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Abstract. Several distinct kinematic patterns are superposed in the ionized gas seen nearésth@groinpact radio source at

the center of the Milky Way. This has led to confusion over the morphology and motions of the gas; the recent dispersion-ring
model of Sanders (1998) inadvertantly elides parts of two separate features and reproduces a description of the gas flow which
does not actually occur. We demonstrate the gas kinematics via an analysis of the high-resolutioadit®2ecombination

line data of Roberts & Goss (1993) and Roberts et al. (1996). The characteristic kinematic pattern of the “Bar” is reproduced
by rotation in near-polar orbits seen edge-on at distances of 0.3-0.8 pc froni,SgttNarger radii seen to the east. The mass

of ionized material in the Bar is27 My. The Bar and Eastern Arm together probably represent a single stream of gas falling

on to the galactic center, crossing from east to west.
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1. Introduction see Sect. 3) and does not incorporate the kinematics which are
actually observed in either.

When the kinematics of the gas in the inner few pc of the galaxy The purpose of the present work is to show the motions

first became accessible, they were studied with an eye to derigpthe gas clearly enough that this sort of confusion does not

tion of the mass distribution and demonstration of the existen;g@rsist, and to aid in formulation of a more definitive model.

of a massive black hole (Lo & Claussen 1983; Brown & Liszatjowever, we also provide an elementary interpretation of the

1984; Genzel & Townes 1987; Sanders 1992), presumably #i& geometry and kinematics; rotation in close-in{0.8 pc)

compact source SgrAliscovered by Balick & Brown (1974). near-polar orbits, in the gravitational potential imposed by

Now, that role seems better occupied by study of proper m@ie known mass distribution, very simply reproduces much of

tions of the bright stars in the central stellar cluster (Ghez et gde behaviour. Section 2 describes the observational material,

1998, 2000; Eckart et al. 2002; Sukel et al. 2002; Ghez et al. sect. 3 discusses the gas motions, and an elementary interpre-

2003). But the gas kinematics remain of interest becausetgfion is provided in Sect. 4.

the large reservoir of material near the central black hole and

the possibility that it will feed star formation and other nuclear

activity (Morris & Serabyn 1996). 2. Observational material

Although the gas kinematics are relatively well UnderStOOFhe motions of the gas near Sgr’F /Are most C|ear|y dis-
in the small — line profiles are available with relatively goognguished in the112.8 x [Nell] line, most recently and
spatial angbr velocity resolution — a consensus description @omprehensively studied by Lacy et al. (1991), and in radio re-
gas flow near Sgr Ahas been somewhat slower to emerggpmpbination line work like that analyzed here, the H98ap-
compare the models of Quinn & Sussman (1985), Lacy et ging of Roberts & Goss (1993) and Roberts et al. (19¢63e
(1991) and Sanders (1998). The dispersion-ring models 450 Schwarz et al. 1989). Lower velocity-resolution observa-
Sanders (1998) are especially attractive, in demonstrating tighs of the gas near Sgr*Aave also been performed in the
the observed gas flows need not be short-lived (Lo & Claussgfy line by Herbst et al. (1993), which was cited by Sanders
1983). Unfortunately, his model of thenizedgas reproduces a(1998).
description of the velocity field§id) which was supersededby  gome explanation of these datasets is in order. The
more recent observational material (Lacy et al. 1991; Robefi 1] observations (at 2 resolution) show the motions of

& Goss 1993; Roberts et al. 1996). The model elides two fegt the ionized gas, but at somewhat low velocity resolution
tures which are actually distinct (the Bar and Northern Arm;

! These datasets are publicly available at
imagelib.ncsa.uiuc.edu/project/document/95.DR.01 and
* e-mail:hliszt@nrao.edu imagelib.ncsa.uiuc.edu/project/document/95.DR.03
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Fig. 1. A map of the integrated H22emission at 2 resolution (Roberts & Goss 1993), and superposed position-velocity diagrams along the
ridge lines of the major morphological features. The position-velocity diagrams reprastet‘Bar” and (at the extreme east) “Eastern Arm”;

b) the Western Arm, which is the ionized inner edge of the molecular circumnuclearcilifie Northern Arm. This display covers only the
range-200< v < +200 km st and misses some gas near Sgmich is recovered in Fig. 2.

