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Abstract
Electrons in shocks are efficiently energized due to thesesbeck potential, which develops because
of differential deflection of electrons and ions by the maigrigeld in the shock front. The electron ener-
gization is necessarily accompanied by scattering ananthieration. The mechanism is efficient in both
magnetized and non-magnetized relativistic electronstoocks. It is proposed that the synchrotron emis-
sion from the heated electrons in a layer of strongly enhéneagnetic field is responsible for gamma ray

burst afterglows.
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I. INTRODUCTION

Electron energization is usually considered as a seconutatylem at heliospheric shocks,
where most attention is paid to ion heating and reflectiomstnophysical shocks, however, these
energized electrons emit the observed radiation, and egeéntly the only source of information
about the remote astrophysical process. Gamma ray bur®&)(&ferglow is believed to be syn-
chrotron emission from electrons accelerated in the sHwtldevelop during the interaction of the
expanding ultra-relativistic plasma into the interstetteedium (ISM) B]. Estimates (e.g., RQ. 2
and references therein) suggest that the required avenaggies of electrons reach a sizable part
of the relativistic ion energy, and that the magnetic fielthe emission region should be highly
amplified, however, the origins of the electron heating &ednhagnetic field amplification remain
poorly understood. In this paper we propose a single mesimatiiat accomplishes both, and is
driven by the preferential deflection of electrons versus javhen the former are lighter than the
latter, by a local increase in the magnetic field.

The mechanism of electron heating in heliospheric shocksdsly understood as followg[3]:
Electrons are decelerated more easily than ions, eitherdyigg coherent magnetic fields in
guasi-perpendicular shocks or by small scale magnetictsties in quasi-parallel shocks. The
developing charge separation, however small it is, reguttse build up of a cross-shock potential
which is a substantial fraction of the incident ion energyis Ithis cross-shock potential which
decelerates ions when they become demagnetized in a thgitiom layer of a quasi-perpendicular
shock. In quasi-parallel shocks the parallel componenhefmhagnetic field does not effect the
ion motion along the shock normal, so that ions effectivedgdime demagnetized just ahead of
the transition. The same cross-shock potential which deatels ions should accelerate electrons
along the shock normal thus transferring energy from ionsléatrons. The efficiency of the
process is reduced by the electron drift in the magneticdjeddring which they lose energy by
drifting down an electric potential. The final step of the gess, electron thermalization, can be
achieved by turbulent scattering following plasma indités.

The mechanism of the prompt electron heating in steady stagmetized shocks is well-known
[Q]: electrons become demagnetized in the shock front ifrémep width is smaller than their
convective gyroradius, or when the cross-shock electiiodiald becomes sufficiently inhomo-
geneous to drag them across the magnetic field. In heliosptterck these conditions are rarely

satisfied since shocks are rarely this narrow. Moreovey, that part of the cross-shock potential



which cannot be eliminated by transformation into a de HaffinTeller frameHS] can be effec-
tively used for electron energization. However, the preftbecome steeper with the increase of
the Mach numbeu6] so that the conditions for demagnetimatiay be achieved more easily. The
transition layer of quasi-perpendicular non-relatidsthocks consists of several distinct regions

], the steepest magnetic field increase is a "ramp” (whadéwis less than the ion inertial length
l; = ¢/wpi, wf,i = 4mn,e?/m;) and a large magnetic overshoot (whose width is of the orfitireo
downstream ion gyroradius). The overshoot height is fouqeementally to increase with the
increase of the Mach numbcj:] [8]. The ratio of the ramp widtkh®ion convective gyroradius
~licos0/(V, /) ~ 1/M,wheref is the angle between the shock normal and the upstream mag-
netic fieldQ2, = eB,/m,c is the upstream ion gyrofrequency, anfl = 2, /w,. is the Alfvenic
Mach number. In perpendicular shocks the ramp width can Benadl asl, = ¢/w,. [9].

Theory of electron heating in quasi-parallel shocks has begeloped s less elaborately, partly
because of the lack of coherent structure in these shockser@dtions|[10] imply that the domi-
nant electron heating process is the same as in quasi-plcptar shocks and appear to illustrate
the importance of the DC effects of the coherent forces ferghysics of electron heating in
shocks.

