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Abstract

The possible association with the high-energy neutrino event IceCube-170922A has sparked interest in the blazar TXS 0506+056. We
present 72 instantaneous 1–22 GHz spectra measured over the past 20 years with the RATAN-600 telescope and compare them with the
results of observations of 700 variable Active Galactic Nuclei (AGN) studied within the same program. The recent radio flare of
TXS 0506+056 started from a minimum in 2013 and reached its first peak in December 2017 and a second peak in May-June 2018. This
was the third strong radio flare in this source since 1997. The spectrum remains nearly flat during the flares. The spectral shape and variability
pattern observed in TXS 0506+056 are typical for variable AGN. RadioAstron Space VLBI observations in 2013–2015 did not detect
TXS 0506+056 on space-ground baselines of more than 9 Earth diameters. However, an observation on 23 September 2015 resulted in
the detection of interferometric signal on 6 Earth diameter baselines at 18 cm close to the detection limit. We consider the possibility that
TXS 0506+056 and other AGNmay accelerate relativistic protonsmore efficiently than electrons. Relativistic protons are necessary to pro-
duce both the high-energy neutrinos observed in the IceCubeObservatory and the highAGNbrightness temperatures implied by theRadio-
Astron detection. They may also provide the main contribution to the observed synchrotron radiation of parsec-scale AGN jets. This
supports the suggestion that relativistic protonsmay play amuchmore important part in extragalactic astrophysics than earlier anticipated.
� 2019 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The first high-energy neutrino associated with an extra-
galactic object was detected from the direction of
https://doi.org/10.1016/j.asr.2019.04.034
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TXS 0506+056 on September 22, 2017 (Aartsen et al.,
2018a) by the IceCube observatory at the South Pole
(Aartsen et al., 2017). Analysis of earlier IceCube data
revealed an additional 13� 5 lower-energy neutrino events
recorded between September 2014 and March 2015 that
could be attributed to TXS 0506+056 (Aartsen et al.,
2018b). The source is a jet-emission–dominated active
galaxy (a blazar) at the redshift of z ¼ 0:3365 (Paiano
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et al., 2018). It is uncertain which blazar sub-type this
source belongs to: Véron-Cetty and Véron (2010) list it as
a BL Lac type object while Padovani et al. (2019) suggest
it is actually a quasar. It is the first high-confidence associ-
ation of a PeV-energy neutrino with a source and only the
third associated astrophysical neutrino source after the Sun
and the supernova SN 1987A. This association supports
the long-standing assumption that relativistic jets in active
galactic nuclei are responsible for the production of ultra
high-energy cosmic rays and the extraterrestrial diffuse flux
of high-energy neutrinos (Mannheim, 1995; Halzen, 2016;
Mészáros, 2017). Ansoldi et al. (2018), Aartsen et al.
(2018a) discuss the high-energy and multi-wavelength
properties of TXS 0506+056.

The radio source TXS 0506+056 was catalogued in
the Ohio Survey (Ehman et al., 1970) as OG 012, but
first came to prominence with the RATAN-600 (see Sec-
tion 2) discovery of day-scale variability by Gorshkov
and Konnikova (1996). It was studied as one of the 5-
GHz VSOP Survey sources by the first space VLBI mis-
sion with the HALCA satellite (Hirabayashi et al., 2000).
No signal was detected on space-ground baselines. The
VSOP AGN Survey catalog lists a correlated flux density
of 0.25 Jy on the longest VLBA baselines (Dodson et al.,
2008).

2. RATAN-600 1–22 GHz spectrum monitoring

RATAN-600 is the 600 m ring radio telescope in
Zelenchukskaya, Russia (Korolkov and Pariiskii, 1979).
It is operated mostly in transit mode for measuring
broad-band spectra.

