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Abstract. The paper evaluates the possibility of efficient radio emission generation in the
head shock region of "hot Jupiter" type exoplanets. A drift acceleration mechanism on the quasi-
transverse shock wave is proposed as a source of energetic electrons. Electrons reflected from the
shock wave and accelerated by it propagate in the relatively dense plasma of the stellar wind and
generate plasma waves, so the plasma mechanism is considered as a source of radio waves. Using
the example of the head shock of the hot Jupiter HD 189733b as an example, the parameters of the
beam of energetic electrons, plasma waves, and the frequency of the generated radio emission are
estimated. The energetic estimation of the region of stellar wind parameters, for which the
registration of radio emission from the head shock wave of exoplanet HD 189733b by modern

astronomical means is possible, is performed.
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1. INTRODUCTION

An important goal of modern radio astronomy research is to search for radio emission from
exoplanets, the detection of which could provide numerous data on their plasma envelopes and shed
light on the processes responsible for the formation of stellar systems. Exoplanet HD 189733b is a
typical and one of the most studied representatives of "hot Jupiters", which have sizes comparable
to Jupiterian and are located at a small distance (closer than 0.1 a.u.) from their parent stars. In this
paper, using the example of exoplanet HD 189733b, we discuss the possibility of generating in the
region of the head exoplanet shock wave a radio emission sufficient in intensity to be detected by
modern radio astronomical means. For this purpose, the kinetic energy density®W of the electron
flux accelerated by a single reflection from the exoplanet shock wave via the drift mechanism is

estimated on the one hand (Wu, 1984; Mann and Klassen, 2005). The considered parameters of the
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stellar wind are such that the propagation of high-energy electrons in it leads to the development of
Langmuir instability, i.e., the excitation of plasma waves (Mikhailovsky, 1971; Treumann, 1997).
Therefore, on the other hand, the energy density of these wavesW | necessary for generation by
means of the plasma mechanism (Zaitsev and Stepanov, 1983), sufficiently intense to register radio
emission, is estimated. From the conditionW *» W | the paper estimates the region of stellar wind
parameters at which the detection of radio emission from the exoplanet shock region is energetically
feasible. The frequency range in which the radio emission is generated will also be estimated.

According to the available work on numerical gas dynamic and MHD modeling of the HD
189733 system, the stellar wind velocity¥s relative to the exoplanet can both exceed the
magnetosonic velocity¥ms and yield to it during the orbit of HD 189733 b (Fares et al. 2017,
Strugarek et al. 2022, Kavanagh et al. 2019, Odert et al. 2020, Rumenskikh et al. 2022). AtVms = Vs
the head shock may be absent (Zhilkin and Bisikalo, 2019). Then, at a weak exoplanet magnetic
field, the colliding stellar wind penetrates the plasmasphere, in which there is a sufficient number of
neutral particles, the different frequency of collisions of electrons and ions with which provides
charge separation and, consequently, the emergence of the electron-accelerating component of the
electric field (Zaitsev et al., 2024). In the present work, we consider the casels ® Vms , in which an
exoplanet head shock wave is formed and the mechanism of drift acceleration of electrons is
realized in its region where it is quasi-transverse, i.e., the angle? between the normal to the shock
wave and the magnetic field of the stellar wind is close to 0" . The fast magnetosonic shock wave
is accompanied by a compression of the magnetic field, so it acts as a moving magnetic mirror from
which electrons are uniquely reflected and accelerated. This mechanism has been widely discussed
in studies of electron acceleration in Earth's head shock (Wu, 1984; Holman and Pesses, 1983; Liu
et al. 2022), interplanetary shock waves (Yang et al., 2024), and coronal shock waves generating
type Il radio bursts (Mann and Klassen, 2005; Ball and Melrose, 2001; Mann et al., 2018).

By analogy with solar system planets, an electron cyclotron maser is often proposed as a
mechanism for radio emission generation by accelerated electrons, which, however, is effective
when the electron gyro frequency significantly exceeds the plasma frequency 2 » @p (Wu and
Lee, 1979; Melrose et al., 1984, Louis et al., 2019). For the stellar wind in the orbit of exoplanet HD
189733b, the inverse relationship ¢ € @» is true, so a plasma mechanism for radio emission
generation may be effective (Zaitsev and Stepanov, 1983; Zaitsev and Shaposhnikov, 2022). This
mechanism involves the generation of plasma waves by energetic electrons and their subsequent
conversion into electromagnetic radiation at the plasma frequency by scattering on plasma particles
(Rayleigh scattering) or at twice the plasma frequency as a result of the merging of plasma waves
(Raman scattering). The possible frequency range of radio emission in this model is determined not

by the magnitude of the magnetic field in the source, but by the concentration of stellar wind



plasma™ on the exoplanet shock wave.

