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Super-massive black holes residing at the centres of galaxies can launch powerful radio-

emitting plasma jets which reach scales of hundreds of thousands of light-years, well be-



yond their host galaxies.! The advent of Chandra, the only X-ray observatory capable of
sub-arcsecond-scale imaging, has lead to the surprising discovery of strong X-ray emission
from radio jets on these scales.”* The origin of this X-ray emission, which appears as a
second spectral component from that of the radio emission, has been debated for over two
decades.>” The most commonly assumed mechanism is inverse Compton upscattering of the
Cosmic Microwave Background (IC-CMB) by very low-energy electrons in a still highly rel-
ativistic jet.!%!! Under this mechanism no variability in the X-ray emission is expected. Here
we report the detection of X-ray variability in the large-scale jet population, using a novel sta-
tistical analysis of 53 jets with multiple Chandra observations. Individually 13/53 jets have at
least one feature which is variable at the p<0.05 level. Taken as a population, we find that the
distribution of p-values from a Poisson model is strongly inconsistent with steady emission,
with a global p-value of 1.96x10~* under a Kolmogorov-Smirnov test against the expected
Uniform (0,1) distribution. The inconsistency significantly increases when we exclude core-
dominated quasars at high redshift. These results strongly imply that the dominant mech-
anism of X-ray production in kpc-scale jets is synchrotron emission by a second population
of electrons reaching multi-TeV energies. X-ray variability on the time-scale of months to a
few years implies extremely small emitting volumes much smaller than the cross-section of

the jet.
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Main

Our analysis sample comprises nearly all known X-ray jets imaged more than once by the Chandra
Advanced CCD Imaging Spectrometer (ACIS) instrument, a total of 53 sources. The average
number of observations per source in our sample is 3.4, with a mean spacing of 2.6 years. More
than half (30) have been observed only twice, while a small number (6) have more than five distinct
observations. We have excluded two sources (3C 305 and 3C 171) where the X-ray emission

associated to the radio jet has been attributed to jet-drive gas'>!3

, as well as the two most deeply
observed jets in the known population, M87 and Centaurus A. The X-ray emission in these latter
sources is consistent with the falling tail of the radio-optical synchrotron spectrum'#'¢. 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 the source known
as Pictor A, variability has not been reported for any other source in our sample of 53. Previously,
a knot in the jet of Pictor A was seen to fade over a timescale of a few years'® with a reported
significance of 3.40, and potential low-level variability has been reported for the terminal hotspot'®.

Unlike the jets of M87 and Centaurus A, however, the X-ray emission in Pictor A is clearly from a

second emission component®’, distinct from the radio-optical and is thus retained in our sample.

For each X-ray jet, we produced a deep co-added X-ray image by aligning and stacking
all available epochs. We obtained complimentary radio-wavelength images at matching or better

resolution, predominantly using archival data from the Very Large Array (VLA). We aligned and
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5"/ 33 kpc

Figure 1 | A Chandra X-ray image (0.3-7 keV) of PKS 1136-135, one of the 53 X-ray emitting
jets in our sample. The color scale is in counts and the image has been lightly smoothed
(Gaussian kernel of width 3 pixels). The brightest region, known as the ‘core’ of the jet, is the
location of the galaxy center and black hole. Overlaid in cyan are contour lines from a radio
image at 5 GHz (the counter-jet radio lobe is visible to the left of the core). The regions outlined
in yellow and labeled are individual emitting regions (knots) identified through a
cross-comparison of the radio and X-ray structure.

overlaid the radio and X-ray images of the jet to identify distinct compact zones of emission,
referred to as knots (see Figure 1). At these scales, individual knots are causally independent (the
minimum knot-to-knot spacing among all jets is 650 ly de-projected, and on average it is nearly
200.000 ly). Our analysis assesses variability for individual knot regions rather than the entire
extended jet due to the potential for independent and random variations along the jet to cancel out

and reduce the statistical power of our test.

For each knot we define a consistent geometric area (knot region) for extracting the total X-

ray counts from each epoch, as depicted for the source PKS 1136-135 in Figure 1. A corresponding
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larger region is used to estimate the counts from background emission. Further details of the data
analysis and preparation are given in Methods and Supplemental Information, and a full description
of the source and region properties and measurements are given in the Supplementary Information

Tables 1—4.

Our likelihood function is a straightforward application of Poisson statistics (see Methods),
with a null hypothesis of a steady source rate for each individual knot region, taking into account a
varying background. For each knot, the observed source and background counts for all individual
observations (epochs), along with the corresponding exposure (in units of area X time) in the
respective regions for that epoch are the data. We compute for each knot a p-value for the test of
the the null hypothesis of a steady source rate, and a maximum-likelihood estimate of the mean
count rate for the knot, zi. If the X-ray emission from the tested regions are non-variable, these
single-region p-values for the full sample of 155 knot regions are expected to follow a U(0, 1)

distribution.

