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Abstract. Low frequency electromagnetic turbulence is geneof energy from the swept-up massive particles to electrons, or
ated in relativistically outflowing plasma that sweeps up parte very high-energy protons emitting synchrotron radiation or
cles from the surrounding environment. Electrons are energizgtbtomeson secondaries.
by stochastic gyroresonant acceleration with the turbulence pro- Major uncertainties in modeling relativistic outflows involve
duced by the isotropization of captured protons and chargaadgnetic field generation and the mechanism for dissipating
dust. Protons are accelerated stochastically by the dust induaed transferring the free energy of protons, ions and dust par-
turbulence. Analytical solutions for the proton and electron etieles to lighter particles (MsAros, Rees & Papathanassiou
ergy distributions are obtained and used to calculate broadbd883, Chiang & Dermer 1999). Nonthermal electrons and pro-
synchrotron emission. The solutions are compared with genddas may both undergo first-order Fermi shock acceleration in
spectral behavior of blazars and gamma-ray bursts. Dust ceglativistic blast waves to form power-law distributions reach-
tured by a blast wave can generate turbulence that could acosd-to very high energies, and the origin of ultra-high energy
erate protons to very high energies. cosmic rays (UHECRS) has been attributed to shock accelera-
tion of protons in the GRB blast waves (Vietri 1995, Waxman
Keywords: acceleration of particles —shock waves —turbulend®95). This mechanism has recently been called into question
—ISM: cosmic rays — ISM: dust, extinction—gamma rays: burdiGallant & Achterberg 1999). Following the first shock crossing
by a particle, subsequent cycles do not permit large gains of en-
ergy because the particle is captured by the shock before it has
1. Introduction been scattered through a large angle. A stochastic mechanism
for particle energization in relativistic shocks avoids these dif-
Measurements of radio and optical polarization of blazar jg¢yities, but requires strong magnetic fields to retain UHECRs
sources indicate that nonthermal lepton synchrotron emissioQigin the shell (Waxmahn 1995). However, the detailed physics
the dominant radiation mechanism at these frequencies (Begglstochastic gyroresonant acceleration was not considered.
man et al 1984). The radio through X-ray afterglow and the |n this paper, we show that the magnetic turbulence gener-
prompt soft-gamma ray emission observed (Costa et al.| 198¢d by the capture of heavy charged particles can accelerate
van Paradijs et al. 1997, Djorgovski etlal. 1997, Frail ét al. 199ﬁéhter charged particles to high energies through stochastic gy-
from gamma-ray bursts (GRBs) is attributed to the same pigresonant acceleration. This could account for the hard spectra
cess (Tavani 1996, Padzski & Rhoads 1993, Msaros & Rees gpserved from GRBs and blazars during their flaring states. The
1993). In the standard blast-wave physics that has been deygleleration of particles to high energies could produce UHE-
oped (MesAros & Rees 1997; Viefr1 1997, Waxiian 1997) to exzRs through gyroresonant acceleration in relativistic outflows.
plain the long wavelength afterglow emission from GRBs, partihe question of the survivability of dust against sublimation

cles captured from the external medium energize the blast wa¥ethe intense radiation fields of the GRB is addressed in the
and cause blast wave deceleration. When a blast wave sweggsendix.

up material from the surrounding medium, the free energy of the
captured particles initially resides in the more massive protorés,
nucleons, or charged grains and dust, if the latter can survive
capture by a relativistic wind, as assumed here. The less ma4d- The relativistic pick-up model
sive nonthermal electrons and positrons emit, however, most o{w

the radiant energy. In order that high radiative efficiencies aee o-stream instability is formed when a blast wave with an

i o . . - ftrained magnetic field encounters a medium of densjity
possible, it is therefore required that there is efficient trans%(r:cording to the recent work of Pohl & Schlickeis&r (2000,

