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Abstract. Cyclotron absorption is known to be significant ircorresponding subluminous waves. Since initially the particles
pulsar magnetospheres. It is shown that when particles abspopulate the ground Landau orbital, these waves should be am-
significant fraction of pulsar radio emission, they acquire relglified (Tsytovich & Kaplan 1972; Kawamura & Suzuki 1977,
tivistic gyration. Therefore synchrotron absorption by relatividMachabeli & Usov 1979, 1989; Lominadet al.1983, Kazbegi
tic plasma with small pitch-angles is considered. Itis shown thett al. 1991). The instability is known to be possible at very high
both the frequency of the absorbed radiation and the absorptpi@sma densities for waves propagating along the magnetic field.
coefficient remain the same as in the cyclotron case provid&& do not consider here this process because waves emitted well
that the angle the absorbed radiation makes with plasma velagthin the magnetosphere come to the resonance region at large
ity exceeds the pitch-angle. This condition holds if the absorbedough angle to the magnetic field; therefore these waves may
energy is less than initial energy of plasma. Spontaneous rbe-only absorbed but not amplified.
mission of the absorbed energy is considered. In short-period The cyclotron absorption of radiation within pulsar mag-
pulsars, a significant fraction of the absorbed energy is reemitigstospheres was first considered by Blandford & Scharlemann
in the far infrared band. (1976). The authors found the process to be extremely effective.
According to their result, in the standard pulsar models radio
Key words: plasmas — radiation mechanisms: non-thermalemission from the internal parts of the magnetosphere should be
stars: pulsars: general heavily absorbed. Later on Mikhailovskt.al. (1982) treated
the cyclotron absorption of radio waves at pulsar conditions in
terms of the plasma theory and came to similar conclusions.
Note that the problem of radio wave escape from pulsar magne-
tospheres may be avoided by assuming that plasma generation
The radio emission observed from pulsars is known to be higfapove the polar cap is unsteady. Then at any given moment the
directional. So it is widely accepted that the pulsar radio emiglasma do not fill the whole open magnetic field tube and radi-
sion originates well within the magnetosphere of the neutron s@iion can freely escape from the magnetosphere when there is
within a narrow tube of open magnetic field lines. The electroneo plasma at the cyclotron resonance radius.
positron plasma streams relativistically along the tube therefore Both of the two papers mentioned above deal with the case
the emission is concentrated in a narrow beam directed alafgon-relativistic particle rotation in the guiding-center frame.
the magnetic axis. Where the radio emission is presumably gindeed the electron-positron plasma leaves the polar cap region
erated, the magnetic field strength is extremely high, so that theving along the magnetic field in the lowest Landau orbital
electron gyro-frequency greatly exceeds the frequency of thecause any transverse energy immediately radiates away in the
originating radio waves in the plasma rest frame. The gyrsuperstrong magnetic field. However it will be shown below that
frequency decreases outwards due to dipolar character of fdefrom the neutron star, where the cyclotron resonance con-
magnetic field. So at some radius the gyro-frequency becontié#on is met for radio frequencies, the electrons and positrons
equal, in the plasma rest frame, to the frequency of the outgeadily acquire relativistic gyration energies through absorption
ing radiation, that is the cyclotron resonance takes place. Thafipulsar radio emission. The aim of our work is to examine the
the radiation is absorbed, the plasma particles being excitzzhditions in which radio absorption allows relativistic trans-
into higher Landau orbitals. Because particles on high Landeerse motion of particles and to consider the absorption by the
orbitals emit synchrotron radiation, some part of the absorbeslativistically gyrating particles. In Sect. 2 we estimate some
energy is reemitted at larger frequencies. essential parameters determinant for the cyclotron absorption
Note that in the magnetized plasma the cyclotron resonamrecess. Only the cyclotron resonanse within the light cylin-
occurs at the negative harmonic of the gyro-frequency as welér is considered, which is justified for "normal” pulsars with
Then the particle transitions into higher Landau orbitals resuft = 0.1s and for low-field recycled pulsars with = 10ms.
in the anomalous Doppler emission, if only the plasma allov&ect. 3 deals with the kinematics of absorption. It is shown

