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Particle Acceleration SitesNew class of VHE emitter: mini-shells in AGNs 5

Fig. 1.— A cartoon of relativistic jets and ambient matter interaction. The kinetic energy of the jets is dissipated via shocks at the hot
spots and deposited into the cocoon with its radius R and the shell with its width δR. The cocoon is inflated by its internal energy.

10-20

10-18

10-16

10-14

10-12

10-10

1010 1015 1020 1025

SYN

LobeSYN-IC

UV-IC

IR-IC

total LOBE
total SHELL

ν
f    

ν  
 (

er
g
 /

 c
m  

2   
s)

ν (Hz)

Fermi

CTA
HESS

MAGIC

SHELL

LOBE

SHELL

LOBE

SHELL

LOBE

SHELL

LOBE

CORALZ
  Lobes

  X-detected
GPS galaxies

Fig. 2.— Mini-shell and radio lobe spectra (the thick red and black curves, respectively). Here, we adopt LUV = 2LIR = 6×1043 erg s−1,
and εB,lobe = 10−3. The IC components of the lobe synchrotron, UV from the accretion disk, IR from the torus, are shown in red, green,
purple, blue lines, respectively. Here we plot the radio flux of typical CORALZs (de Vries et al. 2009) and also show X-ray fluxes in GPS
galaxies (Guainazzi et al. 2006) as a reference.

McConville, W., Ostorero, L., Moderski, R., et al. 2011, ApJ, 738,
148

Nagai, H., Suzuki, K., Asada, K., et al. 2010, PASJ, 62, L11
Ostorero, L., et al. 2010, ApJ, 715, 1071
Ostriker, J. P., & McKee, C. F. 1988, Reviews of Modern Physics,

60, 1
Orienti, M., Dallacasa, D., & Stanghellini, C. 2010, MNRAS, 408,

1075
Snellen, I. A. G., Mack, K.-H., Schilizzi, R. T., & Tschager, W.

2004, MNRAS, 348, 227
Snellen, I. A. G., Schilizzi, R. T., Bremer, M. N., et al. 1999,

MNRAS, 307, 149

Son, D., Woo, J.-H., Kim, S. C., et al. 2012, ApJ, 757, 140
Stawarz, !L., Ostorero, L., Begelman, M. C., Moderski, R.,

Kataoka, J., & Wagner, S. 2008, ApJ, 680, 911
Su, M., Slatyer, T. R., & Finkbeiner, D. P. 2010, ApJ, 724, 1044
Suzuki, K., Nagai, H., Kino, M., et al. 2012, ApJ, 746, 140
Tengstrand, O., Guainazzi, M., Siemiginowska, A., et al. 2009,

A&A, 501, 89
Vink, J., Snellen, I., Mack, K.-H., & Schilizzi, R. 2006, MNRAS,

367, 928

Kino et al. 2013



Particle Acceleration SitesNew class of VHE emitter: mini-shells in AGNs 5

Fig. 1.— A cartoon of relativistic jets and ambient matter interaction. The kinetic energy of the jets is dissipated via shocks at the hot
spots and deposited into the cocoon with its radius R and the shell with its width δR. The cocoon is inflated by its internal energy.

10-20

10-18

10-16

10-14

10-12

10-10

1010 1015 1020 1025

SYN

LobeSYN-IC

UV-IC

IR-IC

total LOBE
total SHELL

ν
f    

ν  
 (

er
g
 /

 c
m  

2   
s)

ν (Hz)

Fermi

CTA
HESS

MAGIC

SHELL

LOBE

SHELL

LOBE

SHELL

LOBE

SHELL

LOBE

CORALZ
  Lobes

  X-detected
GPS galaxies

Fig. 2.— Mini-shell and radio lobe spectra (the thick red and black curves, respectively). Here, we adopt LUV = 2LIR = 6×1043 erg s−1,
and εB,lobe = 10−3. The IC components of the lobe synchrotron, UV from the accretion disk, IR from the torus, are shown in red, green,
purple, blue lines, respectively. Here we plot the radio flux of typical CORALZs (de Vries et al. 2009) and also show X-ray fluxes in GPS
galaxies (Guainazzi et al. 2006) as a reference.

McConville, W., Ostorero, L., Moderski, R., et al. 2011, ApJ, 738,
148

Nagai, H., Suzuki, K., Asada, K., et al. 2010, PASJ, 62, L11
Ostorero, L., et al. 2010, ApJ, 715, 1071
Ostriker, J. P., & McKee, C. F. 1988, Reviews of Modern Physics,

60, 1
Orienti, M., Dallacasa, D., & Stanghellini, C. 2010, MNRAS, 408,

1075
Snellen, I. A. G., Mack, K.-H., Schilizzi, R. T., & Tschager, W.

2004, MNRAS, 348, 227
Snellen, I. A. G., Schilizzi, R. T., Bremer, M. N., et al. 1999,

MNRAS, 307, 149

Son, D., Woo, J.-H., Kim, S. C., et al. 2012, ApJ, 757, 140
Stawarz, !L., Ostorero, L., Begelman, M. C., Moderski, R.,

Kataoka, J., & Wagner, S. 2008, ApJ, 680, 911
Su, M., Slatyer, T. R., & Finkbeiner, D. P. 2010, ApJ, 724, 1044
Suzuki, K., Nagai, H., Kino, M., et al. 2012, ApJ, 746, 140
Tengstrand, O., Guainazzi, M., Siemiginowska, A., et al. 2009,

A&A, 501, 89
Vink, J., Snellen, I., Mack, K.-H., & Schilizzi, R. 2006, MNRAS,

367, 928

Kino et al. 2013

• Event Horizon
• Black Hole Magnetosphere

~ rg = GM / c2 ~ 10−4  pc



Particle Acceleration SitesNew class of VHE emitter: mini-shells in AGNs 5

Fig. 1.— A cartoon of relativistic jets and ambient matter interaction. The kinetic energy of the jets is dissipated via shocks at the hot
spots and deposited into the cocoon with its radius R and the shell with its width δR. The cocoon is inflated by its internal energy.

10-20

10-18

10-16

10-14

10-12

10-10

1010 1015 1020 1025

SYN

LobeSYN-IC

UV-IC

IR-IC

total LOBE
total SHELL

ν
f    

ν  
 (

er
g
 /

 c
m  

2   
s)

ν (Hz)

Fermi

CTA
HESS

MAGIC

SHELL

LOBE

SHELL

LOBE

SHELL

LOBE

SHELL

LOBE

CORALZ
  Lobes

  X-detected
GPS galaxies

Fig. 2.— Mini-shell and radio lobe spectra (the thick red and black curves, respectively). Here, we adopt LUV = 2LIR = 6×1043 erg s−1,
and εB,lobe = 10−3. The IC components of the lobe synchrotron, UV from the accretion disk, IR from the torus, are shown in red, green,
purple, blue lines, respectively. Here we plot the radio flux of typical CORALZs (de Vries et al. 2009) and also show X-ray fluxes in GPS
galaxies (Guainazzi et al. 2006) as a reference.

McConville, W., Ostorero, L., Moderski, R., et al. 2011, ApJ, 738,
148

Nagai, H., Suzuki, K., Asada, K., et al. 2010, PASJ, 62, L11
Ostorero, L., et al. 2010, ApJ, 715, 1071
Ostriker, J. P., & McKee, C. F. 1988, Reviews of Modern Physics,

60, 1
Orienti, M., Dallacasa, D., & Stanghellini, C. 2010, MNRAS, 408,

1075
Snellen, I. A. G., Mack, K.-H., Schilizzi, R. T., & Tschager, W.

2004, MNRAS, 348, 227
Snellen, I. A. G., Schilizzi, R. T., Bremer, M. N., et al. 1999,

MNRAS, 307, 149

Son, D., Woo, J.-H., Kim, S. C., et al. 2012, ApJ, 757, 140
Stawarz, !L., Ostorero, L., Begelman, M. C., Moderski, R.,

Kataoka, J., & Wagner, S. 2008, ApJ, 680, 911
Su, M., Slatyer, T. R., & Finkbeiner, D. P. 2010, ApJ, 724, 1044
Suzuki, K., Nagai, H., Kino, M., et al. 2012, ApJ, 746, 140
Tengstrand, O., Guainazzi, M., Siemiginowska, A., et al. 2009,

A&A, 501, 89
Vink, J., Snellen, I., Mack, K.-H., & Schilizzi, R. 2006, MNRAS,

367, 928

Kino et al. 2013

• Event Horizon
• Black Hole Magnetosphere

~ rg = GM / c2 ~ 10−4  pc

• Blazar Zone (~pc)



Particle Acceleration SitesNew class of VHE emitter: mini-shells in AGNs 5

Fig. 1.— A cartoon of relativistic jets and ambient matter interaction. The kinetic energy of the jets is dissipated via shocks at the hot
spots and deposited into the cocoon with its radius R and the shell with its width δR. The cocoon is inflated by its internal energy.

10-20

10-18

10-16

10-14

10-12

10-10

1010 1015 1020 1025

SYN

LobeSYN-IC

UV-IC

IR-IC

total LOBE
total SHELL

ν
f    

ν  
 (

er
g
 /

 c
m  

2   
s)

ν (Hz)

Fermi

CTA
HESS

MAGIC

SHELL

LOBE

SHELL

LOBE

SHELL

LOBE

SHELL

LOBE

CORALZ
  Lobes

  X-detected
GPS galaxies

Fig. 2.— Mini-shell and radio lobe spectra (the thick red and black curves, respectively). Here, we adopt LUV = 2LIR = 6×1043 erg s−1,
and εB,lobe = 10−3. The IC components of the lobe synchrotron, UV from the accretion disk, IR from the torus, are shown in red, green,
purple, blue lines, respectively. Here we plot the radio flux of typical CORALZs (de Vries et al. 2009) and also show X-ray fluxes in GPS
galaxies (Guainazzi et al. 2006) as a reference.

McConville, W., Ostorero, L., Moderski, R., et al. 2011, ApJ, 738,
148

Nagai, H., Suzuki, K., Asada, K., et al. 2010, PASJ, 62, L11
Ostorero, L., et al. 2010, ApJ, 715, 1071
Ostriker, J. P., & McKee, C. F. 1988, Reviews of Modern Physics,

60, 1
Orienti, M., Dallacasa, D., & Stanghellini, C. 2010, MNRAS, 408,

1075
Snellen, I. A. G., Mack, K.-H., Schilizzi, R. T., & Tschager, W.

2004, MNRAS, 348, 227
Snellen, I. A. G., Schilizzi, R. T., Bremer, M. N., et al. 1999,

MNRAS, 307, 149

Son, D., Woo, J.-H., Kim, S. C., et al. 2012, ApJ, 757, 140
Stawarz, !L., Ostorero, L., Begelman, M. C., Moderski, R.,

Kataoka, J., & Wagner, S. 2008, ApJ, 680, 911
Su, M., Slatyer, T. R., & Finkbeiner, D. P. 2010, ApJ, 724, 1044
Suzuki, K., Nagai, H., Kino, M., et al. 2012, ApJ, 746, 140
Tengstrand, O., Guainazzi, M., Siemiginowska, A., et al. 2009,

A&A, 501, 89
Vink, J., Snellen, I., Mack, K.-H., & Schilizzi, R. 2006, MNRAS,

367, 928

Kino et al. 2013

• Event Horizon
• Black Hole Magnetosphere

~ rg = GM / c2 ~ 10−4  pc

• Blazar Zone (~pc)

• Large-Scale Jets (>kpc) 



Particle Acceleration SitesNew class of VHE emitter: mini-shells in AGNs 5

Fig. 1.— A cartoon of relativistic jets and ambient matter interaction. The kinetic energy of the jets is dissipated via shocks at the hot
spots and deposited into the cocoon with its radius R and the shell with its width δR. The cocoon is inflated by its internal energy.

