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The Galactic Center . o . Tom Armstrong 7/30/é4

The center of nur Galany is heav11y Dbscured by dust at
optical wavelengths: the visual extinction is ~ 30 ‘magnitudes.
And at ultraviolet wavelengthsq where the photons are energetic
enough to ionize hydrogen, the interstellar gas hides the
galactic center from view. Consequently, all we know of this
region is due to observations at IR or longer wavelengths,
where extinction from dust is less of a problem, or to X—-ray

and y-ray observations, since the absorption by interstellar

gas falls off at these very short wavelengths. Since the
techno]ogy for working at these wavelengths is relatlvely new,

s0 is the study of the galactic center.

In a sense, the beginning of the study of the galactlt
center coincides with the beginning of radio astronomy: the
"star hiss" that Karl Jansky discovered in the early 19230°s is

due to synchrotron radlatlon from the galactic plane, and the
- strongest source of this radiation in the plane is the galactic

center. Radio astronomy has remained the primary means of
studying this region until recently, when IR (in the 19607s),
FIR, X-ray, and ¥-ray (all in the 1970°s) observations became
possible. With the development of new instruments in all the
available bands, the study of the galactic center has become
quite active, especially in the last ten years.

I will concentrate in this talk on the inner 50 to 100
parsecs (corresponding at the galactic center distance of about
? kpc to the inner 157 to 307), although I will mention that

- the atomic hydrogen distribution in the inner ~1.5 kpc of the

Galaxy is dominated by a rotating, perhaps exupanding disk of

~100 pc thickness tilted by roughly 202 with respect to the
Coverall plane of the Galaxy, and that the "bulge" that

surrounds the galactic center has a core radius of ~140 pc and
may be bar-like.

The most obvious thing about the distribution of radio
emission from the galactic center is its asymmetry (Fig. 1).
There is a definite preponderance of emission from positive
galactic longitudes, and this applies to continuum, H I, and
molecular spectral line emission. In the continuum, the most
prominent feature is the central sowce, Sgr & (Fig. 2), which
consists of a point source, Sgr A%, embedded in a spiral-like

structure (together constituting Sgr A (West)) lying on the

edge of a shell structure, possibly a supernova remnant, and
known as &Sgr A (Efast). The dynamical center of the Galaxy lies
near or at the point source in Sgr A (West), at (R, £) =

("' "us.'q'. - 7\-‘)~

Maybe the most striking feature is the continuum arc,
perpendicular to the galactic plane, crossing it at £ ~ 157
and connected (at least in projection) to Sgr A by a brldge of
emission rising out of the plane. Recent observations by
Yusef-Zadeh, Morris, and Chance (1984) using the VLA at 20 cm
show that the arc and the bridge have a rich filamentary



structure (Fig. 3). The filaments are probably due to some
sort of magnetic phernomenon. FIR observations (Dent et aIl.
1982) and recombination line observations (Busten and Downes
1980) show the bridge, but not the arc, so the bridge emission
appears to be thermal emission from ionized gas, while the arc .
is nonthermal. The X-ray emission {(Watson e¢ &l. 1981) is .
dominated by an extended component, but there are also about a
dozen point sources, including one that coincides with Sgr A
tWest) (Fig 4.). The nature of these point sowces is still
unclear, but they may be luminous early-type stars.

The neutral molecular gas near the galactic center also
follows an asymmetric distribution. Most of the material in
this Sgr A complex is contained in three massive clouds, one at
more negative longitudes than the galactic center and two at
more positive longitudes, and all lying slightly below the
plane of the Galaxy (Fig. S). The two at positive longitudes
are known collectively as the 50 4m/s cloud. Their velocities
are indeed within ~5 km/s of each other, and they appear

- blended together, so. they are probably parts of a single

(sub)complex. The one at negative longitude is the 20 &m/s
cloud (really closer to 12 km/s).‘_It is spatially distinct
from the 50 km/s cloud, but it is similar in other respects.
There are other bite and pieces of molecular emission,
including a somewhat tenuous link to Sgr B2, a GMC/H II complex
at £ ~ 407,

These Sgr A clouds bear a family resemblance to the giant
molecular clouds (GMCs) found elsewhere in the Galaxy that are
the sites of massive star formation, but they are unique in
several ways. In the first place, they don ¢ seem to be active
sites of massive star formation: the number of water masers and
compact H Il regions seen in these clouds is much smaller than
we would expect from similar clouds elsewhere in the Galany.
Second, in spite of the fact that massive stars don’t seem to
be forming, the clouds are quite warm by GMC standards. Just
how warm is a matter of some debate! FIR observations give
dust temperatures around 40 k, while molecular observations
give gas kinetic temperatures of anywhere from 15 K to 120 k.
Third, the linewidths are also quite high, 15 to 30 km/s and
often more, as opposed to 5 to 10 km/s in normal GMCs. Fourth,
the regions over which the linewidths and temperatures are high
are not confined to small areas of the clouds, but extend over
the entire complex. Finally, these clouds do not seem to show
the degree of clumpiness that exists in other GMCs, although
the evidence on this point is still sketchy.

