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Abstract—The spectrum of G11.2-0.3 has been refined by bringing the published intensity measurements to
the “artificial moon” flux scale, and the dynamics of its changes on different time scales from 0.4 to more
than ~50 years has been investigated. An increase in the fluxes of radio emission of G11.2-0.3 for =30 years at
3 cm £ A < 375 cm with a frequency dependence was found: the average rate of changes decreases propor-
tionally to log(f), and at frequencies f > 10 GHz, the increase gave way to a decrease. Measurements with
the RT-32 radio telescope of the Svetloe observatory (IAA RAS) in 2013—2019 showed a decrease in fluxes of
G11.2-0.3 against the background of rapid nonstationary changes with an average rate of (—5.4 + 6.6) %/year
atawavelength A = 6.2cmand (—1.5 %+ 0.9) %/year at A = 3.5 cm. The stages of growth and decline of fluxes
are separated by an epoch 2016.9 + 0.6. The spectrum of G11.2-0.3 is the spectra sum of the shell and the
plerion, with each of its parameters determined by the method developed for the 1972.5 epoch. The values of
the spectral indices ol of the shell and o2 of PWN are obtained: ol;9;, = 0.77 and 02,97, = 0.251. The
dynamics of radio emission from the remnant reflects the scenario of interaction between the shock wave and

CSM. Possible reasons for evolutionary and non-stationary changes are discussed.
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1. INTRODUCTION

Supernova remnant (SNR) G11.2-0.3 belongs to
type “C” remnants, which are referred as combined,
i.e., it has an expanding envelope with a pulsar wind
nebula (PWN, plerion) located inside it, surrounding
the central pulsar PSR J1811-1925. The plerion and
pulsar in G11.2-0.3 were first detected in the X-ray
range with the ASCA observations, as reported in
[1,2].

G11.2-0.3 is one of the three or four youngest core-
collapse supernovae (CC SNR) in the Galaxy. The
leftover neutron star from the explosion acts as a pul-
sar, creating a PWN in the middle of the expanding
burst. In [3], a feature of the plerion morphology in
the hard X-ray range was noted: the synchrotron radi-
ation source contains two oppositely directed jets that
have no analogues in radio emission.

The age of the remnant, according to the measure-
ments of the expansion rate of the nebula in the X-ray
range based on the Chandra observations, is estimated
within 1400—2400 years [3]. Measurements in the
radio-wave range with a high angular resolution
revealed the circular symmetry of the outer boundary
of G11.2-0.3. The dependence of the flux density .S on
frequency f is close to a power law in the form

645

S(f) e f* with the spectral index o =0.5 [4].
According to [5], the spectral indices of the shell and

plerion are oy =0.56+0.02 and o, =0.2570%,

respectively, and the flux densities have the following
values: S, =16.6 £ 0.9 Jy (A = 20 cm) and 8.4 £ 0.9 Jy
(A =6 cm), S, =0.36£0.23 Jy (A=20 cm) and
0.32%+0.18 Jy (A = 6 cm), S; =162%1.1 Jy (A =
20 cm) and 8.0 +1.1 Jy (A = 6 cm), where we intro-
duced the notations: S, is the flux densities of the
entire source, S, is the flux densities of plerion, and
S is the flux densities of shell. Based on these data, it
is possible to estimate the contribution of the plerion
to the total flux of SNR. At wavelengths A = 20 and
6 cm, it was 2.2 and 3.8%, respectively.

The angular diameter of the shell of G11.2-0.3 is 4’
[4], the object is, according to [6], at a distance d =
5 kpc from the terrestrial observer; according to other
estimates, d can be from 4.4 kpc [6] to 5.5—7 kpc [7].

Based on the SNR morphology according to the
VLA observations of G11.2-0.3 with a resolution 3” at
two frequencies, the authors of [6] came to the conclu-
sion that G11.2-0.3 is an analogue of Cas A at a later
stage of evolution. In [8], published in 1960, I. S. Shk-
lovsky predicted an evolutionary secular flux decrease
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Table 1. Parameters of the RT-32 radio telescope of the
“Svetloe” observatory (IAA RAS)

Af, HPBW,
S MHZ| Tree, K Toay K| Ty, K M{{z SUF arcsec
1550 10 38 48 450 0.6 21.9
2370 10 37 50 450 0.48 | 14.6
4840 10 23 33 1000 0.6 6.96
8450 12 27 39 1000 0.56 3.94

We used the notations: fis the frequency; T} is the noise tem-
perature of the receiver input; 7, is the noise temperature of the
antenna; T is the noise temperature of the system; Af is the
receiver bandwidth; SUF is the surface utilization factor; and
HPBW is the 0.5 power beamwidth in arc minutes. All feeds are

circularly polarized.

in SNRs and showed that in young SNRs, in particular
in Cas A, the effect can be measured, which was soon
confirmed by observations. It has been established
that the radio spectra of young SNRs undergo evolu-
tionary and nonstationary changes [9—13], the study
of which is important for understanding the physics of
these objects; therefore, the problem of detecting and
studying the SNR variability G11.2-0.3 is urgent. The
radio observation data of the SNR G11.2-0.3 at differ-
ent frequencies have been published in several dozen
papers. To clarify the spectrum of G11.2-0.3, as well as
to identify the dynamics of its evolutionary and non-
stationary changes, both further measurements of flux
densities and bringing the published data into a single
system based on the exact absolute scale of fluxes are
required.

