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Abstract

A Monte Carlo program for the simulation of electromagnetiscades initiated by high-energy photons and electrons
interacting with extragalactic background light (EBL) isepented. Pair production and inverse Compton scattering
on EBL photons as well as synchrotron losses and deflectibtiteeaharged component in extragalactic magnetic
fields (EGMF) are included in the simulation. Weighted sangpbf the cascade development is applied to to reduce
the number of secondary particles and to speed up compmsatis final result, the simulation procedure provides
the energy, the observation angle, and the time delay ofhslecy cascade particles at the present epoch. Possible
applications are the study of TeV blazars and the influendb@EGMF on their spectra or the calculation of the
contribution from ultrahigh energy cosmic rays or dark meatt the difuse extragalactic gamma-ray background. As
an illustration, we present results for deflections and {ifakays relevant for the derivation of limits on the EGMF.
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1. Introduction

The Universe is opaque to the propagation-afys with energies in the TeV region and above [1]. Suchqfsot
are absorbed by pair production on the extragalactic backgt light (EBL) [2-5], consisting mainly of infrared
light and the cosmic microwave background (CMB). As a rethdtphoton flux at energids > 10 TeV from distant
sources as e.g. blazars is significantly attenuated on tigdraman the source to the Earth. High-energy photons are
however not really absorbed but initiate electromagnetgcades in the intergalactic space, via the two processes

Y+yp—> € +€ (1)
€++yb—>e*+y. (2)

The cascade develops very fast until it reaches the paiticrethreshold atsmin = 4E,s, = 4m¢ with ¢, as the
characteristic energy of the background photgnsElectrond continue to scatter on EBL photons in the Thomson
regime with an interaction length of a few kpc, producingtoling with average energy
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usinge, = 2.7 Tows ~ 6.3 104 eV as typical energy for CMB photons.
The resulting shape of the energy spectrum of tkusiée photon fluxJ, can be estimated analytically [6] for a
monochromatic background as

K(E/ey) %2 for E < Ey,
‘Jy(E) =

K(E/&x)™? for Eyx < E < Emin,
0 for E > Emin.

Here,Enmin = mé/ay is the threshold energy for pair-production, whide< Ey is the energy region where the number
of electrons remains constant. Since the last generati@ief pairs produced share the initial energy equally,
Ee = Emin/2, this transition energy is given B, = 4e,EZ/(3mZ) = Emin/3. Thus for a monochromatic background
the plateau region characterised by d@E24spectrum extends only over one third of an energy decade.

A better analytical description of the cascade developrimethie EBL uses a dichromatic photon gas, witys =
6.3x10“%eV andeir = 1 eV as typical energies for the CMB and the (second) pealedRtbackground, respectively.
Below one half of the threshold energy of pair production lo@ IR, Ee ~ Eminir/2 = M/(2sr) ~ 1.3 x 10t eV,
the number of electron remains constant. In the intermed&gime Eminir < E < Emincus, electrons are Compton
scattering on CMB photons in the Thomson regime, while phtre still producing*e™ pairs on IR photons. Thus
the energyE, marking the energy below which no additional electrons majected in the cascade is given by

4 EZ2 1
Ey =2 cCMBTe _ 2 &CMBE . - ~ 50 MeV. (4)

3 mg 3 EIR

Let us now compare how well this qualitative picture agreih the cascade spectrum calculated with our Monte
Carlo simulation. Fig. 1 shows the results obtained WitHAG for the difuse spectrum of secondary photons pro-
duced by photons injected with ener§y= 10'* eV at redshifz = 0.02 andz = 0.15. We note first that the slope of the
photon spectrum belo®, and the obtained value & agree very well with the prediction in the simple “dichromat
model” for both distances. In contrast, both the extensmmhthe shape of the plateau region are less universal: The
smaller the distance to the source, the less pronouncedsotisteepening of the photon spectrum fromgh&®
Thomson slope towards the predictetE? plateau. However, the deviation of the slope from the pieatic E~1°
versusE~2, is minor already for distances ef500 Mpc.

1We call from now on electrons and positrons collectivelcelns.
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Figure 1: The (normalised) flise photon fluxE2J(E) for two sources injecting photons with enery= 10 eV at redshifz = 0.02 (—) and
z = 0.15 (—), respectively.

