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Source, RX J

Spin Periods, s

Amplitude/2

Temperature, eV

Absorption

line energy, eV
1856.5-3754 |7.06 1.5% 60-62 no
0720.4-3125 |8.39 11% 85-87 270
1605.3+3249 | .,
(RBS 1556) e, - 93-96 450
1308.6+2127
(RBS 1223) 10.31 18% 102 300
2143.0+0654 "
(RBS 1774) 0.44 4% 102-104 700
0806.4—4123 |11.37 6% 92 460
0420.0-5022 |3.45 13% 45 330

Wikipedia: magnificent seven
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Fig. 3. Pulse profile of RBS1223 i the 0.12-0.5 keV (soft) and 0.5—
1.0 keV (hard) energy bands. together with the ratio hard/soft. ob-
tained from the EPIC-pn data of the Jan. 2003 observation.
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[f a neutron star possesses a strong magnetic field,
then radiation at frequencies v < eB/2#mec will have an
anisotropic directional pattern, and the luminosity of the
nonpulsating radiation of the star will become modulated
with a period equal to the rotation period. In order to de-
termine the depth of modulation as well as the character
of the periodic spectrum variations, model atmospheres
of magnetized neutron stars must be calculated, As aneu-
tron star cools, the pole will become hotter than the equa-
tor because of anisotropic heat conductivity, and the mod-
ulation depth will be greater. In our case the luminosity
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Except for the outer region of the star fw « 1, the electrons are relativistic, and the Landau levels are smeared
out thermally. In this case the main effect of the magnetic fields will be to introduce anisotropy into the transport
coefficients. To see this in the simplest case, consider a single example of electrons moving in E and B fields; then

m*(se ¥l x) — e(E + v x Blc), (109)

where we have assumed the existence of a relaxation time, =, to describe the collisions with other particles. Now the
conductivity is a tensor, o;;, defined by

ji = ijE,f > (110)
where the electric current, j, is
Ji = neb; . (111)
Solving the equation of motion for steady-state solutions,
2 1 w,T 0
o, =T | w1 0 : (112)

m* 1 + (w,7)? 0 0 1+ (wr)?

Now for large fields and pure materials w,7 > 1 and the conductivity is highly anisotropic; it is easy to move along
the field lines but difficult to move perpendicular to them. When w,7 « 1, then o i1s diagonal.

This dependence on the magnetic field 1s used in most subsequent
papers on this subject
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18.31. The free-path theory of conduction of heat, and diffusion, in a
magnetic field. We now consider a simple free-path theory of diffusion and
heat conduction in an ionized gas at rest in the presence of & magnetic field,
using a method somewhat analogous to that of 6.3 and 6.4. As in 18.3,
the magnetic field is taken to be parallel to Ox, and in addition it is
assumed that the density, temperature, and composition are functions of z
alone, and that X, = 1.

We assume, purely as a convenient rough approximation, that the mean
time between successive collisions of a molecule m, has the same value 7,
whatever the molecular speed. With this assumption, by an argument
gimilar to that of 5.41, e~%"s is the probability that at any given instant a
molecule m, has travelled without collision for a time at least equal to £.

The number of collisions per unit time experienced by molecules m, in a
volumer, drisn, dr/r,. Lety,(c,, z) de,drjr, denote the number of these which
result in a molecule m, entering the velocity-range ¢,, de,; as the notation
implies, it is assumed that y, depends only on the magnitude of ¢,, and not
on its direction. In a gas in the uniform steady state y, is identical with
Maxwell’s function f,, since the number of molecules entering any velocity-
range through collision is equal to the number leaving. In general y, will
differ only slightly from f,.

We consider first diffusion. Since free-path methods seem unable to give
an adequate theory of thermal diffusion, arising from inequalities of tem-
perature, we assume that the temperature is uniform,



1. TeopHs TennonpoBOAHOCTH W AHDDYIHH B MArHHTHOM none,
- ocnoBanHam wa csobogmom npobere

PaccMoTpum Temepb 3JIEeMEHTAPHYI0, OCHOBAHHYI Ha MOHATHH
cBoboanoro nmpobera teopuio AMGPY3UHM U TENJIONPOBOAHOCTH B MO-
KOSILLIEMCA HMOHM30BAHHOM rase B NPUCYTCTBHH MarHHTHOrO Mojs,
NOJIL3YACH METOIOM, aHAJNIOrMYHBIM NpuMeHeHHoMy B . 6, § 3 u 4,
Kak B § 3 nacrosimyeii riiapsl, npumem, UTO MarHUTHOE MoJIe Mapasieib-
HO Ox W MPEeANOJIOYKMM JIOMOJHHTENILHO, YTO MJIOTHOCTH, TeMnepaTypa
H COCTaB 3aBMCAT TOJILKO OT 2 M X, = 0.

