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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 statéprotons, electrons or positronsto a neutral staténeutrons or photonsand 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'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%.
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[. INTRODUCTION accelerated particle twofold. In this case, the mechanism can

work only on the largest objects in the Universe, such as

Cosmic raygCRS9 have been studied for a long tineee,  galaxy clusters or radio lobes and knots in active galactic
e.g.,[1] for a review. There are many models of théiikely nuclei (AGNs), and only under optimistic assumptions about
nonuniform) sources, but explaining the origin of the the diffusion coefficient for particles in a magnetic field. For
highest-energy particlesx(10?° eV) observed in CRs is still €xample, Bohm diffusion leads to particle escape on the time
a challenging problenj2]. In general, two scenarios have scaIeR(Z)/rgc, whereR, is the accelerator’s size ang the
been proposed for particle acceleration in astrophysical erparticle’s gyroradius, while the acceleration occurs on the
vironments. One is the acceleration by an electric field intime scalev(c/v)zrg/c. The maximum attainable energy is
geometries where this field is not perpendicular to magnetidefined by equating these time scaleg=(v/C)Ry<Ry. It
field lines, for example, in the vicinity of magnetized rotating is of the order of 1& eV in the most favorable cases.
neutron star$3]. Very hard particle spectra may emerge in  Ultrarelativistic shocks and shear flows are more promis-
this way, but, because of the curvature losses inherent in suéhg, since the parameter/c— 1. Moreover, the energy gain
geometries, the upper limit of the proton energy appears tper cycle, i.e., at each reflection from the shock or from the
be below 16° eV. shear flow boundary, can approach the factor-df?, where

Another class of scenarios assumes gradual, “stochasticl” is the bulk Lorentz factofmeasured in the upstream fluid
(or diffusive) acceleration of charged particles through mul-frame in the case of shogkSuch a scenario was suggested,
tiple reflections from inhomogeneities of the magnetic fielde.g., as the dominant acceleration mechanism in gamma-ray
in environments where large velocity gradients are presertiursts(GRB9 [7—-9]. However, in the standard acceleration
(see[4] for a review. According to the generally accepted theory, the energy gain of I'? occurs only in the first cycle,
view (see, e.g.[4—6)]), this mechanism works equally well while the subsequent ones result in an energy gain- af
for shocks and shear flows, and the emerging spectra of aeach[10,11].
celerated particles are such that only a small fraction of the The reason is that the shock catches up with the reflected
total energy budget is contained in the most energetic paiparticle (or the particle crosses the boundary of the shear
ticles. flow) when its trajectory makes an angle ef2/I" to the

Furthermore, there is a serious obstacle to achieving higbhock normalor bulk velocity vectoy, while keeping thd'?
energies of the accelerated particles—their diffusive escap@nergy gain would require isotropization.
In environments where bulk velocities are subrelativistic ( The smallness of this angle is apparent for the case of
<c), it takes many reflections to increase the energy of ashear flow{see Fig. b)]. For shocks it is a consequence of
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for the proton cycle, and
B~ 1/T < e~1r P y
0 . N _
1 . et+y—e +y and vy +y—et+e 2
1ot o] . for the electron cycle. Herg, n, 7=, ande™ denote the
proton, neutron, charged pioKgositive and negative posi-
tron, and electron, respectively; is a low-energy back-
tot - ground photon ang’ the high-energy Comptonized photon.
N The second of the reactions from the electron cy@e
has a kinematic threshold,=2m.c? in the center-of-
a P tie b momentum frame, wheren, is the electron mass. Effec-

_ _ _ tively, the first reaction also has the thresheld ., since at

FIG. 1. The acceleration cycle in the.standgrd_mechanlsm for dower energies of incident photons the efficiency of energy
shock(a) and for a shear flowb). The thick solid line shows the ~ transfer to the Comptonized photon becomes much less than
particle’s trajectory. The magnetic field is perpendicular to the pic-ynjty. The reactions proceed differently depending on the
ture plane. The locations of the shock at the moments of partic'%ackground photon spectrum. The soft spectrum blocks the
escape from the shock and subsequent catch-up areé shown @gyctron cycle as the fraction of energy transferred to a
double lines. The shear flow boundary is shown by the thin done(tomptonized photon is too small and there are few target
line. photons sufficiently energetic for the second reaction of the

L , i electron cycle. An example of a soft spectrum could be a
r'elat|V|st|c.mot|on[F|g. 1(@)]. Indeed, the component of par- \var jaw with spectral indeg< — 1 or a narrowband spec-
ticle velocity along the shock normal becomes smaller tha

