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Abstract. Despite the fact that jets from black holes were first understood to exist over 40 years
ago, we are still in ignorance about many primary aspects of these systems – including the
radiation mechanism at high energies, the particle makeup of the jets, and how particles are
accelerated, possibly to energies as high as 100 TeV and hundreds of kpc from the central engine.
We focus in particular on the discovery (and mystery) of strong X-ray emission from radio jets
on kpc-scales, enabled by the unequaled high resolution of the Chandra X-ray observatory. We
review the main evidence for and against the viable models to explain this X-ray emission over
the last 20 years. Finally, we present results of a recent study on the X-ray variability of kpc-scale
jets, where we find evidence that between 30-100% of the X-ray jet population is variable at the
tens-of-percent level. The short (∼years) variability timescale is incompatible with the IC/CMB
model for the X-rays and implies extremely small structures embedded within the kpc-scale jet,
and thus requires a reconsideration of many assumptions about jet structure and dynamics.
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1. Introduction

Active galactic nuclei (AGN) are powered by the supermassive black holes (SMBH)
which reside in the centers of all relatively massive galaxies (Kormendy and Ho 2013). A
small percentage of these sources eject bipolar, collimated jets of relativistic plasma which
emit brightly at radio and sometimes optical and X-ray frequencies kiloparsecs (kpc) away
from the central engine. Resolved radio jets are often separated into two classes based
on radio morphology: Fanaroff & Riley (1974) class I (FRI) jets have plume-like jets and
are dominated by emission near the core, while FRII jets are highly collimated and are
dominated by bright hotspots where the jet impacts into the intergalactic medium (IGM).
Historically, this classification system was also associated with a difference in jet power,
with FRI and FRII jets representing low- and high-power jets respectively. However,
more recent studies have discovered low-power FRII galaxies (Mingo et al. 2019) and
large population studies suggest a large range in jet power overlap (Keenan et al. 2021).

One of the major discoveries by the Chandra X-ray Observatory has been the detec-
tion of X-rays from radio jets on kpc-scales (Chartas et al. 2000; Schwartz et al. 2000;
Harris and Krawczynski 2006; Worrall 2009; Marshall et al. 2018). Assuming a leptonic
jet model, the X-ray emission of most low-power or FRI class sources, including nearby
sources such as M87 (Harris 2003) and Cen A (Hardcastle et al. 2007), are often (but not
always) well-described by synchrotron radiation from a single electron population which
extends from radio to optical and X-ray energies. However in many (typically the most
powerful) quasar-hosted jets, the X-ray emission is too high, and the spectral index too
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Figure 1. Upper left, an ATCA radio image of PKS 0637-752 (provided by Leith Godfrey),
below, an HST image of the jet with inverted color scale and radio contours overlaid. Note the
small knots of optical emission coinciding with the brightest radio knots. At right, an early SED
of the bright knots of the jet, showing the very high level of X-ray emission and the difficulty of
explaining it with either SSC or (unbeamed) IC/CMB.

hard, to be attributed to the low-energy synchrotron component. A classic example (and
the first X-ray source Chandra observed) of PKS 0637-752 is shown in Figure 1. The
observation of ‘anomalously’ bright and hard X-rays has since been extended to virtually
all powerful FRII jets and even some low-power FRI jets such as in the case of M84
(Meyer et al. 2018).

