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Abstract—The paper describes a method for the radio identification of decameter-wavelength sources
based on their continuum spectra and analysis of their coordinates in relatively large error boxes sur-
rounding a specified position on the sky. The distribution of continuum spectra and identifications in other
wavelength ranges are analyzed for the resulting radio catalog. Using identifications with the FIRST and
NVSS surveys, the statistics of the spectral index—size and spectral index—flux density distributions for
steep-spectrum sources have been studied, and a catalog of ultrasteep-spectrum (a < —1.2) decameter-

wavelength sources has been compiled. © 2003 MAIK “Nauka/Interperiodica”.

1. INTRODUCTION

The catalog of 1822 radio sources obtained with
the UTR telescope (Kharkov) by Braude ef al. [1-5]
at 10, 12.6, 14.7, 16.7, 20, and 25 MHz covers about
30% of the sky and is the lowest-frequency catalog
currently available. It can be used to cross-identify
objects at low frequencies and to construct their spec-
tra, or to derive upper limits for the decameter fluxes
of northern sources. The original publications do not
give information on the identifications of 121 (7%)
sources, and there are no optical identifications for
most of the sources (81 %).

Our aim was to identify as many of the UTR
objects as possible with known radio sources. Cross
identification and further studies enabled us to re-
vise the coordinates of the radio sources and obtain
their radio spectra. We used the new coordinates for
a number of objects to obtain optical identifications
with objects in the Palomar Digital Sky Survey. The
spectral data have enabled us to construct samples of
decameter sources with various types of spectra, such
as samples of steep-spectrum sources.

2. DATA CLEANING

The problems encountered when constructing the
radio spectra of sources from the UTR catalog that
have been detected on the T-shaped Kharkov radio
telescope [6] at decameter wavelengths (10, 12.6,
14.7, 16.7, 20, and 25 MHz) are associated first and
foremost with the identification of sources within
large error boxes; in this case, the error box is a

40" x 40'cosecd window obtained from a cross iden-
tification with the CATS database [7]. We addressed
this problem via interactive processing of the radio
spectra [8] obtained through a cross-identification
of the UTR objects with sources from the CATS
database using a 40’ identification window. The main
parameters of the catalogs used for the identifications
are listed in Table 1.

The spectra were cleaned with the spg software
[22] using a verified technique [8]. In the cleaning, we

Table 1. Basic catalogs used for the identification of the
decameter objects

Name Friﬁlﬁe;cy’ HPBW | S}, mJy | Reference
6C 151 4.2/ ~200 |[9, 10]
7C 151 1.2 80 [11]
MIYUN 232 3.8 ~100 |[[12]
WENSS 325 0.9 ~18 |[13]
TXS 365 ~0.1 ~200 |[14]

B3 408 3x5 100 [15]
WB92 1400 10 x 11 150 [16]
87GB 4850 3.7 25 [17]
GB6 4850 3.7 15 [18]
PMN 4850 4.2 30 [19]
MSL Var. Var. Var. [20, 21]

1063-7729/03/4702-0110$24.00 © 2003 MAIK “Nauka/Interperiodica”



IDENTIFICATION AND SPECTRAOF DECAMETER SOURCES 111

eliminated sources whose spectra did not reach the
UTR catalog values when approximated by standard
curves. The searches for candidates for identifications
consisted of several steps.

(1) We performed a cross-identification of the
UTR objects [1—5] with the main radio catalogs of
the CATS database [7], except for the highly sensitive
(to 2.5 mJy) NVSS catalog [23].

(2) We selected all objects from the resulting list in
the search box (40" x 40") for which there were data at
several different frequencies.

(3) The spectrum of each object was approximated
by a curve and extrapolated to the UTR frequencies.

(4) From the resulting list of objects inside this
box, we selected radio sources satisfying the following
conditions:

(a) the estimated flux densities at the UTR fre-
quencies are the closest to the observed fluxes (the
flux estimation was done by fitting a curve to the
spectrum at the given frequency);

(b) the source positions are the closest to the cen-
ter of gravity of the coordinates of the UTR objects.

Each UTR source has from one to four identifica-
tion candidates (Fig. 1). We assumed that all candi-
date objects satisfying the above criterion contribute
to the UTR source; i.e., they are blended.

(5) The coordinates used for further identification
were taken from the Texas (365 MHz) [14], GB6
(4850 MHz) [18], and PMN (4850 MHz) [19] cat-
alogs (in order of decreasing preference). As a rule,
data from at least one of these catalogs are present for
the objects falling into the error box.

(6) If the identification area is poor in objects (e.g.
at a low declination), so that there are no sources with
data at several frequencies for the spectrum approxi-
mation, we used all the objects in the error box for the
subsequent analysis.

(7) We used the resulting positions to obtain iden-
tifications with objects in the NVSS catalog [23]; the
NVSS data (flux densities) were then used to revise
the spectra.

(8) We adopted the NVSS positions as the most
accurate ones if there was an identification with an
NVSS object; otherwise we used the positions ob-
tained in step (5).

(9) The resulting coordinates were used for iden-
tification with nonradio catalogs and for APM [24]
identifications of the UTR objects.

The spectra were checked using a number of low-
frequency catalogs—6C (151 MHz)[9, 10], 3C, and
4C (178 MHz)[25—27]—as well as catalogs included
in the Master List [20, 21]—CL (26 MHz)[28], WKB
(38 MHz) [29], and MSH (85 MHz) [30—32]. Al-
though they do not overlap with all the UTR bands,
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Fig. 1. Upper: spectra of two sources contributing to a
UTR object. They are virtually indistinguishable in the
plot. Lower: locations of the two blended sources and of
the corresponding UTR object in the plane of the sky. The
data have been cleaned. Filled circles: UTR points.

these demonstrate the high effectiveness of the pro-
posed technique in the sky regions where observation
areas intersect.

After obtaining identifications and more accurate
positions, we performed cross-identifications with
objects from the NVSS [23] and FIRST [33] catalogs,
whose basic parameters are listed in Table 2. The
cross-identifications with these catalogs enabled
us to improve the positions and distinguish multi-
component objects.

3. THE CATALOG OF IDENTIFICATIONS

Using the identifications of the UTR sources,
we compiled a catalog of 2316 objects (Catalog 1,
accessible at http://cats.sao.ru/doc/UTR_ID.html
and astro-ph/0008431 [34]), which includes all the
identified blends. The catalog contains the equato-
rial coordinates; spectral indices at 365, 1400, and
5000 MHz; parameters of the fitted curves; and
information about the presence of detected optical,
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Table 2. Parameters of the catalogs used to improve the
positions

Frequency, .
Name MUz HPBW | S}, mJy | Reference
NVSS 1400 0.75 2.5 [23]
FIRST 1400 0.08 1 [33]

infrared, or X-ray radiation. When processing the
spectra, we used the parameterization log S(v) =
A+ Bx + C(x), where S is the flux in Jy, z is the
logarithm of the frequency v in MHz, and f(x) is one
of the following functions: exp(—x), exp(z), or 2. In
addition, the list contains all identified blends and the
corresponding names of the radio sources from the
3C[25, 26], 4C [27], and PKS [35] catalogs.

For three sources—GR 0801—-11, GR 0930-00,
and GR 1040—02—we found no identifications in
the above catalogs. We were not able to obtain
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Fig. 2. Distribution of spectral indices of the identified
sources at 80 MHz (dotted), 365 MHz (dashed), and
1400 MHz (solid) for 2006 sources with |b| > 10° (upper)
and for 301 sources near the Galactic plane (]b] < 10°)
(lower). The spectral index « is defined via s = v“.

Table 3. Statistics of the spectra of the decameter sources

Spectral Fitted curve Number| %

class
Linear spectrum +A+ BX 898 (39
Convex (Ct) +A+BX — CX? 184 | 8
Concave (C™) +A—BX +(0X? 1147 |50
+A+ BX + Cexp(—X) |3

firm identifications for GR 0520—-08, GR 0537—-00,
GR 0629402, and GR 2345+03, as noted in the
given list (there is only one point from another
catalog, with a large offset from the center of gravity
of the UTR map).

When compiling the final list of UTR objects,
we used, in addition to the published UTR cat-
alog [1—5], the data of a later electronic version
(http://www.ira.kharkov.ua/UTR2/). As a result, in
the final catalog, we identified 64 sources from the
electronic version that were missing from the printed
version, as well as four sources from the published
lists that were missing from the electronic version.
Furthermore, we reduced identified sources having
different names in different lists to a single name, in
accordance with the early version of the catalog.

4. THE STATISTICS OF THE RADIO
SOURCES

The behavior of the source spectra at decameter
wavelengths has already been studied by Sokolov
[36], who used the UTR data but neglected the effect
of blending; i.e., he assumed that each UTR source
was identified with a single object. Our study uses
the results of multiple identifications. We obtained
distributions of the spectral indices of the identified
UTR objects based on the curves used to approx-
imate their spectra. We can see from the distribu-
tion of spectral indices at 80, 365, and 1400 MHz
(Fig. 2) that the fraction of steeper spectra increases
toward lower frequencies. This could be a conse-
quence of two effects: blending unresolved sources
in the decameter range and the fact that the UTR,
which operates at low frequencies with low angular
resolution, is more sensitive to extended regions of
radio galaxies (“lobes”), which have steeper spectra
than the sources as a whole [37]. The distribution of
spectra for 2154 sources, including blended sources,
is presented in Table 3. We found no identifications
for three sources. Of the identified sources, 341 are
blends of two or more components.

Of the 546 UTR sources that were identified with
FIRST objects within a 60" search circle, 374 (68 %)
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have a multicomponent structure; i.e., there are sev-
eral FIRST sources in the search window. This, of
course, suggests the following two effects. First, in
this type of classification, some of the multicom-
ponent objects will include physically unassociated
sources. Second, the remaining single-component
objects include some extended FIRST sources with
sizes larger than the telescope beam (i.e., > 5”). Nev-
ertheless, this approach enables us to distinguish
and/or classify objects with composite structures at
an early stage.

We used the list of UTR sources with improved
positions for cross-identification within a 10” radius
with the PGC [38] optical and mixed catalogs of
AGN, the catalog of Dixon [39], and other catalogs
of the CATS database. As a result, we obtained iden-
tifications for 575 different UTR sources, which can
be found in Catalog 1. This list is based solely on
the CATS information and was not “filtered” through
NED or SIMBAD. We plan to refine our identifica-
tions using these databases. The resulting list rep-

resents 32% of the entire UTR catalog, as opposed

to the 19% of the object identifications that were
published in the original papers.

For a small number of objects, especially very
extended sources near the Galactic plane, such as
supernova remnants or HII regions, catalogs of dis-
crete objects have natural limitations, and the es-
timated positions can be incorrect. One example is
GR 1901405, which corresponds to the very ex-
tended supernova remnant 3C 396. For such objects,
we should expand the radius of the optical identifica-
tion window and study the radio emission on larger
scales, for instance, using single-dish maps, to en-
sure a valid optical identification.

Virtually all the objects identified with optical cat-
alogs are contained in the AGN list [40]. Several
sources were identified with objects of the PGC cat-
alog of bright galaxies [38]. For unidentified objects,
we used the APM system [24] to search for possible
existing identifications.

We have also performed cross-identifications with
ROSAT X-ray and IRAS infrared objects. In the X-
ray, we searched for emission in 90” windows around
the source positions in the IWGA [41], EIN2S [42],
EMSS [43, 44], RGN [45], and ROSAT [46] catalogs.
X-ray emission was found for 146 candidates, mostly
identified with active galactic nuclei.

In the infrared, we searched for identifications in
the HII_H [47], HII_I [48], IFSC [49], IPSC [50],
IRSSS [51], and ISSC [52] catalogs. Given the posi-
tion errors for the IR sources, which are considerably
larger than that in the optical range, we chose a
window with a radius of 60" for the radio—IR identi-
fications. We found 39 candidates for identifications
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with UTR objects. Some are associated with HII
regions and some with active galactic nuclei. We
have three fairly firm identifications of UTR sources
with HII regions: GR 0238+58, GR 0704—12, and
GR 19014-05. The presence of decameter sources
in HII regions, which usually have a low-frequency
cutoff due to the effects of propagation in the interstel-
lar plasma (more specifically, because of the thermal
absorption in the interstellar medium), may be due to
the contrast against the nonthermal Galactic back-
ground radiation at the boundaries of the regions.
This was found, for example, by Caswell [53]in 1976
as a depression (dip in the background) of the 10 MHz
emission in a survey of the Northern sky using the
Penticton telescope. However, Taylor ef al. [54] have
shown that a small fraction of sources at 327 MHz
are associated with HII regions that have negative
spectral indices; for several, «is even < —1. Although
Taylor et al. [54] do not discuss the origin of such
steep spectra, a superposition of various objects is
also possible. In our case, judging from the shape of
the radio spectra, a decameter “source” is detected in
an HII region against the Galactic background only
in the case of GR 1901+05. This cannot be asserted
for the other two HII regions with confidence.

The lists of X-ray and infrared identifications are
also accessible at the Catalog 1 address.

5. SOURCES WITH ULTRASTEEP SPECTRA

Radio sources with steep spectra are being actively
studied by several groups [55—57], primarily because
they include a large fraction of objects identified with
distant radio galaxies, which can be used to study the
early Universe and as tracers of protoclusters [58].
An important feature of the studied catalog is the
presence of decameter points in the source spectra,
which is a useful supplement to studied lists of steep-
spectrum sources [59].

We can see from the distribution of spectral indices
(Fig. 2) that a rather large fraction of the objects have
steep spectra at all three frequencies. To compile a list
of candidate distant objects, we made a selection [60]
for spectral indices o < —1.2, linear (S type) spectra,
and extended structure in the FIRST catalog.

Of all the 2314 catalog sources that have radio
identifications, 422 S-type sources have very steep
spectra (v < —1.0); for this work, we selected a sub-
sample of 102 objects with ultrasteep spectra (USS,
a < —1.2). In this subsample, we found 30 FIRST
sources for 23 UTR objects, which are listed in Ta-
ble 4. The first column contains the names of the UTR
sources and their blends, labeled ID2 and ID3, as in
the main list of radio identifications of Catalog I.

Among the listed FIRST sources, only one
[GR 1527451 (ID2)] is unresolved and appears
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Table 4. 43 FIRST components for 23 USS sources (o« < —1.2) from the UTR catalog. (The table lists the object name,
composite source size (or single-component size after deconvolution) from the NVSS and FIRST surveys, FIRST RA
and DEC, major and minor axes after deconvolution, and the FIRST position angle (degrees from north to east).)

UTR ., |NVSSJFIRST| RA [ Dec S, | s, Major Minor | pa
(B1950) Size (J2000) mJy | mly axis axis

GR00024-00(ID2)|—1.52 16" 7.4” 1000650.56-+003648.4| 47.6 75.9 7.4" 1.1 154°
GRO0135-08 —1.34] 28 | 20 013714.87—091155.4| 5.2 44.3 30.8 7.5 98
013715.08—091203.3| 10.2 36.9 15.6 4.3 90

013715.45—091155.8| 8.2 25.7 13.0 5.4 148

013716.22—091149.5 10.0 39.3 11.3 9.3 119

GR0257-08 —1.20] <18 | 4.5 ]025919.15—-074501.2{162.5 |211.9 4.5 1.3 59
GR0257—-08(ID2)|—1.23] 80 | 83 030040.22—-075302.2| 18.4 52.8 15.6 3.0 174
030040.56—075259.6] 10.1 |122.8 30.7 13.1 163

030042.99—-075413.8] 7.0 34.2 16.2 8.4 32

030042.99—-075358.0 13.6 47.8 12.3 7.4 152

030043.60—075418.3| 6.4 22.0 11.2 7.6 75

030043.75—075407.2| 6.6 224 15.6 4.8 170

GR07234+48(1ID2)—1.26| 47 3.1 |072651.184+474041.5| 23.8 29.1 3.1 2.0 175
072655.00+474051.0] 51.8 75.7 5.6 1.1 85

GRO818+18 —1.28] 24 |22 082032.48+4192731.3] 31.1 49.2 6.1 1.7 174
082032.73+192709.0 76.4 98.5 3.9 1.6 8

GR0O858—02(ID2)|—1.54| 70 | 55 085935.06—015842.1| 11.7 27.2 10.2 3.2 122
085936.10—-015851.8| 9.8 15.9 6.2 2.8 128

085938.21-015908.1| 20.2 43.6 8.1 4.5 133

GR0910+48 —1.22| 36 |29 091359.00+482738.0| 26.9 88.6 11.6 5.2 100
091401.83+482729.2| 39.6 |110.2 10.9 3.9 106

GR0922+42(ID2)|—1.21| <19 2.7 1092559.66+420335.3|199.7 |244.1 2.7 2.4 98
GR0942+54 —1.24 14 8 094618.124543003.8] 51.1 57.1 2.5 0.9 36
094618.53+543010.1] 75.3 80.6 1.7 1.1 16

GR1149+442 —1.24| <17 5.0 [115213.58+415344.9| 83.7 |115.4 5.0 1.0 18
GR1214-03 —1.26) 70?7 3.2 |121755.30—033722.0{176.9 |208.9 3.2 1.2 111
GR1223-00 —1.79] 25 | 25 122722.97—-000813.8] 5.8 13.6 8.4 5.0 100
122724.54—000821.1| 8.4 | 16.9 7.1 46 116

GR1243+404 —1.25] <18 6.8 [124538.38+032320.1(249.4 [379.9 6.8 1.3 158
GRI1318+54 25 | 23 132202.81+545758.1| 30.3 90.3 9.5 5.9 82
132205.33+545805.3| 8.6 35.9 10.7 8.6 55

GR1320+43 —1.32| <19 3.3 [132232.32+425726.5/129.3 |154.6 3.3 1.0 81
GRI1355401(ID3)|—1.26] <19 | 10 135821.64+011442.0] 77.0 88.4 2.9 14 42
135822.08+011449.4/169.9 [180.9 1.6 1.3 32

GR 1447457 —1.26| <19 | 4.5 |144630.044+565146.8| 75.2 99.2 4.5 0.7 148
GRI1527451(ID2)|—1.22| <19 1.4 [152828.36+513401.4/203.9 |212.8 < 2. < 2. 140
GR1539453(ID2)|—1.24| <18 6.4 |154144.69+525054.5| 87.0 |136.7 6.4 0.8 66
GRI1613+49 —1.24| <19 3.0 [161631.164+491908.2| 56.1 66.2 3.0 1.3 10
GR1731+43 —1.56] 42 |40 173333.87+434318.6| 32.9 57.9 6.3 3.0 164
173334.26+434300.8| 22.8 27.3 3.1 1.5 173

173334.41+434251.4| 12.3 | 15.8 3.3 2.4 |159

173334.58+434239.8| 27.3 51.0 7.5 2.3 150

GR2211-08(ID2)|—1.39| <19 8.6 [221519.65—090005.8| 75.2 |125.0 8.6 14 176
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Fig. 3. FIRST 1.5-GHz radio maps (contours) of some UTR objects overlaid on the Digitized optical Sky Survey (gray scale).
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Table 5. Samples from the UTR and VLA catalogs: mini-
mum, median, and maximum flux densities (mJy) accord-
ing to the spectral-index rank. (/V is the number of the
objects.)

Table 6. Samples from the UTR and VLA catalogs: mini-
mum, median, and maximum object sizes (arcsec)accord-
ing to the spectral-index range

FIRST NVSS
« range
N | min {med| max | N |min|med| max
—0.9...—1.0/88| 1.2 |514|1710[183| 4.2 | 5743902
—-1.0...—1.1193| 3.6 | 363 | 875 |168| 5.7 | 365 | 1322
< —1.1 75129 193] 650 [185]3.3[212| 796

pointlike to the FIRST ~ 5” beam (i.e., it has major
and minor axes < 2”), while the remaining objects
have multicomponent or extended structures. We
also checked the structures of objects observed with
lower resolution at the same frequency (1.4 GHz) in
the NVSS survey [23]. We confirmed that the more
complex the source, the higher the NVSS/FIRST
flux-density ratio.

Among the objects of Table 4, we found three
identifications in the NED database. The composite
source GR 0135—08 is associated with the galaxy
MCG-02-05-020, which has a redshift z = 0.041.
The source GR 1214—-03 is a LCRS quasar at
z=0.184, and GR 1243404 is a radio galaxy
(4C+03.24) at z =3.57. We are continuing our
analysis of the images of the objects using the Digital
Sky Survey (DSS2), available on the web page
of the Space Telescope Science Institute (http:

//archive.stsci.edu/dss/).

6. STATISTICAL ANALYSIS OF VLA MAPS
OF DECAMETER SOURCES

We obtained identifications with NVSS objects
[23]for the majority of the UTR sources (97 %, in total
2253 identifications), and we searched for identifica-
tions in the FIRST survey [33] for all the UTR ob-
jects with 6 > 28° (1143 objects). Among the FIRST
and NVSS sources in 60" identification areas around
the positions of the decameter sources, 552 NVSS
sources (beamwidth 45”) and 988 FIRST sources
(beamwidth 5”) were resolved into components.

For selected objects, we studied the dependence
of the NVSS and FIRST maps on the morpho-
logical properties of the radio spectra. We selected
sources with linear spectra and divided them into
three groups according to their spectral indices:
(1) =09 >a>-1.0, (2) -1.0>a > —1.1, and
(3) a < —1.1 (S x v*). We selected NVSS objects
outside the Galactic plane (|b] > 15°), while |b| is
always > 20° for the FIRST sources. We selected 536
NVSS sources and 256 FIRST sources, for which

FIRST

med

NVSS
« range

min | med
<13 | 24 127
<15| 22 130

<14 | 17 | 127

min
—-09...—1.0| 0.7 | 26 | 133
—1.0...—1.1| 1.0 | 19 | 139

< —1.1 29 | 12 | 122

max max

we determined the minimum, median, and maximum
values of the flux and source size as functions of the
spectral index. The parameters of the samples are
listed in Tables 5 and 6, which contain the corre-
sponding values for the NVSS and FIRST catalogs.
The rows list the various parameters for the specified
spectral-index intervals, while the columns give the
value of each parameter.

The upper and lower limits in both tables are
determined only by selection effects. An interesting
fact is that the median source size decreases with
decreasing spectral index a (S o< ) but remains in
the range 10”—30". In spite of this, we found no cor-
relation between spectral index and source size for the
complete FIRST and NVSS subsamples. The lack of
correlation in the complete subsamples is due to the
relatively wide scatter of the values, which create a
“cloud of points” in the coordinate plane. The median
value m, /o demonstrates that points fall into inter-
vals with values greater or smaller than m/, with
equal probability. The spectral-index dependence of
this quantity indicates variations in this boundary and
may, in principle, suggest some relationship; however,
based on our analysis of the distributions for the entire
subsample, we treat this possibility cautiously.

Figure 3 presents maps of some objects possess-
ing interesting morphological features. The maps are
based on the FIRST data and are superposed on the
DSS2 optical images. Below we give comments for
each source.

GR 0923+52. Double radio source. An arc emanat-
ing from the identified galaxy is visible in the optical
image.

GR 0924+53. Double radio source in a group of
galaxies.

GR 0937+402. Three-component source or indepen-
dent objects in a group of galaxies.

GR 1256+-56. Multicomponent source (double jet?)
in a group of galaxies.

GR 1649+52. Composite (three-component?) source.
An arc is visible in the image of the optical candidate.
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GR 1713+54. A multicomponent source in a group
of galaxies that are probably merging. The axis of the
optical emission is aligned with the radio axis.

7. CONCLUSION

Our iterative method for obtaining radio identifi-
cations and cross identifications with data from an
existing decameter catalog operates effectively as a
first step toward the optical identification of radio
sources from catalogs obtained with a broad beam.

We have obtained a catalog of 2316 radio sources
corresponding to 1822 UTR objects. It follows that at
least 395 UTR sources have more than one identified
object that contributes significantly to the decameter
flux. We obtained radio identifications at frequencies
higher than the decameter frequencies for all but three
of the UTR sources. This fraction of radio-identified
UTR sources is much greater than the 93% quoted
in the original UTR catalogs or the 83% quoted in
the more recent electronic version.

Using cross-identifications with optical catalogs,
we have increased the number of optical identifica-
tions from the 19% in the original UTR publications
to 32%.

We have also found probable identifications of
UTR sources in the infrared and X-ray ranges, and
constructed a subsample of 38 ultrasteep-spectrum
sources (a < —1.2) for which associations with
FIRST objects are available.

The median source size for the steep-spectrum
objects (o < —0.9) decreases with decreasing spec-
tral index « but remains in the range 10”-30".
No spectral index—source size correlation has been
found.
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Abstract—A cross-identification of objects in the low-frequency (365 MHz) Texas radio catalog and in
IRAS catalogs at four infrared wavelengths has yielded a list of 715 objects for further studies. Objects
with steep spectra for which the difference in the centers of gravity of the radio and infrared sources was
less than 3" were selected from this list. Seventeen of the objects have been observed at six wavelengths
using the RATAN-600 radio telescope. Spectra of nine objects from the initial list for which there were
candidate optical counterparts were obtained using the 2.1-m telescope of the INAOE. The results of these
observations are discussed. The presence of steep spectral indices for the radio sources is confirmed. The
possible optical counterparts include interacting galaxies, an infrared galaxy, two emission-line galaxies,
and a candidate BL Lac object. Optical images of the optical counterparts are presented together with
radio and optical spectra. © 2003 MAIK “Nauka/Interperiodica”.

1. INTRODUCTION

The sifting of radio catalogs using other catalogs—
cross identification—can aid in detecting unusual ob-
jects. Using the CATS database [1], which includes
more than 300 catalogs, and specially developed
search procedures, Trushkin and Verkhodanov [2]
carried out cross-identifications between three cat-
alogs of infrared sources (PSC [3], FSC [4], and
SSC [5]) derived from the IRAS all-sky survey [6]
and a radio catalog based on the Texas sky survey at
365 MHz [7].

The goal of this work was to identify and inves-
tigate both Galactic and extragalactic objects near
IRAS sources, particularly those with low-frequency
radio emission. This could help distinguish infrared
objects with steep radio spectra, active galactic nuclei
(AGN), and active Galactic objects. In addition, the
inclusion in the CATS database of a large number of
catalogs in various wavelength ranges could facilitate
more detailed studies of the properties of sources in
the derived sample.

The resulting catalog of radio sources with PSC,
FSC, and SSC identifications contains 715 ob-
jects [8]. This catalog was obtained using an iden-
tification window with a radius of 60" and includes all
objects falling within this region taking into account
the coordinate errors, which somewhat increase the
distance between the centers of gravity at the different
wavelengths.

We constructed two samples [9] from the total list
for the investigations considered here: (1) objects for
which the positions of the infrared and radio cen-
ters of gravity did not exceed 3” (and the likelihood
ratio for the identification exceeds unity [10]) and
the radio spectral index calculated using data in the
CATS database was steeper than —0.85 (S ~ v%);
and (2) objects for which the radio source had a pos-
sible counterpart on the Palomar Digital Sky Survey
(DSS2).

2. RADIO DATA

We carried out radio studies of the first sample
at the Special Astrophysical Observatory. The list
of objects and number of observations of each are
presented in Table 1. The radio observations were
carried out on November 7—14, 1999, on the north-
ern sector of the RATAN-600 telescope. Continuum
radiometers of the first feed at wavelengths of 1.38,
27,39, 7.6, 13, and 31 cm were used. The tie to the
absolute flux scale [11] was performed using observa-
tions of the sources PKS 0023—263, PKS 1245—197,
3CR 286, PKS 1345+125, and NGC7027. The data
reduction was carried out in the FADPS [12] sys-
tem and included a procedure for eliminating low-
frequency interference (the background component),
averaging, and a Gaussian analysis. In spite of the
fact that the situation with regard to interference at
decimeter wavelengths has sharply worsened com-
pared to previous years, it was nevertheless possible

1063-7729/03/4702-0119$24.00 © 2003 MAIK “Nauka/Interperiodica”



120 VERKHODANOV ef al.

T T 1T T @ [T T T T 1] [T T T T 1 [T T T T ]
0031-0543 | | 0148+2220 | 0204+0957 | | 023540713
0 I ][ W 1T |
10°F i 2. F 2 07
4, 1[4 Tola % [y, ]
E 1 A% 1 F 1 F .
1072F " 1 F ‘o 1 F ‘”& 1F .’ =
I’ 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I
T T T 1 [T T T T @[ [T T T T 1 [T T T T ]
0243 + 1253 4l F 0356+1207 | | 0519+0524 | [ 0607+0218
- | L . L 0 4 - 4
1]
100k 3 F 04 O u
LY oL, 1[4 o A, *
L 4 L _ L . 4 L 4
1072k e 1 F \ 1 F b 1F NI =
1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I
T T T T ] [T T T T ] [T T T T ] [T T T 1
> 0649 + 3021 0713 + 2445 1418 — 3050 1651 + 0948
= o 1rF . '_b 1F %
> ol ol L 4 L 4L
a 10 o o1 F 1 F % 0 1 F
z I . | _D% ol % ] _A;’ Yo
C 1F % 1r % 1 F .
2 102 e 1E ™ 1 F ! 1E " =
2 1 1 1 1 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1
= T T 1T 1T ] [T T T T ] [T T T T ] [T T T 1
1938+1844 | | 2033-0447 | | 2123-2914 | [ 2144-1346
oL 1L L 1L i
0 e, 10, o T “‘o lo[4 0]
P TR I A A S L T
1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I
FroTT T T T 10* 106 10*  10°
0 2338+0300 | Q[ 2338+0300 |
100 L ?‘qﬁk .
1072k 1 r ]
1 1 1 1 1 1 1 1 1
10*  10° 10+ 10°
Frequency, MHz

Fig. 1. Radio and infrared spectra of some objects from the IRAS—Texas cross-identification list based on RATAN-600 data
and additional radio data from the CATS database. The filled circles show the RATAN-600 data.
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Fig. 2. Radio spectra of some objects from the IRAS—Texas cross identification for which there are candidate DSS2 optical
counterparts. The spectra were constructed using data from the CATS database.
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Table 1. Objects with steep spectra observed on RATAN-600
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TXS name IRAS name RA (2000.0) Dec (2000.0) N
B0031-057 F00318—0543 00 34 25.766 —052653.77 8
B0148+223 F01484+4-2220 0151 14.821 +22 34 54.79 11
B0204+099 F02044-+0957 02 07 06.321 +10 11 47.77 11
B0235+072 02358+0712 02 38 29.889 +07 26 25.73 8
B0243+128 F02435+1253 02 46 16.329 +130546.59 3
B0356+121 0356141207 03 58 51.236 +12 15 56.82 11
B0519—-056 05192—0524 0521 41.988 —052144.47 12
B0607+022 06074+0218 06 09 58.997 +02 17 27.44 12
B0649—-303 06492—-3021 0651 09.708 —-302451.50 12
B0713+247 F07130+2445 07 16 05.856 +24 40 08.33 12
B1418-308 14189—3050 14 21 55.515 —31 04 26.85 11
B1651-098 F16516—0948 16 54 24.545 —095319.98 11
B1938+187 19384+1843 19 40 45.127 +18 51 04.56 2
B2033—-047 F20337—-0447 20 36 23.558 —04 37 16.16 5
B2123—-292 F21237-2913 2126 40.102 —2901 06.00 11
B2144—137 F21443—-1346 2147 04.600 —133211.65 11
B2338+030 F23389-+0300 23 41 30.353 +03 17 26.65 10

to derive flux densities in this range for a number of
sources. The results of the RATAN-600 observations
are summarized in Table 2.

