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MAXI J1820+70

+One of the brightest BH transients 
+Discovery outburst in 2018 - highly variable - bright jet 
+Dinamically-confirmed BH  (MBH ~ 8.5 Msun) 
+Radio parallax distance ~ 3 kpc (consistent with Gaia)

During an outburst, a black hole (BH) X-ray binary usually
displays transition between hard and soft states, according
to the spectral properties of its radiation1–4. In the hard

state, usually defined as the photon index Γ < 2 between 2 and
10 keV, the observed radiation primarily comes from the
Comptonization by the hot electrons in the corona, which
dominates over the weak, low-energy blackbody radiation from
the disk. In the soft state with the photon index Γ > 2, the
observed radiation then is characterized by a strong (disk)
blackbody component below ~10 keV and a weak, high-energy
tail of ~25% of the total bolometric luminosity2,5–8. MAXI
J1820+ 070 (ASASSN-18ey) is a low-mass BH X-ray binary,
newly discovered in X-rays with MAXI9 on 11 March 201810. In
addition to X-ray, the source has also been observed in optical11–15
and in radio16,17. Low-frequency quasi-periodic oscillations
(LFQPOs) were found in both X-ray and optical bands18–20. The
measurement of the radio parallax indicates that this source is
located at a distance of 2.96 ± 0.33 kpc away from us21. Follow-up
X-ray observations since its outburst were carried out by other X-
ray telescopes, e.g., Swift22, NuSTAR23, and NICER24. The long-
term and high cadence observation of MAXI J1820+ 070 by Hard
X-ray Modulation Telescope (called Insight-HXMT)25 was carried
from 2018-03-14 (MJD 58191) to 2018-10-21 (MJD 58412)26.
Figure 1 shows the Insight-HXMT HE (red)/ME (blue)/LE (green)
light curves (Fig. 1a) and hardness intensity diagram (Fig. 1b)
during the whole observations, displaying two outbursts. In the
first outburst, MAXI J1820+ 070 rapidly rose from 2018-03-14
(MJD 58191) to 2018-03-23 (MJD 58200), and then gradually
decayed until 2018-06-17 (MJD 58286). During this first burst, the
source was in the hard state with the observed radiation being
dominated by the high-energy photons (>20 keV; purple points in
Fig. 1b). The second outburst started on 2018-06-19 (MJD 58288),
with HE counts rising again to the peak on MJD 2018-07-01 (MJD
58300). After then, the source started to decay again until 2018-10-
21 (MJD 58412). In this decay, the source mainly stayed in the soft
state in which the LE photon rates dominated over ME/HE photon
rates. The same Insight-HXMT observations have been used
recently to study the timing properties of the outburst and LFQPOs
were discovered above 200 keV, which was interpreted as due to
the precession of a twisted compact X-ray jet27.

Spectral and timing analysis of MAXI J1820+ 070 from MJD
58198 to MJD 58250 based on NICER reported that the profile of
the broad Fe K emission line was almost unchanged, indicating
the inner disk is very close to the BH (about 2 Rg, where Rg=
GM/c2 is the gravitational radius) and keeps constant28.

Moreover, the thermal reverberation (soft) lags evolved to higher
frequencies. Given these observational properties, it is suggested
that it may be the corona that evolves during the outburst of this
source, rather than the inner accretion disk, i.e., the corona might
be contracting with time28. The detection energy band of NICER
is 0.5–12 keV. However, the reflection component dominates over
the X-ray spectra around 20–50 keV. The spectral fitting at this
energy range could put crucial constraint on the reflection
parameters29, e.g., the reflection fraction and reflection strength,
which can be used to probe the inner geometry of the accretion
flow30. Moreover, the high-energy cutoff of the X-ray spectrum
can be used to measure the electron temperature which is
the important physical parameter to study the evolution of
the accretion flow in the hard state. Insight-HXMT observes the
broad-band X-rays from 1 to 250 keV, which enables us to probe
the evolution of the accretion flow in detail by spectral and timing
analysis. In this paper, we aim to reveal how the physical prop-
erties of accretion flow (corona+ disk) evolve with time, mainly
concentrating on the period when the radiation is dominated by
high-energy photons most likely from the corona, by fitting the
Insight-HXMT spectrum.

In this work, we show the evolution of the accretion flow in the
hard state when the emission is dominated by high-energy pho-
tons from the corona, by analysing the observations of the first
outburst of MAXI J1820+ 070 with Insight-HXMT. The derived
reflection fraction Rf is found to increase with time in the rising
phase and decrease with time in the decay phase. In the scenario
of a dynamical corona, this may suggest that as the corona
contracts, i.e., the dissipation region gets closer to the BH, the
coronal material might be outflowing faster.

Results
We found that all spectra of MAXI J1820+ 070 in the first
outburst can be approximately characterized by an asymptotic
power law with a cutoff at high energy ≤100 keV. The broad
continuum is thought to originate from the thermal Comp-
tonization of the seed photons from the accretion disk by the hot
plasma (hereafter corona) near the BH. Moreover, our pre-
liminary spectral analysis to those spectra with the simple cut-off
power law clearly reveals the line features at about 3–10 keV and
the hump above 20 keV, with respect to the thermal Comp-
tonization (see Fig. 2 and qualitative spectral analysis section in
“Methods”). These features may be related to the illumination to
the accretion disk. The Comptonized photons which illuminate
the disk are reprocessed within the disk and then reflected off to

Fig. 1 Insight-HXMT light curves and hardness-intensity diagram. a Insight-HXMT light curves (in units of counts per second) of MAXI J1820+ 070 in
HE (red, 20–250 keV), ME (blue, 5–30 keV) and LE (green, 1–15 keV) band. b The Insight-HXMT hardness-intensity diagram, defined as the total 2–10 keV
count rate (in units of counts per second) versus the ratio of hard (4–10 keV) to soft (2–4 keV) count rates. The purple dots represent the first outburst
from MJD 58192 to MJD 58286, which are fitted in this work.
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Figure 1. Simultaneous multiband light curves of the BHXB MAXI J1820+070 taken on 2018 April 12 in the X-ray (XMM–Newton 0.2–15 keV and NICER
0.2–12 keV), optical (0.7711 µm), infrared (2.2 µm), sub-mm (343.5 GHz), and radio (5.25–25.9 GHz) bands. The main panels from top to bottom show light
curves for progressively decreasing electromagnetic frequency bands, and the inset panels show zoomed in versions of the light curves. The total intensity units
for VLA/ALMA are mJy bm−1, HAWK-I is amplitude with respect to the reference star, ULTRACAM is arbitrary instrumental units, and NICER/XMM–Newton
are counts s−1. The time resolution for the VLA, ALMA, HAWK-I, ULTRACAM, NICER, and XMM–Newton light curves are: 5, 2, 0.0625, 0.01, 0.01, and
0.004 s, respectively. We observe clear variability in the emission from MAXI J1820+070, taking the form of rapid flaring across all of the electromagnetic
bands sampled.

3 M E A S U R I N G J E T T I M I N G
C H A R AC T E R I S T I C S

3.1 Light curves

Time-resolved multiband light curves of MAXI J1820+070 are
displayed in Fig. 1 and an average broad-band spectrum is displayed
in Fig. 2. In the light curves, we observe clear structured variability
at all electromagnetic frequencies in the form of multiple flaring

events. Similar flare morphology can be observed between the time-
series signals (especially in the radio and sub-mm bands), suggesting
that the emission in the different electromagnetic frequency bands
is correlated and may show measurable delays. Upon comparing
the signals across all of the electromagnetic bands sampled, the
variability appears to occur on much faster time-scales in the higher
electromagnetic bands when compared to the lower electromagnetic
bands. When considering the radio and sub-mm bands, the variability
is of higher amplitude in the higher frequency sub-mm band

MNRAS 504, 3862–3883 (2021)
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Strong jet variability

MAXI J1820+070 Jet variability 3867

Figure 2. Time-averaged broad-band spectrum of our radio–X-ray data of
MAXI J1820+070 (see Table 1 and Sections 2.3–2.5). The colours of the
data points correspond to the same colours of the electromagnetic frequency
bands in Fig. 1. The radio through sub-mm data appear to lie on the slightly
inverted optically thick portion of the jet spectrum (spectral index αthick ∼
0.25), while the infrared and optical data appear to lie on the steep optically
thin portion of the jet spectrum (spectral index αthin ∼ −0.5).

(∼100 mJy), when compared to the lower frequency radio bands
(∼5–20 mJy). Further, the sub-mm band shows a higher average flux
level when compared to the radio bands (∼125 mJy in the sub-mm
versus ∼46–60 mJy in the radio bands; see Table 1), indicating an
inverted optically thick radio through sub-mm spectrum. The infrared
and optical bands appear to not lie on the extension of the radio–sub-
mm spectrum, but rather on the steep optically thin portion of the
jet spectrum, indicating the jet spectral break lies between the sub-
mm and infrared bands (see Fig. 2). This result is consistent with
previous reports of bright mid-IR emission in excess of the optical
emission during the hard state of the outburst (Russell et al. 2018).
All of these emission patterns are consistent with the radio, sub-mm,
infrared, and optical emission originating in a compact jet, where the
higher electromagnetic frequency emission is emitted from a region
closer to the black hole (with a smaller cross-section), while the
lower electromagnetic frequency emission is emitted from regions
further downstream in the jet flow (with larger cross-sections).

3.2 Fourier power spectra

To characterize the variability we observe in the light curves of MAXI
J1820+070, we opted to perform a Fourier analysis on the data.
We use the STINGRAY software package10 for this Fourier analysis
(Huppenkothen et al. 2016, 2019), and Figs 3 and 4 display the
resulting power spectral densities (PSDs).

As our light curves contain gaps, to build the PSDs over a wide
range of Fourier frequencies we stitch together PSD segments created
from light curves imaged/extracted with different time-bin sizes. In
particular, by building light curves on time-scales larger than the
gaps, we can manufacture a continuous time-series with which we
are able to probe a lower Fourier frequency range. For the radio
frequency VLA data, we use three PSD segments, built from light
curves with 5 s (final PSD segment is an average over 100 s chunks),
60 s (final PSD segment is an average over 15 min chunks), and

10https://stingray.readthedocs.io/en/latest/

Figure 3. Fourier power spectra (PSDs) of optical (0.7711 µm; ULTRA-
CAM), infrared (2.2 µm; HAWK-I), sub-mm (343.5 GHz; ALMA) and radio
(5.25–25.9 GHz; VLA) emission from MAXI J1820+070. Note that PSDs
of the X-ray bands are shown separately in Fig. 4 for clarity. The PSDs
shown here were built by stitching together PSD segments created from data
imaged/extracted with different time-bin sizes (with the shortest time-scales
sampled being 0.01/0.065/2/5 s for the optical/infrared/sub-mm/radio bands;
see Section 3.2 for details), in order to circumvent the gaps in the light curves
and sample the lower Fourier frequencies. In these PSDs, we observe a clear
trend in the shape of the PSDs with electromagnetic frequency band, where
the break in the PSDs moves to lower Fourier frequencies as we shift to lower
electromagnetic frequency bands. Note that all PSDs shown here have been
white-noise subtracted, and the pre-white noise subtracted PSDs are shown
in Appendix B.

Figure 4. Fourier power spectra (PSDs) of the NICER and XMM–Newton
X-ray emission from MAXI J1820+070. Note that the X-ray PSDs shown
here have been white-noise subtracted, and the pre-white noise subtracted
PSDs are shown in Appendix B.
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Figure 2. Time-averaged broad-band spectrum of our radio–X-ray data of
MAXI J1820+070 (see Table 1 and Sections 2.3–2.5). The colours of the
data points correspond to the same colours of the electromagnetic frequency
bands in Fig. 1. The radio through sub-mm data appear to lie on the slightly
inverted optically thick portion of the jet spectrum (spectral index αthick ∼
0.25), while the infrared and optical data appear to lie on the steep optically
thin portion of the jet spectrum (spectral index αthin ∼ −0.5).

(∼100 mJy), when compared to the lower frequency radio bands
(∼5–20 mJy). Further, the sub-mm band shows a higher average flux
level when compared to the radio bands (∼125 mJy in the sub-mm
versus ∼46–60 mJy in the radio bands; see Table 1), indicating an
inverted optically thick radio through sub-mm spectrum. The infrared
and optical bands appear to not lie on the extension of the radio–sub-
mm spectrum, but rather on the steep optically thin portion of the
jet spectrum, indicating the jet spectral break lies between the sub-
mm and infrared bands (see Fig. 2). This result is consistent with
previous reports of bright mid-IR emission in excess of the optical
emission during the hard state of the outburst (Russell et al. 2018).
All of these emission patterns are consistent with the radio, sub-mm,
infrared, and optical emission originating in a compact jet, where the
higher electromagnetic frequency emission is emitted from a region
closer to the black hole (with a smaller cross-section), while the
lower electromagnetic frequency emission is emitted from regions
further downstream in the jet flow (with larger cross-sections).

3.2 Fourier power spectra

To characterize the variability we observe in the light curves of MAXI
J1820+070, we opted to perform a Fourier analysis on the data.
We use the STINGRAY software package10 for this Fourier analysis
(Huppenkothen et al. 2016, 2019), and Figs 3 and 4 display the
resulting power spectral densities (PSDs).

