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Abstract. After a successful development of theoretical and numievicaks on Fermi acceleration at relativistic shocks,
some difficulties recently raised with the scattering issuerucial aspect of the process. Most pioneering works were
developed assuming the scattering off magnetic fluctuatamngiven. Even in that case, when a mean field is considered,
its orientation is mostly perpendicular to the shock norinathe front frame, and this tends to quench the scattering
process. Solving this difficulty leads to address the isduthe generation of very intense magnetic fluctuations attsho
wave lengths. The relativistic motion of the shock front tle¢ cosmic rays to visit upstream during a very short time
only, making this generation of magnetic fluctuations vemglienging. Anyway there is some hope to solve the problem.
Thanks to a recent work by Spitkovsky (200@ [18], we knowt th@ process works without any mean field and now we
have to investigate up to which intensity the mean field caarbelified for allowing Fermi process with appropriate fast
instabilities. In this presentation, the collisionles®dh structure in relativistic regime is sketched, the staty issue is
presented, and the instabilities that can provide the egdemagnetic field amplification are presented as well. Aigio
there exists observational evidence that particles areleeted in relativistic flows and are distributed accaydima power

law suggesting a Fermi process, the drastic conditionsdamiFprocess to work are not always clearly fulfilled.

Keywords: particle acceleration, Fermi process, relativistic sisptkrbulence
PACS: 95.30.Qd, 98.70.Sa

INTRODUCTION scattering [10] [1B].
Important progress were accomplished during this las{r:elrzft:\r/]igst?ér(s:ﬁ(r)]::i?:\igrs f?r\:glrl?ezleirior Fermi process at a
decade about the acceleration of particles governed by L Y gng- o
Fermi process at relativistic shoci [1]} (2]} (3] [4]} 6] Because it is useful for these issues, we first indi-
P ' cate what a collisionless shock structure is, especially in

In these works a prescribed scattering process was in: ; ) .
: . . : proton-electron plasma with a quasi perpendicular mean
troduced in the calculations and in the numerical works,

In Lemoine & Pelletier 03 @2] a scattering medium field. Then we present the_scatterlng issue and the strong
; : ; ; . ... challenge for having Fermi cycles. Then we propose sev-
was simulated by introducing magnetic fluctuations with . . .
. o : eral fast instabilities that are good candidates for am-
Fourier modes distributed according to a power law

. ; . aplifying the magnetic fluctuations that would allow the
spectrum. The same results were obtained, in particul Expected scattering. However we found stringent condi-
the spectrum index between22and 23; however with b g 9

the assumption that the pitch angle only is involved intions on the mean field for that amplification.
P € pit Y y The recent remarkable work by A. SpitkovsKy ][18]
the scattering process; which was also assumed by th% . ) .
i . . . > shows through PIC simulations, that the Fermi process
previous works mentioned. More detailed simulations

g C -works at relativistic shocks in a non-magnetized pair
by Niemiec, Ostrowsky|[10], then Niemiec, Ostrowski : o
axd Pohl [}, and alsg@y ?_emoine Revehd [14] thenplasma. The shock structure is quite different. The mag-

: . = ' .~ netic fluctuations are produced by a Weibel instability.
Lemoine, Pelletier, RevenﬂlS] revealed the dlfflCUltIeS.We will indicate how weak a mean field must be for the

- The mean field suffered by particles is essentiallyinstability to be operative even with a proton-electron
transverse to the flow in the front frame, if the angle plasma. We propose also another instability that works
6z of the mean field with respect to shock normal with a larger mean field, however still quite weak.
be larger than AI's, which is obviously the most There is observational evidence in Gamma Ray Bursts,
frequent case. especially for the afterglows, that both the magnetic field

. The downstream magnetic field is very compressedias been amplified upstream and that power law distribu-
and weakens particle diffusion, therefore the univer-tions of high energy particles has been formed suggest-
sal spectrum is not obtainemlmlmM]. ing a Fermi process (see, for instance Li & Waxman 06

- An usual turbulence cascade spectrum from Iargégl)' Moreover GRBs often explode in Wolf-Frayet star
scales to small scales cannot provide the expecteW'ndS' which are much more magnetized than the inter-



stellar medium (Ud-Doula et al. 08). the ion population that continues with only two beams
passed the potential barrier. These anomalous heating
processes require an appropriate kinetic description.
PHASE SPACE LOCKING BY THE

TRANSVERSE MEAN FIELD Ramp, overshoot, foot.