GRB-generated forward shocks in the ISM are ultra-relstiwvil® > 20. These shocks are
parameterized by = B2 /4mn,m;c*y, < 1 (this is written in the shock frame but is invariant).
They are very high Mach number shocks, since the correspgridach numbeM = 1/o.
Based on numerical simulations, it is widely believed thathsshocks may be formed due to
the development of Weibel instabilitﬂll] into ion currdifaments surrounded by regions of
enhanced magnetic field. The filaments are elongated al@niipil direction, with the magnetic
field nearly perpendicular to the shock normal. The magrietid around the filaments reaches
nearly equipartition values but the magnetic filling fagslow. The width of a magnetic region is
expected to be of up to tens of electron inertial length wiiéelength of the region over which the
surrounding magnetic field is high is determined by the iclescAlthough there is no gyration
in these structures high magnetic fields at small scales thake play the role of a perpendicular
magnetized shock front in what concerns electron energizat

In this paper we suggest that differential momentum trartsféeons and electrons, typical for
steady perpendicular shock and filamentary shock as well|tegin the buildup of a strong poten-
tial drop, comparable to the upstream ion energy. The elestare demagnetized and receive a

significant fraction of the original ion kinetic energy ditly from the dc electric field. The accel-



erated electron energy is converted either into gyratia@rgn(by the coherent magnetic field in
magnetized shocks) or random motion energy (by small scatmetic fields in Weibel mediated
shocks) thus resulting in the collisionless heating. Irhbzdses a region of strongly enhanced
magnetic field is developed in the shock front, where thedtkeatectrons should efficiently emit
synchrotron radiation. We show that although the detaithefmechanism differ in magnetized
and non-magnetized shocks, the underlying physics is vanjas, and the eventual efficiency
does not depend on the magnetization. GRB afterglows maybaieed, at least in part, by
radiation from these heated electrons.

In proposing a mechanism for electron heating based on elsmgaration we do not mean to
deny the existence of other mechanisms, e.g. decay andngesfimagnetic islands, which can
operate even with equal masses of both species. Howevadethe Weibel shock is otherwise
required to "wait” for a bootstrap process in which electane heated by magnetic field but mag-
netic field growth is limited by electron temperat@ [12k wuggest that in the case of realistic
mass ratios even a modest degree of charge separation gatohjamp start the collisionless

shock process.

. MAGNETIZED SHOCKS.

As will be seen below magnetized shocks are more restrigtipgoducing efficient electron
heating, yet the basic features of the mechanism are tyfucalon-magnetized shocks as well
(with suitable modifications). Therefore, we start our gsl with quasi-perpendicular magne-
tized shocks.

Relativistic shock propagating obliquely in ISM becomesargeperpendicular in the shock
frame, because of the Lorentz transformati@p,.. = 0151/, < 1 (herey, > 1isthe Lorentz-
factor of the shock relative to ISM or, alternatively, theréntz-factor of the incident plasma flow
in the shock frame). The de Hoffman-Teller frame, which Haes telocityV, tan 6§ along the
shock front, does not exist fdr, ~ ¢ andtanf > 1/v,. In what follows we consider first a
quasi-stationary perpendicular magnetized shock fromre/the fields are given by, = B(z),

E,(x), andE, = const.



A. Demagnetization conditions.

The condition for the demagnetization by inhomogeneBuss the statement that the acceler-
ating electric field straightens the trajectory faster ttrenmagnetic field bends it. The condition
can be derived in the simplest way by approximating the inbgeneous electric field with a lin-
ear slope while ignoring the magnetic field variations in é¢ectron equations of motion. Then
the motion is described by — vy, — 7y o exp(At). Imaginary) (A\? < 0) corresponds to the
particle gyration in the magnetic field (magnetic bendingvpils) while and\? > 0 results in
the exponential acceleration across the magnetic fieldi,iShdemagnetizatiorD[4]. Relativistic
generalization of the calculations in Rf. 4 is straightfard (see AppendixIB) and gives

dE,
dx

(1 + vy /c*)(e/me)—= > QF, (1)

where(), = eB/m.c. If (L) is satisfied, electrons are efficiently acceleratebss the magnetic
field and acquire most of the cross-shock potential at thead@etization region. The condition is
local and cannot be satisfied in the whole shock transitiper|ssince—dE, /dx > 0 is required.
Thus, the electrons can be demagnetized while crossing affihe magnetic inhomogeneity, after
which they may return to be magnetized and the acquired gneigimediately converted into
their gyration energy. Alternatively, electrons becommdgnetized if the inhomogeneity scale of
the magnetic field1/B)(dB/dx) is smaller than the convective electron gyroradiug (2.

The above demagnetization condition is derived in a singgliissumption that the magnetic
field is constant. While this is not the case inside the shoakjerical analyseg[4] have shown
remarkable agreement with application of the non-relstiwiversion of[(IL) at the upstream edge
of the ramp, and{1) should be considered an estimate.

Demagnetization is required for an electron to utilize tress-shock potential, otherwise elec-
trons simplyE x B drift, and the energy gain due to the potentid) ) is balanced by the energy
loss because of the motion aloig). Once the drift is substantially suppressed a net energy gai
is achievedHA]. The energy gain is determined by the paikdtbp across the demagnetization
region. When magnetization is restored no further enetigizaoccurs. The acquired energy is
converted into the electron gyration energy where demagatiein disappears. Further collision-
less "randomization” occurs through gyrophase mixing m tionstationary and inhomogeneous
fields of the shock front, thus resulting in the collisiorsldgeating EE]. Maxwellization is not

required for the existence of the shock.