These clouds also seem to have an intimate relationship to
the large—scale ionized gas. Not only is the distribution
asymmetric in the same sense, but the 30 km/s cloud is nestled
in the arm formed by the continuum arc and bridge. One of the
unsettled questions about the molecular gas is ites actual (as
opposed to projected) distance from Sgr A. The fact that the
continuum emission and the molecular emission are
anticorrelated in many places certainly suggests that the



boundary between them is real rather than a projection effect.

The presence at the core of the 15 km/s cloud of a small

nonthermal arc that looks like it might be a shock wave

propagating from Sgr A (East) into the cloud also suggests a

- physical association between the ionized gas and the molecular

material. On the other hand, one might expect tidal effects

from the ~3 x 10" M{solar) mass of the inner 5 pc to disrupt

- the relatively tenuous molecular clouds if they are closer that
- ~100 pc, and thus conclude that the clouds are in fact more
distant than that from Sgr A.

A related and equally dlf{lcult question is the relative
placement along the line of 51ght of the molecular clouds and
the components of Sgr A. The radial velocities of the clouds
tell us that they are receding, but are they in front of Sgr A
and falling into it, or behind Sgr A and being expelled?
Combining emission and absorption observations should answer
- this question. For example, NH, observations toward Sgr A with
a beam size of 115 show moleculdr emission, hence the presence
of molecular gas in that direction (Armstrong and Barrett
1984). I+ that gas is in front of Sgr A, then observations
with the VLA, which has a resolution of ~5" in D array at 24
GHz, should show absorption of the continuum radiation at those
positions where the brightness temperature ©f the continuum is
greater than the excitation temperature of the molecules (which
is true over most of Sgr A). However, in the case of the
galactic center, drawing reliable conclusions has proved quite
difficult because of the very complicated geometry of this
reglnn. v

s I mentioned above, Sgr A consists of three components
Emission from the shell structure, Sgr A (East), is absorbed by
the 30 km/s cloud. Sgr & {(West) and Sgr A% alsc show
absorption by H I at 40 to 60 km/s, but there is reason to
believe that this gas is not part of the S0 km/s cloud (Lls:t
and Burton 1984). Sgr A (West), but not Sgr A%, shows
absorption by H_.CO, also at 40 to S0 km/s. Brown and Liszt
(19284) list three pos¢1b111tzes. Sgr A% is in front of Sgr A
(West) and the molecular gas: or the molecular gas is very near
Sgr A% and is being dissociated by iti or the molecular gas is
clumpy and fails to cover Sgr A* only by accident. It may be
that this region is so complicated that absorption studies

can’t reveal the arrangement of the different features after
all.

The next smaller size scale to consider is that of the
thermal spiral-like structure of Sgr A (West) (Fig. &) and its
immediate environment. Much of the research in the last five
vears has concentrated on determining the temperature,
ionization state, and velocity field of this gas. Sgr A (West)
appears to be surrounded by a ring of gas and heated dust with
‘an inner radius of 1 to 2 pc (Fig. 7). The inner edge of this
ring is a source of vibrational lines from shocked Hﬁ, and
observations of [0 1] lines by Genzel et al. (1984) thow that
it is rotating at ~ 70 km/s at 40" to 80" from Sgr A*. This



implies a mass interior to 1 pc of (2 - 5) x 10° M(solar). The
spiral structure of Sgr A (West) lies within this ring, with
its arms ending at the ringi it may be that the spiral arms are
‘in fact the inner edge of the ring. This idea is supported by

- H76a recombination line observations of van Gorkom et al. :
C(1983), in which the velocities of the ionized gas match those
of the ring at the appropriate places (Fig. 8).

, At still smaller scale, the remaining part of Sgr A& (West)
. is the bar structwe that crosses the ring. This gas does not
fit the model that includes the spiral with the rotating rings
the velocities are wrong. Observations of the [Ne 111 line by
Lacy et al. (1980) (Fig. 9) show that the bar may be rotating
~ about an axis that lies nearly in the plane of the Galaxy: but
if it is rotating, it cannot be solid-body rotation, and it is
not centered on either Sgr A* or IRS 16 (see below), one of
" which should be the dynamical center of the Balaxy. The bar is
distinct from the ring in other ways as well: it is hotter
(12000 K vs. S000 K in the ring), and the linewidths are
greater (200 to 400 km/s vs. 100 km/s). Both probably reflect
the influence of the central engine on the gas of the bar.
Conflicting models for the origin of the bar have been offered.
It may be infalling material from the ring, or it may be
material being ejected from some central source in the bar.
Both models have difficulties. The infall model fails to
account for the velocity discontinuity between the bar and the
ring and requires too high a mass for the central object, while
the ejection model must explain why both of the obvious
candidates for the source of the ejected material, Sgr A% and
IRS 16, are on the northern edge of the bar, rather than in the
micddle.

