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ABSTRACT

Aims. The flat-spectrum radio quasar (FSRQ) 4C +01.28 is a bright and highly variable radio and y-ray emitter. We aim to pinpoint
the location of the y-ray emitting region within its jet in order to derive strong constraints on y-ray emission models for blazar jets.
Methods. We use radio and y-ray monitoring data obtained with the Atacama Large Millimeter/submillimeter Array (ALMA), the
Owens Valley Radio Observatory (OVRO), the Submillimeter Array (SMA), and the Large Area Telescope on board the Fermi
Gamma-ray Space Telescope (Fermi/LAT) to study the cross-correlation between y-ray and multifrequency radio light curves. More-
over, we employ Very Long Baseline Array (VLBA) observations at 43 GHz over a period of around nine years to study the parsec-
scale jet kinematics of 4C +01.28. To pinpoint the location of the y-ray emitting region, we use a model in which outbursts shown in
the y-ray and radio light curves are produced when moving jet components pass through the y-ray emitting and the radio core regions.
Results. We find two bright and compact newly ejected jet components that are likely associated with a high activity period visible in
the Fermi/LAT y-ray and different radio light curves. The kinematic analysis of the VLBA observations leads to a maximum apparent
jet speed of By, = 19 £ 10 and an upper limit on the viewing angle of ¢ < 4°. Furthermore, we determine the power law indices that
are characterizing the jet geometry, brightness temperature distribution, and core shift to be / = 0.974 + 0.098, s = =3.31 = 0.31, and
k, = 1.09 = 0.17, respectively, which are all in agreement with a conical jet in equipartition. A cross-correlation analysis shows that
the radio light curves follow the y-ray light curve. We pinpoint the location of the y-ray emitting region with respect to the jet base to
the range of 2.6 pc < d, < 20pc.

Conclusions. Our observational limits places the location of y-ray production in 4C +01.28 beyond the expected extent of the broad-
line region (BLR) and therefore challenges blazar-emission models that rely on inverse Compton up-scattering of BLR seed photons.
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1. Introduction

Blazars, radio-loud active galactic nuclei (AGNSs) with jets point-
ing towards earth, represent the largest population of extra-
galactic objects in the y-ray band (Abdo et al. 2009). They emit
radiation throughout the entire electromagnetic spectrum from
radio frequencies up to high y-ray energies. However, the exact
location where the y-rays are produced within the blazar jets is
still under active discussion. While the radio emission is thought
to be produced by synchrotron radiation from relativistic elec-
trons, different leptonic (e.g., Maraschi et al. 1992; Sikora et al.
1994, 2009; Ghisellini & Tavecchio 2009) and hadronic (e.g.,
Mannheim 1993) processes are discussed to explain the y-ray
emission. All these y-ray emission models require seed photon
fields to produce high-energy photons via inverse Compton (IC)
scattering in the case of leptonic models or by photon-proton

* Corresponding author: florian.roesch@uni-wuerzburg.de

interactions in hadronic models. For IC models these seed pho-
tons can be provided by the jet’s synchrotron photons that can be
up-scattered to y-ray energies by the same electron population
that is responsible for the synchrotron radiation, which is called
synchrotron self-Compton (SSC) emission (e.g., Maraschi et al.
1992). Alternatively, in external Compton (EC) and hadronic
emission models, external photon fields are considered. These
external photon fields can be provided by UV photons from the
broad-line region (BLR; e.g., Sikora et al. 1994), which is typ-
ically located <1 pc away from the central super massive black
hole (SMBH; e.g., Zhang et al. 2007), by IR photons between
the BLR and the dust torus (e.g., Sikoraetal. 2009), or by
photons from the cosmic microwave background (CMB; e.g.,
Ghisellini & Tavecchio 2009).

Due to the ubiquitous intraday variability of the vy-
ray emission of blazars which indicates a compact emission
region, EC scattering of BLR photons is generally favored in
the class of broad-line blazars. However, the same BLR photons
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used for EC scattering should become targets for the y —y — e*
process, leading to a strong cut-off in the y-ray spectrum above
~20GeV, so that no emission at very high energies (VHE)
> 100 GeV should be detectable (Costamante et al. 2018). Nev-
ertheless, such VHE emission is observed in individual quasars
(e.g., Aleksié et al. 2011). Moreover, Costamante et al. (2018)
find no evidence for the expected spectral curvature due to BLR
absorption in a sample of broad-line blazars suggesting that the
y-ray emitting region is located outside the BLR.

Studies of statistical samples with multiwavelength and very
long baseline interferometry (VLBI) information, support the
idea of a y-ray emitting region located well beyond the BLR.
Jorstad et al. (2001) found a connection between y-ray outbursts
and ejections of superluminal jet components from the radio
core that places the y-ray emitting region several parsecs down-
stream of the central engine. This scenario is supported by
several cross-correlation studies between y-ray and radio light
curves (e.g., Fuhrmann et al. 2014; Max-Moerbeck et al. 2014;
Kramarenko et al. 2022) which find that the y-ray light curves
lead the radio light curves for many blazars, suggesting the y-
ray emitting region to be located upstream of the radio cores,
and, in some cases, outside of the BLR’s outer edges.

In this paper, we perform a detailed individual-source study
to explore the described scenario using the blazar 4C +01.28
as a laboratory. 4C +01.28 (also known as TXS 1055+018,
RGBJ1058+015, and 4FGL J1058.4+0133) has a redshift of z =
0.89 (Jorstad et al. 2017) and is optically classified as a FSRQ
(e.g., Lister & Homan 2005; Véron-Cetty & Véron 2010). In
the case of 4C +01.28, rich multifrequency radio observational
data are available with the light curves showing high variabil-
ity alongside outbursts occurring every 1-2years (Lister et al.
1998). Interestingly, Very Long Baseline Array (VLBA) obser-
vations at 43 GHz of 4C +01.28 show the ejection of a super-
luminal jet component that seems to be associated with a bright
y-ray outburst (MacDonald et al. 2017). Overall, 4C +01.28 rep-
resents a perfect target to pinpoint the location of the y-
ray emitting region.

The paper is structured as follows. In Sect. 2 we present
the data and the data-analysis methods. In Sect. 3 we show
the results of the analysis of the 43 GHz VLBA observations
(Sect. 3.1) and of the cross-correlation of multifrequency light
curve data (Sect. 3.2). In Sect. 4 we discuss how the combi-
nation of the results found by the analysis of the VLBA and
the multifrequency data can be used to pinpoint the location
of the y-ray emitting region in the jet of 4C +01.28. Finally,
we summarize the results and draw our conclusions in Sect. 5.
Throughout the paper, we use a ACDM cosmological model
with Hy = 70kms~! Mpc™!, Q,, = 0.30, and Q4 = 0.70.

2. Observations and data analysis
2.1. VLBA data

To study the parsec-scale jet structure of 4C+01.28, we
employed radio data from the Boston University (BU) Blazar
Monitoring Program BEAM-ME!. This data, observed with
the VLBA at 43 GHz since April 2009, has been calibrated
and imaged by the BU-group using the Astronomical Image
Processing System (AIPS; Greisen 1998) provided by the
National Radio Astronomy Observatory (NRAO) and the CLEAN
algorithm implemented in the program DIFMAP (Shepherd et al.
1997). More detailed information on the calibration and imag-

1 http://www.bu.edu/blazars/BEAM-ME.html
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ing process can be found in Jorstad et al. (2005), Jorstad et al.
(2017), and Weaver et al. (2022).

Since in this work we focus on two newly ejected jet fea-
tures that appeared in August 2015 and June 2018, and seem to
be associated with a period of high y-ray activity, we concen-
trate on 20 epochs observed on a similar time range, specifically
between April 2015 and December 2018 (see Fig. 1). However,
since Weaver et al. (2022) present an independent analysis of the
43 GHz BU data from April 2009 until December 2018 (consist-
ing of 51 epochs), to guarantee comparability with their study,
we consider the epochs starting from April 2009 as well. These
additional epochs are shown in Figs. B.1-B.2.

Although most of the images show one bright feature at
the center and a jet in the northwest direction (see Fig. 1 and
Figs. B.1-B.2), six epochs show unique and relatively bright fea-
tures in the northern direction. Since such a structure is expected
to be an artifact, in an attempt to improve them, we re-imaged
them, obtaining images more in agreement with the structure
seen at other epochs.

