
Abstract. We review basic constraints on the acceleration of
ultra-high-energy (UHE) cosmic rays (CRs) in astrophysical
sources, namely, the geometric (Hillas) criterion and the re-
strictions from radiation losses in different acceleration re-
gimes. Using the latest available astrophysical data, we
redraw the Hillas plot and find potential UHECR accelera-
tors. For the acceleration in the central engines of active galac-
tic nuclei, we constrain the maximal UHECR energy for a given
black hole mass. Among active galaxies, only the most powerful
ones, radio galaxies and blazars, are able to accelerate protons
to UHE, although acceleration of heavier nuclei is possible in
much more abundant lower-power Seyfert galaxies.

1. Introduction

The origin of ultra-high-energy (UHE; energy E5 1019 eV)
cosmic rays (CRs) remains unknown despite decades of
intense studies (see, e.g., Ref. [1] for a comprehensive review
and Ref. [2] for a recent pedagogical introduction). Recent
studies, notably the observation of the Greisen±Zatsepin±
Kuzmin [3, 4] cutoff by the HiRes experiment [5], further

supported by the results of the Pierre Auger observatory
(PAO) [6], suggest that at least a large fraction of UHECRs is
accelerated in cosmologically distant astrophysical sources.
The birth of (scientific) UHECR astronomy, however, awaits
our firm understanding of the energies and primary composi-
tion of the observed cosmic rays, as well as identification of at
least one astrophysical object where these particles are
accelerated.

Given experimental ambiguities, it is important to under-
stand theoretically which astrophysical objects may serve as
UHECR accelerators. It was realized long ago that UHECR
sources should be distinguished objects with extreme physical
conditions. One simple criterion is geometric in nature: a
particle should not leave the accelerator before it gains the
required energy. Presumably, the particle is accelerated by
the electric field and confined by the magnetic field; then
the geometrical criterion is expressed in terms of the particle
Larmor radius, which should not exceed the linear size of
the accelerator (see, e.g., Ref. [7]). In the context of
UHECRs, this condition is recognized as the Hillas criter-
ion [8] and is often presented graphically in terms of the
Hillas plot, where the accelerator size R and the magnetic
field B are plotted. We note that even quite recent reviews
use either cut-and-pasted or slightly refurbished versions of
the original 25-year-old plot. However, astrophysics has
experienced enormous progress, if not a revolution, during
this time. One of the aims of this study is to give an updated
version of the Hillas plot with references to either measure-
ments (whenever possible) or estimates of the magnetic fields
and sizes of potential astrophysical accelerators. The most
important update corresponds to a wide variety of active
galaxies whose sizes and magnetic fields differ by many
orders of magnitude from one object to another, and hence
some of them may, although most may not, accelerate
particles to UHE.
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Another restriction on cosmic-ray accelerators is posed by
the radiation losses, which inevitably accompany the accel-
eration of a charged particle. The corresponding constraints
were studied, in particular, in Refs [8±11]. The radiation
losses depend on the particular field configuration, and the
maximal achievable energy of a particle in the loss-limited
regime depends on the acceleration mechanism. Restricting
oneself to particular mechanisms or particular field config-
urations may lead to contradictory results (cf. Refs [10, 11]).
In this work, we review the radiation-loss constraints in
different cases; they further limit the acceptable region on
the updated Hillas plot. One of possible applications of these
general constraints is the study of active galaxies correlated
with the Auger events [12].

It should always be kept in mind that even if both
geometric and radiation constraints are satisfied, they do
not yet guarantee particle acceleration to the corresponding
energy. Each particular source should be discussed in the
context of the acceleration mechanism operating there.

The rest of the paper is organized as follows. In Section 2,
we review constraints on potential UHE accelerators, that is,
the model-independent Hillas geometric constraint and
limitations due to radiation losses for particular acceleration
mechanisms. In Section 3, we use modern astrophysical data
and redraw the Hillas plot supplemented by radiation-loss
constraints. Our results are summarized and discussed in
Section 4, and brief conclusions are given in Section 5.
Appendix 6 contains derivations of some formulas.

2. General constraints from geometry
and radiation

An accelerator of UHECR particles should satisfy the
following criteria.
� Geometry: an accelerated particle should be kept inside

the source while being accelerated.
� Power: the source should have the required amount of

energy to transfer it to accelerated particles.
� Radiation losses: the energy lost by a particle to

radiation in the accelerating field should not exceed the
energy gain.
� Interaction losses: the energy lost by a particle in

interactions with other particles should not exceed the energy
gain.
� Emissivity: the total number (density) and power of

sources should be able to provide the observed UHECR flux.
� Accompanying radiation of photons, neutrinos, and low-

energy cosmic rays should not exceed the observed fluxes,
either for a given source or for the diffuse background (in
particular, the ensemble of sources should reproduce the
observed cosmic-ray spectrum).1

Our primary concern in this paper is geometric and
radiation-loss constraints (others are briefly quoted when
relevant); both restrict the magnetic field and the size of the
accelerator and can be graphically represented on the Hillas
plot.

