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Abstract

Radio continuum observations of the central region of our Galaxy
have revealed an off-plane, Q-shaped lobe (the galactic center lobe: GCL)
with a diameter 200 pc emerging from the nuclear disk toward the positive
galactic latitude. The radio spectrum is flat, indicating either a thermal
gas origin or synchrotron radiation due to recently accelerated cosmic-
ray electrons. CO line observations show an association of a high-velocity
molecular gas with the lobe ridges. The eastern and western lobe ridges
are connected to the “radio arc” and Sgr C in which extremely thin filamen-
tary structures are found with the VLA. This fact indicates an influence of
a magnetic field on the GCL. The origin of the GCL is discussed in rela-
tion to an activity in the central region of the Galaxy. The GCL may be
a cosmic jet perpendicular to the nuclear disk under a predominant in-
fluence of a strong magnetic field, and a magnetic-twist acceleration model
is suggested as a favorable formation mechanism. We point out charac-
teristics of the GCL and some radio lobes in edge-on spiral galaxies common
to more energetic jets associated with quasars and radio galaxies based
on a statistical plot of a lateral expansion rate of the jet against a radio
power of the core source.

Key words: Cosmic jets; Galactic center; Nuclear activity; Radio
lobes.

1. Introduction

Kerr and Sinclair (1966) called attention to a “‘jetlike” feature in the central region
of our Galaxy on their low-frequency radio map. Since then, however, no extensive
research has been made of a large-scale diffuse radio emission in the off-plane region
in relation to the galactic activity. On the other hand, the near-plane extended radio
emission has been extensively studied in relation to the extended H 1 gas disk on
the basis of a number of radio surveys (e.g., Mezger and Pauls 1979).

In our recent paper (Sofue and Handa 1984) we briefly reported a discovery of a
large-scale, Q-shaped radio lobe structure above the galactic center through our 10.5-
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GHz continuum observations. The lobe is referred to as the GCL (galactic center
lobe). We have argued that the GCL may be evidence for a channeled exhaust
of matter, or a cosmic jet, perpendicular to the nuclear disk induced by an activity in
the central region of our Galaxy. In this paper we describe in detail the radio prop-
erties of the GCL based mainly on radio continuum observations (section 2). Some
results from our recent CO-line observations are briefly touched upon in relation to
the dynamics of the GCL. On the basis of the observational facts, we discuss a possible
origin and formation mechanism of the GCL in relation to the galactic center activity.

Recent VLA observations of the “radio arc” near Sgr A (Yusef-Zadeh et al. 1984)
have shown the existence of a strong magnetic field in the central region of the Galaxy.
In this paper we investigate in detail the relationship of the GCL to the smaller-scale
structures in the galactic plane using the 10-GHz continuum data (section 3). We
emphasize the importance of the influence of a magnetic field in the active rotating
nuclear disk on the formation of the GCL. In fact Uchida and Shibata (1984) have
proposed a promising ejection mechanism of matter, or a cosmic jet, perpendicular
to the rotating gas disk by a twisting magnetic field running perpendicularly to the
disk plane. We discuss the plausibility of this model on the origin of the GCL.

A study of a cosmic jet phenomenon in our Galaxy and those in edge-on spiral
galaxies like NGC 3079 (Hummel et al. 1983; Duric et al. 1983) may provide an ob-
servational aspect to an understanding of the general cosmic-jet phenomena found
frequently in quasars and radio galaxies, and in particular, an understanding of the
relationship of the jet to the nuclear disk. We recall that no observational evidence
has been given of a “disk” in quasars and radio galaxies, despite the fact that every
theory of a jet formation (e.g., Rees 1971; Sakashita 1971) has assumed a priori the
existence of a nuclear disk in the central region. An extensive study of the GCL and
its relation to the nuclear disk may give an important clue to understand not only a
cosmic jet phenomenon in our galactic center, but also those in quasars and radio
galaxies (section 3).

