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Among active galactic nuclei (AGNi), blazars are the brightest emitters of high-energy (HE,
𝐸 ≥ 100 MeV) to very-high-energy (VHE, 𝐸 ≥ 100 GeV) 𝛾-rays from their jets. Radio galaxies,
being the misaligned parent population of the blazar class, were historically not detected at these
frequencies. However, advances in experiments and observatories have led to their detection
in the HE–VHE 𝛾-ray band. In this work, we leverage and refine a Monte-Carlo photon and
electron-positron (e±) pair tracking code in the AGN environment of the radio galaxy NGC 1275.
In the code, we consider the isotropic broad-line region (BLR) and anisotropic Shakura-Sunyaev
(SS) accretion disk radiation fields, with mild magnetic fields in the AGN environment. We
find that cascade 𝛾-rays from inverse-Compton scattering by relativistic e± pairs of these external
radiation fields can explain the Fermi Large Area Telescope’s (LAT) and Major Atmospheric
Cherenkov Experiment’s observations from the radio galaxy NGC 1275. We present a set of
plausible parameters obtained from the code by fitting the source’s spectral energy distribution
(SED) during flaring events reported during the period December 2022 to January 2023.
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IC cascade 𝛾-rays in NGC 1275 Mfuphi Ntshatsha

1. Introduction

Some galaxies accrete matter onto their supermassive black holes (SMBHs), forming accretion
disks, sometimes accompanied by the expulsion of relativistic jets, emitting at all frequencies of the
electromagnetic spectrum. When an AGN is oriented with its relativistic jet aligned with our line
of sight, it is classified as a blazar. Of all AGNi, blazars are the brightest 𝛾-ray emitters. This is due
to their emissions being Doppler boosted as a consequence of the relativistic motion of the jet. This
is supported by emission models, where high Doppler factors are required to explain their SEDs.
According to the unified scheme of AGN [1], radio galaxies are the misaligned parent population
of the blazars. This would make them intrinsic producers of HE–VHE 𝛾-rays. However, these
𝛾-rays cannot be observed given that we do not have a head-on view of the jet in radio galaxies.
Improved sensitivity in 𝛾-ray observatories has led to the detection of GeV and even TeV 𝛾-rays
from some radio galaxies. This is challenging to explain given that we cannot rely on the Doppler
enhancement of this emission. In these proceedings, we address this by leveraging the works of
[2–4]. In their works, the authors developed a Monte-Carlo (MC) code that propagates individual
𝛾-ray photons in an AGN environment and follows the development of inverse-Compton (IC) 𝛾-
ray and e± cascades in three dimensions (3D). We refined this code by including a standard thin
Shakura-Sunyaev accretion disk model [5]. In a photon-processing routine, photon outputs from
this code have been compared with the broadband SED data points of radio galaxy NGC 1275 [6].

2. Code setup

The MC code propagates individual 𝛾-rays through an AGN environment, initially produced
in the jet. The Fermi-LAT spectra of many AGNi can be fit with a power-law [7–9]. Therefore,
without presuming to know the origin of the primary 𝛾-rays, we assume they have a power-law
spectrum. In the cascade code, a primary 𝛾-ray’s dimensionless energy 𝜖𝛾 ≡ 𝐸𝛾/(𝑚𝑒𝑐

2) is drawn
from a power-law distribution (∝ 𝜖−𝛼

𝛾 ) with power-law index 𝛼, where the constants 𝑚𝑒, 𝑐 are the
electron rest-mass and speed of light in vacuum, respectively. The photon initially travels in the
forward jet direction and either escapes or is absorbed via 𝛾 − 𝛾 pair production. Depending on the
opacity, 𝜅𝐵𝐿𝑅

𝛾𝛾 or 𝜅𝑑𝛾𝛾 , the 𝛾-ray can be either absorbed by a broad-line region (BLR) or accretion
disk photon, respectively. The absorbing target photon is chosen by drawing a uniform random
number 𝜁𝛾𝛾 ∈ (0, 1) and comparing it to the fraction 𝜅𝑑𝛾𝛾/𝜅𝑡𝑜𝑡𝛾𝛾 , where 𝜅𝑡𝑜𝑡𝛾𝛾 = 𝜅𝐵𝐿𝑅