We constructed the spectra of 17 objects (Fig. 1)
using our radio observations and CATS data. We
derived spectral indices by approximating the spectra
using straight lines of the form y = A + ax, where
x is the logarithm of the frequency in MHz, y is the
flux density in Jy, « is the spectral index, and A is a
constant. The results of this analysis showed that the
source TXS B0031—-057 has a flatter spectra than
was previously thought (previous value: o« = —3.3,
new value: o = —0.95), while the spectral indices
for the other sources studied did not change ap-
preciably. The NVSS flux density used to construct
the initial spectrum for BO031—-057 based on two
measurements from the Texas (365 MHz) and NVSS

ASTRONOMY REPORTS Vol.47 No.2 2003

(1400 MHz) catalogs was apparently underesti-
mated. The new spectral indices are presented in
Table 2.

3. OPTICAL OBSERVATIONS

We selected for optical studies those objects with
IRAS—Texas identification radii not exceeding 3"
with probable optical counterparts in the Palomar
atlas brighter than 19™ on the E plate. In all,
nine objects fulfilled these criteria, three of which
(B0031—-057, B0204+099, and B2144—137) have
steep spectra and also fell into the first subsample.
The list of objects with candidate optical counterparts
are presented in Table 3. This table presents the
coordinates of the radio sources and candidate optical
counterparts, together with additional optical objects
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Table 2. RATAN-600 flux densities and spectral indices a for some objects derived from RATAN-600 and CATS radio

data
Name of S(1.38¢cm), | S(2.7cm), | S(3.9cm), | S(7.6cm), | S(13cm), | S(31cm), o

radio source mJy mJy mJy mJy mJy mJy

B0031-057 <35 < 110 <25 54+9 72£17 202 + 64 —-0.95
B0148+4-223 <23 <20 <15 27T+4 41+ 11 289 £ 60 —1.02
B0204+4-099 <31 <24 29+6 25+4 32+£12 133 £ 36 —-0.94
B0235+4-072 <32 <24 <19 21£5 45+ 15 224 + 47 —1.11
B0243+4128 <45 < 27 < 30 46 £ 7 92 + 23 < 180 —0.80
B0356+121 <31 <12 <15 19+3 27+ 11 < 250 —1.24
B0519—-056 <35 < 40 <18 3247 78 £13 351 £ 31 —1.16
B0607+4-022 <27 22+6 26 £6 50+4 139 £ 12 293 + 44 —1.16
B0649—303 <26 <17 14+ 8 <40 13+ 13 < 160 —1.06
B0713+4-247 <24 <8 15+£5 23+ 3 44 4+ 09 262 4+ 49 —1.09
B1418-308 <38 <21 4249 127+6 327+ 16 916 + 34 —1.27
B1651—-098 <35 31+11 14+ 8 267 70 £ 14 227 + 45 —0.96
B1938+187 <50 <31 <27 39+8 60 + 25 < 300 —1.03
B2033-047 <56 <44 13+£10 42+ 8 47 4+ 22 < 220 —1.13
B2123-292 <33 43 £8 63 £8 195+ 6 397+ 16 910+ 34 —1.14
B2144—137 <35 < 22 <1947 25+ 6 444+ 14 129 4+ 38 —1.07
B2338+4-030 <27 66 £ 7 9+7 286 £5 525+ 14 | 1349+ 49 —1.01

near the radio sources. The optical coordinates were
taken from the DSS2 survey or the USNO-2 catalog.
Figure 2 presents the spectra of the radio sources of
this subsample for which spectra are not presented in
Fig. 1.

We present maps of the optical counterparts
from the Digital Sky Survey (DSS2) in Fig. 3.
Figure 4 shows enlarged images of the complex
objects TXS B0031—-057, TXS BO117+248, TXS
B02044-099, and TXS B2130—-074.

We obtained optical spectral observations in Octo-
ber—November 1999 on the 2.1-m telescope of the
INAOE Guillermo Haro Observatory in Cananea,
Mexico. The observations were carried out using
the LFOSC (Faint Object Spectrograph and Cam-

era) [13] at 4000—9000 A with a resolution of 16 A.

The data reduction was carried out in the IRAF
package, and included bias correction, flat-fielding,
removal of cosmic rays, linearization of the wave-
length scale, and flux calibration. Figure 5 shows the
resulting optical spectra of these objects.

We present remarks about each object below.
The source IRAS F02044+0957 (B0204+099) is
discussed separately.

B 0031—-057. The radio spectrum is steep, and
is fit by the line y = 2.128 — 0.951x, where x is the
logarithm of the frequency in MHz and y is the log-
arithm of the flux density in Jy. The DSS image of
the candidate optical counterpart shows a lenticular
galaxy for which the USNO-2 catalog gives B =
17710 and R = 15™6. Ha emission is observed in the
optical spectrum. The [SII] 6731/6717 lines are not

ASTRONOMY REPORTS Vol.47 No.2 2003
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Table 3. List of objects with candidate optical counterparts

TXS name IRAS name (gi(/sggco(rgg%ag%s)) Object ?g;?%gg?;gggtg;*
B0031-057 F00318—0543 003425.77-052653.8 003424.96—052646.6 (USNO)
B0117+4248 FO117342448 012006.65+250417.6 A 012006.78+250416.5

B 012006.36+250405.9
B0204+099 F02044+4-0957 020706.32+101147.8 A 020706.09+101147.4 (USNO)

B 020706.24+101146.7 (USNO)

C 020706.38+101133.5 (USNO)

D 020706.674+101137.8 (USNO)

E 020708.50+101117.9 (USNO)
B0441+4298 0441142951 044414.96+295716.3 044414.09+295705.8
B2009+144 20089+ 1427 201120.12+143653.8 201119.44+143649.5 (USNO)
B2130-074 F21309-0726 213333.26-071250.0 213333.33—071248.9
B2144—137 F21443—1346 214704.60-133211.6 214704.39—133210.6 (USNO)
B2152—-289 F21527—2856 215537.88-284208.2 A 215538.10—284206.0

B
B2332+4-399 F233204-3957 233434.38+401324.2 233434.71+401327.2
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* Coordinates taken from the USNO-2 catalog are marked.

Table 4. Logarithms of the observed and reddening-corrected ratios of emission-line intensities to the Hg flux for optical

objects near IRAS F02044+0957

Object z c(HB) EWﬂ:\Hﬁ)’ Sa00r | eaco | esss M<67[187lﬂ6731)
A 0.093 1.377 19 0.26 —-0.13 0.30 0.23
B 0.094 0.645 11 0.31 - —0.30 —0.09
C 0.186 - - - - - -
E 0.094 - - - - - -

resolved. We find the redshift to be z = 0.069. The
object is included in the NED database, which gives
the redshift z = 0.067.

B0117+248. The radio spectrum is fit by the line
y = 1.531 — 0.776x. We investigated two objects near
the source (Table 3): A is a stellar object, while B
is most likely an interacting galaxy (a system such
as NGC 4038—NGC 4039 or VV 21). We obtained

ASTRONOMY REPORTS Vol.47 No.2 2003

optical spectra for both these objects. Object A has
the spectrum of a quasar with z = 1.616; lines of Mgl
with lp = 2798, lhs=7323 and C[III] with [y = 1909,
lohs = 4992 were identified in the spectrum. Object B
is an emission-line galaxy (ELG) with a redshift z =
0.115, based on Ha emission with Iy = 6563, [y, =
7320 and a [SII] line with {,,s=7501. It is most likely
that B should be identified with the infrared source.
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Fig. 3. Maps of the Palomar DSS2 optical counterparts of the radio sources. The arrows show the possible identifications.

The radio source could be associated either with the
quasar A or with the pair of interacting galaxies B
or possibly represents a superposition of the linear
spectra of both these objects.

B0441-+298. The radio spectrum is fit by the line
y = 2.418 — 0.951x. The candidate DSS2 optical
counterpart is a stellar object. There are no lines
detected in the optical spectrum. It is possible that
B0441+298 is a BL Lac object.

B2009-+144. The radio spectrum is fit by the line
y = 1.052 — 0.597x. The candidate DSS2 optical
counterpart is a stellar object. The USNO-2 mag-
nitudes are B = 1771 and R = 16™7. The object has
a stellar spectrum with HE and Ha lines.

B2130—074. The radio spectrum is fit by the line
y=1.771 — 0.783x. The candidate DSS2 optical
counterpart is a spiral galaxy with a bright bulge (see
Fig. 4). The USNO-2 magnitudes are B = 16™0 and
R = 14™4. The galaxy spectrum contains emission
lines (which suggest it is an ELG) of HZ with
lo = 4861, lops = 5277; [OIII] with lg = 4959, lops =
5385; [OIII] with Iy = 5007, l,,s = 5438; Ha with
lo = 6563, lohs = 7300; and [SII] with lyhs = 7300,
corresponding to a redshift z = 0.086.

B2144—137. The radio spectrum is fit by the line
y = 2.499 — 1.137x. The optical image shows an ex-

tended object with a weak component and may be the
result of an interaction. The USNO-2 magnitudes are

ASTRONOMY REPORTS Vol.47 No.2 2003
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Fig. 4. Enlarged images of some complex objects presented in Fig. 3.

B = 1872 and R = 17m8. The redshift is z = 0.143,
based on HG with [y = 4861, I, = 5562; [OII1] with
lo = 5007, lops = 5715; Ha with [ = 6563, lops =
7497; and [SII] with [ops = T675.

B2152—289. The radio spectrum is fit by the
parabolay = —0.752 + 0.593z — 0.16122. The DSS2
image shows two objects with magnitudes B = 1777
and R=1774 (A) and B =1876 and R = 1779
(B) based on the USNO-2 data. Our spectroscopic
data show that object A is an ELG with a redshift of
z = 0.232, based on H~ with Iy = 4340, [,,s = 5342
(absorption); HB with lp = 4861, lops = 5986 (ab-
sorption); [OIII] with Iy = 4959, l,ns = 6109; [OIII]
with lop = 5007, l,ns = 6167, Ha with lp = 6563,
lohs = 8088; and [SII] with [,,s = 8278. Emission
lines with a redshift of z = 0.232 observed in the
spectrum of object B may originate in object A.

B2332+399. The radio spectrum is fit by the
parabola y = —3.375 + 2.563z — 0.54522. Our spec-
troscopy reveals a stellar spectrum (H3, Mgl, Nal,

ASTRONOMY REPORTS Vol.47 No.2 2003

and Ha). The infrared source is probably a nearby A0
SAO star (USNO 1275.18492757) with R = 5™6.

4. IRAS F02044+-0957:
A PAIR OF INTERACTING GALAXIES

We studied the source IRAS F02044+0957
(TXS B0204+099) in most detail [14, 15]. It was
selected as a bright object in the APM database
identified with a steep-spectrum radio source that
was not included in any known catalogs. The DSS2
survey resolved it into four objects (Fig. 4), two of
which (A, B) were shown by spectroscopic obser-
vations (Table 4) to be interacting galaxies (A is a
LINER and B is an HII galaxy; z = 0.093). Object D
is a G star, and object C is an emission-line galaxy
that is unrelated to the pair of interacting galaxies
(z = 0.186). Data on the observed lines are presented
in Table 4 (see also Figs. 6, 7). The relative intensities
corrected for reddening are normalized to the HS
flux. The uncertainties in the intensity ratios for all
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Fig. 5. Spectra of candidate optical counterparts obtained using the spectrograph of the 2.1-m telescope of the Guillermo Haro

Observatory.

emission lines considered here are less than 30%,
which corresponds to an error of about 0.1 in the
logarithm of the intensity ratios. Data for the relative
fluxes of objects C and E are not presented, since it
was not possible to calculate the reddening coefficient
in these cases. The spectrum of object C shows Ha
in emission and Hf in absorption. The spectrum
of object E shows Hp emission that is strongly
suppressed by the continuum noise.

We calculated the likelihood function for the iden-
tification of the radio source LR [10] for object A,
LR = 28.7, and object B, LR = 73.9. The values of

this function for the infrared source are LR = 1.52
for A and LR = 1.56 for B. We consider identification

with object B to be the most likely for both the radio
and infrared sources.

Note that the radio emission of the pair AB has
a steep spectrum, and that the total radio lumi-
nosity is L = 9.381 x 1034 erg s=' em™2 (for Hy =
64 km s~ Mpc~! and go = 0.8). According to the
standard hypothesis [16], the infrared emission of
this system could be due to dust arising during the
interaction of the galaxies, which enhanced star-
formation activity.

The object IRAS F02044+0957 is also located
14.4" from the center of the galaxy cluster ZwCL
0203.6+1008 (Zwicky 619) [17]. The radius of this
cluster is about 12.6’. If this pair of galaxies belongs

ASTRONOMY REPORTS Vol.47 No.2 2003
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Fig. 6. Optical spectra for objects A, B, C, and E in the region of the source IRAS F02044+0957. The telluric bands at
wavelengths A6867, A\7186, and A7594 have not been subtracted.
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Fig. 7. Spectrum of the G star (object D) near
IRAS F02044+0957.
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to the cluster, its distance from the cluster center is
about 1.6 Mpc (g = 1). In addition, object E has the
same redshift as the pair AB, suggesting that all three
galaxies may belong to the cluster Zwicky 619.

5. CONCLUSION

We have studied two subsamples derived from a
cross-identification of the IRAS and low-frequency
radio (365 MHz) Texas catalogs. RATAN-600 ra-
dio observations were used to confirm the steep
(v < —0.85, S ~ 1) spectral indices for sources in
the first subsample.

Objects in the second subsample were studied
using spectroscopic observations obtained on the
2.1-m telescope of the Guillermo Haro Observatory
in Cananea. The list of candidate optical counter-
parts includes a quasar, interacting galaxies, an
infrared galaxy, two emission-line galaxies, a can-
didate BL. Lac object, and two stars. The results
of our identifications suggest that roughly a third
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of the objects from this subsample are interacting
galaxies, in which the infrared emission could be due
to dust, and the low-frequency radio emission, which
indicates a steep spectrum, is associated with the
activity of the galactic nucleus.
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Inhomogeneities of the Coronal Plasma
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Abstract—A model for the generation of solar millisecond radio spikes via a maser cyclotron resonance
is proposed. The model takes into account the large-scale inhomogeneity of the magnetic field and small-
scale inhomogeneities of the coronal plasma. The efficiency of the energy transformation from a electron
beam into maser radiation is estimated. Appropriate parameters of the magnetic field inhomogeneity and

the plasma turbulence are found. © 2003 MAIK “Nauka/Interperiodica”.

1. INTRODUCTION

Solar radio emission is usually used for diagnos-
tics of the solar coronal plasma. From this point of
view, solar millisecond radio bursts (spikes) are of
particular interest. These spikes are characterized
by high brightness temperatures (up to 10*® K or
higher), short durations (<100 ms), and narrow
spectral bandwidths (not exceeding several hun-
dredths of the carrier frequency) [1, 2]. As a rule,
spikes appear in large groups containing several
thousand individual radio spikes, often drifting in fre-
quency. It is most probable that the maser cyclotron
resonance in unstable electron beams is responsible
for the generation of spikes [3].

There have been numerous studies of the maser
generation of emission in the solar corona. In par-
ticular, the growth rate of electromagnetic waves as
functions of the parameters of the plasma and electron
beam, as well as the relaxation of unstable electron
distributions affecting the temporal profiles of spikes,
have been studied in detail (see review [4] and refer-
ences therein). However, there is no universal agree-
ment about the mechanism for the formation of the
complex discrete dynamical spectra of spikes; that
is, the process giving rise to numerous local sources
of radiation in an active region of the solar corona
has not been identified. Initially, this fragmentation
of the source was associated with the fragmentation
of the energy release in solar flares [1], with each
spike corresponding to an individual region of energy
release and electron acceleration. In [5], the spectra of
spikes are explained on the basis of complex nonlinear
processes for the formation and relaxation of unstable
electron distributions. Paper [4] proposes a model
that attributes the spectrum of spikes to small-scale
inhomogeneities of the coronal magnetic field: these
inhomogeneities give rise to individual local magnetic

traps with an unstable electron distribution formed
in each, in turn giving rise to the generation of radio
emission.

All these models attribute the variability of the
temporal and spectral features of spikes to the elec-
tron fluxes generating the spikes. We have proposed
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Fig. 1. Schematic of a region of spike generation.
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that the formation of spike spectra is mainly asso-
ciated with inhomogeneities of the coronal plasma
that determine the times and places where emission
is generated [6]. It turns out that each monotonic
large-scale inhomogeneity of the magnetic field with
a scale length of the order of the sizes of coronal
magnetic loops gives rise to a rapid breakdown of
the resonance between electromagnetic waves and
the electron beam, drastically shortening the ampli-
fication time of the radiation. As a result, electron
beams, whose intensity does not exceed a certain
limit, become stabilized in the regions of both their
formation and propagation through the corona. This
stabilization by the varying magnetic field makes pos-
sible the formation of an unstable electron distribution
due to comparatively slow (compared to the duration
of spikes) processes, since there is no immediate re-
laxation of this distribution and its free energy can
be accumulated. On the other hand, when propagat-
ing through the corona, the stabilized electron beam
does not generate radio emission and can propagate
to large distances without appreciable energy losses.
The generation of radiation becomes possible only
in those local regions where the small-scale plasma
inhomogeneities compensate the effect of the varying
magnetic field, resulting in a retardation of the reso-
nance breakdown and disruption of the stabilization.
Under such conditions, the electron beam becomes
long-lived, with its lifetime significantly exceeding the
duration of an individual spike and corresponding to
that of a spike series; the spatial scale of the region
with the unstable electron distribution also consid-
erably exceeds the scales of the radiation sources. In
this case, the structure and dynamics of the small-
scale plasma inhomogeneities determine the temporal
and spectral features of spikes, while the slowly vary-
ing parameters of the beam determine the average
features of the radio emission (as well as those of
the X-ray emission generated by the electrons pen-
etrating deeper in the solar corona). This proposed
model for the generation of spikes is presented in
Fig. 1, where we have assumed that the unstable
electron beam arises when a downward electron flux
is partially reflected from the magnetic-field gradient.

Here, we develop this model for the generation of
spikes in an inhomogeneous medium. In contrast to
the preceding work [6], we will study the relaxation of
the electron beam and its effects on the radio emission
in more detail. Particular attention is paid to finding
the intervals of parameters of the inhomogeneities
that can bring about the generation of emission sim-
ilar to the observed spikes. Based on the detected
spectra of spike series, we determine the scale of
the magnetic-field inhomogeneity and the parameters
of small-scale plasma inhomogeneities in the active
region of the solar corona.

KUZNETSOV, VLASOV

2. GENERATION OF RADIO EMISSION IN
THE INHOMOGENEOUS MEDIUM

We will study the generation of the first harmonic
of the extraordinary wave (X1 mode); i.e., the case
when the radiation frequency w is close to the electron
cyclotron frequency wyy in the source. We will assume
that the source is a longitudinal (hollow) electron
beam with the following distribution [7]:

1 v—up\>
folv,9) = 213202 Ay (A6y)? P _< Avbb> ]
(1)
0/ A0y, 0 <0< Ab,
X q92—0/A0,, Af, <0 <2A0,
0, 0 > 2A0,,

where v and 6 are the velocity and pitch angle of the
electrons. This distribution has its maximum at v =
vp and @ = A#,. The longitudinal electron beam (1)
can amplify electromagnetic waves in the following
interval of parameters [6]:

g0 > € > e [1— (A6)?], (2)

2 2
2 c? )~ 8

where e = w? /w}; and w, is the Langmuir frequency.
In the presence of the longitudinal beam (1), the
maximum growth rate of the X1-mode is [6]

ny 62 Vp
~ —wAV—
max =7 vZ AvpAby’

(3)

where n;, and n are the densities of the acceler-
ated particles and background plasma, respectively,
Ay = (w—wph)/w, and V = w?2/w?. Near the XI-
mode cutoff, A; ~ V.

The radiation intensity is determined by both the
growth rate «v and the time At during which the elec-
tromagnetic wave is in resonance with the electron
beam. In a linear approximation, the spectral density
Wy of the radiation energy is

Wy = Wy exp(2vAt), (4)

where Wy is the spectral energy density of ther-
mal oscillations. The duration of the amplification of
the electromagnetic waves is mainly limited by the
breaking down of their resonance with the beam in
wave-vector space. It was noted in [6, 7] that one
can estimate the duration At of the resonance as the
smaller of two intervals A¢; and Ato, which, in turn,
are determined by the inhomogeneity of the magnetic
field and the plasma in the source of radiation. Let
us assume that the magnetic field H and plasma

ASTRONOMY REPORTS Vol.47 No.2 2003
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density n have constant scale lengths for their inho-
mogeneities Ly, Ly and Ly, Ly, respectively:

n H
L R L - -
Pl 8n/8r||7l’ HiJ, L 8H/8’I”H7L’

where 7, and r, are the spatial coordinates in the
directions parallel and perpendicular to the magnetic
field. With the longitudinal beam (1), the resonance
time At then equals [7]

Ly v (A6,)°

Aty >~
ne LS (6)

(5)

where 6| = 1+ Ay Ly /Ly For alongitudinal beam
with energy Fj, = 20 keV and pitch angle dispersion
Af, = 1/3, with the longitudinal scale for inhomo-
geneity of the magnetic field being L) = 10* km and
without small-scale plasma inhomogeneities (L, —
00), we obtain At; ~ 1 ms. It is this quantity that
determines the resonance time. The generation of
appreciable radio emission requires an amplification

factor no lower than €?® with respect to the thermal
oscillations; i.e., 2yAt > 20. Consequently, under the
specified conditions, the magnetic-field inhomogene-
ity prevents the generation of radio emission with
growth rates v < 10* Hz.

The duration of the resonance can significantly
increase for §) >~ 0 or

LPH ~ _AILHH- (7)

Here, Aty tends to infinity and the duration of the
resonance is determined by Ats, which equals [6]

I L2 _1/2
Aty ~ Ml Ag, (1 +1 H) L (8)
C

4L0%

when condition (7) is satisfied. For the param-
eters specified above and Ly =~ Ly, the time
Aty ~ 10 ms; that is, stabilized electron beams
with growth rates from 10% to 10* Hz will generate
radiation in plasma density depletion satisfying (7).

Expression (7) shows that the plasma-density in-
homogeneities must be considerably smaller-scale
(since Ay <« 1)to compensate the effect of the inho-
mogeneous magnetic field. In addition, the gradient
of the plasma density must be opposite to that of the
magnetic field. Such conditions can be satisfied only
in fairly narrow altitude intervals, where the gener-
ation of radio emission will occur. Let us estimate
the size of the emission region. We introduce the
following model for the small-scale plasma inhomo-
geneities:

ASTRONOMY REPORTS Vol.47 No.2 2003

The inhomogeneities are characterized by the ampli-
tude An/ng < 1 and size d < L. Beyond the in-
terval —d/2 < r|| < d/2, the plasma density changes
much more slowly, with the scale length being Lo ~
Ly, though periodic small-scale inhomogeneities
are also possible.

The emission region reaches its maximum size if
the compensation of inhomogeneities (7) is precisely
fulfilled at r| = 0, which requires an inhomogeneity
wavelength of

An

We define the emission region as the region where
Aty > Aty. From (5)—(10), we obtain the following
longitudinal size for this region:

2up A0,

d [2v,A0 An
ATy = — AP 201 L) — ,
T c no c
(11)
neglectingtransverseinhomogeneities(Lg = L, =
o0). This size represents an upper limit for the longi-
tudinal emission interval. In reality, the relaxation of

the electron beam can occur at distances smaller than
ATHmax-

Further, we shall show that, for typical conditions
in the solar corona, the transverse inhomogeneities of
the magnetic field and plasma virtually do not affect
the stabilization of electron beams (and the break-
down of the stabilization). Therefore, the determina-
tion of the transverse size of the generation region
requires some additional assumptions about the pa-
rameters of small-scale inhomogeneities. We expect
that the transverse and longitudinal dimensions are
similar, namely

A’I”J_
ATH

N Ly
Ly

(12)

Electromagnetic waves escape from the spatial
emission region over the time Atz =~ Arjna, /7,
where 7| is the wave group velocity. Consequently,
if Aty — oo, the resonance time is determined by
the smaller of Aty and Ats. This effect can limit the
intensity of the radiation when the size and amplitude
of the small-scale inhomogeneities are smaller than a
certain limit.

Note that, for extremely intense electron beams
(with growth rates exceeding 10* Hz in the preceding
example), the effect of medium inhomogeneities is
less important. These beams will not stabilize, and
the generation of radiation will essentially occur in
the region of formation of the electron beam, with the
particle-acceleration process determining the tempo-
ral profile of the radiation. Further, we assume that
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Fig. 2. Efficiency of the energy transformation as a func-
tion of the pitch-angle dispersion A#;, of the beam for
various energy levels: Ep = 10 keV (1), By = 20 keV (2),
and Ep = 30 keV (3).

the stabilization of the electron beam over most of its
trajectory is a necessary condition.

The bandwidth Aw of the radiation is determined
by both the source size and the parameters of the
electron beam. We can estimate the bandwidth as

ATH,L

w o LHHvJ—’
(13)

where Awpmcr is the minimum possible bandwidth

associated with the spread of electron energies in the
beam. For the longitudinal beam (1), we obtain [6, 7]

Awmcr <UbA‘9b> 2

w o c

Awji

Aw ~ Awmcr + AwH + Aw,

(14)

3. QUASI-LINEAR RELAXATION
OF ELECTRON BEAMS

To estimate the efficiency of the transformation
of energy from the electron beam into radiation via
the maser cyclotron resonance, we use a model for
this process that is similar to that proposed in [8, 9].
The equation describing electron diffusion in velocity
space takes the form [8]

Loy,

2
2 D(3 fo 1
’UJ_@’UJ_

ot~ T\ o2 (15)

where f, = fy(t,v),v.L), v) and v, are the longitudi-
nal and transverse (with respect to the magnetic field)

particle velocities, and D is the diffusion coefficient

D=

4r2e?
— /Wké(w — kv — wi/T)d%k. (16)

In (16), k is the wave vector of the electromag-
netic waves, I' = (1 — v?/¢?)~1/2 the Lorentz factor,
and Wj, the spectral density of the radiation energy.
The diffusion coefficient is determined by the integral
of the spectral energy density along the resonance
curve. When the radiation energy is contained in a
narrow interval of wave vectors at k)| > k|, the dif-
fusion coefficient is [9]
2,2
D~ dmees W

(17)

2 b
me kv«

where W is the total energy density of the electro-
magnetic waves (in the frequency interval Awmcr)
and vy, is the characteristic velocity of the particles
participating in the resonance. The diffusion coeffi-
cient is virtually independent of the transverse velocity
v of the electrons.

Let us consider the stationary case; i.e., we as-
sume that the properties of the source of the elec-
tron beam (acceleration region) remain constant for
a fairly long time, and the physical conditions beyond
the region of formation of the beam are also constant.
A stationary state will then be established after some
time, and the electron beam and radiation will depend
solely on the spatial coordinate ry| (parallel to the
magnetic field) along the motion of the beam, that
is, 0fp/0t = v)|0fp/Or. Let us introduce the new

variable
7|

1
T(r) = —/D(rl'l)dr'. (18)
Rl 4
Equation (15) then takes the simple form
0f _ %h 1 0h )
87’ c%i (AN 81@ '
[ts solution is the following [9]:
Jo(m, vy, v1) (20)

17 2,2
=5 /fbo(v,f)fo <£2v—;> exp (—%> £dg,
0

where fbo(vn,f) = fb(T, UH’Ul)L—:O, vy =€ is the ini-
tial distribution of the electron beam (at r| = 0), and
Iy(z) is the zeroth-order Bessel function with an
imaginary argument.