In the case of Rayleigh scattering, which occurs most efficiently on background plasma ions,
under certain conditions there is a maser effect, manifesting itself in an exponential growth of the
electromagnetic radiation intensity with increasing plasma wave energy. In Raman scattering, the
maser effect is absent due to the decay of the electromagnetic wave into two plasma waves at high
radio emission intensities. Nevertheless, the values of the brightness temperature in the source
required to provide the observed radio emission flux can be comparable in the cases of Rayleigh
and Raman scattering (Zaitsev and Stepanov, 1983; Zheleznyakov, 1996; Zaitsev et al., 2023).

Section 2 is devoted to a brief description of the mechanism of electron drift acceleration on a
quasi-transverse shock wave. In Section 3, the kinetic energy density of fast electrons accelerated
on the shock wave of exoplanet HD 189733b is estimated for different stellar wind parameters. In
Section 4, we present estimates of the spectrum of plasma waves generated by energetic particles.
Section 5 briefly discusses the Rayleigh and Raman mechanisms for the conversion of plasma
waves to electromagnetic waves, and provides estimates for the plasma wave energy density
required to produce the radio emission flux detected on Earth. A comparison of the estimates of the
plasma wave energy density and the kinetic energy of accelerated electrons allows us to determine
the region of stellar wind parameters in which the observation of radio emission due to electron
acceleration in the head shock wave of exoplanet HD 189733b is energetically feasible.

2. DRIFT MECHANISM OF ELECTRON ACCELERATION ON THE SHOCK
WAVE

Consideration of the acceleration mechanism is possible in the nonrelativistic approximation,
since the velocity of the reflected electron beam subsequently appears to be. It is convenient to
describe the drift mechanism of electron acceleration in the reference frame introduced by De
Hoffmann-Teller (Fig. 1), in which there is no induced electric field, since the stellar wind velocity
in this system is co-directed with the magnetic field (Ball and Melrose, 2001; De Hoffmann and
Teller, 1950). Since the fast magnetosonic shock wave is accompanied by compression of the
magnetic field, the scale of inhomogeneity of which is much larger than the electron gyroradius, the
shock wave plays the role of a magnetic mirror moving along the lines of force with the velocity
veseef  Then the electrons not caught in the loss cone can be reflected and accelerated by it once.
The electron velocity components along the magnetic field before and after reflection, ¥it and ¥ra

respectively, are related by the relation (1).

Vpy = 2U.52e8 — vy, (1)

v, = ’1ﬂ=.+v= . . . .
where * =W T 7erk s the stellar wind velocity with respect to the shock wave, equal to the rms

of the stellar wind velocity at the exoplanet orbit¥s=w and the intrinsic velocity of the orbital motion
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of HD 189733b%¥erx , which is no longer negligibly small as for the planets of the Solar System
(Vidotto et al., 2010). From (1) we see that the velocity increment in the reflection of an individual
electron is proportional to the stellar wind velocity and increases as the angle approaches?0” .
Transverse to the magnetic field, the velocityVe at reflection remains unchanged.

For solar wind electrons, it is known that their velocity distribution in the high velocity region
declines in a stepwise fashion (Echim et al., 2010; Dudik et al., 2017; Kuznetsov et al., 2018), and
their temperature can differ from the ionic temperature both upward and downward (Shi et al.,
2023). However, due to the lack of detailed data and for simplicity, electrons in the source plasma

of the stellar wind HD 189733 in an exoplanet orbit are assumed to have a Maxwellian isotropic

velocity distribution (2) and the same temperature as ions T :

o 1 _1ﬂ§+r-'"2
forgWa i) = ———emp| -———— |,

2 22
(2mv,)? e @)
kT
T—’th = Tl . . . . . .
where N ¢ is the thermal velocity of stellar wind electrons. In such a case, the distribution
of reflected electrons takes the form:
B v — v.secd 0| vy — vy, v + (v — 2v,sech :
f gy = 201~ Vesect) {; c) m(_ ( — ),
(2mves)? i (3)

Where () is the Heaviside function, so that @G) =1 atx =0 and 8G)=0 3t x <0 _ and

2
vV, = edyr

, where the effective velocity N Me , related to the

Vg, = tano, J{v. — v,secd)? + V2

electrostatic potential @ur (7), is introduced. The pitch angle@:: is defined by the expression

1
. |fB1\?
ﬂ:c = arcsin B_z

In the MHD approximation based on the Rankine-Hugoniot relations (Priest, 1982), the slug ratio
By

~ Bs for the transverse shock wave obeys the equality (4):

] , where B1 and Bz are the magnetic field strengths before and after the shock.

aX 2 4+bXT+c=0, 4)
in which
a=2-y, b= CC“' + G —-1) -v;_ + 1)% c= —{y+1]£,
Va YV Va (5)
, B? . VT
where the Alfvenov velocity 2= 4mnm; and the speed of sound “ = m; , with the adiabatic
5
exponen t Y=3 , are introduced. In the dense stellar wind providing 2% » 4ac and vi € v5 | the

magnitude of the slug ratio is independent of the plasma concentration and the magnetic field there



in (6):