Send offprint requests t&®. Schlickeiser hereafter referred to as RS _2000), this causes the captured
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protons and electrons to rapidly isotropize in the blast wave % Z %[1 _ (Rjk)*l] H[|k| - R7Y]. (1)
plasma. The isotropization process operates on the comoving Ny /
time scale (Eq. (74) of PS 2000),(s) = 0.7n,/¢ /Tseon,
whereT' = 300050, is the bulk Lorentz factor of the blast  The termw, ;(s71) = 1.3 x 103\/7717 is the proton plasma
wave andry, g denotes the comoving blastwave density in unifsequency andd [x] denotes the Heaviside step function. This
of 10® protons cnt®. The blast wave particle density in the coexpression assumefg (k) < |Z(k)| and makes use of the
moving frame is given by, (cm™2) ~ E/(Dom,c?4rr?Ar)~  charge-neutrality conditio@nq +ne = n, = I'n}, where we
108Es4 /734, and is implied by depositing an initial energyassume that all dust particles have the same charge. A number
10%4 E54 ergs/(4 sr) in a blastwave shell with comoving radiusf processes influence the charging of dust grains in a proton-
Ar ~ r/To, wherel', is the initial blastwave Lorentz factor. electron-plasma. In the absence of any other process due to
Alfvenic magnetic turbulence is generated by the incoming prtiie higher electron mobility an initially uncharged dust particle
tons and electrons with an energy density (Eq. (53) of PS|20Q@)l absorb more electrons than protons and thus attain a neg-
AU, = Bamyc®niTVI2 — 1, whereBcis the Alfven speed. ative potential of order-2.5k5T, /e (Spitzer 1968). However,
The total energy density of the swept-up material in the comax-number of competing processes like neutral-atom collisions
ing frame isAU; = myc?niTVI'?2 — 1 (Blandford & McKee and ion impacts on the grain surface lead to electron loss from
1976). Thus the fraction of incoming energy converted to trane dust grains. Also, a significant ultraviolet photon flux can
verse plasma wave turbulence in the process of isotropizing tiearge the grain by the photoelectric effect to a positive po-
particles is~ (4. tential. All these processes, together with poorly known grain
PS[2000 calculated the emitted radiation in the thick-targetoperties, make an exact determination of the grain charge im-
limit when the captured, isotropized protons undergo nucleaussible (see e.g. McKee et al. (1987) for the variety of grain
inelastic collisions with thermal particles in the blastwave. Aproperties resulting from model calculations under various as-
though this process involves the fractien (1 — 54) of the sumptions). Here we follow the argumentation of Ellison et al.
incoming energy retained in the protons, it operates on the ¢©997). If the grain potential i, then the charge on a spheri-
moving pion production time scalg,(s) ~ 1.4 x 107 /n, s, cal (of radiusa) grain is of ordery = eQy ~ 4wegpag, So that
wheren; s denotes the comoving blastwave density in unit9; ~ 700(a/(10~"m))(4¢/10V). The number of atoms in the
of 10® protonscnt®. If the acceleration rate is sufficientlygrain will be of order[a/(10~'m)]?, so that with the mean
rapid, pion production could produce low-level prompt and eatomic weightu of the grain atoms the entire grain atomic
tended emission in GRBs or blazarsnif remains at the es- weight is Ac = u[a/(107%m)]3. This implies a dust mass
timated level. Moreover, luminous radiation from pion-decayf m, = pm,[a/(107%m)]® = 2 - 10'%m, a® , if we adopt
electrons and positrons is only produced,if is much shorter ;. = 20 for silicate grains. Combined with the charge esti-
than the diffusive proton escape time scale from the blast waweate this yields for the charge-weighted dust/proton mass ratio
given byte. = (Ar)?/k = r?/(Toctiso)?, noting that the Y, = ma/(Qam,) = 3 - 107 a2.
spatial diffusion coefficients = c?*ti,. This requires that It is important to note that the densities of the incoming
n;/gzn;r% >> 15I'500, which holds well in jets but is only protons, electrons and dust particles are much smaller than the
mérginally satisfied in GRB blast waves. density of the blast wave plasmg, so that the properties of the
low-frequency Alfven waves, carried by the blast wave plasma,
are not modified by the captured particles. Mathematically, this
corresponds to the statement that the real part of the Alfvenic
Here we extend the work of S 2000 by considering the prdispersion relation is solely determined by the blast wave elec-
cess of channeling the plasma turbulence energy into the #ans and protons. However, the free energy of beams of incom-
ergy of the swept-up primary electrons through gyroresondng protons, electrons and dust particles gives rise to a non-zero
interactions. As demonstrated in that paper, incoming charggthginary part of the Alfvenic dispersion relation leading to
particles with mass:;, charge e, and Lorentz factof gener- a positive growth rate of backward moving (in the blast wave
ate Alfvenic turbulence with parallel wavenumbéis > R;l, plasma) Alfven waves. Moreover, for relativistic beams (Miller

