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ABSTRACT 
A 1" resolution map of the [Ne n] 12.8 uva emission from the M supergiant 1RS 7 near the Galactic center 

has revealed a 5" long ionized “plume” or “tail” of gas leaving the star, in a direction opposite to the radio 
point source at the Galactic center. While the stellar envelope and tail are likely ionized by the ultraviolet 
radiation from the Galactic center, ram pressure is more likely to be responsible for the ablation of the super- 
giant’s mass outflow envelope. This ram pressure could arise in one of two sources: a wind from the vicinity 
of the Galactic center, or the drag caused by the passage of 1RS 7 through an ambient medium. In the wind 
scenario, since the external wind and radiation which act on this star as it orbits about the Galactic center are 
the same agents which act on a comet orbiting about the Sun (neglecting magnetic fields), 1RS 7’s “tail” can 
be understood as the analog of a cometary tail. 

Numerical calculations of the velocity field expected along the plume for both wind and drag models are 
reasonably consistent with the observed velocity pattern, but higher resolution observations should be able to 
discriminate definitively between the two. Based on the current observations, if a wind is present (which is 
considered more likely), the ratio of the wind force to the gravitational force on the envelope of 1RS 7 is ~0.3, 
while if only a drag medium is present, the drag force to gravitational force ratio is < 0.004. 
Subject headings: galaxies: nuclei — galaxies: The Galaxy — stars: circumstellar shells — 

stars : individual (1RS 7) — stars : supergiants 

Near-infrared observations of the central few parsecs of our 
Galaxy have revealed the presence of a dense stellar cluster 
containing several 106 M0 of stars (Becklin & Neugebauer 
1968). These stars exist in an extreme environment: the stellar 
density, gravitational field, and ionizing luminosity are all 
uniquely high in the Galaxy (McGinn et al. 1989; Lacy, 
Townes, & Hollenbach 1982; Mezger & Wink 1986), and there 
is evidence for a prodigious mass outflow wind (Geballe et al. 
1984, 1987; Gatley et al. 1984, 1986). Both the wind and the 
ultraviolet radiation apparently emanate from the innermost 
few arcsecond region of our Galaxy (Rieke, Rieke, & Paul 
1989; Allen, Hyland, & Hillier 1990). 

The brightest near-infrared source in the region is the M 
supergiant 1RS 7 (Wollman, Smith, & Larson 1982; Lebofsky, 
Rieke, & Tokunaga 1982), which is thought to lie near the 
Galactic center because o/ its small projected offset ( % 6"), high 
line-of-sight velocity (æ —128 km s-1; Sellgren et al. 1987; 
Rieke & Rieke 1988), and its externally ionized circumstellar 
envelope, seen in the [Ne n] and Bra lines, as well as via its 
radio free-free emission (Serabyn 1984; Rieke & Rieke 1989; 
Yusef-Zadeh, Morris, & Ekers 1989). 

Because the [Ne n] line at 12.8 /mi is bright (/[Neii] « IHß\ 
and relatively unaffected by the interstellar extinction to the 
Galactic center Ä Ä 1 mag)> this line has often 
been used to study the interstellar medium in the vicinity of the 
Galactic center (Lacy et al. 1979, 1980; Serabyn & Lacy 1985; 
Serabyn et al. 1988). However, it has not previously been used 
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to study the stellar component. Here we present a new, 1" 
resolution [Ne n] map of 1RS 7 and its surroundings, which 
reveals a rather extraordinary structure for the ionized 
envelope of this supergiant: the ionized emission associated 
with 1RS 7 has the form of a 5" long tail attached to the star. 
This tail has also been discovered independently with the VLA 
(Yusef-Zadeh & Morris 1991). As is discussed in the following, 
the discovery of this tail has several important implications for 
the nature of the interstellar medium in our Galaxy’s central 
parsec. 

2. OBSERVATIONS AND RESULTS 

The observations presented here were obtained on UT 1989 
July 28 on the NASA IRTF with IRSHELL, a mid-infrared 
cryogenic echelle spectrograph (Lacy et al. 1989b). IRSHELL 
uses an Si:As detector array, manufactured and loaned to us 
by Hughes Aircraft Co., to measure a 64 point spectrum at 
each of 10 positions along a focal plane slit. For these observa- 
tions, the pixel spacing and slit width were both 1". Including 
seeing, the resolution of the raw data is estimated to be ~ 1'.'6. 
The data were processed with a maximum-entropy-method 
(MEM) deconvolution procedure, yielding a final spatial 
resolution of ä 1" FWHM. The processed maps resemble the 
raw data quite closely, however. The spectral resolution was 30 
km s_1, and the sampling interval 16.5 km s_1. The frequency 
scale, set by sky emission lines, is accurate to ± 3 km s- ^ 

Although the entire central 75" x 90" region of Sgr A West 
was mapped in the [Ne n] line, only maps of the 8" x 9" region 
surrounding 1RS 7 are presented here. Mapping was done by 
orienting the slit N-S, and scanning the telescope in right 
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Fig. 1.—12.8 /an continuum (left) and [Ne n] line (right) maps of the 1RS 7 region. The coordinates are relative to 1RS 7. Contour levels for the continuum map 
are 0.004 to 0.036 by 0.004, then 0.045,0.055, and 0.075 to 0.275 by 0.025 (in ergs s-1 cm-2 cm sr_ 1), and for the line map 0.0033, 0.0067, 0.01, and 0.015 to 0.085 by 
0.01 (in ergs s~1 cm-2 sr-1). Because of background emission, the lowest visible contour on the continuum map is actually at the 0.012 level. 

ascension. The chopping secondary was not used. Instead, 
background emission observed at the ends of the scans was 
subtracted from the spectra. Intensity calibration was obtained 
by measuring the emission from a blackbody inserted into the 
beam, checked by observations of stars, and is accurate to 
- ±20%. 