_ ! rum, such as blackbody or line emission, with typical pho-
the velocity of the shock itself as soon as the angle betwee{] e et h is the elect F
the particle’s momentum and the shock normal grows large On ENErgy <MC /ee, WhEr€e, IS IN€ €lECtron energy. ~or
Intermediate spectrée.g., power laws with indices-1<q

than 1I'. There is no apparent way to isotropize reflected =
particles unless a special structure in the magnetic field<1 or narrowband spectra with~m3c*/e), the Compton-
ahead of the shock is introduced, e.g., a counterpropagatiriged photon takes about 1/2 of the elect(positron energy,
shock. and in the consequent pair production event this energy is
However, a means to circumvent these limitations existglivided into nearly equal parts between the daughter electron
[12]—it can be done by switching the particle’s charge onand positron. The cross section in both processes.is
and off at the right times. Paradoxically, interactions with ~10~2° cn?. For hard spectrag>1 ore>m2c%/s,), these
photons, which have always been treated as dissipative preeactions proceed in the deep Klein-Nishina regime, i.e., the
cesss leading to degradation of particle energy, in fact play aomptonization and pair production cross sections decrease
positive role: they allowthrough charge-changing particle in inverse proportion to the square of the center-of-
conversion the I'? energy gain to be retained up to the larg- momentum energytheir ratio is 1:2 and almost all the en-
est particle energies. There are also other types of conversiangy of interacting particles is transferred to one of the
reactions, which we briefly discuss in the following section.daughter particles. In effect, the energy losses for the com-
One of the charge-changing schemes suggested bghmv bined electron/photon particle become very gradual. This
electron-photon-electron reaction chain in GRB shddks case is the closest to pure conversiprobability of charge
independently considered i3] changep.=1) without accompanying energy losses, pro-
In order to outline the general picture, we intentionally vided the synchrotron emission is negligible.
skip some details, which are not essential for the proposed The reactions from the proton cyci@) (see, e.g.[14])
acceleration mechanism, but may change its quantitativhave a kinematic threshold of m(.c?+ micz/sz)
characteristics. In particular, we assume that the magnetic 150 MeV in the nucleon rest framen(, =140 MeV/c? is
field is either chaoticturbulen} or uniform with field lines  the charged pion mass amdy=940 MeV/c? the nucleon
perpendicular to both the momentum of the accelerated pamass. Side by side with the reactior{4) other photopionic
ticle and the velocity of the flow, and treat shocks and sheafeactions proceed with formation of neutral pions, which pre-
flows as one-dimensional discontinuities. serve the nucleon’s charge. They have roughly the same
We use the conventioR, = v to define the spectral index cross section and should be considered as background energy
d, whereF, is the energy flux per unit frequency interval. |osses. The total photopionic cross section increases rapidly
with the energy of the incident photon and reaches a maxi-
Il. THE CONVERTER ACCELERATION MECHANISM mum of o, =6 10" ** cn? at Ap=340 MeV, which corre-
sponds to formation oA resonance and should be consid-
Two basic types of photon-induced conversion involveered as an effective threshold. Well above the resonance
nucleons or electrons/positrons. Both cycles consist of twanergy, the cross section decreases and levels off at
reactions: =10 28 cn?. The probability of charge change in a photo-
pionic reaction igp.= 1/3 at the resonance apgd=1/2 at the
p+y—n+ax" and n+y—p+a- (1) plateau. The inelasticity is-0.2 and about 0.5, respectively.
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O~n relativistic flow. The angular spreading of the particle beam
Ol Vo Ty . in the laboratory frame means an energy gain in the flow
@) P 3 comoving frame that is much larger than 2 and amounts to
@ ——— 2 I'2 in the case of full isotropization. At the third step, the
rroe Qe particles return to the flowpoint 3) and their isotropization
R 4 in the comoving frame translates into a resulting energy gain
H in the laboratory frame.
: Pt EIR The main parameter characterizing the efficiency of the
) #@ ; converter mechanism is the optical depth for interactions of
1 E accelerated particle@rotons/neutrons or electrons/photpns
a f 16 - b 7=o0nD, wheren is the number density of target particles

(photons or nucleonsandD the accelerator’s size, both mea-
FIG. 2. The acceleration cycle in the converter mechanism for aured in the comoving frame, and is the relevant cross
shock(a) and for a shear flowb). The particle’s trajectory is shown gection.
by a thick dotted ”ndneutral Statband thick solid Iine(Charged The Optica' depth is geometry dependent_ In the case of a
statg. The magnetic field is perpendicular to the picture plane.continuous outflow or a shock, produced by a central engine

Numbered are the moments of particle conversion into the neutral, 4 subtending an angte 1/T", one has for photon-induced
state, the transition from the neutral to the charged state, and Supéactions '

sequent return to the flow. The locations of the shock at the corre-
sponding moments are shown by double lines. The shear flow ol(s, )02
boundary is shown by the thin dotted line. T=

4

~ 4mRce,

A competing photon-induced reaction is the process ofyera| s the apparent luminosity per logarithmic frequency
creation of an electron-positron pair by a photon interactingqieryal at photon energy, =2m&A/(s02), where the in-

. . . _ + . * [l
with the electric field of a prOtOp:Z?'yng-l—e +e", which  teraction with target photons is the most efficienthe en-
has the cross section=5x10 ""cm and inelasticity —grgy of the accelerated particlg,the distance from the cen-

~10"23 Wi ;
=10"". With decrease of the spectral indepof the target (5" engine, and\ andm the threshold and the mass of the
photon field, this process becomes an increasingly mportarﬂarticle for one of the possible cycles.