The paper presents measurements of flux densities
of G11.2-0.3 with the RT-32 radio telescope of the
“Svetloe” observatory (IAA RAS), as well as the
results of converting published data into a single sys-
tem based on the “artificial moon” (AM) flux scale
[14] for the purpose of refinement of the spectrum of
this source and study of its variations.

2. MEASUREMENTS WITH THE RT-32 RADIO
TELESCOPE OF THE “SVETLOE”
OBSERVATORY (IAA RAS)

Measurements of flux densities from SNR G11.2-
0.3 relative to the standards of the flux scale AM were
carried out in 2013—2019. The parameters of the fully
steerable parabolic radio telescope RT-32 with the
diameter of 32 m at the “Svetloe” observatory (IAA
RAS) are given in Table 1 [15—17].

The flux densities of the investigated sources were
measured relative to the sources — the standards of the
AM flux scale [14]. The AM flux scale is based on
absolute measurements by the “artificial moon”
method, which is superior in accuracy to other meth-
ods and includes more than 15 standard sources with
spectra covering the 38 MHz—200 GHz frequency
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range. A significant difference from other scales and
the advantage of the AM scale is the control of the
shape of the source spectra (method of relative spec-
tra), independent of absolute measurements. The AM
flux scale is adapted to frequencies up to 200 GHz and
more based on the standard spectrum of the Crab neb-
ula, studied in detail by absolute measurements using
the “artificial moon” method [10]. The spectrum of
the Crab Nebula is power-law. Based on the method of
relative spectra, it is shown that the power-law is ful-
filled at least up to 200 GHz:

S(f) = So(%j , (1)

0

where S(f) Jy is the flux density at a frequency f

(MHz); §, Jy is the parameter equal to the flux density
at a frequency f (MHz); and o is the spectral index.
Average value o, = 0.327 £ 0.002 and does not depend
on time; %% =(=0.159 £ 0.024)%/year; S, = (937 £
22) Jy at a frequency of f; =1 GHz for the epoch
1992.7.

The main radio emission standard in the AM flux
scale is the extragalactic source 3C295. It is character-
ized by stable radio emission at wavelengths longer
than 1 cm and small angular dimensions: 5”x 1” [18].
In the scale of AM fluxes, the 3C295 spectrum in the
frequency range 1425—8450 MHz is determined by the
power-law function (1) with the parameters: oo = 1.007

and S, = 8.249 Jy at a frequency f, = 3500 MHz.

The RT-32 radio telescope can measure the ratio of
the flux densities of the investigated sources and stan-
dards of the AM flux scale at four frequencies: 1550,
2370, 4840, and 8450 MHz. The absolute flux densi-
ties of the SNR were obtained from the measured flux
ratios of the SNR and the AM scale standards.

The method for correcting data and determining
measurement errors is described in detail in [13]. Mea-
surement errors include the root-mean-square devia-
tion of the peak antenna temperature ratios, which did
not exceed 3%, as well as errors of the correction for
partial resolution of G11.2-0.3 with the antenna pat-
tern. The method for determining this correction is
also described in details in [13]. The correction error
for the source resolution depends on the difference
between the antenna scan temperature profiles and the
approximating Gaussian. In the case of G11.2-0.3, the
scan profiles along both axes differ little from Gauss-
ians, and the error in the corrections, which is maxi-
mum for the wavelength A = 3.5 cm, did not exceed
2.5%. The profiles were determined by averaging two
oppositely directed scans. During the observations,
the ON —OFF technique was used. The direction of
the source’s position angle when pointing at an
antenna with circular polarization and circular sym-
metry of the beam does not require corrections. Cor-
rection for atmospheric absorption was introduced in
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the form of a multiplier e’, where y = 4, /sin(h), h is
the elevation angle (height) of the antenna. For wave-
lengths 18, 13, 6.2, and 3.5 cm, 4, is 0.01, 0.011, 0.012,
and 0.013, respectively.

The reason for the error in determining the SNR
flux density when compared with the 3C295 standard
may be the difference in spectral indices (respectively,
=~(.5 and 1.007). In our case, the error does not exceed
0.3% and no corrections were introduced.

