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The energetics of electromagnetic acceleration of ultrahigh-energy cosmi¢UBNSCRS is constrained
both by confinement of a particle within an acceleration site and by radiative energy losses of the particle in the
confining magnetic fields. We demonstrate that the detection kX 10°° eV events is inconsistent with the
hypothesis that compact cosmic accelerators with high magnetic fields can be the sources of UHECRs. This
rules out the most popular candidates, namely spinning neutron stars, active galacti¢A@dlsj. Galaxy
clusters and, perhaps, AGN radio lobes anghy burst blast waves remain the only possilaléhough not very
strong candidates for UHECR acceleration sites. Our analysis places no limit on linear accelerators. With the
data from the future Auger experiment one should be able to answer whether a conventional theory works or
some new physics is required to explain the origin of UHECRSs.
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[. INTRODUCTION which is plotted in Fig. 1 with a long-dashed line. Any as-
trophysical object to the right from this line can accelerate
The detection of ultrahigh-energy cosmic rdyiHECRS  protons to energies3x 10%° eV.
with energies above #®eV has posed a challenge to the Various energy losses, such as collisional and inverse
understanding of their origin and nature. At present, 17 suclCompton scattering in a radiation field, limit the UHECR
events were reported by the AGASA group and two eventenergy. Even in the absence of any such processes, an ener-
were observed by HiRes, energy of the of them is estimatedetic particle will still lose energy radiatively, while moving
to be ~3x10?°°eV, close to the energy of the largest through magnetic and electric fields that confine and accel-
(~3.2x10?° eV) event observed with the Fly’s Eye detector erate this particle. The radiativesynchrotron losses have
Nearly isotropic distribution on the sky and the absence obeen considered by various authpés-6], who usually esti-
large-scale clustering suggests the cosmological origin ofmated the synchrotron cooling time, but did not take into
UHECRSs. This is in apparent conflict with the observed en-account the finite size of the source self-consistefith}.
ergy spectrum that lacks the Greisen-Zatsepin-Kuzmin In this paper, we reanalyze the energetics of electromag-
(GZK) cutoff at energy~5x10*° eV [1,2] indicating that  netic acceleration to elucidate its inherent and inevitable
UHECRs have traveled the distance smaller tha®0 Mpc  limitations. The Hillas criterion, Eq(1), is shown to be often
(~20 Mpc for protons wWitlE=3x 10?0 eV). inaccurate and even misleading. We consider the most ideal-
Cosmic rays are accelerated in astrophysical sources ézed models that carry only the most robust properties of
ther by repeated scattering off of macroscopic flows, such agosmic accelerators, any details of the electromagnetic accel-
shocks, winds and outflows, turbulent flows, or directly byeration process are not important for us. Due to the simplic-
an induced electric field around a magnetized rotating objecity of the models, analytical solutions for the particle energy,
For the acceleration to operate, a particle must remain corwhich account for a source size self-consistently, were ob-
fined within the acceleration region: the gyroradius of thetained. These results represent the most reldaad, hence,
particle should not exceed the size of the systnThis sets  unavoidablg constraints on the maximum energy of an elec-

the maximum energy of the accelerated particle, tromagnetically accelerated particle. This implies that the
most favorable sources of UHECRS, such as neutron stars
Eac= Z€BR=9.3X 107°ZB Ry, €V, (1)  (NSs, active galactic nucleiAGNs), and y-ray bursts

(GRB9, cannot accelerate protons to the energs
whereZe is the charge of a particld is the characteristic x10?° eV and, hence, must be ruled out. However, our cri-
magnetic field strength in the acceleration regiongaus$,  tetion does not apply to linear acceleratéesg., axial jets
and Ry is the size in kiloparsecs. If the whole medium is [7]. The Auger experiment may be capable of ruling out the
moving relativistically with the Lorentz factdr towards an remaining candidates, radio lobes of AGNs, and galaxy clus-
observerE,..is boosted td"E,.., with B andR being mea- ters, and if it does, the whole conventional astrophysical pic-
sured in the comoving frame. Specifying the particle energyture of UHECRSs as accelerated particles must be revisited.
say E,.=3x 10 eV (the largest observédand assuming
Z~1, one obtains the magnetic field—size relati@4], . INEFFICIENT ACCELERATION
Let us consider diffusive acceleration first. This type of