B. Magnetic structure and cross-shock electric field.

For the purpose of description we consider a one-dimenksamh steady shock. The basic
equations of the two-fluid hydrodynamics for this shocksgiven in AppendiX’A. The cross-
shock electric field can then be estimated using the momeotunservation:

Z Tyr + # =const Ty, = (pa¥s). (2)
Here(...) means averaging over the distribution function and the satiomis over both species.
The discussion below is based on the basic picture justiﬁenbbervationsJ]G], simulation13],
and theoryElA], that the front steepening stops at the witdibh smaller than the convective ion
gyroradius which ensures ion demagnetization inside tbekstransition layer, and the assump-
tion that this basic picture applies to relativistic magred shocks. As a consequence, ions are
only slightly deflected within the transition layer (ramphie almost all current necessary for the
magnetic field increase is produced by electrons, whichiglign) experienceE x B drif. The
latter allows one to estimate the electron velocityas- (¢/4mn,e)(dB,/dz). Before electrons

are substantially heated the magnetic force should be @xddy the electric force so that

1 d
—B? = en,A¢p ~ AB*/87, (3)

B, ~—
8mn,, dz

where we have taken into account approximate quasineytaald neglected the change of the ion
density. Foro < 1 even slight deceleration of ions causes strong enhanceshéim magnetic
field, which results in the development of the cross-shodkmal which, in turn, further decel-
erates ions. A spontaneous small enhancement of the upstnagnetic field causes exponential
development of the magnetic field increase at the typicalte length scale (see below). The
corresponding electric field given by (3).

Upon crossing this narrow region of the magnetic field inseend potential developmentions
begin to gyrate. Assuming the gyrating ions to be a cold béameasy to see that the momentum
flow T}, in the particles is very small where the ions have gyratedbgégrees and are moving
nearly perpendicular to the flow) direction. If the shock is to be quasi-stationary, this mus
be taken up by some combination of magnetic and electrorsyres For a weakly magnetized
shock, magnetic pressure balance would imply a magnetut fiaellarger than that dictated by
shock jump conditions. Electron pressure would requireiBaant cross shock potential. The two

quantities are connected by equatibh (3), so the argumealieisboth magnetic overshoot and a



large cross-shock potential. Since the shock may be unstislargument does not constitute a
rigorous proof of either, however, it shows that ion refleatis likely to cause extremely chaotic
conditions in which pressure balance without strong crbssls potential and magnetic overshoot
would seem to require implausibly fine tuning.

In order to know whether electrons are indeed demagnetizedhas to know the spatial profile
of the shock. Two fluid hydrodynamics predicg[14] that apeedicular magnetosonic wave
steepens down to the slope determined by the electronahtatigth/.. Following the general
principles of ml], we seek nonlinear wave solutions that asymptotically homogeneous, that
iS, n — ng, v; — vy, B, — By, v, — 0, whenz — —oo. In this caseE, = vyB;/c. In the
usual quasi-neutrality approximation charge-separasioveak throughout the wave profile =
(1/4me)(dE,/dx) < n. Further derivation is given in AppendiX C and results in thaaion

(i) 1drd
w2, ) Ndx N dx
(1+0)b—1)—0ob(b*—1)/28?
1—0o(b—1)
whereN = n/ng = vo/v,, N = (1—c(b—1))(1—0o(b*—1)/262)~ " andb = B/ B,. The obtained
expression is similar to those obtained previously for m@ar stationary waves in pair plasmas
]. Itis easy to see that the equations predicts the skcgle sfl, = cy\/Ye/Wpe. The ratiol;/re =

(4)

(me/m;)'/? /7e0~1/* < 1 for typical parameters of gamma-ray bursts. Thereforeteles are
expected to be demagnetized. It has to be understood, hpweatethe above small scale requires
corresponding electron drift along the shock normal to em#fie current necessary to sustain the
slope. Trajectories of demagnetized electrons are stemgh along the shock normal and their
drift is substantially suppressed, so that the ramp steegetoes not proceed to scales much
smaller than those required by the demagnetization camditFrom the expression fa¥ and
Eq. (4) one can see that the amplitude of the magnetic cosipreseaches the valués ~
1/4/c for strongly nonlinear structures in a lowplasma, in agreement with the estimates made
independently earlier in this paper.