10-20

10-18

10-16

10-14

10-12

10-10

1010 1015 1020 1025

SYN

LobeSYN-IC

UV-IC

IR-IC

total LOBE
total SHELL

ν
f    

ν  
 (

er
g
 /

 c
m  

2   
s)

ν (Hz)

Fermi

CTA
HESS

MAGIC

SHELL

LOBE

SHELL

LOBE

SHELL

LOBE

SHELL

LOBE

CORALZ
  Lobes

  X-detected
GPS galaxies

Fig. 2.— Mini-shell and radio lobe spectra (the thick red and black curves, respectively). Here, we adopt LUV = 2LIR = 6×1043 erg s−1,
and εB,lobe = 10−3. The IC components of the lobe synchrotron, UV from the accretion disk, IR from the torus, are shown in red, green,
purple, blue lines, respectively. Here we plot the radio flux of typical CORALZs (de Vries et al. 2009) and also show X-ray fluxes in GPS
galaxies (Guainazzi et al. 2006) as a reference.

McConville, W., Ostorero, L., Moderski, R., et al. 2011, ApJ, 738,
148

Nagai, H., Suzuki, K., Asada, K., et al. 2010, PASJ, 62, L11
Ostorero, L., et al. 2010, ApJ, 715, 1071
Ostriker, J. P., & McKee, C. F. 1988, Reviews of Modern Physics,

60, 1
Orienti, M., Dallacasa, D., & Stanghellini, C. 2010, MNRAS, 408,

1075
Snellen, I. A. G., Mack, K.-H., Schilizzi, R. T., & Tschager, W.

2004, MNRAS, 348, 227
Snellen, I. A. G., Schilizzi, R. T., Bremer, M. N., et al. 1999,

MNRAS, 307, 149

Son, D., Woo, J.-H., Kim, S. C., et al. 2012, ApJ, 757, 140
Stawarz, !L., Ostorero, L., Begelman, M. C., Moderski, R.,

Kataoka, J., & Wagner, S. 2008, ApJ, 680, 911
Su, M., Slatyer, T. R., & Finkbeiner, D. P. 2010, ApJ, 724, 1044
Suzuki, K., Nagai, H., Kino, M., et al. 2012, ApJ, 746, 140
Tengstrand, O., Guainazzi, M., Siemiginowska, A., et al. 2009,

A&A, 501, 89
Vink, J., Snellen, I., Mack, K.-H., & Schilizzi, R. 2006, MNRAS,

367, 928

Kino et al. 2013

• Event Horizon
• Black Hole Magnetosphere

~ rg = GM / c2 ~ 10−4  pc

• Blazar Zone (~pc)

• Large-Scale Jets (>kpc) 

• Hot Spot Complexes



Particle Acceleration SitesNew class of VHE emitter: mini-shells in AGNs 5

Fig. 1.— A cartoon of relativistic jets and ambient matter interaction. The kinetic energy of the jets is dissipated via shocks at the hot
spots and deposited into the cocoon with its radius R and the shell with its width δR. The cocoon is inflated by its internal energy.

10-20

10-18

10-16

10-14

10-12

10-10

1010 1015 1020 1025

SYN

LobeSYN-IC

UV-IC

IR-IC

total LOBE
total SHELL

ν
f    

ν  
 (

er
g
 /

 c
m  

2   
s)

ν (Hz)

Fermi

CTA
HESS

MAGIC

SHELL

LOBE

SHELL

LOBE

SHELL

LOBE

SHELL

LOBE

CORALZ
  Lobes

  X-detected
GPS galaxies

Fig. 2.— Mini-shell and radio lobe spectra (the thick red and black curves, respectively). Here, we adopt LUV = 2LIR = 6×1043 erg s−1,
and εB,lobe = 10−3. The IC components of the lobe synchrotron, UV from the accretion disk, IR from the torus, are shown in red, green,
purple, blue lines, respectively. Here we plot the radio flux of typical CORALZs (de Vries et al. 2009) and also show X-ray fluxes in GPS
galaxies (Guainazzi et al. 2006) as a reference.

McConville, W., Ostorero, L., Moderski, R., et al. 2011, ApJ, 738,
148

Nagai, H., Suzuki, K., Asada, K., et al. 2010, PASJ, 62, L11
Ostorero, L., et al. 2010, ApJ, 715, 1071
Ostriker, J. P., & McKee, C. F. 1988, Reviews of Modern Physics,

60, 1
Orienti, M., Dallacasa, D., & Stanghellini, C. 2010, MNRAS, 408,

1075
Snellen, I. A. G., Mack, K.-H., Schilizzi, R. T., & Tschager, W.

2004, MNRAS, 348, 227
Snellen, I. A. G., Schilizzi, R. T., Bremer, M. N., et al. 1999,

MNRAS, 307, 149

Son, D., Woo, J.-H., Kim, S. C., et al. 2012, ApJ, 757, 140
Stawarz, !L., Ostorero, L., Begelman, M. C., Moderski, R.,

Kataoka, J., & Wagner, S. 2008, ApJ, 680, 911
Su, M., Slatyer, T. R., & Finkbeiner, D. P. 2010, ApJ, 724, 1044
Suzuki, K., Nagai, H., Kino, M., et al. 2012, ApJ, 746, 140
Tengstrand, O., Guainazzi, M., Siemiginowska, A., et al. 2009,

A&A, 501, 89
Vink, J., Snellen, I., Mack, K.-H., & Schilizzi, R. 2006, MNRAS,

367, 928

Kino et al. 2013

• Event Horizon
• Black Hole Magnetosphere

~ rg = GM / c2 ~ 10−4  pc

• Blazar Zone (~pc)

• Large-Scale Jets (>kpc) 

• Hot Spot Complexes

• Radio Lobes and 
  Larger shocks
   (e.g. Kino et al. 2013)



Particle Acceleration SitesNew class of VHE emitter: mini-shells in AGNs 5
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• Event Horizon
• Black Hole Magnetosphere

~ rg = GM / c2 ~ 10−4  pc

• Blazar Zone (~pc)

• Large-Scale Jets (>kpc) 

• Hot Spot Complexes

• Radio Lobes and 
  Larger shocks
   (e.g. Kino et al. 2013)

Role of P, e±, B ?
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In this Letter, we show that rotating black holes may act
as particle accelerators. The context we have in mind is that
of intermediate mass black holes conjectured to be the
early precursors of supermassive black holes and sur-
rounded by relic cold dark matter density spikes.
Collisions between particles, e.g., massive dark matter
particles, may reach arbitrarily high center-of-mass ener-
gies. Naively speaking, this may not come as a surprise
because particles are infinitely blueshifted near the horizon
(for an observer sitting there). However, the center of mass
between two particles is a free fall frame and the energy in
this system is bounded. For Schwarzschild black holes, the
maximum energy is Emax

c:m: ¼ 2
ffiffiffi
5

p
m0, where m0 is the mass

of the two colliding particles [1]. Here it is assumed that
the particles at infinity are at rest, and the collision energy
comes solely from gravitational acceleration. Note that this
limit does not depend on the mass of the black hole.

Since it is expected that most astrophysical black holes
would have large angular momenta, in fact near extrem-
ality [2], it is natural to ask what is the maximum center-of-
mass energy for Kerr black holes. After computing Ec:m:

for Kerr we show that the maximum energy grows with
a ¼ J

M . Furthermore, as the black hole becomes extremal,
Emax
c:m: grows without limit providing an accelerator that in

principle allows collisions at arbitrarily high energies. We
concentrate here on our main new result, namely, compu-
tation of the limiting energy for Kerr black holes. The
energy distribution of particles colliding at this maximum
energy will be discussed in a future publication.

The general situation we consider in this Letter is de-
picted in Fig. 1. Two particles are falling into the black hole
and collide near the horizon. The range of l, the angular
momentum per unit rest mass, for geodesics falling in is
!2ð1þ

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ a

p
Þ & l & 2ð1þ

ffiffiffiffiffiffiffiffiffiffiffiffi
1! a

p
Þ (see [3] for a de-

tailed treatment of geodesics in Kerr backgrounds). We
shall not deal with the global properties of the geodesics.
The figure represents the local properties before the colli-
sion. We start by describing the situation for Schwarzschild

black holes, as described in [1]. Our treatment will be
general enough such that the extension to Kerr will be
almost direct. Consider two particles approaching the
black hole with different angular momenta l1 and l2 and
colliding at some radius r (see Fig. 1). Later, we consider
the collision point r to approach the horizon, r ¼ rþ. The
particles will be assumed to be at rest at infinity.
Nonrotating black holes are described by the
Schwarzschild metric (where we have set the mass of the
black hole to 1),

ds2¼!
"
1!2

r

#
dt2þ

"
1!2

r

#!1
dr2þr2ðd!2þsin2!d’2Þ;

(1)

and the solution to the geodesic equation is (see [3] for a
detailed analysis of geodesics on black hole spacetimes)

FIG. 1. Schematic picture of two particles falling into a black
hole with angular momentum a (per unit black hole mass) and
colliding near the horizon. The allowed range of l for geodesics
falling into the black hole is also given.
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The horizon is located at r ¼ 2, and we naively observe
a pole 1=ðr# 2Þ which seems characteristic of an infinity
blueshift. However, this is not the case as the numerator
also vanishes at r ¼ 2. In fact, the limit is finite and equals

ESchw
c:m: ðr ! 2Þ ¼ m0

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðl2 # l1Þ2 þ 16

q
: (7)

The maximum center-of-mass energy occurs for l2 and l1
opposite with their maximum allowed values (for geode-
sics falling in to the black hole) l1 ¼ 4 and l2 ¼ #4. Using
these values in (7) one obtains 2

ffiffiffi
5

p
m0, as stated in the first

paragraph [1]. Note also that if l2 ¼ l1, Ec:m: ¼ 2m0 as it
should be. A finite limit in the center-of-mass energy
follows from the fact that all particles approach the horizon
with the same incident angle (that is, they approach per-
pendicularly) and thus their relative velocities go to zero.
We shall now apply (3) for particles moving on a Kerr
black hole. We again restrict the discussion to equatorial
geodesics. The extension to more general geodesics has no
conceptual problems, but the formulas involved get rather
cumbersome. Our main goal here is to show that on a Kerr
black hole particles may collide with arbitrarily large
center-of-mass energy, and this can already be seen on
equatorial geodesics. Again, we assume that the particles
are at rest at infinity, and that all collision energies are
provided by gravitational acceleration.

The Kerr black hole is described by the metric (where
again we have set the mass of the black hole to 1)

ds2 ¼
"
1# 2r

!

#
dt2 #

"
4arsin2!

!

#
dtd’þ

"
!

"

#
dr2

þ !d!2 þ
"
r2 þ a2 þ 2a2rsin2!

!