L b 24 —1id
XA ——m —.
€ O+ 1w (6)

Due to the different inertia of protons and electrons across the shock, an electrostatic potential

®ur (Goodrich and Scudder, 1984) is established across the shock, equal to:

iy, T.
-1 (7)

The velocity distribution of accelerated particles (3) belongs to the family of cone

ety =

distributions with a shift (Wu, 1984). Its value is different from zero if two conditions are fulfilled:
the particle velocity does not exceed the shock wave velocity along the force line ¥a > Vs5eef and
the particle does not fall into the loss cone V& = Va,ic .
3. ELECTRON ACCELERATION ON THE SHOCK WAVE OF THE EXOPLANET
HD 189733B

The star HD 189733 belongs to the orange dwarf class with radius Estar ® 0.76Rg and
possesses a hot Jupiter-type exoplanet orbiting ® 98 . At such distances, the stellar wind turns out
to be significantly inhomogeneous in azimuth in the plane of the planet's orbit due to the
inhomogeneous outflow of matter from the star's surface. Then, as follows from MHD modeling
(Fares et al., 2017, Strugarek et al., 2022, Odert et al., 2020), at least part of the planet's orbit lies in

a region where the relative velocity of the stellar wind and exoplanet¥= exceeds the fast

v, = ’Lﬂ;w + V3, > v, = T CE )

Inequality (8) is a condition for the generation of the fast magnetosonic shock wave (Priest,

magnetosonic velocity Vms :

1982) required for the drift acceleration of electrons (Section 2).

The shape, position, and type of the exoplanet head shock wave are the subject of active
research and depend significantly on the stellar wind parameters (Rumenskikh et al., 2022; Zhilkin
and Bisikalo, 2019; Vidotto et al., 2010; Llama et al., 2013; Bourrier et al., 2013). Thus, depending
on its intensity, the shock can be located between 3 and 20 exoplanet radii away from the center of
HD 189733b. The smallest distance is reached at a coronal mass ejection on the parent star, which
corresponds to the values of stellar wind parameters from the N4 set (Odert et al., 2020). Set N3
consisted of the values of stellar wind parameters that are the most optimal for drift acceleration
among those observed in the exoplanet orbit in MHD modeling (Odert et al., 2020). The N2 set
consists of average values of the stellar wind parameters from the data (Kavanagh et al., 2019).
Finally, set N1 uses the stellar wind parameters in one of the gasdynamical calculations
(Rumenskikh et al., 2022) with the addition of a relatively weak magnetic field® = 0.01 Gg, at

which the magnetosonic shock wave is formed and the loss cone is not too large, so that the
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acceleration mechanism is quite efficient. In this section of the paper, we first estimate the value of
the kinetic energy density of accelerated electrons normalized by their thermal energy (12) for
selected sets of parameters, and then study the dependence of this value on the concentration ™ |
velocity Vsw , and magnetic field 5 of the stellar wind at the characteristic temperature
T =15-10% K

By integrating the distribution (3) of accelerated particles in velocity space, expressions can
be found for their concentration Mace and the characteristic longitudinal ¥sa and transverse Ve.m

velocities of the reflected particle beam as a function of the angle between the magnetic field and

the normal to the shock & (Mann and Klassen, 2005).

Nacc®) _ EXP(_ v? sec? Asin? a;, + V# tan? a:c) _cosay, (1 N Erf(w’hgsecﬁfcnsa:c)),
9)

~ 2032, 2 Vth
vy (8) = v.sech(1 + cos® a;. ). (10)
vy,5(6) = tana;, J{vm - v,sec) + V3, (11)

Dimensionless energy density of accelerated electrons, defined as

eMace {T-"b:," + T—”b:,z }

W)~ —
) 2nk,T (12)

at VsSing;. « ¥2ven is maximal for the value of the angle @maxiz |, close to 90" (14). Therefore, the
range of angles at which the energy density is comparable to the maximum is estimated as
A8 # 90" — Bmax iz and is approximately equal to ® 3% = 15° for the parameters used (Fig. 2). The
maximum energy density W &max::) and the corresponding angle #max:: are under the assumption

V2u_seclcosa;,
Ven (13-14). The value of the maximum energy density W Emax::) depends solely

on the pitch angle®ic (13), through the determination of which the energy value W Emaxiz) is
affected by the stellar wind parameters, and decreases monotonically as it increases (Fig. 3). For the
selected parameter sets, the pitch angle value increases from 32° to 43" | which leads to an order of

magnitude decrease in the maximum energy density W Emax::) (Table 2).

