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Superluminal velocity and synchrotron 
cooling  of X-ray knots
• Knot HST-1 and knot D of the M87 jet moving 

with apparent superluminal velocities of 6.3c 
and 2.4c.

• Actual jet velocities are 0.997c (HST-1) and 
0.927c (D)

• Consistent with the previously measured 
motions of the optical, ultraviolet, and radio 
components.  

• Knot HST-1 shows significant temporal variability 
consistent with synchrotron cooling
• Strongest direct evidence to date 

that underlying flow is relativistic
• Relativistic flow can carry 

enormous energy
Smooth Chandra/HRC observation of M87 jet



Jets, black holes, and the formation of 
structure – a question of scales
• M87 – central galaxy of Virgo cluster – SMBH at center
• Impact of BH extends 8 orders of magnitude in scales! 
• Similar to something that is the size of a penny affecting an 

entire continent!
• Relativistic flow key to massive energy transport through 

small jet

EHT image of M87 SMBH

ESO VLT observation of M87 and optical jet

Chandra X-ray image of Virgo 
cluster and M87 jet



Overview – Jet Physics and X-ray 
Observations
• Jets are collimated flows launched 

from central SMBH
• We typically measure morphology, 

synchrotron spectrum, impact on 
surrounding medium, etc., but not 
fundamental jet properties

• We try to infer fundamental jet 
properties from observables –
definitely not a direct relation!

• Understanding how jets work is 
central to our understanding of key 
astrophysical process including how 
SMBHs form and grow, how galaxies 
form and evolve, and why the local 
Universe looks the way it does 
today!



Chandra/HRC search for proper motions 
of the X-ray knots in the M87 jet

• M87 is the brightest and second closest (after Centaurus A) AGN jet
• Proximity means that we have a resolution and sensitivity unmatched with any other target

• Two Chandra High Resolution Camera (HRC) observations of M87 jet taken 5 years apart 
• The HRC has highest imaging resolution (<0.5”) on Chandra – this measurement is at the 

edge of Chandra’s capabilities.
• Two primary science goals:
• Are the X-ray knots moving with the same velocity as the optical and 

radio knots?
• What does this tell us about the underlying physics of jets?



Broadband view M87 jet – 10 –

Fig. 1.— Images of the jet in M 87 in three different bands, rotated to be horizontal, and an

overlay of optical contours over the X-ray image. Top: Image at 14.435 GHz using the VLA.
The spatial resolution is about 0.2′′. Second panel: The Hubble Space Telescope Planetary
Camera image in the F814W filter from Perlman et al. (2001a). The brightest knots are

labelled according to the nomenclature used by Perlman et al. (2001a) and others. Third

panel: Adaptively smoothed Chandra image of the X-ray emission from the jet of M 87 in

0.20′′ pixels. The X-ray and optical images have been registered to each other to about
0.05′′ using the position of the core. Fourth panel: Smoothed Chandra image overlaid with

contours of a Gaussian smoothed version of the HST image, designed to match the Chandra
point response function. The X-ray and optical images have been registered to each other to
about 0.05′′ using the position of the core. The HST and VLA images are displayed using a

logarithmic stretch to bring out faint features while the X-ray image scaling is linear.

• M87 is the second closest (d = 17 Mpc) AGN jet –
1”~86 pc

• 3x109 M⊙ SMBH at center
• Image on right is radio (top), optical (2nd), 

Chandra/ACIS (3rd), and radio contours on Chandra 
image (4th) (Marshall+2002)

• Strong correspondence between the three bands



Multi-epoch Chandra/HRC 
observations of M87 jet (Snios+2019)
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Figure 1. Chandra HRC-I 0.08–10.0 keV images (upper panels), difference map (lower left panel), and S/N of the difference
map (lower right panel) of the M87 jet. The images are binned on a scale of 0.132′′ pix−1 and are smoothed with a 2 pixel
RMS Gaussian. For the difference map, the red regions correspond to brighter areas in the 2012 dataset, while the blue regions
correspond to brighter areas in the 2017 dataset. HRC-I and difference map images are in units of photons cm−1 s−1.

labels for all features in the jet, are shown in Figure 1.
In this work, we define a knot as any feature in the jet
that is distinguished by a factor of at least 2 in surface
brightness from its surroundings and has a radius < 2′′.
We define the jet axis direction at a positional angle
projected on the sky of 289◦.