Out of the full sample of 155 regions tested, 18 (12%) have p-values less than 0.05, sug-
gesting significant variability in the intrinsic source rate. However, in a sample context a certain
number of low p-values may occur by chance. We compare all 155 single-region p-values to a
U(0, 1) distribution using a one-sided Kolmogorov-Smirnov (KS) test, and found a significant ex-
cess of low p-values. The p-value for testing the uniformity of the single-region p-values by the

KS statistic is 0.000196.! This clearly indicates that the observations are not consistent with a

!To avoid confusion, we hereafter refer to the p-values from the maximum likelihood function for a single region
as ‘single-region’ p-values, and the p-values associated with the KS-test of the entire distribution of the latter as the
‘global’ or ‘KS-test’ p-value.
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Figure 2 | Level plots showing the p-value for a KS test comparing simulated data sets to
our observed single-region p-value distribution. Here we have varied the simulated fraction
of the population which is variable (x-axis) and the amplitude of the variability for that subset
(y-axis). Higher KS-test p-values (lighter colors) indicate closer agreement with the observed
data. At left we show the full results of all simulations, while at right we show a filled contour plot
corresponding to the region outlined in red at left. While there is a degeneracy between the
amplitude of variability and the variable fraction, the simulations imply at least 30% of the
population is variable and that the typical scale of the variability is on the order of 10% compared
to the mean.

universal constant source rate.

Based on the above statistic alone, it is unclear whether the signature of variability reflects
consistent lower-amplitude variations throughout the sample or if only a subset exhibits higher-
amplitude variability. Assuming that the known population of X-ray emitting jets may be a mixture
of truly steady and variable jets, for an observed single-region p-value distribution there is a trade-
off between the fraction of the sample which is intrinsically variable and the amplitude of that
variability. To illustrate this and to estimate roughly the scale of the variability in the population as
a whole, we performed Monte Carlo simulations using the real average exposure values for the knot

regions as well as their estimated mean count rates zi. We used a simple model of variability, of two
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epochs with a fixed percentage variance relative to mean, and use a KS test to compare a simulated
single-region p-value distribution (n=10.000) with our real distribution. The resulting p-values
from the KS test comparisons are displayed in Figure 2 as a two-dimensional color map with axes
of variability amplitude (percent relative to mean rate ji) versus the fraction of the sample which
is variable versus steady. Lighter colors (indicating sample KS-test p-values closer to 1) show the
simulations most resembling the data. As shown, high-amplitude variability (over ~25%, relative
to j1) is disfavoured, but there is some degeneracy below this, running up to the possibility of

low-level (few-percent-scale) variability throughout the population.

Variability in the X-ray emission from large-scale jets on timescales of a few months — years
is not compatible with the IC/CMB mechanism: the CMB is completely steady, and the electrons
upscattering it are very low energy (Lorentz factor v ~ 100 — 1000), with extremely long cooling
timescales, many orders of magnitude longer than the light-crossing time for the jet.!®2! However,
a synchrotron origin is compatible with short-timescale variability,'® as the X-rays must be emitted
by very energetic multi-TeV energy electrons, where the cooling timescale is accordingly much
shorter. Combined with a very small emitting volume (on the order of light-months), it is possible
to produce the observed variability. We therefore suggest that this variability is strong evidence
that the X-ray emission in these jets is more likely to be synchrotron radiation from a very high-
energy electron population population. It is notable that the required small volumes are, however,
in conflict with the typical assumption of particle acceleration which is distributed throughout the

jet cross-section?? and pose significant challenges to current theoretical models.
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Figure 3 | Histograms of the single-region p-values. The full sample of 155 knot regions is
divided into two sub-populations based on host AGN or jet/region attributes. Panel (a) shows
broad-lined AGN (red) versus narrow-lined (blue). The narrow-lined sources appear consistent
with a steady source rate, unlike broad-lined sources. In panel (b) we see that the sub-set of
sources which excludes core-dominated quasars at high redshift shows a single-region p-value
distribution which is more discrepant from a U(0, 1) distribution than the full sample. This implies
that high-redshift core-dominated quasars could represent a true non-variable population, in
keeping with theoretical expectations. (See Extended Data Table 2 for the results of all examined

sub-populations.)



Our sample exhibits considerable variety in terms of jet and knot region characteristics such
as jet orientation, length, redshift, knot distance from the central engine, spectral type of the host
nucleus (broad or narrow/absent optical emission lines), etc. The sample also covers several orders
of magnitude in jet power (as proxied by the low-frequency radio luminosity). To test if any
particular source characteristics were more associated with variability than others, we split the
sample into two subsets and re-ran the one-sided KS test of the single-region p-value distribution
against a U (0, 1) distribution for each subset. The results are summarised in Table 1 and Extended
Data Table 2, where we give the tested characteristic, the sub-sample definitions and size, and
the resulting KS-test p-values. For subsets where the KS-test p-value is lower than that of the
full sample, the final column in these tables gives a percentage which is the percent probability
of obtaining the lower KS-test p-value purely by chance for a subselection of size n from the full
parent population (i.e., the percentile). Histograms depicting the p-value distribution for two of

subselections are shown in Figure 3.

We found that 5 subselections (out of 12 total) yield a sample with a lower KS-test p-value
than the full population, with percentiles ranging from 0.21—7.33%. We interpret the combination
of a lowered p-value with a low percentile for one subset to mean that the compliment subset either
contains more steady jets relative to the subset with a lowered KS-test p-value, or preferentially
displays variability below our detection sensitivity for those regions, which varies due to factors

like the relative level of background radiation and intrinsic brightness.