𝛾𝛾 + 𝜅𝑑𝛾𝛾 . If
𝜁𝛾𝛾 < 𝜅𝑑𝛾𝛾/𝜅𝑡𝑜𝑡𝛾𝛾 , then the disk photon is the target photon otherwise it is the BLR photon, creating
an e± pair. The pair initially travels in the direction of the absorbed 𝛾-ray, and the particles are
each deflected by the magnetic field. Along the deflected path, they emit synchrotron photons while
IC scattering optical/ultraviolet (UV) photons from either the BLR or accretion disk. Similarly to
selecting an absorbing photon, the target photon to be IC boosted to high energy is selected by
calculating the e±’s inverse-Compton mean-free path length (𝜆𝐵𝐿𝑅

𝐶
)−1 or (𝜆𝑑

𝐶
)−1 and comparing it

to a random number 𝜁𝐶 ∈ (0, 1). The secondary 𝛾-ray photon is then tracked in the same way as
just described. This continues until the 𝛾-ray or e± escapes the AGN environment or their energies
𝜖 < 𝜖𝑐, 𝛾± < 𝛾𝑐 fall below a threshold energy of interest set to 𝜖𝑐 = 𝛾𝑐 = 100.
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3. Simulated parameters

To simulate an AGN, its parameters have to be input into the code. These are: its accretion
disk luminosity (𝐿𝑑), BLR size radius (𝑅𝐵𝐿𝑅), primary 𝛾-ray spectral index (𝛼), black hole mass
(𝑚𝐵𝐻), magnetic field orientation (𝜃𝐵) with respect to the jet axis, magnetic field strength (𝐵), BLR
energy density (𝑢𝐵𝐿𝑅), and primary 𝛾-ray origin (𝑥𝛾0 , 𝑦

𝛾

0 , 𝑧
𝛾

0 ) of which 𝑧
𝛾

0 is the injection height.
The radio galaxy NGC 1275 is a type 1.5 Seyfert galaxy viewed at an angle constrained by [6] to be
no more than 17 °. Ref. [6] fit the SED of this source using a one-zone synchrotron self-Compton
(SSC) model and obtained low Doppler factors ranging from 2 to 3.5. All calculations in the MC
cascade code for this work are done in the AGN frame, thus the Doppler factor was not required.
In all presented SEDs, the viewing angle is in the bin 10 ° < 𝜃 < 17 °, corresponding to the cosine
angular bin 0.94 < 𝜇 ≡ cos 𝜃 < 0.98. To be consistent with the literature, we fixed the first five
parameters to the literature-quoted values [2, 6]. The varied parameters are 𝐵, 𝑢𝐵𝐿𝑅, 𝑧

𝛾

0 and their
effects are discussed in Section 4. The values of the fixed parameters are tabulated in Table 1.

Parameter Value
𝐿𝑑 1.88 × 1043 erg · s−1

𝑅𝐵𝐿𝑅 1016 cm
𝛼 2.5

𝑚𝐵𝐻 108 M⊙
𝜃𝐵 11 °

Table 1: Values of fixed parameters used in the simulation of NGC 1275.