The radiation of electromagnetic waves brings the
distribution closer to equilibrium and stops the emis-
sion after a certain time. We will assume that the
electron distribution becomes stable when [8]

Of

=0.
31&

v =0

(21)
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We obtain from (20)

Oy
31&

v =0
1T ¢ e
=32 Jeo(v),€) <E - 1> exp (_E> £de.
0

Let us estimate the coefficient for the transforma-
tion of energy from the longitudinal electron beam
into radiation. Substituting the expression for the
model distribution (1) in place of fy in (22) and solv-
ing Egs. (21)—(22) numerically, we obtain 7 = 75 for
the beam-relaxation parameter. Let us assume that
the growth rate v and the radiation energy density W
remain approximately constant over some interval /5
that is equal to the relaxation length. We obtain from
(17)and (18)

Ar2e? Wi,

5

I

(23)

& mZ kv
For the longitudinal beam (1), v, >~ v, and kj, ~
wup/c? [6].

The energy flux of the radiation from a region with
length [ and cross section S is

ow
@e == WSZ == 2’YWSZ

On the other hand, the energy flux of the electron
beam through the area S is

®, = npEpwyS,

(24)

(25)

where Fj, is the electron energy. We obtain for the co-
efficient n of the energy transformation the expression

De 2T
B, 7w AvAl,
R
10507 /2 T
using (2)—(3) and (23).

Figure 2 presents the coefficient » for the energy
transformation as a function of the pitch-angle dis-
persion Afy. The maser mechanism transforms into
radiation that portion of the particle energy that cor-
responds to the transverse component of its velocity
v, . Therefore, increasing the pitch-angle dispersion
increases the efficiency of the energy transformation.
[i the electron beam’s energy is Ej, = 20 keV and the
distribution parameters are Avy, /v, = A, = 1/3, we
find from (26) that n ~ 1.06%. This estimate is close
to those obtained in [8, 10] for the idealized case when
the escape of waves and particles from the radiation-
generation region was neglected.

(26)

S
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Fig. 3. The spectrogram of the solar radio emission de-
tected January 1, 1981. A series of spikes was observed
at frequencies exceeding 300 MHz (with type III bursts
at lower frequencies). This plot was presented in [13].

4. IRREGULARITIES OF THE MAGNETIC
FIELD AND PLASMA IN THE REGION
OF SPIKE GENERATION

In this section, we estimate the physical condi-
tions which can give rise to radio emission with the
observed characteristics in active regions of the solar
corona. The spectral density of the flux of radiation
energy detected at the Earth is

2’)/WfSA7“||

~ 27

where S'is the cross section of the source; Ary is the

longitudinal size of the source, defined as the smaller
of the length Ar) |y, for the compensation between
the plasma and magnetic-field inhomogeneities and
the relaxation length [g; x is the absorption coef-
ficient for the propagating radiation; €2 is the solid
angle containing the radiation; and Ry is an astro-
nomical unit. The conditions in the second gyro-
resonance layer (where the local electron cyclotron
frequency is half that in the radiation source) exert
a dominating influence on the absorption coefficient
x. The computations of [11, 12] show the following:
(a)there are so-called windows of transparency where
the absorption can be weak within certain very nar-
row intervals of parameters; (b) the X1-mode radia-
tion is almost completely absorbed in the remaining
cases; (¢) some fraction of the radiation can pene-
trate through the second gyro-resonance layer due
to nonlinear effects (absorption and subsequent re-
radiation), with the efficiency of this process being
about 1%. Thus, the absorption coefficient remains
virtually completely unknown. We shall assume that
this quantity is within the range 1 < x < 100.
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Fig. 4. The radiation intensity as a function of the
relative density of the electron beam for various scale
lengths of the longitudinal inhomogeneity of the magnetic
field: L)) = 10° km (1), L) = 3 x 10> km (2), Ly =
10* km (8), L) = 3 x 10" km (4), and Ly = 10° km
(5). The solid and dashed curves correspond to Ly, =
Ly and Ly, = 0.1Ly), respectively. The amplitude

of the small-scale plasma inhomogeneities is An/ng =
0.2.

Figure 3 presents an example of the dynamic
spectrum of the solar radio emission. There is a
typical group of spikes in the frequency interval
300—380 MHz. We assume that the spikes are bursts
of X1 radiation, so that the radiation frequency
uniquely determines the strength of the source mag-
netic field. In subsequent calculations, we shall use an
electron cyclotron frequency of fg = 350 MHz. Con-
dition (2) limits the plasma density in the source of the
spikes ton < 1.9 x 108 cm~3. However, if the plasma
density is close to this limit, radiation can be gener-
ated only by electrons with energies about 200 keV.
The generation of emission by electron beams with
lower energies requires a lower plasma density. We
then use the following parameters: plasma density
n =5 x 107 cm™3, plasma temperature T' = 106 K,
and electron beam energy Ej = 20 keV. The beam
distribution has a pitch-angle dispersion Af, = 1/3
and thermal spread Awy/v, = 1/3 (similar electron
beams have been observed in the Earth’s magneto-
sphere).

Let us first consider the effect of the intensity of the
electron beam on the generation of radiation. Figure 4
shows the intensity I of the radiation observed at the
Earth as a function of the relative density of the elec-
tron beam ny /n. Here, we assume that the cross sec-
tion of the source is S = 100 x 100 km? and that there
is no absorption;i.e., x = 1. We assume that the angle
Q describing the directivity pattern of the radiation is
/2 and also that there are small-scale plasma in-
homogeneities with amplitude An/ng = 0.2 and size
(10) in the corona (considering only radiation from

a single interval for the compensation between the
plasma and magnetic field inhomogeneities). Thus,
the resonance time is determined by the intervals Ats
and Ats. When the density of the electron beam is
comparatively low, the relaxation length exceeds the
inhomogeneity-compensation length, and the radi-
ation intensity grows exponentially with increasing
beam density. Beginning with some critical n,/n, the
relaxation length becomes smaller than the compen-
sation length, with the longitudinal size of the emis-
sion region being determined by the former. Here,
the coefficient for the transformation of particle en-
ergy into radiation reaches its maximum, defined by
(26), and the radiation intensity becomes proportional
to the beam density. The larger the scale lengths
(longitudinal and transverse) of the magnetic field
inhomogeneity, the faster the beam saturation. To
provide a typical spike intensity of 100 sfu, the relative
electron beam density must be no lower than 1076
without absorption (x = 1) and no lower than 10~*
with x = 100. We should also allow for the fact that
the transverse source size may differ from our esti-
mate.

This analysis shows that we cannot precisely de-
termine the density of electron beams in the solar
corona using energetic estimates (comparisons with
the observed radio emission). Consequently, we like-
wise cannot determine whether the free energy of
the beam is completely released in a single emission
interval (in which the effects of the plasma and mag-
netic field inhomogeneities compensate each other)
or, alternatively, whether a single beam can generate
radiation in several appropriate regions situated above
one other. Thus, we must analyze the effect of the
relaxation of the electron beam on the temporal and
spectral features of both individual spikes and spike
series. Two alternatives are possible here.

(1) The electron beam loses only some of its free
energy while passing through a region appropriate
for the generation of spikes (this corresponds to the
interval of exponential growth in Fig. 4, A7) < ls).
Small differences in the parameters of the electron
beam and the plasma of the various sources of spikes
result in considerable exponential differences in the
radiation intensity. Consequently, the intensities of
individual radio bursts will differ significantly.

(2) The electron beam becomes saturated in a sin-
gle interval of the compensation between the plasma
and magnetic-field inhomogeneities (15 < A7|jpay).
Here, the radiation intensity is proportional to the
beam density and the source cross section. We expect
that the parameters of the electron beam and small-
scale plasma inhomogeneities (and, consequently, the
dimensions of spike sources) are approximately con-
stant within a coronal magnetic loop. Hence, the
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intensity of spikes in a series also becomes approxi-
mately constant (or at least the spread will be much
smaller than in the preceding case). Changes in the
cross section of the electron beam will result in pro-
portional changes in the number of radiation sources,
that is, in the number of spikes generated per unit
time (the cross section of the electron beam is close to
the diameter of a magnetic loop, and significantly ex-
ceeds the cross section of the source of an individual
spike), and will simultaneously result in proportional
changes in the X-ray intensity. Finally, there should
be a correlation between the X-ray intensity and the
mean radio intensity, with the intensity of individual
spikes being virtually constant.

In [6], we examined the first alternative for the
relaxation regime, when the energy losses of the elec-
tron beam over a single emission interval are ne-
glected. However, Fig. 4 shows that the correspond-
ing interval (in which the intensity depends exponen-
tially on the electron beam density and other source
parameters and simultaneously exceeds some min-
imum level) is comparatively narrow. Therefore, the
second alternative for the relaxation regime seems
more likely. A statistical analysis of a large number
of observations [14, 15] shows that the second al-
ternative for the relaxation regime is quite typical for
solar millisecond spikes. Let us consider this regime
in more detail; i.e., we will assume that, if the sta-
bilization of the electron beam breaks down due to
small-scale plasma inhomogeneities, the relaxation
of the beam is very rapid; that is, it occurs within a
single interval for the stabilization breakdown. This
results in the condition Iy < Ar|p,y, Which limits the
scale length of the longitudinal inhomogeneity of the
magnetic field from below.

Figure 5 shows the dependence of the relaxation
length (or more precisely, the relative value Is/Lg)
on the scale length Ly of the longitudinal inhomo-
geneity of the magnetic field. As for Fig. 4, we assume
that the small-scale plasma inhomogeneities break
down the stabilization of the electron beam, and the
resonance time is determined by the intervals Aty and
Ats. The scale length for the transverse inhomogene-
ity of the magnetic field is Ly | = Ly, while the am-
plitude of the small-scale plasma inhomogeneities is
An/ng = 0.2. When the relaxation length calculated
in this way becomes larger than Ar|;,, the beam
relaxation does not occur in a single emission interval
(if there are no other regions for the compensation
of the inhomogeneities in the subsequent motion of
the beam, the relaxation does not occur at all). A
conventional relaxation length for this case is shown
by the dashed curve.

The minimum scale lengths for the longitudinal
inhomogeneity of the magnetic field on which the
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Fig. 5. The relative length I /L of the electron beam
relaxation in the presence of small-scale plasma inho-
mogeneities as a function of the scale length for lon-
gitudinal inhomogeneity of the magnetic field for vari-
ous electron beam densities: n,/n = 107° (1), ny/n =
3x107% (2), np/n=10"5 (3), np/n =3 x 107° (4),
and ny/n = 107 (5). The amplitude of the small-scale
plasma inhomogeneities is An/ng = 0.2.

electron beam relaxation occurs for distances smaller
than Ar)p,, are presented in the table. Obviously,
the denser the beam, the smaller the minimum scale
lengths. Sharp transverse gradients of the magnetic
field exert a stabilizing effect on the beam, so that the
requirements for homogeneity of the magnetic field
are enhanced for Ly, = 0.1Lp) (compared to the

situation in Fig. 5). A decrease in the amplitude of the
small-scale plasma inhomogeneities exerts a similar
effect and leads to a shortening of both the required
wavelength of the inhomogeneities and the interval
Ar||max- As a result, the spatial escape of the radiation
from the emission region becomes appreciable.

Finally, the magnetic field in the solar corona must
not exhibit large gradients in order not to prevent
the efficient generation of radio emission in the pres-
ence of the appropriate small-scale plasma inhomo-
geneities. However, in the absence of such small-
scale plasma inhomogeneities, the large-scale inho-
mogeneity of the magnetic field will stabilize the elec-
tron beam. We can see in Fig. 3 that the individual
radio bursts (probably generated by a single beam)
on the series of spikes are spread over a fairly large
frequency interval (about 80 MHz for a typical fre-
quency of 350 MHz). Consequently, we can estimate
the longitudinal size AR)| of the emission region for

a series of spikes as AR) /Ly ~ 0.25. To gener-
ate spikes throughout this region, the electron beam
must traverse the distance AR without considerable
energy losses. We will impose the condition that the
electron beam must not lose more than half of its free
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Fig. 6. The relative relaxation length I /L of the elec-
tron beam as a function of the scale length of the lon-
gitudinal inhomogeneity of the magnetic field for various
electron beam densities and no small-scale plasma inho-
mogeneities. The notation is the same as in Fig. 5.

energy at the distance AR; that is, in the absence
of small-scale plasma inhomogeneities, the relaxation
length [ must be at least twice the longitudinal length
of the region in which the series of spikes is emitted
(Is > 2ARy)). This condition limits the scale length of
the longitudinal inhomogeneity of the magnetic field
from above.

Figure 6 presents the dependence of the relaxation
length [ (more precisely, of the relative value I/ L)
of the electron beam on the scale length L for the
longitudinal inhomogeneity of the magnetic field. The
plasma is assumed to be homogeneous (L, — 00),
and the resonance time is determined by the time At;.
The generation of the spike series shown in Fig. 3
requires that I/ L) > 0.5. We present in the table
the maximum scale lengths L p||max for the longitu-

Intervals of appropriate scale lengths Ly of the longitu-
dinal inhomogeneity of the magnetic field

Scale lengths L ny/n
of the
inhomogeneity 10-¢ 107° 10-4
(1)[2.7x10% 3.1 x10% | 3.4 x 10?
L g{jmin, km (2)| 1.1 x10° | 1.2 x 10* | 1.4 x 103
(3)] 4.8 x10* | 5.5 x 10® | 6.2 x 102
L g1 jmax,» km 1.5 x 10° | 1.9 x 10* | 2.3 x 10°

The minimum lengths Ly min are presented for three cases:
LHJ_ = LHH and An/no =0.2 (1), LHJ_ = OlLHH and
An/no =0.2 (2), LHL = LHH and An/no =0.1 (3)

Amplitude of plasma irregularities

Y
0.3 "
"
02) "
e
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Longitudinal magnetic-field inhomogeneity
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Fig. 7. Region of parameters of the large-scale inho-
mogeneity of the magnetic field and small-scale plasma
inhomogeneities for which the generation of spikes is
possible. Limiting curves are shown for various densities

of the electron beam. The notation is the same as in
Fig. 5.

dinal inhomogeneity of the magnetic field that satisfy
this condition. Like the resonance time At;, they are
independent of the transverse inhomogeneity of the
magnetic field.

The table shows that the stabilization of electron
beams with a relative density of ny/n > 10~% requires
comparatively large gradients of the magnetic field.
Though such inhomogeneities can probably occur in
the solar corona, those with Ly =~ 10*—10° km are
more typical. This corresponds to smaller densities for
the electron beams (ny/n < 1074).

Note that the stabilization of the electron beam in
the absence of small-scale plasma inhomogeneities
is still required for both alternative scenarios for the
beam relaxation. Therefore, the calculated maximum
scale lengths Lpmax for the longitudinal inhomo-
geneity of the magnetic field will coincide in these
cases. However, the minimum length L |y, corre-
sponds only to the complete relaxation of the electron
beam within a single wavelength of the small-scale
plasma inhomogeneity. The observations show that
the frequency spread of the spikes within each series
is comparable to the typical spike frequency [1, 16],
i.e., AR ~ L. Here, the conditions for the stabi-
lization of the electron beam become somewhat more
rigorous than in the case considered.

A decrease in either the scale length for the trans-
verse inhomogeneity of the magnetic field or the am-
plitude of the small-scale plasma inhomogeneities
narrows the interval of appropriate scale lengths for
the longitudinal inhomogeneity of the magnetic field.
[f this interval tends to zero, the generation of spikes
becomes impossible, since either the breakdown of
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the resonance in phase space (due to the transverse
inhomogeneity of the magnetic field) or the escape
of the wave from the emission region in coordinate
space (due to the small dimensions of this region)
will prevent the required amplification of the radiation,
even when the stabilizing effect of the magnetic field
inhomogeneity is compensated by the plasma inho-
mogeneities.

The curves in Fig. 7 present solutions of the equa-
tion Lg7(|min = L p|jmax- The horizontal axis shows the
ratio LHl/LHH of the scale lengths of the trans-
verse and longitudinal inhomogeneities of the mag-
netic field, while the vertical axis shows the amplitude
An/ng of the small-scale plasma inhomogeneities.
The efficient generation of radio emission becomes
possible when the parameters of the medium are to
the right and above the curves indicated in Fig. 7. If
LHl/LHH is of the order of 0.1 or more, the pres-
ence of plasma inhomogeneities with amplitudes of
1-2% in the active region is sufficient for the gen-
eration of spikes. The transverse inhomogeneity of
the magnetic field prevents spike generation only for
extremely small scale lengths Ly, /Ly < 0.07. The
necessary parameters of the medium in the region
of spike generation are virtually independent of the
electron beam density.

Let us estimate the scale length of the plasma
inhomogeneities and the size of the spike sources.
[f the longitudinal scale length of the magnetic field
inhomogeneity is Ly = 10* km and the amplitude of
the small-scale plasma inhomogeneities is An/ng =
0.01 (the minimum amplitude required for the spike
generation), the compensation of the stabilizing ef-
fect of the magnetic field inhomogeneity requires a
plasma inhomogeneity wavelength of d ~ 21 km, and
the maximum interval for spike generation becomes
Ar|jmax == 3 km. The longitudinal size of the source
contributes to the formation of the spectral band of
radiation at a level of Aw)|/w =~ 0.03% (or lower if the
electron beam relaxation occurs in an interval smaller
than A7|p,x). The effect of the transverse size of the
source on the radiation spectrum Aw, is probably
of the same order of magnitude, and the minimum
bandwidth Awpcgr of the radiation is Awpmcr/w =~
0.8%. There are observations of spikes with relative
bandwidths not exceeding 0.17% [17]. Radiation with
these spectral characteristics can be generated by an
electron beam with a pitch-angle dispersion of A8y, ~
0.12 and an energy of E, =20 keV with the pa-
rameters for the small-scale plasma inhomogeneities
specified above.
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CONCLUSIONS

One of the characteristic features of solar mil-
lisecond spikes is the high correlation between the
total energy flux of the radio emission and the X-
ray intensity. The intensity of individual radio bursts
remains virtually constant while the total radio in-
tensity changes due to changes in the number of
spikes per unit time [14, 15]. Our study has shown
that this can easily be explained by taking into ac-
count the effect of the magnetic field and plasma
inhomogeneities (both large- and small-scale) on the
generation of radiation via the maser cyclotron res-
onance. The proposed model for spike generation in
an inhomogeneous medium can put constraints on
the required intervals for parameters of the medium
in the active region, first and foremost, the param-
eters of the inhomogeneities. A longitudinal large-
scale inhomogeneity of the magnetic field with a scale
length of Ly ~ 10*~10° km, of the order of the

size of a coronal magnetic loop, stabilizes electron
beams over most of their trajectories but does not pre-
vent the generation of radiation in some local regions
where its stabilizing effect is partially compensated by
the plasma inhomogeneities. The observed transverse
sizes of magnetic loops correspond to ratios of the
inhomogeneity scale lengths Ly /L) >~ 0.1-0.5.

Under these conditions, the transverse magnetic-field
inhomogeneity also limits the amplification of the ra-
diation and relaxation of the electron beam, but this
effect is not as important as that produced by the
longitudinal inhomogeneity. The generation of spikes
requires small-scale plasma inhomogeneities with an
amplitude of several per cent and typical sizes of tens
of kilometers. The observations (see [2, 12] and refer-
ences therein) verify the presence of such turbulence.
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Abstract—A new type of dimmings, or transient coronal holes (i.e., regions of reduced soft-X-ray and
EUV emission), is revealed in analyses of difference solar images obtained with the SOHO EIT ultraviolet

telescope at 195 A. Such features can be observed on the solar disk after halo-type coronal mass ejections
(CMESs). If several active regions, filaments, and other structures are present on the disk during a major
eruptive event, then strongly anisotropic, channel-shaped (“channeled”) dimmings coexist with relatively
compact dimmings adjacent to the eruption center. The channeled dimmings are comparable to the com-
pact dimmings in terms of their contrast; stretch along several narrow, extended features (channels); and
can span nearly the entire visible disk. Coronal waves, which appear as fronts of enhanced brightness trav-
eling ahead of the dimmings in some halo CME events, are also anisotropic. We argue that such transient
phenomena are closely related to the strong disturbance and restructuring of large-scale magnetic fields
involved in CMEs, and the channeled character of the dimmings reflects the complexity of the global solar

magnetosphere, in particular, near the solar-activity maximum. © 2003 MAIK “Nauka/Interperiodica”.

1. INTRODUCTION

Coronal mass ejections (CMEs) are the largest-
scale phenomena of sporadic solar activity, which play
an important, and frequently determining, role in vari-
ous solar, interplanetary, and geophysical events (see,
e.g., reviews [1—6] and references therein). While
flares release energy stored in the local magnetic fields
of active regions, the origin of CMEs is most likely
rooted in the dynamics of large-scale magnetic fields,
the global evolution of the solar magnetosphere, and
the instabilities of individual magnetospheric struc-
tures, such as coronal streamers, prominences (fila-
ments), large arcades, etc. Considerable progress in
studying CMEs has been achieved in recent years,
primarily due to Yohkoh [7] and SOHO [8] observa-
tions.

CMEs rising in the corona at velocities of up
to 2000 km/s are observed in white light with the
SOHO LASCO coronagraph [9] over the limb, at
heliocentric distances of up to 30Rg (where Rg is the
solar radius), due to the scattering of photospheric
radiation by free electrons, whose density is substan-
tially increased in the ejected material. In many cases,
the CMEs far exceed the optical solar disk in size,
even at small heliocentric distances. The transequa-
torial character and global scale of CMESs are visible,
for example, in the association of the footpoints of
loop transients observed in many big events with

structures located in opposite (northern and south-
ern) hemispheres of the Sun.

Observations of disk processes before, during, and
after the eruption are very informative for studies
of CMEs. High-quality images obtained with the
Yohkoh SXT [10] and SOHO EIT [11] telescopes
indicate that CME-related substantial restructurings
and large-scale magnetic-field disturbances are most
clearly manifest in so-called dimmings and coronal
waves. Dimmings, or transient coronal holes [12—
17], are regions of reduced soft X-ray and EUV
intensity with lifetimes of several to several tens
of hours that are formed after the CMEs near the
eruption center—e.g, at the periphery of the sigmoid
structure—and can cover a large portion of the solar
disk. Analyses show [15, 16] that the most intense
dimmings are observed simultaneously in several UV

lines (FeIX/X 171 A, FeXII 195 A, FeXV 284 A)
that are sensitive to coronal plasma at tempera-
tures of (1.2—2.0) x 10% K, as well as in soft X-
rays, corresponding to temperatures >2.5 x 106 K.
Therefore, dimmings can be interpreted as a result of
the complete or partial opening of the magnetic fields
in these structures, with the evacuation of material
and a corresponding reduction in their intensity. Fairly
frequently, a bright front can be observed ahead of the
developing dimmings, indicative of a coronal or EIT
wave traveling from the eruption center at a speed
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of several hundred km/s [15,18—20]. According to
one point of view [19, 21, 22], the EIT wave is a
CME-initiated MHD disturbance—a coronal analog
of the chromospheric Moreton wave observable in
the H, line [23]. Another interpretation [24, 25] is
that the coronal wave is associated with the evolution
of magnetic structures involved in the CME, in
particular, with the compression of plasma at the
advancing boundary of the dimming—a region of
opening magnetic field lines.

[t is currently believed that dimmings and coro-
nal waves are mainly quasi-isotropic and propagate
in a wide-angle sector more or less symmetrically
with respect to the eruption center [15, 19, 21, 22].
At the same time, coronal waves are known to be
reflected and refracted as they interact with the strong
magnetic fields of active regions [26]; a dimming may
encompass separate large-scale (including transe-
quatorial) loops anchored in the eruption region [17—
29]. In some cases, so-called twin dimmings are ob-
served, with the strongest intensity decreases occur-
ring in two regions adjacent to the eruption center and
located symmetrically with respect to the polarity-
reversal line and the posteruptive arcade [15, 16].
Such twin dimmings appear to be the footpoints of
large-scale flux lope structures erupting during the
CME. The eruptive events accompanied by coronal
waves and dimmings currently described in the liter-
ature occurred primarily in 1997 and 1998, during the
growth phase of the current activity cycle—a period
when the global solar magnetosphere had a relatively
simple structure.

We present here our analyses of the spatial struc-
ture of UV dimmings observed near the activity-cycle
maximum, when the solar magnetosphere was fairly
complex. Difference SOHO EIT heliograms obtained

at 195 A indicate that the eruption of a large CME
against the background of several active regions and
other features on the disk is accompanied by clearly
defined, anisotropic, channel-shaped (“channeled”)
dimmings that develop along narrow, extended fea-
tures (channels) and stretch between widely spaced
activity centers that can cross the heliographic equa-
tor. Methodological questions connected with identi-
fying dimmings are discussed in Section 2. Section 3
begins with a consideration of a quasi-isotropic coro-
nal wave and dimming that are typical for a relatively
simple large-scale magnetic-field structure. Further,
we consider in detail the development and structure
of dimmings observed during two halo CME events
in January and February 2000 when the global solar
magnetosphere had a complex structure. A discus-
sion and concluding remarks are presented in Sec-
tion 4.

CHERTOK, GRECHNEV

2. METHODOLOGICAL NOTES

In analysis of the large-scale structure of dim-
mings, it is reasonable to consider halo CME events
in which the eruption source is located in the cen-
tral zone of the visible disk, and the earthward
traveling CME is observed as a bright and ex-
panding emitting region surrounding the entire oc-
culting disk of the coronagraph [30]. It is reason-
able to use SOHO EIT 195 A data, because heli-
ograms are taken with the highest cadence (normally,
12—20 min) just in this line [11]. Corresponding
FITS files are available in the EIT cataloge at
http://umbra.nascom.nasa.gov/eit/eit-catalog.html.

Studies of dynamic events on the solar disk, par-
ticularly events such as coronal waves and dimmings,
are based on two types of difference images [15—
18]. Running difference (RD) images are obtained by
subtracting the preceding heliogram from the current
heliogram. Fixed difference (FD) images are com-
puted by subtracting a single pre-event image of the
sun from all subsequent heliograms. In such differ-
ence images (Fig. 1), dimmings are manifest as dark
features with reduced intensity, while coronal waves
appear as bright advancing fronts.

There are substantial differences between the RD
and FD images [in Fig. 1, panels (a) and (¢) should
be compared to (b) and (d)]. The RD images em-
phasize changes (in the brightness, localization, and
structure of sources) that have occurred during the
interval between contiguous frames. In particular, the
front of the traveling coronal wave can be most clearly
seen in the RD images. However, many artifacts
unavoidably appear in the RD images. For example,
dark features—spurious dimmings of a methodolog-
ical origin—will be seen where there was a bright,
advancing coronal-wave front and its fragments in
the previous RD frame. A similar spurious dimming
will appear in an RD image when the intensity of
a bright feature decreases, in particular, if such a
feature appears during a flare or posteruptive phase.
Likewise, if the depth of a true dimming decreases
with time, a spurious brightening will be seen in
the next RD frame at the same place. If, however,
the intensity of a true brightening or dimming re-
mains nearly unchanged between contiguous frames,
the corresponding feature will be completely missing
from the RD image (the region will have the back-
ground intensity). The artifacts described above can
be identified by scrutinizing the RD images in Figs la
and lc. In particular, many of the brightenings and
dimmings visible behind the coronal-wave front in
Figs la and 1c have a methodological origin and are
due to the procedure used to obtain the RD images.

In FD images (Figs 1b, 1d), changes that occur
during the event are clearly visible, in particular, those
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Fig. 1. (a, ¢) Running and (b, d) fixed difference images of the Sun in the 195 A line (SOHO EIT). These illustrate the
differences between the two image types and the quasi-isotropic character of the dimming and coronal wave (CW) after the
halo CME of May 12, 1997. The (e) SOHO MDI magnetogram and () Ha heliogram demonstrate the presence of only one

large active region on the disk.

related to coronal waves and dimmings (naturally,
we mean here changes relative to the selected refer-
ence frame chosen before the event). However, the
construction of FD images raises another problem,
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since solar rotation can also produce spurious fea-
tures. In 512 x 512 SOHO EIT frames [11] with a
pixel size of 5.24”, the effect of rotation is virtually
indistinguishable if the RD images are obtained by
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subtracting images taken 12—20 min apart. However,
the rotation of the solar surface becomes important
if the interval between frames is several tens of min-
utes or several hours, as in the case of constructing
FD images. In particular, it is clear that the angular
displacement of a dark feature observed in absorption
will give rise to a spurious bright edge in the difference
image to the east of this feature. In contrast, a bright
feature observed in emission will produce a dark east-
ern edge resembling a dimming. This effect is espe-
cially pronounced for narrow, meridionally stretched
features, e.g., vertical filaments and transequatorial
loops, when the longitudinal extent of the spurious
edge is comparable to the size of the feature itself. To
suppress the formation of spurious features, we intro-
duced corrections to compensate for the solar rotation
before constructing the difference images, aligned the
heliograms, and reduced them to a unified calibration.
As a rule, all the frames considered were rerotated to
the time of the same reference (pre-event) heliogram,
which was subtracted from the subsequent frames
to obtain the FD images. For example, this time is
04:16 UT for Figs. 1b and 1d.

In this study, we will analyze dimmings using FD
images with a preliminary compensation for solar ro-
tation. We will use RD images as an additional source
of information to examine some changes detected in
the FD heliograms in more detail. In this context, the
most effective tool for the analysis and representation
of data is computer movies composed of difference
images and viewed in JAVA format with adjustable
frame rate and playing direction. Some examples of
such movies, as well as other illustrations of CMEs
related to the events considered, can be found at
http://helios.izmiran.troitsk.ru/lars/Chertok/dimm-
ing/index.html.

The following important point deserves particular
attention. The dimmings analyzed here and, espe-
cially, individual fragments of their large-scale struc-
ture, as well as many coronal waves, are relatively
faint phenomena (see below). For this reason, we have
limited the intensity range in the difference images in
order to make these features sufficiently pronounced.
As a result, the brightest sources (particularly those
emerging during flares), which are not the subject of
our analysis, are saturated. A similar approach has
been used to identify large-scale emitting chains in
microwave, UV, and X-ray heliograms [31]. For ex-
ample, the brightness cutoffs for the RD and FD im-
ages shown in Fig. I are 75 and %150 count/pixel,
respectively. Similar intensity ranges were used for
the other events under study. Naturally, the outlines
and some structural details of dimmings and coronal
waves vary to some extent depending on the chosen
intensity range. Finally, we note that, if the time in-
terval between the current and reference heliograms
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is long, regular vertical strips of an instrumental ori-
gin can be detected in high-sensitivity FD images
(Fig. 1d).