2.1 The Hillas criterion
The Larmor radius RL of a particle does not exceed the
accelerator size, otherwise the particle escapes the accelerator

and cannot gain further energy. This Hillas criterion sets the
limit

E4 EH � qBR �1�
for the energy E gained by a particle with charge q in the
region of size R with the magnetic field B.

2.2 Radiation losses
While Eqn (1) is a necessary limit, more stringent ones may
arise from the energy losses: the maximal energy Eloss that a
particle can acquire in an infinite-size accelerator is deter-
mined by the condition

dE ���
dt
� ÿ dE �ÿ�

dt
; �2�

where the energy gain rate in the effective electric fieldE � ZB
is (in the system of units where c � 1, which we use
throughout the paper)

dE ���
dt
� qZB : �3�

While keeping it explicit in the equations, we set the efficiency
coefficient Z equal to unity in the figures to obtain conserva-
tive (optimistic) limits for a given magnetic field: the electric
fields in astrophysical objects are much less studied observa-
tionally compared to the magnetic ones, but it is always
expected that E5B. Depending on the particular conditions
in the accelerator, the maximal energy Emax of a particle is
limited by either geometrical or energy-loss arguments:

Emax � minfEH; Elossg:

The general expression for total radiation losses for a particle
with a velocity vmoving in arbitrary electricE andmagneticB
fields is given by (see, e.g., Ref. [14])

ÿ dE �ÿ�
dt
� 2

3

q 4

m 4
E 2
h
�E� v� B�2 ÿ �E v�2

i
; �4�

where q and m are the particle charge and mass. Using
relativistic equations of motion, we can conveniently rewrite
Eqn (4) as [15]

ÿ dE �ÿ�
dt
� 2

3

q 2

m 2 �1ÿ v 2�
h
F 2 ÿ ÿF v

�2i
:

The forceF acting on the particle is further decomposed as
F � Fk � F?, where we define the parallel Fjj and perpendi-
cular F? components with respect to v, and hence F? v � 0.
Then

ÿ dE �ÿ�
dt
� 2

3

q 2

m 2�1ÿ v 2�
h
F 2
? � F 2

k �1ÿ v 2�
i
: �5�

It is apparent that the second term (the so-called curvature
radiation) is suppressed compared with the first one
(synchrotron radiation) by an extra power of �1ÿ v 2� and
can therefore be neglected in the ultrarelativistic regime unless
the synchrotron term is zero or very small itself. The
synchrotron losses are dominant for any generic field
configuration; however, in the very special regime vkEkB
they vanish, and the losses are then determined by the
curvature radiation.

1 We note that the spectrum of cosmic rays accelerated in a particular

source may be very different from the spectrum observed on Earth

(cf. Ref. [13]).
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2.3 Different acceleration regimes
Depending on the acceleration scenario, we consider diffusive
(stochastic) and inductive (one-shot, or direct) mechanisms
(see, e.g., Ref. [8] for a general discussion of these two
approaches to UHECR acceleration).

The prime examples of diffusive processes are the Fermi
first-order [16] and second-order (e.g., shock [17]) accelera-
tion. Other possibilities include interaction with a medium by
crossing an interface of layers with different velocities [18],
and even transformation of a particle into a different one [19].
A recent review andmore references can be found in Ref. [20].

In inductive mechanisms, the particle is accelerated
continuously by a large-scale electric field and then leaves
the accelerator. Strong ordered fields on relatively large scales
are required; example scenarios are given, e.g., in Refs [21±
25]. For our purposes, it is convenient to separate the
inductive±acceleration scenarios into two groups, depending
on whether the configuration of the accelerating field
corresponds to losses mainly due to synchrotron radiation
(e.g., large-scale jets [21]) or curvature (neutron stars [22] and
black holes [23±25]).

2.3.1 Diffusive acceleration. The losses in this regime are the
most serious. This scenario cannot be realized in strongly
ordered field configurations with vjjEjjB; therefore, the losses
are determined by the synchrotron limit,

ÿ dE �ÿ�
dt
� 2

3

q 2

R 2
L

� E
m

�4

� 2

3

q 4

m 4
E 2B 2 : �6�

This regime has been studied in Ref. [11], where it was shown
(see Appendix A.2) that the maximal energy is limited by

Ed ' 3

2

m 4

q 4
Bÿ2Rÿ1 : �7�

Diffusive mechanisms are quite generic and may work in any
realistic environment that can host, for instance, a shock
wave. Equation (7) does not rely on a particular acceleration
mechanism and gives a (hardly reachable) upper limit for the
maximal energy.

