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A B S T R A C T 

In the scheme of active galactic nuclei (AGNs), the blazar subclass is particularly bright in γ -rays. This is because of 
their emissions being beamed into our line of sight, as opposed to their misaligned parent population, radio galaxies. This 
work presents results of a Monte Carlo ( MC ) code that propagates jet-collimated γ -rays through the magnetized AGN 

environment, leading to secondary cascade emissions from relativistic electron–positron pairs. The resulting multiwave- 
length emissions are used to fit the broad-band spectral energy distribution (SED) of the radio galaxy NGC 1275. Using 
known physical parameters of NGC 1275 from the literature, we find that cascade emissions from stochastic processes have 
the potential to reproduce the broad-band SEDs of radio galaxies. We also find that the interplay between accretion disc 
and broad-line region (BLR) photons may provide insights into the production region(s) of γ -rays in AGNs. While dense 
accretion disc and BLR radiation fields are vital to the development of cascades, excessive densities lead to the suppression 

of cascade synchrotron emission and attenuation of TeV γ -rays. Furthermore, the magnetic field is important in shaping 
the cascade γ -ray spectrum. 
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 INTRODUCTION  

ctive galactic nuclei (AGNs) host supermassive black holes 
SMBHs) powering the radiative processes responsible for their 
lectromagnetic (EM) emissions at all wavelengths (C. M. Urry & 

. Padovani 1995 ; I. Robson 1996 ; G. Calistro Rivera et al. 2016 ).
he spin of the black hole (BH) may launch collimated bipolar
elativistic jets (C. M. Urry & P. Padovani 1995 ; C. D. Dermer & B.
iebels 2016 ; R. Blandford, D. Meier & A. Readhead 2019 ), where
harged particles, confined to the jet by magnetic fields (J.-M. 
artí 2019 ), can be efficiently accelerated. Gas and other material 

n-falling from the dusty torus form an accretion disc around the
entral BH. Turbulent mutual interactions of this material lead 
o thermal emissions in the optical to ultraviolet (UV) spectrum 

N. I. Shakura & R. A. Sunyaev 1973 ; C. M. Urry & P. Padovani
995 ). The combination of these processes contributes to the EM
ontinuum emission from radio through to γ -rays. The gas and 
ust from the dusty torus can obscure ionization emission lines 
epending on an observer’s line of sight to the central source.
hese emission lines appear broad, indicative of a region close 
o the BH, the broad-line region (BLR), containing clouds of gas
rbiting the central engine at very high velocities ( ∼ 103 −104 
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m s−1 , H. Netzer & A. Laor 1993 ; B. Punsly et al. 2018 ). They
re obscured in type 2 AGNs and prominent in type 1 AGNs
uch as blazars. The unified scheme for AGN of C. M. Urry & P.
adovani ( 1995 ) suggests that all AGNs are essentially the same
ype of object. Their classifications are due to their orientation 
ith respect to the observer’s line of sight, which influences their
pparent spectral properties. In the case of blazars, the observer’s 
iew falls within the cone of beamed emission from the jet. Bulk
ows of plasma stream up the jet at relativistic speeds towards the
bserver, Doppler enhancing their emissions to high energies and 
uminosities, and reducing the variability time-scales. This makes 
hem ubiquitous sources of extragalactic γ -rays. The jet axes of 
adio galaxies, on the other hand, are oriented at rather large
ngles with respect to the observer’s line of sight (J. Sitarek &
. Bednarek 2010 ), such that the beamed emission from the
ets is effectively invisible to the observer because of the aberra-
ion effects of special relativity (G. B. Rybicki & A. P. Lightman
986 ). 
The vast majority of extragalactic sources dominating the γ - 

ay sky are blazars (A. B. Pushkarev et al. 2009 ; M. Ajello et al.
020 ). Improvements in γ -ray telescope sensitivities led to an 
ncreasing number of radio galaxies detected in high-energy (HE, 
 100 MeV) and very high-energy (VHE, > 100 GeV) γ -rays (J.
itarek & W. Bednarek 2010 ; C. D. Dermer & B. Giebels 2016 ; K.
anada et al. 2018 ). This, while supporting unification schemes 
hat AGNs are fundamentally the same type of object, challenges 
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Figure 1. Geometry adapted from M. Ntshatsha et al. ( 2024 ) describing the variables in the main text. 
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he view that HE–VHE emissions result from Doppler-boosted
uperluminal flows as seen by an observer whose line of sight
ligns with the AGN jet. 
Low-frequency emissions from the accretion disc and the BLR
an intercept and absorb the HE–VHE γ -rays from the jet through
he γ−γ pair production mechanism. In this mechanism, rel-
tivistic electron–positron (e±) pairs are produced which can
nverse-Compton (IC) scatter these same disc and BLR photons
o HE and VHE. This process initiates a chain reaction, result-
ng in a cascade of e± pairs and secondary γ -rays. This frame-
ork was considered and pioneered in earlier works (J. Sitarek &
. Bednarek 2010 ; P. Roustazadeh & M. Böttcher 2010 , 2011 ,
012 ). In this paper, we extend the works of Roustazadeh &
öttcher by including the direct accretion disc emission in
he model and apply this framework to the radio galaxy NGC
275. 
In Section 2 , we provide details of the code used in this work
nd highlight the physical processes considered to result in the
bserved radiative output. In Section 3 , we give details of the
imulated AGN. Section 4 shows the results, discussing the effect
f various parameters on the observed spectral energy distribu-
ions (SEDs). Based on the SED behaviour to various parame-
ers, we also discuss a set of plausible parameter combinations
apable of reproducing an observed flare of NGC 1275 in the
ame section. We summarize and conclude in Section 5 and give
ur prospects of a future study in Section 6 . Note that through-
ut this work all calculations are performed in the AGN rest
rame. 
NRAS 552, 1–11 (2026)
 SIMULATED  INTERACTIONS  

he original Monte Carlo ( MC ) code used in this work is de-
cribed in P. Roustazadeh & M. Böttcher ( 2010 , 2011 , 2012 ), and
. Roustazadeh, S. Thrush & M. Böttcher ( 2016 ). In M. Ntshatsha,
. Böttcher & S. Razzaque ( 2024 ), we made modifications to this
ode, referred to as the cascade code from hereon, and demon-
trated the plausibility of its radiative output. Here, we describe
he cascade code in detail and use it to fit the observed SED
f the radio galaxy NGC 1275. From the vast works modelling
GN jets, it is clear that these objects are complex and involve
any physical processes that occur (quasi-)simultaneously. The
ascade code focuses on γ−γ absorption, external IC (EC), and
ynchrotron processes as the main mechanisms responsible for
he observed emissions. The goal of the cascade code is to propa-
ate individual γ -ray photons, considering all these mechanisms
nd generate EM emission resulting from Compton-supported e±

air cascades. 

