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ABSTRA CT

We preseri fully-sampled mapsof 461GHz COJ = 4! 3,807GHzCOJ=7! 6,
and 492GHz [C1] 3P;1 ! 3Py emissionfrom the inner 3 degreesof the Galactic Cen-
ter region taken with the Antarctic Submillimeter Telesco and Remote Obsenatory
(AST/R O) in 2001{2002. The data cover 1:3< < 2, 0:3< b< 0:2 with 0:5°
spacing, resulting in spectra in 3 transitions at over 24,000positions on the sky. The
COJ = 4! 3emissionis found to be essetially coextensive with lower-J transitions
of CO. The COJ = 7! 6 emissionis spatially con ned to a far smaller region than
the lower-J CO lines. The [C1] 3P1! 3Py emissionhas a spatial extent similar to the
low-J CO emission,but is more di use. Bright COJ = 7! 6 emissionis detectedin
the well-known Galactic Center clouds SgrA and SgrB. We alsodetect CO J = 4! 3
and COJ = 7! 6 absorption from spiral arms in the galactic disk at velocities near
0 kms ! along the line of sight to the Galactic Center. Analyzing our COJ = 7! 6
andCOJ = 4! 3datain conjunction with J = 1! 012CO and 13CO data previously
obsened with the Bell Laboratories 7-m antenna, we apply a Large Velocity Gradient
(LVG) model to estimate the kinetic temperature and density of molecular gasin the
inner 200pc of the Galactic Center region. We shov maps of the derived distribution
of gas density and kinetic temperature as a function of position and velocity for the
ertire region. Kinetic temperature was found to decreasefrom relatively high values
(>70K) at cloud edgesto low values (<50 K) in the interiors. Typical gas pressures
in the Galactic Center gasaren(H2) Tin 10°2K cm 3. We presen an (; b) map of
molecular hydrogen column density derived from our LVG results.

Subject headings: Galaxy:certer | Galaxy:kinematics and dynamics| ISM:atoms |
ISM:general| ISM:molecules
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1. Intro duction

Much has been learned about densegas in the Galactic Center region through radio spec-
troscopy. Early obsenations of F(2 ! 2) OH absorption (Robinson et al. 1964; Goldstein et al.
1964) suggestedthe existenceof copious molecular material within 500pc of the Galactic Certer.
This was con rmed by detection of extensive J = 1! 0 2CO emission(Bania 1977;Liszt & Bur-
ton 1978). Subsequeh CO surveys (Bitran 1987; Stark et al. 1988; Oka et al. 1998; Bitran et al.
1997) have measuredthis emissionwith improving coverageand resolution|these surveysshaw a
complexdistribution of emission,which is chaotic, asymmetric, and non-planar; there are hundreds
of clouds, shells,arcs, rings, and laments. On scalesof 100pc to 4kpc, howeer, the gasis loosely
organizedaround closedorbits in the rotating potential of the underlying stellar bar (Binney et al.
1991). SomeCO-emitting gasis bound into clouds and cloud complexes,and someis shearedby
tidal forcesinto a molecular inter-cloud medium of a kind not seenelsewherein the Galaxy (Stark
et al. 1989). This di use inter-cloud medium appearsin absorptionin F(2! 2) OH (McGee 1970;
Robinson & McGee 1970),in (110! 111) H2CO (Scoille, Solomon, & Thaddeus 1972), and in
J=0! 1HCO"* and HCN (Linke, Stark & Frerking 1981). In cortrast, the clouds and cloud
complexesare dense,as they must be to survive in the galactic tide, and they appear in spectral
lines which are tracers of high density (n(H,) > 10* cm 3), such asNH3 (1, 1) (Gusten, Walmsley,
& Pauls1981)and CSJ = 2! 1 (Bally et al. 1988). The large cloud complexes,SgrA, SgrB, and
SgrC, are the among the largest molecular cloud complexesin the Galaxy (M & 10%5M ). Sud
massiwe clouds must be sinking toward the certer of the galactic gravitational well as a result of
dynamical friction and hydrodynamic e ects (Stark et al. 1991). The deposition of these massiwe
lumps of gasupon the certer could fuel a starburst or an eruption of the certral black hole (Genzel
& Townes1987).