1. Introduction
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that when the particles absorb significant amount of pulsar m@here N is the plasma number density and integration is over
dio emission, they acquire relativistic gyration energies. A getite ray trajectory.
eral consideration of the synchrotron absorption and emission We assume the magnetic field inside the pulsar magneto-
in terms of Einstein’s coefficient method is given in Sect. 4phere to be dipolar oné3 = B,(r./r)3, wherer, is the
Sect. 5 is devoted to an analysis of spontaneous emissionnedtron star radiug3, the field strength at the stellar surface.
sulting from particle radiative de-excitation. In Sect. 6 we makeontinuity of the plasma flow within the open field line tube
some summary. The Appendix contains the calculation of thequires the plasma number density to follow the magnetic field
synchrotron absorption coefficient on the basis of plasma ttstrength:
ory. The condition on which the plasma influence is negligible N=N (L*)?’
is given there as well. “\r
The number densityV, at the bottom of the open field line

- . tube is conveniently normalized by the Goldreich-Julian charge
2. Characteristic parameters of cyclotron absorption

density
Let radiation propagate through a medium of relativistically N, = ”B*)
moving electrons and positrons embedded in a magnetic field. Pce

The cyclotron resonance condition for radio frequencies is my#gerex is the plasma multiplicity factor” the pulsar period.

at the distances from the neutron star comparable to the ngmte that the standard pulsar modelsy,Ruderman & Suther-
cylinder radius; the plasma density there falls considerably Ha0d 1975, Arons 1983) suggest~ 10° — 10*, however be-
cause the open field lines diverge. Hence, the refractive ind@{se of significant uncertainties in the available models, one
of any wave mode at the cyclotron resonance radius is clos& also assumeis outside this range. Making use of the above
unity (for more details see Appendix), so that one can regdRimulas, the cyclotron optical depth may be estimated as

the waves undergoing the cyclotron resonance to be approxi- T, ~ o Te g2 (2.3)
mately transverse electromagnetic ones. If a wave reaches (by rp ¢

any way) the cyclotron resonance region, itis already transvejgere,, = ¢P/2r is the light cylinder radius;. and6, are

electromagnetic wave independently of what type of wave Wasterred to the point of cyclotron resonance.

radiated well within the magnetosphere. Now we turn to magnetosphere geometry in order to find the
We consider absorption of linearly polarized transverse ele§clotron resonance radiusand the anglé, (see also Barnard

tromagnetic waves. Electrons and positrons absorb linearly p@g6). The cyclotron resonance condition may be written as
larized radiation identically, therefore below we consider only (2.4)

electrons. Although in pulsar conditions electron and positron wy(l = Beosf) = wa,
distribution functions are known to be slightly different, thevhere~ is the plasma Lorentz-factor. First we assume that
contribution of the effect to absorption process is negligible. < ry. Let a ray be emitted along the magnetic field line
Note that the two-stream instability, which may be caused bya radius. In the case of non-rotating dipolar magnetic field
this difference, does not affect the cyclotron absorption prtite ray would make the angd®,(1 — ro/r)/4 with the field
cess because the instability generates underluminous waveii@ at a radius-; heref, is the polar angle of the emission
the Cherenkov resonance with particles whereas we consigeint. Due to rotation the magnetic axis turns through the angle
absorption of waves whose frequencies meet the condition(ef-r) sin ¥/, with 9 being the angle between the rotational
cyclotron resonance (see Appendix). and magnetic axes of the pulsar. Then the angle between the ray
The optical depth to cyclotron absorption of radiation magnd magnetic line at the radiuss r( is rsin¢¥/2r, & 36, /4.
be easily obtained as follows (Blandford & Scharlemann 197&)ne can negled,, since the ray is emitted along the magnetic
The absorption cross-section in the rest frame of an absorbfigd well inside the open field line tulty < /ro/rp < 0.1.

electron is given by a well-known formula: The magnetic field structure is known to deviate from the dipolar
) one, the field lines bending away from the rotational direction.
o — 92 i5(wl — o). (2.1) However, the corresponding angte, (r/r1,)%/2, does not ex-

ceed the rotation angle and can be neglected. In the laboratory
frame electrons move along the magnetic lines with an ultra-

Heree is the electron chargen the electron masg,the speed o . : :
relativistic velocity and take part in the magnetosphere rotation

of light, &’ the frequency of incident radiation the cyclotron

: . . with the linear velocityr sin 9 /r, . So to the first orderin/r,
frequencyw = %TBC’ \.N'th B being the magnetic field s_tre_ngthWe find the angl® between tt<e ray and electron velocit/y to be
If the electron is moving at the angheto the flux of radiation,
the probability of absorbing a photon per unit lengtlr{g — § =" sing. (2.5)

B cos 0), wheres is the electron velocity in units ef Therefore 'L
the optical depth to cyclotron absorption in the laboratory frame At the cyclotron resonance radids > 1; the cyclotron
is written as resonance condition (2.4) then yields:

