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“Theoretical”      10% >10%



1. the origin of UHECR: they must come from 
bursting sources (explosions) 

2. the energy and the duration of the UHECR-
producing explosions can, in theory, vary 

3. flares on supermassive black holes seem to be 
the only alternative to gamma-ray bursts

4.tentative predictions: these flares will be 
discovered

SUMMARY OF RESULTS



CR origin
type                        energy                            origin 

solar                      10 keV                     solar flares

galactic                      >1GeV                            SN

UHECR             up to 10^20 eV         GRB, SMBH flares*

*in fact both might have problems, especially flares



How can we possibly say where the CR are coming from?

CR trajectories are curved, not pointing to the source:

Larmor radius R~1micro-pc at E~1GeV,  B~1micro-G,

even the UHECR just barely trace the large-scale structure

Then how do we know that galactic are from SN?

-we don’t
-energy budget (need mild assumptions : equipartiton)

-photon emission by CR (many assumptions)
-adequate accelerator (many assumptions)



Energy budget for UHECR

flux at Earth -- energy density -- GZK -- power density:

~10^-38 erg/cm^3/s

star light 10^-31,  SN 10^-32,  SMBH 10^-32, GRBs 10^-35, SMBH flares 10^-35

non-thermal photon emission roughly OK for all candidates

why do we prefer the least powerfull (more CR efficiency needed) ?



The luminosity requirement
• Eddington:    M to L :  10^38 erg/s  (M/M_sun),  it 

apparently works, for stellar and SMBH  

• ????????????:    E to L  :  10^45 erg/s (E/10^20 eV)^2, 
it should work (?)            

e p

L~(c/e^2)E^2

random buffetting 
confine by magnetic field B in size R:   E~eBR

Umov flux L~cB^2R^2



The luminosity requirement

• M to L :  10^38 erg/s  (M/M_sun) 

• E to L  :  10^45 erg/s (E/10^20 eV)^2           

UHECR from 10^45 AGN (near 
Eddington 10^7 SMBH)  ?

AGN ?           no 10^45 within GZK  
GRB ?                  above Eddington



GRB

BH diskdisk

10 M_sun gives 10^52 erg/s luminosity



AGN

flares on weak AGN

flares on dormant SMBH
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ABSTRACT

We predict a new class of very intense, short-duration active galactic nucleus (AGN) flares capable of accelerating
the highest energy cosmic rays, resulting from the tidal disruption of a star or from a disk instability. The rate and
power of these flares readily explains the observed flux and density statistics of ultrahigh energy cosmic ray. The
photon bursts produced by the predicted AGN flares are discussed; they may soon be detectable. Observations are
shown to exclude that continuous jets of powerful AGNs are the sole source of ultrahigh energy cosmic rays; the
stringent requirements for gamma-ray bursts to be the source are delineated.
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1. INTRODUCTION

A major challenge in theoretical high-energy astrophysics
has been to explain the mechanism by which ultrahigh energy
cosmic rays are accelerated. The difficulty stems from the
almost contradictory requirements of the minimum magnetic
field needed to confine and accelerate the cosmic rays, and
the maximum magnetic field consistent with avoiding too
much synchrotron radiation and photo-pion energy loss. It was
argued by Waxman (1995) that gamma-ray bursts (GRBs) could
overcome this near contradiction—if the relativistic gamma
factors are sufficiently high—but as we show below, ultrahigh
energy cosmic ray (UHECR) acceleration by GRBs alone
is difficult to reconcile with observational data. Sufficiently
powerful active galactic nucleus (AGN) jets and giant lobes
of radio galaxies could also satisfy the requirements, but too
few of requisite luminosity are observed within the Greisen,
Zatsepin Kuzmin (GZK) distance ! 100 Mpc.

We argue here that due to tidal disruption of passing stars
or episodic instabilities in the accretion disk, even weak AGN
naturally have major flares with the required frequency and lu-
minosity to account for the flux of UHECRs. First, we review
the basic requirements for UHECR acceleration. Next, we de-
termine the constraints from UHECR observations; these pose a
serious challenge to GRBs, and exclude steady state AGN jets,
as the sole accelerators of UHECRs. Then we develop the gi-
ant AGN flare (GAF) scenario and calculate the frequency and
luminosity expected for such flares; the implied UHECR flux
is consistent with observation. We discuss the properties of the
photon bursts and show that the Fermi-Gamma-Ray Large Area
Space Telescope (GLAST) and future optical surveys can test
our predictions.

2. PARAMETERS OF UHECR ACCELERATORS

The most obvious candidates for UHECR accelerators (e.g.,
GRB, powerful AGN) all have relativistic jets. Without spe-
cializing to any particular system, we consider an outflow (jet)
from some central engine, with mean Lorentz factor Γ and with
variations of the Lorentz factor ∼ Γ. Due to variability in the
jet velocity, one gets a turbulent flow with (at least) mildly rel-
ativistic shocks—as seen in the jet frame. A similar analysis
applies to the termination shock created when such an outflow
enters the interstellar medium (ISM). We consider here only the
acceleration of protons and we do not consider nonrelativistic
acceleration scenarios.

