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Abstract
Electrons in shocks are efficiently energized due to the cross-shock potential, which develops because
of differential deflection of electrons and ions by the magnetic field in the shock front. The electron ener-
gization is necessarily accompanied by scattering and thermalization. The mechanism is efficient in both
magnetized and non-magnetized relativistic electron-ion shocks. It is proposed that the synchrotron emis-

sion from the heated electrons in a layer of strongly enhanced magnetic field is responsible for gamma ray

burst afterglows.
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I. INTRODUCTION

Electron energization is usually considered as a secondary problem at heliospheric shocks,
where most attention is paid to ion heating and reflection. In astrophysical shocks, however, these
energized electrons emit the observed radiation, and are frequently the only source of information
about the remote astrophysical process. Gamma ray burst (GRB) afterglow is believed to be syn-
chrotron emission from electrons accelerated in the shock that develop during the interaction of the
expanding ultra-relativistic plasma into the interstellar medium (ISM) [1]]. Estimates (e.g., Ref.
and references therein) suggest that the required average energies of electrons reach a sizable part
of the relativistic ion energy, and that the magnetic field in the emission region should be highly
amplified, however, the origins of the electron heating and the magnetic field amplification remain
poorly understood. In this paper we propose a single mechanism that accomplishes both, and is
driven by the preferential deflection of electrons versus ions, when the former are lighter than the
latter, by a local increase in the magnetic field.

The mechanism of electron heating in heliospheric shocks is widely understood as follows [B]:
Electrons are decelerated more easily than ions, either by growing coherent magnetic fields in
quasi-perpendicular shocks or by small scale magnetic structures in quasi-parallel shocks. The
developing charge separation, however small it is, results in the build up of a cross-shock potential
which is a substantial fraction of the incident ion energy. It is this cross-shock potential which
decelerates ions when they become demagnetized in a thin transition layer of a quasi-perpendicular
shock. In quasi-parallel shocks the parallel component of the magnetic field does not effect the
ion motion along the shock normal, so that ions effectively become demagnetized just ahead of
the transition. The same cross-shock potential which decelerates ions should accelerate electrons
along the shock normal thus transferring energy from ions to electrons. The efficiency of the
process is reduced by the electron drift in the magnetic fields, during which they lose energy by
drifting down an electric potential. The final step of the process, electron thermalization, can be
achieved by turbulent scattering following plasma instabilities.

The mechanism of the prompt electron heating in steady state magnetized shocks is well-known

]: electrons become demagnetized in the shock front if the ramp width is smaller than their
convective gyroradius, or when the cross-shock electrostatic field becomes sufficiently inhomo-
geneous to drag them across the magnetic field. In heliospheric shock these conditions are rarely

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



which cannot be eliminated by transformation into a de Hoffman-Teller frame [B] can be effec-
tively used for electron energization. However, the profiles become steeper with the increase of
the Mach number [B] so that the conditions for demagnetization may be achieved more easily. The
transition layer of quasi-perpendicular non-relativistic shocks consists of several distinct regions
[H], the steepest magnetic field increase is a "ramp” (whose width is less than the ion inertial length
l; = ¢/wpi, wf,i = Admn,e? /m;) and a large magnetic overshoot (whose width is of the order of the
downstream ion gyroradius). The overshoot height is found experimentally to increase with the
increase of the Mach number [Q]. The ratio of the ramp width to the ion convective gyroradius
~licos0/(V, /) ~ 1/M, where 0 is the angle between the shock normal and the upstream mag-
netic field 2, = eB, /m;c is the upstream ion gyrofrequency, and M = €, /w,. is the Alfvenic
Mach number. In perpendicular shocks the ramp width can be as small as [, = ¢/w,. [9].

Theory of electron heating in quasi-parallel shocks has been developed s less elaborately, partly
because of the lack of coherent structure in these shocks. Observations [@] imply that the domi-
nant electron heating process is the same as in quasi-perpendicular shocks and appear to illustrate
the importance of the DC effects of the coherent forces for the physics of electron heating in
shocks.

GRB-generated forward shocks in the ISM are ultra-relativistic [' > 20. These shocks are
parameterized by o = B2/4mwn,m;c*y, < 1 (this is written in the shock frame but is invariant).
They are very high Mach number shocks, since the corresponding Mach number M = 1/o.
Based on numerical simulations, it is widely believed that such shocks may be formed due to
the development of Weibel instability ] into ion current filaments surrounded by regions of
enhanced magnetic field. The filaments are elongated along the flow direction, with the magnetic
field nearly perpendicular to the shock normal. The magnetic field around the filaments reaches
nearly equipartition values but the magnetic filling factor is low. The width of a magnetic region is
expected to be of up to tens of electron inertial length while the length of the region over which the
surrounding magnetic field is high is determined by the ion scale. Although there is no gyration
in these structures high magnetic fields at small scales make them play the role of a perpendicular
magnetized shock front in what concerns electron energization.