- re 0.3B3

.= / o(1 — Beosf)Ndl, (2.2) " P Siéimw, (2.6)
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where B, 12 = 103;75G’ vy = ﬁ, Y2 _ \/a2 sin29+2a(1 — Bcosh)

radius here and hereafter is takenras= 10°cm. Thus the P 1+« ’
resonance for radio frequencies occurs inside the light cyIingiﬁlrl
on condition that

= 2
= 12 The star

(3.3)

ere), . are the components of the final electron velocity,
parallel and perpendicular to the field, respectively, in units of

P> 0.13B1{§’u;1/37;1/3 sin—2/39 s 27) © G the initial velocity |n units of.. Let the absorbed energy be

* much less than the initial energy of the electrank 1, then

So for long-period pulsars the cyclotron resonance takes plate~ /a. The transverse electron momentym,= (3, yme,
well within the light cylinder at any reasonable conditions. Ifemains unchanged by Lorentz transformation to the guiding-
that case one can evaluate the optical depth to cyclotron abs@gntre frame. So the electron gyration is relativistic when
tion using Egs. (2.3)—(2.6):

a>(6y)7% (3.4)
3/5 . 4/5 . . .
T, = 2“33*{2 sin®/ 19. (2.8) 1€ when the absorbed energy is still very small as compared
(P3ugy2)3/° to the initial electron energy. As soon as the inequality (3.4)

L . . becomes true the Lorentz-factor of longitudinal motiop,=
Apparently, the cyclotron absorption inside the light cylinde . .
PP y Y P oty {1 - ﬁf)*m, decreases approachifgy/a)~'. Note that, in

is efficient if the plasma multiplicity factok; = 25 2 1. In X
th Eq. (2.7). P ~ 0.1 th kes ol accordance with Egs. (3.2), (3.3), when the absorbed energy
agreement with Eq. (2.7), f ~ 0.1s the resonance takes p aCexceeds the initial electron energy,> 1, the electron pitch-

cl_oseto the lightcylinder; thi; is alsotrgefprthg recyclgd pUIsaﬁﬁgle approaché if only (x/2 — 8) > 1/a. In the laboratory
with P 2 10ms be(_:ause their m_agnetlc field is low. Given th‘Wame the longitudinal energy always significantly exceeds the
Te AT th_e anglg is of order umt_y. So the cyclotron depth fortransverse one.
pulsars withP ~ 0.1s may be estimated as Given the efficient cyclotron absorption the plasma absorbs
T, ~ 10%k3, (2.9) an essential part of the energy of passing radiation. So the max-
imum o« may be estimated as the ratio of the initial energies of
which is rather high at any reasonableBecause the magneticradiation and the absorbing plasma. Radiation is supposed to
field structure beyond the light cylinder is badly known, wbe emitted along the open magnetic lines and concentrated into
do not consider fast pulsar® (< 0.1s for normal pulsars and a beam of angular widtly (¢» ~ 0.1). First we consider long-
P < 10ms for recycled ones). period pulsars. At the cyclotron resonance ragiu@ . < rr),
the scale length of lightened area in the direction perpendicular
to magnetosphere rotationg-. while in the direction of ro-
tation it is~ r2sin?/rz. Then the cross-section of lightened
area may be estimated as
In the previous section the optical depth to cyclotron absorp-

3. Variations of plasma parameters in the course of
absorption process

3
tion of radio waves in pulsar magnetospheres was found to be S = Yre sin 9. (3.5)
significant. So the plasma particles absorb an essential part of 'L

the energy of incident radiation, the energy of their transverslete that it turns out to be much less than the open field line
motion increasing. The treatment of the absorption process dabe cross-section, whichis3 /r;,. Therefore only a small part
ried out above is valid until the particles absorb enough energfythe plasma occupying the open field line tube takes part in
to perform relativistic transverse motion in the guiding-centabsorbing radiation. In agreement with the definitiormgf,
frame. In the present section we deduce the condition undee can write:
which the transverse motion becomes relativistic and examine Coman L 7
whether it is the case in pulsar magnetospheres. NSymc?
It is convenient to investigate the absorption process in tidhere L is the pulsar luminosity at a given frequency. Using
corotating frame, in which the electric field is absent and inEgs. (2.6), (3.5) Eg. (3.6) may be reduced to the form:
tially electrons stream along the magnetic field at the relativistic )
velocity. Consider absorption by an electron moving at an angle Coman = 3LosP —
 to incident radiation. Conservation of energy and momentum K3Y2Y—1 B2 sind
parallel to the field implies