energy loss channel, and gt=—0.55 the difference from The beaming angle of the target radiation field @s
the photopionic processes in the inelasticity and cross section 11 in the case where it is produced within the jet or by the
is exactly balanced by the larger number of target photong,,ckeq gas, an®~1 for the emission from broad-line
(tha+nks to the lower thresholdAnyway, thep+y—p+e regions in AGNs and radiation scattered in the interstellar
+e" process can be neglected for spectra with—0.5. medium around GRBs. Intermediate cases, whefe<1)

In de_nse .environments and at relatively low nucleon €N 1 are also possible. They include, for example, the radia-
ergies, i.e., in the case where there are few target photongon trom the inner parts of accretion disks in AGNs or the
the_p_roton cycle proceeds through inelastic nucleon-nucleopyission that accompanies the acceleration protEs®x-
collisions, for example, plained in Sec. V. If the source of target radiation is tran-
sient, like a GRB, with duration less th&®?/c, then its
luminosity should be replaced bfc/(R®?), where E

The kinematic threshold for these reactionsisc? inthe ~ =J/Ldt. -
center-of-momentum frame, and the cross section at energies The most favorable conditions for the converter mecha-
>m_c? is =3x10 26 cn?. Acceleration via inelastic nism exist in AGNs and GRBs, where both ultrarelativistic
nucleon-nucleon collisions could be important in GRB inter-flows and intense radiation fields are presesete[16] and
nal shocks, where the required column density-dfo g/cn? [17] for reviews. Other objects with relativistic outflows,
is achieved 15]. e.g., stgllar—mass microquasars, may glso be able to acceler-
In both the proton and electron cycles, one can consideft€ particles via the converter mechanism. The only two pre-
an accelerated nucleon or electron/positron as a particlé€quisites are sufficiently high conversion probabilitshich
which has both charged and neutral states. The acceleratid¥e Specify belowand bulk Lorentz factof’>2 in order to
cycle consists of three stefisee Fig. 2 First, a charged Ccompensate the energy losses caused by conversion.
particle in relativistic flow is converted into the neutral state Because of the relatively large cross section, the optical
(point 1). Then, experiencing no influence from the magneticdepth for photon-induced reactions is not a bottleneck for the
field, it freely leaves the flow and propagates into the ambi€lectron cycle, but it could be a limiting factor for the proton
ent medium much further than if it were charged. Second, &Ycle. Let us estimate the optical depth for photopionic reac-
transition from the neutral to a charged state oc¢peint 2, ~ tions in three cases. For AGN inner jets we obtéaking

p+p—n+p+7" and n+p—p+p+m. ©)

which may be spontaneous neutron decay. into account only comoving photon fields with=1/T")
At this moment, the particles in the laboratory frame con- 4105
tinue beaming with the opening angle efL/I" that they had PP e (E) (1 cm)
in the neutral state. The initial handicap allows patrticles to be 10" erg/s' \ 108 ev/\ I R ’
deflected by an anglé>2/T" before the encounter with the (5)
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where the apparent luminosity per logarithmic frequency in4in a uniform magnetic field, while in a chaotic field it be-
tervalL(e, ) depends om. The radiation from AGN broad- haves as
line regions creates the optical depth

7~5x107? - 10_e v
10* erg/ e

(0)=\o5+ecIrg (11)
10 cm

R ) (6) on average. Heré, is the initial deflection angle, measured
at the time of conversion from the neutral to the charged

which does not depend on the particle’s energy: for all parState.£ << the turbulence scale of the magnetic field, apd
ticles with energw>2mczA/§:5>< 106 eV the number of the gyroradius of the particle, calculated as if the field were

target photons is essentially constant because of their rel Iniform. Note that the turbulence scale is impIicitIy. defined
tively narrow spectral distribution. In GRBs, the optical e?/ Eq. (11) and, therefore, may depend on the particle’s en-

depth due to comoving photons is

723><103( Ele.) )( °
10°? erg/ | 10 ev

In the case of acceleration at the shock front, the shock
1002/ 10 cm) 2 catches up with the particle when the displacement of the
(?) (T) particle along the shock normal, after it crossed the shock,

@ becomes equal to the distance traveled by the shock front,
ie.,

So the conversion probabilitp.,=[1—exp(—p.7)] in the N
proton cycle is usually, though not always, much smaller
than unity. r

It should be noted that effectively the probability of con- _ _ o
version of a neutron into a proton always exceeds wheref is the distance traveled by the particle in the neutral

state after it left the relativistic flow, and we neglected the
difference between the particle’s velocity and the velocity of
(8  light.
In a uniform magnetic field, the deflection angle is