where the Larmor radiug; = m;c*vTZ — 1/(Q,e|B,) and 1982) the growth rate of longitudinal electrostaticwz_zlves ismuch
By is the entrained magnetic field in the frame of the blastwav@naller than the growth rate of transverse Alfvenic waves, so
For simplicity, we assume thatthe magnetic field is parallel to tft the free energy is dissipated by isotropising the incoming
blast wave velocity, and generalize the calculation of PS2086@m (i-€. capture) rather than heating the blast wave plasma by
by including the effects of negatively charged dust. Accordirgjateauing. o
to egs. (48)-(50) of PS 2000, we obtain the power spectrum of Two _comments on the equilibrium wave spectrum (1) are
backward ) and forward (+) propagating Alfven waves giverfPPropriate: 3 _ N
by I_(k) = | Z(k)| andI (k) = I2(k)/|Z(k)|, wherel, (k) is (;) According to the quasﬂmear _relaxat|or) theo.ry the equilib-
the initial turbulence spectrum before isotropization, and ~ fiumAlfven wave spectrumgivenin Eq. (1) is achieved formally
after infinitely long timet,; — oo by transferring the free en-

1 wyin, B ergy in the initial particle-beam-distributions into plasma waves.

T2 ¢ ny k2 Numerical simulations of the electrostatic beam instability (see

j=e,p,d

2.2. The role of captured charged dust

Z(k) =
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e.g. Grognard 1975) indicate that this asymptotic equilibriu 10"

distribution is established aftég; ~ 100t;s,.

(2) The wave spectrum in Eq. (1) is calculated from quasiline

wave kinetic equations that only take into account the wa . w

growth from the unstable particle beams but neglect wave-w. 10

interactions. Since the latter scale with the total magnetic fi

fluctuation energy densityy B)?, this is justified as long as the

total wave energy density is small to the initial energy densi

of the beam particles. Because according to Egs. (53) and (

of PS2000(6 B)?/(4mwp) = Ba << 1 thisis indeed fulfilled.
The turbulence spectrum (1) leads to the quasilin

isotropization time scale, given above. This time scale an 102

tq = 100t;s, are much shorter than the blastwave crossing ti

t1c(8) ~ Ar/c ~ 1000715 /Ts300- Fig. 1 shows the resulting tur-

bulence spectrum of backward propagating, left-handed cir
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larly polarized Alfven waves for a charge-weighted dust/protc 10°% —
density ratioe = Qqnq/n, = 0.01, and a charge-weighted 10% 10°® 10* 102 10° 10° 10* 10°
dust/proton mass ratity = mq/(Qamy,) = 10°%. The relative .

contributions of dust to the turbulence spectrum (1) is dete.

mined primarily by the parametetsandY;. Most of the mag- Fig. 1. Intensity7_ (k) of backward propagating Alfven waves at wave

netic turbulence energy density resides at low wave numbe@gstork generated by a two-stream instability when charged dust, pro-

and is provided by the charged dust for this value.of tons, and electrons are captured by a relativistic blast wave. Parameters:
The total dust mas&/, = mgn, = YgeM,, where the total € = Qana/n, = 0.1andYy = ma/(Qam,) = 10°.

proton massV,, = my,n,. Thus the total mass in dust for the

calculation in Fig. 1 isv 10* times the mass in the ionized gas,

as might be found in the weakly ionized, low temperature stat  d [~* df. y o Je

forming environments that harbor GRB sources. By contrast? d~ |:tad'y <tdec tsyn) fe} e

the relative mass in dust to that in protons would be much less  _ —S8.5(y—T) )

in the enviroments of active galactic nuclei, where the intense

UV and X-ray radiation field would photo-disintegrate the dusivhereS, = /T2 — 1n}c/(47Tr) andA is the area of the blast

wave that is effective in sweeping up material.