2. Radio Properties

a) 10.55-GHz Radio Continuum Observations

The 10.5-GHz observations were made in April 1983 and August 1984 using the
45-m telescope at the Nobeyama Radio Observatory in the course of a radio con-
tinuum survey of the galactic plane. The HPBW was 2.6 at the center frequency of
10.55 GHz and the bandwidth was 500 MHz. The first side-lobe level was below
—20 dB, which provided a high-dynamic range measurement of the region near the
strong source, Sgr A.  We used a cooled parametric amplifier combined with a Dicke
switching system. The system noise temperature was about 150 K. We mapped a
square area of 4°x4° centered on the galactic center by scanning in the direction of
the latitude at intervals of 172. The integration time per beam area was effectively
1.4s. Two extreme sides of each scan at b=—2° and +-2° were taken as the zero level.
Scanning effects were removed using the “pressing” technique developed by Sofue and
Reich (1979). The data reduction was made using a radio astronomical reduction
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Fig. 1. A BGF (background-filtered) map of the surface brightness at 10.55 GHz of the
central region of the Galaxy smoothed to an angular resolution of HPBW 4/3 (the
same resolution as that of the Bonn 2.7-GHz map in figure 4). An extended back-
ground structure with a scale size greater than 120 has been removed from the original
by applying the BGF method. The unit of the contour numbers is 10-2 W m~2sr~!
Hz~! in surface brightness.

system at the NRO, which uses partly the NOD 2 reduction package. The effective
rms noise on the resultant map in a quiet region is about 30 mK.

Figure 1 shows an obtained 10.5-GHz map for a region of 3° x 3° centered on the
galactic center and smoothed to a HPBW of 4/3. In the map an extended, large-
scale structure with a scale size greater than 120 has been removed by applying a back-
ground filtering (BGF) technique of Sofue and Reich (1979) in order to enhance finer-
scale features. The map reveals a number of spur structures emerging from the galactic
plane toward high latitudes. Among them the most prominent are the two strong
spurs at /=-+0°2 and —026, both extending toward the positive latitude perpendicu-
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Fig. 2. A close up of the galactic center lobe at 10.5 GHz smoothed to a HPBW of 3’6
after a BGF of filtering scale size 0°3. The contour unit is the same as in figure 1.

larly to the galactic plane. We emphasize that the two spurs bend convex with
respect to the galactic center and are connected with a radio arc at around b=1°2 to
form an Q-shaped lobe structure. Figure 2is a close up of this structure, or the galactic
center lobe (GCL). In the figure the smooth background component with a scale size
greater than 0°3 has been removed again using the BGF. Figure 2 demonstrates in a
clearer way that the two spurs are connected with a broad arc at around »=1°2 to
form a giant Q-shaped loop.

b) 2.7- and 5-GHz Maps

A part of the galactic center lobe already appears in previous radio survey maps
at 1.4, 2.7, and 5 GHz of Altenhoff et al. (1970, 1978) and at 5 GHz of Haynes et al.
(1978). However, these surveys are not good enough in resolution and sensitivity
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Fig. 3. A reproduction of the Bonn 5-GHz survey map from Altenhoff et al. (1978) for
the central region of the Galaxy. We can recognize two spurs running towards the
positive latitude, which are the two ridges of the GCL. The contour unit is 0.1 Jy/
beam area of 2/6 HPBW.

to reveal the whole structure of the lobe. Figure 3 is a reproduction of the 5-GHz
Bonn survey of Altenhoff et al. (1978) for a 2°x2° area of the galactic center. Al-
though the map lacks the upper region of the lobe, we can see the two ridges emerging
at /=-4022 and —0°6.

The whole lobe structure has been clearly observed in the recent 2.695-GHz Bonn
survey with the 100-m telescope (Reich et al. 1984). Figure 4 reproduces the same
region as figure 1 from this survey, where the background component with scale sizes
greater than 120 has been removed with the BGF. As the angular resolution (HPBW
=4'3) is lower, the ridges are not resolved. However, the figure shows up clearly
the connection of the spurs with an arc at 5=192 to form an Q shape.

¢) Flux Density and Intensity Distribution across the GCL
Figure 5 shows cross sections of the GCL along a constant latitude, 5=0°4, as
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Fig. 4. A BGF map same as figure 1 but at 2.7 GHz from the Bonn survey (Reich et al.
1984). The HPBW of the map is4/3. A BGF has been applied with the same filtering
beam size of 170 as in figure 1. The unit of the contour numbers is 10-2 W m~2
sr—! Hz=1.

obtained from the original 2.7-, 5-, and 10-GHz maps without applying the BGF.
The lobe has a steep gradient of radio intensity toward the outer edges, and the two
ridges are connected by a diffuse radio emission in between. The cross sections are
similar to those typical of a compressed shell like a supernova remnant. This fact
suggests that the lobe is a result of an explosive or an energetic outflow phenomenon,
probably related to the galactic center activity.

