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Particle acceleration through multiple conversions from a charged into a neutral state and back

E. V. Derishev,1,2 F. A. Aharonian,1 V. V. Kocharovsky,2,3 and Vl. V. Kocharovsky2
1MPI für Kernphysik, Saupfercheckweg 1, D-69117 Heidelberg, Germany

2Institute of Applied Physics RAS, 46 Ulyanov St., 603950 Nizhny Novgorod, Russia
3Department of Physics, Texas A&M University, College Station, Texas 77843-4242, USA

~Received 15 January 2003; published 21 August 2003!

We propose a new means for a quick and efficient acceleration of protons and/or electrons in relativistic bulk
flows. The maximum attainable particle energies are limited either by radiative losses or by the condition of
confinement in the magnetic field. The new mechanism takes advantage of a conversion of particles from the
charged state~protons, electrons or positrons! into a neutral state~neutrons or photons! and back. In most
cases, the conversion is photon induced and requires the presence of intense radiation fields, but under special
circumstances the converter acceleration mechanism may operate via other charge-changing reactions, for
example, inelastic nucleon-nucleon collisions. As in the traditional, ‘‘stochastic’’~or diffusive! acceleration
models, the acceleration cycle in the proposed scenario consists of the escape of particles from the relativistic
flow followed by their return back after deflection from the ambient magnetic field. The difference is that the
charge-changing reactions, which occur during the cycle, allow accelerated particles to increase their energies
in each cycle by a factor much larger than 2 and usually roughly equal to the bulk Lorentz factor squared. The
emerging spectra of accelerated particles can be very hard and their maximum energy in some cases is larger
than in the standard mechanism. This significantly reduces the required energy budget of the sources of the
highest-energy particles observed in cosmic rays. The proposed acceleration mechanism has a distinctive
feature—it unavoidably creates neutral beams, consisting of photons, neutrinos, or neutrons, whose beam
pattern may be much broader than the inverse Lorentz factor of the relativistic flow. Also, the new mechanism
may serve as an efficient means of transferring the energy of bulk motion to gamma radiation and, if the
accelerated particles are nucleons, inevitably produces high-energy neutrinos at a relative efficiency approach-
ing *50%.

DOI: 10.1103/PhysRevD.68.043003 PACS number~s!: 98.70.Sa, 98.62.Js, 98.70.Rz
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I. INTRODUCTION

Cosmic rays~CRs! have been studied for a long time~see,
e.g.,@1# for a review!. There are many models of their~likely
nonuniform! sources, but explaining the origin of th
highest-energy particles (*1020 eV) observed in CRs is stil
a challenging problem@2#. In general, two scenarios hav
been proposed for particle acceleration in astrophysical
vironments. One is the acceleration by an electric field
geometries where this field is not perpendicular to magn
field lines, for example, in the vicinity of magnetized rotatin
neutron stars@3#. Very hard particle spectra may emerge
this way, but, because of the curvature losses inherent in
geometries, the upper limit of the proton energy appear
be below 1020 eV.

Another class of scenarios assumes gradual, ‘‘stochas
~or diffusive! acceleration of charged particles through m
tiple reflections from inhomogeneities of the magnetic fie
in environments where large velocity gradients are pres
~see@4# for a review!. According to the generally accepte
view ~see, e.g.,@4–6#!, this mechanism works equally we
for shocks and shear flows, and the emerging spectra o
celerated particles are such that only a small fraction of
total energy budget is contained in the most energetic
ticles.

Furthermore, there is a serious obstacle to achieving h
energies of the accelerated particles—their diffusive esc
In environments where bulk velocities are subrelativisticv
!c), it takes many reflections to increase the energy of
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accelerated particle twofold. In this case, the mechanism
work only on the largest objects in the Universe, such
galaxy clusters or radio lobes and knots in active gala
nuclei ~AGNs!, and only under optimistic assumptions abo
the diffusion coefficient for particles in a magnetic field. F
example, Bohm diffusion leads to particle escape on the t
scaleR0

2/r gc, whereR0 is the accelerator’s size andr g the
particle’s gyroradius, while the acceleration occurs on
time scale;(c/v)2r g /c. The maximum attainable energy
defined by equating these time scales:r g5(v/c)R0!R0. It
is of the order of 1019 eV in the most favorable cases.

Ultrarelativistic shocks and shear flows are more prom
ing, since the parameterv/c→1. Moreover, the energy gain
per cycle, i.e., at each reflection from the shock or from
shear flow boundary, can approach the factor of;G2, where
G is the bulk Lorentz factor~measured in the upstream flui
frame in the case of shock!. Such a scenario was suggeste
e.g., as the dominant acceleration mechanism in gamma
bursts~GRBs! @7–9#. However, in the standard acceleratio
theory, the energy gain of;G2 occurs only in the first cycle,
while the subsequent ones result in an energy gain of;2
each@10,11#.

The reason is that the shock catches up with the refle
particle ~or the particle crosses the boundary of the sh
flow! when its trajectory makes an angle of.2/G to the
shock normal~or bulk velocity vector!, while keeping theG2

energy gain would require isotropization.
The smallness of this angle is apparent for the case

shear flow@see Fig. 1~b!#. For shocks it is a consequence
©2003 The American Physical Society03-1
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DERISHEV et al. PHYSICAL REVIEW D 68, 043003 ~2003!
relativistic motion@Fig. 1~a!#. Indeed, the component of pa
ticle velocity along the shock normal becomes smaller th
the velocity of the shock itself as soon as the angle betw
the particle’s momentum and the shock normal grows lar
than 1/G. There is no apparent way to isotropize reflect
particles unless a special structure in the magnetic fi
ahead of the shock is introduced, e.g., a counterpropaga
shock.