2. The Rise and Fall of the IC/CMB model

The most commonly adopted explanation for the ‘anomalous’ X-ray emission from kpc-
scale jets is inverse-Compton scattering of Cosmic Microwave Background (IC/CMB)
photons by a still-relativistic jet. Under this model, high-energy electrons in the jet
upscatter low-energy CMB photons, provided that the jet is both highly relativistic
with high bulk Lorentz factors (Γ> 10) on kpc-scales and closely aligned to our line-
of-sight (θ < 5◦; Tavecchio et al. 2000; Celotti et al. 2001). This produces the high
Doppler boosting required to reproduce the observed bright and hard-spectrum X-ray
flux. However, this emission mechanism also sometimes predicts kinetic powers in excess
of the Eddington limit (Atoyan and Dermer 2004) and is in many cases at odds with other
more recent observations, including significantly higher polarization of the ultraviolet/X-
ray component than expected (Cara et al. 2013) and jet-counterjet flux ratios which
are inconsistent with IC/CMB predictions (Kataoka et al. 2008; Clautice et al. 2016;
Hardcastle et al. 2016).
Another major effort at testing the IC/CMB model has been through looking for the

high levels of GeV emission that it predicts, first proposed before the launch of Fermi
by Georganopoulos et al. (2006). The analysis is complicated by the poor (fractions of
a degree) resolution of Fermi as it is impossible to spatially distingues the jet from
the core, which is highly variable and is expected dominate over the jet especially at
lower (MeV) energies. However, through the use of a recombined light-curve analysis,
Meyer and Georganopoulos (2014) first showed that the IC/CMBmodel could be strongly
ruled out through gamma-ray upper limits for the X-ray jet of 3C 273, before doing the
same in PKS 0637-752 (Meyer et al. 2015, 2017). Peter Breiding then widely applied
this test to essentially all the ‘multiple spectral component’ or MSC jets for his PhD
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Figure 2. Example large-scale (kpc-scale) jet SEDs, with synchrotron (thin line) and IC/CMB
(thick line) model curves. As shown, matching the X-ray emission unavoidably predicts a high
level of GeV emission, which is in violation with the deep Fermi/LAT upper limits (red). Taken
from Breiding et al. (2023).

thesis work (Breiding et al. 2017, 2023), finding that 24/45 sources tested would require
IC/CMB-predicted GeV emission significantly in violation of the gamma-ray limits (see
example SEDs for two of the sources from Breiding et al. (2023) in Figure 2).

Another difficulty for the IC/CMB model is the change in apparent morphology (knot
location, size, etc) from radio to optical to X-ray. The simplest IC/CMB model requires
cospatial emission in these different bands, since the radio-to-optical synchrotron spec-
trum is produced by the same electron energy distribution upscattering the CMB to
X-ray energies (or if there is an offset, for the X-rays to persist beyond the radio since
these arise from very low-energy electrons in the IC/CMB interpretation). However, an
extensive study of essentially all X-ray jets discovered to date finds significant offsets
between X-rays and radio on the order of ∼1 kpc or more (e.g., Reddy et al. 2021, 2022).

3. Variability of X-ray Jets

One consequence of the IC/CMB model is a low energy extension of the electron
energy distribution. That is, in order for IC/CMB to be the dominant X-ray emission
mechanism, there must be a significant population of particles at low-energies (γmin ∼
10− 20; Celotti et al. 2001; Georganopoulos et al. 2006). Besides the considerable energy
requirements of this extension, the implied radiative cooling times are extremely long
(longer than the jet lifetimes), which means that under an IC/CMB X-ray mechanism
we should absolutely not expect to see variability in X-ray emission on timescales within
the lifetime of Chandra.
It was thus surprising when Marshall et al. (2010) examined the case of the nearby

(z = 0.035) FRII Pictor A, a radio galaxy with a very long (arcminute-scale) radio jet
and steep radio core, and a clearly visible counterjet. A knot in the jet of Pictor A
was seen to fade over a timescale of a few years with a reported significance of 3.4σ.
Hardcastle et al. (2016) and Thimmappa et al. (2020) later confirmed these results at
similar significances (p < 0.011). While variability had been observed by this point in
nearby FRI jets (most dramatically in the mid-2000s outburst of HST-1 in the jet of
M87; Harris et al. 2003) variability on this timescale was completely unexpected. In the
case of Pictor A, assuming minimum energy conditions and an emitting region the size
of the jet cross-section, the synchrotron cooling timescale is on the order of 1200 years,
implying that the X-rays arise from a region much smaller and with a magnetic field
several times higher than equipartition.

