energy
into heat due to Coulomb collisions between protons
of the jet and corona.

Calculations indicate that the third mechanism is
important for the thermal balance of the jet in the
Galactic microquasar SS 433.

2. JET THERMAL-BALANCE EQUATION

Let us write the balance equation for the internal
energy of a jet, assuming that its matter is an ideal,
monoatomic, non-relativistic gas. This approxima-
tion is justified in the X-ray jet, where the tempera-
tures are high enough to bring about full ionization of
the plasma, and the radiation energy is negligible due
to the low optical depth across the jet:

de dVv

=q-P 5 (1)
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Here, ¢ is the internal energy per unit mass of the
gas, q the energy inflow or outflow per unit mass, p
the pressure, and V' = 1/p the gas specific volume.
[f we assume that the gas flow is stationary, and the
gas is moving radially with the velocity vjey = 0.27¢
at each point of the jet, we have d/dt = vjecd/dr.
Equation (1) then takes the form

de p dp
Vjet dr = p2vjet dr +q. (2)

Taking into account the relationship between the
internal energy of an ideal gas with adiabatic index
v=5/3, € =3p/2p, and the pressure—temperature
relation, p = nkT (n is the gas particle number den-
sity and k is Boltzmann’s constant), and neglecting
the contribution of electrons to the density p = mpn,
we bring (1) into the form

3 'Ujetk dT . Ujet
2 my dr - my

ket g (3)
pdr

This equation determines the dependence of the jet

temperature on the radial coordinate, and, for the very

narrow jet in SS 433, it essentially determines the

temperature distribution along the jet.

2.1. Density Profile

Let us consider a conical jet (that is, with a con-
stant opening angle) and assume that all particles in
the jet move radially with the velocity vje; = 0.27c.
Let the apex of the jet cone be at the coordinate origin.
Then, if the mass flux in the jet is constant, at an
arbitrary distance r along the jet axis, the amount of
mass passing through the jet cross section per second
is

Mjet, = mypnje (r)viermr? tan® (05ec /2),  (4)
which determines the radial dependence of the proton
density in the hydrogen plasma, njes:

Mjet
MpVjer 12 tan? (Giet/2)

(5)

Njet (1) =

The jet does not begin at the origin, but at some
distance from it, rg, where the particle density is

nojet = Miet/mpvies g tan? (fjer/2). The jet mass
flux and opening angle were taken to be [1] Mjet =
4 x 101 g/s and 6, = 1.2°.  We then obtain the
radial dependence of the number density

Njet = MO jet (7;0)2' (6)

The value of ng jet is determined by the jet opening

angle and the mass flux Mjet~ As was shown in [1],
the best fit of the observed X-ray spectrum of SS 433
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is obtained for ng jet = 0.86 x 1015 cm™3. We will use
this value in our further calculations. We also have
1 1 dnie 2
o L2 7

pdr N Njet  dr r

2.2. Bremsstrahlung Losses

Assuming that the jet material is in local
thermal equilibrium, we can use Kirchhoff’s law
relating the absorption coefficient at frequency v,

a, [ecm?/g], with the emission coefficient
¢/ lergg™" s~" sr=! Hz~'in the form
alh=ol'B,, 8)
where
2h 1
B, = 5V (9)

2V exp (hv/kT) — 1
is the Planck function for the equilibrium radiation in-
tensity (see, e.g., [2]). Using the well known absorp-

tion coefficient for bremsstrahlung off, taking into
account induced processes, and setting the Gaunt
factor equal to unity,

ff 4\/27'(' 66
(8% =
v 3V 3 hmpymevmec?

o M {1_@{ <_h”>]
V3VET P\ )|

we obtain an expression for the energy ql’jJ; emitted via

bremsstrahlung from a unit mass into unit solid angle
per unit time in a unit frequency band:

(10)

6
i 8\/27r e Ne 1
W0 = 3\ 3 my(mec2)3/2 kT (t

e v
Xp = p -
For simplicity, we assume that the jet plasma con-
sists of hydrogen, so that n. = nje; and p = mynjet.

Integrating over frequency and solid angle, we obtain

an expression for the isotropic radiative losses ¢/7 per
unit mass of jet material:

£f £f 2\ */?
¢’ = qy’edyd€:16 5 (12)

ef \/ kT
X Niet .
hmpmec? ! MeC?