However, a means to circumvent these limitations ex
@12#—it can be done by switching the particle’s charge
and off at the right times. Paradoxically, interactions w
photons, which have always been treated as dissipative
cesss leading to degradation of particle energy, in fact pla
positive role: they allow~through charge-changing partic
conversion! theG2 energy gain to be retained up to the lar
est particle energies. There are also other types of conver
reactions, which we briefly discuss in the following sectio
One of the charge-changing schemes suggested below~the
electron-photon-electron reaction chain in GRB shocks! is
independently considered in@13#.

In order to outline the general picture, we intentiona
skip some details, which are not essential for the propo
acceleration mechanism, but may change its quantita
characteristics. In particular, we assume that the magn
field is either chaotic~turbulent! or uniform with field lines
perpendicular to both the momentum of the accelerated
ticle and the velocity of the flow, and treat shocks and sh
flows as one-dimensional discontinuities.

We use the conventionFn}nq to define the spectral inde
q, whereFn is the energy flux per unit frequency interval.

II. THE CONVERTER ACCELERATION MECHANISM

Two basic types of photon-induced conversion invo
nucleons or electrons/positrons. Both cycles consist of
reactions:

p1g→n1p1 and n1g→p1p2 ~1!

FIG. 1. The acceleration cycle in the standard mechanism f
shock~a! and for a shear flow~b!. The thick solid line shows the
particle’s trajectory. The magnetic field is perpendicular to the p
ture plane. The locations of the shock at the moments of par
escape from the shock and subsequent catch-up are show
double lines. The shear flow boundary is shown by the thin do
line.
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for the proton cycle, and

e61g→e61g8 and g81g→e11e2 ~2!

for the electron cycle. Herep, n, p6, and e6 denote the
proton, neutron, charged pions~positive and negative!, posi-
tron, and electron, respectively;g is a low-energy back-
ground photon andg8 the high-energy Comptonized photo

The second of the reactions from the electron cycle~2!
has a kinematic thresholdDe52mec

2 in the center-of-
momentum frame, whereme is the electron mass. Effec
tively, the first reaction also has the threshold.De , since at
lower energies of incident photons the efficiency of ene
transfer to the Comptonized photon becomes much less
unity. The reactions proceed differently depending on
background photon spectrum. The soft spectrum blocks
electron cycle as the fraction of energy transferred to
Comptonized photon is too small and there are few tar
photons sufficiently energetic for the second reaction of
electron cycle. An example of a soft spectrum could be
power law with spectral indexq,21 or a narrowband spec
trum, such as blackbody or line emission, with typical ph
ton energy«̄!me

2c4/«e , where«e is the electron energy. Fo
intermediate spectra~e.g., power laws with indices21,q

,1 or narrowband spectra with«̄;me
2c4/«e), the Compton-

ized photon takes about 1/2 of the electron~positron! energy,
and in the consequent pair production event this energ
divided into nearly equal parts between the daughter elec
and positron. The cross section in both processes isse,g

;10225 cm2. For hard spectra (q.1 or «̄@me
2c4/«e), these

reactions proceed in the deep Klein-Nishina regime, i.e.,
comptonization and pair production cross sections decre
in inverse proportion to the square of the center-
momentum energy~their ratio is 1:2! and almost all the en-
ergy of interacting particles is transferred to one of t
daughter particles. In effect, the energy losses for the c
bined electron/photon particle become very gradual. T
case is the closest to pure conversion~probability of charge
changepc51) without accompanying energy losses, pr
vided the synchrotron emission is negligible.

The reactions from the proton cycle~1! ~see, e.g.,@14#!
have a kinematic threshold of (mpc21mp

2 c2/2mN)
.150 MeV in the nucleon rest frame (mp.140 MeV/c2 is
the charged pion mass andmN.940 MeV/c2 the nucleon
mass!. Side by side with the reactions~1! other photopionic
reactions proceed with formation of neutral pions, which p
serve the nucleon’s charge. They have roughly the sa
cross section and should be considered as background en
losses. The total photopionic cross section increases rap
with the energy of the incident photon and reaches a m
mum of sp.6310228 cm2 at Dp.340 MeV, which corre-
sponds to formation ofD resonance and should be consi
ered as an effective threshold. Well above the resona
energy, the cross section decreases and levels of
.10228 cm2. The probability of charge change in a phot
pionic reaction ispc.1/3 at the resonance andpc.1/2 at the
plateau. The inelasticity is.0.2 and about 0.5, respectivel
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PARTICLE ACCELERATION THROUGH MULTIPLE . . . PHYSICAL REVIEW D 68, 043003 ~2003!
A competing photon-induced reaction is the process
creation of an electron-positron pair by a photon interact
with the electric field of a protonp1g→p1e21e1, which
has the cross section.5310227 cm2 and inelasticity
.1023. With decrease of the spectral indexq of the target
photon field, this process becomes an increasingly impor
energy loss channel, and atq.20.55 the difference from
the photopionic processes in the inelasticity and cross sec
is exactly balanced by the larger number of target phot
~thanks to the lower threshold!. Anyway, thep1g→p1e2

1e1 process can be neglected for spectra withq*20.5.
In dense environments and at relatively low nucleon

ergies, i.e., in the case where there are few target phot
the proton cycle proceeds through inelastic nucleon-nucl
collisions, for example,

p1p→n1p1p1 and n1p→p1p1p2. ~3!