An estimate of the parameters required to accelerate UHECRs
can be obtained as follows1. Let the characteristic size of the
acceleration region in the jet frame be ∼ R, with a characteristic
magnetic field strength ∼ B (also measured in the jet frame). In
the jet’s frame, we require that the shock/turbulence accelerates
a cosmic ray to energy ∼ E20 1020 Γ−1eV. To do so, the turbulent
cloud must confine the cosmic ray, so

RB ! 3 × 1017 Γ−1 E20. (1)

(Here and below we use cgs units unless specified otherwise.)
Furthermore, synchrotron losses during a given acceleration
cycle must not exceed the energy gained in the cycle. The
minimum energy loss in a typical acceleration cycle is ∼ πRL/c
times the synchrotron power emitted by the CR in field B,
resulting in the condition

B ! Γ2 E−2
20 . (2)

UHECR acceleration in turbulent shocks is accompanied by
a flux of photons, which can be an important signature of the
process. The (isotropic equivalent) total power in the required
magnetic field (Poynting luminosity) is of order

L ∼ 1
6cΓ4B2R2 ! 1045Γ2 E2

20 erg s−1. (3)

If the energy in the magnetic field, protons and electrons is
in equipartition, and the energy in electrons is emitted through
synchrotron cooling in the time it takes the shock to pass through
the magnetic cloud, a comparable luminosity is also emitted by
electrons with jet-frame Lorentz factors 103 " γe " 108 B− 1

2 ;
the lower bound is from assuming equipartiton with the mildly
relativistic ions, and the upper bound is from synchrotron
cooling of the electrons. The energy distributions of protons
and electrons (in equipartition) are expected to be roughly
flat—equal energy per logarithmic energy interval, leading to
an approximate photon spectrum2

νLν ! 1044Γ2E2
20,

0.01ΓB eV " hν " 10Γ MeV, (4)

beamed into a cone of opening angle ! Γ−1.

1 See Waxman (1995) for a clear discussion.
2 At best, equipartition is only roughly right but not accurate in detail, as
evidenced by the GRB spectrum being far from flat.
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ABSTRACT

We predict a new class of very intense, short-duration active galactic nucleus (AGN) flares capable of accelerating
the highest energy cosmic rays, resulting from the tidal disruption of a star or from a disk instability. The rate and
power of these flares readily explains the observed flux and density statistics of ultrahigh energy cosmic ray. The
photon bursts produced by the predicted AGN flares are discussed; they may soon be detectable. Observations are
shown to exclude that continuous jets of powerful AGNs are the sole source of ultrahigh energy cosmic rays; the
stringent requirements for gamma-ray bursts to be the source are delineated.
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1. INTRODUCTION

A major challenge in theoretical high-energy astrophysics
has been to explain the mechanism by which ultrahigh energy
cosmic rays are accelerated. The difficulty stems from the
almost contradictory requirements of the minimum magnetic
field needed to confine and accelerate the cosmic rays, and
the maximum magnetic field consistent with avoiding too
much synchrotron radiation and photo-pion energy loss. It was
argued by Waxman (1995) that gamma-ray bursts (GRBs) could
overcome this near contradiction—if the relativistic gamma
factors are sufficiently high—but as we show below, ultrahigh
energy cosmic ray (UHECR) acceleration by GRBs alone
is difficult to reconcile with observational data. Sufficiently
powerful active galactic nucleus (AGN) jets and giant lobes
of radio galaxies could also satisfy the requirements, but too
few of requisite luminosity are observed within the Greisen,
Zatsepin Kuzmin (GZK) distance ! 100 Mpc.

We argue here that due to tidal disruption of passing stars
or episodic instabilities in the accretion disk, even weak AGN
naturally have major flares with the required frequency and lu-
minosity to account for the flux of UHECRs. First, we review
the basic requirements for UHECR acceleration. Next, we de-
termine the constraints from UHECR observations; these pose a
serious challenge to GRBs, and exclude steady state AGN jets,
as the sole accelerators of UHECRs. Then we develop the gi-
ant AGN flare (GAF) scenario and calculate the frequency and
luminosity expected for such flares; the implied UHECR flux
is consistent with observation. We discuss the properties of the
photon bursts and show that the Fermi-Gamma-Ray Large Area
Space Telescope (GLAST) and future optical surveys can test
our predictions.

2. PARAMETERS OF UHECR ACCELERATORS

The most obvious candidates for UHECR accelerators (e.g.,
GRB, powerful AGN) all have relativistic jets. Without spe-
cializing to any particular system, we consider an outflow (jet)
from some central engine, with mean Lorentz factor Γ and with
variations of the Lorentz factor ∼ Γ. Due to variability in the
jet velocity, one gets a turbulent flow with (at least) mildly rel-
ativistic shocks—as seen in the jet frame. A similar analysis
applies to the termination shock created when such an outflow
enters the interstellar medium (ISM). We consider here only the
acceleration of protons and we do not consider nonrelativistic
acceleration scenarios.