In the SOHO EIT images, periodic vertical and
horizontal light strips due to the properties of the
CCD matrix used are not uncommon [11]. Rotation
of the solar image does not affect the positions of
the horizontal strips but displaces the vertical strips.
For this reason, the subtraction of images suppresses
the horizontal strips and enhances the vertical ones.
Since the rotation is performed only for a spherical
surface, this instrumental and methodological effect,
which is exaggerated by the intensity cutoff, is present
only on the solar disk.

3. ANALYSES OF PARTICULAR EVENTS
3.1. Event of May 12, 1997

We restrict ourselves to brief remarks about this
event, since it is well known and is described in de-
tail in the literature [15, 17, 32, 33]. We present it
here as an illustration of CME-related disturbances
that occur under relatively simple conditions in the
global solar magnetosphere; Fig. 1, which refers to
this event, was already used in the discussion of the
analysis techniques (Section 2).

The eruption source was located in AR 8038
(N21 W09), which was essentially the only active
region on the solar disk at that time. This can be
seen from the SOHO MDI magnetogram and H,
heliogram of the Observatoire de Paris shown in
Figs le and 1f. As far as other significant features are
concerned, only the northern and southern coronal
holes (CHs) could be observed on the disk in soft
X rays with the Yohkoh SXT telescope and were
present in the original UV heliograms taken in the
195 and 284 A lines [15]. This event was associated
with a long-duration flare of class 1F/C1.3 with its
maximum near 04:50 UT. The CME recorded by the
SOHO LASCO coronagraph was classified as a full
halo emitting everywhere around the occulting disk,
but its brightness was maximum over the eastern,
western, and northern limb sectors [32].

The eruption of the CME was accompanied by
pronounced, large-scale transient disturbances on
the disk, in particular, a coronal wave and dim-
mings [13]. The difference heliograms obtained at

195 A (Fig. 1) show that the coronal-wave front
had a fragmentary structure but traveled more or less
isotropically with respect to the eruption center 1. The
front’s propagation decelerated only as the northern
polar CH was approached, and the interaction of the
front with the CH gave rise to the long emitting chain
2—3 (Fig. 1d), which gradually encompassed the
entire CH boundary and was observed over several
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hours. Before its interaction with the CH, the coronal
wave propagated over the solar surface at nearly the
same velocity, 240 km/s, in all directions [15]. The
halo CME had a similar velocity in the plane of the
image [32].

The two deepest, symmetric twin dimmings with
similar sizes and shapes (4, 5) formed northeast and
southwest of the eruption center and were clearly
visible in at least three UV lines—171, 195, and
284 A—as well as in soft X rays [15]. It is important
that, during the entire event, these intense dimmings
were surrounded by a much weaker dimming region,
which completely filled the space between the dim-
mings (4, 5) and the traveling quasi-isotropic coronal
wave. Therefore, the weak dimming was also quasi-
isotropic. It can be distinguished in two UV images
(Figs. 1b, 1d), but is most pronounced in Fig. 5¢
in[17].

Thus, in this case, both the coronal wave and
the dimmings were quasi-isotropic and covered the
visible hemisphere almost entirely. It is likely that this
character for the transient disturbances was due to
the fact that only one active region was present on
the disk at that time, so that the structure of the
solar magnetosphere was fairly simple. In any case,
as will be shown below, dimmings observed under
more complex conditions are appreciably anisotropic
and take the form of long, narrow features (channels).
In fact, some signatures of such channels can be
detected in the May 12, 1997 event; in particular,
short dimming branches (1-6—7, 6—8, 1-9) can be
distinguished in Fig. 1d.

3.2. Event of January 18, 2000

This event occurred when several active cen-
ters, filaments, and CHs were observed on the disk
(Figs. 2e, 2f), so that the structure of the global
solar magnetosphere was fairly complex. The event
included a long-duration class IN/M3.9 flare in
region AR 8831 (S19 EIl1), with a maximum at
17:27 UT and a structured halo CME, which initially
developed over the eastern limb and subsequently
extended to all position angles.

The FD images at 195 A obtained using a refer-
ence heliogram of 16:48 UT and shown in Figs 2a—
2d demonstrate that, by 17:24 UT (Fig. 2a), a narrow
transequatorial strip dimming formed along with an
annular dimming surrounding the eruption center 1;
the strip extended to region 2 in the southern half
of the disk near the central meridian. In the next
frame at 17:36 UT (Fig. 2b), this strip extends further
westward to point 3. The dimming channel 1—4 going
from the eruption center to the southeastern limb
also becomes visible. A relatively faint branch of the
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dimming 5—6—7 forms to the west of AR 8831 and is
linked by the brightened loop 6—8 to the southwestern
region, where another remote dimming center can be
distinguished. The faint dimming 6—9 stretches to the
southern limb region.

Subsequent frames, including the frame of
18:12 UT (Fig. 2¢), clearly demonstrate the south-
eastern dimming loop 1—10, which may extend to
limb 11. Furthermore, another, eastern, transequa-
torial dimming feature 12—13—14 can be distin-
guished, extending toward the active region located
in the northeastern quadrant. The main eastern and
western transequatorial dimming branches are linked
by additional dimming features: one or two narrow
strips of the dimming 2—14 pass near the central and
northeastern activity complexes of the northern hemi-
sphere (having extensions from region 14 in the form
of narrow eastward and southeastward offshoots);
another, more diffuse and possibly looplike dimming
system 13—15 is located near the central meridian
and joins the bright dimming 15—6, which fringes the
eruption center from the north and northwest.

Virtually all these elements of channeled dim-
mings are also present in the last frame presented, of
18:36 UT (Fig. 2d). Note also the emergence of the
relatively faint dimmings 14—16 and 17—18 stretch-
ing to the northeastern limb. The narrow dimming
10—11 going southward from the southeastern dim-
ming loop can also be seen.

The relative depths and temporal changes in dif-
ferent portions of the channeled dimmings can be
seen in Fig. 3. Selected 53" x 53" areas of various
structures of dimming features (1—5) are marked in
the heliogram (Fig. 3a), together with the region of
the southern CH (6) for comparison. The correspond-
ing time-variation profiles shown in Fig. 3b indicate
that the intensity reduction in main dimmings that
are both adjacent to the eruption center and channel-
shaped is 25—80%. In area 4, some increase in inten-
sity can be noted after a relatively brief, deep dimming.
Curve 6 confirms that the dimming does not involve
the southern polar CH. As can be seen from Fig. 3b,
the development time for dimmings, including chan-
neled dimmings, is several tens of minutes. The to-
tal lifetime of channeled dimmings can reach several
hours.

We can note the following in connection with the
identification of these large-scale channeled dim-
mings with observed coronal and photospheric fea-
tures, based on a comparison of the difference images
in Fig. 2a—2d with the H,, heliogram (Fig. 2¢) and
the original background (negative) image at 195 A
(Fig. 2f). The two main transequatorial dimming
channels, 1—-2 and 12—13—14, seem to coincide
with the looplike transequatorial features observed at
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Fig. 2. (a—d) Fixed difference solar images in the 195 A line for January 18, 2000 (SOHO EIT) obtained by subtracting
the heliogram of 16:48 UT. These illustrate the halo-CME-related development of channeled dimmings with the presence of

several activity centers on the disk. Bottom panels: (e) Ha heliogram; (f) original base (negative) image at 195 A.
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Fig. 3. (b) Time variation of the intensity in the 195 A line during the event of January 18, 2000, for several 53 x 53" areas
shown in panel (a): (/—5) in channeled dimmings and (6) in the southern coronal hole. The instrumental background has been

subtracted.

195 A and labeled by the same numbers in Fig. 2f. In
addition, dimming 1—4 corresponds to the channel
of the southeastern H, filament (Fig. 2e), while
dimmings 6—7, 6—9, and 14—16 are located along
the western and eastern boundaries of the southern
polar CH and the western boundary of the north-
eastern CH, respectively. Note that the H,, filament F
(Fig. 2e), which is closest to the eruption center and
is surrounded by dimming channels, did not exhibit
obvious signatures of a disturbance related to this
eruptive event.

[t is characteristic of this event that no extended
and bright coronal-wave front (in the usual sense)
can be seen in either the FD or the RD movies, much
less in the corresponding images. Instead, something
like a dimming wave is observed: individual dimming
channels and the entire region covered by dimmings
become more extended with time. As this takes place,
a few irregular, transient brightenings with small ar-
eas and intensities adjoin the dimming features. Es-
timates that can be obtained with a large interval be-
tween frame rate indicate that the propagation speed
of this dimming wave is several hundred km/s, typical
of classic bright coronal waves (see Section 3.1). It is
important that the dimming wave in this event spread
from the eruption center mainly eastward, northward,
and southward, but essentially did not intersect the
central meridian; i.e., it was not spherically symmet-
ric.
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3.3. Event of February 17, 2000

Among other things, this event is interesting be-
cause it occurred one solar rotation after the pre-
ceding one and at nearly the same site on the so-
lar surface (Section 3.2), with the same complex-
ity of the global solar magnetosphere. It developed
against the background of two sympathetic flares of
classes M2.5/1B and M1.3/2N, which occurred in
the nearby active regions in the southern hemisphere
AR 8869 and AR 8872 (S25 W16 and S29 EO07;
Fig. 4e) and reached their maxima in soft X rays
at 18:52 and 20:35 UT, respectively. A number of
arguments based on the optical, magnetic, UV, and
X-ray data [34] suggest that the first flare initiated the
second and that the two active regions were intercon-
nected by magnetic structures. The annular transe-
quatorial system of emitting chains 1—5—3—7—8—-9—
10—6, which can be seen in the processed SOHO
EIT heliogram at 195 A (Fig. 4f; a negative), indi-
cates that this connection had a global character and
encompassed all active regions located in the cen-
tral sector of the disk [31]. According to the SOHO
LASCO coronagraph data, the first manifestations of
a CME were observed over the southwestern limb
at 19:31 UT, and a symmetric halo CME developed
around the entire occulting disk after 20:06 UT. This
symmetric CME configuration seems to reflect the
fact that, as will be shown below, the eruption process
involved a similarly shaped, circular central region of
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the disk depicted by the chain 1-5—3—7—8-9—10—
6, together with the system of channeled dimmings
that can be seen in the FD images (Figs. 4a—4d) and
corresponding movies.

During the first flare, the connection between re-
gions AR 8869 and AR 8872 was marked by two
dimming structures (Fig. 4a). One was relatively wide
and connected the western extremity of dimming 1,
flare brightening 2, and the eastern region 3, and
extended to the southeast in the form of the narrow
channel 3—4. The other was a narrow arc, 1—5—3,
and curved around the flare region from the south.
Furthermore, at this stage, a faint dimming encom-
passed the entire central region of the disk between
regions 2, 3,7, 8,9, 10, and 6. The somewhat deeper
but nevertheless faint transequatorial dimming chan-
nels 1-9, 3—9, and 6—10 stood out against this back-
ground. Channels 1-9, 6—10, and dimmings 7—8, 8—
9 were seen at a late stage of the first flare (Fig. 4b).
By that time, flare brightening 2 increased its longi-
tudinal extent, and the first signs of the second flare
appeared in region 3; the wide dimming 2—3 between
the interacting active regions almost vanished, while
channel 2—11 connecting the brightening 2 with the
southern arclike dimming 1—5—3 became more pro-
nounced.

The second flare was accompanied by the emer-
gence of new dimmings around the bright feature 3
(Fig. 4c). The looplike dimming systems 12 and 13
formed to the northeast and south of this feature. The
western base of these dimming systems abutted on
region 11, through which passed the narrow channel
related to the first flare 2 and the enhanced eastern
branch 3—>5 of the arclike dimming 1—5—3. The well-
defined dimming channel 3—14 with several branches
formed north of the flare region, in the direction of
region 9. Substantial enhancements were observed
in many channeled dimmings localized in the cen-
tral zone of the disk, including areas between the
regions 3—8, 89, 1-9, and 1—10. All these dim-
ming features developed further in the final stage of
the event (Fig. 4d). In particular, the continuation
of the brightest transequatorial channel 3—14 toward
region 9 became quite prominent. The depth of the
dimmings situated to the south of this region and
those stretching to the eastern region 8 increased
substantially. The emergence of dimmings going from
the second flare brightening 3 to the southeastern
limb 15 (with branching from point 16 to region 7)
and to the southern limb 17 (with a deep dimming
center observable outside the solar disk) was noted.
Toward this same region, dimming 5—17 stretched
from the area of the first flare through the western
part of the arclike channel 1—5. Channeled dimmings
formed east of regions 7 and 8, reaching points 18, 19,
and 20. Narrow dimmings can also be seen between

regions 1, 10 and 7, 8. Dimming fragments are visible
between region 9 and the northern limb 21.

Curves describing the development and depth of
the dimmings within several key 53" x 53" areas are
shown in Fig. 5. We can clearly see a time lag between
the emergence of the dimmings related to the first
and second flares. The first flare was accompanied by
the onset of dimmings at about 19 UT in areas 1, 2,
and, partially, 3. Significant dimmings are related to
the second event, beginning at 20:20—20:40 UT in
areas 5 and 6 related to the meridional channel, in
the southern area 4, and again in area 3. The onset
of the dimming in the northern area 6 was appreciably
delayed. Curve 7, which is shown for comparison and
verification purposes, demonstrates a smooth inten-
sity decrease in the area over the southwestern limb,
which does not seem to be related to the dimmings
considered here. As in the preceding event, the depths
of the main and channeled dimmings are tens of per
cent, while the development time comprises several
tens of minutes.

A comparison of the dimmings described above
(Figs. 4a—4d) and the background heliogram at

195 A (Fig. 4f; a negative) shows that the locations
and configurations of most of the channeled dim-
mings correspond to elements of the annular system
of emitting chains 1-5—3—8—-9—10—6, which was
observed prior to the event in the central portion of
the disk. The deepest dimmings appeared precisely in
the regions where the preflare UV features had been
brightest. For example, the southern arclike dimming
channel 1—5—3 coincided with the corresponding
bright chain between two flare regions. The deepest
portions of the transequatorial dimming 3—9 and
adjacent branches can be identified with features
of increased intensity in the neighborhood of the
southern and northern active regions. The diagonal
dimming 1-9, as well as the eastern and western
meridional dimmings 7—8 and 1—10, were located at
the sites of corresponding UV features. The dimming
fragments localized outside the central zone and
extending southward from the flare regions 2 and 3,
eastward from regions 7 and 8, and northward from
region 9 also had counterparts in the background he-
liogram, in the form of features of increased intensity.

[t is clear from these data that, as in the preceding
case, the disturbances related to the halo CME under
consideration were global and anisotropic. This is true
not only of the dimmings, but also of the coronal
wave. As indicated by the movies of the FD and RD
images, some manifestations of the coronal wave and
traveling dimmings can be detected only within the
southern sector bounded by elements 3—16—15 and
5—17 (Fig. 4d). In addition, modest-sized, fragmen-
tary brightenings accompanied the development of
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SOHO/EIT
195A

BBSO, Ha

February 17, 2000

SOHO/EIT
195 A

SOHO/EIT
195 A

147

Fig. 4. (a—d) Fixed difference solar images in the 195 A line for February 17, 2000 (SOHO EIT) obtained by subtracting

the heliogram of 18:24 UT. These illustrate the development of channeled dimmings after the halo CME and two sympathetic

flares. Bottom panels: (e) Hy heliogram; (f) original base (negative) image at 195 A.
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Fig. 5. (b) Time variation of the emission intensity in the 195 A line during the event of February 17, 2000, for several 53" x 53"
areas shown in panel(a): (/, 3,4)in dimmings adjacent to the flare centers and (2, 5, 6) in channeled dimmings. For comparison
and verification purposes, the intensity variation in region (7) over the southwestern limb is also shown. The instrumental

background has been subtracted.

the transequatorial dimmings 1—9 and 3—9 in the
central zone of the disk.

4. DISCUSSION AND CONCLUSION

Our analysis of the difference UV SOHO EIT he-

liograms (primarily the FD images) at 195 A suggests
the following properties of halo-CME-related, large-
scale solar dimmings and coronal waves.

There are events in which isotropic dimmings and
coronal waves are observed developing more or less
symmetrically in all directions from the eruption cen-
ter[15, 17].

Here, we have identified events with pronounced
anisotropic dimmings localized along a number of
narrow, extended structures—channels.

Such channeled dimmings extend between widely
separated activity centers, including those located on
either side of the heliographic equator, and cover the
visible solar disk almost entirely; in other words, they
are global disturbances.

The reduction in the intensity of EUV emission
in many dimming channels is comparable to that in
isotropic dimmings and reaches several tens of per
cent.

Channeled dimmings develop within several tens
of minutes and can exist for several hours, as do
dimming elements around eruption centers.

In channeled-dimming events, bright coronal
waves are either not observed at all or are also
anisotropic and propagate within a restricted sector
of the disk. In some cases, a wave of dark dimmings
is observed instead of a bright coronal wave.

Estimates based on the available data indicate that
the propagation speeds of both channeled dimmings
and coronal waves are several hundred km/s.

The appearance of isotropic or channeled dim-
mings apparently depends on the level of complexity
of the global solar magnetosphere.

I[sotropic dimmings and coronal waves are ob-
served when the structure of large-scale magnetic
fields is simple, when only one activity center present
on the solar disk.

In contrast, channeled dimmings and anisotropic
coronal waves are typical of complex structures of
the global solar magnetosphere, with the presence of
several active regions, filaments, coronal holes, etc.
on the disk.

Only preliminary remarks about the identification
of dimming channels with coronal structures can
be made at this time. It is obvious that channeled
dimmings outline or curve around existing large-
scale coronal structures. Some dimming channels
appear to coincide with pre-CME looplike transe-
quatorial emission features observed in the same line,

195 A, between widely separated active regions. A
similar halo-CME-related reduction in the intensity
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of transequatorial X-ray and UV loops was noted
in [27] (see also [22, 28, 29]). In some cases, chan-
neled dimmings arise at the scene of large-scale
emitting UV chains [31]. Such channeled dimmings
can probably be regarded as transient chains in
absorption. Extended dimmings may also be aligned
with the H,, filament channel. Just as coronal waves
avoid active regions [26] and stop in front of CHs [15],
channeled dimmings do not penetrate into CHs, and
remain localized along their boundaries.

The detected channeled dimmings provide addi-
tional evidence that widely separated active regions
and other features, including those situated in differ-
ent solar hemispheres, are integrated into a single,
complex system that forms the global solar magne-
tosphere. Large-scale emission chains also provide
evidence for this idea, and some seem to trace out
quasi-separatrix layers between different interacting
magnetic fluxes in the global solar magnetosphere
(see[31]).

The observations clearly indicate that, during a
major CME, a substantial portion of the global so-
lar magnetosphere becomes involved in the eruption
process within several tens of minutes. This probably
refers first and foremost to structures that are directly
magnetically linked to the eruption center [29]. It is
also not ruled out that these phenomena are induced
by an MHD disturbance that spreads from the erup-
tion center and is identified as a coronal wave.

[t is obvious that the deepest dimmings affect
structures that had fairly high emission measures and
were sources of enhanced emission before the erup-
tion. Dimmings and dimming channels demonstrate
the presence of well defined coronal features and ex-
tended structures in the complex global solar magne-
tosphere, which exhibit the most pronounced CME-
related intensity decreases. Such decreases could re-
sult from a partial or complete opening of the mag-
netic field lines in the process of the CME, with an
associated evacuation of material. Another possibility
is that an originally isotropic MHD disturbance af-
fects these structures. It is likely that one or the other
(or both) of these factors—the opening of field lines or
an MHD disturbance—operate in specific events or
in specific regions of the global solar magnetosphere.

On the whole, we can conclude that channeled
dimmings are an important consequence and indica-
tor of strong disturbances and substantial restructur-
ings of large-scale features of the global solar mag-
netosphere in the corona during and after a CME.
Further analyses are needed to gain a more com-
prehensive understanding of the nature of channeled
dimmings and their role in CME processes.
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Abstract—Observations of the total magnetic field in the active region NOAA 6757 have been used
to study the turbulence regime from 2.5 h before the onset of a 2B/X1.5 flare until two minutes after
its maximum. The curvature of the exponent ((g) for the structure functions of the B, field increases
monotonically before the flare (i.e., the multifractal character of the B, field becomes more complex)
but straightens at the flare maximum and coincides with a linear Kolmogorov dependence (implying a
monofractal structure for the B, field). The observed deviations of {(g) from a Kolmogorov line can be used
for short-term forecasting of strong flares. Analysis of the power spectra of the B, field and the dissipation
of magnetic-energy fluctuations shows that the beginning of the flare is associated with the onset of a new
turbulence regime, which is closer to a classical Kolmogorov regime. The scaling parameter (cancellation
index) of the current helicity of the magnetic field, &, remains at a high level right up until the last recording
of the field just before the flare but decreases considerably at the flare maximum. The variations detected
in the statistical characteristics of the turbulence can be explained by the formation and amplification of
small-scale flux tubes with strong fields before the flare. The dissipation of magnetic energy before the flare
is primarily due to reconnection at tangential discontinuities of the field, while the dissipation after the flare
maximum is due to the anomalous plasma resistance. Thus, the flare represents an avalanche dissipation

of tangential discontinuities. © 2003 MAIK “Nauka/Interperiodica”.

1. INTRODUCTION

The energetic basis for nonstationary processes in
the solar atmosphere—flares, giant mass ejections,
explosions of filaments, and so on—is the transfor-
mation of magnetic-field energy into the kinetic en-
ergy of accelerated charged particles [1, 2]. The re-
construction of the magnetic-field structure results
in instabilities in the atmosphere, magnetic recon-
nection, and explosions. Precursors of nonstationary
phenomena associated with changes in the structure
of the magnetic field have been sought for many years.
Large-scale processes in active regions, such as the
rising of new magnetic flux [3, 4] and shear motions
in the photosphere [5, 6], are often followed by flares.
On the other hand, the small-scale structure of the
magnetic field in the active region probably also ex-
periences some characteristic variations before a flare.
The magnetized photospheric plasma is in a state of
well-developed turbulence, since the corresponding
Reynolds number is very large, on the order of 108 [7].
[f, in accordance with the hypothesis of Parker [8—10],
chaotic motions of the feet of magnetic tubes at the
photospheric level are related to flare processes, then
the parameters of the turbulence of the photospheric
fields should be sensitive to the onset of flares.

As was shown in [11—14], increased flare activity
of a group is followed by a decrease in the coefficient
kp, characterizing the mutual compensation of the op-
posite polarities of the current helicity. Furthermore,
we demonstrated in [15] that certain turbulence pa-
rameters of the longitudinal magnetic field in the pho-
tosphere are closely related to the level of flare activity
of a group. In particular, we found for the eight active
regions studied in [15] that, the higher the magnitude
of the most powerful flare in the group (during the

Table. Parameters of the magnetic-field turbulence and
characteristics of the flare in NOAA 6757 on August 2,
1991.

UT |¢6) | ah | B r a |k
00:36 | 2.40 | 0.080 | —1.40 | —1.09 | —2.49 | 0.788
02:00 | 2.17 |1 0.073 | —1.17 | =0.76 | —2.31 | 0.741
02:39 | 1.75 ] 0.193 | —0.75 | —0.55 | —2.22 | 0.750
03:07 Beginning of the flare 2B/X1.5
03:15 Maximum of the flare 2B/X 1.5
03:17 | 1.99 | 0.035 | —0.99 | —0.65 | ~1.98 | 0677

1063-7729/03/4702-0151$24.00 © 2003 MAIK “Nauka/Interperiodica”
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Fig. 1. Magnetograms of the B, field in the active region NOAA 6757 on August 2, 1991, obtained by the Huairou Solar
Observing Station of the Beijing Astronomical Observatory. North is at the top and west is to the right.

03:06:33 UT

03:09:52 UT

Fig. 2. Flare of magnitude 2B/X1.5 detected by the Huairou Solar Observing Station in the Hg line.

period of its motion over the disk), the greater the
curvature of the plot of the structure-function ex-
ponent derived from the longitudinal magnetic field.
This conclusion has stimulated us to study variations
in the structure function for an active region before
the flare, as well as corresponding variations of other
parameters of the turbulence. This task can be formu-
lated more generally: do the approach and onset of a
powerful flare affect the turbulence characteristics of
the photospheric magnetic field? Precisely this is the
subject of the current paper.

We shall use the method for calculating and an-
alyzing the structure functions of the B, magnetic-
field component developed in [15], the method for

calculating power spectra and their exponents of [ 16,
17], and the method for calculating the coefficient &y,
(the cancellation index) of the current helicity of the
magnetic field described in[11, 18].

2. OBSERVATIONAL DATA ON THE ACTIVE
REGION NOAA 6757

The active region NOAA 6757 was located near
the disk center (N18, E18.7) on August 2, 1991.
Measurements of the total magnetic-field vector were
obtained by the Huairou Solar Observing Station
(HSOS) of the Beijing Astronomical Observatory
(China) using a videomagnetograph [19] in the
Fel 532.4 nm line. The resolution of the CCD camera
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Fig. 3. Logarithms of the structure functions as functions of the scale, calculated using the last two B. maps for August 2,
1991. The vertical dotted lines denote the boundaries of the inertial interval.

used was 0.62” x 0.43", and the size of the field
mapped was 512 x 512 cells. The calibration and
other characteristics of these magnetic-field obser-
vations are described in detail in [20].

A powerful flare of magnitude 2B/X1.5 began in
NOAA 6757 on August 2, 1991, at 03:07 UT, reached
its maximum at 03:15 UT, and ended at 04:07 UT.
Three records of the total magnetic-field vector were
obtained by the HSOS during the 2.5 h before the
flare, and another record was obtained 10 min after
the onset of the flare (2 min after its maximum). Data
outlining the chronological sequence of the events are
presented in the table.

The magnetograms of NOAA 6757 are presented
in Fig. 1. The images are of good quality and stable.
Figure 2 shows a photograph of the 2B/X1.5 flare ob-
tained by the HSOS in the Hpg line. The flare covered
a large part of the active region.

Since the group was located near the disk center,
correction of B for the effects of projection did not
appreciably change the field structure, only increased
slightly the noise level. (The recalculation of B to B,
was carried out taking into account B, and B, [20],
and the noise level in the HSOS measurements of
the transverse field was approximately three times the
noise level for the longitudinal field [19]). To avoid
introducing noise associated with the transverse field
into the structure of B,, we assumed that the mea-
sured longitudinal field B corresponds to the vertical
component B,. The structure functions (Section 3),
magnetic-energy dissipation field (Section 4), and

ASTRONOMY REPORTS Vol.47 No.2 2003

power spectra of B, (Section 5) were calculated using
the maps of By.

3. VARIATIONS IN THE PARAMETERS
DERIVED FROM THE STRUCTURE
FUNCTIONS OF B,

We calculated the structure functions S, (r) of B,
for each magnetogram in the table as follows [15]:

Sq(r) = (|Bz(x + 1) = B:(x)|*). (1)

Here, ¢ is any real number and r is the vector sep-
arating two arbitrary points x = (z,y) in the two-
dimensional magnetogram. The angular brackets de-
note averaging over the magnetogram. The following
power law is valid for the structure functions in the
case of large Reynolds numbers in the inertial interval
(21, 22]:

Sq(r) ~ (r)@). (2)

We calculated the structure functions for several
values of g from 0.5 to 6.0 in steps of 0.5. The S,(r)
dependences for integer values of ¢ for two magne-
tograms are presented in Fig. 3. Our choice of the
linear inertial interval (5—30 Mm) was based on the
following considerations. The magnetic structures of
the active region at > 30 Mm are related to regular,
large-scale motions rather than turbulent motions.
The lower boundary of the interval corresponds to
three times the telescope resolution (about 2”), which
is determined by the influence of the Earth’s atmo-
sphere. It was shown in [16, 17] that the decrease in
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Fig. 4. The functions ¢(q) calculated as slopes (on log-
arithmic scales) of the structure functions Sq(r) in the
inertial interval using the magnetograms for August 2,
1991. The dotted line represents the classical (K41) Kol-

mogorov line with slope 1/3. The plot of ¢(q) after the flare
maximum (at 03:17 UT) is shown by the thick curve.

the spectra at the corresponding frequencies is asso-
ciated with the influence of a characteristic function
corresponding to the telescope resolution.

The exponents of the structure functions ¢(g) cal-
culated as slopes of the log.S,(r)—logr plots [15]
for the four magnetograms of NOAA 6757 in the
inertial interval are presented in Fig. 4. As in[15], the
dotted line corresponds to a slope of 1/3 (i.e., the K41
line). This is the behavior of structure functions in
the classical turbulence theory of Kolmogorov, when
the parameters of the scale invariance of the medium
depend only on the average energy dissipation and
the turbulent medium itself does not display intermit-
tency; i.e., it represents a monofractal with a Gaus-
sian distribution (see, for example, [7, 15, 22]).

A decrease in ((q) at large ¢ and an increase in the
curvature of ((q) are clearly visible in Fig. 4 before
the flare. The ((g) curve enters the region under the
K41 line at ¢ > 3 just before the flare. This tendency is
traced especially well by ¢ at ¢ = 6, and the values of
¢(6) are presented in the second column of the table.
Note that (6) = 2.0 in the classical Kolmogorov the-
ory. For comparison, we present in Fig. 5 plots of the
structure-function exponents ¢(q) calculated using

{(q)
2.5¢

2.0

1.5k

0.5

Fig. 5. Same as Fig. 4 for the five magnetograms of
August 1, 1991, i.e., during an 8 h period without flares.

five magnetograms of the same active region on the
previous day (August 1, 1991) recorded during an 8 h
interval without flares. All the plots in this figure are
located quite close to each other and above the K41
line.