Substituting the values of the physical constants, we
have

qff = (0.852 x 10_3njet\/T = Dnjet\/T erg/g S.
(13)
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2.3. Solution of the Energy-Balance Equation
Using (6), (7), and (13)in (3), with ¢ = —¢f/, we

obtain the energy-balance equation
dr _ 4T 2my i

= _ 14
dr 3r  3kvjet (14)

The temperature at the jet base T'(rg) is assumed to
be known,

T(TQ) = TO. (15)
To find the relative contribution of each term on the

right-hand side to cooling of the jet, we consider
the ratio of the bremsstrahlung and adiabatic energy

losses: ¢ = —20v; kT /myyr:
ff 2 3/2
q T
L)
b no,jetrg MeC2  TjetT
(mec?)?h Tt kT VT

Let us calculate this ratio at the jet base, r = rg =
101! c¢m, using the values ng jet = 0.86 x 1015 cm™3
and Ty = 2.2 x 10® K obtained in [1]:

!

g+ ~ 3.8.

(17)
[t is clear that bremsstrahlung losses substantially
exceed adiabatic losses at the jet base.

Let us consider the solution of the equation for
the jet-temperature profile (14) and compare it with
the solution obtained if bremsstrahlung losses are
ignored. Introducing the new variables t = T'/T and
x =1/r9, (14) takes the form

dt 2 (.t Vi
dr = 3 <2m+Dx2>, t(1) =1, (18)
where a is given by
B 3 h(mec?)3/2 vie /KTy

Equation (18) was studied by Koval” and Shakura
[3], who found its solution in the form

T ro\4/3 ro\1/37) 2

T0_<T) {1 D[l (T) ]} (20)
The factor before the curly brackets corresponds
to the temperature change due to expansion, while
the factor inside the curly brackets is determined
by the bremsstrahlung losses. The coefficient D
characterizes the ratio of bremsstrahlung to expan-
sion losses. The case D <« 1 corresponds to small
bremsstrahlung losses at the jet base, in which case
the temperature distribution differs little from the
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Fig. 1. Jet temperature profiles taking only adiabatic
losses (solid) and also into account bremsstrahlung
losses (dotted).
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Fig. 2. Plots of the radiative cooling rate taking into
account only bremsstrahlung (dotted) and with bound-
free and bound-bound transitions included (solid).

case of adiabatic expansion. However, in our case,
the opposite case is realized: D = 2¢///q*d(ry) ~
7.6. Therefore, the temperature distribution differs
strongly from that obtained for adiabatic expansion.
The jet will be cooled much more rapidly, and the
boundary of the X-ray jet will move closer to the base,
so that, according to (20), the temperature formally
becomes zero as close as r = 1.6r9 = 1.6 x 10! cm.

The dotted line in Fig. 1 was obtained with only

bremsstrahlung taken into account. In our further
calculations, we will use a more realistic tempera-
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ture dependence for the plasma radiative cooling rate,
based on an approximation of the numerical compu-
tations [4—7] using an analytic expression taking into
account free—bound and bound—bound transitions
(8]

Figure 2 presents this realistic cooling rate, gy, (7'),
and the cooling rate due to bremsstrahlung only,
¢/T(T). The radiative cooling rate including the
bound states increases strongly at temperatures 7' <
107 K, and we expect that the jet should rapidly cool
after its temperature falls to this value.

The temperature distribution obtained taking into
account radiative cooling does not agree with the
observations, which indicate that the boundary of the
X-ray jet should be located at a distance of r| =~
10'3 ¢m = 100rg. Obviously, some heating mecha-
nisms must be operating, and supplying the jet with
energy that compensates for the radiative losses.

3. THE INFLUENCE OF COMPTON
SCATTERING ON THE JET THERMAL
BALANCE

The jet material is subjected to radiation coming
from the inner parts of the accretion disk, as well as
bremsstrahlung from the hot corona. We can thus
consider the ejected material to pass through and
interact with a photon gas. Since we are interested
in the X-ray jet, where the temperatures are of the
order of 1 keV, the main form of interaction between
the jet material and the radiation is scattering on free
electrons (the Compton effect). Let us consider the
influence of Compton scattering on the jet thermal
balance.

3.1. Photon Energy Density

The energy density of photons with frequency v
is equal to a sum of the energy densities of photons
emitted by the accretion disk and the corona:

tot __ _cor disk
L =€, +te&,; .

e (21)

The accretion disk luminosity Lgjsx is assumed to be
0.1L., [1]. The spectral energy density of the disk
photons a distance r along the jet axis is equal to

EdiSk . Ldisk,l/

Y Qaiskr? (22)

Here, Qqisk is the solid angle into which the disk
emits, Qdisk = 271'(1 —sin Hdisk/Q). The disk emits an
equilibrium photon flux. Due to a low optical depth
of the jet, the energy density of the emitted photons
does not depend on the presence or absence of the jet,

and is everywhere given approximately by (22). The
integrated energy density of the disk photons is

Laisk

Jdisk _
Agiskr?