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

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



erated electron energy is converted either into gyration energy (by the coherent magnetic field in
magnetized shocks) or random motion energy (by small scale magnetic fields in Weibel mediated
shocks) thus resulting in the collisionless heating. In both cases a region of strongly enhanced
magnetic field is developed in the shock front, where the heated electrons should efficiently emit
synchrotron radiation. We show that although the details of the mechanism differ in magnetized
and non-magnetized shocks, the underlying physics is very similar, and the eventual efficiency
does not depend on the magnetization. GRB afterglows may be explained, at least in part, by
radiation from these heated electrons.

In proposing a mechanism for electron heating based on charge separation we do not mean to
deny the existence of other mechanisms, e.g. decay and merging of magnetic islands, which can
operate even with equal masses of both species. However, because the Weibel shock is otherwise
required to “wait” for a bootstrap process in which electrons are heated by magnetic field but mag-
netic field growth is limited by electron temperature [B], we suggest that in the case of realistic
mass ratios even a modest degree of charge separation can help to jump start the collisionless

shock process.

II. MAGNETIZED SHOCKS.

As will be seen below magnetized shocks are more restrictive in producing efficient electron
heating, yet the basic features of the mechanism are typical for non-magnetized shocks as well
(with suitable modifications). Therefore, we start our analysis with quasi-perpendicular magne-
tized shocks.

Relativistic shock propagating obliquely in ISM becomes nearly perpendicular in the shock
frame, because of the Lorentz transformation, 0,0t = 07501 /7. < 1 (here 7, > 1 is the Lorentz-
factor of the shock relative to ISM or, alternatively, the Lorentz-factor of the incident plasma flow
in the shock frame). The de Hoffman-Teller frame, which has the velocity V,, tanf along the
shock front, does not exist for V,, ~ ¢ and tanf > 1/,. In what follows we consider first a
quasi-stationary perpendicular magnetized shock front where the fields are given by B, = B(z),

E,(x), and E, = const.



A. Demagnetization conditions.

The condition for the demagnetization by inhomogeneous F,, is the statement that the acceler-
ating electric field straightens the trajectory faster than the magnetic field bends it. The condition
can be derived in the simplest way by approximating the inhomogeneous electric field with a lin-
ear slope while ignoring the magnetic field variations in the electron equations of motion. Then
the motion is described by v — vy, x — 9 x exp(At). Imaginary A (A\? < 0) corresponds to the
particle gyration in the magnetic field (magnetic bending prevails) while and A\> > 0 results in
the exponential acceleration across the magnetic field, that is, demagnetization [u]. Relativistic
generalization of the calculations in Ref. u is straightforward (see Appendix [B)) and gives

dE,
dx

—y(1 + 7 /) (e/me)—— > Q2 (1)

where Q. = eB/m.c. If (I) is satisfied, electrons are efficiently accelerated across the magnetic
field and acquire most of the cross-shock potential at the demagnetization region. The condition is
local and cannot be satisfied in the whole shock transition layer, since —dE, /dz > 0 is required.
Thus, the electrons can be demagnetized while crossing a part of the magnetic inhomogeneity, after
which they may return to be magnetized and the acquired energy is immediately converted into
their gyration energy. Alternatively, electrons become demagnetized if the inhomogeneity scale of
the magnetic field (1/B)(dB/dx) is smaller than the convective electron gyroradius ¢, /€2..

The above demagnetization condition is derived in a simplified assumption that the magnetic
field is constant. While this is not the case inside the shock, numerical analyses [u] have shown
remarkable agreement with application of the non-relativistic version of (I)) at the upstream edge
of the ramp, and (1)) should be considered an estimate.

Demagnetization is required for an electron to utilize the cross-shock potential, otherwise elec-
trons simply EZ x B drift, and the energy gain due to the potential (£, ) is balanced by the energy
loss because of the motion along £,. Once the drift is substantially suppressed a net energy gain
is achieved [u]. The energy gain is determined by the potential drop across the demagnetization
region. When magnetization is restored no further energization occurs. The acquired energy is
converted into the electron gyration energy where demagnetization disappears. Further collision-
less “randomization” occurs through gyrophase mixing in the nonstationary and inhomogeneous
fields of the shock front, thus resulting in the collisionless heating [B]. 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-dimensional and steady shock. The basic
equations of the two-fluid hydrodynamics for this shocks are given in Appendix [Al The cross-

shock electric field can then be estimated using the momentum conservation:

BZ _ E2
Z Tyr + —g,  — const, Tyw = (DaVs)- (2
7r

Here (. ..) means averaging over the distribution function and the summation is over both species.
The discussion below is based on the basic picture justified by observations [B], simulations ],
and theory [@], that the front steepening stops at the width much smaller than the convective ion
gyroradius which ensures ion demagnetization inside the shock transition layer, and the assump-
tion that this basic picture applies to relativistic magnetized shocks. As a consequence, ions are
only slightly deflected within the transition layer (ramp) while almost all current necessary for the
magnetic field increase is produced by electrons, which (partially) experience E x B drif. The
latter allows one to estimate the electron velocity as v, ~ (¢/4mn,e)(dB,/dx). Before electrons

are substantially heated the magnetic force should be balanced by the electric force so that

1 d
B, ~ ————DB = en,A¢ ~ AB?/8, 3)
8mn,, dz

where we have taken into account approximate quasineutrality and neglected the change of the ion
density. For 0 < 1 even slight deceleration of ions causes strong enhancement of the magnetic
field, which results in the development of the cross-shock potential which, in turn, further decel-
erates ions. A spontaneous small enhancement of the upstream magnetic field causes exponential
development of the magnetic field increase at the typical electron length scale (see below). The
corresponding electric field given by (3).