As our light curves contain gaps, to build the PSDs over a wide
range of Fourier frequencies we stitch together PSD segments created
from light curves imaged/extracted with different time-bin sizes. In
particular, by building light curves on time-scales larger than the
gaps, we can manufacture a continuous time-series with which we
are able to probe a lower Fourier frequency range. For the radio
frequency VLA data, we use three PSD segments, built from light
curves with 5 s (final PSD segment is an average over 100 s chunks),
60 s (final PSD segment is an average over 15 min chunks), and

10https://stingray.readthedocs.io/en/latest/

Figure 3. Fourier power spectra (PSDs) of optical (0.7711 µm; ULTRA-
CAM), infrared (2.2 µm; HAWK-I), sub-mm (343.5 GHz; ALMA) and radio
(5.25–25.9 GHz; VLA) emission from MAXI J1820+070. Note that PSDs
of the X-ray bands are shown separately in Fig. 4 for clarity. The PSDs
shown here were built by stitching together PSD segments created from data
imaged/extracted with different time-bin sizes (with the shortest time-scales
sampled being 0.01/0.065/2/5 s for the optical/infrared/sub-mm/radio bands;
see Section 3.2 for details), in order to circumvent the gaps in the light curves
and sample the lower Fourier frequencies. In these PSDs, we observe a clear
trend in the shape of the PSDs with electromagnetic frequency band, where
the break in the PSDs moves to lower Fourier frequencies as we shift to lower
electromagnetic frequency bands. Note that all PSDs shown here have been
white-noise subtracted, and the pre-white noise subtracted PSDs are shown
in Appendix B.

Figure 4. Fourier power spectra (PSDs) of the NICER and XMM–Newton
X-ray emission from MAXI J1820+070. Note that the X-ray PSDs shown
here have been white-noise subtracted, and the pre-white noise subtracted
PSDs are shown in Appendix B.
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240 s (final PSD segment is an average over 90, 108, 132 min chunks
for 20.9/5.9, 8.5/11, 5.25/7.45 GHz bands, respectively) time-bins.
For the sub-mm frequency ALMA data, we use two PSD segments,
built from light curves with 2 s (final PSD segment is an average
over 180 s chunks) and 90 s (final PSD segment is an average over
50 min chunks) time-bins. For the infrared/optical frequency data,
we use two PSD segments, built from light curves with 0.0625/0.01 s
(final PSD segment is an average over 15/0.75 s chunks) and 10/0.5 s
(final PSD segment is an average over 200 s chunks for both) time-
bins. For the NICER/XMM–Newton X-ray frequency data, we use
only one PSD segment, built from light curves with 0.01/0.004 s
time-bins (final PSD segment is an average over 50/30 s chunks).
The number of segments/chunk sizes were chosen based on the gap
time-scales, and to reduce the noise in the PSDs. Further, a geometric
re-binning in frequency was applied (factor of f = 0.2 for radio–sub-
mm, f = 0.05 for infrared/optical, and f = 0.15 for X-ray, where each
bin-size is 1 + f times larger than the previous bin size) to reduce the
scatter at higher Fourier frequencies in all the PSDs. The PSDs are
normalized using the fractional rms-squared formalism (Belloni &
Hasinger 1990), and white noise has been subtracted.11 White noise
levels were estimated by fitting a constant to the highest Fourier
frequencies (see Appendix B).

The PSDs all appear to display a broken power-law type form,
where the highest power occurs at the lowest Fourier frequencies
(corresponding to the longest time-scales sampled). However, there
are clear differences between the PSD shape for the different bands,
where the break in the PSDs moves to lower Fourier frequencies as we
shift to lower electromagnetic frequency bands. The same effect can
be seen when examining the smallest time-scales (or highest Fourier
frequencies) at which significant power is observed in each band
(i.e. 10 s at 343.5 GHz, 100 s at 20.9/25.9 GHz, and 500 s at 5.25–
11 GHz). This is the first time an evolving PSD with electromagnetic
frequency has been observed from a BHXB.

To quantitatively characterize the evolving PSDs with electromag-
netic frequency band that we observe in our data, we consider two
different metrics: (1) integrated fractional rms amplitude (computed
in the Fourier frequency range 10−4–50 Hz) and (2) location of
the PSD break. Fig. 5 displays each of these metrics as a function
of electromagnetic frequency band (and also shows the slope after
the PSD break as a function of electromagnetic frequency band).
To estimate the break frequencies (and slopes after the break) in
the PSDs, we have used a Markov Chain Monte Carlo algorithm
(MCMC; implemented in the EMCEE python package; Foreman-
Mackey et al. 2013) to fit each PSD with a phenomenological model.

It is commonplace in the BHXB literature to fit X-ray PSDs with
Lorentzian components (Belloni et al. 2002). However, we found
that for the radio, sub-mm, infrared, and optical PSDs a Lorentzian
component could not fit the highest Fourier frequencies well, as
we observe a much steeper damping of the power at these Fourier
frequencies when compared to the X-ray PSDs (although see a
discussion in Appendix B of how windowing and oversubtraction
of white noise can impact the PSDs at higher Fourier frequencies).
Therefore, to better model the more severe damping in the power that
we see in the radio-optical PSDs, we choose to use a broken power-
law component rather than a Lorentzian. Specifically, to fit the radio
and sub-mm PSDs, we use only a broken power-law component, to
fit the infrared/optical PSDs we use a broken power-law component

11For the X-ray/optical/IR data, the white noise should be dominated by
Poisson/counting noise, while in the radio/sub-mm the white noise is likely
due to a combination of atmospheric/instrumental effects.

Figure 5. Variability characteristics of the emission from MAXI J1820+070,
derived from the PSDs shown in Figs 3 and 4. From top to bottom: The
panels show the Fourier frequency of the PSD break, integrated fractional
RMS, and the slope above the PSD break (as we only fit the X-ray PSDs
with Lorentzian components, no PSD slope is shown for these bands). The
colours of the data points in all panels correspond to the same colours of the
electromagnetic frequency bands in Figs 3 and 4. We observe a clear trend
with electromagnetic frequency in all of these quantities, except for the slope
above the PSD breaks, which remains relatively constant (within error) across
the radio-optical bands.

for the highest Fourier frequencies+Lorentzian component(s) for
the lower Fourier frequencies, and to fit the X-ray PSDs we use
only Lorentzian components. Additionally, we tested how the PSD
break varies with the chosen model, finding that different models
do not lead to significant differences in the inferred PSD break (see
Appendix C). In our fitting process, we use wide uniform priors for
all parameters. The best-fitting result is taken as the median of the
resulting posterior distributions, and the uncertainties are reported as
the range between the median and the 15th percentile (−), and the
85th percentile and the median (+), corresponding approximately to
1σ errors. The best-fitting model parameters can be found in Table 2,
while the fits are displayed with residuals in Appendix C.

Fig. 5 clearly shows that the PSD break frequency and inte-
grated fractional rms amplitude both change with electromagnetic
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240 s (final PSD segment is an average over 90, 108, 132 min chunks
for 20.9/5.9, 8.5/11, 5.25/7.45 GHz bands, respectively) time-bins.
For the sub-mm frequency ALMA data, we use two PSD segments,
built from light curves with 2 s (final PSD segment is an average
over 180 s chunks) and 90 s (final PSD segment is an average over
50 min chunks) time-bins. For the infrared/optical frequency data,
we use two PSD segments, built from light curves with 0.0625/0.01 s
(final PSD segment is an average over 15/0.75 s chunks) and 10/0.5 s
(final PSD segment is an average over 200 s chunks for both) time-
bins. For the NICER/XMM–Newton X-ray frequency data, we use
only one PSD segment, built from light curves with 0.01/0.004 s
time-bins (final PSD segment is an average over 50/30 s chunks).
The number of segments/chunk sizes were chosen based on the gap
time-scales, and to reduce the noise in the PSDs. Further, a geometric
re-binning in frequency was applied (factor of f = 0.2 for radio–sub-
mm, f = 0.05 for infrared/optical, and f = 0.15 for X-ray, where each
bin-size is 1 + f times larger than the previous bin size) to reduce the
scatter at higher Fourier frequencies in all the PSDs. The PSDs are
normalized using the fractional rms-squared formalism (Belloni &
Hasinger 1990), and white noise has been subtracted.11 White noise
levels were estimated by fitting a constant to the highest Fourier
frequencies (see Appendix B).

The PSDs all appear to display a broken power-law type form,
where the highest power occurs at the lowest Fourier frequencies
(corresponding to the longest time-scales sampled). However, there
are clear differences between the PSD shape for the different bands,
where the break in the PSDs moves to lower Fourier frequencies as we
shift to lower electromagnetic frequency bands. The same effect can
be seen when examining the smallest time-scales (or highest Fourier
frequencies) at which significant power is observed in each band
(i.e. 10 s at 343.5 GHz, 100 s at 20.9/25.9 GHz, and 500 s at 5.25–
11 GHz). This is the first time an evolving PSD with electromagnetic
frequency has been observed from a BHXB.

To quantitatively characterize the evolving PSDs with electromag-
netic frequency band that we observe in our data, we consider two
different metrics: (1) integrated fractional rms amplitude (computed
in the Fourier frequency range 10−4–50 Hz) and (2) location of
the PSD break. Fig. 5 displays each of these metrics as a function
of electromagnetic frequency band (and also shows the slope after
the PSD break as a function of electromagnetic frequency band).
To estimate the break frequencies (and slopes after the break) in
the PSDs, we have used a Markov Chain Monte Carlo algorithm
(MCMC; implemented in the EMCEE python package; Foreman-
Mackey et al. 2013) to fit each PSD with a phenomenological model.

It is commonplace in the BHXB literature to fit X-ray PSDs with
Lorentzian components (Belloni et al. 2002). However, we found
that for the radio, sub-mm, infrared, and optical PSDs a Lorentzian
component could not fit the highest Fourier frequencies well, as
we observe a much steeper damping of the power at these Fourier
frequencies when compared to the X-ray PSDs (although see a
discussion in Appendix B of how windowing and oversubtraction
of white noise can impact the PSDs at higher Fourier frequencies).
Therefore, to better model the more severe damping in the power that
we see in the radio-optical PSDs, we choose to use a broken power-
law component rather than a Lorentzian. Specifically, to fit the radio
and sub-mm PSDs, we use only a broken power-law component, to
fit the infrared/optical PSDs we use a broken power-law component

11For the X-ray/optical/IR data, the white noise should be dominated by
Poisson/counting noise, while in the radio/sub-mm the white noise is likely
due to a combination of atmospheric/instrumental effects.

Figure 5. Variability characteristics of the emission from MAXI J1820+070,
derived from the PSDs shown in Figs 3 and 4. From top to bottom: The
panels show the Fourier frequency of the PSD break, integrated fractional
RMS, and the slope above the PSD break (as we only fit the X-ray PSDs
with Lorentzian components, no PSD slope is shown for these bands). The
colours of the data points in all panels correspond to the same colours of the
electromagnetic frequency bands in Figs 3 and 4. We observe a clear trend
with electromagnetic frequency in all of these quantities, except for the slope
above the PSD breaks, which remains relatively constant (within error) across
the radio-optical bands.

for the highest Fourier frequencies+Lorentzian component(s) for
the lower Fourier frequencies, and to fit the X-ray PSDs we use
only Lorentzian components. Additionally, we tested how the PSD
break varies with the chosen model, finding that different models
do not lead to significant differences in the inferred PSD break (see
Appendix C). In our fitting process, we use wide uniform priors for
all parameters. The best-fitting result is taken as the median of the
resulting posterior distributions, and the uncertainties are reported as
the range between the median and the 15th percentile (−), and the
85th percentile and the median (+), corresponding approximately to
1σ errors. The best-fitting model parameters can be found in Table 2,
while the fits are displayed with residuals in Appendix C.

Fig. 5 clearly shows that the PSD break frequency and inte-
grated fractional rms amplitude both change with electromagnetic

MNRAS 504, 3862–3883 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/504/3/3862/6179877 by IN
AF R

om
a (O

sservatorio Astronom
ico di R

om
a) user on 04 April 2022

3870 A. J. Tetarenko et al.

Figure 6. CCFs between emission at different radio frequency bands from MAXI J1820+070 (a positive lag indicates that the lower radio frequency band lags
the higher radio frequency band). The panels compare radio signals between 25.9/20.9 GHz (top left), 25.9/11.0 GHz (top right), 25.9/8.5 GHz (middle left),
25.9/7.45 GHz (middle right), 11.0/8.5 GHz (bottom left), and 11.0/7.45 GHz (bottom right). The insets show a zoomed in version of the CCFs near the peak.
The black dotted line and grey shading indicates the peak of the CCF and its associated confidence interval (where the measured lag is labelled at the top of
each panel). The black dotted lines mark the 95/99 per cent significance levels (see Section 3.3). We measure clear time lags between the radio signals at various
bands on the order of minutes.

3.3.1 Radio – radio lags

Fig. 6 displays the CCFs comparing the time-series signals between
the different radio frequency bands sampled. We measure clear time-
lags between several radio bands on time-scales between 1 and 8 min
(see Table 3), indicating that the radio signals are correlated. The
lower radio frequency bands always lag the higher radio frequency
bands, and this lag increases as the observing frequency decreases
in the comparison band. As lower radio frequencies probe further
downstream from the black hole in the jet flow, these patterns in
radio–radio time-lag are consistent with the measured lags tracing the

propagation of material along the radio emission regions in the jet. We
note that all of our radio-radio CCFs display symmetric peaks at the
measured time-lag, which reach or exceed the 99 per cent significance
level, and also show roughly the same width, indicating that the
observed lags likely correspond to variations on comparable time-
scales. Therefore, we consider the detected time lags statistically
significant, and are confident they are tracking a real correlation
between the light curves. However, we also note that in all our CCFs
there exist secondary peaks (which are likely the result of red noise)
at ∼−170/140 min that can at times approach the 95/99 per cent
significance levels, but still remain less significant than the measured
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Figure 7. Modelling the sub-mm–radio lags in MAXI J1820+070. In each panel, the top sub-panel displays the VLA radio light curves (black circles),
with the result of our jet filter model (solid orange line; best fit parameters in Table 4) overplotted, while the bottom sub-panel displays the residuals (data-
model/uncertainties). By passing the ALMA sub-mm signal through our jet filter model, we can reproduce the observed radio signals extremely well, and in
turn reliably estimate the sub-mm–radio lags in this case.

4 M O D E L L I N G J E T T I M I N G
C H A R AC T E R I S T I C S

In Section 3, we presented measurements of several quantities charac-
terizing the variable emission we observed from MAXI J1820+070
(e.g. PSD breaks and lags). All of these measured quantities can be
predicted by the compact jet model of Blandford & Königl (1979),
depending on jet properties: jet power (P), speed (β = v/c), opening
angle (φ), inclination angle of the jet axis (i), distance (D), and
particle properties (filling factor f, equipartition fraction14 between
the particles and the magnetic field ξB).

