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Abstract

Project code: MRG5080345

Project title: Observing electron/positron Pair Halos with X-ray

Investigator: Dr. Anant Eungwanichayapant, School of Science,
Mae Fah Luang University

Email address: a.eungwanichayapant@sci.mfu.ac.th

Project period: 1 July 2007 to 30 June 2011

The previous electron/positron pair halo studies were based on gamma-rays generated by
inverse Compton scattering of electrons and positrons around Active Galactic Nuclei
(AGN), which is the source of Very High Energy (VHE, E > 100 GeV) gamma-ray
triggering electromagnetic cascades causing the pair halo around the source. Actually,
astrophysicist might not consider that we can study the pair halos with X-ray produced via
synchrotron radiation of electrons/positrons under intergalactic magnetic field. We study
the synchrotron the pair halos by observing the energy and angular distributions computed
by Monte Carlo simulation. We found that when the energy of the VHE gamma-ray
increased the peak of the synchrotron Spectral Energy Distribution (SED) also increased
and the angular distributions were more centrally peak. If the magnetic field strength
increased, the synchrotron flux increased too, but the angular distributions were less
centrally peak until the magnetic field bigger than 1 pG it back to be more centrally peak
again.

Keywords: Very High Energy (VHE) gamma-rays, Intergalactic magnetic field,
Electromagnetic cascades, Gamma-rays astronomy, X-ray Astronomy, electron/positron
pair halos, Monte Calro simulation
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Chapter 1

Introduction

A pair halo represents a number of e* generated by the developing electromag-
netic cascades in an intergalactic (IG) medium (e.g. [1, 2, 3]) around Very High
Energy (VHE) gamma-ray sources such as Active Galactic Nuclei (AGN). The
cascade in the IG medium is supported by 2 processes: (i) by inverse Comp-
ton scattering (IC) on the Cosmic Microwave Background (CMB) photons and
(ii) by photon-photon pair production (PP) on Extragalactic Background Light
(EBL) (also on CMB for gamma-ray energies above 100 TeV). When the mag-
netic field near the source is sufficiently large, B > 1072 G (generally on the
scales of tens of Mpc, but within tens of kpc if the spectrum of primary gamma-
rays extends into the PeV region; where PeV =10 eV), i.e., when the mean
free path of cascade electrons (at least at the initial stages) is large compared
to Larmor radii, the cascade will generate, even for a highly beamed primary
source, an extended isotropic pair halo. Therefore, the pair halos are believed
that they will unveil the hidden AGNs, especially Blazar, whose jets do not align
to the line of sight of the observer on the earth. Another interesting quantities
from the pair halos are their spatial and energy distributions. Both distributions
of gamma-rays formed during the cascade development in the vicinity of non-
thermal extragalactic objects depend on the CIB at the epoch corresponding to
the red shift of the central source. Thus, the detection and study of angular and
energy distributions of gamma-rays from Pair Halos surrounding extragalactic
objects at different red shifts would provide us with unique information about
the CIB at remote cosmological epochs and its evolution in time, not achiev-
able by other means. Indeed, the direct measurements of CIB, as well as the
derivation of the CIB, based on the study of absorption of gamma-rays in the
intergalactic medium, contain information only about the CIB integrated over
large cosmological time scales.

X-ray energy band is another window that the pair halos can be observed.
Because the intergalactic magnetic field not only gyrate the e* pairs but also
make the ets radiate synchrotron photons, which cover from the visible to X-ray
but X-ray is the most promising band if we want to observe the synchrotron pair
halos since most of synchrotron energy contain in this band. In this work, we
adopted Monte Carlo simulation to compute the energy and angular distribution
of the synchrotron photon generated by the pair halos. The computed distri-
butions in difference situations such as the pair halos from difference intrinsic
gamma-ray energies and magnetic field strengths, and used them to understand



the nature of the pair halos.

The structure of this report are the following. Chapter 2 give more detail
of physical processes in the pair halo model. It also included the detail of all
concerned interactions: v pair production, inverse Compton scattering and
synchrotron radiation. The Monte Carlo techniques used in the simulation were
in Chapter 3. The results from the simulation and the discussion was presented
in Chapter 4.



Chapter 2

Giant Electron-Positron
Pair Halos

2.1 Interactions

For the electron-positron (e*) pair halo model, there are two interactions which
are relevant. One is v pair production (PP), and the other is inverse Compton
scattering (IC). In the following, the physics of these interactions are discussed.

Three different inertial frames are used, with primes denoting variables in
the electron rest frame, “hats” (") denoting variables in the center-of-momentum
(CM) frame. Otherwise the variables are measured in the lab frame.

Note that only in this section, Sec.2.1, the units m. =1, h=1 and
c =1 are used.

2.1.1 v Pair Production

From special relativity one obtains the energy condition by applying conserva-
tion of four momentum, p,,, and the invariance of p,p*. The result is

2(1 = 52)7! = ew(1 — cosb), (2.1)

where € and w represent the lab-frame energy of the colliding photons, 0 is the
angle between their lab-frame 3-momenta, and 3 is the speed of e* in the CM
frame. The threshold condition is derived by assuming that the photons collide
head-on and produce an e® pair at rest:
1
Eth = —. 2.2
"t (22)

Using the standard method of quantum electrodynamics, the PP total cross
section can be obtained (e.g., Akhiezer and Berestetskii, 1965 [4])

— 34 3 ~
L e e R L P Y
where 8
or = g’ﬂ'?"g (2 4)



is the Thomson cross section and rq is the classical electron radius.

From the total cross section, the absorption probability per propagation
distance for a photon with energy € moving through an isotropic photon gas can
be formulated. Let n(w) be the background photon number density per unit
energy in the lab frame. In the interval (8,0 + df) there are (1/2)n(w) sin6df
soft photons interacting with every hard photon, and one obtains

oo

(6) = Ah(e) = /1 Feenl (2.5)

drpp
dx

where Tpp is optical depth, App is the PP mean free path length of the hard
photon, with an angle-averaged cross section

1 1-2/s¢
opp = E/ (1 — /L)O’ppdu. (26)
-1
Here, u = cosf and sg = ew. The quantity (1 — u)/2 represents the relative
velocity of the soft photon along the direction of propagation of the hard photon.
The analytic solution of Eq.(2.6) was found by Gould and Schréder (1967) [5],