To summarize, the basic points are the following: a) elextrbecome demagnetized if the
typical inhomogeneity scale becomes smaller than therelecionvective gyroradius, /7e/wpe
or the cross-shock electric field slope is sufficiently steepatisfy [1), whichever happens first;
b) the cross-shock electric fiell, is related to the magnetic field as 4 (3), so that the potentia
increases with3?; c¢) the magnetic field, and hence the cross shock potentiaiease to high

values because magnetic pressure has to compensate thasdeof iorl},, as described by {2)
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), d) large-amplitude magnetosonic waves steepen downetsdhles:, /7. /w,., as described
by (4), which follows directly from the assumptions of elect drift and quasineutrality; f) the
magnetic field in these structures increases up t®, ~ 1/./o0 before the singularity, = 0 is
reached; g) according tial(3) the cross-shock potentialubstantial part of the incident ion energy,
and h) the estimates above show that electrons have to begydetized (width is less than their
convective gyroradius or1) is satisfied). While not cansitig a rigorous proof, these arguments
show the plausibility and self-consistency of the proposeehario of electron demagnetization
by inhomogeneous cross-shock electric field and consedngzting. While the above scenario
is described in terms of a monotonic magnetic field and p@teinicrease across the ramp, it is
likely that in real shocks the ramp itself breaks into suixgtires and the electron heating occurs

as a series of electric spikQ[m]

. NON-MAGNETIZED SHOCKS.

Non-magnetized shocks are characterized by a very weake(o) mpstream magnetic field
so that the upstream convective gyroradii of both speciesexk the system size and coherent
magnetic braking is impossible. Weibel instabil@[ll])duces magnetic filaments ahead of the
main transition ]- Strong electron heating appears todmessary for Weibel mediationat<
n(T./m;c*)? ] wheren is a dimensionless number less than unity. Otherwise, \Weili®ilence
is predicted to be rather small scale and weak, so that idtesicey is relatively inefficient. Small
scale magnetic filaments, where the magnetic field is aligieegendicular to the shock normal in
tubes or sheets, scatter forward going electrons morelyghdn ions (as does the perpendicular
magnetic field enhancement for magnetized shocks), eviea @lectrons are not fully magnetized.
Any deflection reduces the speed along the shock normalthieusflowing electrons are slowed
relative to the inflowing ions by the turbulent field. The sture is no longer one-dimensional and
stationary so thaf (A5)-(A6) are not applicable directlyl dAll)-(AZ) should be used. However,
assuming that electrons are scattered essentially ragdmrhsmall scale fields of the filaments,
and neglecting ion scattering, one can average the egsati@r the perpendicular dimensions
and time scales smaller than the ion transit time. Let usidens single particle motion in the
filamentary structure, taking the latter as given. The aqoatof motion read (for any species)

d .
pr = qEﬂc +qx - (vtr X Btr)a (5)



d .
Eptr = thr + qvx(w X Bt?‘)7 (6)

wheretr denotesl x. Here we assume thd;. and B,, are small scale rapidly (in space and
time) fluctuating fieIdsH?], whiléZ,, contains a global coherent electric field also. Denoting by
— averaging over rapid fluctuations, we assume #at= 0, B, = 0, v, = 0, but &, # 0,

T, # 0, E2,. # 0, B2, # 0, andv?,. # 0. In the lowest order approximation the particle flow is

alongz and scattering can be treated perturbatively:
Pir = (qEy + qua (€ X By,))T (7)

wherer is a characteristic "collision” time. Approximating. ~ c, substituting[(I7) into[{5) and

averaging over rapid fluctuations, one has
@:%Z_?z =qE, + %[@ - (B x By,) — B%,], (8)

which is written for ions and electrons as well. Here we sialitsd (d/dt) — ©v,.(d/dx).

SimulationsEh] show that the generated magnetic fielcepadtare advected toward the shock
front at speeds intermediate between the incoming plasohéharest-frame plasma. In this case
the electric fields are substantially weaker than the magfields in the shock frame, so that the
& - (E,. x B,,) term can be neglected relative to the last term which is ngtbut the magnetic
braking due to filaments. We now involve the smallness expected from the Weibel instability.
The fastest growing modes have a scale length between ttteoglend ion inertial length [12].
This means that in considering electron scattering, whielpmpose as a physical origin of charge
separation, the ion scattering term whichxis-/m; is small relative to the electron scattering term
which isx 7/m.. Thus, while the two terms in the right hand side of the et@ctequation[(B)
may be comparable for electrons, the last term is neglecteids. Therefore, the ion motion is
described by

Vs By = OF, ©

and fory; , = c (negligible scattering of relativistic ions), one has

AP, = —eAd, b= / Fodr, (10)

in complete analogy with what happens to ions in a magnesbedk ramp: ions are deceler-
ated by the potential which builds up due to charge separatiosed by more efficient magnetic

braking of electrons.