An estimate of the parameters required to accelerate UHECRs
can be obtained as follows1. Let the characteristic size of the
acceleration region in the jet frame be ∼ R, with a characteristic
magnetic field strength ∼ B (also measured in the jet frame). In
the jet’s frame, we require that the shock/turbulence accelerates
a cosmic ray to energy ∼ E20 1020 Γ−1eV. To do so, the turbulent
cloud must confine the cosmic ray, so

RB ! 3 × 1017 Γ−1 E20. (1)

(Here and below we use cgs units unless specified otherwise.)
Furthermore, synchrotron losses during a given acceleration
cycle must not exceed the energy gained in the cycle. The
minimum energy loss in a typical acceleration cycle is ∼ πRL/c
times the synchrotron power emitted by the CR in field B,
resulting in the condition

B ! Γ2 E−2
20 . (2)

UHECR acceleration in turbulent shocks is accompanied by
a flux of photons, which can be an important signature of the
process. The (isotropic equivalent) total power in the required
magnetic field (Poynting luminosity) is of order

L ∼ 1
6cΓ4B2R2 ! 1045Γ2 E2

20 erg s−1. (3)

If the energy in the magnetic field, protons and electrons is
in equipartition, and the energy in electrons is emitted through
synchrotron cooling in the time it takes the shock to pass through
the magnetic cloud, a comparable luminosity is also emitted by
electrons with jet-frame Lorentz factors 103 " γe " 108 B− 1

2 ;
the lower bound is from assuming equipartiton with the mildly
relativistic ions, and the upper bound is from synchrotron
cooling of the electrons. The energy distributions of protons
and electrons (in equipartition) are expected to be roughly
flat—equal energy per logarithmic energy interval, leading to
an approximate photon spectrum2

νLν ! 1044Γ2E2
20,

0.01ΓB eV " hν " 10Γ MeV, (4)

beamed into a cone of opening angle ! Γ−1.

1 See Waxman (1995) for a clear discussion.
2 At best, equipartition is only roughly right but not accurate in detail, as
evidenced by the GRB spectrum being far from flat.
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ABSTRACT

We predict a new class of very intense, short-duration active galactic nucleus (AGN) flares capable of accelerating
the highest energy cosmic rays, resulting from the tidal disruption of a star or from a disk instability. The rate and
power of these flares readily explains the observed flux and density statistics of ultrahigh energy cosmic ray. The
photon bursts produced by the predicted AGN flares are discussed; they may soon be detectable. Observations are
shown to exclude that continuous jets of powerful AGNs are the sole source of ultrahigh energy cosmic rays; the
stringent requirements for gamma-ray bursts to be the source are delineated.
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1. INTRODUCTION

A major challenge in theoretical high-energy astrophysics
has been to explain the mechanism by which ultrahigh energy
cosmic rays are accelerated. The difficulty stems from the
almost contradictory requirements of the minimum magnetic
field needed to confine and accelerate the cosmic rays, and
the maximum magnetic field consistent with avoiding too
much synchrotron radiation and photo-pion energy loss. It was
argued by Waxman (1995) that gamma-ray bursts (GRBs) could
overcome this near contradiction—if the relativistic gamma
factors are sufficiently high—but as we show below, ultrahigh
energy cosmic ray (UHECR) acceleration by GRBs alone
is difficult to reconcile with observational data. Sufficiently
powerful active galactic nucleus (AGN) jets and giant lobes
of radio galaxies could also satisfy the requirements, but too
few of requisite luminosity are observed within the Greisen,
Zatsepin Kuzmin (GZK) distance ! 100 Mpc.

We argue here that due to tidal disruption of passing stars
or episodic instabilities in the accretion disk, even weak AGN
naturally have major flares with the required frequency and lu-
minosity to account for the flux of UHECRs. First, we review
the basic requirements for UHECR acceleration. Next, we de-
termine the constraints from UHECR observations; these pose a
serious challenge to GRBs, and exclude steady state AGN jets,
as the sole accelerators of UHECRs. Then we develop the gi-
ant AGN flare (GAF) scenario and calculate the frequency and
luminosity expected for such flares; the implied UHECR flux
is consistent with observation. We discuss the properties of the
photon bursts and show that the Fermi-Gamma-Ray Large Area
Space Telescope (GLAST) and future optical surveys can test
our predictions.

2. PARAMETERS OF UHECR ACCELERATORS

The most obvious candidates for UHECR accelerators (e.g.,
GRB, powerful AGN) all have relativistic jets. Without spe-
cializing to any particular system, we consider an outflow (jet)
from some central engine, with mean Lorentz factor Γ and with
variations of the Lorentz factor ∼ Γ. Due to variability in the
jet velocity, one gets a turbulent flow with (at least) mildly rel-
ativistic shocks—as seen in the jet frame. A similar analysis
applies to the termination shock created when such an outflow
enters the interstellar medium (ISM). We consider here only the
acceleration of protons and we do not consider nonrelativistic
acceleration scenarios.