Measurements of flux densities of G11.2-0.3 were
performed at frequencies of 4840 and 8450 MHz
between April 2013 and October 2019. At both fre-
quencies, measurements were repeated in order to
identify changes in the source emission. The flux den-
sities of G11.2-0.3 determined at the frequencies of
4840 and 8450 MHz between the epochs 2013.34 and
2019.89 in the AM flux scale are given in Table 2.
Since the measurements were carried out on the same
radio telescope and under the same conditions, we
have given only random errors in Table 2.

Figure 1 presents the data of Table 2 on a logarith-
mic scale, which allows us to visually assess the corre-
spondence of time sequences log(.S) to a linear law.
log(S) depends on time linearly if the rate of flux

1dS

change — = const.
85 i

Figure 2 also illustrates the data of Table 2. How-
ever, for a better perception of the details of the
observed process, the time interval is limited within
2018.2—2020.0 in Fig. 2.

Linear approximation of the dependence on the
wavelength A = 6.2 cm wave according to the data of
Table 2 has the form:

log,,(S) = (48.19 £57.63) — (0.023 £ 0.029)r. (2)
The same on a wavelength A = 3.5 cm:
log,,(S) = (13.84 £ 7.58) — (0.0065 = 0.0038)7, (3)

where t = Epoch.

At the wavelength A = 6.2cm in the time interval
2017.95—-2019.66, the flux density on average
decreased at the rate: d(InS(¢))/dt = —(0.054 *

0.066), i.e., %%:(—5.4i6.6)%/year, and at the

wavelength A = 3.5 cm in the time interval 2013.34—
2019.89, the flux density also decreased on average
with the rate: d(InS(¢))/dr = —(0.015=%0.009), i.e.,
%% = (—1.5 + 0.9)%/year.

A large-scale in time decrease in flux densities was
observed at both frequencies in the indicated time
intervals in the presence of significant rapid deviations
of the current values log(S) from the average depen-
dences. The largest deviations log(§) from the mean
values were observed at the wavelength A = 6.2 cm in
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Table 2. Flux densities of SNR G11.2-0.3 according to mea-
surements with the RT-32 radio telescope

Epoch f, MHz Sam, Jy c,ly
2013.34 8450 7.016 0.20
2015.509 8450 6.543 0.19
2017.949 4840 8.811 0.26
2017.99 4840 9.153 0.30
2018.03 4840 8.703 0.25
2018.209 4840 8.426 0.24
2018.38 8450 6.979 0.33
2018.387 8450 6.846 0.20
2018.39 8450 6.386 0.10
2018.39 4840 8.081 0.23
2018.40 4840 8.895 0.28
2018.518 8450 6.679 0.20
2018.54 8450 6.575 0.19
2018.57 8450 6.758 0.21
2018.74 4840 11.853 0.34
2018.79 8450 6.719 0.20
2018.80 4840 7.945 0.32
2018.81 4840 8.427 0.24
2018.85 8450 6.799 0.20
2018.86 4840 7.977 0.27
2018.89 4840 7.766 0.23
2018.97 4840 7.136 0.39
2019.09 8450 6.611 0.59
2019.11 4840 7.643 0.31
2019.26 8450 5.616 0.16
2019.29 4840 8.309 0.30
2019.37 8450 6.320 0.40
2019.66 4840 8.213 0.33
2019.89 8450 6.236 0.18

‘We used the notations: Epoch is the measurement epoch; f'is the
frequency; Sam is the flux density (am—artificial moon); and G is
the random measurement error.

the epochs 2018.74 (+11.7¢0) and 2018.97 (-3.15), and
at the wavelength A = 3.5 cm in the epoch 2019.26
(-5.20).

On the wavelength A = 6.2 cm, in the time interval
2018.74—2019.58, a process of change S relative to the
average level was observed from (+39%) in the 2018.74
epoch to (—18%) in the 2018.97 epoch and reaching
the average level in the 2019.58 epoch. A similar, but
less detailed picture was observed on the wavelength
A =3.5cm: a “dip” in depth (—16%) relative to the
average level was observed in the 2019.26 epoch.
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Fig. 1. Logarithms of flux densities of SNR G11.2-0.3 according to Table 2.
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Fig. 2. Distribution of the logarithms of the flux densities of SNR G11.2-0.3 in the time interval 2018.3—2020.0 at wavelengths
A = 6.2 and 3.5 cm according to the data in Table 2.

3. SPECTRUM AND SPECTRAL VARIABILITY  reduced by us to the AM flux scale [14]. The advan-

OF SNR G11.2-0.3 tages of the AM scale over the widely used BGPW
scale [19] were discussed in [14]. The flux densities of
study its evolutionary changes over a long-time inter- Q11.2 -0.3 reduced to t,h,e AM flux scale are prese.nted
val in a wide frequency range, the measurement data i Table 3. Thus, a unified data system was obtained,

published in the literature allowing us to compare the defined in the time interval 1966.95—2019.89 in the
flux densities of G11.2-0.3 and standard sources were  frequency range 80 MHz—32 GHz.