https://doi.org/10.1017/S1743921323000911 Published online by Cambridge University Press

https://doi.org/10.1017/S1743921323000911


4 E. Meyer et al.

Figure 3. At left, the histogram of p-values from our likelihood model analysis of 155 jet regions
from 53 total sources. Under the null hypothesis of steady emission, we expect a completely
uniform (0,1) distribution of p-values. The global p-value associated with the excess of low values
shown here is p=0.00019, suggesting variability in the jet population. At right, the results of a
simulation to test the degeneracy between sample fraction of variability (assuming 1-f are steady
emitters) and the typical variability amplitude (relative to mean). The shaded blue region shows
the best agreement with the observational data, suggesting between 30-100% of jets are variable,
at a modest tens-of-percent scale.

3.1. New Results

Over the past few years, we have conducted a comprehensive archival study of X-
ray jets, to look for variability in other sources. Our sample of 53 comprises nearly
all known X-ray jets imaged more than once by the Chandra Advanced CCD Imaging
Spectrometer (ACIS) instrument. The average number of observations per source in our
sample is 3.4, with a mean spacing of 2.6 years. Two sources (3C 305 and 3C171) were
excluded as the extended X-ray emission associated has been attributed to jet-driven
gas (Hardcastle et al. 2012, 2010); we also exclude the sources M87 and Centaurus A,
which are already known to produce X-rays by synchrotron process (Feigelson et al.
1981; Kraft et al. 2002; Wilson et al. 2000). Both M87 and Centaurus A have been far
more deeply and frequently observed than typical of the remaining sample (with 50 and
43 distinct observations, respectively), and this is likely one of the reasons that X-ray
variability has been reported in both cases. With the exception of Pictor A, variability
has not been reported for any other source in our sample of 53. Unlike the jets of M87 and
Centaurus A, however, the X-ray emission in Pictor A is clearly from a second emission
component (Hardcastle and Croston 2005).
Our likelihood function is a straightforward application of Poisson statistics, with a

null hypothesis of a steady source rate for each individual knot region, taking into account
a varying background and various detector effects. We computed for each knot a p-value
for the test of the the null hypothesis of a steady source rate, the distribution of which
(for 155 test regions) is shown in Figure 3. Out of the full sample of 155 regions tested,
18 (12%) have p-values less than 0.05, suggesting significant variability in the intrinsic
source rate. The single-region p-values for the are expected to follow a uniform U(0, 1)
distribution under the null hypothesis of steady emission, so this is clearly about twice
the value expected, and the excess of low p-values is apparent by eye in Figure 3. This
is also born out in the statistics: when we compare all 155 single-region p-values to a
U(0, 1) distribution using a one-sided Kolmogorov-Smirnov (KS) test, we obtain a global
p-value of 0.000196, indicating that the distribution is highly non-Uniform. This clearly
indicates that the observations are not consistent with non-variable X-ray sources.
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Figure 4. At left, an HST image of the jet of 3C 346, with ALMA band3 contours overlaid.
At right, a detailed SED of knot E, showing at least 3 emission components in the jet, so far
unexplained (Meyer et al., in prep.)

Figure 3 (right panel) shows the results of a simulation to try to constrain the typi-
cal scale of variability in our jet population, given a degree of degeneracy between the
typical variability amplitude and rate of variable sources existing in the population. It
is not implausible that a subset of X-ray jets are steady X-ray emitters while the rest
exhibit variability. For example, 30% of the sample might be variable sources, with a
characteristic scale of 50% in amplitude, or 90% of the sample might be variable with
a lower (say, 10%) characteristic amplitude of variability, and both of these scenarios
might be consistent with the p-value distribution we observe. Our simulation compares
the MLE p-value distribution of simulated populations varying in these two respects to
our actual p-value distribution and reports the K-S test p-value for the comparison. Thus,
the lighter-colored regions of the plot are most consistent with the data while black areas
are not consistent with the data under a K-S test comparison.

