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8 Aalto University Department of Radio Science and Engineering, PO Box 13000, FI-00076 Aalto, Finland
9 Bundesamt für Kartographie und Geodäsie, 93444, Bad Kötzting, Germany
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Abstract

We present results from a multiwavelength study of the blazar PKS 1954−388 at radio, UV, X-ray, and
gamma-ray energies. A RadioAstron observation at 1.66 GHz in June 2012 resulted in the detection of inter-
ferometric fringes on baselines of 6.2 Earth-diameters. This suggests a source frame brightness temperature
of greater than 2×1012 K, well in excess of both equipartition and inverse Compton limits and implying the
existence of Doppler boosting in the core. An 8.4GHz TANAMI VLBI image, made less than a month after
the RadioAstron observations, is consistent with a previously reported superluminal motion for a jet compo-
nent. Flux density monitoring with the Australia Telescope Compact Array confirms previous evidence for
long-term variability that increases with observing frequency. A search for more rapid variability revealed
no evidence for significant day-scale flux density variation. The ATCA light-curve reveals a strong radio
flare beginning in late 2013 which peaks higher, and earlier, at higher frequencies. Comparison with the
Fermi gamma-ray light-curve indicates this followed ∼9 months after the start of a prolonged gamma-ray
high-state — a radio lag comparable to that seen in other blazars. The multiwavelength data are combined
to derive a Spectral Energy Distribution, which is fitted by a one-zone synchrotron-self-Compton (SSC)
model with the addition of external Compton (EC) emission.

Keywords: galaxies: active – radio continuum: galaxies – gamma-rays: galaxies – galaxies: jets – ISM:
structure

1 INTRODUCTION

A major challenge in astronomy is the struggle to ob-
serve objects with an angular resolution sufficient to
probe the underlying physical mechanisms. The longer
wavelengths of radio-astronomy initially made the quest
for high angular resolution more difficult, but the rel-
ative ease of preserving phase information enabled

the technique of Very Long Baseline Interferometry
(VLBI). Intercontinental VLBI routinely achieves milli-
arcsecond–scale angular resolutions, and extending the
baselines between telescopes into space, with satellite-
based telescopes, currently yields the highest angular
resolution achieved in astronomy.
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In this paper we describe multi-wavelength studies
of PKS 1954−388 with the Australia Telescope Com-
pact Array (ATCA, maximum baseline 6 km), and
present a second-epoch 8.4GHz TANAMI (Tracking
Active Galactic Nuclei with Austral Milliarcsec-
ond Interferometry) VLBI image (maximum base-
line ∼10,000km) and a 1.66GHz RadioAstron Active
Galactic Nuclei (AGN) Survey observation (maximum
baseline ∼80,000km, or 6.2 Earth-diameters). The pro-
nounced variability of the source at radio and gamma-
ray energies is examined, and we combine these with
data from the Swift and Fermi satellites to obtain
a Spectral Energy Distribution (SED) for the source
which is fitted by a self-consistent model.

2 PKS 1954−388

PKS 1954−388 was first catalogued in the Parkes
2.7GHz survey (Shimmins 1971). The source was ob-
served in May 1969 with a flux density of 2.00±0.05Jy
and again in June 1970 with a flux density of
1.50±0.05Jy, and noted as being possibly variable. A
comparison with the Molonglo 408MHz catalog indi-
cated an inverted spectrum, prompting follow-up opti-
cal observations with the Mt Stromlo 74 inch (1.9m)
telescope yielding an identification with an 18th magni-
tude galaxy (Shimmins et al. 1971). Early observations
with the 3.9m Anglo-Australian Telescope gave a red-
shift of z=0.63 (Browne, Savage, & Bolton 1975).
The discovery of a high level of optical polarisation,

11%, by Impey & Tapia (1988) led to classification of
the source as a blazar. Oshlack, Webster, & Whiting
(2002) used measurements of the Hβ line width and
luminosity to estimate a central black hole mass of
4.3×108M⊙ for the source.
PKS 1954−388 was not detected by the EGRET in-

strument on the Compton Gamma-Ray Observatory.
However, the radio properties led Vercellone et al.
(2004) to classify the source as a candidate gamma-
ray AGN, a prediction borne out by the detection
of the source with the Fermi Large Area Telescope
(Abdo et al. 2010). Studies by Nolan et al. (2012) indi-
cate the source is variable at gamma-ray energies, with
a <1% chance of the flux being steady, behaviour com-
mon to the AGN class.
The source was included in the VSOP (VLBI

Space Observatory Programme) AGN Survey
(Hirabayashi et al. 2000) though it was not observed
before the end of the mission. Inclusion in the sur-
vey list did, however, result in the source being part
of the multi-epoch monitoring program with the ATCA
at 1.4, 2.5, 4.8 and 8.6GHz between 1996 October
and 2000 February. This revealed pronounced vari-
ability at the higher frequencies but no evidence at
1.4GHz for any variability on time scales of ∼70 days
(Tingay et al. 2003).