Significantly lower KS-test p-values are found for the sub-samples comprised of (i) regions
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Table 1 | Select results of sub-sample KS-tests against U (0, 1) distribution

Characteristic Subset n  Definition KS-test p—value Percentile
Core dist. Far 83 d>5 0.000033 2.20%
Near 72 d<b” 0.29
Jet Angle High 78 0 >=15.5  0.00012 6.18%
Low 77 60 <15.5 0.12
Redshift low 75 2<0.6 0.0000035 0.36%
high 80 z>=10.6 0.15
Jet class not CDQ 81 ... 0.00015 7.33%
CDQ 74 0.13
Jet class + redshift not high-z CDQ 100 e 0.0000032 0.21%
high-zCDQ 55 0.70

more than 5” from the bright central core, (ii) low-redshift sources (z <0.6), (iii) sources with
larger jet angles to the line-of-sight (6 > 15.5°), and (iv) jets classed as anything other than core-
dominated quasars (that is, removing core-dominated quasars significantly increased the signal of

variability, suggesting they could be less variable).

For case (i) the improvement in the variability signal by removing knots very near to bright
cores is not surprising. Our simulation above as well as a simple histogram of the percent variation
from mean for all regions (Extended Data Figure 4) strongly suggests that the typical variability
level in the population is at the few to tens of percent level (as opposed to large orders-of-magnitude
flares). Variability at this level may not be detectable in some test regions due to shorter exposures,
intrinsically low source flux, relatively high levels of background, or any combination of these
factors. These factors generally produce observations with a low number of total counts attributed
to the source, which sets a lower limit on the amplitude of variability we can detect. We call this

limit the sensitivity threshold (ST), and for high-background regions (common for knots near the
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bright base of the jet or core), the ST may be well above the typical source variability amplitude,
while this is less likely to be the case for regions with low background or encompassing relatively
brighter knots. A further discussion of ST and its estimation for our regions is in the Supplemental

Information.

In all the other cases of subsets with a significantly lower KS-test p-value the compliment
subset (with a higher p-value) are source populations where the likelihood of steady IC/CMB
emission being dominant is supported on theoretical grounds. For all such ‘excluded’ populations
we cannot reject the null hypothesis that the emission is non-variable. Regarding case (ii), because
the CMB energy density increases dramatically with redshift as (1 + 2)?, there has long been an
expectation that the IC/CMB mechanism of X-ray production would increasingly dominate with
redshift, leading to a strong correlation between X-ray/radio flux ratio and redshift in resolved
jets?® and an enhancement in the total X-ray emission even for unresolved jets.?* Until recently, the
severe lack of high-redshift sources among the known X-ray jets (with only a handful above z ~ 3)
made it difficult to determine whether the lack of an observed correlation was a contradiction
to this expectation or merely a reflection of wide scatter in the intrinsic X-ray/radio flux ratio
and/or inadequate sampling.*” In recent years, however, several very high-redshift X-ray jets and
jet candidates have been identified, all of which show very high X-ray/radio flux ratios strongly
suggesting an IC/CMB origin.?>"?’ Studies of high-redshift quasars also show significant (> 50%)
total X-ray flux enhancements at high redshifts (z > 3), which has been attributed to IC/CMB
emission in unresolved large-scale jets.>* Our results alongside these recent discoveries suggest a

gradual change in the jet population, from synchrotron-dominated at lower redshift, giving way to
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increasing IC/CMB dominance in the population at high redshift. While a small handful of jets
at lower-redshift, under favorable conditions, may have X-ray emission produced by IC/CMB?,
recent observations with the Fermi gamma-ray observatory also disfavor an IC/CMB origin for

many low to moderate-redshift jets.®?

In the final two cases the excluded populations are core-dominated quasars and (with sig-
nificant overlap of ~90%) sources with a small estimated angle to the line-of-sight. This is also
in keeping with theoretical expectations as inverse Compton emission is more sensitive to the
increased Doppler boosting of the relativistic jet with decreasing angle to the line-of-sight*%-3!.
When we make a double selection, excluding only the 47 high-redshift core-dominated quasars,
the one-sided KS-test p-value against a U (0, 1) distribution of the remaining sample decreases to

0.0000032, with a 0.21% probability of occurring by chance.

In addition to the results presented here, two nearby and very well-known X-ray jets have
been extensively and deeply studied with the Chandra observatory, moreso than any other jets.
These are Centaurus A and M87. In comparison to our sample, these low-redshift jets have far more
extensive and deeper observations, with 43 and 50 distinct observations totalling 1129 and 460 ks
of total time on source, respectively (the median total time for our sample is 63 ks in comparison).
Prior works have already extensively described their characteristics, including the unprecedented
(and unrepeated) X-ray flare from knot HST-1 in M87, where the X-ray flux increased by a factor of
over 50 during the mid-2000s, before fading back to its prior level’?. The variability in Centaurus

A, by contrast, appears as a gradual dimming consistent with adiabatic expansion.** In terms of
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spectrum, the unusually deep observations of M87 and Cen A make it clear that the X-ray emission
is from the high-energy falling tail of the radio synchrotron component, and the X-ray variability
is thus consistent with this picture. Since we are mainly interested in testing the inverse Compton
scenario for jets in which the X-rays are or might be from a second emission component, we do
not include these sources in our analysis. The one other jet previously reported as variable is Pictor
A. In contrast to M87 and Cen A, the X-ray emission is clearly from a distinct second spectral
component?’, and previous works have suggested variability in both the jet and hotspot.'®!° In this
work we confirm that Pictor A is strongly variable and find that five of the nine regions in the jet,
including the hotspot, are variable at the p <0.05 level, and the mean of the absolute value of the

percent variation from [ is 18%.

The fact that all three of the most deeply observed X-ray show variability lends support to the
population-based findings in this work. For completeness and as a check of our methods, we also
analysed the two X-ray jets previously excluded due to the X-ray emission being from surrounding
gas (3C 305 and 3C 171). In these cases no variability is expected due to the scale of the X-ray
emission. Indeed, in our analysis none of the regions give single-region p-values less than 0.18 and

thus all are consistent with a steady source rate.