1+ cos? o, : , cos? o, ¥ ( y tan? a:ﬂ)
WiB qax i) = : — | +tan‘g —+ -1-—
S cns{a.cl(( 00 ) tant (25 L) g (<2 - LS

12 sin? a;,
N e (14)

The magnitude of the pitch angle @i at low Alfvénova velocity of the stellar wind Va < ¥:

(13)

Bpny = Arccos

depends only on its temperature and flux rate (6). Therefore, the dimensionless energy density of

accelerated electrons W Bmax:) tends to an asymptote as the concentration™ increases (Fig. 4). As
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the magnetic field of the stellar wind & increases and its velocity V= decreases, the energy density

W{Emax2) decreases.

4. PLASMA WAVE GENERATION

The electrons reflected from the shock wave return to the unmagnetized (wp » wc) stellar
wind plasma, so the full distribution function when the angle between the normal to the shock wave
and the magnetic field = #max:= |, close to the optimum, is realized, takes the form:

@R V1 Omax i) = frn W Vi) + face Wae Vie Omax 2)- (15)

Although the full distribution function is axially symmetric, its two-dimensional slice in
(va. 1) coordinates can be interpreted as an energetic beam of accelerated electrons propagating in
the warm and dense stellar wind plasma. Expressions for both components of the beam flux
velocity?s are given in Section 3. The thermal spread of particles in the beam is, strictly speaking,
not isotropic, but since their source is the same stellar wind, it will be assumed to be equal to the

background thermal velocity in the estimates below Vea . Since Vs Z ¥3ve | for all values of the

af

parameters used, there exists a range of particle velocities in which the inequality @lvl >0 is valid,
so that due to beam instability (Mikhailovsky, 1971; Treumann, 1997), Langmuir (plasma) waves
with a frequency “#z equal to:

wh=wi + 3k*vi, (16)

7 — dmne? oF o
= o : : . == >0, :
where  * M. . The range of velocities in which the inequality @il is satisfied for the

electron distribution function can be roughly estimated as ¥ € @5 — vea:vs) . Then, using the
resonance condition ®z ® K¥ | an estimate (17) is obtained for the range of unstable wave

numbersk (and consequently, frequencies fo ) of evolving plasma waves:

w? w¥
ky € (Kpmin:k }=( L i L )
B P PaMEX F 7 z _ F -
(v —vep)* - 305 vy - 3v5

(17)
From here, the characteristic wave number of the spectrum‘{'a‘:?::II and the width of the range of

Ak

unstable wave numbers~*# can be estimated:

{k }ﬁf k?:,min + k'meEI
o

2 - ﬂk'p b k'p;?‘]‘lﬂl’ - k'p,mz'n

(18)
For the development of Langmuir instability it is necessary that its increment exceeds the

effective frequency of electron-ion collisionsVei , determined by the formula (Zheleznyakov, 1996):

gr et k,T
Vet = | In[ 037 22— mﬁﬂ“[m]a
2 (kyT)2 en3)  T[BP (19)

With the stellar wind parameters used in this work, the condition¥maex # Vei is fulfilled. We

also note that as a result of scattering of plasma waves by stellar wind particles, their spectrum is
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isotropic. Therefore, without loss of generality, we can for simplicity assume that the spectrum of

plasma waves is isotropic with spectral density?W . In this case, the total energy density of plasma

waves is determined by the formula W, = Wydk
5. TRANSFORMATION OF PLASMA WAVES INTO RADIO EMISSION
Excited plasma waves with frequency “» are transformed into radiation by scattering on
stellar wind particles (Rayleigh scattering). The conservation law is of the form:
wy —wy, = (k: —ky v, (20)
where W: and K: are the frequency and wave vector of the electromagnetic wave, ¥V is the velocity
of the scattering particle. Rayleigh scattering leads to radio emission with frequency @t ® @p |
Nonlinear interaction of two plasma waves (Raman scattering)
Wptwy, = w,, K, + kK, =k, 21)
generates radio emission at the second harmonic of the plasma frequency .
To characterize the intensity of radiation from space objects, radio astronomy uses the
brightness temperaturel> . This value is related to the radio wave fluxF | measured at a

distanceR = from the source, by the following relation (Zheleznyakov, 1996):
_ 2m§ kb Tb R;
~ @muc)* R (22)

whereR = is the characteristic size of the source within line of sight. Since the primary cause of radio
waves are electrons accelerated on the quasi-transverse exoplanet shock wave, the value ofR= is
equal to the characteristic linear size of the shock wave. As is clear from estimates and numerical
simulations, the location, shape, and type of the exoplanet shock wave depend significantly on the
stellar wind parameters (Zhilkin and Bisikalo, 2019), so a rather cautious estimate is used for its
linear size
Rs » LR,sin(46) where Ry is the radius of exoplanet HD 189733b, 4€ is the spread of values of
the angle between the normal to the shock wave and the magnetic field, where the acceleration
mechanism is effectively realized and roughly estimated as 46 & 90" - fmax:: (Fig. 2).