From figure 5 we can see that the radio emission is well represented by a super-
position of two components; a lobe component with two sharp peaks at I=—0°6
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Fig. 5. Radio intensity cross sections of the GCL at a constant latitude, 5=0°4, made
from the original 2.7-, 5-, and 10.5-GHz survey maps.

and +0°2, and a smooth background component. The latter component is, however,
not corrected for the absolute zero level. In particular, the 2.7-GHz map lacks the
widely extended nonthermal emission of the background beyond b=-2° and —2°
at which an artificial zero level is settled; this causes a relatively small value of the
smooth component. By comparing the peak intensities of the lobe component over
the background at the three frequencies, we obtain a spectral index of about a=0,
where Y ocy® with X the surface brightness and v the frequency. The flat spectrum
suggests a thermal (free-free) emission from an H 11 gas. The total flux density of the
GCL at 10.5 GHz integrated above b=-+0°2 is estimated to be S=132410 Jy.

d) Spectral Index Distribution

To get information about the nature of radio emission from the GCL, we obtain
a distribution of spectral index for the same region as in figure 1. We use the BGF
maps at 2.695 (figure 4) and 10.55 GHz (figure 1) in which the broad, extended com-
ponent of the background has been removed. By using the BGF maps, we can avoid
a systematic error in the spectral index determination which arises mostly from the
ambiguous zero levels of the original maps. Figure 6 shows a map of the spectral
index thus obtained. The figure shows that most part of the radio lobe has a flat
spectrum of a=0, which is consistent with our preliminary estimation of the lobe
spectrum using the cross sections in figure 5. The flat spectrum suggests strongly the
connection of the lobe to an extended nuclear disk, where the spectrum is also flat
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Fig. 6. A distribution of the spectral index a between 2.7 and 10.5 GHz as determined
using the BGF maps in figures 1 and 4 (2 ocy®). The contour interval is 4a=0.1.

due to the extended H 11 gas of temperature 5000 K as derived by Mezger and Pauls
(1979). We point out that the lobe may be a thermal gas, which is likely to have been
supplied from the extended H 11 disk (see subsection 3d). However, we mention the re-
cent detection of highly polarized 10-GHz emission from theeastern ridge using the
45-m telescope (Inoue et al. 1984). This fact shows that we cannot still exclude a
nonthermal origin of the lobe, at least of the lower part of the eastern ridge.

A region containing many strong sources with flat spectra extends to the south-
western part of the map to /=025 and b=—0°5, some of which are identified with
H 11 regions by their hydrogen recombination-line emission (Wink et al. 1982; Downes
et al. 1980). However, the relationship of this thermal region to the nuclear region
remains an open question. We note that there exists a region with a steep spectral
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index of a=—0.5 to —0.6 in the southern (right-bottom) corner of the map. The
steep spectrum is due to the two supernova remnants of the shell type, G 359.0—0.5
and G 358.9—0.9 (Sofue et al. 1984).

e) CO Line Observations

The dynamical property is necessary for the understanding of the formation
mechanism of the GCL. To get information on the motion in the lobe, CO line ob-
servations are in progress using a 4-m millimeter-wave telescope at Nagoya Univer-
sity. We here briefly summarize some of the preliminary results (I. Suwa and Y.
Fukui, private communication).

The observations were made in January through April 1984. We observed both
2CO and *CO line emissions of J=1-0 transition. The system noise temperature
was about 1500 K for the observations from January through middle March, while
it was about 600 K from March through April. We mapped a region of about 195X
1° centered on [=359°6 and b=0°2 with grid intervals of 3’ to 6’. The HPBW of the
telescope at 115 GHz was 2’7, which was almost the same as that of the 45-m tele-
scope at 10 GHz.

In the mapped region we find a significant amount of CO gas at high latitudes,
b>023, with Vysg as high as —150 to +150 km s~t. The high velocity gas should be
associated with the central region of the Galaxy, but not due either to foreground or
blackground disk gas. The velocity profiles of the CO line near the galactic plane
are very complicated (e.g., Liszt and Burton 1979). However, those beyond 6=0°2
show the existence of CO gas at high velocities associated with the GCL ridges. An
isovelocity map of the ?*CO gas intensity integrated in a velocity range between Vygr=
90 and 100kms~! reveals a spurlike extension of CO gas associated with the
western ridge of the GCL. It forms a spur starting at /=—0°6, »=052, and
reaching /=—0°6, b=0°6. For the eastern ridge, however, only a slight enhance-
ment is seen. A latitude-velocity diagram along a constant longitude at /=—0°6
demonstrates more clearly the extension of the high-velocity gas at V=100 to 150
km s, The diagram shows also the existence of a high negative-velocity component
associated with the ridge at around 5=0°3.