Such variations in {(q) agree well with the results
of [15], in which we studied groups with different flare
activity. Namely, the plots of ((¢q) for groups with
low activity were located above the K41 line, and the
higher the magnitude of the most powerful flare in
a group, the lower its location in the {(q) plot with
respect to the K41 line. This demonstrates that the
shape of ((q) is associated with the flare activity of
the group and the proximity of its state to a flare state.

In our opinion, the most interesting result is the
straightening of ((¢) 2 min after the flare maximum:
at 03:17 UT, ((q) coincides perfectly with the Kol-
mogorov K41 line within the measurement errors,
with the value of ((6) being very close to 2.0. This
clear transition from multifractal to monofractal be-
havior points toward substantial qualitative changes
hﬂ the structure of B, associated with the onset of the

are.

The multifractal character (i.e., degree of intermit-
tency) of the field can be probed using the derivative

ASTRONOMY REPORTS Vol.47 No.2 2003
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of ((q):

o) = “5 3)
The values of h(q) usually fill some interval Ah [22].
Each value of h(g) from this interval corresponds
to a subset of dimensionality D(h). The field under
investigation represents a population of subsets with
dimensionalities D(h) and thereby forms a multifrac-
tal. The broader Ah, the more complex the multi-
fractal structure of the field. In the case of classical
Kolmogorov turbulence (K41), only the single value
h =1/3 is allowed, so that the corresponding struc-
ture represents a monofractal. On the other hand, the
multifractal behavior is manifest as a tendency for the
small-scale turbulence to be concentrated in sepa-
rate, high-intensity bunches surrounded by extended
regions with smooth large-scale perturbations.

Plots of h(q) are presented in Fig. 6, and the values
of Ah are given in the third column of the table. We
can see that the interval Ah increases just before the
flare. The function h(g) is maximum 2.5 h before the
flare (the magnetogram at 00:36 UT), as is charac-
teristic of regions of low flare activity (see Fig. 4 in
[15]). Further, the function h(g) moves downward,
below the K41 line, 28 min before the flare, and its
shape becomes similar to that for regions of high flare
activity.

The pattern changes abruptly just after the flare
maximum: h(q) becomes nearly linear and lies along
the K41 line. The B, field behaves like a monofractal
with h close to 1/3. Thus, the entire multifractal pat-
tern disappeared over less than 36 min; i.e., in the time
interval in which the 2B/X 1.5 flare began and reached
its maximum. This suggests that the flare stimulated
a transition to another turbulence regime.

The deviation of {(q) from the Kolmogorov K41
line is due to the character of the intermittency, i.e.,
to the fractal characteristics of the field €,(x) of the
energy-dissipation fluctuations for the structure con-
sidered [21, 22]. The monofractal structure of the
energy-dissipation fluctuation field in the turbulent
flow results in the linear dependence of (¢) on ¢. The
deviation of ((¢q) below the K41 line at ¢ > 3 implies
an intermittent character for the energy-dissipation
field. This follows from the historical critical comment
by Landau concerning the classical Kolmogorov the-
ory of turbulence (see, for example, [22]).

Using the function {(q) derived from (1) and (2)
and its value at ¢ = 6, we can determine the exponent
[ of the one-dimensional spectrum of the fluctuations
in the dissipation of the magnetic energy [21]:

EE (k) ~ k™1 = 1P, (4)
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Fig. 6. Functions h(q) calculated as the derivatives
d¢/dq. The dotted line corresponds to the value h = 1/3
for the classical Kolmogorov K41 theory. The notation is
the same as in Fig. 4.

where 1 = 2 — ((6); i.e., 5 =1 — ((6). The values of
[ are presented in the fourth column of table. We can
see that the absolute value of § decreases before the
flare; i.e., the spectrum E©) (k) flattens. This corre-
sponds to an increase in the relative contribution of
the power of the energy-dissipation fluctuations on
small scales; i.e., to an enhancement of the small-
scale irregularities.

After the flare, the value of 8 almost coincides with
—1. This corresponds to a situation in which all the
statistical parameters of the field e,.(x) are specified by
its average value € and dispersion [21]. In other words,
it is reasonable to suppose that the dissipation field, as
well as the B, field, are no longer multifractal after the
flare.

4. VARIATIONS IN THE DISSIPATION
FIELDS FOR B, AND B,

The dissipation of the energy of the turbulent flow
per unit mass per unit time is defined as [21]

(%) = %Z(Z;ﬁ; + d“J) .6

dxi
where v is the viscosity coefficient.

It follows from (5) that the calculation of the
magnetic-energy dissipation field in the photosphere
e(x) requires simultaneous measurements of the total
field vector in some volume, which are not available.
Therefore, we shall study only the dissipation fields for
the longitudinal B, and transverse B, components of
the magnetic field in the photosphere.
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£(B,), 02:39 UT

£(B,), 03:17 UT

£(Bp), 03:17 UT

Fig. 7. Structures of the dissipation of the magnetic energy for the longitudinal and transverse components of the magnetic

field calculated using the magnetograms for August 2, 1991.

Expression (5) can be transformed into the fol-
lowing form for the longitudinal and transverse
magnetic-field components:

" :V(4((ddg (2 ") o

dB,
+2 (

dx

S )
(e

(where z,y are the coordinates in the plane of the
magnetogram)

Taking the viscosity coefficient v to be uniform and
equal to unity, we calculated the structures of ¢(B,)
and £(B). These are presented in Fig. 7 for two
recordings of the field (before and after the flare). Us-
ing these structures, we calculated the power spec-
tra E(a)(BZ) and E(a)(BL) using the method de-
scribed in [16, 17]. The spectra (in arbitrary units)
are shown in Figs. 8 and 9. Before the flare, these
spectra are irregular, have many maxima, and do not
show any easily distinguishable linear intervals. This

+))
(%)) o
)

is especially true of the E()(B,) spectra in Fig. 9.
[t is known [21, 23] that the presence of maxima in
a power spectrum indicates the nonuniformity and
instability of the structure, a supplemental input of
energy to the system within separate frequency in-
tervals distributed throughout the entire frequency
range, and the deviation of the turbulence regime from
a classical Kolmogorov regime. After the flare, the
E©)(B) spectrum becomes almost linear in the in-

terval 4—40 Mm (Fig. 9), and the E®)(B.) spectrum
becomes smoother in the interval 3—18 Mm (Fig. 8).

These calculations (which were independent of the
structure-function calculations) demonstrate that a
new statistical turbulence regime for the magnetic
field (closer to a classical Kolmogorov regime) was
established after the onset of the flare. The energy-
dissipation fields for B, and B became considerably
simpler. This can also be traced by comparing the
structures of ¢(B;) before and after the flare in Fig. 7.

We used the E(®)(B,) spectra to estimate the
spectral exponent—the parameter 7(¢) in the ex-
pression E(®)(B,) ~ k7@ —in the interval 3—18 Mm.
The values of 7(g) are given in the fifth column of the
table. We can see that 7(g) varies synchronously with
the exponent 3, providing independent confirmation
of the tendency for 3 to vary during the flare, as was
found earlier in Section 3.
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Fig. 8. Energy dissipation power spectra for B, calcu-
lated using the magnetograms for August 2, 1991. The
power is plotted along the vertical axis in arbitrary units.
The notation for the magnetograms is the same as in
Fig. 4. The spectrum after the flare maximum is shown
by the thick curve.

5. VARIATIONS IN THE POWER SPECTRA
OF B,

Using the procedure presented in [16, 17], we cal-
culated one-dimensional power spectra for the four
magnetograms of the B, magnetic-field component
presented in Fig. 1. The results are shown in Fig. 10.
We have not corrected these spectra for the noise level
or the instrumental function [16, 17]. The errors are
smaller than the size of the symbols. The spectrum
of the earliest recording (00:36 UT) is considerably
higher than the others in the high-frequency range
(k>4 Mm™1!), which suggests that it has a higher
noise level. The spectra nearly coincide in the low-
frequency range (i.e., on large scales, > 20 Mm) be-
fore the flare, but the power on these scales decreases
appreciably after the flare (i.e., 2 min after the flare
maximum).

A fragment of Fig. 10 depicting the spectra in
the interval 6.7—43 Mm, covering the linear inertial
interval 7—25 Mm, is shown separately in Fig. 11.
Strictly speaking, this is not the entire physical in-
ertial interval but only the part that was observable
with our resolution [16, 17]. The spectral exponents a
calculated in the inertial interval are presented in the
sixth column of the table.
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Fig. 9. Same as Fig. 8 for the energy of the B field.

Figure 11 shows that the power increases on all
scales below 18 Mm as the onset of the flare ap-
proaches. (Note that the same tendency is seen on
scales below 7 Mm, but the corresponding spectra
are distorted by the unknown instrumental function.)
The changes noted above can be explained by a pre-
flare amplification of the fluctuations of B, on scales

r, Mm

100 10 1
1000 gr———

100

10

E(k)

0.01 0.1 1 10
k, Mm™!

Fig. 10. Power spectra of B, calculated using the magne-
tograms for August 2, 1991. The logarithm of the normal-
ized power spectrum in units of 10'® J/m is plotted along
the vertical axis. The notation for the magnetograms is
the same as in Fig. 4.
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Fig. 11. Fragment of the spectra presented in Fig. 10 for
the scale interval 6.7—43 Mm.

below 18 Mm, in agreement with the conclusion of
Section 3 about the origin of the decreasing exponent
[ in the spectrum of the magnetic-energy dissipation
fluctuations. The absolute values of « decrease (i.e.
the preflare spectra becomes flatter) and do not corre-
spond to the Kolmogorov value —5/3.

After the flare, the power was nearly constant in
the high-frequency part of the inertial interval but
decreased appreciably in the low-frequency region
(Fig. 11). This can be explained by the development
of a direct cascade in the turbulent flow (i.e., the
transfer of energy from larger to smaller scales). In
general, the spectrum became more linear, and its
slope decreased; i.e., « became closer to the Kol-
mogorov value than it was before the flare.

The changes revealed in the power spectrum of B,
imply a gradual, monotonic variation in the turbulent
state of the B, field before the flare and an abrupt
change in the character of the turbulence associated
with the onset of the flare.

6. VARIATIONS IN FRACTAL PARAMETERS
OF THE TOTAL MAGNETIC-FIELD VECTOR

In [11—14], we studied the behavior of the coeffi-
cient for the mutual compensation of opposite polar-
ities, ky, (the cancellation index), for structures of the
current helicity of the magnetic field.

The current helicity h. =V x B, - B, can be
interpreted as the vorticity of the transverse field
weighted by B,: its structures follow the patterns
of the electric currents in those parts of an active
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region where B, is not small [12]. The quantity &, is
calculated as a scaling index of the signed measure
of the current helicity [11, 18] and characterizes
the degree of smoothness (the Holder index) of the
transverse magnetic field: the lower ky, the smoother
the field.

The coefficient ky, is fairly large during periods of
low flare activity of a group and decreases substan-
tially in periods of high activity [13, 14]. However, it
had not been possible to establish the behavior of kj,
within a few hours of the onset of a flare (due to in-
completeness in measurements of the total field vec-
tor and the rare availability of magnetograms recorded
just before poweriul flares). From this point of view,
the active region NOAA 6757 studied here represents
a valuable example. We calculated the structures of
the current helicity and the coefficients kj using the
four recordings of the total field vector listed in the
table; the resulting coefficients ky, are presented in the
seventh column of the table.

We can see that kj, remains at the same level
(about 0.76) up until the recording 28 min before
the flare and has decreased to 0.68 in the recording
2 min after the flare maximum. It is possible that
this decrease actually occurred in the period from the
onset to the maximum of the flare and that the num-
ber of tangential discontinuities of the field decreased
sharply in this same period.

7. CONCLUSION

We have considered the following two problems.
First, does the character of the turbulence of the pho-
tospheric magnetic field change within a few hours
before a flare, and does it differ from the character of
the turbulence just after the flare maximum? Second,
if the answer to the first question is positive, what
turbulent parameters are most well suited for short-
term forecasting of flares?

The results presented here clearly indicate that the
statistical regime of the magnetic-field turbulence in
the photosphere of an active region changes smoothly
before the flare and is completely different from the
turbulent regime at the flare maximum.

The degree of intermittency of B, increases with-
in several hours before the flare. This behavior im-
plies a broadening of the multifractal spectrum of the
structure of B, or, in other words, the formation of
subsets of strong narrow peaks of the same polarity
and abrupt changes in sign, whose distribution is not
Gaussian.

The appearance of narrow peaks of the same po-
larity can be explained by the emergence and am-
plification of small-scale tubes of strong magnetic
field just before the flare. The dimensions of these
flux tubes are apparently considerably smaller than
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the resolution of the field measurements. As a result,
they do not contribute appreciably to the detected flux
and cannot be identified visually in magnetograms.
Nevertheless, they must inevitably substantially affect
the higher moments of the statistical characteristics
of the field, as we have found. The existence and role of
these solar magnetic-flux tubes with field intensities
of several kG and dimensions less than 100 km have
been discussed in detail, for example, in review [24].

Abrupt changes in the sign of B, correspond
to tangential discontinuities of the field. The in-
crease in the intermittency of B, and the magnetic-
energy dissipation field before the flare appear to be
a photospheric manifestation of the increase in the
number of tangential field discontinuities in a global
“plasma + magnetic field” system encompassing
the active region from subphotospheric layers to the
corona. This system reaches a critical state when
a breakdown of some sort occurs (in the form of a
flare or an avalanche of nanoflares). A new turbulence
regime forms after the breakdown of this avalanche.
This new regime is characterized by a more uniform
distribution of the energy-dissipation fluctuations;
i.e., the turbulence becomes less intermittent and
more similar to classical Kolmogorov turbulence with
a Gaussian distribution.

After preparing this manuscript, we became aware
that this behavior can be explained by the results of
numerical modeling [25] of an avalanche of nanoflares
in the SOC model (see review [26]). If we assume,
following [25], that the process of magnetic-energy
dissipation before the flare is due primarily to recon-
nection at tangential discontinuities [27, 28], the sta-
tistical characteristics of the field will exhibit evident
deviations from Gaussian distributions, i.e., intermit-
tency. As an avalanche (corresponding observation-
ally to a flare) approaches, the number of tangen-
tial discontinuities and the deviation from a Gaus-
sian distribution increase. After the breakdown of the
avalanche (i.e., the flare maximum), the number of
discontinuities sharply decreases, the statistical char-
acteristics become Gaussian, and there is dissipation
due to the anomalous plasma resistance [29].

Let us summarize the response of the parameters
of the photospheric turbulence used here during the
approach and onset of a flare, so that the most conve-
nient of them for forecasting can be identified.

(1) The preflare changes in the shape of {(¢)—the
exponent of the structure function of the longitudinal
field B,—are the most reliable, visually striking, and
simple (computationally) manifestations. The shape
of ((q) begins to vary within 1—2 h before a flare: its
curvature increases, and the values of {(gq) for high
moments (g > 3) become lower than the classical
Kolmogorov values within 28 min before the flare.
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The absolute value of the exponent of the magnetic-
energy dissipation spectrum [, derived from ((6),
decreases, and the rate at which it varies increases
as the flare approaches. Two minutes after the flare
maximum, ¢(q) becomes nearly linear and coincides
with the classical Kolmogorov line within the obser-
vational errors.

Data on the longitudinal magnetic fields of active
regions are now widely available, and the computa-
tion of structure functions takes only a few minutes on
a PC. Therefore, the parameters derived directly from
the structure-function plots (Ah and [3) can easily be
used for short-term forecasting of powerful flares.

(2) Quantities derived from the slope of the power
spectra of both B, («, see table) and the dissipation
field e(B;) (7) are less reliable and convenient for
short-term forecasting. They suffer from considerable
computational errors due to the nonlinear character
of the spectra, especially just before the flare. On the
other hand, the general shapes of the power spectra
for B, and e(B,) (rather than their slopes) are rather
informative. The spectra of the longitudinal field ex-
hibit a preflare, continuous (along the spectrum) ac-
cumulation of power in fluctuations of B, on scales
below 18 Mm; the smaller the scale, the more intense
the accumulation. (This is in good agreement with the
results of [30] for the transverse magnetic-field com-
ponent.) The spectra of the dissipations of the lon-
gitudinal and transverse fields indicate the presence
of irregularities and supplementary energy input on
various scales prior to the flare [21, 23]. This implies
a transformation of the turbulence to a qualitatively
new regime that is closer to a classical Kolmogorov
regime after the flare maximum.

(3) The scaling parameter ky, of the signed mea-
sure of the current helicity, derived from the total
magnetic-field vector, certainly reacts to the flare, but
probably too quickly: it remains high and does not
exhibit any stable, monotonic variations up to 28 min
before the flare. Its value had decreased substantially
by 2 min after the flare maximum. This result is in
agreement with the single case of variations in kj
during a flare that was detected in our previous in-
vestigations of the current helicity [30]. Namely, there
was a large value of k; 12 min before the flare and
a considerably lower value within 3 min after the flare
onset in the active region NOAA 7315. Unfortunately,
we were not able to trace variations in kj, before this
flare. The decrease in kj, implies an increase in the
smoothness of the photospheric transverse field (i.e.,
in the Holder index), suppression of small-scale fluc-
tuations, and a decrease in the intensity of tangential
discontinuities of the transverse field [10, 30]. It can-
not be ruled out that the sharp drop of kj, begins just
at the flare onset. In that case, this can be considered
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evidence for an avalanche dissipation of the small-
scale tangential discontinuities in the transverse field,
i.e., a nanoflare avalanche [8—10, 25, 26].

Therefore, our conclusions suggest that the condi-
tions for a flare at the photospheric level are prepared
within several hours before its onset: the multifractal
structure of both the magnetic field and the energy-
dissipation fluctuation field acquire a more complex
character. Moreover, this preparation is not local and
encompasses the entire active region on all scales.
The onset of the flare is associated with a transition
to a new turbulence regime: intermittent turbulence
is replaced by a classical Kolmogorov regime without
intermittency.
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Abstract—A combined stochastic correlation model for the pole’s motion of a deformable Earth is
constructed using the data of the International Earth Rotation Service and dynamical Euler equations
taking into account tidal deformations. The deterministic component of the model describes the main
regular dynamical effects, while its stochastic component describes irregular effects obeying statistical
laws. Linear differential (requiring solutions of ordinary differential equations), and finite (assuming in-
tegrated characteristics) correlation models are constructed for both Gaussian and non-Gaussian random
parameters. The stochastic oscillations and trend of the Earth’s proper angular velocity are analyzed, as
well as nonlinear stochastic oscillations and the trend of the pole. This approach can be considered quite

novel. © 2003 MAIK “Nauka/Interperiodica”.

1. INTRODUCTION

At the present time, mathematical models of the
Earth’s polar motions that adequately describe obser-
vations and measurements carried out by the Inter-
national Earth Rotation Service (IERS) are of both
scientific and practical importance [1—4]. According
to IERS data, the complex polar motions contain,
first, the Chandler wobble (iree nutation), with an
amplitude of 0.20”—0.25" and a period of 433 + 2
sidereal days [3]. The characteristic features of the
Chandler component are related to the inertia tensor
of the deformable Earth [4]. The second component
of the polar motions is the annual oscillation, with an
amplitude of ~ 0.07”—0.08" and a period of one year
(365 sidereal days). The reasons for the excitation
of the annual oscillation remain unknown. It is usu-
ally associated with seasonal geophysical phenomena
(atmospheric processes and oceanic tides)[1, 2]. Ac-
cording to [4, 5], the annual oscillations of the Earth’s
axis can be attributed to the solar gravitational mo-
ment, the orbital motion of the spinning Earth, and
diurnal tides in the mantle.

The trend of the Earth’s pole (~0.5”, 90° west-
ward from Greenwich), which, in our opinion, is as-
sociated with the centrifugal moments of inertia of
the deformable Earth, is of fundamental importance
for any mathematical models of the Earth’s polar mo-
tions on long time intervals (~ 50 years or more). The
construction of linear stochastic models for the polar
motions of the deformable Earth taking into account
the tidal humps and bulges was presented in [6]. In

the present work, we construct nonlinear stochastic
correlation models.

This article contains six sections. The first derives
the equations of motion based on celestial mechanics
and the IERS data[3]. In the second section, we com-
pose linear differential and finite correlation models
for the non-Gaussian random parameters. Sections 4
and 5 present the equivalent Gaussian nonlinear cor-
relation models. The stochastic oscillations and trend
of the proper angular velocity, as well as nonlinear
stochastic oscillations of the pole, are analyzed. Fi-
nally, Section 6 contains the results of our analytical
modeling and discussions of these results.

2. EQUATIONS OF MOTION

We proceed from the following three-dimensional
nonlinear differential system with nine random pa-
rameters [6]:

P+ Noq = 3V1bw? cos w,t — Vyr? (1)
+ P(t,p.q;m, V), p(to) = po,

G — N.p = —3Vabw? cos w,t + Vir? (2)
+Q(t,p,q,m, V), aq(to) = qo,
= —3Vaw? (b + b cos 2w,t) (3)
+ R(t,p,q,m, V), r(to) =70,

where

P =P(t,p,q,r, V) = —3VaVidibw? cosw,t  (4)
— 3V Vsdiw?(b + b cos 2w,t),
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Q=Q(t,pq,r V)= —3V1 Vigdabw? cos w,t
—3V3V4d2w (b + b" cos 2w,t),
R =R(t,p,q,7, V) = =3V Vadsbw? cos w,t
+ 3V1V5d3bwf COS Wyt
are the small specific moments of the perturbing

forces. Here, p, q, and r are the projections of the
Earth’s angular velocity onto the fixed axes [2, 5], and
the quantities

1 e - B
7) — B(T
“‘i/‘ A

t
t+Ts .

COS 1y 7dT, (5)

1 C(7) —121(7') .
Vo = T / B sinr,7dr,
t
1B - A
Vs = E / — e sin 2r,7dT

t
are random parameters obtained by averaging the

axial moments of inertia of the deformable Earth over
the diurnal interval T, = 277! of the running time
and characterize the effective diurnal humps of the
solar tides, while

g+ . t+T*j ( )
_ e qr\T
Vim g [ Sl (6)
t
t+Ts -

T ()
_Jpr L pr
V")_B*JFT*/ B I

t
t+T .

) 1 o (T)
Ve =44 — / Par ) g
=TT c

t

are random parameters related to the centrifugal

moments of inertia of the deformable Earth and deter-
mine the effective tidal bulges. A* 4 A(¢), B* + B(?),

C* + C(t) and Jy, + Jpq(t), g + Jr(t), i+ Jrp(t)
are the Earth’s axial and centrifugal moments of iner-
tia, with the component marked by the asterisk being
constant while the one marked by the tilde varies due
to the solar diurnal tides. V%, Vg, and Vg denote the

random initial conditions

Vi = po, Vs = qo, Vo = ro. (7)

In addition, we introduce the following notation:
=(C* - B*)A*flw*, re = 365wy,  (8)
20 = (1-0%/2), 20" = —1?,
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A*B*
cr

B*C* A*C*
a0 T
A* =8.0912 x 1037 kgm?,
B* =8.0914 x 1037 kgm?,
C* = 8.11 x 1037 kgm?,

where w, is a constant determined by the gravita-

tional and focal parameters and b (0.4 < b < 4/37~1)
is a dimensionless coefficient [5].

When deriving Egs. (1)—(3), we used the dynami-
cal Euler equations taking into account the variations
of the inertia tensor. We assumed that the lunar grav-
itational moments can be neglected due to their weak
effect on the oscillations (the lunar effect gives rise to
monthly amplitudes that are smaller than the annual
amplitudes by a factor of 15—20). We have also taken
into account the fact that the terms containing r,
72, wy, and w? significantly exceed the corresponding
terms w1th squares of these quantities and products

of p, q, C’/C’ JpT/A* rq/B*,etc.

3. LINEAR DIFFERENTIAL AND FINITE
CORRELATION MODELS

Let us examine first the case when we can neglect
the nonlinear functions (4) and substitute rg (the axial
speed of the Earth’s rotation, 7g = 7.27 x 1072 s~ 1)
for r in functions V472 and Vsr? of (1) and (2). This
results in the following linear stochastic differential
system:

Pr + Noqs = 3V1bw? cos wyt — V47“8, (9)
p(to) = po = V7,
Gt — Nypr = —SVwaf COoS wyt + V5r(2),
q(to) = qo = V4,
= —3V3w (b + b" cos 2w, t),

r(to) =ro = Vo
=p(t), ¢¢ = q(t), and ry = r(t).

Let us start with Egs. (9) with the parameters V;
being real, random (not necessarily Gaussian) quan-
tities with the mathematical expectations mY’, vari-
ances D), and covariances KV We introduce the
following notation for the mathematlcal expectations,
variances, covariance functions, and covariances:

split on p;

= Mp;, m{=Mgq, m;=Mr, (10)
DY = Mp*, D} =Mq?® Di=Mr} (11)
Kft/ - Mptpt/ Ktqt/ == Mqt qt/ tt/ = M'I”t Tt/

(12)
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K7

K = Mrop?, =

it = M Qt ""t/ K p?/ =M pt Qt'

(13)
where M denotes the mathematical expectation (sta-

tistical averaging) and zero superscripts denote the
centered random components py, q;, and ry.

Employing the linear theory of stochastic systems
[7, 8] for t = t/, we obtain ordinary differential equa-
tions for the mathematical expectations, variances,
and covariances of p; and ¢;:

mf:—N*mg+m¥F1t_mXF2t7 (14)
= N*mf — m¥F1t + mg‘)/F2ta
DY = 2N K} 4 2Fy, KP — 2Py KPY, - (15)
Dq = 2N, K — 2F K12 4 2F5 K95,
KM = —N, D! 4+ Fy K" — Fp K74,
val = —N*val +F1tD¥_F2tK&V7 (16)
KPV4 = —N*va4 =+ FltKKlV — FQtDXa
KPY = _N, K% FltKK’) F2tK45 )
val = N*val — FltKlv2 +F2tK15 )
K1V — N*KQVQ _ FltD;/ + FQtKQ‘/E’;V,
K45 — N*va5 _ FltKQ‘{f)V + thDé/,
and
i = —my Fy, Dj=-FyK™,  (17)
K" = —DY Fy
for r;, where
Flt = Sbu)f COSs Cd*t, FQt = T(2)7 (18)
Fy = Sw,%(b/ + 0" cos 2w, t).
We use the mathematical expectatlons mp®" as

the initial conditions for p?, ¢?, and . The ordmary
differential equations for the covariance functions and
covariances at ¢ > t are obtained similarly. The ordi-
nary differential equations (14)—(17) and correspond-
ing initial conditions supply us with the desired linear
differential correlation model for py, g¢, and r;.

In accordance with [7, 8], we can derive finite
linear correlation models, first, by integrating (14)—
(17) and, second, by integrating Egs. (9), in order to
obtain the functions

bt = p(t7V)7 qt = Q(t,V), Tt = T(t,V) (19)
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followed by the application of the known formulas for

the correlation characteristics of the angular veloci-
ties Pty q¢, and T¢.

In the second case, we obtain for t and ¢’ (¢ > t)
the following finite expressions for the mathematical
expectations, variances, covariances, and covariance
functions of py, ¢¢, and ry:

g (6)
mp®t =% Wb m], (20)
=1
g (6)
Dpe = 2223 PR, @)
=1 j=1
9 (6)
b — b V
Kl -—25:2: GRS, (22)
i=1 j=1
g (6)
14
M%Zzwzmp
i=1 j=1
9 (6)
K%—§:§:¢mva
=1 j=1
9 (6)
-
K = EZEI?%W%K
=1 j=1

Here, the symbol “6” in the summations in (20)—(22)

signifies that the summation over i = 1,9 eliminates
the parameter V5. The functions 7" (i = 1,9) are
the influence functions of the parameters V;, which
we obtain by solving (1)—(3) for P = @Q = R = 0 and
substituting ¢7,"" for p, ¢, and r

V=, = bow, sinw,t, (23)
¢g,t = 7/)(11,7& = —bo N, cos wyt,
Yhe =~ (t o) — SV,
X (sin 2wyt — sin 2w, o),
¢Z,t = g,t = —rgN; !,
wI?),t = wg,t = cos N,(t — to),
Y8, = —sin Nu(t —to) = —,, b, =1,
pt = Q/Jg,t = ¢g,t = @Z)g,t =0,

by = 3bw?(w? — N3t

The resulting equations show that the averaged
(over the time 27w, 1) statistical trends in the vari-
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ables p; and ¢; and the average variances and covari-
ances for ¢’ = t are constant and equal to

(mf) = —r0m5 YN (mi) = —rgmi N1, (24)
(Dp) = b2( :DY + N2Dy) + (rgN; ')’ Dy,
(D) = §bo<N3D¥ +wiDy) + (iGN ) Dy

<K€g> =0,
where (...) denotes averaging over 2rw; !, with

the covariance functions Kftﬁ] being proportional to
cos 2w, (t' — t).

The nonstationary trend and variance in the vari-
able r; are

(my) =ro—3b'(t — to)wfm;)/, (25)

2
(D}y = {[Sbw (t — to)] + % (gb”w*) }D?,V,

(Kib) = (Kif) = 0.

By virtue of the linearity of Egs. (9) in the vari-
ables py, qi, and ry and the parameters V7, ..., Vs, the
results remain valid for both real Gaussian and non-
Gaussian random parameters.