(3.6)

(3.7)

, , , whereLog = T0%crg 5T — Ow—l It is easy to see that
yme” + ayme fevimc ’ (3.1)  Qmas is independent on, sinceN o r;%, S o 3. Therefore
VMU aymecost = mmuy, in case of short-period pulsars.(~ 71.) tmas is also given by

where~ and, are initial and final electron Lorentz-factorsEd- (3.7)- Note that the value of.... appears to vary within

respectively,aymc? is the energy absorbed. Hence, one catfders of magnitude due to the essential dependende, éh
obtain: andx. The inequality (3.4) withy given by Eq. (3.7) is true if

0+ acosf
Bl=—r—"

Tra (3.2) K3 < T00Log P /505 2/ B Y535~ sin=9/5 .
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In accordance with Eq. (2.8), if; < P9/5 the efficiency of whered is the angle the incident wave makes with the magnetic
cyclotron absorption is small. Then the energy absorbed is chiagld, < the electron energyle = fiw.

acterized by = apnq, . Using the latter in Eq. (3.4) yields ~ The coefficient4] is related to the synchrotron energy
that relativistic gyration energies are achieved at loss rate at thé-th harmonic of gyro-frequencyp,(w,8) =
th§+l(w, 6). Making use of the well-known formula for the
power of synchrotron emission (see, e.g., Eq.(6.15) in Bekefi
These inequalities hold for all pulsars, therefore absorption b966) and taking into account that the observed powér, 6),

the relativistically gyrating electron should be considered. is related toP;(w, ) asP; = (1 — 3| cos )n;, one can write

Log > 1073 Prgtp_1 sin o).

. . . 2 0 — 5 2
4. Synchrotron absorption coefficient Aty gy = W) [ I 2
y P J (w, ) 2mch sin @ (8
As soon as an electron acquires relativistic gyration energy in
the guiding-centre frame the character of absorption alters, so 2 772
i . : ' J, o[l —w(l— 0], 4.5

that the cross-section for cyclotron absorption given by Eq. (2.1) FOLIEE) pollwn /v = w(l = cosO)] (45)
Is expected o be no longer valid, No.w.we proceed o the r.nq-ri%rejl(g) is the Bessel functionJ/ (¢) the derivative with re-
general consideration. The only restriction assumed is thatin ct to argument
corotating frame the electron energy is chiefly longitudinal; in '
another words, the electron pitch-angle is much less than unity. 13 sinf
Ab . o . = —"7——. (4.6)

sorption and emission of small-pitch-angle synchrotron ra- 1— 3 cosd
diation will be investigated in terms of Einstein’s coefficients.

Einstein’s Coefﬁcientsq{, Blj' Bé are related to each OtherThe first term in the braces of Eq (45) describes an Ordinary

by well-known expressions: wave polarized in one plane with the wave vector and the mag-
- netic field while the second term corresponds to an extraordinary
B! = B! Bl = 8m°c Al (4.1) Wave polarized perpendicularly to this plane.
/ 9% 5| 0(nw) Note that the expression fd®;(w, ) written above refers
n2hw3 | —5— . P L .
dw to the corotating frame where the electric field is absent and

wheren is the refractive index of the incident wave. In thjhere is no particle drift. Being transformed into the Iaborlatory
above relations the refractive index deviation from unity c Hame the anglé c.hanges dueto gberra’uon by the correction of
be ignored. Note that the power emitted spontaneously by gy*" ¥/rg becoming equal to-r sin ¥/ 2r,, while all the other
rating electron, and consequenﬂy{ depends om as well; uantities remain unchanged to the first order/in;, (see Sect.
there |1 — n| c,an be ignored on ’more stringent conditior@)' Sinced turns out to be the same in the absolute value and
11— n| < 1/42 (seee.g, Ginzburg & Syrovatskii 1969), with emission is certainly symmetrical with respect to the magnetic