€
(€0+€)=€ocos¢90+f cosfd(’, (12
0

10' eV R

10'® cm

- Rmyc
g’r?'”)zt—ziix 102
n€

1/3

3€g ’ 13

2
rgI‘

of a free neutron. The spontaneous decay of free neutrons is P
important at small energies, especially during the first accel-
eration cycle, while at large energies the photon-induced
conversion is more efficient. providedrg/F<€0<rgF2. For smaller initial displacement,
The expressiongb), (6), and(7) cover all physically dif- one arrives at the result of standard theéry 1", whereas
ferent situations. For example, one may use @}to esti- for larger displacement the deflection angledis1. In the
mate the optical depth in microquasars, where the target pheightmost part of Eq(13) we assume that (-1r29§)~1 to
tons are produced by a hot corona having the se simplify the algebra. This corresponds to ignoring particles
~10° cm and the luminosity.~ 10" erg/s. The result i that propagatéin the comoving framenearly parallel to the

~0.1 at a target-photon energy ofl keV, so that the proton shock plane. They are neither numerous nor energetically
cycle may operate in microquasars at energies3 important.

x 10 eV. It is possible, therefore, that some contribution to  |f one substitutes fofy by R (or by I'D in the case of a

the galactic CRs around the knee comes from microquasarsmall blob with sizeD<R/T" ejected by a central engipe

In any case, we see no problem in realization of the electroghen the applicability limits give two critical energig¢soth

cycle in such objects. measured at the end of the acceleration cycle—point 3 in
Fig. 2:

because of the neutron decay. Hefe-900 s is the lifetime [

1/3
3¢,
mra) -

Ill. ENERGY GAIN
) ) ] ] ) g,=I'eBR and &,=eBR (14
Assuming that the momenta of particles are isotropized in

the comoving frame upon their encounter with the relativisticwheree is the charge of the accelerated particle &hthe

flow, one gets the average energy gain per cycle magnetic field strength. The acceleration proceeds with the
I )2 maximum energy gain of I'? up to the energy,, whereas
= ( > 9) above the energy, there is no advantage over the standard

mechanism in energy gain. At the same tirag,is equal to
e maximum energy achievable in the standard mechanism.

. . h
where @ is the angle between the particle’s momentum andI In a chaotic magnetic field

the flow's velocity (deflection anglgat the moment of en-

counter. If the deflection angle is smaik<1, then it grows 20 ¢ VA (g o\ VA

linearly with distance{ (traveled by the particle in the <0>2[ Czo(l_rzgg)J N( ¢ 0) (15)
r

charged state ar rr?

0= 0o+ €l (10 for r3/T2<¢:0,<T"%Z, and the critical energies are equal,
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e1=e,=I'eByJRC,. (16)  Where the optimal size is a function of the critical enesgy
which is defined as if the magnetic field were uniform.
In the case of shear flow, the catch-up condition reads In order to be in agreement with the observed diffuse
. gamma-ray background, a typical source of the highest-
L : / energy CRs must satisfy the conditid®®=0.2R,,; [2], so
Cosingo= fo singde”. (19 that the synchrotron losses during diffusion dg not lead to
any further restrictions. The aforementioned statistical argu-
The deflection angle is ments are not applicable to individual aberrant accelerators,
PIVRETINPYRET for which Eq.(20) or Eq. (21) should be considered as an
. 2ﬂ> N(_O) (1g additional limit.
Iy rgl The critical energies in the case of acceleration by a shear
flow are

for a uniform field ¢,/I'<{y<r ') and

3 050e0\ " [3 0ot
(0)= 2 2 ~\2 71 (19 for a uniform magnetic field and
9

g
=TeBJR(, and &,=T%%B{R¢ 23
for a chaotic field (2/T'2< (o€ <r2T)., 1 c c2 c (23

There is a subtlety in realization of the converter mechafor a chaotic field. It is interesting to note that in the latter
nism if acceleration takes place at a shear flow boundary. I€ases,>¢4, i.e., the maximum energy achievable in the
the charged particle reappears at a distance greaterrthan converter mechanism appears to bB¥? times larger than
(uniform magnetic fielgl or ré/{ic (chaotic field from the that in the standard mechanism. However, a particle can at-
flow boundary, then it should drift or diffuse back. It takes atain this energy only if it enters the acceleration cycle with
time of the order oftdzRZ/(Frgc), in the least favorable the energye~e,/I'2. A particle entering the cycle with
case of a quasiuniform magnetic field with characteristic spakarger energy will end up with smaller energy in contrast to
tial scale of~R, or ty=R2¢./(I'"*ric), in a chaotic mag- the other three cases.
netic field. In both cases we assumgin §,=R/T. Solution Of course, every acceleration mechanism must obey the
of the diffusion problem with a sinkthe shear flowin the  fundamental restrictions and constraints of classical electro-
half space shows that all particles eventually return to thélynamics[2]. Among them is the Hillas criteriofl8,19
flow, provided it persists for a sufficiently long time. In re- generalized for relativistic bulk flows, which is simply
ality, some of them are lost because the shear flow does néguivalent to the condition<e,, wheree, is the first criti-
occupy the entire half space, but the losses are negligible #al energy from Eqs(14) and (22). This is not a chance
the spatial extent of the shear flow boundary is much largegoincidence, but rather the consequence of the implied—
than € sin 6. This condition, for example, is satisfied for a uniform—magnetic field configuration. In a turbulent mag-
conical jet with the opening angke 1/T". netic field, the maximum attainable energy is always lower