.1 Code setup 

he description of the cascade code and the physics considered
n the simulation are given in this section. The geometry of the
eneric AGN environment we adopt is depicted in fig. 1 of P.
oustazadeh & M. Böttcher ( 2010 ). A jet axis is perpendicular to a
eometrically thin (N. I. Shakura & R. A. Sunyaev 1973 ) accretion
isc (SS disc) with the radially dependent temperature profile (N.
. Shakura & R. A. Sunyaev 1973 ; M. Böttcher, H. Mause & R.
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chlickeiser 1997 ) 

(R ) ≡ kB T (R ) / (me c2 ) 

= 1 . 44
(
M 

M�

)−1 / 2 ( Ṁ 

M�yr −1 

)1 / 4 ( R 

Rg 

)−3 / 4 ( 

1 −
√ 

6 Rg 
R 

) 1 /

, (1

here kB , me , T, M, Ṁ , R, Rg ≡ GM/c2 are the Boltzmann’s con- 
tant, electron rest-mass, temperature, the SMBH’s mass, the 
ass accretion rate, the accretion disc radius, and the gravita- 
ional radius, with G and c being Newton’s gravitational con- 
tant and the speed of light in vacuum, respectively. Energetic 
0.5 GeV–5 TeV) intrinsic γ -ray photons are produced at a fixed 
oint and propagate along the jet axis. We do not presume to
now a priori the mechanism(s) producing these primary γ -rays. 
hey are assumed to result from non-thermal processes, hence 
ollowing a power law ( ∝ ε−α

γ ) distribution in energy, consistent
ith Fermi Large Area Telescope (LAT) observations of many 
lazars (A. A. Abdo et al. 2009 , 2010 ). The primary γ -rays are
rawn from a power-law distribution with normalized photon 
nergies, ε∗

γ ≡ E∗
γ / (me c2 ) , between 103 and 107 , where E∗

γ is the 
rimary γ -ray’s energy. The γ -ray photon propagates and inter- 
cts with the low-frequency optical/UV photons from the BLR 

nd the SS disc. For simplicity, we ignored infrared photons from
he torus in this code. The BLR photon field is considered to be
omogeneous and isotropic inside a volume of radius RBLR , and 
ts energy density is given by the expression (P. Roustazadeh & M.
öttcher 2010 ), 

BLR (ε, R ) = u0 δ(ε − εLyα ) H(RBLR − R ) , (2) 

here εLyα is the dimensionless energy of the Lyman α ( Lyα) 
mission line and δ(x) , H(x) are the Dirac-delta and Heaviside 
unctions, respectively. The accretion disc radiates thermal pho- 
ons, with dimensionless temperature given by equation ( 1 ), of 
he form: 

d2 nph 
d Ad dε

= 45 
2 

σSB 

π5 
(me c2 )3 

ck4 B 

| cos θd γ | 
(Rd γ )2 

ε2 

exp [ ε/ �(Rd )] − 1 
. (3) 

ere, σSB is the Stefan–Boltzmann constant. In polar coordinates, 
f an accretion disc photon emanates from (Rd , φd ) on the disc
see Fig. 1 ), where Rd = |R d | , φd are the radius from the central
ngine in the plane of the disc and the azimuthal angle, respec-
ively, then Rd γ = |R 

d 
γ | is the distance from this point to the point

f interaction with a γ -ray photon. The angle the disc photon
akes with the normal to the disc is represented by θd γ and the
imensionless energy of low-frequency photons is denoted by ε. 
The cascade code tracks γ -rays individually, in 3D spatial co- 
rdinates. Each primary γ -ray is injected at some height R 

γ

0 = 

xγ

0 , y
γ

0 , z
γ

0 ) = (0 , 0 , zγ0 ) , where z
γ

0 is specified by the user (see
ig. 1 for a pictorial description of the geometrical variables). It
ravels along the jet axis away from the central BH. Along their
ath, γ -rays may be absorbed by either a BLR or a disc photon,
roducing a relativistic e± pair. The total absorption coefficient, 
tot 
γ γ , of the γ -ray is therefore calculated as the sum of contribu-
ions from the respective external radiation fields, namely κd / BLR γ γ , 
rom the accretion disc/BLR, respectively, i.e. κ tot γ γ = κd γ γ + κBLR γ γ . 
he absorption probability of a γ -ray is given by 1 − e(−κ tot γ γ labs ) , 
here labs is the distance the energetic photon will travel before 
t is absorbed, creating an e± pair. By equating this absorption 
robability to a uniform random number ζabs ∈ (0 , 1) , the cas-
ade code determines labs . If k γ is the unit vector pointing in 
he direction of the γ -ray, then the vector R γ = labs k γ tracks 
he γ -ray. At labs , the γ -ray can either be absorbed by a disc
r BLR photon. The code determines this by simply drawing a
niform random number ζsel ∈ (0 , 1) : if ζsel < κd γ γ /κ tot γ γ , the ab-
orbing photon is a disc photon, otherwise it is a BLR photon.
ll of the energy and momentum of the γ -ray is imparted to
he e± pair. The relativistic electron (e−) and positron (e+ ), ini- 
ially travelling in the direction of the γ -ray, are deflected by
he ambient magnetic field. The e± trajectories are determined 
y solving Euler–Lagrange equations where the magnetic field 
s uniform in the y−z plane. The velocities from these equa-
ions form the components of the velocity vector, V e− , which 
racks an electron (V e+ for the positron). In this process, the 
airs lose energy by emitting synchrotron photons and by IC 

cattering BLR and disc photons to high frequencies. In case of 
n IC scattering, the position vector R 

γ

0 updates to the IC coor- 
inates, resetting R γ (follow green arrow vector of Fig. 1 ) and 
he secondary γ -ray is tracked in the same way as the primary γ -
ay. Of course, in principle, these also IC-scatter the synchrotron 
hotons in the synchrotron self-Compton (SSC) scenario. The 
ascade synchrotron luminosity goes as Lsy ∼ 4 πd2 L νF

sy 
ν , where 

L = 78 Mpc (C. S. Reynolds et al. 2021 ) is the luminosity distance
f NGC 1275 and νF sy 

ν is the average cascade synchrotron flux 
mitted within the polar angular bin 14◦ ≤ θ ≤ 17◦. At the high- 
st simulated magnetic field of B = 100 mG, BLR energy density
f uBLR = 50 × 10−3 erg cm 

−3 and injection height of zγ0 = 0 . 8
BLR , the maximum simulated cascade synchrotron energy den- 
ity is then usy = Lsy / (4 πcR2 BLR ) ≈ 54 × 10−3 erg cm 

−3 . In all our
imulations, we considered BLR energy densities in the range of 
(5−50) × 10−3 erg cm 

−3 and with the fixed accretion disc lu- 
inosity of ∼ 2 × 1043 erg s−1 , the energy density of the accretion 
isc radiation field is fixed at 50 × 10−3 erg cm 