The 12.8 jum continuum map of the region surrounding 1RS 
7 is shown in Figure la. This map covers the velocity interval 
— 620 to — 384 km s_ 1, which is free of line emission. The dust 
continuum emission from 1RS 7 appears just below the center 
of the map, and 1RS 3 to the lower right. The velocity- 
integrated Ne+ emission is shown in Figure lb. Six spectral 
channels, covering —206 to —107 km s-1 were summed, and 
the continuum map subtracted. An ionized gas component 
coincident with 1RS 7 is clearly present, with a flux of 
3 x 10“12 ergs s-1 cm-2. Since its —120 km s-1 line-of-sight 
velocity agrees, within uncertainties, with the stellar velocity as 
determined from the 2.4 ¡um CO bandhead (—128 km s-1), we 
conclude that the ionized emission arises in 1RS 7’s mass-loss 
envelope. 

[Ne ii] emission in this velocity interval also extends north- 
ward from 1RS 7, with an additional flux of 3 x 10~12 ergs s"1 

cm-2 arising in a northward-pointing “plume”, or “tail” of 
gas. This plume is » 5" long and is unresolved perpendicular to 
its length. The northerly direction of this tail is nearly directly 
opposite, to within ± 10°, to that toward Sgr A*, the unique 
radio point source located 6" to the south of 1RS 7. This radio 
source is suspected to lie at, or near, the Galactic center (Lo 
1989). Finally, note that the map shows some evidence that the 
plume is not perfectly straight. 

The spectra in a north-south cut through 1RS 7 reveal the 
velocity field along this tail. These spectra are presented in the 
form of a declination-velocity plot in Figure 2, in which 
the plume of gas can be followed for a distance of ä5". From 
1RS 7 northward, the velocity increases from t?LSR æ —120 km 
s-1 to « —175 km s-1 in ~3", with an average gradient of 
—18 km s-1 arcsec-1. The average velocity along this section, 
« —150 km s~ \ agrees quite well with the earlier large beam 
measurement (Serabyn 1984). Beyond 3" from 1RS 7, the veloc- 
ity levels off near —180 km s-1, and finally, near the plume’s 
northernmost extremity, the velocity may drop somewhat. 
Because of the continuity in velocity along the plume, the 
match in velocities on 1RS 7 itself, and the lack of other emis- 
sion in this vicinity at such large negative velocities, we con- 

clude that the tail of emission to the north of 1RS 7 is 
intimately associated with 1RS 7 and not due to an unrelated 
line-of-sight feature. 

3. SOURCE MODELS 

The observation of ionized gas associated with the red 
supergiant 1RS 7, and its plume-like morphology, lead to two 
questions: (1) how is the gas ionized and (2) how is the gas 
ejected or swept away from the star? 

We first consider, and rule out, the possibility that the gas 
was ejected from 1RS 7 as an ionized one-sided jet. To begin 
with, the gas could not have been ionized when it left 1RS 7. 
The strong CO absorption bands observed in the 2 jum spec- 
trum of 1RS 7 indicate that it is an M-type supergiant, with far 
too cool a spectrum to ionize the gas observed near it (Rieke & 
Rieke 1989). It is more difficult to rule out the possibility that 
the one-sided morphology of the plume is the result of its being 
ejected as a one-sided molecular jet which is later ionized, but 
outflows seen around other late-type stars are observed to be 
spherical or bipolar, not one-sided. It is also apparent from the 
observed velocity field that some force is acting on the gas after 

Fig. 2.—Declination-velocity diagram along the plume of emission extend- 
ing northward from 1RS 7. The contour levels are 0.017, 0.025, 0.033, 0.045, 
0.06 to 0.2 by 0.02 (in ergs s-1 cm-2 cm sr-1). The band across the figure at 
zero offset is due to the continuum emission from 1RS 7. 
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it leaves the star. From these facts, we conclude that most 
likely the gas initially leaves 1RS 7 as an approximately spher- 
ical molecular outflow, which is then ionized and carried away 
from the star by an external source of energy and momentum, 
apparently associated with Sgr A*, or a source close to its 
projected direction. 

Threee agents seem worthy of consideration as possible 
causes of the ionization and/or acceleration of the gas in the 
plume: (1) radiation from the central stellar cluster or other 
central objects, (2) the drag on 1RS 7’s extended envelope due 
to its motion through the ambient interstellar medium, and (3) 
a wind from the vicinity of Sgr A*. We first discuss the inter- 
action of the gas in the envelope of 1RS 7 with the ionizing 
radiation from the central region, and later consider the effects 
of an ambient medium and a high velocity wind from the 
center. 