Entropy production in the shock transition comes from
two independent anomalous (caused by collisionless ef-
A collisionless shock is built with the reflection of a :2?;32”232“819082CZ‘IS;;?J% ?éiitrzogste?gdé?;[jr:}acog;
fraction of incoming particles at some barrier, generally S ' P arg

tThan ions; however we do not know yet whether this is

of electrostatic or magnetic nature, except in the case Odtill the case in relativistic shocks. Moreover they ex-

a pure electron-positron plasma without any mean MaY erience a supplementary heating with the convection

ggggt:;ei'lqu' tlr:esflilcf)f\;\(/;(tf Stlf:)?/;[/ ggvr:/]r? ;nogvtr%?;etirzoorgstrzgséglectric field. Whereas the growth of ion temperature de-
In a proton-electron plasma carrying an oblique magnetié/e'OpShon scallgf, ﬁlegtr?n ten;]pe:‘rature" gfrorv]vs c;]n tze
field a barrier of both electrostatic and magnetic natureXery S" ortbsca rt |fs h(_a ines the ra:jn_p 0 the Shock.
raises. Because the magnetic field is frozen in most part ctually, because of this strong gradient where an in-

of the plasma, its transverse component is amplified biﬁﬂ:ig;rﬁ;ﬁggﬂigmg ::hurrorﬁn:]l'csh(e:orr;crr?nt?rt]?sd,e?er::?rrgr?-
the velocity decrease; thus a magnetic barrier is set up. 9 P-

fraction of the incoming protons is reflected back. A po- heating is described by Ohm's law in the direction of the

tential barrier raises also because the electron disiibut °"MVeCtion electric field (z-direction), namely

is close to Boltzman equilibrium and the® ~ Telogn—’z) ncdB .

with an electron temperature that grows to a value com- BB+E= A dx with E = BsBo ; )
parable, but likely different, to that of protons, which

reachesT, ~ (I's— 1)myc?. The potential barrier grows it indicates that the variation scalev is the relativistie re
up to a value that allows reflection of a significant part ofsistive length given by, = 7= = 5ewe_;; (Bx < 0). This

the incoming protons, which meae&® ~ (Fs—1)m,c?>  is a very short scale comparable to the electron inertial
(we assume an ionic population mostly composed of protengthd. when the anomalous resistivity is so strong that
tons). This potential barrier reflects also a fraction ofpro the effective collision frequency is of ordese. This is
tons, but favors the transmission of electrons that wouldhe scale at which the electron population experiences
otherwise be reflected by the magnetic barrier also. Thgoule heating, this is thus the growth scale of three major
reflection of a fraction of the protons insures the matterquantities, namely, the potential, the magnetic field and
flux preservation against the mass density increase dowrhe electron temperature. Even if the sa&lés estimated
stream. However because the magnetic field is almoswith electrons so hot that they have the relativistic mass
transverse, an intense electric fidld= (B energizes Fomp (6.8~ 8= (rsmp(;)l/Z), it remains smaller than
these reflected protons such that they eventually cros F

How a collisionless shock is set up?

2m

the barrier. Interactions between the different streams (ﬁ]e foot length; indeed

protons generates a turbulent heating of the proton pop- 5 B2

ulation, which takes place mostly in the “foot" region. S <le 4—F < neFsmpc® =pf2c®.  (3)
The foot region extends from the barrier upstream over a F n

lengthlr =1 F =TsVs/axiF, measured in front frame,  that strong inequality is a natural requirement for a rel-

and measured in upstream frame, it leads to ativistic strong shock. By the way, the condition for the
5 c Fermi process to be operative will turn out to be more
lru=riy/Ts= ——"p . (1)  restrictive for the field intensity, as will be seen further

il ssinBg on

We assume that the field is almost perpendicular in the This strong Joule heating results from the very in-

front frame, but take into account of an angkein the  tense cross-field current and, actually, is produced by
co-moving upstream frame such that 8yt 1/I's. The ~ microturbulence driven by the current itself. Probably an

downstream flow results from the mixing of the flow of anomalous diffusion of electron temperature occurs that
first crossing ions (adiabatically slowed down) with the Smoothes the temperature profile; however it is not yet
flow of transmitted ions after reflection. All the ingredi- identified in relativistic shocks.

ents of a shock are realized. The three ion beams in the

foot interact through the “modified two stream instabil- The field profile can be obtained by prescribing a

ity"; this constitutes the main thermalisation process ofvelocity profile decreasing from 1 to 1/3 over a distance



much larger thard,. The profile displays a ramp at  One finds

scalel, followed by an “overshoot" before reaching the

asymptotic value By. Electrons have to jump this barrier sin(6o+ @) —sinbo = Bsy . (4)
in order to come from downstream to upstream. The ] )

formation of a foot over a length of ordés much larger 1 N€ angle is necessarily such that 8gs- 3s and thus

than the resistive length, which characterizes the rampSin6ol <1/T's. The small angle approximation leads to
and the overshoot, is the main feature of collisionless

shocks, perpendicular or oblique (see figure(1).) %wz + 6y + 902 = F_12 . (5)