An important application of electromagnetic cascadesdsticulation of various contributions to the extragalac-
tic difftuse gamma-ray background (EGRB). Since the Universe a@sakrimeter for electromagnetic radiation,
accumulating it in the MeV-TeV range, the measured EGRBdirall processes during the history of the Universe
that inject electromagnetic energy above the pair creaticeshold. Examples for such processes are photo-pion and
p+ycms — p+€"+e pair-production of UHECR protons interacting with the casmicrowave background (CMB)

[7], the decay or annihilation of (superheavy) dark mattesfdopological defects [8]. Another important applicatio

of electromagnetic cascades is the calculation of spewtra point sources as TeV blazars. If the spectra of such
sources extend to fiiciently high energies, emitted photons interact with thé.EBhe charged component of these
cascades is deflected by extragalactic magnetic fields (BGEEding potentially to halos around point sources [9],
to delayed echos of flaring emission [10] and influences tiseied energy spectrum [11]. A detailed modelling of
the electromagnetic cascade process is thus not only rregeéssonnect the observed energy spectra of TeV sources
with their intrinsic spectra, but provides also informatabout EGMFs.

The extremely small interaction length compared to typscairce distances from hundreds of Mpc to Gpc means
that a large numbar of interaction steps has to be simulated using a Monte Capooach. The exponential growth
of the numbem = 2" of secondaries aggravates the computational load in a-bstde Monte Carlo approach.
The Monte Carlo program presented here uses weighted sayrgdlithe cascade development to redufiiently
the number of secondary particles which are traced expglickor maximally weighted sampling, the number of
secondaries stays on average constant as function of dtierasteps. Synchrotron losses and deflections of the
charged component in extragalactic magnetic fields (EGME)eluded in the simulation too. The version presented
here is restricted to the limit of small deflections.

2. Modelling of the cascade process

2.1. Interaction rate of photons and electrons

The interaction rat&, (E, z) of photons with energt at redshiftz can be connected to the pair-production cross
sectionopair(S) and the spectral density of background photiof(&, 2) as

e e (g 1 [o® s
RV(E’ Z) = E f dE ny(E , Z)f dd sind O'pair(s) @(S_ Smin) = E f dso-pair(s) IY(E, Z) . (5)
0 0 in

where we introduced the auxiliary function

EmaxdE/
WEmnd) = [ n(ED. ©

min
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Figure 2: Left: Interaction ratR atz = 0 as function of the energg for electrons withEy, = 3 x 10* eV andEy, = 3 x 10° eV and for photons
with the “best-fit” and the “lower-limit” EBL from Ref. [5]. Rjht: Fluence contained inside the 95% confidence contolmedPSF of Fermi-LAT
as function of energy for EGMF with top-hat profile and fillifactor f varying fromf = 0.1 to f = 0.9 with Emax = 20 TeV (solid) and 100 TeV
(dashed).

The c.m. energy squared inya interaction iss = 2EE’(1 — cost), while the integration limits are given by the pair
production threshold, = 4m¢ and sna(E) = 4EEmax With Emax ~ 14 €V as the high energy cdfof the EBL
background. The well-known pair-production cross sectigg(s) is given by

mg a1 +8 2
s |G ﬂ)lnl_ﬁ 28(2-p)|, (7)
with o = 8ra?/(3m) as Thomson cross section ghigk /1 — 4mg/s.

Electrons emit in the Thomson regime mainly soft photonsEdt (3). To speed up the simulation, we include
therefore as discrete interactions only those which prediecondary photons above an arbitrary energy threshold
Eiwr- The remaining soft interactions are integrated out antlided as continuous energy loss. Thus we define the
interaction ratdR.(E, 2) of an electron with energl at redshiftzas

3
o pair(s) = 1 OTh

1 00 , , T ) 1 Smax(E) S— rng
Re(E.2) = Efo dE n,(E ,Z)fo didsind oc(s, &) O(S— Smin(e)) = % fsmm@ dsoc(s €) Iy(m,Z) (8)
with & = Eg/E, B8 = /1 - mg/E2, ands = mZ + 2EE'(1 - Bcos®). The integration limits are given bgmin(s) =
m2/(1 - &) and spax(E) = 2EEmax(1 + B), while the Compton scattering cross secting(s, €) integrated above the
thresholde is given by

3 VI
oc(se) = 20 Yinin yniai yy.mln
min

IN(Ymax/Ymin) AYmin(1 + Ymin) 4(Ymin/Ymax + Ymin)  Ymax + Ymin
(1 - (l - Ymin)2 ) ’ (1 - Ymin)2 ¥ 2 } . (9)

Here,ymin = MZ/s andymax = 1 — & are respectively the minimal and the maximal energy frastiof the secondary
electron.