The parameters of all the analyzed epochs are reported in
Table C.1. In Fig. 2, we show the resultant light curve of the
total flux density, focusing on the time range October 2012 —
December 2018. We assume an uncertainty of 5% of the mea-
sured flux which corresponds to the typical amplitude calibration
error (Jorstad et al. 2017).

2.1.1. Image modeling

To study the time evolution of the parsec-scale jet structure of
4C +01.28, we fitted the fully calibrated visibility data of all
51 epochs with 2D Gaussian components using the MODELFIT
task within DIFMAP. While the core components were fitted with
elliptical Gaussians, for the jet components we used circular
Gaussians. The components, overlaid on the uniformly weighted
images of 4C +01.28, are plotted in Figs. B.1-B.2 as well as
Fig. 1 and their parameters are listed in Table C.2. We filtered
out the unresolved components, with the resolution limit calcu-
lated according to Lobanov (2005)

_ In2 S/N
im = 22 AI2 1 1
a by n n S/N-1)’ M

where by, is the Full Width at Half Maximum (FWHM) of the
beam size along an arbitrary position angle i, S/N is the signal-
to-noise ratio, and S = 0 for uniform weighting (for natural
weighting § = 2). The S/N was calculated as S comp/ T comp>
where S comp 1s the flux density of the fitted Gaussian compo-
nent and O comp is the noise level of the area that is occupied
by this component. In the case of circular Gaussian jet compo-
nents, b, represents the major axes of the corresponding beams.
In contrast, for the elliptical Gaussian core components, by, was
determined by measuring the FWHM along the position angle
of the major and minor axes of the fitted core component. This
approach establishes resolution limits for both axes individually.
Whenever an axis is smaller than the corresponding resolution
limit, the component is considered unresolved. By following this
procedure, we find five unresolved circular jet components and
two unresolved minor axes of elliptical core components.

2.1.2. Kinematic analysis

To analyze the motion of the jet components, we cross-identified
the components of the different epochs and fitted their distance
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Fig. 1. Selected uniformly weighted 43 GHz VLBA total intensity images of the FSRQ 4C +01.28 with the fitted Gaussian components overlaid.
S ot 1s the total integrated flux density, S e is the highest flux density per beam, and o is the noise level. The gray ellipse in the bottom left corner
corresponds to the beam. The contours begin at 30~ and increase logarithmically by a factor of 2. The image parameters are listed in Table C.1.
The images show two newly ejected jet components appearing in August 2015 (J4) and June 2018 (J5) that can be tracked back until April 2015
and February 2017, respectively. In this work we focus on these two newly ejected components. Additional plots of the epochs observed before
April 2015 are shown in Appendix B in Figs. B.1-B.2.
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to the core d using the following equations:

d(1) = diia + p(t = tmia) » )
_H D
Baw =" 1 3)

in which fpig = (fmax + fmin)/2 is the midpoint of observation,
dmig 1s the distance of the jet component to the core at g, p is
the angular speed, By is the apparent speed in units of speed of
light ¢, and Dy, is the luminosity distance. For the uncertainties of
the distances, we used the semi-major axes of the corresponding
components, or their resolution limit for unresolved ones.

Using the same classification scheme implemented in
Jorstad et al. (2017) and Weaver et al. (2022), we classified jet
components with detections at >10 epochs and angular speed
i < 20 as stationary features, while all other jet components
were classified as moving jet features. Stationary jet components
were labeled with S, moving jet components were labeled with
J, and the core components were labeled with C. For moving
jet components, we computed the ejection epoch #, as the point
in which the separation of the jet component to the core equals
zero, namely

i
fo = 2% + fig . “
u

2.1.3. Brightness temperature

Using the parameters of the Gaussian components given in
Table C.2, we calculated the brightness temperatures 7y of all
components by

2In2 Scompﬂvz(1 + Z)
Tg =

; &)

T kB Amajdmin

in which ap,; and ap;, are the FWHM of the major and minor
axes of the Gaussian component, A is the wavelength of obser-
vation, z is the redshift, and kg is the Boltzmann constant
(Kovalev et al. 2005). Assuming relative uncertainties of 20 %
for the major and minor axes and 5 % for the flux density, we
calculated relative uncertainties of 29 % for the brightness tem-
peratures. For unresolved components, the resolution limits were
used, which led to a lower limit on the brightness temperatures.
The brightness temperatures obtained are also listed in Table C.2
and are plotted in the upper panel of Fig. 3.

2.2. Other radio data

4C +01.28 was also observed at various other radio wave-
lengths. Data measured by the Atacama Large Millime-
ter/submilimeter Array (ALMA) at band 3 (ALMA3:
84—-116 GHz), band 6 (ALMA6: 211-275GHz), and band
7 (ALMAT7: 275-373GHz) are available at the ALMA
Calibrator Source Catalogue’. Furthermore, we used data
observed by the Submillimeter Array (SMA) at a wavelength
of 1.3mm that are available at the Submillimeter Calibrator
List® (Gurwell et al. 2007). Because the flux densities of the
individual ALMA and SMA light curves were not measured
at the same frequencies, we calculated the mean frequencies
v, with uncertainties given by the standard deviation, for all
four light curves respectively. We obtain v = (97.0 = 6.2) GHz
(ALMA 3), v = (225.6+4.8) GHz (SMA), v = (232.5+2.4) GHz

2 https://almascience.eso.org/sc/
3 http://smal.sma.hawaii.edu/callist/callist.html
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(ALMA 6), and v = (341.9 + 8.5) GHz (ALMA 7). These mean
frequencies were used for further calculations. In addition,
we employed the 15GHz light curve from the Owens Val-
ley Radio Observatory (OVRO) blazar monitoring program
(Richards et al. 2011). Note that we only used data observed
from October 2012 to December 2018 in this study (see also
Sect. 2.4 for more details). All these light curves are plotted in
Fig. 2 and show similar structures with flux density peaks in
2014, 2015, and 2017 and a prominent flux density minimum in
2013, in agreement with the VLBA light curve.

2.3. Fermi/LAT data

In addition to radio light curves, we also used informa-
tion from other wavelengths for our analysis. Specifically,
4C+01.28 was also observed by Fermi/LAT (Atwood et al.
2009) at y-ray energies between 0.1 GeV and 100 GeV. Weekly
and monthly binned y-ray light curves are available at the
Fermi/LAT Light Curve Repository* (LCR; Abdollahi et al.
2023). We used the monthly binned light curve of 4C +01.28,
which has only ~4% of upper-limit data points (defined by test
statistic (TS) values <4; for comparison, the weekly binned light
curve contains ~26% of upper limits), which is ideal for the fur-
ther analysis. Moreover, several radio light curves have relatively
large gaps leading to mean sampling times more comparable to
monthly binning. The y-ray light curve measured from October
2012 to December 2018 is shown in Fig. 2. It shows high vari-
ability with prominent bright outbursts in 2014 and 2015 and a
prominent flux minimum in 2013, as can also be seen in the radio
light curves.

2.4. Cross-correlation analysis

Because of their similar behavior, we assume that the light
curves measured by ALMA, OVRO, SMA, VLBA, and
Fermi/LAT are correlated (see Fig. 2). To test this assump-
tion, we performed a cross-correlation analysis between the
Fermi/LAT +y-ray light curve and the radio ones. We neglected
the ALMA 6 and VLBA light curves in this study because of
their poor sampling rate compared to the other radio observa-
tions. To ensure comparability of the cross-correlation results
obtained using the different radio light curves, we only used flux
densities measured during the time range form October 2012 to
December 2018, during which every involved light curve has
measurements (Fig. 2).

Several y-ray data points are only upper limits (indi-
cated as red arrows in the upper panel of Fig. 2) and were
neglected for the analysis (similar to the approach shown in
Max-Moerbeck et al. 2014). Nonetheless, to assess the impact
of their exclusion, we performed the analysis treating them as
actual data points finding no significant discrepancies.

2.4.1. Cross-correlation functions

The cross-correlation function (CCF) of two evenly sampled
light curves x(#;) and y(#;) as function of the time lag 7 is given
by

(6)

b () - DO - 1) - )
CCF(r) = Z . :

4 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
LightCurveRepository
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Fig. 2. Monthly binned y-ray and radio light curves observed by
Fermi/LAT, ALMA, SMA, and OVRO and the VLBA total flux den-
sity light curve, showing similar variability behavior. In the upper panel
red arrows indicate upper limits. The vertical dashed lines represent the
ejection epochs of the jet components J4 (orange) and J5 (blue) with
their 1o~ uncertainties shown as the orange (J4) and blue (J5) bands.
The ejection of the components J4 and J5 falls into the period of high
activity starting in late 2013.

in which X, j and o, o, are the mean values and standard devia-
tions of x(#;) and y(#;), respectively (e.g., Fuhrmann et al. 2014).