S

In the case of an electron-positron plasma, Whenrpa maximum deviation is obtained f@ly = 0 and

a magnetic field is considered, no electrostatic barrier N .
. . . equalst=. The protons are deviated upwards, whereas
raises, only the magnetic barrier occurs. When the mean s , !
electrons are deviated downwards. One easily checks

magnetic field is very negligible, a barrier can raise only o :

through the excitation of waves. This is a crucial as-that no deV|a.t|c_)n.occ1-Jrs at th? maximum entrance angle
. . o +1/Ts. The visit time is thus given by = g At ~ 1/T's

pect of the simulation of A. Spitkovsky [[L8] that shows . ,
L - . and thudit ~t /T's. The penetration length of the cosmic

that the Weibel instability can produce particle reflec—ra s into the upstream flow is therefore of ordefT

tion through the wave growth that exerts a ponderomo- ys in P . Efls

tive force. The distance bet_ween the or_blt and the shock front is

When electron reach energies comparablEgno,c?, 9o byAx=r. (sin(6p+ ) —sinfo — sy) and reaches

i - _1 I
the situation becomes similar to the electron-positrort: MaXIMuMm for i + 6) = r; and thusAxmax rg’

plasma shock. this indicates the scale at which magnetic perturbations

The strucutre is described with two scasand ¢z could scatter the cosmic rays. .
and three small parameteés;, the fraction of incoming This relation allows to determine the energy gain after

energy density converted into cosmic ray pressure ag Fermi cycledud as a function of the entrance angle.
front, & the ratio of magnetic energy density over the Using back and forth Lorentz transformations we obtain

incoming energy density ar\%. r2 5
G(Qo): 1—BrCOieo+LIJ)2 1+7S(90+LIJ) (6)
1— Br cosbo 1+ F_Zégoz ’

Particle motions
where we inserted the relative velocity between the up-
Particle motions upstream stream and the downstream flows (actually in the lat-
ter formula we inserted a converging velocity3;, and
Besides the part of “thermal" protons that are reflecteccounteds; positively):
back on the electrostatic barrier and eventually cross
the ramp after having gain an energy of ortﬂ'@mpcz, Br = (Bu—PBa)/(1—Bufy) ~1— iz )
some amount of the downstream protons comes back r's
upstream, scatters off the magnetic field and comes back ) ) 5
downstream with an energy of ordegm,c2. This is | he angleo = 0 produces the maximum gaig(0) = 3
the first cycle of Fermi acceleration, which is always and the minimum galnGlz 1, is obtained for6y =
possible for a fraction of the particles and that generate&1/I's- The gain monotonically decreases between these
a primary population of high energy cosmic rays. TheWo values. The gain averaged over this angle interval is
question is to know whether further Fermi cycles areclose to the value 2. The large gain of ordigrcannot
possible. be reached with par'qcles coming from downstream to
Let us first look at the kinematics of cosmic rays up- Upstream; only the first Fermi cycledu can produce
stream in a large scale mean fieid= Bg, parallel to such an extreme gain (sg¢ [4], [3])-
the shock plane; it is convenient to make this investiga-
tion in the co-moving frame, where the electric field van- . )
ishes and where particle orbits are circles characterized Particle motion downstream, the “no return” sector
by the Larmor radius. The momentupg is conserved. o )
With simple geometrical arguments one can derive the A similar dynamical system governs downstream mo-
gyro-phase variatiog as a function of the initial angle tion; Bs is replaced by3q ~ 1/3 for a strong relativistic

6o of the momentum in the vertical plane with respect toShock. An incoming proton witfs; > 0 andfx < f34 has
the flow (see figure 2). no possibility to come back to the shock. Only intense

magnetic perturbations on short scales (on scale com-
parable to the Larmor radii of the particles measured in



overshoot

3B, *

reflected
protons

Resistive sheet X
+—>
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FIGURE 1. Shock structure: This drawing roughly sketch the profilehef mnain physical parameters that varies in the foot, the
ramp, the overshoot.