The variation of the brightness temperature T» along the propagation beam is described by the

transport equation:

dT,
TR Quy; + 1Ty (23)

Let for Rayleigh scattering i =1 | and for Raman scattering ¢ =2 . In equation (23), the
coefficient@; represents spontaneous scattering, and Hwn1 represents induced scattering of plasma
waves on electromagnetic waves,#nz is the nonlinear absorption coefficient of the electromagnetic

wave, andHc is the absorption coefficient due to Coulomb collisions. In subsections 5.1 and 5.2, the
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relationship between the dimensionless plasma wave energy density Wi = ﬁ and the radio wave
flux £, measured on Earth, will be derived using equations (22) and (23). Further, in subsection
5.3, the minimum flux value detected by modern radio telescopes will be substituted into the
derived relations and an estimate of the plasma wave energy density W: necessary for radio wave
registration on Earth will be obtained both in the case of Rayleigh and Raman scattering. In the
following, from the conditionW 3 W; the stellar wind parameters at which the detection of radio
emission from the exoplanet shock region is energetically possible will be estimated.

5.1 Rayleigh scattering.

If the induced scattering coefficient#n1 is negative and sufficiently large in absolute value
(uwal = Bc) | then the total coefficient in the right-hand side of equation (23) becomes negative. In
this case, the induced effect for Rayleigh scattering becomes dominant, and an exponential increase
in the brightness temperature T» is observed as the plasma wave energy density increases. This

phenomenon is known as plasma maser. The efficiency of maser amplification of electromagnetic

waves is determined by the optical depth of the source 7 :

T=f|}4ﬁ.r1+#f_‘ldi (24)

In the case of Rayleigh scattering at appropriate plasma wave energy densities, the optical
depth? can reach high values, providing significant radio emission fluxes from the source (Zaitsev
and Shaposhnikov, 2022).

As mentioned above, the conversion process (20) is most efficient when the plasma waves are
scattered by the main plasma ions. At such scattering, the frequency change in each act is
insignificant. In this case, the scattering has a differential character: the width of the plasma wave
spectrum is larger than the width of the kernel of the integral equation describing induced scattering
(Zheleznyakov, 1996). The coefficients of spontaneous (#1) and induced (Hx1) scattering, used in
equation (23), in the case of an isotropic plasma wave spectrum have the following form

(Tsytovich, 1977):

g = T w Wy
17 ZEa, g I
36y, nviic, (25)
T Mgt}

a
h=- . k., W,
Haa 108m;v,nk,Tvdk, ﬂk?,{ 2 W)

(26)
The collisional absorption coefficient (Kc1) is determined by the formula (Ginzburg, 1970):

v
LY ei
He

wiv,

7 27)
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b

m p—
=c|1- m{'. = 3ck, vy

Vg

b

In equations (25)-(27) Wy is the group velocity of electromagnetic
waves with frequency @# = @5 = @i + 3K5¥ in the region of plasma wave generation, @: = 27f;
is the frequency of electromagnetic wave,Vs: is the frequency of electron-ion collisions (19).

When solving equation (23), it is convenient to switch from integration over the spatial
k

omin

coordinate! along the radiation propagation to integration over the plasma wave vector from

k

to Kp.max . Given that @» = CONST e obtain the following relation between 4! and ¥z :

-
F

Ven
tii = ﬁLn m_:k‘ﬂdk?-"

E (28)

o-h(e)
where

Ly = R, » LRpsm(d6) Then from (26) for the optical thickness of the induced scattering of plasma

is the characteristic scale of the plasma inhomogeneity, which is estimated as

waves into electromagnetic Tw1 , an expression is obtained for the optical thickness of the induced

scattering of plasma waves into electromagnetic:

s - T Mgwp(Vos)
Tar = J:,R Upry dl % = PRW,

T 18V3 Ml (29)
W=
where nkyT is the ratio of the plasma wave energy density to the plasma thermal energy
i)
. {v’?—’i}: k?} . . . . . oq vqe
density, (kp) . A negative value of the optical thickness Tw1 indicates the possibility of an

exponential dependence of the brightness temperature Ts of electromagnetic radiation on the
plasma wave energy density.
The optical thickness of electromagnetic wave absorption due to Coulomb collisions in the

plasma wave generation region is equal to:

y 6 VenVe:
Tor = J;R.Uf dl & — R
! V3c(vpa) (30)

As mentioned above, maser amplification of electromagnetic radiation occurs when the
induced conversion of plasma waves into electromagnetic waves exceeds the collisional absorption
of electromagnetic waves, that is, for maser amplification to occur, the energy density of plasma
waves must exceed a certain threshold, which is found from the condition ITw1l 3 Tca (Zaitsev and

Shaposhnikov, 2022):

108 m;viv,
T

w; » -
m, {f:-"

?,a)m;. (31)
The solution of the transport equation (23) is:
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ﬂ_.
=% (1 explre — Ty)).
oo+ i (L expCTe — ) (32)

