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Abstract

High-resolution radio continuum observations at 43 GHz of the G0.18-0.04 region of the radio Arc near
the galactic center were made using the Nobeyama Millimeter-wave Array. Straight nonthermal filaments
are hardly seen at 43 GHz, which contribute to a small fraction (<10%) of the total Arc brightness, and
have a steep spectral index of @ < —0.7 between 4.7 and 43 GHz. We discuss the implication of this spectral
turnover of the nonthermal filaments at high frequencies. The “sickle” feature is clearly seen at 43 GHz
and has a flat spectrum, which confirms its thermal characteristics.
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1. Introduction

The galactic center Arc comprises a bunch of highly
aligned vertical magnetic fields (Yusef-Zadeh et al. 1984;
Yusef-Zadeh 1986), and shows high linear polarization
(Tsuboi et al. 1986; Sofue et al. 1987; Reich 1989). Al-
though the radio emission is nonthermal (synchrotron),
its radio spectrum is flat, or even inverted, over a
wide range of frequencies from 330 MHz up to 43 GHz
(Sofue 1985; Reich et al. 1988; Yusef-Zadeh 1989;
Anantharamaiah et al. 1991).

In order to clarify the origin of the filaments, it is im-
portant to descriminate the location and epoch of acceler-
ation. In particular, the age of filaments can be obtained
by a high-resolution map of the Arc at high frequencies
at which the emission might have a spectral turnover.
For this purpose, we have performed mapping of the
brightest area on the Arc at 43 GHz using the Nobeyama
Millimeter-wave Array (NMA). In this region some inter-
action with ambient thermal matter has been suggested
(Serabyn and Giisten 1991), namely in the “sickle” region
(= G0.18-0.04).

*  Nobeyama Radio Observatory (NRO) is a branch of the Na-
tional Astronomical Observatory, an inter-university research
institute operated by the Ministry of Education, Science and
Culture.

2. Observations and Data Reduction

The observations were made using the 5-element NMA
in the B configuration on 1991 March 1 and 14, and in
the C configuration on April 10 and 12. The synthe-
sized beam had a main-lobe HPBW of 15”.3 x 8".3, elon-
gated in the Dec directions at a position angle of —6°1.
In order to improve the signal-to-noise ratio in the final
map, we convolved the obtained map with a Gaussian
beam to a HPBW of 16” x 10" at a position angle of 0°.
The indicated intensity on the final map gives the surface
brightness; 1 mJy (16” x 10”)~! beam™! corresponds to
2.35 x 10721 W m~2Hz lsr™! .

The center position of the field was taken at RA =
17043™04500 and Dec = —28°47/30".0 (epoch 1950). The
primary beam is 160" (FWHM). Calibrations of the com-
plex visibility and flux were made by observing a nearby
radio source, NRAQ530, which had flux density of 5.7 Jy,
compared to the planet Mars, with an assumed bright-
ness temperature of 200 K. Data acquisition was made
with an FX system (a fast-Fourier-transform spectro-
correllator); the data were channel-averaged to provide
continuum data. The center frequency was 43.42 GHz
and the receiver bandwidth was 320 MHz (1048 chan-
nels), while the central 280 MHz (920 channels) were used
in the data reduction. Since we observed only one circular
polarization, no information concerning linear polariza-
tion has been obtained. These data were CLEANed using
the AIPS reduction system, and finally smoothed by con-
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Fig. 1. A 43.42 GHz synthesized map of the G0.18—0.04 region of the radio Arc near the galactic center observed by the
Nobeyama mm Array, convolved to a Gaussian beam of HPBW 16" x 10”. Contours are drawn every 10% of the
peak brightness, where the peak brightness is 55 mJy (16” x 10”)~! beam=! = 1.29 x 107! W m~2Hz !sr~! . No
correction for the primary beam attenuation (HPBW 160”) has been applied. True brightness can be estimated by

multiplying the indicated values by 29/80”, with 0 being the distance in arcsec from the map center.

volving with a Gaussian beam, as mentioned above. The
rms noise of a flat field in the resultant map is approxi-
mately 3.3 mJy (16" x 10”) beam™1.