#
sin2!d’2; (8)

where a is its angular momentum per unit mass (0 & a &
1) and the functions " and ! have the forms

" ' r2 þ a2 # 2r (9)

! ' r2 þ a2cos2!: (10)

Let x"ð#Þ be the history of a particle of mass m0. The
geodesic equation can be fully integrated [4]. The equa-
tions of motion governing the orbital trajectory of a particle
on the equatorial plane, ! ¼ $=2, read (see [3])

dr

d#
¼ ( 1

r2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T2 #"½m2

0r
2 þ ðl# aEÞ2*

q
; (11)

d’

d#
¼ # 1

r2
½ðaE# lÞ þ aT="*; (12)

dt

d#
¼ # 1

r2
½aðaE# lÞ þ ðr2 þ a2ÞT="*; (13)

where T ' Eðr2 þ a2Þ # la. Here E is the total energy of
the particle and l ¼ p’ is the component of angular mo-
mentum parallel to the symmetry axis per unit mass.
On a Kerr background, particles approaching from one

or the other side have different properties. Consider two
particles coming from infinity with E1=m0 ¼ E2=m0 ¼ 1
and approaching the black hole with different angular
momenta l1 and l2. By direct application of (3) we find
the generalization of (6) for rotating backgrounds,
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FIG. 3 (color online). For a Kerr black hole with a ¼ 1 (a) shows the variation of _r with radius for three different values of angular
momentum l ¼ 0:4, 2, and 3. Panel (b) shows the variation of Ec:m: with radius for three combinations of l1 and l2. For l1 ¼ 2 we see
that Ec:m: blows up at the horizon.
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In this Letter, we show that rotating black holes may act
as particle accelerators. The context we have in mind is that
of intermediate mass black holes conjectured to be the
early precursors of supermassive black holes and sur-
rounded by relic cold dark matter density spikes.
Collisions between particles, e.g., massive dark matter
particles, may reach arbitrarily high center-of-mass ener-
gies. Naively speaking, this may not come as a surprise
because particles are infinitely blueshifted near the horizon
(for an observer sitting there). However, the center of mass
between two particles is a free fall frame and the energy in
this system is bounded. For Schwarzschild black holes, the
maximum energy is Emax

c:m: ¼ 2
ffiffiffi
5

p
m0, where m0 is the mass

of the two colliding particles [1]. Here it is assumed that
the particles at infinity are at rest, and the collision energy
comes solely from gravitational acceleration. Note that this
limit does not depend on the mass of the black hole.

Since it is expected that most astrophysical black holes
would have large angular momenta, in fact near extrem-
ality [2], it is natural to ask what is the maximum center-of-
mass energy for Kerr black holes. After computing Ec:m:

for Kerr we show that the maximum energy grows with
a ¼ J

M . Furthermore, as the black hole becomes extremal,
Emax
c:m: grows without limit providing an accelerator that in

principle allows collisions at arbitrarily high energies. We
concentrate here on our main new result, namely, compu-
tation of the limiting energy for Kerr black holes. The
energy distribution of particles colliding at this maximum
energy will be discussed in a future publication.

The general situation we consider in this Letter is de-
picted in Fig. 1. Two particles are falling into the black hole
and collide near the horizon. The range of l, the angular
momentum per unit rest mass, for geodesics falling in is
!2ð1þ

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ a
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Þ & l & 2ð1þ

ffiffiffiffiffiffiffiffiffiffiffiffi
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Þ (see [3] for a de-

tailed treatment of geodesics in Kerr backgrounds). We
shall not deal with the global properties of the geodesics.
The figure represents the local properties before the colli-
sion. We start by describing the situation for Schwarzschild

black holes, as described in [1]. Our treatment will be
general enough such that the extension to Kerr will be
almost direct. Consider two particles approaching the
black hole with different angular momenta l1 and l2 and
colliding at some radius r (see Fig. 1). Later, we consider
the collision point r to approach the horizon, r ¼ rþ. The
particles will be assumed to be at rest at infinity.
Nonrotating black holes are described by the
Schwarzschild metric (where we have set the mass of the
black hole to 1),

ds2¼!
"
1!2

r

#
dt2þ

"
1!2

r

#!1
dr2þr2ðd!2þsin2!d’2Þ;

(1)

and the solution to the geodesic equation is (see [3] for a
detailed analysis of geodesics on black hole spacetimes)

FIG. 1. Schematic picture of two particles falling into a black
hole with angular momentum a (per unit black hole mass) and
colliding near the horizon. The allowed range of l for geodesics
falling into the black hole is also given.
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• Production of exotic particles?
  (Piran & al. 1975, Bañados, Silk, & West 2009)

The horizon is located at r ¼ 2, and we naively observe
a pole 1=ðr# 2Þ which seems characteristic of an infinity
blueshift. However, this is not the case as the numerator
also vanishes at r ¼ 2. In fact, the limit is finite and equals
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ðl2 # l1Þ2 þ 16

q
: (7)

The maximum center-of-mass energy occurs for l2 and l1
opposite with their maximum allowed values (for geode-
sics falling in to the black hole) l1 ¼ 4 and l2 ¼ #4. Using
these values in (7) one obtains 2

ffiffiffi
5

p
m0, as stated in the first

paragraph [1]. Note also that if l2 ¼ l1, Ec:m: ¼ 2m0 as it
should be. A finite limit in the center-of-mass energy
follows from the fact that all particles approach the horizon
with the same incident angle (that is, they approach per-
pendicularly) and thus their relative velocities go to zero.
We shall now apply (3) for particles moving on a Kerr
black hole. We again restrict the discussion to equatorial
geodesics. The extension to more general geodesics has no
conceptual problems, but the formulas involved get rather
cumbersome. Our main goal here is to show that on a Kerr
black hole particles may collide with arbitrarily large
center-of-mass energy, and this can already be seen on
equatorial geodesics. Again, we assume that the particles
are at rest at infinity, and that all collision energies are
provided by gravitational acceleration.

The Kerr black hole is described by the metric (where
again we have set the mass of the black hole to 1)

ds2 ¼
"
1# 2r
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dt2 #

"
4arsin2!
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#
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"
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#
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þ !d!2 þ
"
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sin2!d’2; (8)

where a is its angular momentum per unit mass (0 & a &
1) and the functions " and ! have the forms

" ' r2 þ a2 # 2r (9)

! ' r2 þ a2cos2!: (10)

Let x"ð#Þ be the history of a particle of mass m0. The
geodesic equation can be fully integrated [4]. The equa-
tions of motion governing the orbital trajectory of a particle
on the equatorial plane, ! ¼ $=2, read (see [3])

dr

d#
¼ ( 1
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¼ # 1
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½aðaE# lÞ þ ðr2 þ a2ÞT="*; (13)

where T ' Eðr2 þ a2Þ # la. Here E is the total energy of
the particle and l ¼ p’ is the component of angular mo-
mentum parallel to the symmetry axis per unit mass.
On a Kerr background, particles approaching from one

or the other side have different properties. Consider two
particles coming from infinity with E1=m0 ¼ E2=m0 ¼ 1
and approaching the black hole with different angular
momenta l1 and l2. By direct application of (3) we find
the generalization of (6) for rotating backgrounds,
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FIG. 3 (color online). For a Kerr black hole with a ¼ 1 (a) shows the variation of _r with radius for three different values of angular
momentum l ¼ 0:4, 2, and 3. Panel (b) shows the variation of Ec:m: with radius for three combinations of l1 and l2. For l1 ¼ 2 we see
that Ec:m: blows up at the horizon.
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In this Letter, we show that rotating black holes may act
as particle accelerators. The context we have in mind is that
of intermediate mass black holes conjectured to be the
early precursors of supermassive black holes and sur-
rounded by relic cold dark matter density spikes.
Collisions between particles, e.g., massive dark matter
particles, may reach arbitrarily high center-of-mass ener-
gies. Naively speaking, this may not come as a surprise
because particles are infinitely blueshifted near the horizon
(for an observer sitting there). However, the center of mass
between two particles is a free fall frame and the energy in
this system is bounded. For Schwarzschild black holes, the
maximum energy is Emax

c:m: ¼ 2
ffiffiffi
5

p
m0, where m0 is the mass

of the two colliding particles [1]. Here it is assumed that
the particles at infinity are at rest, and the collision energy
comes solely from gravitational acceleration. Note that this
limit does not depend on the mass of the black hole.

Since it is expected that most astrophysical black holes
would have large angular momenta, in fact near extrem-
ality [2], it is natural to ask what is the maximum center-of-
mass energy for Kerr black holes. After computing Ec:m:

for Kerr we show that the maximum energy grows with
a ¼ J

M . Furthermore, as the black hole becomes extremal,
Emax
c:m: grows without limit providing an accelerator that in

principle allows collisions at arbitrarily high energies. We
concentrate here on our main new result, namely, compu-
tation of the limiting energy for Kerr black holes. The
energy distribution of particles colliding at this maximum
energy will be discussed in a future publication.

The general situation we consider in this Letter is de-
picted in Fig. 1. Two particles are falling into the black hole
and collide near the horizon. The range of l, the angular
momentum per unit rest mass, for geodesics falling in is
!2ð1þ

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ a

p
Þ & l & 2ð1þ

ffiffiffiffiffiffiffiffiffiffiffiffi
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Þ (see [3] for a de-

tailed treatment of geodesics in Kerr backgrounds). We
shall not deal with the global properties of the geodesics.
The figure represents the local properties before the colli-
sion. We start by describing the situation for Schwarzschild

black holes, as described in [1]. Our treatment will be
general enough such that the extension to Kerr will be
almost direct. Consider two particles approaching the
black hole with different angular momenta l1 and l2 and
colliding at some radius r (see Fig. 1). Later, we consider
the collision point r to approach the horizon, r ¼ rþ. The
particles will be assumed to be at rest at infinity.
Nonrotating black holes are described by the
Schwarzschild metric (where we have set the mass of the
black hole to 1),

ds2¼!
"
1!2

r

#
dt2þ

"
1!2

r

#!1
dr2þr2ðd!2þsin2!d’2Þ;

(1)

and the solution to the geodesic equation is (see [3] for a
detailed analysis of geodesics on black hole spacetimes)

FIG. 1. Schematic picture of two particles falling into a black
hole with angular momentum a (per unit black hole mass) and
colliding near the horizon. The allowed range of l for geodesics
falling into the black hole is also given.
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• Production of exotic particles?
  (Piran & al. 1975, Bañados, Silk, & West 2009)

• The center of mass energy is limited!
  (Thorne 1974, Piran et al. 1977,  Bertie et al. 2009, 

Jacobson 2010).  

The horizon is located at r ¼ 2, and we naively observe
a pole 1=ðr# 2Þ which seems characteristic of an infinity
blueshift. However, this is not the case as the numerator
also vanishes at r ¼ 2. In fact, the limit is finite and equals
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The maximum center-of-mass energy occurs for l2 and l1
opposite with their maximum allowed values (for geode-
sics falling in to the black hole) l1 ¼ 4 and l2 ¼ #4. Using
these values in (7) one obtains 2

ffiffiffi
5

p
m0, as stated in the first

paragraph [1]. Note also that if l2 ¼ l1, Ec:m: ¼ 2m0 as it
should be. A finite limit in the center-of-mass energy
follows from the fact that all particles approach the horizon
with the same incident angle (that is, they approach per-
pendicularly) and thus their relative velocities go to zero.
We shall now apply (3) for particles moving on a Kerr
black hole. We again restrict the discussion to equatorial
geodesics. The extension to more general geodesics has no
conceptual problems, but the formulas involved get rather
cumbersome. Our main goal here is to show that on a Kerr
black hole particles may collide with arbitrarily large
center-of-mass energy, and this can already be seen on
equatorial geodesics. Again, we assume that the particles
are at rest at infinity, and that all collision energies are
provided by gravitational acceleration.