2.3.2One-shot acceleration with synchrotron-dominated losses.
In this regime, the energy loss rate is given by Eqn (6) and,
with Eqn (3), formula (2) results in the maximum energy

Es �
���
3

2

r
m 2

q 3=2
Bÿ1=2Z1=2 : �8�

This acceleration mechanism requires ordered fields
throughout the acceleration site; its practical realization for
UHECRsmaywork in the jets of powerful active galaxies [21].

2.3.3 One-shot acceleration with curvature-dominated losses.
The energy loss rate is determined by (see Appendix A.1)

ÿ dE �ÿ�
dt
� 2

3

q 2

r 2

� E
m

�4

; �9�

where r is the curvature radius of field lines, which is supposed
to be of the order of the accelerator size, and Eqn (2) results in
the maximum energy

Ec �
�
3

2

�1=4
m

q 1=4
B 1=4R 1=2Z 1=4 : �10�

This mechanism requires ordered fields of very specific
configurations, which, however, may be present in the
immediate vicinity of neutron stars and black holes [22±25].

2.4 Summary of results for the maximum energy
We summarize the expressions for the maximum energy Emax

(in the comoving frame) attainable by a nucleus with atomic
numberZ andmassA in an accelerator of sizeR filled with the
magnetic field B, for different acceleration regimes:

Emax�B;R� � EH�B;R�; B4B0�R�,
Eloss�B;R�; B > B0�R�,

�

where

B0�R� � 3:16� 10ÿ3 �G � A
4=3

Z 5=3

�
R

1 kpc

�ÿ2=3
;

is determined from Eqns (1) and (7), (8), or (10) by requiring
EH�B;R� � Eloss�B;R�; the Hillas constraint is

EH�B;R� � 9:25� 1023 �eV� Z
�

R

1 kpc

��
B

1G

�
;

and the radiation-loss constraints are

Eloss�B;R� � Ed�B;R�

� 2:91� 1016 �eV� A
4

Z 4

�
R

1 kpc

�ÿ1�
B

1G

�ÿ2
for diffusive acceleration,

Eloss�B;R�� Es�B;R��1:64� 1020 �eV� A 2

Z 3=2

�
B

1G

�ÿ1=2
for inductive acceleration with synchrotron-dominated
losses, and

Eloss�B;R� � Ec�B;R�

�1:23� 1022 �eV� A

Z 1=4

�
R

1 kpc

�1=2�
B

1G

�1=4

for inductive acceleration with curvature-dominated losses.
Applications to particular objects and graphical representa-
tions of the constraints are given in Section 4 (Figs 8±12 in
particular).

We note that the critical value B0�R� at which
EH�B;R� � Eloss�B;R� is the same for all three acceleration
regimes: in this case, the Larmor radius RL and the size of the
accelerator R are equal; within our approximation, they also
coincide with the curvature radius r of the field lines.
Therefore, the diffusive acceleration regime merges with the
one-shot acceleration because the particle interacts with the
shock wave only once in this limit case; moreover, Eqns (6)
and (9) coincide and the two regimes of inductive acceleration
result in similar losses.

3. Magnetic fields in particular sources

Anumber of astrophysical sources have been proposed where
acceleration of cosmic rays to the highest energies can occur
(see, e.g., Refs [26, 27] for reviews and a summary). In this
section, we review experimental information on their mag-
netic fields in order to put them in their proper places on the
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Hillas plot. General methods of astrophysical magnetic-field
studies are discussed, inter alia, in Refs [28, 29]; however, a
much wider variety of them is used for studies of individual
sources.

3.1 Neutron stars, pulsars, and magnetars
Neutron stars host the strongest known magnetic fields in
the Universe. In particular, magnetars (including anomalous
X-ray pulsars) may have kilometer-scale fields B01014 G,
while normal neutron stars have B � �1011ÿ1012� G. Obser-
vational evidence for these high fields is discussed in
Section 6.3 in Ref. [30]. We also note a direct (although
not widely accepted) observational method to measure B in
neutron stars: the observation of spectral lines giving
evidence of resonant Compton scattering at the cyclotron
frequency in high-field media (see Ref. [31] for normal
neutron stars and Ref. [32] for anomalous X-ray pulsars).

3.2 Active galaxies
For the purposes of the present study, we use a simplified
classification of active galaxies (see textbooks [33, 34] and, for
a more detailed discussion, Ref. [35]). Clearly, there are many
intermediate states and peculiar objects that do not fit this
classification well; while they should be studied individually if
suspected to be UHECR sources, their relevant parameters
(sizes and magnetic fields) are expected to be interpolated
between those of better classified active galaxies.

Seyfert galaxies: spiral galaxies with bright emission-line
nuclei; radio-weak; they do not have large-scale relativistic
jets and often exhibit starburst activity.