The synchrotron losses during the timanight be a more  than the fundamental limits, but the converter mechanism is
serious problem. One can neglect them if the energy loss rafess affected by the turbulence. Indeed, the magnetic field
£=4/9 (€2/mc?)2B?(s/mc?)2c multiplied byt is less than should be consujered chaotl_c if its turbuler_wcg scale is less

Stgjan the gyroradius of a particle at the beginning of the ac-
celeration cycle. This meané.<ry(e;) for the standard
mechanism, but onIy€C<rg(82/FZ) for the converter
mechanism. Thus, a particle accelerated in the standard way

g1=g,=1"eBR (22

the energy of the accelerated particle. In the case of a qua
uniform magnetic field, this condition turns out to be energy
independent and, after simple algebra, one gets

41 & [ e R feels turbulence starting from a larger scale, and a situation is
R> 9rTa 2|~ ie., R> —ozpt (20 possible where the magnetic field should be treated as cha-
r'*mc*\ me? r otic in the standard mechanism while being essentially uni-

form for the converter mechanism. The inequality> ¢,
Trom Eqg. (29 is, in fact, the consequence of the slower de-
crease of critical energy with decreasifigfor the converter
mechanism.

So far, the analysis was limited to the case of negligible
synchrotron losses ang<1. The larger the probability of

HereR, is the optimal size of the electromagnetic accelera
tor [2], which is defined to minimize the amount of energy
contained in the electric and magnetic fields. Let us recall
however, that the optimal size is originally defined for the
accelerator itselfin this case, for the interior of the shear

;!om)' while Eq.(20) has to do with the external magnetic conversion, the easier is acceleration in the converter mecha-
eld. o nism. But if 7 approaches unity, then the critical energies
In a turbulent magnetic field, the synchrotron losses A'Qacrease: they are still given by Eqa4), (16), (22), and
the most significant for the least energetic particles, i.e.(23) but t.he value oR should be replécéd by’ tr(en'ergy-
those having'q~£¢. The losses can be neglected if dependentmean free path of the accelerated particle. Analo-
R gously, the synchrotron losses also decrease the critical en-
R> o?f)t’ (22) :argieiﬁ; in this casdR should be replaced by the radiation
ength.
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log%’ ber of particles emerging from a cycl,, is related to the
number of particles entering it &' =kN, where

k=pescli1 p) 27

is the overall probability of conversion, which normally oc-
curs twice per cyclépoints 1 and 2 in Fig. R multiplied by
the probability of escape from the relativistic flow after the
first conversionp.s.,, Which is the relative number of par-
ticles moving upstream with respect to the shock front or the
shear flow boundary. Assuming that the particle distribution
log & is isotropic just before the conversion into a neutral state, one
FIG. 3. The particle distributiorfsolid line) resulting from a ObtamSpeSC:, 1/3 for a strong relativistic shock, where the
monoenergetic injection. The dips in the distribution are preserveghocked fluid moves at the speel8 away from the shock

until the width of the injection spectrum is larger than [gin ~ Plane, ances=1/2 for a shear flow, where the fluid velocity
logarithmic units. is parallel to the boundary. Within one acceleration cycle, the
probabilitiesp{}) andp!?) are of the same order, except for
In both cases the energy share of the accompanying radithe case wherp(cﬁ’ is limited by Eq.(8).
tion is non-negligible or even dominant, although the status There is a simple case whekeremains constant in the

of conversion losses is qualitatively different for the protoncourse of acceleration. This happens in both electron and

and electron cycletsee Sec. Y. proton cycles if the spectrum of target photons is a power
law with spectral index;=0 or (for the proton cycle onlyin
IV. RESULTING PARTICLE DISTRIBUTION the case of a narrowband target-photon field. Then the enve-

_ ) lope of the particle distribution shown in Fig. 3 is a power
Let us consider a monoenergetie{eo) beam of par-  |aw dN/deoce %, and the indexa can be obtained in the

ticles in the neutral state, escaping from the relativistic flowso|iowing way.
If the probability of conversion per unit length, is constant Since the particle energies are related: &s ge, we find
(i.e., we neglect the exponential decrease in the number qf 4t
particles, assuming<1), then the distribution of charged
particles over the initial displacemediN/d€,=\ translates dN\’ kdN
into (E) =g de’ (28)
dN dN d¢, ( do)—l

