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The majority of the active galactic nuclei (AGN) detected at very-high-energies above 100 GeV
belong to the class of blazars with a small angle between the jet-axis and the line-of-sight. Only
about 10 percent of the gamma-ray AGN are objects with a larger viewing angle resulting in a
smaller Doppler boosting of the emission. Originally, it was believed that gamma-ray emission can
only be observed from blazars and those are variable in its brightness. Instead, the last years have
shown that non-blazar active galaxies also show a fascinating variability behaviour which provide
important new insights into the physical processes responsible for the gamma-ray production and
especially for flaring events.
Here, we report on the observation of gamma-ray variability of the active galaxy PKS 0625−354
detected with the H.E.S.S. telescopes in November 2018. The classification of PKS 0625−354 is
a still matter of debate. The H.E.S.S. measurements were performed as part of a flux observing
program and showed in the first night of the observation a detection of the object with > 5𝜎.
A denser observation campaign followed for the next nine nights resulting in a decrease of the
gamma-ray flux. Those observations were accompanied with Swift in the X-ray and UV/optical
band allowing for the reconstruction of a multi-band broad-band spectral energy distribution. We
will discuss the implications of the gamma-ray variability of the object.
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1. Introduction

Out of over 80 AGN detected at TeV energies so far1, only a few are classified as radio galaxies or
sometimes called misaligned blazars: M87 (𝑧 = 0.0044), Cen A (𝑧 = 0.002), NGC 1275 (𝑧 = 0.018),
and very recently also 3C 264 (𝑧 = 0.022). Furthermore, IC 310 (𝑧 = 0.019) and PKS 0625−354
(𝑧 = 0.055), classified as radio galaxies in the literature, appear as AGN of unknown type. Contrary
to blazars, radio galaxies are observed at large angle between the line of sight and the jet axis. On
one hand, this results in very weak relativistic beaming making it more difficult to detect distant
objects (see Fig. 1).

Figure 1: Cumulative number densities of active galaxies emitting TeV radiation within one gigaparsec
distance to the Sun. While blazars (blue histogram) are more numerous, radio galaxies (red histogram) are
the dominant population in the local universe.

However, the lack of strong beaming simplifies the interpretation and modeling of the emission
of the object, as the spectral energy distribution (SED) of the source is a strong function of the
often-unknown Doppler factor. Moreover, strong beaming of the jet emission in blazars might hide
other emission sources, not connected with the jet, such as the magnetosphere emission or emission
from the radio lobes. Therefore, such more exotic emission mechanisms are much easier to study
in radio galaxies.

PKS 0625−354 is a Fanaroff-Riley (FR) I radio galaxy [1], also classified as a LINER [2].
While the optical spectrum ([OIII] line luminosity) resembling that of a BL Lac object [3], the kpc
radio morphology clearly shows two extended lobe structures typical for a FR I radio galaxy. Radio
observations revealed superluminal motion with 𝑣app ∝ 3.0 ± 0.5 𝑐 [4]. This corresponds to the
limit on the observation angle of the jet 𝜃 . 37◦. The jet-to-counterjet ratio of the pc-scale radio jet
(one-sided) limits the viewing angle to 𝜃 . 57◦. The modeling of the non-simultaneous SED with
a synchrotron-self Compton model is consistent in the X-ray to gamma-ray range with the values of
the observations angle of 10− 19◦ [6]. H.E.S.S. reported on the detection of PKS 0625−354 in [7].
The observed TeV gamma-ray spectral index of the object is consistent with a simple power-law
of the form d𝑁/d𝐸 ∝ 𝐸−Γ with an index of Γ = 2.8 ± 0.5. We note that the source is affected by

1http://tevcat.uchicago.edu/
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Extragalactic Background Light (EBL) absorption, so the intrinsic spectral index is ∼ 2.5, similar
to that seen in M87 and Cen A. The gamma-ray emission of the object is rather faint. The flux
measured by H.E.S.S. above 580 GeV is ∼ 4% of Crab. However, taking into account the relatively
high redshift of this radio galaxy, it is among the brightest absolute luminosities from the VHE-
detected radio galaxies. No variability of the very-high-energy emission was detected by H.E.S.S.,
but observation lasted just 5.5 hours [7]. The average spectral index of PKS 0625−354 in 3FGL
catalog is 1.89. However, a curvature is present [8]. The X-ray emission of PKS 0625−354 is
dominated by the jet [6]. Observations with Suzaku show weak (10% amplitude) X-ray variability
on time scales of 1-2 days, while the Fermi-LAT observations revealed a flare in gamma-rays with
a rather weak amplitude change by a factor of three [6]. The multi-wavelength light curve shows
variability in the X-ray band, but no variable emission in the Optical-UV regime [7].