The kinematic threshold for these reactions ismpc2 in the
center-of-momentum frame, and the cross section at ene
@mpc2 is .3310226 cm2. Acceleration via inelastic
nucleon-nucleon collisions could be important in GRB int
nal shocks, where the required column density of;10 g/cm2

is achieved@15#.
In both the proton and electron cycles, one can cons

an accelerated nucleon or electron/positron as a part
which has both charged and neutral states. The acceler
cycle consists of three steps~see Fig. 2!. First, a charged
particle in relativistic flow is converted into the neutral sta
~point 1!. Then, experiencing no influence from the magne
field, it freely leaves the flow and propagates into the am
ent medium much further than if it were charged. Second
transition from the neutral to a charged state occurs~point 2!,
which may be spontaneous neutron decay.

At this moment, the particles in the laboratory frame co
tinue beaming with the opening angle of;1/G that they had
in the neutral state. The initial handicap allows particles to
deflected by an angleu@2/G before the encounter with th

FIG. 2. The acceleration cycle in the converter mechanism f
shock~a! and for a shear flow~b!. The particle’s trajectory is shown
by a thick dotted line~neutral state! and thick solid line~charged
state!. The magnetic field is perpendicular to the picture pla
Numbered are the moments of particle conversion into the neu
state, the transition from the neutral to the charged state, and
sequent return to the flow. The locations of the shock at the co
sponding moments are shown by double lines. The shear
boundary is shown by the thin dotted line.
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relativistic flow. The angular spreading of the particle bea
in the laboratory frame means an energy gain in the fl
comoving frame that is much larger than 2 and amounts
G2 in the case of full isotropization. At the third step, th
particles return to the flow~point 3! and their isotropization
in the comoving frame translates into a resulting energy g
in the laboratory frame.

The main parameter characterizing the efficiency of
converter mechanism is the optical depth for interactions
accelerated particles~protons/neutrons or electrons/photon!
t5snD, wheren is the number density of target particle
~photons or nucleons! andD the accelerator’s size, both mea
sured in the comoving frame, ands is the relevant cross
section.

The optical depth is geometry dependent. In the case
continuous outflow or a shock, produced by a central eng
and subtending an angle.1/G, one has for photon-induce
reactions

t.
sL~«* !Q2

4 pRc«*
. ~4!

HereL is the apparent luminosity per logarithmic frequen
interval at photon energy«* 52mc2D/(«Q2), where the in-
teraction with target photons is the most efficient,« the en-
ergy of the accelerated particle,R the distance from the cen
tral engine, andD andm the threshold and the mass of th
particle for one of the possible cycles.

The beaming angle of the target radiation field isQ
;1/G in the case where it is produced within the jet or by t
shocked gas, andQ;1 for the emission from broad-line
regions in AGNs and radiation scattered in the interste
medium around GRBs. Intermediate cases, where 1/G,Q
,1, are also possible. They include, for example, the rad
tion from the inner parts of accretion disks in AGNs or t
emission that accompanies the acceleration process~as ex-
plained in Sec. V!. If the source of target radiation is tran
sient, like a GRB, with duration less thanRQ2/c, then its
luminosity should be replaced byEc/(RQ2), where E
5*Ldt.

The most favorable conditions for the converter mec
nism exist in AGNs and GRBs, where both ultrarelativis
flows and intense radiation fields are present~see@16# and
@17# for reviews!. Other objects with relativistic outflows
e.g., stellar-mass microquasars, may also be able to acc
ate particles via the converter mechanism. The only two p
requisites are sufficiently high conversion probability~which
we specify below! and bulk Lorentz factorG@2 in order to
compensate the energy losses caused by conversion.

Because of the relatively large cross section, the opt
depth for photon-induced reactions is not a bottleneck for
electron cycle, but it could be a limiting factor for the proto
cycle. Let us estimate the optical depth for photopionic re
tions in three cases. For AGN inner jets we obtain~taking
into account only comoving photon fields withQ51/G)

t.1021S L~«* !

1045 erg/s
D S «

1018 eV
D S 10

G D 4S 1015 cm

R D ,

~5!
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DERISHEV et al. PHYSICAL REVIEW D 68, 043003 ~2003!
where the apparent luminosity per logarithmic frequency
tervalL(«* ) depends on«. The radiation from AGN broad-
line regions creates the optical depth

t;531022S L

1044 erg/s
D S 10 eV

«̄
D S 1017 cm

R D , ~6!

which does not depend on the particle’s energy: for all p
ticles with energy«.2mc2D/ «̄.531016 eV the number of
target photons is essentially constant because of their
tively narrow spectral distribution. In GRBs, the optic
depth due to comoving photons is

t.331023S E~«* !

1052 erg
D S «

1016 eV
D S 100

G D 2S 1016 cm

R D 2

.

~7!

So the conversion probabilitypcn5@12exp(2pct)# in the
proton cycle is usually, though not always, much sma
than unity.