3. Results

Figure 1 shows the obtained map convolved with a
Gaussian beam of HPBW 16” x 10”. The contours are
drawn at every 10% of the peak flux, or at every 1.29 x
10720 W m~2?Hz !sr~! = 1.67 rms noise. The map is

not corrected for the primary beam attenuation, so that
the true brightness can be calculated by multiplying by
20/80" the indicated intensity, where 6 is angular distance
from the field center (the center of the map). Figure
2 reproduces a 6.4-cm (4.71 GHz) VLA map by Yusef-
Zadeh (1986), where the field of view is sufficiently large
compared to the indicated field; the intensity scale is
therefore almost flat. The features seen near the edges of
figure 1 such as that near the bottom-right corner, which
have no counter features in the 6 cm map, are distant
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Fig. 2. The 4.71 GHz (6.3 cm) VLA map for the same region as in figure 1 (reproduced from Yusef-Zadeh 1986). The intensity
contours are at —5, —2.5, 5, 7.5, 10 15, 20, ... 65 mJy (7".1 x 6°.2)~1 beam™1!.

from the field center and may be spurius.

3.1.  Nonthermal Filaments of the Arc

The VLA nonthermal filaments, which run along the
Arc perpendicular to the galactic plane, are hardly rec-
ognized on our 43 GHz. Our UV coverage is sensi-
tive enough to any filamentary structures extending in
the Arc direction; this can be confirmed from the fact
that the elongated thermal features at RA = 17"03™045,
Dec = —28°47', which are parallel to the nonthermal
filaments, are quite visible on the map. We may there-
fore conclude that the 43-GHz emission from the VLA
filaments is below the lowest contour level. The upper
limit to the brightness of the filaments near the field cen-
ter, excluding the sickle, is approximately 6 mJy (16" x
10”)~! beam™! = 1.4 x 10720 W m~2Hz lsr~! .

On the other hand, the filaments were detected by
single-dish observations at the same frequency. The mean

brightness of the nonthermal Arc at G0.16—0.14, apart
from the sickle, as observed by the 45-m single dish with
a HPBW of 38" at 43 GHz is 280 mK Ty = 1.63x 107 1°
W m™?Hz !sr~! (Sofue et al. 1986; Reich et al. 1988),
and the brightness isalmost constant along the Arc.
Therefore, this “background” emission must come from
extended structures with scale sizes greater than 0.5, and
may not be detected by the present interferometer obser-
vations. The 43-GHz emission from the straight filaments
makes less than about 10% of the brightness of the total
Arc feature.

The data can be compared with the 4.71 GHz
(6.3 cm) VLA data by Yusef-Zadeh (1986), which give
a brightness of about 20 mJy (7”1 x 6”2)~! beam™!
= 1.7 x 10719 W m™2Hz 'sr~! for the straight fil-
aments. By convolving with our beam, we obtained
approximately 30 mJy (16” x 10”)7! beam™! = 7 x
10720 W m~2Hz 'sr~! at 4.71 GHz. Comparing this
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Fig. 3. Spectra between 43.42 and 4.71 GHz for (F) the straight filament near the field center, (S) the brightest part of the

sickle G018—0.04, and for (P) the pistol G0.15—0.05. The inverted spectrum for the mean brightness of the radio Arc at
G0.16—0.15 (Reich et al. 1988; Anantharamaiah et al. 1991) is also shown (A). The errors are typically +15% for the

43 GHz data, and about the same for the other data.

value with the upper limit to the 43 GHz brightness, we
obtained a spectral index between 4.7 and 43 GHz of the
filaments to be a < —0.7, where ¥ o v*. This fact indi-
cates that the straight filaments have nonthermal char-
acteristics of steep spectrum.