14In this model, the particle pressure is a fixed fraction of the magnetic
pressure, such that, ppart = pmag

ξB
.

Following the formalism outlined in Heinz (2006), the observed
jet flux density (in units of erg s−1cm−2Hz−1) at electromagnetic
frequency, ν, can be expressed as

Fν = 5.1
4πD2

z17/8
ν sin i7/8φ9/8C0C

−7/8
1 δ1/4

(
ν

νref

)α

, (3)

where zν represents the distance downstream (along the spine of the
jet, in units of cm) from the black hole to the τ ν(zν) = 1 surface, δ

= ([1 − βcos i]−1 represents the Doppler factor, ( = [1 − β2]−0.5

represents the bulk Lorentz factor, α represents the spectral index for
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Figure 8. CCFs between XMM–Newton X-ray/optical (left) and optical/infrared (right) emission from MAXI J1820+070 (a positive lag indicates that the
lower electromagnetic frequency band lags the higher electromagnetic frequency band). The insets show a zoomed in version of the CCFs near the peak, while
the black dotted line and grey shading indicates the peak of the CCF and its associated confidence interval. The optical/infrared CCF shows a lag consistent
with zero (−18+30

−50 ms), while the X-ray/optical emission shows a much more complex CCF structure [similar to that reported by Paice et al. (2019) for other

observations of this source], including a peak at 151+500
−700 ms.

Table 5. Jet modelling results.

Parameter Best-fitting value Model statusc

Jet power (log W; erg s−1)a 36.98+0.27
−0.35 Free

Jet speed (!)b 6.81+1.06
−1.15 Free

Jet opening angle (φ; deg) 0.45+0.13
−0.11 Free

Spectral index (α) 0.25+0.02
−0.02 Free

Distance (D; kpc) 2.96 ± 0.33 Known
Inclination angle (i; deg) 63 ± 3 Known
Filling factor (f) 1 Fixed
Equipartition fraction (ξB) 1 Fixed
Proton contribution (ξp) 0 Fixed
aGiven the posterior distribution of W, we estimate the distribution of the total
power (P = W!), by performing Monte Carlo simulations sampling from the
W and ! distributions 10 000 times to yield, log P = 37.79+0.31

−0.38.
bGiven the posterior distribution of !, we estimate the distribution of the
corresponding bulk jet speeds (β), by performing Monte Carlo simulations
sampling from the ! distribution 10 000 times to yield, β = 0.98+0.01

−0.01.
cThis column indicates whether a parameter was left free, fixed, or known
from an independent study (in this case we sampled from the known
distribution in the fitting process).

the VLBA20 on 2018 March 16 (about a month prior to the fast timing
observations; see Fig. 11). Through fitting the source with a Gaussian
in the image plane, we measure the jet size scale in the plane of the sky
to be l = 0.52 ± 0.02 mas at 15 GHz. To transform this measurement
into a physical distance, we can use the following relation:

zvlba = (1.49 × 1013)
lmasDkpc

sin i
cm, (8)

Substituting in the known values of D = 2.96 kpc and i = 63 deg,
results in zvlba = 25.7 × 1012 cm, which is remarkably close to our
best-fitting model prediction (cyan X in Fig. 9 middle).

5 D ISCUSSION

In this work, we have discovered highly variable, correlated multi-
band emission from the BHXB MAXI J1820+070. Using Fourier

20For details on these VLBA observations (Project Code: BM467) and the
data reduction process please see Atri et al. (2020).

and cross-correlation analyses, we measured the variability charac-
teristics of the emission, and modelled these variability characteris-
tics to directly estimate jet properties (e.g. power, speed, geometry,
size scale). In the following sections, we discuss these jet properties,
putting them into context with previous studies of MAXI J1820+070,
as well as other BHXB systems. Additionally, we highlight the
technical capabilities and instrumental advancements needed to push
these types of BHXB spectral timing studies forwards.

5.1 Jet properties

5.1.1 Jet size-scales

In our Fourier analysis of the emission from MAXI J1820+070
(presented in Figs 3 and 4), we discovered a clear evolution in
the shape of the PSDs with electromagnetic frequency band. In
particular, the PSD break frequency appears to scale inversely
with electromagnetic frequency band through the jet-emitting bands
(radio-optical), before leveling off into a plateau as we reach the X-
ray band (see Fig. 5). This trend matches the relationship we expect
to see between the downstream distance of the emitting region from
the black hole and electromagnetic frequency band. Thus, measuring
the PSD break frequency at several bands has allowed us to, for the
first time, map out the jet size scale with electromagnetic frequency
(see Table 2; note that Vincentelli et al. 2019 have also previously
suggested a tentative connection between high Fourier frequency IR
PSD features and the jet size scale for GX 339–4).

Our jet size scale predictions show remarkable consistency with
previous work on MAXI J1820+070. For example, Paice et al. (2019)
presented optical (gs band; equivalent to 6.4 × 105 GHz) observations
of MAXI J1820+070, taken 5 d after our observations. The gs band
PSD displays a break ∼5–50 Hz, whereas our model predicts the
PSD break at 12.4 Hz (although we note that there may be other
sources of optical emission from the system; Veledina et al. 2019;
Kosenkov et al. 2020). Additionally, Markoff et al. (2020) present
an upper limit of <0.1 mas for the size scale of the infrared emitting
region (in the plane of the sky) in MAXI J1820+070, from direct
imaging with the GRAVITY instrument on the VLT Interferometer
(observations taken between 2018 May 31 and June 1, while the
system was still in the hard state). This measurement corresponds to
physical scales of !1012 cm (assuming a distance of 2.96 kpc), in

MNRAS 504, 3862–3883 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/504/3/3862/6179877 by IN
AF R

om
a (O

sservatorio Astronom
ico di R

om
a) user on 04 April 2022

3874 A. J. Tetarenko et al.

Figure 8. CCFs between XMM–Newton X-ray/optical (left) and optical/infrared (right) emission from MAXI J1820+070 (a positive lag indicates that the
lower electromagnetic frequency band lags the higher electromagnetic frequency band). The insets show a zoomed in version of the CCFs near the peak, while
the black dotted line and grey shading indicates the peak of the CCF and its associated confidence interval. The optical/infrared CCF shows a lag consistent
with zero (−18+30

−50 ms), while the X-ray/optical emission shows a much more complex CCF structure [similar to that reported by Paice et al. (2019) for other

observations of this source], including a peak at 151+500
−700 ms.

Table 5. Jet modelling results.

Parameter Best-fitting value Model statusc

Jet power (log W; erg s−1)a 36.98+0.27
−0.35 Free

Jet speed (!)b 6.81+1.06
−1.15 Free

Jet opening angle (φ; deg) 0.45+0.13
−0.11 Free

Spectral index (α) 0.25+0.02
−0.02 Free

Distance (D; kpc) 2.96 ± 0.33 Known
Inclination angle (i; deg) 63 ± 3 Known
Filling factor (f) 1 Fixed
Equipartition fraction (ξB) 1 Fixed
Proton contribution (ξp) 0 Fixed
aGiven the posterior distribution of W, we estimate the distribution of the total
power (P = W!), by performing Monte Carlo simulations sampling from the
W and ! distributions 10 000 times to yield, log P = 37.79+0.31

−0.38.
bGiven the posterior distribution of !, we estimate the distribution of the
corresponding bulk jet speeds (β), by performing Monte Carlo simulations
sampling from the ! distribution 10 000 times to yield, β = 0.98+0.01

−0.01.
cThis column indicates whether a parameter was left free, fixed, or known
from an independent study (in this case we sampled from the known
distribution in the fitting process).

the VLBA20 on 2018 March 16 (about a month prior to the fast timing
observations; see Fig. 11). Through fitting the source with a Gaussian
in the image plane, we measure the jet size scale in the plane of the sky
to be l = 0.52 ± 0.02 mas at 15 GHz. To transform this measurement
into a physical distance, we can use the following relation:

zvlba = (1.49 × 1013)
lmasDkpc

sin i
cm, (8)

Substituting in the known values of D = 2.96 kpc and i = 63 deg,
results in zvlba = 25.7 × 1012 cm, which is remarkably close to our
best-fitting model prediction (cyan X in Fig. 9 middle).

5 D ISCUSSION

In this work, we have discovered highly variable, correlated multi-
band emission from the BHXB MAXI J1820+070. Using Fourier

20For details on these VLBA observations (Project Code: BM467) and the
data reduction process please see Atri et al. (2020).

and cross-correlation analyses, we measured the variability charac-
teristics of the emission, and modelled these variability characteris-
tics to directly estimate jet properties (e.g. power, speed, geometry,
size scale). In the following sections, we discuss these jet properties,
putting them into context with previous studies of MAXI J1820+070,
as well as other BHXB systems. Additionally, we highlight the
technical capabilities and instrumental advancements needed to push
these types of BHXB spectral timing studies forwards.

5.1 Jet properties

5.1.1 Jet size-scales

In our Fourier analysis of the emission from MAXI J1820+070
(presented in Figs 3 and 4), we discovered a clear evolution in
the shape of the PSDs with electromagnetic frequency band. In
particular, the PSD break frequency appears to scale inversely
with electromagnetic frequency band through the jet-emitting bands
(radio-optical), before leveling off into a plateau as we reach the X-
ray band (see Fig. 5). This trend matches the relationship we expect
to see between the downstream distance of the emitting region from
the black hole and electromagnetic frequency band. Thus, measuring
the PSD break frequency at several bands has allowed us to, for the
first time, map out the jet size scale with electromagnetic frequency
(see Table 2; note that Vincentelli et al. 2019 have also previously
suggested a tentative connection between high Fourier frequency IR
PSD features and the jet size scale for GX 339–4).

Our jet size scale predictions show remarkable consistency with
previous work on MAXI J1820+070. For example, Paice et al. (2019)
presented optical (gs band; equivalent to 6.4 × 105 GHz) observations
of MAXI J1820+070, taken 5 d after our observations. The gs band
PSD displays a break ∼5–50 Hz, whereas our model predicts the
PSD break at 12.4 Hz (although we note that there may be other
sources of optical emission from the system; Veledina et al. 2019;
Kosenkov et al. 2020). Additionally, Markoff et al. (2020) present
an upper limit of <0.1 mas for the size scale of the infrared emitting
region (in the plane of the sky) in MAXI J1820+070, from direct
imaging with the GRAVITY instrument on the VLT Interferometer
(observations taken between 2018 May 31 and June 1, while the
system was still in the hard state). This measurement corresponds to
physical scales of !1012 cm (assuming a distance of 2.96 kpc), in

MNRAS 504, 3862–3883 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/504/3/3862/6179877 by IN
AF R

om
a (O

sservatorio Astronom
ico di R

om
a) user on 04 April 2022

Opt-IR

A. Tetarenko, PC, et al. 2021
Strong jet variability

“typical” ~0.1 sec OIR delay

Opt/X

-0.1

-0.05

 0

 0.05

 0.1

-10 -5  0  5  10

C
C

F

IR Lag (s)

-0.1

-0.08

-0.06

-0.04

-0.02

 0

 0.02

-1.5 -1 -0.5  0  0.5  1  1.5

C
C

F

IR Lag (s)

IR/X

MAXI J1820+070 Jet variability 3867

Figure 2. Time-averaged broad-band spectrum of our radio–X-ray data of
MAXI J1820+070 (see Table 1 and Sections 2.3–2.5). The colours of the
data points correspond to the same colours of the electromagnetic frequency
bands in Fig. 1. The radio through sub-mm data appear to lie on the slightly
inverted optically thick portion of the jet spectrum (spectral index αthick ∼
0.25), while the infrared and optical data appear to lie on the steep optically
thin portion of the jet spectrum (spectral index αthin ∼ −0.5).

(∼100 mJy), when compared to the lower frequency radio bands
(∼5–20 mJy). Further, the sub-mm band shows a higher average flux
level when compared to the radio bands (∼125 mJy in the sub-mm
versus ∼46–60 mJy in the radio bands; see Table 1), indicating an
inverted optically thick radio through sub-mm spectrum. The infrared
and optical bands appear to not lie on the extension of the radio–sub-
mm spectrum, but rather on the steep optically thin portion of the
jet spectrum, indicating the jet spectral break lies between the sub-
mm and infrared bands (see Fig. 2). This result is consistent with
previous reports of bright mid-IR emission in excess of the optical
emission during the hard state of the outburst (Russell et al. 2018).
All of these emission patterns are consistent with the radio, sub-mm,
infrared, and optical emission originating in a compact jet, where the
higher electromagnetic frequency emission is emitted from a region
closer to the black hole (with a smaller cross-section), while the
lower electromagnetic frequency emission is emitted from regions
further downstream in the jet flow (with larger cross-sections).

3.2 Fourier power spectra

To characterize the variability we observe in the light curves of MAXI
J1820+070, we opted to perform a Fourier analysis on the data.
We use the STINGRAY software package10 for this Fourier analysis
(Huppenkothen et al. 2016, 2019), and Figs 3 and 4 display the
resulting power spectral densities (PSDs).

As our light curves contain gaps, to build the PSDs over a wide
range of Fourier frequencies we stitch together PSD segments created
from light curves imaged/extracted with different time-bin sizes. In
particular, by building light curves on time-scales larger than the
gaps, we can manufacture a continuous time-series with which we
are able to probe a lower Fourier frequency range. For the radio
frequency VLA data, we use three PSD segments, built from light
curves with 5 s (final PSD segment is an average over 100 s chunks),
60 s (final PSD segment is an average over 15 min chunks), and

10https://stingray.readthedocs.io/en/latest/

Figure 3. Fourier power spectra (PSDs) of optical (0.7711 µm; ULTRA-
CAM), infrared (2.2 µm; HAWK-I), sub-mm (343.5 GHz; ALMA) and radio
(5.25–25.9 GHz; VLA) emission from MAXI J1820+070. Note that PSDs
of the X-ray bands are shown separately in Fig. 4 for clarity. The PSDs
shown here were built by stitching together PSD segments created from data
imaged/extracted with different time-bin sizes (with the shortest time-scales
sampled being 0.01/0.065/2/5 s for the optical/infrared/sub-mm/radio bands;
see Section 3.2 for details), in order to circumvent the gaps in the light curves
and sample the lower Fourier frequencies. In these PSDs, we observe a clear
trend in the shape of the PSDs with electromagnetic frequency band, where
the break in the PSDs moves to lower Fourier frequencies as we shift to lower
electromagnetic frequency bands. Note that all PSDs shown here have been
white-noise subtracted, and the pre-white noise subtracted PSDs are shown
in Appendix B.