As prelude to further study of the Galactic Center molecular gas, we would like to determine
its physical state|its temperature and density. This involves understanding radiativ e transfer in
CO, the primary tracer of molecular gas. Also useful is an understanding of the atomic carbon
lines, [C1], sincethoselines trace the more di use molecular regions,where CO is destroyed by UV
radiation but H, is still preser.

The J = 1! 0 '2CO line is often optically thick. Its optical depth can be estimated by
studying its isotopomers, 3CO and C'80. In the Galactic Certer region, 13CO is 24 less
abundart than 12CO (Penzias1980;Wilson & Matteucci 1992),and C®0is 250 lessabundart
than 2CO (Penzias1981). Sincethe radiative and collisional constarts of all the isotopomersare
similar, the ratio of optical depthsin their various spectral lines should simply re ect their relative
abundances. Where the lines are optically thin, the line brightnessesshould be in the sameratio
as the isotopic abundances;where the lines are thick, deviations from the abundanceratios are a
measureof optical depth. Bally et al. (1987,1988) and Stark et al. (1988) produced fully-sampled
surveys of 12CO and 3CO in the Galactic Center region. They nd that the ratio of the CO
J=1! 0toCOJ = 1! 0 line brightnesstemperatures (T{?,=T#3 ) is typically 10 2
in Galactic Center gasthat is far from densecloud cores. This indicates much of the Galactic
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Certer 12CO emissionis only moderately thick ( 2, 2), especially in comparisonto the galactic
disk outside 3kpc radius, where T2 =T{3, 6 (Polk et al. 1988) is smaller, even though the
isotope ratio 12C=2C 40 (Penzias1980) s larger. Heiligman (1982) and Dahmen et al. (1998)
made surveysin C¥0 J = 1! 0. Theseshov ?COJ = 1! 0to C®¥OJ = 1! 0 line
brightness temperature ratios (T2 ,=T#8,) which vary from 40 to over 200, with typical values
near 70, indicating valuesof 2, which vary from 3 to lessthan 1, while the core region of SgrB2
shawvs 2, 10.

Determining the excitation temperature of CO works best if emissionlines from seweral J
levels have been measured. Lacking sud obsenations, what is often doneis to usethe brightness
temperature of the 2CO J = 1! 0line asa lower limit to the excitation temperature of the J = 1
state, Texy=1. This estimate can be misleading, becausethe emissionmay not Il the telescope
beam, diluting the brightnesstemperature and causingit to be many times smaller than Tex.j=1;
aswill be apparert from the data to be presered here, this is the usual casefor gasin the Galactic
Center region.

Moving up the energy ladder, Savada et al. (2001) surveyed the Galactic Center region in
2c0J = 2! 1. They comparetheir data to the J = 1! 0 data of Bitran et al. (1997) and
nd T3} ,=T{?, = 0:96 0:01, with little spatial variation. What this meansis that almost all
the CO in the Galactic Center region has low-J states which are closeto local thermodynamic
equilibrium (LTE), sothat the excitation temperatures Tey.y Of those states are all closeto the
kinetic temperature, Tyin, and the ratio of line brightnessesfor transitions betweenthose states are
near unity and therefore independert of Ty, (cf. Goldreich & Kwan 1974). LTE in the low-J states
of CO doesnot occur under all circumstancesin the interstellar medium, but it is very common
and appearsto be the rule for Galactic Center gas. For eat value of Ty, and n(H»), there will,
however, be somevalue of J above which all higher-J states fail to be populated, becausetheir
Einstein A coe cien ts (which increaseasJ 3) are solarge that the collision rate at that value of Ty,
and n(H,) cannot maintain those statesin LTE, and they must therefore be subthermally excited,
i.e., Texy << Tkin. The brightnesstemperature of the J ! J 1 line from those states will be
signi cantly lessthan that of the lower-J states, and the line ratios T2 ; =T#% o will be much
smaller than unity. Unlike the low-J states, the value of the line ratios from those higher-J states
will vary from placeto place, depending on Tyi,, n(H2), and radiativ e transfer e ects.