*Also at the Institute for Nuclear Fusion, Russian Research Cenacceleration operates in shocksyefay bursts, galaxy clus-
ter “Kurchatov Institute,” Moscow 123182, Russia. Electronic ad- ters, jets from AGNSs interacting with the intergalactic me-
dress: medvedev@ku.edu dium and producing radio lobes, and, perhaps, in AGN cores
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FIG. 1. TheB vs R diagram for UHECR sources. The long-
dashed line is the original Hillas relation, E@.), for a proton of
energy 3<10%° eV. The short-dashed and dot-dashed lines repre-
sent the radiative cooling constraints for the diffusive and inductive
acceleration, given by Eq#&4) and(8), for the same proton energy. FIG. 2. Diagrams representing a typical system with inefficient
Note that above the dot-dashed line the force of radiative friction(diffusive) acceleration(a) and with efficient(inductive accelera-
dominates over any electromagnetic forces. The dotted and solition (b).
lines represent the boundaries of the allowed parameter regions for
3x10%° eV iron nuclei and for protons of energies<a0™’, 10, wherex is the distance along the particle trajectdfyq de-
and 3x 10°° eV, respectively. Only those astronomical objects thatnotes the radiation friction force, andimy, is the particle
fall inside the “wedges” are, in principle, capable of accelerating mass. In Eq(2), only the transverse field component enters;

the particles to such energies. The gray vertical lines mark tWQye assumed tha, ~B. The solution of this equation is
characteristic scales: the GZK attenuation distane2@ Mpc) and

the Hubble horizon size~4 Gpc). For GRBs, we took into ac-

“l_p-1,p-1
count repeated scattering off a shock only. E"=E+E ©)

cr

near the base of a jet. Let us consider a shock propagatinvéjlh(:“reEO Is the initial energy of the particle and

through a magnetized mediu(mtercluster medium, for in- 204/ r 1 4
stancg, as shown in Fig. @). The magnetic field may be ¢ :§(Ampc ) f BY(x)dx| =~2.9x 1016(A/Z) eV
inhomogeneous on a scateR. An accelerated particle gains = 2| Ze 0 ' 2Rype
energy by repeated scattering off of a shock or a flow. After (4)

every scattering, the particle travels a great distance along

the Larmor orbit until it returns and gets another kick. As For simplicity, it is assumed here tha{x) ~ const within the
long as the particle moves freely in the magnetic field, itsystem. It must be clear now that no matter how energetic the
radiates and slows down. We will see that the maximunparticle is E,— ), after traveling through a region with a
terminal energy of a particlé.e., when the particle escapes magnetic field, its energy will not exceed the critical energy
the systemE, is determined by these radiative losses, but isg .. Specifying the energf=3x10?° eV and assuming
insensitive to how large the ener@ of the particle at the  A~1, one obtains anoth&vs R constraint, shown in Fig. 1
shock front is. Therefore, we refer to this regime as “ineffi- with the short-dashed line. All astrophysical sources located

cient acceleration.” above this line hav&.<3x10?° eV and hence cannot ac-
Let us consider a particle with some initial enerBy  celerate UHECRS.
propagating through a region of sigefilled with magnetic It should be mentioned that the classical express®n
field B. The energy of the particle gradually decreases acfor the radiation friction force is valid if the wavelength of
cording to the equatiofsee Ref|8]) the emitted radiation is larger than the “classical radius” of a
charge, ¢c/wg>(Ze)?%/(Am,c?) (where wg=ZeB/Amyc),
d4E 2 7e \* that is, for the field strengths not e.xce_edir;Pgmp)20“/(2.<.a)3
——=Fpa=— = B2(x)E?, (2)  in the rest frame of a particle. This yields the condition for
dx 3\ Amyc? the particle energy
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31 able to accelerate protons to energies above a few times of
) g =1.9% 10%%A/Z)°B~t eV, (5) 10%eV[10].

In the previous sections, we demonstrated that the energy
which is satisfied foE<10?! eV for practically all sources. ©f @ particle confined by magnetic fields within an accelera-
tion site is determined by its radiative losses. We now discuss
the constraints oB andR given by Eqs(1), (4), and(8) and
plotted in Fig. 1.

First, the constraint8) shown with the dot-dashed line is
he most stringent. It shows that protons cannot be acceler-
ted electromagnetically at the sources that lie above this
ne. Equation(8) also holds for heaviefe.g., iron nuclei.
ﬂénce, compact stars, AGN cores, and GRB shdeksept
yduring the late afterglow phase and only if strong turbulence
is present far behind the shock, see Héf7]) are readily
ruled out from the list of possible sources of ultrahigh-energy
protons and nuclei. Note that GRBs are far beyond the GZK
distance.