_ 3 1\?
T = g7 | o ¢prpr (o), (2.7)
S0
where
1+ 63
vpp(so) = . 5(2) Inag — 5(2) Inag — In? o
— B2
4030
Tzt 260 +4InagIn(og + 1) — 4L(ay), (2.8)
—bo
B = 1-—1/s, (2.9)
ag = (14 o)/(1—Bo) (2.10)

and L(ayp) is the dilogarithm function,

L) = — /an Mdt, (2.11)

which can be written as a series expansion;
2 o0

1
L{ag) = 3Wn’ag+ % = N teal) (2.12)

The formula in Eq.(2.8) is computationally costly. However, an approximate
form is given by (Aharonian, private communication),

4 1 1
- — - )4 /1= = 2.1
<80+ 5 930) 50]7 (2.13)

which requires less CPU time, and still has an accuracy of better than 3%, as
evident from Fig. 2.1.
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Figure 2.1: The cross section Tpp as given by Gould&Schréder, 1967 (solid line); i.e.,
Eq.(2.8), and computed from the approximate formula derived by Aharonian (dashed
line); i.e., Eq.(2.13). Both are shown in units of the Thomson cross section op. The
approximate formula is accurate to within 3%, as demonstrated in the lower panel.

The mean free path is a key quantity in the numerical simulation, but from a
theoretical point of view, especially for PP, the optical depth is more important.
For the simple case, when the background photon field n(w) is independent of
red shift, or when the red shift is too small to affect the background, the optical
depth becomes

Tpp = A;}gd, (2.14)

where d = cz/Hy is the source distance corresponding to a red shift z,
Hj being Hubble’s constant!. The function Gpp is strongly peaked, with a
maximum at

Wmax — 4/5, (215)

and a convenient approximation for the PP optical depth [6, 7] can thus be
written
or
PP = Twmamn(wmam)d- (216)

The situation gets more complicated when the photons come from sources
located at high red shift, such that the effect of cosmological expansion has to be
taken into account. In this case, an observed photon with energy ¢ corresponds
to a photon emitted at red shift z with energy €, given by

e, =¢eo(1+2). (2.17)
The same applies to background photons;

w, = wp(l + 2). (2.18)

n this work the Hubble constant has been set to Hyp = 60 km/s/Mpc.
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Figure 2.2: The mean free path length of a gamma photon in the 2.7 K microwave
background.

A natural consequence of the cosmological expansion is that the volume of the
universe was smaller in the past by a factor (14 z)~3. Thus, if the background
photons were already in place at red shift z and no absorption or re-emission
occurs, the background photon field , n(w,, z), as seen by a comoving observer
in that epoch becomes

n(w,, 2)dw, = (14 2)3n(wp, 0)dwo. (2.19)

The PP optical depth associated with the photons from high red shift sources
must include the effects of red shift phenomena. The photon energy e, from
sources at high red shift z travels through the background photon field n(w., 2)
in different red shifts before reaching the observer with energy . The PP optical
depth, therefore, can be calculated by integrating Eq.(2.5) along the propagation
distance de = —c dt/dz dz:

Tpp(2s,€) = —c/ ﬁclz/ dw.n(w,,2)app(e,,w,), (2.20)
0o dz 1/e.

where dt/dz is the cosmic time-red shift relation. The cosmic time relates
with red shift through the time derivative of the scaling factor R(t) which is
model dependent. In the Friedman cosmological model with cosmological con-
stant A = 0 used in this work the cosmic time-red shift relation.

dt 1
— = . 2.21
dz Ho(1+ 2)2(1 + 2qpz)/2 (221)




Therefore,

Tpp(2s,€) = HL/ dz(1+2)72(1 + 2qoz)*1/2/ dw,n(w,, 2)epp(es,w.),
0 1

0 /e
(2.22)
where qp is the deceleration parameter?.
Another important function for the model is the resulting e* energy distri-
bution. For very different energies between the colliding photons the resulting
distribution is given approximately by [8]

2 _
dNe(Ve, w, €) _ _3Bor de In dw(e —ve)ve Suwe
dre 32w?e3 | (€ — Ye)Ve €
2(2we — 1)€? 1 4
L 22uwe—1e (1 _ _) 7“}  (2.23)
(€ = Ye)ve we ) (€ —7e)*7e

In Eq.(2.23), 7. = E./m.c? represents the electron (positron) energy, and
€ = ¢ + w = ¢ gives the total lab-frame photon energy. The range of -, is

D) (D) e

In the current model, the energy difference between the hard and soft pho-
tons in the lab frame is greater than 10 orders of magnitude, and Eq.(2.23) is
always applicable.

The e* spectrum is symmetric about the energy ¢/2, which is also the min-
imum point of the function, as shown in Fig. 2.3. One can also see that the
larger sq is, the more pronounced and the further apart are the maxima of Fig.
2.3. For very large sg, one of the outcoming particles, e~ or e™, receives almost
all the photon energy (as seen from the lab frame).

2.1.2 Inverse Compton Scattering

To calculate the energy of a photon in the lab frame after scattering on an e®,
the photon energy can be transformed from the lab frame to the e* rest frame,

W =~w(l — Bcosb), (2.25)

where v = (1 — 52)_1/2 , 0 is the angle between the electron and photon
momenta, and § the e® speed in the lab frame. Applying the conservation of
four momentum in the e* rest frame gives a relation between the photon energy
before (w’) and after (¢') scattering;

l
’ w

° = 14 w/(1—cos®))

(2.26)

Here,

cos ©) = cos @’ cos 0 + sin @’ sin 6] cos(¢’ — @), (2.27)

2This work uses go = 0.5.
3subscript e in the formulas represents electron/positron.
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Figure 2.3: Differential spectra of e* from -y pair production in different cases:
50=10 (solid line), so = 3 (dashed line), so = 2 (dot-dashed line) and so = 1.5 (dotted
line).

where O] is the angle between the photon momenta before and after scat-
tering, 0] is the angle between the scattered photon and the electron velocity
before the scattering, and ¢’ and ¢] are the azimuthal angles of the scattered
and incident photon in the rest frame. Transforming back to the lab frame, one
obtains

e =~e'(1+ Bcosh)). (2.28)

In the special case of a head-on collision, the photon energy gain is given
by €maz & 472w, which is quite large for a photon colliding with a high energy
electron. However, it is still small compared with the electron energy; in other
words the electron loses a small fraction of its energy in each scattering in the
Thomson regime. In the extreme Klein-Nishina regime, on the other hand, the
electron loses almost all its energy during one interaction.

In the lab frame, the total cross section for this interaction (e.g., Akhiezer
and Berestetskii, 1965[4]) is

307 K 4 8) 1 8 1
=L (1= )ml4+)+=+-— 0|, 2.29
I . (1+x)+3 . (2.29)

where x = 2wy, (1 — Bpu).