One more step down in scale brings us to the sources at
the center of the bar, IRS 16 and Sgr A*. IRS 16 is a
prominent featwe in the 2.2 um map., .and was proposed as the
galactic center because it is extended, unlike the other 2.2 um
sources, and because of its positional coincidence with the
point-like nonthermal source Sgr A%. In the last few years,
however, it has become clear that these two souwrces differ in
position by ~1'3 (Fig. 10). The angular sizes of each source
have been measured; IRS 16 breaks up into three components,
while VLE observations of Sgr A% at high enough frequency to
avaid broadening by intersteliir scintillation show it to be
~OVOLS 2 0V004 ([1S5 2 51 + 10 cm) in size. 8Sgr A% is also
variable on time scales of a,day to months. In addition, it
does not appear that the ~10° L{(solar) necessary to heat the Z
pc ring can come from IRS 16. It may be that.Sgr A%, is a
moderately low mass nonstellar object, say 10 to 10 M(solar),
graxitatiopally bound to the star cluster IRS 16, whose mass is
~10” to 107 M(solar).

Further evidence on the nature of the central source,
whichever it might be, is given in the 511 keV y-ray
observations of Riegler et al. (1981). The 511 keV line is due
to e - e annihilation. Although the ¥-ray instrument had a



- beamsize of 4°, it is lzkely that the radlatlon is coming from
‘thie galactic center because of the unigueness of the source and
- because of its var:ablllty.' Figure 11 shows spectra from the
fall of 1979 and the spring of 1980.  There was a significant
decline in the 511 keV flux during that time. The reguirements
for producing 3511 keV emission WIth the linewidth seen imply 5
Lhmt the pm=1trons arg stopped and annihilated in dense (> 10
cm ), warm ({5 & 107 K) 10n1¢ed=gas. and that they are
produced by a very luminous (> 10" L(solam)) compact (42 10
om) source whmse mass could be between 107 and 10 M(snlgr).,

The galactlc center is certalnly the alte af some unusual
activity. Whether Sgr A%, IRS 16, or some other object is the
required high—~luminosity source is not yet clear; thus we still
cannot pin down the nature of the central source, nor can we
place the BGalaxy either in the class of galafles with actlve
cnuclel or in the class of starburst galaxies.
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Fig. 1¢ 10.7 GH
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emission as mapped by Fauls et &l. (1976).
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Fig. 2: S GHz emission mapped at Westerbork and Owens Valley
by Ekers et al. (1975).



Fig. 31 1. 4 GHz VLA observatlons by Yucei Zadeh Mcrr1s. and
Chance (1984) _ : . .

Fig,:4. 0. 9 -4, O kaV X—ray image from Natsan et aI. (1981)}','

Fig. 9: NHv (1 1) emission (dashed contours) and ~.8 cm
cont1nuum emlsslon. from Gusten (198 :

- Fig. 65 . A copy of,Flg. 14 from Brown and LlSLt (1984) show:ng
10.46 uam (Rieke et @l. 1978) and 1S5 GH* emission. .

Fig. 7: IR maps at Z0, 50, and 10U um and a map of deduced
luminosity from Becklin et aI. (198”).

Fig. 8! A copy of Fig. 19 from Brown and Liszt (1984) showing
(a) 100 wm and 5 GH:z emission, (b) 15 GHz emission and the
position of the ring, (c) a model for the ring, also including
- the bar feature of Sgr A (West), and (d) a map of H76a from van
Gor kom et al. 1983) .

Fig. 9: I[Ne II] emission from the bar region of Sgr A (West)
as mapped by Lacy et al. (19B0).

Fig. 10! 8till ancther figure from Brown and Liszt, this one
showing 2.2 um (Becklin e¢ &l.) and 1.0pwm (Henry et al. 1984)
emission. '

Fig. 11: 511 keV spectra from Riagier et al. (1981).
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Figure 33 Full syhthuis map of Sgr A at 5 GHz This map, from combined Westerbork-
Owens Valley Radio Synthesis Telescopes, is sometimes referred to as the “WORST" map.

im 673 x 34" (@ x J); contour unit 1.2 K in brightness

temperature. The zero contour corresponds approximately to the 60-K contour in a 6-cm .
survey with the Parkes 64-m telescope by Whiteoak & Gardner (1973). The straight line is
the latitude circle at b = ~ 275, which is probably the real galactic equator; the zero point
of galactic longitude is marked; and the center of the concentrated source, which is
presumably the actual center of the Galaxy, lies at ! == —3!34 (Ekers et al. 1975).
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