The short timescales of X-ray variability observed in this and prior works implies that the
emitting regions responsible are much smaller that the width of the jet. 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, vastly smaller than the typical resolved cross-section in the radio which is of the order
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of a kpc or more. This requires extremely localised particle acceleration, more easily achieved
through magnetic reconnection than through the usually assumed shock acceleration.* At present
we lack a clear understanding of particle acceleration in extragalactic jets. Future theoretical work
must take into account the requirements of short-timescale X-ray variability and the implied multi-
TeV energy electrons produced on scales of hundreds of thousands of light years from the central

engine.
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Methods

Initial Chandra Data Analysis & Imaging The initial list of known X-ray jets was taken from the
XJET online database! and from a search of the literature, a total of 199 jets. A comprehensive
catalog of known X-ray jets to date can be found in the recent ATLAS-X publication®. For the
55 multiply-observed sources in our sample, we downloaded all available observations taken with
Chandra’s Advanced CCD Imaging Spectrometer (ACIS?). Supplemental Information Table 1 lists
the names and properties of the sample of 55 jets, and a complete list of the Chandra observations

used can be found in the Supplemental Information Table 2.

For the X-ray data analysis, we used CIAO* 4.12 and CALDB’ 4.9.2 . Each observation
was first reprocessed using the chandra_repro command. We applied a standard energy filter
including only events from 0.4-8 keV. Excluding all bright sources in the field of view, we extracted
the background counts and used the 1c_clean task to examine the data for background flares with
a good time interval (GTI) bin time of 259.28 s and cutting intervals with rates more than 20 from
the mean count rate. The total exposure times before and after filtering is given in Supplemental

Information Table 2.

We used this filtered data to produce initial sub-pixel images centered on the core of the
X-ray jet for each observation, downsizing by a factor of 5 (a pixel scale of 0.0984"). We then
co-added all epochs in order to make a deep sub-pixel image for comparison to the radio imaging
and to identify knot regions. Before co-adding, we corrected for pointing offsets by aligning the

point-source-like jet core in all exposures. To do so we manually calculated the offsets between

19

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214



the earliest available observation and all subsequent observations using the centroid task in CIAO.
Using these offsets, we corrected the aspect solution and reprojected all observations to match the
reference epoch. We then repeated our filtering and sub-pixel binning process on the reprojected
data to create a reprojected subpixel image for each epoch. These were finally merged using the
dmmerge to produce the deepest combined subpixel image of the X-ray jet for morphological
study. For sources with observations in both the FAINT and VFAINT modes, which can not be
merged using CIAO’s dmme rge command, we used a Python script to manually sum all the counts

for each subpixel in the matched two-dimensional image frame.

Radio observations Where possible, we utilised radio imaging of comparable resolution to Chan-
dra (0.2”7 — 0.77). Most radio images (32) were newly reduced for this work from archival Very
Large Array (VLA), Atacama Large Millimeter/sub-millimeter Array (ALMA), or Australia Tele-
scope Compact Array (ATCA) observations (26, 3, and 3 sources, respectively). For these we
followed a standard procedure of calibrating the visibilities using the Common Astronomy Soft-
ware Applications® (CASA) software before deconvolving the image using the CASA task clean
with a Briggs (weighting) parameter of 0.5. Several rounds of self-calibration were generally used
to improve the image quality. For the remaining 22 sources we used pre-existing publicly avail-
able radio images from the NASA Extragalactic Database’ (NED, 4 sources), the XJET catalog (5
sources), or the NRAO VLA Archive Survey (NVAS, 13 sources). A complete table of the radio
observations used can be found in Extended Data Table 3. Contour lines (showing level of emis-
sion) corresponding to the radio imaging were overlaid on our co-added X-ray image as shown

in Figurel, and we identified all distinct knots and hotspots for analysis. We ignored radio knots
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which were within and visually indistinguishable from the X-ray core and those which had no vis-
ible X-ray emission. We note that while it is now well established that radio and X-ray knots do
not always perfectly coincide?, the inferred offsets from radio to X-ray are small, with most being

<0.2". This is smaller than the Chandra/ACIS pixel scale and much smaller than our region sizes.

X-ray Spectral Analysis and Measurement We defined polygon regions for each knot or hotspot,
being careful to avoid overlap and to encompass fully each individual emission region. For knots
close to the bright central X-ray core, we used an annulus region to define simultaneously the knot
(a slice of the annulus centered on the core) and its matched background (the remainder of the
annulus). This is depicted in Extended Data Figure 5 for source PKS 1928+738. In cases where
a readout streak was present, this was excised proportionately from the annulus background. For
knots and hotspots far from the core, a simple polygon encompassing the feature was used to ex-
tract the source counts, and a large representative region far from any source was used to estimate
the background. For the 155 total jet features analysed, 93 are annulus-type regions. For jets with
more than one knot region, we also defined a region encompassing the entire jet for spectral anal-
ysis. For each observation, we extracted the counts using the CIAO specextract command

from every region and its associated background, including the total jet region.

In order to estimate the total jet spectral index we used sherpa to fit the counts extracted
from the total jet region with an absorbed power-law model using the galactic Hydrogen column
density (nH) values from the HI4PI survey.® In the common cases of relatively low background, it

was simply subtracted. For annulus-type regions we used a second absorbed power-law to model

21

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255



the background (dominated by the core). In a few cases, a thermal component in the background
model was required to improve the spectral fit. These details are noted in Supplemental Information

Table 1.