An estimate of the parameters required to accelerate UHECRs
can be obtained as follows1. Let the characteristic size of the
acceleration region in the jet frame be ∼ R, with a characteristic
magnetic field strength ∼ B (also measured in the jet frame). In
the jet’s frame, we require that the shock/turbulence accelerates
a cosmic ray to energy ∼ E20 1020 Γ−1eV. To do so, the turbulent
cloud must confine the cosmic ray, so

RB ! 3 × 1017 Γ−1 E20. (1)

(Here and below we use cgs units unless specified otherwise.)
Furthermore, synchrotron losses during a given acceleration
cycle must not exceed the energy gained in the cycle. The
minimum energy loss in a typical acceleration cycle is ∼ πRL/c
times the synchrotron power emitted by the CR in field B,
resulting in the condition

B ! Γ2 E−2
20 . (2)

UHECR acceleration in turbulent shocks is accompanied by
a flux of photons, which can be an important signature of the
process. The (isotropic equivalent) total power in the required
magnetic field (Poynting luminosity) is of order

L ∼ 1
6cΓ4B2R2 ! 1045Γ2 E2

20 erg s−1. (3)

If the energy in the magnetic field, protons and electrons is
in equipartition, and the energy in electrons is emitted through
synchrotron cooling in the time it takes the shock to pass through
the magnetic cloud, a comparable luminosity is also emitted by
electrons with jet-frame Lorentz factors 103 " γe " 108 B− 1

2 ;
the lower bound is from assuming equipartiton with the mildly
relativistic ions, and the upper bound is from synchrotron
cooling of the electrons. The energy distributions of protons
and electrons (in equipartition) are expected to be roughly
flat—equal energy per logarithmic energy interval, leading to
an approximate photon spectrum2

νLν ! 1044Γ2E2
20,

0.01ΓB eV " hν " 10Γ MeV, (4)

beamed into a cone of opening angle ! Γ−1.

1 See Waxman (1995) for a clear discussion.
2 At best, equipartition is only roughly right but not accurate in detail, as
evidenced by the GRB spectrum being far from flat.
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ABSTRACT

We predict a new class of very intense, short-duration active galactic nucleus (AGN) flares capable of accelerating
the highest energy cosmic rays, resulting from the tidal disruption of a star or from a disk instability. The rate and
power of these flares readily explains the observed flux and density statistics of ultrahigh energy cosmic ray. The
photon bursts produced by the predicted AGN flares are discussed; they may soon be detectable. Observations are
shown to exclude that continuous jets of powerful AGNs are the sole source of ultrahigh energy cosmic rays; the
stringent requirements for gamma-ray bursts to be the source are delineated.
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1. INTRODUCTION

A major challenge in theoretical high-energy astrophysics
has been to explain the mechanism by which ultrahigh energy
cosmic rays are accelerated. The difficulty stems from the
almost contradictory requirements of the minimum magnetic
field needed to confine and accelerate the cosmic rays, and
the maximum magnetic field consistent with avoiding too
much synchrotron radiation and photo-pion energy loss. It was
argued by Waxman (1995) that gamma-ray bursts (GRBs) could
overcome this near contradiction—if the relativistic gamma
factors are sufficiently high—but as we show below, ultrahigh
energy cosmic ray (UHECR) acceleration by GRBs alone
is difficult to reconcile with observational data. Sufficiently
powerful active galactic nucleus (AGN) jets and giant lobes
of radio galaxies could also satisfy the requirements, but too
few of requisite luminosity are observed within the Greisen,
Zatsepin Kuzmin (GZK) distance ! 100 Mpc.

We argue here that due to tidal disruption of passing stars
or episodic instabilities in the accretion disk, even weak AGN
naturally have major flares with the required frequency and lu-
minosity to account for the flux of UHECRs. First, we review
the basic requirements for UHECR acceleration. Next, we de-
termine the constraints from UHECR observations; these pose a
serious challenge to GRBs, and exclude steady state AGN jets,
as the sole accelerators of UHECRs. Then we develop the gi-
ant AGN flare (GAF) scenario and calculate the frequency and
luminosity expected for such flares; the implied UHECR flux
is consistent with observation. We discuss the properties of the
photon bursts and show that the Fermi-Gamma-Ray Large Area
Space Telescope (GLAST) and future optical surveys can test
our predictions.

2. PARAMETERS OF UHECR ACCELERATORS

The most obvious candidates for UHECR accelerators (e.g.,
GRB, powerful AGN) all have relativistic jets. Without spe-
cializing to any particular system, we consider an outflow (jet)
from some central engine, with mean Lorentz factor Γ and with
variations of the Lorentz factor ∼ Γ. Due to variability in the
jet velocity, one gets a turbulent flow with (at least) mildly rel-
ativistic shocks—as seen in the jet frame. A similar analysis
applies to the termination shock created when such an outflow
enters the interstellar medium (ISM). We consider here only the
acceleration of protons and we do not consider nonrelativistic
acceleration scenarios.