Eocd—eo d—goc)\ ed_{’o (24)  where the prime indicates the distribution emerging from the

cycle. Taking the logarithm of both parts, we obtain

where the particle’s energy is simply proportional to the en-

ergy gain,e =ge,. It is a power-law distribution, but all the —alng= In(E) —Sa=1— H (29)
particles with displacement larger than the applicability lim- Ing

its of Eqs.(13), (15), (18), and(19) have the constant energy

gain of ~I'2, so that in general a delta function is added tolf the probability of passing through the acceleration cycle
the resulting particle distribution at its high-energy end. Inis larger than the inverse energy gaimy,lthen the spectral
their power-law parts, the distributions emerging in uniformindex is «<2, i.e., most of the energy content is at the

and chaotic fields, respectively, are high-energy end of the distribution. Both AGNs and GRBs
can satisfy this requiremeisee Eqgs(5), (6), and(7)] and,
dNn o, dN therefore, can be efficient producers of the highest-energy
qe X8 and —xe (29 cosmic rays.
In the energy range where the efficiency condition for the
for acceleration at the shock front, and converter mechanism is satisfied, this mechanism is the
dominant source of accelerated particles—just because it
dN dN -, provides a spectrum harder than the one resulting from the
@ZCOHS'{ and ds ¢ (26) standard mechanism. At the same time, there is no actual

threshold in the conversion probability: the converter mecha-
for acceleration at the boundary of shear flow. These spectraism can function even at.,—0, but the number of accel-
are extremely hard. In practice, they can be considered del@rated particles in this case is extremely depleted at high
functions, so that the resulting distribution is defined mainlyenergies. Quantitative studies of the emerging CR spectrum
by the spectrum of injected particles. must take into account the dependence of the conversion
After a few cycles, a seesaw-shaped spect(Big. 3) is  probability on the energy of the accelerated particles. Hence,
formed from the initial monoenergetic distribution. The num-the precise solution can be obtained only in the self-
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consistent approach, which includes the effect of the acconis equal to unity, wherer,,, is the cross section of two-

panying emission, discussed in the following section. photon pair production and,, the optical depth for photopi-
onic reactions at photon energy, . Straightforward calcu-
V. THE ACCOMPANYING EMISSION lations yield
Acceleration of particles via the converter mechanism is o heB FgNmZCZ
. . . . ~ = T e
inevitably accompanied by gamma-ray and—in the case of ep=0.5 (32

: ; S . o, T m.c A my
nucleon conversion—neutrino emission. The conversion yyem € PN

losses in the electron cycle, which are the result of nonopti- SubstitutingB=10° G, sy=10' eV (the energy of ac-
mal inverse Compton scatterings, do not lead to an irreverssejerated nucleoips I'=1000, andr,=10"2 (parameters
ible energy drain. Inste_ad, all the energy remains in the _phor'easonable for GRBs we obtain the break energy,,
tons or electrons(positrong and, as they can both in 100 kev, which is similar to that really observed in GRB
principle participate in the acceleration cycle, may be used tQpeciral features. Within this picture, however, there is no
inject new particles for acceleration. Thus, even in the Casgimple way to explain the observed relative stabilitysgf,

7>1 the influence of the conversion losses is reduced t0 g hereas the parameters entering E8p), especially 7
decrease of the maximum attainable energy and an increagﬁay vary by orders of magnitude. ' m

in the level of synchrotron emission by increasing the num- (ke the conversion losses, the synchrotron emission is
ber of particles involved in the acceleration. not tightly related to the acceleration process as such. It may

On the contrary, the conversion losses in the proton CyClg e 5 negligible effect, especially for protons, but also may
act as a true energy sink: the energy spent for the pion praye the main energy loss channel. A detailed analysis of the
duction never comes back to the accelerated nucleons. NeH‘roperties of the accompanying synchrotron radiation is be-

trinos, e"e™ pairs, and gamma rays, which are the decay ond the scope of this paper, but we point out two distinctive

products of pions, are copiously produced as by-products &1y res.
the proton acceleration cycle. Neutrinos carry away about First, the maximum energy of synchrotron photons for the

one-half of the energy of the accelerated nucleons and, besqnyerter mechanism 2 times larger than for the standard
cause they freely escape from the acceleration site, theffe The existence of such an energy limit is easy to see for

spectrum copies that of the nucleons, but scaled down e standard mechanistfollowing the arguments of20]).

energies by about an order of magnitude. The gamma rayfe acceleration cycle in this case lasts,/c and the en-

and pairs, which carry approximately the same energy as . . . . . .
b Y app y 9y rgy increment is~e, which gives the acceleration rate

neutrinos, are reprocessed through the electromagnetic cad! . S
b g g ~eclry. The maximum admissible rate of synchrotron

cade: the photons are absorbed in two-photon pair produc- < st th that th ficle’ is limited
tion process, electrons and positrons cool in the magneticEDsses IS Just the same, so hat the particle’s energy Is fimite
y the following inequality:

field, producing synchrotron radiation, i.e., another genera-

tion of photons, etc. 4 e \2 2
The hard spectrum of primary electrons and positrons i N T <& (33
means that they form a standard cooling distribution 9\ me? mc? g