A series of VLBI observations — at 4.9GHz in
1993 May (Shen et al. 1998), at 4.9GHz in 1996
June (Fomalont et al. 2000), at 15GHz in 1998 June
(Kovalev et al. 2005), and at 2.3 & 8.6GHz in 2002
December (Pushkarev & Kovalev 2012) — found the
source to be strongly core dominated (see also Pusharev
& Kovalev 2015). A deeper VLBI observation at
8.4GHz in 2002 July detected, in addition to the core,
a marginally significant second component ∼2.8mas to
the west (Ojha et al. 2004).
Piner et al. (2012) used 36 epochs of Radio Reference

Frame VLBI observations at 8GHz between 1994 and
2003 to measure apparent speeds for two jet compo-
nents. Both components displayed motions of ∼0.1mas
yr−1, with corresponding apparent speeds of 3.7±1.8 c
and 3.7±1.0 c for the fainter, outer and brighter, inner
components respectively. The outer component of Piner
et al. (2012) is consistent with the weak secondary com-
ponent of Ojha et al. (2004).
PKS 1958−388 is part of the multi-epoch TANAMI

program and a first epoch 8.4GHz image from 2008
February is presented by Ojha et al. (2010). A jet ex-
tends over ∼5mas to the west, and a source frame
brightness temperature of 1.5×1012K was derived for
the core. Böck et al. (2016) report a source frame
brightness temperature of 2.2×1011K for a subsequent
TANAMI observation in 2008 November, indicating sig-
nificant variability. The brightness temperature is the
surface brightness of a radio source expressed for con-
venience in terms of the equivalent black body tem-
perature. It is an important parameter as there are
limits on the intrinsic brightness temperature imposed
by both Inverse-Compton cooling and equipartition ar-
guments — see, e.g., Kellermann (2002) for a review.
As the measureable maximum brightness temperature
depends on baseline length, the best way to constrain
measurements is to extend VLBI baselines beyond the
Earth’s surface with an element in space. The Ra-
dioAstron mission achieved this with the launch of the
Spektr-R satellite on 2011 July 18, with observations
at 0.3, 1.6, 4.8 and 22GHz being routinely conducted
(Kardashev et al. 2013).

3 OBSERVATIONS

3.1 RadioAstron

A RadioAstron AGN Survey Program observation of
PKS 1954−388 was made at 1.66GHz on 2012 August
23 with observation code raes03br. The snap-shot mode
observation started at 15:45UT and lasted one hour
using the Spektr-R satellite1 and the Parkes 64m and
Mopra 22m telescopes. At 1.66GHz, the satellite for-

1 The 1.6GHz receiver on the satellite was designed by the CSIRO
Division of Radiophysics with the support of CSIRO Office of
Space Science and Applications and manufactured by British
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PKS 1954−388 3

Figure 1. The detection of fringes at 1.66GHz in (delay, delay-
rate) space for PKS1954−388 between the Parkes 64m telescope
and the RadioAstron satellite, Spektr-R.

mats RCP data with 16-MHz bandwidths, which are
1-bit sampled. A parity bit is added for each byte and
the data transmitted to the Earth at 144Mbps. The
ground telescopes record data in two, dual-polarisation,
16-MHz bandwidth IF bands, with 2-bit sampling of the
data yielding a data rate of 256Mbps.
Data from the spacecraft were transmitted in real

time to the Pushchino tracking station and recorded
to disk. Data from the ground radio telescopes were
recorded to disk and later reformatted to Mark 5B for-
mat before being electronically transferred to the As-
tro Space Centre (ASC). The data were correlated at
the ASC correlator (Kardashev et al. 2013), with clear
fringes being found at 1.6GHz between the three tele-
scopes (see Figure 1). The data were exported from
the correlator and fringe-fit in the software package
PIMA (Petrov et al. 2011). The (u, v)-coverage for the
observation is, as expected for this snap-shot mode, very
sparse, with the projected Parkes–Mopra baseline being
∼1Mλ and the baselines to the spacecraft ranging from
403 to 440Mλ, 5.8 to 6.2 Earth-diameters, at a position
angle of ∼177◦. The goal of the AGN Survey is to de-
termine whether sources are detectable over a range of
baseline lengths and use this information to infer angu-
lar sizes and corresponding brightness temperatures.
Initially the amplitudes and signal-to-noise ratios

(SNRs) were plotted as a function of integration time for
each baseline on each scan in order to estimate the co-
herence time. For this observation, no significant losses
were evident with up to 10 minutes integration time.
Space VLBI fringes were detected in 10 minute integra-

Aerospace Australia, with the low-noise amplifier built by Mitec
Ltd. Australia.