3. DIFFERENCE MAPS

Using reprocessed and coaligned images from Sec-
tion 2, a difference map of the two epochs was generated
with the dmimgcalcCIAO routine. The final images and
difference map are shown in Figure 1. Notable changes
in brightness and morphology are observed in the AGN,
HST-1, Knot D, and Knot A. Fainter knots in the jet,
such as Knots E and F, also vary, though at a reduced
statistical significance.
To calculate the statistical and systematic uncertain-

ties present in the difference map, we followed the proce-
dure outlined in Snios et al. (2019). The signal-to-noise
ratio (S/N) for the difference map was measured as

S/N =
|c2N2 − c1N1|
!

c21N1 + c22N2

, (1)

where the raw counts for a pixel in the two epochs areN1

and N2, and the corresponding exposure corrections are
c1 and c2. The computed S/N map is shown in Figure 1.
In addition, the integrated S/N was determined for each
knot in the jet. A region surrounding each knot was
defined, and the integrated squared residual was defined

as

R =
NP
"

i

(S/N)2i , (2)

where (S/N)i is the S/N of Equation 1 for the ith pixel
and NP is the total number of pixels within the region.
See Table 2 for values of R and NP for each region. Val-
ues of R should have a χ2 distribution with NP degrees
of freedom, allowing us to determine the significance of
changes in any region. The values of the integrated S/N,
R, for the AGN, HST-1, Knot D, and Knot A are all well
in excess of the 3σ threshold for a χ2 distribution. For
the remaining jet features, the values of the integrated
square residual, R, fall below the 3σ limit, consistent
with their lack of prominence in the S/N map and dif-
ference map.
A significant squared residual, R, could reflect a

change in the brightness of a jet feature, a change in its
position, or both. Here we consider changes in bright-
ness. From Chandra calibrations, the HRC-I instru-
ment is known to possess a systematic count rate error
< 5%1. To verify which observed variations exceeded the
uncertainty threshold, the percentage change in bright-
ness was determined for each feature in the X-ray jet.
Regions were defined by surrounding each bright fea-
ture based on the knot definition criteria outlined in
Section 2, where regions were allowed to vary between

1 See Section 7.9 of the “Proposers’ Observatory Guide”
http://cxc.harvard.edu/proposer/POG/html/chap7.html

• 2012 (left) and 2017 
(right) Chandra/HRC 
observations of M87 jet

• Bottom left – difference of 
the two images – red 
corresponds to brighter in 
2012, blue to brighter in 
2017

• Bottom right – S/N map
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Figure 2. Comparison of the observed AGN/HST-1 region of the M87 jet (left column) to simulated images generated from
the method discussed in Section 4.2 (right column). The images are binned on a scale of 0.066′′ pix−1 and are in units of counts.
The dashed lines illustrate the center points of the AGN (green) and HST-1 (blue) from the different model fits. Comparison
of the 2012 and 2017 epochs shows the proper motion of HST-1 with respect to the AGN.

= 24.1± 1.6 mas yr−1 and ∆⊥ = 10.9 ± 0.6 mas yr−1,
or β∥ = 6.3± 0.4 and β⊥ = 2.9± 0.2.

5. DISCUSSION

5.1. Comparison of Proper Motion Measurements to

HST Observations

The proper motion results from Section 4 provide two
equally probable interpretations of the system. The
first interpretation is that the measurements are due to
motion of the X-ray knots, while the second assumes
that brightening and/or fading of substructure within
the knots gives the appearance of motion at Chandra’s
resolution. Validation that the observed shifts are in-
deed motion requires the Chandra observations to be
compared with contemporaneous higher-resolution ob-
servations to ensure that: (1) the X-ray data traces the
emission regions to the desired spatial accuracy, and (2)
the measured proper motion is consistent between the
high- and low-resolution datasets.
To test whether the knot motions reflect material mo-

tion in the jet, the Chandra observations were com-
pared to contemporaneous, archivalHST images of M87.