We assume that 1RS 7 loses mass at a constant rate M, with 
a constant outflow velocity, v, resulting in an r-2 neutral gas 
density distribution, given by 

4nmHvr2 ’ 

where mH is the H atom mass. This assumption allows a deriva- 
tion of the maximum required mass-loss rate, as any inter- 
action with an external medium would tend to compress the 
outflow, and increase the emission from a given mass of gas. 
The problem of uniform outflow ionized by an external radi- 
ation source can be solved (e.g., Scoville & Norman 1988) by 
requiring that the ionization front occurs on that surface 
outside of which the column of recombining gas in the r~2 

envelope is sufficient to absorb completely the ionizing photon 
flux, Fuv, or 

fZif(p) 
Fuv = «B n¡ dz. (2) 

Here we have assumed a plane parallel ionizing flux incident 
along the z-axis, zi{(p) is the location of the ionization front as a 
function of the radial coordinate, p, perpendicular to z, aB is the 
case B hydrogen recombination coefficient, and ne is the elec- 
tron density. Unlike a normal H n region, the ionized gas is 
located outside of the front. With the density given by equation 
(1), this yields 

F uv — 
«B 

2/>3 ( — Vi pZ'i(f>) 4- tan 
WmHv) ip2 + z2(p) 

(3) 
The resultant ionization front has the shape of a cylinder 

tapering to a rounded end. Along the line between the mass- 
loss star and the external radiation source, the distance from 
the ionization front to the star is smallest, being 

|Zif(0)| 
«b y/3/ m y/3 

3fW \4nmHv) 
(4) 

and at z = oo, the radius of the cylinder of neutral gas is 

/37tV/3 

= |zif(0)|. (5) 

The volume emission measure of the ionized gas, or volume 
integral of n2 outside of the ionization front is given by 

VEM VjLi-y'YjLr 
4 \16 «8/ \mnv) 

(6) 

The emission in a collisionally excited forbidden line is pro- 
portional to the volume emission measure, as long as ne^nc, 
where nc is the critical density for thermalization of the 
observed transition («3 x 105 cm-3 for [Ne n]). The [Ne n] 
peak coincident with 1RS 7 requires VEM « 3.5 x 1059 cm-3, 
assuming an extinction to 1RS 7 of 1 mag, Ne+/H twice solar 
Ne/H (Lacy, Achtermann, & Bruce 1989a), and ne<^nc. 

The ionization of Sgr A West requires an ionizing lumi- 
nosity, Aruv, of »2 x 1050 photons s-1 (Lacy et al. 1982; 
Mezger & Wink 1986; rescaled for a distance of 8.5 kpc and 
including an estimate of the number of photons which escape 
the central region), and so the ionizing flux at 1RS 7, assuming 
the radiation is emitted from sources near the center, is given 
by 

Fuv = ^-2 = 1-7 x 1012rpC
2 photons cm-2 s-1 , (7) 

pc 

where rpc is the distance of 1RS 7 from the center in parsecs. 
Assuming the stellar outflow velocity is 15 km s-1, a typical 
velocity for red giant and supergiant mass-loss winds (Knapp 
& Morris 1985; Knapp et al. 1989), we derive a mass-loss rate 
of 

M = 2 x 10“5r¿/2Mo yr-1 . (8) 

For rpc = 0.35, which is ^/2 times the projected separation of 
1RS 7 from Sgr A* (attempting a correction for the unknown 
projection factor), we get M % 10“5 M0 yr~\ a reasonable 
value for an evolved mass-loss star (Knapp & Morris 1985). 

The ionization front is closest to the star at zif(0) = 0.015rpc 
pc, where the density is »2 x 104rpc

3/2 cm-3, or äIO5 cm-3 

for rpc = 0.35. Note that if an external medium or a wind from 
the center contains the outflow, a smaller mass-loss rate than 
derived here would be required. Such a medium (or a magnetic 
field) is almost certainly required, since the presence of a 
second bright spot ~ 0.1 pc north of 1RS 7 implies that the gas 
density is maintained at this high level even after it is swept 
away. 

Besides ionizing the outflow, radiation would exert a pres- 
sure on it, possibly contributing to the plume nature of the 
observed emission. The radiation force on moderately dense 
ionized gas is dominated by absorption of ionizing photons by 
the recombining gas, and per proton is given by the product of 
the average momentum per photon and the absorption rate 
per proton, or 

F rad = ne) » 3.5 x KT34^ dynes , (9) 

or Frad ä 7 x KT30^-3'2 dynes at zif(0). For comparison, the 
force of gravity on a proton is 

Fgrav = Gm^r* » 2-3 X 10'29M6 rpc
2 dynes , (10) 

where M6 = M(r)/106 M0, and M(r) is the central mass 
enclosed within the galactocentric radius r. Thus, ^rad/^grav - 
1.5 x 10 5 ncrpc M6 ^ and for Mg = 3, rpc = 0.35, and ne = 
105 cm-3, Frad/Fgrav ä 0.06. Radiation pressure would quickly 
fall off as ne falls away from the ionization front, however, and 
so would have little effect on the orbital motion of the gas 
unless its density is maintained at ~ 105 cm-3 by an external 
pressure. Because of this shortcoming, and because the gas 
density would drop too quickly for the plume to be detectable 
without some containment mechanism, we conclude that the 
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outflow from 1RS 7 must also be affected either by the ambient 
medium through which 1RS 7 moves, or by a wind from the 
center. 