An estimate of the parameters required to accelerate UHECRs
can be obtained as follows1. Let the characteristic size of the
acceleration region in the jet frame be ∼ R, with a characteristic
magnetic field strength ∼ B (also measured in the jet frame). In
the jet’s frame, we require that the shock/turbulence accelerates
a cosmic ray to energy ∼ E20 1020 Γ−1eV. To do so, the turbulent
cloud must confine the cosmic ray, so

RB ! 3 × 1017 Γ−1 E20. (1)

(Here and below we use cgs units unless specified otherwise.)
Furthermore, synchrotron losses during a given acceleration
cycle must not exceed the energy gained in the cycle. The
minimum energy loss in a typical acceleration cycle is ∼ πRL/c
times the synchrotron power emitted by the CR in field B,
resulting in the condition

B ! Γ2 E−2
20 . (2)

UHECR acceleration in turbulent shocks is accompanied by
a flux of photons, which can be an important signature of the
process. The (isotropic equivalent) total power in the required
magnetic field (Poynting luminosity) is of order

L ∼ 1
6cΓ4B2R2 ! 1045Γ2 E2

20 erg s−1. (3)

If the energy in the magnetic field, protons and electrons is
in equipartition, and the energy in electrons is emitted through
synchrotron cooling in the time it takes the shock to pass through
the magnetic cloud, a comparable luminosity is also emitted by
electrons with jet-frame Lorentz factors 103 " γe " 108 B− 1

2 ;
the lower bound is from assuming equipartiton with the mildly
relativistic ions, and the upper bound is from synchrotron
cooling of the electrons. The energy distributions of protons
and electrons (in equipartition) are expected to be roughly
flat—equal energy per logarithmic energy interval, leading to
an approximate photon spectrum2

νLν ! 1044Γ2E2
20,

0.01ΓB eV " hν " 10Γ MeV, (4)

beamed into a cone of opening angle ! Γ−1.

1 See Waxman (1995) for a clear discussion.
2 At best, equipartition is only roughly right but not accurate in detail, as
evidenced by the GRB spectrum being far from flat.
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ABSTRACT

We predict a new class of very intense, short-duration active galactic nucleus (AGN) flares capable of accelerating
the highest energy cosmic rays, resulting from the tidal disruption of a star or from a disk instability. The rate and
power of these flares readily explains the observed flux and density statistics of ultrahigh energy cosmic ray. The
photon bursts produced by the predicted AGN flares are discussed; they may soon be detectable. Observations are
shown to exclude that continuous jets of powerful AGNs are the sole source of ultrahigh energy cosmic rays; the
stringent requirements for gamma-ray bursts to be the source are delineated.
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1. INTRODUCTION

A major challenge in theoretical high-energy astrophysics
has been to explain the mechanism by which ultrahigh energy
cosmic rays are accelerated. The difficulty stems from the
almost contradictory requirements of the minimum magnetic
field needed to confine and accelerate the cosmic rays, and
the maximum magnetic field consistent with avoiding too
much synchrotron radiation and photo-pion energy loss. It was
argued by Waxman (1995) that gamma-ray bursts (GRBs) could
overcome this near contradiction—if the relativistic gamma
factors are sufficiently high—but as we show below, ultrahigh
energy cosmic ray (UHECR) acceleration by GRBs alone
is difficult to reconcile with observational data. Sufficiently
powerful active galactic nucleus (AGN) jets and giant lobes
of radio galaxies could also satisfy the requirements, but too
few of requisite luminosity are observed within the Greisen,
Zatsepin Kuzmin (GZK) distance ! 100 Mpc.

We argue here that due to tidal disruption of passing stars
or episodic instabilities in the accretion disk, even weak AGN
naturally have major flares with the required frequency and lu-
minosity to account for the flux of UHECRs. First, we review
the basic requirements for UHECR acceleration. Next, we de-
termine the constraints from UHECR observations; these pose a
serious challenge to GRBs, and exclude steady state AGN jets,
as the sole accelerators of UHECRs. Then we develop the gi-
ant AGN flare (GAF) scenario and calculate the frequency and
luminosity expected for such flares; the implied UHECR flux
is consistent with observation. We discuss the properties of the
photon bursts and show that the Fermi-Gamma-Ray Large Area
Space Telescope (GLAST) and future optical surveys can test
our predictions.

2. PARAMETERS OF UHECR ACCELERATORS

The most obvious candidates for UHECR accelerators (e.g.,
GRB, powerful AGN) all have relativistic jets. Without spe-
cializing to any particular system, we consider an outflow (jet)
from some central engine, with mean Lorentz factor Γ and with
variations of the Lorentz factor ∼ Γ. Due to variability in the
jet velocity, one gets a turbulent flow with (at least) mildly rel-
ativistic shocks—as seen in the jet frame. A similar analysis
applies to the termination shock created when such an outflow
enters the interstellar medium (ISM). We consider here only the
acceleration of protons and we do not consider nonrelativistic
acceleration scenarios.