Higher still on the energy ladder, Kim et al. (2002) usedthe AST/R O telescope to survey a
strip atb=0 inC0OJ = 4! 3andCOJ = 7! 6. They found that eventhe T}? ;=T , ratio
is not far from unity and shows little spatial variation. In contrast, the distribution ofJ = 7! 6
line emissionwas found to be markedly di erent from the lower-J transitions. Temperatures and
densitiescould therefore be calculated asa function of position and velocity using the varying value
of T#2 =T4° 3 and an estimate of ?, from the Bally et al. (1987, 1988) and Stark et al. (1988)
data. In the current paper, we extend this work to a fully-sampled (*; b) map of the Galactic Center
region, and estimate kinetic temperature, Tyi,, and density, n(H>), throughout our mapped area.
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Ojha et al. (2001) usedAST/R O to make a coarsesurvey of the Galactic Certer regionin the
(3P1! 3Py) line of [C1] at 492GHz. They nd that [C1] is distributed approximately like CO, but
that the ratio T¢|=T{?, is smaller in the Galactic Certer region than in the disk outside 3kpc.
This is attributable to the smaller averageoptical depth of the 2CO J = 1! 0in this region. The
absenceof strong spatial variations of T(;|:T11!20 acrosstheir map indicates that the amouns of
CO-emitting and [C1]-emitting gasare approximately proportionate acrossthe map. In the current
paper we extend this work to a more detailed, fully-sampled (*; b) map in [C1].

In x2, we describe the obsenatory and the obsenations. In x3, the full data setin ead of
the three obsened transitions is preseried in the form of spatial{spatial maps integrated over the
full velocity range, velocity-channel maps, and spatial{v elocity maps at seweral galactic latitudes.
In x4, we presert a Large Velocity Gradient (LVG) model of the radiative transfer in CO, which
allows a determination of kinetic temperature, Tyi,, and density, n(H2). In x5, we present our
conclusions.

2. Observ ations

The obsenations were performed during the austral winter seasonsof 2001 and 2002 at the
Antarctic Submillimeter Telescog and Remote Obsenatory (AST/R O) located at 2847m altitude
at the Amundsen-ScottSouth Pole Station. This site has very low water vapor, high atmospheric
stability and athin trop ospheremaking it exceptionally good for submillimeter obsenations (Cham-
berlin, Lane, & Stark 1997;Lane 1998). AST/R O is a 1.7m diameter, o set Gregorian telescope
capable of observing at wavelengths between 200 m and 1.3mm (Stark et al. 1997, 2001). A
dual-channel SIS waveguide receiver (Walker et al. 1992; Honingh et al. 1997) was used for si-
multaneous 461{492GHz and 807GHz obsenations, with double-sidebandnoise temperatures of
320{390K and 1050{119K, respectively. Telescom e ciency, -, estimated using moon scans,
skydips, and measuremets of the beamedgetaper, was81%at 461{492GHz and 71%at 807GHz.
Atmosphere-correctedsystem temperatures ranged from 700to 4000K at 461{492GHz and 9000
to 75,000K at 807GHz.

A multiple position-switching mode was used,with emission-freereferencepositions chosenat
least 60° from regions of interest. These referencepositions were then sharedby a strip of points
at constart galactic latitude which were obsened v e at a time. This mapping mode causedead
point in the map to be obsened for 60s per passthrough the map. In an attempt to obtain uniform
noise over the entire region of interest, subregionswere reimaged as often as required.

Emissionfrom the COJ = 4! 3andCOJ = 7! 6 linesat 461.041GHz and 806.652GHz,
together with the [C1] P1! 3Py and [C1] 3P, ! 3P, lines at 492.262GHz and 809.342GHz, was
imaged over the Galactic Center region 1:3< "< 2, 0:3< b< 0:2with 0:5°spacingin * and
b; i.e., a spacingof a half-beanwidth or less. Smaller selectedareaswere also obsened with longer
integration times in the [C1] 3P1 ! 3Pg line. Maximum pointing errors were no larger than 1° and
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the beam sizes(FWHM) were 103{109%at 461{492GHz and 58°°at 807GHz (Stark et al. 2001).
To facilitate comparison of the various transitions, the data were regridded onto a 0:25° grid and
smoothed to a FWHM spatial resolution of 2°with a Gaussian Iter function.