On the other hand, the mean brightness of the larger-
scale emission averaged over a wider Arc region at 6 cm
is about 1.2 x 1071 W m~2Hz 'sr~! , which leads to
a flat or rather inverted spectral index of @ = +0.2 for
the Arc (Reich et al. 1988). Therefore, the 4.7 GHz VLA
straight filaments make a significant fraction (70%) of
the mean brightness of the Arc. This is in contrast to
the contribution by the filaments at 43.4 GHz, which is
less than about 10%.

3.2. G0.18—0.04 (The “Sickle”)

The “sickle” is clearly seen as a loop-like association of
clumpy features at 43 GHz (figures 1 and 2), and coincide
well with the 6-cm VLA features (figure 3). However, its
“handle” seen at 6 cm, a feature extending toward the
bottom-right corner of figure 2, is hardly seen at 43 GHz,
which suggests that this part might be due to its non-
thermal property, although this is not conclusive for its
distance from the map center. The brightest part of the
sickle’s blade has a brightness of about 70 mJy (16" x
10")7! beam™! = 1.7 x 107 W m~2Hz 'sr~! after
a primary beam correction. The brightness of this part
at 4.71 GHz, after subtracting the contribution from the
straight filaments, is about 1.8 x 1071° W m~2Hz " !sr~!.
Hence, the spectral index between 4.71 and 43.42 GHz

toward the brightest point of the sickle can be determined
to be @ = —0.1. A similar spectrum is obtained for most
part of the sickle. The flat spectral index is consistent
with the thermal characteristics, as indicated by the de-
tection of the H109«a recombination line toward the sickle
(Pauls et al. 1976).

3.3. G0.15-0.05 (The “Pistol”)

The “Pistol”’-like feature is also clearly seen at
43 GHz. The peak brightness of GO0.15-0.05 is
about 80 mJy (16” x 10”)"! beam™' = 1.9 x
1071 W m~2Hz !sr™! , and its total flux is ~ 0.5 Jy,
after correction for primary beam truncation. This can
be compared to the 4.7 GHz VLA brightness convolved
to the same beam, 2.7 x 107! W m—2Hz lsr~! , and
total flux of 0.5 Jy (Yusef-Zadeh and Morris 1987). The
brightness at 1.45 GHz after convolution to our beam is
2.3x 107 W m™2Hz lsr~!, and total flux of ~0.5 Jy
(Yusef-Zadeh 1986). This gives a brightness spectral
index of & = —0.1 between 43 and 4.7 GHz and a flat
spectrum between 4.7 and 1.4 GHz. The spectrum of the
total flux is also flat.

8.4.  Contribution from Molecular Lines

Since our frequency band includes some molecular line
emissions, like the CS line, we should estimate here their
contribution. The strongest CS (J = 1-0) line has a
peak brightness of about 2 K toward RA = 17"43™05%,
Dec = —29°46’ (Tsuboi 1988; Serabyn and Giisten 1991).
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Since the line width is about 10 km s™! , or 1.4 MHz, its
averaged brightness within our bandwidth, 280 MHz, is
approximately 10 mK. This is less than that of the noise
level of figure 1, which is 14 mK. Contributions from the
other lines should be much smaller; even the integrated
contribution from all the lines in our band should be less
than the lowest contour level. In fact we have observed no
structures toward the above-mentioned position in figure
1. Moreover, the line emissions are much smaller in the
other regions, apart from the above mentioned position.
We may, therefore, safely assume that the contribution
from molecular lines to our map is much smaller than the
lowest contour level.

4. Summary and Discussion

The NMA high-resolution map at 43 GHz of the ra-
dio Arc near the galactic center has revealed the thermal
complexes G0.18—0.04 (the sickle-like association) and
G0.15—0.05 (the pistol). The sickle has a flat spectrum
characteristic of thermal emission, consistent with the
previous observations. The pistol also has a flat spec-
trum between 1.4 and 43 GHz, and is consistent with the
previous observations at lower frequencies.