Upon crossing this narrow region of the magnetic field increase and potential development ions
begin to gyrate. Assuming the gyrating ions to be a cold beam, it is easy to see that the momentum
flow T, in the particles is very small where the ions have gyrated by 90 degrees and are moving
nearly perpendicular to the flow (z) direction. If the shock is to be quasi-stationary, this must
be taken up by some combination of magnetic and electron pressure. For a weakly magnetized
shock, magnetic pressure balance would imply a magnetic field far larger than that dictated by
shock jump conditions. Electron pressure would require significant cross shock potential. The two

quantities are connected by equation (3)), so the argument implies both magnetic overshoot and a



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

In order to know whether electrons are indeed demagnetized one has to know the spatial profile
of the shock. Two fluid hydrodynamics predicts [@] that a perpendicular magnetosonic wave
steepens down to the slope determined by the electron inertial length /.. Following the general
principles of [@], we seek nonlinear wave solutions that are asymptotically homogeneous, that
is, n — ng, v, — v, B, — By, v, — 0, when x — —oo. In this case £, = vyBy/c. In the
usual quasi-neutrality approximation charge-separation is weak throughout the wave profile én =
(1/4me)(dE,/dz) < n. Further derivation is given in Appendix [Cland results in the equation

(i) 1 ded
w2, ) Ndx N dx
_(I+o)b—-1)— ob(b? —1)/232
1—0o(b—1)
where N = n/ng = vy/vs, N = (1—0(b—1))(1—0(b*—1)/262)"' and b = B/ By. The obtained

“4)

expression is similar to those obtained previously for nonlinear stationary waves in pair plasmas

]. It is easy to see that the equations predicts the slope scale of l~e = ¢\ Ve /wpe. The ratio l~e [Te =
(me/m;)"/?,/7e0~1/? < 1 for typical parameters of gamma-ray bursts. Therefore, electrons are
expected to be demagnetized. It has to be understood, however, that the above small scale requires
corresponding electron drift along the shock normal to ensure the current necessary to sustain the
slope. Trajectories of demagnetized electrons are straightened along the shock normal and their
drift is substantially suppressed, so that the ramp steepening does not proceed to scales much
smaller than those required by the demagnetization condition. From the expression for /N and
Eq. @) one can see that the amplitude of the magnetic compression reaches the values b ~
1/4/o for strongly nonlinear structures in a low-o plasma, in agreement with the estimates made
independently earlier in this paper.

To summarize, the basic points are the following: a) electrons become demagnetized if the
typical inhomogeneity scale becomes smaller than the electron convective gyroradius c,/7e/wWpe
or the cross-shock electric field slope is sufficiently steep to satisfy (1), whichever happens first;
b) the cross-shock electric field E, is related to the magnetic field as in (@), so that the potential
increases with B?; c¢) the magnetic field, and hence the cross shock potential, increase to high

values because magnetic pressure has to compensate the decrease of ion T}, as described by (2))
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); d) large-amplitude magnetosonic waves steepen down to the scales c¢,/7c/wp., as described
by @), which follows directly from the assumptions of electron drift and quasineutrality; f) the
magnetic field in these structures increases up to B/ B, ~ 1//c0 before the singularity v, = 0 is
reached; g) according to (3)) the cross-shock potential is a substantial part of the incident ion energy,
and h) the estimates above show that electrons have to be demagnetized (width is less than their
convective gyroradius or () is satisfied). While not constituting a rigorous proof, these arguments
show the plausibility and self-consistency of the proposed scenario of electron demagnetization
by inhomogeneous cross-shock electric field and consequent heating. While the above scenario
is described in terms of a monotonic magnetic field and potential increase across the ramp, it is
likely that in real shocks the ramp itself breaks into sub-structures and the electron heating occurs

as a series of electric spikes [[16]