4. Results and discussion

We discuss results from cascade SEDs, demonstrating the effects of varying three parameters,
namely magnetic field strength, BLR energy density and primary 𝛾-ray injection height. In these
proceedings, we present SEDs constructed from the output of an MC cascade code which considers
a homogeneous and isotropic BLR radiation field and an SS accretion disk radiation field. These
SEDs were plotted against data published by [6]. In the period of December 2022 – January
2023, the Major Atmospheric Cherenkov Experiment (MACE) detected flares from NGC 1275.
Ref. [6] reported these findings and performed an analysis using simultaneous data from the
Swift-Ultraviolet and Optical Telescope (UVOT), Swift-X-ray Telescope (XRT) and Fermi-LAT to
construct a broadband SED of NGC 1275. The blue, orange, green and red dots in the SED figures
are Swift-UVOT, Swift-XRT, Fermi-LAT and MACE data, respectively. The P1 data label in the
legend of Figure 1 is used as in [6], representing the flare of the source during the night of 21
December 2022. X-ray data correspond to XRT observations on Modified Julian Dates (MJDs)
59933.9 and 59935.9 and the average flux of such days, as described in Figure 4 of [6]. We note
that the source was not spatially resolved. The optical/UV and X-ray flux from this source is
subject to contamination from the host galaxy, accretion-disk – corona system, and possibly also
the intracluster medium [6]. Therefore the optical/UV – X-ray flux data are effectively upper limits
for the cascade emission in these frequency bands.
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To study the behaviour of cascade SED’s response to magnetic field strength, we fixed 𝑢𝐵𝐿𝑅 and
𝑧
𝛾

0 in our simulations. In Figure 1, we show simulation runs with fixed 𝑢𝐵𝐿𝑅 = 50×10−3 erg · cm−3

and 𝑧
𝛾

0 = 0.6 R𝐵𝐿𝑅. As expected, the synchrotron peak flux rises according to the known scaling
𝜈𝑠, 𝑝𝑒𝑎𝑘𝐹 (𝜈𝑠, 𝑝𝑒𝑎𝑘) ∝ 𝐵2. The behaviour of the IC flux is characterized by a rise with magnetic field
strength, followed by a saturation at its maximum from few tens of milli-Gausses. This trend was
also noted by [2] and interpreted as the isotropization of the pairs by the transverse component of the
magnetic field. Here, we also note that increasing the magnetic field has the effect of broadening
the emission band of the IC component. The narrow 𝛾-ray spectrum seen with low magnetic
fields may be due to the increased gyration radius (∝ 𝛾±𝐵−1) inefficiently deflecting the pairs of
energy 𝐸± = 𝛾±𝑚𝑒𝑐

2. In this scenario, the vast majority of the highest energy cascade 𝛾-rays are
likely emitted in the forward direction, thus weak magnetic fields create the effect of truncating IC
emission.
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Figure 1: Cascade SED for different magnetic fields at BLR photon energy density of 50 × 10−3 erg · cm−3

and injection height of 0.6 R𝐵𝐿𝑅.

To study the cascade SED across the full 𝛾-ray range, we then fixed the magnetic field to
100 mG and injected primary 𝛾-rays at 0.8 R𝐵𝐿𝑅, varying the 𝑢𝐵𝐿𝑅. These SEDs are shown in
Figure 2. Cascade emission increases with increasing 𝑢𝐵𝐿𝑅. A radiation field with energy density
𝑢𝑟𝑎𝑑 permeating a region of radius 𝑅𝑟𝑎𝑑 has a luminosity 𝐿𝑟𝑎𝑑 = 4𝜋𝑐𝑅2