We therefore next consider the effects of a stationary 
ambient medium on the stellar mass-loss envelope. Such a 
medium could serve to contain the outflow, as well as to 
provide a small drag force which strips away 1RS 7’s envelope 
as it orbits about the center. Since most of the emission from 
an externally ionized outflow comes from near the ionization 
front, where the density is highest, an elongated tail with a 
surface brightness comparable to that near 1RS 7 requires the 
tail density to be not much less than the density at the ioniza- 
tion front, « 105 cm-3. To contain the tail at this density, the 
surrounding medium must have comparable pressure, or 
nT » 109 cm-3 K. For this medium not to be seen, it must 
have much lower density, and higher temperature than the 
observed gas (e.g., Quinn & Sussman 1985). For example, if the 
ambient medium were at the virial temperature of T æ 106 M6 
r^1 K » 107 K, a density of « 100 cm-3 would be necessary. 
This type of hot rarefied medium could be the result of shock 
heating due to collisions between the rapidly moving thermal 
plasma filaments found in the central parsec. A magnetic field 
permeating an ambient medium could also contribute to the 
pressure confining the gas. A field of 1 mG, comparable to that 
inferred from Zeeman and polarization observations (Schwarz 
& Lasenby 1990; Killeen et al. 1990; Aitken et al. 1991), would 
provide a pressure about equal to that of the gas in the hot 
medium. 

The rarefied medium would slow the gas on a distance scale 
of about nplumJnmedium, or %103 times the thickness of the 
compressed condensations in the plume. Assuming the plume 
has a diameter of 10“ 2 pc (the diameter of the ionization front, 
at which size the density would be ~105 cm-3), it would be 
slowed in a distance of ~ 10 pc, or approximately five orbits. If 
it breaks up into smaller pieces, it would feel a larger drag force 
per unit mass. The cooling time of the hypothesized hot 
medium is comparable to the drag time, ~ 104-105 yr (Krolik, 
McKee, & Tarter 1981), and so the hot medium would have to 
be continually reheated, e.g., by continuing infall of gas. 

An alternative model for the containment and acceleration 
of the gas is suggested by observations indicating the presence 
of a high-velocity wind emanating from the Galactic center 
(Geballe et al. 1984, 1987; Gatley et al. 1984, 1986). Geballe et 
al. (1987) argue that a 700 km s-1 wind with a mass-loss rate, 
Mgc, of 4 x 10-3Mo yr-1 is being emitted from an extended 
object or cluster of objects near 1RS 16. This wind would exert 
a ram pressure somewhat larger than the pressure of the con- 
fining medium assumed above, with the acceleration of the gas 
being primarily outward. This wind does not contribute signifi- 
cantly to the ionization of the envelope, however, since its 
mechanical luminosity is only a few percent of the radiative 
luminosity present. 

The interaction of the galactocentric high-velocity wind with 
the red giant stellar wind would result in a bow shock where 
the two winds meet. Since the shock must be stationary with 
respect to 1RS 7, its position is given by the requirement that 
the momentum density, or ram pressure, in the two winds must 
be equal, or ngc i;2c = nTg i;2g, where the gc and rg subscripts 
refer to the galactocentric and red giant wind parameters, 
respectively. Assuming that both winds’ densities fall of quad- 
ratically with distance from their respective origins, the separa- 
tion of the shock front from 1RS 7 along the line toward the 

center is 

^sh 
MjgVjg\ 

Mgc ^gc/ 

1/2 
(H) 

Using the values of Geballe et al. (1987) for Mgc and vgc, and 
our earlier estimate for Mrg, we find zsh » 0.011 r^4 pc, which 
is comparable to zif. This result is not fully self-consistent, as 
the outflow would have noc 1/r2 in the vicinity of the ioniza- 
tion front only if zsh > zif. A self-consistent calculation would 
consider ionization of the dense gas layer swept up by the 
shock and would yield a higher density in the observed gas, 
and a smaller Mrg. 

If a high-velocity wind from the center is present, the situ- 
ation 1RS 7 finds itself in is then quite similar to that of a comet 
orbiting the Sun, with its ion tail excited by solar UV radiation 
and accelerated by the solar wind. It is of interest to compare 
the velocities in the Galactic center with those of the cometary 
analog. The ratio of the wind velocity to the orbital velocity is 
similar in the two cases, ~ 3 in the Galactic center, assuming a 
^/l projection correction, and ~ 10 for a comet. More dispa- 
rate are the ratios of the orbital velocity to the expansion 
velocity of the gaseous head or envelope, ~ 100 for comets, but 
only ~ 10 for 1RS 7. Of course, comets, also have dust tails 
accelerated by radiation pressure, but since we do not detect 
continuum radiation from 1RS 7’s tail, we have no information 
on dust in the tail. We also have no information on the inter- 
action of magnetic fields with the tail, although they may in 
fact be important. 