Figure 2. Plot of the correlated flux density as a function of base-
line length for PKS 1954−388 at 1.66GHz. Blue points are the
data: the inner points correspond to the Parkes–Mopra baseline,
the outer points are the baselines to the RadioAstron satellite,
Spektr-R The red curve is the simplest Gaussian model-fit — see
text for details.

tion times with SNRs of ∼20 on the baselines to Parkes,
and SNRs of ∼7 on the baselines to Mopra, correspond-
ing to a probability of false detection on SVLBI base-
lines significantly less than 10−6.
A correlated flux density of 1.78 Jy was measured on

the Parkes–Mopra baseline, and ∼0.07 Jy on Earth–
space baselines. The simplest model-fit to the data is
with single circular Gaussian component with a total
flux density of 1.78 Jy and full-width half-maximum of
0.47mas (see Figure 2). A circular Gaussian component
was adopted for simplicity, although the size is tightly
constrained in the north-south direction but poorly de-
termined in the east-west direction. Following Kovalev
et al. (2005), we calculate an observer’s frame bright-
ness temperature of 3.6×1012K for this model. The lim-
ited (u, v)-coverage means we cannot be certain that fit-
ting a single Gaussian model-component to the ground-
ground and ground-space data is the correct approxi-
mation, and in fact it is highly likely that the north-
south Parkes–Mopra baseline is sampling some of the
jet structure to the west of the core (see Sections 2 and
3.2). However, there is a very conservative minimum
brightness temperature associated just with the ground-
space data: following Lobanov (2015), we calculate a
formal minimum observer’s frame brightness tempera-
ture of 1.3×1012K. These values must be multiplied by
(1+z) to obtain the corresponding source frame bright-
ness temperatures. Incorporating the expected calibra-
tion uncertainties, the simple fit, which effectively pro-
vides an upper limit, yields a source frame brightness
temperature of (6±1)×1012K and the minimum source
frame brightness temperature is 2×1012K respectively.

PASA (2018)
doi:10.1017/pas.2018.xxx



4 Edwards et al.

Figure 3. TANAMI image from an 8.4GHz observation on
2012 September 16. The image peak is 1.29 Jy/beam, and the
beam (FWHM) is 2.1mas × 0.6mas at a position angle of 1◦.
Contour levels are −0.2 (dashed), 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.8,
25.6 and 51.2% of the peak.

3.2 TANAMI

An 8.4GHz TANAMI observation was made on 2012
September 16, less than a month after the RadioAs-
tron observation. Participating in this observation were
the “tied array” of five 22m ATCA antennas, a sin-
gle 12m ASKAP (Australian Square Kilometre
Array Pathfinder) antenna with a single pixel feed,
the Ceduna 30m, Hartebeesthoek 26m, Hobart 26m,
Parkes 64m, Tidbinbilla 70m, TIGO 6m telescopes,
and the 12m Katherine telescope of the AuScope ar-
ray (Lovell et al. 2013).
PKS1954−388 was observed in six ∼ 10 minute snap-

shots over a period of 9 hours to build up good (u, v)-
coverage. The source had not risen at Hartebeesthoek
(in South Africa) for the first three scans and had set at
the TIGO site (in Concepcion, Chile) for the last three
scans. The resulting image is shown in Figure 3.
Model-fitting of this TANAMI observation yields a

1.5 Jy core, an 85mJy component at 1.7mas from the
core at a position angle of −67◦, and a 42mJy compo-
nent at 2.1mas and a position angle of −101◦. There
is also about 11mJy of flux 5mas from the core and a
position angle of −120◦. This morphology is consistent
with previous VLBI images in Ojha et al. (2004), Ojha

et al. (2010) and Piner et al. (2012) all of which report
a bright core and a westward jet.
The innermost component is readily identifiable with

the innermost component of Piner et al. (labelled 2 in
their Table 5) given the similarity in intensity, posi-
tion angle, and extrapolated core distance. The other
components do not lie at the extrapolated distance
(∼3.2mas) of the outer Piner et al. component. Given
the sparse (u, v)-coverage of the Radio Reference Frame
observations for sources as far south as PKS 1954−388,
the complex jet morphology, and the large gap in ob-
serving epochs, the details of proper motion are an open
question to be resolved by further TANAMI monitoring.

3.3 ATCA

PKS 1954−388 has been regularly observed with the
ATCA as part of the flux density calibration moni-
toring program (C007) and also as part of a multi-
frequency program (C1730) monitoring TANAMI and
other gamma-ray sources (Stevens et al. 2012). Prior to
the Compact Array Broadband Backend (CABB: Wil-
son et al. (2011)) upgrade in 2009, C007 observations
were made with 128MHz bandwidths centred at 4.8 &
8.6, 18.5 & 19.5GHz. In the CABB era, C1730 obser-
vations are made with 2GHz bandwidths centred at
5.5 & 9, 17 & 19, and 38 & 40GHz. Observations at
38 & 40GHz commenced in early 2007. The observa-
tions are made in snap-shot mode, with integrations of
several minutes in each pair of bands. Observations at
38 & 40GHz are preceded by a “pointing” scan on a
bright source (on occasions, PKS 1954−388 itself) to
update the pointing model for that area of sky. PKS
1934−638 is used as primary flux density calibrator
(Partridge et al. 2016), with Uranus also used in the
7mm band in more compact array configurations. Er-
rors are dominated by systematic effects and are es-
timated to be less than 5% below 10GHz, and up to
10% at 40GHz. The data presented in this paper are
incorporated in the ATCA calibrator database2, which
provides a flux density model of each source in each
observed band for each epoch. This allows us to com-
pute the flux density at the same frequency regardless
of the centre frequency that was actually observed in a
particular epoch.
The resulting light-curve in four frequency bands is

shown in Figure 4. The source is obviously quite variable
and in a high-state in 2005–2006. From 2007 to 2013
the source showed some irregular variations from epoch
to epoch, which is undersampled by our observations,
but overlaid on a general decline in flux density. We
note that the 2012 August RadioAstron observation was
made when the source was in a relatively quiescent radio
state. At the end of 2013 the source underwent another