2.3. Stochastic gyroresonant acceleration If no dust is present, then the electr(_)ns can only be accel-

of electrons and protons erated toy < I'R,,/R. = I'my/me. In this ranget, = tacc
andtg = te. If dust is present, then electrons can be ac-

The primary electrons and protons may increase their energydaferated throughout the rangen,/me < v < Yemax =

stochastic gyroresonant acceleration with the turbulence speg;,, /(m.Qq), but the acceleration and escape times are mod-

trum given by Eq[{1). Since a fractigfy of the incoming free ified according to the relations, = tac./c andty = eteg.

energy is converted into transverse plasma wave turbulentge radiative loss time scale is,,(s) = 6mmec/(orB3) =

these particles can tap at most a fractipn of the swept-up 7.7 x 10°B; 2.

energy via this process. Efficient energy transfer therefore re- |jkewise, the steady-state kinetic equation for the phase-

quires that34 > 0.01. The e-folding tlme scale for StOChaStIQ;pace density,, of relativistic protons is

gyroresonant acceleration fig.. ~ (52 n tiso, Whereas the dif-

fusive escape time... = R?/k = t2 /tis, (Barbosd 1979, 1 d [evy* dfy 1

Schlickeisel 1989). Because the turbulence spectrum il Eq. {2) i~ { tace dy T (tpp + tdec> f”}

isoc k2, the acceleration, escape, and isotropization time scales

are independent of particle energy. The comoving deceleration  —

time scaletgec(S)= 1.3 x 104(Es4/niT300)'/? (Mésaros &

Ree< 1993). Provided thaly > 0.03n,s (T300/Esan?)"/3,  whereS, = vI? — In}c/(4xT'r). Eq.[3) holdsinthe presence

the acceleration time scale is much shorter than the time scaledbdust wheny < Ypmax = L Ra/ Ry, =Tmg/(m,Qq) = T'Yy,

evolutionary changes of the blast wave due to bulk deceleratiand assumes that effects of photopion production do not limit

In this case, a steady-state calculation of the equilibrium partie acceleration of protons to the highest energies. Evidently,

cle energy spectrum is justified, which results from the balanttes paramete¥; and the bulk Lorentz factdr determine the

of gyroresonant acceleration, diffusive escape, deceleration amakimum proton Lorentz factoy, max. If No dust is present,

radiative losses. then protons are not significantly accelerated by gyroresonant
The steady-state kinetic equation for the phase-space dengitycesses unless long wavelength MHD turbulence is generated

fe of relativistic electrons is (Schlickeiser 1984) through processes not treated here.

= —Sp5(’y - F) s (3)

tCSC
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The exact solution to Eq.](2) for electrons accelerated | 16
turbulence with a spectrum given by Hg. (1) is 5
fe(T' <7 < Ye,max) =
f[# — (3 — a)/2] Dr+(a+D)/2yn—(a+3)/2 5 14
T+ 24 s 5 13 protons
x exp(—7/7s) XM(HMJJF?M F> e
- s 'a 12
3—a &
xU(u—,1+2u, 7) @ &5 n
2 Vs (@)
o |
(Schlickeiser 1984), wherge = /A + (3 —a)?/4, A = 10 ‘
ta/tE, @ = to/tdec, f(ao) denotes the gamma function, ant 0 electrons
M(ay,as2,a3) and U(aq, az,as3) are the Kummer functions
of the first and second kind, respectively. The valye = 8
togn/tace =2 3T0T300n /ng’(; is the electron Lorentz factor 0 ) 4 6 8 10
where the electron synchrotron loss time scale equals the Iogloy

celeration time scale. In the regimes T, an accurate approx-
imation is obtained by taking the asymptotic expansion of tlmy. 2. Steady-state distribution of electrons and protons,for I' =
functionU for small arguments, resulting in 300 resulting from stochastic gyroresonant acceleration with waves

generated in a relativistic blast wave for parameters given in text.
fe(F < Y < ’Ye,max)