Radio galaxies: radio-loud elliptical galaxies with relati-
vistic jets. According to Ref. [36], they are classified into two
luminosity classes: FR I (less powerful; jets brighter towards
the core; jets may be curved) and FR II (more powerful;
straight jets brighter at the hot spots at their end points).

Blazars: (almost) point-like objects with a nonthermal
spectrum; strongly variable; similar in total power to radio
galaxies; may be associated with radio galaxies whose jets are
pointed towards the observer. They may be divided into BL
Lac type objects (relatively low power; no emission lines;
possible counterparts of FR I radio galaxies) and optically
violent variable quasars (extremely powerful; may have
emission lines; possible counterparts of FR II).

Low-power active galaxies (Seyferts) are much more
abundant than radio galaxies and blazars.

Possible acceleration sites in active galaxies include both
the central engine (immediate vicinity of the black hole and
the accretion disk) and extended structures (jets, lobes, hot
spots, and jet knots). We discuss the black-hole environment
and extended structures separately because of the very
different conditions for particle acceleration. We note that
the term `active galactic nucleus' (AGN) is often used to
describe a region much larger than just the black hole and its
accretion disc, and often includes inner jets (or sometimes
even larger structures), which we consider separately.

3.2.1 Supermassive black holes and their environment. Mea-
surements of magnetic fields in the central regions of galaxies
have been performed by means of the following methods (see
Fig. 1 for particular results).

1. Synchrotron self-absorption. Under certain conditions,
the low-energy cutoff in the spectrum of a compact source
may be detected and its shapemay be proved to correspond to
the absorption of synchrotron photons on themselves. If this

is the case, then themagnetic éeld strengthmay be determined
by means of the Slysh formula [45] or its modiécations. The
method works best for strong radio sources with resolved
nuclear components [41ë44].

2. Polarimetry. Measurements of the Faraday rotation
and of resulting depolarization give estimates of the magnetic
field if the plasma density is known from independent
observations [40].

3.Zeeman effect in megamasers.Megamasers are compact
sources of coherent radiation in molecular clouds inside or
around the accretion disk. The current precision allows
putting very stringent constraints on the magnetic fields in
these regions from nonobservation of the Zeeman splitting in
megamasers in nearby Seyfert galaxies [37±39].

4. The ironKa line.Measurements of the width and shape
of this X-ray line may provide important information about
circumnuclear dynamics; in particular, it can be used to
estimate the magnetic field, although present constraints are
quite weak [46]. But all these direct measurements cannot
probe the most interesting region in the immediate vicinity of
the central black hole, a few Schwarzschield radii (RS) from
the center. This region is particularly important because
theoretically motivated configurations of electric and mag-
netic fields may allow the negligible synchrotron radiation of
accelerated particles and thus for (relatively weak) curvature-
dominated radiation losses. Our lack of understanding of the
field structure in the accretion disk is transformed into
uncertainties in the inferred magnetic fields BBH at the black
hole horizon (see, e.g., Ref. [47] for a summary ofmodels used
for this extrapolation). Direct estimates of BBH are therefore
not only scarce but also model dependent.

On the other hand, the parameters of the environment of a
black hole, and in particular the value of BBH, depend
strongly on the black hole mass MBH. A conservative upper
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Figure 1.The size-field diagram for central regions of active galactic nuclei.

Grey colors (square and arrows) correspond to Seyfert galaxies, error-bar

lines marked I correspond to FRI radio galaxies, error-bar lines marked II

correspond to FRII radio galaxies and quasars. Arrows: upper limits from

the Zeeman splitting in megamasers (light grey, Ref. [37]; medium grey,

Ref. [38]; dark grey, Ref. [39]). Dark (I) vertical error bar: Faraday

rotation measurements, Ref. [40]. The grey box [41], light (I) vertical [42],

dark (II) [43], and diagonal (I and II) [44] error bars correspond to the

measurements by the synchrotron self-absorbtion method. The allowed

region for acceleration of 1020 eV protons is located between thick red

lines H and S (the lower line, H, corresponds to the Hillas limit; the upper

one, S, corresponds to the radiation-loss limit for one-shot acceleration

with synchrotron-dominated losses).
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limit onBBH follows from the condition that the maximal rate
of extraction of the rotational energy of a black hole does not
exceed the Eddington luminosity [48] (see Ref. [49] for a
detailed discussion),

BBH93:2� 108
�
MBH

M�

�ÿ1=2
G: �11�

Quite old but popular models estimate theMBH±BBH relation
from the pressure balance (radiation pressure equals the
magnetic viscosity pressure) [50, 51]:

BBH � 108
�
MBH

M�

�ÿ1=2
G: �12�

An efficient method to constrain the relation between MBH

and BBH was found in Ref. [52] in the framework of a
particular (not generally accepted) theoretical model in
which both MBH and BBH are related to the observable
luminosity at 5100 A

�
. This gives somewhat lower values of

BBH than Eqn (12); the best fit is

log

�
BBH

1G

�
��9:26� 0:39� ÿ �0:81� 0:05� log

�
MBH

M�

�
;

�13�

where we took the central values of the coefficients from
Ref. [52] and estimated the error bars based on the data in that
paper. In two cases where rather firm andmodel-independent
values of BBH can be inferred from the observations
(synchrotron self-absorption measured at different radii
down to 0.1 pc and extrapolated to RS, Ref. [44]), we
estimated the corresponding MBH and found that both
values are in good agreement with Eqn (13), although the
precision is quite low.