2http://www.narrabri.atnf.csiro.au/calibrators/

PASA (2018)
doi:10.1017/pas.2018.xxx



PKS 1954−388 5

2004 2006 2008 2010 2012 2014 2016
Date

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5
Fl
ux

 D
en

sit
y 
[Jy

]
5500.0 MHz 9000.0 MHz 17000.0 MHz 38000.0 MHz

Figure 4. The radio light-curve derived from ATCA monitoring
data — see text for details.

outburst. In this instance the source was monitored in
all three frequency bands and, as shown in Figure 5 (an
expansion of a sub-range of Figure 4), the radio flare
proceeds earlier, and more rapidly at higher frequencies.
As mentioned in Section 2, PKS 1954−388 was mon-

itored at four frequencies over 16 epochs by Tingay et
al. (2003). The source was in a high state (∼5 Jy at
8.4GHz, with an inverted spectrum) in October 1996
however was at its lowest levels (∼1 Jy at all frequen-
cies) in February 2000. Tingay et al. (2003) charac-
terised the variability of sources monitored at multiple
epochs with a variability index defined as the RMS vari-
ation from the mean flux density, divided by the mean
flux density. PKS 1954−388 had variability indices of
0.11 at 1.4GHz, 0.16 at 2.5GHz, 0.26 at 4.8GHz, and
0.30 at 8.6GHz. The variability index at 8.4GHz was
in the top 10% of the sample of 185 sources.
We undertake a similar analysis for the ATCA data

presented here. In order to make a comparison between
frequencies, we only use the data points after the in-
stallation of the 7mm receivers in 2007, and as a conse-
quence omit the data from the large flare in 2005–2006.
PKS 1954−388 had variability indices of 0.13 at

5.5GHz (29 data points), 0.12 at 9.0GHz (29 data
points), 0.16 at 17GHz (25 data points), and 0.19 at
38GHz (20 data points). While the absolute values ob-
viously differ the general trend of the variability index
increasing with frequency persists.

3.3.1 Search for short timescale variability with the

ATCA

PKS 1954−388 was also observed with the ATCA as
part of project C2898 (“Monitoring of RadioAstron
AGN Survey targets to measure intra-day and longer
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Figure 5. A subset of the ATCA monitoring data in Figure 4
with an expanded time axis to more clearly see the frequency
dependence of the flare that commenced at the end of 2013.

term variability”). Short timescale variability at a range
of GHz frequencies potentially provides information on
the scattering properties of the local Galactic interstel-
lar medium along the line of sight. PKS 1954−388 was
observed in approximately 10 scans at each of several
frequencies between 1 and 20GHz, with irregular sam-
pling over a 15-day period in 2014 June. It was also
observed as part of the same project several times be-
tween 2014 July and September.
For the purposes of searching for short time-scale

variability, since we are not limited by signal-to-noise,
a section of each frequency band was selected that ap-
peared to be relatively free of interference and other
problems. Only the upper part of the 1–3GHz band was
selected for analysis, due to the lower frequencies being
heavily affected by radio-frequency interference in the
data from June 2014; the ATCA was in a compact con-
figuration (EW352) at this time. The band selection
was identical for all epochs. Bandpass, amplitude gain
and polarization leakage corrections were determined
for each day of observations using several minutes of
data on the ATCA primary calibrator, PKS 1934−638.
Since PKS 1954−388 is a bright, isolated point source
at the ATCA, the flux density was estimated by av-
eraging the visibilities over all baselines after applying
phase-only self-calibration.
Table 1 shows central frequency, bandwidth used,

mean flux density S̄ and RMS of the flux density
measurements in June, averaged over 1-minute inter-
vals and over all channels in the selected frequency
range, and the variability index as defined previously,
µ = RMS/S̄.
During the ATCA observations in 2014 June,

PKS 1954−388 showed RMS variations no larger than

PASA (2018)
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Table 1 Results of search for short-term variation with the ATCA
over 15 days in 2014 June.