−3 . These estimates
how that the cascade synchrotron energy density becomes com- 
arable to the external radiation fields at high magnetic fields, 
hus making SSC important. However, at HE densities of the 
xternal radiation fields, they can conspire to suppress the usy (see 
he discussion in Section 4.2 ). As a pilot study, we have limited
ur cascade code to external Comptonization of only the BLR and
S disc radiation fields. A description of the e± tracking routine 
s given in Section 2.3 . The cascade code tracks these secondary
-rays recursively using the routine just described above. This 
esults in a cascade of e± and second-generation γ -ray photons. 
 secondary photon is tracked until it escapes the AGN volume
 rabs > RBLR , where rabs is the distance from the SMBH to γ -ray
bsorption (or, equivalently, e± pair creation point)] or its energy 
alls below the Fermi range (we set the cut-off to εγ , cut = 10 or
5 MeV). An electron/positron is tracked until its Lorentz factor 

alls below the cut-off value of γcut = 100 , or it escapes the AGN
olume. 
To simulate γ -ray propagation in an AGN, the code requires the 

ollowing input parameters: the magnetic fieldB = (Bx , By , Bz ) = 

0 , By , Bz ) (this field is assumed uniform and static), the size of 
he broad-line region RBLR , the primary γ -ray spectral index α, 
LR energy density uBLR , accretion disc luminosity Ld , primary 
-ray injection height zγ0 , supermassive black-hole mass mBH , and 
he angle θB that the magnetic field makes with the jet axis. Not all
hese parameters are known empirically. In the case of NGC 1275, 
e set the primary γ -ray spectral index α = 2 . 5 (consistent with
. Roustazadeh & M. Böttcher 2010 ; S. Godambe et al. 2024 ), the
LR radius and accretion disc luminosity to RBLR = 1016 cm and 
d = 1 . 88 × 1043 erg s−1 , respectively (G. Ghisellini & F. Tavec-
hio 2009 ; P. Roustazadeh & M. Böttcher 2010 , consistent with
MNRAS 552, 1–11 (2026)
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he RBLR ∝
√ 

Ld scaling relation). The mass of the SMBH has
een set to mBH = 108 M� and the angle of the magnetic field
o θB ≡ arctan (By /Bz ) = 11◦ with respect to (w.r.t.) the jet axis,
ollowing the previous works of P. Roustazadeh & M. Böttcher
 2010 ). The remaining parameters, namely B, uBLR , and zγ0 are
eft as free parameters. In a post-processing analysis, we generate
EDs for various viewing angles. These are compared with the
bserved SED of NGC 1275, with our selection of viewing angular
ins guided by characterizing beaming angles estimated in the
iterature. 

.2 Target photon fields 

orphologically, AGNs are complex, anisotropic structures. In
he AGN rest frame, where we do our calculations, the broad
mission-line radiation field is essentially isotropic inside the
LR. The γ -ray photons in the jet can be intercepted by BLR
hotons or direction-dependent accretion disc photons. The ab-
orption coefficient of the intercepting photon is strongly influ-
nced by the height of the γ -ray above the SMBH. While the
LR radiation field is assumed to be homogeneous, it is more
mportant at greater heights with the accretion disc’s dominance
eing more important at lower heights. However, in reality the
−γ interaction is ultimately stochastic (see discussion in M.
tshatsha et al. 2024 ). The γ−γ absorption is calculated using
he full cross-section formula 

γ γ (β ) = 3 
16 

σT (1 − β2 )
([
3 − β4 ] ln 1 + β

1 − β
− 2 β

[
2 − β2 ]) , (4) 

here σT is the Thomson cross-section, β ≡
 

1 − 2 / (εεγ (1 − μ)) , and ε, εγ , and μ are dimensionless
arget photon energy, γ -ray energy, and the polar angle cosine
f interaction between the target photon and the γ -ray (J. M.
auch & F. Rohrlich 1976 ), respectively. 
Accretion disc absorption coefficient is given by 

d 
γ γ (εγ , μd 

γ γ ) = 

∫ Rout 
Rin 

Rd d Rd 
∫ 2 π
0 

d φd 

×
∫ ∞ 

0 
d ε

d2 nph 
d Ad dε

(1 − μd 
γ γ ) σγγ (εγ , ε, μd 

γ γ ) (5) 

here Rin = 6 Rg , Rout = 103 Rin are the inner and outer disc radii,
espectively, φd is the azimuthal angle in the disc plane, and
d 
γ γ is the interaction polar angle cosine between a disc pho-
on and a γ -ray. Fig. 2 shows a scatter plot of γ -ray attenuation
vents taking place in the BLR and SS disc radiation fields, in
 simulation where B = 50 mG, uBLR = 50 × 10−3 erg cm 

−3 , and
γ

0 = 0 . 8RBLR . In the simulations, whenever a γ -ray’s absorption
oefficient is calculated, its direction and energy are noted. Fig. 2
hows these attenuation events for all azimuthal angles. Of the γ -
ays absorbed by disc photons, those travelling in all polar angles
re shown in blue dots. We then isolate polar cosine angular bins
 μ = cos θ) corresponding to 0◦ ≤ θ ≤ 10◦ ( 0 . 98 < μ ≤ 1 , cyan
ircles), 87◦ ≤ θ ≤ 93◦ ( −0 . 05 < μ < 0 . 05 , yellow circles), and
70◦ ≤ θ ≤ 180◦ ( −1 ≤ μ < −0 . 98 , magenta circles) represent-
ng the forward, edge-on, and backward directions, respectively.
bsorption by BLR photons is represented by orange dots, with
bsorption taking place in the 0 . 98 < μ ≤ 1 bin indicated by red
ircles. Note that the range of κγγ values due to disc photons is
ather large compared to that due to BLR photons. This is due
o the assumption that the BLR radiation field is homogeneous
hroughout the AGN. This ensures that the κBLR γ γ is the same for
NRAS 552, 1–11 (2026)
ll photons of the same energy, independent of direction and
he location where the γ−γ absorption takes place. Though the
ascade code can be generalized to include additional emission
ines from the BLR, for our simulations we have assumed it to be
ominated by the Lyα emission line, which is a sufficient repre-
entation of the BLR (see B. E. Stern & J. Poutanen 2014 ). The fig-
re also shows that γ -rays with energies � 20 GeV up to TeV en-
rgies are highly susceptible to absorption by optical/UV photons.
y contrast, the accretion disc radiation field is anisotropic; thus
ome disc photons interact with γ -rays at angles more favourable
han others. In Fig. 2 , the μ-dependent absorption patterns by
isc photons highlight the efficiencies of the interaction angles
etween γ -rays and disc photons. In forward directions ( 0 . 98 <
≤ 1 ), the interaction angles are unfavourable since these γ -rays
nd disc photons happen to be travelling in similar directions;
hus, to meet the pair-production threshold, the γ -ray energies
ave to be very high. Lower energy γ -rays that meet the pair-
roduction threshold happen to be travelling in the backward
irection and meeting disc photons in head-on collisions. Also,
he cos θd γ term appearing in d2 nph / d Ad d ε in equations ( 3 ) and
 5 ), gives κd γ γ a dependence on the height above the disc. This
esults in a broad range of κd γ γ values, even for γ -rays of identical
nergies, as seen in Fig. 2 . The low-energy boundary in Fig. 2 is
ue to the pair-production threshold εγ > 2 / [ ε(1 − μd 

γ γ )] . 