𝑟𝑎𝑑
𝑢𝑟𝑎𝑑 . Comparing the

synchrotron luminosity 𝐿𝑠𝑦𝑛 to the BLR luminosity 𝐿𝐵𝐿𝑅 in the same region size thus goes as the
ratio of their energy densities 𝐿𝑠𝑦𝑛/𝐿𝐵𝐿𝑅 = 𝑢𝐵/𝑢𝐵𝐿𝑅. Initially, synchrotron emission increases
with rising 𝑢𝐵𝐿𝑅. This is likely associated with an increase in the development of e± cascades.
There is, however, a critical point where it becomes suppressed due to this ratio decreasing. This
transition is shown in the left panel of Figure 2, where simulation runs corresponding to BLR
energy densities of 𝑢𝐵𝐿𝑅 = 50 × 10−3 and 30 × 10−3 erg · cm−3 have comparable synchrotron peak
fluxes. We note that from more simulation runs, further increases to 𝑢𝐵𝐿𝑅 led to the synchrotron
emission dropping. For example in the right panel of Figure 2 at an intermediate injection height
of 0.6 R𝐵𝐿𝑅 and a magnetic field of 50 mG, we also simulated a 𝑢𝐵𝐿𝑅 = 100 × 10−3 erg · cm−3,
corresponding to a BLR reprocessing 20% of the disk luminosity. Here, the synchrotron emission
has visibly dropped below that corresponding to 𝑢𝐵𝐿𝑅 = 50 × 10−3 erg · cm−3. This suggests that
there is a limit to the BLR photon energy density beyond which the synchrotron emission is too far
suppressed to be able to reproduce the observed optical/UV – X-ray flux. Increasing 𝑢𝐵𝐿𝑅 raises
the number of IC collissions, leading to a greater development of cascades. The figures demonstrate
this with the rise in the IC flux. However, increasing 𝑢𝐵𝐿𝑅 also increases the BLR’s opacity. In the
right panel of Figure 2, at 𝑢𝐵𝐿𝑅 = 100 × 10−3 erg · cm−3, TeV photons are severely attenuated.
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Figure 2: Cascade SED for different BLR energy densities. In the left panel the magnetic field is 100 mG
and the injection height is 0.8 R𝐵𝐿𝑅, and 50 mG and 0.6 R𝐵𝐿𝑅 in the right panel.

Figure 3: Cascade SED for different primary photon injection heights, where the magnetic field is 100 mG
and the BLR energy density is 𝑢𝐵𝐿𝑅 = 50×10−3 erg · cm−3 in the left panel and 𝑢𝐵𝐿𝑅 = 10×10−3 erg · cm−3

in the right panel.

In addition to simulations with varied 𝐵 and 𝑢𝐵𝐿𝑅, we also changed the origin 𝑧
𝛾

0 of the
injected 𝛾-ray photons. Decreasing the injection height of primary photons has an effect similar
to increasing 𝑢𝐵𝐿𝑅. 𝛾-rays injected at heights closer to the BLR’s outer edge are able to escape
before suffering many, if any, IC collisions with the soft radiation fields. Therefore, TeV 𝛾-rays
can more easily be observed as compared to injecting close to the base of the jet. By comparison,
at the height of 0.3 R𝐵𝐿𝑅, where at 𝑢𝐵𝐿𝑅 = 50 × 10−3 erg · cm−3, TeV emission is completely
attenuated. This is similar to the right panel of Figure 2 where at 𝑢𝐵𝐿𝑅 = 100× 10−3 erg · cm−3 and
intermediate height 0.6 R𝐵𝐿𝑅, TeV 𝛾-rays are also strongly absorbed. In the left panel of Figure 3,
we show simulation results with 𝑢𝐵𝐿𝑅 = 50 × 10−3 erg · cm−3. The synchrotron component of the
SED for 𝑧𝛾0 = 0.3 R𝐵𝐿𝑅 is suppressed compared to injecting further downstream the jet. Also, TeV
photons at this height are completely absorbed. In the right panel of Figure 3, the BLR energy
density is reduced to 10 × 10−3 erg · cm−3. With this 𝑢𝐵𝐿𝑅, TeV photons can escape even at the
deepest simulated height (𝑧𝛾0 = 0.3 R𝐵𝐿𝑅).

5. Conclusion

By following the propagation of 𝛾-rays in 3D, inverse-Compton supported 𝛾-ray cascades can
reliably explain the broadband emissions from AGNi viewed at large angles. The MC cascade
code demonstrates this by especially not relying on the need for Doppler boosting of emissions
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in the AGN jets. We have thus far studied the effects of varying 𝐵, 𝑢𝐵𝐿𝑅 and 𝑧
𝛾

0 on the cascade
SED. There seems to be some degeneracy between 𝑢𝐵𝐿𝑅 and 𝑧

𝛾

0 , however. This highlights the
interplay between the BLR and accretion disk photon fields, since the accretion disk photon field
dominates at low 𝑧

𝛾

0 . A magnetic field with a component perpendicular to the initial direction
of primary 𝛾-rays is a vital requirement to isotropize e± pairs about the AGN environment. At
moderate BLR energy densities, the injection height of the primary 𝛾-ray beam may also play a
role in explaining Fermi-LAT and MACE flux. While 𝛾-rays injected close to the base of the jet
may develop cascades that potentially reproduce the shape and flux levels of the Fermi-LAT flux,
those injected at intermediate to large heights may explain MACE flux levels. Although studies on
the other parameters have not been fully investigated, the three presented here seem to require the
need for primary 𝛾-rays to be produced in at least two different zones.