The collision probability per unit distance for an electron propagating through
an isotropic photon gas with density n(w) is
1

A= 3 /0 S ron(w)dw, (2.30)

10



where 77¢ is the e® optical depth, A;¢ is respect to IC, and the angle-averaged
IC total cross section is

1
orc = %‘/71(1 — Bu)ajcdp,. (2.31)
The exact solution for Eq.(2.30) [9, 10] is
2
o0 = %UT (%) e1c(Xo); (2.32)
with
X0 = YeW, (2.33)
ero(xo) = F(xo(l+8)) — F(xo(1-5)) (2.34)
9 1
F(¢ = —E—F <Z+E+§>ln(1+2€)+8+165
3 1.4 2

An approximate formula for Eq.(2.32) was derived by Coppi and Blandford
(1990) [11]:

_ 3o 2 2 1 4 1

71¢ 7 By [(1 X0 X(Q)) (1 +2xo) + 2" Xo  2(1+42x0)%] (2:36)
The functional dependence of 7 ;¢ is shown in Fig. 2.4. In the Thomson regime,
Xo < 1, the total cross section is energy independent. In the Klein-Nishina
regime, yo > 1, the e* total cross section is a decreasing function of the e*
energy; i.e., Xal. The probability per propagation length for IC of an e*
passing through an isotropic photon gas is shown in Fig. 2.5.

Due to the fact that in the Thomson regime an e loses only a small fraction
of its energy in each interaction, one can compute the associated, effective energy
loss rate. It is given by (e.g. [12])

d;: = goTC%?Uphy (2.37)
where Upy, is the energy density of the isotropic photon gas
Uph = /Ooow n(w)dw. (2.38)
The mean energy of the scattered photon is
= %y%. (2.39)

The spectral distribution of the scattered photons via IC for the isotropic
photon gas [13] is

dN, 3o 2 T 22
de 4wy? 21 —=z) b(l—2x2) b*(1—2x)?
3 2x b(l —x)
— — 1 2.4
W1—2)2 bl-z) =z (240)

11
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Figure 2.4: The approximation of the angle average IC cross section, ¢, [11] in
Eq.(2.36).

w b Emazx
— <KL r < —— = —=, 2.41
Ve 1+0b Ve ( )

€
r=— 2.42
- (2.42)
and

b = dwe. (2.43)

The spectrum of upscattered photons depends only on the parameter b, as
illustrated in Fig. 2.6. For small b i.e.; in the Thomson regime, the upscattered
photon population is predominantly in the low energy regime, whereas for large
b, corresponding to the Klein-Nishina regime, the population is shifted towards
high energies.

2.1.3 Synchrotron Radiation

The magnetic field not only confines the cascade e* pairs but also induces them
to emit the synchrotron photons. It means that the e pairs lose their energies
all the time when they travel.

The spectrum of the synchrotron radiation of an e* described by as the total
emitted power per frequency (see e.g. [12], [14])is

3 .
drye _\/§e Bsmaa(l)’ (2.44)

dtdv ~—  27mc2 Ve

where )
3v°qB sin o

= — 2.45

2me ( )

12
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Figure 2.5: Inverse Compton scattering mean free path in 2.7 K black body back-
ground photon distribution.

G(x) Ex/ K5 (&)de, (2.46)
and K (x) is modified Bessel function of 5/3 order. The graph of the function
G(zx) are shown in the Fig.2.7.

The total synchrotron energy loss rate of an e® pair that average over all
pitch angle («) is given by

wlon

dye 4
e _ SoreiUs, (2.47)

where Up = B?/87 is the energy density of the magnetic field.

2.2 The Physical Model

The e* pair halo model which was proposed by Aharonian, Coppi and Vélk
(1994) [15] concerns the effect of the intergalactic magnetic field on electromag-
netic cascades of VHE gamma rays, 1 TeV < E., < 1 PeV, from extragalactic
sources.

The physical basis of the model is schematically shown in Fig. 2.8. The VHE
photons are emitted from an extragalactic source. Absorption of these VHE
gamma rays via PP with ambient soft photons (e.g., from the cosmic microwave
background (CMB) [16] and the cosmic infrared background (CIB) [17, 18]) is
substantial on cosmological propagation scales. Only gamma rays with energies
greater than several hundred TeV can interact with CMB photons to produce
pairs, whereas those with lower energies can produce pairs in collisions with

13
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Figure 2.6: Upscattered photon spectral energy distribution in arbitrary units for
different cases: b—0 (solid line), b=>5 (dashed line), b=10 (dotted line), and b=50
(dot-dashed line).

CIB photons. The number density of the low energy gamma photon population
is normally higher than that of the high energy one for a reasonable source
spectrum such as a power law. The PP opacity is therefore mainly due to the
CIB. Even in the case of a monoenergetic distribution of primary VHE photons
at several hundred TeV, the CIB dominates the PP opacity after several cascade
generations.

On the other hand, the contribution to the IC opacity is dominated by the
CMB, rather than the CIB. The first generation e* pairs will interact with soft
photons from the same background photon field via IC and produce secondary
gamma rays. Almost all soft photons that interact with the e* are in the CMB,
because it has a much higher number density than the CIB. The IC upscattered
gamma photons in the Klein-Nishina regime are absorbed by the CIB, whereas
most of the photons from the Thomson regime experience an optically thin
background and propagate freely to the observer.

The extragalactic magnetic field plays an important role if it is sufficiently
strong, say 1079 < |B| < 107¢ G. The gyroradius Ry, of e*s of energy E.
in this field is about Ry, = 100 pc (E./100 TeV)(10~2 G/|BJ). At the same
energy, E. =~ 100 TeV, the IC mean free path length A;c =~ 1 kpc, as shown in
Fig. 2.9: Rgyro < Arc. This means that after the e*s are produced they will
gyrate several times before interacting with soft photons via IC, and therefore
the secondary gamma rays will be emitted isotropically. In previous cascade
models, which do not take into account the effect of the intergalactic magnetic
field, the assumption that all cascade particles travel in a straight line to the
observer has been applied.
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Figure 2.7: Function describing the total power spectrum of synchrotron emiss. The
peak of the function is at 0.29 v..