In the left panel of Fig. 2 we show the interaction ra®esf electrons and photons at the present epoch as function
of energy. The dference between the “best-fit” and the “lower-limit” EBL froRef. [5] becomes visible in the
interaction rateR, of photons only in the energy range below*46V. The interaction rat& of electrons is shown
only for the “best-fit” EBL but for two diferent values of the thresholgl,, used in the Compton scattering cross
section,Ey,y = 3 x 10°eV andEy, = 3 x 10°eV. Note that whileEy, = 3 x 1P eV leads already below 1beVv
to strong deviations from the Thomson scattering crossasedhe resulting photon spectrum is influenced by the
threshold mainly at energies in the MeV range and below, @f(8).

Ymax — Ymin

2.2. Interactions
The modelling ofyy andey interactions starts from sampling the c.m. energy squagddhe collision according
to the integrands of Egs. (5) and (8), respectively. Tedilyicthe rejection method is used as in most other cases
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to chooses according to its probability distribution: The value sfs first sampled logarithmically in the interval
[ smin» Smax]s then the choice is accepted with the probability propordi tos times the integrand of Eq. (5) and (8), or
otherwise rejected.

For givens, the energy fractiog of the lowest energy secondary lepton (electron or posiirotihe pair production
process is sampled according to the correspondifigrdntial cross section

1-5 (1-p°
1-y  4y(l-y)?

with 8 = /1 — 4mg/s. The other secondary lepton has then the energy fractiog. Similarly, the energy fractiog
of the secondary electron in the inverse Compton processipled according to thefiierential cross section

dU'pair(S, y) 1 y2
dy o — [ +1-y+

ylToy ]/[1+2ﬂ2(1—/32)], (10)

doics(s,y) « 1

dy y

1+Y  2Ymin(Y = Ymin)(1 - Y)
| -

2.3. Stacking and weighted sampling

The produced secondary particles are then subject to thghteel sampling procedure: A secondary particle
carrying the energy fraction of the parent energy is discarded with the probability-(#*s=m), or added with the
probability y*s=me to the stack. Depending on the choice of the sampling pasn@ asampie < 1) either all the
secondaries are kept in the cascaglgfpe = 0) or only some representative ones are retained. In patjcone
secondary per interaction is retained on average for théevakmple = 1. As compensation, each particle in the
cascade acquires a weighitwhich is augmented after each interactionnas> w/y*same. The particles in the stack
are ordered according to their energies. After the intevacthe lowest energy patrticle is extracted from the stack
and traced further in the cascade process.

2.4. Synchrotron losses

Synchrotron energy losses of electrons are accounted fbeigontinuous energy loss approximation using the
interpolation formula [19],
dE _ mex’ 12)
dx = [1+4.8(1+y) In(1+1.7y) + 3.442]2/3°

with y = (p./me)(B/Bc), wherep, denotes the momentum perpendicular to the magnetic fiel@anre4.14x102 G
the critical magnetic field.

2.5. Angular deflection and time delay

For the energies considereld, > MeV and E¢ > 10 GeV, secondary particles are emitted in the forward direc
tion. Thus the angular deflection of the cascade particldtsefrom the deflections of electrons in the extragalactic
magnetic field (EGMF). If the coherence scale of the EGMF iglmiarger than electron mean free path= R:?,
an elementary deflection angleieth electron in the cascade chain can be calculated assuh@rfgeld to be regular
over the distancd; travelled by the electron,

pi =052 (TpTl\/)_1 ( 10dli<pc) (%) ’ (13)

with p, being the momentum component perpendicular to the locettiim of the magnetic field. Inside the patch
of a chosen coherence length, the deflection argjlper electron path are summed up coheregily: >; 8i. The de-
flections angleg; per coherent magnetic field patch are then summed quadhaiicthe random-walk approximation
to obtain as total deflection, i.e. the anglbetween the initial and final photons in the cascade,