The search for fast variability from misaligned blazars is of particular importance because it
can hardly be explained by the standard shock-in-jet model. In small emission region (as inferred
from the variability time scale) 𝛾 − 𝛾 pair production would lead to the absorption of the TeV
gamma-rays making the emission impossible to be observed. This indicates highly anisotropic
radiation processes (to avoid pair absorption). Possible explanations are, e.g., mini-jet structures
within the jets [9], jet-cloud/star interactions where the clouds may originate from stellar winds
[10], and magnetospheric models [11], similar to those known from pulsar theory.

In order to investigate the variability behaviour of PKS 0625−354 at very-high-energies,
H.E.S.S. monitored the emission in November 2018. A significant signal was found in the first
night of the observation with the Real-Time-Analysis of H.E.S.S. Therefore, a denser monitoring
was organized together with Swift observations.

2. H.E.S.S. observations and analysis results

In 2018 November from MJD 58423.99 to MJD 58432.97 PKS 0625−354 was observed with
H.E.S.S. in a hybrid mode with five telescopes in stereoscopic mode. The so-called "wobble mode"
was used for the observation where the source position is offset by 0.7◦ from the camera center. This
allows a measurement of the background simultaneously [15]. In the first night of the observation
the real-time-analysis running in parallel to the observation indicated a high significance (∼ 5𝜎)
[16]. Therefore, further observations were scheduled resulting in a total of ∼17.5 h of live time of
good quality data.

The data were analyzed using the ImPACT maximum likelihood-based fitting technique [17].
The background produced by cosmic-rays is rejected using a neural network based scheme. The
residual background contamination level of the source region (ON and OFF) is estimated with
the reflected-background method for the reconstruction of the spectrum and light curve [18]. An
independent analysis chain was used for the calibration and reconstruction as a crosscheck which
yield compatible result.

The analysis of ∼17.5 h of data using the ring-background method [18] results in a significance
of 8.7𝜎. The reflected-background method resulted in 8.6𝜎.

The nightly-binned light curve above an energy threshold of 200 GeV is shown in Fig. 2.
Integral upper limits are given for flux data points with less than 2𝜎 and where calculated following
[19] at the 95% confidence level. Fitting the light curve with a constant fit function yields a 𝜒2 of
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Figure 2: Preliminary nightly binned light curve above 200 GeV measured with the H.E.S.S. telescopes in
November 2018.

Figure 3: Preliminary spectral energy distributions of different emission states.

55 and 9 degree of freedom (d.o.f.) corresponding to a probability of 1× 10−8. Furthermore, we fit
the light curve with the following function:

𝐹 = 𝐹0 + 𝐹1 · 2−|𝑡−𝑡1 |/𝜏 , (1)

where 𝜏 is the flux doubling time scale. The fit yields a 𝜏 = (17 ± 1) h with a probability of 0.02%.
We performed a spectral analysis with a simple power law fit d𝑁/d𝐸 = 𝑓0 · 𝐸−Γ of all the data

(average state), of only the first night (flaring state) and the remaining data (low state). The results
are shown in Fig. 3 and Table 1.

Emission dates 𝑓0 × 10−12 𝐸0 Γ Energy range Notes
state [h] [TeV−1s−1cm−2] [TeV] [TeV]
Average 2018-01-01 - 2018-01-10 7.51 ± 1.02stat 0.40 2.83 ± 0.26stat 0.15–1.20
Flare 2018-01-01 23.8 ± 4.9stat 0.44 2.90 ± 0.49stat 0.24–1.20
Low state 2018-01-02 - 2018-01-10 6.27 ± 1.02stat 0.40 2.90 ± 0.31stat 0.15–1.20
2012 2012-11 -2012-12 0.58 ± 0.22stat 1.0 2.84 ± 0.50stat 0.2–10.0 [7]

Table 1: Preliminary results of the spectral analysis of the H.E.S.S. data. Dates are given for the night before
sunset.
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Figure 4: Preliminary multi-wavelength spectral energy distribution.