With the same approximation, the electron energy changkslaws:

d

%(mec2ie> = _eE:JcU:Jc - eEtr * Uyr (11)
~ —cE, T, + L [E: — & (E, x By)]. (12)
MeTYe

Unless the last term just happen to cancel the first term onghtehand side, the electrons acquire
energy which is of the order of the potential drap¢. Since this is the potential which decelerates

ions,eA¢ ~ m;voc?, therefore,
A(m.c3,) = eAd ~ mpc, (13)

so that electrons acquire energy comparable to what thelagies Although we have not rigor-
ously proved that this cancelation is impossible, we ma tioat in highly turbulent nonlinear
environment the second term is likely to be a highly erratiiection of space and time and it
does not seem likely that its average would cancel the first.t& hat the first term should be of
significant size is based on the fact that electrons are mas#yescattered than the ions by the
electromagnetic turbulence and this naturally resulthedystematic charge separation during
the early stages of a Weibel shock. The efficiency of enemyyster is higher than in magnetized
shocks where only about a half of the potential can be aadjinyeelectrons. This is because the
electrons remain almost completely demagnetized thrautghe whole region where ions decel-
erate. Yet the electrons do not acquire all the momentunblpg&ins, because of their scattering.
Part of the momentum is transferred to the electromagnetdt fi he pressure balance in this case

takes the form

7, i 2, I,
D (pava) + — + St — const (14)
T

SimulationsEH]?] show that filaments are convected bymiand merge, so that both the local
and average magnetic field density increase toward the dhaasition layer. This is consistent
with (I4): when approaching the transition the ion momentieereases, as well &8,, (the latter
because of the growth of the typical width of a filament), wifP,,. should increase. Similarly to
what happens in magnetized shocks, magnetic braking ofsorecessary to convert the energy of
the directed flow into thermal energy and decelerate the candlown to sub-relativistic velocity.
As a result, the magnetic field is expected to achieve lo¢h#yequipartition values. This is also

the region where the electron scattering by the magnetit fietomes strong. Once the electrons
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and ions completely thermalize the magnetic pressure dityop to much lower magnitudes. A
transient region of a drastic local enhancement of smalkésoagnetic field forms.

Summarizing, all basic features found earlier in magndtstecks (differential magnetic brak-
ing, buildup of a potential and electron acceleration altregshock, magnetic field increase to
equipartition values, conversion of the directed flow epengo thermal energy) are also present
in non-magnetized shocks; in the latter, the latter locabmogeneous magnetic fields play the
role of the large scale magnetic background of the formespBetively, the spatial scales of the
corresponding "ramp” and "overshoot” are different ancedetined by ion gyroradius in magne-

tized shocks, and by the filament merging in Weibel shocks.

IV. SYNCHROTRON EMISSION.

Having proposed that electrons acquire a substantial p#redncident ion energy due to the
cross shock potential prior to entering a region of a stroagmetic field, we can now estimate
synchrotron emission from this region. The main radiatiegion in magnetized shocks is the
overshoot, behind which the magnetic field drops to low wlu€he radiating region in non-
magnetized shocks should include the filamentary regioorbefnd behind the magnetic density
peak as well. The below estimates are valid for magnetizedhan-magnetized shocks as well.
Let a shock propagate with the Lorentz factgrinto interstellar medium with the density,,
and magnetic field;,,,, with ¢ = B2 /87n;,,m;c*> < 1. In the shock frame the upstream
density and magnetic field are, = n;s,,70, B. = Bism- The electron energy in the overshoot
is a fraction of the incident ion energy, that is, = f;7,/©. The overshoot magnetic field is
B2/8m = fyn,m;c*yo. The electron density in the overshoot follows the ion dgnshich re-
mains of the same order as the upstream densijty;~ n,. At the lower end of the energy
spectrum,the electrons emit synchrotron emission witlthiagacteristic frequency and power (in
the shock frame), respectively,, = (eB,/m.c)y?, Pn = (4/3)orcy*(B?%/87), whereor is
the cross-section of Thomson scattering. In the obserfrerse the characteristic frequency is
Webs = Yowm, and the emission from unit perpendicular area beco@&$dS) s = V2P, N,
whereN, = n.r, is the invariant surface density of electrons. Heres the effective length of the

radiating region. The observed frequency and emissionmeparpendicular area are

wobs = (812 m ) Pl 12 1, (15)
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(AP /dS)ops = 207mic® f2 foryinZ, 1w 2r,. (16)