Due to the unevenly sampled radio light curves, we used
two different methods for the cross-correlation analysis, namely
the Discrete Cross-Correlation Function (DCF) according to
Edelson & Krolik (1988) as well as the Interpolated Cross-
Correlation Function (ICF; White & Peterson 1994).

According to Edelson & Krolik (1988), at first, the set of
unbinned discrete correlations (UCCF;;) of all measured pairs
of data points from the two investigated light curves (x(t;), y(t,)),
associated with the pairwise lag At; = t; — #;, was computed as

UCCE, = (x(@) = D)) - ?)'

(N

OOy

Binning these unbinned correlations in time and averaging over
the pairs for which 7 — %’ <A <TH % then led to the DCF
correlation coefficients at time lag 7. For this we used the average
sampling time of both investigated light curves as the bin size At
(see, e.g., Markowitz et al. 2003). We first calculated the median
sampling times of the two individual light curves separately and
then used the mean value of those as At.

For the ICF method introduced by White & Peterson (1994),
each measured data point x(;) was paired with the interpolated
values y(t; + 7). In a second pass, the measured data points y(z;)
were paired with the interpolated values x(¢; — 7). For this pur-
pose, we used a piece-wise linear interpolation with an interpola-
tion unit of 0.5 times the average sampling time of the two light
curves used to compute the ICF (e.g., Markowitz et al. 2003).
Finally, averaging over both results led to the ICF correlation
coefficients at time lag 7.

In order to obtain correlation coefficients that are identical
to the standard linear correlation coefficient known as Pearson’s
1, we calculated the DCF and ICF with local normalization. For
this, we only used data points that contribute to the DCF or ICF
at any particular time lag to calculate the means and standard
deviations used in Egs. (6) and (7) (see, e.g., White & Peterson
1994; Welsh 1999; Fuhrmann et al. 2014; Max-Moerbeck et al.
2014). Note that the CCF of two unrelated red-noise light
curves can result in spurious correlation coefficients higher than
expected (Welsh 1999; Markowitz et al. 2003), especially for
time lags greater than 1/3 of the duration of the investigated light
curves (Press 1978). Because of the red-noise nature of our light
curves, we only calculated correlation coefficients for time lags
between +1/3 of the duration where both light curves overlap in
sampling to avoid such spurious correlation coefficients.

2.4.2. Correlation significance

To determine the significance of the cross-correlation between
the Fermi/LAT y-ray and the different radio light curves,
we utilized the method of mixed source correlations (e.g.,
Fuhrmann et al. 2014). For this purpose, we calculated the
DCF and ICF between each radio light curve of 4C +01.28
and 226 unrelated y-raylight curves of other blazars avail-
able at the Fermi/LAT LCR in the same way as described in
Sect. 2.4.1. Comparing these mixed correlation coefficients with
those derived using only the light curves of 4C +01.28 for each
time lag, we were able to estimate the probability that the latter
were produced by chance correlations.

According to Abdollahi et al. (2023), the Fermi/LAT LCR
provides light curves of 1525 variable 4FGL-DR2 catalog
sources with variability indices >21.67, which corresponds to
the chance of <1% of being steady. Most of the sources are of
the blazar type. However, there are also a few light curves of
other source classes available at the LCR. To guarantee com-
parability, we only selected blazar light curves for the signifi-
cance analysis. Furthermore, since we neglected upper limits in
the correlation analysis (see Sect. 2.4), we set a selection cut on
the average significance given by the average TS values of the y-
ray detections of the LCR blazars to ensure a high enough sam-
pling of the y-ray light curves. Therefore, we only chose light
curves with an average significance >47.4, which corresponds
to 1/2 of the average significance of 4C +01.28 of 94.8. With
these selection criteria, we find a sample of 226 blazars (without
4C +01.28) consisting of 108 FSRQs, 110 BL Lac objects, and
8 blazar candidates of uncertain type.

For all these y-ray light curves we calculated the mixed
cross-correlations neglecting upper limits. Here, we used the
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same bin size and interpolation unit as used for calculating the
DCF and ICF using the 4C +01.28 y-ray light curve. We then
calculated the probability density function (PDF) of the distri-
bution of the derived 226 different mixed correlation coefficients
for every time lag. From these PDFs we then estimated the two
sided 68.27%, 95.45%, and 99.73% confidence intervals which
we refer to in the following as Gaussian equivalent 1o, 207, and
30 confidence levels, respectively.

2.4.3. Time lag uncertainties

To estimate the uncertainties of the time lags of the DCF and ICF
peak coefficients, we used the Monte Carlo simulation method
introduced by Peterson et al. (1998) for both methods. Accord-
ing to these authors, the uncertainties of the time lags depend
mainly on the measurement uncertainties of the flux densities
and the sampling rate of the light curves. To take the uncertain-
ties in flux density into account, we modified each flux density
measurement by random Gaussian deviates based on its indi-
vidual uncertainty, which is referred to as flux randomization
(FR). Moreover, to account for the sampling rate of the light
curves, we used the method of random subset selection (RSS),
in which we randomly discarded up to 37% of the data points of
the light curve. Combining both methods, FR and RSS, into one
Monte Carlo run, we simulated 1000 randomly modified pairs
of light curves and calculated the DCF and ICF as explained in
Sect. 2.4.1. For this purpose, we used the same bin size and inter-
polation unit as for the cross-correlation analysis between the
original light curves. From these 1000 correlation functions we
calculated the distribution of the time lags of the corresponding
peak coefficients using only peak coefficients that are higher than
the corresponding 1o, 207, or 30 confidence level above which
the peak coefficient derived from the original light curves lay.
For example, if the peak coefficient from the original light curves
lay between the corresponding 20~ and 30~ confidence levels, we
only used time lags at peak coefficients higher than the 20 con-
fidence level to calculate the distribution. We then estimated the
uncertainty of the time lag at the peak coefficient from the orig-
inal light curves to be the standard deviation of the derived time
lag distribution.

3. Results
3.1. 43 GHz VLBA data

To analyze the motion of the jet components, we studied their
position relative to the core component. Their time evolution
between April 2015 and December 2018 is shown in Fig. 1, in
which the fitted Gaussian components are plotted overlaid on
the uniformly weighted images of 4C +01.28. We highlight how
in August 2015, a new bright and compact jet feature appeared
moving outwards in the jet that is identified as component J4
and can be tracked back until April 2015. In June 2018, a sec-
ond moving jet component emerged. We are able to track it
down to February 2017 and we identify it as component J5. In
this work, we focus on these two newly ejected jet components.
However, (see Sect. 3.1.1), we also study the kinematics of the
epochs observed before April 2015 to ensure the comparability
with an independent model-fit analysis of all 51 epochs spanning
around 9 years of observations, from April 2009 until December
2018 (Weaver et al. 2022). The time evolution of the jet compo-
nents of these additional epochs is shown in Figs. B.1-B.2. With
the results of the kinematic analysis, we are able to calculate an
upper limit for the viewing angle for 4C +01.28 (see Sect. 3.1.2).
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Furthermore, we also used the size and brightness temperatures
of the jet components to study the jet geometry (see Sect. 3.1.3)
and brightness-temperature gradient (see Sect. 3.1.4), respec-
tively.

3.1.1. Kinematic analysis

To calculate the apparent speeds and ejection epochs of the jet
components, we fitted their distances from the core with respect
to the observation time as described in Sect. 2.1.2 (also see
Rosch et al. 2022, for a brief discussion of this kinematics anal-
ysis). In the bottom panel of Fig. 3 the distance of the jet com-
ponents to the core is plotted using the fitted Gaussians’ semi-
major axes or the resolution limits for unresolved components
as uncertainties. In all 51 epochs, we find a stationary compo-
nent (S1) close to the core alongside a second stationary one in
almost all epochs at distances of around 1.5 mas to 2 mas from
the core. The position of these two components is consistent to
15 GHz MOJAVE observations (Lister et al. 2019, 2021) which
also show two stationary features at similar distances.