ν Bandwidth S̄ SRMS µ
(GHz) (MHz) (Jy) (Jy)
2.75 500 1.613 0.025 0.016
4.8 400 1.832 0.022 0.012
8.8 1000 2.034 0.022 0.011
17.0 2000 2.295 0.031 0.014
19.0 2000 2.307 0.029 0.013

1.6%, or 30mJy, on timescales between minutes and
days in the frequency range 2.5–20 GHz. These varia-
tions are not significantly larger than those determined
for other sources observed in 2014 June, or than the sys-
tematic uncertainties determined by comparing data on
different baselines. We assume the observed variations
here represent upper limits on the true variability. A sig-
nificant, ∼5–10%, decrease in flux density was observed
over a 10-day period in 2014 July, over a broad band-
width between 2 and 20GHz, with the largest change
around 5GHz. Such a change could be consistent with
interstellar scintillation of a compact component, but
with only two independent data points in this time pe-
riod it is not possible to constrain the variability mecha-
nism. The spectrum became significantly more inverted
in 2014 September, with a drop in flux density at fre-
quencies below 7GHz and an increase at frequencies
above 8GHz. This period is associated with a flare at
higher frequencies seen in the longer-term ATCA mon-
itoring data (see Figure 5).

3.4 Swift

We have analysed archival Swift (Gehrels et al. 2004)
data in order to better characterise the SED of
PKS1954−388. The X-Ray Telescope (XRT; Burrows
et al. 2004) on board the Swift spacecraft is a grazing
incidence telescope with an effective area of 110 cm2,
a field of view of 23.6 arcmin and 0.2–10keV energy
range. It observed PKS1954−388 on 2007 July 31 for
5.911 ksec.
The UltraViolet and Optical Telescope (UVOT;

Roming et al. 2004) is a 30 cm UV/optical telescope co-
aligned with the XRT covering the 170–650 nm range
in a 17′ x 17′ field. The UVOT observed PKS1954−388
on 2010 April 9 for 1.184 ksec.
The XRT data were processed using the xrtpipeline

and the spectrum was fit using XSpec, both a part of
the HEASoft package (v.6.12). A circular region with
a radius of 20 pixels was used to extract the source
events while a background region with a 50 pixel ra-
dius accounted for background events. The spectrum
had >200 counts and so was fitted using chi-squared
statistics. The spectrum was fit in the 0.3–10 keV region

using an absorbed power law. The NH column density
was set to 6.43× 1020 cm−2 (Kalberla et al. 2005). The
ancillary response files were generated with xrtmkarf.
The UVOT data were reduced using the uvotsource

task, also a part of the HEASoft package (v.6.12). Source
counts were extracted from a circular region with a 10
pixel radius, the background was extracted from a cir-
cular region with a 30 pixel radius.

3.5 Fermi

The gamma-ray data were obtained with the Large Area
Telescope (LAT) aboard Fermi, which observes the en-
tire sky every 3 hours at energies of 0.03− 300GeV
(Atwood et al. 2009). The publicly available Pass 8
data3 were analysed using the Fermi ScienceTools soft-
ware package version v10r0p5. We used the instrument
response functions P8R2 SOURCE V6, Galactic diffuse
emission model “gll iem v06.fits” and isotropic back-
ground model4 “iso P8R2 SOURCE V6 v06.txt”. Fol-
lowing the LAT data selection recommendations5, we
select photons in the event class 128 and use a zenith
angle cut of 90◦.
Photon fluxes in the 0.1− 300GeV energy range were

calculated using unbinned likelihood analysis and the
tool “gtlike” with the Minuit optimizer. We used a 7-
day binning in the light-curves and calculated a 2σ up-
per limit if the test statistic (TS) value was less than 4
(e.g., Abdo et al. 2011). The source model was gener-
ated with the tool6 “make3FGLxml.py” with all sources
within 20◦ of PKS1954−388 included in the model with
their spectral parameters, except the flux, frozen to the
values determined in the 3rd Fermi LAT catalog (3FGL;
Acero et al. 2015). For sources more than 10◦ from
PKS1954−388 we also froze the fluxes to the 3FGL
values.
The resulting light-curve is shown in Figure 6. The

data in the figure span 2008 August 8 to 2015 June 30.
There are 360 week-long bins over this period. Signif-
icant fluxes were measured for 210 weeks, with upper
limits derived for the remaining 150 weeks.
Until early 2013, the photon flux can be characterised

as having short periods of enhanced flux with longer
periods of quiescent flux. There is a ∼4 week flare in
2009 March, a ∼12 week flare starting in 2010 May, a
∼9 week flare in 2011 April/May, a ∼4 week flare in
2011 November, and a ∼12 week flare starting in 2012
April. It is notable that the onsets for the second and
fourth flares are more rapid than revealed by the 7-day
bin-width. There are several periods containing a series
of upper limits — late 2009, early 2010, the beginning of

3http://fermi.gsfc.nasa.gov/ssc/data/
4http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
5http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation
/Cicerone/Cicerone Data Exploration/Data preparation.html

6https://fermi.gsfc.nasa.gov/ssc/data/analysis/user/
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Figure 6. Fermi light-curve with one-week bin width. Photon fluxes are plotted in units of cm−2 s−1. Inverted triangles denote 2σ
upper limits — see text for details.