An estimate of the parameters required to accelerate UHECRs
can be obtained as follows1. Let the characteristic size of the
acceleration region in the jet frame be ∼ R, with a characteristic
magnetic field strength ∼ B (also measured in the jet frame). In
the jet’s frame, we require that the shock/turbulence accelerates
a cosmic ray to energy ∼ E20 1020 Γ−1eV. To do so, the turbulent
cloud must confine the cosmic ray, so

RB ! 3 × 1017 Γ−1 E20. (1)

(Here and below we use cgs units unless specified otherwise.)
Furthermore, synchrotron losses during a given acceleration
cycle must not exceed the energy gained in the cycle. The
minimum energy loss in a typical acceleration cycle is ∼ πRL/c
times the synchrotron power emitted by the CR in field B,
resulting in the condition

B ! Γ2 E−2
20 . (2)

UHECR acceleration in turbulent shocks is accompanied by
a flux of photons, which can be an important signature of the
process. The (isotropic equivalent) total power in the required
magnetic field (Poynting luminosity) is of order

L ∼ 1
6cΓ4B2R2 ! 1045Γ2 E2

20 erg s−1. (3)

If the energy in the magnetic field, protons and electrons is
in equipartition, and the energy in electrons is emitted through
synchrotron cooling in the time it takes the shock to pass through
the magnetic cloud, a comparable luminosity is also emitted by
electrons with jet-frame Lorentz factors 103 " γe " 108 B− 1

2 ;
the lower bound is from assuming equipartiton with the mildly
relativistic ions, and the upper bound is from synchrotron
cooling of the electrons. The energy distributions of protons
and electrons (in equipartition) are expected to be roughly
flat—equal energy per logarithmic energy interval, leading to
an approximate photon spectrum2

νLν ! 1044Γ2E2
20,

0.01ΓB eV " hν " 10Γ MeV, (4)

beamed into a cone of opening angle ! Γ−1.

1 See Waxman (1995) for a clear discussion.
2 At best, equipartition is only roughly right but not accurate in detail, as
evidenced by the GRB spectrum being far from flat.
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ABSTRACT

We predict a new class of very intense, short-duration active galactic nucleus (AGN) flares capable of accelerating
the highest energy cosmic rays, resulting from the tidal disruption of a star or from a disk instability. The rate and
power of these flares readily explains the observed flux and density statistics of ultrahigh energy cosmic ray. The
photon bursts produced by the predicted AGN flares are discussed; they may soon be detectable. Observations are
shown to exclude that continuous jets of powerful AGNs are the sole source of ultrahigh energy cosmic rays; the
stringent requirements for gamma-ray bursts to be the source are delineated.

Key words: acceleration of particles – accretion, accretion disks – galaxies: active – gamma rays: bursts –
instabilities – X-rays: bursts

1. INTRODUCTION

A major challenge in theoretical high-energy astrophysics
has been to explain the mechanism by which ultrahigh energy
cosmic rays are accelerated. The difficulty stems from the
almost contradictory requirements of the minimum magnetic
field needed to confine and accelerate the cosmic rays, and
the maximum magnetic field consistent with avoiding too
much synchrotron radiation and photo-pion energy loss. It was
argued by Waxman (1995) that gamma-ray bursts (GRBs) could
overcome this near contradiction—if the relativistic gamma
factors are sufficiently high—but as we show below, ultrahigh
energy cosmic ray (UHECR) acceleration by GRBs alone
is difficult to reconcile with observational data. Sufficiently
powerful active galactic nucleus (AGN) jets and giant lobes
of radio galaxies could also satisfy the requirements, but too
few of requisite luminosity are observed within the Greisen,
Zatsepin Kuzmin (GZK) distance ! 100 Mpc.

We argue here that due to tidal disruption of passing stars
or episodic instabilities in the accretion disk, even weak AGN
naturally have major flares with the required frequency and lu-
minosity to account for the flux of UHECRs. First, we review
the basic requirements for UHECR acceleration. Next, we de-
termine the constraints from UHECR observations; these pose a
serious challenge to GRBs, and exclude steady state AGN jets,
as the sole accelerators of UHECRs. Then we develop the gi-
ant AGN flare (GAF) scenario and calculate the frequency and
luminosity expected for such flares; the implied UHECR flux
is consistent with observation. We discuss the properties of the
photon bursts and show that the Fermi-Gamma-Ray Large Area
Space Telescope (GLAST) and future optical surveys can test
our predictions.

2. PARAMETERS OF UHECR ACCELERATORS

The most obvious candidates for UHECR accelerators (e.g.,
GRB, powerful AGN) all have relativistic jets. Without spe-
cializing to any particular system, we consider an outflow (jet)
from some central engine, with mean Lorentz factor Γ and with
variations of the Lorentz factor ∼ Γ. Due to variability in the
jet velocity, one gets a turbulent flow with (at least) mildly rel-
ativistic shocks—as seen in the jet frame. A similar analysis
applies to the termination shock created when such an outflow
enters the interstellar medium (ISM). We consider here only the
acceleration of protons and we do not consider nonrelativistic
acceleration scenarios.