The largest uncertainty is i since there is no satisfactory theory of the relativistimsdstructure
(neither magnetized nor non-magnetized). In a magnetizecksthe effective overshoot width is
determined by the ion gyroradius in the enhanced magnelit; fie >, /eB,, times number of
ion loops necessary for gyrophase mixing. The maximum dMeragth is expected to be of the
order of the ion downstream gyroradius or less, thatjs< fsmc*yy/B., Where f; may be
substantially smaller than unity. RespectiveélyP/dS)..s ~ 10%erg/cn?s - (n?/Bs)yiof2f2 /3,
where we normalized with the typical parameters for inglat medium:n; = n;,,,/lcm=3,
Bs = B, /31G. For a typical gamma-ray bursg = 10 — 30 several hours after the burst, and
Yo = 10. In Weibel mediates shocks the overshoot width is deterthinethe ion inertial
length [17]. In this case the enhanced magnetic field is gtyomhomogeneous, so that the ef-
fective radiating width is, = f,(c/w,;), where f, and f, together take into account the filling
factor of about 10-15%. Simulatiorﬁll?] show that in Weibwddiated shocks the peak mag-
netic density region is of the width e 50(c/w,;), but the region wher@? /8 ~ 0.1n,m;c*y,
may be by an order of magnitude larger. The effective emissggion may appear even substan-
tially wider if the magnetic field decays as power law [18]. dégtly estimating for these shocks
fi ~ 1, fofs ~ 102 one finds(dP/dS) s ~ 10°erg/cr?s - n¥/?47,. For the isotropic equivalent
emitting areal 03'cn? the total emitted power i$ ~ 10*3erg/s(n?/Bs)v{, /% f4 f3 in the mag-
netized case an#® ~ 1040erg/5n§’/27170 for non-magnetized shocks, emitted at the frequencies
Wops ~ 10178t 02244 £2£1/2 In both magnetized and non-magnetized shocks the madiedtic
behind the overshoot drops dowhy ~ B,/o. Respectively, the radiation frequency drops by
the same factor, while the emission power drops by the fadgter

This radiation from a thin region of enhanced magnetic fielyrbe a significant fraction
of the total afterglow emission. Consider the ratio of theerglow from the magnetic region
and from the entire downstream region. The fraction of th@per hydrodynamic time scale,
, ~ R/vc, that an electron spends in the effective overshoot reggogiven by, /7, which
iS ~ fary/cmh ~ fsmic*yo/eBism R for the magnetized overshoot and f4/w,;7, ~ for non-
magnetized shocks. The ratio of the magnetic energy deingitg overshoot region to the average
magnetic energy downstreannisl /o. Electron energies may remain comparable due to effective

turbulent collisions. The relative afterglow outputs frome overshoot region and downstream is
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then~ f?7,/m0, whereR ~ cT,,12, T.ps being the observer time, so that

Povershoot f22f3 : 10_4
~ > 1 17
Paownstream (B/3 MG) (Tobs/105 S>U ( )

for a magnetized shock and

Povershoot ~ f22f4 : 10_8

18
Piownstream n}/2 (Tops/10°S)0 (18)

for a non-magnetized shocks. For realistically levithe emission power from the enhanced mag-
netic field region formally exceeds the emission power inrd®t of the downstream region. And
the typical frequencies are much greater as well.

The cooling energyy. is given by the condition?,,(y.)r,/c ~ m.c*y. and therefore
Ye ~ ploryironismfo Which corresponds to the cooling frequency in the obsesvireme
We ~ Wobs (V6] [170)? ~ 108571 (B2 f2 /n, fof3) for the magnetized shocks, and much higher for

demagnetized shocks, which means that radiative coolieg dot affect the described processes.

V. CONCLUSIONS

We have shown above that efficient electron heating in ket collisionless shocks can be
generated by a cross-shock potential, developing becédtise preferential deflection of electrons
by the magnetic field. The cross-shock potential, which lacates electrons across the shock
front, is of the order of the incident ion energy, indeperijenf whether the magnetic braking is
caused by a coherent (for magnetized shocks) or small doalg/ibel shocks) magnetic field.
Deceleration of ions together with momentum conservati@mtially lead to strong enhancement
of the magnetic field in a small region of the shock front. Thagnetic field enhancement ensures
final thermalization of ions and electrons. Synchrotronssmon from electrons from this enhanced
magnetic field region seems to be able to explain the obsaftedlow emission from gamma-ray
bursts, within uncertainty of our knowledge of plasma paetars there.

At scales below the ion gyroradius, the most likely scaleVidibel turbulence, differential
scattering of ions and electrons by magnetic filaments casecaharge separation and strong
electric fields in the shock plane as well as a long the shockalp so it may be non-trivial to
distinguish a systematic cross-shock potential from alpstechastic electric field. Nevertheless,
we suggest that a good way to test the idea of a systematis shaxk potential is to compare

the electric field patterns for simulated pair shocks withckéhsimulations having a realistic ion

13



to electron mass ratio. The mechanism we suggest, whichsisdbapon qualitatively different

scattering of electrons and ions, works only for large masies. For pair shocks, on the other
hand, electrons and positrons can be separated by smallrsegnetic fluctuations, but there is
no systematic charge separation along the shock normdie ystematic, cross shock potential
drop for electron-ion shocks is comparable to the stoohastnponent, it would demonstrate the

effect we are proposing.
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APPENDIX A: TWO-FLUID HYDRODYNAMICS OF RELATIVISTIC SHOCK S

Basic equations of two-fluid relativistic hydrodynamicade

0 0

ans + a—xi(ns’USﬂ') = 0, (Al)
O ot LT = nagu (B + v Ba ) (A2)
ot 5,30 837j s,ij — Nsqs\ Ly ijkVs,j Pk ;

wheres denotes the specieg,j, k = 1,2, 3, andT;, andT;; are the components of the energy-

momentum tensor:

Toi = {(cpi), (A3)
Tij = (vipj)- (A4)

Here((...)) denotes averaging over the distribution function.