The Kerr black hole is described by the metric (where
again we have set the mass of the black hole to 1)

ds2 ¼
"
1# 2r
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where a is its angular momentum per unit mass (0 & a &
1) and the functions " and ! have the forms

" ' r2 þ a2 # 2r (9)

! ' r2 þ a2cos2!: (10)

Let x"ð#Þ be the history of a particle of mass m0. The
geodesic equation can be fully integrated [4]. The equa-
tions of motion governing the orbital trajectory of a particle
on the equatorial plane, ! ¼ $=2, read (see [3])
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where T ' Eðr2 þ a2Þ # la. Here E is the total energy of
the particle and l ¼ p’ is the component of angular mo-
mentum parallel to the symmetry axis per unit mass.
On a Kerr background, particles approaching from one

or the other side have different properties. Consider two
particles coming from infinity with E1=m0 ¼ E2=m0 ¼ 1
and approaching the black hole with different angular
momenta l1 and l2. By direct application of (3) we find
the generalization of (6) for rotating backgrounds,
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FIG. 3 (color online). For a Kerr black hole with a ¼ 1 (a) shows the variation of _r with radius for three different values of angular
momentum l ¼ 0:4, 2, and 3. Panel (b) shows the variation of Ec:m: with radius for three combinations of l1 and l2. For l1 ¼ 2 we see
that Ec:m: blows up at the horizon.
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In this Letter, we show that rotating black holes may act
as particle accelerators. The context we have in mind is that
of intermediate mass black holes conjectured to be the
early precursors of supermassive black holes and sur-
rounded by relic cold dark matter density spikes.
Collisions between particles, e.g., massive dark matter
particles, may reach arbitrarily high center-of-mass ener-
gies. Naively speaking, this may not come as a surprise
because particles are infinitely blueshifted near the horizon
(for an observer sitting there). However, the center of mass
between two particles is a free fall frame and the energy in
this system is bounded. For Schwarzschild black holes, the
maximum energy is Emax

c:m: ¼ 2
ffiffiffi
5

p
m0, where m0 is the mass

of the two colliding particles [1]. Here it is assumed that
the particles at infinity are at rest, and the collision energy
comes solely from gravitational acceleration. Note that this
limit does not depend on the mass of the black hole.

Since it is expected that most astrophysical black holes
would have large angular momenta, in fact near extrem-
ality [2], it is natural to ask what is the maximum center-of-
mass energy for Kerr black holes. After computing Ec:m:

for Kerr we show that the maximum energy grows with
a ¼ J

M . Furthermore, as the black hole becomes extremal,
Emax
c:m: grows without limit providing an accelerator that in

principle allows collisions at arbitrarily high energies. We
concentrate here on our main new result, namely, compu-
tation of the limiting energy for Kerr black holes. The
energy distribution of particles colliding at this maximum
energy will be discussed in a future publication.

The general situation we consider in this Letter is de-
picted in Fig. 1. Two particles are falling into the black hole
and collide near the horizon. The range of l, the angular
momentum per unit rest mass, for geodesics falling in is
!2ð1þ

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ a

p
Þ & l & 2ð1þ

ffiffiffiffiffiffiffiffiffiffiffiffi
1! a

p
Þ (see [3] for a de-

tailed treatment of geodesics in Kerr backgrounds). We
shall not deal with the global properties of the geodesics.
The figure represents the local properties before the colli-
sion. We start by describing the situation for Schwarzschild

black holes, as described in [1]. Our treatment will be
general enough such that the extension to Kerr will be
almost direct. Consider two particles approaching the
black hole with different angular momenta l1 and l2 and
colliding at some radius r (see Fig. 1). Later, we consider
the collision point r to approach the horizon, r ¼ rþ. The
particles will be assumed to be at rest at infinity.
Nonrotating black holes are described by the
Schwarzschild metric (where we have set the mass of the
black hole to 1),

ds2¼!
"
1!2

r

#
dt2þ

"
1!2

r

#!1
dr2þr2ðd!2þsin2!d’2Þ;

(1)

and the solution to the geodesic equation is (see [3] for a
detailed analysis of geodesics on black hole spacetimes)

FIG. 1. Schematic picture of two particles falling into a black
hole with angular momentum a (per unit black hole mass) and
colliding near the horizon. The allowed range of l for geodesics
falling into the black hole is also given.
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• Production of exotic particles?
  (Piran & al. 1975, Bañados, Silk, & West 2009)

• The center of mass energy is limited!
  (Thorne 1974, Piran et al. 1977,  Bertie et al. 2009, 

Jacobson 2010).  
• Dark matter annihilation close to black hole 
  (Williams 2013).  

The horizon is located at r ¼ 2, and we naively observe
a pole 1=ðr# 2Þ which seems characteristic of an infinity
blueshift. However, this is not the case as the numerator
also vanishes at r ¼ 2. In fact, the limit is finite and equals

ESchw
c:m: ðr ! 2Þ ¼ m0

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðl2 # l1Þ2 þ 16

q
: (7)

The maximum center-of-mass energy occurs for l2 and l1
opposite with their maximum allowed values (for geode-
sics falling in to the black hole) l1 ¼ 4 and l2 ¼ #4. Using
these values in (7) one obtains 2

ffiffiffi
5

p
m0, as stated in the first

paragraph [1]. Note also that if l2 ¼ l1, Ec:m: ¼ 2m0 as it
should be. A finite limit in the center-of-mass energy
follows from the fact that all particles approach the horizon
with the same incident angle (that is, they approach per-
pendicularly) and thus their relative velocities go to zero.
We shall now apply (3) for particles moving on a Kerr
black hole. We again restrict the discussion to equatorial
geodesics. The extension to more general geodesics has no
conceptual problems, but the formulas involved get rather
cumbersome. Our main goal here is to show that on a Kerr
black hole particles may collide with arbitrarily large
center-of-mass energy, and this can already be seen on
equatorial geodesics. Again, we assume that the particles
are at rest at infinity, and that all collision energies are
provided by gravitational acceleration.

The Kerr black hole is described by the metric (where
again we have set the mass of the black hole to 1)

ds2 ¼
"
1# 2r

!

#
dt2 #

"
4arsin2!

!

#
dtd’þ

"
!

"

#
dr2

þ !d!2 þ
"
r2 þ a2 þ 2a2rsin2!

!

#
sin2!d’2; (8)

where a is its angular momentum per unit mass (0 & a &
1) and the functions " and ! have the forms

" ' r2 þ a2 # 2r (9)

! ' r2 þ a2cos2!: (10)

Let x"ð#Þ be the history of a particle of mass m0. The
geodesic equation can be fully integrated [4]. The equa-
tions of motion governing the orbital trajectory of a particle
on the equatorial plane, ! ¼ $=2, read (see [3])

dr

d#
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dt
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½aðaE# lÞ þ ðr2 þ a2ÞT="*; (13)

where T ' Eðr2 þ a2Þ # la. Here E is the total energy of
the particle and l ¼ p’ is the component of angular mo-
mentum parallel to the symmetry axis per unit mass.
On a Kerr background, particles approaching from one

or the other side have different properties. Consider two
particles coming from infinity with E1=m0 ¼ E2=m0 ¼ 1
and approaching the black hole with different angular
momenta l1 and l2. By direct application of (3) we find
the generalization of (6) for rotating backgrounds,
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FIG. 3 (color online). For a Kerr black hole with a ¼ 1 (a) shows the variation of _r with radius for three different values of angular
momentum l ¼ 0:4, 2, and 3. Panel (b) shows the variation of Ec:m: with radius for three combinations of l1 and l2. For l1 ¼ 2 we see
that Ec:m: blows up at the horizon.
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magnetic field inclined at an angle of 60! with respect to the ro-
tation axis. The size of the infrared emission region is taken to be
RIR = 10RSchw. The three energy spectra shown in Figure 4 cor-
respond to different strengths of the random component of the
magnetic field. If the random magnetic field has less than 0.1%
of the strength of the ordered field, electrons propagating in the
gap reach energies up to "1016 eV. With an increase in the ran-
dom component of the magnetic field, synchrotron losses start
to dominate, which leads to a reduction in the maximum electron
energies, in good agreement with the qualitative estimates of
x 5.1.

5.3. Direct Synchrotron/Curvature and IC Radiation
from the Acceleration Process

The radiative losses through both synchrotron/curvature and
IC channels are released in the form of high-energy !-rays. The

energy of Compton-upscattered photons (in the Thomson regime)
is

"IC ¼ 0:4

!
"IR

10$2 eV

"!
Ee

1 TeV

"2

TeV: ð23Þ

The IC scattering of Ee k10 TeV electrons on infrared photons
proceeds in the Klein-Nishina regime, and thus "IC ’ Ee. The
curvature radiation peaks at significantly lower energies,

"curv ¼
3E3

e

2m3
eRcurv

’ 0:2

!
Ee

1015 eV

"3!
RSchw

Rcurv

"
GeV: ð24Þ

Since electron acceleration in the gap proceeds in the ‘‘loss-
saturated’’ regime, calculation of the spectral and angular dis-
tributions of radiation accompanying the acceleration process
requires a ‘‘self-consistent’’ approach in which the spectrum of
radiation is calculated simultaneously with the spectrum of parent
electrons. The algorithm of self-consistent calculations used in
this work is briefly described in the Appendix.
Some results of self-consistent calculations of the !-ray pro-

duction spectra as functions of viewing angle and the inclination
of the magnetic field are shown in Figures 5 and 6, respectively.
Figure 5 demonstrates the differences in the production spectra
of !-rays emitted along the direction of the magnetic field (the
region marked ‘‘on’’ in Fig. 2) and away from this direction (the
region marked ‘‘off ’’). Figure 6 demonstrates the dependence of
the !-ray production spectra on the inclination angle of the mag-
netic field. In both figures, the low-energy (MeVYGeV) peak is
due to the synchrotron/curvature radiation, while the high-energy
(TeVYPeV) peak is formed by the IC scattering in the Klein-
Nishina regime.

5.4. Isotropic TeV Emission from Secondary
Pair-produced Electrons

The spectral energy distributions shown in Figures 5 and 6
correspond to the production rates of the first-generation !-rays.
They have an essentially anisotropic distribution, and thus the
calculations of fluxes detected by an observer contain large un-
certainties, mainly because of our poor knowledge of the source
geometry. However, as a result of the internal and external ab-
sorption of '10 TeV !-rays, the observer detects only a tiny frac-
tion of the first-generation !-rays.While interactionswith external
photon fields lead to real attenuation of the !-ray flux, the internal

Fig. 3.—Evolution of the shape of the polar hot spots with an increase in the
inclination angle of the magnetic field. The panels show the angular distribution
of the energies of synchrotron/curvature photons traced to infinity. The gray scale
and parameters of the numerical simulations are the same as in the top right panel
of Fig. 2: maximum (white) corresponds to photon energies 10 GeV, minimum
(black) to photon energies below 0.1 GeV. [See the electronic edition of the
Journal for a color version of this figure.]

Fig. 4.—Spectra of electrons accelerated in the vacuum gap above the horizon
of a maximally rotating BH of massM = 3 ; 109 M( placed in an ordered mag-
netic field with B = 1 G inclined at # = 60! with respect to the BH rotation axis.
Solid line, For a randommagnetic field component that is 0.1% of the ordered one;
dotted line, for a random field of 1%; dashed line, for a random field of 10%. [See
the electronic edition of the Journal for a color version of this figure.]
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Pattern of synchrotron/IC emission from 
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magnetic field inclined at an angle of 60! with respect to the ro-
tation axis. The size of the infrared emission region is taken to be
RIR = 10RSchw. The three energy spectra shown in Figure 4 cor-
respond to different strengths of the random component of the
magnetic field. If the random magnetic field has less than 0.1%
of the strength of the ordered field, electrons propagating in the
gap reach energies up to "1016 eV. With an increase in the ran-
dom component of the magnetic field, synchrotron losses start
to dominate, which leads to a reduction in the maximum electron
energies, in good agreement with the qualitative estimates of
x 5.1.