Previous analyses of M87 with HST have shown evi-
dence of proper motions for all knots within the jet
(Biretta et al. 1995, 1999; Meyer et al. 2013), and the
spatial resolution of HST is a factor of ∼ 3 better than
HRC-I, making it an excellent reference for comparison.
Archival WFC3/UVIS HST images at F275W were used
(PropIDs #12989 and #14618), where the pivot wave-
length for the filter is 270.4 nm. These HST observa-
tions, obtained on 2012 December 25 and 2017 March
3, were selected to be the closest match to the Chan-

dra epochs (2012 April 14 and 2017 March 02) Figure 3
compares the Chandra observations with the HST data
included as overlays. Visual comparison of the UV and
X-ray knots shows their positions to be consistent at the
two epochs. Centroid positions of the knots were com-
pared between the X-ray and UV datasets, with both in
agreement to the positions reported in Table 3 to within
the centroid position error determined from the HRC-I
observations. Figure 3 also illustrates the centroid po-
sition of the X-ray knots for which proper motion was
clearly detected, HST-1 and Knot D, overlaid as dashed
lines. Using the lines as reference, a shift in the centroid

Proper motions, superluminal 
motions, and variability

• The flux from the core and 
some of the knots show 
significant variability 
between the two epochs

• The core and HST-1 were 
modeled with 2D Gaussians

Results
Knot HST-1 moving 24.1 
mas yr-1 -> 6.3c! 
Knot D moving at 9.4 mas 
yr-1 or 2.4c!
HST-1 variability 
consistent with 
synchrotron cooling



Superluminal velocity of X-ray knots
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Figure 3. 0.08–10.0 keV HRC-I Chandra images of M87 from 2012 and 2017 overlaid with HST WFC3/UVIS F275W contours
observed during the same years. The X-ray and optical emissions are spatially consistent in both epochs, indicating both
emission bands are generated from the same set of sources. Also overlaid are vertical lines (green, dashed) which correspond to
the X-ray centroid position of the AGN, HST-1, and Knot D in each epoch. A shift is visible between the epochs, and the shift
agrees with the observed optical band proper motion.

position is observed for each knot, and these position
shifts are visually consistent with the proper motions
from HST.
Beyond visual comparisons, we may compare the mea-

sured X-ray proper motions to previous results from
HST observations. M87 proper motion measurement
from Biretta et al. (1999) and Meyer et al. (2013) were
selected for comparison, as shown in Figure 4. HST and
Chandra proper motion measurements both parallel and
perpendicular to the jet are broadly consistent for the
knots examined. The only notable discrepancy observed
is for the transverse motion of HST-1, which is discussed
further in Section 5.2. Altogether, these results indicate
that the X-ray and optical/UV knots track the same
physical locations in the jet of M87, to within the spa-
tial accuracy of the X-ray measurements.

5.2. Overview of Proper Motions

The jet velocity of M87 has been extensively studied
on both parsec and kiloparsec scales using radio and
optical observations. These measurements include thor-
ough proper motion analyses of the knots within the
jet. It is therefore interesting to compare the proper
motion results from X-rays with independent measure-
ments from other wavelength bands. See Figure 4 for a
comparison of reported proper motions in M87, includ-
ing the X-ray results reported here.

Among the knots investigated, HST-1 is by far the
fastest-moving in all bands observed. X-ray and optical
observations both show HST-1 to move at a speed of
∼6c along the jet axis (Biretta et al. 1999), while VLBI
observations place an upper limit of 5c (Cheung et al.
2007). Given the reasonable agreement in speeds of
HST-1 before and after its 2002-2008 flaring period
(Harris et al. 2003, 2009), the flaring event appears to
have had little impact on the average proper motion of
the knot along the jet axis.
Examination of the measured transverse proper mo-

tions for HST-1 shows a speed of +2.9 ± 0.2c for X-
rays, while the prior VLBI observations show an aver-
age transverse speed of −0.5c. Transverse motion mea-
surements were not reported for the HST data. The
transverse motion detected from X-rays may be due to
variations in brightness of substructure not resolvable
with Chandra, though it is surprising that the VLBI,
which is able to resolve significantly more internal struc-
ture of the knot, indicates motion in the opposite direc-
tion. In contrast, the centroid positions of HST-1 agree
well between Chandra and HST at both epochs (Fig-
ure 3), and there is no evidence of brightness changes in
the optical/UV or of substructure within it that would
be unresolved by Chandra. This comparison supports
the conclusion that optical/UV and X-rays track the
same physical feature in the jet. Follow-up observations
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Figure 4. Apparent speeds in M87 parallel to the jet
(upper panel) and perpendicular to the jet (bottom panel)
versus projected distance from the AGN in parsecs. The
new Chandra-based limits from this paper are shown in
red. Previous measurements are taken from Biretta et al.
(1995, 1999); Kovalev et al. (2007); Cheung et al. (2007);
Meyer et al. (2013); Asada et al. (2014).