Figure 4. Fourier power spectra (PSDs) of the NICER and XMM–Newton
X-ray emission from MAXI J1820+070. Note that the X-ray PSDs shown
here have been white-noise subtracted, and the pre-white noise subtracted
PSDs are shown in Appendix B.
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Figure 7. Modelling the sub-mm–radio lags in MAXI J1820+070. In each panel, the top sub-panel displays the VLA radio light curves (black circles),
with the result of our jet filter model (solid orange line; best fit parameters in Table 4) overplotted, while the bottom sub-panel displays the residuals (data-
model/uncertainties). By passing the ALMA sub-mm signal through our jet filter model, we can reproduce the observed radio signals extremely well, and in
turn reliably estimate the sub-mm–radio lags in this case.

4 M O D E L L I N G J E T T I M I N G
C H A R AC T E R I S T I C S

In Section 3, we presented measurements of several quantities charac-
terizing the variable emission we observed from MAXI J1820+070
(e.g. PSD breaks and lags). All of these measured quantities can be
predicted by the compact jet model of Blandford & Königl (1979),
depending on jet properties: jet power (P), speed (β = v/c), opening
angle (φ), inclination angle of the jet axis (i), distance (D), and
particle properties (filling factor f, equipartition fraction14 between
the particles and the magnetic field ξB).

14In this model, the particle pressure is a fixed fraction of the magnetic
pressure, such that, ppart = pmag

ξB
.

Following the formalism outlined in Heinz (2006), the observed
jet flux density (in units of erg s−1cm−2Hz−1) at electromagnetic
frequency, ν, can be expressed as

Fν = 5.1
4πD2

z17/8
ν sin i7/8φ9/8C0C

−7/8
1 δ1/4

(
ν

νref

)α

, (3)

where zν represents the distance downstream (along the spine of the
jet, in units of cm) from the black hole to the τ ν(zν) = 1 surface, δ

= ([1 − βcos i]−1 represents the Doppler factor, ( = [1 − β2]−0.5

represents the bulk Lorentz factor, α represents the spectral index for
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Table 4. Sub-mm-radio lag modelling results.

Frequency bands Time lag σsmooth zsmooth
Compared (GHz) (min) (s) ×1011(cm)a

343.5/25.9 4.5+0.2
−0.4 6.5+0.6

−0.6 0.5+0.1
−0.1

343.5/20.9 5.5+1.2
−1.0 9.2+1.6

−1.2 0.7+0.2
−0.2

343.5/11.0 12.6+1.2
−1.3 13.8+2.1

−1.6 1.1+0.3
−0.2

343.5/8.5 15.7+1.7
−1.8 17.7+3.1

−2.1 1.4+0.4
−0.3

343.5/7.45 16.7+2.2
−1.7 21.8+3.8

−2.4 1.8+0.5
−0.4

343.5/5.25 23.6+4.5
−3.1 37.5+8.6

−4.2 3.1+1.0
−0.7

aComputed using the formalism, zsmooth = βexpcδσ smooth. Here, we sample
from the best-fitting $ and φ distributions along with the known i distribution
(see Sections 3.3.2 and 4 for details). The expansion velocity is computed
using the relation, βexp = tan φ[$2{1 − (βcos i)2} − 1]0.5 (Tetarenko et al.
2017).

the time-averaged spectrum,15 νref represents a reference frequency
to anchor the time-averaged spectrum (we set νref = 20.9 GHz, in the
middle of the electromagnetic frequency range covered), and C0/C1

are the constants (Rybicki & Lightman 1979),

C0 = (2.4 × 10−17)

(
2ξ

3/4
B f

1 + ξp

)(
2

1 + ξB

)7/4 (8.4 GHz
ν

)1/2

≡ (8.4)1/2X0ν
−1/2 erg s−1 cm−3 Hz−1

C1 = (2.3 × 10−12)
(

2ξB

1 + ξp

)(
2

1 + ξB

)2 (8.4 GHz
ν

)3

f

≡ (8.4)3X1ν
−3 cm−1. (4)

Here, ξB represents the equipartition fraction, we set the proton
contribution term ξ p = 0 to signify a purely leptonic jet with no
protons,16 and we group constant terms (including ξ p and ξB) into
the X0 and X1 constants.

The kinetic jet power (including the counter-jet contribution, but
not the kinetic energy from the bulk motion) can be expressed as a
function of distance downstream in the jet (z) as

W = 2
[
4p$2βcπ(φz)2] erg s−1, (5)

where jet pressure p =
√

sin i
2C1δ2φzν

(
z
zν

)−2
and c is the speed of

light. The power contribution from the kinetic energy due to the bulk
motion can be expressed as, WKE = [$ − 1]W. Therefore, the total
power becomes P = W + WKE = W$.

Rearranging equation (5), and substituting in the expression for
jet pressure, yields

zν =
(

W

8$2βcπφ3/2

)2/3 (2X1(8.4)3δ2

sin i

)1/3

ν−1 cm. (6)

Note that in Section 3, we have discussed the factors that may govern
the PSD break. While we realized that this was far from a simple
question, to first order we interpret the PSD breaks at each electro-

15The Blandford & Königl (1979) jet model results in a flat spectrum (α =
0), but the radio–sub-mm MAXI J1820+070 spectrum is clearly inverted, so
we add an additional term to account for this here.
16ξp is defined in terms of the proton contribution to the particle pressure;

pproton = ξp
1+ξp

ppart.

magnetic frequency, ν, as tracing zν . To transform between the two
quantities, we employ the prescription, f break = βcδ

zν
(see Table 2).17

Lastly, an observed time lag between two electromagnetic fre-
quency bands can be written as follows:

τlag = znorm

(
1

νlow
− 1

νhigh

)
(1 − β cos i)

βc
s, (7)

where ν low and νhigh represent the lower and higher electromagnetic
frequency bands being compared, the (1 − βcos i) term represents a
correction due to the transverse Doppler effect,18 and znorm = zνν is
the constant displayed on the right side of equation (6).

Overall, equations (3) through (7) can allow us to predict average
flux densities, PSD breaks, and lags. However, if we fit these data
dimensions separately, the jet parameters in the model (W, β, φ, i,
D) will be highly degenerate. Alternatively, if we simultaneously
fit all the data, tying the parameters between the data dimensions,
we can help to break this degeneracy. Further, in the case of MAXI
J1820+070, there exist independent constraints on the the distance
(D) and inclination angle (i) from radio parallax measurements (Atri
et al. 2020; Bright et al. 2020), which also help to reduce degeneracy
in the model.

To solve for the jet power, opening angle, and speed, we use a
MCMC algorithm to simultaneously fit the average jet spectrum
(Table 1), PSD breaks (Table 2), radio-radio lags (Table 3), and sub-
mm-radio lags (Table 4). In this fitting process, we independently
sample from the known distance (D = 2.96 ± 0.33 kpc) and
inclination angle (i = 63 ± 3◦) distributions, fix the filling factor19

(f = 1) and particle properties (ξB = 1, ξ p = 0), and leave the jet power
(W), speed ($), opening angle (φ), and spectral index (α) as free
parameters. We use wide uniform priors for all of our free parameters.
Additionally, we take steps to make the model more computationally
efficient, by choosing to fit for the bulk Lorentz factor $ rather
than β (thereby avoiding hard boundaries for the speed parameter),
and choosing to fit for log W rather than W (thereby avoiding very
large numbers). The best-fitting result is taken as the median of the
resulting posterior distributions, and the uncertainties are reported as
the range between the median and the 15th percentile (−), and the
85th percentile and the median (+), corresponding approximately to
1σ errors. Table 5 shows the best-fitting parameters, Fig. 9 displays
the best-fitting model overlaid on the data, and corner plots displaying
the posterior distributions and two-parameter correlations can be
found in Fig. 10. The Blandford & Königl (1979) jet model can
reproduce the different dimensions of our data quite well. Modelling
our data with more complex jet models (e.g. Malzac et al. 2018) will
be considered in future work.

As a further test of the accuracy of the model, we can compare the
predictions of the best-fitting model to a jet elongation measurement
made independently with Very Long Baseline Array (VLBA) imag-
ing of the MAXI J1820+070 jet. We imaged MAXI J1820+070 with

17Under the assumption of a conical jet, the distance downstream and the jet
cross-section will be linked. Therefore, we also ran an alternate version of our
MCMC modelling, where we assume the PSD breaks are explicitly linked
to the jet cross-section instead; f break = βexpcδ/2zν tan φ. This alternate
prescription produced best-fit parameters that were very similar to the original
modelling runs, attesting to the robustness of our modelling results.
18The transverse Doppler effect describes the situation where the observed
interval between the reception of two photons is smaller than the emission
interval.
19Note that setting a lower filling factor value mainly affects the jet power
parameter (where lower f values lead to higher power estimates), while the
other parameters do not change as significantly.
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Table 4. Sub-mm-radio lag modelling results.

Frequency bands Time lag σsmooth zsmooth
Compared (GHz) (min) (s) ×1011(cm)a

343.5/25.9 4.5+0.2
−0.4 6.5+0.6

−0.6 0.5+0.1
−0.1

343.5/20.9 5.5+1.2
−1.0 9.2+1.6

−1.2 0.7+0.2
−0.2

343.5/11.0 12.6+1.2
−1.3 13.8+2.1

−1.6 1.1+0.3
−0.2

343.5/8.5 15.7+1.7
−1.8 17.7+3.1

−2.1 1.4+0.4
−0.3

343.5/7.45 16.7+2.2
−1.7 21.8+3.8

−2.4 1.8+0.5
−0.4

343.5/5.25 23.6+4.5
−3.1 37.5+8.6

−4.2 3.1+1.0
−0.7

aComputed using the formalism, zsmooth = βexpcδσ smooth. Here, we sample
from the best-fitting $ and φ distributions along with the known i distribution
(see Sections 3.3.2 and 4 for details). The expansion velocity is computed
using the relation, βexp = tan φ[$2{1 − (βcos i)2} − 1]0.5 (Tetarenko et al.
2017).

the time-averaged spectrum,15 νref represents a reference frequency
to anchor the time-averaged spectrum (we set νref = 20.9 GHz, in the
middle of the electromagnetic frequency range covered), and C0/C1

are the constants (Rybicki & Lightman 1979),

C0 = (2.4 × 10−17)

(
2ξ

3/4
B f

1 + ξp

)(
2

1 + ξB

)7/4 (8.4 GHz
ν

)1/2

≡ (8.4)1/2X0ν
−1/2 erg s−1 cm−3 Hz−1

C1 = (2.3 × 10−12)
(

2ξB

1 + ξp

)(
2

1 + ξB

)2 (8.4 GHz
ν

)3

f

≡ (8.4)3X1ν
−3 cm−1. (4)

Here, ξB represents the equipartition fraction, we set the proton
contribution term ξ p = 0 to signify a purely leptonic jet with no
protons,16 and we group constant terms (including ξ p and ξB) into
the X0 and X1 constants.

The kinetic jet power (including the counter-jet contribution, but
not the kinetic energy from the bulk motion) can be expressed as a
function of distance downstream in the jet (z) as

W = 2
[
4p$2βcπ(φz)2] erg s−1, (5)

where jet pressure p =
√

sin i
2C1δ2φzν

(
z
zν

)−2
and c is the speed of

light. The power contribution from the kinetic energy due to the bulk
motion can be expressed as, WKE = [$ − 1]W. Therefore, the total
power becomes P = W + WKE = W$.

Rearranging equation (5), and substituting in the expression for
jet pressure, yields

zν =
(

W

8$2βcπφ3/2

)2/3 (2X1(8.4)3δ2

sin i

)1/3

ν−1 cm. (6)

Note that in Section 3, we have discussed the factors that may govern
the PSD break. While we realized that this was far from a simple
question, to first order we interpret the PSD breaks at each electro-

15The Blandford & Königl (1979) jet model results in a flat spectrum (α =
0), but the radio–sub-mm MAXI J1820+070 spectrum is clearly inverted, so
we add an additional term to account for this here.
16ξp is defined in terms of the proton contribution to the particle pressure;

pproton = ξp
1+ξp

ppart.

magnetic frequency, ν, as tracing zν . To transform between the two
quantities, we employ the prescription, f break = βcδ

zν
(see Table 2).17

Lastly, an observed time lag between two electromagnetic fre-
quency bands can be written as follows:

τlag = znorm

(
1

νlow
− 1

νhigh

)
(1 − β cos i)

βc
s, (7)

where ν low and νhigh represent the lower and higher electromagnetic
frequency bands being compared, the (1 − βcos i) term represents a
correction due to the transverse Doppler effect,18 and znorm = zνν is
the constant displayed on the right side of equation (6).

Overall, equations (3) through (7) can allow us to predict average
flux densities, PSD breaks, and lags. However, if we fit these data
dimensions separately, the jet parameters in the model (W, β, φ, i,
D) will be highly degenerate. Alternatively, if we simultaneously
fit all the data, tying the parameters between the data dimensions,
we can help to break this degeneracy. Further, in the case of MAXI
J1820+070, there exist independent constraints on the the distance
(D) and inclination angle (i) from radio parallax measurements (Atri
et al. 2020; Bright et al. 2020), which also help to reduce degeneracy
in the model.