It should be noted that effectively the probability of co
version of a neutron into a proton always exceeds

pcn
(min)5

RmNc

tn«
.331022S 1015 eV

« D S R

1018 cm
D ~8!

because of the neutron decay. Heretn.900 s is the lifetime
of a free neutron. The spontaneous decay of free neutro
important at small energies, especially during the first ac
eration cycle, while at large energies the photon-indu
conversion is more efficient.

The expressions~5!, ~6!, and~7! cover all physically dif-
ferent situations. For example, one may use Eq.~6! to esti-
mate the optical depth in microquasars, where the target p
tons are produced by a hot corona having the sizeR
;108 cm and the luminosityL;1037 erg/s. The result ist
;0.1 at a target-photon energy of;1 keV, so that the proton
cycle may operate in microquasars at energies*3
31014 eV. It is possible, therefore, that some contribution
the galactic CRs around the knee comes from microquas
In any case, we see no problem in realization of the elec
cycle in such objects.

III. ENERGY GAIN

Assuming that the momenta of particles are isotropized
the comoving frame upon their encounter with the relativis
flow, one gets the average energy gain per cycle

g.
~Gu!2

2
, ~9!

whereu is the angle between the particle’s momentum a
the flow’s velocity ~deflection angle! at the moment of en-
counter. If the deflection angle is small,u!1, then it grows
linearly with distance, ~traveled by the particle in the
charged state!

u5u01,/r g ~10!
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in a uniform magnetic field, while in a chaotic field it be
haves as

^u&5Au0
21,,c /r g

2 ~11!

on average. Hereu0 is the initial deflection angle, measure
at the time of conversion from the neutral to the charg
state,,c,, the turbulence scale of the magnetic field, andr g
the gyroradius of the particle, calculated as if the field we
uniform. Note that the turbulence scale is implicitly defin
by Eq. ~11! and, therefore, may depend on the particle’s e
ergy.

In the case of acceleration at the shock front, the sh
catches up with the particle when the displacement of
particle along the shock normal, after it crossed the sho
becomes equal to the distance traveled by the shock fr
i.e.,

AG221

G
~,01, !5,0cosu01E

0

,

cosud,8, ~12!

where,0 is the distance traveled by the particle in the neut
state after it left the relativistic flow, and we neglected t
difference between the particle’s velocity and the velocity
light.

In a uniform magnetic field, the deflection angle is

u.H 3,0

r gG2
~12G2u0

2!J 1/3

;S 3,0

r gG2D 1/3

, ~13!

providedr g /G!,0!r gG2. For smaller initial displacement
one arrives at the result of standard theoryu.1/G, whereas
for larger displacement the deflection angle isu;1. In the
rightmost part of Eq.~13! we assume that (12G2u0

2);1 to
simplify the algebra. This corresponds to ignoring partic
that propagate~in the comoving frame! nearly parallel to the
shock plane. They are neither numerous nor energetic
important.

If one substitutes for,0 by R ~or by GD in the case of a
small blob with sizeD,R/G ejected by a central engine!,
then the applicability limits give two critical energies~both
measured at the end of the acceleration cycle—point 3
Fig. 2!:

«15GeBR and «25eBR, ~14!

wheree is the charge of the accelerated particle andB the
magnetic field strength. The acceleration proceeds with
maximum energy gain of;G2 up to the energy«2, whereas
above the energy«1 there is no advantage over the standa
mechanism in energy gain. At the same time,«1 is equal to
the maximum energy achievable in the standard mechan

In a chaotic magnetic field

^u&.H 2,c,0

r g
2G2

~12G2u0
2!J 1/4

;S 2,c,0

r g
2G2 D 1/4

~15!

for r g
2/G2!,c,0!G2r g

2 , and the critical energies are equa
3-4
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«15«25GeBAR,c. ~16!

In the case of shear flow, the catch-up condition reads

,0sinu05E
0

,

sinu d,8. ~17!

The deflection angle is

u.S 2
,0u0

r g
D 1/2

;S 2,0

r gG D 1/2

~18!

for a uniform field (r g /G!,0!r gG) and

^u&.S 3

2

,0,cu0

r g
2 D 1/3

;S 3

2

,0,c

r g
2G

D 1/3

~19!

for a chaotic field (r g
2/G2!,0,c!r g

2G).
There is a subtlety in realization of the converter mec

nism if acceleration takes place at a shear flow boundar
the charged particle reappears at a distance greater thar g

~uniform magnetic field! or r g
2/,c ~chaotic field! from the

flow boundary, then it should drift or diffuse back. It takes
time of the order oftd5R2/(Gr gc), in the least favorable
case of a quasiuniform magnetic field with characteristic s
tial scale of;R, or td5R2,c /(G2r g

2c), in a chaotic mag-
netic field. In both cases we assumed,0sinu05R/G. Solution
of the diffusion problem with a sink~the shear flow! in the
half space shows that all particles eventually return to
flow, provided it persists for a sufficiently long time. In re
ality, some of them are lost because the shear flow does
occupy the entire half space, but the losses are negligib
the spatial extent of the shear flow boundary is much lar
than ,0sinu0. This condition, for example, is satisfied for
conical jet with the opening angle@1/G.

The synchrotron losses during the timetd might be a more
serious problem. One can neglect them if the energy loss
«̇54/9 (e2/mc2)2B2(«/mc2)2c multiplied by td is less than
the energy of the accelerated particle. In the case of a qu
uniform magnetic field, this condition turns out to be ener
independent and, after simple algebra, one gets

R@
4

9

1

G4

e2

mc2 S «2

mc2D 3

, i.e., R@
Ropt

G2
. ~20!