Estimates of BBH versus MBH are summarized in Fig. 2.
We use the upper limit, Eqn (11), to estimate BBH for a given
MBH; we note, however, that realistic values of BBH are 1±2
orders of magnitude lower. For curvature-dominated radia-
tion losses, higher B always results in higher Emax, and hence
this assumption is conservative for our purposes.

The sizeR of the potential acceleration region (that is, the
region occupied by E jjB fields suitable for curvature-
dominated losses) is of the order of RS; therefore, both R
and B are governed by a single parameterMBH, and hence we
can express the maximum energy through MBH using the
results in Section 2.4. Assuming that

R � 5RS � 5� 10ÿ5
MBH

108M�
pc ; �14�

we find that for any reasonableMBH (ranging from� 106M�
for normal galaxies through �107ÿ108�M� for Seyfert
galaxies to �109ÿ1010�M� for powerful radio galaxies and
quasars), the maximum energy is determined by radiation
losses rather than by the Hillas condition and is given by

Emax � Ec ' 3:7� 1019
A

Z 1=4

�
MBH

108M�

�3=8

eV: �15�

This general constraint is presented in Fig. 3 for different
nuclei �A;Z �; for comparison, results of numerical simula-
tions of particle acceleration near a supermassive black
hole [25] are also plotted.

In a way similar to other observational manifestations of
supermassive black holes, the details of both cosmic ray
acceleration and radiation losses may depend on the accre-
tion rate, accretion mode, environment, and so on. However,
we are interested here in the upper limit on the maximum
attainable energy of a cosmic-ray particle, which is deter-
mined byMBH, as we have just demonstrated.

3.2.2 Jets and outflows of active galaxies. Active galactic
nuclei fuel large-scale (from subparsec to megaparsec
length) relatively extended linear jets. Revolutionary pro-
gress in the angular resolution of radio (sub-milliarcsecond)
and X-ray (sub-arcsecond) imaging allowed detailed studies
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Figure 2. Magnetic field BBH at the black hole horizon versus the black
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(marked [52]) represents their best fit, Eqn (13). The two points with error

bars correspond to experimental estimates of BBH in Ref. [44], using the

synchrotron self-absobtion method (MBH estimated by us using the stellar

velocity dispersion from HyperLEDA [53] (thick error bars, FRI radio
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Fe

C

p

22

21

20

19

6 7 8 9 10

log(MBH=M�)

lo
g
(E

m
a
x
[e
V
])

Figure 3. Upper limit on the maximal attainable energy of protons (solid

line), carbon nuclei (dotted line), and iron nuclei (dashed line) for

acceleration with curvature-dominated losses near a supermassive black

hole, Eqn (15). Themaximum energy obtained in numerical simulations in

a particular mechanism [25] is shown by boxes (protons) and stars (iron

nuclei); these data were obtained from Figs 5 and 10 in Ref. [25] and

Eqn (11) in this paper.

July 2010 Physical conditions in potential accelerators of ultra-high-energy cosmic rays: updated Hillas plot and radiation-loss constraints 695



and modeling of physical conditions in jets. We briefly review
the basics of the current understanding of jet properties
following Refs [55, 56].

Seyfert galaxies have extended structures, which are often
noncollimated (with the opening angle 45� or more) and are
nonrelativistic; they are sometimes referred to as `outflows,'
with the term `jets' reserved to strongly collimated relativistic
flows. X-ray emission from these outflows, when present, is
well described by thermal radiation (sometimes associated
with star-forming regions in the outflow [57]).

Relativistic jets reveal themselves in nonthermal X-ray
emission that is now being studied in great detail. The jets are
spatially resolved into components; in nearby jets (Cen A),
the inner and outer layers and bright knots are resolved. It is
often assumed that all jets are fueled by the central black hole;
the energy flux is dominated by the magnetic field energy at
sub-parsec scales but becomes particle-dominated at parsec
scales. The emission of low-luminosity sources (FR I radio
galaxies and BL Lacs) is adequately described by the
synchrotron models in the range from the radio to the X-ray
band; their jets are decelerated by the entrainment of gas and
eventually dissipate. High-power FR II and quasar jets bring
their energy flux directly to their terminal hot spots and
require an additional (e.g., Compton) component to describe
their spectra. Comparison of radio and X-ray observations
gives rather firm evidence of the origin of the emission of FR I
jets from accelerated particles and of the acceleration of these
particles, not only in a finite number of shocks but also by
means of some distributed mechanism along the jet [58, 59].
Quite rarely, relativistic jets are present in exceptionally
powerful Seyfert galaxies; in these cases, they have properties
very similar to FR I jets [56]. Models of multifrequency
spectra allow constraining the magnetic field, the key
parameter of synchrotron radiation. The estimates also
depend on the electron density; degeneracy is often removed
either by the equipartition assumption or by a simultaneous
measurement of the self-Compton component, when applic-
able. When error bars are given, they include the correspond-
ing uncertainties. Some of these estimates [56, 60±63] are