The maximum force that the galactocentric wind or the 
ambient medium can exert on the gas in 1RS 7’s tail can be 
estimated if we assume that the tail fully absorbs the momen- 
tum of the material it sweeps up. Assuming the tail breaks up 
into clumps of cross-sectional area A, each clump feels a force 
°f ^ram = Pvrc\ A, where p is the density of the wind or hot 
medium through which the clumps move at relative velocity 
z;rel. If the galactocentric wind does not decelerate as it leaves 
the center, and the clumps entrained in the flow beyond 1RS 7 
do not change size as they leave the star, the wind force on a 
gas clump falls with distance from the center as r-2. The ratio 
of wind force to gravitational force is then given by 

^wind Mgc Vgc  
Fgrav 4nGmpM(r)Ncl ’ 

(12) 

where Ncl is the column density of each clump. Using the wind 
parameters of Geballe et al. (1987), and assuming a size scale 
for the clumps in the flow of zif, a density of 105 cm-3 implies 
p < 1. The higher density implied by the self-consistent solu- 
tion would reduce this limit further, while a smaller clump size 
would raise it. Although this estimate for p contains large 
uncertainties, a comparison with the earlier radiation force 
calculation indicates that the estimated wind force is about a 
factor of 20 larger than the radiation force available. 

On the other hand, if the tail is produced by the drag of a 
stationary ambient medium, the ratio of the drag to gravita- 
tional forces is given by 

F Yt 11^“ o   drag   ftmedium ^orb ' ^ 
P~Ft^~ GM(r)Nci ’ 1 ' 

where t;orb is the orbital velocity of 1RS 7. With the parameters 
estimated earlier, ß < 0.1. In this case, the radiation force 
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would not be negligible. Since, however, these estimated upper 
limits to ß and // are considerably uncertain, we estimate these 
parameters directly from the kinematics of the tail in the next 
section. 

Of course, the radiation and ram pressures discussed above 
must affect any other extended stellar envelopes in the central 
parsec as well. Consequently, we have searched the larger 
[Ne ii] maps for similar sources and have found several other 
compact [Ne n] line sources at velocities different from the 
surrounding gas flows. However, none of these correspond to 
known red giants or supergiants. Interestingly, it has been sug- 
gested that external photoionization of the mass-loss envelopes 
of giant stars also plays a role in the nuclei of active galaxies 
(Scoville & Norman 1988). 

4. KINEMATIC MODEL CALCULATIONS 

We now compare the velocity field seen along the plume to 
predictions based on the wind and drag scenarios. Since the 
observations of the tail currently consist of only a few spatial 
and spectral resolution elements, any comparison of the data 
with theoretical predictions should, at this point, be limited to 
the most prominent characteristics of the observed S-v plot, 
such as its total velocity range and average slope. 

In general terms, the velocity gradient along 1RS 7’s tail 
must be due to the different accelerations experienced by the 
star and the gas it has released. While the star moves under the 
influence of gravity alone, the gas in its tail also feels a force 
due to a galactocentric wind or an ambient medium. As esti- 
mated above, radiation pressure is expected to be small com- 
pared to the wind pressure. However, if no wind is present, the 
radial radiation force is expected to be comparable to, or even 
to exceed the drag force (which is opposed to the direction of 
motion). In addition, even in the case of a dominant wind, the 
force is not purely radial, since the relative motion of 1RS 7 and 
the galactocentric wind results in an azimuthal force. Thus, a 
complete kinematic analysis should include both radial and 
azimuthal forces. Nevertheless, in this initial treatment, we 
consider only the effect of one force acting at a time: either a 
purely radial wind, or a purely tangential drag. Note that 
because the orbital velocity of 1RS 7 is comparable to, or some- 
what larger than, the velocity difference between the tail and 
the star, and because 1RS 7’s velocity of —120 km s -1 indicates 
rapid motion toward us, the stellar orbital motion must be 
taken into account, and the tail cannot be treated as emerging 
from a stationary source. It is therefore necessary to discuss 
1RS 7’s possible orbital parameters before addressing its tail. 

Although 1RS 7’s orbital eccentricity is unknown, the orien- 
tation of its tail provides useful information on the orientation 
of its orbital plane. This stems from the approximately colinear 
arrangement of Sgr A*, 1RS 7, and its tail, which allows for 
four possibilities: (1) a strong wind from Sgr A* which over- 
whelms the gravitational force from the central mass distribu- 
tion, pushing material rapidly away from the star on a line 
directly opposite to the center : although any inclination of the 
orbital plane with respect to the line-of-sight is then possible, 
this case is unlikely because of our earlier force estimates, and 
because the kinematics of the filaments in Sgr A West (Serabyn 
& Lacy 1985) appear to be gravitationally dominated. (2) a 
moderate (or weak) wind from Sgr A* or another source in its 
direction: the orientation of the tail, which points directly 
away from Sgr A*, then requires 1RS 7 to follow a nearly 
edge-on orbit, since otherwise the tail would not point toward 
the source (see Fig. 3a for several face-on examples, to be dis- 