(23)

We assume that the (hydrogen) corona is in a
state of local thermal equilibrium, and the proton
density in the corona is neo = ne, so that a unit
volume of coronal matter emits into unit solid angle
per unit frequency per unit time an energy pg, ¢ =

k,B,n2,, (erg s7! em™3 sr~! Hz™!), and the total
radiation is obtained by multiplying this by 4. Since
the photons travel at the speed of light and are col-
lected at each point of the corona or jet from a volume
with the characteristic size of the corona rcy, the
density of photons with frequency v emitted by the
corona is approximately the same in the corona and

the jet:

r
cor —2 cor
e, =A4nk,B,ng,, e (24)
Oy
ky, = P
TNcor

Here, k, does not depend on the matter density. For
a radial dependence of the corona density similar to
the corresponding dependence (6) in the jet, the mean
square particle density in the corona is equal to

3
_2 2 To
Neor = 3nO, cor < > .
r

Tco
The spectral energy density of the Planck equi-
librium radiation EEI is related to the intensity as

551 = 4m B, /¢, and, using the definition of the corona
spectral optical depth, 75°" = «a, preor < 1, we obtain
for the spectral energy density of the photons emitted

by the corona

_ TCOI‘
et = 4rk, B n? = T,forsljl.
c

(25)

vitcor

This corresponds to the plasma’s own radiation den-

sity comprising a fraction 75" of the equilibrium den-

sity at low optical depth. With (9) and (10), we finally
obtain for the bremsstrahlung from (25)

3/2 6
coor _ 43 <27r> e
3 c(mec?)3/2/ kT or

h 3
x exp | — YonZoor "o
ET or 0, cor® cor Tcor

3
T, To
= salf oo™ (1)

Tcor

(26)

The total energy density of the coronal photons is
found by integrating (26) over the frequency:

3
T To
e = 3¢t mpno.cor ( > . (27)
’ C 7’.COI‘
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qg”g”r is determined similarly to (12) with nje replaced

by ncor-

3.2. Contribution of Comptonization
to the Jet Thermal Balance

If a photon of frequency v is scattered on a free
electron moving with velocity Se (with the Lorentz

factory = 1/\/1 — [32), its frequency changes as fol-
lows [9]:

r— 1—up
1 — w8+ hv/ymec?(1 — cos @)’

where p and i/ are the cosines of the angles between
the directions of the photon and electron in the labo-
ratory frame before and after scattering, respectively,
and ¢ is the angle between the initial and final di-
rections of the photon (the scattering angle) in the
laboratory frame. Since the photon energies are of the
order of 10 keV in our case, with hv/m.c?® < 1 and
Bjet = 0.27 < 1, we can expand (28) to first order in
each small parameter, which yields the relative photon
frequency change

(28)

14

= (29)
1% 1%
h
~ B (p —p) — myc2 (1 —cosg).

Let us neglect the effect of the electron recoil (the
term with hv/mec?) due to its smallness compared
to the frequency change due to the Doppler effect
(the term with 3). The energy of photons from the
accretion disk is small compared to the jet temper-
ature near its base, and the energy of photons from
the corona does not exceed this temperature; there-
fore, with an isotropic momentum distribution for the
electrons, Compton cooling of the electrons should
occur. Near the jet base, the thermal components of
the electron velocities are comparable to the velocity
of the ordered motion (B, ~ 0.3c), therefore their
directional distribution is not very different from the
isotropic case, and Compton cooling of the electrons
occurs. As the jet cools, the thermal component of
the velocity becomes small compared to the velocity
of the ordered motion. Then, Comptonization begins
to heat the jet, since the scattered photons create a
chaotic component of the electron momentum, there-
by increasing their temperature. To estimate the
photon frequency changes in both cases, we set the
difference of the cosines in the first term equal to
unity:

(30)
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The frequency change will be positive for cooling and
negative for heating.