In the one-dimensional stationary case the equations egduc

nv, = const (A5)
0
%Tm = nq(Ei -+ Eijk'UsJBk/C). (A6)
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These equations should be completed with Maxwell equatitm w

p= s (A7)

jk = Z NsQqsUs k (A8)

APPENDIX B: ELECTRON DEMAGNETIZATION

It is known a] that in narrow nonrelativistic shocks elexts become demagnetized and effi-
ciently heated due to the cross-shock potential. In ordéntbout whether such demagnetization
is possible in relativistic shocks we reproduce the deiovadf Ref. a] with relativistic correc-
tions. Namely, let us assume that a relativistic electrarersran inhomogeneous electric field
E, = (dF/dx)z, while the magnetic field inhomogeneity will be neglectedads been showE|[4]
that electron demagnetization occurs when two initiallysel trajectories diverge exponentially.
Let us consider two close orbits (), y;(t) andxs(t), y2(t), each of which is a solution of the

eqguations of motion

d
d—t(mvxv) = —eE, —ev,B/c, (B1)
d
d_t(mvﬂ) = —ekE, +ev,B/c. (B2)

The equations for the differencés = xy — x4, 0y = yo — Y1, vy = Voy — U1y, OV = Vo — V1,

can be easily obtained taking into account that= 7* (v, v, + v,0v,):

d 2.2/ 2 3 2 e dE;
o [Y(1 4+ v vi/c*)ov, + v (vav,/c”)ov,| = e ox — Qovy, (B3)
i[v(l + 7205/02)5% + ¥ (0,0, /) dv,] = Qv (B4)

dt
where we assumed for simplicity th& = const. Here = eB/mc and E, = const. In the
local approximation the obtained equations are linear @ojus with constant coefficients and

substitutiorz, év,, dv, x exp(At) gives
[INy(1 4+ %02 /) + (e/m)(dE, /dx) A" 0v, = —[Q + M (v,v,/c?)]6vy, (B5)
M (1+ 7205/62)51@ = [Q — M (v, /)] 60, (B6)

so that eventually

dE,
NP (147707 /¢) = =1L+ 7o /) (e/m)——= = O, (B7)
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The local criterion of instability would read

—(efm) S > 251 ), (B8)

T

For electrons entering the shock without gyratign= 0 andv, ~ ¢, so that one gets trajectory
divergence when
————— >0, (B9)

with the divergence rate of

271/2
T l_ﬁ@ N Q_} . (B10)

m dx y
The demagnetized electrons are accelerated by the elgeltié’, across the magnetic field up to

the point where the demagnetization condition ceases tatisfied. At this point electrons begin
to gyrated and all acquired energy is converted into theiatign energy. Beyond this point the
only energy gain is due to the adiabatic conservation of tagmatic moment in the increasing

magnetic field.

APPENDIX C: NONLINEAR WAVES AND RELATIVISTIC SOLITON

We consider a stationary perpendicular wav&)t = 0, 0/0y = 9/0z = 0, in the framework
of the two-fluid hydrodynamics of cold relativistic eleatisoand protonss(= e, ¢ for electrons
and ions respectively):

d
msvsx%(’ysvsx) - QS(EJ: + Ussz/C)a (Cl)
d
msvsx%(’ysvsy) - QS(Ey - 'USJ:BZ/C)7 (CZ)
Vs = (]' - 'Ugm/CQ - U?y/CQ)_1/27 (C3)
NsUsy = CONSt (C4)
E, = const (C5)
dB,
= —4r ; qsNsVsy/C = Ame(neve, — nivy)/c, (C6)
dFE,
T = 4 ; gsns = 4me(n; —ne). (C7)

It is worth mentioning that in the non-relativistic limiteése equations have the solution in the

form of the magnetosonic solitoHM] with the width c/w,., wherew?, = 4mne®/m. and the

16



amplitude depending on the Mach number. It should be nossglthht~ c¢/w,. is the dispersion
length of linear perpendicular magnetosonic waves.

Following the general principles 4], we are seekingrionlinear wave solutions which
are asymptotically homogeneous, thatis-» ng, v, — vo, B, — By, v, — 0, whenz — —ooc.
In this casel, = vyB,/c. We shall consider weakly nonlinear waves in the sense thaations

from quasi-neutrality (charge-separation) are smallughmut the wave profile

1 dE,
n= ——
4re dx

<L n. (C8)

This assumption will be verified a posteriori. In this case= n; = n = v;;, = v, = v,, and

nv, = ngvy = const. Within this approximation we immediately get

MeYeVey + mMi%iViy = 07 (Cg)
B _ B
nUOFU:B(mere + mz’YZ) + 8_7:' = Ny (me + mi)70 + 8_71'7 (Clo)
voBoB. vo B2
nv(Meye + miy;) + 047roc2 = nwo(me + m;)yo + ﬁa (C11)
(C12)
wherey, = (1 — v2/c?)~%/2, and further
BZ
(me’ye + mz%) - (me + m2)70 - 4 L ) (b - 1)7 (C13)
T™noC