The 1–22 GHz instantaneous spectrum of TXS 0506
+056 was first obtained by our team in 1997. The spectrum
was flat, with flux densities of about 0.5 Jy (Fig. 2 in
Kovalev et al., 2000b). Along with another 213 VSOP 5-
GHz survey sources, TXS 0506+056 was regularly moni-
tored with RATAN-600 by Kovalev et al. (2000a). Over
the following years this research was continued in an
expanded monitoring program for about 700 AGNs in
order to study the long term variability of their instanta-
neous 1–22 GHz spectra. Observations of about 2000
AGN were also carried out in 2000–2003 in order to study
the shapes and types of their spectra (Kovalev et al., 2004).
To date, 1–22 GHz spectra have been obtained at 4–6 fre-
quencies for TXS 0506+056 at 72 epochs between 1997 and
2018. This includes spectra at epochs 2017.69, 2017.72,
2017.73 and 2017.74 corresponding to the dates 2017
September, 6, 14, 16 and 22, where the last is the date of
the high energy neutrino detection. The data reduction pro-
cedure, main list of monitored sources and results of obser-
vations and model analysis have been presented by
Kovalev et al. (1999, 2000a, 2002a). The additional
RATAN-600 1–22 GHz spectra of TXS 0506+056
obtained between 2006 and 2017 are reported by
Mingaliev et al. (2014).
The multi-messenger observational data for this object
have been recently published by Aartsen et al. (2018b).
Long-term observations of AGN have been carried out
by Richards et al. (2011), Aller et al. (1985), Angelakis
et al. (2019), Teräsranta et al. (2005), Ackermann et al.
(2015).

The main results of the 20-year spectral study of
TXS 0506+056 are in agreement with the conclusions in
Kovalev et al. (2000a, 2002a, 2004). In comparison with
the property of the studied objects they can be summarised
as follows.

TXS 0506+056 is a typical variable AGN (see Fig. 1).
The instantaneous spectra have been measured for several
minutes at all wavelengths: 1.38, 2.7, 3.9 (3.7), 6.3, 6.4, 7.6,
13 and 31 (24) cm. The corresponded frequencies are 21.7,
11.2, 7.7 (8.1), 4.8, 4.7, 3.9, 2.3, 0.96 (1.25) GHz. The spec-
tra of 2600 AGN (see examples in Figs. 1–4) can be divided
into 5 main types (Kovalev et al., 2004):

1. with a maximum or minimum (11%),
2. inverted (a > þ0:1, where F / ma – 10%),
3. super-flat (jaj 6 0:1 at 3 or more of the highest frequen-

cies, like TXS 0506+056 spectra, – 20%),
4. steep (a < �0:1, – 41%), and
5. variable (between any of types 1–4 above, – 14%).

A radio spectrum is called ‘‘flat” if its spectral index
a > �0:5. As can be seen in Fig. 1, the spectra of
TXS 0506+056 on some occasions differs from super-flat
(see, e.g., the boxes for 1999–2000, 2003–2004, 2009–
2010, 2017–2018). Continuum spectra of AGN covering
such a wide frequency range can be explained by a sum
of two major contributions. We call them the high (HFC)
and low (LFC) frequency spectral component. See, e.g.,
Fig. 1 in Kovalev et al. (2002a) and the spectra for 2230
+11 in Fig. 2. The HFC is associated with the parsec-
scale jet and dominates at frequencies of several GHz
and above. Its properties are determined by the partly opa-
que and variable base of the jet. The LFC represents an
optically thin synchrotron radiation of extended structures
up to kiloparsec scales and has a peak frequency much less
than 1 GHz due to its characteristic size (Slish, 1963). The
correlated flux density measured by VLBI should corre-
spond to the compact HFC emission (Kovalev et al., 2005).

3. RadioAstron space VLBI observations

RadioAstron (Kardashev et al., 2013) is a space VLBI
mission combining a 10 m orbiting radio telescope with a
ground-based array to perform ultra-high angular resolu-
tion imaging (e.g. Gómez et al., 2016; Giovannini et al.,
2018) and visibility-tracking (e.g. Kovalev et al., 2016;
Pilipenko et al., 2018; Kutkin et al., 2018) observations in
the 1.7, 4.8 and 22 GHz bands. Thanks to its long space-
ground baselines of up to 28 Earth diameters, RadioAstron

can directly measure brightness temperatures up to 1016 K.