.3 Secondary γ-rays from e± pairs 

ttenuation described in Section 2.2 above occurs due to the γ−γ

air creation mechanism. The prescription governing their cre-
tion is derived and demonstrated in the work of M. Böttcher & R.
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respectively, in all polar directions. Cyan, yellow, and magenta circles 
disc photons represent IC scattering in forward, edge-on, and backward 
directions, respectively. These IC scattering events occur for e± travelling 
in all azimuthal directions, for both disc and BLR cases. 
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chlickeiser ( 1997 ). Supposing the absorbed γ -ray’s normalized 
nergy is εγ , neglecting the much smaller energy of the target
hoton, the cascade code then samples the electron and positron’s 
orentz factors γe− and γe+ = (εγ − γe− ) , respectively, from the 
air spectrum described in that work. The designation of their 
alues is determined by a random number ζ± ∈ (0 , 1) . If ζ± < 0 . 5 ,
n electron’s Lorentz factor, γe− , is drawn from the pair spectrum
nd the positron’s will be γe+ = εγ − γe− . Otherwise (if ζ± ≥ 0 . 5 ),
 positron’s γe+ is drawn and the electron’s is γe− = εγ − γe+ . The
C mean-free path length in the accretion disc radiation field is
iven by 

−1 
C, d = 

∫ ∞ 

0 
d ε
∫ 1 

−1 
d μC 

×
∫ 2 π
0 

d φd nph (ε, �)(1 − βμC ) σC (ε, γ , μC ) (6) 

here nph is the number density of the accretion disc radiation 
eld given in equation ( 3 ) and � is the solid angle. The Compton
ross-section is given by 

C = 2 σe 
x 

[(
1 − 4 

x 
− 8 
x2 

)
ln (1 + x) + 1 

2 
+ 8 
x 

− 1 
2(1 + x)2 

]
, (7) 

here x = 2 εγe± (1 − βC μC ) , re ≡ e2 / (me c2 ) is the classical elec-
ron radius, e is the elemental charge, σe = πr2 e , γe± is the incom-
ng particle’s Lorentz factor, βC ≡

√ 

1 − γ −2 
e± , ε is the dimension- 

ess disc photon energy, and μC = cos θd C is the interaction polar 
ngle cosine between the particle and disc photon (see Fig. 1 ). 
The created particles, initially travelling in the direction of the 
bsorbed γ -ray, are deflected by the magnetic field in the AGN 

nvironment. Their deflection then reduces their energy due to 
ynchrotron radiation. In addition to synchrotron losses, they 
lso lose energy to IC collisions with BLR and SS disc photons.
ig. 3 is a scatter plot of the IC mean-free path length, λ−1 

C , in
 simulation where B = 50 mG, uBLR = 50 × 10−3 erg cm 

−3 , and 
γ

0 = 0 . 8 RBLR . In the figure, γe± collectively denotes Lorentz fac- 
ors of electrons and positrons. The sum λ−1 

C, tot = λ−1 
C, BLR + λ−1 

C, d , 
f the IC mean-free path lengths in the BLR and accretion disc,
espectively, is useful in determining the distance to IC scattering. 
s an analogue to labs , the distance lIC to an IC upscattering
s calculated from lIC = λC, tot ln (1 − ζsc ) , wher e ζsc ∈ (0 , 1) is a
andom number. When the electron or positron IC scatters an 
xternal photon, the upscattered photon is selected by comparing 
he random number ζC,sel ∈ (0 , 1) to λ−1 

C, d /λ
−1 
C, tot . If ζC,sel is less than

his ratio, then a disc photon is upscattered, otherwise it is a BLR
hoton. IC scattering events occur at all azimuthal directions. 
vents occurring in all polar directions are shown by blue dots
n the case of IC-scattered disc photons and orange dots in the
ase of IC-scattered BLR photons. A trend is not readily obvious
rom the λ−1 

C, d for events occurring at all μ, except for a steady
verall decline towards higher energies due to the Klein–Nishina 
KN) effect. The individual λ−1 

C, d values populate a wide range of 
alues even for particles of similar energy. By contrast, the curve 
raced out by the simple BLR model has a one-to-one correspon-
ence and suggests that λ−1 

C is quasi-constant for particles with 
e±me c2 < 10 GeV, decreasing (due to the KN effect) by about 1.5
rders of magnitude up to TeV energies. This bijective behaviour 
s a consequence of our assumption that the BLR photon field 
s homogeneous and mono-energetic. To discern a basic trend 
rom IC-scattered disc photons, μ is sliced into the same polar 
ngular bins described in Section 2.2 . The e± pairs IC scattering
isc photons in the forward direction have a quasi-constant λ−1 

C 
ver a wide range of energies ( ∼ 2 GeV to few TeV). At edge-
n angles, the λ−1 

C, d starts to turn over, remaining quasi-constant 
elow ∼ 100 GeV and slowly decreasing above this energy up to
eV energies. Pairs travelling in the backward direction tend to 
opulate the GeV to sub-100 GeV region. The density of the λ−1 

C, d 
catter plot of e± pairs with energy below ∼ 10 GeV and quasi-
onstant λ−1 

C, BLR below this energy suggests that these particles are 
fficient at upscattering optical/UV photons. 
Fig. 4 is a 2D histogram plot with a heatmap indicating cas-
ade γ -ray counts. The figure shows the angular distribution of 
he cascade emission generated with a parameter combination 
f (B, uBLR , zγ0 , θB ) = (50mG , 50 × 10−3 erg cm 

−3 , 0 . 3RBLR , 11◦) .
e note that while the e± pairs are isotropized, their emission 
s partially isotropic in the sense that at all γ -ray energies, they
scape mostly uniformly in the azimuthal direction, with a slight 
ias in the direction perpendicular to the plane of the magnetic
eld, as shown by the lower panel. Deep within the AGN, mostly
ll VHE γ -rays are absorbed. In general, cascade γ -rays with 
nergies up to � 10 GeV are essentially uniformly distributed in
he polar direction (upper panel). Fewer photons escaped with 
nergies above ∼ (1−10) GeV (both panels), with the more en- 
rgetic ones favouring the forward direction μ ∼ 1 (consistent 
ith Fig. 3 , also see Fig. A1 , where zγ0 = 0 . 8RBLR , for a clearer
llustration of this point). These are HE–VHE γ -rays that have 
xperienced relatively low γ−γ absorption rates. They trace out 
he curved feature in the upper panel above ∼ 10 GeV. Further-
ore, although the analysis presented in Fig. 4 was generated 
ith a specific parameter combination, the same general trend 
s observed for any θB and (B, uBLR , zγ0 ) -combination. We further
ote that, given the slight bias of the cascade to directions per-
endicular to B , we have kept an equal statistical weighting to all
he azimuthal directions, in our analysis. This may be justified 
MNRAS 552, 1–11 (2026)
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M

Figure 4. Upper panel: 2D histogram plot of angle cosine polar angles 
versus cascade γ -ray energy. Lower panel: 2D histogram plot of azimuthal 
angle versus cascade γ -ray energy. 
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n cases of toroidal-oriented B fields, which are more realistic
epresentations of AGNs. 