~ being the electron Lorentz-factor. Further on we suppose tg?%ldl tgen to thfe first order lllm/TL Eq. (4.5) is appropriate in
condition is fulfilled. A more general treatment on the basis elj" .oraItEory rir:r;e ZSGW? .E 4.9 btain:
the dispersion relations for the wave modes in the magnetized sing Egs. (4.3)-(4.6) in Eq. (4.2) one can obtain:

plasma is carried out in Appendix. 832N [ dp.dp of
The absorption coefficient, may be written as = / 5 TN (1= Bjcost) (4.7)

hw ; w33 ;
p= 0SB - NB) = S S AN - N (-2 2
(4.2) dp ) yme
Here N;, N; are the numbers of electrons on th¢h andi-th
Landau orbitals, respectively, and summation is over all tr
sitions between the states whose energies diffehdy The
difference(N; — N;) may be expressed in terms of the elec- ) (cos9 — 8

cos 9] Z Rl(i)é[le/’Y —w(1 =) cos )],
1

awherei = 1,2, with the indicesl and?2 referring to ordinary
and extraordinary modes, respectively;

tron distribution functionf(p. ,p; ), wherep, andp are the Rl(1 =
components of momentum parallel and perpendicular to the
magpnetic field. The normalization is assumed to be as followso we found the coefficients of synchrotron absorption and

sin 6

2
) RIE), R =AJPE). (48)

2 [ f(pL,p))pLdpidpy = 1. Then emission for both ordinary and extraordinary waves.
of of In Sect. 3 it was pointed out that as long as the energy ab-
N; —N,=-N (amApl + 8p|Ap|> . (4.3) sorbed remains less than the initial electron enetgy; 1, the

electron Lorentz-factor is nearly constant ahd < 6. Then

Here the variationé\p , Ap; may be found from the conser-the resonance condition given by the argument of delta-function
vation laws: in Eqg. (4.7) may be approximately written as

Ap = h(—w cos b,

QZOJH
eAe = pHAp”C2 erLApLCQ,

(4.4) =
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So in casef. < 6, the frequency of the basic harmonic sufs(,—7) we immediately come to = 2W2%5(w792/2_wf1),
fering synchrotron absorption is the same as the frequency @lrich is the customary cross-section for cyclotron absorption.
sorbed in the cyclotron case (cf. Eq. (2.4)) although electrqmys the latter is appropriate in the synchrotron case as well,
gyration is already relativistic. provided that3, < 6.

Note that the second term in the square brackets of Eq. (4.7) |n the previous section we found out that as soon as the en-
is 3% /67 less than the first one, so it can be neglected. TRegy absorbed exceeds the initial electron enesgy; 1, 31
small-pitch-angle condition implies thag = 3ymc = yme.  approache$. Then the cross-section for cyclotron absorption
Thenthe firsttermin Eq. (4.7) may be easily integrated by pafésno longer valid. In this case Egs. (4.7)—(4.8) for the absorp-
yielding: tion coefficients cannot be simplified without using a specific

16732N [ P2dpudp; [cosf— G\ 2 form of the distribution function. Since the distribution func-
[ = / I I ( i |> Z ¢J,(€)J](¢) tion formed after absorption of large amount of energy may be
mc b1y sin ¢ . rather complicated detailed consideration of the ¢ase- 6 is
beyond the scope of the present paper.

(1 = B cos0) fo[lwn /v — w(l — B cos B)], (4.9) As long asB, < 6 the optical depth for synchrotron ab-
1673e2N [ pidp.Ldp 12— ¢2 . sorption certainly coincides with that given by Eg. (2.8) in the
po = —— / 5 > ¢ Ju(€)J1(€) cyclotron case. Hence, at
l

X (1 = B cos0) follw /v — w(l — By cosB)].  (4.10) ks > 0.508 > PO B Y437 sin=4/5 (4.14)
In the last expression we used the relation: pulsar radiation should be heavily affected by synchrotron ab-
2 g2 sorption. Note that the shorter the pulsar period the more ef-

EJ/' (&) + J[(§) = ——Ji(§) fective the synchrotron absorption process; given fhat 0.1

s the absorption depth appears to be large at any conceivable
resulting from the Bessel equation. Recall that the above fprllsar parameters. Then inhomogeneity of the plasma flow can
mulas are obtained for electrons. Positrons absorb linearly pedy account for the escape of pulsar radiation from the mag-
larized radiation independently in the same way. Therefore niétosphere.
distribution functions of electrons and positrons are the same,
one can use Egs. (4.9, 4.10) with being the total number of .
particles. In general case one should take sum of the expr .S_Spontaneous reemission
sions (4.9) (or, correspondingly, (4.10)) for both these speci@sthe above consideration spontaneous reemission was sup-
with proper distribution functions. Note that in pulsar magngosed to be sufficiently weak to alter the electron gyrational
tospheres distribution functions of electrons and positrons gaergy essentially. The spontaneous power found by Blandford
differ however the difference is not large, the characteristic e&-Scharlemann (1976) for the cyclotron case proved to be neg-

ergies of most of particles are the same. ligible. However, the synchrotron power is sure to be larger than