3. Multi-wavelength spectral energy distribution

The H.E.S.S. spectral energy distributions corrected for EBL absorption using the model from
[20] are shown in the multi-wavelength SED in Fig. 4.

The SED as includes contemporaneous optical/UV and X-ray data obtained with the Swift-
UVOT and XRT. The X-ray spectrum shown in the figure is the average spectrum obtained from
three individual pointings on 2018-11-03, 2018-11-04, and 2018-11-05 showing a simple absorbed
power-law with an energy flux density of 𝐹2−10 keV = (5.03 ± 0.20) × 10−12 erg cm−2 s−1 and a
photon spectral index of 2.20 ± 0.06. In the MeV-GeV band we show the 3FGL catalog spectrum
as well as a differential flux point between 100 MeV–500 GeV measured with Fermi-LAT around
the flaring episode from 2018-10-30 to 2018-11-03 with a test statistics of 𝑇𝑆 = 11. Note that
previously, only a non-simultaneous SED was investigated in [7]. Furthermore, we included radio
very-long-baseline-interferometry measurements obtained with the TANAMI array [12].

4. Implications on viewing angle

Taking into account the flux-doubling time scale obtained from the TeV light curve we can
estimate the size of the emission region.

𝑅 < 𝛿 · 𝑐 · 𝜏var ·
1

(1 + 𝑧) , (2)

with 𝑧 = 0.055 and 𝜏var = 17 h, we obtain

𝑅 < 𝛿 · 1.7 × 1015 cm. (3)

We further compare the variability time scale with the light crossing time of the black hole
assuming the mass of PKS 0625−354 𝑀BH = (1.55 ± 0.66) × 109𝑀� as found by [14]

𝑡G =
𝐺𝑀BH

𝑐3 = 82 min. (4)

Thus, the size of the TeV emission region obtained with the variability time scale is much larger
than the radius of black hole assuming that it is maximally rotating.
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Figure 5: Doppler factor versus viewing angle as a function of the Lorentz factor. The solid black line
indicates the doppler factor for which the optical depth for 𝛾𝛾-pair-production becomes 1.

Taking into account the small size of the TeV emission region we further calculate the optical
depth for gamma-gamma pair production for 1 TeV photons using Eq. 9 in [13]:

𝜏𝛾𝛾 ∼
𝜎T𝐷

2
L𝐹0𝜖𝛾 (1 + 𝑧)

10𝑅𝑚2
𝑒𝑐

5𝛿5
< 1 (5)

where 𝜎T is the Thomson cross section, 𝐷L is the luminosity distance, 𝐹0 the peak of the target
spectral energy distribution, 𝜖𝛾 the energy of the highest gamma-ray photon (here 1 TeV), 𝑅 is
the size of the emitting region, 𝑚𝑒 the mass ofthe electron and 𝑐 the speed of light. Assuming
𝐹K,Hbands = 1.75×10−11 erg cm−2 s−1 for 𝐹0 where the absorption with the TeV photons is supposed
to happen, this yields a constraint for the Doppler factor of 𝛿 > 2.4.

In Fig 5 we plot the Doppler factor 𝛿 = (Γ𝑏 (1 − 𝛽 cos 𝜃))−1 as a function of the viewing angle
𝜃 assuming different bulk Lorentz factors. In addition we plot the constraint for the Doppler factor
of 𝛿 > 2.4.

Thus, the Doppler factor constraint from the TeV variability provides an upper limit on the
viewing angle of PKS 0625−354 of 𝜃 < 24◦ in comparison to the upper limit of 𝜃 < 53◦, reported
previously based on the flux of the jet and the counterjet at parsec-scale radio maps [12].

5. Summary and Conclusion

For the first time we have observed variability in the very-high-energy band from the AGN
PKS 0625−354. Furthermore, we presented a contemporaneous measured multi-wavelength SED
of the AGN PKS 0625−354. The variability provides a possibility to get an estimate of the upper
limit on the viewing angle of the object of 𝜃 < 24◦ which is a tighter constraint than limits from
radio measurements. In the future, we will work further on the implications of the viewing angle
on the multi-wavelength SED.
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