U_x _ 1—U(b2—1)/2ﬁg (C14)

Vo l—ob-1) ~

whereo = BZ/4mng(m; + m.)c*vo, o = vo/c, andb = B, /by. It is easy to see that, is a
monotonically decreasing function bin the rangel < b <1+ 1/0.
Using (C9) and[(C6) one obtains

(me’ye + mi’yi)viy o & de

(C15)

MeYe e dr

In what follows we shall make the assumption that the eneamptent in ions is always much
higher than in electrons, that is,

MY = MeYe, (C16)
so that approximately
CMe e de
iViViy = — . C17
iy dren dx ( )
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Following the path outlined in the non-relativistic anaﬂy@] we substitute (C17) int (C2) for

ions to obtain

d (meye\ dB,
~ ey (frazn) g = 0B = B (C18)
or, after normalization,
c\Lldrd,
w2, ) Ndx N dx
P (C19)

A+ 0o)(b—1) —ob(b* —1)/2/2
B 1—o(b—1)

whereN = n/ng = vy /v,.
In the asymptotically homogeneous point one has

? d?
(5 ) wgest = 1+ 0= oyse (c20)

2
Whe

whereé = b — 1 < 1. This point is unstable whefi > /(1 + o), in which casem4] the
solution should be of a soliton type (non-periodic wave) e Bfectron Lorentz-factoy. cannot
be represented as a functiontoto that[(CIB) cannot be converted to a quasi-potentialtenua
However, we can use the fact that> 0 to define a new coordinatby = Ndz/~., so that

AN\ &, (140)(b—1)—ob(b>—1)/26;
<w12,e) @b — e l—0o(b-1) - (C21)

The derived equation is valid provided that the flow does nateto a halty, > 0, that is,

b<b,=1/1+282)0c<1+1/0. (C22)

Whenb increases the right hand side remains positive wli- 1) = 252(1 + o) /0. For
o < 1and~y, > 1 this means that the sign changes whes /2/0 > 1. At this point the
denominatol — ob ~ 1. It is well-known ] that there are no soliton solutions fo< 1 in the
pair plasma, where, = 7, = 1 — o(b — 1). For a soliton solution to exist

P (L+o)(b—1) —ob(t* —1)/282
/1' . — U(b & 1) Odb =0 (C23)

has to be satisfied fdr,, < b.. Although complete analysis is impossible here it is likedgt a
soliton solution would not exist for too low for the electron-ion plasma as well.
For the analysis of the solution behavior it is sufficient tmw thatyy < v, < vi(m;/me). It

is easy to estimate the typical inhomogeneity scalck as(c/wpe)vi/z. Foro < 1 (typical for

gamma-ray bursts) the highest achievable magnetic fielditai@ would grow a$,,., ~ 1/'/2,
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thus ensuring strong magnetic compression. Sirtceg 1 always, the electron current can be

estimated as follows:
nopec

1—ob?/2
where we assume that electrons remain relativistic: sindeecomes sub-relativistie,, ~ c.

(C24)

NEVey ~

Then the typical length of the magnetic field variation is

B

Bob(l —0b2/2) C
‘ (dB/dr)| "~ ~

—(Mo)Y?b(1 — ob?/2) (C25)

dmeng Wpe

whereM = m;/m.. The maximum length is achieved wher- 1//o and1 — o0?/2 ~ 1, where
[ ~ ¢/wpy. For smalleth ~ a/\/o, a < 1, the lengthl ~ a(c/w,;), while for highest possible
b~ 1/y/candl — ob?/2 ~ /o, and the length becomeés- (c¢/w,.)(Ma)/2.

It has to be understood, however, that the obtained expresprovide only an indication of the
character of the wave steepening. Indeed, strong magratipression and narrow width ensure
that ions behave nonadiabatically and begin to gyrate glyan the vicinity of the magnetic field
maximum. The ion gyration makes the cold hydrodynamicaragamation invalid. Thus, the
derived equatior (C19) provides a satisfactory estimath®fvave profile only at the upstream
edge of the shock ramﬁﬂ], which nevertheless is quitecserfii for physical conclusions to be
made.

Using [C1) one can find

d d
l(miy? +min)el) = —e(mey + me%)d—i. (C26)

1
2

Taking into account the above approximatiegy, < m;v;, and the expressioris (013) ahd (C14),

ep  ["(ab 1—0(52—1)/253)
mz-c%o_/bo (53)( o1 )™ (c27)

For the above approximation the potential from the asyngalyy homogeneous point to the point

one gets

whered?b/dw? = 0 is easily evaluated as) ~ 0.5m;c*¥,.
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