From a comparison of our data with the published
maps at lower frequencies, we may discuss the spectral
characteristics of the nonthermal filaments as follows:
The filaments are hardly seen in our 43 GHz map. The
43-GHz contribution to the Arc brightness is less than
10%, and the spectrum of the filaments is as steep as
a < —0.7. In contrast, the filaments at lower frequencies
comprise a significant part of the mean brightness (~70%
at 4.7 GHz). The filaments are still visible on a 15-GHz
VLA map by Inoue et al. (1989). Moreover, the non-
thermal VLA filaments are known to have a flat spectral
index between 1.4 and 4.7 GHz, where o ranges between
—0.2 and +0.1 (Yusef-Zadeh 1989). Hence, we may con-
clude that the nonthermal filaments in the Arc have a
spectral turn over between 4.7 and 43 GHz, probably be-
tween 15 and 43 GHz, although the published 15 GHz
map has no flux density scale.

On the other hand, it is known that the entire Arc
structure, as observed with single dishes, has a flat, or
rather inverted, spectrum (Reich et al. 1988). These facts
indicate that high-energy cosmic-ray electrons emitting
at 43 GHz are not well concentrated in the filaments,
but are widely spread over the entire Arc area, while the
lower-energy electrons which emit at lower frequencies
(6 cm) are more concentrated in the filaments. These
facts may also give some constraints on the lifetimes of
the filamentary structures, as follows.

The magnetic field strength in the filaments is esti-
mated to be about 1 mG (Yusef-Zadeh et al. 1984). En-
ergy of synchrotron electrons which emit at 43 GHz in
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this magnetic field are approximately E ~
2 GeV. The lifetime of an electron of this energy is then

T~2—?;z"%§7—E~4><103yr. Here, v, m, e, E, B and ¢
are the frequency, electrons mass, electric charge, energy,
magnetic field strength, and light velocity, respectively.
The Larmor radius of such electrons is of the order of
r ~ E/(eB) ~ 10° km ~ 107% pc, small enough com-
pared to the thickness of a VLA filament of about an
arcsec ~ 3 x 1072 pc. Hence, it is safely assumed that the
electrons are well localized in the filaments, and cannot
escape across the field lines. High-energy electrons emit-
ting 4.7 GHz radiation have typical energies of 0.6 GeV;
their lifetime is about 1.3 x 10* yr, and their Larmor
radius is still smaller.

The magnetic field in inter-filament regions, which is
the space surrounding the filaments, of the Arc must be
weaker than in the filaments: here we simply assume
an order of magnitude weaker field, B ~ 0.1 mG. The
energies of electrons emitting at the same frequencies
are three-times greater than those for 1 mG, 6 GeV and
1 GeV at 43 and 4.7 GHz, respectively. However, their
lifetimes are 30-times longer than those in the filaments:
T ~ 1.2 x 10° yr for 43-GHz electrons and ~ 4 x 10° yr
for 4.7 GHz. The Larmor radii are an order of magnitude
larger than those in the filaments, but sufficiently small
compared to the scale of the Arc extent.

It is known that the radio spectrum is nearly flat ev-
erywhere in a wide area (a few hundred pc) of the galac-
tic center region (Sofue 1985; "Anantharamaiah et al.
1991). This indicates that the “background” electrons
emit flat spectrum radiation. If a magnetic flux tube
is locally compressed, such as due to some shocked in-
teraction with ejected matter from the nucleus (Sofue
and Fujimoto 1987; Yusef-Zadeh and Morris 1987), en-
ergetic electrons within such an amplified magnetic tube
must decay much faster than the ambient regions, and
the high-energy part may show a spectral turnover. In
this model the filaments which we discussed above must
have appeared (been compressed) during a period earlier
than 4 x 10% yr ago and later than 10* yr ago. Namely, we
may consider that the nonthermal filaments in the Arc
are transient magnetic tubes, the lifetimes of which are
several thousand years. In this context, we point out the
similarity to the “threads” near the galactic center, which
are considered to be thin magnetic tubes which also have
a steep spectrum ( Anantharamaiah et al. 1991), even
though the lifetime of the threads may be much longer,
as is indicated by their steep spectra at lower frequencies.
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