~ taSe nuvva)/2 —(3+a)/2—n B
> T ¥ exp(—7/7s) - (5) 44
The exact solution to Ed.](3) for protons accelerated by tt P
bulence with a spectrum given by Eldl (1) is _’§ " /// \
fP(F < Y < 7p,max) §
taceSp pupt(ap+1)/2 ~—(ap+3)/2— =
= Do v e (6) % 40
2€ptp = /
5
Where/up = \/AP + (3 - ap)2/4- >\p = tacc/€2tesc- andap = w’ 38 ,"/ “
taceltpp + taec/€: > |
In Fig. 2, we show the resulting proton and electron spect / |
ChOOSing.—‘goo =1, 6,4 =0.03,r76 =0.1, nyg = 0.1,e = 0.1, 36 ‘;“‘ “
Yy = 10% andn’ = l1cm~2. As can be seen, the electror }
spectrumdN, /dy o« v~ exp(—+/11700) is very flat below 5 : 0 - .

the synchrotron cutoff, whereas the proton spectrum display
spectrumiN,,/dvy o v~1-36 below the maximum Lorentz fac- log [x = hv/m ¢* = v(Hz)/1.2x10*]
tor vp, max = 3 X 108. For these parameters, we find comovin
acceleration times of 330(34/0.03)~2 s for electrons, and
~ 10 times larger for the protons. The choosen valuedgr
implies a magnetic field strength of 14 Gauss. Larger values of
B4 will shorten the acceleration time scales and improve the
accelerated particle efficiency. Requiring that the gyroradii pfoduced through this process, leading to synchrotron spectra
the swept-up dust particld®; = YR, in a magnetic field of F,, o v~ with o = —1/3, corresponding to the index of the
strengthl4 B4 Gauss is smaller than the comoving shell radillementary synchrotron emissivity formula for monoenergetic
1014r16F1_010 cm limits the charge-weighted dust/proton masaectrons. In standard shock acceleration theory (Blandford &
ratio to values smaller thary; < 5-10°r,5 B4 F1_020a and con- Eichler 1987), particles are accelerated witkr 2, leading to
sequently the maximum proton Lorentz factor in the comovinglues ofa > 1/2. Harder synchrotron spectra can however be
blast wave frame igp max = 'Yy < 5- 108 116 B4 Fjolo. produced through nonlinear effects in first-order Fermi accel-
Fig. 3 shows the resulting synchrotron emission spectrugmation, or by introducing a low-energy cutoff in the electron
produced by the electron distribution function (5). For the pdistribution function. Synchrotron spectra from flaring blazar
rameters used here, the synchrotron spectrum is very hamwlrces (Catanese et al. 1997, Cohen et al. /1997, Pian et al.
Particle spectral indicedN/dy « ~~P with p > 1 can be [1998) and GRBs display very hard spectra requiring nonther-

Igig. 3. Synchrotron emission spectrum i, representation for the
electron distribution given in Fig. 2.
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mal lepton spectra witlhh < 2, consistent with the stochasticassociated with captured nonthermal particles in the blast wave.
Fermi acceleration mechanism proposed here. We address some aspects of this issue in Appendix A.

The hardening above the ankle of the cosmic ray spectrum

and beyond the ZGK cutoff could be related to a hard UHEd}gknowledgementsRS gratefully acknowledges partial support of

. S his work by the Deutsche Forschungsgemeinschaft through Sonder-
componentformed through stochastic acceleration in GRB blast chungsbereich 191 and by the Verbundforschung, grant DESY-

waves (Waxmahn 1995, Takeda efal. 1998). Because turbulegggGQPCA' The work of CD is supported by the Office of Naval

is generated in the process of capturing and isotropizing pagksearch and NASA grant DPR S-13756G.
cles from the external environoment, a wave spectrum that can

yield very high energy electrons and protons through gyroresp- o R . o

nant acceleration must be present in the relativistic blast Wa\/gg_penmx A: survivability of dust in GRB radiation field

If dust survives capture by the magnetized plasma wind, thamajor uncertainty in this study is whether the dust can survive
long wavelength turbulence can be generated that could aceeé intense GRB radiation field by sublimation before the blast
erate protons to ultra-high energies on time scales shorter thaive arrives and sweeps up the dust particle. In the inhomoge-
the duration over which the blast wave decelerates to nonrel@ous environment surrounding a massive star/GRB progenitor
tivistic speeds. Gyroresonant acceleration of particles by MHDermer & Bottcher{ 2000), it is probable that the blast wave
turbulence provides a mechanism to transfer energy from heanti impact a dense dusty cloud after passing through a nearly
ier to lighter species, and overcomes difficulties associated wiffacuated region. In that case, there will be little radiation in ad-
accelerating UHECRs in relativistic blast waves through thance of the blast wave, because the blast wave will only start
first-order Fermi mechanism. to be energized and radiate after it encounters the cloud. Under
such circumstances, the survivability of a large fraction of the
dust to sublimation is assured.