In the epochs observed before April 2015, we also detect
some additional components within the bright feature at the
core region or at distances out to about 0.6 mas from the core.
Because it is difficult to identify these jet components unam-
biguously, we consider two different models to describe their
kinematics. On the one hand, we consider them as one single
component moving with an apparent speed of B, = 2.00+£0.61,
represented by the dashed line in Fig. 3. This speed would be
much lower then the speeds derived for J4 and J5 (see Table 1
and the discussion below). On the other hand, we identify them
with three different jet components J1, J2, and J3 moving at
apparent speeds comparable to those of J4 and J5. This second
model is represented by the solid lines in Fig. 3. However, J1 and
J2 can only be tracked across three epochs. Therefore, adopt-
ing the convention of Lister et al. (2009), in which at least five
epochs are required to build a robust kinematics model, and con-
sidering the uncertain identification of these three components,
we do not use their speeds for further analysis. Previous indepen-
dent kinematic analyses (Jorstad et al. 2017; Weaver et al. 2022)
identify these components as one moving jet component and a
trailing feature that was formed behind it. While the speed of the
moving component is comparable to the speeds of J1, J2, and
J3 of our second kinematics model, the speed of the trailing fea-
ture is similar to that of the component from our first kinematics
model. Therefore, this identification seems to be a combination
of both models presented in this work.

The two newly ejected jet features J4 and JS5, whose kine-
matics are used for further analysis, seem to accelerate to higher
speeds at distances downstream of ~0.53 mas and ~0.37 mas
from the core, respectively. At smaller distances upstream of
these transition points, both components seem to travel at lower
constant speeds’ (see lower panel of Fig. 3). Therefore, we fitted
both components with two separate linear regressions each using
Eq. (2). Their transition points are indicated by the two vertical
dotted lines in Fig. 3. The choice of the transition point is based
on the fact that when crossing this region, the brightness temper-
ature and flux density of J4 and J5, shown in Fig. 3, underwent
a steep increase. Weaver et al. (2022) find similar results for J4
leading to comparable angular speeds, also using a broken lin-
ear fit with two transition points, located at distances consistent
with our findings. Weaver et al. (2022) only identify Gaussian

3> For the discussion (Sect. 4), we assume that these constant speeds
even persisted further upstream.
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Table 1. Apparent speeds and ejection epochs of the jet components.

ID d H ,Bapp fo

[mas] [mas yr~'] [c] Lyr]
@O @ 3 “) &)
S1 - =0.0029 +0.0018 -0.139 +0.084 -
S2 - 0.010 +0.014 0.48 +0.67 -
12 — 0.175 £ 0.042 84+20 2009.78 + 0.37
J4 <0.53  0.250 £ 0.066 120+3.2 201451 +0.30
J4 2053  0.407 £0.052 19525 -
J5 <037 0.14+0.11 6.5+5.1 20154+ 1.7
J5 2037 0.39 +0.21 19+10 -

Notes. Col.(1): ID of the jet components; Col. (2): Distance range of the
jet components with respect to the core corresponding to the transition
point of the kinematics fits; Col. (3): Angular speed of the jet compo-
nents; Col. (4): Apparent speed of the jet components in units of speed
of light; Col. (5): Ejection epoch of the components.

components with J5 at epochs between June 2018 and December
2018. In contrast to that, we also identify Gaussian components
fitted to the remaining flux density shown in epochs between
February 2017 and February 2018 with this component. How-
ever, the angular speeds of J5 between June 2018 and December
2018 are similar in both studies. Finally, we calculated the ejec-
tion epochs of these two components as described in Sect. 2.1.2
and for J4 we find similar results to Weaver et al. (2022).

The speeds and ejection epochs derived for robust compo-
nents are listed in Table 1. Due to the large 1o uncertainty of
the ejection epoch of J5, this component could be ejected before
J4, although J5 appears clearly after J4 (see Fig. 1). However,
because J5 travels at a lower speed through the inner part of the
jet, this scenario would be plausible. In that case, J4 would cross
J5 upstream of S1. Since both components are only detected
downstream of S1, this would lead to similar images.

3.1.2. Viewing angle

The apparent speed in units of speed of light 8,,, depends on the
intrinsic jet speed in units of speed of light 8 and the viewing
angle ¢ and is given by

Bsin¢

Bapp = 1 —pBcos¢’

®)
Therefore, an upper limit on ¢ can be estimated by setting 8 = 1
and solving Eq. (8) for ¢, which leads to

2
IBapp, max 1 )
- . 9

2
app, max +1

®

¢ < arccos[

in which B,pp max 15 the largest possible apparent jet speed.

To calculate this upper limit on the viewing angle, we
neglected J1, J2, and J3 because of their unclear identification
and kinematic analysis. Therefore, the largest possible appar-
ent speed within the 1o uncertainties iS Bapp,max = 29 derived
for J5. Using this value for Bapp max together with Eq. (9), we
obtain the upper limit on the viewing angle to be ¢ < 4°. This
upper limit on the viewing angle is consistent to the typical view-
ing angle for blazar jets of ¢ < 5° derived by Jorstad et al.
(2017). Furthermore, it is comparable to other estimates of the
viewing angle of 4C +01.28. While Weaver et al. (2022) deter-
mine the viewing angle to be ¢ = (3.2 + 1.0)°, using 43 GHz
VLBA observations and taking the variability Doppler factor
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Fig. 3. Upper panel: observed brightness temperatures of the jet compo-
nents with relative uncertainties of 29% plotted over time. The arrows
denote lower limits for unresolved components. The horizontal dashed-
dotted line represents the inverse Compton limit of 10'2 K. The gray-
shaded area denotes the range of brightness-temperature values for a
jet in equipartition. The intrinsic brightness temperature of the core
(blue bars) is mostly consistent with equipartition and lies only above
equipartition close to the ejection epochs of moving jet components.
Middle panel: flux densities of the jet components with relative uncer-
tainties of 5% plotted over time. Lower panel: distance of the jet com-
ponents relative to the core component plotted over time. The solid lines
are fitted via linear regression and their gradients represent the angular
speed of the corresponding component. The dashed fitted line repre-
sents an alternative kinematics model for the components J1, J2, and
J3 (see Sect. 3.1.1). Components J4 and J5 seem to accelerate and are
therefore fitted by two separated linear regressions each with their tran-
sition points indicated by the two vertical dotted lines. At these transi-
tion points their brightness temperatures and flux densities show a steep
increase.

into account, Pushkarev et al. (2009) used 15 GHz VLBA obser-
vations to determine the viewing angle to be ¢ = 4.4°.

3.1.3. Jet geometry

Following the jet model introduced by Blandford & Konigl
(1979) and Konigl (1981), we assume that the jet diameter D
along the jet axis d can be described by a power law: D o« d'. To
investigate the jet width profile, we used the FWHM of the afore-
mentioned circular Gaussian components (see, e.g., Burd et al.
2022), with the uncertainties defined as 20% of the major axis
of the respective component. The results of these measurements
are presented in Fig. 4.
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Fig. 4. Upper panel: jet width D, given by the FWHM size of the jet
components, plotted as a function of their distance from the jet base.
The dashed line is fitted via D = C(d + dc,43,app)’, where d. 43, qpp 18
the apparent distance of the 43 GHz core to the jet base, d is the dis-
tance from the core to the jet component, C is a constant, and / is the
power law index representing the jet geometry. The best fit results in
I = 0.974 + 0.098 which is consistent with a conical jet. Lower panel:
observed brightness temperature 7Ty of the jet components plotted as a
function of the components’ distances to the jet base. The dashed line
is fitted via log(Tg) = s - log(d + d. 43,app) + 10g(C), in Which d 43 app
is the apparent distance of the 43 GHz core to the jet base and s is the
brightness-temperature gradient. For d. 43 .5, We used the value derived
in Sect. 3.1.3. The best fit results in s = —3.31+£0.31 which corresponds
to a conical jet in equilibrium between magnetic field strength density
and electron energy density (Burd et al. 2022).