P = w At
d =VSAt = ﬁser

FIGURE 2. Particle motion upstream



front shock) could produce efficient scattering that wouldet al. (], ]). In order that particles undergo several
allow further Fermi cycles. For instance if strong turbu- Fermi cycles and form a power law distribution, intense
lence makes the magnetic field to reverse on short scalexattering should develop in this flow. Magnetic turbu-
this would probably make Fermi cycles possible. lence should be excited for the Fermi process to be op-
A simple geometrical argument can explain the “no-erative, upstream at time scale shorter thaifS over a
return” condition (see figure 2). A similar geometrical precursor of length, /"2 and downstream at time scale
construction can be done to look at the orbit of an incom-shorter thar, over scale shorter than, with dB at that
ing particle that rotates in the co-moving downstreamscale more intense than the large scale field...

flow whereas the shock is moving away at the spe/&d Thus it is particularly important to look for the gen-
One finds the relation eration of intense short scale turbulence upstream, and
W preferentiallyincompressiblgurbulence that can reach
Sin(Bp+ ) —sinby = 3 or Bqy (7)  higher level than compressible one. The requirement

on the relative amplitudé of the magnetic fluctuation
with the condition that incoming particles are such thatcan be explored by looking at the variation of the an-
cosfp > 1/3. This equation has roots in some interval gles 6 and ¢ defined byScos, B, = sinf cosp and
and no roots in the complementary interval. It can be seeif8; = sin@sing.
first by considering two simple cases. First consider the

. i 1 1 2
casefy = 0; the equation has no root becaﬁ%ﬂi >—3 <AQP > ~ _AZ% Tt (9)
for all . Now consider the cas®y = 7, the graph shows g 6
evidence of a root. <NB®> ~ éAzoufrcAt . (10)

A particle crosses the shock from downstream to

upstream if it has an angléy € (—6;,6.), such that  Careful analysis[[15] shows that the amplitude must be
cos, = 1/3 (6, ~ 1.231rad), (a “pitch” anglef corre-  quite high, namelyA > r| /I's/c, £ being the coherence

sponds to an angleg — 7 on the Larmor circle) which  |ength of the magnetic fluctuations, where the Larmor
corresponds ta = 6 — 11/2 between—6. — /2 and  radius is estimated in the quadratic averaged field and

6, — /2 on the Larmor circled. = —0.349rad). Only  Fermi acceleration is restricted to limited range of Lar-
some interval of initial angles allows the particle to re- mor radii:

cross the shoc#t — u. This interval starts a8, and ends Mol < 1L < Algle . (11)
at 6, such thatb.; + = 6,; this angle is thus the root
(other tharg,) of the equation

08 INSTABILITIESWITH A MEAN FIELD
sin@ —sing, = —— (8) _ y _

3 The expected instability that would scatter the cosmic
The root is betweent/2 and 7, with 6 ~ 1.710rad. rays upstream is supposed to do it during the precursor
The interval(6,, 6;) defines a sector of no-return. The crossing. TWO. states of _the precursor must be consujered:
particles that make the cyatidcome back downstream one ((_:ase A) is the stationary situation where Fermi pro-
with an angle slightly larger thafl. and thus flow in the cess |s_supposeq fo be devel(_)peq such that ihe precursor
sector of no-return. It corresponds to angle between length is determined by the diffusion length of the most

; -~ energetic Cosmic Rays; the other (case B) is the starting
0 andrt/2 on the Larmor circleqer = 0.140rad. situation where the cosmic rays of the first Fermi cycle

are scattered by the mean field.

In case A, when particles are scattered off short scale,
but intense, magnetic fluctuations, the scattering fre-
Suency is

Requirement on turbulence for Fermi cycles

The previous paragraph was devoted to motions in 2 2
regular transverse field. However the behavior we have Vs~ & < OB > [c/E (12)
analyzed with an ordered large scale field also appliesnd the diffusion lengtlig ~ ¢/ vs (the diffusion coeffi-
for ordinary turbulence, that cascades from large scalesient isD = ¢?/3vs [ E?); but the scattering must de-
to short scales. This is an important point that has beenelop over a length of orde/vsI'2 because of the front
argued in Lemoine, Pelletier & Rever[u][13]. In particu- motion. For a temporal growth rags, the growth fac-
lar the figures in this paper clearly show that the Poincaréor is
velocity mapping, in a plane parallel to the shock plane, Gingt = V'”Stcz
is similar between regular motions and irregular motions VsVsl's
in a Kolmogorov turbulence field and reveals the sectorand the energy of the magnetic fluctuations is amplified
of “no return”. This explains also the results by Niemiec by a factores; ~ €Cnst in the linear regime. The insta-

(13)



60' - P = (DLAt
d =V At = B

No return

Ba
FIGURE 3. Particle motion downstream

bilities are efficient if scale for MHD description #nnd/¢Fu = Bal sSinBg).
The growth of MHD modes is expected mostly in case
2 2
Vs\Z/A le < 552 > F_; , (14)  A.Thereis an interesting possibility of Alfvén mode am-
¢ flmhd  Bj Y plification due to the quasi Tcherenkov resonance that
selects Alfvén modes such thak = kHVA = kyVs. The
growth rate is

Vinst > O

whereV, is the Alfvén velocity,{mhg = Va/ i is the
minimum scale for MHD description. Even MHD insta-
bilities could develop.