presented in Fig. 4. In some cases, the existence of ordered
fields in jets has been proved, and therefore inductive
acceleration may be possible (see, e.g., Ref. [21]).

3.2.3 Jet knots, hot spots, and lobes of powerful active galaxies.
When a relativistic jet is present, it may be accompanied by
internal shock regions (knots), terminal shock regions (hot
spots), and extended regions in the intergalactic space fueled
by the jet after its termination (lobes). These regions are
typically absent in low-power active galaxies (Seyfert
galaxies): knots are observed mostly in jets of FR I radio
galaxies and quasars, lobes are typical for radio galaxies, and
hot spots are present in the most powerful FR II radio
galaxies and quasars. Magnetic fields can be determined
either by X-ray synchrotron observations alone (assuming
equipartition) or by combined multifrequency observations
of both synchrotron and Compton radiation (allowing the
relaxation of the equipartition assumption, which a posteriori
turns out to be a good approximation; see, e.g., Ref. [64]). 2 A
summary of the measurements in [66±68] is given in Fig. 5.

3.3 Star formation regions and starburst galaxies
Measurements of the magnetic field in galactic star-forming
regions have become possible with the Zeeman splitting in
masers in circumstellar disks [69±72] and infrared imaging
polarimetry [73]. Although these regions in our Galaxy have
never been considered as possible sites of UHECR accelera-
tion, thesemeasurementsmay give some hints about the fields
in larger star-forming regions in starburst galaxies, where
particles could be accelerated to very high energies, for
example, in shocks from subsequent supernova bursts [74];
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grey diagonal). The blue box corresponds to an FR I radio galaxy [62];

green triangles represent quasar jets [63]. The allowed region for accelera-

tion of 1020 eV protons is located between the thick red lines H and S (the

lower line, H, corresponds to the Hillas limit; the upper, S, corresponds to

the radiation-loss limit for inductive acceleration with synchrotron-

dominated losses).

2 An interesting approach to the determination of the magnetic field in a

knot in M87 [65] exploits the energy dependence of the energy loss rate,

assuming it is synchrotron dominated. The resulting field � 0:6 mG is in

good agreement with equipartition-based estimates.
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the Hillas limit; the upper, D, corresponds to the radiation loss limit for

diffusive acceleration).
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magnetic fields in these extragalactic sites are measured
indirectly. A summary of measurements is given in Fig. 6; a
number of arguments in favor of higher (equipartition) fields
in starburst galaxies were presented in Ref. [75], while
continuity with the galactic measurements (see Fig. 6) may
support lower (minimal-energy) estimates.

3.4 Gamma-ray bursts
Estimates of the magnetic field in gamma-ray bursts (GRBs)
[76] assume that the origin of both prompt and afterglow
emissions in a certain part of the spectrum is the synchrotron
radiation of relativistic electrons. This assumption is sup-
ported by measurements of the afterglow spectra and light
curves and by observation of the strongly polarized prompt
emission (see Ref. [76] for a discussion and references). The
values B � 106 G for R � 1013ÿ1015 cm (prompt emission)
and B � 1 G for R � 1016ÿ1018 cm (afterglow) are given in
Ref. [76] (we assume that the estimates correspond to the
observer rest frame). Another, somewhat higher, field
estimate can be obtained following Ref. [10] (see also
Ref. [77]) from the total luminosity of a GRB, assuming that
the magnetic field energy Em is a fraction Em < 1 of the
radiation energy Erad. However, this estimate depends
strongly on the assumed beaming.

Within the scope of this paper, we can estimate the
maximum energy Emax of accelerated particles in the comov-
ing frame following the equations in Section 2.4 for shock
(diffusive) acceleration. But the GRB shells are ultrarelati-
vistic (G � 100; see, e.g., Ref. [78]) and we have to multiply
the comoving-frame Emax by G to obtain the maximum rest-
frame energy. The results are presented in Fig. 7, which, in the
GRB case, is more instructive than the summary plots in
Section 4. We note that at large G, the maximum energy may
be limited by interactions with the thermal photon field (not
taken into account in the present work) and decreases as Gÿ1

for large G [10].