Subsequently, we employed a single power law fit expressed
as D = Cd + dc,43,app)’, to model the data (see also
Kravchenko et al. 2025; Kovalev et al. 2020). Here, d is the dis-
tance between the 43 GHz core and the jet components and
de,43,2pp denotes the apparent position of the 43 GHz core from
the jet base. The radio core is the most compact part of a jet
and should be located at the transition region between opti-
cally thick and thin emission, where the optical depth is =1
(Blandford & Konigl 1979; Konigl 1981; Marscher et al. 2010).
Note that we only used resolved components for the fit. The
corresponding best-fit parameters are as follows: C = (0.265 +
0.022) mas'™, d; 43, 4pp = (0.124 + 0.059) mas, and / = 0.974 +
0.098. The derived power law index [ is consistent with [ = 1
within its 1o~ uncertainty, indicating a conical jet geometry (e.g.,
Kadler et al. 2004). However, it differs from [ = 1.55 + 0.07
found by Kravchenko et al. (2025) using 15 GHz MOJAVE data.
They probably find a steeper gradient because they are putting
more weight on larger jet scales rather than the scales probed by
the 43 GHz BU data.

3.1.4. Brightness temperature

The brightness temperatures of the core and jet components
are plotted in the upper panel of Fig. 3. All jet compo-
nents have brightness temperatures below the inverse Comp-
ton limit of 102K (Kellermann & Pauliny-Toth 1969) within
their uncertainties while the brightness temperatures of the
core are sometimes significantly above this limit for short time
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intervals. Brightness temperatures above the inverse Comp-
ton limit can probably be explained by Doppler boosting. The
observed brightness temperatures, T obs, are Doppler boosted
with T'g obs = 0T int, Where T'g in¢ is the intrinsic brightness tem-

perature and 6 = +/1 —B%/(1 — Bcos¢) is the Doppler factor
(e.g., Kovalev et al. 2005). Using Eq. (8) the Doppler factor can

1 — Bayp + 2Bapp/ tan ¢. With this formula,

we calculated the range of possible Doppler factors. We used
the derived upper limit for the viewing angle of ¢ < 4 and the
lowest possible speed at which components travel through the
core region of B, = 1.4 measured for J5 within its 1o~ uncer-
tainty to estimate the lower limit. For the upper limit, we used
Bapp = 15.2 derived for J4 within its 10~ uncertainty and the lower
limit of the viewing angle of ¢ = 2.2 (¢ = 3.2+1.0) presented by
Weaver et al. (2022). We used the obtained range of 3.6 < § < 24
to calculate the possible range of the intrinsic brightness temper-
atures of the core which are plotted in the upper panel of Fig. 3
(blue bars). They are clearly below the inverse Compton limit
and mostly lie at values that are expected for a jet in equipar-
tion (indicated in gray). This equipartition brightness tempera-
ture lies around 5 - 10'° K (Readhead 1994) with an upper limit
of 10" K (Singal 2009). Note that the intrinsic core brightness
temperatures show values that are significantly above equiparti-
tion only at four epochs that can be associated with the ejection
of J2,J3, J4, and J5, respectively.

Following the jet model introduced by Blandford & Konigl
(1979) and Konigl (1981) and assuming that the magnetic field
B, the electron density N, and the jet diameter D are given by
power laws (B o d®, N o d", and D o« d'), it can be shown that
the brightness temperature can also be described by a power law:
Tg o< d°. The brightness-temperature gradient s is given by (e.g.,
Kravchenko et al. 2025; Burd et al. 2022; Kadler et al. 2004)

(10)

where « is the spectral index (S o v®) of the optically thin
jet emission. To investigate this gradient for 4C +01.28, we fit-
ted the brightness temperatures of all resolved jet components
by log(TB) =5 10g(d + dc,43,app) + IOg(C)6 USing dc,43,app =
(0.124 + 0.059) mas derived in Sect. 3.1.3 as illustrated in the
lower panel of Fig. 4. To take the uncertainty of d 43 spp into
account, we used a Monte Carlo simulation method in which
we altered the value of d 43 4pp randomly within its uncertainty.
With this method, we calculated 1000 different d 43 app values
and performed 1000 different fits. We then calculated the best-fit
parameters and their uncertainties to be the mean and standard
deviation of the parameters derived from the different fits, which
results in C = (15.4 +4.4)- 108 Kmas™ and s = —3.31 = 0.31.
The derived brightness-temperature gradient s is not consistent
with s = —3.75 £ 0.11 found by Kravchenko et al. (2025) using
15 GHz MOJAVE data. Similar to / (see Sect. 3.1.3), this steeper
gradient is likely due to the fact that Kravchenko et al. (2025)
are putting more weight to larger jet scales that are not probed by
the 43 GHz BU data. Assuming equipartition between the mag-
netic field strength density and the electron energy density, the
derived brightness-temperature gradient corresponds to a coni-
cal jet (-6 < s < —2.5; Burd et al. 2022) and differs from a

be written as 6 = \/

s=l+n+b(l-a),

6 Since the brightness temperatures of the jet components range over
~7 orders of magnitude and we assume relative uncertainties of 29%,
higher brightness temperatures have larger uncertainties. A simple
weighted (ﬁ) power-law fit of the form Tg = C(d + d434pp)° Would
therefore provide an s-value that is too small, because smaller bright-
ness temperatures would have larger weights which would pull the fit
towards smaller brightness temperatures.
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Table 2. Cross-correlation results derived by the DCF (top) and ICF
(bottom) between the Fermi/LAT y-ray and different radio light curves.

Light curve v Feorr Significance Ty
[GHz] [o] [days]
1 2 3 4 Q)
DCEF:
ALMA 7 3419+85 0.63+0.13 2.73 84 + 102
SMA 225.6 +4.8 0.57+0.15 1.91 144 + 224
ALMA 3 97.0+£6.2 0.623 +0.079 2.39 220 + 69
OVRO 15 0.45+0.14 1.16 252 + 219
ICF:
ALMA 7 341.9+8.5 0.54 2.07 120 + 46
SMA 225.6 +4.8 0.48 1.88 198 + 82
ALMA 3 97.0+6.2 0.57 2.15 220+ 34
OVRO 15 0.48 1.34 225 + 153

Notes. Col.(1): Radio light curve; Col.(2): Mean frequency of the radio
light curve; Col.(3): Peak cross-correlation coefficient; Col.(4): Signif-
icance of the peak cross-correlation coefficient in units of the Gaussian
equivalent standard deviation; Col.(5): Time lag corresponding to the
peak cross-correlation coefficient.

parabolic jet (=3 < s < —1.25; Burd et al. 2022), confirming the
results presented in Sec. 3.1.3.

3.2. Cross-correlation analysis

Because of the similar behavior of the different light curves
shown in Fig. 2, we computed DCF and ICF cross-correlation
coefficients between the Fermi/LAT y-ray and the ALMA, SMA,
and OVRO radio light curves as described in Sect. 2.4. The
results of the DCF and ICF between the Fermi/LAT and the
ALMA 3 light curves are plotted in Fig. 5. Additional plots of
the cross-correlation between the Fermi/LAT and the ALMA 7,
SMA, and OVRO light curves are presented in Figs. A.1-A.3.
One can see that the cross-correlation functions between all four
pairs of light curves have their peak cross-correlation coefficients
at positive time lags indicated by the solid blue lines with their
uncertainties, calculated as discussed in Sect. 2.4.3, shown by the
blue shaded areas. These positive time lags indicate that the radio
light curves follow the y-ray light curve. Furthermore, the DCF
and ICF between each individual pair of light curves peaks at
comparable time lags that are consistent with each other within
their 10 uncertainties. Note that the global peak coefficient of
the DCF between the Fermi/LAT and OVRO light curves of
0.54 + 0.14 is located at a larger time lag of (630 + 219)days
that is not consistent with the corresponding ICF time lag and
with those found for the other three radio light curve. However,
there is another clear peak at a time lag of (252+219) days that is
comparable with the other ones (see Fig. A.3). While the global
peak time lag corresponds to the correlation of the radio flares
in 2015 and 2017 with the y-ray flares in 2014 and 2015, the
second peak time lag corresponds to the correlation of these two
radio flares to the y-ray flares in 2015 and 2016 (see Fig. 2).
Therefore, we used the second time lag for further calculations.
The peak cross-correlation coefficients derived for both
methods are listed in Table 2, together with their corresponding
time lags and significances. Here, one can see that the peak coef-
ficients show a slight shift towards longer time lags with decreas-
ing frequency of the radio light curves which could probably be
explained by opacity effects (see discussion in Sect. 4.1).
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Fig. 5. DCF (upper panel) and ICF (lower panel) cross-correlation coef-
ficients between the Fermi/LAT y-ray and ALMA 3 light curves plotted
over time lag. For the DCF the bin size is chosen to be 20 days, while
the interpolation unit for the ICF is chosen to be 10days (both calcu-
lated as explained in Sect. 2.4.1). Positive time lags mean that the radio
light curve follows the Fermi/LAT 7y-ray light curve. The time lags for
the peak cross-correlation coefficients are marked by solid blue lines,
with their 1o uncertainties given by the shaded blue area. The dotted
red, dashed-dotted orange, and dashed green lines correspond to the
two sided Gaussian equivalent 107, 20, and 30 confidence intervals. The
DCEF and ICF cross-correlation coefficients between the Fermi/LAT and
ALMA 7, SMA, and OVRO light curves are plotted in Figs. A.1, A.2,
and A.3, respectively.