In order to refine the spectrum of G11.2-0.3 and
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Table 3. Flux densities of SNR G11.2-0.3 fluxes according to published data, reduced to the AM flux scale

n Epoch f, MHz Sam, Jy Err, Jy Sp, Jy Source k References
1 1966.95 2695 9.61 0.96 11 3C274 0.87 19
2 1967.68 5000 10.11 1.01 11 3C274 0.92 19
3 1967.78 635 12.28 1.25 13.2 3C218 0.93 20
4 1967.78 1410 11.89 1.15 12.6 3C218 0.94 20
5 1967.78 2650 10.81 1.02 11.8 3C218 0.92 20
6 1968 80 36.72 4.92 36 Sample 1.02 21
7 1968.67 5000 8.3 0.83 8.9 3C218 0.93 22
8 1968.67 408 29.88 2.99 36 Sample 0.83 23
9 1969 2700 10.68 1.07 12 19—46 0.89 24
10 1971 80 45.33 10.3 44 Sample 1.03 25
11 1974 80 54.6 16.48 53 Sample 1.03 26
12 1974 160 42.66 2.98 43 Sample 0.99 26
13 1974.2 10630 5.1 0.7 5.8 3C123, 3C218 0.88 27
14 1975.5 1415 13.34 0.67 14.5 3C147 0.92 28
15 1983.1 2695 10.18 0.44 11.49 3C286 0.89 29
16 1984.29 1408 15.96 0.63 17.69 3C286 0.90 30
17 1986 32000 3.39 0.2 4.04 3C286, NGC 7027 0.84 31
18 1987 23000 4.34 0.46 4.7 NGC 7027 0.92 32
19 1987.87 330 32.37 0.01 39 3C48, 3C286 0.83 33
20 1996.1 14700 5.22 0.37 5.7 NGC 7027 0.92 32
21 1996.12 4850 8.59 0.45 9.6 3C286 0.89 32
22 1999.33 32000 3.08 0.32 3.8 3C286 0.81 32
23 1999.62 10450 5.79 0.37 6.3 3C286 0.92 32

‘We used the notations: # is the line number; Epoch is the epoch of measurements; f is the measurement frequency; Sam is the flux
density and Err is the flux density in the AM flux scale; Sp is the published value of flux density of G11.2-0.3; Source is the source-cal-
ibrator (if there are several standard sources—Sample); & are the multipliers of the transition to the AM scale; and we show references to

the original literature sources.

Figure 3 shows the flux densities of G11.2-0.3
depending on the frequency according to Table 3.

It should be noted that the measurement errors
indicated in the published works contain the uncer-
tainty of the absolute reference, the contribution of
which is significant. When these data are presented in
the AM flux scale, the errors should decrease due to
the elimination of this component, but due to its
uncertainty, the errors are preserved. Due to the sig-
nificant uncertainty of measurement errors, the data
in Table 3 were approximated by the power-law
dependence of the flux density on frequency in the
form (1) without considering the weight of the mea-
surement data. In addition, the point at 635 MHz
(1967.78 epoch) with a deviation from the average

ASTRONOMY REPORTS Vol. 65

No.8 2021

spectrum by more than 56 was not considered. The
approximating power-law function

-]
So

is obtained with the parameters: o = 0.445+0.02;
Sy = (16.51£0.52) Jy; and £, =1 GHz.

Figure 4 shows the logarithms of the measured
fluxes Sam from Table 3, normalized to calculated val-

ues S, at different frequencies depending on time;
rationing allows all data to be presented on the same
large scale. Changes in flux densities contain a signif-
icant non-stationary component, the rates of changes
R =d(InS)/dt are different at different frequencies.
At individual frequencies, they change over time. Esti-

C))
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Fig. 3. Flux densities of G11.2-0.3 depending on the frequency according to Table 3.

log,o(S5/Sc)

0.10 -
0.05F
0 -
—— 10g0(S57/S5¢)s0 Mz
—0.05r —0— 10g,0(S/S5¢) 1410 Mz
—A— 1og,0(S/5¢)2700 MH
-0.10+ —— 10g0(S/S¢) 4340 Mz
—— 1og((S/S:)8450 MHz
-0.15F —%— 10g0(5/S5¢)32000 MH2
1960 1970 1980 1990 2000 2010 2020
Epoch

Fig. 4. Logarithms of the ratios of the measured fluxes Sam to the calculated values S, at different frequencies depending on time.

mates of R for most frequencies are limited to time
intervals (6 < Ar £17) years. For most frequencies,
they are positive and decrease with increasing fre-
quency. There were “excesses” and “dips” of the flux
during short time intervals, which was also noted in
the data of our observations with the RT-32.