2011, beginning of 2012 and late 2012 — during which
the average weekly photon flux drops below a significant
detection.
The behaviour from 2013 March onwards has been

quite different. An outburst (again with a rapid onset)
started in mid-March and persisted until the end of that
year. For the 18 months since then the state has changed
much more frequently. It is tempting to postulate that
this changed behaviour is an effect of the prolonged 2013
high state. We discuss this further in Section 4.3.

3.6 SED

We combine the data from the previous sections with
other multiwavelength data to derive the broadband
SED and model it using one-zone synchrotron-self-
Compton (SSC) emission of an electron/positron com-
ponent with an addition of external Compton (EC)
emission (Böttcher et al. 1997). In this model, the
e−/e+ component is injected and propagates along the
jet axis for a specified time period. While propagat-
ing, the particles lose their energy via synchrotron ra-
diation and inverse-Compton upscattering. The seed
photons for the inverse-Compton upscattering are
the synchrotron radiation of the electrons themselves
(SSC), and the emission of the Shakura-Sunyaev disk
(Shakura & Sunyaev 1973) and the broad-line region

(EC). We follow the component for 107 s (l = 3×
1017 cm), calculate the integrated spectrum, and match
the resulting SED with the observed one. We show our
models and the parameters in Figure 7 and Table 2.
Note that the data are not acquired contemporaneously.
The Fermi data used here are the average fluxes for the
period from 2008 August 4 to 2015 October 9.
The model parameters are not well constrained be-

cause the parameters are covariant. Hence, a different
set of parameters may also be able to describe the ob-
served SED reasonably. Furthermore, the SED is not a
contemporaneous one, and large variability of blazars
prevents us from inferring the parameters accurately.
Nevertheless, we find that the SED is well described
with a typical electron injection spectrum having a
power-law index of p ∼ 2. In the model, the optical
(∼ 1013 − 1014Hz) and the X-ray spectra are the syn-
chrotron and the SSC component, respectively. Then,
simple extension of the SSC component to higher en-
ergy explains the Fermi spectrum reasonably (Figure 7
left), and the EC components do not play a significant
role in the Fermi LAT band, being distinguishable only
in the MeV band. Because the EC emission of the disk
photons has a different shape from the observed high-
energy SED, we need to suppress this by using relatively
large magnetic field (B), a small bulk Lorentz factor
(Γ) and placing the base of the jet far from the black
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hole (hinj). The radio emission is assumed to be from a
separate self-absorbed zone; hence the model does not
explain the radio data. However, radio data may pro-
vide important insights into understanding blazars via
variability studies.
We also show an alternative model in Figure 7 (right),

where we use the EC of broad-line region (BLR) pho-
tons to explain the Fermi SED. In this case, the jet
base needs to be farther from the disk to suppress the
disk EC emission. The magnetic-field strength for this
model is lower, and the SSC emission at higher ener-
gies is suppressed. The data fit both models to within
the measurement and modelling uncertainties, and thus
we cannot reasonably prefer one model over the other.
Obtaining a contemporaneous SED and/or monitoring
spectral variability may help to distinguish between the
models. This has recently been achieved by Krauß et
al. (2016), who derive an SED for the relatively quies-
cent period from late 2008 to early 2010 and compare it
with an SED from a more active period from mid-2010
to mid-2011, though without fitting a physical model to
the SEDs.

4 DISCUSSION

4.1 Brightness temperature and scattering

The lower limit to the source frame brightness
temperature of 2×1012K is well in excess of
the equipartition brightness temperature limit of
∼5×1010K (Readhead 1994) and the inverse Compton
limit of ∼ 1011.5K (Kellermann & Pauliny-Toth 1969;
Readhead 1994), implying minimum Doppler factors
of 40 (equipartition) and 6 (inverse Compton). The
Lorentz factor of 5 and angle to the line of sight of
5◦ used in Model B of the SED fitting (Section 3.6)
implies a Doppler factor of ∼9, and is therefore consis-
tent with the inverse Compton Doppler factor and with
the reported apparent speed of ∼3.7c (Section 2). The
equipartition Doppler factor is much more difficult to
reconcile.
It is necessary though to consider the impact of

scattering of the source by the interstellar medium
(ISM). The simple circular Gaussian modelling of the
RadioAstron observations of PKS 1954−388 used in
Section 3.1 yields a core size of 0.47mas, and if we
assume that only a fraction of the flux density on
the Parkes–Mopra baseline (but all of that on the
space baselines) corresponds to the core, this would
result in an even more compact core. The fitted an-
gular size is remarkably consistent with the angu-
lar broadening predicted by the NE2001 model for
Galactic electron density (Cordes & Lazio 2002) for the
‘average’ visibility regime (Goodman & Narayan 1989;
Taylor & Cordes 1993) for the line of sight to
PKS 1954−388 (l = 1.6◦, b = −29◦). Although the ISM

has complex structure, and the NE2001 model can-
not be used to reliably determine scattering properties
along a particular line of sight, the result suggests that
the intrinsic core size at 1.66GHz might be significantly
smaller than that measured, and the brightness temper-
ature correspondingly higher.
However, as discussed by Johnson & Gwinn (2015),