Fig. 1. The RATAN-600 instantaneous 1–22 GHz spectra of TXS 0506+056 for 72 epochs between 1997 June and 2018 June. The date of the high energy
neutrino detection, 22 September 2017, is labeled as 2017.74.
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TXS 0506+056 was observed as part of the RadioAs-

tron AGN survey (Kovalev et al., this issue) between
2013 and 2015. The observations were conducted at 1.7
and 4.8 GHz on projected baselines between 6 and 17
Earth diameters, and resulted in non-detections accord-
ing to the standard AGN survey criteria. We note these
non-detections occurred before the PeV neutrino detec-
tion. A complete list of observations is presented in
Table 1. All observations were processed with the ASC
correlator (Likhachev et al., 2017) in Moscow and



Fig. 2. Examples of the broad-band spectral variability in 1997–2009 for 0723�00 and in 2009–2017 for other 3 AGN from our survey in order to compare
with the spectra of TXS 0506+056 on Fig. 1. The classifications of the variable spectra are: variable (0723�00 – between types 1 and 3, 0007+10, 0235
+16), and steep (2230+11) – see Fig. 4 for details. The flux density in Jy is plotted against the frequency in GHz. The names of the objects in boxes are
given to the epoch B 1950.0. Spectra observed at different observing epochs are shown by different colors. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 3. The RATAN-600 light-curve of TXS 0506+056. The red vertical lines mark the date of IceCube-170922A neutrino main event on 2017 September
22 as well as the earlier low-energy neutrino evens between 2014 September and 2015 March (Aartsen et al., 2018b). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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fringe-searched (‘‘signal-searched”) with PIMA (Petrov
et al., 2011).

Deep analysis of the observation conducted on Septem-
ber 23, 2015 reveals one 1.7 GHz scan on the projected
RadioAstron Space Radio Telescope – Medicina 32 m base-
line of 414 Mk (5.9 Earth diameters) that shows a signal-to-
noise ratio of 5.5 in a narrow residual delay-rate window
(Fig. 5). The fringe (signal) amplitude corresponds to a
probability of false detection of less than 5% and the posi-
tion of the signal near zero delay, rate and acceleration fur-
ther suggests that this detection is real. The other three
scans of the same length (15 min) in this experiment
resulted in no signal detections. This may be interpreted
as an indication that the correlated flux density in this
experiment was just below the detection limit. Using system
temperatures and gains for the Space Radio Telescope
(Kovalev et al., 2014) and for the Medicina Radio Tele-
scope we estimate the correlated flux density to be
�60 mJy.

In order to calculate size and brightness temperature of
the compact core feature, one needs to know its total flux
density at the so-called ‘‘zero” spacing. The core flux den-
sity of 320 mJy is estimated from modeling the 2.3 GHz
imaging data obtained in June 2014 during the VLBA cal-
ibrator survey campaign (VCS-II) (Gordon et al., 2016)
assuming that the flux density did not change significantly
over the year since the VLBA observations and the spec-
trum is flat. This is supported by comparing visibility data
with our measurements within RadioAstron observations of
TXS 0506+056 at similar ground baselines at 1.7 and
4.8 GHz. Using the core total flux density and correlated
flux density at space-ground baseline and assuming a circu-



Fig. 4. Examples of five spectral types for the instantaneous spectra found among the 2600 observed AGN (left to right columns): (1) peaked (11%), (2)
steep (the spectral indices a < �0:1 in F m / ma, – 41%), (3) inverted (a > þ0:1 at 3 or more the highest frequencies, – 10%), (4) super-flat (jaj 6 0:1 at 3 or
more the highest frequencies, – 20%), (5) variable (changing between the above types 1–4, – 14%). The B1950 names of the objects are given in the boxes.
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lar Gaussian brightness distribution we estimate the angu-
lar size (Lobanov, 2015) of the emitting region
h ¼ 0:34 mas, which corresponds to a linear size of
d ¼ 1:6 pc.