Two acousto-optical spectrometers (AOSs; Schieder, Tolls, & Winnewisser 1989) were used
as badkends. The AOSshad 1.07 MHz resolution and 0.75GHz e ectiv e bandwidth, resulting in
velocity resolution of 0.65km's ! at 461GHz and 0.37kms * at 807GHz. To facilitate comparison,
the data were then smoothed to a uniform velocity resolution of 1kms 1. The high frequency
obsenations were made with the CO J = 7! 6 line in the lower sideband (LSB). Since the
intermediate frequency of the AST/R O system is 1.5GHz, the [C1] 3P, ! 3P, line appearsin
the upper sideband (USB) and is superposedon the obsened LSB spectrum. The local oscillator
frequencywaschosensothat the nominal line certers appear separatedby 100kms ! in the double-
sideband spectra. The standard chopper wheel calibration technique was employed, implemerted
at AST/R O by way of regular (every few minutes) obsenations of the sky and two blackbody loads
of known temperature (Stark et al. 2001). Atmospheric transmission was monitored by regular
skydips, and known, bright sourceswere obsened every few hours to further ched calibration and
pointing. At periodic intervals and after tuning, the receivers were manually calibrated against a
liquid-nitrogen-temp erature load and the two blackbody loads at ambient temperature and about
100K. The latter processalsocorrectsfor the dark current of the AOS optical CCDs. The intensity
calibration errors becameaslarge as 15% during poor weather periods.

Once taken, the data in this survey were reduced using the COMB data reduction padkage.
After elimination of scansdeemedfaulty for various instrumental or weather-relatedreasons(. 2%
of the total dataset), linear baselineswere removed from the spectra in all speciesby excluding
regionswherethe CO J = 1! 0 spectra shoved emissiongreater than T,f 1K. This allowed
known emissionin the Galactic Center region to be readily excluded from the baseline tting
procedureand was generally su cien t. In a few casesusually due to higher than averageT,s for a
given reducedspectrum, this method fails and artifacts (e.g., vertical linesin the longitude{v elocity
maps) appear.

While the original intent wasto make Tyms as uniform as possibleacrossthe entire map, this
was not always possible. For the CO J = 4! 3 transition, Tyys in Lkms 1 wide channelswith 2°
spatial smoothing is on average. 0:3K exceptin the region 1: 8 > *~ > 1.5 where Tyms . 0:8K.
The [C1] 3P ! 3Pg transition has Tyms . 0:5K in 1kms 1 channels for the certral region of
1:0> "> 0:5 Tims . 1LOK for > 1:0,and Tyms . 2K for * < 0:5. Finally, for COJ = 7! 6
(ignoring the occasional baseline feature), Tyms . 0:8K in 1kms ! channels for ~ > 0:7 and

05> "> 08,and Tyns . 2K elsewhere.
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3. Data Presentation

Sample spectra at the respective positions of peak CO J = 7! 6 emissiontoward the SgrA
(= 0:00,b= 0:07),SgrB ("= 0:66,b= 0:05), SgrC ("= 0:45,b= 0:20)(COJ=4! 3
emissionpeak), and ~ ' 1:3 ("= 1:25,b= 0:05) molecular complexesare shovn in Fig. 1. The
COJ=4! 3,CO0J=7! 6,and[CI1]3P1! 3Pq data are from the AST/R O survey, while the
COJ=1! 0,%COJ=1! 0,andCSJ = 2! 1 data are from the Bell Laboratories (BL)
7-m telescope (Stark et al. 1988; Bally et al. 1987,1988). All of the spectra are from datacubes
smoothed to 2° resolution.

The COJ = 4! 3prole toward Sgr B resenblesthe COJ = 1! 0 prole, with similar
linewidth and a prominent self-absorptionfeature at visg = 60 kms 1. The total velocity extert is
somewhatsmallerin CO J = 4! 3 on the negative velocity side. In cortrast, the [C1] ®P1! 3Pg
and COJ = 7! 6 lines, aswell asthe 3CO, showv peak emissionat the self-absorption velocity,
suggestingthese lines are lessoptically thick. It is important to note that the strong feature at
negative velocities in the CO J = 7! 6 spectrum toward Sgr B is due to superposedemissionin
the 809GHz (3P, ! 3P;) line of [C1] in the image sideband.