4. Discussion

From our study of 51-epochs of VLBA observations of
4C +01.28 at 43 GHz, we find two newly ejected jet features
likely associated with the high activity period starting in late
2013 shown in the Fermi/LAT y-ray and in several radio light
curves observed at different frequencies by ALMA, OVRO, and
SMA. To illustrate that, the ejection epochs derived in Sect. 3.1.1
are plotted as vertical dashed lines in Fig. 2, together with
the different y-ray and radio light curves. The orange and blue
bands represent the 10~ uncertainties of the ejection epochs of J4
(orange) and J5 (blue).

In the following, we use a model in which the flares shown
by the y-ray and radio light curves occur due to opacity effects
when a moving jet component passes through the y-ray emitting
region and the regions where the radio cores are located (also
see Fuhrmann et al. 2014; Max-Moerbeck et al. 2014). With this
model, we analyze the core shift (see Sect. 4.1) and determine
the location of the y-ray emitting region (see Sect. 4.2) in the jet
of 4C +01.28.

4.1. Core shift

The absolute position of the radio core d. , depends on the fre-
quency v and is given by

(11)

in which the power law index &, depends on the spectral index
as well as on the magnetic field and particle density distribu-
tions (Konigl 1981). Hence, the location of the radio core shifts

_ L
dC,V oy kr’
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upstream towards the central engine with increasing frequency
(Marscher et al. 2010).

Assuming a jet in which the electron energy density N, the
magnetic field strength density B, the jet diameter D, and the
brightness temperature Tp are given by power laws (N oc d",
Bo db, D oc d', Ty o d°), the power law index representing the
core shift is given by

(Qa-3)bh-2n-2

kr >
5 -2«

12)

where « is the optically thin spectral index (Lobanov 1998). Fur-
ther assuming a jet in equipartition between electron energy den-
sity and magnetic field strength density, which is consistent to
our findings on the jet geometry (Sect. 3.1.3) and brightness tem-
perature gradient (Sect. 3.1.4), N o« B> « d?* leading to n = 2b
(e.g. Burd et al. 2022). Inserting n = 2b into Egs. (10) and (12)
and solving these equations for b and k, results in

b= 35—_; (13)
_Qo-Ts-1+D)+]1 14

4 (5-20)3-0a)

To calculate these two power law indices, the optically thin spec-
tral index a of the jet emission is needed. Since this @ can not
be determined from the data we used in this work, we used the
jet spectral index presented by Hovatta et al. (2014). They cal-
culated the spectral index at parsec scales between 8 GHz and
15GHz VLBA observations along the ridge line of the jet of
a sample of AGNs. For 4C +01.28, they found a jet spectral
index that varies around —1 with its maximum and minimum
at around —0.3 and —1.6 within 10 uncertainties. Therefore, to
be conservative, we used @ = —1.00 + 0.70 to calculate k, and b.
Note that this « is also consistent with the jet spectral index of
4C +01.28 at smaller scales derived between quasi-simultaneous
VLBI observations at 43 GHz and 86 GHz (Ricci et al., in prep.).
Together with our results on the power law indices of the jet
geometry, / = 0.974 + 0.098 (see Sect. 3.1.3), and the bright-
ness temperature gradient, s = —3.31 + 0.31 (see Sect. 3.1.4),
we obtain b = —1.07 £ 0.20 and k, = 1.09 + 0.17. These val-
ues are both comparable with a conical jet in equipartition hav-
ing a toroidal magnetic field. For such a jet b = —1, since a
toroidal field scales with the jet diameter via B o« D™' o d7!
(I = 1 for a conical jet). Note that a poloidal magnetic field
scales as B « D2 o« d?, leading to b = —2 (Burd et al.
2022). Furthermore, for a freely expanding jet in equipartition
between magnetic-field energy and jet particle density k, = 1
(Blandford & Konigl 1979).

Using the aforementioned model, we are able to explain the
behavior of the time lags derived by the cross-correlation anal-
ysis between y-ray and radio light curves measured at different
frequencies presented in Sect. 3.2 using the core shift.

The location of the radio core at frequency v with respect to
the jet base can be calculated by
de,y=d,+d,,=d, +pur,,, (15)
where d, is the location of the y-ray emitting region with respect
to the jet base and d,, is the distance between d, and d. ,.. Insert-

1

ing Eq. (15) into Eq. (11), we obtain d.., = d, + ut, , oc v &
Using d, as reference position and using a model in which the
jet component producing the y-ray and radio outbursts travels at
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Fig. 6. Time lags 7, derived from the DCF (upper panel) and the ICF
(lower panel) plotted as a function of frequency v. Positive time lags
mean that the radio light curve follows the Fermi/LAT vy-ray light curve.
To investigate the core shift, the time lags are fitted by 7,,, = 7, +C Vi ,
where 7, is the time a newly ejected component needs to travel from the
jet base to the y-ray emitting region at speed u and C is a constant. Using
the calculated power law index k., = 1.09, the best fits (solid dark blue
lines) result in the de-projected location of the y-ray emitting region of
26pc < d, = % < 20pc. For greater k, the lower limit of the -
ray region would shift upstream in the jet to d, min < 1pc for k. > 1.88
(dashed-dotted red lines), d, min < 0.1 pc for k, > 2.23 (dotted light blue
lines), and dy, in < 0.01 pc for k, > 2.26 (dashed orange lines).

a constant speed through the region of the jet where the radio
cores and the y-ray emitting region are located’, we obtain

(16)

1
Ty,y XV Fr,

which explains the fact that the time lags derived with the cross-
correlation analysis presented in Sect. 3.2 increase with decreas-
ing frequency across the observed radio light curves.

4.2. Location of the y-ray emitting region

To investigate the core shift in more detail we plot the time lags
listed in Table 2 as a function of the frequency in Fig. 6. Using
d, as reference position, we fitted the time lags derived by the
DCEF (upper panel of Fig. 6) as well as the time lags obtained by
the ICF (bottom panel of Fig. 6) by

Ty,y =Ty+Cv_kLr, a7

where 7, is the time a newly ejected jet component needs to
travel from the jet base to the y-ray emitting region and k, = 1.09
derived from Eq. (14). The best fits of the DCF and ICF time lags
are both plotted as solid dark blue lines in Fig. 6 and the param-
eters of both fits are listed in Table 3.

Assuming that a newly ejected jet component travels with
constant speed from the jet base to the y-ray emitting region

7 In Sect. 3.1.1 we find that the two newly ejected components J4 and
J5 moved at constant speeds in the inner jet and accelerated to higher
speeds downstream at distances >0.37 mas from the 43 GHz core. Here,
we assume that these constant speeds even persisted further upstream,
from the jet base up to the 43 GHz core.
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Table 3. Best fit parameter and apparent locations of the y-ray emitting
region.

Method C T, dy app
[days GHzi] [days] [mas]

(1 2 3) 4

DCF 1869 = 3026 150+73 0.058 +0.053

ICF 1675+ 1983 165+36 0.063 +0.052

Notes. Col. (1): Cross-correlation method; Col. (2): Constant of propor-
tionality for the best fit; Col. (3): Time a newly ejected jet component
needs to travel from the jet base to the y-ray emitting region; Col. (4):
Apparent location of the y-ray emitting region.

and produces a y-ray flare when crossing this region, we cal-
culated the apparent location of the y-ray emitting region d .,
with respect to the jet base by

dy,app = MUTy, (18)

using the results from the fits on the DCF and ICF time lags,
respectively, and the speed derived by the kinematic analysis
of the 43 GHz VLBA data presented in Sect. 3.1.1 and listed
in Table 1.