Let us estimate the Compton heating. The
amount of energy given by photons to a unit mass
of the jet due to Comptonization is given by the
expression

qgo ~ ore /duhAl/ v ,
my, hv

where o7 = 6.65 x 10725 cm? is the Thomson scat-
tering cross section. Substituting Eq. (30) for the
frequency change into (31) and integrating yields

5Etot — UTCB(Ecor + Edisk). (32)
My myp

(31)

orc
ac =

Let us find the ratio of the Compton heating rate
and the cooling rate due to bremsstrahlung. Express-
ing the energy density of the coronal photons in terms
of the emissivity per unit mass using (27), we obtain

3

To
qc = 30'Tﬁn0,cor7ﬂcorqg7fcor < > (33)

Tcor

disk
S
X [1 + <(_:cor:|
Using the relation

fr ff T0,cor TO,Cor
9 cor = 9o ; ; (34)

0, cor 0,jet N jet \/TO,jet

we obtain an estimate for the ratio of the Compton
contribution to the jet thermal balance to the cooling
due to bremsstrahlung:

2

qc nO, cor

If
qO,jet

TO cor < To >3 < EdiSk)
x eor 3 1+ <1,
\/ TO,jet Tcor geor
using the fact that ng cor/n0jet = 0.005, 79/rcor =
0.01, and both edk/er and  3o77corno, cor X
0, cor

T
T

(35)

= 307Tcor
N, jet

are of the order of unity.
0,jet

Thus the contribution of Comptonization is small
compared to radiative cooling. The contribution of
photons emitted by other processes exceeds the en-
ergy of the bremsstrahlung photons by no more than
a factor of 103 (Fig. 2), which does not change this
conclusion. Therefore, we will not include the change
in the jet energy balance due to Comptonization in our
further analysis.
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4. JET HEATING BY THE DISSIPATION
OF SHOCK ENERGY

Let us consider heating of the jet by shocks created
near its base by turbulent or convective motions. We
suppose that a shock with Mach number My origi-
nates at the jet base, r = ry. The relationships be-
tween thermodynamic quantities behind and in front
of the shock front can be found from the conservation
laws. For an ideal gas with adiabatic index ~, the
jumps in the pressure p, specific volume V = 1/p,
and temperature 7" at a shock front are given by the
Hugoniot adiabat [10]:

p 2yM? oy -1

_ _ , 36
po v+l v+l (50)
Vi M2 -1
=1-2 , 37
Vo M2(y+1) (37)
T 1
- = (38)

Ty (y+1)M?2

x [29M? — (v = )] [(v - 1)M? +2].

Here, the subscripts 0 and 1 refer to values in front
of and behind the shock front, respectively. After the
passage of the shock front, the entropy per unit mass
increases by the amount [10]

gl
AS =cyIn [pl <V1> ],
po \ Vo

where ¢y = k/(y — 1)m,, is the heat capacity at con-
stant volume per unit mass of gas. Substituting the
pressure (36) and the specific volume jump (37) at the
front into (39), we obtain for the entropy jump per unit

mass
2 _

k [n<2’yM 7 1> (40)

(v—1)my, vy+1 ~v+1

+71n<fy_1+ 22 >}
vy+1 M?(v+1)

This expression has been obtained for a single
shock propagating along the jet. However, we are
interested in a stationary pattern of shocks travelling
along the jet with a time interval At between them.
Such a stationary state will be characterized by the
mean temperature T for this time interval. The mean
heating per unit mass of jet material per unit time due
to the shocks will then be approximately equal to

_TAS
qsw ~ At

kT [ (2’)/M2 'y—l>
(v — 1)m,At vy+1 ~+1

(39)

AS =

(41)

+71n<fy_1+ 22 >}
vy+1  M2?*(v+1)

This expression determines the heating in the balance
equation for the internal energy. The quantity At
can be approximated from observations. The object
SS 433 shows X-ray variability on time scales down
to afew seconds [11]; therefore, to obtain an upper es-
timate for the shock heating, we should take At = 1s.
Equation (41) also contains the Mach number, which
decreases as the shock front moves along the jet, due
to radiative losses. To close the set of equations, we
obtain an equation determining the changes in the
shock energy flux as it travels along the jet.

In a coordinate system moving with the average jet
motion, the shock-front velocity is D = Mc¢,, where
¢s is the local sound speed in the unperturbed gas.
The kinetic energy density in such a wave is given by
[12]

FE = p20 v?,

where pg is the unperturbed gas density and v is
the difference of the velocities of the perturbed and
unperturbed gas. It follows from the conservation
laws at the shock front that [10]

v =1/(p1 — po)(Vo — V1). (43)

Using the relations (36), (37), and ¢s = v/ypo Vo, we
obtain

(42)

_2(M%-1)

= My 41) (44)

The shock energy flux density, equal to the energy
crossing a unit area per unit time, is equal to

2(M? —1)2
(y+1)2M
The shock energy is dissipated at the front, and is
transformed into the internal energy of the gas behind
the front. The rate of decrease of the energy flux

density is determined by the mean heating rate per
unit volume of matter behind the front:

F=ED= pocs. (45)

dF
d = —P1qsw- (46)
"
Using (45), the derivative dF'/dr takes the form
dF 2(M?—-1) 4 1\ dM
= 47
dr (v+1)2 pocs | {3+ M2 ) dr (47)

M?—1(1dpy 3 dT
+ + :
M po dr 2T dr

Let us write an equation for the decrease in the
Mach number of the shock as it moves along the jet,

ASTRONOMY REPORTS Vol.56 No.3 2012
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using (36), (46), and (47):

2(M? —1) 4 - 1\ dM
(y+1)2 0% M2) dr

M _1)< +2Tdr>}
(y+1)M?
= —P0 QQSw-
2+ (y-1)M

An equation for the mean jet temperature resulting
from the passage of the shock fronts created at the jet
base follows from the thermal energy balance, whose
basis is the first law of thermodynamics, and can be
written

1 dT _ T dpo Mp ( 4sw  Gbr (49)
v—1dr podr k \Mcs vt )

Here, we have used for the term determining heating
by the passage of the shocks the relationship be-
tween the temporal and radial derivatives for a quasi-
stationary distribution of the parameters in the coor-
dinate frame moving with the jet mean velocity:

_dr_ dr
D M,

(48)

1 dpo
po dr

dt

For a given density distribution pg(r), (48) and
(49) represent a closed system of equations for the
radial dependence of the temperature and the Mach
number in a quasi-stationary jet heated by shocks
emerging near its base. The boundary conditions at
the jet base are specified in the form

T'(ro) = To,
M(To) = Mo.

(50)

The unperturbed (mean) density profile in the jet
1 dpo

. . 02
fied b - - ( ) , _
is specified by po(r) = mpno jet . SO Do dr

2
— . Inits rest frame, the jet has the equation of state

r
of a non-relativistic ideal gas with v =5/3. Thus,
there remain two unknown functions in the system:
T(r)and M(r).

We obtained the numerical solution using the
Runge—Kutta method with adaptive stepsize. Fig-
ure 3 presents solutions to the system (48), (49) with
the boundary conditions (50) for various shock Mach
numbers.

[t is clear from Fig. 3 that sufficiently strong
shocks can not only compensate the bremsstrahlung
losses, but also additionally heat the jet. The shock
energy dissipates in a narrow region near the jet base,
Ar ~ (1.2—1.5)rg, beyond which the shock heating
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Fig. 3. Change in the jet temperature profile due to heat-
ing by shocks. The various curves correspond to shocks
with Mach number M = 5 (dashed), M = 3 (dot—dash),
and M = 2 (double-dot—dash). The dotted curve show
the temperature profile without shock heating, and the
solid curve corresponds to adiabatic expansion. The value
of 7o is 10 cm.

is insignificant, and the jet cools rapidly without addi-
tional heating.

We have assumed that the shocks form near the
jet base, but, in general, this is not necessary. As
is known from hydrodynamics, in any wave with a
convex profile, sooner or later, will develop a dis-
continuity in its profile due to the different sound
speeds in its different parts, and the wave is converted
(transformed) into a shock if this is not prevented
by dissipative processes [10]. This transformation
occurs even more rapidly if the wave is traveling along
a decreasing density profile, as is the case in a jet.
Let us suppose that the energy dissipation in a prop-
agating compression wave can be neglected until the
wave is converted to a shock. The distance at which
the wave becomes a shock depends on the charac-
teristic size of the perturbed region (the wavelength)
A, the initial magnitude of the wave, characterized by
the ratio cg,/cs0 of the sound speeds at maximum
compression and in the unperturbed medium, and the
law for the density decrease. For a longer wave, more
time is required for it to be transformed into a shock,
but, the larger its initial amplitude and the higher the
wave velocity, the earlier this conversion will happen.

To demonstrate the effect of shock dissipation
at some distance from the jet base, we considered
the case of shock formation at a distance of 1.15 x
10* cm from the jet base. Figure 4 shows the
solutions to the thermal balance equations with initial
temperatures corresponding to adiabatic expansion.
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Fig. 4. Jet heating by a shock forming at a distance of
1.15 x 10" cm from the jet base, for Mach numbers M =
5(dashed), M = 3(dot—dash), and M = 2 (double-dot—
dash). The dotted curve is the gas temperature profile
without shock heating, and the solid curve corresponds
to adiabatic expansion.