HereRopt is the optimal size of the electromagnetic accele
tor @2#, which is defined to minimize the amount of ener
contained in the electric and magnetic fields. Let us rec
however, that the optimal size is originally defined for t
accelerator itself~in this case, for the interior of the shea
flow!, while Eq. ~20! has to do with the external magnet
field.

In a turbulent magnetic field, the synchrotron losses
the most significant for the least energetic particles, i
those havingr g;,c . The losses can be neglected if

R@
Ropt

G3
, ~21!
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where the optimal size is a function of the critical energy«2,
which is defined as if the magnetic field were uniform.

In order to be in agreement with the observed diffu
gamma-ray background, a typical source of the highe
energy CRs must satisfy the conditionR*0.2Ropt @2#, so
that the synchrotron losses during diffusion do not lead
any further restrictions. The aforementioned statistical ar
ments are not applicable to individual aberrant accelerat
for which Eq. ~20! or Eq. ~21! should be considered as a
additional limit.

The critical energies in the case of acceleration by a sh
flow are

«15«25GeBR ~22!

for a uniform magnetic field and

«15GeBAR,c and «25G3/2eBAR,c ~23!

for a chaotic field. It is interesting to note that in the latt
case«2.«1, i.e., the maximum energy achievable in th
converter mechanism appears to beG1/2 times larger than
that in the standard mechanism. However, a particle can
tain this energy only if it enters the acceleration cycle w
the energy«;«2 /G2. A particle entering the cycle with
larger energy will end up with smaller energy in contrast
the other three cases.

Of course, every acceleration mechanism must obey
fundamental restrictions and constraints of classical elec
dynamics@2#. Among them is the Hillas criterion@18,19#
generalized for relativistic bulk flows, which is simpl
equivalent to the condition«,«1, where«1 is the first criti-
cal energy from Eqs.~14! and ~22!. This is not a chance
coincidence, but rather the consequence of the implie
uniform—magnetic field configuration. In a turbulent ma
netic field, the maximum attainable energy is always low
than the fundamental limits, but the converter mechanism
less affected by the turbulence. Indeed, the magnetic fi
should be considered chaotic if its turbulence scale is
than the gyroradius of a particle at the beginning of the
celeration cycle. This means,c,r g(«1) for the standard
mechanism, but only,c,r g(«2 /G2) for the converter
mechanism. Thus, a particle accelerated in the standard
feels turbulence starting from a larger scale, and a situatio
possible where the magnetic field should be treated as
otic in the standard mechanism while being essentially u
form for the converter mechanism. The inequality«2.«1
from Eq. ~23! is, in fact, the consequence of the slower d
crease of critical energy with decreasing,c for the converter
mechanism.

So far, the analysis was limited to the case of negligi
synchrotron losses andt!1. The larger the probability of
conversion, the easier is acceleration in the converter me
nism. But if t approaches unity, then the critical energi
decrease: they are still given by Eqs.~14!, ~16!, ~22!, and
~23!, but the value ofR should be replaced by the~energy-
dependent! mean free path of the accelerated particle. Ana
gously, the synchrotron losses also decrease the critical
ergies; in this caseR should be replaced by the radiatio
length.
3-5
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In both cases the energy share of the accompanying ra
tion is non-negligible or even dominant, although the sta
of conversion losses is qualitatively different for the prot
and electron cycles~see Sec. V!.

IV. RESULTING PARTICLE DISTRIBUTION

Let us consider a monoenergetic («5«0) beam of par-
ticles in the neutral state, escaping from the relativistic flo
If the probability of conversion per unit length,l, is constant
~i.e., we neglect the exponential decrease in the numbe
particles, assumingt!1), then the distribution of charge
particles over the initial displacementdN/d,05l translates
into

dN

d«
}

dN

d,0

d,0

dg
}lS u

du

d,0
D 21

, ~24!

where the particle’s energy is simply proportional to the e
ergy gain,«5g«0. It is a power-law distribution, but all the
particles with displacement larger than the applicability li
its of Eqs.~13!, ~15!, ~18!, and~19! have the constant energ
gain of ;G2, so that in general a delta function is added
the resulting particle distribution at its high-energy end.
their power-law parts, the distributions emerging in unifo
and chaotic fields, respectively, are

dN

d«
}«1/2 and

dN

d«
}« ~25!

for acceleration at the shock front, and

dN

d«
5const and

dN

d«
}«1/2 ~26!

for acceleration at the boundary of shear flow. These spe
are extremely hard. In practice, they can be considered d
functions, so that the resulting distribution is defined mai
by the spectrum of injected particles.

After a few cycles, a seesaw-shaped spectrum~Fig. 3! is
formed from the initial monoenergetic distribution. The num

FIG. 3. The particle distribution~solid line! resulting from a
monoenergetic injection. The dips in the distribution are preser
until the width of the injection spectrum is larger than logG2 in
logarithmic units.
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ber of particles emerging from a cycle,N8, is related to the
number of particles entering it asN85kN, where

k5pesc)
i

pcn
( i ) ~27!

is the overall probability of conversion, which normally o
curs twice per cycle~points 1 and 2 in Fig. 2!, multiplied by
the probability of escape from the relativistic flow after th
first conversionpesc, which is the relative number of par
ticles moving upstream with respect to the shock front or
shear flow boundary. Assuming that the particle distribut
is isotropic just before the conversion into a neutral state,
obtainspesc51/3 for a strong relativistic shock, where th
shocked fluid moves at the speedc/3 away from the shock
plane, andpesc51/2 for a shear flow, where the fluid velocit
is parallel to the boundary. Within one acceleration cycle,
probabilitiespcn

(1) and pcn
(2) are of the same order, except fo

the case wherepcn
(2) is limited by Eq.~8!.