(30 km s1) compared to the radio data (14 kms The earlier Arm. Comparison of the panel at lower right in Fig. 2. with
H92« radio dataset (at’2resolution) was limited t6-200 < the Bry data (Figs. 2 and 3 of Herbst et al. 1993) shows that the
v < +200 kms? and the full extent of the negative velocityBry line arises exclusively in the Northern Arm, not in the Bar.
gas was recovered (at’ Iesolution) only by Roberts et al.

(1996). The By observations have very low velocity resolu3. Motions of the ionized gas near Sgr A *

tion (100 kms?') and show that Br emission arises in only a ) ) )
limited part of the gas. Naming conventions descend to us from early work showing

i i i ) . the detailed structure of the ionized gas in Sgr A (west) (Ekers
Figure 1 is an attempt to display simulaneously the dispgr 5] 1983; Lo & Claussen 1983), which is said to reside in a

sition and motion of the ionized gas. What has been done iSf@tern called the “mini-spiral”. Figure 1 of Lacy et al. (1991)
superpose position-velocity diagrams, formed along the ridgg,

> ' i i licitly labels the various constituents of the gas and the cap-
!mes o_f the major features, on a spatial map of the m_tegratﬁgﬁ to Fig. 1 here reiterates the nomenclature.

intensity over the range200 < v < +200 kms?. The ridge

lines are smoothly curving arcs and the position-velocity dia- ) _ _

grams are aligned with the regions sampled so that the kirel. Kinematic patterns in the Bar, Northern Arm

matics and spatial appearance can be associated. and Eastern Arm

Figure 2 shows the kinematics of the negative-velocity g&®sition-velocity diagram a in Fig. 1 traces the ionized gas
lacking in Fig. 1, in the southern extension of the Northefinom the western terminus of the so-called Bar, just inside
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Fig. 2. H920 emission (Roberts et al. 1996) integrated over 25 Knwdde velocity intervals centered as indicated with contours at 0.02, 0.04,
0.06... Jy bearmt km st and (lower right) over all velocities with contours at 0.04, 0.08, 0.12... Jy bekems . The spatial resolution is’1

the inner edge of the circumnuclear disk (CND), into thBar. The behaviour of this gas is followed in Fig. 2, drawn from
Eastern Arm. Superposition of unrelated gas features cautes 1’ resolution, negative-velocity H82dataset of Roberts
two kinematic components to appear at most positions aloeigal. (19963.
the ridge line. The pattern associated with the Bar is that seen|n Fig. 2 there are two separate sets of behaviour, one of
at higher velocity at each position. There is a smooth changfich represents the southern terminus of the Northern Arm.
from —100 kms? at far west, where the line is rather broadgose to Sgr A the Northern Arm loops around to form the
as expected for a ring seen tangent to the line of sight; throughini-Cavity” (ibid) which is the space inside the crook of
zero velocity a few arcseconds west of Sgra what is prob- the integrated flux distribution just south and west of Sgr A
ably the point of closest approach to the center (i.e. draylocities of (about)}-125 km s* are seen to the east of Sgt,A
the normal to the ridge line which passes through Sgr; A —200 kms? below it, and-275 km s? to the immediate west.
to 150 kms? just east of Sgr A and then to gradually lower This is the negative-velocity gas just south of Sgrgeen in
velocity where the ridge line curves up into the Eastern Arrpanel a of Fig. 1. The pattern of the negative velocity gas close
This is the inherent velocity pattern of the Bar and Eastef§ Sgr A is identical to that of the Bremission (Herbst et al.
Arm, with velocity increasing monotonicallfrom west to east 1993), implying that it arises in the Northern Arm.
across the position of Sgr'’AThe negative-velocity gas just  The gas which peaks atl50 km s* near the western edge
south and west of Sgr'Ain panel a arises in the southern expf Fig. 2 represents the unrelated western edge of the Bar.
tension of the Northern Arm, not in the Bar, as shown in Fig. Znissjon from the Bar in Fig. 2 moves little with velocity; per-
Position-velocity diagram c in Fig. 1 traces the prominefaps 2 to the south over aimost 200 km'sThis is a reflection
Northern Arm. The line profile narrows and brightens and the
velocity changes rapidly across the declination of SgreXit- 2 We removed linear spectral baselines from this datacube which
ing the passbhand of the dataset to the south where it crossegthatly improved the appearance of the channel maps.
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Fig. 3. From Sanders (1998), Fig. 7 par}) the model velocity field Fig. 4. View of the model ring segment described in Sect. 4 of the text.
for the Northern Arm and Bar. Used by permission. The inner and outer radii are 0.3 and 0.8 pc. The model is inclingd 76
to the line of sight in position angle 2&nd extends-0.09 pc about
its midplane. Gas in the model rotates about the normal to the disk,