The total photon counts (per epoch) in our knot regions ranged from 1 to 2156 with a median
value of 38. In most cases, the photon statistics for individual knots are too low to allow us to
effectively constrain the X-ray spectral index (I") for that region alone. We attempted a spectral
fit for each of the 155 regions in our sample using sherpa. Of the 52 sources in our sample, 11
sources have a single knot region of interest and thus no distinction between the spectral fit of the
knot and the overall jet. The remaining 41 sources each have knot regions of interest within the jet,
totalling up to 144 regions. In these cases, we compared the spectral fits we obtained from fitting
the emission from all the knots together (a ‘total jet’ region) to the spectral fits for each individual
knot. Of these, we find that the total jet I' is within 1 ¢ of the knot value of I' for 110 regions and
is within 2 ¢ for 21 regions. The remaining 13 knot regions either have poor spectral fits (reduced
x2 > 1) or do not have enough counts for the fit to converge. Given this, we used the I' value
from the fit to the entire jet region when generating the exposure maps for each source. We input
this into the CIAO task make_instmap_weights to create a weights file for each observing
epoch over our energy range of 0.4 to 8 keV. We then used the £ 1uximage command to generate
exposure maps. We used a python script to extract the raw counts and total exposures from our
previously generated reprojected image and exposure map, respectively, for both the knot region

and its associated background at every epoch.

22

256

257

258

259

260

261

262

263

264

265

267

268

269

270

27

272

273

274

275



Recent work has shown that X-ray emission from jet knots are unresolved in Chandra ob-
servations, and we accordingly treat them as point sources.” Since the source regions are generally
small (on the order of arcseconds), the measured number of photons from the source will be less
than the total falling on the detector due to the limited size of the region. The encircled counts
fraction (ECF) is simply the ratio of the counts falling within the finite region compared to the
total over the full detector. While the ECF is generally similar across epochs, it does have slightly
different values due to changes in the PSF and/or changes in the detector position of the feature.
We have thus used simulated PSFs from the ATLAS-X catalog of X-ray jets and our region files to

measure the ECF in each epoch. These values are tabulated in Supplemental Information Table 4.

Statistical Analysis Method Let (X;,Y;),7 = 1,...,n, be the background and source measure-
ment, respectively for a given knot, where i iterates over all exposures (epochs) and (a;, b;) is the
exposure (as measured in time multiplied by area) for the background and source measurement
respectively. In addition, the source region will have an associated encircled counts fraction f;.
The encircled counts fraction and exposures are assumed to have negligible measurement error.

Consider the following joint model for the observations X; and Y;

X; ~ Poisson(a;3;), Y; ~ Poisson(b;5; + b; fiji;),

where f3; is the rate of background activity and y; is the rate of the source radiation for the i-th

observation. We are interesting in testing the null hypothesis Hy : 1 = --- = p,; the hypothesis
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that the source rates do not vary. The log-likelihood function is

B X, Y) =Y {Xilog(aif) — aifi + Yilog(bifi + bi fiss) — biBi — bifipni}
i1

where p, 5, X,Y are the vectorized version of the parameters and observations. In this section,
we provide the necessary components for the construction of a directional test statistic, which has
been found to be highly accurate in the small sample setting. The definitions and theoretical details
can be found in a previous publication’, and numerous experiments demonstrating the numerical
accuracy of this method are contained within the referenced work. The unconstrained maximum

likelihood estimators (MLEs) for p; and 3; are

The constrained MLEs under H, (fio, BO,I: e BO,n)a are obtained by numerically maximizing
(', 3 X,Y) = > {X;log(aiBs) — aif; + Yilog(bifB; + fibipr*) — bifs — fibapt},
i=1

where p* is a scalar variable. 285
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The tangent exponential family approximation to the likelihood is

19(0):5(0) = 3 [~(1 = 061 { X = arexp(@ns) } — (1= D6 {i = brexpldnnn)}

=1

+ Xi{log(a;) + ¢i} — asexp(ps) + Yi{log(bs) + dnti} — biexp(dni)], (1)
where ¢ are the canonical parameters in the Poisson model:

log(B;) fori =1,...,n,
o(u, B) =

log(fionption + Bipn) fori=n+1,...,2n.

s(t), the line linking the score at the MLE (¢) and the score at the constrained MLE under the null

hypothesis (ggo), under the canonical parameterization, is

—(1 = t)(X; — asexp(¢o,)) fori =1,....n
s(t) =
—(1 =) (Yin — bi_p exp(do,)) fori =n+1,...,2n.

The p-value for testing Hy, based on observations (X,Y’) is obtained by the following ratio of

integrals:

S ho{s(t) bt

2
S ols(0) )t ()
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where

ho(s(8)) = coxp {1 s(1)) — HA(1)): ()} Lisa ()2 inn B ()2
where ¢(s(t)) is the MLE for the likelihood given in Equation (1).