Fig. 2 preseris spatial{spatial (*; b) maps integrated over velocity for the three transitions
obsened with AST/R O and, for comparison, the three transitions obsened at the BL 7-m. All
six maps have been smoothed to the same 2° spatial resolution. The regions with ~ > 0:9 and
< 0:5inthe 3COJ = 1! 0 map were obsened with sparsersampling than the rest of the
map (Bally et al. 1987). The most striking result is that CO J = 4! 3 emissionin the Galactic
Center region is essetially coextensive with the emissionfrom the lower J transitions of CO. This
cortrasts sharply with the outer Galaxy where CO J = 4! 3 emissionis rather lessextensive
than COJ = 1! 0. In all six maps, the brightest emissionoccurs primarily at negative latitudes.
Four major cloud complexesare seenin the COJ = 1! 0,COJ = 4! 3,and¥COJ=1! 0
maps, from left to right: the complexat * ' 1: 3, the SgrB complexnear™ ' 0:7, the SgrA cloud
near ' 0:0, and the SgrC cloud near ("' 0:45,b"' 0:2). As noted by Kim et al. (2002),
the COJ = 7! 6 emissionis much more spatially con ned than the lower-J CO transitions.
In cortrast, the [Ci] emissionis comparablein spatial extent to the low-J CO emission, but its
distribution appearssomewhatmore di use (lesspeaked). The SgrC cloud is much lessprominent
in the [C1] map than in the other v etransitions. The noisein the [Ci]map at ~ < 0: 7 is greater
than that in the rest of the map due to shorter integration times.

Figs. 3{5 preseri spatial{spatial maps in successie 10kms ! wide velocity rangesin the

COJ=4! 3,[C]3%P1! °Pg,andCOJ = 7! 6 lines, respectively. For eah spectral line,
velocity channelscertered at velocities from  165kms ! to +185kms ! (seeupper left corner of

Complete FITS datacubes of the three AST/R O datasets are archived with the electronic edi-
tion of this paper. As new data becomes available updated versions will be posted at http://cfa-
www.harvard.edu/ adair/AST _RO/ab c.html.
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eat map) aredisplayed. In eadh map, the integrated intensity hasbeendivided by 10km s ?* sothat
the intensity color scaleis a reasonablygood indicator of corrected averageantenna temperature,
hT2i.

Spatial{velocity maps at 12 dierent values of galactic latitude are shown in Figs. 6{8 for
COJ=4! 3,[Ci]%1! 3Pg,andCOJ = 7! 6, respectively. All major structures in the
galactic corecanbeidenti ed in thesemaps,including SgrA, SgrB, SgrC, andthe ™' 1. 3 complex.
The 300pc molecular ring shows up prominently in both the [Ci] andCO J = 4! 3 (*{ v) maps,
running in a straight, cortinuous line from (° 2 Visr 220kms 1) to ( 0:9;visr
120kms 1), and from ' 1:5;v.sRr 20kms Y to 0: 9; Vi sr 180kms 1). Thereis
little or no evidencethat the CO J = 7! 6 line is excited into emissionin the 300pc ring. Also
absert inthe COJ = 7! 6lineis any trace of the 3kpc arm, which is prominent in COJ = 1! 0
emission. The 3kpc arm must cortain little dense,warm gas. Foreground absorption by spiral arms
in the galactic disk is seenat velocities near Okms 1in COJ = 4! 3and[Ci] %Py ! 3Pg. A
hint of this absorption feature is seenin COJ = 7! 6.

4., LVG Mo del

The large velocity gradient (LVG) approximation (Goldreich & Kwan 1974)simpli es radiative
transfer analysis of molecular lines. Imagine a small volume within a molecular cloud, in which a
molecule emits a photon. The volume is su cien tly small that all velocities within it are thermal,
and temperature and density are constart. It is surrounded by other small volumes which have
similar temperature and density, and whoseinternal velocities are also thermal, but the velocities
of these other volumesare di erent from that of the volume which emitted the photon becauseof
velocity gradiernts within the molecular cloud. In LVG, it is assumedthat if the photon is going
to be absorbed, rather than escapingfrom the cloud, it can only be absorbed in nearby volumes,
those volumeswhosevelocities are closeto the velocity of the emitting volume. In this case close'
meanscloseenoughthat the thermal linewidths overlap. As the emitted photon travels away from
its point of origin, it passeghrough nearby volumeswhereit hasa chanceto be absorbed because
the thermal motion of someof the moleculescauseshem to have the samevelocity asthe emitting
molecule. At some distance from the point of emission, this will no longer be true becauseof
velocity gradierts, and in LVG it is assumedthat the photon then escapes from the cloud. The
velocity gradiert is “large' in the sensethat the region of possibleabsorption is small comparedto
the cloud as a whole, soit can be assumedthat in e ect the photon was absorbed at its point of
origin. This adhievesa great simpli cation in making the radiativ e transfer problem ertirely “local’,
while allowing for the possibility of absorption. The probability that a photon will escag from
the cloud and becomeobsenable then dependsonly on the local physical and chemical properties
of the emitting gas and on the value of the velocity gradient. The emitting cloud can then be
modeled using only a few parameters, yet the radiativ e transfer is realistic enoughto compareto
obsenations. The parameters of the model can then be adjusted to t the data, and an estimate
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of those parameters is thereby acdhieved. Ossenlopf (1997) has shavn that sud estimates are
robust, in the sensethat the parameter values derived are often approximately correct, even in
circumstanceswhere the assumptionsof the LVG approximation are violated.