III. NON-MAGNETIZED SHOCKS.

Non-magnetized shocks are characterized by a very weak (or zero) upstream magnetic field
so that the upstream convective gyroradii of both species exceed the system size and coherent
magnetic braking is impossible. Weibel instability [[11] produces magnetic filaments ahead of the
main transition ]. Strong electron heating appears to be necessary for Weibel mediation at o <
n(T,/m;c*)? ] where 7) is a dimensionless number less than unity. Otherwise, Weibel turbulence
is predicted to be rather small scale and weak, so that ion scattering is relatively inefficient. Small
scale magnetic filaments, where the magnetic field is aligned perpendicular to the shock normal in
tubes or sheets, scatter forward going electrons more readily than ions (as does the perpendicular
magnetic field enhancement for magnetized shocks), even if the electrons are not fully magnetized.
Any deflection reduces the speed along the shock normal, thus the inflowing electrons are slowed
relative to the inflowing ions by the turbulent field. The structure is no longer one-dimensional and
stationary so that (A3)-({A6)) are not applicable directly and (AI)-(A2) should be used. However,
assuming that electrons are scattered essentially randomly but small scale fields of the filaments,
and neglecting ion scattering, one can average the equations over the perpendicular dimensions
and time scales smaller than the ion transit time. Let us consider a single particle motion in the
filamentary structure, taking the latter as given. The equations of motion read (for any species)

d .
d_tpx = qu +qx - (vtr X Bt?“)a (5)



d .
Eptr = thr + qvx(w X Btr>7 (6)

where tr denotes | «. Here we assume that F,,. and B;, are small scale rapidly (in space and
time) fluctuating fields [B], while F, contains a global coherent electric field also. Denoting by
— averaging over rapid fluctuations, we assume that E, =0, B, =0,0, =0,but £, £ 0,
T, # 0, B2, # 0, B2, # 0, and v2,, # 0. In the lowest order approximation the particle flow is

along x and scattering can be treated perturbatively:
Dir = (thr + qvx(i X Btr))T (7)

where T is a characteristic ”collision” time. Approximating v, = ¢, substituting (Z) into (&) and

averaging over rapid fluctuations, one has
2
@x%ﬁm =qFE, + %[@ - (Eyr X By) — B%,], 3)
which is written for ions and electrons as well. Here we substituted (d/dt) — 7,(d/dx).
Simulations [|£|] show that the generated magnetic field patterns are advected toward the shock
front at speeds intermediate between the incoming plasma and the rest-frame plasma. In this case
the electric fields are substantially weaker than the magnetic fields in the shock frame, so that the
& - (E, x By,) term can be neglected relative to the last term which is nothing but the magnetic
braking due to filaments. We now involve the smallness of 7 expected from the Weibel instability.
The fastest growing modes have a scale length between the electron and ion inertial length ﬂ
This means that in considering electron scattering, which we propose as a physical origin of charge
separation, the ion scattering term which is o< 7/m; is small relative to the electron scattering term
which is o< 7/m,. Thus, while the two terms in the right hand side of the electron equation (8)
may be comparable for electrons, the last term is neglected for ions. Therefore, the ion motion is
described by
Ei,x%pi,m = ek, )

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

AP, = —eAd, b= / Bod, (10)

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

braking of electrons.



With the same approximation, the electron energy changes as follows:

d
T (mec,) = —eE,v, — eByy - vy (11)
~ —cE, T, + L [E: — & (E, x By)]. (12)
mef}/e

Unless the last term just happen to cancel the first term on the right hand side, the electrons acquire
energy which is of the order of the potential drop eA¢. Since this is the potential which decelerates

ions, eA¢ ~ m;yoc?, therefore,
A(mec*,) &= eA¢ ~ miyc, (13)

so that electrons acquire energy comparable to what the ions lose. Although we have not rigor-
ously proved that this cancelation is impossible, we may note that in highly turbulent nonlinear
environment the second term is likely to be a highly erratic function of space and time and it
does not seem likely that its average would cancel the first term. That the first term should be of
significant size is based on the fact that electrons are more easily scattered than the ions by the
electromagnetic turbulence and this naturally results in the systematic charge separation during
the early stages of a Weibel shock. The efficiency of energy transfer is higher than in magnetized
shocks where only about a half of the potential can be acquired by electrons. This is because the
electrons remain almost completely demagnetized throughout the whole region where ions decel-
erate. Yet the electrons do not acquire all the momentum lost by ions, because of their scattering.
Part of the momentum is transferred to the electromagnetic field. The pressure balance in this case

takes the form

B, + B, - B,
Z@z%)—i- ot 8t = const (14)
T

Simulations [|£|, B] show that filaments are convected by plasma and merge, so that both the local
and average magnetic field density increase toward the shock transition layer. This is consistent
with ([4): when approaching the transition the ion momentum decreases, as well as £2,, (the latter
because of the growth of the typical width of a filament), while B2,, should increase. Similarly to
what happens in magnetized shocks, magnetic braking of ions is necessary to convert the energy of
the directed flow into thermal energy and decelerate the ion flow down to sub-relativistic velocity.
As a result, the magnetic field is expected to achieve locally the equipartition values. This is also

the region where the electron scattering by the magnetic field becomes strong. Once the electrons

10



and ions completely thermalize the magnetic pressure should drop to much lower magnitudes. A
transient region of a drastic local enhancement of small scale magnetic field forms.