Ty

Therefore, if the condition (31) is satisfied, the expression for the observed radio flux £ |

arising from Rayleigh scattering of plasma waves generated by electrons accelerated during
reflection from the exoplanet shock wave, takes the form:

k,Tm; _ R? (EXP( T Mewp(vpa)

F=3— 2
cim, fe Rig 1843 micv

R, )— l)ex CToeed
1 P t (33)

where it is taken into account that on the path from the source to the observer the radio emission is
subject to collisional absorption with optical thickness Texr . The estimates below are made
assuming Texr € 1 |

5.2 Raman scattering

In Raman scattering of light, electromagnetic waves are generated with twice the plasma

=Mt = @) 4 @
frequency @t = @y~ + @y =2Wy and a wave vector of ke & Ky~ + K

. The frequency®: and
wave numberK: of an electromagnetic wave are related by the relationship @# = @i + kic*

In the case of Raman scattering, the exponential dependence of the electromagnetic radiation
intensity on the plasma wave energy density is not realized, because as the electromagnetic
radiation density increases, the reverse process - attenuation of the electromagnetic wave at twice
the plasma frequency with the formation of two plasma waves with frequency “#z - begins to play
an essential role. This process is equivalent to the appearance of effective scattering of
electromagnetic waves (Zaitsev and Stepanov, 1983) and is characterized in the transport equation
(23) by the nonlinear absorption coefficient vz . The collisional absorption coefficient Hc is
determined by the same expression (27) as for Rayleigh scattering. In the case of an isotropic

plasma wave spectrum, the coefficients of spontaneous emission and nonlinear absorption in the

transport equation are of the form (Zaitsev et al., 2023):

@2n)® @ Wi 2m)* w, W,
z = Z z nl, pyz = —F/— = -
15v3 wi{vys) € 5v3 {vpa) € (34)
_ c3(Ak)3
where the parameter @]  characterizes the spectral volume of plasma waves. Under the

assumption of an isotropic spectrum of plasma waves for the parameter ¢ , the following estimate
is valid
4c®
S
mi{k?,} Ak (35)
in which the multipliers (kn) and 4% are estimated earlier (18). Restricting ourselves to the case of
greatest interest, in which the density of plasma waves is high enough so that #wxz # Kc in the

approximation of an optically thick source (Zaitsev et al., 2023), we obtain an estimate (36) of the
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observed radio flux on Earth, generated due to Raman scattering:

Ekgkb R; g { ] kgﬂka R; W: { ]
= — = EXEpLT = =2 = e A )
@n)® B2, s sxt 3 RIL (k2 MKmax — kmins) = (36)

5.3 Transformation into radio emission of plasma waves generated by the accelerated head
shock of exoplanet HD 189733b

The frequency of radio emission generated due to Rayleigh and Raman scattering is
determined by the frequency of plasma waves “» , which slightly exceeds the Langmuir frequency
wg , and varies from 3 to 40 MHz (see Table 3 and Fig. 8). The most effective radio astronomical
instruments in this frequency range are UTR-2 (Ukrainian T-shaped Radio Telescope-2)! , LOFAR
(LOw Frequency ARray) and NDA (Nancay Decameter Array). The sensitivity (minimum radiation
flux that can be recorded with a 1 hour exposure time and a bandwidth of 4 MHz) of the UTR-2
radio telescope is 0.01 Jan in the range from 10 to 40 MHz, of the NDA radio telescope is 1 Jan in
the range from 10 to 120 MHz (Fig. 5). The LOFAR sensitivity improves from 0.1 Yan to 0.005
Yan with increasing frequency from 15 MHz to 40 MHz (GrieBmeier et al., 2011). Therefore, for
further evaluations over the entire frequency range, the magnitude of the detected radio fluxF in
expressions (33) and (36) is taken to be
0.01 Yang.

The minimum plasma wave energy estimated from formula (33), which provides on Earth the
radio flux F = 0.01 Yang due to Rayleigh scattering, Wi turns out to be significantly lower than
the energy of the accelerated electron beam for all four sets of parameters (see Sect. 3),

characteristic according to various works for the stellar wind near the exoplanet shock (cf. Table 2
Wy
and Table 3). For the N1 set, the ratio W turned out to be the smallest and approximately equal to

0.6. In other cases, the required plasma wave energy Wi turned out to be 1-2 orders of magnitude
lower than the estimated energy of accelerated electrons. For sets N1 and N3, the radio emission
frequencies were 3.2 MHz and 6.9 MHz, which is below the ionospheric cutoff frequency of about
10 MHz (GrieBmeier et al., 2011). In contrast, for the other two sets, the radio emission frequency
was found to be approximately equal to 20 MHz. So, for the stellar wind parameter sets N2 and N4,
characterized by the highest stellar wind densities, the observation of radio emission from Rayleigh
scattering of plasma waves in the exoplanet shock region is energetically and frequency feasible.
The ratio of the minimum energy of plasma waves, providing on the Earth the radio emission

W,

=

flux F =001 Yang due to Raman scattering, to the energy of accelerated electrons W (the

! Probably damaged as a result of military actions on the territory of Ukraine. The authors of the paper have
no reliable information about the current state of the radio telescope
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valueWs is estimated from (36)) only for the set N4 was significantly lower than 1, which indicates
that it is impossible to observe on the Earth radio emission of this nature at other considered sets of
stellar wind parameters.