it is also necessary to consider the effect of re-
fractive substructure introduced by scattering in the
ISM. Refractive substructure has been seen in some
RadioAstron pulsar observations (Gwinn et al. 2016;
Popov et al. 2017) and may also be present in the Ra-
dioAstron observations of 3C 273 (Johnson et al. 2016).
This can have the effect of enhancing detections on long
baselines to RadioAstron, due to the appearance of fine-
scale structure in the image of a resolved, scattered
source, leading to an over-estimate of intrinsic bright-
ness temperature.
We note that Pushkarev & Kovalev (2015) derive

a median core size for PKS 1954−388 of 1.0±0.2mas
at 2.3GHz, and 0.35±0.05mas at 8.4GHz, and a size-
frequency dependence of ν−0.94±0.11, based on multi-
epoch, simultaneous 2.3 and 8.4GHz observations.
Their results imply that intrinsic source size dominates
over scatter-broadening at frequencies above 2.3GHz.
The upper limit to the angular size of 0.47mas inferred
from the RadioAstron observations of PKS 1954−388
is a factor of three times smaller than the angular
size expected at 1.66GHz from an extrapolation of the
Pushkarev & Kovalev (2015) fit. The apparent discrep-
ancy in core size measurement could be due to sev-
eral factors: (i) the size of the core component may
be time variable, as the flux density of the source is
highly variable and was relatively low during the Ra-
dioAstron observations; (ii) the core component mea-
sured by Pushkarev & Kovalev (2015) resolves into sev-
eral components at sub-mas angular resolution, imply-
ing the structure is more complex than accounted for by
the simple circular Gaussian model-fitting of the sparse
data; or (iii) the RadioAstron long baseline visibilities
might be dominated by refractive noise. The observed
correlated flux density seen on the RadioAstron base-
lines is at least ∼4% of the flux density of the compact
component, which is considerably larger than the ∼1%
RMS refractive noise predicted by Johnson & Gwinn
(2015). In order to distinguish among the various pos-
sibilities, further RadioAstron observations on interme-
diate baselines less than 6 Earth-diameters are needed.
Although PKS 1954−388 is quite compact, has a flat

radio spectrum and is very variable, as is seen in the
light-curves in Figures 4 and 5, the lack of any rapid,
large-amplitude intra-day or inter-day variability evi-
dent in ATCA monitoring in 2014 June (Section 3.3.1)
means there is no observational evidence for the intra-
day variability (IDV) often associated with scattering in
the ISM. It is not yet possible to determine whether this
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Figure 7. The observed SED and the models. The SED is measured in several radio bands, Swift/XRT, and Fermi. Infrared data are
taken from the WISE and 2MASS catalogs. We also show the Swift/BAT 7-yr sensitivity. Left: a model with the high-energy SED fit
with SSC emission (model A). Right: a model with the high-energy SED fit with EC of BLR photons (model B). In these figures, the
measured SED is plotted with crosses and the best-fit model is the black solid line. Individual model components are also shown: the
blue dotted line is the synchrotron component, red dashed line is the direct disk component, pink dot-dashed line is the EC of the disk
photons, blue triple-dot-dashed line is the EC of BLR photons, and the cyan dashed line is the SSC component.

Table 2 Model parameters for the observed SED.

Parameter Symbol Model A Model B
Redshift z 0.63 0.63
Bulk Lorentz Factor Γ 3 5
Viewing angle (deg.) θv 5 5
Magnetic Field (G) B 1.5 0.4
Comoving radius of component (cm) R′

b
6 × 1014 2.6 × 1014

Initial Electron Spectral index p1 2 1.9
Initial Minimum Electron Lorentz Factor γ′

min 1 × 103 1.4 × 103

Initial Maximum Electron Lorentz Factor γ′

max 3 × 104 9 × 103

Injection height (pc) hinj 0.04 0.18

Disk luminosity (erg s−1) Ldisk 3 × 1049 2.3 × 1049

Mass of the black hole (M⊙) MBH 5 × 108 1.5 × 109

Accretion efficiency η 0.03 0.03

is due to insufficiently compact structure in the source,
or the lack of a nearby region of enhanced scattering
along this line of sight, or both.
In any case, the detection of PKS 1954−388 on

∼80,000km baselines at 1.6 GHz goes some way to vin-
dicating the decision to place the satellite in an eccen-
tric 9-day orbit, with apogee heights up to 350,000km.
The long space baselines provided by RadioAstron ob-
servations have enabled significantly higher brightness
temperatures to be measured, e.g., in excess of 1013K
for 3C273 (Kovalev et al. 2016), and the RadioAstron
AGN Survey will extend these studies to a much larger
sample of sources (Kovalev et al., in preparation). The
high sensitivity of the 18 cm receiver on board the Ra-
dioAstron Space Radio Telescope, in combination with
large ground-based telescopes, is also leading to a new
understanding of the effects of interstellar scattering.