In the ideal case where a GRB blast wave passes through a
We have shown that efficient and rapid stochastic gyroresongntform density medium before intercepting dust particles, we
acceleration of electrons and protons occurs when interstefaitline a calculation of dust sublimation and identify parameter
protons and dust are captured by a relativistic outflow. The MHg®ts that are compatible with dust survivability. We follow the
plasma wave turbulence, created within the blast wave plastreatment of Waxman & Drainé_(2000) for dust sublimation.
by the penetrating protons and charged dust particles, is trapihough reverse shock emission could be important for dust
ferred from the heavier to the lighter particles through the ggublimation, we neglect it here. It has only been detected from
roresonant acceleration process. This mechanism is particul&RB 990123 and can be strongly suppressed if, for example,
attractive for the energization of nonthermal electrons in GRBe blast wave shell is thin and the reverse shock traverses the
sources, as radiation modelling often requires approximate hell before becoming relativistic (Sari etlal. 1996).
ergy equipartition between electrons and protons (e.g., Katz In this case the optical-UV emission irradiating the dust,
1994, Beloborodov & Demianski 1995, Smolsky & Usav 199@yhich is the photon energy range most important for dust sub-
Chiang & Dermelr 1999). Capture by and isotropization withinlamation (Waxman & Draing 2000), can be described byfthe
blastwave, as discussed by Pohl & Schlickeiser (2000), provided.,max (/o) '/ portion of the synchrotron emissivity spec-
primary electrons with an energy 1836 times smaller than tHeam where the quantity, inax = 4mn}z3mec?orl' By /9e (Sari
of the protons. As shown here, the subsequent acceleratioiohl [ 1998), where is the proton charge. Using standard blast-
electrons in the proton-induced turbulence leads to approximatave physicsBo(G) = 0.388I'y/n e, Whereep < 1 is the
energy equipartition of these nonthermal electrons. Moreoveragnetic-field parameter. To give good fits to the prompt phase
if in addition charged dust particles penetrate the blast wa@eGRBSs, it is necessary that the electrons are in the weakly
plasma, we find that further acceleration of the particles is p@soled regime (Chiang & Dermér 1999, Dermer et al. 2000).
sible to an energy determined by the radiative loss procesbes a weakly cooled spectrumy = v, = ['v2,eB/2rm.c,
of the electrons and protons. For some parameter regimes, Wherey,, = e.I'(p. — 2)m,/[me.(p. — 1)] ande, >~ 0.1.
could accelerate particlest010%° eV and account for UHECR Taking the electron injection index, ~ 2.2 - 3.0 =2.5, as im-
production. plied by burst spectroscopy in the prompt and afterglow phase,

By solving the appropriate kinetic equations, we calculat&ee findv,,(Hz) =4.1 x 10" 2" /n} ep (see Sari et al. 1998,
the resulting particle energy spectra of the accelerated prot&reymer et al. 2000 for more details). The luminosity (erg9s
and electrons, and the observable synchrotron radiation spegtween the 1 e\= 2.41 x 10'* Hz and 7.5eV band is
trum of the accelerated electrons. The latter peaks at hard X-ray ~ _5 *4/3 2\1/3 _312/3
energies and is very flat, in agreement with observed photo?‘FT5 = 128 107n; " (e /) Foa’T*

3. Summary and conclusions

spectra of GRBs and some blazars during their flaring states. ~ 90 % 104 ( n; )4/3 (@73)1/3 (3)72/3
A crucial issue, particularly for the stochastic acceleration ’ 100 10—4 0.5
of protons, is the penetration of dust. While large amounts of . 5/ T \2/3
dust are present in the environments of star-forming regions X (M) (300) , (A1)

in galaxies, it is also necessary that the dust not be destroyed
during capture by the blast wave or by the intense radiatiarhich also defines our standard parameter set.
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