The upper limit of integration, ¢,,.x, 1S obtained by noting that under the original parameter-
ization, the MLEs for tangent exponential family approximation given in Equation (1), for a value

of s(t), are

/Bz(t) =tX;/a; + (1 — t)BO,i; 3)

f1i(t) = tY;/ fib; + (1 — t)(BO,i + fiftog)/ fi — BZ(t)/fm 4)

and the fact that these estimates need to be positive. Define the sets D; := {i € (1,...,n) :
fioifs — Yi/bi + Xi/a; > 0} and Dy := {j € (1,...,n) : fo,; — X,/a; > 0} the maximum value

that ¢ can take is

tmax = Min | min { - fifto,i } ,min ¢ ——>—— Bo’j .
€Dy | fifto; — Yi/bi + Xifa; ) "ieDs Boj — Xj/a;
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Finally the information terms are given by:

n

oo (B(s(1)))] = H a;bB; (8) (fufta(t) + Bi(t)),

i=1

’j/\)\<¢2033(t))’ = fl2 {

£V + (1 — )by (Bos + fifio.)) } {m + (1 H)arfoa }
(fifror + 30,1)2 Bg,l
. H {m + (1= 0)bi(Boi + filos) | tXi+ (1= t)aiﬁo,i} |

(fifroi + 30,1)2 Bgz

1=2

where 3;(t) and /i;(t) are defined in Equations (3) and (4). The p-value is obtained by numerically
integrating the numerator and denominator of Equation (2). In our simulation studies, we observe
that the test is accurate for n < 16, however beyond this point the test begins to be anti-conservative

under the null.

Source Characteristics We have examined the importance of several source and region character-
istics and their relation to the distribution of single-region p-values. The full list of characteristics
examined is given in Extended Data Table2, and individual jet (or region) characteristics for our
sample are given in the Supplemental Information Tables. Here we briefly describe the various

classifications and how they were determined.

The ‘spectral type’ of each source refers to the presence and/or width of the optical/UV
emission lines of the AGN nucleus. In general, ‘broad-lined” AGN are those with full-width-half-
max widths of ~1000 km/s or more, while narrow-line AGN have line widths on the order of a
few 100 km/s; it is thought that in most AGN this difference reflects a difference in the level of

accretion activity and ionizing continuum, with broad-lined sources showing higher levels of both.
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In some sources, no lines at all are detected — such sources are often typed in the literature as ‘BL.
Lac’ objects, and these we have grouped with the narrow-lined (lower activity) sources. Spectral
type was determined through a search of the literature or, where necessary, by examining archival
spectra. For two sources, no optical/UV spectra or previous classification in the literature was

available.

The kinetic power carried by the jet (‘jet power’) was estimated from the monochromatic ob-
served luminosity (as vL,) of the extended radio emission at a rest-frame wavelength of 300 MHz.
Values were taken from a recent catalogue by Keenan et al.!°, or else determined using the same
method and data taken from NED. The redshifts of all sources are known and were taken from
NED and/or SIMBAD. The jet angles to the line-of-sight (f) are estimates taken from the ATLAS-

X catalogue®.

For the observed jet length we simply measured in arcseconds the length from the core posi-
tion to the end of the jet, following the emission along any bends as necessary. Similarly, for each
knot region we measure the distance from the core along the jet in arcseconds. Knot sequence
(‘knot number’) simply refers to the numeric order that the knot appears from the core, in cases

with more than one.

The jet classification is taken from the XJET database, where sources are grouped as core-
dominated quasars (CDQ, 22 sources), lobe-dominated quasars (10 sources), quasars (2 sources),
Fanaroff-Riley type I (FR I, 5 sources) and FR II (15 sources). Here the ‘core-dominated quasar’

definition is indicative of radio morphology (indicating a very strong radio core) and should not be
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confused with the optical spectral type (where quasar would usually suggest broad emission lines).

The average source counts simply reports the total counts (minus estimated background con-
tribution) in the source region. Background/Source count ratio ((ng./7n,)) is the ratio of estimated
background counts in the source region to that of the source region (minus estimated background),

averaged over all epochs. A break at approximately 10% roughly divides the sample in two.

Data and Code Availability Statement All observations used in this study are publicly available. We also
include extensive tables of reduced data necessary to repeat these analyses as excel files, further described

in Supplemental Information. All codes are either publicly available or available by request.
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Figure 4 | (Extended Data Figure) Histogram of the percent difference of each epoch source
rate from ; for all regions Including all epochs on all regions, there are 545 distinct

observations. The distribution has a mean of 1.02% and a standard deviation of 28.5%. The
mean of the absolute value of the percent difference is 18%.
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Table 2 | Extended Data Table - Full results of sub-sample KS-tests against the U (0, 1)

distribution
Characteristic Subset n Break KS-test p—value | Percentile
Jet Angle High 78 0 >=15.5° 0.0001212 6.17
Low 77 0 < 15.5° 0.1227422
Average Src. Many 89 n > 40 0.0019570
Counts Few 66 n < 40 0.0467632
Background/Source Low 66 (Nsre/Nbg) < 0.1 0.0010641
Count ratio High 89 (Nsre/Nbg) > 0.1 0.0246957
Core dist. Far 83 d>5 0.0000327 2.22
Near 72 d < 55' 0.2920501
Jet Length Long 82 0> 10 0.0008115
Short 73 (<10 0.0431792
Knot Later knots | 102 0.0023121
Sequence First knots 53 0.0208292
Knot Type non-hotspot | 110 0.0025399
hotspot 45 0.0076676
Radio Power Low-Power 51 | Laoo mrg< 10%3 erg s~110.0012069
High-Power | 95 | L3oowmmz> 10%3 ergs™![0.1019381
Spectral Type Broad-lined |111 0.0008109
Narrow-lined | 33 0.4180435
Redshift Low 75 z < 0.6 0.0000035 0.36
High 80 z>0.6 0.2296055
Jet Class not CDQ 81 0.0001501 7.33
CDQ 74 0.1272601
Jet Class + not high-z CDQ | 100 0.0000032 0.21
redshift high-z CDQ | 55 (z > 0.6 + CDQ) 0.7034346
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Table 3 | Radio Observations