3.5 Galaxy clusters, superclusters, and voids
Information about cluster magnetic fields comes mostly from
observations of their extended radio, and sometimes X-ray,
emission. These observations are reviewed, inter alia, in
Refs [28, 79, 80], where more references to original work can
be found. Estimates based on equipartition (see, e.g., Refs [81,
82]), as well as those assuming Compton scattering on CMB
photons, favor values B � 0:1ÿ1 mG at megaparsec scales;
Faraday rotation measurements (see Refs [83±85]) favor
somewhat higher fields, B � 1ÿ5 mG. Model-dependent
numerical simulations remain the main source of informa-
tion about magnetic fields at supercluster scales
(R � 100 Mpc), especially in voids. Estimates range between
B � 10ÿ11 G [86] and B � 10ÿ8 G [87].

4. Summary and discussion

Based on the data collected in Section 3 and on the limits on
the maximum energy in Section 2.4, we here redraw the Hillas
plot supplemented by radiation-loss constraints. Figures 8±10
give constraints for particular acceleration regimes, while
Figs 11 and 12 represent our updated summary Hillas plots.

The weakest possible constraints (for inductive accelera-
tion with curvature-dominated losses) are presented in Fig. 8.
Constraints for inductive acceleration with synchrotron-
dominated losses, applicable mostly to inner and outer jets
of active galaxies, are given in Fig. 9, while constraints on the
most general diffusive acceleration are presented in Fig. 10.
Figure 11 represents our version of the Hillas plot with
constraints for 1020 eV protons. Figure 12 is the same plot
but for 1020 eV iron nuclei.

Constraints on neutron stars follow fromSection 3.5; even
for the least restrictive acceleration regime, they are not
satisfied for UHE particles. In active galaxies, various
acceleration regimes may operate. In the immediate vicinity
of the central black hole (up to a few RS), the field
configuration allows the inductive acceleration with curva-
ture-dominated losses. These regions are indicated with `BH'
in Figs 8, 11, and 12; the parameters correspond to Eqns (14)
and (11). The latter is an upper limit on the field, and we
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Figure 6. The size-field diagram for galactic star-forming regions
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Ref. [69]; short vertical, Ref. [70]; horizontal, Ref. [71]; dashed vertical,

Ref. [72]). Black dots represent results of submillimeter imaging polari-

metry of Ref. [73]. Data for normal (empty squares), starburst (triangles),
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black symbols correspond to the minimal-energy field estimates while grey

symbols correspond to equipartition field estimates. The allowed region

for acceleration of 1020 eV protons is located between thick red linesH and

D (the lower line, H, corresponds to the Hillas limit; the upper one, D,

corresponds to the radiation-loss limit for diffusive acceleration).
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G � 500, thick lines assume G � 50, and thin lines assume G � 1.
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therefore extend the boxes two orders ofmagnitude lower inB
(cf. Fig. 2). Beyond the range of a few RS, the EkB field
structure no longer holds, but coherent fields may still be
present in inner jets. For these central parsecs of AGN
(indicated with `AD' in Figs 9±12), we use the field estimates
from Fig. 1. For the extended parts of active galaxies (jets, jet
knots, hot spots, and lobes), we use field estimates summar-
ized in Figs 4 and 5. The summary boxes for starburst galaxies
include both equipartition and minimum-energy estimates
(Fig. 6). For GRB, the summary plots present synchrotron-
based estimates for both inner and outer shocks (see Fig. 7
for a more instructive plot). Field estimates for clusters,
superclusters, and voids follow Section 3.5.

The constraints discussed here and expressed in terms of
theHillas plot are necessary, but they should be supplemented
by other limits (listed at the beginning of Section 2). We note
that in estimating the maximum attainable energy, important
constraints are imposed by the interactions of accelerated
particles with ambient photons. In particular, interactionwith
the cosmic microwave background is important for large
sources, R01 Mpc (lobes of radio galaxies, clusters, and
voids), while interaction with the internal source radiation
field is important for ultraluminuous sources (GRB and
AGN). These constraints, considered elsewhere, further
restrict the number of potential UHECR accelerators. 3 For

a diffusive shock acceleration, these constraints have been
studied, in particular in Ref. [9].

The maximum energy for supermassive black holes is
readily expressed in terms of a single parameter, the black
hole massMBH.We used the upper limit on the magnetic field
BBH that is most likely one or two orders of magnitude higher
than the actual values, and hence our estimate in Eqn (15) is
robust. It depends weakly (

������������
R=RS

p
) on the assumed size of

the acceleration region.
While we tried to make all constraints as robust as

possible, it is clear that they should be regarded as order-of-
magnitude estimates (in fact, the typical precision of the
magnetic-field determination is an order of magnitude) and,
for individual unusual field configurations, can be quantita-
tively violated. An example of such a configuration is a linear
accelerator with the curvature radius r of field lines exceeding
the source sizeR; thenR should be substituted by r in Eqn (9).
The estimates should be used with care in those cases where
the magnetic field changes violently within the accelerator
(for instance, when particles are accelerated by magnetic
reconnection). A more detailed modeling of acceleration and
losses is required in these cases.