In comparison with *CO line data we estimate an optical depth of the western
ridge at /=-—0°6, b=0°3 to be about 0.2 and the velocity width is about 30 km
s~! with an excitation temperature of 7T,,=6K, which leads to a column density
of H, gas as N(H,)=6x10*cm~2 by applying the formula of Dickman (1978).
The eastern ridge at /=0°2, b=0°3 has an optical depth of 0.1 and 7,,=9 K with a
line width of about 30 km s~*, which leads to N(H,)=1x10*2 cm~2. The total mass
of the molecular hydrogen gas associated with the GCL at 6=>0¢1 is roughly estimated
to be 4 X 10°Mg.

Recent IRAS observations of the galactic center region by Gautier et al. (1984)
cover the GCL. In their maps at 60 and 100 um we can see a spurlike extension
at /=—0°6, extending from 5=0°3 to 0°8. The position coincides with the western
GCL ridge. They have estimated a dust temperature and a dust column density
for a selected position at /=359°6 and b=0°84 (their area 3) as 27 K and 0.6x107?
gcm™2, respectively. This position is exactly on the western ridge of the GCL.
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By assuming a dust-to-gas density ratio of 10~? (Spitzer 1978), we obtain a rough
estimate of the H, column density to be N(H,)=2 x 10** cm~? at this position. Con-
sidering that the excess in the far-infrared emission associated with the lobe ridge over
the extended background emission is about a half of this amount, we may estimate
the H, column density associated with the ridge to be about 10> cm~2. This amount
of H, gas is consistent with that obtained from the CO line observations.

3. Discussion

We discuss the characteristic properties and possible origin of the galactic center
lobe on the basis of the observational facts described in the previous section.

a) Geometry and Location

The geometrical center of the GCL is at [=359°7, b=026. Its angular diameter
across is about 1206 and height from the galactic plane is about 1°2. If the distance
is 10 kpc, they correspond to 185 pc and 210 pc, respectively. As discussed in sub-
sections 2¢ and d, the flat radio spectrum of the lobe excludes the possibility of a
foreground or background shell-type supernova remnant. The association of the
very high-velocity CO gas along the ridge may indicate a physical connection of the
lobe to the nuclear disk: the high velocity cannot be expected from the foreground
and background interstellar gas toward the galactic center direction. We also em-
phasize that the galactic plane region between /=—10° and +-10° is rather a rare region
of radio sources and spur structures. No other such strong spurs or extended sources
comparable to the GCL are found there. All these facts as well as the geometrical
appearance of the GCL indicate its association with the galactic center. We assume
hereafter that the GCL is located at the galactic center at a distance of 10 kpc.

b) Energetics and Mass Distribution

We may assume that the lobe contains the H 11 gas as indicated from its flat radio
spectrum. We here assume the electron temperature of 5000 K, which has been derived
for an extended low-density H 11 gas in the nuclear disk (Mezger and Pauls 1979). The
total mass of the ionized gas in the lobe above b=0¢2 is then estimated to be 4 X 10° M
from the total flux density, S=132 Jy. The mean electron density in the lobe is about
n.=>5cm™®. Here we assumed a spherical distribution of the H 11 gas of a uniform density
with a radius of 100 pc, and used a formula for the emission measure given by Mezger
and Henderson (1967). From the CO line observations we estimate the total amount
of the molecular gas involved in the lobe to be about 4 X 10°Mg at 5>0°1. Then the
total mass of the ionized and molecular gases in the GCL is approximately 10°Mg.
Since the velocity of the motion of the gas in the lobe is of the order of 100 km s~
as shown from the CO line observations, we can estimate the total kinetic energy to
be of the order of 10° erg.