Summarizing, all basic features found earlier in magnetized shocks (differential magnetic brak-
ing, buildup of a potential and electron acceleration along the shock, magnetic field increase to
equipartition values, conversion of the directed flow energy into thermal energy) are also present
in non-magnetized shocks; in the latter, the latter local inhomogeneous magnetic fields play the
role of the large scale magnetic background of the former. Respectively, the spatial scales of the
corresponding “ramp”’ and “overshoot” are different and determined 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 part of the incident ion energy due to the
cross shock potential prior to entering a region of a strong magnetic field, we can now estimate
synchrotron emission from this region. The main radiating region in magnetized shocks is the
overshoot, behind which the magnetic field drops to low values. The radiating region in non-
magnetized shocks should include the filamentary region before and behind the magnetic density
peak as well. The below estimates are valid for magnetized and non-magnetized shocks as well.
Let a shock propagate with the Lorentz factor ~y, into interstellar medium with the density 7,
and magnetic field By, with 0 = B2 /87n;q,m;c> < 1. In the shock frame the upstream
density and magnetic field are n, = n;5,Y, By = Bism. The electron energy in the overshoot
is a fraction of the incident ion energy, that is, 7. = f170/p. The overshoot magnetic field is
B2/8m = fyn,m;c*yo. The electron density in the overshoot follows the ion density which re-
mains of the same order as the upstream density, n. ~ n,. At the lower end of the energy
spectrum,the electrons emit synchrotron emission with the characteristic frequency and power (in
the shock frame), respectively, w,, = (eB,/m.c)y?, P = (4/3)orcy*(B?2/87), where o7 is
the cross-section of Thomson scattering. In the observer’s frame the characteristic frequency is
Wobs = Yowm, and the emission from unit perpendicular area becomes (dP/dS),ps = V2P, N,
where N, = n.r, is the invariant surface density of electrons. Here r, is the effective length of the

radiating region. The observed frequency and emission per unit perpendicular area are

Wobs = (871‘62/7716) i ”zls,/ivéff 21/2,U_5/27 (15)
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(AP /dS)ops = 207mic® f2 foryinZ, 1w 2r,. (16)

The largest uncertainty is in 7, since there is no satisfactory theory of the relativistic shock structure
(neither magnetized nor non-magnetized). In a magnetized shock the effective overshoot width is
determined by the ion gyroradius in the enhanced magnetic field, m;c*yy/eB,, times number of
ion loops necessary for gyrophase mixing. The maximum overall length is expected to be of the
order of the ion downstream gyroradius or less, that is, r, < f3m;c*yo/B,, where f3 may be
substantially smaller than unity. Respectively, (dP/dS)ms ~ 10%rg/cm?s - (n?/B3)viof2 faf3,
where we normalized with the typical parameters for interstellar medium: n; = n,,/lem™3,
Bs = Bign/31G. For a typical gamma-ray burst 79 = 10 — 30 several hours after the burst, and
Y10 = 10. In Weibel mediates shocks the overshoot width is determined by the ion inertial
length ﬁ]. In this case the enhanced magnetic field is strongly inhomogeneous, so that the ef-
fective radiating width is 7, = f4(c/w,;), where f, and f, together take into account the filling
factor of about 10-15%. Simulations ] show that in Weibel mediated shocks the peak mag-
netic density region is of the width of ~ 50(c/w,;), but the region where B?/81 ~ 0.1n,m;c*yo
may be by an order of magnitude larger. The effective emission region may appear even substan-
tially wider if the magnetic field decays as power law [[18]. Modestly estimating for these shocks
fi ~ 1, fofs ~ 10 one finds (dP/dS) s ~ 10%rg/cm?s - n?/ ?47,. For the isotropic equivalent
emitting area 103'cm? the total emitted power is P ~ 10%3erg/s(n?/Bs)v{, /% f4 f3 in the mag-
netized case and P ~ 10%%rg/s ni’/ 27170 for non-magnetized shocks, emitted at the frequencies
Wops ~ 101781 /244 2 £1/2 In both magnetized and non-magnetized shocks the magnetic field
behind the overshoot drops down, B; ~ B,\/o. Respectively, the radiation frequency drops by
the same factor, while the emission power drops by the factor 1/0.

This radiation from a thin region of enhanced magnetic field may be a significant fraction
of the total afterglow emission. Consider the ratio of the afterglow from the magnetic region
and from the entire downstream region. The fraction of the proper hydrodynamic time scale,
Tn ~ R/vpc, that an electron spends in the effective overshoot region, is given by 7,/7;, which
is ~ fsry /et ~ famic*yo/eBisn R for the magnetized overshoot and ~ f;/ wpiTp, ~ for non-
magnetized shocks. The ratio of the magnetic energy density in the overshoot region to the average

magnetic energy downstream is ~ 1/0. Electron energies may remain comparable due to effective

turbulent collisions. The relative afterglow outputs from the overshoot region and downstream is
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then ~ f1,/m,0, where R ~ ¢T3, T, being the observer time, so that

Povershoot f22f3 : 10_4
~ 1 17
Piownseam (B3 1G) (T s /105 8) o > (17)

for a magnetized shock and

Povershoot ~ f22f4 ' 10_8
Pdownstream n}/2 (Tobs/105 S)O'

>1 (18)

for a non-magnetized shocks. For realistically low o the emission power from the enhanced mag-
netic field region formally exceeds the emission power in the rest of the downstream region. And
the typical frequencies are much greater as well.