An estimate of the parameters required to accelerate UHECRs
can be obtained as follows1. Let the characteristic size of the
acceleration region in the jet frame be ∼ R, with a characteristic
magnetic field strength ∼ B (also measured in the jet frame). In
the jet’s frame, we require that the shock/turbulence accelerates
a cosmic ray to energy ∼ E20 1020 Γ−1eV. To do so, the turbulent
cloud must confine the cosmic ray, so

RB ! 3 × 1017 Γ−1 E20. (1)

(Here and below we use cgs units unless specified otherwise.)
Furthermore, synchrotron losses during a given acceleration
cycle must not exceed the energy gained in the cycle. The
minimum energy loss in a typical acceleration cycle is ∼ πRL/c
times the synchrotron power emitted by the CR in field B,
resulting in the condition

B ! Γ2 E−2
20 . (2)

UHECR acceleration in turbulent shocks is accompanied by
a flux of photons, which can be an important signature of the
process. The (isotropic equivalent) total power in the required
magnetic field (Poynting luminosity) is of order

L ∼ 1
6cΓ4B2R2 ! 1045Γ2 E2

20 erg s−1. (3)

If the energy in the magnetic field, protons and electrons is
in equipartition, and the energy in electrons is emitted through
synchrotron cooling in the time it takes the shock to pass through
the magnetic cloud, a comparable luminosity is also emitted by
electrons with jet-frame Lorentz factors 103 " γe " 108 B− 1

2 ;
the lower bound is from assuming equipartiton with the mildly
relativistic ions, and the upper bound is from synchrotron
cooling of the electrons. The energy distributions of protons
and electrons (in equipartition) are expected to be roughly
flat—equal energy per logarithmic energy interval, leading to
an approximate photon spectrum2

νLν ! 1044Γ2E2
20,

0.01ΓB eV " hν " 10Γ MeV, (4)

beamed into a cone of opening angle ! Γ−1.

1 See Waxman (1995) for a clear discussion.
2 At best, equipartition is only roughly right but not accurate in detail, as
evidenced by the GRB spectrum being far from flat.
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Photons with energy above the threshold εγ ≈ 100MeV/

(1011Γ−1E20) ≈ 10−15E−1
20 Γ erg have a cross section

σπ ∼ 10−28 cm2 for a photo-pion production interaction, each of
which typically decreases the proton energy by ∼10%. There-
fore, the condition that photo-pion losses do not limit further
acceleration is nγ σπR −0.13 cm ! 10, where nγ is the density
of photons with energy above εγ and depends on the particu-
lar environment, cooling rate, etc. We obtain an estimate of the
maximum nγ by assuming the total jet-frame Poynting luminos-
ity is carried by photons, distributed evenly over ten logarithmic
intervals. In that case nγ ≈ 10−3 B2/εγ , which with (3) gives
a sufficient condition for avoiding excessive photo-pion energy
losses;

RB2 ! 1017E−1
20 Γ. (5)

Although the precise coefficients in (1) and (2) depend on
the details of the turbulence and shocks, these constraints are
quite general and should be robust at the level of a factor ∼
few. Conditions (4) and (5) rely in addition on the assumption
of approximate equipartition of energy between electrons and
protons and thus are less general. We emphasize that to date, no
UHECR acceleration mechanism has been shown conclusively
to work, e.g., via numerical simulation. Our analysis here relies
on analogy with the observational successes of the internal jet
model of GRB, the general considerations outlined above, and
the fact that cosmic rays with energies above 1020 eV are known
to exist in nature.

The Poynting luminosity required for UHECR acceleration
in a relativistic jet (3) need not translate to a lower bound
on the luminosity emitted by the jet in photons since equiparti-
tion may not be valid. Nonetheless, the total power—(3) times
the beaming factor of the jet ∼ Γ−2—does provide a lower
limit on the luminosity of the accretion disk which powers the
jet. This is not a theorem; indeed, if the disk provides a strong
large-scale magnetic field threading the black hole (BH), the
Blanford–Znayek (BZ) mechanism (Blandford & Znajek 1977)
can extract energy from the BH spin rather than from the ac-
cretion flow. However such a low-entropy scheme would not
be realized in any astrophysically realistic environment. This
can be seen explicitly using the classical Shakura–Sunyaev so-
lution for a disk accreting at approximately the Eddington rate,
to obtain the maximum magnetic field strength which can be
contained by the pressure of the accretion disk. Assuming the
B-field at the BH attains this field strength with optimal di-
rection, gives an upper limit on the maximum BZ luminosity,
LBZ, which is approximately the Shakura–Sunyaev accretion lu-
minosity. Therefore, 1045E2

20 Γ2 is a robust lower limit for the
bolometric luminosity produced by the accretion disk power-
ing a jet responsible for UHECR acceleration; beamed photon
emission from the jet itself is in general also expected.