The thickness of the shock-heated layer remains
the same as in Fig. 3, and grows only if the initial
Mach number grows. However, already at M = 5,
the temperature near the shock approaches 107 K,
in contradiction with observations; thus, growth in
the Mach number cannot substantially increase the
thickness of the region of heating.

The results of calculations of the thermal balance
of a jet heated by shock dissipation shows that this
heating is only significant when shocks can form
along the entire jet, since the shocks rapidly dissipate
due to radiation, and heat only narrow regions near
their places of origin. Shock formation in the entire jet
is possible, due both to the action of a wide spectrum
of initial perturbations and interactions of the jet with
the ambient medium. The latter mechanism was
invoked in [13] to explain X-ray heating of the jet in
the source SS 433.

5. COULOMB COLLISIONS OF PROTONS
5.1. Physics of the Process and Estimates

Consider heating of the jet due to Coulomb colli-
sions between jet protons and protons of the ambient
plasma. Thermal protons from the corona arriving at
the jet serve as targets on which jet protons moving
at the velocity vje; = 0.27c¢ are scattered. The jet
protons lose some fraction of their kinetic energy in
this process, giving it to the protons of the corona.
The energy of the directed motion of the jet protons

BISNOVATYI-KOGAN, KRIVOSHEEV

is converted into the energy of chaotic motions, i.e.,
into thermal energy. Let us estimate the maximum
heating that can be obtained from this mechanism.
The number of particles obeying a Maxwellian
distribution passing through a unit area per unit time
is nuvy, /4 [14], where n is the particle density and
Vtph = \/Sk:T/ﬂm the mean velocity of the thermal
motion. The jet protons can spend a maximum kinetic
energy of mpvjzet/Z to accelerate a coronal proton to
the velocity vje;. Therefore, the amount of jet kinetic
energy converted to heat per unit time per unit mass
of the jet is given by
Uth TNcor 1

(51)

QColl,max - vjet 2djet njet r .

We consider here a conical jet with cross-sectional
diameter djey = 2rtan(fjer/2), with the radial de-
pendence of the density in the jet and the corona
having the forms njet = nojet(ro/r)? and neor =
n07cor(r0/r)2, respectively. The amount of energy lost
to bremsstrahlung per unit mass of jet per unit time
is given by (13). The number densities in the corona
and jet obtained in [1] are ng cor = 4.3 x 10'2 ¢cm™3
and no jer = 0.86 x 105 ecm~=3. The ratio of collisional
heating to bremsstrahlung will then be

qcoll r 5/3
coll,max — 156( > .

(52)
Gdbr To

This ratio grows with distance r along the jet, but,
if the temperature falls below 107 K, the total ra-
diative losses g1, become much stronger than the
bremsstrahlung losses (Fig. 2), so that this ratio
takes on its highest value at r ~ 6.4ry, where it is
equal to

Gcoll,max ~ 34.
Gbr

(53)

This is an upper estimate for the ratio gcon /gpr, since it
rests on the assumption that the entire kinetic energy
of jet protons is transformed into heat. In reality,
the jet is fairly optically thin to protons with respect
to Coulomb scattering in the transverse direction, so
that the coronal protons can gain only a substantially
lower fraction of the jet proton energy, which dimin-
ishes its heating accordingly.

5.2. Quantitative Treatment

For simplicity, we will neglect the thermal veloc-
ities of the coronal protons after they arrive at the
jet, since they are two orders of magnitude lower
than the directed velocity of the jet protons. We also
neglect relativistic effects, because the jet Lorentz
factor is not very much different from unity: ~ =

ASTRONOMY REPORTS Vol.56 No.3 2012



JET HEATING MECHANISMS 175

1/\/1 = z)J?et/c2 ~ 1.04. Consider a non-relativistic

proton scattered on a proton at rest. We can derive
an expression for the energy gained by the proton at
rest during the collision as follows.

For an elastic collision of particles of equal mass,
one of which is at rest before the collision, the particle
velocities after the interaction are given by [15]

Umov = ¥ €08(X/2),
vaest =v Sin(X/2)7

where v is the velocity of the initially moving particle

in the laboratory frame, x is the deflection angle of the

scattered particle in the center-of-mass frame. For a

particle in the Coulomb field with impact parameter p,

the angle x is equal to[15]

e /muv?p
V14 (e2/mv2p)?’

where m is the mass of the scattered particles, p the
impact parameter, and e the proton charge. In our
cases, the scattered protons have v = vjes.

X = T — 2arccos

Let us denote p, = ¢*/myv7,, which is the dis-
tance of closest approach of the protons. The velocity
of the proton initially at rest after the collision is
. PelP
rest — YJe€ .

VL (pp/p)?