To determine the parameter R = d(In .S)/dt at fre-
quencies of 80, 1410, 4840, 8450, and 32000 MHz, the

data of Tables 2 and 3 were used, reduced to quoted
frequencies based on the value of o0 = 0.445 £ 0.002.

To determine R(80 MHz), 80 MHz data of 1968,
1971 and 1974 epochs were used;

R(1410 MHz)—data from 1410 MHz (epoch
1967.78), 1415 MHz (epoch 1975.5) and 1408 MHz
(epoch 1984.287);
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R(2695 MHz)—2695 MHz (epoch 1966.95),
2650 MHz (epoch 1967.78), 2.7 MHz (epoch 1969.0),
and 2695 MHz (epoch 1983.1) data;

R(4840 MHz)—5000 MHz (epoch 1967.68),
5000 MHz (epoch 1968.67), 4850 MHz (epoch
1996.12), and 4840 MHz (epoch 2017.95) data;

R(8450 MHz)—data 10630 MHz (epoch 1968.67),
10450 MHz (epoch 1999.62) and 8450 MHz (epoch
2013.34); and

R(32000 MHz)—32000 MHz data in the 1986.0
and 1999.33 epochs.

The parameters of the evolutionary variability of
radio emission were determined by comparing not
only the flux densities at individual frequencies, but
also the current spectra of G11.2-0.3 spaced apart in
time. Table 3 shows the measurement data arranged in
chronological order and are naturally divided into
three groups that combine data that are close in mea-
surement time (<8.55 years). Based on these groups,
three current spectra for the mean epochs are deter-
mined: 1970.38, 1985.65, and 1997.79. The 1970.38
spectrum includes measurements between 1966.95
and 1975.5 epochs, with the exception of a point at
635 MHz (epoch 1967.78) with a large deviation from
the average spectrum, the 1985.65 spectrum is based
on measurements from 1983.1 to 1987.87, and the
1997.79 spectrum includes measurements from 1996.1
to 1999.62.

The parameters of these spectra were determined
in the form (1) without considering the weight of the
measurement data; they are given in Table 4.

0.60

0.58 = a
fit of .
0.56

0.54

0.52

0.50

0.48
0.46
0.44

0.42
0.40
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Table 4. Parameters of the current spectra of G11.2-0.3, cal-
culated according to the data of Table 3

Epoch | &f, GHz o Gy | S0,y |0s,,Jy Gfl(gz
1970.38|0.08—10.63| 0.433 | 0.026 | 16.24 | 0.74 1
1985.65| 0.33—32 | 0.481 | 0.021 | 18.31 | 0.85 1
1997.79| 4.85—32 | 0.536 | 0.045 | 20.5 2.53 1

We show the following: average measurement epoch, Epoch; fre-
quency range, &f ; spectral index, o, and its error, G,,; flux density,
Sy, at frequency f; and its error 65, ; and frequency f.

Table 4 is illustrated in Figs. 5 and 6, which show
the dependences of the spectral index o0 and parameter

S, on time, respectively.

As can be seen from Figs. 5 and 6, the dependences
of a and log(s5,) on time are close to linear:

o(?) = (0.412 £ 0.009) + (0.00351 £ 0.0005):, (5a)

log(Sy(1) = (1.191+ 0.003)

(5b)
+(0.00354 £ 0.0002)z,
where ¢ = (Epoch —1965.0).

From (1), it follows:

log(S) = log(Sy) — alog(f /o), (6)

In(S(f,7)) = 2.3[(1.191 + 0.00354¢)

—(0.412 +0.00351) log(f /fo) ) ™

5 10 15

20 25 30 35

Epoch 1965

Fig. 5. Dependence of the spectral index o on time.
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Fig. 6. Dependence of the parameter 5, on time.

The rate of flux change R = %% =d(n S)/dt.
Differentiating (4), we determine

R= é% = 2.3(0.00354 — 0.003511og(£/f;)). (8)

Average rate of flux change in the time interval
1967—2000 depends on frequency: an increase in the
flux was observed at frequencies below 10.2 GHz; at
higher frequencies, the flux decreased. The values of
frequencies f [MHz], velocities R [%/year], errors of
determination for R, 6R [%/year], and the time inter-
val At are given in Table 5.

The spectral dependence is determined by rela-
tion (8), or its equivalent:

R [%/year] = 3.236 — 0.807log(f [MHz]). (8

Figure 7 shows the rates of change in the fluxes of
SNR G11.2-0.3, determined from the current spectra
and from measurements at one frequency according to
the data in Table 5.

In Fig. 7, we see that the rates of flux change, deter-
mined at individual frequencies and by spectra, are
different within the error limits, with the exception of
the frequency 80 MHz, where the intervals Az in which
the values R were determined are the most different.