In case B, (see etﬂ(l)) the growth factor

YinstC .
WiVslsSinBg”’

and thus the temporal growth rate must be larger than

Vinst ~ (B2 0op,wn) 3, (17)

wherewy, = (4mmer€?/y.mp)Y/2 with y. ~ I'2 (there is a
factorl's because the energy of the particles in the front
frame is of ordef” Smpcz, and anothef s because of the
frame motion). The cosmic ray density, is measured

_ i in front frame and is related to the cosmic ray pressure

st > G Bl I (16) at front framePy; by Per = ne T smpc? = & pul2c?, so

Note that we keey ssinBg > 1 throughout the further thatée = ner/nul’s. The frequencyws is smaller than
discussions. This last constraint is the most severe. Any,; but can be close, especially for the right mode.
MHD mode, whose temporal growth rate is necessarily
smaller tharwj, cannot be amplified unless the magnetic When the magnetic field is almost parallel, i.e. when
field would be parallel to the flow. Nor any extraordinary g < 1/T's, Bell's instability [9] [22] [27] (see[[2}1] in rel-
ionic mode that would have a frequency closedtg, ativistic regime) can develop. It is excited by the charge
such a mode with a frequency close to the lower hybridcurrent carried by the cosmic rays in the precursor. Non-
frequency would be better. Actually if the scattering resonant waves of wavelength shorter than the Larmor
process develops through any fast enough instability, itadii are exited without any response of the cosmic ray
enlarges the precursor and makes the instability growtiplasma. Its growth rate in upstream frame is of order
easier. keVa with ke = 411der /cBy. Unfortunately this field con-

Of course the electronic modes are fast enough, bufiguration is not generic for relativistic shock. However
their capability to scatter high energy cosmic rays is veryfor a quasi perpendicular field, in the same spirit as
unlikely. Bell's instability, the electric charge carried by the cos-

mic rays can excite non-resonant compressive modes for
which the cosmic rays have no response because the
At MHD scales waves are at short scales compared to the Larmor radii
also. The cosmic-ray electric charge is almost neutral-

For the frequently valid conditiofialssin6s < 1, the  ized by the ambient plasma electric charge in the front
precursor has a length much larger than the minimunframe and a typical wave number is associated to it:

Ginst = (15)



k. = nereBo/pull2¢? (defined in front frame). The spa- the wave dynamics. Ambient electrons are easily magne-
tial growth rate measured in front frame is (see Pelletiertized, however it turns out that even magnetized, Weibel
Lemoine, Marcowith 08|E5]) instability can develop provided that ambient protons are
not (see|E|6]). Between the inertial scadg = ¢/ wpe, Of
Ve~ (Kk)Y3ork, < (k.k2)3 (18)  electrons and the inertial scafe = c/wyi of the ions,
N (k*ky)l/zfor Ky > (k*k)%)l/3 (19) there is an intermediate dynamical range between MHD
(at scales larger thady) and electron dynamics (i.e. dy-

(x is along the flow and y along the mean field). namics for which electron inertia is relevant), where fast
In case A, the growth requirement is likely fulfilled enough waves can be excited by the relativistic stream.

since In the continuity of right Alfvén waves (the left ones are
ré e 1 & completely absorbed at the ion-cyclotron resonance), for

(20) quasi parallel (with respect to the mean field) propaga-

tion there are whistler waves, that are electromagnetic
waves with a dominant magnetic component. For quasi
. . s erpendicular propagation, there are the ionic extraordi-
is rather small, but this can be compensated by the wav, ary modes, which have frequencies between the ion-
numbers that can be much larger th@n . N cyclotron frequency and the low-hybrid frequency (ob-
The development of the compressive instability in Cas€ i for large refraction index) and which are mostly
. . UCCBlectrostatic with a weaker electromagnetic component.
more I|I§ely heating (see further_on fora more detallepl For scattering purpose, the whistler waves are the most
discussion) and the magnetic f.'eld fluctuatlon_s rema"]nteresting in this intermediate range, (they are excited i
moderate because O.f the I_|m|tat|.on 9f the density deDIefhe foot of collisionless shocks in space plasmas), and for
tion. I_—|owe\{er a nonlinear investigation, through nume_r'pre—heating purpose, the extraordinary ionic modes are
ical simulations, should be useful to look more deeply inp, e interesting (they are actually used for additional
the consequences of the instability. heating in Tokamak), as in collisionless non-relativistic
shocks in solar wind.