The isotropically upscattered secondary gamma rays with an energy above
the PP threshold will produce a new generation of e*s, which in turn pro-
duce still another generation of isotropic secondary gamma rays. The cascade
develops until gamma rays of a later generation have an energy less than the
threshold energy, E.,, = mZ2ct/E,. Gamma photons with lower energies do
not interact with the background via PP, and therefore travel directly to the
observer. Such low-energy gamma photons are generated by the e*s via IC in
the Thomson regime. After many cascade generations, there are a large number
of ets distributed isotropically around a VHE gamma ray source, and these
pairs produce gamma photons which may be detected by an observer.

Due to the fact that the radiation from the pair halo is isotropic, it can be
observed from any direction. This fact opens interesting possibilities, in that
certain types of VHE gamma ray sources have a highly anisotropic radiation
field (e.g., BL Lac galaxies) and can only be observed directly if their jet axis
is aligned with the observer. The phenomenon of pair halos might open a new
search channel for BL Lac galaxies which have not yet been identified.
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Figure 2.8: Physical picture of e* pair halo.
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Figure 2.9: The PP and IC mean free path lengths for a specific CBR model, plotted
together with the e* gyro radius for a magnetic field |B| = 107° G.
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Chapter 3

Monte Carlo Simulation

From the e* pair halo model, the two most important observable quantities are
the et pair halo gamma photon energy and angular distribution. To calculate
the photon energy distribution from the electromagnetic cascade, most people
use the Monte Carlo method and calculation from two transport equations of
both e*s and photons. The transport equation for the e*s [19] is

AR (Ee,t)

- = R (E, 1) e /dEwn(Ew) (3.1)

1
< [ dug (= Borc(Ees Euu )
—|—c-/dEe’Ne(Ee’,t)/dEwn(Ew)

1 , vdorc ot
< [ duz (- 5 TG (B B
Ye- / dER.(E..1) / dE.n(E.)

1 dUPp .
< [ dug (= 0 T2 (i B, B
FQuEe ),

where R (E,, t) is the differential number density of e*s at energy F, at time ¢,
n(E,) is the differential number density of background at energy E,,, Q.(Ee,t)
is an external source term for e*s at energy E, at time t, u is the cosine of
the interaction angle between the es and the background photons and 3 is the
velocity of the e*s. Eq.(3.1) describes the changing of the differential number
density within interval time dt. The loss rate in the first term is due to ets
with energy FE. changing their energies via the IC. The other terms represent
the gain rate of the e*s differential number density due to: e*s with energy E.’
change to be E. via the IC (the second term), e*s produced by the PP (the
third term), the external et source Q.(E.,t) (the last term). For photons the
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equation is
dX.(E.,t)

— N(E.,1) E, 2
- 0 /d n(E (3.2)

“ /du§(1 — Wopp(Ee, Eu, 1)

+c-/dEeNe(Ee,t)/dEwn(Ew

dO’
/d,u (1-p dEIf(EE’Ee’Ew”u)
+Q€ E€7t)

where N, (E¢,t) is the differential number density of photons at energy E. at
time ¢ and Q(F.,t) is an external source term for photons at energy E. at
time ¢. The photon differential number density changes because of the loss rate
from the PP. Whereas the gain rate from the IC and the external photon source
are represented as the second and third term in the right hand side of Eq.(3.2)
respectively. Using Eq.(3.1) and (3.2) to compute the energy distribution of the
pair halo is much more economical than Monte Carlo simulation in terms of
computing time. However, It is clear that the e* pair halo angular distribution
can not be gained by using these two transport equations. Another method
that can calculate both the energy and angular distribution of the pair halo. It
is the solving of the kinetic equations for different generations of particles pro-
duced by the cascade [20]. However, this method is only applicable for the pair
halo developing in the high magnetic field (=~ 10~% G) region which synchrotron
cooling is not negligible. Monte Carlo simulation is the most suitable method
for calculating the pair halo angular distribution. The Monte Carlo methods
have been defined by Halton (1970) [21]: the Monte Carlo method is defined as
representing the solution of a problem as a parameter of a hypothetical popu-
lation, and using a random sequence of numbers to construct a sample of the
population, from which statistical estimates of the parameter can be obtained.
In the current work, the pair halos were simulated by following all particles, i.e.
e*s and gamma-photons and calculating all interactions that these particle en-
counter in the electromagnetic cascades. The Monte Carlo method was used to
generate parameters for many distributions that are needed for the simulation.
Monte Carlo simulation is arguably the best method, since this allows the most
comprehensive analysis for an arbitrary background photon field and primary
VHE photon spectrum. This Chapter discusses the Monte Carlo scheme which
has been used in the current work.

3.1 Simulation of the Pair Halo

Consider a VHE gamma photon source which is located at red shift z; while the
observer is at red shift 0. The distance between the source and the observer,
ds, equals the coordinate distance, D,; i.e.,

ds - D(:, (33)

that can be written as a function of the luminosity distance, D;, which is more
realistic distance,
D.=D;/(1+ z). (3.4)
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The coordinate distance between two objects can be calculated by integrating
the line element along the propagation of light which travel from one objects to
the other. For the specific cosmology model such as the Friedmann model with
cosmological constant A = 0 used in the current work, the coordinate distance
can be expressed as [22],

D, = 1 c

(1 + 25) Ho@? {a0%s + (a0 = 1) [~1+ (207 + 12| } (3.5)

However, the equivalent expression given by [23],

D — 1 czs [ . zs(1 —qo)
¢ (14 2qozs)Y/?2 + 1+ qozs |’

(1+z,) Ho (3.6)

is better in order to avoid terms that almost cancel at small gpzs. In the case of
small z, both Eq.(3.5) and Eq.(3.6) reduces to Hubble’s law, ds ~ cz;/Hp. In
the numerical code, there are two conditions which determine when an electro-
magnetic cascade is stopped:

e The scattering takes place at a distance larger than a maximum value
given by d. = 103d,. This condition ensures that IC scattering beyond the
observer which produces radiation returning inward is taken into account.