Following Kovalev et al. (2005), we obtain the corre-
sponding brightness temperature in the source frame to

be T b ¼ 1:6� 1012 K, a factor of 2–5 above the MOJAVE
VLBA measurements at 15 GHz reported by Kun et al.
(2019). Our size and T b estimates, in particular, show that
the correlated flux density of TXS 0506+056 on projected
baselines of >9 Earth diameters can be well below the
RadioAstron detection level, which explains the absence
of detections in other observations. We note that a lower
limit of brightness temperature T b;min can be estimated
directly from visibility amplitude measurements following
the approach suggested by Lobanov (2015). This limit
implies that the brightness temperature of the emission
detected by the RadioAstronmeasurements cannot be smal-

ler than T b;min ¼ 1:3� 1012 K. The estimated T b is in agree-
ment with this limit.

According to the detection statistics of the RadioAstron

AGN Survey (Kovalev et al., this issue), about (65–60)% of
the objects observed at 1.7 and 4.8 GHz have been detected
at 6 Earth diameters (ED) but the fraction of detected



Table 1
List of RadioAstron AGN survey observations of TXS 0506+056. The projected baseline length is shown in Earth diameters (ED). Telescope
abbreviations: Ar = Arecibo 305 m, Gb = Green Bank 100 m, Ef = Effelsberg 100 m, Cd = Ceduna 30 m, Ev = Evpatoria 70 m, Hh = Hartebeesthoek
26 m, Kl = Kalyazin 64 m, Mc = Medicina 32 m, Nt = Noto 32 m, Ro = Robledo 70 m, Sv = Svetloe 32 m, Tr = Torun 32 m, Wb = Westerbork
Synthesis Radio Telescope, Ys = Yebes 40 m, Zc = Zelenchukskaya 32 m.

Experiment Observing Ground telescopes Baseline

code epoch 1.7 GHz 4.8 GHz ED

raks01by 2013 Sep 15 Tr, Wb Ef, Ev, Mc, Ys 9.7
raks01cd 2013 Sep 16 Tr, Wb Ef, Mc 13
raks01cg 2013 Sep 17 Ro, Tr Ev, Ys 15
raks01ci 2013 Sep 17 Ar Ar 16
raks01cl 2013 Sep 18 Gb, Kl, Zc Gb, Sv 17
raks01cv 2013 Sep 24 Tr, Wb, Zc Ef, Nt, Ys 11
raks01eh 2013 Oct 05 Ev, Nt, Ro Ev, Ys 16
raks01es 2013 Oct 10 Zc Sv, Ys 9.0
raks01qg 2014 Jan 12 Hh, Kl, Mc, Ro Hh, Kl, Tr, Ys 11
raks01sn 2014 Jan 31 Ef, Tr Tr, Ys 14
raks08bd 2014 Sep 19 Wb Wb 14
raks08bm 2014 Sep 26 Gb, Hh, Kl, Sv Hh, Kl, Zc 11
raks12cd 2015 Sep 23 Cd, Mc Nt, Tr, Ys 5.9

Fig. 5. RadioAstron (Space Radio Telescope–Medicina) 1.7 GHz interferometer response from observation of TXS 0506+056 on September 23, 2015 with
a projected baseline of 414 Mk (5.9 Earth diameters). The ratio of the interferometer fringe amplitude to the average noise amplitude is plotted as a
function of the residual delay (in nanoseconds) and fringe rate (in millihertz). The signal-to-noise ratio is 5.5. The signal flux density is estimated by
60 mJy. The probability of false detection is estimated to be less than 5%.
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sources are decreased to (45–40)% at 9 ED and to (15–10)%
at 17 ED.