Using the relation (8'), the data in Table 3 can be
adjusted to a common epoch to compensate for large-
scale variability. For the epoch 1972.5, a spectrum was
obtained with the parameters:

(11972 = 0497 T 002,

Table 5. Rate of flux change of SNR G11.2-0.3, determined from measurements at one frequency and from the current

spectra
At one frequency From spectra
f, MHz
R, %/year OR, %/year At R, %/year |oR, %/year At

80 6.70 0.02 1968.0—1974.0 L7 0.82 1966.95—1999.62
1410 1.89 —0.01 1967.78—1984.29 0.69 0.81 1966.95—1999.62
2695 —0.1 1966.95—1983.1 0.47 0.82 1966.95—1999.62
4840 —0.06 —0.01 1967.68—2017.95 0.26 0.82 1966.95—1999.62
8450 0.97 0.01 1974.2—2013.34 0.07 0.82 1966.95—1999.62
32000 —0.72 1986.0—1999.33 —0.4 0.83 1966.95—1999.62

‘We show the following: frequency, f'; results obtained at one frequency—the average rate of flux change R in the time interval Ar and its
error 6R in the same interval, the used time interval A (start—end); the results obtained from the spectra—the rate of flux change R and
the error of its determination 6 R, the time interval A¢ at which the parameter R was determined.
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Fig. 7. Rates of flux change of SNR G11.2-0.3, determined from the current spectra and measurements at the single frequencies.

The combined SNR G11.2-0.3 consists of a shell
and a plerion with a pulsar in the center. The spectra
ofthe shell and plerion are power-law spectra with dif-
ferent spectral indices, which make it possible to
divide the total spectrum of this source with a suffi-
ciently accurate determination into two parts corre-
sponding to the components of the source. The tech-
nique is described in [13], where it was applied to SNR
3C396. In short, the process is as follows.

1. To refine the spectrum of the combined source,
the logarithms of the fluxes measured at close fre-
quencies were averaged; the mean logarithm of the
flux corresponds to the mean logarithm of the fre-
quency. The averaging did not consider data with rapid
deviations from the mean of more than 2¢. The aver-
aging process minimizes the effect of rapid variability
and measurement errors. The refined spectrum does
not include once-measured data or data with signa-
tures of rapid changes over time. Table 6 shows the
spectrum for the epoch 1972.5. The function
(log(Sam)) = F(log(f)) is approximated by a polyno-
mial of the second degree.

Table 6 represents data averaged over the following
frequency ranges

i =1, the frequencies 1410, 1415, and 1408 MHz;

i =2, the frequencies 2695, 2650, 2700, and
2695 MHz;

i = 3, the frequencies 5000 and 4850 MHz;
i = 4, the frequencies 10630 and 10450 MHz; and
i =5, the frequencies 32000 and 32000 MHz.

ASTRONOMY REPORTS Vol.65 No.8 2021

2. We denote by S, and S, the spectra of compo-
nents 1 and 2 (a shell and a plerion, respectively), and
by (Sam;) the averaged flux densities at frequencies f;.
The parameters of one of the two components of the
spectrum, al and S, are set arbitrarily, and the cal-
culation of flux densities S (f;) at frequencies f; is
performed according to the formula:

—al
S.(f) = So@ . )

The optimal parameters at which the root-mean-
square deviation of the sum of the calculated values

Table 6. Average values (Sam) of measured flux densities
reduced to epoch 1972.5

i | (f), MHz <Samjly972’f>’ Err,Jy | n (Table 3)
1 1411 16.12 0.6 4,14, 16

2 2685 11.77 0.52 1,5,9,15
3 4924 8.22 0.67 7,21

4| 10540 5.44 0.56 13,23

5| 32000 3.51 0.27 17,22

‘We show the following: the number 7 of the averaging interval for
flux densities and frequencies (see text); average frequency of

measurements in the i-th interval < f,»); the average value of the
flux density in the i-th frequency interval <Sam1972’,<> and its error
Err; we listed the line numbers of Table 3, included in the
ith interval and containing information about the averaged data.
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S, + 8, from the values log <Sam1972,,> reaches a min-
imum were determined according to the following
scheme. The flux densities of the second component

S, at frequencies f; are determined as the difference
(Sam,) — S, (f;), and the parameters of the power-law
dependence S, (f), 02, and S, are determined as a fit

of the power-law function for sampling the values of
the differences:

-2
S2C(.f;) = Soz[%j .

0

The root-mean-square deviation ¢ of the two-compo-
nent model is determined by a set of comparisons of

the quadratic approximation (Sam;,) from Table 6 and
the sums S;(f;) = S, (f}) + 8, (/f;) calculated accord-
ing to (9) and (10). The pair of values ol and S,

uniquely correspond to o2 and S,, with their change
the root-mean-square error of the two-component
model changes, reaching a minimum at optimal values

of the parameters al, Sy, 02, and S,.

For the epoch 1972.5, the following parameter val-
ues were obtained:

al =0.77 +£0.027,
Sy =14.440.5 Jy;
02 = 0.25140.029,
Sy =5.9+1.1Jy.