. . E\belled “z", flowing from east to west behind Sgt.AThe projection
of the broad proflle seen at the very e”,d O_f the Bar in pane _?the local normal to the galactic equator — the axis of normal galactic
of Fig. 1, but Fig. 2. shows that the profile is in fact even a bigiation — is labeled “b”.

broader yet.

of the Bar and the most negative-velocity gas in the southern
3.2. Some marginal details about the Bar extension of the Northern Arm.

The Bar has something of an intensity minimum about where it _
crosses the Northern Arm, which is perhaps more appareninA simple geometrical model for the Bar gas

the position-velocity diagram than in the integrated intensity., 4 iety of models have been proposed for various portions of
Also, the emission profile is double to the east, but the oWgfiy \orthern Arm but there has as yet been no model proposed
velocity component does not show the velocity gradient whig) e penaviour of the Bar described in Sect. 3. A unique
is characteristic of t?e Bar. Mu.ch of the emission in this re0iQ namical description of any gas motion may be impossible.
occurs at-100 kms* and the line-doubling could result fromyq e \ve provide a kinematic description akin to that which first
superposition of another kinematic component. defined the properties of the CND (Brown & Liszt 1984; Liszt
There is unexplained and anomalous emission @&tg). 1985; Gisten et al. 1987).
~100 kms?* at the location so remarked in Fig. 1; the e consider circular motion in equilibrium with the gravi-
presence of negative-velocity emission in this region Wagtional potential resulting from the presence of a central black
noted by Lo & Claussen (1983). It lies along an extrapolatiq{me, of mass B5 x 10° M, and the central stellar clus-
of the figure of the western end of the Bar and seems nomingly rFor the (spherical) cluster model we adopt a density law
consistent with an origin in the same model geometry Whi?ﬂ(R) « R17 (Allen et al. 1983) and normalize the total mass
reproduces the Bar gas. so as to give a circular velocity of 110 kmisatR = 2 pc as
demanded by the CND kinematics. The Sun-center distance is
3.3. Gas flow in the model of Sanders (1998) taken as 8.5 kpc. _ o o
We adopt a planar ring geometry with a line of sight incli-
Figure 3 reproduces panel ¢ of Fig. 7 in Sanders (1998) shavation of 76, and assign a position angle®d5 the usual sense
ing the gas flow in his dispersion-ring model of the so-calledtated counter-clockwise from celestial north (this orientation
“Extended Northern Arm”. The velocity field in Sanders’ works nearly polar). We consider a disk of uniform density and tem-
conforms to the schematic description of Fig. 3 in Lo &erature within:0.09 pc of its midplane (09 pc= 2.2”") over
Claussen (1983), but there is no component of the gas whach 50 arc on the far side of the galactic center, mostly to the
actually behaves in this way to the west of Sgtr. Ahe East. There is no obvious front-back symmetry to the Bar nor
—-240 kms? gas seen below Sgr'As indeed the bottom of the is it symmetrically disposed east-west about Styre front-
Northern Arm, but (as shown in Fig. 2) its velocity becomesack placement relative to Sgr Athe sense of the tilt of the
more negative to the west, forming the small “mini-cavity’inclination out of the plane of the sky) is a priori ambiguous.
Conversely, the gas which appears-a20 kms* at the west- Our assignment of the far distance (back side) is made because
ern terminus of the Bar is at high positive velocity near Sgr Awith this orientation, the gas flows in the same sense that it
(Fig. 1, panel a). Sanders’ model orphans both the eastern Imalérs the center (see just below). This model geometry, shown