B= DB (14)
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In the small angle approximation the angléetween the initial and final photons in the cascade is rltehe
emission angle: and the observation angfease = 8 — -

As the energy of the cascade particles quickly degradegydlom cascade chain, the largest contributiors to
comes from the last electron in the chain. This allows us fs@pmate the corresponding geometry by a triangular
configuration and to obtain as relation betwgeand¢

. X
sing = L sing. (15)
Herex refers to the distance from the source S to the point P wherérthl photon in the cascade branch has been
created andl is the total distance between the source and the observer@ntall¢, we thus have

9= % sing. (16)
The time delay\tye, Of photons with respect to the straight line propagatiomfibe source is then
Atgeo = X (1 + sina/ sing) — L ~ 2x(1 - x/L) sir? 3. (17)

We add to this geometrical time del&yye, the kinematical time delagtin due to velocityv < ¢ of the electron,
although the latter is usually negligible.

2.6. Cosmology

The connection between redshiftcomoving distance and light-travel time calculated for a flat Friedmann-
Robertson-Walker universe with, = 0.7 andQ,, = 0.3 is contained in the fileedshift.

3. Programme structure

The programme is distributed among the fiteglules101.£90, user101.£90, init101.£90, elmag101.£90
andaux101.£90. The filemodules101.£90 contains the definition of internal variables, mathemétca physical
constants; for standard applications of the programme aogds by the user are needed. Thed#er101.£90
contains the inpybutput subroutines developed by the user for the desirdd tAa example file is discussed in
Sec. 5. Data files of the used EBL backgrounds and the cosimalogyolution of the universe are provided in
the directoryTables. They are read by the subroutingsit_EBL(myid), init_arrays(myid) and the func-
tion aintIR(E,z) inside the fileinit101.£90. Then the functions_EBL_density_tab(emin,zz) tabulates the
weighted background photon densifydefined in Eq. (6), followed by the tabulation of the interatrate in the the
subroutinerate EBL_tab(e0,zz,icq).

We discuss now in more detail the subroutines and functibttsedfile elmag101.£90 which are the core of the
programme:

e subroutine cascade(icq,e00,weight0,z_in)
Follows the evolution of the cascade initiated by a photoeg(= 0) or an electrofpositron (cq = +1)
injected at redshift_in with energye00 and weightieight0 until all secondary particles have energies below
the energy thresholelthr or reached the observerat 0.

e subroutine angle delay(the2,xx,rcmb,theta,dt)
Determines the time-delait and the observation angt&eta from the rms cascade deflection angle2 and
the last interaction pointx.

e subroutine interaction(e0,x0,zz,t,weight,thel,the2,xx,xxc,dt,icq)
Handles one interaction with background photons: detezmihe c.m. energggam of the reaction via a
call to sample_photon Or sample electron(e0,zz,sgan), the energy fractioz of secondaries via a call
to the functionszpair(sgam) or zics(e0,sgam), and stores then the secondaries calling the subroutine
store_particle.



e subroutine store_particle(e0,x0,zz,t,ze,weight,thel,the2,xx,xxc,dt,icq)
Decides if a produced secondary is stored using weighteglgagnif yes, it adds the secondary to the array
event and re-orders the array according to the particle energies.

e subroutine get_particle(e0,x0,zz,t,weight,thel,the2,xx,xxc,dt,icq)
Reads the secondary with the lowest energy out of the afrayt and reducegcmb by one.

e subroutine sample photon(e0,zz,sgam,ierr) andsample electron(e0,zz,sgam)
Determines the cms energgam of an interaction at redshiftz.

e double precision function w_EBL_density(emin,zz)

Calculates the weighted background photon dersitiefined in Eq. (6).

e function int_point(e0,x0,zz,icq)
Finds the next interaction point for interaction with EBLgtbns.

e function sigpair andsigics(e0,sgam)
Calculate the pair production and inverse Compton crogtosecespectively.