dNg/dyex ygz, and their synchrotron spectrum is a power-
law with (photor) index —3/2. The synchrotron photons Then a simple calculation yields the maximum energy of
spawn another generation of pairs, which cool to form aSynchrotron photongignoring the relativistic dipole radia-
distribution with index—5/2. The cascade comprises severaltion caused by small-scale inhomogeneities of the magnetic
steps like this, so that the photon spectrum eventually confield):
verges to a power law with index2. However, at low - .
energies the acceleration site is transparent for the photons, max € € c
and therefore pairs are not injected below some energy, 5 )No'm E) ~§mc22137mc2_ (34)
which leads to a break in the spectrum; below the break the
photon spectrum preserves its original spectral inee3(2. Doppler boosting gives an additional factbr and in a
The location of the break can be found in a self-consistenturbulent magnetic field with the spatial scale of the turbu-
way: lence less thar&'=m?c*/\/e°B® another factor {./¢%)??
2 applies.
fieB Eyr The same reasoning is valid for the converter mechanism,
8brzo'E'fmec ( om Cz) ’ B9 in which the cycle duration is=ry/c and the energy incre-
¢ ment is<I'?¢. Consequently, the analogue of Eg3) gives
wheret: is the Planck constant. The threshold photon energ I'* times larger limit for the energy of the accelerated par-
ey is defined so that the optical depth for two-photon pairticle, which translates into a factor & in the expression

production, for the energy of synchrotron photons. When the accelerated
particle enters the relativistic flow close to the limiting en-

o, ey [ 64|12 ergy, the synchrqtron emission is SO _efficient that the particle

Ty (€)= —rwﬁ<—) , (31 loses almost all its energy before it is deflected by an angle

Ta 2I"mgc™ | Eor ~1/T. Thus, the resulting synchrotron emission is beamed
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backward in the flow comoving frame. In the laboratory have I'=20—a condition satisfied by GRBs and many
frame it appears redshifted by the factarin contrast to the AGNs. Moreover, this condition is not obligatory for sources
standard mechanism, in which the synchrotron emission igihere the converter mechanism starts from preaccelerated
blueshifted in the laboratory frame by the same fadfor high-energy protons, which require only low-energy target
Thus, for an observer resting in the laboratory frame, thehotons.
maximum energy of synchrotron photons accompanying the e expect that the converter mechanism never operates
converter acceleration igrger by a factor of~T'? (recall  glone and the standard Fermi-type mechanism competes with
the difference of~T'* in the comoving framethan in the it Because the particles spend some time in the neutral state,
standard mechanism. Moreover, this highest-energy synchrgne converter mechanism has a smaller acceleration rate at
tron radiation is quasi-isotropic in the laboratory frame,|qy energies. But, close to the limiting energy,], the du-
Wh|Ch iS another diStinCtiVe feature Of the converter mecharations of the acce'eration Cyc'e in both mechanisms ap_
nism. The latter phenomenon has a nature similar to the efyrpach the same valuR/c, so that the average acceleration
fect of beam-pattern broadening for the inverse ComptoRates are roughly equal. Except for the case of acceleration in
radiation of electrons in front of a relativistic shofR1]. 5 shear flow with a chaotic ambient magnetic field, the
Generally speaking, the converter mechanism makes neutrg{echanisms have just the same absolute energy limit, i.e.,
beams of all kinds(photon, neutrino, and neutron beams jgnoring radiative losses, for the accelerated particles. How-
broader than 17, so that they can be seen even if the jet thateyer, in the converter mechanism, this energy is attained in
produced them is not pointing toward the observer. “many fewer steps, with potentially many more particles sur-
The accompanying electromagnetic emission of any oriyjying. Moreover, the particles—when converted into a neu-
gin can itself provide photons for the conversion reactionstra| state—can escape from regions located deep inside the
which may give rise to radiative instabilities analogous to therelativistic flow, which further reduces irreversible particle
instability driven by thep+y—p-+e +e" process, dis- |osses downstream. So at the highest-energy part of the dis-
cussed if22]. tribution almost all the particles are produced by the con-
verter mechanism, regardless of its performance at low ener-
gies.
VI DISCUSSION Now let us consider the phase when the produced CRs
The key parameter of the converter mechanism—thdeave the accelerator. Within the framework of the converter
probability of conversion—varies from one cycle to anothermechanism, the particles can escape in the form of a neutral
or even within cycles. It increases in the course of accelerabbeam—an easy way, which causes no problem and requires
tion (because a more energetic accelerated particle interact®thing but a sufficiently high conversion probability. In the
with less energetic and more abundant target parjides  standard scheme, the escaping particles are charged and in-
with increase of the angle between the particle’s trajectoryevitably must form an expanding turbulent outflow. This
and the velocity of the flow. The first effect is negligible for causes considerable adiabatic losses, which can hardly be
nucleon-nucleon collisions, while the second is partially orcontrolled. Another advantage of the converter mechanism is
even completely compensated by the smaller distance trawts greater tolerance for nonuniform magnetic fields, as dis-
eled at large angles. There is, however, a general trend a@fussed in Sec. lll. Since the magnetic field turbulence has a
increase of the probability of conversion toward higher en=strictly negative effect on the maximum attainable energy,
ergies of accelerated particles; this may even block furthethe converter acceleration mechanism may have a larger cut-
acceleration ifp., approaches unity. Nevertheless, with the off energy.
expansion of the flow the density of target particles drops, Unlike the standard mechanism, the converter mechanism
leading to a decrease of the probability of conversion, andh many cases does not need any special particle injection.
the acceleration resumes. By definition of the acceleration cycle, even the particles
This means that the converter mechanism is capable aksting either in the laboratory or in the flow frame serve as
self-tuning. The only thing required for this mechanism to beinjection as soon as they are converted into the neutral state.
efficient is that the probability of passing through the accel-Sometimes, however, e.g., in AGNSs, the probability of con-
eration cyclek is larger than 172 somewhere along the flow. version is too small at low energies to provide sufficient
It does not matter how large the probability is: in the caseinjection. Then the converter mechanism comes to depend on
k—1 the particles are preaccelerated in the region of highhe standard mechanism, which produces preaccelerated par-
optical thickness and then are further accelerated wben ticles (at energies=10'"° eV in the case of AGNs
wherg the flow becomes optically thin for them. Of course,  The photopionic processes in AGNs and GRBs leading to
the question of how much energy is wasted for conversiortopious production of neutral particles have been extensively
losses during this intermediate phase is open. discussed in the literature.g.,[14,23), in particular, in the
On the other hand, the conditida>1/I"? places some context of predictions of fluxes of high-energy neutrinos
restrictions on the sources where the proton cycle is readiljrom these objects. The main reasoning was that these ob-
realizable starting from thermal protons. If a source is knowrjects are postulated to be efficient sources of high-energy
to be bright at hard gamma rays, one can conclude that theéRs and they are surrounded by dense photon fields. There-
source’s compactness, calculated for the corresponding targfetre, nucleon-photon interactions may lead to detectable neu-
photons, is low, so that the probability of proton-to-neutrontrino fluxes. Our point of view is essentially different: if one
conversion ik=so,/o,~=3X 10" 3. Thus, the source should wants to accelerate CRs in these objects to the highest ener-
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gies, then the converter mechanism is likely the most effi- VIl. SUMMARY
cient way to do this, and the neutrino emission appears as a . .
In this paper we suggest and analyze a new acceleration