Second, the remaining candidates, i.e., the radio lobes and
alaxy clusters, may accelerate particles only via the diffu-
ve mechanism, hence E@) is appropriate. This equation
Bgether with Eq.(1) specifies the allowed-R parameter
region. In the figure, the dotted line corresponds to iron nu-
clei with energy 3 10°° eV and the solid lines correspond to

2
Ampc
Ze

E<

IIl. EFFICIENT ACCELERATION

Let us now consider “cosmic inductors” where particles
are accelerated by electric fields induced by rapid rotation o
a magnetized object. Acceleration of this type should occuy;
in neutron star magnetospheres and around accreting sup
massive black holes in the centers of AGNs. We naturall
assume that the magnetic field has a diptara multipolay
structure, hence field lines are bent on a seak, as shown
in Fig. 2(b). Because of rapid rotation, there is an induced
electric fieldE;,q=|vx B|/c which accelerates a particle. The
maximum value ofg;.4 is achieved near the light cylinder
[15] where it is equal toE;,g=B. The particle in such a
system gains energy rapidly, within one passage through t
system. Hence, one must retain the electromagnetic accele[
ating forceFgy=2eE,q=ZeB in the energy equatiofR).
Then it reads

dE ) o |4 protons with three energies: X3107°, 10?2 and 3
——~ZeB- _< ) 2p2 (6) < 10%°eV. One can see that the AGN radio lobes are atmost
dx 3 Ampc2 marginally consistent with being the sources of the highest-

o _ energy cosmic rays. Moreover, only a handful of such
For a small initial energy of an accelerated particl, (  sources are relatively nearlg.g., M87, Cem, NCG 315,
<Eace Ecr), the solution of this equation takes a simple andbut their angular distribution is completely uncorrelated with

appropriate form the nearly isotropic distribution arrival directions of UHE-
CRs. Shocks in galaxy clusters can be such sources accord-
E= VEacEcrtanhVEqe/ Er, () ing to Fig. 1. It has been argued from a more detailed analy-

sis of shock acceleration, however, that they are not able to
accelerate protons above6x 10*° eV [10]. Overall, large
objects are more preferable candidates for the highest-energy
cosmic ray sources, both due to the larger terminal energy of
an accelerated particle and the larger energy reservoir avail-
able, see Fig. 5 in the paper by Kronbé¢id|.

Equation (1) together with Eq.(4) or (8) puts a lower
Epound[16] on the size and magnetic field of the accelerating

whereE is the terminal energy of the particle. The solution
has two obvious asymptotics. E,.<E. one recovers the
Hillas constrain{4] E=E,..[Eq. (1)], whereas in the oppo-
site limit one has

Ema= VEacEo=1.3X 10?°A%2Z2~%28~12 gy, (§)

This equation, in fact, follows from the balance between th

acceleration and radiative loss€Sgy=F.4, in EqQ. (6). source:

Hence, we refer to this regime as “efficient acceleration.” .

Acceleration above this energy is impossible because at R=6.0x10 °E5,Z?A™* kpc,

larger energies, radiative friction begins to dominate over 9
electromagnetic acceleration. This constraint By.,=3 le.?E%OZ’sA“ gauss,

x10%% eV is plotted in Fig. 1 with a dot-dashed line. No

objects above this line can accelerate cosmic rays to this 0 o .
energy. where E,o=E/10?° eV. This is quite a remarkable result

since it sets the absolute limit d& independent of the field
strength. Now, two special cases follow. First, the sike
exceeds the GZK distance20 Mpc when the energy of the
The conventional astronomical picture for the origin of proton is larger tharEgzc~7%x 10?2 eV. That is, such an
these cosmic rays is the acceleration of charged particlegnergetic proton will lose its energy through the interaction
e.g., protons or heavier atomic nuclei, in extragalactic obwith 2.7-K background radiation right at the acceleration
jects[4,9]. There are only a few types of such objects. Thesite. Hence, it is unlikely that protons may be accelerated to
most favorable are NSs and magnetars central regions dfie energies abovEg,. Second, above the enerdsy,,,
AGNs, AGN radio lobes, and GRB shocks. It is unlikely that ~4x 10?° eV, the size of the accelerator exceeds the size of
shocks in galaxy clusters are the UHECR sources becaugke universe. Thuss,, is the ultimate upper bound on the
they are too far, beyond the GZK distance, and they are nanergy of electromagnetically accelerated protons. Note that

IV. DISCUSSION
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this energy limit is below the energy of primary protons pected to be recorded. Extrapolating the present AGASA
(~10**eV) in the most popularamong other models spectrum, one can then expect a few events near or above

[12,13) Z-burst model.

10°' eV to be recorded, which may be enough to exclude

To conclude, we arrived at an interesting result. Practitadio lobes from UHECR sources. Should this happen, a
cally, all known astronomical sources are not able to produceonsiderable revision of the current astrophysical picture will

cosmic rays with energies near few times of%6V. There

is not too much room left for the conventional electromag-
netic (in a broad sengeacceleration. Pushing observations

be inevitable.
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