wind solutions: ¡jl = 0.1, 0.3 

x(pc) 
drag solutions: ß = 0.003, 0.01 

Fig. 3.—Circular orbit geometries and instantaneous tail locations for a 
central 4 x 106 M0 point mass. The view is perpendicular to 1RS 7’s orbital 
plane. The dotted curve shows the orbit of 1RS 7 (star symbol) about the 
central point. The downward pointing arrow shows 1RS 7’s velocity vector, 
and the other two arrows the directions to earth allowed by 1RS 7’s line-of- 
sight velocity and projected offset from the center. The directions correspond- 
ing to the dashed arrows are ruled out by the observed tail orientation. The 
calculated tail locations {solid lines) are for (a) a wind force with // = 0.1 (short 
tail) and 0.3 (long tail) and (b) a drag force with ß = 0.003 (short tail) and 0.01 
(long tail). The tick marks on the tails delineate those sections of the tails which 
appear on the corresponding panels of Fig. 5. 

cussed in detail below). (3) a moderate (or weak) wind from 
some other source, off the line toward Sgr A*, such as, e.g., 1RS 
16 (Simon et al. 1990; Simons, Hodapp, & Becklin 1990): since 
the line of the tail then does not point back to the assumed 
source (as in Fig. 3a), motion across the plane of the sky must 
be present, and the orbit cannot be edge-on. However, 
although this case is allowed, it seems unlikely, because the 
wind force and orbital orientation would both need to be 
chosen so as to result in a tail which points at a radio source 
which is unique in the Galaxy (Lo 1989), but not involved. (4) a 
distributed drag force: since the ablated material remains in 
1RS 7’s orbital plane, the colinearity of the tail with Sgr A* 
again implies that the orbital plane must be seen nearly edge- 
on, as in case 2 (see Fig. 3b), if Sgr A* is near the center of the 
mass distribution. (If the center of the mass distribution is 
elsewhere, the alignment of the tail with Sgr A* must then 
again be ascribed to coincidence.) Since cases 2 and 4 are the 
most probable candidates, it seems likely that 1RS 7’s orbital 
plane is seen nearly edge-on (independent of whether a wind or 
drag force is present). Although this conclusion is not a cer- 
tainty, for all further analysis we assume this simplest case of 
1RS 7 on an edge-on orbit which is oriented approximately in 
the N-S plane. 
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The central mass distribution on which the orbit depends 
also needs to be defined, and for purposes of computation, we 
consider only the case of a central point mass, M, located at the 
position of Sgr A*. Assuming then that 1RS 7 lies somewhere 
along an arbitrary (but edge-on) elliptical orbit about this 
center, the star’s observed line-of-sight velocity, vlos, and its 
projected offset from the center, dproj, can be used to constrain 
the orbital parameters. In the simplest case of 1RS 7 on a 
circular orbit, there is only one value of orbital radius consis- 
tent with the observed dproj, and vlos9 for a given value of M : 

id A2/3 

r0 = (GM)1/3-^ . (14) 
\ I’los / 

The angle which 1RS 7’s velocity vector makes with the line-of- 
sight is then ±cos-1 (dprOj/r0). The twofold ambiguity in angle 
corresponds to 1RS 7 being either in front of, or behind the 
center. These two configurations are shown in Figure 3, which 
presents a face-on view of the possible orientations, for 
M = 4 x 106 M0 and dproi = 0.25 pc, for which r0 = 0.42 pc. 

This twofold ambiguity in observation direction can be 
removed with the aid of the orientation of 1RS 7’s tail, which, 
in projection, is observed to point away from the center. As can 
be seen in the orbital diagrams of Figure 3, which include 
several examples of wind- and drag-produced tails (to be dis- 
cussed in detail below), only one of the two orientation vectors 
allows for a tail which points away from the center in projec- 
tion. Thus, the orientation vectors indicated by the dashed 
arrows in both panels of Figure 3 are ruled out. Note that for 
the two types of model, the opposite orientation vector is 
excluded, so that in the wind model, 1RS 7 is in front of the 
center, with a trailing tail, while in the drag case, 1RS 7 is 
behind the center, with a leading tail. 

The case of an arbitrary elliptical orbit is more complicated : 
for a given central mass and the two parameters defining the 
orbit [taken to be the eccentricity, e, and r0, where r = 
r0/(l — 6 cos 0) the two remaining unknowns (6, the azimuthal 
coordinate of 1RS 7 along the ellipse, measured from apo- 
galacticon, and a, the orientation of the major axis of the 
ellipse with respect to the line of sight) are constrained to four 
pairs of values. In analogy with the circular case, these four 
solutions are not fully independent : 1RS 7’s position in two of 
the solutions can be obtained from the other two by a reflec- 
tion through the major axis of the orbit. However, again, only 
half of these solutions allow for tails which emerge from 1RS 7 
with the correct orientation, and so there are only two solu- 
tions for the angle pair (6, a), in the case of an arbitrary ellipse. 
Allowing M, 6, and r0 to vary then generates two families of 
solutions. Several representative solutions for the location of 
1RS 7, for M = 4 x 106 M0, r0 = 0.6 pc, and several values of 
6, are plotted in Figures 4a and 4b. The two solutions corre- 
spond roughly to: (1) 1RS 7 in the quadrant before closest 
approach (90° < 180°, with 0 an increasing function of time) 
and (2) 1RS 7 in the quadrant before apogalacticon 
(270° < 0 < 360°). In the limit of small eccentricity these two 
solutions become identical. 