“le Ny Bals PBa’

and is larger than 1 fgBal s sufficiently small. In case B

this is more difficult because /g = rr‘]—cufri = &, which

At micro-scales
: e Whistler modesinstabilit

When the ambient magnetic field is disregarded, the y
reflected particles and the fraction of particles that par-

o . . A - PP In usual conditions, whistler waves, that are right
ticipate to the first Fermi cycle, constitute a relativistic

modes, resonate at Landau-synchrotron resonance with
%lectrons only. In this peculiar situation, they resonate
at the quasi Tcherenkov resonance, as mentioned above
(see [1p] for details on these developments). Therefore

ger micro-instabilities. One is the two stream instahility
which mostly amplifies the electrostatic Langmuir field

trljroudgh ?r rﬁsonast interaction SUCZ tflwt— kaT =0 all relativistic particles participate in the interactiand
( andau-1c erenbov resonafnc;]e) Zn also ar? electromagy experience scattering if the waves are excited by the
hetic component because of the density Inhomogeneity,qam - Actually a fast instability results from the res-

The other is thhe Weibel inst_ability, Whmk]‘ - 8 (itis non- onance with the following characteristics: a frequency
resonant or the resonance is somehow reducer-®), Wy = Wik202 = week?2, ky = wi/C < k and a growth

which is mostly electromagnetic with a low phase ve- rate
locity so that the magnetic component of the wave is Vinst ~ ( 2,2 %)1/3 (1)
dominant. That instability is suitable for developing par- nst ™ APs W ’
ticle scattering. Its growth rate is of ordBgcw,., where  within some unimportant angular factors. This instability
Wi = (4mcre2/y*mp)l/2 with y, ~ 2, exists in_ presence of a mean_field and its growth rate
When the ambient magnetic field is considered, thd00ks a little faster than the Weibel growth rate when
relativistic stream of particles that pervades the upstrea 5
plasma is also seen as a cold beam from the upstream E(kd)“ >
comoving frame, with a transverse dispersion of order am
b i v )l e, v e e sases s e, e
Tcherenkov resonance, as previously, but with waves o el_bel ms_t_ablllty IS even quenched (see_ further on) gnd
the ambient plasma where the magnetic field plays a rolet_he instability of whistler modes alone will grow both in
Depending on the nature of the excited waves, the ambi<a5¢€ Aand B.
ent plasma is more or less magnetized with respect to

NerMpC?
2
rS

(22)



Instability of extraordinary ionic modes

At large wave-lengths, the extraordinary ionic waves Y
become the magneto-sonic waves of MHD description.
They are excited by the resonant interaction with the
beam. The growth rate is a sizable fraction of the mode Whi No
. . istler . -
frequency, with axi < wy < win (Where the low-hybrid only "fgsr‘gi’v'['l']‘y
frequency is such thaq% ~ mgi + wczi, with the assump-
tion wpi > wi). Whereas a non-relativistic beam selects v
a resonant mode of high refractive index, which corre- Weibel
sponds to a high frequency close dg,, a relativistic Whistler only
one selects a resonant mode of refractive index close to ngel ! Weibel
1, which corresponds to a frequency slightly larger than : e
wxi. Thus whereas hybrid waves are strongly excited in a
non-relativistic collisionless shock foot, lower extrer
nary modes are moderately excited in a relativistic shock. 1 X
They can nevertheless develop more intensively in case
A and their instability corresponds to the micro-scaleF|GURE 4. Instability — diagram: X = Mg,
version with resonance of the previous compressive in, °
stability. Like for its MHD scale version, mostly heat-
ing is expected from this instability; by heating we mean
mixing of the streams in the foot region.

= [¢B2sir? Bg/4mmermpV2. Weibel instability develops for
Y < 1, the whistler instability foiXY < 1 andY > X2

been shown|E6] that the ambient electrons can be mag-
netized; this does not quench Weibel instability.
As for the whistler instability the analogous require-

: . . . . mentis
In this section we analyze the obstruction to the instabil- ncrmstz K252

BZ .
ity growth by the mean field (case B). Let us see first how E“Tsmz 0 < T4 (27)
it prevents Weibel instability. ) S s .
The condition that the pervading cosmic rays areSincek’q? can reach the value of the mass ratig/m,
not magnetized at the time scale the Weibel instabilityfor I's < mp/me the whistler modes are less inhibited by

OBSTRUCTION BY THE MEAN FIELD

growth is naturally fulfilled since it requires the mean field than the Weibel waves. Nevertheless even
with whistler mode excitation, the intensity of the mean
B2 magnetic field needs to be quite low in order that waves
=Y <« nermpl2c? (23) -
4 S eriplsy - have time to grow, except, of course when the shock