4. NONLINEAR DIFFERENTIAL AND FINITE
STOCHASTIC CORRELATION MODELS

Applying the theory of nonlinear, stochastic, dif-
ferential systems based on the stochastic expansions
[7, 8], we arrive at the following finite mathematical
expectations, variances, covariances, and covariance
functions of py, q¢, and r; for times ¢, ¢/ > ¢:

9
mpet =y gt my o Ampr,(26)
i=1
Df’q’ ZZ pqr pq, KV+Aqur
i=1 j=1
ZZW’“ POTKY + AR, (27)
i=1 j=1
KM, = qup V1KY + AK, (28)
i=1 j=1
9 9
v
Kfy = > ik + AKY,
i=1 j=1

KT, = ZZWJ oK+ AK

=1 j=1
Here, the functions AmP®", ADP?" AKPE",

AKpg,, AKq:,, and AK};, are the components of

the mathematical expectations, variances, and co-
variances taking into account the nonlinear functions
P, @, and R. For arbitrary distributions of random
parameters V, we can find the mathematical expecta-
tions and covariance characteristics using the known
formulae[7, 8] upon solving Egs. (1)—(3) analogously
to (19).

For the random Gaussian (normally distributed)
parameters V, we can obtain approximate ordi-
nary differential equations for the equivalent Gaus-
sian mathematical expectations, variances, and co-
variances using the method of normal approxima-
tions [7, 8].

5. EQUIVALENT GAUSSIAN NONLINEAR
CORRELATION MODELS

In the correlation theory for nonlinear stochastic
systems [7, 8], (1)—(4) are equivalent to the Gaussian
stochastic differential equations, with the nonlinear

functions Vj, 572, P, Q, and R replaced by the linearly
normalized functions

ViV = m!'my + Kl +m} V) +m] V?
(i, =1,5),
Vir? ~ m}/(mg)2 + m}/D{ + 2m€Ki‘t/r
+ [(m{)? + DYV + 2 (mi 'm] + K3") r}
(i =4,5).

(29)

In addition to (18), we introduce the following
notation:

Fy = Fy(m, K) = —{m}f [(m§)? — 18] +m) D}
+2miKY" + 3(mY m{ 4+ K3g)dibw? cos w,t
+3(my my + Ki5)diw?(b + b cos 2w,t) },

Fy, = Fsi(m, K) = mg [(m;)Q - 7“(2)] +mg Dy
+2mi K3 — 3(mY m§ + K{g)dabw? cos wit
— 3(mYmy + KY)dow? (b + b" cos 2w,t),
Fet = Fee(m, K) =
+ 3(mymY + K{5)dsbw? cos wit,
Fry = Fry(m, K) = 2(m) mj + K};"),
Fy, = Fy(m, K) = (m)* + Dj,

—3(mY'mY + K},)dsbw? cos wyt

For = For(m, K) = 3mg dibw? cos w,t, (30)
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Fiot = Fioe(m, K) = 3mvd1bw2 coS 2wy t,
Fiis = Fiip(m, K) = 3mY diw? (b + b" cos 2w,t),
Fiop = Fioe(m, K) = 3m¥ diw? (b +

Fig = Fizi(m, K) = 2(m¥ m}, + K3,"),

Fiy = Fras(m, K) = 3m{ dabw? cos w,t,

Fisi = Fisi(m, K) = 3m} dabw? cos 2w, t,
Figt = Fige(m, K) = 3m) dow? (b + " cos 2w,t),
Fie = Fize(m, K) = 3mY daw?(b + b cos 2w, t),
Fige = Fige(m, K) = 3(my —mY)dzbw? cosw,t,

Fio; = Fig(m, K) = 3m} d3bw? cos 2w.t,

Foor = Fage(m, K) = 3mY dzbw? cos 2w,t.

b cos 2w,t),

We finally obtain the desired equivalent Gaussian
system
mt = —N, mt + my Flt —my th + Fyy,
mfo = m0 = Mpo,
= N.ml —my Fyy +mY Fy + Fy,

q
my, = 'mo = My,

(31)

s T T
mt = —m3 F3t =+ Fﬁt, 'mto

=mgy = Mry,
By = —Nug) + Fu VY = Fryr — Fg VY
— FoiVy — Fioi Vg — Fiu V' — FiaVy,
@) = Nup) — FiiVy + Figr) — F Vi) — Fiae VY
+ FisiVg — FigtVs — Fid VY, qh) = a0,
i) = —F3 Vs — Fig VY + Fo:Vy + FooiVs s

0 _ .0
Tiy = To-

(32)
pY = Do,

Let us analyze in detail the main dynamical ef-

fects of the nonlinear components in the correlation
model (26)—(28).

6. ANALYSIS OF NONLINEAR STOCHASTIC
OSCILLATIONS AND TRENDS

Let us continue our analysis of the stochastic os-
cillations and trend of the angular velocity r, (Sec-
tion 2) for the nonlinear case and the fixed initial
condition m{, = rg. Direct integration of (31) and (32)
enables us to calculate the mathematical expecta-
tions and correlation characteristics for the angular
velocity of the proper rotation 7, using (26)—(28).
Here, the nonlinear components Amj and ADj] and
their averages over the time 27w ! are

Amj = —3bw.ds [m}/(mg —mY) - (K{y; (33)
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—KJ5)]sinwt, (Amj) =

AD! = (3bw.ds3)? [DY(m})/ —my)?
+(Dy + D5 = 2Ky5)(my )*

- (K1V2 - KK—,)mY(mX — m;/)] sin? w,t,

(34)

W9
(ADF) = D2 [DY (md —m)?

— 2Ky5)(my )?
= Kis)my (mg —m3)].

+ (DY + DY
— (K1)

Similarly we can derive the covariance function
MK,

Comparing with the angular velocity 7, of the
proper rotation presented in Section 2 for known
initial conditions, we conclude that the correlation
between the tidal humps of the first harmonic V3, V5
and the bulge V5 gives rise to harmonic oscillations
with frequencies w, and 2w, with respect to the con-
stant averages (Amj}) =0 and (AD}) # 0. In this
case, there are no correlations between r; and V,
Ve, and K};" = K" = 0. The effect of the parameter
Vg is absent. Using (33) and (34) for my = mY and
K15 = K}, we obtain

Amy =0,
x (DY + DY

AD! = (3bw,ds)?
—2K))(my )% sin® wyt.

(39)

Let us extend the findings of Section 2 for the
linear theory of stochastic oscillations and the trend of
the Earth’s pole to the nonlinear case of known initial
conditions pg and qo. In this case, taking into account
(33)—(35), the equations for Am¥, (Am?), Am{, and
(Am{) take the form

Aml + N, Am]
= —m}f [DI +AD] + (Am:)ﬂ

(36)
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qt [ = 0.3230 — 0.10421, of = 0".025
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Fig. 2.

—3(mYm{ + KJg)dibw? cos w,t
— 3(mYmY + K35)diw? (b + b cos 2w,t),
Ami — N.Am?
=my [Dj + AD] + (Am])?]
—3(mYm{ + K{5)dobw? cos w,t

— 3(mYm) + K3})dow? (b + b cos 2w,t),

(37)

(Am}) = —mY (D] + AD; + (Amj)*)N; ' (38)
+ 3(md my + Kg)dewlb' N1,
(Am{) = —my (D] + AD] + (Amj)*)N,; !

—3(mYmY + K3)diw?t' N1,

(39)

where Dy are determined by the linear correlation
theory (Section 2) and Amj and ADj are determined
by (33) and (34).

By virtue of (38), (39), and (25), the additional
average trend in the p; and ¢ components of the
angular velocity is determined by the parameters V3,
V4, and V5 and is equal to

(Amf) = of) + oft + obt?,

(Amf) = af + aft + oht?,

(40)

P (35 K345

P
where agf o = a1 o are the zeroth-,

first-, and second-order time derivatives of (m%"?) .

Equations (32) represent a linear nonstationary
system with random parameters contained linearly.
Integrating these equations, we first find the effective
influence functions <7 for the parameters V; and
then the analytical expressions for the desired math-
ematical expectations and correlation characteristics
using (26)—(28). The effect of the non-Gaussian be-
havior of the distributions of random parameters can
be studied analogously [10].

7. ANALYTICAL MODELING
AND DISCUSSIONS

Special software based on the equations of Sec-
tions 4 and 5 has been developed at the Institute
for Problems of Informatics. The analytical models
are shown in Figs. 1 and 2. The circles present the
IERS data [3] and the solid curves, the mathematical
expectations. The mean trends in the variables p, =
p(t/Ty) and qr = q(t/T}y), where T}, is the time in
years, display both constant and linear components.
The averaged rms deviations are constant and nearly
coincide. Experimental statistical tests have shown
that the analytical modeling provides accuracies of
~10% for the linear correlation models and 3—5% for
the quadratic correlation model.

When the random parameters V contain some
non-correlated parameters with V.= A;V, where A;
is a linear-transformation matrix, the finite correlation
model (26)—(28) for V is simplified considerably since
KZ‘]/ = 0fori # j. This approach is helpful when (1)—

(3) take into account the tidal bulges and humps of
higher zonal harmonics [1, 2].

Using the methods of mathematical statistics [10],
the correlation models of the deformable Earth have
enabled us to solve the following practical tasks:

(i) for known statistical characteristics of the ran-

dom parameters V. = [Vj ... VQ]T, calculate the sta-
tistical characteristics of the p;, ¢, and r, compo-
nents of the angular velocity for various times (includ-
ing statistical forecasting and identifying anomalous
phenomena);

(ii) for known observational data [3], estimate the
mathematical expectations, variances, and covari-
ances of the parameters in (1)—(3) and determine
their confidence intervals;

(iii) solve mixed problems, when only some of the
observed parameters have acceptable accuracy.
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Abstract—The possibility of estimating the redshifts of radio sources based on radio continuum observa-
tions is demonstrated. Since the pressure exerted on the intergalactic medium by radio lobes is associated
only with their total energy, while the pressure exerted on the radio lobes by the intergalactic medium
depends on the redshift, the redshift can be estimated. The proposed method does not require the use of
standard candles or standard sizes for any features. Consequently, it is free of the influence of cosmological
evolution of the radio sources. Our insufficient knowledge of the density and temperature of the intergalactic
medium prevents us from applying the method to obtain direct estimates of the distances to extragalactic
radio sources. Therefore, a method designed to enable indirect estimation of the source distances has also

been developed. © 2003 MAIK “Nauka/Interperiodica”.

1. INTRODUCTION

All means of determining the distances of extra-
galactic objects are related one way or another to
optical observations. According to [1, 2], three main
methods of distance determination can be distin-
guished. In the first, distances are determined using
observations of supernovae. It is assumed that the
maximum absolute brightnesses of all supernovae
are the same. The second method assumes that the
brightest elliptical galaxies in clusters (cD galax-
ies) all have the same absolute brightness. The third
method is associated with determining the redshifts
(z) of extragalactic sources. The first two methods
are photometric, since they are based on the fact that
the luminosity of any object falls off as 1/72 (7 is the
distance to the object). If the absolute magnitude of
an object is known, it is possible to derive its distance
from its apparent magnitude. Distance estimates ob-
tained using photometric and spectroscopic (redshift)
methods may not coincide.

There are also other methods of distance estima-
tion. In some of these, the observed width of some line
in the optical or radio is linked to the absolute magni-
tude of the galaxy. The methods that are most often
used are those of Tully and Fisher [3] (used to de-
termine the distances to spiral galaxies) and of Faber
and Jackson [4] (used to determine the distances to
elliptical galaxies). Tully and Fisher found a good
correlation between the widths of the HI (21 cm) pro-
files and the absolute magnitudes or diameters of the
galaxies studied. The Faber—Jackson method makes
use of the correlation between the dispersion of the
stellar velocities derived from stellar absorption lines
and the absolute magnitudes of the galaxies studied.

Other methods relate the surface brightness of some
observed feature with its distance. These methods are
discussed in more detail together with a number of
more exotic methods for distance estimation in the
review [5]. We note only that, as a rule, the accuracy
of these methods is not high. The main problem, in
our view, is that all these methods require the use of

standard candles or standard sizes associated with
the object studied.

No types of radio source have been found that
could serve as standard candles for observations of
sources at cosmological distances. This has pre-
vented the use of photometric distance-estimation
methods in the radio frequency range. On the other
hand, spectral features in the radio frequency range
are typically very weak, so that methods based on
direct redshift determinations are virtually never used.

Here, we propose a method for deriving redshifts
from radio continuum observations of radio sources.

2. THE DISTANCE-DETERMINATION
METHOD

The main idea behind deriving redshifts from
radio-continuum observations is very simple. Let us
suppose we observe a classic radio galaxy such as
Cygnus A. It consists of a weak core located at the
center of the host galaxy, two jets emerging from the
core, and two large radio lobes located at the ends of
the jets and placed symmetrically with respect to the
core. What determines the total energy of the radio
lobes? It seems that this total energy is determined, in
the end, only by the accretion rate onto the black hole
that lies in the core of the radio source. It may be that

1063-7729/03/4702-0081$24.00 © 2003 MAIK “Nauka/Interperiodica”



82 TYULBASHEV

there are additional factors that contribute to the total
energy of the radio lobes, but, one way or another,
they are all associated with the host galaxy. On the
other hand, if these radio lobes have gone beyond
the boundary of the host galaxy, their expansion into
space is hindered only by the intergalactic medium.
Accurate information about the intergalactic medium
is sparse. However, it is reasonable to suppose that
its characteristics, especially its density, are related
primarily with the redshift at which the medium is
located. Thus, if two radio galaxies with different
accretion rates are observed at the same redshift,
the physical dimensions of the radio lobes will be
larger for the galaxy with the higher accretion rate.
The energy density per unit volume of the radio lobes
will be the same. If two radio galaxies have the same
accretion rates, the intrinsic dimensions of their radio
lobes will depend only on the distances to these
objects: the higher the redshift z, the smaller the
intrinsic dimensions of the lobes.

When the pressure of the intergalactic gas on the
radio lobes is equal to the pressure exerted by the
lobes on the intergalactic gas, we can write the simple
equation

f%n.=:f1m~ (1)

[t follows that, if we can find a way to determine the
internal pressure in a radio lobe and the external pres-
sure exerted on the lobe by the extragalactic medium,
the possibility arises of directly estimating the cosmo-
logical distances to the radio sources associated with
these lobes (i.e., the sources’ redshifts).

This method would be suitable not only for radio
galaxies, but also for quasars. Quasars more typically
display only one radio lobe and a bright core. The core
can easily be distinguished from the lobe, since the
spectrum of the core is flatter than that of the lobe.

[f the radio lobe is spherical and its total energy
(Utot ) is known, then, according to Pacholczyk [6], the
internal pressure can be estimated using the formula

Py= %% (where d = d(z) is the intrinsic diameter
of the lobe, which can be found from 6, the apparent
diameter of the lobe).

However, we are not entirely clear about how to
estimate the external pressure exerted by the inter-
galactic medium on the radio lobe. Let us suppose
that the external pressure is determined primarily by
the thermal pressure of the external gas and that,
according to Pacholczyk [6], Peyy = %nk:T, wheren =
n(z) is the density of the intergalactic gas, k is the
Boltzmann constant, and T'= T'(z) is the tempera-
ture of the intergalactic gas. Equation (1) can then be
rewritten in the form

6 Ut

7 d(z)3

= gn(z)kT(z) (2)

We can estimate the redshift of the source by solv-
ing (2) for z.

Due to the uncertainty in the parameters asso-
ciated with the external pressure, it is not possible
to fully develop a method for direct estimation of the
source distances. Therefore, in place of such a direct
method, we present below an indirect method for
estimating z.

Both P, and P,y contain parameters that depend
on z. However, these dependences are complex, and
it is not possible to cancel all z-dependent terms on
both the right-hand and left-hand sides of (2). Thus,
we can write

Uot

3
eapp

= f(2), (3)

where Uy, is the total energy of the radio lobe in the
rest frame of the lobe. Whatever method we select to
estimate the energy of the lobe, it is very likely that the
associated equation will contain terms that depend on
the source redshift. Therefore, we estimate the total
energy as if the source had zero redshift, so that all
z-dependent terms are included in the function f(z).
The behavior of f(z) can be derived empirically from
observations of real sources with known redshifts.
As a result, this method for estimating redshiits is
indirect and will work only after an expression relating
the internal energy in the radio lobe per unit volume
(i.e., the energy density in the lobe) to the redshift of
the radio source can be derived. It is also evident that
this relation will be an increasing function of z; i.e.,
larger lobe energy densities will correspond to more
distant sources.

Komberg and Smirnov [7] have also proposed a
method for estimating source distances from the ex-
tended lobes of radio galaxies. They constructed a
dependence between the surface brightness per unit
area of a radio lobe and the lobe’s size for radio
galaxies with known redshifts. A good correlation
was obtained, at least for radio galaxies with redshifts
less than 0.1 (so that cosmological evolution was
negligible). Their dependence could be used to derive
estimates of the distances for sources with unknown
redshifts.

In our proposed method, there is no need for stan-
dard candles or standard sizes for any features in the
objects studied. Let us suppose, for example, that
the radio galaxies undergo strong, non-linear cos-
mological evolution. This means that it is impossible
to derive distances to these sources using classical
methods, even if all the sources are standard candles,
until we can determine the functional behavior of this
cosmological evolution. However, this is not impor-
tant for our method. The cosmological evolution of the
radio galaxies will make sources at various redshifts,
on average, brighter or dimmer. However, this will not
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be important for our method, since we measure the
total energy in the radio lobes. If the radio galaxies
at some redshift are overall brighter, this means that
they will have, on average, larger lobes. The energy
density per unit volume will be determined only by
the pressure exerted on the lobe by the intergalactic
medium. Thus, our method is free of the influence of
possible cosmological evolution of the objects consid-
ered.

3. ACCURACY OF THE METHOD

The accuracy of the proposed method for estimat-
ing the distances of radio sources is determined by
the accuracy with which U, can be estimated. Let
us assume that the main contribution to U, is made
by the energies of the magnetic field and relativistic
particles, as is most likely.

If there is equipartition between the energies of the
magnetic field and relativistic particles, the total en-
ergy in the radio lobe can easily be estimated. The ra-
dio lobes are large (10—1000 kpc) and have long life-
times (hundreds of millions of years). Consequently, it
seems reasonable to suppose on general grounds that
energy equipartition should be established. On the
other hand, our previous studies [17] have shown that,
as a rule, there is no energy equipartition in structures
in radio galaxies and quasars that have sizes of up to
| kpc. Therefore, this question requires further study.

If the energies of the magnetic field and relativistic
particles are not in equipartition, we can obtain a
correct estimate of H if alow-frequency cutoff asso-
ciated with synchrotron self-absorption is observed in
the spectrum of the extended radio lobe. Artyukh [8]
has developed a method for estimating H, and the
density of relativistic electrons. In this method, which
is based on the formula of Slysh [9], the accuracy
of the H, estimate is determined by the accuracy
with which the angular dimensions of the source are
known (H, ~ 6*). Artyukh [8] proposed to estimate
the angular size of a compact radio source from the
power spectrum of scintillations observed at low fre-
quencies, which yields uncertainties in the source
angular size of 30—100%. It follows that the corre-
sponding accuracy of H is very low (1.3%—2% or a
factor of 3—16)—an order of magnitude for the field
and two orders of magnitude for the total magnetic-
field energy. Roughly the same situation arises for
estimation of the relativistic-particle energy.

Thus, using observations of interplanetary scintil-
lations to estimate the source angular size leads to
very large uncertainties in the estimates of H, . How-
ever, aperture-synthesis systems such as the Very
Large Array yield good UV coverage and high image
dynamic ranges, substantially improving the accu-
racy of angular-size estimates (~10%). In this case,
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the uncertainty in the field estimate will be no more
than a factor of 1.5, corresponding to an uncertainty
in the field energy of about a factor of 2. Thus, the
resulting estimates of z derived from f(z) will also
differ from their true values by up to a factor of 2. An
uncertainty of a factor of 2 for distance determinations
is, of course, large. Note, however, that this uncer-
tainty can be decreased by increasing the accuracy
of the source angular-size estimates. For example, if
it is possible to measure the angular size of a radio
lobe with an uncertainty of no more than 3%, the
uncertainty in z will be only 30%, comparable with
the accuracies of classical methods for estimating the
distances of cosmological objects.

Unfortunately, there are additional factors that can
distort the f(z) relation in unpredictable ways. Two of
these are the most important.

First, we have assumed that the internal pressure
of the lobe and the external pressure exerted by the
intergalactic gas are in equilibrium. This is a serious
assumption for which there are no equally serious
arguments to support it. Of course, there are indirect
arguments. For example, it is known that the active
phase of a galactic nucleus lasts about 100 million
years, while the radio lobes are longer-lived forma-
tions. Therefore, it seems reasonable to suppose that
an equilibrium between the media inside and outside
the radio lobe should have been established. The case
of ongoing expansion of a radio lobe in the course of
its evolution is more complex. In this case, we must
consider not a hydrostatic approximation (as we have
done), but a hydrodynamical one. Then, Eq. (1) will
remain unchanged, while the left-hand side of (2) will
contain terms associated with the expansion speed of
the lobe. However, it would be premature to compli-
cate the distance-estimation scheme before obtaining
some observational verification of the method.

Second, the radio sources could be located in su-
perclusters or clusters of galaxies or could be sim-
ply isolated objects. We have implicitly assumed that
the temperature and density of the intergalactic gas
depends only on the redshift and not on the region
surrounding the radio source. There are at least two
possible ways to resolve this problem. The first is
to divide samples of the radio galaxies under study
into galaxies in clusters, in groups, and so forth, and
then construct the relations between the energy den-
sity per unit volume and distance separately for the
different subsamples. The second approach is more
fundamental. If there is simply no clear dependence
of the density and temperature of the intergalactic
medium on the redshift, we can try to estimate the re-
quired densities and temperatures, for example, from
X-ray observations. We can then insert the densities
and temperatures derived observationally in the right-
hand side of (2) and estimate the redshift from the
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left-hand side of (2), since it contains the observed
angular size of the radio lobe, which is related to its
intrinsic linear size by the redshift.

Only observational tests can enable us to deter-
mine the contributions to the errors in the z esti-
mates made by these two factors. We note only that
we are considering here a simplified scheme and are
not justified in making it too complex until we have
additional information from real observations to use
as a basis for this.

4. SOURCE SELECTION

There exist two main criteria for the construction
of initial samples to be used to determine the f(2)
relation.

(1) To estimate the total energy in the radio lobes,
we must know the physical conditions in these for-
mations. If the main contribution to the total energy
is made by the energies of the magnetic field and
relativistic particles, as is most likely, we can use the
method developed by Artyukh [8]for spherical sources
uniformly filled with magnetic fields and relativistic
particles. There also exist analogs for this method
developed by Artyukh and Chernikov [10] for the case
of non-uniform distributions of the field and particles.
This second method requires very precise knowledge
of the source spectrum, which is unfortunately very
difficult to obtain observationally.

Thus, we propose to use the method of [8] to
estimate the total energy. The main condition that
must be satisfied in this case is the presence of an ob-
servable low-irequency cutoff in the radio spectrum.
We can use the spectrum near the cutoff to estimate
the magnetic field, use this value and the optically-
thin part of the spectrum to estimate the relativistic-
electron density, then finally use these results to esti-
mate the energies of the magnetic field and relativistic
particles.

The cutoff in the spectrum due to synchrotron
self-absorption is determined by the angular size and
flux density of the lobe. We can easily estimate the
maximum frequency beyond which the cutoff begins
using the formula of Slysh

Vinax = (5 > 1010)1/5[{(7)71/5074/5 (4)
x S25(1 4 2)PH Y,

where v,y is in MHz, K () is a coefficient of order
unity tabulated by Pacholezyk [6], 6 is the apparent
(observed) angular size of the lobe in arcseconds, S is
the lobe flux density in Jy, and H, is the magnetic
field in G. We can see that this frequency depends
most strongly on the angular size of the lobe, less
strongly on the lobe flux density, and only slightly on
the remaining parameters. If we take a typical redshift

z = 2 and a spectral index for the radio lobe of @ = 1
(S ~v™ % v =2a+ 1), formula (4) can be written in
the form

Vi = 172H 1/ §%/5674/5, (5)

Estimates of vpax for various values of H, S, and 6
are presented in Table 1.

To elucidate which values of vy in this table
are the most plausible, we inspected a field with a
total size of 20 square degrees from the FIRST cat-
alog [11]. The angular resolution in the survey was
about 5” at 1.5 GHz. Most of the sources do not
show any signs of structure. At the same time, there
are many double sources in the field (radio galaxies?);
in most cases, the two components are separated
by distances from several arcseconds to several tens
of arcseconds and do not show any indications of
internal structure. This means that the sizes of these
components are less than 5”.

The FIRST survey with its 5 angular resolution is
currently unique, and there is no realistic possibility
of obtaining spectra for all the compact components
appearing in this survey. Therefore, if we wish to
test the capabilities of our method, we are forced
to turn to other catalogs that have angular resolu-
tions of arcminutes or even tens of arcminutes. If
a cutoff is observed in the integrated spectrum, we
can construct rough approximations to the spectra
of individual components if we adopt some additional
assumptions. According to [12], most modern cat-
alogs contain from one to ten sources per square
degree. This enables us to select from the FIRST
catalog only those sources for which it is possible to
construct integrated spectra over a broad frequency
range. Integrated source counts based on the FIRST
catalog are presented in [11], which indicate that, on
average, ~ 3 sources per square degree have flux den-
sities >100 mJy at 1.5 GHz. We can easily estimate
that a source with a spectral index « = 1 and a flux
density of 100 mJy at 1.5 GHz will have a flux density
of ~4 Jy at 38 MHz. We have chosen 38 MHz here
because high-sensitivity observations are available at
this low frequency [13].

Values of vy in Table 1 that are the most plau-
sible are delineated in bold. Thus, as we expect, the
synchrotron self-absorption cutoffs in the spectra of
most of the radio lobes with angular sizes of 17 will
occur at frequencies from 10 to 40 MHz. We must
also bear in mind that the peak frequency is given in
the rest frame of the source. Since the sources can
be located at large cosmological distances, we must
apply an additional correction by dividing the values
in Table 1 by 1+ z, which will decrease the value of
Vmax-

Unfortunately, there is no aperture-synthesis sys-
tem operating at such low frequencies that has the
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Table 1. Estimates of v, in MHz for various .S, 0app, H 1

Oapp
S, Jy 0.1” 17 10” 100" H,G
Vmax
0.1 44 7 1 0.2
1 109 17 3 0.4 1075
10 273 43 7 1
0.1 26 4 0.7 0.1
1 65 10 2 0.3 10-¢
10 164 26 4 0.6

required angular resolution. We can easily estimate
that the baseline lengths required in order for an in-
terferometer operating at 10 MHz to have an angular
resolution of 1” are about 1500 km. The best charac-
teristics in terms of angular resolution attained at low
frequencies are possessed by the Ukrainian URAN
system [14], which provides an angular resolution of
1.5"” at 20 MHz, and this instrument could, in princi-
ple, be suitable for our study. However, judging from
published results, the low sensitivity of this system
drastically limits its usefulness, since our sources will
have low flux densities at low frequencies.

(2) We require that the radio lobe be beyond the
edge of the host galaxy. The host galaxies of various
types of radio sources can be either elliptical or spiral.
Therefore, it seems expedient to consider a distance
from the nucleus to the lobe that is clearly larger than
the distance from the plane of the host galaxy to the
boundary of its corona. It seems reasonable to adopt
30 kpc for this distance, so that the distance between
the centers of the radio lobes (I, ) will be 60 kpc. In
this case, the observed angular distance between the
two radio lobes will depend on the redshift and the de-
celeration parameter gg. According to the handbook
of Lang[1], we can estimate the apparent angular size
of the source if ¢g is known:

lie (1 + 2)?
Oy = 2L (6)

Dy, (qoz + (qo — 1)[-1+ v/2q02 + 1)), (7)

~ Hoq?

where Dy, is the photometric distance and Hy is the
Hubble constant.

Using (6) and (7), we can estimate the apparent
angular separation of the two radio lobes for various
values of qq if we assume that the true separation is
60 kpc. Estimates of the apparent angular separa-
tions between the lobes are given in Table 2. When
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Table 2. Estimates of 0,,, as a function of z and go for
lirue = 60 kpc

z

w |o1]o3los] 1| 2]3]5 10

Oapp
1/21 36" | 177 | 14”7 | 12" | 14”7 | 16" | 22" | 36"
1 |36” | 16” | 13”7 | 10”7 | 11”7 | 13" | 14" | 24"

performing these calculations, we adopted the values
Hop = 75 kms~! Mpce~! and ¢ = 300000 km/s.

We can see from Table 2 that apparent angular
separations of the lobes of 20" —25" are quite sufficient
for us to work with redshifts that are observationally
accessible at the present time. Unfortunately, such
separations may substantially limit the number of
radio sources in the sky that are suitable for redshift
analyses using our method. The estimates of the ap-
parent angular separations also indicate that, if an
image obtained using an aperture-synthesis system
with good angular resolution shows a core, jets, and
lobes, this does not necessarily mean that the lobes
have extended beyond the edge of the host galaxy,
even if the observed angular separation between the
lobes exceeds an arcsecond.