e The ets energy is less than a specified limit, E, < E.,,;,-

In principle, the interactions should be simulated until the e*s have lost all their
kinetic energy. For computational reasons, however, this approach is impossible,
and the second condition defined above is used. For most of the simulations of
the current work, the pair halo photon energy distribution is considered only at
energies F. above 10 GeV. In order to achieve good statistics for the spectrum
down to this value, the minimum electron Lorentz factor ye min is then defined

according to
~ 3 0.1x Emin
Jemin =AY §x 1071 eV

106 ( Emin >§ (3 7)
10GeV ) '

with B pmin = 10 GeV. In Eq.(3.7), the mean soft photon energy has been taken
to be approximately 6 x 107%, corresponding to the CMB (see, e.g., [24]), and
an empirical constant factor (“0.1”7 in the formula) has been introduced. For
E..in =10 GeV, Ye,min corresponds to an electron energy of E¢ min &~ 560 GeV.
In Fig. 3.1 the cases of E, min ~ 560 and 180 GeV are compared. The compu-
tational time consumed for the case E. min =~ 180 GeV is 5 times longer than
that for the case Fe min = 560 GeV. If one injects one thousand primary gamma
photons at energy 100 GeV, the total run time for one simulation is about 30
minutes for the computer hardware available for the current work. The statis-
tical accuracy in the region £ > 1 TeV in Fig. 3.1 is still low. To improve the
statistical accuracy in the extreme high-energy region, the number of primary
gamma photons must be increased, unavoidably increasing the computational
time. A compromise can be obtained by considering the pair halo SED in the
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Figure 3.1: The pair halo gamma photon SED computed with Ee min &= 560 GeV
(solid blue line) and with Ee min = 180 GeV (red dashed line).

regions £ < 10 GeV and E > 10 GeV separately. For E < 10 GeV, one can use
a small number of primary photons but a low value of E; 1,in, while for £ > 10
GeV a larger number of primary photons is required, but also a larger value
for Fe min is acceptable. Moreover, the £ > 10 GeV energy range covers the
effective energy region for the next generation imaging atmospheric Cherenkov
telescopes system such as H.E.S.S. [25], which is expected to be able to detect
pair halos. For each primary gamma photon, the algorithm follows the cascade
development through the following procedure:

1. An energy value is given for a primary gamma photon which will start the
cascade from a specific source spectrum. Two types of primary photon
distributions have been used in the current work. One is monoenergetic,

dN

dE. =§(E: — E), (3.8)
and the other is a power law distribution,
dN — 1
- ot B, (3.9)

dEE - E€5a+1 _ E€;a+1

where N is a sample number distribution, « is the power index and FE.;
and F., are the upper and lower energy limits. The source of the VHE
primary gamma photons is located at the origin, (0,0,0).

2. The free path lengths of the gamma photons are generated from the prob-
ability distribution
dN 1

G = Rpp P CT/Arr) 310
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where App is a PP mean free path length which depends on the gamma
photon energy and the spectrum of the background photon field, as given
by Eq.(2.5).

3. The propagation direction for the gamma photon is given in spherical
coordinates (r, 0, ¢). Rather than using 6 and ¢, u and ¢ are used because
of their isotropic distribution in solid angle.

4. The interaction point is computed from the free path and propagation
direction. At that point, the PP takes place and produces a et pair. If
the point is located out of the considered sphere with radius d., this pair
will be abandoned and the algorithm considers other e*s in the memory.
If there are no e* in the memory, the algorithm will take the actions
described in item no. 11. On the other hand, if there is a particle, the
program will do as described in item no. 8.

5. A photon to be pair produced is generated. Since the sample space of
the background photons that can interact with gamma photons is reduced
by the PP cross section, the distribution used is the product of the back-
ground photon (n(z, E,)) and the angle-averaged PP cross section (Gpp)

in Eq.(2.13);

dN _

d? = in(Z,EE,Ew) = UPP(EE,Ew)n(Z,Ew). (311)
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Figure 3.2: Comparison between npp and n for the case of 2.7 K background with
z = 0 and gamma photon energy is 100 PeV.
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6. Energies for the e® pairs are generated. At this stage E. and E,, are
known, and the spectrum of the produced e* in Eq.(2.23) is used to gen-
erate the energies for the e® pairs.

7. A particle from the pair, say e, is recorded. The parameters that need
to be recorded are the particle energy and position. The other particle,
e, is followed for the next interaction.

(a) Because the e~ continuously lose its energy via synchrotron radiation,
the free path length of the e~ is generated in the more complicated
way as described below.

i. The free path length of the e~ corresponded its present energy
is generated from the probability distribution

N _ L p(r/Are), (3.12)

dr A]c
where Aj¢ is a IC mean free path length which depends on the
e~ energy and the spectrum of the background photon field, as
given by Eq.(2.30).

ii. Calculate the ratio of the distance that the e~ lose 10 % of its
energy to the IC free path. If the ratio is bigger than one, the e~
travels with the IC free path. When the ratio is less than one, the
ratio will be compared with a random number generated from
a uniform distribution. If the random number is bigger, the e~
travels with 10 %-energy-loss distance. If the random number is
smaller, the e~ travels with the length calculated by (see more
details in Sec. 3.2)

r= —AIC hlf, (313)

where r is the travelling length, Aj¢o is the IC mean free path,
and £ is the uniform random number.

(b) The e~ gyrates with the free path length and continuously loses its
energy via synchrotron radiation with the rate as in Eq.(2.47). The
energies and travelling times in every 10%-energy-loss length step are
recorded.

This particle will be abandoned in the record when E. < FE.,,;,, after
which the program looks for a new one. When there are no more particles
in the record, the program will do as described in item no. 11.

8. A photon to be upscattered is generated. The distribution

jTN =nrc(z, Ee, Ey) = G1c(Fe, E,)n(z, E,,), (3.14)
w

is used, with @;¢ from Eq.(2.36). In the model the e*s gyrate only across
a region which is very small relative to the size of the pair halo. Thus, it
can be assumed that they remain at the point where they are produced.
If the e~ energy is less than the energy limit in Eq.(3.7), the program will
abandon this particle and follow the last e*s in the record. The action
taken by the program if there are no e* left in the record is discussed in
item no. 11.

22



102
0 N, 7(w)

10

[em™]

AN

10

N

10

-3 \
10 P /T BT R AR Y| B UUTT! IS SR

107 10° 10° 10™ 10° 107

w[eV]

Figure 3.3: Comparison between nrc and n for the case of a 2.7 K background with
z =0 and a gamma photon energy of 100 PeV.

9.

10.

11.

An upscattered gamma photon is generated. The spectrum of the gamma
photons from IC from Eq.(2.40) is used, where the e~ energy and soft
photon energy values are already known. After obtaining the gamma
photon energy, the energy of the e~ is subtracted.

The e~ is recorded, and the program follows the gamma photon. The
gamma photon has a higher priority than e®, in order that the cascade
be followed. The gamma photon is followed and the procedure in items
no. 2-6 is repeated.

When no particles remain in the record, the cascade is aborted and the
computations are finished for one primary gamma photon.