The amount of energy gained by the proton initially at
rest is

AE=""Py2 =

9 rest —

(%

My o 1
2 14 (p/pp)?’

To estimate the fraction of the kinetic energy of the
jet proton given to the coronal proton, we can calcu-
late a quantity similar to the optical depth with respect
to Coulomb scattering in the transverse direction in
the jet:

(54)

2 [ doAE

2
MpVjet

(59)

Teoll 0 = NMjetdjet

This quantity characterizes the amount of energy
gained by the coronal proton as it passes through the
jet in the transverse direction in units of the kinetic
energy of a jet proton. The factor with the integral is
equal to

Pmax

2 AFEdo

2
MpVjet

Pmin

2
:wpg{ln 1+ <pmax> ]
Pp

ASTRONOMY REPORTS Vol.56 No. 3

(56)

2012

—1In

N2

1+ <pm1n> ] }’

Pp
where do = 27mpdp is the differential cross section
of the collisions, and pmax and pmin are the max-
imum and minimum impact parameters. We as-
sume that the maximum impact parameter is equal
to the Debye shielding radius in the jet: pmax = Ap =
kT et /4me2ne. We take the minimum impact pa-
rameter to be equal to the classical minimum distance
of approach, pmin = €*/myvi, = p,. For the jet pa-
rameters, pmax >> Pmin, and neglecting the unity in
both logarithms, we obtain the Coulomb logarithm in
the Landau approximation [16]:

1
9 /AEda = 27rpi In <>\D> .
mp”jet/ 2 Pp

Substituting into (55) the numerical values at
r=6.4x 10! c¢m, where we have [1] p, &~ 2.1 x
1075 em, njer = ngjet/41 &~ 2 x 101 ecm™3, diey =

A
2r tan(fje/2) ~ 1.3 x 101% ¢cm, and In ( D> ~ 25,
Pp

(57)

we find that 7o ¢ &~ 2 x 107%. Therefore, instead of
the value obtained in (53) the ratio gcon/qpy is reduced
to

qcoll

Gor

The energy inflow due to Coulomb collisions can
compensate about 1% of the bremsstrahlung energy
losses. We assumed that the coronal protons cross
the jet in the transverse direction; this provides only
a lower limit for the heating. Crossing the jet at other
angles, and also, even more importantly, the existence
of a magnetic field, increase the time spent by the
coronal protons in the jet and thereby increase the
energy gained.

~6x 1073 (58)

5.3. Influence of the Magnetic Field

The presence of a magnetic field, which necessarily
exists in the ejected gas, can increase the heating due
to Coulomb collisions by deflecting the trajectories
of the coronal protons and increasing the time they
spend in the jet, thus effectively increasing the jet’s
optical depth to Coulomb scattering. In order for
Coulomb collisions to compensate for the radiative
losses, the proton path in the jet must increase by
at least two orders of magnitude [see (58)]. Let us
estimate the magnetic field Bje; for which the Larmor
radius of a proton would be equal to the jet radius. Let
a coronal proton move in a circular path in the mag-
netic field with a linear velocity equal to its thermal
velocity. The Larmor radius of such a proton is

b e
L = eB Uth-
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Fig. 5. Temperature profile in a jet taking into account
radiative cooling and heating by Coulomb collisions with
a = 1.0 (dashed), a = 0.5 (dot-dashed), and a =0.3
(double-dot—dash) (see (61)). The solid curve corre-
sponds to pure adiabatic cooling, and the dotted curve to
radiative cooling only.
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Fig. 6. Temperature profile in a jet taking into account
radiative cooling and heating by Coulomb collisions with
a = (r/ro)~%? (dashed) and a = (r/ro) "% (dot-
dashed) (see(61)). The solid curve corresponds to pure
adiabatic cooling.

When rp, = rje, we obtain
(59)
Since we assume that the corona is isothermal [1],

the thermal velocity of the coronal protons is constant
and does not depend on the distance from the jet base.

Therefore, the strongest magnetic field is required
near the jet base, rgjet = rotan(fjet/2) ~ 109 cm.
Substituting this numerical value into (59), we find
that the field must be greater than

Bojet = 1.3 x 107* G. (60)

This value of By jet is so small that, in reality, the
magnetic field should be greater by several orders
of magnitude, ie., Bjet > BO,jet and 7o > Teoll 0-
Therefore we will assume that the coronal protons
spend enough time in the jet to gain a significant
amount of energy. Since the variation of the magnetic
fleld with radius is not known, to simulate the radial
dependence of the magnetic field, we introduced the
function a(r) characterizing the fraction of the maxi-
mum heating by Coulomb collisions that is achieved:

qCOH(T) = QColl,max(T)a(T)- (61)

Figure 5 presents calculated temperature profiles
in the jet taking into account radiative cooling and
heating by Coulomb collisions, with the function
a = const. Figure 5 shows that Coulomb collisions
can heat the jet effectively, but the weak decrease
of the collision term with radius leads to excessive
jet heating at large distances. Consequently, the
function a(r) must decrease with distance.