We attempted to construct the f(z) relation for
sources that had been studied earlier using scintilla-
tion methods. Our previous papers [15—17] present
estimates of the physical conditions in a large sam-
ple of compact steep-spectrum sources. In all, we
were able to estimate the physical conditions (i.e.,

E, erg/cm?
100- 4649,25(W)
10—1 L
*
10-2- 4C49.25(E)
10731 .
3C147(W)
1074+
©3C241(W)
1075+ ©3C241(E)
3C318° o
10°°F 30237
1077+ .
3C147(E)
1 1 1 1

1 1 1 1 1
0 02 04 06 08 1.0 1.2 14 16 18 Z

Figure
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Table 3. Estimates of physical parameters in the radio lobes

Source z Q, square deg a Epy, erg/cm? E., erg/cm3 o, 1, kpe
3C147Q(W) 0.545 0.17 x 0.05 1.1 1073 2 x 1071 0.09” 0.44
3C147Q(E) — 0.5x 0.5 1.3 1077 2 x 10719 0.49 2.5
3C237G 0.877 0.2 x0.1 1.4 2 x 1076 5x 107 0.78 4.4
3C241G(W) 1.617 0.1 x0.1 1.1 3x107° 8 x 10710 0.36 2
3C241G(E) - 0.1x0.1 1.6 107° 1078 0.46 2.6
3C318G 0.752 0.062 x 0.043 1.5 107? 4 %1076 0.5 2.7
4C49.25G(W) 0.206 0.23 x 0.16 1.4 2 5x 1071 0.94 2.7
4C49.25G(E) - 0.125 x 0.09 0.8 4 %1072 6 x 10714 1.8 5.2

magnetic-field strength, magnetic-field energy, den-
sity and energy of the relativistic electrons) of 42
sources. A number of sources show the classical
structure for radio galaxies and quasars, with a flat-
spectrum core, jet, sometimes a counterjet, and ei-
ther one or two lobes. We expect that, if the jets
are not collimated, the role of the galactic (interstel-
lar) medium is insignificant. Consequently, the lobes
propagate in the intergalactic medium, so that we
can derive the function f(z). As indicated above, the
chosen separation of 60 kpc is somewhat arbitrary
and guarantees that the lobes propagate in the in-
tergalactic medium. In reality, this distance may be
several times smaller at least.

We selected the most “promising” sources to de-
rive the f(z) relation. Data on these sources are given
in Table 3. The first column gives the name of the
source. The letters Q and G denote quasar and galaxy,
while W and E denote the western or eastern lobe of
the source. The second column presents the source’s
redshift, the third the angular size of the lobes, and the
fourth the spectral index in the optically thin part of
the spectrum. The fifth and sixth columns contain the
energy densities of the magnetic field and relativistic
particles. The values of these energy densities were
obtained by recalculating the values of [17] applying
a correction for the redshift. The seventh and eighth
columns give the apparent angular distance from the
nucleus to the center of the radio lobe and the intrinsic
distance obtained by assuming g = 1/2. The infor-
mation for the first six columns is taken from[17], and
the references can be found therein. Column seven
was derived from values in [17] and the references
therein. The figure shows a plot of the total energy per
unit volume as a function of the redshiit.

Two facts stand out. The first is that equipartition
of the energy densities does not hold for the radio
galaxies and quasars for which we have estimates
of the physical parameters for both lobes. It is clear

from general considerations that a required (but not
sufficient) criterion in order for the lobe to be prop-
agating in the intergalactic medium is that there be
equipartition between the two energy densities. The
second is that we don’t see any hint of the relation
for which we are searching. As is noted above, we
would expect a priori some dependence such that,
the higher the redshift, the higher the energy density
in the lobes. This means that it is crucial to select
sources for which the apparent angular separation of
their lobes exceeds 20”.

5. CONCLUSION

(1) Itis possible to estimate the distance to a radio
source if its radio lobes have propagated beyond the
edge of the host galaxy and interact only with the
intergalactic medium. This direct method for distance
estimation can be applied only when we have good es-
timates of the parameters of the intergalactic medium
(its temperature and density).

(2) Existing estimates of the temperature and den-
sity of the intergalactic medium have large uncer-
tainties; in particular, there is no good theory for the
cosmological evolution of the intergalactic medium.
Therefore, we have proposed an indirect distance-
estimation method that is based on the method of
direct distance estimation. [t is proposed to construct
a curve relating the energy density in a lobe with its
redshift, with the redshiits taken from optical obser-
vations. After this relation has been constructed, it
can be used to estimate the distances of objects with
unknown redshifts. A similar method was suggested
in[7].

Our distance-estimation method is very simple
to use. The only requirements are the availability of
radio observations with angular resolution of the order
of 1”, the presence of an observable low-frequency

ASTRONOMY REPORTS Vol.47 No.2 2003



DETERMINING REDSHIFTS FROM RADIO DATA 87

cutoff in the lobe spectrum due to synchrotron self-
absorption, and good estimates of the angular dimen-
sions of the lobes, since uncertainty in this quantity
dominates the uncertainty in the corresponding esti-
mates of z. In addition, we must be sure that the radio
lobes are located beyond the limits of the host galaxy,
which we can judge indirectly based on the angular
separation between the two lobes (>20"—25"), evi-
dence for equipartition of the magnetic and particle
energy densities in the lobes and a near spherical
shape for the lobes.

(3) The main merit of the proposed method is that
it excludes the influence of possible cosmological evo-
lution of the radio galaxies, since it does not require
the use of standard candles in the radio.

(4) In connection with the fact that there are cur-
rently no low-frequency surveys with angular resolu-
tions of 17 or better, it is not feasible to try to derive
large numbers of redshift estimates, since the syn-
chrotron self-absorption cutoffs in the lobe spectra
will not be observed. This should be become possible
after the construction of the LOFAR low-frequency
aperture synthesis system.
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Abstract—The giant lenticular galaxy NGC 80, which is the brightest member of a rich group, possesses a
central evolutionarily-distinct region: the stars in the nucleus and in a circumnuclear ring of radius 5”t—7"
have a mean age of only 7 Gyr, whereas the stellar population of the bulge is older than 10 Gyr. The
nucleus of NGC 80 is also chemically distinct: it is a factor of 2—2.5 richer in metals than its immediate
neighborhood and is characterized by a high magnesium-to-iron abundance ratio [Mg/Fe] ~ +0.3. The
global stellar disk of NGC 80 has a two-tiered structure: its outer part has an exponential scale length of
11 kpc and normal surface density, while the inner disk, which is also exponential and axisymmetric, is more
compact and brighter. Although the two-tiered structure and the chemically distinct nucleus obviously have
a common origin and owe their existence to some catastrophic restructuring of the protogalactic gaseous
disk, the origin of this remains unclear, since the galaxy lacks any manifestations of perturbed morphology

or triaxiality. © 2003 MAIK “Nauka/Interperiodica”.

1. INTRODUCTION

Circumnuclear star-forming rings in galaxies are
a spectacular phenomenon and are especially promi-
nent on high-resolution images taken, e.g., by the
Hubble Space Telescope (see NGC 4736 in [1] and
NGC 7742 in [2] and many other galaxies). The na-
ture of this phenomenon is now believed to be well
understood, mainly owing to the efforts of Buta [3,
4]. Since circumnuclear rings are most often found
in barred galaxies, it seems likely that the gas that
flows along the bar from the outer regions of the disk
toward the center accumulates in the region of the
inner Lindblad resonance, becoming denser and more
compressed, resulting in a burst of star formation.
However, rings are also found, albeit less frequently,
in galaxies without bars. To explain such cases, the
presence of a triaxial halo (NGC 7217 [5]) or tran-
sient bars that have disappeared by the time of the
observations have been hypothesized [6, 7]. However,
it remains unclear whether a circumnuclear ring can
develop in an absolutely axisymmetric galaxy; e.g., in
a galaxy with regular round isophotes at all galacto-
centric radii. We have suggested a scenario that does
not directly involve the effect of a triaxial potential [8].

When studying chemically peculiar central re-
gions in nearby galaxies, we have come up against the
complex structure of isolated compact circumnuclear
stellar disks: the stellar populations at the very centers
of these disks are often on average 2—3 Gyr older that
the populations at the disk edges, 100—400 pc from

the center (NGC 1023 [9], NGC 7331 [10]). More-
over, both populations appear to be about 10—12 Gyr
younger than the population of the neighboring bulge
regions, leading us to conclude that the circumnu-
clear disks formed during relatively recent bursts of
star formation that were efficient and brief (shorter
than 1 Gyr) in the core and continued for several Gyr
at the periphery of the circumnuclear disk.

Since several gigayears make up an appreciable
fraction of the total age of the galaxy and since our
estimates suggest that chemically distinct nuclei can
be found in 25—50% of all early-type disk galaxies,
a diligent observer has a real chance of catching a
galaxy at the time when a burst of star formation has
already finished in its nucleus but is ongoing at the
periphery of the circumnuclear disk. It is at this time
that the galaxy possesses a circumnuclear ring.

The most certain way to distinguish such “relic”
rings from rings that form in a quasi-stationary way
at the inner Lindblad resonances of bars is that they
can be found in round galaxies viewed face-on. We
have already had one successful such attempt when
we found a ring of HII regions with a radius of just
under 1 kpc in the EO galaxy NGC 759 [11]. This
was by no means a blind search: Wilkind ef al. [12]
had earlier reported the discovery of a rapidly rotating
molecular gas torus with a total mass of 2.4 x 10° M,
in this elliptical galaxy, which by itself is a unique phe-
nomenon. We used two-dimensional spectroscopy
and surface photometry to analyze the structure of
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the stellar component and verified that the massive,
extended, spheroidal subsystem contains a compact
stellar circumnuclear disk embedded in it, where ac-
tive star formation is ongoing at a considerable galac-
tocentric distance. We thus caught a chemically dis-
tinct central stellar system at the very time of its
formation in NGC 759.

In the current paper, we report a second discovery
of a ring of young stars in an early-type round galaxy.
This discovery was almost accidental, except for the
fact that we had listed the galaxy as a candidate for a
galaxy possessing a chemically distinct nucleus [13].
Here, we analyze our results for the giant lenticular
galaxy NGC 80.

The main global parameters of the galaxy are listed
in Table 1. It is the brightest member of either a rich
group (the RC1 catalog) or a poor cluster (the UGC
catalog): the aggregate contains nine NGC galaxies
brighter than 16 (Mp < —18.5) of various morpho-
logical types within several arcmin, or half a mega-
parsec, of each other. NGC 80 is not located at the ge-
ometric center of the group but somewhat to the side.
This lenticular galaxy does not exhibit peculiarities of
any kind: it has a very red integrated color, as expected
for a bright, early-type galaxy (Table 1, see also[14]),
no emission lines in the spectrum of its nucleus, and
no detected neutral hydrogen [15]. The galaxy has
virtually perfectly round isophotes, and attempts to
measure its rotation have yielded an upper limit of
Vips.max < 15 km/s for the line-of-sight projection of
the rotational velocity [16], indicating that the galaxy
appears symmetric and must be viewed face-on. We
have performed both two-dimensional spectroscopy
and surface photometry of NGC 80, and below we
report results that improve our understanding of this
interesting object.

2. OBSERVATIONS AND DATA REDUCTION

We observed the central part of NGC 80 on Au-
gust 17, 1996, with the Multi-Pupil Field Spectro-
graph (MPFS) mounted at the primary focus of the 6-
m telescope of the Special Astrophysical Observatory
(SAO) of the Russian Academy of Sciences (see [17]
for a description of the instrument). Our observations
covered the spectral region of the MgIbA5175 absorp-

tion line (wavelength interval 4880—5650 A) with a
reciprocal dispersion of 1.6 A pixel (a spectral resolu-

tion of about 4 A) and a seeing equal to 2.5”. We ob-
served the object over a one-hour exposure time and
then obtained a 20 min exposure of an “empty” area of
sky to be subtracted from the integrated object frame
after normalization and smoothing. The detector used
was a 520 x 580 CCD manufactured by the Russian
company Elektron. During the MPFS observations,
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Table 1. Global parameters of NGC 80

oot
Ros 21 kpe
B (RC3) 13.03
Mg —21.43
(B —V)% (RC3) 0.94
(U — B)% (RC3) 0.64
V. (NED) 5698 km s—!
Distance (LEDA) 78 Mnk

(Ho =75 km s~ Mpc™1)

Inclination (LEDA) | 28°
PA phot ?

an 8 x 12 array of microlenses constructs a matrix of
pupils that is used as the input for the diffraction spec-
trograph. This configuration enables up to 96 spectra
to be recorded simultaneously, each corresponding to
a spatial element of the galaxy image. In our case,
each element had a size of 1.6” x 1.6”. We calibrated
the wavelength scale using a separate exposure of a
He-Ne-Ar lamp spectrum and corrected the spectra
for vignetting and the different transmissions of the
microlenses using a spectrum of the morning sky.
The main stages of the data reduction—bias sub-
traction, cosmic-ray removal, extraction of the one-
dimensional spectra from the frame, and construction
of the two-dimensional surface-brightness distribu-
tions and velocity fields—were carried out using a
software package developed at the SAO [18].

We used the MPFS observations at 4880—5650 A
to analyze the radial dependences of the equivalent
widths of absorption lines, and also to construct the
two-dimensional stellar radial-velocity field at the
center of the galaxy. We achieved the first task by
summing spectra within concentric rings centered on
the nucleus of the galaxy with widths and a radius
step of 1.6 arcsec; i.e., equal to the size of a spatial
element. This method enabled us to maintain an
approximately constant signal-to-noise ratio as the
radius increased, which is impossible, for example,
in long-slit observations. We then computed the
Hp3, Mgb, Fe 5270, and Fe 5335 line indices in
the well-known Lick system [19]. Detailed model
computations in the context of models of old stellar
populations are available for these strong absorption
lines [20, 21].

To construct the two-dimensional stellar radial-
velocity field at the center of the galaxy, we cross-
correlated the spectrum of each spatial element with
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Table 2. Photometric observations of NGC 80

SILCHENKO ef al.

Date Telescope Filter Eéqpe(,)ijlrrel Seeing, arcsec arc?ecca/];’ixel

Nov. 29, 1997 1.2 m, OHP B 10 3.1 0.69

Nov. 29, 1997 1.2 m, OHP v 2.8 0.69

Nov. 29, 1997 1.2 m, OHP R ) 2.5 0.69

July 18, 2001 1 m, SAO Vv 30 1.9 x 2.3 0.27 x 0.37
July 18, 2001 1 m, SAO R 35 1.8 x2.2 0.27 x 0.37
Aug. 16, 2001 1 m, SAO B 20 3.2 0.27 x 0.37
Aug. 16, 2001 1 m, SAO 14 10 29 0.27 x 0.37
Aug. 16, 2001 I m, SAO R 10 2.6 0.27 x 0.37
Aug. 16, 2001 1 m, SAO 1 15 2.8 0.27 x 0.37
Aug. 17, 2001 1 m, SAO B 20 2.2 0.27 x 0.37
Aug. 17, 2001 1 m, SAO 1% 10 2.0 0.27 x 0.37
Aug. 17,2001 1 m, SAO R 10 1.8 0.27 x 0.37
Aug. 17,2001 1 m, SAO 1 10 1.8 0.27 x 0.37

the spectra of KO—K2 giants observed on the same
night and with the same instruments as the galaxy,
after subtracting the continuum and converting the
results to a velocity scale. We monitored the accuracy
of the wavelength scale and the zero point of the mea-
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Fig. 1. Radial variations of the azimuthally averaged
measurements of the H3, Mgb, and (Fe) = (Fe5270 +
[eb335) /2 absorption-line indices in NGC 80 based on
our data (filled circles). For comparison, we have also
plotted the measurements of Trager ef al. [24] made in
a 2" x 4" aperture (open circles with error bars).

sured velocities using observations of the A5577 A
night-sky line. We estimate the accuracy of individual
stellar radial-velocity measurements to be 20 km/s
and the accuracy of the derived equivalent widths

in the azimuthally averaged spectra to be 0.1 A. In
this paper, we will discuss only the properties of the
stellar population. Our analysis of the existing data
indicated that the kinematic properties of NGC 80
require further study.

We conducted photometric observations of
NGC 80 in July—August 2001 with the 1-m Zeiss
telescope of the SAO. The detector used was a
520 x 580 Russian-made Elektron CCD with
18 x 24 pum rectangular pixels. After reduction to
square pixels, we obtained a 397 x 580 image with
a scale of 0.37” per pixel. We calibrated the magni-
tudes to the standard Johnson—Cousins system by
comparing our data with the aperture photometry of
Poulain [22]; we also observed Landolt [23] photo-
metric standards on one of the nights (August 17,
2001). Table 2 gives a detailed log of the observations.
In addition to our own data, we used FITS data taken
from the HYPERCAT archive of extragalactic data.
These photometric data were obtained at the 1.2-m
telescope of the Observatoire de Haute-Provence
(OHP) under very modest seeing conditions (about
3"”) and with a rather coarse scale of 0.7”/pixel, but
they are deeper than our photometry in terms of
limiting magnitude.

ASTRONOMY REPORTS Vol. 47 No. 2 2003
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Fig. 2. Index—index diagnostic diagrams for the azimuthally averaged measurements for NGC 80 (large open circles). The
MPFS data are taken with a step of 1.6” in galactocentric radius and are connected by the dashed line in order of increasing
R. The nucleus is indicated as “nuc.” The small symbols connected by solid lines (or by solid lines for [Mg/Fe] = +0.3 and
dashed lines for[Mg/Fe] = 0 in the lower diagram) represent models for stellar populations of the same age adopted from [20)]
(upper) and [21] (lower). The age T of each model is indicated in Gyr. The model metallicities corresponding to the sequence
of small symbols connected by lines are (from right to left): +0.50, +-0.25, 0.00, —0.22, —0.50, —1.00, —1.50, and —2.00 for

models [20] and 4-0.4, 0.0, and —0.7 for models [21].

3. THE CHEMICALLY DISTINCT NUCLEUS
AND “YOUNG” RING AT THE CENTER
OF NGC 80

Figure 1 shows the radial variation of the Lick
indices measured for the integrated spectra of annular
rings in the radius interval 0”—7". We can see that
the iron index (Fe) remains virtually constant with

radius and the observed fluctuations within 2.9—3.2 A
confirm the 0.1 A accuracy of the individual estimates.
However, the magnesium index exhibits a prominent

ASTRONOMY REPORTS Vol.47 No.2 2003

0.7 A discontinuity nearly coincident with the un-
resolved nucleus of the galaxy. Beyond the nucleus
(whose effect in the case of 2.5” seeing becomes
negligible at R > 3"), the radial profile of the mag-
nesium index flattens, and becomes fairly constant in
the “bulge.” Thus, Fig. | leads us to conclude that
the nucleus of NGC 80 is chemically distinct from
the bulge. If interpreted in terms of the models for old

stellar populations suggested by Worthey[20], a 0.7 A
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discontinuity in the Mgb index corresponds to about
a twofold variation of the mean stellar metallicity.

However, the variations of a single index are de-
generate with respect to the effects of the age and
metallicity of the stellar population: a decrease in ei-
ther parameter results in a decrease in the equivalent
widths of metal absorption lines and an increase in
the equivalent widths of hydrogen absorption lines
(see, e.g.,[25]). Therefore, to remove this degeneracy
and determine both characteristics simultaneously,
we must compare the observational data with mod-
els for the integrated spectra of stellar populations
in “index—index diagrams.” In this case, the above
estimate of the metallicity variation corresponding to

AMgb = 0.7 A is valid only if the stellar populations
in the nucleus and bulge have the same mean ages.

We will first estimate the magnesium-to-iron
abundance ratio. This is necessary in order to cor-
rectly choose a system of models for the age es-
timation. Figure 2a shows a ((Fe), Mgb) diagram
comparing our data with Worthey’s [20] models
for the solar magnesium-to-iron abundance ratio
[Mg/Fe] = 0. On this diagram, model isochrones
along which the metallicity [Fe/H] varies from —2
to +0.5 form a narrow beam, and it is immediately
apparent that the nucleus of NGC 80 deviates signif-
icantly to the right of the model band, which includes
various stellar populations with [Mg/Fe] = 0. Most
of the elliptical galaxies behave in the same way [26],
which is indicative of magnesium (and other a-
process elements) being overabundant relative to
iron. Modern concepts about the chemical evolution
of galaxies explain this as being due to the brevity of
the star-formation epoch in the galaxy, which lasts
less than 1 Gyr. Calibration of the displacement of
the nucleus of NGC 80 in Fig. 2 relative to the model
sequences [Mg/Fe] = 0 based on the computations
of Tantalo et al. [21] yields [Mg/Fe] ~ +0.3. The
Mg/Fe ratio decreases with galactocentric distance
and is close to the solar value in the bulge, at R > 3.

Figure 2b is a diagnostic diagram for determining
the ages of stellar populations: we compare our data
for NGC 80 with the models of Tantalo ef al.[21] in
the (HG, (Fe)) plane. Although Tantalo et al. [21]
did not model the Mgb index, their models are
computed for three different [Mg/Fe] ratios, whereas
Worthey [20] modeled about 20 different indices for
only the solar abundance ratio. We used the models
of Tantalo et al.[21]for [Mg/Fe] = (0 and [Mg/Fe] =
+0.3 for the bulge and nucleus, respectively. It is im-
mediately apparent from Fig. 2b that, if we ignored the
difference between the Mg/Fe ratios in the nucleus
and bulge, the systematic error in the age estimates
would amount to 2—3 Gyr for both populations. At

the same time, if correctly computed, the mean age
for stars in the nucleus is 7 Gyr; the mean stellar
age increases abruptly in the immediate vicinity of
the nucleus and then drops again to 7 Gyr at a
galactocentric radius of 5”"—7". We cannot reliably
determine the age of the stellar population in the “old”
region at R = 2", since these measurements are too
contaminated by the nucleus at our seeing. However,
this population is obviously older than 10 Gyr. Thus,
in a lenticular galaxy that is absolutely devoid of gas
and star formation, we have found a stellar nucleus
and a ring with a radius of about 6”, both with a
mean age of 7 Gyr. This is significantly lower than the
mean age of the bulges of lenticular galaxies, which
exceeds 10 Gyr [27]. Since the nucleus of NGC 80 is
chemically distinct, these results obviously suggest
that we have found traces of a secondary burst of star
formation that had a fairly complex geometry.

4. RESULTS OF OUR PHOTOMETRIC
ANALYSIS OF NGC 80

We already mentioned in Section 2 that the data
from the Observatoire de Haute-Provence have lower
spatial resolution than our observations of August 17,
2001, but are deeper in terms of their limiting magni-
tude. We accordingly used the OHP BV R images to
investigate the large-scale structure of the galaxy and
our own BV RI images of August 17 to analyze the
circumnuclear region.

Figure 3a shows the results of an isophotal anal-
ysis of the OHP data: radial variations of the po-
sition angle of the isophotal major axis and ellip-
ticity. The ellipticity is small throughout the region
studied, as is expected from the round appearance
of NGC 80; however, it is not equal to zero. The
LEDA database (Table 1) also gives i = 28° and
not 0°; i.e., the galaxy is not viewed exactly face-
on. Therefore, the asymptotic value (1 — b/a)o = 0.09
obviously characterizes the inclination of the galactic
disk to the line of sight—the galaxy is viewed at an
angle of 25°. However, it is then surprising that the el-
lipticity reaches the asymptotic level at a galactocen-
tric radius as small as ~ 10”; this may imply that the
photometric structure of the giant lenticular galaxy
NGC 80 is already dominated by the disk at R ~ 10",
since the axisymmetric bulge, being “plump” in the
direction of the vertical coordinate, always yields a
lower projected ellipticity than the disk. At radii of
30" —45" the ellipticity begins to exhibit some irreg-
ularity in its behavior; however, the radial variations
settle down in the vicinity of 1 —b/a ~ 0.1 farther
from the center. The position angle of the isophotal
major axis also behaves fairly monotonically and does
not deviate from PAg &~ 180° by more than 5° virtually
throughout the radius interval studied. On the whole,
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Fig. 3. Radial variations of the isophotal parameters (the position angle of the line of nodes and isophotal ellipticity)in NGC 80
in various photometric bands for (a) data obtained at the 1.2-m OHP telescope and (b) our own observations of August 17,
2001 with the 1-m SAO telescope. The spatial resolutions are 3" and better than 2" in (a) and (b), respectively.

the dependences shown in Fig. 3a are typical of a
galaxy dominated exclusively by a flat, round stellar
disk with no warps or bar.

Figure 3b is similar to Fig. 3a but is based on our
data of August 17, 2001, and shows only the very
central part of NGC 80. Recall that our B image has
a spatial resolution of 2.2”, whereas the resolutions

ASTRONOMY REPORTS Vol.47 No.2 2003

in the remaining three filters are better than 2”. This
seemingly small improvement in the spatial resolution
had a very dramatic effect on the results of the isopho-
tal analysis: the isophotal major axis rotated by about
90° at the center, and, after reaching a minimum
of 0.03 at R =2.5", the ellipticity again increases
toward the nucleus, reaching 0.08—0.09 in the blue
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Fig. 4. Example of a decomposition of the azimuthally averaged R surface-brightness profile. Top left: the initial profile (OHP
data) with its outermost part fitted by an exponential law; bottom left: the residual brightness profile after subtracting the outer
disk, with its outermost part fitted by an exponential law; bottom right: the residual brightness profile after subtracting the inner
disk from the initial image (the outer disk obeys a single exponential law throughout the radius interval 8’—80"); top right: the
residual brightness profile after subtracting two exponential disks from the initial image.

filters (B, V). All these peculiarities in the behavior
of the isophotes are concentrated near the center at
R < 3", which is close to the limit of our spatial reso-
lution and so may not represent entirely trustworthy
measurements. However, our results are supported
by those of other studies. The measurements of a V'
photographic image of NGC 80 by Magrelli et al.[28]
also showed the isophotes at the center of the galaxy
to rotate by 90° and the ellipticity of the isophotes
to reach 0.15 near the nucleus. Thus, the chemically
distinct nucleus of NGC 80 also stands out as a
separate structural subsystem of the galaxy.

Let us now analyze the radial surface-brightness
profile (Fig. 4 shows the R profile as an example).
In contrast to the dependences shown in Fig. 3a,
the brightness profile changes its behavior near
R = 35"—40" the galaxy appears to consist of several
global structural components. Let us first assume,
in line with tradition, that the outer and inner com-
ponents are an exponential disk and de Vaucouleurs
bulge, respectively. The B brightness profile in the
radius interval R =~ 10"—46" can indeed be fitted

within the observational errors by a R4 law; this
implies that the global exponential disk does not
have an inner part R < 40”; however, global disks
with central “holes” are quite common in early-
type disk galaxies [29, 30]. However, this approach
leads to rather unusual bulge parameters: r, = 36",
or 13.6 kpc and B, = 24.14, which deviates by
more than 1™ (toward lower brightnesses) from the
well-known statistical dependence of Kormendy [31],
Beo =19.74 4+ 3.02log r.. The implied exponential
scale length of the outer disk is 11 kpc, which is
unusually large, and is smaller than the effective
bulge radius, although, statistically, it should be the
other way round [32]. The situation is clarified if
we approach the problem from a different angle and
abandon the hypothesis of a central “hole” in the
outer disk. In this case, the residual brightness profile
after subtracting the modeled outer exponential disk
from the observed image of NGC 80 can likewise
be fitted by an exponential law in the radius interval
R ~ 8"—28" (Fig. 4) but, naturally, with a shorter
scale length (of about 2 kpc) and higher central
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Table 3. Parameters of exponential fits to the photometric components of NGC 80

95

Component (disk) 1o, mag/arcsec? (2D) o 1o, mag/arcsec? o 7o, kpe
B

Outer (40" —=75") 21.7 27.3 21.82 +0.01 28.7+0.2 10.8

Inner (10”—24") 19.5 5.6 19.66 + 0.02 5.91 + 0.04 2.2
\%

Outer (40" =77") 20.8 28.3 20.90 +0.01 29.4 +£0.1 11.1

Inner (8"—27") 18.5 5.7 18.63 £ 0.01 6.01 £0.02 2.3
R

Outer (40"—77") 20.1 97.3 20.28 + 0.01 28.8+0.1 10.9

Inner (8"—27") 17.9 5.5 18.04 4+ 0.01 5.84 £0.01 2.2

brightness. The exponential law in the inner compo-
nent can be followed over three scale lengths, giving
the fit very high confidence. After subtracting the
modeled inner disk from the observed galaxy image,
it becomes immediately apparent that the outer disk
exhibits a rarely seen exponential behavior over the
radius interval R ~ 10”"—80" (Fig. 4). This “residual”
image enables us to refine the parameters of the outer
disk, which we have done.

Table 3 lists the parameters for our approximations
of the NGC 80 images using two exponential laws in
all three BV R filters and the OHP data. We present
our results for two methods: iterative decomposition
of the azimuthally averaged brightness profiles and
fitting the two-dimensional images by a sum of two
exponential disks. The results obtained using the two
methods are in good agreement. The central surface
densities have been corrected for Galactic absorption
in accordance with the recommendations given in the
NED database.

[t is now clear that the main structural compo-
nents of NGC 80 are two exponential stellar disks
with different scale lengths. The outer disk has fairly
ordinary characteristics, although its scale length is
among the longest known. Its central brightness is
absolutely typical of such objects and lies at the center
of the well-known distribution of Freeman [33]. The
inner disk has an unusually high central brightness
but is a flat disk and not a so-called exponential bulge,
since, as we pointed out above, the isophotal ellipticity
already reaches its asymptotic level at R ~ 10”. After
subtracting two asymptotic disks from the images
of NGC 80, we obtain a compact, circumnuclear
component with a radius of about R ~ 7”"—8" and a
weakly convex brightness profile (Fig. 4). However,
the poor seeing of the OHP images makes it impos-
sible to analyze the profile of this compact component,
so its nature remains unclear.
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Finally, Fig. 5 shows azimuthally averaged ra-
dial color profiles for NGC 80 based on our August
2001 data, for which the calibration in the standard
Johnson—Cousins system is most reliable. Out to
R = 10"-20", we use the data for August 17, which
have the best spatial resolution, and farther from the
center, we use coadded data for August 16 and 17. All
the color profiles exhibit a well-defined “blue” ring at
R = 7"—=8" and, although our spectroscopic data end
at R = 6.3", the blue ring in Fig. 5 can nevertheless
be identified with the region with a relatively young
stellar population in Fig. 2. This region apparently
ends completely by R ~ 12”. The color difference be-
tween the nucleus and the ring can be interpreted as
reflecting the difference in the mean metallicities of
the corresponding stellar populations. In this case,
A(B — V) =0.12 corresponds to Alm/H] = +0.4;
i.e., the nucleus is richer in metals (here, we have
adopted the color calibration in terms of properties
of stellar populations of [34]). Recall that the mag-
nesium line yielded Alm/H] = 40.3. The color dif-
ference between the ring and more outer regions at
R > 12" must be due to a superposition of the effects
of age and metallicity differences, which cannot be
disentangled without spectroscopic data. The color
variations in NGC 80 are fairly small outside the cir-
cumnuclear region. More precisely, we can say with
confidence that the color does not change at all with
radius within the inner disk, while there may be a color
difference between the inner and outer disks (see the
B —Iand V — I profiles in Fig. 5), with the outer disk
being slightly bluer than the inner disk.