Insa npocroTel B KauectsBe rpy6oro npubimxeHus JONYCTHM,
YTO Cpe/lHee BpeMs MeM 1y TOoCNeloBATe/ILHBIMH CTOJIKHOBEHHSIMH
MOJIEKYJIbl /M, WMEeT OIHO M TO )Ke 3HayeHWe 7,, HE3ABMCHMO OT ee
ckopoctu. Ilpu atom B cuay paccyxielnuid, nofodHLIX npuBefeH-
HbLIM B TJI. 5, g 4, n. 1, e”V% pplpakaeT BEPOSTHOCTL TOr0, YTO K AaH-
HOMY MOMEHTY MOJIeKysna m, aBuranach 0es CTOJIKHOBEHMH He MeHee,
YeM B TeueHue BpemeHH [.

Uxcno cToNKHOBeHHMi, cOBepliaemMbiX B eIMHHLYY BpeMeHH Mone-
Kynamu m, B o6neme r, dr, pasuo n,dr/z,. ITlycts y(c,, 2)de,dv/z,
03HAYaeT YacTh 9TUX CTOJIKHOBEHMH, B peaysbTaTe KOTOpLIX MOJIEKy-
na m, NOCTymaeT B HHTepBaJ cKopocTeii ¢,, de,. Kak nokasuBaet 0603-
HaueHue, MpeanojaraerTcsi, Yro x, 3aBUCHT TOJIbKO OT BeJHYMHBI €,
M He 3aBMCMT OT HanpasieHus. Ecau ras HaxoauTcst B OAHOPOAHOM
CTALlHOHAPHOM COCTOSIHMH, Jx, COBMajflaeT C MaKCBeJUIOBCKOH (yHK-
uuell f,, TaK Kak YMCI0 MOJIeKyJ, noctTynawwux B mo6oH uHTepBan
CKOpocTelf 3a cYeT CTONKHOBeHMH, paBHO YMCAY MOJIEKYJ, MOKWAaK0-
wux ero. B obwem cayuae y, auwb cnabo otauvaercs ot f.

Paccmorpum cuavana audpdysuio. TlockonbKy MeTo/bl, OCHO-
BaHHble Ha csobogHom mnpobere, nNO-BHAMMOMY, HENPUMEHHML K
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The velocity of diffusion of the molecules s, when the magnetio field is
absent is found by putting w; = 0 in 3. The presence of the magnetic fiel!
accordingly results in a reduction in the veloeity of diffusion parallel to Oz in
the ratio 1: (14 i),

In addition, the magnetic field produces a veloeity of diffusion in the
direction of Oy, By applying an argument siuiler io that nsed in proving 2,
to Lhe passage of molecules scross an eleiners 4.5 of the plane ¥ = 0. we find
that,
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Henee 1n addition to the ordinary diffusion there is 4 flow of moelecuies
perpendicular noth to If and to the divection of the ordinare diffusion: we
may eall it fransverse diffnsion,

(Hall current)



Clearly 3 and 4 can only be approximate resuits; it is actually not paossible,
with any values of , and 7, for these formulae to be consistent, for all values
of H, with the conditions that the gas as a whole should be at rest,* namely

ﬂlﬁll'ﬁ1+ﬂtmii§= == 'l}| ﬂlmlﬁl"‘ ﬂ:'ﬂlﬂmﬂ —= ':l. ------ 5

(‘onsequently results based on 3 and 4 must be treated with reserve; we
cannot expect to deduce from them more than the relative order of magni-
tude of the direct and Hall currents, and the order of magnitude of the
reduetion in the conduetivity. Using 3 and 4, the direct and Hall currents
are found to be

. 1 Epl) nyey Ty [ 1 E‘iﬂt) MgeeTy
= 7. - = - R P
T ( ' 1+m}r’+(z Py ¢z ) 1+ wity




$lcho, uto cooTHoweHus (3.7) u (3.8) MOryT OHITH TOJIBKO MPHOJIH-
YKEHHBIMM; TIpH JII00BIX 3HAYEHUAX 7, U T, ITH GOPMYJIBl PaKTHYECKH
He MOryT ObIThb cOrjiacoBaHel /I BCeX SHaueHud H ¢ YCHOBHSAMM
TOr0, YT0 ras B LIeJIOM MOKouTCAY

MMy + Nagby = 0, nym,y + nymglby = 0. (3.9)

Taxum 00pa3om, K pe3yibrataM, 0CHOBaHHBIM Ha (3.7) u (3.8), ce-
JyeT OTHOCMTLCSL ¢ OCTOPOIKHOCTLIO; Mbl HE BIpPaBe PacCYMTHBATH
Ha TOJyueHue M3 HUX vero-nu6o Oonbluero, Yem CpaBHUTEJILHOIO
MOPSIAKA BeJIMUMHBI NPSAMOrO TOKAa M TOKa X0JUIa, @ TAKKe MopsjiKa
BEJIMYMHBI CHIOKeHUA anexTponposojHoctd. Ucnomsays (3.7) u (3.8),
JU1s MPAMOr0 TOKA M TOKa XoJuia MmoJiyyaem

o 1 op,\  me, 1 apy\ gy, ;
2= Z ) 32) | + ofr} -I'-(Z, 04 Bz) | + wit} (3.10)
) (