H. S. Liszt: lonized gas velocities 1013

10" - Rl I:

Declination
Q
1
|y [

-10"

30"

L - 1 1
20" 10II OII _10" _20"
Right Ascension

Fig. 5. Simulated H92 emission from a flat ring segment extending 0855 pc from the galactic center in a P58rc, shown in contours
projected against a grayscale representation of the emission from the Bar and Eastern Arm. Coordinates are relative to Sgr A
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Fig. 6. Position-velocity diagrams for a series of nested, coplanar, thin rings of gas in circular motion, shown as white contours projected against
H92« emission traced along the Bar and Eastern Arm as in Fig. 1a. Right ascension is relative tol8gragh panel, the radial extent of the

ring (in pc) is indicated at the upper left. All the rings lie in a single plane which is inclin@dd’ghe line of sight and has its major axis at
position angle 25measured counterclockwise from celestial north, as shown in Fig. 4.

in Fig. 4, should be thought of merely as an enclosing outline. The integrated emission from a fully-filled ring model is
The radial decomposition in Fig. 6 is a guide as to which paghown projected against the data in Fig. 5. Position-velocity
of it are really populated. diagrams along the ridge line of the Bar are shown in Fig. 6 for

We modelled emission from the disk by integrating thg_]div?dual, non-overlapping radial intervals. The mo_del_ emis-
equation of radiative transfer (Gordon 1988; Roelfsema & G039 is superposed as white contours on the data which is shown
1992) along the line of sight in three dimensions at'rer- 2S agrayscale asin Fig. 1a. The gray-scale backgroundin Fig. 6
vals and convolved these profiles ovér Gaussian beams (as'S the same in each panel and follows the same track as in
observed) spaced on an 0 grid (also as observed). The intrin-Panel a of _Flg._ 1 but the zero-level has been made somewhat
sic velocity dispersion of the gas was taken as 12 knaad the darker to highlight the contours.
profiles were calculated in channels of separation 6 knihe Figure 6 shows the kinematics decomposed radially; bear
gas is optically thin and the model is uniform, so path length mind that the motion is pure rotation about a single axis
effects and geometry together determine the shapes of the lmel spatial structure arises solely from the projected geometry.
profiles. Comparison of the various panels suggests that gas at larger
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radii exists primarily to the east. To the west, no gas is really We showed how the motion of the Bar gas can be repro-
required aR > 0.45 pc and the central gap indicates that littlduced by rotation at the local circular velocity within a series
is in fact present. In this view, gas is spiraling in from the easif thin coplanar, near-polar rings seen almost edge-on at radii
crossing the center from east to west, and it is on this basis tRat 0.3—0.8 pc. Detailed comparison of the emission distribu-
we preferred to assign the far distance to the Bar; the kinematan and a radial decomposition of these motions suggests that
modelling is un&ected by this distinction because all motiotthe Bar gas is spiralling in across the center from east to west,
is circular. Note that our partial disk model does not produgést on the far side of the galactic center. The mass of ionized
an extremely broad line profile at the western edge of the Bggs in the Bar idMpar ~ 27 M.

which is an important distinguishing characteristic. This is an

artifact of the simplicity of the adopted geometry, in which rin% _

segments of constant azimuthal extent are used at all radii. 2cknowledgementsThe NRAQ is operated by AU, Inc. under a co-
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5. Summary