4. Discussion

As a result of this and the other observational lines of evidence, the general validity of
IC/CMB model for large-scale jet X-ray emission must be called into question. On the
other hand, IC/CMB does appear to be more consistent than alternatives in some cases,
for example the few high-redshift jets with unusually faint or undetected radio emission
(e.g. Simionescu et al. 2016; Migliori et al. 2022), and potentially in somewhat ‘unusual’
cases at lower redshift. For example, we found that the ’plateau’ or underlying steady-
state gamma-ray emission in two X-ray jets (PKS 1510-089 and OJ 287) was compatible
with the predicted IC/CMB level (Meyer et al. 2018). However, these cases are likely
outliers, with a particularly favorable alignment and unusually high jet speed at large
distances.
The main alternative to the IC/CMB model is synchrotron radiation from a second

electron energy distribution (EED), or abandoning the leptonic model in favor of a
hadronic jet model (Petropoulou et al. 2017; Meyer et al. 2018). Synchrotron models
allow us to avoid the ’uncomfortable’ requirements of IC/CMB models (e.g., high bulk
Lorentz factors, small viewing angle, and super-Eddington jet powers), but still have
a largely ad-hoc appearance: multiple EEDs was not predicted by theory. Indeed, an
example of a kpc-scale jet region with three distinct emission components is shown in
Figure 4; here the optical and X-ray emission appear to arise from distinct and unknown
processes. Previously, the apparent co-spatiality of the radio and X-rays seemed consis-
tent with a single population (i.e. IC/CMB) X-ray model, but recent research has shown
that they are in fact not co-spatial in most cases (Reddy et al. 2022). Notably, these
different mechanisms along with IC/CMB involve vastly different scenarios as far as jet
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matter content and energy distribution, jet power, and acceleration mechanisms, with
important implications for a proper accounting of jet impacts on the environment.
The short timescales of X-ray variability observed in our study implies that the emitting

regions are much smaller that the width of the jet (which is generally resolved in e.g.,
radio to be on kpc scales). By the light crossing time argument a flare event on the order
of a year cannot occur in a region larger than a few parsecs; this requires highly localized
particle acceleration and appears more consistent with magnetic reconnection than the
usually assumed shock acceleration (Giannios et al. 2009). Interestingly, production of
high energy photons from regions much smaller than the source physical size has been
observed in very different celestial objects, from the Sun (Omodei et al. 2013) and the
Crab Nebula (Abdo et al. 2011), to blazars like PKS 1510-089, where variations over
hours are seen in the VLBI radio core that has a light crossing time of the order of a
year, a difference too large to explain through beaming (Marscher and Jorstad 2010).
These observations are key to understanding the particle acceleration mechanism acting
in these environments.
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C. C., Chiang, J., Ciprini, S., Claus, R., Cohen-Tanugi, J., Costamante, L., Cutini, S.,
D’Ammando, F., Dermer, C. D., de Angelis, A., de Luca, A., de Palma, F., Digel, S. W.,
do Couto e Silva, E., Drell, P. S., Drlica-Wagner, A., Dubois, R., Dumora, D., Favuzzi, C.,
Fegan, S. J., Ferrara, E. C., Focke, W. B., Fortin, P., Frailis, M., Fukazawa, Y., Funk, S.,
Fusco, P., Gargano, F., Gasparrini, D., Gehrels, N., Germani, S., Giglietto, N., Giordano,
F., Giroletti, M., Glanzman, T., Godfrey, G., Grenier, I. A., Grondin, M. H., Grove, J. E.,
Guiriec, S., Hadasch, D., Hanabata, Y., Harding, A. K., Hayashi, K., Hayashida, M., Hays,
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