" | dp e\t 1 Op,\ net.wr
I""_'Lzld_ 0, i}zl] ll—l—'mlr:_l_( 0, 8;) ll-i-a:}r} (3.11)
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BOLTZMANN EQUATIONS
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TRANSFER EQUATIONS
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EQUATIONS FOR THE FIRST APPROXIMATION FUNCTION

1E J—
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where G,,(xg) are Fermi integrals.
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Integro-differential equation for \xi
1s solved by expansion on orthogonal polinomials



For non-degenerate electrons
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Sonyne polynomials are orthogonal:

| eSS @ear = =21 2,
0 p-
and
SOy =1, SV =2_4
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For partially degenerate electrons

Qo(x) =1, Qi(x)= fﬁG:m — .,
2G3 )9
o 35 GT{E TGTX-'E ]_ 9

Q2(z) =

r+—Ir°, TI=1u".

8 Gz/a 2G5 2

§ =apQop + a1Q1 + ax@)s,
AB) = coQo + c1Q1 + c2Q)s.

System of equations for a_i contains matrix elements.
electron-nuclei interaction:

bjk = R/fﬂfwﬂ(l — f0)Q; ()i [Qr (u®u;

~Qr(u ?)u;]genbdbdedey de;,
k> 0.



electron-electron interaction:
0ji = B ] fofor(1= f3)(1 = for) Q30 Qe ) + Qe = Qs = Qalo vy gecbdbdederde,
The average frequency of electron-ion collisions
o 4 \/ﬁ Z2etny A 1
“ 3V me (KT)3/2Gg)9 1+ €70

In the limiting cases it is expressed as

4 27w Z2%einyA _
Vei = 31/ m. (KT)3/2 (ND)

B 3272 Z2etAny
3 e h3n.

(D).



The average time 7,; between (ei) collisions is the inverse
value of v,;, and is written as

L3 e (D)
nd = vod A\ 21 Z2etny A’

1 3h3n,

vy  32m2m Z2%etAny

Td



Coulomb logarithm 1s written in the form

1 _ bryaxV2m
A==In(1+ v ~A,=In| —<= ). A>1.
9 ( + D?‘ﬂ.ﬂ:t‘) ( 7 a2 . .-
The heat flux 1s expressed via the heat conductivity tensor in the form
oT
= i ——.
4 *

5 kZTnE Ga;z { [ 1 (7 GTEE 3 GEK?) 1]
2 Mme Gg};g 2 GE.;’E 2 GB/?

7Gri2 5Gs) ]
— =i an bl — 1 A N bl
i [ " (2 Gsa 2Gap)

7G72 5Gs)
BBy |cb— (L2722 !
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ag = aj + iBb}, a; = aj + iBb]

B®cy = (ag)B=0 — ag, B¥c1 = (a1)p=0 — a;

For non-degenerate electrons tensor can be written as follows:

Aik = %kiim [(ﬂ%. — a1)0ik — €iknBn(by — b1) + BiBr(cj — "3%)}
The heat flux
g5 = T (ol ab)iis — Bl — b)) + BiBi(ed — D] o = o) 1 42 4+ 40
= 2ETe gy 2T = AT
O gkjjﬂgmBn(b}} _ b{)% - —gmBnAfj%g
qgg} = —gk::h B;By(ch — C%)(;—ai = —BiB;f)xg%.



COMPARISON OF THE EXACT SOLUTION IN LORENTZ
APPROXIMATION FOR A HEAT CONDUCTIVITY WITH
POLYNOMIAL EXPANSION

Exact solution in Lorentz approximation
640k m.(ET)? 1 G50 JT

qi — — (24)3 Gs — 5 KCHL
AN nyZ2eth 2Gs) ory

\l me ne (KT)>? 320 k*Tn.
¢~ 3331"1 ny e1Z2./m. 3w m.
5 kngghS B 572 k2Tn,
 64A m2nyZ?el 6 m.

Tnd (ND)

ra (D).



HEAT CONDUCTIVITY OF STRONGLY DEGENERATE
ELECTRONS IN PRESENCE OF MAGNETIC FIELD:
LORENTZ APPROXIMATION

2 5 G52
H 2 Gaya
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Amny (sz
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(Chapman, Cowling, 1970)
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For strongly degenerate electrons at o > 1
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Therefore the consideration in this paper could be safely
applied at wr < 1, and for larger wr only qualitative
estimations could be obtained.
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The plots of the ratio Ay /A, as afunction of W!T
are presented for phenomenologically obtained heat conduc-
tivity (dash-dot line) for comparison with heat conductivity

obtained by the solution of Boltzmann equation in Lorentz
approximation (solid line) with k<7 = (.09 F f-



The transport coefficients calculated here determine a
heat flux carried by electrons in the case of zero diffusion
vector d;. In a general case of nonzero diffusion vector d,;
and temperature gradient 91'/dx;, the heat and diffusion
(electrical current) fluxes are connected with each other,
and are defined by 4 kinetic coefficients [10|, having a
tensor structure in presence of a magnetic field. The
general consideration of heat and electrical conductivity
of degenerate electrons will be done elsewhere.
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