Tothe firstorder ind, /0 the Bessel function argument (4.6the cyclotron one.
becomes: 215 Note that while synchrotron absorption occurs predomi-
£ = Tl (4.11) nantly at the first harmonic of gyro-frequency, spontaneous

_ _ emission peaks at the essentially higher frequengyThe lat-
Then atl < 6/, the Bessel function can be approximatelyer corresponds to the harmonic with the number off, where
presented in the form: 70 is the electron Lorentz-factor in the guiding-centre frame, so
that

!
Ji(§) ~ ll’ <§) . (4.12) wsY) (1 — B cosby) = WHYe,

whered, is the angle which the emission makes with the mag-

Soinduced absorption of the firstharmonic is the most effectigstic field. Spontaneously emitted radiation is mainly directed
Substituting Egs. (4.11), (4.12) into Egs. (4.9), (4.10) itis €a8Y¥ong the electron velocity), ~ 1/, within the interval

to obtain to the first order i, /6: A, ~ 1/~. Thenw, is related to the frequency of radiation
972 N2 % absorbed at the angteto the field,w, as
H1 = f2 = <2> , (4.13)
mew wb 022
) Wy =W . (5.1)
with 2
F(y)=2m / f(pL,p)prdpy. First let us consider long-period pulsaf3 {& 1s). By means of

Egs. (2.5), (2.6) eq.(5.1) may be readily reduced to the form:
Above it is assumed thdt > 1/+. The absorption coefficient

given by Eq. (4.13) is exactly the same as the cyclotron one. In " y§/57§/5BE{§’
agreement with Eq. (2.2)y = No6?/2. Then takingf(y) = vs =107 ——=—7= Hz. (5.2)
g q g5y P6/5gin?/5 9
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Pulsar luminosity provided by the spontaneous emission in tvaves originate well within the magnetosphere. The problem

frequency band of v, may be estimated as of radio wave escape can be naturally avoided through the as-

) sumption of the nonuniform plasma distribution within the open

L, = 2e* 027" wh NSr, (5.3) fieldline tube (Blandford & Scharlemann 1976). Then the radi-

3c ation passing through the regions of sufficiently dilute plasma

where N is the plasma number density, the lightened area IS Weakly absorbed, the most part of it reaching the observer.

given by Eq. (3.5). Assuming, to be~ 6 one can obtain: The power of synchrotron radiation resulting from spon-
taneous reemission of the energy absorbed proved to exceed

22 vivs® Bli, sin'! 9 1 B significantly the cyclotron one. Being strongly dependent on

Ly =74-10"r31—1 ( P26 > €rg-s . pulsar period, spontaneous emission of relativistically gyrating

(5.4) electrons appears to be rather intense for short-period pulsars,

A|th0ugh the |uminosity provided by the Synchrotron Sponté_o that an essential fraction of the energy absorbed is reemitted
neous reemission is larger than that in the cyclotron case, #fhe far infrared band.
long-period pulsars it is still rather low.

Proceeding to short-period pulsafs ¢ 0.1s) we recall that
in this case one can assume~ r,, 0 ~ 1. Then the frequency
of spontaneous emission (5.1) may be rewritten as

AcknowledgementsThis work was partially supported by INTAS
grant 94-3097.

Appendix A: treatment of synchrotron absorption in terms
ve =5-10"197; Hz (5.5)  of plasma theory

In accordance with Eq. (3.7%n4 < 1 provided thatP ~ Here we consider the synchrotron absorption process by plasma
0.1s. So one can estimat® as~ 6,/@maz ~ /Xmaz- The methods to find the condition on which ignoring the plasma in-

luminosity (5.3) then takes the form fluence is appropriate and, correspondingly, the above expres-
- s o ) sions for absorption coefficients, (4.7)—(4.8), are valid. The dis-
Ly =205-10"Lyg P~ "2 By, erg-s™ . (5.6)  persion relation for normal waves in the uniformly magnetized

asma (seeg.g, Krall & Trivelpiece 1973, Egs. (8.10.10)—
quo 11)) can be easily generalized for the relativistic plasma
particle motion as follows:

Hence, for short period pulsars the spontaneous synchrot
emission appears to be rather high.