(10)

(11)

4. DISCUSSION

We obtained a unified data system on the fre-
quency-time distribution of the source radio emission
intensity in the time interval 1966.95—1999.62 at fre-
quencies from 80 MHz to 32 GHz using the “artificial
moon” (AM) flux scale published data of measure-
ments of flux densities SNR G11.2-0.3. Radiation
variability was found on time scales from 0.8 to
~50 years. Evolutionary (averaged) flux changes occur
against the background of their rapid nonstationary
variability (Fig. 4) and are described by expression (7).
The flux density at the frequency f changed with an
average rate decreasing proportionally to log(f/f;),
where f, = 1000 MHz. At frequencies (80—10000) MHz,
the flux densities increased, while at higher frequen-
cies they decreased with time.

The intensities of SNR G11.2-0.3 were regularly
measured at wavelengths A = 6.2 and 3.5 cm during
2013—2019 with the RT-32 radio telescope of the
“Svetloe” observatory (IAA RAS). Decreasing time
sequences of flux densities were obtained (Figs. 1 and
2). At both wavelengths, significant non-stationary
deviations of the data from the linear fit were
observed. Average rates of flux decrease were (—5.4 =
6.6) and (-1.5%0.9)%/year at waves A =6.2 and
3.5cm, respectively. Time sequences are approxi-

IVANOV et al.

mated by linear relations (2) and (3), which in the his-
tory of the evolution of the source are a continuation
in time of the previously occurring processes described
by relation (7). Time dependences (7) go into (2) and
(3) in the epochs 2017.5 for A = 6.2 ¢cm and 2016.3 for
A = 3.5 cm, where the growth of fluxes was replaced by
their fall.

I.S. Shklovsky showed that in young SNRs
expanding in a homogeneous interstellar medium, the
intensity of radio emission over time experiences an
evolutionary decrease, which he called secular
decrease [8]. Observations of historical SNRs have
confirmed the predicted effect (e.g., [9, 10]). The evo-
lution of G11.2-0.3 radiation follows a different sce-
nario.

Although the increase in fluxes in G11.2-0.3 can-
not be classified as typical, it is no exception: an
increase in the radio emission power is observed in the
very young SNRs G1.9+0.3 and 1987A in the Large
Magellanic Cloud [34, 35]. The sources G11.2-0.3 and
1987A belong to the core-collapse SNRs and have
many similar features, but it is important to note the
following: in both cases, the shock wave of the explo-
sion propagates in a strongly inhomogeneous circum-
stellar medium (CSM) with a density increasing with
distance from the center. The radio emission of SNR
1987A grows exponentially, indicating that the propa-
gating shock wave and the associated increasing shock
volume interact with the increasingly dense CSM
region. Synchrotron radiation is associated with the
acceleration of particles as a result of the first-order
Fermi mechanism, a process in which particles move
between the upstream and downstream regions of a
direct shock wave, gaining energy [35].

Based on X-ray morphology, the authors of [3]
classify G11.2-0.3 as a SNR formed as a result of an
explosion after the loss of most of the progenitor’s
hydrogen shell (several solar masses) before the explo-
sion. After the explosion, the supernova shock wave
collided with this lost mass, both radially and azi-
muthally inhomogeneous, and the growth of the SNR
shell flux is due to the acceleration of electrons at the
front of the direct shock wave with increasing effi-
ciency.

The dynamics of the SNR 1987A and G11.2-0.3
spectra is different: the spectrum of G11.2-0.3 became
steeper with time (Table 4), in contrast to the 1987A
and Cas A spectra, which become flatter with time. In
the last two cases, the direct shock wave and the envi-
ronment interact, in contrast to G11.2-0.3, where it is
necessary to consider the interaction of the plerion
and the backward shock wave, which, according to [3],
reached the center of the remnant. It can be expected
that the slope of the spectrum of G11.2-0.3 shell
decreases with time, similar to SNR 1987A, and the
overall increase in the spectral index is due to the con-
tribution of the plerion exposed to the backward shock
wave. As a result of compression by the backward
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shock wave, the magnetic field in the central volume
of the remnant should increase. In this case, synchro-
tron radiation also increases, but at the same time,
energy losses for synchrotron radiation of relativistic
particles increase [36]. This effect can be observed as a
break in the spectrum. According to [37], extrapola-
tion of the PWN power spectrum in the X-ray range
on the radio-wave band leads to a “break” frequency
of ~8 GHz with an increase in the spectral index by
0.5, the expected value from synchrotron losses in a
homogeneous source with constant electron injection.
To implement such a scenario, with an assumed age of
the remnant of 2000 years, a magnetic field strength of
about 3 mG is required. If the break in the spectrum at

a frequency f, ~ 8 GHz is due to synchrotron losses,
then the flux of radio emission from the plerion at fre-

quencies f > f, should decrease with time, and the
average spectral index in the frequency range 0.08—
32 GHz should increase.