e function zpair(sgam) andzics(e0,sgam)
Determine the energy distribution in pair production anegiise Compton scattering, respectively.

e function zsigics(e0,sgam)
Calculates the cross section times energy lost below theechihreshold in Compton scattering.

e function zloss(e0,zz)
Interpolates the integrated energy loss due to emissiohatbps below threshold.

e subroutine rate_EBL(e0,zz,icq)
Interpolates the interaction ratBson EBL photons.

e function eloss_syn(E,begnmf)
Calculates the synchrotron losses according to Eq. (12).

e function themf (eO,dx,begmf)
Determines the deflection angle in the EGMF.

The fileaux101.£90 contains auxiliary functions, e.g. the random number gapnepsran from Ref. [20].

4. Exampleinput and output

The fileuser101.£90 is an example file for the inpldutput subroutines which should be developed by the user
for the desired task. We discuss now the example containtetidistribution.

4.1. Example input

The input variables specified in th®dule user_variables are: the choice of the EBL modehddel), the
number of injected particlesufax), the jet opening angle of the source in degregs jet), the energy threshold
ethr for Compton scattering, and the sampling parametet. In subroutine user main(myid,nmax) the initial
redshiftz and the particle typécq of the injected particles is fixed.

z = 0.144d0 ! initial redshift

do nl=1,nmax
call initial_particle(e0,weight) ! generate initial energy
icq = 0 ! (0 - gamma, +-1 - e+-)
call cascade(icq,e0,weight,z) ! starts e/m cascade

enddo
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Figure 3: Fluence contained inside the 95% confidence cowfaine PSF of Fermi-LAT as function of the time-delay Br= 10-7 G; left for
individual time layers, right cumulative times.

The subroutindnitial particle(e0,weight) chooses the energy and the weight of one initial particléén t
energy rangedmin, egmax] according to a broken power-law with exponegism1 belowebreak, andgam2 above.

The magnetic fieldB is modeled as patches of uniform field-strenf®@hof sizel.on. The value of the coher-
ence length is fixed by the parameteihlnth in module user_variables, the field-strength perpendicular to the
propagation direction in theunction bemf (r).

4.2. Example output

The energye0, the observation angleheta and the time delagt of secondary cascade particles with weight
weight of typeicqreaching the observerat= O are recorded by the subroutinggister (e0,theta,dt,weight,icq)
and binned in various data arrays defined iniheule user_result. All data arrays exists in two versions, e.g.
spec(n_bin,0:1) andspec_tot(n_-bin,0:1). Using MPI, the former contains the result of a single precesich
are summed by theall MPI_REDUCE into thespec_tot(n_bin,0:1),

n_array = 2*n_bin
call MPI_REDUCE(spec,spec_tot,n_array,MPI_DOUBLE_PRECISION,MPI_SUM,0, & \\
MPI_COMM_WORLD, ierr) ! sum individal arrays spec

Finally, thesubroutine user_output(n_max,n_proc) writes the data arrays with the results in the files contained
in the subdirectorpata.

The filespec_diff contains the normalised (flise) energy spectra of photons and electrons, in the fdeteat,
E2dN,/dE andE%dNe/dE. The filespec_95 includes the energy spectra of photons inside and outs&l@3% area
of the point-spread function of Fermi-LAT, in the form&feV, E2dN,/dE(¢ < d¥9s) andE?dN,/dE(S < Jes). An
approximation to the point-spread function of Fermi-LATd&fined in thefunction thereg en(en).

The right panel of Fig. 2 shows the energy spectra of photomgray within the 95% area of the point-spread
function of Fermi-LAT for diferent filling factors of the EGMF which can be chosen by thapeterfrac in the
functionbemf. Otherwise the default values contained in the distribdileduser101.£90 are used. The photon
fluence is compared to H.E.S.S. data [12] and upper limits frermi-LAT [13] for the TeV blazar 1ES 022200.

The filesspec_95_t andspec_95_c contain the energy spectra of photons arriving within th&%Fea of the
point-spread function, with the time-delay binned in setieve intervals,t < 10yr, 10yr < 1Q%yr,...t > 10°yr.
The file spec_95_c is the cumulative version of the distribution #pec_95_t. Figure 3 shows the fluence inside
the 95% PSF of Fermi-LAT for an injection spectruthl,/dE o« E~?/3 at redshiftz = 0.14 with maximal energy
Emax = 20 TeV.