 SIMULATED  AGN:  NGC  1275  

n this study, we simulated γ -rays propagating in the AGN envi-
onment of NGC 1275. With different parameter combinations,
e generated cascade broad-band SEDs from the simulation out-
uts. This simulated source has a Fanaroff–Riley I (FR I) jet struc-
ure. It is at redshift z = 0 . 0176 located in the centre of the Perseus
luster. Earlier studies of its jet morphology constrained its jet-
xis angle with respect to our line of sight to be θ ∼ 30◦−55◦

R. C. Vermeulen, A. C. S. Readhead & D. C. Backer 1994 ; R.
. Walker, J. D. Romney & J. M. Benson 1994 ; K. Asada et al.
006 ), while T. P. Krichbaum et al. ( 1992 ) estimated a minimum
ngle of θ ∼ 14◦. Recent works by S. Godambe et al. ( 2024 ) used
eports of the source’s latest flaring events to constrain this an-
le to a maximum of θ ∼ 17◦. During these flares, TeV γ -rays
rom this source were detected in the period between 2022 De-
ember and 2023 January (S. Godambe et al. 2024 ; Z. Cao et al.
024 ). S. Godambe et al. ( 2024 ) used quasi-simultaneous data
rom the Swift Ultraviolet and Optical Telescope (UVOT), Swift
-ray Telescope (XRT), Fermi -LAT, and the Major Atmospheric
herenkov Experiment (MACE) to construct broad-band SEDs
ith flux spanning from optical/UV through to VHE γ -rays. They
ivided the flare period into three epochs, which they denote
s P1, P2, and P3. These labels correspond to flares during the
ights of 2022 December 21 and 2023 January 10, and the in-
ermediate state between these flares, respectively. In our SED
lots, we designate the blue, orange, green, and red dots to cor-
espond to Swift -UVOT, Swift -XRT, Fermi -LAT, and MACE data
NRAS 552, 1–11 (2026)
oints, respectively. X-ray data (orange points) corresponds to
uxes observed on Modified Julian Dates (MJDs) 59933.9 (up-
ard pointing triangles) and 59935.9 (downward pointing trian-
les) and the average flux of these days (round dots), as described
n S. Godambe et al. ( 2024 ). During the observations, the source
as not spatially resolved. It is, therefore, worth noting that the
ptical/UV and X-ray fluxes are subject to contamination from
he host galaxy, accretion-disc–corona system, and possibly also
he intracluster medium (see S. Godambe et al. 2024 ). Hence, also
iven the misaligned nature of the source it is not entirely clear
hat the photon flux in these two frequency bands is dominated
y emission from the jet. Thus, the data in these frequency bands
re effectively upper limits for the cascade emission. 

 RESULTS  

he cascade results presented in this work are compared to the
1 data of S. Godambe et al. ( 2024 ), that is the night of 2022
ecember 21. In addition to their constraints on θ , they inter-
reted NGC 1275’s broad-band SEDs using a one-zone SSC model
nd constrained its Doppler factor to the range (2–3.5). This is a
undamental difference from this work, as all calculations per-
ormed by the cascade code are done in the AGN rest frame,
hus eliminating the need for Doppler boosting altogether. All
ascade SEDs are of photons escaped from the polar angle cosine
in 0 . 95 < μ ≡ cos θ < 0 . 97 corresponding to viewing angles in
he range 14◦ < θ < 17◦, in line with θ constrains in the litera-
ure. Note that since NGC 1275’s jet is misaligned, we have no
ace-on view of its jet. We have thus followed P. Roustazadeh &
. Böttcher ( 2012 ) to calibrate the forward cascade emission by
ormalizing it to the jet luminosity of the typical blazar 3C 279.
his section explores an SED parameter study by changing the
agnetic field, BLR energy density, and primary photon injection
eight. 

.1 Magnetic field 

o study the resulting cascade emission with changing magnetic
eld strength, we fix the BLR energy density and primary γ -ray
njection height. By changing the magnetic field, the cascade SED
ehaviour was similar across different ( uBLR , zγ0 )-combinations
see Fig. 5 , where the zγ0 is 0.8RBLR and 0.6RBLR in the upper
nd lower panels, respectively). The cascade synchrotron peak
ux increases with increasing magnetic field

(
νF sy, peak 

ν ∝ B2 
)

hich is to be expected. The IC flux also rises with increasing B .
owever, it abruptly saturates to a maximum. We know from P.
oustazadeh & M. Böttcher ( 2010 ) that the cascade is especially
ensitive to transverse magnetic fields. In our simulation runs, the
agnetic field is oriented at an angle of θB = 11◦ with respect to
he jet axis, resulting in a rather modest transverse B component.
t this θB , the IC component of the cascade flux reaches satu-
ation at B strengths in the order of multiple tens of mG. This
apid saturation of IC flux is interpreted as the isotropization of 
he e± pairs in the AGN environment by this transverse B -field (P.
oustazadeh & M. Böttcher 2010 ), as shown in Fig. 4 . 
In addition to the isotropization of pairs, in the case of a uni-

orm B -field, this work also notes that the magnetic field has an
ffect on the shape of the γ -ray spectrum. Low B strengths result
n a narrow-band peaking at the HE-end of the spectrum, and
roadening towards the VHE-end as B increases. Our diagno-
is of this is that the gyro-radius (rL ∝ γe±B−1 ) of e± pairs with
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Figure 5. Cascade SEDs of simulations run at different magnetic field 
values. In these simulations, the BLR energy density was fixed to uBLR = 

50 × 10−3 erg cm 

−3 and primary photons were injected at a height of 
0.8RBLR and 0.6RBLR in the upper and lower panels, respectively. Note 
that in this and subsequent figures, the remaining AGN parameters 
stay fixed as mentioned in Section 2.1 , namely α = 2 . 5 , Ld = 1 . 88 ×
1043 erg s−1 , RBLR = 1016 cm , mBH = 108 M�, and θB = 11◦. The SED 

data points in this and subsequent figures are described in Section 3 and 
in the legend of this figure. 
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Figure 6. Cascade SEDs of simulations run at different BLR energy 
densities. The magnetic field was B = 100 mG and primary photons were 
injected at a height of 0.8RBLR , 0.6RBLR , and 0.3RBLR in the upper, centre, 
and lower panels, respectively. The data points are as described in the 
caption of Fig. 5 . 
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nergy Ee± = γe±me c2 is large at low magnetic fields, leading to 
nefficient deflection of the pairs. Additionally, comparing the 
elatively short IC cooling length (G. B. Rybicki & A. P. Lightman
986 ; C. D. Dermer & G. Menon 2009 ; P. Roustazadeh & M.
öttcher 2010 ), 