The radio brightness distribution across the GCL at b=024 (figure 5) suggests
strongly that the radio emitting region has a shell or a cylindrical shape. We here
assume a cylinder filled by the H 11 gas with a uniform density and temperature. A
simple calculation shows that a cylinder with outer and inner radii of r,=82 pc and
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Fig. 7. (a) A calculated brightness distribution for a cylinder of outer and inner radii
82 pc and 65.6 pc, respectively, with a thickness 16.4 pc filled with H 11 gas of a uniform
density and temperature. The result is smoothed to a HPBW of 3". (b) The same
but for a density distribution predicted from Sedov’s (1959) self-similar solution for a
shocked shell. For a comparison the observed brightness distribution at 10.5 GHz
across the GCL at b=0°4 (figure 5) is superposed (linec). All the curves are normalized
by the peak intensity at the eastern lobe ridge.

r,=65.6 pc (a thickness of 16.4 pc) well reproduces the observed brightness distribu-
tion. Figure 7 shows the calculated brightness distribution smoothed to a 3" resolu-
tion (line a). To fit the peak surface brightness at the lobe ridge, 2=8x107* Wm™?
sr~! Hz™?, the model calculation requires an emission measure of EM=8000 pc cm~°.
Here we took an electron temperature of 5000 K and used the formula given by Mezger
and Henderson (1967). As the line-of-sight depth at the lobe ridge is 98 pc, we obtain
an electron density of n,=9.0 cm~2. An approximate estimation of the H 1 mass
contained in the cylinder, assuming the height of 200 pc with the same radii and a
uniform distribution of thermal electrons of the above density, leads to a total mass
of about 4 X 10°Mg of the H 11 gas.

¢) The Connection to Smaller-Scale Structures in the Galactic Plane and Southern
Extension

To see the relationship of the lobe structure to smaller structures in the nuclear
disk and the southern extension in more detail, we applied the background filtering
(BGF) technique to the original map at 10 GHz (resolution of 27 6) with a finer filtering
beam of fzr=6". Figure 8 shows a BGF map thus obtained at 10 GHz for regions
around the Sgr A radio arc and Sgr C. Figure 8a demonstrates a clear connection
of the eastern ridge to the radio arc at /=0°2, b=0°. Also the figure demonstrates
an extension of the eastern ridge to the southern region of the galactic plane, which
extends to /=021 and b=—028 as seen in figure 1. Figure 8b shows that the western
ridge has a connection to Sgr C and a small spurlike feature extends from there toward
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the south. In spite of the indication of southern extensions of the ridges, however,
we conclude that there exists no complete southern counterpart to the whole lobe
structure as found at positive latitudes, and therefore there is a significant north-south
asymmetry.

Recent VLA observations of the radio arc near Sgr A (Yusef-Zadeh et al. 1984)
and of the Sgr C region (Liszt 1985) have revealed the existence of very thin filament-
ary structures perpendicular to the galactic plane. Such straight, thin filamentary
structures may be an indication of a predominant influence of a magnetic field in these
regions. As seen from figure 8, the ridges of the GCL are clearly connected to the
radio arc and to the filament in Sgr C; the extensions of the lobe ridges at their roots
coincide both in direction and position with these thin filaments. This fact shows
that the radio lobe has its roots at the galactic plane, having very similar characteristics

both in the eastern and western parts, and is very likely to be predominated by a
magnetic field.

d) Origin of GCL—A Cosmic Jet?

As to the origin and formation mechanism of the GCL, we propose the following
possible models:

Model A. Explosion at the galactic center: A shock wave produced by an ex-
plosion at the nucleus of an active galaxy will be channeled in the direction perpendic-
ular to the disk plane (Sakashita 1971). In fact Sofue (1984) has calculated the pro-
pagation of a shock front originating at the nucleus of our Galaxy through an ellip-
soidal nuclear disk. We assume a nuclear disk which has a Gaussian distribution
of the gas density with a central density of 10 mz cm~2, a half-density radius of 230
pc, and a half-density thickness of 100 pc. The disk is further surrounded by a gaseous
halo with a constant density of 0.01 my cm™2.

The calculation shows that a shock front, caused by a point explosion at the galactic
center with an originally spherical shape, becomes elongated in the direction of the
z-axis (the rotation axis of the Galaxy) and further makes an omega-shaped lobe struc-
ture in the halo. With the above parameters and the expansion velocity at present of
the order of 100 km s™*, as suggested by the CO line observations, the shock front well
fits the observed shape of the GCL 2 10° yr after the explosion. The required ex-
plosion energy is about 10* erg. This amount of energy is well within the range of
the energy of a nuclear activity in spiral galaxies estimated by Oort (1977).