. k2c? koksc?
6. Conclusions Det | (1= —3)dap + wi —aap ||= 0, (A1)

We investigated absorption of radiation by an uItrareIatlwstlc
magnetized electron-positron plasmain pulsars. Inthe cyclotron

limit the process appears to be significant at pulsar conditions. wg > kiviy
In case the energy absorbed becomes large enough to proide™ Z k2 % Wi X1 (A2)
relativistic electron gyration in the guiding-centre frame, the
customary theory of cyclotron absorption is expected to be no iwlm
longer appropriate. This is really the case in pulsars becausg = —a,, = —~ (A3)
absorption of the pulsar radio emission cause the electrons to w
acquire relativistic gyra_tion. Thus a m_ore_general consideration > lwgp. kroiy\ o, (kiviy
of synchrotron absorption and emission is necessary. X Z H i Ji ( ) Ji ( ) XH )

As the electron pitch-angle is much less than the afigle (=- + wH wH
which radiation absorbed makes with the magnetic field, the res- s oo
onance frequency and the synchrotron absorption coefficiepts _ “»"" 3 legpl 72 <kuu7) A” (Ad)
for both modes turn out to coincide with the cyclotron ones. wo = ki WH ’
Therefore the estimates (2.8) and (2.9) for the optical depth
are valid until the absorbed energy remains less than initial en- w2 & o o (kiviy
ergy of absorbing plasma. For the long-period pulsBrs; 1s, Gy = - > H J () ” ; (A5)
absorption is significant if only the multiplicity factor values l=—o00
k3 = 1. As for the short-period pulsar®, ~ 0.1s, synchrotron Lo oo
absorption is significant at any conceivable parameters. Absogp: — —“ 3 Hmp” I (luuW) 7t (k:wm ) AH 7
tion in the very fast pulsars{ < 0.1s for the normal pulsars W WH wH
and P < 10ms for the low-field recycled ones) is not consid-
ered here because in these pulsrs the cyclotron resonanse occurs (A6)
beyond the light cylinder, where the magnetic field structure is 9 .
badly known. Note that the estimated large optical depth do&g _ Z HZWHM J? (l@ﬂuv) x” (A7)
not argue against the models of pulsar emission in which the W= ki WH ’
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. gf, i J kiviy 7 kiviy that their products can be neglected. In this approximation, the
2y = PLPISE\ — N\ o )X dispersion equation (A1) becomes factorized, the wave modes
being independent:

k22 Amw? & kiv .
s — -2 P L) Ryphdp, dpy =0,
w kivivy w? w . WH
=B S () e
w = wH
|=—o0 (A13)
Here the magnetic field is assumed to be directed along-the 5 oo 9
47rwp Z / 1 ﬁQ w — k”’UH
w o = I kic

l=—o0

(A8)

axis and the;-component of the wave vector is taken to be zerg; _ k2c? _
k), k1 are the wave vector componeits k. parallel and per- w?

pendicular to the magnetic field, respectively, = 4”%62 k
the plasma frequencythe imaginary unity, x J? (qu’y) Riy’m*cPpodp, dp; =0, (A14)
H

of kog | kv 9f

X = o7 (1 - L)+ (\U ‘%ﬁ’ (A10) \where
af (1 _ klf') L by of

0 lw 0 0 0 0
AEaQ—H@—aﬁ)- (#11) g = i

Dj W Dj Py 'Y(kHvH +lwg /vy —w)

Double square brackets in Egs. (A2)-(A9) denote the integFlis. (A13, A14) describe the extraordinary and ordinary modes,
operator correspondingly.
Givena,, < 1 one can assume that= % ~ 1. Then the

AnF(py, py)pLdpLdp) damping decrement for the extraordinary mode takes the form:

el E/ Yk + lwn /v — w) s - 3
=7 | e iy |/ Kl_lu”) (‘mﬁ)

(kv + lwg /v —w) i o
wipL [ 0f
prdpLdpy T P( 3p||)] (A1)
5

+i7r/47rF(pl,pH)5(k:HU|| +lwg /vy —w)

. . > k?J_’UJ_"}/ pidpj_dpn

It should be noted that, in contrast to vacuum case, in the Z JP | =) [lwn /vy — w + ko) ———.
magnetized plasma the resonance may occur not only at positive-— WH v

harmonics of gyro-frequency but also at zeroth and negative . o ) ) o

1 < 0 the electron transitions into higher Landau orbitals resutiven by Eqs. (4.7)—(4.8) provided that one substityiesos f

due to the anomalous Doppler effect, in emitting the wave8! kv /w andsin ¢ for k c/w, with ¢ being the angle between
Corresponding resonance conditions may be met only in c&3@ wave vector and the magnetic field. In particularly, then the
plasmaallows slow enough, perhap$:; < ¢, waves. Provided terms withl < 0 do not contrlpute tothe sumin I_Eq. (A15), since
that initially the particles populate the ground Landau orbitdf}€ argument of delta-function does not turn into zero. Such a
such waves should be amplified (Tsytovich & Kaplan 1978ubstitution is possible in case