Object Date Obs. Telescope | Project Code | Freq | Image Beamsize
YYYY-MM-DD) (GHz) | Source | (Major x Minor)
JOO16+7916 [ 1999—08—01 VLA AP0380 8.46 a 0.257x0.21”
J0020+1540 | 2015—06—19 EVLA 15A—357 15 a 0.157x0.12”
JO037—-0109| 1990—05—-25 VLA ABO0534 8.35 a 0.357x0.26”
JOO57+3021 | 1996—11-02 VLA AC0476 4.86 a 0.427x0.38”
JO108+0135 | 1989—-01—-02 VLA AF170 4.86 c 0.497x0.44”
J0210—-5101| 2002—02—-01 ATCA C890 8.64 b 1.337x1.21”
J0237+2848 | 1987—08—-09 VLA AG0249 4.84 c 0.457x0.39”
JO418+3801 | 2015—03—-06 EVLA 15A—164 5.53 a 0.99°x0.88”
J0607—0834| 1997—-01-06 VLA AR277 8.46 a 0.337x0.22”
J0635—7516| 1999—-08—19 ATCA VSOP 8.64 b 0.887x0.88”
J0655+5408 | 1995—08—-06 VLA AP315 8.06 d 0.357x0.25”
JO804+1015| 2004—09—18 VLA AB1093 8.46 c 0.257x0.23”
JO840+2949 | 1982—-02—-27 VLA VAN 4.87 a 0.557x0.42”
J0922—-3959| 1998—-05—-19 VLA AH0640 8.46 a 0.887x0.21”
J0947+0725 | 1999—-07—-10 VLA AS659 1.44 a 2.557x1.48”
J0950+1419 | 2003—08—18 VLA AS764 4.71 c 0.417x0.40”
J1001+5553 | 1983—-11-01 VLA AB263 4.86 a 1.047x0.54”
J1007+1248 | 1991—-11—-13 VLA AW?249 8.26 c 0.797x0.65”
J1033-3601| 2004—05—12 ATCA C890 18.9 a 0.887x0.47°
J1048—1909| 1996—12—13 VLA AL634 8.41 c 0.507x0.25”
J1058+1951 | 1986—06—01 VLA VHO0025 4.99 a 0.757x0.69”
J1130—1449| 2001-02—07 VLA AH730 8.46 b 0.787x0.58”
J1139—-1350| 2007—-06—23 VLA AHO0938 4.86 a 0.517°x0.43”
J1153+4931 | 2016—12—-07 EVLA 16B—189 15 a 0.12x0.11”
J1205—-2634| 1988—10—-30 VLA AE0059 4.86 a 0.927x0.36”
J1219+0549 | 1986—11—-26 VLA AB412 1.49 c 18.00”x18.00”
J1220+3343 | 1986—04—-27 VLA AL119 4.86 c 0.367x0.34”
J1229+0203 | 1990—05—10 VLA AP0001 8.43 a 0.397x0.23”
J1232—-0224| 1994—-03-21 VLA AK353 8.35 a 0.287x0.27”
J135243126 | 2000—12—15 VLA AT249 4.86 c 0.337x0.27
J1357+1919 | 2016—10-22 ALMA 2016.1.01481.S| 97.5 a 0.77°x0.53”
J1406+3411 | 1987—10—11 VLA AM224 4.76 a 0.46°x0.39”
J1421+4144 | 1993—11-21 |MERLIN2 — 1.53 d 0.137x0.13”
J1421-0643| 2016—09—-24 ALMA 2016.1.01481.S| 97.5 a 0.37°x0.29”
J1424—-4913| 2013-12—-14 ALMA 12012.1.00688.5(239.42| a 1.487x0.73”
J1449+6316 | 1993—-09-24 |MERLIN2 — 1.42 d 0.157x0.15”
J1512—-0905| 1986—05—06 VLA AO0070 4.86 a 0.517x0.39”
J1549+6241 | 1991-07-20 VLA AF213 4.86 c 0.397x0.38”
J1606+0000 | 1984—12—17 VLA AH176 4.86 a 0.50”x0.50”
J164243948 | 1985—-01-31 VLA ACI120 4.86 b 0.45°x0.45”
J1642+6856 | 2015—-06—22 EVLA 15A—-357 15 a 0.167x0.11”
J1704+6044 | 1982—11-03 VLA LAIN 1.42 d 1.857x1.85”
J1720—-0058| 1996—12—-01 VLA BS0043 1.66 a 1.697x1.33”
J1806+6949 | 1988—11-25 VLA ARO0168 8.44 a 0.347x0.21”
J1849+6705 | 2016—09—-01 EVLA 16B—386 9.99 c 0.77°x0.55”
J1927+7358 |  1983—-10-31 VLA AE27 4.86 a 0.47°x0.35”
J1959+4044 | 1984—-01—14 VLA PERLEY 4.53 b 0.407x0.40”
J2042+7508 | 1998—12—-04 VLA ARO0386 4.86 a 5.597x4.71”
J2105—4848| 2004—-05—-10 ATCA C890 17.7 a 0.797x0.54”
J2157—-6941| 2013—-10-30 ATCA C2034 18 a 0.557x0.47°
J2158—1501| 1996—10—29 VLA AG0499 8.46 a 0.347x0.23”
J2218—0335| 2004—11-21 VLA AL0634 1.4 c 1.66°x1.33”
J2223—-0206| 1996—11-25 VLA AP337 8.46 c 0.27°x0.23”
J2253+1608 | 2002—-04—14 VLA BR0080 8.41 a 0.257x0.23”