During the monitoring of a cascade, several variables have to be computed; e.g.,
the propagation distances of the particles, the energy of the resulting particles
in each interaction, and the soft photon energy w from the background field.
The next section discusses the techniques used in the program to compute these
variables.

3.2 Random Number Generator

In the current work, the Monte Carlo simulation uses two different random
number generators. One is a transformation method, and the other a hit-or-
miss method [26].

23



3.2.1 Transformation Method

In order to generate random numbers from f(z), the transformation method
uses a normalized accumulated function of f(z):
L[ Ny
F(z)=— f(£)de, (3.15)

j'm'in
with a normalization factor
jvnam

A= F(&)dd. (3.16)

Tmin

The function F'(x) is a monotonically increasing function in the range 0 to
1. When a random number £ has been chosen from a uniform probability
distribution on the interval (0,1), the variable x can be calculated. In the case
of F(x) being an analytically invertible function, one can find = from

r=F1(¢). (3.17)

However, if F/(z) cannot be inverted, one can tabulate F(x) and z and find the
z-value corresponding to & by interpolation. This method is used to generate
the free path length of the particles, with a probability density which attains
an exponential form,

flx)=A"te®/A, (3.18)

The normalized accumulated distribution is
F(z) = (1—e™/"), (3.19)

and the free path length can be produced by inverting the normalized accumu-
lated function
x=—AlIn¢, (3.20)

where A is the free path length from Eq.(2.6) for PP and Eq.(2.30) for IC. The
transformation method is computationally efficient in one-dimensional prob-
lems, especially when F(x) is an invertible function. There are, however, dis-
advantages of the method in multidimensional or many-variable problems, the
reason being that in these cases the accumulated distribution cannot generally
be inverted with respect to every variable. Typically, interpolating between
tabulated values is practical only for functions with up to two variables.

3.2.2 hit-or-miss Method

The hit-or-miss method is the most simple technique for generating random
numbers, provided there is a distribution f(x) from which random numbers «
can be taken. The procedure is as follows:

1. Two random numbers, « and £, within the intervals (Zmin, Tmae) and
(Ymin, Ymaz ), are independently obtained from a uniform probability dis-
tribution.

2. The hit-or-miss condition is checked: if € < f(«) then « is accepted (hit),
but if € > f(«) then « is rejected (miss).
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The distribution of the accepted a will have the same shape as f(z). The
necessary parameters are Tmin, Tmaz, Ymin, ad Ymar. However, in practice,
at least in this simulation, only 9,4, iS an unknown parameter. Hence, in this
simulation before the program generates the random number from a distribution
function f(x) the program has to find the maximum value of f(z), Ymaz. The
efficiency of the hit-or-miss technique depends on

_areaunder f(z) f;ﬂ? f(@)dz (3.21)
P= area of sample space  (Tmazr — Tmin) X Ymaz — Ymin) '

When p = 1, the area under the curve f(x); i.e., the “hit” area, is nearly the
same as the sample space area. Most of the sample in the sample space is in the
hit area. In contrast, if p < 0.5, most of the sample is in the “miss” area, and
the program has to generate random numbers many times to get a satisfactory
value. One advantage of this technique, and the main reason that it was chosen
for the current work, is that it can be applied for many-parameter problems,
such as is the case for the pair halo model. In PP, the hit-or-miss technique is
applied for two tasks. One is to generate the energy of the pair produced e*
from Eq.(2.23), which depends on two parameters (v and w ) and one variable
(Ee.). From Fig. 2.3, it is seen that this method is very efficient when s is a low
value. Fortunately, most of the PP processes in the pair halo model concerns
such cases. The other task is to generate soft photons from the background
photon distribution. For this task, the methodology that was suggested in
[10] has been applied, where the soft photons are generated from a modified
background photon distribution, npp(E.; w) in Eq.(3.11). Here, p < 0.5, so this
technique is not particularly efficient. However, because the program deals with
a number of PP which is much lower than that of IC, it is still acceptable to
use this technique for generating soft photons. In IC, the hit-or-miss technique
is applied only in order to generate the energy of the upscatter gamma photons
from Eq.(2.40). As seen from Fig. 2.6, this method is not very efficient in the
Klein-Nishina regime, but it is quite good in the Thomson regime, especially in
the case of b < 10. Fortunately, most of the IC processes in the cascade are
within the last regime. The hit-or-miss method is not appropriate for generating
the IC interacting soft photons from the modified background photon field 7;¢,
as in Eq.(3.14). This is partly due to the fact that p < 1 for the modified
background photon distribution, but also because most of the interactions that
occur in the program are IC in the Thomson regime. Thus, the computational
demands here are high. The hit-or-miss method together with the comparison
function technique; e.g., [27], is needed to solve this problem. Such a technique
can be used to improve the random number generated from the hit-or-miss
method, especially in the case of p <« 1. The idea is to apply a transformation
method to generate random numbers « from a distribution function g(z) that
has the following properties:

1. g(z) > f(x) for all x

2. g(x) is an integrable function for which the accumulated distribution in-
vertible.

When « is generated, g(«) will be set equal t0 ¥pmqes. Then isotropically dis-
tributed random numbers & from (Ymin,Ymaz) are generated. The hit-or-miss
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condition is applied to £ in order to select « from the distribution f(z). The effi-
ciency of this technique depends on how close the function g(z) is to f(x). This
technique can be modified for application to problems that have many parame-
ters by finding an integrable function g(x) which satisfies g(z) > f(z1,x2, ..., Tn; x)
for all x and all parameters x1, ..., .

3.3 Collecting Data

Two important data needed to be recorded in the simulation are angular distance
from the central source and the synchrotron emission time distribution, dt/dE =
T(E), of all cascading e®s. Since the e®s lose their energy via synchrotron
radiation during gyration, their energies needed to be recorded in every 10%-
energy-loss length step (as described in item 7 page 22) and weighted by the
emission time in that length step. The distribution of the synchrotron energy
is calculated by

dE V3e3Bsina v

i Y — G(VC)T(E)dE. (3.22)
The main assumption used to obtain the pair halo energy flux is that the cascade
is in a steady state, implying a constant primary VHE photon flux from the
central source. The steady-state has been used in several previous works on
cascades; e.g., [9, 10, 28]. The observed pair halo gamma-ray luminosity is then
proportional to the luminosity of the VHE primary gamma photons, and one

obtains
Ly =kE,, (3.23)

where k is a constant used to convert energy to luminosity, and E; is total energy
of the VHE primary gamma photons. During a cascade, the total primary
gamma photon energy is converted into four forms: pair halo gamma photon
energy Fgamma, pair halo synchrotron photon energy Egyy,, pair energy F., and
survival primary gamma photon energy F’;