There is a simple case wherek remains constant in the
course of acceleration. This happens in both electron
proton cycles if the spectrum of target photons is a pow
law with spectral indexq50 or ~for the proton cycle only! in
the case of a narrowband target-photon field. Then the en
lope of the particle distribution shown in Fig. 3 is a pow
law dN/d«}«2a, and the indexa can be obtained in the
following way.

Since the particle energies are related as«85g«, we find
that

S dN

d« D 8
5

k

g

dN

d«
, ~28!

where the prime indicates the distribution emerging from
cycle. Taking the logarithm of both parts, we obtain

2a ln g5 lnS k

gD⇒a512
ln k

ln g
. ~29!

If the probability of passing through the acceleration cyclek
is larger than the inverse energy gain 1/g, then the spectra
index is a,2, i.e., most of the energy content is at th
high-energy end of the distribution. Both AGNs and GR
can satisfy this requirement@see Eqs.~5!, ~6!, and~7!# and,
therefore, can be efficient producers of the highest-ene
cosmic rays.

In the energy range where the efficiency condition for t
converter mechanism is satisfied, this mechanism is
dominant source of accelerated particles—just becaus
provides a spectrum harder than the one resulting from
standard mechanism. At the same time, there is no ac
threshold in the conversion probability: the converter mec
nism can function even atpcn→0, but the number of accel
erated particles in this case is extremely depleted at h
energies. Quantitative studies of the emerging CR spect
must take into account the dependence of the conver
probability on the energy of the accelerated particles. Hen
the precise solution can be obtained only in the se

d
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consistent approach, which includes the effect of the acc
panying emission, discussed in the following section.

V. THE ACCOMPANYING EMISSION

Acceleration of particles via the converter mechanism
inevitably accompanied by gamma-ray and—in the case
nucleon conversion—neutrino emission. The convers
losses in the electron cycle, which are the result of nono
mal inverse Compton scatterings, do not lead to an irrev
ible energy drain. Instead, all the energy remains in the p
tons or electrons~positrons! and, as they can both in
principle participate in the acceleration cycle, may be use
inject new particles for acceleration. Thus, even in the c
t@1 the influence of the conversion losses is reduced
decrease of the maximum attainable energy and an incr
in the level of synchrotron emission by increasing the nu
ber of particles involved in the acceleration.

On the contrary, the conversion losses in the proton cy
act as a true energy sink: the energy spent for the pion
duction never comes back to the accelerated nucleons. N
trinos, e2e1 pairs, and gamma rays, which are the dec
products of pions, are copiously produced as by-product
the proton acceleration cycle. Neutrinos carry away ab
one-half of the energy of the accelerated nucleons and,
cause they freely escape from the acceleration site, t
spectrum copies that of the nucleons, but scaled down
energies by about an order of magnitude. The gamma
and pairs, which carry approximately the same energy
neutrinos, are reprocessed through the electromagnetic
cade: the photons are absorbed in two-photon pair prod
tion process, electrons and positrons cool in the magn
field, producing synchrotron radiation, i.e., another gene
tion of photons, etc.

The hard spectrum of primary electrons and positro
means that they form a standard cooling distribut
dNe /dge}ge

22 , and their synchrotron spectrum is a powe
law with ~photon! index 23/2. The synchrotron photon
spawn another generation of pairs, which cool to form
distribution with index25/2. The cascade comprises seve
steps like this, so that the photon spectrum eventually c
verges to a power law with index22. However, at low
energies the acceleration site is transparent for the phot
and therefore pairs are not injected below some ene
which leads to a break in the spectrum; below the break
photon spectrum preserves its original spectral index23/2.
The location of the break can be found in a self-consist
way:

«br.0.5
\eB

Gmec
S « tr

2mec
2D 2

, ~30!

where\ is the Planck constant. The threshold photon ene
« tr is defined so that the optical depth for two-photon p
production,

tgg~« tr!5
sgg

sp
tp

«br« tr

2G2me
2c4 S «*

«br
D 1/2

, ~31!
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is equal to unity, wheresgg is the cross section of two
photon pair production andtp the optical depth for photopi-
onic reactions at photon energy«* . Straightforward calcu-
lations yield

«br.0.5
sp

sggtp
A\eB

mec

G«Nme
2c2

DpmN
. ~32!

SubstitutingB5103 G, «N51019 eV ~the energy of ac-
celerated nucleons!, G51000, andtp51022 ~parameters
reasonable for GRBs!, we obtain the break energy«br
;100 keV, which is similar to that really observed in GR
spectral features. Within this picture, however, there is
simple way to explain the observed relative stability of«br ,
whereas the parameters entering Eq.~32!, especiallytp ,
may vary by orders of magnitude.