with high-resolution interferometry, such as the Ata-
cama Large Millimeter/submillimeter Array (ALMA) or
Square Kilometer Array (SKA), would help determine
whether the measured transverse shift is proper motion
or is instead related to substructure changes at spatial
scales smaller than the resolution of HST. Additional
Chandra observations will be useful to further verify the
transverse motion.
Moving down the jet, Knot D is demonstrably slower

than HST-1 as its proper motion parallel to the jet is
only 2.4±0.6c in X-rays. This result is in excellent agree-
ment with the average motion from VLA and HST ob-
servations (Biretta et al. 1995, 1999; Meyer et al. 2013).
Transverse motions also agree well, showing no evidence
for motion away from the jet axis. Knot D has shown
remarkable consistency in velocity over the 23 yr probed
through proper motion observations.
Upper limits on proper motion for the remaining knots

were also extracted from the X-ray data and may be
compared to previous estimates. The X-ray result for

Knot E places limits 50-75% lower than those found
from HST data in Biretta et al. (1999) and Meyer et al.
(2013). This is unsurprising given that the HST analyses
probed fast-moving edges of the knot, whereas the X-ray
data provide the average motion due to the lower spa-
tial resolution of Chandra. Limits established for Knots
F, A, and B are each consistent with the average proper
motions reported from HST and VLA observations. The
less restrictive limits for Knots I and C also agree with
independent measurements, as expected given the poor
X-ray count statistics, and subsequent large centroid un-
certainty, for each feature. Follow-up Chandra observa-
tions will provide larger time differences between epochs
that will reduce the X-ray limits and, ultimately, resolve
proper motions for the remaining knots. Based on av-
erage speeds from other wavelengths, Chandra observa-
tions as early as 2020 would provide a sufficient baseline
to detect proper motion in Knots E, F, A, and B.

5.3. Adiabatic Cooling

The decreases in brightness observed for HST-1 and
Knot A (Section 3) might be explained by adiabatic
expansion of the radiating region over the examined
time interval. As described in Snios et al. (2019), syn-
chrotron flux FE at a fixed energy will scale as FE ∝
V −2p/3 under isotropic expansion, where V is the vol-
ume of the emitting region and the electron energy dis-
tribution has the form dN/dγ ∝ γ−p for electron Lorentz
factor γ.
If the X-ray fading is due to adiabatic losses, we should

expect to see a similar reduction in brightness in other
bands. The 2012 and 2017 HST observations from Sec-
tion 5.1 were therefore studied for brightness changes
comparable to those observed in X-rays. Using the
archivalHST observations, HST-1 and Knot A were each
found to have the same UV intensity in both epochs to
within their respective uncertainties. The lack of evi-
dence for any change in the optical/UV brightness of
the knots strongly disfavors adiabatic loss as the pri-
mary cause of the fading observed in both HST-1 and
Knot A.

5.4. Synchrotron Cooling

Beyond adiabatic expansion, synchrotron cooling is
another potential mechanism that may explain the ob-
served decreases in brightness of the knots. The syn-
chrotron cooling rate for an X-ray knot may be es-
timated with the Kardashev–Pacholczyk (KP) model
(Kardashev 1962; Pacholczyk 1970). As discussed in
Snios et al. (2019), the cooling rate is maximized when
the particles move perpendicular to the magnetic field
and particle scattering is assumed to be negligible. Un-
der these assumptions, we can estimate the minimum

• Comparison of Chandra/HRC and HST (red contours – F275 filter) 
during the same years.

• The shifts in position of the X-ray knots (HST-1 and 
D) and optical knots are consistent with each 
other

• ->  X-ray and optical-emitting electrons are the 
same population



Superluminal velocity of X-ray knots
• We detect proper motions in knot HST-1 and knot D of 24.1 mas yr-1

and 9.2 mas yr-1, respectively, corresponding to apparent superluminal 
velocities of 6.3c and 2.4c.

• Actual jet velocities are 0.997c (HST-1) and 0.927c (D)
• These velocities are consistent with the previously measured motions 

of the optical, ultraviolet, and radio components.  
• Knot HST-1 shows significant temporal variability
• Modeling of synchrotron losses consistent with spectral variability 

for equipartition magnetic field
• Strongest direct evidence to date that underlying flow is 

relativistic
• Relativistic flow can carry enormous energy