The RadioAstron non-detections at 1.7 and 4.8 GHz in
2014–2015 may also be understood by decomposing the
1–22 GHz spectra of TXS 0506+056 in Fig. 1 during the
time of observations into the LFC and the HFC as:

F LFC ’ 0:53 m�0:7 ðJyÞ; ð1Þ
F HFC ’ F tot � F LFC ðJyÞ: ð2Þ
Here the flux densities F LFC; F HFC and F tot (all in Jy) are esti-
mated at the frequency m (in GHz). We use the rough esti-
mations for the non-variable extended LFC as the minimal
level of the observed flux density equal to 0.53 Jy during
20 years at 1 GHz as well as for the spectral index equal
to 0.7 as the known typical index for the mean spectra of
extra-galactic radio sources. As a result we have
F tot � ð0:4� 0:5Þ Jy, F LFC ’ 0:37 Jy, F HFC ’ ð0:03� 0:13Þ
Jy at 18 cm; F tot � ð0:40� 0:55Þ Jy, F LFC ’ 0:18 Jy,
F HFC ’ ð0:22� 0:37Þ Jy at 6.2 cm. These low flux density
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levels are consistent with the RadioAstron non-detections
taking into consideration the non-detection statistics
(Kovalev et al., this issue), the full resolution of the
extended LFC and the possible partial resolution of the
compact HFC on space-ground baselines.

Further, from (1) and (2) we obtain F LFC ’ 0:08 Jy
and F HFC ’ ð0:32� 0:37Þ Jy in 2015–2016 and F HFC ’
ð0:55� 0:82Þ Jy in 2017–2018 at 15 GHz. These are in
agreement with the MOJAVE correlated 15 GHz flux den-
sity of � 0:7 Jy measured on 2018 May 31 on long VLBA
baselines and attributed to the core (Kun et al., 2019).

New RadioAstron observations of this source are sched-
uled between September 2018 and March 2019. Using the
RATAN-600 observations in May–June 2018, we estimate
the following flux densities for RadioAstron from the flat-
spectrum flux densities F tot � 0:8 Jy: F HFC ’ 0:8� 0:37 ’
0:4 Jy at 18 cm, F HFC ’ 0:8� 0:18 ’ 0:6 Jy at 6 cm and
F HFC ’ 0:8� 0:06 ’ 0:7 Jy at 1.35 cm. Such values could
give positive detections with RadioAstron if the radio emit-
ting region is sufficiently small. We note that there is no
one-to-one correlation between a RadioAstron detection
and an activity state of a radio source (Edwards et al., this
issue).

4. Discussion

There are two main regions in AGN where the acceler-
ation of particles may take place: near the super-massive
black hole (SMBH) and in the jet. High energy protons
and neutrinos may be generated around a SMBH in the
central region (the core) of AGN and escape quasi-
isotropically. Then relativistic protons at lower energies
together with electrons are taken by the magnetic field of
a core and may form the compact narrow jet in the longi-
tudinal magnetic field near the magnetic poles. The parti-
cles move along the jet to a relatively extended periphery
of the AGN and emit by the synchrotron mechanism.
The emission along the jet is variable if the ejecting flow
of protons from the core is variable, but it will be constant
if the flow is steady at the start of the jet over a long time
(Figs. 5 and 2 and Eqs. (1)–(6) in Kovalev et al., 2000a).
This emission forms the observed High Frequency Compo-
nent (HFC) of the radio spectrum. The magnetized periph-
ery collects the matter from the jet. Synchrotron emission
from particles in the tangled magnetic field very slowly
increases with the age of the object and forms the observed
quasi-stable Low Frequency Component (LFC) (Kovalev
and Kovalev, 1998, 1999). The instantaneous spectra in
Figs. 1, 2, and 4 are similar to the one- and two-
component spectra calculated in the jet model with the lon-
gitudinal magnetic field of Figs. 2 and 5 in Kovalev et al.
(2000a).