Lorentz factor is weak.
A necessary condition for Weibel instability to devel-  short scale magnetic fluctuations can undergo a fast
ope is that the ambient protons are non-magnetized at thgrowth in an ultrarelativistic shock precursor only if the
time scale of the instability, which requirBswp. > @, ambient mean field is very weak; then the relativistic

namely ) ) Fermi process is operative. The criteria is the following.
B2 nermpVd (24) Let X = m&’;rs andY = I'2BZsir? 6g/4rme:mpV2; then
am rz Weibel waves grow ifY < 1; whistler modes grow if

The most severe requirement is that the instability hag¢Y < 1 and the previous growth rate is valid fgr>

time to grow significantly during the precursor crossing, X~ (0therwise there is no resonance); all the instability
namely: regimes are sketched in fig.4.

Bt TLu o1 (25) This is only in case A that we can expect a significant
Sp M3Vs ’ excitation of extraordinary ionic modes and magneto-
which generally implies a very small mean field: sonic modes. They generate a pre-heating process in the

' precursor that concerns both electrons and protons. We

B2 ncrmstz cannot say at this stage of the investi_gation whether the
EsszB < 4 (26)  incoming plasma is strongly heated in _th_e shock_fpo_t.
s If electrons and protons are heated at similar relativistic

When this condition is fulfilled, then the condition of t€mPperature, it changes the instability dynamics. More-

non-magnetization of ambient protons is fulfilled. It has ©Ver it would start to slow down significantly the up-
stream flow.



Hot plasmain shock foot the Fermi cycles, and eventually by the first Fermi cycle.
However the mean transverse field again severely limits
We do not know yet the details of a relativistic shock the efficiency of the instabilities by reducing drastically
front. In the previous section we assumed that the shockhe length of the precursor. We found two regimes of effi-
front is structured like a non-relativistic front and just cient excitation of magnetic fluctuations suitable for scat
extended the non-relativistic results. Since MHD com-tering: one dominated by Weibel instability, the other by
pressive instability and extraordinary ionic modes can behe resonant instability of the whistler modes. If particle
excited, we cannot exclude that the foot be full of rela-are not too much pre-heated in the precursor, the latter is
tivistically hot protons and electrons of similar temper- less inhibited by the mean field than the former. However
ature Vmpcz). In that case the plasma response is dif-it is also severely limited and no Fermi acceleration can
ferent, because the intermediate whistler range (and alsaccur, unless the mean field intensity is such that:

extraordinary range) disappears; the plasma behaves like
y range) disapp p B2 mp nampVZ

a relativistic pair plasma. In that case, only Weibel in- —u o (29)

stability is expected and the limit on the intensity of the 4T T me TEsin’ 6g

ambient magnetic field for the instability growth is such Now if electrons and protons are heated to relativistic

that 5 temperature in the shock foot, only Weibel instability can
Bi i Bg < ncrmp(:Zzl . (28)  make Fermi process to work provided that the mean field
am s is so weak that

If this happens, this would be the ultimate criteria for B2 ncrmpc2 3

developing Fermi acceleration at relativistic shocks. AT SN 6g r_g. : (30)

Indeed we found instabilities that can heat the precursor.

WHAT HAPPENS DOWNSTREAM ? As can be seen, the angle of the magnetic field with
: respect to the shock normal is a sensitive parameter. It

In the downstream plasma, the magnetic fluctuation%ur:gti ggt ti?]a:]:)hne:rzfgg\?iggéciarirﬁg"'ﬁ_'ﬁglezsr'esr]?ggz;re
generated by Weibel instability disappear rapidly be- y gime. y P y

cause they do not correspond to plasma modes Howev%"Steady in relativistic regime also. This is related to the
whistler waves are transmitted and although they are no evelopment of whistler wavesﬂZ&EZG]). The shock

excited downstream, their damping is weak. When Fermrefo_rmatlon occurs aj[ a time scale gompqrab!e to the
cycles develop, they create “inverted" distribution dOwn_partlcle crossing time in the foot. Such investigation for a

stream, that should produce a maser effect. Otherwise tt{%it'v'f}?&ser}?cc; g?nuul(lja?igr:? portant and would deserve
intrinsic magnetic fluctuations would decay, only extrin- R\éy arding the eneration.of UHECRS by relativistic
sic MHD turbulence would scatter large Larmor radius 9 9 g¢e . S Dy o
particles. shocks, the cor_10lu3|ons o_f this study is fa_lrly_ pessimjstic
Tangled magnetic field carried by the upstream ﬂOWbecIau;e e\r:e?i |ff}hetFetrim||1 cytcries Wotrtk :/ivr;th tlir:r:ense STT?”
are very compressed downstream and thus opposi cale a% Ie c fluc L:? tﬁ s the scaft?] 9 i ? ecomes
polarization field lines come close together. This pro-fr?gle_'r”?;s c?i?e%iear ;g”no Ioenzg??é?esant'eif;rul)%ﬁjT)r:eerrgy.
duce magnetic reconnections in an usual regime wher — = a
9 9 Placed byEmax= FecB(éCR)l/z, whereB is the quadratic