- To compare this model with the observations, we have calculated a brightness
distribution across the GCL assuming Sedov’s (1959) similarity solution for a shocked
shell by a strong point explosion. Figure 7 shows brightness distribution thus cal-
culated, smoothed to a 3 HPBW resolution, and normalized to the peak brightness at
the eastern ridge (line b). Although the calculated curve fits the observations fairly
well, the peaks seem to appear too sharply and the maximum-to-minimum brightness
ratio is larger than that observed or that obtained for the simple cylinder model in
subsection 3b. Also a difficulty arises from this model: such a propagating shock gene-
rates synchrotron emission via Fermi-type acceleration of electrons and should have
steep spectrum as often quoted for shell-type SNRs, which is not the case in the GCL.

Model B. Galactic loop prominence: An inflation of a giant loop of magnetic
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tube filled with ionized gas may produce an Q-shaped lobe above the nuclear disk,
similar to the formation of a solar loop prominence. In this case the magnetic energy
should be comparable to or greater than the thermal and gravitational energy of the
gas involved in the lobe. This leads to a field strength greater than 20 uG.

An intense dynamo action in the nuclear disk due to its steep differential rotation
will produce a strong magnetic field as has been observed by Yusef-Zadeh et al. (1984).
When the field is amplified to a certain strength, there occurs an inflation of a huge
tube of magnetic flux into the halo, forming a loop structure such as the GCL. The
inflation may be triggered by a Parker-type instability in a magnetized disk with the
existence of cosmic rays. We recall that Duric et al. (1983) suggests a large-scale
inflation of a magnetic bubble into a halo from the central region of a spiral galaxy.

Model C. Acceleration by a twisted magnetic field: A channeled acceleration
of gas perpendicular to a nuclear disk is produced by the existence of a magnetic field
running perpendicular to the disk plane and of an accreting rotating gas disk. Uchida
and Shibata (1984) have shown that the accreting gas twists the magnetic lines of force,
and the twist propagates toward the halo along the original field direction. The
propagating twist accelerates the gas producing a cylindrical outflow perpendicular
to the disk. The twisting magnetic field transfers the angular momentum of the disk
gas to the halo, which results in a loss of angular momentum in the disk and further
causes an accretion and a twist of the field lines. Thus a stationary cylindrical
Jjet appears with an ordered outflow of gas perpendicular to the nuclear disk. The
magnetic energy should be of the same order of the kinetic energy of the accelerated
gas, or B*/8zx~(1 /2)pv2, where B, p, and v are the field strength, gas density, and jet
velocity, respectively. If we take p~9 my cm™® (subsection 3b) and v~ 100 km s™?,
we obtain roughly a magnetic field strength of 10~* G toward the lobe ridge at b ~0°4.

VLA observations of the radio arc (Yusef-Zadeh et al. 1984) have shown a pre-
dominant influence of a strong magnetic field on the structures in the galactic center.
A Faraday rotation measurement by Inoue et al. (1984) has shown that the field direc-
tion is along the arc, and the line-of-sight component of the field reverses its direction
from the upper part of the galactic plane to the lower part. As shown in the BGF
maps in figure 8, the lobe ridges are clearly connected to the radio arc and to the VLA
filament in Sgr C at their roots in the galactic plane. These facts indicate a predo-
minant influence of a magnetic field on the formation of the radio lobe. In this re-
spect Models B and C seem preferable to the first model.

Furthermore, Model seems most promising from the following points: Ac-
cording to Uchida and Shibata (1984) a gas in the disk plane can be accelerated to
form an ordered bulk motion along a cylinder without suffering from heating, and a
“quiet, high-speed jet” is produced. The association of a low-temperature gas as
proved by the detection of the CO line emission with a high-velocity bulk motion and
of the far-infrared emission along the lobe ridge may support this kind of “quiet”
acceleration. The fact that the radio cross section of the GCL at =024 (figure 5) is
better fitted by a uniform cylinder model rather than by a shock-compressed shell
model (figure 7) also supports this idea. Moreover, the model requires a reversal of
the field direction in the upper and lower sides of the galactic plane due to the twist-
ing of the magnetic lines of force by the rotating disk. Such a reversal has been
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really proved to be the case on the eastern ridge by the reversal of the sign of Faraday
rotation measure above and below the galactic plane as observed by Inoue et al.
(1984). However, we note that the positive high velocities observed in CO on the
western ridge is difficult to understand by this model; the model requires a rotation
of the cylindrical jet in the same sense as the rotation of the disk.

e) A Common Jet Phenomenon in the Center of a Spiral Galaxy?