To solve for the jet power, opening angle, and speed, we use a
MCMC algorithm to simultaneously fit the average jet spectrum
(Table 1), PSD breaks (Table 2), radio-radio lags (Table 3), and sub-
mm-radio lags (Table 4). In this fitting process, we independently
sample from the known distance (D = 2.96 ± 0.33 kpc) and
inclination angle (i = 63 ± 3◦) distributions, fix the filling factor19

(f = 1) and particle properties (ξB = 1, ξ p = 0), and leave the jet power
(W), speed ($), opening angle (φ), and spectral index (α) as free
parameters. We use wide uniform priors for all of our free parameters.
Additionally, we take steps to make the model more computationally
efficient, by choosing to fit for the bulk Lorentz factor $ rather
than β (thereby avoiding hard boundaries for the speed parameter),
and choosing to fit for log W rather than W (thereby avoiding very
large numbers). The best-fitting result is taken as the median of the
resulting posterior distributions, and the uncertainties are reported as
the range between the median and the 15th percentile (−), and the
85th percentile and the median (+), corresponding approximately to
1σ errors. Table 5 shows the best-fitting parameters, Fig. 9 displays
the best-fitting model overlaid on the data, and corner plots displaying
the posterior distributions and two-parameter correlations can be
found in Fig. 10. The Blandford & Königl (1979) jet model can
reproduce the different dimensions of our data quite well. Modelling
our data with more complex jet models (e.g. Malzac et al. 2018) will
be considered in future work.

As a further test of the accuracy of the model, we can compare the
predictions of the best-fitting model to a jet elongation measurement
made independently with Very Long Baseline Array (VLBA) imag-
ing of the MAXI J1820+070 jet. We imaged MAXI J1820+070 with

17Under the assumption of a conical jet, the distance downstream and the jet
cross-section will be linked. Therefore, we also ran an alternate version of our
MCMC modelling, where we assume the PSD breaks are explicitly linked
to the jet cross-section instead; f break = βexpcδ/2zν tan φ. This alternate
prescription produced best-fit parameters that were very similar to the original
modelling runs, attesting to the robustness of our modelling results.
18The transverse Doppler effect describes the situation where the observed
interval between the reception of two photons is smaller than the emission
interval.
19Note that setting a lower filling factor value mainly affects the jet power
parameter (where lower f values lead to higher power estimates), while the
other parameters do not change as significantly.
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Table 4. Sub-mm-radio lag modelling results.

Frequency bands Time lag σsmooth zsmooth
Compared (GHz) (min) (s) ×1011(cm)a

343.5/25.9 4.5+0.2
−0.4 6.5+0.6

−0.6 0.5+0.1
−0.1

343.5/20.9 5.5+1.2
−1.0 9.2+1.6

−1.2 0.7+0.2
−0.2

343.5/11.0 12.6+1.2
−1.3 13.8+2.1

−1.6 1.1+0.3
−0.2

343.5/8.5 15.7+1.7
−1.8 17.7+3.1

−2.1 1.4+0.4
−0.3

343.5/7.45 16.7+2.2
−1.7 21.8+3.8

−2.4 1.8+0.5
−0.4

343.5/5.25 23.6+4.5
−3.1 37.5+8.6

−4.2 3.1+1.0
−0.7

aComputed using the formalism, zsmooth = βexpcδσ smooth. Here, we sample
from the best-fitting $ and φ distributions along with the known i distribution
(see Sections 3.3.2 and 4 for details). The expansion velocity is computed
using the relation, βexp = tan φ[$2{1 − (βcos i)2} − 1]0.5 (Tetarenko et al.
2017).

the time-averaged spectrum,15 νref represents a reference frequency
to anchor the time-averaged spectrum (we set νref = 20.9 GHz, in the
middle of the electromagnetic frequency range covered), and C0/C1

are the constants (Rybicki & Lightman 1979),

C0 = (2.4 × 10−17)

(
2ξ

3/4
B f

1 + ξp

)(
2

1 + ξB

)7/4 (8.4 GHz
ν

)1/2

≡ (8.4)1/2X0ν
−1/2 erg s−1 cm−3 Hz−1

C1 = (2.3 × 10−12)
(

2ξB

1 + ξp

)(
2

1 + ξB

)2 (8.4 GHz
ν

)3

f

≡ (8.4)3X1ν
−3 cm−1. (4)

Here, ξB represents the equipartition fraction, we set the proton
contribution term ξ p = 0 to signify a purely leptonic jet with no
protons,16 and we group constant terms (including ξ p and ξB) into
the X0 and X1 constants.

The kinetic jet power (including the counter-jet contribution, but
not the kinetic energy from the bulk motion) can be expressed as a
function of distance downstream in the jet (z) as

W = 2
[
4p$2βcπ(φz)2] erg s−1, (5)

where jet pressure p =
√

sin i
2C1δ2φzν

(
z
zν

)−2
and c is the speed of

light. The power contribution from the kinetic energy due to the bulk
motion can be expressed as, WKE = [$ − 1]W. Therefore, the total
power becomes P = W + WKE = W$.

Rearranging equation (5), and substituting in the expression for
jet pressure, yields

zν =
(

W

8$2βcπφ3/2

)2/3 (2X1(8.4)3δ2

sin i

)1/3

ν−1 cm. (6)

Note that in Section 3, we have discussed the factors that may govern
the PSD break. While we realized that this was far from a simple
question, to first order we interpret the PSD breaks at each electro-

15The Blandford & Königl (1979) jet model results in a flat spectrum (α =
0), but the radio–sub-mm MAXI J1820+070 spectrum is clearly inverted, so
we add an additional term to account for this here.
16ξp is defined in terms of the proton contribution to the particle pressure;

pproton = ξp
1+ξp

ppart.

magnetic frequency, ν, as tracing zν . To transform between the two
quantities, we employ the prescription, f break = βcδ

zν
(see Table 2).17

Lastly, an observed time lag between two electromagnetic fre-
quency bands can be written as follows:

τlag = znorm

(
1

νlow
− 1

νhigh

)
(1 − β cos i)

βc
s, (7)

where ν low and νhigh represent the lower and higher electromagnetic
frequency bands being compared, the (1 − βcos i) term represents a
correction due to the transverse Doppler effect,18 and znorm = zνν is
the constant displayed on the right side of equation (6).

Overall, equations (3) through (7) can allow us to predict average
flux densities, PSD breaks, and lags. However, if we fit these data
dimensions separately, the jet parameters in the model (W, β, φ, i,
D) will be highly degenerate. Alternatively, if we simultaneously
fit all the data, tying the parameters between the data dimensions,
we can help to break this degeneracy. Further, in the case of MAXI
J1820+070, there exist independent constraints on the the distance
(D) and inclination angle (i) from radio parallax measurements (Atri
et al. 2020; Bright et al. 2020), which also help to reduce degeneracy
in the model.

To solve for the jet power, opening angle, and speed, we use a
MCMC algorithm to simultaneously fit the average jet spectrum
(Table 1), PSD breaks (Table 2), radio-radio lags (Table 3), and sub-
mm-radio lags (Table 4). In this fitting process, we independently
sample from the known distance (D = 2.96 ± 0.33 kpc) and
inclination angle (i = 63 ± 3◦) distributions, fix the filling factor19

(f = 1) and particle properties (ξB = 1, ξ p = 0), and leave the jet power
(W), speed ($), opening angle (φ), and spectral index (α) as free
parameters. We use wide uniform priors for all of our free parameters.
Additionally, we take steps to make the model more computationally
efficient, by choosing to fit for the bulk Lorentz factor $ rather
than β (thereby avoiding hard boundaries for the speed parameter),
and choosing to fit for log W rather than W (thereby avoiding very
large numbers). The best-fitting result is taken as the median of the
resulting posterior distributions, and the uncertainties are reported as
the range between the median and the 15th percentile (−), and the
85th percentile and the median (+), corresponding approximately to
1σ errors. Table 5 shows the best-fitting parameters, Fig. 9 displays
the best-fitting model overlaid on the data, and corner plots displaying
the posterior distributions and two-parameter correlations can be
found in Fig. 10. The Blandford & Königl (1979) jet model can
reproduce the different dimensions of our data quite well. Modelling
our data with more complex jet models (e.g. Malzac et al. 2018) will
be considered in future work.

As a further test of the accuracy of the model, we can compare the
predictions of the best-fitting model to a jet elongation measurement
made independently with Very Long Baseline Array (VLBA) imag-
ing of the MAXI J1820+070 jet. We imaged MAXI J1820+070 with

17Under the assumption of a conical jet, the distance downstream and the jet
cross-section will be linked. Therefore, we also ran an alternate version of our
MCMC modelling, where we assume the PSD breaks are explicitly linked
to the jet cross-section instead; f break = βexpcδ/2zν tan φ. This alternate
prescription produced best-fit parameters that were very similar to the original
modelling runs, attesting to the robustness of our modelling results.
18The transverse Doppler effect describes the situation where the observed
interval between the reception of two photons is smaller than the emission
interval.
19Note that setting a lower filling factor value mainly affects the jet power
parameter (where lower f values lead to higher power estimates), while the
other parameters do not change as significantly.
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Table 4. Sub-mm-radio lag modelling results.

Frequency bands Time lag σsmooth zsmooth
Compared (GHz) (min) (s) ×1011(cm)a

343.5/25.9 4.5+0.2
−0.4 6.5+0.6

−0.6 0.5+0.1
−0.1

343.5/20.9 5.5+1.2
−1.0 9.2+1.6

−1.2 0.7+0.2
−0.2

343.5/11.0 12.6+1.2
−1.3 13.8+2.1

−1.6 1.1+0.3
−0.2

343.5/8.5 15.7+1.7
−1.8 17.7+3.1

−2.1 1.4+0.4
−0.3

343.5/7.45 16.7+2.2
−1.7 21.8+3.8

−2.4 1.8+0.5
−0.4

343.5/5.25 23.6+4.5
−3.1 37.5+8.6

−4.2 3.1+1.0
−0.7

aComputed using the formalism, zsmooth = βexpcδσ smooth. Here, we sample
from the best-fitting $ and φ distributions along with the known i distribution
(see Sections 3.3.2 and 4 for details). The expansion velocity is computed
using the relation, βexp = tan φ[$2{1 − (βcos i)2} − 1]0.5 (Tetarenko et al.
2017).

the time-averaged spectrum,15 νref represents a reference frequency
to anchor the time-averaged spectrum (we set νref = 20.9 GHz, in the
middle of the electromagnetic frequency range covered), and C0/C1

are the constants (Rybicki & Lightman 1979),

C0 = (2.4 × 10−17)

(
2ξ

3/4
B f

1 + ξp

)(
2

1 + ξB

)7/4 (8.4 GHz
ν

)1/2

≡ (8.4)1/2X0ν
−1/2 erg s−1 cm−3 Hz−1

C1 = (2.3 × 10−12)
(

2ξB

1 + ξp

)(
2

1 + ξB

)2 (8.4 GHz
ν

)3

f

≡ (8.4)3X1ν
−3 cm−1. (4)

Here, ξB represents the equipartition fraction, we set the proton
contribution term ξ p = 0 to signify a purely leptonic jet with no
protons,16 and we group constant terms (including ξ p and ξB) into
the X0 and X1 constants.

The kinetic jet power (including the counter-jet contribution, but
not the kinetic energy from the bulk motion) can be expressed as a
function of distance downstream in the jet (z) as

W = 2
[
4p$2βcπ(φz)2] erg s−1, (5)

where jet pressure p =
√

sin i
2C1δ2φzν

(
z
zν

)−2
and c is the speed of

light. The power contribution from the kinetic energy due to the bulk
motion can be expressed as, WKE = [$ − 1]W. Therefore, the total
power becomes P = W + WKE = W$.

Rearranging equation (5), and substituting in the expression for
jet pressure, yields

zν =
(

W

8$2βcπφ3/2

)2/3 (2X1(8.4)3δ2

sin i

)1/3

ν−1 cm. (6)

Note that in Section 3, we have discussed the factors that may govern
the PSD break. While we realized that this was far from a simple
question, to first order we interpret the PSD breaks at each electro-

15The Blandford & Königl (1979) jet model results in a flat spectrum (α =
0), but the radio–sub-mm MAXI J1820+070 spectrum is clearly inverted, so
we add an additional term to account for this here.
16ξp is defined in terms of the proton contribution to the particle pressure;

pproton = ξp
1+ξp

ppart.

magnetic frequency, ν, as tracing zν . To transform between the two
quantities, we employ the prescription, f break = βcδ

zν
(see Table 2).17

Lastly, an observed time lag between two electromagnetic fre-
quency bands can be written as follows:

τlag = znorm

(
1

νlow
− 1

νhigh

)
(1 − β cos i)

βc
s, (7)

where ν low and νhigh represent the lower and higher electromagnetic
frequency bands being compared, the (1 − βcos i) term represents a
correction due to the transverse Doppler effect,18 and znorm = zνν is
the constant displayed on the right side of equation (6).

Overall, equations (3) through (7) can allow us to predict average
flux densities, PSD breaks, and lags. However, if we fit these data
dimensions separately, the jet parameters in the model (W, β, φ, i,
D) will be highly degenerate. Alternatively, if we simultaneously
fit all the data, tying the parameters between the data dimensions,
we can help to break this degeneracy. Further, in the case of MAXI
J1820+070, there exist independent constraints on the the distance
(D) and inclination angle (i) from radio parallax measurements (Atri
et al. 2020; Bright et al. 2020), which also help to reduce degeneracy
in the model.