The cooling energy <. is given by the condition P, (v.)r,/c ~ m.c*y. and therefore
Ye ~ p/oTVEToNism f2 which corresponds to the cooling frequency in the observer’s frame
We ~ Wobs(1Ye/ [170)? ~ 101871 (B2 f2 /ny fof3) for the magnetized shocks, and much higher for

demagnetized shocks, which means that radiative cooling does not affect the described processes.

V. CONCLUSIONS

We have shown above that efficient electron heating in relativistic collisionless shocks can be
generated by a cross-shock potential, developing because of the preferential deflection of electrons
by the magnetic field. The cross-shock potential, which accelerates electrons across the shock
front, is of the order of the incident ion energy, independently of whether the magnetic braking is
caused by a coherent (for magnetized shocks) or small scale (for Weibel shocks) magnetic field.
Deceleration of ions together with momentum conservation eventually lead to strong enhancement
of the magnetic field in a small region of the shock front. This magnetic field enhancement ensures
final thermalization of ions and electrons. Synchrotron emission from electrons from this enhanced
magnetic field region seems to be able to explain the observed afterglow emission from gamma-ray
bursts, within uncertainty of our knowledge of plasma parameters there.

At scales below the ion gyroradius, the most likely scale for Weibel turbulence, differential
scattering of ions and electrons by magnetic filaments can cause charge separation and strong
electric fields in the shock plane as well as a long the shock normal, so it may be non-trivial to
distinguish a systematic cross-shock potential from a purely stochastic electric field. Nevertheless,
we suggest that a good way to test the idea of a systematic cross shock potential is to compare

the electric field patterns for simulated pair shocks with shock simulations having a realistic ion

13



to electron mass ratio. The mechanism we suggest, which is based upon qualitatively different
scattering of electrons and ions, works only for large mass ratios. For pair shocks, on the other
hand, electrons and positrons can be separated by small scale magnetic fluctuations, but there is
no systematic charge separation along the shock normal. If the systematic, cross shock potential
drop for electron-ion shocks is comparable to the stochastic component, it would demonstrate the

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

Basic equations of two-fluid relativistic hydrodynamics read

0 0

s -~ NsUs i) = Y, Al
5" —l—axi(nz},) 0 (AD)
O ot LT = nagu (B + v Ba ) (A2)
ot 5,10 8«Tj s,ij — Nsqs\ L4 17kVUs, 1 Pk ;

where s denotes the species, 7, j,k = 1,2, 3, and T}, and T;; are the components of the energy-
momentum tensor:
Toi = (cpi), (A3)
Tij = (vip;)- (A4)

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

In the one-dimensional stationary case the equations reduce to

nv, = const, (AS)
0
%Tm = nq(Ei -+ Eijk'UsJBk/C). (A6)
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These equations should be completed with Maxwell equation with
p= N, (A7)

k=) NaaVsk (A8)

APPENDIX B: ELECTRON DEMAGNETIZATION

It is known [u] that in narrow nonrelativistic shocks electrons become demagnetized and effi-
ciently heated due to the cross-shock potential. In order to find out whether such demagnetization
is possible in relativistic shocks we reproduce the derivation of Ref. [u] with relativistic correc-
tions. Namely, let us assume that a relativistic electron enters an inhomogeneous electric field
E, = (dE/dx)x, while the magnetic field inhomogeneity will be neglected. It has been shown [u]
that electron demagnetization occurs when two initially close trajectories diverge exponentially.
Let us consider two close orbits z1(t), y;(t) and z5(t), y2(t), each of which is a solution of the

equations of motion

%(mvﬂ) = —eb, —ev,B/c, (B1)
%(mvyv) = —ekE, +ev,B/c. (B2)

The equations for the differences 0z = xo — 21, 0y = Y2 — Y1, 0Uy = Voy — U1y, OV, = Vg — Vyy

can be easily obtained taking into account that v = v3(v,0v, + v,0v,):

d 2.2/ 2 3 2 e dE;
dth(l + v 3 /c?)0v, + 77 (Vv /) dvy,| = e ox — Qovy, (B3)
i[v(l + 7205/02)5% + 73(vxvy/c2)5vr] = Qdv,, (B4)

dt

where we assumed for simplicity that B = const. Here 2 = eB/mc and E, = const. In the
local approximation the obtained equations are linear equations with constant coefficients and

substitution éx, dv,, Jv, o< exp(At) gives

NY(1+7%07/¢%) + (e/m)(dE; /dx)| A~ dve = —[Q + My (vavy /)]0y, (BS)
M(L+~%02/e)dvy = [Q = My (g0, /)00, (B6)

so that eventually

dFE,
N1+ y*0? /) = —y(1 + ’}/21)2/02)(6/771)% — 02 (B7)
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The local criterion of instability would read

— (e/m)% > QP /(1470 /). (B8)

For electrons entering the shock without gyration v, = 0 and v, = c, so that one gets trajectory
divergence when

B ) (B9)

with the divergence rate of

(B10)

271/2
A =~732 [_E@ — Q_} .

m dx ~y

The demagnetized electrons are accelerated by the electric field £, across the magnetic field up to
the point where the demagnetization condition ceases to be satisfied. At this point electrons begin
to gyrated and all acquired energy is converted into their gyration energy. Beyond this point the
only energy gain is due to the adiabatic conservation of the magnetic moment in the increasing

magnetic field.