Unlike the conversion losses, the synchrotron emissio
not tightly related to the acceleration process as such. It m
have a negligible effect, especially for protons, but also m
be the main energy loss channel. A detailed analysis of
properties of the accompanying synchrotron radiation is
yond the scope of this paper, but we point out two distinct
features.

First, the maximum energy of synchrotron photons for t
converter mechanism isG2 times larger than for the standar
one. The existence of such an energy limit is easy to see
the standard mechanism~following the arguments of@20#!.
The acceleration cycle in this case lasts;r g /c and the en-
ergy increment is;«, which gives the acceleration rate«̇
;«c/r g . The maximum admissible rate of synchrotro
losses is just the same, so that the particle’s energy is lim
by the following inequality:

4

9 S e2

mc2D 2

B2S «

mc2D 2

,
«

r g
. ~33!

Then a simple calculation yields the maximum energy
synchrotron photons~ignoring the relativistic dipole radia
tion caused by small-scale inhomogeneities of the magn
field!:

«sy
(max);0.5

\eB

mc S «

mc2D 2

;
\c

e2
mc2.137mc2. ~34!

Doppler boosting gives an additional factorG, and in a
turbulent magnetic field with the spatial scale of the turb
lence less than,c

cr5m2c4/Ae5B3 another factor (,c /,c
cr)2/3

applies.
The same reasoning is valid for the converter mechani

in which the cycle duration is>r g /c and the energy incre
ment is<G2«. Consequently, the analogue of Eq.~33! gives
a G2 times larger limit for the energy of the accelerated p
ticle, which translates into a factor ofG4 in the expression
for the energy of synchrotron photons. When the accelera
particle enters the relativistic flow close to the limiting e
ergy, the synchrotron emission is so efficient that the part
loses almost all its energy before it is deflected by an an
;1/G. Thus, the resulting synchrotron emission is beam
3-7
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backward in the flow comoving frame. In the laborato
frame it appears redshifted by the factorG, in contrast to the
standard mechanism, in which the synchrotron emissio
blueshifted in the laboratory frame by the same factorG.
Thus, for an observer resting in the laboratory frame,
maximum energy of synchrotron photons accompanying
converter acceleration islarger by a factor of;G2 ~recall
the difference of;G4 in the comoving frame! than in the
standard mechanism. Moreover, this highest-energy sync
tron radiation is quasi-isotropic in the laboratory fram
which is another distinctive feature of the converter mec
nism. The latter phenomenon has a nature similar to the
fect of beam-pattern broadening for the inverse Comp
radiation of electrons in front of a relativistic shock@21#.
Generally speaking, the converter mechanism makes ne
beams of all kinds~photon, neutrino, and neutron beam!
broader than 1/G, so that they can be seen even if the jet th
produced them is not pointing toward the observer.

The accompanying electromagnetic emission of any
gin can itself provide photons for the conversion reactio
which may give rise to radiative instabilities analogous to
instability driven by thep1g→p1e21e1 process, dis-
cussed in@22#.

VI. DISCUSSION

The key parameter of the converter mechanism—
probability of conversion—varies from one cycle to anoth
or even within cycles. It increases in the course of accele
tion ~because a more energetic accelerated particle inte
with less energetic and more abundant target particles! and
with increase of the angle between the particle’s traject
and the velocity of the flow. The first effect is negligible fo
nucleon-nucleon collisions, while the second is partially
even completely compensated by the smaller distance t
eled at large angles. There is, however, a general tren
increase of the probability of conversion toward higher e
ergies of accelerated particles; this may even block furt
acceleration ifpcn approaches unity. Nevertheless, with t
expansion of the flow the density of target particles dro
leading to a decrease of the probability of conversion, a
the acceleration resumes.

This means that the converter mechanism is capabl
self-tuning. The only thing required for this mechanism to
efficient is that the probability of passing through the acc
eration cyclek is larger than 1/G2 somewhere along the flow
It does not matter how large the probability is: in the ca
k→1 the particles are preaccelerated in the region of h
optical thickness and then are further accelerated when~or
where! the flow becomes optically thin for them. Of cours
the question of how much energy is wasted for convers
losses during this intermediate phase is open.

On the other hand, the conditionk.1/G2 places some
restrictions on the sources where the proton cycle is rea
realizable starting from thermal protons. If a source is kno
to be bright at hard gamma rays, one can conclude that
source’s compactness, calculated for the corresponding ta
photons, is low, so that the probability of proton-to-neutr
conversion isk&sp /sg.331023. Thus, the source shoul
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have G*20—a condition satisfied by GRBs and man
AGNs. Moreover, this condition is not obligatory for sourc
where the converter mechanism starts from preacceler
high-energy protons, which require only low-energy targ
photons.

We expect that the converter mechanism never oper
alone and the standard Fermi-type mechanism competes
it. Because the particles spend some time in the neutral s
the converter mechanism has a smaller acceleration ra
low energies. But, close to the limiting energy («1), the du-
rations of the acceleration cycle in both mechanisms
proach the same valueR/c, so that the average acceleratio
rates are roughly equal. Except for the case of acceleratio
a shear flow with a chaotic ambient magnetic field, t
mechanisms have just the same absolute energy limit,
ignoring radiative losses, for the accelerated particles. H
ever, in the converter mechanism, this energy is attaine
many fewer steps, with potentially many more particles s
viving. Moreover, the particles—when converted into a ne
tral state—can escape from regions located deep inside
relativistic flow, which further reduces irreversible partic
losses downstream. So at the highest-energy part of the
tribution almost all the particles are produced by the co
verter mechanism, regardless of its performance at low e
gies.