Since the cross-correlation is driven by the flare in 2015,
which can most likely be associated with the ejection of J5 (see
Fig. 2), we used the angular speed of y = (0.14 + 0.11) mas yr~!
of J5 to calculate the apparent location of the y-ray emitting
region. Furthermore, this angular speed also corresponds to
the maximum angular speed of 4C +01.28 of u = (0.150 =
0.014) mas yr~! derived by using MOJAVE data observed with
the VLBA at 15 GHz (Lister et al. 2019). The determined val-
ues of d,,pp are listed in Table 3 for both methods, respec-
tively. Both values are consistent with each other within their
uncertainties. Therefore, we calculated the weighted mean of
the apparent location of the y-ray emitting region to be dy, ,pp =
0.061 £0.037 mas. At a redshift of z = 0.89 (Jorstad et al. 2017),
this equals to d, app = 0.47 £ 0.29 pc.

To determine the de-projected location of the y-ray emitting
region d,, the viewing angle ¢ of the jet can be used, as in

d,

= 12 (19)
sin ¢
Using a similar method as for the Doppler factor (see
Sect. 3.1.4), we calculated the range of d,. For this, we used the
upper limit of the viewing angle of ¢ < 4° derived in Sect. 3.1.2
and the smallest possible location of the y-ray emitting region
of dy app,min = 0.18 pc within its 1o~ uncertainty to calculate
the lower limit. Furthermore, using the largest possible value
for d, app Within its 1o~ uncertainty of dy, app max = 0.76 pc and
the smallest possible viewing angle of ¢ = 2.2 (¢ = 3.2 + 1.0)
derived by Weaver et al. (2022), we calculated the upper limit of
d,. With this method we can pinpoint the location of the y-ray
emitting region in the jet of 4C +01.28 to the range of

2.6pc <d, <20pc.

We highlight how such a distance is far beyond the BLR, that
typically extends up to 51 pc (see, e.g., Zhang et al. 2007).

This result is consistent with the findings from previous stud-
ies on several other blazars by, for example, Fuhrmann et al.
(2014), Max-Moerbeck et al. (2014), Kramarenko et al. (2022)
using similar methods. Moreover, recent studies on differ-
ent other blazars also find y-ray emitting regions beyond the

BLR using the y-ray/optical ratio of flare energy dissipated
(Kundu et al. 2025) and via modeling the spectral energy dis-
tribution (Naseef Mohammed et al. 2025; Thekkoth et al. 2024).
However, there are also studies that find y-ray absorption signa-
tures in the light curves of several other FSRQs indicating y-ray
emitting regions inside the BLR (Agarwal et al. 2024; Das et al.
2023; Dmytriiev et al. 2025), supported also by the variability
time scales observed (Das et al. 2023).

4.3. Implications for y-ray emission models

The 7y-ray emission in FSRQs is generally explained by
EC scattering of seed photons originated from the BLR
(Costamante et al. 2018). However, given the derived range of
the de-projected location of the y-ray emitting region of 2.6 pc <
d, < 20pc and assuming a typical extend of the BLR of <1 pc
(e.g., Zhang et al. 2007), we can rule out this emission model for
the case of 4C +01.28.

This result is also supported by the derived value of the
power law index representing the core shift of k£, = 1.09 +
0.17 (see Sect. 4.1). For a freely expanding jet in equipar-
tition between magnetic-field energy and jet particle density
k, = 1 (Blandford & Konigl 1979). However, k, can reach 2.5 in
regions with steep pressure gradients and can become even larger
in the presence of external density gradients which are present
in the BLR (Lobanov 1998). Therefore, we investigated how k,
would change if the y-ray emitting region was located closer to
the jet base inside the BLR. The BLR typically extends from a
few to a few tens of light-days, translating into 0.01 pc to 0.1 pc,
for low-luminosity AGNs and from several tens to hundreds
of light-days (0.1 pc to 1 pc) for high-luminosity quasars (e.g.,
Raimundo et al. 2020; Kaspi et al. 2000; Zhang et al. 2007).
Hence, we calculated the hypothetical values that k, would have
if the y-ray emitting region was located at distances of 1 pc,
0.1 pc, and 0.01 pc from the jet base, respectively. For this pur-
pose, we increased k, = 1.09 incrementally by steps of 0.001,
fitted the DCF and ICF time lags, respectively, by Eq. (17) using
the increased k,-values, and calculated the lower limit of the de-
projected location of the y-ray emitting region d, as explained
in Sect. 4.2 until d, y;n reached the above mentioned distances.
With this method we find that the y-ray emitting region would
shift upstream in the jet to dy min < 1pc for k, > 1.88 (dashed-
dotted red lines in Fig. 6), dy min < 0.1 pc for k. > 2.23 (dotted
light blue lines in Fig. 6), and d, min < 0.01 pc for k. > 2.26
(dashed orange lines in Fig. 6), meaning that k, would have been
greater than the derived value of k., = 1.09 + 0.17, if the -
ray emitting region was located inside the BLR, reaching values
of k, > 2, in accordance with Lobanov (1998).

However, alternatively to EC scattering on BLR pho-
tons, the y-ray emission could be produced via SSC scatter-
ing (e.g., Maraschietal. 1992), EC scattering on IR pho-
tons originated between the BLR and the dusty torus (e.g.,
Sikora et al. 2009), EC scattering on CMB photons (e.g.,
Ghisellini & Tavecchio 2009), or via hadronic emission mod-
els (e.g., Mannheim 1993). Furthermore, given the spine-sheath
structure of the jet of 4C+01.28 detected by Attridge et al.
(1999) and Pushkarev et al. (2005), the seed photon field could
also be provided by the jet sheath. MacDonald et al. (2015)
develop a model in which synchrotron electrons from an
emitting region in the jet sheath are inverse-Compton scat-
tered by electrons of a jet component that propagates rel-
ativistically along the jet spine. Within the scope of this
model, MacDonald et al. (2017) are able to explain an orphan
y-ray flare by 4C+01.28 in February 2014, as well as
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different other orphan y-ray flares by several other luminous
blazars.

5. Summary

In this study, we combined a kinematic analysis of 43 GHz
VLBA observations of 4C +01.28 with a cross-correlation anal-
ysis between the Fermi/LAT y-ray and several radio light curves
observed with ALMA, SMA, and OVRO at different frequen-
cies, to calculate the location of the y-ray emitting region in the
jet of 4C +01.28. Our findings are as follows:

— Investigating 51 epochs of 4C +01.28 observed with the
VLBA at 43 GHz over a period of around nine years from
April 2009 until December 2018, we find two new prominent
jet features, J4 and J5, that were ejected in 2014.51 + 0.30
and 2015.4 + 1.7, respectively. These newly ejected compo-
nents can be associated with two bright flares shown in the
Fermi/LAT y-ray and several radio light curves observed by
ALMA, SMA, and OVRO at different frequencies.

— Using the maximum speed of S, = 19 + 10 derived for
J5, we calculated the upper limit of the viewing angle of
the jet of 4C +01.28 to be ¢ < 4°, in agreement with find-
ings from Pushkarev et al. (2005), Jorstad et al. (2017), and
Weaver et al. (2022).

— To analyze the jet geometry and brightness-temperature gra-
dient, we fitted the FWHM of the Gaussian components,
parameterizing the jet width, and the brightness temperatures
with respect to their distance to the jet base in terms of power
laws, leading to power law indices of / = 0.974 + 0.098 and
s = —3.31 = 0.31, respectively. Both values are consistent
with a conical jet (I = 1) in equipartition between the mag-
netic field strength density and the electron energy density
(-6 < 5 < —2.5; Burd et al. 2022).

— The cross-correlation analysis between the Fermi/LAT v-
ray light curve and several radio light curves observed at dif-
ferent frequencies, results in positive time lags, which means
that the y-ray light curve leads the radio light curves.

— Using the derived power law indices representing the jet
geometry and the brightness-temperature gradient, we cal-
culated the power law index for the core shift as k, =
1.09 + 0.17. This power law index is also consistent with
a conical jet in equipartition (k, = 1; Lobanov 1998).

— Combining the results of the kinematic analysis of the
43 GHz VLBA observations with those of the cross-
correlation analysis we are able to pinpoint the location of
the y-ray emitting region within the jet of 4C +01.28. For
this, we used a model similar to Fuhrmann et al. (2014) and
Max-Moerbeck et al. (2014) in which the outbursts shown
by the different light curves were produced when J4 and J5
passed through the y-ray emitting region and the frequency-
dependent radio cores. We obtain the possible range of de-
projected locations of the y-ray emitting region with respect
to the jet base of 2.6pc < d, < 20pc, which is far
beyond the BLR which typically extends up to < 1pc (see,
e.g., Zhang et al. 2007). This result is in contradiction with
blazar-emission models that rely on inverse Compton up-
scattering of seed photons from the BLR.