5.3. Direct Synchrotron/Curvature and IC Radiation
from the Acceleration Process

The radiative losses through both synchrotron/curvature and
IC channels are released in the form of high-energy !-rays. The

energy of Compton-upscattered photons (in the Thomson regime)
is
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Since electron acceleration in the gap proceeds in the ‘‘loss-
saturated’’ regime, calculation of the spectral and angular dis-
tributions of radiation accompanying the acceleration process
requires a ‘‘self-consistent’’ approach in which the spectrum of
radiation is calculated simultaneously with the spectrum of parent
electrons. The algorithm of self-consistent calculations used in
this work is briefly described in the Appendix.
Some results of self-consistent calculations of the !-ray pro-

duction spectra as functions of viewing angle and the inclination
of the magnetic field are shown in Figures 5 and 6, respectively.
Figure 5 demonstrates the differences in the production spectra
of !-rays emitted along the direction of the magnetic field (the
region marked ‘‘on’’ in Fig. 2) and away from this direction (the
region marked ‘‘off ’’). Figure 6 demonstrates the dependence of
the !-ray production spectra on the inclination angle of the mag-
netic field. In both figures, the low-energy (MeVYGeV) peak is
due to the synchrotron/curvature radiation, while the high-energy
(TeVYPeV) peak is formed by the IC scattering in the Klein-
Nishina regime.

5.4. Isotropic TeV Emission from Secondary
Pair-produced Electrons

The spectral energy distributions shown in Figures 5 and 6
correspond to the production rates of the first-generation !-rays.
They have an essentially anisotropic distribution, and thus the
calculations of fluxes detected by an observer contain large un-
certainties, mainly because of our poor knowledge of the source
geometry. However, as a result of the internal and external ab-
sorption of '10 TeV !-rays, the observer detects only a tiny frac-
tion of the first-generation !-rays.While interactionswith external
photon fields lead to real attenuation of the !-ray flux, the internal

Fig. 3.—Evolution of the shape of the polar hot spots with an increase in the
inclination angle of the magnetic field. The panels show the angular distribution
of the energies of synchrotron/curvature photons traced to infinity. The gray scale
and parameters of the numerical simulations are the same as in the top right panel
of Fig. 2: maximum (white) corresponds to photon energies 10 GeV, minimum
(black) to photon energies below 0.1 GeV. [See the electronic edition of the
Journal for a color version of this figure.]

Fig. 4.—Spectra of electrons accelerated in the vacuum gap above the horizon
of a maximally rotating BH of massM = 3 ; 109 M( placed in an ordered mag-
netic field with B = 1 G inclined at # = 60! with respect to the BH rotation axis.
Solid line, For a randommagnetic field component that is 0.1% of the ordered one;
dotted line, for a random field of 1%; dashed line, for a random field of 10%. [See
the electronic edition of the Journal for a color version of this figure.]
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magnetic field inclined at an angle of 60! with respect to the ro-
tation axis. The size of the infrared emission region is taken to be
RIR = 10RSchw. The three energy spectra shown in Figure 4 cor-
respond to different strengths of the random component of the
magnetic field. If the random magnetic field has less than 0.1%
of the strength of the ordered field, electrons propagating in the
gap reach energies up to "1016 eV. With an increase in the ran-
dom component of the magnetic field, synchrotron losses start
to dominate, which leads to a reduction in the maximum electron
energies, in good agreement with the qualitative estimates of
x 5.1.

5.3. Direct Synchrotron/Curvature and IC Radiation
from the Acceleration Process

The radiative losses through both synchrotron/curvature and
IC channels are released in the form of high-energy !-rays. The
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Since electron acceleration in the gap proceeds in the ‘‘loss-
saturated’’ regime, calculation of the spectral and angular dis-
tributions of radiation accompanying the acceleration process
requires a ‘‘self-consistent’’ approach in which the spectrum of
radiation is calculated simultaneously with the spectrum of parent
electrons. The algorithm of self-consistent calculations used in
this work is briefly described in the Appendix.
Some results of self-consistent calculations of the !-ray pro-

duction spectra as functions of viewing angle and the inclination
of the magnetic field are shown in Figures 5 and 6, respectively.
Figure 5 demonstrates the differences in the production spectra
of !-rays emitted along the direction of the magnetic field (the
region marked ‘‘on’’ in Fig. 2) and away from this direction (the
region marked ‘‘off ’’). Figure 6 demonstrates the dependence of
the !-ray production spectra on the inclination angle of the mag-
netic field. In both figures, the low-energy (MeVYGeV) peak is
due to the synchrotron/curvature radiation, while the high-energy
(TeVYPeV) peak is formed by the IC scattering in the Klein-
Nishina regime.

5.4. Isotropic TeV Emission from Secondary
Pair-produced Electrons

The spectral energy distributions shown in Figures 5 and 6
correspond to the production rates of the first-generation !-rays.
They have an essentially anisotropic distribution, and thus the
calculations of fluxes detected by an observer contain large un-
certainties, mainly because of our poor knowledge of the source
geometry. However, as a result of the internal and external ab-
sorption of '10 TeV !-rays, the observer detects only a tiny frac-
tion of the first-generation !-rays.While interactionswith external
photon fields lead to real attenuation of the !-ray flux, the internal

Fig. 3.—Evolution of the shape of the polar hot spots with an increase in the
inclination angle of the magnetic field. The panels show the angular distribution
of the energies of synchrotron/curvature photons traced to infinity. The gray scale
and parameters of the numerical simulations are the same as in the top right panel
of Fig. 2: maximum (white) corresponds to photon energies 10 GeV, minimum
(black) to photon energies below 0.1 GeV. [See the electronic edition of the
Journal for a color version of this figure.]

Fig. 4.—Spectra of electrons accelerated in the vacuum gap above the horizon
of a maximally rotating BH of massM = 3 ; 109 M( placed in an ordered mag-
netic field with B = 1 G inclined at # = 60! with respect to the BH rotation axis.
Solid line, For a randommagnetic field component that is 0.1% of the ordered one;
dotted line, for a random field of 1%; dashed line, for a random field of 10%. [See
the electronic edition of the Journal for a color version of this figure.]
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absorption is essentially recovered by virtue of radiation of the
pair-produced electrons of second and further generations. Inter-
estingly, the development of an electromagnetic cascade in the
radiation field of the infrared source may lead to ‘‘isotropization’’
of the !-ray source. Indeed, the absorption of first-generation
!-rays leads to deposition of eþe" pairs throughout the infrared
source volume, RIR. If the latter is significantly larger than the
volume corresponding to the vacuum gap (i.e.,RIR 3RSchw), the
magnetic field in the infrared source can be dominated by the ir-
regular component, which would effectively isotropize the di-
rections of secondary electrons. Correspondingly, the secondary
radiation from eþe" pairs will be emitted isotropically. For any
reasonable magnetic field, the synchrotron radiation of second-
ary electrons is produced at energies significantly below 1 TeV.
Therefore, for an explanation of the observed TeV !-radiation one
should assume that the energy losses of electrons are dominated
by IC scattering; that is, the magnetic field in the infrared source
should be significantly less than B = (LIR/2R

2
IR)

1/2 # 0.1 G. If so,
the absorption of first-generation !-rays will trigger an electro-
magnetic (Klein-Nishina) cascade.

In Figure 7, we show the resulting spectrum of !-radiation ex-
pected from the internal absorption of first-generation !-rays. It
consists of the isotropic component associated with the cascade
in the infrared source (dashed line) and a primary anisotropic
component whose intensity is uncertain because it strongly de-
pends on the orientation of the observer with respect to the mag-
netic field direction. In Figure 7 the thin solid line corresponds to

the sum of these two components, while the thick solid line shows
the result of absorption of the summed spectrum in the infrared
source, in the elliptical galaxy M87, and in the intergalactic me-
dium (see thick solid curve in Fig. 1, bottom). The curve is nor-
malized to the observed flux of !-rays at 0.5 TeV. Comparison of
the calculated !-ray spectrum shows quite good agreement with
the H.E.S.S. measurements up to E # 10Y20 TeV. One should
note, however, that the agreement with the observations should
not be overemphasized, since we are considering a ‘‘toy model’’
aimed at demonstrating the importance of TeVemission from the
vacuum gaps in the magnetosphere.

Finally, in Figure 8we show the broadband spectral energy dis-
tribution (SED) of the resulting radiation and compare the model
curve with observed fluxes of the nucleus of M87 at infrared,
X-ray, and TeV !-ray energies. The two broad peaks in the SED
correspond to synchrotron radiation and IC scattering of sec-
ondary (cascade) electrons in the infrared source. The condition
that the synchrotron emission from the infrared source not ex-
ceed the observed flux in the X-ray band imposes an upper limit
on the randommagnetic field strength of B < 0.1(RIR/RSchw)

"1 G.
The existing upper limit on M87’s flux in the EGRET energy
band (Sreekumar et al. 1994) imposes a restriction on the direct
synchrotron/curvature emission from the gap emitted in the di-
rection of the observer.

Fig. 5.—Production rate of first-generation !-rays emitted by the spherical
vacuum gap. The physical parameters are the same as in Fig. 2. Thick solid line,
Total spectrum integrated over all directions; dashed line, spectrum integrated over
the direction around the ‘‘hot spot’’ (the boxmarked ‘‘on’’ in Fig. 2); thin solid line,
spectrum collected from the box marked ‘‘off ’’ in Fig. 2.

Fig. 6.—Production rate of !-rays calculated for different values of the incli-
nation angle of the magnetic field. Solid line, " = 20$; short-dashed line, " = 60$;
long-dashed line, " = 90$. The physical parameters are the same as in Fig. 2.

Fig. 7.—Secondary emission from high-energy electrons injected into the
compact infrared source in the nucleus of M87 through photon-photon pair
production. Thin solid line, Omnidirectional spectrum of primary emission from
accelerated particles; dotted line, primary spectrum only from the ‘‘off ’’ direction
(same as in Fig. 5); thick solid line, spectra attenuated by pair production in the
infrared source; dashed line, contribution of secondary cascade (isotropic) emis-
sion. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 8.—Spectral energy distribution of emission from the nucleus of M87.
Thick dashed line: Isotropic synchrotron and IC emission from secondary elec-
tron-positron pairs injected through pair production. Short-dashed lines: Direct
synchrotron/curvature and IC emission from electrons accelerated in the vacuum
gap (strongly anisotropic, depends on the geometry of the vacuum gap). Solid line:
Total emission spectrum, which is the sum of the direct and cascade contributions.
Thin dashed line: Model spectrum of the soft photon background used for the cal-
culation of IC scattering. This radiation component can come from a larger region
and is not necessarily related to the particle acceleration in the vacuum gap. [See
the electronic edition of the Journal for a color version of this figure.]

TeV EMISSION FROM M87 93No. 1, 2007

Energy spectrum (direct & indirect) 
from high-energy electrons: 



Particle Acceleration in the BH Magnetosphere  

magnetic field inclined at an angle of 60! with respect to the ro-
tation axis. The size of the infrared emission region is taken to be
RIR = 10RSchw. The three energy spectra shown in Figure 4 cor-
respond to different strengths of the random component of the
magnetic field. If the random magnetic field has less than 0.1%
of the strength of the ordered field, electrons propagating in the
gap reach energies up to "1016 eV. With an increase in the ran-
dom component of the magnetic field, synchrotron losses start
to dominate, which leads to a reduction in the maximum electron
energies, in good agreement with the qualitative estimates of
x 5.1.

5.3. Direct Synchrotron/Curvature and IC Radiation
from the Acceleration Process

The radiative losses through both synchrotron/curvature and
IC channels are released in the form of high-energy !-rays. The

energy of Compton-upscattered photons (in the Thomson regime)
is
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The IC scattering of Ee k10 TeV electrons on infrared photons
proceeds in the Klein-Nishina regime, and thus "IC ’ Ee. The
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Since electron acceleration in the gap proceeds in the ‘‘loss-
saturated’’ regime, calculation of the spectral and angular dis-
tributions of radiation accompanying the acceleration process
requires a ‘‘self-consistent’’ approach in which the spectrum of
radiation is calculated simultaneously with the spectrum of parent
electrons. The algorithm of self-consistent calculations used in
this work is briefly described in the Appendix.
Some results of self-consistent calculations of the !-ray pro-

duction spectra as functions of viewing angle and the inclination
of the magnetic field are shown in Figures 5 and 6, respectively.
Figure 5 demonstrates the differences in the production spectra
of !-rays emitted along the direction of the magnetic field (the
region marked ‘‘on’’ in Fig. 2) and away from this direction (the
region marked ‘‘off ’’). Figure 6 demonstrates the dependence of
the !-ray production spectra on the inclination angle of the mag-
netic field. In both figures, the low-energy (MeVYGeV) peak is
due to the synchrotron/curvature radiation, while the high-energy
(TeVYPeV) peak is formed by the IC scattering in the Klein-
Nishina regime.