IC = 3 m2 
e c4 

4 σT 
4 πcR2 ext 
τext Ld 

1 
β2 Ee±

≈ 1 . 6 × 1012 E−1 
TeV τ

−1 L−1 
43 R

2 
16 cm , 

(8)

o the Larmor radius, 

L = Ee±
eB 

≈ 3 . 3 × 1012 ETeV B−1 
−3 cm , (9) 

ives the typical deflection angle of the pairs to be 

IC = DIC /rL ∼ 29◦E−2 
Tev L

−1 
43 τ

−1 R2 16 B−3 , (10) 

etween IC collisions, where e± pairs with the highest energies 
mpart a large fraction of their energy to ambient photons in the
orward direction. In these estimates [equations ( 8 )–( 10 )], a rela-
ivistic electron, in the Thomson regime, cools by IC scatterings 
n an external radiation field with parametrized luminosity τext Ld , 
here Ld = L43 × 1043 erg s−1 is the accretion disc luminosity 
nd B = B−3 × 10−3 G. The external radiation field reprocesses 
ccretion disc radiation with an optical depth of τext = 1 τ at a
istance of Rext = R16 × 1016 cm from the central engine. Thus, 
t relatively large viewing angles, TeV γ -rays are fewer when B
s weak. This effect becomes more pronounced as primary γ -rays 
re injected close to the central engine, or in dense BLR radiation
elds. Producing γ -rays ever-closer to the BLR’s outer edge (i.e. 
t greater zγ0 ) reduces their likelihood of suffering a substantial 
mount of γ−γ collisions and losing their energy before escaping 
he AGN environment. Thus, TeV γ -rays may still be observed at
ow B , provided the primaries are produced close enough to the
uter edge. 

.2 BLR energy density 

his subsection explores the effect of the BLR energy density on
he cascade SEDs. We fix the primary photon injection height 
o 0.8RBLR , 0.6RBLR , and 0.3RBLR . To fully appreciate its effect 
cross the entire spectrum, for reasons discussed in Section 4.1 ,
he magnetic field is fixed to 100 mG. In general, for a given (B, zγ0 )
ombination, IC and synchrotron fluxes increase with increasing 
LR energy density as shown by Fig. 6 . In an external radiation
eld of photon number density nph (ε) and energy density uext (ε) ,
ts absorption coefficient to a γ -ray of energy εγ in the delta-
unction approximation of the γ γ cross-section (C. D. Dermer & 
MNRAS 552, 1–11 (2026)



8 M. Ntshatsha, M. Böttcher and S. Razzaque

M

G

κ

F  

i  

c  

c  

c
i  

l

L

 

d  

L  

u  

s  

l  

t  

t  

t  

t  

I  

r  

u  

t  

c  

0
1  

f  

t  

z  

i  

e  

a  

a  

I  

o  

o  

o  

i  

t

4

W
h  

e

u

T  

a
 

g  

d  

h  

w  

Figure 7. Energy densities of BLR and accretion disc radiation fields, 
respectively, with varying height, z, above the accretion disc. The disc 
luminosity is Ld = 1 . 88 × 1043 erg s−1 . 

Figure 8. Cascade SEDs generated by changing injection heights of pri- 
mary γ -rays above the accretion disc for fixed B = 50 mG and uBLR = 5 ×
10−3 and 50 × 10−3 erg cm 

−3 in the upper and lower panels, respectively. 
The data points are as described in the caption of Fig. 5 . 
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. Menon 2009 ) is 

γ γ ≈ 2 
3 

σT 

εγ

nph (2 /εγ ) ∼ σT 

3 me c2 
uext (2 /εγ ) . (11) 

rom expression ( 11 ), one can intuitively understand that an
ncrease in uBLR leads to an increase in the development of cas-
ades, and hence the cascade flux. However, the situation is more
omplicated for synchrotron emission: its luminosity is also in
ompetition with that of the BLR. Suppose a region of radius Rrad 
s permeated by a radiation field of energy density urad . Then, its
uminosity in the region is 

rad ∼ 4 πcR2 rad urad . (12) 

Given that the IC luminosity LIC is proportional to the target ra-
iation field, comparing the luminosity of synchrotron emission,
sy , to LIC , in the AGN volume of radius RBLR , gives Lsy /LIC =
B /urad ∝ uB /uBLR , where uB is the magnetic field energy den-
ity. While cascade development contributes to Lsy , there is a
imit to the cascade synchrotron emission’s ability to reproduce
he observed optical/UV–X -ray emission, as it becomes throt-
led by this ratio with further increases to uBLR . Our simula-
ion results confirm this trend. The cascade synchrotron rise-
o-suppression transition is seen in the centre panel of Fig. 6 .
n this panel, decreasing zγ0 from 0.8RBLR to 0.6RBLR caused a
ise in cascade synchrotron emission. SEDs corresponding to
BLR = 30 × 10−3 erg cm 

−3 and 50 × 10−3 erg cm 

−3 at this in-
ermediate height start showing synchrotron saturation in opti-
al/UV to X-ray emissions. In the lower panel of this figure, zγ0 is
 . 3RBLR and optical/UV–soft X-ray emission from a uBLR of 10 ×
0−3 erg cm 

−3 continues to rise, while the optical/UV emissions
rom uBLR = (30 and 50) × 10−3 erg cm 

−3 have reached satura-
ion and their X-ray emission experiences suppression. Lowering
γ

0 mimics the effect of increasing uBLR ; this is discussed in depth
n Section 4.3 . While the cascade simulations demonstrate an
xternal-radiation-field-driven evolution characterized by a rise
nd fall in cascade synchrotron emission, the cascade IC emission
lso exhibits a kind of rise and fall behaviour in response to uBLR .
ts rise with uBLR is simply due to an increase in cascade devel-
pment, as stated earlier. However, as uBLR increases, so does the
ptical depth to energetic γ -ray photons. We use the lower panel
f Fig. 6 to best illustrate this effect. At zγ0 = 0 . 3 RBLR , further
ncreases in uBLR results in the BLR eventually becoming optically
hick to TeV photons. 