Kawamura & Suzuki 1977, chhabeli & Usov 1979, 198 1 n| < 62, (A16)
Lominadzeet. al. 1983, Kazbegkt. al. 1991). However, this

instability is possible only at very high plasma densitiesy> Indeed makinguse of ~ 1,6 < 1, 5, < 1, one can write
10, for waves propagating along the magnetic field. We do not

consider such a case here. Note that an instabilitpafis also @ — kv = w(l —n+602/2+ 37 /2 +1/27%).

possible (synchrotron maser) but only in case higher Land‘?gking into account that we are interested in the ¢ase> 1

orpltals are overpopullate%% - .O' One can easily see that mEH < (31, one can see that above substitution is indeed possible
this case the absorption coefficients (4.7) (see also below ché]“ " .
(M) (A1) bcome negatve. Hanever such a dstuid] ¥ 0 SN (19) bt ot on e weskercondton
function cannot be formed in the course of absorption process. . ; <9 b P
therefore we consider here only the c gé < 0. when the Sehse in Eq. (A13) to find — n|. Making use of the resonance
absorption coefficients are positive pL — 7' condition, the Bessel function argument may be written as

Obviously, plasma contribution to wave dispersion is rege v,y 203,06 61
resented by the terms, 5. In the case of interest,s < 1,50 () 7 52 192 {2 ~l
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Note that since the Bessel function steeply decreases with Biendford R.D., Scharlemann E.T., 1976, MNRAS 174, 59
order, only low harmonics mainly contribute to the integral. F&ginzburg V.L., Syrovatskii S.1., 1969, ARA&A 7, 375
these harmonics at the above argument one can.fake 1. KawamuraK., Suzukil., 1977, ApJ 217, 832

Taking into account the standard estimate Kazbegi A.Z., Machabeli G.Z., Melikidze G.I., 1991, MNRAS 253,
377
1 L Krall N.A., Trivelpiece A.W., 1973, Principles of Plasma Physics,
ko +lwg/y—w McGraw—Hill Book Company

Lominadze J.G., Machabeli G.Z., Usov V.V,, 1983, Ap&SS 90, 19
Machabeli G.Z., Usov V.V., 1979, Sov. Astr. Lett., 5, 238
Machabeli G.Z., Usov V.V,, 1989, Sov. Astr. Lett., 15, 393
into Eq. (A16), one can see that plasma influence on the alikhailovskii A.B., Onischenko O.G., Suramlishvili G.I., Sharapov
sorption of the extraordinary wave is negligible on condition S.E., 1982, Pis'ma v Astron. Zh. 8, 685
that Ruderman M.A., Sutherland P.G., 1975, ApJ 196, 51

Tsytovich V.N., Kaplan S.A., 1972, Astrophysics, 8, 260

292
one can finally find1 — n| ~ (:JPQ . Substituting this estimate

wl < YW, (A17)

Then the damping decrement (A15) reduces to the absorption
coefficientus given by Eqgs. (4.7)—(4.8).

The ordinary mode can be treated similarly. The damping
decrement turns out to be:

2 2
Tk — 27‘(‘2&)12, /p|dpj_dp| 1 52 (v kv
c y I kic

_ ’f|”I> <3f) Koy pe <af)]
. Kl w Op. e | Ip| (A18)

= kiviy
X Z le <t};) 5[ZWH/’Y*W+]’CHUH]’

l=—00

which certainly reduces to the absorption coefficientf the
condition (A16) is satisfied. Estimating the integral in the princi-
pal value sense in the dispersion relation for the ordinary mode,
one can come to the same condition (A17).

Above we considered the one-component plasma. In general
case one should take the sum over charge species in the right-
hand sides of Egs. (A2—A9). This implies the similar summing
in the right-hand sides of Egs. (A15), (A18). So the components
of the pair plasma absorb radiation independently.

Now let us check whether the condition (A17) holds in cy-
clotron resonance zones of real pulsars. Substituting the param-
eters from Sect. 2 in Eq. (A17) yields

1.6
/€3312

14-1070 —=—12 __ « 1 for P~l1s,
V2O P 46,00 < or 8
B
5.1-1070 2372 <1 for P~ 0.1s.
vy P3ye

These inequalities hold for any reasonable parameters therefore
our neglect of the plasma influence on the absorption process is
justified.
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