To solve for the jet power, opening angle, and speed, we use a
MCMC algorithm to simultaneously fit the average jet spectrum
(Table 1), PSD breaks (Table 2), radio-radio lags (Table 3), and sub-
mm-radio lags (Table 4). In this fitting process, we independently
sample from the known distance (D = 2.96 ± 0.33 kpc) and
inclination angle (i = 63 ± 3◦) distributions, fix the filling factor19

(f = 1) and particle properties (ξB = 1, ξ p = 0), and leave the jet power
(W), speed ($), opening angle (φ), and spectral index (α) as free
parameters. We use wide uniform priors for all of our free parameters.
Additionally, we take steps to make the model more computationally
efficient, by choosing to fit for the bulk Lorentz factor $ rather
than β (thereby avoiding hard boundaries for the speed parameter),
and choosing to fit for log W rather than W (thereby avoiding very
large numbers). The best-fitting result is taken as the median of the
resulting posterior distributions, and the uncertainties are reported as
the range between the median and the 15th percentile (−), and the
85th percentile and the median (+), corresponding approximately to
1σ errors. Table 5 shows the best-fitting parameters, Fig. 9 displays
the best-fitting model overlaid on the data, and corner plots displaying
the posterior distributions and two-parameter correlations can be
found in Fig. 10. The Blandford & Königl (1979) jet model can
reproduce the different dimensions of our data quite well. Modelling
our data with more complex jet models (e.g. Malzac et al. 2018) will
be considered in future work.

As a further test of the accuracy of the model, we can compare the
predictions of the best-fitting model to a jet elongation measurement
made independently with Very Long Baseline Array (VLBA) imag-
ing of the MAXI J1820+070 jet. We imaged MAXI J1820+070 with

17Under the assumption of a conical jet, the distance downstream and the jet
cross-section will be linked. Therefore, we also ran an alternate version of our
MCMC modelling, where we assume the PSD breaks are explicitly linked
to the jet cross-section instead; f break = βexpcδ/2zν tan φ. This alternate
prescription produced best-fit parameters that were very similar to the original
modelling runs, attesting to the robustness of our modelling results.
18The transverse Doppler effect describes the situation where the observed
interval between the reception of two photons is smaller than the emission
interval.
19Note that setting a lower filling factor value mainly affects the jet power
parameter (where lower f values lead to higher power estimates), while the
other parameters do not change as significantly.
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Table 4. Sub-mm-radio lag modelling results.

Frequency bands Time lag σsmooth zsmooth
Compared (GHz) (min) (s) ×1011(cm)a

343.5/25.9 4.5+0.2
−0.4 6.5+0.6

−0.6 0.5+0.1
−0.1

343.5/20.9 5.5+1.2
−1.0 9.2+1.6

−1.2 0.7+0.2
−0.2

343.5/11.0 12.6+1.2
−1.3 13.8+2.1

−1.6 1.1+0.3
−0.2

343.5/8.5 15.7+1.7
−1.8 17.7+3.1

−2.1 1.4+0.4
−0.3

343.5/7.45 16.7+2.2
−1.7 21.8+3.8

−2.4 1.8+0.5
−0.4

343.5/5.25 23.6+4.5
−3.1 37.5+8.6

−4.2 3.1+1.0
−0.7

aComputed using the formalism, zsmooth = βexpcδσ smooth. Here, we sample
from the best-fitting $ and φ distributions along with the known i distribution
(see Sections 3.3.2 and 4 for details). The expansion velocity is computed
using the relation, βexp = tan φ[$2{1 − (βcos i)2} − 1]0.5 (Tetarenko et al.
2017).

the time-averaged spectrum,15 νref represents a reference frequency
to anchor the time-averaged spectrum (we set νref = 20.9 GHz, in the
middle of the electromagnetic frequency range covered), and C0/C1

are the constants (Rybicki & Lightman 1979),

C0 = (2.4 × 10−17)

(
2ξ

3/4
B f

1 + ξp

)(
2

1 + ξB

)7/4 (8.4 GHz
ν

)1/2

≡ (8.4)1/2X0ν
−1/2 erg s−1 cm−3 Hz−1

C1 = (2.3 × 10−12)
(

2ξB

1 + ξp

)(
2

1 + ξB

)2 (8.4 GHz
ν

)3

f

≡ (8.4)3X1ν
−3 cm−1. (4)

Here, ξB represents the equipartition fraction, we set the proton
contribution term ξ p = 0 to signify a purely leptonic jet with no
protons,16 and we group constant terms (including ξ p and ξB) into
the X0 and X1 constants.

The kinetic jet power (including the counter-jet contribution, but
not the kinetic energy from the bulk motion) can be expressed as a
function of distance downstream in the jet (z) as

W = 2
[
4p$2βcπ(φz)2] erg s−1, (5)

where jet pressure p =
√

sin i
2C1δ2φzν

(
z
zν

)−2
and c is the speed of

light. The power contribution from the kinetic energy due to the bulk
motion can be expressed as, WKE = [$ − 1]W. Therefore, the total
power becomes P = W + WKE = W$.

Rearranging equation (5), and substituting in the expression for
jet pressure, yields

zν =
(

W

8$2βcπφ3/2

)2/3 (2X1(8.4)3δ2

sin i

)1/3

ν−1 cm. (6)

Note that in Section 3, we have discussed the factors that may govern
the PSD break. While we realized that this was far from a simple
question, to first order we interpret the PSD breaks at each electro-

15The Blandford & Königl (1979) jet model results in a flat spectrum (α =
0), but the radio–sub-mm MAXI J1820+070 spectrum is clearly inverted, so
we add an additional term to account for this here.
16ξp is defined in terms of the proton contribution to the particle pressure;

pproton = ξp
1+ξp

ppart.

magnetic frequency, ν, as tracing zν . To transform between the two
quantities, we employ the prescription, f break = βcδ

zν
(see Table 2).17

Lastly, an observed time lag between two electromagnetic fre-
quency bands can be written as follows:

τlag = znorm

(
1

νlow
− 1

νhigh

)
(1 − β cos i)

βc
s, (7)

where ν low and νhigh represent the lower and higher electromagnetic
frequency bands being compared, the (1 − βcos i) term represents a
correction due to the transverse Doppler effect,18 and znorm = zνν is
the constant displayed on the right side of equation (6).

Overall, equations (3) through (7) can allow us to predict average
flux densities, PSD breaks, and lags. However, if we fit these data
dimensions separately, the jet parameters in the model (W, β, φ, i,
D) will be highly degenerate. Alternatively, if we simultaneously
fit all the data, tying the parameters between the data dimensions,
we can help to break this degeneracy. Further, in the case of MAXI
J1820+070, there exist independent constraints on the the distance
(D) and inclination angle (i) from radio parallax measurements (Atri
et al. 2020; Bright et al. 2020), which also help to reduce degeneracy
in the model.

To solve for the jet power, opening angle, and speed, we use a
MCMC algorithm to simultaneously fit the average jet spectrum
(Table 1), PSD breaks (Table 2), radio-radio lags (Table 3), and sub-
mm-radio lags (Table 4). In this fitting process, we independently
sample from the known distance (D = 2.96 ± 0.33 kpc) and
inclination angle (i = 63 ± 3◦) distributions, fix the filling factor19

(f = 1) and particle properties (ξB = 1, ξ p = 0), and leave the jet power
(W), speed ($), opening angle (φ), and spectral index (α) as free
parameters. We use wide uniform priors for all of our free parameters.
Additionally, we take steps to make the model more computationally
efficient, by choosing to fit for the bulk Lorentz factor $ rather
than β (thereby avoiding hard boundaries for the speed parameter),
and choosing to fit for log W rather than W (thereby avoiding very
large numbers). The best-fitting result is taken as the median of the
resulting posterior distributions, and the uncertainties are reported as
the range between the median and the 15th percentile (−), and the
85th percentile and the median (+), corresponding approximately to
1σ errors. Table 5 shows the best-fitting parameters, Fig. 9 displays
the best-fitting model overlaid on the data, and corner plots displaying
the posterior distributions and two-parameter correlations can be
found in Fig. 10. The Blandford & Königl (1979) jet model can
reproduce the different dimensions of our data quite well. Modelling
our data with more complex jet models (e.g. Malzac et al. 2018) will
be considered in future work.

As a further test of the accuracy of the model, we can compare the
predictions of the best-fitting model to a jet elongation measurement
made independently with Very Long Baseline Array (VLBA) imag-
ing of the MAXI J1820+070 jet. We imaged MAXI J1820+070 with

17Under the assumption of a conical jet, the distance downstream and the jet
cross-section will be linked. Therefore, we also ran an alternate version of our
MCMC modelling, where we assume the PSD breaks are explicitly linked
to the jet cross-section instead; f break = βexpcδ/2zν tan φ. This alternate
prescription produced best-fit parameters that were very similar to the original
modelling runs, attesting to the robustness of our modelling results.
18The transverse Doppler effect describes the situation where the observed
interval between the reception of two photons is smaller than the emission
interval.
19Note that setting a lower filling factor value mainly affects the jet power
parameter (where lower f values lead to higher power estimates), while the
other parameters do not change as significantly.
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Table 4. Sub-mm-radio lag modelling results.

Frequency bands Time lag σsmooth zsmooth
Compared (GHz) (min) (s) ×1011(cm)a

343.5/25.9 4.5+0.2
−0.4 6.5+0.6

−0.6 0.5+0.1
−0.1

343.5/20.9 5.5+1.2
−1.0 9.2+1.6

−1.2 0.7+0.2
−0.2

343.5/11.0 12.6+1.2
−1.3 13.8+2.1

−1.6 1.1+0.3
−0.2

343.5/8.5 15.7+1.7
−1.8 17.7+3.1

−2.1 1.4+0.4
−0.3

343.5/7.45 16.7+2.2
−1.7 21.8+3.8

−2.4 1.8+0.5
−0.4

343.5/5.25 23.6+4.5
−3.1 37.5+8.6

−4.2 3.1+1.0
−0.7

aComputed using the formalism, zsmooth = βexpcδσ smooth. Here, we sample
from the best-fitting $ and φ distributions along with the known i distribution
(see Sections 3.3.2 and 4 for details). The expansion velocity is computed
using the relation, βexp = tan φ[$2{1 − (βcos i)2} − 1]0.5 (Tetarenko et al.
2017).

the time-averaged spectrum,15 νref represents a reference frequency
to anchor the time-averaged spectrum (we set νref = 20.9 GHz, in the
middle of the electromagnetic frequency range covered), and C0/C1

are the constants (Rybicki & Lightman 1979),

C0 = (2.4 × 10−17)

(
2ξ

3/4
B f

1 + ξp

)(
2

1 + ξB

)7/4 (8.4 GHz
ν

)1/2

≡ (8.4)1/2X0ν
−1/2 erg s−1 cm−3 Hz−1

C1 = (2.3 × 10−12)
(

2ξB

1 + ξp

)(
2

1 + ξB

)2 (8.4 GHz
ν

)3

f

≡ (8.4)3X1ν
−3 cm−1. (4)

Here, ξB represents the equipartition fraction, we set the proton
contribution term ξ p = 0 to signify a purely leptonic jet with no
protons,16 and we group constant terms (including ξ p and ξB) into
the X0 and X1 constants.

The kinetic jet power (including the counter-jet contribution, but
not the kinetic energy from the bulk motion) can be expressed as a
function of distance downstream in the jet (z) as

W = 2
[
4p$2βcπ(φz)2] erg s−1, (5)

where jet pressure p =
√

sin i
2C1δ2φzν

(
z
zν

)−2
and c is the speed of

light. The power contribution from the kinetic energy due to the bulk
motion can be expressed as, WKE = [$ − 1]W. Therefore, the total
power becomes P = W + WKE = W$.

Rearranging equation (5), and substituting in the expression for
jet pressure, yields

zν =
(

W

8$2βcπφ3/2

)2/3 (2X1(8.4)3δ2

sin i

)1/3

ν−1 cm. (6)

Note that in Section 3, we have discussed the factors that may govern
the PSD break. While we realized that this was far from a simple
question, to first order we interpret the PSD breaks at each electro-

15The Blandford & Königl (1979) jet model results in a flat spectrum (α =
0), but the radio–sub-mm MAXI J1820+070 spectrum is clearly inverted, so
we add an additional term to account for this here.
16ξp is defined in terms of the proton contribution to the particle pressure;

pproton = ξp
1+ξp

ppart.

magnetic frequency, ν, as tracing zν . To transform between the two
quantities, we employ the prescription, f break = βcδ

zν
(see Table 2).17

Lastly, an observed time lag between two electromagnetic fre-
quency bands can be written as follows:

τlag = znorm

(
1

νlow
− 1

νhigh

)
(1 − β cos i)

βc
s, (7)

where ν low and νhigh represent the lower and higher electromagnetic
frequency bands being compared, the (1 − βcos i) term represents a
correction due to the transverse Doppler effect,18 and znorm = zνν is
the constant displayed on the right side of equation (6).

Overall, equations (3) through (7) can allow us to predict average
flux densities, PSD breaks, and lags. However, if we fit these data
dimensions separately, the jet parameters in the model (W, β, φ, i,
D) will be highly degenerate. Alternatively, if we simultaneously
fit all the data, tying the parameters between the data dimensions,
we can help to break this degeneracy. Further, in the case of MAXI
J1820+070, there exist independent constraints on the the distance
(D) and inclination angle (i) from radio parallax measurements (Atri
et al. 2020; Bright et al. 2020), which also help to reduce degeneracy
in the model.

To solve for the jet power, opening angle, and speed, we use a
MCMC algorithm to simultaneously fit the average jet spectrum
(Table 1), PSD breaks (Table 2), radio-radio lags (Table 3), and sub-
mm-radio lags (Table 4). In this fitting process, we independently
sample from the known distance (D = 2.96 ± 0.33 kpc) and
inclination angle (i = 63 ± 3◦) distributions, fix the filling factor19

(f = 1) and particle properties (ξB = 1, ξ p = 0), and leave the jet power
(W), speed ($), opening angle (φ), and spectral index (α) as free
parameters. We use wide uniform priors for all of our free parameters.
Additionally, we take steps to make the model more computationally
efficient, by choosing to fit for the bulk Lorentz factor $ rather
than β (thereby avoiding hard boundaries for the speed parameter),
and choosing to fit for log W rather than W (thereby avoiding very
large numbers). The best-fitting result is taken as the median of the
resulting posterior distributions, and the uncertainties are reported as
the range between the median and the 15th percentile (−), and the
85th percentile and the median (+), corresponding approximately to
1σ errors. Table 5 shows the best-fitting parameters, Fig. 9 displays
the best-fitting model overlaid on the data, and corner plots displaying
the posterior distributions and two-parameter correlations can be
found in Fig. 10. The Blandford & Königl (1979) jet model can
reproduce the different dimensions of our data quite well. Modelling
our data with more complex jet models (e.g. Malzac et al. 2018) will
be considered in future work.