VLA observations of the central regions of some edge-on galaxies (Hummel
et al. 1983; Duric et al. 1983) have shown that there exist off-plane radio structures
emerging perpendicularly to the galaxy disks. In particular, radio lobes found in
the central region of NGC 3079 suggests an ejection of a huge magnetic bubble from
the nuclear disk into the halo (Duric et al. 1983), and may be of a similar origin to the
GCL in our Galaxy, although of a different scale and energy. Such a channeled ex-
haust, or a ‘“‘cosmic jet,” perpendicular to a disk galaxy of various scales and energy,
is likely to be a common phenomenon associated with an activity in the nuclear disk
of a spiral galaxy.

We may further speculate that the jet phenomenon in spiral galaxies might have
a common characteristics to larger-scale jets often found associated with quasars and
radio galaxies. Bridle (1984) has examined the relationship between a lateral expansion
rate of a jet and a radio power of the associated core source at 5 GHz, where the ex-
pansion rate is defined by the ratio of the width of the jet to its length. Figure 9 is a
reproduction of his plot, which clearly shows that the higher the core activity in radio
is, the sharper is the produced jet. We plot the same quantities for the GCL and for
the radio lobes in NGC 3079 on the same figure by crosses. Here we defined a central
core of our Galaxy by a strong radio emitting region within a 6" radius around Sgr
A (Sgr A and its “outskirt”) and an integrated flux density at 5 GHz was estimated
to be about 200 Jy from the Bonn survey data (figure 3), although the relationship
between the lobe and Sgr A is still unclear. This leads to a radio power of the core
of about 2x 10** W Hz~!. The radio power of the core of NGC 3079 at 5 GHz has
been taken from Hummel et al. (1984).

The plot shows that the radio lobes in the spiral galaxies fall just on an extension
of Bridle’s (1984) plot. This fact suggests a common characteristic of the lobes found
in the spiral galaxies to a more energetic cosmic jet associated with an active core in
quasars and radio galaxies. We mention the recent detection of highly polarized 10-
GHz emission (Inoue et al. 1984), still with a radio spectrum as flat as a~0. We
also recall that the radio arc, which must be nonthermal (Yusef-Zadeh et al.
1984) and Sgr A, which is the “core” of our galactic center, have both flat spectra.
If we combine these facts with the fact that extragalactic jets often have flatter spectra
toward their cores and that the cores have also flat spectra, too, the similarity of our
jet (lobe) to the jets associated with quasars and radio galaxies may be stressed.

We here mention a recent statistical study of a cosmic jet geometry in quasars and
radio galaxies by Rudnick and Edgar (1984). They have shown that a jet must occur
alternately from one side to the other of a nuclear disk. If such an alternate ejection
applies to our galactic center, the north-south asymmetry of the GCL (subsection 3c)
could be understood as to be in a one-sided ejection phase.

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System



. 37..697S

1985PASJ. .

712 Y. Sofue [Vol. 37,
l-o T T { T
\
s@\GCL ]
\
\\
(3}
S -6 \ .
x \
\
c @9 E
(@]
S oL &w Necsore |
C
(o] \
5 Ao
w | ° RG,QS0 |
[ ] \..\.
° Qe o
O 1 1 *1“‘-1'.—.—

I8 20 22 24 26 28
Log PS%e. (W HZ')

Fig. 9. A plot of the lateral expansion rate of cosmic jets in quasars and radio galaxies
(filled circles) against the radio power at 5 GHz of their central core sources (Bridle
1984). The same quantities for the GCL and radio lobes in NGC 3079 are plotted
with the crosses, which lie on an extension of the plots for quasars and radio galaxies.

We could further suggest that a sharply collimated energetic jet in quasars and
radio galaxies is associated with a very compact nuclear disk rapidly rotating at a
relativistic velocity around a very massive central object. Such a compact disk at an
extremely large distance is too small to be resolved with the present-day observing
technique. On the other hand, the jets found in our Galaxy (GCL) and those in nearby
edge-on spiral galaxies are associated with a rather less tight, slowly rotating disk of
velocity 100 to 200 km s~*! around a less massive central object. Detailed investiga-
tion of such broad jets in spiral galaxies by their close-up may provide a promising
opportunity to learn about the relationship of the formation and collimation mecha-
nism of a cosmic jet to the structure of a nuclear disk.