5. Possible extensions

We discuss four possible applications of the simula@iaiAG and the required extensions to perform them,
ordered by the complexity of the necessary changes andauit
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EGRB from dark matter decays or annihilationsligh-energy electrons and photons can be generated by slecay
annihilations of sfficiently heavy dark matter particles. For instance, thetdlation modeXX — e*e™ of the dark
matter particleX with massmy would correspond to the injection of two electrons with giyelEe = my. The only
necessary addition for the calculation of the resulting BGRa subroutine choosing the injection point according
to the so-called boost factd(z) which accounts for the redshift dependent clustering ok daatter in galaxies.
Additionally, the desired fragmentation functiodbl,/dE of the X particles should be included into the subroutine
initial_particle in the case of photons from hadronic decay or annihilatiodeso

EGRB from UHECRs and cosmogenic neutrind$ie Greisen-Zatsepin-Kuzmin ciifgs a steepening of the proton
spectrum at the energgigzk ~ (4 — 5) x 10'° eV, caused by photo-pion production on the CMB. An additiona
signature for the presence of extragalactic protons indkenic ray flux and their interaction with CMB photons is the
existence of ultrahigh energy cosmogenic neutrinos predily charged pion decays [14], while the corresponding
flux of cosmogenic neutrinos from ultrahigh energy nucleilippressed. Photons and electrons from pion decay and
P+ 7ycws — P+ € + € pair-production lead to a contribution to the EGRB which t&nused to limit cosmic
rays (CR) models and fluxes of cosmogenic neutrinos. To partbis task ELMAG has to be coupled to a program
performing the propagation of ultrahigh energy cosmic najgch provides secondary electrons and photons from
CR interactions as input. As the communication betweervilagorogram parts is restricted to calls of the subroutine
cascade(icq,e0,weight,z), such a combination should be straightforward. For an elamvpereELMAG was
used in this context see Ref. [15].

Extension to 3-dimensional cascadeSoing beyond the small-angle approximation requires toutate the actual
trajectory of electrons solving the Lorentz equation. Aiddially, scalar quantities like,xxc, €0, begnf,...have

to be changed into three-dimensional vectors andtifpe one_event in the modulestack has to be adjusted.
Finally, the image of a three -dimensional cascade can loeileédd using the method described in Ref. [16]. For an
illustration of possible applications 8LMAG in this context see Ref. [17].

Inclusion of source interactionsPhotons and electrons are generated often in sourcesmiogtdense photon fields,

as e.g. near the cores of active galactic nuclei. In this,oasetromagnetic cascades take place on non-thermal,
anisotropic photon backgrounds inside the source befareefitaping particles cascade on the EBL. In order to
describe both cascades on the EBL and inside the sourcewinas as e.ginit _EBL have to be doubled, adding a
corresponding subroutinenit_source for the photon field inside the source. All existing subroas which depend

on the chosen EBL (i.eise EBL_fit) have to adapted. In particular, the rejection mechanissubroutines as e.g.
sample_photon has to adjusted. As a result, such an extension requiregeoable work and thorough tests of the
changed code. A short discussion of anisotropic photonsfisldiven in Ref. [18].

6. Summary

We presented a Monte Carlo program for the simulation oftedetagnetic cascades initiated by high-energy
photons and electrons interacting with the extragalactickbround light. The program uses weighted sampling
of the cascade development and treats Thomson scattefiog bechosen threshold in the continuous energy loss
approximation in order to speed up computations.

Possible applications are the study of TeV blazars and tiheeimce of the EGMF on their spectra or the calcu-
lation of the contribution from ultrahigh energy cosmic sayr dark matter to the fluse extragalactic gamma-ray
background. As an illustration for possible applicatiorespresented results for deflections and time-delays relevan
for the derivation of limits on the EGMF studying the speaifaleV blazars. Other possible applications include
e.g. the calculation of the contribution from ultrahigh egyecosmic rays or dark matter annihilations to th&usie
extragalactic gamma-ray background.
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