As a further test of the accuracy of the model, we can compare the
predictions of the best-fitting model to a jet elongation measurement
made independently with Very Long Baseline Array (VLBA) imag-
ing of the MAXI J1820+070 jet. We imaged MAXI J1820+070 with

17Under the assumption of a conical jet, the distance downstream and the jet
cross-section will be linked. Therefore, we also ran an alternate version of our
MCMC modelling, where we assume the PSD breaks are explicitly linked
to the jet cross-section instead; f break = βexpcδ/2zν tan φ. This alternate
prescription produced best-fit parameters that were very similar to the original
modelling runs, attesting to the robustness of our modelling results.
18The transverse Doppler effect describes the situation where the observed
interval between the reception of two photons is smaller than the emission
interval.
19Note that setting a lower filling factor value mainly affects the jet power
parameter (where lower f values lead to higher power estimates), while the
other parameters do not change as significantly.
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Table 4. Sub-mm-radio lag modelling results.

Frequency bands Time lag σsmooth zsmooth
Compared (GHz) (min) (s) ×1011(cm)a

343.5/25.9 4.5+0.2
−0.4 6.5+0.6

−0.6 0.5+0.1
−0.1

343.5/20.9 5.5+1.2
−1.0 9.2+1.6

−1.2 0.7+0.2
−0.2

343.5/11.0 12.6+1.2
−1.3 13.8+2.1

−1.6 1.1+0.3
−0.2

343.5/8.5 15.7+1.7
−1.8 17.7+3.1

−2.1 1.4+0.4
−0.3

343.5/7.45 16.7+2.2
−1.7 21.8+3.8

−2.4 1.8+0.5
−0.4

343.5/5.25 23.6+4.5
−3.1 37.5+8.6

−4.2 3.1+1.0
−0.7

aComputed using the formalism, zsmooth = βexpcδσ smooth. Here, we sample
from the best-fitting $ and φ distributions along with the known i distribution
(see Sections 3.3.2 and 4 for details). The expansion velocity is computed
using the relation, βexp = tan φ[$2{1 − (βcos i)2} − 1]0.5 (Tetarenko et al.
2017).

the time-averaged spectrum,15 νref represents a reference frequency
to anchor the time-averaged spectrum (we set νref = 20.9 GHz, in the
middle of the electromagnetic frequency range covered), and C0/C1

are the constants (Rybicki & Lightman 1979),

C0 = (2.4 × 10−17)

(
2ξ

3/4
B f

1 + ξp

)(
2

1 + ξB

)7/4 (8.4 GHz
ν

)1/2

≡ (8.4)1/2X0ν
−1/2 erg s−1 cm−3 Hz−1

C1 = (2.3 × 10−12)
(

2ξB

1 + ξp

)(
2

1 + ξB

)2 (8.4 GHz
ν

)3

f

≡ (8.4)3X1ν
−3 cm−1. (4)

Here, ξB represents the equipartition fraction, we set the proton
contribution term ξ p = 0 to signify a purely leptonic jet with no
protons,16 and we group constant terms (including ξ p and ξB) into
the X0 and X1 constants.

The kinetic jet power (including the counter-jet contribution, but
not the kinetic energy from the bulk motion) can be expressed as a
function of distance downstream in the jet (z) as

W = 2
[
4p$2βcπ(φz)2] erg s−1, (5)

where jet pressure p =
√

sin i
2C1δ2φzν

(
z
zν

)−2
and c is the speed of

light. The power contribution from the kinetic energy due to the bulk
motion can be expressed as, WKE = [$ − 1]W. Therefore, the total
power becomes P = W + WKE = W$.

Rearranging equation (5), and substituting in the expression for
jet pressure, yields

zν =
(

W

8$2βcπφ3/2

)2/3 (2X1(8.4)3δ2

sin i

)1/3

ν−1 cm. (6)

Note that in Section 3, we have discussed the factors that may govern
the PSD break. While we realized that this was far from a simple
question, to first order we interpret the PSD breaks at each electro-

15The Blandford & Königl (1979) jet model results in a flat spectrum (α =
0), but the radio–sub-mm MAXI J1820+070 spectrum is clearly inverted, so
we add an additional term to account for this here.
16ξp is defined in terms of the proton contribution to the particle pressure;

pproton = ξp
1+ξp

ppart.

magnetic frequency, ν, as tracing zν . To transform between the two
quantities, we employ the prescription, f break = βcδ

zν
(see Table 2).17

Lastly, an observed time lag between two electromagnetic fre-
quency bands can be written as follows:

τlag = znorm

(
1

νlow
− 1

νhigh

)
(1 − β cos i)

βc
s, (7)

where ν low and νhigh represent the lower and higher electromagnetic
frequency bands being compared, the (1 − βcos i) term represents a
correction due to the transverse Doppler effect,18 and znorm = zνν is
the constant displayed on the right side of equation (6).

Overall, equations (3) through (7) can allow us to predict average
flux densities, PSD breaks, and lags. However, if we fit these data
dimensions separately, the jet parameters in the model (W, β, φ, i,
D) will be highly degenerate. Alternatively, if we simultaneously
fit all the data, tying the parameters between the data dimensions,
we can help to break this degeneracy. Further, in the case of MAXI
J1820+070, there exist independent constraints on the the distance
(D) and inclination angle (i) from radio parallax measurements (Atri
et al. 2020; Bright et al. 2020), which also help to reduce degeneracy
in the model.

To solve for the jet power, opening angle, and speed, we use a
MCMC algorithm to simultaneously fit the average jet spectrum
(Table 1), PSD breaks (Table 2), radio-radio lags (Table 3), and sub-
mm-radio lags (Table 4). In this fitting process, we independently
sample from the known distance (D = 2.96 ± 0.33 kpc) and
inclination angle (i = 63 ± 3◦) distributions, fix the filling factor19

(f = 1) and particle properties (ξB = 1, ξ p = 0), and leave the jet power
(W), speed ($), opening angle (φ), and spectral index (α) as free
parameters. We use wide uniform priors for all of our free parameters.
Additionally, we take steps to make the model more computationally
efficient, by choosing to fit for the bulk Lorentz factor $ rather
than β (thereby avoiding hard boundaries for the speed parameter),
and choosing to fit for log W rather than W (thereby avoiding very
large numbers). The best-fitting result is taken as the median of the
resulting posterior distributions, and the uncertainties are reported as
the range between the median and the 15th percentile (−), and the
85th percentile and the median (+), corresponding approximately to
1σ errors. Table 5 shows the best-fitting parameters, Fig. 9 displays
the best-fitting model overlaid on the data, and corner plots displaying
the posterior distributions and two-parameter correlations can be
found in Fig. 10. The Blandford & Königl (1979) jet model can
reproduce the different dimensions of our data quite well. Modelling
our data with more complex jet models (e.g. Malzac et al. 2018) will
be considered in future work.

As a further test of the accuracy of the model, we can compare the
predictions of the best-fitting model to a jet elongation measurement
made independently with Very Long Baseline Array (VLBA) imag-
ing of the MAXI J1820+070 jet. We imaged MAXI J1820+070 with

17Under the assumption of a conical jet, the distance downstream and the jet
cross-section will be linked. Therefore, we also ran an alternate version of our
MCMC modelling, where we assume the PSD breaks are explicitly linked
to the jet cross-section instead; f break = βexpcδ/2zν tan φ. This alternate
prescription produced best-fit parameters that were very similar to the original
modelling runs, attesting to the robustness of our modelling results.
18The transverse Doppler effect describes the situation where the observed
interval between the reception of two photons is smaller than the emission
interval.
19Note that setting a lower filling factor value mainly affects the jet power
parameter (where lower f values lead to higher power estimates), while the
other parameters do not change as significantly.
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Table 4. Sub-mm-radio lag modelling results.

Frequency bands Time lag σsmooth zsmooth
Compared (GHz) (min) (s) ×1011(cm)a

343.5/25.9 4.5+0.2
−0.4 6.5+0.6

−0.6 0.5+0.1
−0.1

343.5/20.9 5.5+1.2
−1.0 9.2+1.6

−1.2 0.7+0.2
−0.2

343.5/11.0 12.6+1.2
−1.3 13.8+2.1

−1.6 1.1+0.3
−0.2

343.5/8.5 15.7+1.7
−1.8 17.7+3.1

−2.1 1.4+0.4
−0.3

343.5/7.45 16.7+2.2
−1.7 21.8+3.8

−2.4 1.8+0.5
−0.4

343.5/5.25 23.6+4.5
−3.1 37.5+8.6

−4.2 3.1+1.0
−0.7

aComputed using the formalism, zsmooth = βexpcδσ smooth. Here, we sample
from the best-fitting $ and φ distributions along with the known i distribution
(see Sections 3.3.2 and 4 for details). The expansion velocity is computed
using the relation, βexp = tan φ[$2{1 − (βcos i)2} − 1]0.5 (Tetarenko et al.
2017).

the time-averaged spectrum,15 νref represents a reference frequency
to anchor the time-averaged spectrum (we set νref = 20.9 GHz, in the
middle of the electromagnetic frequency range covered), and C0/C1

are the constants (Rybicki & Lightman 1979),

C0 = (2.4 × 10−17)

(
2ξ

3/4
B f

1 + ξp

)(
2

1 + ξB

)7/4 (8.4 GHz
ν

)1/2

≡ (8.4)1/2X0ν
−1/2 erg s−1 cm−3 Hz−1

C1 = (2.3 × 10−12)
(

2ξB

1 + ξp

)(
2

1 + ξB

)2 (8.4 GHz
ν

)3

f

≡ (8.4)3X1ν
−3 cm−1. (4)

Here, ξB represents the equipartition fraction, we set the proton
contribution term ξ p = 0 to signify a purely leptonic jet with no
protons,16 and we group constant terms (including ξ p and ξB) into
the X0 and X1 constants.

The kinetic jet power (including the counter-jet contribution, but
not the kinetic energy from the bulk motion) can be expressed as a
function of distance downstream in the jet (z) as

W = 2
[
4p$2βcπ(φz)2] erg s−1, (5)

where jet pressure p =
√

sin i
2C1δ2φzν

(
z
zν

)−2
and c is the speed of

light. The power contribution from the kinetic energy due to the bulk
motion can be expressed as, WKE = [$ − 1]W. Therefore, the total
power becomes P = W + WKE = W$.

Rearranging equation (5), and substituting in the expression for
jet pressure, yields

zν =
(

W

8$2βcπφ3/2

)2/3 (2X1(8.4)3δ2

sin i

)1/3

ν−1 cm. (6)

Note that in Section 3, we have discussed the factors that may govern
the PSD break. While we realized that this was far from a simple
question, to first order we interpret the PSD breaks at each electro-

15The Blandford & Königl (1979) jet model results in a flat spectrum (α =
0), but the radio–sub-mm MAXI J1820+070 spectrum is clearly inverted, so
we add an additional term to account for this here.
16ξp is defined in terms of the proton contribution to the particle pressure;

pproton = ξp
1+ξp

ppart.

magnetic frequency, ν, as tracing zν . To transform between the two
quantities, we employ the prescription, f break = βcδ

zν
(see Table 2).17

Lastly, an observed time lag between two electromagnetic fre-
quency bands can be written as follows:

τlag = znorm

(
1

νlow
− 1

νhigh

)
(1 − β cos i)

βc
s, (7)

where ν low and νhigh represent the lower and higher electromagnetic
frequency bands being compared, the (1 − βcos i) term represents a
correction due to the transverse Doppler effect,18 and znorm = zνν is
the constant displayed on the right side of equation (6).

Overall, equations (3) through (7) can allow us to predict average
flux densities, PSD breaks, and lags. However, if we fit these data
dimensions separately, the jet parameters in the model (W, β, φ, i,
D) will be highly degenerate. Alternatively, if we simultaneously
fit all the data, tying the parameters between the data dimensions,
we can help to break this degeneracy. Further, in the case of MAXI
J1820+070, there exist independent constraints on the the distance
(D) and inclination angle (i) from radio parallax measurements (Atri
et al. 2020; Bright et al. 2020), which also help to reduce degeneracy
in the model.

To solve for the jet power, opening angle, and speed, we use a
MCMC algorithm to simultaneously fit the average jet spectrum
(Table 1), PSD breaks (Table 2), radio-radio lags (Table 3), and sub-
mm-radio lags (Table 4). In this fitting process, we independently
sample from the known distance (D = 2.96 ± 0.33 kpc) and
inclination angle (i = 63 ± 3◦) distributions, fix the filling factor19

(f = 1) and particle properties (ξB = 1, ξ p = 0), and leave the jet power
(W), speed ($), opening angle (φ), and spectral index (α) as free
parameters. We use wide uniform priors for all of our free parameters.
Additionally, we take steps to make the model more computationally
efficient, by choosing to fit for the bulk Lorentz factor $ rather
than β (thereby avoiding hard boundaries for the speed parameter),
and choosing to fit for log W rather than W (thereby avoiding very
large numbers). The best-fitting result is taken as the median of the
resulting posterior distributions, and the uncertainties are reported as
the range between the median and the 15th percentile (−), and the
85th percentile and the median (+), corresponding approximately to
1σ errors. Table 5 shows the best-fitting parameters, Fig. 9 displays
the best-fitting model overlaid on the data, and corner plots displaying
the posterior distributions and two-parameter correlations can be
found in Fig. 10. The Blandford & Königl (1979) jet model can
reproduce the different dimensions of our data quite well. Modelling
our data with more complex jet models (e.g. Malzac et al. 2018) will
be considered in future work.