5.4. Isotropic TeV Emission from Secondary
Pair-produced Electrons

The spectral energy distributions shown in Figures 5 and 6
correspond to the production rates of the first-generation !-rays.
They have an essentially anisotropic distribution, and thus the
calculations of fluxes detected by an observer contain large un-
certainties, mainly because of our poor knowledge of the source
geometry. However, as a result of the internal and external ab-
sorption of '10 TeV !-rays, the observer detects only a tiny frac-
tion of the first-generation !-rays.While interactionswith external
photon fields lead to real attenuation of the !-ray flux, the internal

Fig. 3.—Evolution of the shape of the polar hot spots with an increase in the
inclination angle of the magnetic field. The panels show the angular distribution
of the energies of synchrotron/curvature photons traced to infinity. The gray scale
and parameters of the numerical simulations are the same as in the top right panel
of Fig. 2: maximum (white) corresponds to photon energies 10 GeV, minimum
(black) to photon energies below 0.1 GeV. [See the electronic edition of the
Journal for a color version of this figure.]

Fig. 4.—Spectra of electrons accelerated in the vacuum gap above the horizon
of a maximally rotating BH of massM = 3 ; 109 M( placed in an ordered mag-
netic field with B = 1 G inclined at # = 60! with respect to the BH rotation axis.
Solid line, For a randommagnetic field component that is 0.1% of the ordered one;
dotted line, for a random field of 1%; dashed line, for a random field of 10%. [See
the electronic edition of the Journal for a color version of this figure.]
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Pattern of synchrotron/IC emission from 
electrons accelerated in vacuum gaps.  

magnetic field inclined at an angle of 60! with respect to the ro-
tation axis. The size of the infrared emission region is taken to be
RIR = 10RSchw. The three energy spectra shown in Figure 4 cor-
respond to different strengths of the random component of the
magnetic field. If the random magnetic field has less than 0.1%
of the strength of the ordered field, electrons propagating in the
gap reach energies up to "1016 eV. With an increase in the ran-
dom component of the magnetic field, synchrotron losses start
to dominate, which leads to a reduction in the maximum electron
energies, in good agreement with the qualitative estimates of
x 5.1.
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absorption is essentially recovered by virtue of radiation of the
pair-produced electrons of second and further generations. Inter-
estingly, the development of an electromagnetic cascade in the
radiation field of the infrared source may lead to ‘‘isotropization’’
of the !-ray source. Indeed, the absorption of first-generation
!-rays leads to deposition of eþe" pairs throughout the infrared
source volume, RIR. If the latter is significantly larger than the
volume corresponding to the vacuum gap (i.e.,RIR 3RSchw), the
magnetic field in the infrared source can be dominated by the ir-
regular component, which would effectively isotropize the di-
rections of secondary electrons. Correspondingly, the secondary
radiation from eþe" pairs will be emitted isotropically. For any
reasonable magnetic field, the synchrotron radiation of second-
ary electrons is produced at energies significantly below 1 TeV.
Therefore, for an explanation of the observed TeV !-radiation one
should assume that the energy losses of electrons are dominated
by IC scattering; that is, the magnetic field in the infrared source
should be significantly less than B = (LIR/2R

2
IR)

1/2 # 0.1 G. If so,
the absorption of first-generation !-rays will trigger an electro-
magnetic (Klein-Nishina) cascade.

In Figure 7, we show the resulting spectrum of !-radiation ex-
pected from the internal absorption of first-generation !-rays. It
consists of the isotropic component associated with the cascade
in the infrared source (dashed line) and a primary anisotropic
component whose intensity is uncertain because it strongly de-
pends on the orientation of the observer with respect to the mag-
netic field direction. In Figure 7 the thin solid line corresponds to

the sum of these two components, while the thick solid line shows
the result of absorption of the summed spectrum in the infrared
source, in the elliptical galaxy M87, and in the intergalactic me-
dium (see thick solid curve in Fig. 1, bottom). The curve is nor-
malized to the observed flux of !-rays at 0.5 TeV. Comparison of
the calculated !-ray spectrum shows quite good agreement with
the H.E.S.S. measurements up to E # 10Y20 TeV. One should
note, however, that the agreement with the observations should
not be overemphasized, since we are considering a ‘‘toy model’’
aimed at demonstrating the importance of TeVemission from the
vacuum gaps in the magnetosphere.

Finally, in Figure 8we show the broadband spectral energy dis-
tribution (SED) of the resulting radiation and compare the model
curve with observed fluxes of the nucleus of M87 at infrared,
X-ray, and TeV !-ray energies. The two broad peaks in the SED
correspond to synchrotron radiation and IC scattering of sec-
ondary (cascade) electrons in the infrared source. The condition
that the synchrotron emission from the infrared source not ex-
ceed the observed flux in the X-ray band imposes an upper limit
on the randommagnetic field strength of B < 0.1(RIR/RSchw)

"1 G.
The existing upper limit on M87’s flux in the EGRET energy
band (Sreekumar et al. 1994) imposes a restriction on the direct
synchrotron/curvature emission from the gap emitted in the di-
rection of the observer.

Fig. 5.—Production rate of first-generation !-rays emitted by the spherical
vacuum gap. The physical parameters are the same as in Fig. 2. Thick solid line,
Total spectrum integrated over all directions; dashed line, spectrum integrated over
the direction around the ‘‘hot spot’’ (the boxmarked ‘‘on’’ in Fig. 2); thin solid line,
spectrum collected from the box marked ‘‘off ’’ in Fig. 2.

Fig. 6.—Production rate of !-rays calculated for different values of the incli-
nation angle of the magnetic field. Solid line, " = 20$; short-dashed line, " = 60$;
long-dashed line, " = 90$. The physical parameters are the same as in Fig. 2.

Fig. 7.—Secondary emission from high-energy electrons injected into the
compact infrared source in the nucleus of M87 through photon-photon pair
production. Thin solid line, Omnidirectional spectrum of primary emission from
accelerated particles; dotted line, primary spectrum only from the ‘‘off ’’ direction
(same as in Fig. 5); thick solid line, spectra attenuated by pair production in the
infrared source; dashed line, contribution of secondary cascade (isotropic) emis-
sion. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 8.—Spectral energy distribution of emission from the nucleus of M87.
Thick dashed line: Isotropic synchrotron and IC emission from secondary elec-
tron-positron pairs injected through pair production. Short-dashed lines: Direct
synchrotron/curvature and IC emission from electrons accelerated in the vacuum
gap (strongly anisotropic, depends on the geometry of the vacuum gap). Solid line:
Total emission spectrum, which is the sum of the direct and cascade contributions.
Thin dashed line: Model spectrum of the soft photon background used for the cal-
culation of IC scattering. This radiation component can come from a larger region
and is not necessarily related to the particle acceleration in the vacuum gap. [See
the electronic edition of the Journal for a color version of this figure.]

TeV EMISSION FROM M87 93No. 1, 2007

Energy spectrum (direct & indirect) 
from high-energy electrons: 

Model with similarities to particle
acceleration pulsar vacuum gaps. 
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• Magnetic acceleration and confinement 
(Blandford & Payne 1982, Li, Chiueh, Begelman 
1992,  Vlahakis & Königl, 2003, and others).

• Blandford-Znajek effect (Blandford & Znajek 
1977).

McKinney & Gammie 2004, 
ApJ, 611, 977.

A
log ρ

Komissarov 2008
Spruit 2008

Numerical results (De Villiers et al. 2005, McKinney 2006, 
Krolik, Hawley, Hirose, 2007, Komissarov 2007, and others):

• Possible jet structure: matter dominated funnel 
wall, electromagnetic core.

• Magnetic acceleration & collimation on scales of 
103-104 rg.

• Asymptotic flow: ~50% of magnetic energy 
converted into kinetic energy. 

• Γ~10-1000 seems feasible.
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Fig. 3 Simulated dimensionless mean enthalpy that is characterizing the mean Lorentz factor of the random-
ized particles in the rest frame of a hot merged shell. The curves are simulated for the same parameter sets as
it is indicated in Figure 2.

Mészáros 2006), as a vital alternative to the photospheric models of GRBs. The dissipation
region typically exists at the radii about rdiss ∼ ctvarΓ 2. In the case of matter dominated
jets (of low magnetization) the inner dissipation occurs in the internal shocks while in the
electromagnetically (Poynting flux) dominated jets the magnetic field reconnection effects
are most likely crucial though shocks may also occur. The microphysics of the dissipa-
tion in relativistic shocks as well as modeling of the magnetic field reconnections are un-
der intense studies (Yamada et al. 2010; Bykov and Treumann 2011; Sironi & Spitkovsky
2011; McKinney and Uzdensky 2012). Realistic models of a jet that would simulate the
global RMHD dynamics and simultaneously resolve the dissipative microphysical plasma
processes at much smaller spatial scales are not feasible at the moment. However, simple
multiple shell models of the internal dissipation that just parameterize the magnetic field re-
connection effects are still rather useful and it is instructive to discuss some of these models.
A similar approach can be applied to other relativistic outflows, like those of the AGN jets
(see for a discussion §4) and of the pulsar wind nebulae.

To illustrate the effect of the outflow magnetization σ = B2/4πΓ ρc2 on the energy con-
version into the observed radiation it is instructive to use a simple two shell model (see e.g.
Panaitescu et al. 1999; Kumar 1999; Daigne and Mochkovitch 1998; Zhang and Yan 2011).
The shell collision may result in dissipation of the magnetic energy due to reconnection





Acceleration at Strong Shocks?



Acceleration at Strong Shocks?

  - Shells ejected with different velocities: cannot explain high flare duty cycle  (Tanihata et al. 2003). 
  - Recollimation shocks (e.g. Bromberg & Levinson 2009).

- Internal shocks:



Acceleration at Strong Shocks?

Marscher et al. 2008- Standing shocks:

  - Shells ejected with different velocities: cannot explain high flare duty cycle  (Tanihata et al. 2003). 
  - Recollimation shocks (e.g. Bromberg & Levinson 2009).

- Internal shocks:



Acceleration at Strong Shocks?

Marscher et al. 2008- Standing shocks:

  - Shells ejected with different velocities: cannot explain high flare duty cycle  (Tanihata et al. 2003). 
  - Recollimation shocks (e.g. Bromberg & Levinson 2009).

- Internal shocks:

- External shocks. 



Acceleration at Strong Shocks?

Marscher et al. 2008- Standing shocks:

  - Shells ejected with different velocities: cannot explain high flare duty cycle  (Tanihata et al. 2003). 
  - Recollimation shocks (e.g. Bromberg & Levinson 2009).

- Internal shocks:

- External shocks. 

8

1

Fig. 3 Simulated dimensionless mean enthalpy that is characterizing the mean Lorentz factor of the random-
ized particles in the rest frame of a hot merged shell. The curves are simulated for the same parameter sets as
it is indicated in Figure 2.
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Giannios, Uzdensky, Begelman, 2009, MNRAS, 395, 
L29, arXiv0907.5005G

• Relativistic generalization of Petschek-type reconnection (Lyubarsky, 2005):

• Lorentz factor of minijets: 

• Thermal electron γ-factors are not high enough and particle acceleration is 
needed.