Figure 6 presents the results of calculations with
power-law functions a(r) with various exponents.
[t is clear that, when the temperature =~ 107 K is
reached, the jet begins to strongly cool, and this
cooling is not compensated by collisions. This is
due to the nature of the radiative cooling curve. At
higher temperatures, collisions heat the jet efficiently.
The case of the power-law exponent equal to 3/2
approximates well the adiabatic curve for distances to
107, which can explain the X-ray observations [1],
while an exponent of 1.163 provides heating that is
too strong in the entire X-ray region of the jet.

5.4. Heating of the Optical Jet in SS 433

The optical jet in SS 433, which is located at r ~
10 —10" cm = (103—10%)rg, has an approximately
constant temperature, T ~ 10* K [17]. This means
that there must be some mechanism maintaining the
temperature in the optical part of the jet. Let us
consider the possibility of heating the optical jet by
Coulomb collisions of protons, since the jet is sur-
rounded by interstellar matter which can play the role
of the corona for the X-ray jet. The assumption that
the ambient matter is isothermal is no longer valid,
and we assume that the corona has a constant tem-
perature, Ty = 2.2 x 108 K out to 7 = r¢or = 6.4 X
10* cm [1]; the matter is then cooled only by its

expansion (T ~ r~%/3). The matter density profile is

ASTRONOMY REPORTS Vol.56 No.3 2012
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Fig. 7. Temperature profile of the jet taking into account
radiative cooling and heating by Coulomb collisions for
various functions a(r). The dashed curve shows results
fora(r) ~ r7 13 forr < reor and a(r) ~ r=%*8 forr >
reor; the solid curve shows the case when the function
a(r) is chosen that the temperature profile is similar to
the case of adiabatic expansion[see (62)]; the dotted curve
shows the case of pure adiabatic cooling.

specified by (6) but with ng cor = 4.3 x 102 em=3.
We have selected a form for the function a(r) that
enabled us to approximate the adiabatic curve at large
distances fairly well (Fig. 7):

a(r)
(r/ro) ™%, 7 < Teor,
3.640 x 1072(r /rg)%27,
= 49.454 x 1072(r /rg) =128,
11rg < r < 1007,
5.243 x 103(r /) ~2®,

(62)

Teor < T < 1lrg,

r > 100rg.

The functions are matched at the ends of the seg-
ments by the condition of continuity. Our calcula-
tions show that, with various choices for the function
a(r) in (61), it is possible to obtain an approximately
constant temperature 7'~ 10* K in the optical jet

(Fig. 7).

6. CONCLUSION

We have shown that taking into account radiative
cooling in the jet energy balance equation using da-
ta derived from modeling of the X-ray spectrum of
SS 433 carried out in [1] leads to rapid jet cooling.
The temperature falls off rapidly with radius, so that
the implied length of the X-ray jet is much smaller
than the observed length. This fact motivated us to
investigate jet heating mechanisms in more detail.

ASTRONOMY REPORTS Vol.56 No.3 2012

A consideration of the contribution from Comp-
tonization has shown that this mechanism can com-
pensate for only a small part of the radiative losses.

We have considered a scenario with shocks trav-
elling along the jet, heating the jet material when
their energy is dissipated. The shocks are rapidly
dissipated due to their radiation, and heat only narrow
regions near the places of their origin. The entire
jet could be heated, either due to the action of a
wide spectrum of initial perturbations or interactions
between the jet and ambient medium.

[t seems that the most plausible mechanism is
the conversion of the jet kinetic energy into thermal
energy via Coulomb collisions between protons of the
corona and jet. If a comparatively small magnetic
field is present in the jet, ~0.01 G, this heating can
be efficient, and capable of compensating radiative
losses. With a certain function characterizing heating
due to Coulomb collisions, it is possible to obtain
efficient heating of the entire X-ray jet. Heating due
to interactions with protons of the stellar wind is able

to maintain the observed temperature ~10* K in the
optical jet. Since the kinetic energy flux in the jet
greatly exceeds its radiative losses, the decrease in the
jet velocity with radius is too small to be detected in
existing observations.
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