@ Data reduced for this paper, ® Taken from XJET database,

¢ Taken from NVAS cutout archive, ¢ Taken from NED
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PKS 1928+738

Knot A
Annulus BG

Figure 5 | (Extended Data Figure) Example of an annulus-style background region. Shown is
the merged sub-pixel Chandra X-ray image of the core-dominated quasar PKS 1928+738. Our
region-of-interest for this source is knot A, outlined by the green region. Due to the proximity of
the knot to the core, we use an annulus background region, outlined in cyan, to account for the
core contribution to the background in the knot A region.
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Figure 6 | (Extended Data Figure) The green histogram shows the maximum ST values (as a

percentage relative to z). The subset of regions with single-region p-values less than 0.05 are
shown in blue.
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Supplemental Information

Sensitivity Threshold Analysis The analysis here is complicated due to being a completely archival
study, with no standardization in observing cadence or depth of observations. It is useful to ex-
amine the effect of the observation characteristics on our results. In particular, we have defined a
metric which we call the sensitivity threshold or ST, which is designed to roughly capture the level

of variability we can detect for any given region given the actual observations of it in our study.

The ST is calculated beginning with the source and background exposure values and photon
counts for all observations of a given region. This data is analysed normally through our likelihood
analysis. If the test returns p > .05 that the intrinsic source flux is steady, then we artificially
increase the source photon counts recorded in the first observation by 1. We then rerun our new
data through the likelihood analysis. We repeat this process until the model returns p < .05. At
this point, we calculate the percent difference for each observation relative to the MLE flux value

after adjusting the photon counts.

The photon counts for this observation are then reset. We subtract 1 photon count and recal-
culate the p-value. We again repeat this process until the model returns p < .05 or until subtracting
further counts would reduce the photon counts for the observation to 0 or would result in a source
region flux less than the background flux. If the model returns the requisite p-value first, we again

record the percent difference for each observation relative to the MLE flux.

This process of adding and subtracting counts to lower the p-value is repeated for each ob-
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servation for a given knot. Once this is completed, we take the maxima and minima of the percent

differences for the knot. These two values define our sensitivity threshold (ST)

In cases where the p-value returned by our initial likelihood test is less than .05, we perform
this procedure in reverse, increasing or decreasing the counts until the test returns a p-value greater

than .05. We then calculate the percent differences and ST using these counts values.

In essence, these numbers define the percent change in flux, negative and positive, that would
be necessary for our test to return a single-region p-value < .05. Above all else, this metric demon-
strates the limitations of our study. The median values for the ST higher and lower limits are
82.7% and —47.5%. This means that for half of the knots in our sample, we are not sensitive to
tens-of-percent variability from the mean, and these regions would only be noted as variable if they

underwent relatively large changes of a factor of 2 or more.

Extended Data Figure 6 shows a histogram of ST for our analysis sample in green. The subset
of regions which appear variable (single-region p-values < 0.05) are shown as the blue histogram.

As expected, most of these have relatively low positive ST values.

Supplemental Tables

Four supplemental tables giving the full sample description and all measurements required for

repeating the analysis are included as excel files. We here describe their content.

Table 1 describes the characteristics of our sample of 55 jets (our main sample plus 3C 305
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and 3C171 for completeness). The columns are (1) IAU name, (2) Common name, (3) jet classifi-
cation, (4) J2000 right ascension in HH:MM:SS, (5) J2000 declination in DD:MM:SS, (6) redshift,
(7) estimated jet angle in degrees, (8) the number of distinct jet features analysed, (9) the number
of distinct Chandra observations (epochs), (10) the maximum and minimum time separation be-
tween observations, (11) the Cosmology-corrected angular size scale (in kpc/”), (12) the galactic
Hydrogen column density value used (in units of 10*2 cm™2), and (13) the total observed jet length

in arcseconds and (14) the same in kiloparsecs.

Table 2 describes the characteristics of each Chandra observation. There is one row for each
epoch, for a total of 183 rows. The columns include (1) the IAU name of the target source, (2)
the Chandra observation ID number, (3) the decimal date of the observation, (4) a flag column for
readout streak correction, (5) the initial total exposure time, and (6) the total observing time in ks

after removing background flares.

Table 3 describes the characteristics of all 155 analysis regions, as well as the ‘total jet’
regions for jets with more than one knot, for a total of 200 rows. The columns are (1) the IAU
name of the source, (2) the region name, (3) the type of background region used — annulus (ANN)
or generic (GEN), (4) the total counts in the region over all observations, (5) the background
model or treatment used for the spectral fit, (6) the knot area in ACIS pixels, (7) the knot area in
arcseconds squared, (8) the flux normalisation of the region SHERPA fit, (9) the spectral index from
the region SHERPA fit, (10) the single-region p-value from the Poisson model, (11) the estimated

mean source rate ji in cts s~ cm~2, and (11) the upper and (12) lower sensitivity threshold (ST, see
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supplemental information) for each knot.

Table 4 gives details specific to a particular knot and epoch of observation, a total of 556 rows.
Columns are (1) the IAU name of the source (2) the region name, (3) the Chandra observation ID
number, (4) the source region exposure in ks, (5) the background exposure in ks, (6) the source
region counts, (7) the background region counts, (8) the encircled counts fraction and (9) the

estimated source flux in cts s~! cm—2.
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