As discussed earlier, the stellar wind in the orbit of HD 189733b is significantly
inhomogeneous, so it is important to indicate the dependence of the possibility of effective radio
emission generation at the main and doubled plasma frequencies depending on its parameters. At
stellar wind concentration in the interval from 10°¢M™ to and characteristic temperature
T =15-10° K, the plasma wave energy Wi |, necessary for effective radio wave generation by
Rayleigh scattering, decreases with increasing magnetic field and stellar wind velocity. Moreover,
as its concentration increases, the dependence of the plasma wave energy on the magnetic field
disappears, and the value under discussion turns out to be inversely proportional to approximately
vn (Fig. 6). Thus, at extremely high stellar wind velocity V=aw = 1000 km/s, the condition of
effective radio wave generation W *» Wy, s fulfilled already at a concentration of
n Z 2-10%cm™® and magnetic field up to 0.1 Gs. At stellar wind speed Vsw = 500 km/s the same is
true for magnetic fields up to 0.04 Gs, and at V=w = 250 km/s the condition of effective generation
for the same magnetic fields is fulfilled only at m = 3-10%cM™ (cf Fig. 4 and Fig. 6). It is
important to note that in the case of Rayleigh scattering due to the maser effect, the energy density
of plasma waves W *» Wy depends logarithmically on the minimum radio flux detected by the
receiver, £ (33), so that a degradation of the sensitivity to 1 Yang (which, for example, is
possessed by the NDA radio telescope) will not radically limit the estimation of the effective
generation parameter region.

In the considered region of stellar wind parameters, the plasma wave energy density Wz |
necessary for effective radio wave generation by Raman scattering, is much higher than by
Rayleigh scattering. Therefore, the condition of effective radio wave generation W 3 Wz s
fulfilled only at extremely high velocity Vsw = 1000 km/s and concentration m Z 10%cM™ of the
stellar wind (cf. Fig. 4 and Fig. 7).

When discussing the possibility of detecting radio emission on Earth, it is necessary to take
into account that the Earth's ionosphere absorbs radio waves with frequencies below 10 MHz. Fig. 8
shows that radio emission at the basic plasma frequency passes through the ionosphere only at

stellar wind concentrations above n Z 10°cm™ | and at the doubled frequency - at concentrations

above 2.5 - 10%cm™
Thus, due to frequency and energy limitations, registration of radio emission from the head

shock wave of exoplanet HD 189733b on the Earth's surface is possible at stellar wind

concentrations exceeding ™ = 10°cM™ | The frequency of radio emission is approximately equal to
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the main plasma frequency, which is determined predominantly by the concentration and varies
from 10 to 20 MHz at characteristic stellar wind parameters. For an extremely fast stellar wind,
which has a velocity of Vaw = 1000 km/s, radio wave generation at twice the plasma frequency is
also possible and sufficiently efficient for registration by ground-based instruments.

6. CONCLUSION

In this work, we have studied the possibilities of the drift mechanism of electron acceleration
as applied to the quasi-transverse head shock of exoplanet HD 189733b. In particular, we present
estimates of the concentration, velocity, and energy density of the accelerated electron beam, which,
given the characteristic parameters of the stellar wind in this system, turned out to be sufficiently
high-energy to excite plasma waves.

On the other hand, the paper discusses the efficiency of the plasma mechanism of radio
emission generation in the stellar wind near the head shock of exoplanet HD 189733b. The initial
energy source in this mechanism is energetic electrons that excite plasma waves, which in turn, due
to scattering, are converted into radio waves at the basic (Rayleigh scattering) or doubled (Raman
scattering) plasma frequency. Therefore, a comparison of the energy of accelerated electrons with
the minimum energy of plasma waves necessary for detection by modern radio telescopes on Earth
of electromagnetic radiation allowed us to estimate the region of stellar wind parameters in which
the registration of radio waves from an exoplanet head shock is energetically possible.

The efficiency of radio wave generation increases with increasing concentration and velocity
and decreasing stellar wind magnetic field. It is also shown in this paper that at typical values of

magnetic field, temperature, and stellar wind velocity in the HD 189733 system, the stellar wind

concentration at the exoplanet head shock must exceed n = 10%cH™

. to register radio waves at the
main plasma frequency. If, in addition, the stellar wind velocity exceeds Vaw = 1000 km/s, it is
energetically possible to register radio waves at twice the plasma frequency. The most promising
frequency range for radio wave detection lies near the ionospheric cutoff.