APPENDIX C: NONLINEAR WAVES AND RELATIVISTIC SOLITON

We consider a stationary perpendicular wave, 0/0t = 0, /0y = 0/0z = 0, in the framework
of the two-fluid hydrodynamics of cold relativistic electrons and protons (s = e, for electrons

and ions respectively):

d
msvsx%(’ysvsx) - qg(Ex + Ussz/C)a (Cl)
d
msvsx%(’ysvsy) - qs(Ey - 'USSUBZ/C)7 (CZ)
Vs = (1 - 'Ugm/c2 - U?y/c2)_l/27 (C3)
NgVg; = CONSt, (C4)
E, = const, (CS5)
dB,
= —4r ; qsNsVsy/C = Ame(neve, — nivy)/c, (Co)
dFE,
T = 47r¥ gsns = 4me(n; —ne). (C7)

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

form of the magnetosonic soliton [@] with the width ~ ¢/w,., where wge = 4rne? /m. and the
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amplitude depending on the Mach number. It should be noted also that ~ ¢/w,. is the dispersion
length of linear perpendicular magnetosonic waves.

Following the general principles of ], we are seeking for nonlinear wave solutions which
are asymptotically homogeneous, that is, n — ng, v, — vy, B, — By, v, — 0, when x — —o0.
In this case E, = voB,/c. We shall consider weakly nonlinear waves in the sense that deviations

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

1 dE,
n= ——
4re dx

< n. (C8)

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

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

MeYeVey + mMi%iViy = 07 (€9
( + )+B§ 5 (me +m;) +Bg (C10)
z(Me e m;7; S me m; P
NV (M %) g = Tt
voBoB. vo B2
nvo(mee +miv) + =5 = nuo(me + mi)yo + 3 (C11)
(C12)
where 7o = (1 — v2/c?)~'/2, and further
BZ
(MeYe +mivs) = (me +mi)yo — —2=(b— 1), (C13)
4mngc
. 1 —o(b?—1)/232
Vo 1—0o(b-1)

where 0 = B2/4mno(m; + me.)c*vo, o = vo/c, and b = B, /by. It is easy to see that v, is a
monotonically decreasing function of bintherange 1 < b < 1+ 1/0.

Using (C9)) and (C6) one obtains

(me’ye + mi’yi)viy o & de

(C15)

MeYe dmne dz

In what follows we shall make the assumption that the energy content in ions is always much

higher than in electrons, that is,

m;7i > MeYe, (C16)
so that approximately
m cmeYe dB., C17)
iViViy = — .
iy dmen dx
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Following the path outlined in the non-relativistic analysis [@] we substitute (CI7) into (C2) for

ions to obtain

d [ meve \ dB,
— Up— — =vyBy — v, B,, C18
Y dr (47r62n> dx 00T (C18)
or, after normalization,
A\ 1dnd
w2 ) Ndx N dx
(C19)
(I +0)(b—=1)—ob(b* —1)/253
B 1—o(b—1)
where N = n/ng = vg/v,.
In the asymptotically homogeneous point one has
? d? )
(W—fze) 70@5 =1 +0-0/B)¢, (C20)

where ¢ = b — 1 < 1. This point is unstable when 32 > /(1 + o), in which case [@] the
solution should be of a soliton type (non-periodic wave). The electron Lorentz-factor 7, cannot
be represented as a function of b, so that (CI9)) cannot be converted to a quasi-potential equation .
However, we can use the fact that v, > 0 to define a new coordinate dw = Ndz /7., so that

< 2 ) d? b (1—1—0)(()—1)—01)(()2—1)/2602. (C21)

o) dur’ = —olh- 1)

The derived equation is valid provided that the flow does not come to a halt, v, > 0, that is,

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

When b increases the right hand side remains positive until b(b — 1) = 232(1 + o) /0. For
0 < 1 and v > 1 this means that the sign changes when b = \/2/7 > 1. At this point the
denominator 1 — ob =~ 1. It is well-known ] that there are no soliton solutions for o < 1 in the
pair plasma, where v, = v; = 1 — o(b — 1). For a soliton solution to exist

b 2 5
" (I+o)(b—1)—ob(b® —1)/25; ,
[ Ve 1 — O‘(b — 1) =0 (C23)

has to be satisfied for b,, < b.. Although complete analysis is impossible here it is likely that a
soliton solution would not exist for too low o for the electron-ion plasma as well.