In Appendix A we have summarized from the literature
some results on cosmic rays, neutrinos and protons which
may be useful for understanding the new possible role of
protons – both in producing the high-energy extragalactic
neutrinos and in generating of the radio and HF-emission
of jets in AGN. So, one can assume that the blazar
TXS 0506+056 and other AGN may be associated with
relativistic protons, which are necessary to produce the
high-energy neutrino (e.g. Mészáros, 2017) and may also
contribute to the radio emission.

Nevertheless, one can ask: why has proton-synchrotron
emission not previously been considered in extragalactic
astrophysics? The answer is simple: because of the absence
of very strong arguments in favour of relativistic protons.

We now have at least two arguments: the discovery of
high-energy neutrinos associated with this AGN by the Ice-
Cube Observatory as well as the RadioAstron detection of a
bright core in this AGN with brightness temperature of

more than 1012 K. Generation of relativistic protons with

energies higher than 109 – 1010 eV in the nucleus of this
AGN might explain both results. This might actually be
a common phenomenon in AGN which could explain both
the extragalactic neutrinos (IceCube) and extreme bright-
ness temperatures found in many AGN (Kovalev et al., this
issue).

The neutrino emitter TXS 0506+056 is unremarkable
among other BL Lacs and among other AGN with variable
radio emission. This might be a sign that either neutrino
emission is common only among BL Lac objects, or among
BL Lacs with the super-flat spectra or, among all AGN. In
fact, TXS 0506+056 is not a unique high-energy neutrino
emitter. Another similar AGN (although not at 3 sigma
confidence) is PKS 0723�008. Its variable spectrum is
shown at Fig. 2. Its spectral type is variable between the
‘super-flat’ and ‘peaked’. TXS 0506+056 may also be a
quasar. So, it is more likely that the neutrino emission is
common among all AGN. The analysis by Kovalev et al.
(2002b) has also shown that the observed main features
of the broad-band radio spectra are similar for the main
populations of 660 compact extragalactic source (AGN)
– quasars, galaxies, blazars, c-ray sources (EGRET
detected), and highly polarized objects. The suggested jet
models are also not specific to different types of AGN.
Hence it follows that TXS 0506+056 and all other AGN
could really produce relativistic protons and high-energy
neutrinos as well as generate the proton-synchrotron emis-
sion in their jets.

While the common models of AGNs explain their emis-
sion, as a rule, by the synchrotron radiation of electrons,
the proton-synchrotron radiation has been discussed in a
number of studies. It was considered theoretically by
Kardashev (2000), who showed that the proton-
synchrotron radiation is characterized by the limiting

intrinsic T b � 1016 K, while for the electron-synchrotron
radiation the ‘‘Compton catastrophe” limits the intrinsic

T b < 1012 K (Kellermann and Pauliny-Toth, 1969;
Readhead, 1994). Consequently, the proton-synchrotron
radiation was suggested as one of the possible mechanisms
explaining extreme brightness temperatures observed by
the ground and space VLBI (Kovalev et al., 2005; Gómez
et al., 2016; Kovalev et al., 2016; Kardashev et al., 2017;
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Kravchenko et al., 2020). The synchrotron emission of pro-
tons is used in modeling the spectral energy distributions of
blazars in X-rays and gamma rays (Basumallick and
Gupta, 2017a; Gao et al., 2018; Zhang et al., 2019).
Proton-synchrotron radiation is also considered as the ori-
gin of X-rays and gamma rays from the extended (kpc-
scale) jet of BL Lac type object AP Librae (Basumallick
and Gupta, 2017b). Some results of synchrotron jet model
simulations can be used both for electrons and protons (see
Appendix A).