.3 Height above the accretion disc 

e calculate the accretion disc energy density as a function of 
eight above one side of the disc by integrating equation ( 3 ) over
nergy and the area of the accretion disc. This gives 

d (z) = 

me c2 

2 

∫ 2 π
0 

d φd 
∫ Rout 
Rin 

Rd d Rd 
∫ ∞ 

0 
ε
d2 nph 
d Ad d ε

d ε

= 

3 
2 

σSB 

c 

(
me c2 

kB 

)4 
| z|
∫ Rout 
Rin 

Rd �4 (Rd ) 
(R2 d + z2 )3 / 2 

d Rd . (13) 

he energy density profiles of the BLR and SS disc radiation fields
re plotted in Fig. 7 . 
The profile of the SS disc energy density clearly illustrates the
rowing importance of the disc radiation field as the height z
ecreases. We thus investigate the effect of varying the injection
eight, zγ0 , of primary γ -rays, as it has a direct link to ud and
ill show the interplay between the considered external radiation
NRAS 552, 1–11 (2026)
elds, uBLR and ud . In these simulations, the magnetic field was
xed to 50 mG and uBLR to 5 × 10−3 and 50 × 10−3 erg cm 

−3 in
he upper and lower panels of Fig. 8 , respectively. To emphasize
he effect of ud , we minimized the contribution of uBLR by simu-
ating the weakest value of 5 × 10−3 erg cm 

−3 used in our previ-
us simulations in the upper panel of Fig. 8 , where it is demon-
trably clear that the IC cascade emission rises with decreasing zγ0 .
n this case, ud intensifies closer to the central engine, increasing
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Figure 9. Cascade contribution fitted to NGC 1275’s SED during a flaring 
episode of 2022 December 21. For consistency, in the X-ray, the average X- 
ray flux of MJDs 59933.9 and 59935.9, corresponding to 2022 December 
20 and 22, respectively, which is representative of 2022 December 21 is 
fitted. TeV γ -rays were reproduced by cascades initiated by primary γ - 
rays produced at intermediate heights to the BLR’s outer edge. While 
the Fermi -LAT emissions are from cascades initiated at lower heights. 
Optical/UV and X-ray cannot be properly accounted for by the cascades 
since the flux data in these frequencies may be contaminated by emissions 
by the host galaxy. The fit values corresponding to the constant B and 
uBLR are shown in the figure, with the injection height values described 
in the legend, namely pink being the lower height of 0.25RBLR and brown 
being the intermediate to larger height of 0.7RBLR . Our SED fit from the 
cascades is represented by the teal line, which is the sum of these two 
SEDs. The data points are as described in the caption of Fig. 5 , in the case 
of X-ray data the model fit is to the round dots. 
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ascade development and thus IC emissions. The cascade SED 

orresponding to zγ0 = 0 . 8 RBLR represents the weakest ud . An 
valuation of the cascade synchrotron emission shows this height 
o result in the weakest synchrotron flux, rising with decreasing 
eight. However, just as in Section 4.2 , the ratio discussed in that
ection is reflected here, where a transition had started to take 
lace at the heights zγ0 = 0 . 6RBLR and 0 . 8 RBLR , as seen in the
ower panel of Fig. 8 , where uBLR = 50 × 10−3 erg cm 

−3 . At this
ransitional height, optical/UV–X -ray emissions have saturated at 
 stable level. 1 In the upper panel, injection heights 0.6RBLR and 
.8RBLR continue to raise their overall optical/UV–X -ray emis- 
ions. Increasing uBLR , the lower panel shows the 0.6RBLR height 
evel starting to show signs of X-ray suppression. Thus, a denser
LR means the transition can occur further from the central 
ngine. This figure seems to suggest that further decreasing zγ0 
as the same effect discussed in Section 4.2 of further increasing
BLR . We point out, however that, in general, the statement holds
or the density of any external optical/UV photon field, since e±

airs do not distinguish their origin, whether from the accretion 
isc or the BLR. The proximity of the primary γ -rays to the outer
dge of the BLR reduces their likelihood of experiencing γ−γ ab- 
orption, making for an easier escape of photons of all energies as
een in the upper panel of Fig. 8 . However, the combined effects
f increasing uBLR and decreasing zγ0 compound on the optical 
epth of the highest energy photons. In the lower panel of Fig. 8 ,
e observe that at zγ0 = 0 . 3 RBLR , TeV γ -rays are significantly
bsorbed as compared to the same injection height in the upper
anel of this figure, where uBLR is weaker. 

.4 Comparison with the SED of NGC 1275 

he parameter study explored in the previous three subsec- 
ions gave insights into the AGN broad-band SED’s behaviour to 
, uBLR , and zγ0 . Based on these, we use a possible ( B, uBLR , zγ0 )-
ombination of parameters that can plausibly reproduce the SED 

f NGC 1275 during flares similar to that of the night of 2022
ecember 21. Figs 6 and 8 will play a central role towards dis-
ussions in this endeavour. The magnetic field certainly plays a 
ital role in the flux normalization in both synchrotron and IC 

omponents. Also very importantly, it influences the shape of 
he IC spectrum. Provided the AGN environment is permeated 
y an oblique magnetic field with a modest transverse compo- 
ent, these results clearly suggest B -field strengths of multitens to
undreds of mG are sufficient to explain NGC 1275’s broad-band 
ED. On the night of 2022 December 21, the MACE detected a
eV flare from NGC 1275. In S. Godambe et al. ( 2024 ), the authors
onstructed its multiwavelength SED with quasi-simultaneous 
ata from the Fermi -LAT and Swift -UVOT. They collected X-ray
ata from the Swift -XRT from MJDs 59933.9 and 59935.9, which 
orrespond to 2022 December 20 and 22. They thus use as X-ray
ux representative of 2022 December 21, the average X-ray flux 
f these two days. Fig. 8 shows that simulations performed at 
 = 50 mG still underestimate the optical/UV–X -ray flux activity 
f MJD 59933.9. To reach X-ray flux levels on MJD 59935.9, a
omparison of Figs 6 and 8 suggests that a magnetic field strength
f about twofold more was required. In this section, we attempt
 This is not a true stable level in an absolute sense. Dense external 
adiation enhances the efficiency of IC scattering, which extracts large 
mounts of energy from e± and leaving them with less energy available 
or synchrotron emission. 

r  

fi  

c
s
s  

f  
o model the flaring episode of 2022 December 21, with these two
verlapping days constraining the magnetic field. 
Beginning at the deepest simulated injection region, zγ0 = 0 . 3
BLR , where ud plays a significant role, Fig. 8 shows that the BLR
nergy density needs to be at least few tens of ×10−3 erg cm 

−3 

o reproduce Fermi emissions. However, cascades initiated by 
rimary γ -rays injected deep within the AGN are severely at- 
enuated in the MACE energy range at both B = 50 and 100 mG.
agnetic fields stronger than ∼ 100 mG would overestimate the 
igh X-ray state of MJD 59935.9. Figs 6 and 8 seem to suggest
hat primary γ -rays that initiate IC-supported cascades at regions 
urther from the central engine lead to observable VHE emis- 
ions. Furthermore, Fermi -LAT emissions are produced by IC- 
upported cascades initiated close to the central engine. While 
he sources of optical/UV and X-ray emissions seem to be lo-
ated further away from the central engine, this conclusion is 
till tentative, given the limitation placed by the upper limits at
hese frequencies. The X-ray fluxes on MJDs 59933.9 and 59935.9 
onstrain the magnetic field to be in the range between ∼ 50 and
100 mG. 
In Fig. 9 , we fit the quasi-simultaneous broad-band SED 

f NGC 1275 using the above considerations. These quasi- 
imultaneous data, in line with the MACE detection, correspond 
o 2022 December 21; therefore in the case of X-ray data, we focus
ur fits to the average X-ray flux, i.e. the round dots. The cor-
esponding fit parameters are shown in the figure, with the five
xed parameters as described in Section 2.1 . From the parameter
ombinations currently simulated, emissions from the cascades 
how potential to reproduce the broad-band SED. We used the 
um of cascade SEDs, with similar input B and uBLR , and dif-
erent injection heights of zγ = 0 . 25RBLR to produce Fermi -LAT
MNRAS 552, 1–11 (2026)
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missions and 0 . 7RBLR to produce MACE emissions. The MACE
pectrum is reproduced reasonably well. With the varied three
arameters, the cascade code can partially reproduce the Fermi -
AT spectrum. For this, a slightly larger θB may be required.
owever, this spectral discrepency may also be an indication that,
n addition to the external Compton scattering of BLR and accre-
ion disc photons, the cascade code may require a non-negligible
omponent from the Comptonization of the cascade optical/UV
nd X-ray emissions. 