We will usethis LVG methodology to estimate the kinetic temperature, Ty,, and the number
density of molecular hydrogen, n(H;), throughout the Galactic Center region. Due to the high
velocity dispersions characteristic of the Galactic Center, the LVG approximation is most likely
valid over much of the mapped region. The LVG approximation does not apply to someof our
data: the foreground absorption by spiral arms is clearly not local to the emitting gasin the
SgrA cloud. It should be kept in mind that the LVG approximation is an Ansatz which allows
us to estimate the physical properties of the Galactic Center gasin what otherwise would be an
untenably complex modeling problem.

Our cloud model was developed by M. Yan and S. Kim. It has plane-parallel cloud geometry
It usesCO collisional rates determined by Turner (1995) and usesnewly-derived valuesfor the H,
ortho-to-para ratio (  2) (Rodr guez-Fernandezet al. 2000) and for the collisional quending rate
of CO by H, impact (Balakrishnan, Yan, & Dalgarno 2002). The model hastwo input parameters:
the ratio of 12CO to 3CO abundance,and the ratio X (CO)=r V, where X (CO) is the fractional
CO abundanceparameterandr V is the velocity gradiert. As discussedn x1, the abundanceratio
12C0O/13CO is 24 in the Galactic Center region (Penzias1980; Langer & Penzias1990; Wilson &
Matteucci 1992; Langer & Penzias1993). We will usea value X (CO)=r V = 10 *5 pckm 1s,
assumingthat the 12CO/H ; ratio is 10 4 and the velocity gradient within the Galactic Center
gasis a uniform 3 kms Ypc 1. Dahmen et al. (1998) estimated that r V is 3kms pc ! to
6 kms pc 1, and indeedtheseare typical slopes of position-velocity featuresin Galactic Center
maps. There is, however, no reasonto supposethat a single value of r V applies throughout the
Galactic Center region, or even that r V is constart within a single cloud. This is a weak point
in the analysis, becausein the LVG analysisn(H2) / (r V)%®, when all other parametersare held
xed.

For each obsened point, we take the brightnesstemperature ratios T2 s=T32 ; and T{3 (=T}?,
using the samemethodology asKim et al. (2002), to determine Ty, and n(H2). Fig. 9is a smoothed
represermation of the relationships generatedby our LVG model. Note that our model, using the
TH2 (=T}? 5 ratio, is particularly sensitive to variations in density and temperature near Ty, 40K
andn(H,) 10*cm 3, andthat its range of validity extendsa factor of 20in density and 4 in
temperature around thesevalues. Much of the Galactic Center gasfalls within this range;the gas
which doesnot could be studied using various other transitions of the CO isotopomers, or using
other speciessud as[C1] and CS.

Fig. 10 shows the output of our LVG analysisfor Ty, as spatial{v elocity maps for 6 di erent
values of galactic latitude, while Fig. 11 doesthe samefor n(H,). White regionson the maps
indicate areaswhere either the LVG inversiondid not cornvergeor where there is missing data from
the maps of the four transitions used. The LVG model strains to t in regionswhere T2 ;=T is
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sosmall it approadesthe value of the isotope ratio (1=24). Where T2 ,=T#?, < 0:1, that is, where
theJ = 1! 0 CO line is lessoptically thick, the model assignshigh kinetic temperatures (cf. the
bottom of Fig. 9). Tyn starts high in the lower density regions. This is physically reasonablesince
the edgesof thesecomplexesare likely to be of lower density and externally heated. Moving into the
interior of the complexes,we nd a surprisingly uniform temperature of Ty, 50K and density of
n(H,) 10*5cm 3. This indicates a typical pressuren(Hz) Txn 10°2K cm 3. Exceptional are
the density peak at SgrB and the foreground material alongvisg ' Okms 1. The breakdown of
LVG assumptionsin the foreground absorbing material rendersthe Ty, and n(H»>) results suspect
if not outright invalid near the absorbing material.