6. Data availability

Table C.2 and the FITS files of the images shown in Figs. 1, B.1,
and B.2 are available at https://cdsarc.cds.unistra. fr/
viz-bin/cat/J/A+A/704/A143
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Appendix A: Additional plots of the
cross-correlation analysis
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Fig. A.1. DCF (upper panel) and ICF (lower panel) cross-correlation
coefficients between the Fermi/LAT y-ray and ALMA7 light curves
plotted over time lag. For the DCF the bin size is chosen to be 21 days,
while the interpolation unit for the ICF is chosen to be 10days (both
calculated as explained in Sect. 2.4.1). Positive time lags mean that the
radio light curve follows the Fermi/LAT +vy-raylight curve. The time
lags for the peak cross-correlation coefficients are marked by solid blue
lines, with their 1o~ uncertainties given by the shaded blue area. The
dotted red, dashed-dotted orange, and dashed green lines correspond to
the two sided Gaussian equivalent 1o, 207, and 30 confidence intervals.
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Fig. A.2. DCF (upper panel) and ICF (lower panel) cross-correlation
coefficients between the Fermi/LAT y-ray and SMA light curves plot-
ted over time lag. For the DCF the bin size is chosen to be 18 days,
while the interpolation unit for the ICF is chosen to be 9 days (both cal-
culated as explained in Sect. 2.4.1). Positive time lags mean that the
radio light curve follows the Fermi/LAT +vy-raylight curve. The time
lags for the peak cross-correlation coefficients are marked by solid blue
lines, with their 1o uncertainties given by the shaded blue area. The
dotted red, dashed-dotted orange, and dashed green lines correspond to
the two sided Gaussian equivalent 107, 207, and 30 confidence intervals.
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Fig. A.3. DCF (upper panel) and ICF (lower panel) cross-correlation
coeflicients between the Fermi/LAT y-ray and OVRO light curves plot-
ted over time lag. For the DCF the bin size is chosen to be 18 days, while
the interpolation unit for the ICF is chosen to be 9 days (both calculated
as explained in Sect. 2.4.1). Positive time lags mean that the radio light
curve follows the Fermi/LAT vy-ray light curve. The time lags for the
peak cross-correlation coefficients are marked by solid blue lines, with
their 1o uncertainties given by the shaded blue area. The dotted red,
dashed-dotted orange, and dashed green lines correspond to the two
sided Gaussian equivalent 1o, 20, and 30 confidence intervals. Note
that we did not choose the DCF time lag of the global peak, since this
time lag would not be consistent with the one of the ICF as well as those
derived for the other light curves (see Sect. 3.2 for details).
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Appendix B: Additional 43 GHz VLBA images
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Fig. B.1. Uniformly weighted 43 GHz VLBA total intensity images of the FSRQ 4C +01.28 with the fitted Gaussian components overlaid. S
is the total integrated flux density, S pca is the highest flux density per beam, and ¢ is the noise level. The gray ellipse in the bottom left corner
corresponds to the beam. The contours begin at 30~ and increase logarithmically by a factor of 2. The image parameters are listed in Table C.1.
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Fig. B.2. Fig. B.1 continued.
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Table C.1. Image parameters of the uniformly weighted 43 GHz VLBA observations.

Date Array S S peak Orms bmaj Dimin PA.
YYYY-MM-DD [Jyl [Jy/beam] [mJy/beam] [mas] [mas] [deg]
(H 2 (3) “4) (5) (6) (7 (3)
2009-04-01 1 3.76 2.38 1.5 0.338 0.145 -1.071
2009-05-30 I 4.03 2.71 2.26 0.343 0.153 -0.412
2009-07-26 11 3.97 2.51 4.35 0.336 0.138  -1.849
2009-09-16 1 4.94 3.52 2.94 0.341 0.153 -3.034
2009-11-28 111 4.85 3.26 1.18 0.524 0.188 24.735
2010-02-10 v 3.76 2.43 2.62 0.319 0.136  2.036
2010-04-07 111 4.38 2.88 3.14 0.467 0.195 18.959
2010-04-10 I 4.36 2.94 2.05 0.368 0.164 -6.834
2010-04-15 I 4.18 2.65 1.91 0.361 0.162 -4.525
2010-05-19 1 3.06 2.03 0.88 0.347 0.142 -5.373
2010-08-01 I 3.55 2.33 1.54 0.327 0.139  -1.637
2010-09-18 | 4.01 2.7 1.17 0371 0.14 -8.405
2010-12-04 1 3.5 2.59 1.29 0.35 0.143 -2.78
2011-02-04 11 3.54 2.74 1.19 037 0.147 -7.963
2011-04-21 \" 5.15 3.61 0.99 0.333 0.138  0.202
2011-06-12 VI 498 3.61 1.16 0.343 0.138 -5.094
2011-08-23 111 498 3.78 1.42 0.485 0.198 18.559
2011-10-16 I 5.28 3.89 2.38 0.343 0.152 -4.113
2012-01-27 VII  4.15 2.94 0.94 0.335 0.149 -7.086
2012-04-02 I 3.48 2.34 2.33 0.334 0.137 -1.749
2012-07-04 | 3.03 2.37 1.13 0.355 0.144 -7.291
2012-10-28 I 3.2 2.26 1.81 0.348 0.159 2956
2013-01-15 I 2.27 1.6 1.55 0.361 0.165 2.634
2013-04-16 I 2.11 1.32 0.77 037 0.137 -3.809
2013-06-30 VII 1.59 1.11 0.5 0.333 0.147 -2.776
2013-08-26 I 2.46 1.77 1.3 0.319 0.134 -0.502
2013-12-16 v 2.95 2.51 1.12 0.367 0.166 -6.317
2014-02-24 VII  4.07 3.46 2.06 0.367 0.141 -6.262
2014-07-28 I 4.54 3.48 2.03 0.314 0.139  0.071
2014-11-15 I 4.56 3.54 1.82 0.351 0.149 -0.601
2014-12-29 I 5.29 4.0 3.05 0.367 0.154 -4.098
2015-04-11 I 6.35 3.82 0.96 0.325 0.143 1.312
2015-06-09 I 6.13 3.77 1.59 0.341 0.152 -0.303
2015-08-01 1 6.13 3.55 091 0.319 0.132 -2.485
2015-12-05 I 4.82 2.92 0.64 0.366 0.137 -7.627
2016-01-31 | 4.78 2.71 0.87 0.323 0.127  -7.567
2016-04-22 I 4.55 2.55 0.64 0.327 0.138 -0.611
2016-07-04 I 4.71 2.72 0.58 0.328 0.141 -1.759
2016-09-05 | 5.99 3.94 1.06 0.347 0.158 -3.308
2016-10-23 I 5.28 3.46 0.9 0.338 0.148 3.487
2016-12-23 I 6.24 4.09 1.59 0.355 0.127 -3.698
2017-02-04 | 6.55 4.33 1.25 0375 0.132  -6.121
2017-04-16 I 4.11 2.82 0.63 0.351 0.147 -4.838
2017-06-08 I 5.88 3.84 1.85 0.338 0.136 -2.272
2017-08-06 11 4.48 2.9 0.93 0.329 0.128 -3.145
2017-11-06 VIII 446 3.34 0.88 1.131 0.131 -18.329
2018-02-17 X 4.24 2.79 0.73 0.621 0.141 -19.259
2018-04-19 | 5.76 2.87 0.66 0.341 0.141 -4.124
2018-06-16 X 3.73 2.4 0.68 0.677 0.147 -17.942
2018-08-26 I 2.57 1.49 0.37 0.352 0.163 4936
2018-12-08 1 542 3.79 0.57 0.399 0.151 -7.454

Notes. Col.(1): UTC observation date; Col.(2): Array configuration: I: full VLBA array, II: without Pie Town, III: without Mauna Kea, I'V: without
Hancock, V: without North Liberty, VI: without Owens Valley, VII: without Fort Davis, VIII: without Brewster and St. Croix, IX: without St. Croix;
Col.(3): Total flux density with relative uncertainties of 5 %; Col.(4): Peak flux density with relative uncertainties of 5 %; Col.(5): Noise level;
Col.(6): FWHM of the major axis of the beam; Col.(7): FWHM of the minor axis of the beam; Col.(8): Position angle of the beam measured north
through east.
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