3. OBSERVATIONAL CONSTRAINTS

A successful model for UHECR acceleration must be consis-
tent with the following observational constraints.

1. Energy injection rate. Estimates of the UHECR energy
injection rate per logarithmic interval range from 0.7–20
×1044 erg Mpc−3 yr−1; the former is due to Waxman (1995)
and the latter from the fit of Berezinsky (2008). Thus define

ΓElnE = 1044.6±0.7Γ44.6 erg Mpc−3 yr−1. (6)

2. Number of sources. In the most detailed simulation to date,
Takami et al. (2006) finds a best fit to Akeno Giant Air

Shower Array (AGASA) data on small scale anisotropy of
UHECR arrival directions for a source density ns ≡ n4 ×
10−4 Mpc−3 with n4 ≈ 1. This is consistent with the Pierre
Auger Collaboration (2007, 2008, hereafter Auger07,
Auger08, respectively) determination that at least 61
sources contribute to the events above 57 EeV, 20 out of
27 of which correlate within 3◦.2 with objects in the Véron-
Cetty & Véron (VCV) (2006) AGN catalog closer than
75 Mpc. Assuming that all the uncorrelated events origi-
nate beyond 75 Mpc and that the ≈ 5 accidentally correlated
events are representative in their distance distribution gives
the weakest lower bound: " 40 sources within 75 Mpc,
corresponding n4 # 0.3. Note that ns here is the number of
sources visible in UHECRs which may be larger than the
number visible via an accompanying photon jet, since mag-
netic deflection may unbeam UHECRs relative to photons.

3. Arrival time delay of UHECRs. The arrival time delay of a
UHECR with net deflection δθ resulting from traversing
a distance D in a random weak magnetic field is τ
≈ 1

2δθ2 D/c. Assuming that the separations between the
correlated Auger UHECRs and their candidate sources are
due to random deflections in the extragalactic magnetic
field, leads to an average time delay 〈τdelay〉 ≡ τ5 × 105 yr
≈ 105 yr.

4. CANDIDATE UHECR ACCELERATORS

The observational constraints above, combined with the
results of Section 2, imply that conventional long-lived AGN
jets (quasars, blazars, BLLacs, . . .) cannot be the primary site of
UHECR acceleration. There are too few AGN with the required
luminosity within 75 Mpc in the Auger field of view and only
a small fraction of the correlated VCV galaxies satisfy Lbol "
1045 E2

20 erg s−1 (Zaw et al. 2009). The possibility that the AGN
which produced the observed UHECRs may no longer be so
powerful does not invalidate this argument: if N is the number
of active sources within 75 Mpc required to account for the
UHECRs observed today, then the number of sources expected
at any randomly chosen time is also N. Thus the probability of
seeing none is miniscule since the expected number is # 40.
Note that the time delay argument originally invoked by Farrar
& Piran (2000) in their high-magnetic deflection scenario using
Cen A is valid, since it was explicitly a single-source model; that
scenario appears now to be excluded by the few-degree observed
correlation between UHECR and many different sources, most
far from Cen A (Auger07).

As pointed out by Waxman (1995), the conditions outlined
in Section 2 can be met by a GRB, if Γ ≈ 300. However the
observational constraints make it difficult for GRBs to be the
sole source of super-GZK cosmic rays. The local (isotropic
equivalent) rate of long GRBs is (Guetta & Piran 2007) ΓGRB =
(0.05 − 0.27) Gpc−3 yr−1 ≡ r1010−10±0.3Mpc−3 yr−1. In order
for GRBs to give the observed energy injection rate in UHECRs
(6), the energy per logarithmic interval in UHECRs produced
by a typical GRB should be 1054.6Γ44.6/r10 erg. The spectrum
of UHECRs produced by an individual source is expected to be
and needs to be rather flat. It is distributed over ln(109) ≈ 20
logarithmic intervals, so the observed local GRB rate requires
each GRB to contribute a total energy in cosmic rays of order
1056Γ44.6/r10 erg. The typical isotropic equivalent energy of
photons from a GRB is ≈ few × 1053 erg (Amati 2006), so if
GRBs are responsible for all the UHECRs, they must give a
factor # 100 times more energy to UHECRs than to photons.



which is better a better candidate for the 
origin of UHECRs, 

GRB or flares on SMBH?

• SMBH is exactly as good as GRB, because it 
is just a scaled-up version, both are CRBs

• GRB is much better, we have photon 
counterparts, these TBD for SMBHs



Experts (Waxman) say:

• Flares on SMBH is the only alternative to 
GRB

• L>10^50 bursts are favored by the current 
x-ray surveys



1. the origin of UHECR: they must come from 
bursting sources (explosions) 

2. the energy and the duration of the UHECR-
producing explosions can, in theory, vary 

3. flares on supermassive black holes seem to be 
the only alternative to gamma-ray bursts

4.tentative predictions: these flares will be 
discovered

SUMMARY OF RESULTS