Es = Egamma + Esyn + Ec + E.. (3.24)
The luminosity of the pair halo synchrotron photons,
Lsyn = kEsyn, (325)

is related to the source luminosity via

Lsyn Esyn
— = . 2
To E. (3.26)

From this relation, the pair halo luminosity can be found, and the pair halo flux
can be calculated via

F@yn = /fEsyn (327)
where L
0

"7 Eand? (3:28)

The factor « is used to convert the energy into energy flux.
A specific strategy has been adopted for collecting angular distances from
the simulation, in order to reduce the number of primary gamma photons; i.e.,
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computation time. The strategy is based on the fact that the halo is spherically
symmetric, and thus observing from any direction from a given distance yields
the same picture. An observer located at a sphere with a radius equal to the
distance between the VHE gamma source and the observer, d, is formed, with
the VHE photon source located at the center of the sphere. Every time that
an e is generated, a virtual ray is generated randomly. The ray will cross the
observer sphere somewhere and make an angle, 8, to the normal of the sphere
at the crossing point. The angle 6 is interpreted as the angular distance from
the source of the e*. As shown in Fig. 3.4, the normal vectors on the observer
sphere are always in the same direction as the line of sight. Therefore, the
angle between the photon direction of propagation and the normal vector can
be interpreted as the angular distance of the observed gamma photons from the
VHE source. If synchrotron photons, produced at ry and propagated in the

Figure 3.4: Geometry picture shows how to collect data from the simulation.

direction 1;7, cross the observer sphere (with radius R), the condition
(ro- k)2 +R2 =712 >0 (3.29)

has to be satisfied. If Eq.(3.29) is not satisfied, the synchrotron photons never
cross the observer sphere. Otherwise, the distance between the point where the
gamma photons were produced and the crossing point can be calculated from

d=—(ro k) + \/(r0 k)2 + R2 — 12, (3.30)

For d < 0, the synchrotron photon propagates in the direction opposite to 1;7,
and this case is rejected otherwise the real crossing point can be calculated by

ry =ro+dk,. (3.31)
At this point the angle 0 is given by
k
cosf = L% (3.32)
1|



Note that because the probability density in #-space is proportional to cos®,
the histogram in this case has to be weighted by the factor |cos™! ).
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Chapter 4

Results and Discussion

Two observed quantities that we can observed from a pair halo in X-ray are
spectral energy distribution (SED) and distribution of angular distance from the
central source. In this chapter, we used the distributions from many situations
to learn the nature of X-ray pair halo. All of the distributions presented here
were from the pair halos observed within 0.1° and their central sources emitted
monoenergetic gamma-ray spectrum with gamma luminosity of 104 erg/s. The
common conditions we used in these simulations are: The intrinsic gamma-ray
energy was 500 TeV, the red shift was z = 0.129! corresponding to 750 Mpc (or
about 2.3 billion light years), the inter galactic magnetic field was 1 uG, and the
CIB model from Primack’s group [29] shown in Fig. 4.1, unless state otherwise.

—— CMB+CIB
————— cMB
CciB

10

=
S
IRALLL L B AL L AL UL

VF(V) [ nW/n sr ]

—— yyPair Production
———— Inverse Compton Scattering
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Figure 4.1: Left panel: (a) The background photon field at 2=0.129. The CIB
component is from [29]. Right panel: (b) The mean free path length of gamma photons
with respect to PP, and of e with respect to IC, given the background photon field.

1The red shift of H1426, one of the promising candidate pair halo sources.

29



X-ray pair halos from difference primary gamma-ray energies

Since the intrinsic gamma-rays from the central source initiated the electro-
magnetic cascades to produce e*s that radiated the synchrotron photons, the
energy of the gamma-ray is obviously affect on the X-ray pair halo. The results
in Fig. 4.2 and 4.3 show how the SEDs and the angular distributions responded
to the intrinsic gamma energy.

Figure 4.2: Spectral energyt distributions of the pair halo synchrotorn with difference
primary gamma-ray energyies

One will see in the Fig.4.2 that the higher intrinsic gamma energies, the
higher maximum energies and fluxes in higher energy bands. On the other
hands, in lower energy band the X-ray flux is not affected. This phenomena can
be explained that since the energies of the cascaded e* depend on the energy
of their parent gamma-rays. The higher energy gamma-rays produced higher
energy e*s, which in turn radiate more powerful synchrotron photons. At the
same time, because the higher energy e*ts lost their energies faster than the
lower one (see Eq.(2.47) )the synchrotron SED peaked at higher energy band.

Angular distribution of the pair halos from difference intrinsic gamma-ray
energies are presented in Fig.(4.3). One will see that the angular distribution
peak at the first bin of the histogram. It is interpreted that most of the pair halo
flux contain at the center and gradually fainter radially. The results from the
figure show that the X-ray pair halos are more centrally peak when the energy of
the intrinsic gamma-rays is higher. It is interesting that the angular distribution
sensitive to the intrinsic gamma-ray energy between 100 to 500 TeV. This fact
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Figure 4.3: Angular distributions of the pair halo synchrotorn with difference primary
gamma-ray energies

can be explained that the PP mean free path of the intrinsic gamma-rays with
energy between 100 - 500 TeV is the same order as the length of angular size
0.1°. What we observed in this angular size is mainly influence by the first
generation et pairs.

X-ray pair halos in difference Magnetic filed strength media

All previous works on the pair halos [15, 30] neglected the radiation from the
synchrotron radiation and considered only gamma-rays from IC. Therefore, this
is the good opportunity to learn how magnetic field affect on the pair halos
especially in X-ray band.

The SEDs presented in Fig. 4.4 show how the X-ray pair halos respond to the
magnetic field strength. The synchrotron energy flux of the pair halos increase
in all energy bands by order two of the magnetic field strength whereas the
maximum energy increase by order one, which can be observed by consider the
peaks of the SEDs in difference magnetic strengths. This fact corresponding
to Eq.(2.47) and Eq.(2.45) that described the synchrotron radiated power and
maximum frequency as functions of magnetic field strength.