protons and electrons have a similar relativistic mass oavera e of the fluctuating magnetic field at the short scale
orderlsmpc?. Such a regime of reconnection deserves & g ructuating magneu e
¢. This new criteria is of no practical use, however it in-

specific investigation with appropriate numerical simula- "
tions. Despite magnetic dissipation, reconnections wouléilcates that the very short scalg makes the UHECR

probably create a chaotic flow that favors diffusion of Yeneration hppeless through this process.
particles from downstream to upstream. The_se topics suggest the d_evelopment of heavy 3D
PIC simulations for the nonlinear stage, as already

started successfully[([R3], [R4], [20)).
This talk reveals the interest of developing commu-
DI SCUSSION nications between three disciplines: High Energy Astro-
physics, Particle Physics and Space plasma physics.

Because the ambient mean magnetic field has a domi-
nant transverse component at the relativistic shock front, ACKNOWLEDGMENTS
the scattering of particles that are expected to undergo
Fermi cycles requires very intense magnetic ﬂuctuation%

at short scales. Short scales instabilities can be excj»tedb[ ne of us, G.P., acknowledges fruitful discussions on

hese issues, before the symposium with Heinz VZIk,



and during the symposium with A. Bell, L. Drury, J.
Kirk, B. Reville, J. Arons, Y. Liubarsky, M. Ostrowski,
J. Niemiec.

REFERENCES

1. Bednarz & Ostrowski M.Phys. Rev. Let80, 3911-3914,
1998.

Gallant Y. & Achterberg AMNRAS 305, 6, 1999.
Achterberg A., Gallant Y., Kirk J., Guthmann AMMNRAS
328, 293, 2001.

Kirk J., Guthmann A., Gallant Y., Achterberg MApJ 542,
235, 2000.

Begelman M. & Kirk J.ApJ, 353, 66-80, 1990.

Ellison D. & Double ApPh 22, 323, 2004.

Vietri M., ApJ 591, 954, 2003.

Keshet & Waxman ERhys. Rev. Let94, 111102, 2005
. Bell A.,, MNRAS 353, 550, 2004.

10. Niemiec J. & Ostrowski MApJ, 641, 984-992, 2006
11. Niemiec J., Ostrowski M., Pohl M., 30th International
Cosmic Ray Conference, Merida 2007 (astro-ph

arXiv:0705.4453v1), and Ostrowski, HEPRO meeting
Dublin 07.

12. Lemoine M., Pelletier GApJ Lett 589, L73, 2003

13. Lemoine M., Pelletier G., Revenu B\pJ Lett 645,
L129-L132, 2006

14. Lemoine M., Revenu BMINRAS 366, 635, 2006

15. Pelletier G., Lemoine M., Marcowith AMINRAS 2008
(in press)astro-pt0807.3459.

16. Lemoine M., Pelletier G., Marcowith A., ,
2008(forthcoming)

17. LiZ. & Waxman E ApJ651,328,2006

18. Spitkovsky A.ApJ 682L,5, 2008.

19. Keshet U, Katz B, Spitkovsky A, Waxman Bstro-ph
0820, 2008.

20. Chang P., Spitkovsky A., Arons ApJ 674,378 2008.

21. Reville, B.; Kirk, J. G.; Duffy, P.Plasma Physics and
Controlled Fusiom8,1741,2006.

22. Riquelme M.cosp,37,2617R,2008.

23. Hededal C.B., Nishikawa K.IApJ623,089,2005.

24. Dieckmann, M. E.; Shukla, P. K.; Drury, L. O. C.,
ApJ675,586,2008.

25. Krasnoselskikh, V. V.; Lembége, B.; Savoini, P.; Lobzin
V. V., PhPI,9,1192, 2002.

26. Matsukiyo, S.; Scholer, MJGR 111, A06104,2006.

27. Zirakashvili V.N., Ptuskin V.S.,volk H.,
A&A,678,255,2008.

28. Lobzin V.V., Krasnoselskkh V.V., Bosqued J.-M., Pinon
J.-L., Scwartz S.J., Dunlop MGRL,34,L05107,2007.
29. Hoshino, M.; Arons, J.; Gallant, Y.; Langdon, A. B.,

ApJ 390,454, 1992

wnN

»

©CoNoO