6. Acknowledgements

This work would not have been possible without the availability of high-performance compu-
tational resources from the University of Johannesburg and the National Integrated CyberInfras-
tructure System.

References

[1] C. M. Urry and P. Padovani, Unified Schemes for Radio-Loud Active Galactic Nuclei, PASP
107 (1995) 803 [astro-ph/9506063].

[2] P. Roustazadeh and M. Böttcher, Very high energy gamma-ray-induced pair cascades in
blazars and radio galaxies: Application to ngc 1275, ApJ 717 (2010) 468 [1005.2379].

[3] P. Roustazadeh and M. Böttcher, Very high energy gamma-ray-induced pair cascades in the
radiation fields of dust tori of active galactic nuclei: Application to cen a, ApJ 728 (2011) 134
[1012.3923].

[4] P. Roustazadeh and M. Böttcher, Synchrotron emission from very high energy
gamma-ray-induced pair cascades in active galactic nucleus environments, ApJ 750 (2012)
26 [1202.6084].

[5] N. I. Shakura and R. A. Sunyaev, Black holes in binary systems. Observational appearance.,
A&A 24 (1973) 337.

[6] S. Godambe, N. Mankuzhiyil, C. Borwankar, B. Ghosal, A. Tolamatti, M. Pal et al., Very
High-energy Gamma-Ray Episodic Activity of Radio Galaxy NGC 1275 in 2022–2023
Measured with MACE, ApJ 974 (2024) L31 [2411.01823].

[7] A. A. Abdo, M. Ackermann, M. Ajello, W. B. Atwood, M. Axelsson, L. Baldini et al., Fermi
observations of tev-selected active galactic nuclei, ApJ 707 (2009) 1310 [0910.4881].

[8] A. A. Abdo, M. Ackermann, M. Ajello, A. Allafort, W. B. Atwood, L. Baldini et al., Fermi
Large Area Telescope Constraints on the Gamma-ray Opacity of the Universe, ApJ 723 (2010)
1082 [1005.0996].

6

https://doi.org/10.1086/133630
https://doi.org/10.1086/133630
https://arxiv.org/abs/astro-ph/9506063
https://doi.org/10.1088/0004-637X/717/1/468
https://arxiv.org/abs/1005.2379
https://doi.org/10.1088/0004-637X/728/2/134
https://arxiv.org/abs/1012.3923
https://doi.org/10.1088/0004-637X/750/1/26
https://doi.org/10.1088/0004-637X/750/1/26
https://arxiv.org/abs/1202.6084
https://doi.org/10.3847/2041-8213/ad8083
https://arxiv.org/abs/2411.01823
https://doi.org/10.1088/0004-637X/707/2/1310
https://arxiv.org/abs/0910.4881
https://doi.org/10.1088/0004-637X/723/2/1082
https://doi.org/10.1088/0004-637X/723/2/1082
https://arxiv.org/abs/1005.0996


P
o
S
(
H
E
A
S
A
2
0
2
5
)
0
0
2

IC cascade 𝛾-rays in NGC 1275 Mfuphi Ntshatsha

[9] A. A. Abdo, M. Ackermann, M. Ajello, A. Allafort, L. Baldini, J. Ballet et al., Fermi
Gamma-ray Space Telescope Observations of the Gamma-ray Outburst from 3C454.3 in
November 2010, ApJ 733 (2011) L26 [1102.0277].

7

https://doi.org/10.1088/2041-8205/733/2/L26
https://arxiv.org/abs/1102.0277

	Introduction
	Code setup
	Simulated parameters
	Results and discussion
	Conclusion
	Acknowledgements