• Reconnection: kink instabilities or B-field reversals in BH magnetosphere. 

Γco = σ

Acceleration through Magnetic Reconnection?
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Synchrotron IC
Benefits:

⊕ Relativistic beaming: L ~ δ4

⊕ Jet formation and composition  → black hole 
accretion.

⊕ Time resolved studies of particle acceleration.

Difficulties:
⊖ So Far: Lack of spatial resolution.

⊖ Continuum energy spectra: limited information.

⊖ Anisotropic emission and uncertain viewing angles.

Most important:
Thomson-Klein-Nishina transition regime,

Eγ ~ δjet Ee



Swift 
(Suzaku, NuSTAR!)

VERITAS (Fermi, H.E.S.S., MAGIC, 
HAWC, CTA)

Benefits:

⊕ Relativistic beaming: L ~ δ4

⊕ Jet formation and composition  → black hole 
accretion.

⊕ Time resolved studies of particle acceleration.

Synchrotron IC

Difficulties:
⊖ So Far: Lack of spatial resolution.

⊖ Continuum energy spectra: limited information.

⊖ Anisotropic emission and uncertain viewing angles.

Blazar Observations
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Mrk 421 - Leptonic SSC Models of Diurnal SEDs:

X-Ray/γ-ray observations of Mrk 421 - 2008 

dne

dγ
=

N1γ
−2.2  for γ min < γ < γ b

N2γ
−3.2  for γ b < γ < γ max

⎧
⎨
⎪
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γ b  given by tsynch ≡

γ
γ
=
tflare

δ jet

Fitting-results:

δ jet = 200 
Bγ

G
,

e.g. δ jet = 40,  Bγ = 0.2 G, 

Rγ =2.5 ×1015  cm

• Absence of internal γ-γ abs.:

• 5-min Flares & Causality:

δ jet ≥ 15

δ jet ~ 50
Begelman et al. 2007

Celotti et al. 2000

Acciari et al. 2011
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X-Ray/γ-ray observations of Mrk 421 - 2008 

δγ = 40,  Bγ = 0.2 G,  Rγ =2.5 ×1015  cm

ue( )cold ,uP ?

Mrk 421 - Leptonic SSC Models of Diurnal SEDs:

Acciari et al. 2011
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Predictions from Models with Shock Acceleration and Synchrotron Cooling

 tacc  tcool  tacc  tcool

Rieger, Kirk, Mastichiadis 2000:

Clockwise or anti-clockwise index-intensity correlations!
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High Accuracy X-Ray Observations With Suzaku  

Suzaku Observations of Mrk 421 from May 5 - May 9, 2008 

Garson, Baring & HK 2010

Observations do not validate simple predictions 
of models with shock acceleration and cooling!    



X-Ray Emission from kpc Jets of Low-Power Galaxies

M. Hardcastle (priv. comm), Kataoka et al. 2006

Chandra X-ray (color) and VLA 8 GHz (contours) images of Cen A

Interpretation:

• Synchrotron em. of γ ~ 107 electrons.
• Radiative cooling time: ~ years → 

distributed acceleration!
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Interpretation:
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Chandra, 0.5-5 keV.

3C 273:

Marscher et al. 2001 

20’’, 60 kpc

γ ~ 100
Electrons responsible for acceleration:

Problems: 
- Explanation of jet knots;
- Length of deprojected X-ray jets (Harris & HK 2001): 

B2 0738+313 (1.7 Mpc), 0827+243 (1.1 Mpc);
- Energy in low-energy electrons:
≥7 × 1046 erg s−1 (PKS0637-752) (Dermer & Atoyan 2004)
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Particle Acceleration at Shocks -- Theory
Dependence of particle acceleration on: 
 - plasma composition (P, e±, B),
 - Mach number of shock, 
 - magnetic field obliquity.
 

Shocks
(waves, turbulence

& scattering centers) 

Particles (heating,
suprathermal tail,

high-energy particles)

Importance of:
 - Diffusive shock acceleration,
 - Shock-drift acceleration,
 - Shock surfing acceleration.

Highly non-linear process:

Numerical results: Sironi & Spitkovsky (2009,2011)
Analytical results: Lemoine & Pelletier (2011)



PIC Simulations

Collisionless Shocks in Pair Plasmas (Sironi & Spitkovsky 2009)



PIC Simulations

No. 2, 2009 PARTICLE ACCELERATION IN MAGNETIZED COLLISIONLESS PAIR SHOCKS 1541

Figure 18. Trajectory of a representative high-energy positron for θ = 30◦. See the caption of Figure 16 for details.
(A color version of this figure is available in the online journal.)

site signs. The converse will be true for electrons (not shown).
Overall boosting of the selected positron results from favorable
scatterings βy(t)Ey > 0 being more frequent than encounters in
which βy(t)Ey < 0.

The stochastic nature of such wave–particle interactions,
which are ultimately responsible for particle acceleration, is
a defining feature of DSA. So, particle energization in parallel
shocks proceeds via DSA, at the very least because the absence
of a uniform background motional electric field rules out SDA.
However, in the traditional picture of first-order Fermi acceler-
ation, accelerated particles scatter off magnetic turbulence em-
bedded in the upstream and downstream media. Here, instead,
high-energy particles bounce between the upstream medium
and the shock front; moreover, the oblique modes responsible
for the upstream scattering are not convected with the upstream
plasma, as discussed above. Nevertheless, the stochastic charac-
ter of the acceleration process points toward a diffusive Fermi-
like acceleration mechanism. Indeed, as theoretically predicted
for diffusive acceleration in relativistic magnetized shocks (e.g.,
Achterberg et al. 2001), we find that each acceleration cycle be-
tween the shock and the upstream medium involves an energy
gain ∆γ ∼ γ , at least for the limited number of shock crossings
(!10) observed in our simulation.

These results for a parallel shock should also apply to
quasi-parallel magnetic configurations, in which the obliq-
uity is small enough that the upstream motional electric field
does not significantly affect the acceleration process. How-
ever, in Section 5.2 we show that SDA provides most of
the energization for obliquity angles as low as θ = 15◦, so

that DSA is the dominant acceleration mechanism only for
θ ! 10◦.

5.2. θ = 15◦

Figure 17 presents the acceleration process for a represen-
tative positron in a shock with θ = 15◦. The particle is re-
flected back upstream on its first interaction with the shock
(ωpt ≈ 5100) and then gains energy at each shock encounter
(ωpt ≈ 5200, ωpt ≈ 5900, and ωpt ≈ 8100). The selected
positron eventually escapes upstream at time ωpt ≈ 8200 with
Lorentz factor γ ≈ 400, contributing to the beam of return-
ing high-energy particles. However, due to the limited timespan
of our simulation, we cannot exclude the possibility that the
positron will finally be deflected back and advected downstream.

The time evolution of the positron Lorentz factor plotted in
panel (a) suggests that energy gain is always associated with
βy(t) < 0 (red), i.e., when the positron y-velocity has the
same sign as the uniform background electric field Ey,u < 0.
Whenever the positron gyro-orbit is fully contained in the
upstream region (e.g., from ωpt ≈ 5300 to ωpt ≈ 5800, or from
ωpt ≈ 6000 to ωpt ≈ 8000, as well as after the selected positron
escapes upstream), the energy gain within the “red” half of the
gyro-period is balanced by an approximately equal energy loss
during the “yellow” half, since the background motional electric
field Ey,u stays approximately constant throughout the gyro-
orbit. However, when the positron trajectory intersects the shock
front, in the “upstream” portion of its clockwise Larmor gyration
around the oblique field the positron y-velocity has always
the same sign as the background motional electric field, thus
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high-energy component is fitted with a power law (but a fit with
a second Maxwellian is actually more physically motivated, see
Section 4.2.1), we find that it gets flatter for higher obliquities
(from p ∼ 2.3 for θ = 75◦ to p ∼ 1.5 for θ = 90◦).

As explained in Section 4.2.2, this high-energy component
results from extra heating of some electrons by the upstream
wakefield oscillations described in Section 3.3, which are
ultimately generated by the radiative push of the precursor
wave on the incoming flow. Since the amplitude of wakefield
oscillations increases with the strength of the precursor wave
(Lyubarsky 2006), which is larger for higher obliquities (roughly
∝ E2

0 ∝ sin2 θ ), the electron high-energy component will be
more pronounced for quasi-perpendicular shocks, as seen in
Figure 13. Since it is due to heating, rather than acceleration,
we do not expect the electron tail in superluminal shocks to
extend with time to higher Lorentz factors. Rather, it may recede
to lower energies, and possibly be hidden by the low-energy
thermal bump, as shown in Section 4.2.1 for θ = 75◦.

In superluminal shocks, the electromagnetic precursor wave
also causes efficient transfer of energy from ions to electrons
ahead of the shock (see Section 3.3). As a result, in the
downstream region the electron and ion average energies are
comparable (see Figure 13(a), for 35◦ ! θ ! 75◦), or electrons
may be even hotter than ions (for 75◦ ! θ ! 90◦). In subluminal
shocks (0◦ ! θ ! 30◦), electrons are boosted and heated ahead
of the shock, as a result of the perturbation induced on the
incoming flow by the cloud of returning ions (see Section 3.2).
With respect to superluminal angles, here the downstream
electron energy is a smaller fraction (∼20%–30%) of the initial
ion bulk energy, but still much in excess of me/mi $ 6% (for
mi/me = 16), the value we would expect in the absence of any
ion-to-electron energy transfer.

In Appendix A, we show that the values quoted here for
the efficiency of electron heating and of particle acceleration
are essentially unchanged for larger (and more realistic) mass
ratios.

5.2. Dependence on Magnetization σ

In this section, we explore the dependence of shock thermal-
ization and acceleration upon the magnetization of the upstream
flow. We keep the magnetic obliquity fixed and vary the mag-
netization from σ = 10−5, a virtually unmagnetized shock, up
to σ = 1.0, where the upstream field is in equipartition with
the kinetic energy of injected particles. We discuss separately
the cases of subluminal (in Section 5.2.1, for θ = 15◦) and
superluminal (in Section 5.2.2, for θ = 75◦) shocks.

5.2.1. Subluminal Shocks: 0◦ " θ < θcrit

Figure 14 presents the downstream particle spectrum of a
θ = 15◦ subluminal shock, for different magnetizations. The
ion spectrum (upper panel) shows in all cases a pronounced
nonthermal tail, whereas a significant high-energy component
appears for electrons (lower panel) only at σ ! 10−2. This
corresponds to a change in the mechanism that mediates the
shock.

For σ ! 10−2 (blue curve for σ = 10−2, red for σ =
10−3), the shock is mediated by the filamentation (Weibel)
instability, as in strictly unmagnetized flows (Spitkovsky 2005,
2008a). The free energy for the instability comes from the
counter-streaming between the incoming plasma and the shock-
accelerated particles that propagate ahead of the shock. In
turn, magnetic turbulence generated by the instability mediates

Figure 14. Downstream particle spectrum at ωpit = 2250 (upper panel for ions,
lower panel for electrons) for different magnetizations. We fix the magnetic
obliquity θ = 15◦ (subluminal shock). Subpanels as in Figure 13.
(A color version of this figure is available in the online journal.)

nonthermal acceleration of particles at the shock front, via a
Fermi-like mechanism (Spitkovsky 2008b; Martins et al. 2009).