For the analysis of the solution behavior it is sufficient to know that vy < 7. < ;(m;/m.). It
is easy to estimate the typical inhomogeneity scalce as I, ~ (¢/ wpe)vé/ > Foro < 1 (typical for

gamma-ray bursts) the highest achievable magnetic field amplitude would grow as by,q, ~ 1/0/2,
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thus ensuring strong magnetic compression. Since ob < 1 always, the electron current can be

estimated as follows:
noec

1—ob?/2

where we assume that electrons remain relativistic: since v, becomes sub-relativistic, v, ~ c.

(C24)

NEVey ~

Then the typical length of the magnetic field variation is

B

Bob(1 — ab*/2) c
‘ (dB/dr)| "~ ~

—(Mo)Y?b(1 — ob?/2) (C25)

dmeng Wpe

where M = m;/m.. The maximum length is achieved when b ~ 1/y/0 and 1 — gb?/2 ~ 1, where
[ ~ ¢/wp;. For smaller b ~ a/\/o, a < 1, the length | ~ a(c/w,;), while for highest possible
b~ 1/\/cand 1 — ogb?/2 ~ /o, and the length becomes [ ~ (¢/w,.)(Ma)/2.

It has to be understood, however, that the obtained expressions provide only an indication of the
character of the wave steepening. Indeed, strong magnetic compression and narrow width ensure
that ions behave nonadiabatically and begin to gyrate strongly in the vicinity of the magnetic field
maximum. The ion gyration makes the cold hydrodynamical approximation invalid. Thus, the
derived equation (CI9) provides a satisfactory estimate of the wave profile only at the upstream

edge of the shock ramp [@], which nevertheless is quite sufficient for physical conclusions to be

made.
Using (CI)) one can find
d dy
3 7 (] + men)vg] = —e(mii + meve) o (C26)

Taking into account the above approximation m,.7, < m;~;, and the expressions (C13)) and (C14)),

ep [P (ab\ [1—o(b?—1)/28
= () (R ) o (7

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

one gets

where d?b/dw? = 0 is easily evaluated as e¢ ~ 0.5m;c?~,.

[1] T. Piran, Rev. Mod. Phys., 76, 1143 (2005); P. Meszaros, Rep. Prog. Phys., 69, 2259 (2006).

[2] D. Eichler and E. Waxman,Astrophys. J. , 627, 861 (2005).

[3] W. Feldman et al., Phys. Rev. Lett. , 49, 199 (1982); W. Feldman et al., J. Geophys. Res., 88, 96
(1983); J. D. Scudder, Adv. Sp. Res., 15 181 (1995).

19



(4]

(5]
(6]
(7]
(8]
[9]
[10]
[11]

[12]
[13]
[14]
[15]

[16]

[17]
[18]

M. Balikhin ef al., Phys. Rev. Lett. , 70, 1259 (1993); M. Gedalin et al., J. Geophys. Res., 100, 9481
(1995).

C. C. Goodrich and J. D. Scudder, J. Geophys. Res., 89, 6654 (1984).

J. A. Newbury et al., J. Geophys. Res., 103, 29581 (1998).

J. D. Scudder et al., ,J. Geophys. Res., 91, 11019 (1986).

M. M. Mellott and W. A. Livesey, J. Geophys. Res., 92,13661 (1987).

J. A. Newbury and C. T. Russell, Geophys. Res. Lett., 23, 781 (1996).

M. F. Thomsen, J. T. Gosling, T. G. Onsager, and C. T. Russell, J. Geophys. Res., 98, 3875 (1993).
M. Medvedev and A. Loeb, Astrophys. J. , 526, 697 (1999); L.O. Silva et al., Astrophys. J. Lett., 596,
L121 (2003); J.T. Frederiksen et al., Astrophys. J. Lett., 608, L13 (2004); C. B. Hededal and K.-L.
Nishikawa, Astrophys. J. Lett.,623, L89 (2005); A. Spitkovsky, A., in: Astrophysical Sources of High
Energy Particles and Radiation (eds: T. Bulik, B. Rudak, and G. Madejski, 2005), p.345.

Yu. Lyubarsky and D. Eichler, Astrophys. J. , 647, 1250 (2006).

D. Burgess et al., J. Geophys. Res., 94, 8783 (1989).

R. Z. Sagdeev, Rev. Plasma Phys., 4, 23 (1966); M. Gedalin, Phys. Plas., 5, 127 (1998).

C.F. Kennel and R. Pellat, J. Plasma Phys., 15, 335 (1976); D. Alsop and J. Arons, Phys. Fluids, 31,
839 (1988).

J, Newbury et al., J. Geophys. Res., 103, 29581 (1998); S. Walker et al., Ann. Geophys., 22, 2291
(2004).

A. Spitkovsky, astro-ph/0706.3126v1 (2007).

A. Gruzinov, Ap. J. Lett., 563, L15L18 (2001).

20



	Introduction
	Magnetized shocks.
	Demagnetization conditions.
	Magnetic structure and cross-shock electric field.

	Non-magnetized shocks.
	Synchrotron emission. 
	Conclusions
	Acknowledgments
	Two-fluid hydrodynamics of relativistic shocks
	Electron demagnetization
	Nonlinear waves and relativistic soliton
	References