Once the parameters of 1RS 7’s orbit were selected, and the 
current orientation solved for, the wind or drag can be 
included, and the resultant tail calculated. The wind model was 
explored over all elliptical orbits accessible to 1RS 7, while the 
drag model was only investigated for the case of circular orbits. 
As a simplification for these calculations, we have neglected the 
outflow velocity of 1RS 7’s envelope in comparison with the 

orientation 1 

x(pc) 

orientation 2 

x(pc) 
Fig. 4.—Orbital geometry and instantaneous tail locations for elliptical 

orbits with M = 4 x 106 M0 and r0 = 0.6 pc. The view is perpendicular to 
1RS 7’s orbital plane. The two panels correspond to two independent families 
of solutions for the location of 1RS 7, given the same orbital parameters. Three 
different elliptical orbits about the center are shown for each solution, with 
e = 0.33, 0.50 and 0.67. For the e = 0.50 case, the small dot shows the current 
location of 1RS 7, and the attached arrow its velocity vector. The arrow in the 
center of the figures shows the direction to the observer. Also shown are the 
tails produced by a wind force for n = 0.3. The tick marks on several of the 
tails delineate those sections of the tails which appear on the corresponding 
panels of Fig. 5. 

orbital and galactocentric wind velocities. Thus, a gas particle 
is assumed to start at the position of 1RS 7, with the same 
velocity as the star, but after release moves under different 
forces. For any wind coefficient, p9 or drag coefficient, /?, the 
location and velocity of the tail can then be calculated by 
following 1RS 7 around the center, releasing a gas particle at 
each time step, and following all of these particles along their 
new orbits. 

We begin with the wind model. Since a galactocentric wind 
implies an outward radial force, a simple “reduced gravity” 
formalism can be employed (e.g., Wurm 1963). As equation (12) 
indicates, a central point mass in conjunction with a constant 
velocity wind implies a radius-independent //. Since this is 
equivalent to a reduced central mass for the gas in the tail, this 
case allows for a very simple solution : the particles in the tail 
follow Keplerian orbits about the center in the reduced gravi- 
tational field, with parameters fixed by the location of 1RS 7 
along its orbit at the point of release. The new eccentricity, €', is 
then 

(15) 
i - n 
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while the new azimuthal coordinate at the point of release is 
given by 

lie cos 9 — jit 
cos 0 = — [ —   

i 
(16) 

Examples of the tails calculated for circular and elliptical orbits 
about aM = 4xl06Mo central point mass are shown in 
Figures 3a and 4, respectively. In Figure 3a, tails for both 
// = 0.1 and 0.3 are shown, for one full orbit of 1RS 7 about the 
center, while in Figure 4, tails are shown for several eccentric- 
ities, for a fixed ß of 0.3 (beginning the calculations at the 
orbit’s maximum radius). The tails for the two families of solu- 
tions for the location of 1RS 7 are shown separately in the two 
panels. Note that in no case shown do the tails point directly 
away from the center in these face-on views. This only occurs if 
we rotate the orbital planes to be close to edge-on, or in the 
limit of a very large wind force. 

The final step was to project the tail’s location and velocity 
solutions to the correct viewing angle, in order to compare 
with the observations. A large number of models were com- 
puted, for M6 = 1, 2, 4 and 6; 6 = 0, 0.33, 0.50 and 0.67; r0 = 
0.3,0.6, 0.9 and 1.2 pc (where allowed), and n ranging from 0.01 
to ~ 1. Figure 5 shows a selection of the results superposed on 

the observed ô — v plot. The top row of panels show the results 
with 1RS 7 on a circular orbit, and the next two are for orbits 
with e = 0.5. The orbital parameters for the latter two rows are 
identical, and differ only in 1RS 7’s position along the orbit, the 
second row corresponding to solution 1 of Figure 4a for 1RS 
7’s location, and the third row to solution 2. The wind force 
increases left to right across the panels, and every panel shows 
results for several values of M. 