In fact, the ion spectrum in such shocks shows a prominent
nonthermal tail. As the magnetization decreases below σ =
10−2, the tail becomes flatter (from p ∼ 3.5 at σ = 10−2 to p ∼
2.5 at σ = 10−3, the red line in Figure 14(b)), and it contains
a larger fraction of ions (from ∼5% to ∼7%, Figure 14(c)) and
ion energy (from ∼17% to ∼24%, Figure 14(d)). Similarly, the
electron spectrum for σ ! 10−2 presents a significant high-
energy tail, comparable to the ion tail in slope (compare red and
blue lines in panel (b), for σ ! 10−2) and maximum Lorentz
factor. The acceleration efficiency for electrons is not much
smaller than for ions, at most a factor of two (compare the red
and blue lines in panels (c) and (d), for σ ! 10−2).19

The similarity between the acceleration properties of elec-
trons and ions in weakly magnetized flows (σ ! 10−2) comes
from the fact that the two species enter the shock with com-
parable bulk energy (compare the red and blue lines in panel
(a), for σ ! 10−2), due to efficient transfer of energy from ions
to electrons ahead of the shock (A. Spitkovsky et al. 2010, in
preparation). The Fermi mechanism, which only depends on
the particle Larmor radius (i.e., on particle energy, rather than
mass), will then proceed in a similar way for ions and electrons.

The situation changes for σ # 10−2. Here, the magnetic field
is strong enough so that filamentation of the upstream plasma is
prohibited, and the growth of Weibel instability is suppressed. In

19 For both electrons and ions, the downstream spectrum at even lower
magnetizations (we explored down to σ = 10−7) is identical to the case
σ = 10−3 shown here, which is therefore a good representation of weakly
magnetized (and unmagnetized) shocks.
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Electron acceleration to relativistic energies at a
strong quasi-parallel shock wave
A.Masters1*, L. Stawarz1, M. Fujimoto1,2, S. J. Schwartz3, N. Sergis4, M. F. Thomsen5, A. Retinò6,
H. Hasegawa1, B. Zieger7, G. R. Lewis8,9, A. J. Coates8,9, P. Canu6 and M. K. Dougherty3

Electrons can be accelerated to ultrarelativistic energies at
strong (high Mach number) collisionless shock waves that
form when stellar debris rapidly expands after a supernova1–3.
Collisionless shock waves also form in the flow of particles
from the Sun (the solar wind), and extensive spacecraft
observations have established that electron acceleration at
these shocks is effectively absent whenever the upstream
magnetic field is roughly parallel to the shock-surface normal
(quasi-parallel conditions)4–8. However, it is unclear whether
this magnetic dependence of electron acceleration also applies
to the far stronger shocks around young supernova remnants,
where local magnetic conditions are poorly understood. Here
we present Cassini spacecraft observations of an unusually
strong solar system shock wave (Saturn’s bow shock) where
significant local electron acceleration has been confirmed
under quasi-parallel magnetic conditions for the first time,
contradicting the establishedmagnetic dependence of electron
acceleration at solar system shocks4–8. Furthermore, the
acceleration led to electrons at relativistic energies (about
megaelectronvolt), comparable to the highest energies ever
attributed to shock acceleration in the solar wind4. These
observations suggest that at highMach numbers, such as those
of young supernova remnant shocks, quasi-parallel shocks
become considerablymore effective electron accelerators.

Shock waves form when flow relative to an obstacle is greater
than the speed of information transfer through the medium. Flow
kinetic energy is dissipated at a shock, and fluid properties change
abruptly, producing a slower downstream flow that is able to avoid
the obstacle. In collisional fluids (such as Earth’s atmosphere)
energy dissipation at a shock wave occurs through inter-particle
collisions; however, in effectively collisionless (highly tenuous)
media, such as charged particle (plasma) space environments,
dissipation at shocks is through particle–electromagnetic field
interactions9. The fraction of flow kinetic energy dissipated at
a shock is indicated by the shock Mach numbers (flow speed
divided by upstream wave speeds). Particle motion at the shock is
controlled by the shock angle (✓Bn), the angle between the shock
normal and the upstream magnetic field vector, which defines two
categories of collisionless shock: quasi-parallel (0� < ✓Bn < 45�)
and quasi-perpendicular (45� < ✓Bn < 90�). Energy dissipation at a

1Institute of Space and Astronautical Science, Japan Aerospace Exploration Agency, 3-1-1 Yoshinodai, Chuo-ku, Sagamihara, Kanagawa 252-5210, Japan,
2Earth-Life Science Institute, Tokyo Institute of Technology, 2-12-1 Ookayama, Meguro, Tokyo 152-8551, Japan, 3Space and Atmospheric Physics Group, The
Blackett Laboratory, Imperial College London, Prince Consort Road, London SW7 2AZ, UK, 4Office of Space Research and Technology, Academy of Athens,
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Figure 1 |Overview of the spacecraft encounter with Saturn’s bow shock
on 3 February 2007. (Not to scale.) In Kronocentric Solar Magnetospheric
(KSM) coordinates (origin at the centre of the planet, x axis pointing
towards the Sun, z axis defining an x–z plane containing Saturn’s magnetic
dipole axis, y axis completing the right-handed Cartesian set) the
spacecraft location at the time of the shock crossing was (x, y, z) ⇠ (17, 4,
�3), in units of Saturn radii (RS). The increasing grey shading from left to
right in the zoom-in view of the region where the shock was encountered
indicates the increase in thermal plasma density across the shock. The
simplest possible spacecraft trajectory in the shock rest frame is shown.

collisionless shock not only leads to heating of the bulk plasma, but
can also accelerate some particles tomuch higher energies.

It is widely believed that amajor fraction of the energetic charged
particles that pervade the Galaxy (cosmic rays with energies up to
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Figure 3 | Time-averaged electron energy spectra for different intervals
during the crossing. In all panels the vertical dashed line separates data
taken by the ELS and LEMMS instruments. Dashed curves give the ELS
one-count level and dotted curves show Maxwellian distributions for
comparison. a, The single peak in the ELS data is a mixture of solar-wind
electrons and spacecraft photoelectrons (which result from photons hitting
the metallic surfaces of the spacecraft). b,c, The two peaks in the ELS data
indicate the separation of these populations (where the spacecraft
photoelectron population is less energetic). Grey rectangles indicate the
energy range of each LEMMS channel. LEMMS data have been
background-subtracted, and no data point in an energy channel indicates
intensity at the background level. The lack of inter-calibration between the
instruments produces an offset in differential intensity at 18 keV, which we
do not attempt to address because ELS was not significantly above the
one-count level at 18 keV at any point during the encounter. Error bars are
standard deviations for each sub-interval.

with strong evidence for shock acceleration of solar-wind electrons.
The significantly higher value of MA than other quasi-parallel
crossings (second highest: MA ⇠ 40) suggests that this electron
acceleration resulted from the unusually high Mach number14,15.
The upstream electron � was also relatively high (⇠10, the ratio
of electron to magnetic pressures); however, unlike MA, it was not
clearly the highest (considering uncertainties)18.

A schematic illustrating Cassini’s encounter with Saturn’s bow
shock under this combination of quasi-parallel and high-Mach-
number conditions is shown in Fig. 1. The crossing took place
at ⇠1:10 Universal Time (ut) on 3 February 2007, when the
spacecraft was close to the subsolar point on the shock surface
(the point closest to the magnetospheric obstacle, where the Mach
numbers are expected to be highest). In situ observations made
by Cassini between 0:00 and 2:00 ut are shown in Fig. 2. Under
these quasi-parallel magnetic conditions a collisionless shock is a
broad and complex transition between upstream and downstream
plasma states19,20, and the observations presented in Fig. 2 are
consistent with this expectation. The spacecraft began the interval
upstream, observed the major heating and compression of thermal
plasma during a roughly 10-min-long interval centred on⇠1:10 ut
(Fig. 2f,h), and ended the interval downstream (Fig. 1).

The weak magnetic field strength upstream of this shock
encounter (⇠0.1 nT, Fig. 2a) was primarily responsible for the
calculation of MA ⇠ 100, which is very high for a solar system
shock18. Using typical electron and ion temperatures in the
near-Saturn solar wind16 we estimate both the sonic and fast
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Figure 4 | Comparison of LEMMS electron spectra. Grey rectangles
indicate the range of each energy channel. LEMMS data have been
background-subtracted, and no data point in an energy channel indicates
intensity at the background level. Error bars are standard deviations for
each sub-interval. Power-law fits are shown as straight lines.

magnetosonic Mach numbers as ⇠25. Before ⇠0:05 ut the
spacecraft was not magnetically connected to Saturn’s bow shock,
and the steady magnetic field orientation suggests that the shock
(located planetward of the spacecraft) was quasi-perpendicular
at this time (✓Bn ⇠ 60�, using a shock normal predicted by a
model17). At ⇠0:05 ut the field orientation changed, magnetically
connecting the spacecraft to a region of the shock surface that
was quasi-parallel. From this time the spacecraft was located in a
region of space where shock-reflected ions moved back upstream
along magnetic field lines, and interacted with the incoming solar-
wind ion population to produce strong magnetic field fluctuations
(Fig. 2a–c) and a population of so-called diffuse ions (Fig. 2h,
population at ⇠10 keV observed before ⇠1:00 ut)19,20. Time-
averaging the upstream (before ⇠1:00 ut) magnetic field to resolve
the nominal field from the field fluctuations (using a range of
sufficiently long averaging intervals) suggests ✓Bn ⇠ 20�. After the
main thermal plasma shock transition (centred on ⇠1:10 ut) the
spacecraft sampled the downstream region, where the magnetic
field was stronger (Fig. 2a) and the thermal plasma was hotter and
denser (Fig. 2f,h). Cassini intermittently observed emissions above
the electron gyrofrequency during the interval (Fig. 2d).

As the purpose of this letter is to present evidence for electron
acceleration at the shock, Cassini electron data sets are primarily
discussed here. The electron spectrometer (ELS) of the Cassini
plasma spectrometer21 detects electrons below 27 keV. The low-
energy magnetospheric measurements system (LEMMS) of the
Cassini magnetospheric imaging instrument22 detects electrons
above 18 keV. As all ELS anodes measured intensities at the one-
count level above 18 keV throughout the interval, ELS energy
spectra are restricted to below 18 keV (the lower limit of the
LEMMS energy range). The combination of the variability of
the magnetic field orientation during this 2 h interval (Fig. 2b,c),
the pointing of the relevant instruments21,22, and the orientation
of the spacecraft prevent the resolution of any anisotropies in
the electron distribution, for example related to particle pitch
angles. To compare electron distributions upstream, during the
thermal plasma transition, and downstream, Fig. 3 shows combined
ELS–LEMMS electron energy spectra, time-averaged over different
2-min-long intervals (indicated in Fig. 2e,f). Note that the dashed
black lines give the ELS one-count level, and LEMMS intensities are
background-subtracted, with no data shownwhen a LEMMSenergy
channel was at the background level. As these two instruments are
not inter-calibrated we expect an offset in intensity at 18 keV, and it

166 NATURE PHYSICS | VOL 9 | MARCH 2013 | www.nature.com/naturephysics

© 2013 Macmillan Publishers Limited. All rights reserved

Masters et al. 2013



γ-Rays From UHECRs

UHECRs → e- → Synch. 

UHECRs interacting in source with photons or with ISM 
and/or ICM, initiating electromagnetic cascades. 



γ-Rays From UHECRs

Prediction for Cen-A of
Kachelrieß et al. 2008,
also Gupta et al. 2008.

UHECRs → e- → Synch. 

UHECRs interacting in source with photons or with ISM 
and/or ICM, initiating electromagnetic cascades. 



γ-Rays From UHECRs

Prediction for Cen-A of
Kachelrieß et al. 2008,
also Gupta et al. 2008.

UHECRs → e- → Synch. 

UHECRs interacting in source with photons or with ISM 
and/or ICM, initiating electromagnetic cascades. 

γ-ray fluxes strongly depend on energy 
spectrum of UHECRs (normalized 

E>6×1019 eV) . 
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