If the ongoing RadioAstron observations result in a
detection on space-ground baselines, it may allow us to
perform a detailed comparison of TXS 0506+056 to other
blazars and AGN observed within the RadioAstron AGN
survey in terms of the brightness temperature (T b), radio
core shape and size as a function of frequency as well as
put constraints on the magnetic field strength in the cm-
band core region. While for a given energy the synchrotron
radiation of electrons (thanks to their lower mass) can out-
shine that of protons, the energy distribution of electrons
and protons in the jet may differ due to a different balance
between the acceleration and cooling.

One may compare the magnetic field H and the cooling
time for a synchrotron source consisting of electrons and a
similar source consisting of protons. From Ginzburg and
Syrovatskii (1969), Pacholczyk (1970) we have

m � mm ¼ 0:29
3eH?
4p Mc

E

Mc2

� �2

¼ 1:2 � 106H?
E
mc2

� �2

½Hz	 / H?
M

; ð3Þ

dE
dt

¼ �bE2; EðtÞ ¼ E0

1þ b E0 t
; b ¼ 2e4H?

3M4c7
; ð4Þ

T 1=2 ¼ 1

bE0

¼ 3M3c5

2e4H 2
?

M c2

E0

� �
¼ 5:1 � 108

H 2
?

mc2

E0

� �
½s	 / M3

H 2
?
:

ð5Þ

Here m and mm are an observed frequency and the frequency
of the maximum in the spectra of synchrotron emission of
the particle (an electron or a proton); M is the mass of the
particle; H? 
 H sinw, where w is the pitch-angle; T 1=2 is
the cooling time at which the initial energy E0 of the parti-
cle is decreased by a factor of 2 because of the synchrotron
emission. The numeric terms in Eqs. (3) and (5) are shown
for electrons.

In addition, we suggest that mðeÞ ¼ mðpÞ as well as

ðE=Mc2Þp ¼ ðE=mc2Þe P 10 where the subscripts or super-

scripts ðeÞ and ðpÞ are used to signify the parameters for
electrons and protons, respectively. If the emitted radio

spectrum, the value of (E=Mc2) and the distribution of
pitch-angles are also the same for electrons and protons
then we obtain from (3)–(5)

H ðpÞ
? =H ðeÞ

? ¼ Mp=me � 2000; ð6Þ
T ðpÞ
1=2=T

ðeÞ
1=2 ¼ Mp=me � 2000: ð7Þ

So, if we substitute electrons by protons under the condi-

tions above, the presumed typical magnetic field H ðeÞ
? � 1

Gauss in an electron synchrotron source has to be changed

to H ðpÞ
? � 2000 Gauss in the similar proton-synchrotron

source. The cooling time for electrons T ðeÞ
1=2 6 1:6 years in

this field will change to T ðpÞ
1=2 6 3200 years for protons if

ðmc2=E0Þ 6 0:1 (m ¼ mðeÞ ¼ mðpÞ P 1:2 � 108 Hz).
The spectra of an electron and proton-dominated syn-

chrotron sources may look alike, but the physical condi-
tions needed to produce them differ substantially. For a
given fluence, the proton-synchrotron source would require
a much stronger magnetic field and a way to suppress the
synchrotron radiation of electrons. The latter may be
achieved if the particle acceleration mechanism (balanced
by cooling) is considerably more efficient for protons rather
than electrons. One substantial difference between the elec-
tron and proton-dominated synchrotron sources is the
cooling time. The cooling time may be related to a variabil-
ity timescale at a given frequency. However, despite numer-
ous attempts, no blazar variability feature at any
wavelength has been unambiguously linked to the cooling
time, so using this difference to distinguish proton from
synchrotron blazars would not be straightforward before
a detailed model analysis.