As seen in Figure 5, the model results do not depend signifi- 
cantly on the orbital eccentricity over the range explored, but 
depend strongly on M and //. The primary results evident in 
the top three rows of the figure are (1) low-wind models 
(/z < 0.1) do not attain the velocities seen along the tail, (2) 
high-wind models (pi > 0.5) exceed the velocities and gradients 
seen, (3) intermediate-wind models (pi & 0.3) provide an accept- 
able fit, given the low resolution of the observations, and (4) for 
elliptical orbits, solution 2 yields better fits than solution 1 
(although solution 1 can reach the velocities seen, the entire 
velocity shift occurs within an arcsecond of 1RS 7, with only a 
small velocity gradient thereafter). Conclusion 4 implies that 
1RS 7 is on its way out from the center. The initial rapid 
velocity gradient seen near 1RS 7 in several of the more accept- 
able models (e.g., for /z = 0.3 in the first and third rows) may be 

wind 
on 
e=0 
orbit 

wind 
on 
€ — .5 
orbit: 
Sol. 1 

wind 
on 
£ = .5 
orbit: 
Sol. 2 

drag 
on 
£ = 0 
orbit 

Vlsr (km s 1) 
Fig. 5.—Superposition of model position-velocity curves on the observed ô-v plot. The top three rows show series of wind models, while the bottom row shows a 

series of drag models. For the top and bottom rows, 1RS 7 is assumed to be following a circular orbit, with the geometry indicated in Fig. 3. The middle two rows 
assume 1RS 7 is on an elliptical orbit with e = 0.5. Rows 2 and 3 correspond to the two families of solutions indicated schematically in Figs. 4a and 4h, respectively. 
Each panel shows curves for a number of central point masses: solid curve: M = 6, dashed curve: M = 4, dotted curve: M = 2, and dash-dotted curve: M = 1 (in units 
of 106 Mg). The assumed force ratio, ß (wind force to gravitational force), or /? (drag force to gravitational force), is given in the upper right corner of each panel. 
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masked by insufficient resolution in the observations, but 
might also be mitigated by the wind only slowly gaining in 
effectiveness as the entrained clumps break up. 

Intriguingly, the most acceptable solutions occur for the 
higher end of the explored central mass range: M « 4-6 x 106 

M0. Since a mass distribution which consists only of an r-2 

stellar cluster would only contain ~ 106 M0 inside of a third of 
a parsec (Serabyn & Lacy 1985), the approximate size of 1RS 
7’s orbit, such a mass distribution would likely not be able to 
reproduce the velocities seen along 1RS 7’s tail. 

We now turn to the drag models. These were only carried 
out assuming a circular orbit for 1RS 7. To generate the tail, a 
drag force per unit mass of —ßv2/r0 was added to the equa- 
tions of motion of the released gas particles. The radial and 
azimuthal equations of motion were then integrated as a func- 
tion of time to follow an individual particle. Finally, as in the 
wind case, particles were released at regular time steps along 
1RS 7’s orbit, and the ensemble followed to generate the instan- 
taneous tail location and velocity. 

The tail locations for two values of the drag ratio ß are 
shown in Figure 3b, where it can be seen that the tail now leads 
1RS 7, and 1RS 7 is behind the center, both the reverse of the 
wind case. The tails shown were generated in two full orbits 
of 1RS 7 about the center. The corresponding ô — v models 
are shown in the bottom row of Figure 5. For low enough 
ß( < 0.004) these models are better than are the wind models at 
producing the correct velocity gradient very close to 1RS 7. 
However, this low drag force implies that the observed gas 
departs only slowly from the initial stellar orbit, and so a long 
time is required for the gas to diverge significantly from the star 
( > an orbital period). Although the gas must be kept confined 
for this length of time, this could result naturally from the small 
ratio of velocity dispersion to orbital velocity. There does seem 
to be the problem that at distances greater than 2"-3" from the 
center, the predicted velocities keep growing, while the 
observed ones level off. However, it may be possible to cure 
this problem by putting 1RS 7 on a more eccentric orbit, and so 
we cannot rule this model out yet. 

5. SUMMARY 

We have detected a tail of ionized gas leaving the M super- 
giant 1RS 7, which, within ± 10°, points directly away from the 
radio point source Sgr A* at the Galactic center. The ioniza- 
tion of the stellar envelope and tail are most likely caused by 
the radiation emerging from the Galactic center. On the other 
hand, ram pressure can explain the ablation of material from 
the stellar envelope, with two different sources for the pressure 
apparently viable: a wind from the galactic center, and the 
drag provided by an ambient interstellar medium. Independent 
of which of these two origins for the external pressure is 
correct, it is clear that the existence of a gaseous tail which has 
been ablated from the stellar envelope indicates that the bulk 
of the central parsec of the Galaxy must be filled with a high- 
pressure, low-density medium. 

Both the wind and drag scenarios are consistent with the 
tail’s projected orientation, and both are also capable of repro- 
ducing some of the main features of the velocity curve observed 
along this gas tail. Model calculations yield reasonable values 
for Fwind/F?rav and Fdrag/Fgrav: 0.3 and <0.004, respectively. If 
the tail is wind generated, the situation of 1RS 7 is analogous to 
that of a comet orbiting about the Sun, in that both are 
exposed to an external radiation flux and a wind emanating 
from the central region. Kinematic modeling of this case indi- 
cates that 1RS 7 is then in front of the center and has a trailing 
tail. On the other hand, if the tail is drag generated, 1RS 7 is 
behind the center and has a leading tail. The long time scale 
required for the formation of the drag tail leads us to favor the 
wind-generation mechanism, but higher spectral resolution 
observations of the velocity field along the tail, combined with 
further modeling, should be capable of definitively discrimi- 
nating between the two models. 
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