 SUMMARY  AND  CONCLUSION  

GC 1275 is currently accepted as a type 1.5 Seyfert radio galaxy.
owever, a review of the literature suggests its classification is
till not fully understood. Its classification seems to depend on the
ime of observing campaigns and the data quality. Some studies
lassified it as a type 2, while others could not reach a definite
onclusion (see B. Punsly et al. 2018 ; F. Marin et al. 2025 , and
eferences within). Adding to the complexity of AGNs is the ex-
stence of repeating changing-look AGNs (RCL AGNs; Q. Dong
t al. 2026 ). Studies have not confirmed NGC 1275 to be an RCL
GN. However, with its behaviour exhibiting a mixture of fea-
ures from these AGN types, it may be reasonable to expect it to
e an RCL AGN. Guided by this justification, it therefore seemed
easonable to model NGC 1275 with the presence of a BLR. 
We used the cascade code with external Comptonization of 

he BLR and SS accretion disc radiation fields as a mechanism
o explain the HE to VHE γ -ray emissions from a flare event of 
GC 1275. The cascade code does not rely on Doppler beaming of 
he emission from AGNs. We investigated the effect of three out
f the eight parameters required by the code. The fixed values,
uided by the literature, of five of these parameters were listed in
ection 2.1 . Three of them are still largely empirically unknown,
nd left as free parameters and thus we began an initial parameter
tudy with them. While synchrotron behaviour was typical in
esponse to the magnetic field, the effect was rather suprising
n the IC component. First, the component of the magnetic field
ransverse to the initial direction of the primary γ -rays was very
fficient in the isotropization of the e± pairs. This is very impor-
ant in explaining γ -ray emissions at large angles with respect to
he jet axis. Secondly, the strength of the B -field seems to regulate
he emission band of the γ -ray spectrum. The Larmor radius of 
he pairs may play a role in this behaviour, the combination of 
he HE of the e± and low B -field increases rL resulting in less
fficient deflection of the particles, such that high γe± particles
ostly radiate in the forward jet direction, and thus their emis-
ion is not detected at the large viewing angles typical of radio
alaxies. Cascade emissions are largely azimuthaly symmetric,
ith azimuthal symmetry mildly broken by the orientation of an
blique magnetic field. 
By varying uBLR and zγ0 , our simulations revealed the expected

nterplay between the BLR and accretion disc radiation fields.
he SED reaction to increasing uBLR is similar to decreasing zγ0 , as
s indicated by the plot of uBLR and ud versus height above the ac-
retion disc plane (see Fig. 7 ). Since a decrease in zγ0 corresponds
o an increase in ud , we collectively discuss effects of uBLR and
γ

0 by referring to the "external radiation field energy density",
nless a comment is made explicitly about uBLR or zγ0 in text. A
ense external radiation field naturally leads to an increase in
he cascade development. This was reflected in the SED results
n Sections 4.2 and 4.3 , where both synchrotron and IC fluxes
ncreased with increasing uBLR and decreasing zγ , respectively.
NRAS 552, 1–11 (2026)

0 
owever, in the synchrotron component there is limit to its pro-
ressive increase. Eventually, Compton cooling dominates over
ynchrotron losses, thus suppressing the synchrotron luminosity,
nitially in X-rays. In the IC component, we also observe a flux
ncrease with external radiation energy density. However, further
ncreases to the external radiation energy density, increases its
ptical depth to energetic photons, which truncates the highest
nergy γ -rays. 
The limitations placed by the external radiation fields have

mplications on possible origins of the primary γ -rays. Those
roduced deep within the central engine better explain the Fermi -
AT spectrum, while the MACE spectrum is better explained by
-rays produced at intermediate heights to the BLR’s outer edge.
hese different γ -ray injection sites suggested by the cascade code
o explain various spectra support multizone emission models. 
Although this is not in the scope of the current work, we
riefly comment on the cascade variability time-scales. During
GC1275’s reported flare (S. Godambe et al. 2024 ), the Fermi light
urve showed variability on an average time-scale of ∼ 4 . 3 d. The
ascade variability time-scale of Fermi photons ranged from few
ours ( < 3 h) at the strongest external radiation energy densities
o about ∼ 30 min at the weakest simulated values. Notably, this
s much shorter than the light-crossing time of the BLR, RBLR =
016 cm, which is RBLR /c ∼ 4 d. Thus, the observed ∼ 4 . 3 d vari-
bility suggests that the cascade variability is smeared out by the
ource’s intrinsic variability. 

 FUTURE  OUTLOOK  

his work demonstrates that IC-supported cascades have the
otential to explain multiwavelength emissions detected in ra-
io galaxies, without the need for Doppler beaming. Spectropo-
arimetry studies revealed helical magnetic field structures in
lazars (L. A. L. Andati et al. 2024 ). The simulations showed that
ascade synchrotron energy densities are not negligible. Together
ith Fermi -LAT spectral data, this combination may be contend-
ng that the cascade code is missing the SSC component of these
ynchrotron seed photons. In future works, we will extend the
ascade code to account for SSC emission from cascade e± pairs
nd start with a toroidal magnetic field, a simplified version of 
he helical B -field. Also, while the parameter study explored in
he current work explained the cascade flux levels in the SEDs, as
 future prospect, we will explore other parameter variations and
xamine their effect on the IC spectral shape and variability. 
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APPENDIX  A:  ANGULAR  DISTRIBUTION  

This is a 2D histogram similar to that shown by Fig. 4 . 
The parameter combinations here are (B, uBLR , zγ0 , θB ) = 

(50mG , 50 erg cm 

−3 , 0 . 8RBLR , 11◦) . At this shallower height, 
where the disc radiation field is far less dense as compared to 
the height zγ0 = 0 . 3RBLR , fewer γ γ interactions take place. This 
figure shows a weaker preference of cascade γ -rays escaping 
perpendicularly to the plane parallel to the magnetic field, as 
compared to Fig. 4 . 

Figure A1. Upper panel: 2D histogram plot of angle cosine polar angles 
versus cascade γ -ray energy. Lower panel: 2D histogram plot of azimuthal 
angle versus cascade γ -ray energy. 
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