The listed observational facts and related conclu-
sions can be compared with our results of determining
the parameters of the shell and PWN spectra.

At a frequency of 1410 MHz, the plerion contribu-
tion to the total flux of G11.2-0.3 in 1972 was 34%.
This estimate can be compared with the estimates
obtained in [5] given in Section 1. The estimates [5]
refer to the 1985.0 epoch. Our spectral index of the
plerion 02,4, coincides with o, [5], although the dif-
ference between our al,y;, and og of the shell [5] goes
beyond the error limits. However, estimates of the
PWN contribution to the total residual flux differ
markedly. At a wavelength A = 20 c¢cm in the epoch
1972.5, we estimate the ratio S, /S, = 0.34 in contrast
to Sp/S, = 0.02 according to [5]. To find out which
result is more accurate, it is necessary to identify the
component of the source in which fast and deep
“dips” of radio emission can occur. The duration of
the process imposes a limitation on the linear size of
the region in which it operates. During observations
with the RT-32 radio telescope (Section 2), dips rela-
tive to the mean values at wavelengths A = 3.5 and
6.2 cm were noted in 16 and 18%, respectively, in the
intervals Ar < 0.4 years. Table 3 contains data on
“dips” at frequencies f = 80 MHz (—17%) and f =
635 MHz (—28%) relative to the average spectrum,
which lasted no more than 4—5 years. At a distance of
5 kpc, the shell of G11.2-0.3 has a diameter of 5.8 pc
(19 light years), which limits the minimum character-
istic time of nonstationary variability of its radiation
and excludes the localization of all observed “dips” in
the shell. Consequently, the “dips” are associated with
the PWN radiation and cannot exceed the contribu-
tion of this component to the total SNR flux. Our
estimates are consistent with this condition, in con-
trast to [5].

Rapid nonstationary flux changes noted during
observations of G11.2-0.3 with the RT-32 radio tele-
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scope of the “Svetloe” observatory (IAA RAS) have
features common to many plerions. They were previ-
ously noted in 3C58 [11], G21.5-0.9 [12], and 3C396
[13]. These sources contain fluxes of relativistic parti-
cles and magnetic fields injected by the pulsar. The
dynamics of the processes has an analogy with solar
flares, the physical mechanism of which is based on
reconnection of the magnetic field lines with a rapid
release of the magnetic field energy and a burst of
radio emission power, followed by its short-term
weakening. Rapid nonstationary changes in the radio
emission of plerions can be caused by reconnection of
the magnetic field lines.

An alternative explanation for the rapid nonsta-
tionary changes in radio emission was proposed in
[13]. It is assumed that the radio emission from com-
pact sources located in the PWN can interact with the
shell acting as a random phase screen and creating a
diffraction pattern in the plane of the observer. The
variability of this pattern is due to its own motions in
the shell.

Another possible reason for deviations from the
power law in the radio emission spectra of plerions can
be similar deviations in the energy spectra of emitting
relativistic electrons injected by the pulsar into the
nebula.

5. CONCLUSIONS

In the present work, we investigated the spectrum
and variability of the radio emission of SNR G11.2-
0.3. The use of the “artificial moon” flux scale as a
basis for combining the measurement data of flux den-
sities of G11.2-0.3 accumulated over more than
50 years of observations, as well as our own observa-
tions, made it possible to clarify the source spectrum
and the dynamics of its changes in time. As a result:

» unusual properties of the evolution of G11.2-0.3
have been found—an increase in fluxes in a wide fre-
quency band over a long time interval. It is unusual
that earlier the growth of fluxes was observed only in
very young remnants—G1.9+0.3 and 1987A, while
G11.2-0.3 is in an advanced stage of evolution—close
to the Sedov phase at an age of ~2000 years;

« the growth of fluxes at wavelengths A = 6.2 and
3.5 cm gave way to a fall in the epoch 2016.9 +0.6.
Changes in the dynamics of radio emission from the
remnant can be caused either by the emergence of the
leading edge of the shock wave outside the region with
a high CSM density, or by the weakening of the effect
of the backward shock wave on the PWN; and

* the parameters of the spectra of the components
of the composite SNR—shell and PWN were deter-
mined, as well as their changes in time were investi-
gated.

Data on fast non-stationary changes in the inten-
sity of radio emission of G11.2-0.3 were obtained.
Possible physical mechanisms of the phenomenon can
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be: reconnection of magnetic field lines, diffraction of
compact sources located in the PWN on a random
phase screen, which is the SNR shell, as well as devia-
tions from the power law in the energy spectra of emit-
ting relativistic electrons injected by the pulsar into the
nebula. However, this issue needs further research.
According to the unique properties of SNR G11.2-
0.3, it can be assumed that further observations and
theoretical studies of this object will be effective.
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