One of our most important conclusions is that low-power
active galaxies (e.g., Seyfert galaxies) cannot accelerate
protons to energies 05� 1019 eV. Indeed, when the
extended structures (jets and outflows) are present, the
magnetic field there is far too weak to satisfy the Hillas
condition (even for very rare relativistic jets); see Fig. 4. The
same is true for accretion disks, where the field is nicely

3 In certain cases, proton±gamma interactions, instead of pure dissipation,

can significantly amplify the acceleration process [19].
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active galaxies. The shaded area corresponds to the parameter region

where acceleration of protons to 1020 eV is possible. The line bounds the
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constraint, while upper (horizontal) lines represent the radiation-loss

constraint. All quantities are given in the comoving frame, and therefore

themaximum energy for jets must bemultiplied by the bulk Lorentz factor
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hadronic jets [10].
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constrained from above by nonobservation of the Zeeman
splitting in megamasers (Fig. 1). The most favorable condi-
tions for acceleration correspond to the immediate vicinity (a
few RS) of the central black hole where the upper limit on the
maximum energy is given by Eqn (15). Because MBH9
�107ÿ108�M� for Seyfert galaxies, proton acceleration to
� 1020 eV is not allowed. However, these (and only these)
central parts of Seyfert galaxies can, in principle, accelerate
protons to � 1018 eV and heavy nuclei to � 1020 eV, if
interactions with ambient photons are weak enough.

Although heavy nuclei are much less abundant than
protons, Seyfert galaxies themselves are much more abun-
dant, and hence typically closer to the observer than powerful
radio galaxies and blazars, and their population can therefore
contribute to the UHECR spectrum.

5. Conclusions

We reviewed constraints on astrophysical UHE accelerators
and presented the Hillas plot supplemented with radiation-
loss constraints and updated with recent astrophysical data.
In contrast to previous studies, we emphasized that active
galaxies span a large area on the plot, and only the most
powerful ones (radio galaxies, quasars, and BL Lac type
objects) are capable of accelerating protons to UHE. If
UHECR particles are accelerated close to the supermassive
black holes in AGNs, then the mechanism is most likely `one-
shot,' with energy losses dominated by the curvature radia-
tion. Other potential UHE acceleration sites are jets, lobes,
knots, and hot spots of powerful active galaxies, starburst
galaxies, and shocks in galaxy clusters. Acceleration of
particles in supercluster-scale shocks, gamma-ray bursts,
and the inner part of AGNs is subject to additional
constraints from pg interactions, which are not discussed
here. Unlike protons, heavy nuclei can be accelerated toUHE
in circumnuclear regions of low-power active galaxies.
Because these galaxies are abundant, this contribution to the
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therefore the maximum energy for jets and shells of GRBs must be
multiplied by the bulk Lorentz factor, which can be as large as � 10 for
leptonic jets and � 100 for hadronic jets and GRBs [10].
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UHECR flux may be important, leading to a mixed primary
cosmic ray composition at the highest energies.
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6. Appendix.
Derivation of electrodynamic results

A.1 Energy losses for the curvature radiation
We consider a particle moving along curved field lines (see
[88]). The particle has a longitudinal velocity component
(vk kB) and a drift component (vd ? B). This drift compo-
nent induces the Lorentz force, which curves the particle
trajectory toward the field lines. For a relativistic particle,

vd �
vk 2m
qBr

� E
m

�
;

and hence the Lorentz force is

FL � q
�
vd � B

�
;

FL �
v 2
km

r

� E
m

�
:

The energy losses are in general determined by Eqn (5), which
can be rewritten as

dE
dt
� 2q 2

3m 2�1ÿ v 2�
�
F 2 ÿ �Fv�2� :

In the regime we consider, Fv � 0, and therefore

dE
dt
�

2q 2v4k
3r 2

� E
m

�4

:

In the ultrarelativistic limit vk ! c, we obtain Eqn (9).

A.2 The maximum energy for diffusive acceleration
We consider a flow propagating through a magnetized
medium. An accelerated particle gains energy by repeated
scattering off the flow. After each scattering, the particle
travels along the Larmor orbit, radiates, and decelerates
according to Eqn (6); consequently,�E

E0

dE
E 2
� ÿ 2q 4

3m 4

�R
0

B 2�x� dx;

whence

1

E �
1

E0 �
2q 4

3m 4

�R
0

B 2�x� dx :

The maximum energy E � Ecr is determined by letting
E0 !1,

1

Ecr �
2q 4

3m 4

�R
0

B 2�x� dx ' 2q 4

3m 4
B 2R ;

and we obtain Eqn (7).
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