5. RESULTS AND DISCUSSION

We find the giant lenticular galaxy NGC 80, which
is the brightest member of a rich group (or a poor
cluster), to possess a chemically distinct nucleus: the
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Fig. 5. Azimuthally averaged color profiles for NGC 80 derived from the 1-m SAO data. The filled and open circles show the
high-resolution data of August 17, 2001, and the coadded data of August 16 4+ 17, 2001, respectively.

mean metallicities of the nucleus and circumnuclear
region (R = 2"=7") differ by about +0.3 to +0.4 dex,
or a factor of 2—2.5. The age structure of the central
region of NGC 80 is also complex: the mean age of the
populations in the nucleus and in the ring of radius
R =5"-8" is 5—7 Gyr, whereas the stars located
between the nucleus and this ring are much older. It
appears that there was a secondary burst of star for-
mation that produced the chemically distinct nucleus,
which had the geometrical form of a ring of radius
2—3 kpc and an additional source of star formation
at the center of this ring. The fact that the elemental
abundance ratio in the nucleus is [Mg/Fe] ~ +0.3
but is [Mg/Fe] ~ 0 in the ring leads us to conclude
that the burst of star formation was shorter (albeit
more efficient) in the nucleus than in the ring. Given
the equal mean ages of the stellar populations, this

implies that the onset of the burst of star formation
in the ring preceded that in the nucleus. At the same
time, triggering a ring-shaped circumnuclear burst
of star formation requires a bar (triaxial potential),
which is currently absent from NGC 80.

The global structure of NGC 80 is also unusual.
The disk in this galaxy has a sort of two-tiered struc-
ture consisting of an outer exponential disk with a
long scale length and normal central surface bright-
ness and an inner, compact, bright disk that is also
exponential. Since the galaxy is viewed almost face-
on, we can firmly conclude that the two disks are
round, flat, and coplanar. We have already encoun-
tered two-tiered disks in galaxies with chemically dis-
tinct nuclei and suggested that these two phenomena
may be related. If at some time an outer tidal action or
internal bar instability perturbed the global gaseous
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disk of a spiral galaxy, the infall of gas from the outer
regions of the galaxy into its inner regions should have
triggered both a central burst of star formation and an
abrupt change in the characteristic radial scale length
for the distribution of newly born stars. However, in
both NGC 615[35] and NGC 7217 [36], to which this
hypothesis was to be applied, the inner compact disks
have oval shapes, which is clear evidence of the past
existence of a global bar, which could have triggered
the large-scale redistribution of gas in the disk.

In two other galaxies (the lenticulars NGC 4429
and NGC 7013), we [37] found relatively young cir-
cumnuclear rings, similar to the ring in NGC 80 but
with smaller radii of about 0.5 kpc. However, the
global brightness profiles of these galaxies contain an
additional component—a “lens,” which is also oval
and, again, is believed to have been produced by the
disruption of a bar. In NGC 80, we have found for
the first time a ring structure for a central burst of
star formation and a multi-tiered structure for the
stellar disk combined with clear axial symmetry of
all the galactic components. Is it possible in a very
dense environment with a high probability for multiple
impacts of satellites into the galaxy to obtain a pure
m = 0 mode for the perturbation of the global gaseous
disk? Or did the galaxy actually have a bar, which
has dissipated without leaving a trace? Only special-
ized three-dimensional models can provide answers
to these questions. Resolving these problems may
also shed light on the origin of lenticular galaxies: it
is possible that NGC 80 was previously a giant late-
type spiral galaxy that lost its gas as a result of catas-
trophic events whose consequences we have just dis-
covered. In any case, NGC 80 lacks any significant
spheroidal component (bulge), which is believed to be
a mandatory attribute of a classical lenticular galaxy.
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Abstract—Radio interferometric observations of an HyO maser flare in the Orion Nebula at epoch
1982.9 have been used to determine the flare’s spatial structure. Antennas in the Crimea, Effelsberg, and
Onsala were used. The emission region consists of three groups of components. The angular sizes of the
components are 0.2—0.9 mas, and the widths of the emitted lines are 0.2—0.7 km/s. The velocities of the
components are correlated with their relative positions, which correspond to expanding concentric rings.
Assuming a 1 Mg, protostar in a Keplerian approximation, the radius of the inner ring R is 15 AU, the veloc-
ity of its rotation Vj, is 8.98 km/s, and the radial component of the velocity V;,q is 1.79 km/s. For the outer

ring, R = 15.7 AU, Vit = 8.79 km/s, and Vi,q = 2.61 km/s. © 2003 MAIK “Nauka/Interperiodica”.

1. INTRODUCTION

Active star formation is occurring in gas—dust
complexes such as the Orion Nebula. The star-
formation processes are accompanied by powerful
maser emission in the water vapor line at A =
1.35 cm, corresponding to the 614—593 rotational
transition (fo = 22235.08 MHz). This line is a sen-
sitive tracer of physical processes in the regions
of formation of stars and planetary systems, and
opens considerable opportunities for high-angular-
resolution studies using Very Long Baseline Interfer-
ometry.

The HoO maser emission is highly linearly po-
larized and variable. In some cases, powerful flares
are observed. This phenomena was first discovered in
1970 in the object W49 [1], whose brightness tem-
perature exceeded 10'7 K. The second case of high
activity manifest as individual flares of the HoO maser
emission was observed in 1979—1987 in the Orion
Nebula. The radial velocity V' of the emission region
was =~ 8 km/s, and the degree of linear polarization
P reached > 60% [2—4]. This region was located in
one of eight active zones [5]. Preliminary analyses
suggested it had a highly organized structure in the
form of a chain of compact components, tracing an
accretion disk at the stage of its separation into proto-
planetary rings [6—9]. The computer resources of that
time limited our abilities to carry out detailed studies
of the object’s structure. We now possess the facilities
required to study the fine structure of the region of
H>O supermaser emission in Orion KL at various
stages of its development [10].

E-mail: demichev@mx.iki.rssi.ru

2. OBSERVATIONS OF THE H,O MASER
EMISSION FLARE

We observed an HoO supermaser flare at A =
1.35 c¢m in the Orion Nebula on December 1, 1982,
from 20:00 to 23:00 UT using an array of three radio
telescopes: the 100-m Effelsberg, 22-m Simeiz, and
20-m Onsala antennas. The flux density F of the flare
emission reached 1.8 x 108 Jy. The antenna temper-
atures T, toward the source exceeded 10° K and were
much greater than the system noise temperatures,
Tiys = 100 K. The received signals were recorded
using MK-II equipment with a total bandwidth of
500 kHz. Hydrogen frequency standards were used to
synchronize the time and local-oscillator frequencies.
The time signals at the radio telescopes were syn-
chronized using navigation signals to an accuracy of
AT ~ 1 us[10].

The observations were correlated on the MK-2
correlator of the National Radio Astronomy Observa-
tory in Socorro. This correlator had 96 complex chan-
nels, providing a frequency resolution of 5.2 kHz. Af-
ter spectral processing (applying a Fourier transform)
and calibration, the correlated signals were averaged
over 5 min.

The small number of antennas used and the result-
ing incompleteness of the uv coverage necessitated
deriving information about the object’s structure via
model fits to the data. We assumed the brightness
distributions and emission profiles of the components
to be either Gaussians or § functions.

3. INTERFEROMETER RESPONSE

The measured amplitudes and phases of the in-
terferometric signal (radio interferometer response)

1063-7729/03/4702-0099$24.00 © 2003 MAIK “Nauka/Interperiodica”
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depend on the source brightness distribution T}, (z, y).
The phase of the correlated signal includes the follow-
ing components:

o =2n[Amyf + Arifin + (g —70)f (1)
+ 7—cflol + (7—11‘2 + TC)AfIO + Aflot] + A@lm

where 7j; is the delay at the high frequency (f =
22 GHz) occurring in the atmosphere, ionosphere,
and receiver; 7j; includes the delay in the receiver
at the intermediate frequency fij = f — fi, and the
timing error; 74 is the geometrical delay; 7. is the
calculated geometrical delay; f, is the local-oscillator
frequency; and ¢y, is the phase of the local-oscillator
signal.

The measured quantity is the geometrical delay 74.
The remaining phase components in (1) are deter-
mined by the observational errors and are functions
of both time ¢(t) and frequency (f):

de/dt
= 27rd[(7'g - TC)f + ch]ol + 7—cAflo + Aflo]/dt
+ dA(plo/dt,

dgo/df = 27T[AThf + AT]f-l-Tg — Tc].

The effect of the errors can be considerably re-
duced by calibrating using a reference continuum
source and one of the components of the target object
itself. Maser sources can have fairly complex spatial
structures, and the reference feature adopted is usu-
ally the brightest compact component.

The phase difference after calibration is
Ap = 21[(Amn + AT — Te + 7o) Af + A1 fgl. (2)

Obviously, in this case, the terms due to the main
phase errors, which are associated with instability of
the local oscillators, are eliminated

(Te fior + (Tii2 + Te) A fio + A fiot).

However, there remains the phase component due to
the delay (A7, + A7 — 7¢ + 710), Which depends on

dAyp
2 dAf
eliminated via calibration using data for a continuum
source.

the frequency Af. This delay 7 = can be

Table 1. Correction factors for the baselines

Polarization K
Simeiz—Onsala (LCP—LCP) 1
Simeiz—Onsala (RCP—LCP) 1.7
Effelsberg—Onsala (L—LCP) 0.57
Effelsberg—Simeiz (L—RCP/LCP) 0.57

In the case of observations using three or more an-
tennas, the closure phases can be for calibration [11].
This approach is based on the fact that the sum of
the errors for the phases on three baselines of a closed
triangle are >~ @ = 0. Thus, the sum of the phases is
determined solely by the geometrical delays:

P12 + Y23 + P31 = Pg123.
This enables us to make a mutual connection of the
phases of the spatial harmonics in the image studied.

We calibrated the data phases using a reference
signal injected into channel 64. Calibration using a
continuum source showed that the residual phase
progression is —95° per channel (A f., = 5.2 kHz)for
the Effelsberg—Simeiz (ES) baseline, corresponding
to a delay of 7 = —51 pus. For the Simeiz—Onsala
(SO) baseline, the phase progression is 133° per
channel, or 7 =71 us, and the phase progression
for the Effelsberg—Onsala (EO) baseline is 43° per
channel, or 7 = —23 pus. The sum of the phase pro-
gressions is —5° per channel; according to the phase
closure method, this suggests a probable calibration
inaccuracy. Figures la—Ilc show the signal profiles of
the target after calibration (time t = 20"17™ UT). The
amplitude of the correlated data was corrected for at-
mospheric absorption, the antenna gains, and point-
ing variations using the autocorrelation spectra of the
signals. The source signal considerably exceeded the
intrinsic system noise (Fpeax = 1.8 % 106 Jy), which
simplified the amplitude calibration.

4. POLARIZATION

The supermaser emission flare had a high degree
of linear polarization, P ~ 57%, with a position angle
of xp = —27° [3, 4]. To enable measurement of the
polarization parameters, the radio telescopes recorded
the following polarizations: linear vertical (L) in Ef-
felsberg, left-circular (LCP) in Onsala, and alter-
nating left/right-circular (LCP/RCP, toggled every
30 min) in Simeiz.

The emitted signal of the target, T', includes T,, +
Tiin, where T, is the unpolarized component and Tj;,
is the linearly polarized component. The degree of
polarization P is Tj;,/T and was P = 0.568 at the
epoch of the observations on December 24, 1982 [3].
The antennas have altitude—azimuth mounts, and the
received signal of the polarized component depends
on the parallactic angle x. The Effelsberg telescope
received the vertical component of linear polarization.
During the observations, the angle x varied from
—14° to 9°. Accordingly, the level of the received
polarized component changed from 0.9 to 1.

ASTRONOMY REPORTS Vol.47 No.2 2003
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Fig. 1. Correlated fluxes and phases versus channel number (¢ =20"17™) recorded on the (a) Effelsberg—Simeiz,

(b) Effelsberg—Onsala, and (¢) Simeiz—Onsala baselines.

The correlated output signals at the interferometer
backend with regard to the polarization received are

Effelsberg—Onsala
(Tar, x TaLCP)O'5 ~ (0'5)0'5Tn + 2Tjin cos Ax,
Effelsberg—Simeiz
(Tur, x Tarcp)®® ~ (0.5)"°T, 4 2T}, cos Ax, (3)
Simeiz—Onsala
(Turcp x Turcp)®® ~ Ty + Tiin
or (Turcp % Turcp)®® ~ Tiin.

These relationships indicate that the baselines’ re-
sponses are different. The corresponding correction
factors K are given in Table 1. A single response is
Tn + Tlin~

We can see from the above relationships (3) that

ASTRONOMY REPORTS Vol.47 No.2 2003

the Simeiz—Onsala baseline response is proportional
to the total signal when identical polarizations are re-
ceived or to its polarized component when orthogonal
polarizations are received. Figure 2 explains this case.
We can see that the correlated flux decreases with
increasing angular resolution from 3.5 units (¢ =
3.6 mas) to 0.3 units (¢, = 1.7 mas). However, the
degree of polarization degree remains virtually the
same: P = 58%. This suggests that the degree of
polarization does not depend on the component sizes:
the polarization level within the considered structures
is constant.

5. RELATIVE POSITIONS
OF THE COMPONENTS

The coordinates of a compact source can be de-
termined from the interference fringe rate and its
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Fig. 2. Correlated flux versus Simeiz—Onsala baseline (i.e., time). The jumps are caused by the polarization toggling in Simeiz.

phase [11]. The measurement accuracy depends on
the signal-to-noise ratio. In the case of measure-
ments using the fringe rate, the error is

~ Oir
Aﬁ - )
weB) cos &y

where o7 = 4/ 3 Ts ! is the er-
ot = 272 Ts — Thoise \/ Aft?’

ror in the fringe rate, w, is the angular speed of the
Earth’s rotation, ¢y, is the baseline declination, Ts and
Thoise are the on-source and off-source system noise
temperatures, and ¢ is the time of the measurement.

The on-source antenna temperature increase is
F Ags
Ta= 2k
berg, and Onsala antennas A.; were 180—800 m?.
The source flux density F' was 1.8 x 10% Jy, so that
T, = (1-5) x 10° K. The system noise temperatures
did not exceed 100—150 K; i.e., the ratio Ts/(Ts +
Thoise) =~ 1. Thus, the errors in the positions measured
using the fringe rates for various baselines are Afg =
(0.07—0.2) mas.

. The effective areas of the Simeiz, Effels-

The accuracy of positions determined using the
interference fringe phases are [11]:

Oph

Agx~ P

e

where o, = In our case, AS = (0.14—

Ta2Aft
0.5) us, appreciably better than for the fringe-rate
positions.

6. STRUCTURE OF THE FLARE REGION

An object is mapped using the baseline respon-
ses—the correlated fluxes and their phases. The base-
lines in our array have high angular resolution, which
considerably limits their response to extended struc-
tures in the source. The large-scale structure of the
emission region was estimated in our Gaussian ap-
proximations directly from the variations in the cor-
related fluxes as a function of the baseline lengths.
Figure 2 presents the correlated source flux in channel
64 (V = 7.56 km/s) as a function of length of the
Simeiz—Onsala baseline. The analogous data for all
three baselines suggest a structure formed by two

ASTRONOMY REPORTS Vol.47 No.2 2003
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Fig. 3. (a) Distribution of the components in the X—Y" plane, (b) projection of the components along the direction @ = 86°,
(c) brightness distribution smoothed with a 0.2-mas Gaussian beam.

Gaussian components with half-power sizes of 1.9 x
1.13 and ~0.9 x 0.3 mas. The components are elon-
gated in the direction @ ~ 90°, and the average trans-
verse size of the extended component does not exceed
| mas. The flux densities of the components are F' =
1.57 x 10% and 0.25 x 10 Jy, and their brightness
temperatures are T}, = 2.0 x 10'% and 2.6 x 10 K.
Our estimate of the fine structure of the studied
region was then refined using the complex correlated
fluxes as functions of time in each individual channel.

ASTRONOMY REPORTS Vol.47 No.2 2003

As a first approximation, we assumed that the emis-
sion of only one compact source dominates in each
channel. We represent the overall brightness distribu-
tion as a set of compact components (é-functions).

The interferometer response to a source with
brightness distribution Ty, (5, f) is

“+00

R(9, 3, f) = / Ty(6, f) exp(j2n BaB)dS,

—0o0
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Table 2. Distribution of the components

DEMICHEV ef al.

No. Channels LSRI(:;e}ZCity’ X, mas Y, mas Selézli‘ttlivoe”’ Group amplitude,
mas arb. units
from | to | from to from to from to from to
1 59 69 | 7.21 791 | —0.54 0.14 | -0.04 | 0.04 | O 0.54 3.6
2 52 58 | 7.98 8.4 0.34 1.14 | -091 | 0.15 0.37 1.34 0.58
3 70 73 | 6.93 714 | —047 | —0.34 0.07 | 0.51 0.48 0.67 0.53

where 3 = (zu; 4+ yv;)/B, is the component’s posi-
tion along the baseline direction, x and y are relative
coordinates on the celestial sphere, By = |uj,v;] is
the projected baseline in wavelengths.

In this case, the phase difference ¢ = Ay of the
signal of the ith component for the jth baseline pro-
jection can be represented as the scalar product

Qbij = 27T($iuj + yiv; + Nij), (4)

where the IV;; are integers.

This equation contains a 27 N;; ambiguity, corre-
sponding to a certain number of interference lobes. In
the case considered, the interference lobe width 6, is
1.7—4 mas. The uncertainty for each value of ¢ and
j can be eliminated using the fringe-rate measure-
ments of the components’ positions [9, 10].

The time variation of the correlated signal phase
(fringe rate) is AFj = %qb(t) and depends on the
baseline derivatives:

AF; = (xiitj + yi0;).

In our case, the time discretization is determined by
the averaging time, which was equal to 300 s. For var-
ious values of 7 and j, we can obtain a set of equations
and find the relative positions of the components via a
least-squares fit. The optimal solutions are achieved
for the values of =,y corresponding to the set of two
equations

ZujAFfr ij = Z(u?xz + uji)jyi)p

J J
Z ’[)jAFfT ij = Z (’llj@jfl?i + v?yz)
J J

The accuracy of the relative positions lies within an
interference lobe and reaches 0.07—0.2 mas, allowing
us to eliminate the 27 N;; ambiguity, so that (4) is
transformed into

bij = 2m(ziuj + yivj + Nij).

The solutions (x,y) are found via a least-squares fit
using the equations

Z qbijuj =27 Z (xu? + yujvj),
j -

J
D it
J

=2 Z (y’u? + zujv;).
j

The errors, which are determined by the sensitivity,
are ~0.14—0.5 mas.

The derived distribution of the components is pre-
sented in Fig. 3a. The crosses show the relative errors
of the component positions; their relatively large val-
ues are due to the inconsistency of the initial model
assumptions with the actual observed pattern, in par-
ticular, the overlap of the lines of several components
within a channel [10, pp. 21—22], and to the presence
of an extended structure. The fine structure of the flare
region consists of components distributed in three
compact groups (Fig. 3a, Table 2). The first group
forms a bright extended arc, while the other two are
separated from it by ~1 and ~0.5 mas. The sizes of
the groups of compact components are 0.2—0.9 mas,
and their brightness temperatures Tj, reach <106 K.

However, there may be errors related to inaccurate
compensation of the derivative dp/df < 5° per chan-
nel, which can reach <0.05 mas per channel.

7. INTERPRETATION OF THE RESULTS

The distribution of the components in the first
group (No. 1) in the X—=Y plane (Fig. 3a) has an
arclike shape. The component amplitudes smoothed
with a Gaussian beam have a characteristic appear-
ance, which is presented in Fig. 3c. In the first group,
we can see a certain correlation between the velocity
of the components and their relative position. Figure 4
shows the velocity distribution of the components
along the group structural angle (Q = —86°). Such
dependences are typical of components that form a
ring structure observed at a small viewing angle v ~
0°—1°.

ASTRONOMY REPORTS Vol.47 No.2 2003
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Fig. 4. Velocities of the components versus their relative positions. (/) first ring; (2) second ring; A and B correspond to R = 6

and 15 AU, respectively.

Consider a ring with radius R and thickness r <
R rotating at velocity V4 and expanding at veloc-
ity Viaq (Fig. 5). In this case, the radial component
of the velocity of a ring element V¢ as a function of
angle « is

Vobs = VLSR + Vrad sina + V;”ot COos &,

where Vi gg is the velocity with respect to the Local
Standard of Rest.

Depending on the relative position Az (Fig. 5), the
observed velocity of a ring element is

R

2Ax  Az?
L

At point S (Axz = 0), the radial component of the
expansion velocity Vi, = 0 and Vs = Vigg + Viot. If

Az
Vobs = VLSR + Vrot <1 - _>

ASTRONOMY REPORTS Vol.47 No.2 2003

the position is measured from point S, the observed
velocity is

Az [2Az  Ax?
AVops = Viot (—§> + Viad R

Table 3. Parameters of the rings

mg;gg};?}@ Ring no. | Viet, km/s | Viag, km/s | R, AU
| 3.62 1.11 6
0.1
2 3.44 1.78 6.6
| 1 8.98 1.79 15
2 8.79 2.61 15.6
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Let us estimate the ring parameters via a least-
squares fit. We assume the values of the radii are 6 and
15 AU (Fig. 4, curves 1A and 1B, respectively; Ta-
ble 3). These correspond to rotation velocities Vo =
3.62 and 8.98 km/s and to radial velocities Vg =
1.14 and 1.79 km/s.

The radial component of the ring velocity testi-
fies to the system’s non-stationarity, consistent with
the early stage of formation of a protostar and the
accompanying accretion disk. In fact, the observed
non-stationarity of the ring could be due to the ex-
pansion or contraction not of the ring itself, but of
the maser halo around it. This protoplanetary ring
contains ice particles and dust. The infrared radia-
tion from the protostar (central object) sublimates ice
particles, forming water-vapor molecules, which are
blown away by the radiation pressure and stellar wind.
They also determine the maser pumping, so that an
expanding maser ring is formed. We observe a similar
phenomenon as a comet flies close to the Sun. The
inverse effect—the contraction of the ring under the
action of the accreting material—is possible, but the
halo will then be localized in the inner part of the ring.
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Fig. 6. Distribution of optical depth (7o) in a ring ob-
served at angle vy = 1° (a) in the X—Y plane (the contour

levels correspond to 0.2 of the maximum) and (b) pro-
jected on the X axis.

Let us estimate the mass of the central massive
body M assuming Keplerian motion:

RVZ = MG, (5)

where G is the gravitational constant. For the con-
sidered radii, R = 6—15 AU, the mass of the central
object M is 0.1—-1 M, within the range of masses for
brown dwarfs and protostars.

Near the group of components considered is group
no. 2 (Table 2, Fig. 3a), which is probably a fragment
of a second, outer ring. In this case, according to
(5), its velocities are Vi = 3.44—8.79 km/s, Vexp =

1.78—2.61 km/s (Fig. 4, curves 2A, 2B). The group
of components no. 3 is probably a fragment of another
ring; however, the number of points is obviously in-
sufficient to determine its parameters.

8. PARAMETERS OF THE MASER RING

The brightness distribution of a maser ring with
radius R and thickness 2r = 1 AU, observed at some
angle ~y, depends on the distribution of water-vapor
molecules and the maser pumping. Let us assume a
uniform distribution for the water vapor and pumping
in the ring, a radius R = 15 AU, and an angle to the
line of sight v ~ 1°, as follows from Fig. 3a.

ASTRONOMY REPORTS Vol.47 No.2 2003
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Fig. 7. (A) Inner ring (Vi = 8.98 km/s), (B) outer ring (Viot = 8.79 km/s), (C) sum A + B, (D) the observed profile.

The intensity of the maser emission I is deter-
mined by its optical depth 7., and the spontaneous
kinetic temperature of the active region Ty and back-
ground Tj,. In an unsaturated maser, the intensity is

P _ 2%
QA2
where k is Boltzmann’s constant and €2 is the angular
size.

The background temperature T} can be taken to
be equal to the average brightness temperature of the
nebula (=10 K), and T, is ~100—200 K. Thus, the
observed maser emission intensity is determined by
spontaneous emission [5]:

I~Ts" —1).

Let us find the optical-depth distribution in the
ring in the plane of the sky, assuming it is proportional
to the line-of-sight component of the geometrical
cross section. We will take into account the distribu-
tion of the velocity in the ring along the line of sight
(the maser window width).

The linewidth of an unsaturated maser is deter-
mined by the expression [5]

1

Af=A ,
f fDm
where Afp is the Doppler linewidth (kHz), Afp =
3.73/T.
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I — [|Ts| (eTopl _ 1) + TbeTom] ,

For a given velocity V, the line-of-sight (L) optical
depth is

Topt(xa Y, V) = 7—OptO('r/Uv y) / e

where 7,40 is the geometrical thickness of the maser
ring and Vj is the velocity of the line center of a small
volume (dz, dy,dL).

This integral can be calculated numerically by
splitting the model into a large number of small vol-
umes (Az, Ay, AL, Av). Let us assume AV =
0.8 km/s, which corresponds to Ty =240 K. The
derived dependence 7, (z,y) is shown in Fig. 6a.
The lines of equal optical depth are drawn in steps
of 0.2. The optical-depth variations projected onto
the X axis are presented in Fig. 6b. The maximum
intensity corresponds to a compact region located at
the ring inflection point. The size of the region (bright
source) does not exceed half the ring cross section,
and depends on the optical depth and maser mode. In
the case considered here, the apparent angular size of
the compact source is ~0.5 x 0.9 AU, or 1 x 1.8 mas.

The velocity distribution of the observed intensi-
ty—i.e., the line profile of the ring, F/(V))—is shown
in Fig. 7 (curve A). Curve B in Fig. 7 shows the anal-
ogous dependence for the second ring (R = 15.6 AU,
Vot = 8.79 km/s, Vexp = 2.61 km/s). The total curve

C has a maximum at V,, = 7.3 km/s, whereas the

_ (V-Vp(zw,L)?
0.36AV 2

dL,
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Fig. 8. Brightness distribution along the X axis; (A) inner ring; (B) outer ring; (C) sum A + B.

observed curve D peaks at V,, = 7.56 km/s, which
can be explained by amplification of the emission in an
external maser cloud [7], whose radial velocity Vo is

7.6 km/s, and profile width is ~0.5 km/s.

The brightness distribution along the X axis,
Ty (zx), for the first and second rings are shown by
curves A and B in Fig. 8. The total brightness-
distribution curve includes large-scale (=1 AU) and
compact (~=0.3 AU) components (2 and 0.6 mas,
respectively). However, the external amplification
and degree of saturation substantially influence the
contribution of the individual components to the total
emission profile.

Thus, as a whole, the model of the maser source
is consistent with the observed correlations and con-
firms that the observational data are consistent with a
ring structure.

9. CONCLUSION

Using observations of a polarized flare of the HoO
supermaser emission in the Orion Nebula at A =
1.35 ¢cm on December 1, 1982, on a radio interfer-
ometer formed by antennas in Simeiz, Onsala, and
Effelsberg, we have obtained the following results.

We have modeled the spatial structure of the flare
region as a set of pointlike sources (§ functions)

and Gaussian components. The components are dis-
tributed in three groups. In the main group, the com-
ponents are distributed along an arc 0.9 mas in length
and oriented in the plane of the sky along position
angle @ = —86°. This arc is a segment of a circle,
inclined to the line of sight at an angle of v ~ 1°. The
accuracy of the relative positions of the components
is shown in Fig. 3a.

The components emit narrow spectral lines. The
linewidth of the emission of the bright groups of com-
ponents (nos. 1, 2)is 15—50 kHz, or 0.2—0.7 km/s.

The main emission of the flare is contributed by
an elongated extended component, whose size in a
Gaussian approximation is 1.1 x 1.9 mas. Its bright-
ness temperature Tj, is 2.0 x 10 K. Compact com-
ponents are scattered within this region, one with a
size of 0.3 x 0.9 mas and a brightness temperature of
T;, = 2.6 x 10 K. The presence of still more compact
components with sizes of < 0.2 mas is possible, with
their contribution to the emission being ~5%.

The degree of polarization P of the maser emission
of both the extended and compact components is
58%.

The spatial distribution of the components and
their velocities fit a model with rotating and expanding
rings (components nos. 1, 2) with radii differing by
~0.7 AU. Component no. 3 may correspond to a third
ring.
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The expansion velocity of the maser ring is de-
termined by the velocity of blown-off water-vapor
molecules, which form a halo around a protoplanetary
ring consisting of ice particles.

In the case of Keplerian rotation and a protostar
mass of 0.1—1Mg, the radius of the inner ring is
R =12-30 mas (6—15 AU), its rotation velocity is
Viot = 3.62—8.98 km/s, and its expansion velocity is
Viad = 1.14—1.79 km/s. The data for the other two
rings are listed in Table 3.

Thus, the observational data can be represented by
a model with expanding concentric rings observed at
a small angle to the line of sight.
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