4.2 Consideration of VLBI imaging

VLBI imaging to date has revealed the source to be
strongly core dominated, with several weaker jet compo-
nents. The multi-epoch monitoring of Piner et al. (2012)
found evidence for two persistent components with ap-
parent superluminal speeds. Extrapolating these mo-
tions, of ∼0.1mas/yr, back to find an ejection epoch
yields 1992.3±2.4 for the inner component, and ap-
proximately 10 years earlier for the outer component
(Piner et al. 2012). These components are thus unlikely
to be associated with the bright radio flares in 1996
(Tingay et al. 2003) and 2005–2006 (this paper). The
extensive multi-epoch parsec-scale monitoring of AGN
by the MOJAVE (Monitoring Of Jets in Active
galactic nuclei with VLBA Experiments) program
demonstrated that, while there is some spread in the ap-
parent speeds of separate features within an individual
jet, there is support for the idea that there is a charac-
teristic flow that describes each jet (Lister et al. 2009).
Assuming, therefore, a similar motion for a component
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that might have emerged from the core in 1996, it would
have been ∼1.2mas from the core at the time of the
first epoch TANAMI observation in 1998. It is inter-
esting to note that there was indeed evidence for a
component ∼1mas from the core at that epoch. The
TANAMI image from 2012 presented in this paper does
not clearly resolve this component, which may be due
to the slightly poorer east-west angular resolution at
that epoch, or to this component merging with the in-
ner of the two Piner et al. components. Any component
ejected in 2005 would have been only 0.3mas from the
core in 2008 and 0.7mas from the core in 2012 and so
barely distinguishable from the core at these angular
resolutions.

4.3 Connection between gamma-ray and
radio flares

The short-term gamma-ray flares between 2009 and
2013 may have been accompanied by similar short-
duration radio flares; however our ATCA monitoring
has not been sensitive to such short events. The much
longer lived gamma-ray flare in 2013 is followed by a
significant and extended flaring at radio energies. The
characteristic brightening earlier, and more rapidly at
higher frequencies is consistent with injection of a new
population of high-energy electrons. There is a delay of
approximately 9 months between the beginning of the
gamma-ray outburst and the start of the radio flare.
Max-Moerbeck et al. (2014) cross-correlated 3-year

Fermi light-curves with 4-year light-curves at 15GHz,
finding that only one of 41 sources with high-quality
data in both bands shows correlations with significance
larger than 3σ, demonstrating that great care is needed
when comparing light curves even when many years of
data are used. Thus, while it is a natural interpretation
that the gamma-ray and radio flares are causally re-
lated, it is not possible to determine this unequivocally.
Fuhrmann et al. (2014) conducted a cross-correlation

of radio and gamma-ray light-curves for 54 Fermi

blazars, finding that the average source-frame time de-
lay between gamma-ray and radio (with radio lagging)
decreased from 76±23days at cm bands to 7±9 days
in mm/sub-mm bands, with this frequency dependence
being in good agreement with jet opacity dominated by
synchrotron self-absorption. The ATCA data shown in
Figure 5 follow this trend, though the sampling is in-
sufficiently frequent to assess this more quantitatively.
Similarly, Ramakrishnan et al. (2015) examined the

discrete correlation function between radio and gamma-
ray light-curves, finding that in most sources, the
gamma-ray peaks lead the radio with time lags in the
range 20 to 690 days. The ∼9-month delay between the
onset of the gamma-ray and radio flares is thus quite
consistent with these findings.

5 SUMMARY

The RadioAstron AGN Survey snapshot observation of
PKS 1954−388 in 2012 detected the source on a 6.2
Earth-diameter baseline, confirming the presence of a
compact core. A source frame brightness temperature
of greater than 2×1012K is implied, suggesting a min-
imum Doppler factor for the inverse Compton limit of
6. The simplest interpretation of the data yields a core
size of 0.47mas (in one dimension). If this is an over-
estimate due to scattering in the ISM, a smaller core size
and higher brightness temperature would be implied.
On the other hand, refractive substructure can have the
effect of enhancing detections on the long baselines to
RadioAstron leading to an over-estimate of the bright-
ness temperature. Further RadioAstron observations on
baselines less than 6 Earth-diameters are needed to dis-
tinguish between the various possibilities.
ATCA monitoring shows that the source has varied

by a factor of 5 in flux density at 8.4GHz, and the
Fermi light-curve suggests variations in the gamma-ray
flux by a factor of at least ten. A radio outburst, ris-
ing earlier and faster at higher frequencies, followed a
prolonged gamma-ray high state in 2013, with a lag be-
tween onsets of ∼9 months, comparable to that seen
in other blazars. Multi-epoch VLBI observations reveal
persistent jet components, with the innermost compo-
nent in the first epoch TANAMI image plausibly asso-
ciated with the 1996 radio outburst.
The multiwavelength data presented here were com-

bined with other data to derive an SED, which was fit-
ted using a one-zone synchrotron model. Despite the
covariance between model parameters and the non-
contemporaneous nature of the data, the model B fit
yields a Doppler factor of ∼9, consistent with the lower
limit to the inverse Compton Doppler factor of 6 in-
ferred from the RadioAstron observation. The equipar-
tition Doppler factor of at least 40 is much more difficult
to reconcile.
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