As a further test of the accuracy of the model, we can compare the
predictions of the best-fitting model to a jet elongation measurement
made independently with Very Long Baseline Array (VLBA) imag-
ing of the MAXI J1820+070 jet. We imaged MAXI J1820+070 with

17Under the assumption of a conical jet, the distance downstream and the jet
cross-section will be linked. Therefore, we also ran an alternate version of our
MCMC modelling, where we assume the PSD breaks are explicitly linked
to the jet cross-section instead; f break = βexpcδ/2zν tan φ. This alternate
prescription produced best-fit parameters that were very similar to the original
modelling runs, attesting to the robustness of our modelling results.
18The transverse Doppler effect describes the situation where the observed
interval between the reception of two photons is smaller than the emission
interval.
19Note that setting a lower filling factor value mainly affects the jet power
parameter (where lower f values lead to higher power estimates), while the
other parameters do not change as significantly.
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Table 4. Sub-mm-radio lag modelling results.

Frequency bands Time lag σsmooth zsmooth
Compared (GHz) (min) (s) ×1011(cm)a

343.5/25.9 4.5+0.2
−0.4 6.5+0.6

−0.6 0.5+0.1
−0.1

343.5/20.9 5.5+1.2
−1.0 9.2+1.6

−1.2 0.7+0.2
−0.2

343.5/11.0 12.6+1.2
−1.3 13.8+2.1

−1.6 1.1+0.3
−0.2

343.5/8.5 15.7+1.7
−1.8 17.7+3.1

−2.1 1.4+0.4
−0.3

343.5/7.45 16.7+2.2
−1.7 21.8+3.8

−2.4 1.8+0.5
−0.4

343.5/5.25 23.6+4.5
−3.1 37.5+8.6

−4.2 3.1+1.0
−0.7

aComputed using the formalism, zsmooth = βexpcδσ smooth. Here, we sample
from the best-fitting $ and φ distributions along with the known i distribution
(see Sections 3.3.2 and 4 for details). The expansion velocity is computed
using the relation, βexp = tan φ[$2{1 − (βcos i)2} − 1]0.5 (Tetarenko et al.
2017).

the time-averaged spectrum,15 νref represents a reference frequency
to anchor the time-averaged spectrum (we set νref = 20.9 GHz, in the
middle of the electromagnetic frequency range covered), and C0/C1

are the constants (Rybicki & Lightman 1979),

C0 = (2.4 × 10−17)

(
2ξ

3/4
B f

1 + ξp

)(
2

1 + ξB

)7/4 (8.4 GHz
ν

)1/2

≡ (8.4)1/2X0ν
−1/2 erg s−1 cm−3 Hz−1

C1 = (2.3 × 10−12)
(

2ξB

1 + ξp

)(
2

1 + ξB

)2 (8.4 GHz
ν

)3

f

≡ (8.4)3X1ν
−3 cm−1. (4)

Here, ξB represents the equipartition fraction, we set the proton
contribution term ξ p = 0 to signify a purely leptonic jet with no
protons,16 and we group constant terms (including ξ p and ξB) into
the X0 and X1 constants.

The kinetic jet power (including the counter-jet contribution, but
not the kinetic energy from the bulk motion) can be expressed as a
function of distance downstream in the jet (z) as

W = 2
[
4p$2βcπ(φz)2] erg s−1, (5)

where jet pressure p =
√

sin i
2C1δ2φzν

(
z
zν

)−2
and c is the speed of

light. The power contribution from the kinetic energy due to the bulk
motion can be expressed as, WKE = [$ − 1]W. Therefore, the total
power becomes P = W + WKE = W$.

Rearranging equation (5), and substituting in the expression for
jet pressure, yields

zν =
(

W

8$2βcπφ3/2

)2/3 (2X1(8.4)3δ2

sin i

)1/3

ν−1 cm. (6)

Note that in Section 3, we have discussed the factors that may govern
the PSD break. While we realized that this was far from a simple
question, to first order we interpret the PSD breaks at each electro-

15The Blandford & Königl (1979) jet model results in a flat spectrum (α =
0), but the radio–sub-mm MAXI J1820+070 spectrum is clearly inverted, so
we add an additional term to account for this here.
16ξp is defined in terms of the proton contribution to the particle pressure;

pproton = ξp
1+ξp

ppart.

magnetic frequency, ν, as tracing zν . To transform between the two
quantities, we employ the prescription, f break = βcδ

zν
(see Table 2).17

Lastly, an observed time lag between two electromagnetic fre-
quency bands can be written as follows:

τlag = znorm

(
1

νlow
− 1

νhigh

)
(1 − β cos i)

βc
s, (7)

where ν low and νhigh represent the lower and higher electromagnetic
frequency bands being compared, the (1 − βcos i) term represents a
correction due to the transverse Doppler effect,18 and znorm = zνν is
the constant displayed on the right side of equation (6).

Overall, equations (3) through (7) can allow us to predict average
flux densities, PSD breaks, and lags. However, if we fit these data
dimensions separately, the jet parameters in the model (W, β, φ, i,
D) will be highly degenerate. Alternatively, if we simultaneously
fit all the data, tying the parameters between the data dimensions,
we can help to break this degeneracy. Further, in the case of MAXI
J1820+070, there exist independent constraints on the the distance
(D) and inclination angle (i) from radio parallax measurements (Atri
et al. 2020; Bright et al. 2020), which also help to reduce degeneracy
in the model.

To solve for the jet power, opening angle, and speed, we use a
MCMC algorithm to simultaneously fit the average jet spectrum
(Table 1), PSD breaks (Table 2), radio-radio lags (Table 3), and sub-
mm-radio lags (Table 4). In this fitting process, we independently
sample from the known distance (D = 2.96 ± 0.33 kpc) and
inclination angle (i = 63 ± 3◦) distributions, fix the filling factor19

(f = 1) and particle properties (ξB = 1, ξ p = 0), and leave the jet power
(W), speed ($), opening angle (φ), and spectral index (α) as free
parameters. We use wide uniform priors for all of our free parameters.
Additionally, we take steps to make the model more computationally
efficient, by choosing to fit for the bulk Lorentz factor $ rather
than β (thereby avoiding hard boundaries for the speed parameter),
and choosing to fit for log W rather than W (thereby avoiding very
large numbers). The best-fitting result is taken as the median of the
resulting posterior distributions, and the uncertainties are reported as
the range between the median and the 15th percentile (−), and the
85th percentile and the median (+), corresponding approximately to
1σ errors. Table 5 shows the best-fitting parameters, Fig. 9 displays
the best-fitting model overlaid on the data, and corner plots displaying
the posterior distributions and two-parameter correlations can be
found in Fig. 10. The Blandford & Königl (1979) jet model can
reproduce the different dimensions of our data quite well. Modelling
our data with more complex jet models (e.g. Malzac et al. 2018) will
be considered in future work.

As a further test of the accuracy of the model, we can compare the
predictions of the best-fitting model to a jet elongation measurement
made independently with Very Long Baseline Array (VLBA) imag-
ing of the MAXI J1820+070 jet. We imaged MAXI J1820+070 with

17Under the assumption of a conical jet, the distance downstream and the jet
cross-section will be linked. Therefore, we also ran an alternate version of our
MCMC modelling, where we assume the PSD breaks are explicitly linked
to the jet cross-section instead; f break = βexpcδ/2zν tan φ. This alternate
prescription produced best-fit parameters that were very similar to the original
modelling runs, attesting to the robustness of our modelling results.
18The transverse Doppler effect describes the situation where the observed
interval between the reception of two photons is smaller than the emission
interval.
19Note that setting a lower filling factor value mainly affects the jet power
parameter (where lower f values lead to higher power estimates), while the
other parameters do not change as significantly.
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(Heinz 06 + non-flat term)

simplified assumption
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Modeling (key points)
+ Blandford & Konigl 79  (Heinz 06) 
+ Additional term accounting for non flat spectrum 
+ PDS break scales with jet length at given λ 
+ Solve for jet power, opening angle, speed MAXI J1820+070 Jet variability 3875

Figure 9. Modelling the jet timing properties in MAXI J1820+070. The panels from left to right display the time-averaged jet spectrum, the Fourier break
frequency, and the time-lags to 343.5, 25.9, and 11 GHz, all as a function of electromagnetic frequency band. In each panel, the top sub-panel displays the data
(black circles, green stars, and magenta triangles) with the result of the best-fitting jet model overplotted (solid orange line represents the model, where the
thin grey lines show the final positions of all the walkers in the MCMC run, to represent the 1σ confidence interval; see Table 5), while the bottom sub-panel
displays the residuals (data-model/uncertainties). The cyan X in the middle panel represents an independent measurement of the jet size scale at 15 GHz from
VLBA imaging, projected on to this plane (i.e. βcδ/zvlba; see Section 4). We do not include infrared/optical fluxes in the modelling as a rigorous absolute
flux calibration was not performed on this data, and we do not include X-ray/optical/infrared lags in the modelling as our model only describes the partially
self-absorbed optically thick portions of the jet. The Blandford & Königl (1979) jet model can reproduce these three data dimensions reasonably well.

agreement with the infrared emission region measurements reported
here. However, we do notice some deviations between our best-
fitting model and the data (see Fig. 9), where the model can
over/underpredict the zν and lags. These deviations may be indicative
of acceleration occurring in the jet flow, or alternatively a breakdown
of the expected (linear) size scale to electromagnetic frequency
relation farther out in the jet flow. Such a breakdown could possibly
suggest a non-conical jet geometry. Interestingly, in a previous radio
timing study of Cygnus X–1 (Tetarenko et al. 2019), a similar effect
was observed, where a shallower21 zν∝ν−0.4 relation was needed
to match the time lag measurements at lower (S Band; 2–4 GHz)
electromagnetic frequencies. Further, possible evidence for a non-
conical jet geometry has been reported recently for neutron star XB
4U 0614+091 (Marino et al. 2020).

5.1.2 Jet speed

Through modelling the jet timing characteristics, we have found
that MAXI J1820+070 houses a highly relativistic compact jet. In
particular, we estimate a bulk Lorentz factor of 6.81+1.06

−1.15. This far
exceeds what was estimated22 for the transient jet ejections that
occurred later on in the outburst (% ∼ 2.2; Atri et al. 2020; Bright
et al. 2020), and is also higher than compact jet speeds suggested by

21We note that the Cygnus X–1 system contains a high-mass donor star with
a strong stellar wind, which is known to at least partially absorb radio signals
(Pooley, Fender & Brocksopp 1999; Brocksopp, Fender & Pooley 2002).
Therefore, it is a possibility that this shallower relation may be related to the
wind absorption effects.
22Note that the transient and compact jet speeds are measured with different
methods here. Further, Fender (2003) have shown that for any significantly
relativistic source (which must be located close to dmax), the Lorentz factor
varies rapidly with distance, and thus could be a lot higher.

the two other BHXBs with direct speed measurements; Cygnus X–1
(% = 2.6; Tetarenko et al. 2019) and GX 339–4 (% > 2; Casella et al.
2010; see also Saikia et al. 2019 who use an alternative approach with
infrared emission to estimate % = 1.3-3.5 for several BHXBs). It is
thought that compact jet speed increases as the outburst progresses
through the rising hard state (Vadawale et al. 2003; Fender et al. 2004,
2009). MAXI J1820+070 rose quickly (∼10 d) through this rising
hard state (Shidatsu et al. 2018; Kajava et al. 2019), in turn reaching a
high luminosity/fast-jet state very early on in the outburst, where it re-
mained for several months before transitioning to the soft state (when
the compact jet is quenched). As our observations were taken when
the source was in this high luminosity/fast-jet state, this could explain
the higher jet speed measurement here, and suggests we have sampled
the jet speed near the high end of its distribution in this outburst.

Considering the three BHXBs with compact jet speed constraints
(GX 339–4, Cygnus X–1, and MAXI J1820+070; Casella et al.
2010; Tetarenko et al. 2019), we can compare the jet bulk Lorentz
factors to the Eddington fraction when the jet speed measurements
were made (see Fig. 12). To estimate the Eddington luminosity for
each source, we use MBH = 21.2M$ for Cygnus X-1 (Miller-Jones
et al. 2021), MBH = 2.3–9.5M$ for GX 339–4 (Corral-Santana et al.
2016), and MBH = 8.48M$ for MAXI J1820+070 (Torres et al.
2019, 2020). To estimate bolometric X-ray luminosity, we use D =
2.2 kpc for Cygnus X-1 (Miller-Jones et al. 2021), D = 8 kpc for
GX 339–4 (Corral-Santana et al. 2016), and D = 2.96 kpc for MAXI
J1820+070 (Atri et al. 2020), as well as the conversion FBol ∼ 5 ×
F2–10keV for BHXBs in the hard accretion state (Migliari & Fender
2006). As the source sample is small, it is difficult to definitively
determine whether jet speed increases with Eddington fraction, in
line with past predictions (Vadawale et al. 2003; Fender et al. 2004,
2009), measurements of two tracks in the radio/X-ray correlation
for BHXBs (Russell et al. 2015), and more recent modelling (Péault
et al. 2019). However, Fig. 12 does hint at the presence of a positive
correlation between jet speed and Eddington fraction in BHXBs.

MNRAS 504, 3862–3883 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/504/3/3862/6179877 by IN
AF R

om
a (O

sservatorio Astronom
ico di R

om
a) user on 04 April 2022

A. Tetarenko, PC, et al. 2021



Pg Casella Jet properties in MAXI J1820 w. multi-λ variability/ 1212

Results & Conclusions
+ Jet scale consistent with estimates for transient jet 
+ Γ ~ 7 (+/-1)                  fastest compact jet so far (but brightest) 
+ Pjet ~ 6 1037 erg/s               ~60% L1-100keV (possible feedback?) 
+ Leptonic jet, otherwise Pjet >> L1-100keV            (but Carotenuto?) 
+ Opening angle α ~ 0.45°                               (among narrowest) 
+ Freceding jet ~ 0.2 Fapproaching jet                          (plans to look for it) 

Spectral and timing together   -    Self consistent picture 

Variability:    key physical ingredient   -   useful tool 

The technique is clearly powerful -> more models 

(…but campaigns are very hard to build…)

A. Tetarenko, PC, et al. 2021