The angular distributions of the synchrotron photons from pair halos in
difference magnetic field strengths are shown in Fig. 4.5. It is very interesting
to see that the distributions get less centrally peak quite fast when the magnetic
fields reached 1 uG, but it get more centrally peak again and even faster if the
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Figure 4.4: Spectral energyt distributions of the pair halo synchrotorn with difference
magnetic field strengths

magnetic field stronger than 1 pG. The results can be interpreted that when the
magnetic field is weak, say 1 nG, the e*s lose very small energy via synchrotron
radiation, but mostly via IC that proceed the electromagnetic cascades. When
the magnetic field get stronger synchrotron radiation get more pronounced and
more comparable to the IC. The eTs lose most of their energy via synchrotron
radiation when the magnetic field is stronger than 1 pG. As the result, the ets
do not have enough energy to continue the electromagnetic cascades further
from the central source.

The results we got from the simulations show that observing X-ray pair halos
can provide us the information of the ambient magnetic fields and the intrinsic
gamma-rays maximum energy. Especially the magnetic fields, the information
from X-ray pair halos at difference central source red shifts will show how the
structure of the magnetic filed of the Universe develop after the Big Bang.
However, observing the X-ray pair halos is still be very challenging for X-ray
astronomy since X-ray pair halo fluxes are much lower than the sensitivities of
the present X-ray observatories such as Chandra, XMM-Newton and Suzaku.
That problem might be solved by using stack of X-ray data from the candidate
sources to increase X-ray flux.
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Figure 4.5: Angular distributions of the pair halo synchrotorn with difference mag-
netic field strengths

33



Bibliography

[1]

2]

V. S. Berezinsky and V. A. Kudriavtsev. On the diffuse gamma radiation
at ultra-high energies, £, 2 10" eV. ApJ, 349:620-624, 1990.

R. J. Protheroe and T. Stanev. Electron-photon cascading of very high
energy gamma-rays in the infrared background. MNRAS, 264:191-200,
1993.

P. S. Coppi and F. A. Aharonian. Constraints on the very high energy
emissivity of the universe from the diffuse GeV gamma-ray background.
ApJ, 487:1.9-1.12, 1997.

A. 1. Akhiezer and V. B. Berestetskii. Quantum Electrodynamics. Inter-
science Publishers, New York, 1965.

R. J. Gould and G. Schréder. Pair production in photon-photon collisions.
Phys. Rev., 155:1404-1407, 1967.

K. Herterich. Absorption of gamma rays in intense x-rays sources. Nature,
250:311-312, 1974.

F. A. Aharonian et al. The time averaged TeV energy spectrum of
mkn501 of the extraordinary 1997 outbust as measured with the stereo-
scopic cherenkov telescope system of hegra. Astron. Astrophys., 349:11-28,
1999.

F. A. Aharonian, A. M. Atoyan, and A. M. Nagapetian. Photoproduction of
electron-positron pairs in compact x-rays sources. Astrofizika, 19:187-194,
1983.

F. A. Aharonian, V. G. Kirillov-Ugryumov, and V. V. Vardanian. For-
mation of relativistic electron-photon showers in compact x-ray sources.
Astrophys. Space Sci., 115:201-225, 1985.

R. J. Protheroe. Effect of electron-photon cascading on the observed energy
spectra of extragalactic sources of ultra-high-energy v-rays. Mon. Not. R.
astr. Soc, 221:769-788, 1986.

P. S. Coppi and R. D. Blandford. Reaction rates and energy distributions
for elementary processes in relativistic pair plasmas. Mon. Not. R. astr.
Soc., 245:453-469, 1990.

34



[12]

[17]

[18]
[19]

[20]

G. R. Blumenthal and R. J. Gould. Bremsstrahlung, synchrotron radiation,
and compton scattering of high-energy electrons traversing dilute gases.
Rev. Mod. Phys., 42:237-269, 1970.

F. A. Aharonian and A. M. Atoyan. Compton scattering of relativistic
electrons in compact x-ray sources. Astrophys. Space Sci., 79:321-336,
1981.

George B. Rybicki and Alan P. Lightman, editors. Radiative Processes in
Astrophysics. Wiley-VCH Verlag GmbH, Weinheim, Germany, May 1985.

F. A. Aharonian, P. S. Coppi, and H. J. V6lk. Very high energy gamma rays
from active galactic nuclei: Cascading on the cosmic background radiation
field and the formation of pair halos. ApJ, 423:1L5-1.8, 1994.

R. J. Gould and G. Schréder. Opacity of the universe to high-energy pho-
tons. Phys. Rev. Lett., 155:252-254, 1966.

J. Wdowczyk, A. Tkaczyk, and A. W. Wolfendale. J. Phys. A., 5:1419,
1972.

F. W. Stecker, O. C. De Jager, and M. H. Salamon. ApJ, 390:1.49, 1992.

S. Lee. Propagation of extragalactic high energy cosmic and v rays. Phys.
Rev. D., 58:043004, 1998.

D. Khangulyan. Space structure and spectrum of radiation of some astro-
physical objects. PhD thesis, Moscow Engineering Physics Institute, 2003.

J. H. Halton. A retrospective and prospective survey of the Monte Carlo
method. Siam Rewv., 12:1-63, 1970.

W. Mattig. Uber den Zusammenhang zwischen Rotverschiebung und
scheinbarer Helligkeit. Astron. Nach., 248:109, 1958.

J. Terrell. The luminosity distance equation in fiedmann cosmology. Am.
J. Phys., 45:869-867, 1977.

P. V. Ramana Murthy and Wolfendale. Gamma-ray astronomy. Cambridge
University Press, England, first edition, 1986.

A. K. Konopelko. Stereo imaging of the VHE ~-rays with HEGRA &
H.E.S.S. In F. A. Aharonian and H. J. V&lk, editors, High Energy Gamma-
ray Astronomy, pages 569-573, 2000.

F. James. Monte carlo theory and practice. Rep. Prog. Phys., 43:1145-1189,
1980.

W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery. Numer-
ical Recipes in C. Cambridge university press, New York, second edition,
1994.

A. A. Zdziarski. Saturated pair-photon cascades on isotropic background
photons. ApJ, 335:786-802, 1988.

35



[29] J. R. Primack, R. S. Somerville, J. S. Bullock, and J. E. G. Devriendst.
Probing galaxy formation with high energy gamma-rays. In F. A. Aharo-
nian and H. J. Volk, editors, High Energy Gamma-Ray Astronomy, 2000.

[30] A. Eungwanichayapant and F. Aharonian. Very High Energy Gamma Rays
from e* Pair Halos. International Journal of Modern Physics D, 18(06):911,
July 2009.

36



Output

e Papers

A. Eungwanichayapant, W. Maithong and D. Ruffolo. Synchrotron
Radiation from e* Pair Halos, ApJ, in preparation.

37



	1.pdf
	2.pdf
	3.pdf