natural and unavoidable by-product of this mechanism. hani hich . . ) f
Further questions, absent in the test particle problem, aris@€chanism, which operates via continuous conversion of ac-

in the self-consistent approach. In particular, the convertef€lerated particles from the charged into the neutral state and
mechanism strongly alters the hydrodynamics of relativistid®@ck- The proposed converter mechanism is efficient for ac-
shocks or shear flows. We have shown that they can accelgfeleration of both protons and electrafp®sitrons. It is ca-
ate nucleons with the efficiency of energy transfer approachPable of producing the highest-energy {0° eV) cosmic
ing 100%. At such a high efficiency, almost all the availablerays in either GRB or AGN environments. With a much
energy is transferred to the end of the particle distributionJower-energy limit, the mechanism can possibly operate in
and hence the ultraenergetic particles contribute most of theicroquasars as well. In regions of high optical thickness,
inertia of the relativistic flow(shocked gas Under such cir- the converter mechanism is an efficient means of transferring
cumstances, the idea of a shock as a discontinuity becoméise kinetic energy of bulk relativistic flow to the accompa-
meaningless, since the gyroradius of the dynamically mostying radiation, which could explain, for example, the origin
important particles is comparable to the size of the system.of GRB emission. Some peculiarities of the accompanying
This limits the applicability of the test particle approach, emission can be a telltale sign of the converter mechanism.
since it is valid only for particles whose gyroradius is largerFor example, production of the highest-energy CRs should
than the width of the shock or the shear flow boundary. Ape linked with powerful neutrino emission at a level at least
similar problem exists also in the standard mechanismgomparable to the power in CRs.
which is, moreover, more sensitive to it. Indeed, in the con- Despite a certain similarity to the standddiffusive) ac-
verter mechanism an accelerated particle may cross theeleration mechanism, the converter mechanism violates
shock or the shear flow boundary while being in the neutrakome of its inherent relations. For example, the maximum
state, hence relaxing the requirements for their sharpness. particle energy attainable in the converter mechaniskts
The absence of a true shock is an obstacle for the electrafimes larger than in the standard one, provided acceleration
cycle, which would otherwise be a very efficient way of occurs in a shear flow with chaotic ambient magnetic field.
direct acceleration of electrons. When the mean free paths gf|so, the maximum energy of synchrotron photons appears
the photons and pairs are small compared to the spatial scae beI'? times larger.
of the velocity gradient, the direct acceleration of electrons Generally speaking, a beam pattern wider thah I
probably cannot rival the efficiency of production of second-characteristic of any type of accompanying emissisyn-
ary pairs via nucleon acceleration. One of the implications ighrotron radiation at the highest energies, neutrino emission
that at least in some, partiCUlarly brlght, GRBs the mainor photons from pion decayas well as for the escaping
source of the observed gamma-ray radiation is the pionneutrons. This distinctive feature of the converter mechanism

induced cascade. ~ opens interesting possibilities for observation of off-axis
Energetic neutron®r photong escape from the relativis- plazars and GRBs.

tic flow and their decay or interaction products can disturb

the ambient medium to the extent that it starts to move with
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