Now let us consider the phase when the produced C
leave the accelerator. Within the framework of the conver
mechanism, the particles can escape in the form of a neu
beam—an easy way, which causes no problem and requ
nothing but a sufficiently high conversion probability. In th
standard scheme, the escaping particles are charged an
evitably must form an expanding turbulent outflow. Th
causes considerable adiabatic losses, which can hardl
controlled. Another advantage of the converter mechanism
its greater tolerance for nonuniform magnetic fields, as d
cussed in Sec. III. Since the magnetic field turbulence ha
strictly negative effect on the maximum attainable ener
the converter acceleration mechanism may have a larger
off energy.

Unlike the standard mechanism, the converter mechan
in many cases does not need any special particle inject
By definition of the acceleration cycle, even the partic
resting either in the laboratory or in the flow frame serve
injection as soon as they are converted into the neutral s
Sometimes, however, e.g., in AGNs, the probability of co
version is too small at low energies to provide sufficie
injection. Then the converter mechanism comes to depen
the standard mechanism, which produces preaccelerated
ticles ~at energies*1015 eV in the case of AGNs!.

The photopionic processes in AGNs and GRBs leading
copious production of neutral particles have been extensiv
discussed in the literature~e.g.,@14,23#!, in particular, in the
context of predictions of fluxes of high-energy neutrin
from these objects. The main reasoning was that these
jects are postulated to be efficient sources of high-ene
CRs and they are surrounded by dense photon fields. Th
fore, nucleon-photon interactions may lead to detectable n
trino fluxes. Our point of view is essentially different: if on
wants to accelerate CRs in these objects to the highest e
3-8
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gies, then the converter mechanism is likely the most e
cient way to do this, and the neutrino emission appears
natural and unavoidable by-product of this mechanism.

Further questions, absent in the test particle problem, a
in the self-consistent approach. In particular, the conve
mechanism strongly alters the hydrodynamics of relativis
shocks or shear flows. We have shown that they can acc
ate nucleons with the efficiency of energy transfer approa
ing 100%. At such a high efficiency, almost all the availab
energy is transferred to the end of the particle distributi
and hence the ultraenergetic particles contribute most of
inertia of the relativistic flow~shocked gas!. Under such cir-
cumstances, the idea of a shock as a discontinuity beco
meaningless, since the gyroradius of the dynamically m
important particles is comparable to the size of the syste

This limits the applicability of the test particle approac
since it is valid only for particles whose gyroradius is larg
than the width of the shock or the shear flow boundary
similar problem exists also in the standard mechani
which is, moreover, more sensitive to it. Indeed, in the c
verter mechanism an accelerated particle may cross
shock or the shear flow boundary while being in the neu
state, hence relaxing the requirements for their sharpnes

The absence of a true shock is an obstacle for the elec
cycle, which would otherwise be a very efficient way
direct acceleration of electrons. When the mean free path
the photons and pairs are small compared to the spatial s
of the velocity gradient, the direct acceleration of electro
probably cannot rival the efficiency of production of secon
ary pairs via nucleon acceleration. One of the implication
that at least in some, particularly bright, GRBs the m
source of the observed gamma-ray radiation is the p
induced cascade.

Energetic neutrons~or photons! escape from the relativis
tic flow and their decay or interaction products can distu
the ambient medium to the extent that it starts to move w
an ultrarelativistic speed. An apparent consequence of th
distortion of the beam pattern of the source, while the infl
ence on the limiting energy of the accelerated particles ne
further investigation. On one hand, the decrease in the L
entz factor contrast lowers the limiting energy. On the ot
hand, enhancement of the ambient magnetic field, either
compression in the shock or by means of various instabili
triggered by neutron decay products in the ambient plas
has the opposite effect.
-
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VII. SUMMARY

In this paper we suggest and analyze a new accelera
mechanism, which operates via continuous conversion of
celerated particles from the charged into the neutral state
back. The proposed converter mechanism is efficient for
celeration of both protons and electrons~positrons!. It is ca-
pable of producing the highest-energy (*1020 eV) cosmic
rays in either GRB or AGN environments. With a muc
lower-energy limit, the mechanism can possibly operate
microquasars as well. In regions of high optical thickne
the converter mechanism is an efficient means of transfer
the kinetic energy of bulk relativistic flow to the accomp
nying radiation, which could explain, for example, the orig
of GRB emission. Some peculiarities of the accompany
emission can be a telltale sign of the converter mechani
For example, production of the highest-energy CRs sho
be linked with powerful neutrino emission at a level at lea
comparable to the power in CRs.

Despite a certain similarity to the standard~diffusive! ac-
celeration mechanism, the converter mechanism viola
some of its inherent relations. For example, the maxim
particle energy attainable in the converter mechanism isG1/2

times larger than in the standard one, provided accelera
occurs in a shear flow with chaotic ambient magnetic fie
Also, the maximum energy of synchrotron photons appe
to beG2 times larger.

Generally speaking, a beam pattern wider than 1/G is
characteristic of any type of accompanying emission~syn-
chrotron radiation at the highest energies, neutrino emiss
or photons from pion decay!, as well as for the escapin
neutrons. This distinctive feature of the converter mechan
opens interesting possibilities for observation of off-ax
blazars and GRBs.
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