The author thanks Mr. T. Handa of NRO, Professor E. Fiirst, Dr. W. Reich, and
Mrs. P. Reich of MPIfR for the help in the data processing. He is indebted to
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valuable discussions.

References

Altenhoff, W. J., Downes, D., Goad, L., Maxwell, A., and Rinehart, R. 1970, Astron. Astrophys. Suppl.,
1, 319.

Altenhoff, W. J., Downes, D., Pauls, T., and Schraml, J. 1978, Astron. Astrophys. Suppl., 35, 23.

Bridle, A. H. 1984, Astron. J., 89, 979.

Dickman, R. L. 1978, Astrophys. J. Suppl., 37, 407.

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System



. 37..697S

1985PASJ. .

No. 4] The Galactic Center Lobe 713

Downes, D., Wilson, T. L., Bieging, J., and Wink, J. 1980, Astron. Astrophys. Suppl., 40, 379.

Duric, N., Seaquist, E. R., Crane, P. C., Bignell, R. C., and Davis, L. E. 1983, Astrophys. J. Letters,
273, L11.

Gautier, T. N., Hauser, M. G., Beichman, C. A., Low, F. J., Neugebauer, G., Rowan-Robinson, M.,
Aumann, H. H., Boggess, N., Emerson, J. P., Harris, S., Houck, J. R., Jennings, R. E., and
Marsden, P. L., 1984, Astrophys. J. Letters, 278, L57.

Haynes, R. F., Caswell, J. L., and Simons, L. W. J. 1978, Austr. J. Phys. Astrophys. Suppl., 45, 1.

Hummel, E., van der Hulst, J. M., and Dickey, J. M. 1984, Astron. Astrophys., 134, 207.

Hummel, E., van Gorkom, J. H., and Kotanyi, C. G. 1983, Astrophys. J. Letters, 267, L5.

Inoue, M., Takahashi, T., Tabara, H., Kato, T., and Tsuboi, M. 1984, Publ. Astron. Soc. Japan, 36,
633.

Kerr, F. G., and Sinclair, M. W. 1966, Nature, 212, 166.

Liszt, H. S. 1985, Astrophys. J. Letters, 293, L65.

Liszt, H. S., and Burton, W. B. 1979, in The Large-Scale Characteristics of the Galaxy, IAU Symp.
No. 84, ed. W. B. Burton (D. Reidel, Dordrecht), p. 343.

Mezger, P. G., and Henderson, A. P. 1967, Astrophys. J., 147, 471.

Mezger, P. G., and Pauls, T. 1979, in The Large-Scale Characteristics of The Galaxy, IAU Symp. No.
84, ed. W. B. Burton (Reidel, Dordrecht), p. 357.

Oort, J. H. 1977, Ann. Rev. Astron. Astrophys., 15, 295.

Reich, W., Fiirst, E., Steffen, P., Reif, K., and Haslam, C. G. T. 1984, Astron. Astrophys. Suppl., 58,
197.

Ress, M. J. 1971, Nature, 229, 312.

Rudnick, L., and Edgar, B. K. 1984, Astrophys. J., 279, 74.

Sakashita, S. 1971, Astrophys. Space Sci., 14, 431.

Sedov, L. 1. 1959, in Similarity and Dimensional Methods in Mechanics (Academic Press, New York),
chap. 4.

Sofue, Y. 1984, Publ. Astron. Soc. Japan, 36, 539.

Sofue, Y., and Handa, T. 1984, Nature, 310, 568.

Sofue, Y., Handa, T., Nakai, N., Hirabayashi, H., Inoue, M., and Akabane, K., 1984, submitted to
Publ. Astron. Soc. Japan.

Sofue, Y., and Reich, W. 1979, Astron. Astrophys. Suppl., 38, 251.

Spitzer, L., Jr. 1978, in Physical Processes in the Interstellar Medium (John Wiley and Sons, New
York), chap. 7.

Uchida, Y., and Shibata, K. 1985, in The Origin of Nonradiative Heating/{Momentum in Hot Stars,
ed. A. Underhill and A. G. Michalitsianos, NASA CP-2358 (NASA Scientific and Technical In-
formation Branch, Washington, D. C.), p. 169.

Wink, J. E., Altenhoff, W. J., and Mezger, P. G. 1982, Astron. Astrophys., 108, 227.

Yusef-Zadeh, F., Morris, M., and Chance, D. 1984, Nature, 310, 557.

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System



. 37..697S

1985PASJ. .

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System