The work does not take into account the numerous factors that can enhance or weaken the
radio emission from an exoplanet shock wave. Such factors include the specified size, location,
shape, and type of the head exoplanet shock; possible refraction of radio waves in the HD 189733
system; gyroabsorption (Stepanov et al., 1999) and collisional absorption of radio waves during
their propagation from source to receiver; different temperature of stellar wind electrons in the
region of the shock wave from ions, etc. The study also considers the temperature of the stellar
wind electrons in the region of the shock wave. The full electron velocity distribution function (15)
obtained in this work is unstable not only with respect to Langmuir but also with respect to Weibel-

type filamentation perturbations (Weibel, 1959; Bret et al., 2004; Kuznetsov et al., 2023). Their

development can also significantly affect the generation of plasma waves and, consequently, radio
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emission. The above-mentioned effects can significantly and to varying degrees affect the intensity
of radio waves at both the main and doubled plasma frequencies, so both Rayleigh and Raman
mechanisms may turn out to be capable of generating detectable radio emission, and the above
effects require a detailed study in the future.

Of separate research interest is the application of other known accelerating mechanisms, such
as the surfotron mechanism (Kichigin, 1995), to the plasma in the region of an exoplanet head
shock.

The possible detection of radio emission could bring direct information on the properties of
the exoplanet head shock and the stellar wind parameters in its vicinity. This could significantly
refine existing gas-dynamic and magnetohydrodynamic models of the HD 189733 system and
clarify the interaction of hot Jupiters with their parent stars.
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Table 1. Stellar wind parameter sets used in the estimates.

Name of the set N1 N2 N3 N4
Ve km/s 240 235 480 1000

mn, cM2 108 4.8 - 105 4.4-10%
T.K 1o% 1o0% 2.2-10%

B Gs 0.01 0.062 0.022 0.1

L, Ry 45

Table 2. Results of electron acceleration efficiency estimates on the shock wave of exoplanet HD

189733b
Set name N1 N2 N3 N4

.. 42 43 37 32

Vs 1.95 1.92 2.6 5.1

t’mj'
Nace(Bmaxi:) M7 1.7 - 10° 5.7 - 10°
V4 (@max ) km/s 1.5-10% | 10% 2.06-10% | 2.4-10%
Vp (Omax:), km/s | 1.8-10% | 1.34-10% | 2.35-10* | 2.6- 10%
W (B pax ) 0.26 0.26 0.68 1.43

Table 3. Characteristics of radio emission generated by accelerated electron flows at different sets

of parameters.
Name of the set N1 N2 N3 N4
fs MHz 3.2 21 6.9 20
", 0.16 0.03 0.06 0.01
7, 20 0.14 1.26 0.16
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FIGURE CAPTIONS

Fig. 1. Relation between the reference frame associated with the stellar wind and the de Hoffmann-

Teller reference frame. The shaded area corresponds to reflected and accelerated electrons.

Fig. 2. Typical dependence of the dimensionless energy density of accelerated electrons W) on
the angle ¢ between the normal to the shock and the direction of the magnetic field.

Fig. 3. Dependence of the dimensionless maximum energy density of accelerated electrons
W max:=) on the pitch angle ic

Fig. 4. Dependence of the energy density of accelerated electrons W Emaxi=) on the concentration™
at temperature T = 1.5- 10° K magnetic field B = 0.01 Gs (black), B = 0.04¢ Gs (red), B = 01
Gs (blue), and stellar wind velocity ¥ = 250 km/s (solid), ¥ = 300 km/s (dashed), v = 1000
km/s (dotted).

Fig. 5. Approximate sensitivity of the ground-based radio telescopes LOFAR (solid), UTR-2
(dashed), and NDA (dotted).

Fig. 6. Dependence of the plasma wave energy density required to generate theF = 0.01 Yang
radio wave flux on Earth by Rayleigh scattering Wi on the concentration ™ at temperature
T =1.5-10° K, magnetic field B = 0.01 Gs (black), B = 0.04 Gs (red), B =01 Gs (blue), and
stellar wind speed ¥ = 250 km/s (solid), ¥ = 300 km/s (dashed), ¥ = 1000 km/s (dotted).

Fig. 7. Dependence of the plasma wave energy density required to generate the radio wave flux
F =001 Yang on Earth by Rayleigh scattering Wz on the concentration™ at temperature
T =1.5-10° K, magnetic field B = 0.01 Gs (black), B = 0.04 Gs (red), B =01 Gs (blue), and
stellar wind speed ¥ = 250 km/s (solid), ¥ = 300 km/s (dashed), v = 1000 km/s (dotted).

Fig. 8. Dependence of the approximate frequency of radio emission generated via Rayleigh (solid)

and Raman (dashed) plasma wave scattering on the stellar wind concentration at its temperature

T =1.5-10° K. The dotted line shows the ionospheric cutoff frequency
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