It is also perfectly possible that the synchrotron radia-
tion of protons is completely swamped by the synchrotron
radiation of electrons in radio band. In this case we may
hope to get indirect clues about the population of high-
energy protons from radio observations: identify a flare
that may be related to enhanced acceleration of protons
(as well as the observed electrons). No such features could
be identified yet. The ongoing flare of TXS 0506+056 is
comparable to the one experienced by the source in
2005–2009 (IceCube observations started in April 2008,
Aartsen et al. (2018b)) and as the neutrino event
IceCube-170922A was detected on the rising part of the
flare after a deep minimum, the cm-band radio flux level
at that time was actually close to the average level observed
by RATAN-600 over the past 20 years (Fig. 3). The low-
energy neutrino events reported by Aartsen et al. (2018b)
correspond to the low level of activity in the radio band.
The low level of activity at that time was reported also at
GeV c-rays and other bands by Padovani et al., 2018 which
poses a challenge to the current neutrino-emission models
(Rodrigues et al., 2019).
5. Summary

Twenty years of observational study of 1–22 GHz
instantaneous spectra with the RATAN-600 and the first
measurements with the RadioAstron Space VLBI of the
high-energy neutrino emitter TXS 0506+056 have shown
that it is a typical variable AGN with the ‘super-flat’ radio
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spectrum – unremarkable among the several hundreds
other monitored AGNs. RadioAstron Space VLBI observa-
tions estimate the observer’s frame brightness temperature
at an epoch prior to the neutrino detection at the level of

about or greater than 1012 K. The observed properties of
this object are consistent with both electron-synchrotron
and proton-synchrotron emission. The synchrotron emit-
ting protons are expected to have a much more stable
energy distribution compared to electrons due to the longer
proton cooling time. However, if both emission mecha-
nisms are present in one source, the electron synchrotron
emission may produce fast variability while the proton syn-
chrotron may be responsible for the long-term variable
emission. Future multi-wavelength and space VLBI obser-
vations may test this possibility. New RadioAstron observa-
tions are scheduled between September 2018 and March
2019.
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Appendix A. Cosmic rays, neutrinos, protons, jets in AGN

The IceCube project has discovered a flux of cosmic

neutrinos in the high-energy range from 1013 to 1016 eV,
predominantly extragalactic in origin, as well as neutrino
emission from the direction of the blazar TXS 0506+056
prior to the IceCube-170922A alert. This suggests that
blasars are the first identified sources of the high-energy
astrophysical neutrino flux (Aartsen et al., 2018b; Ahlers
and Halzen, 2018). Ahlers and Halzen (2018) conclude that
‘‘the corresponding energy density is close to that of
. . .ultra-high-energy cosmic rays observed with large sur-
face detectors. Neutrinos are therefore ubiquitous in the
nonthermal universe, suggesting a more significant role of
protons (nuclei) relative to electrons than previously
anticipated.”

This may extend to a more significant role for relativistic
protons relative to electrons in the synchrotron emission of
jets in AGN than has previously been assumed. This allows
to solve some old problems for physics of the jet models. In
particular, to increase at � 2000 times the magnetic field of
the jet and the cooling time thanks to emitted protons (see
(6)–(7) above) as well as to give simple explanations for
curve jets.

Moreover, it is possible to use some earlier results of
analysis – e.g. by Kovalev et al. (2000a) – on fitting a jet
model of AGN to instantaneous spectra observations of
34 AGN because these fits have been done relative to the
normalized parameters of the model – without using the
absolute values of the magnetic field and other parameters
of the jet. A similar approach had been also used to the
results of simulation in this model of flares observed in
B 0235+16 over 1.5 years at eight frequencies from 0.3 to
15 GHz by Kovalev and Larionov (1994). For example,
for the case of radio emission by relativistic electrons, it
had been estimated the magnetic field B0 � 0:25 G in this
paper at the jet base. We would obtain
B0 � 0:25 � 2000 ¼ 500 G if emit relativistic protons rather
the electrons, and if all other the suggestions for (6)–(7) are
satisfied.
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Kravchenko, E.V., Gómez, J.L., Kovalev, Y.Y., Voytsik, P.A., 2020. The
jet of S5 0716+71 at las scales with RadioAstron. Adv. Space Res., 65
(2), 720–724.

Kun, E., Biermann, P.L., Gergely, L.Á., 2019. Very long baseline
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