Fig. 12 shows the estimated column density as determined by integrating the LVG spatial
density and dividing by r V. The region 60< v,sg < 20kms ! is excludedin order to avoid
cortamination by the foreground material for which the LVG analysisis invalid; the actual total
column density should therefore be somewhatlarger than the value showvn here. Also, there are a
few placeswhere the LVG model fails to corvergeeven though the lines are strong and the density
is presumably high|the density in those spots doesnot cortribute to our estimate of the column
density. There is an overall factor of order unity uncertainty in the scalingof this map dueto likely
errors in our assumedvalue of r V. The map clearly shows the density enhancemen toward SgrA
and SgrB and the relatively high density of the material surrounding and connectingthem. In the
closed-orbit paradigm of Binney et al. (1991), this material is in x, orbits.

5. Conclusions

1. We have mapped the inner 3 of the Galaxy in 461GHz CO J = 4! 3,807GHz CO J =
71 6,and 492GHz [C1] 3Py ! S3Pg emission. SgrA, SgrB, SgrC, and the 300pc molecular
ring are easily identi ed.

2. The COJ = 4! 3 emissionis found to be essetially coextensive with lower-J transitions
of CO. The COJ = 7! 6 emissionis spatially con ned to a far smaller region than the
lower-J CO lines. The [C1] 3P ! 3P, emissionhas a spatial extert similar to the low-J CO
emission,but is more di use.

3. Consistert with Kim et al. (2002), we nd the T2 ;=T}? , line ratio is approximately constart
and not far from unity over much of the mapped region. In cortrast, the T2 ;=Tj? 5 line
ratio is found to vary signi cantly.

4. For ead obsened point, T#24=T4? 5 line ratios, together with T =T, line ratios, were
used to estimate kinetic temperatures and molecular hydrogen volume densities. Kinetic
temperature was found to decreaserom relatively high values(>70K) at cloud edgesto low
values (<50 K) in the interiors. Molecular hydrogen densities,n(H ), ranged up to the limit
of our ability to determine via our LVG analysis, 10*° cm 3.
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5. Typical gaspressuresin the Galactic Center gasaren(H»2) Tiin  10P2K cm 3, while typical
virial pressuresaren(H2) Tviria  10P8 K cm 3. Thesevaluescan be comparedto the typical
gaspressuresin molecular clouds near the Sun 1034 K cm 3, the typical virial pressurein
molecular clouds near the Sun  10°K cm 2, and the ambient pressureof the interstellar
medium nearthe Sun 10*K cm 2 (Dickey & Lockman 1990).
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Fig. 1.| Spectra toward the respective positions of peak CO J = 7! 6 emissionin the SgrA
(= 0:00,b= 0:07),SgrB ("= 0:66,b= 0:05), SgrC ("= 0:45,b= 0:20)(COJ=4! 3
emissionpeak)’,and = ' 1:3 ("= 1:25, b= 0:05) clouds (as indicated at lower right in ead
frame) in 6 di erent transitions, asindicated by the color identi cations at upperleft. The 461GHz
COJ=4! 3,807GHzCOJ=7! 6,and492GHz[CI] 3P1! 3Pq data are from the AST/R O
survey (this paper), and the 115GHz COJ = 1! 0,110GHz 3CO J = 1! 0, and 98 GHz
CSJ = 2! 1 data are from the Bell Laboratories 7-m telescope (Stark et al. 1988;Bally et al.
1987,1988).
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Fig. 2.| Spatial{spatial (;b) integrated intensity maps for the 3 transitions obsened with
AST/R O (top 3 panelg and, for comparison,the 3 transitions obsened at the BL 7-m (Stark et al.
1988;Bally et al. 1987,1988) (bottom 3 panelg. Transitions areidenti ed at left on ead panel. The
emissionis integrated over all velocities where data are available. Thesevaluesof (Vimin , Vmax ) are:
[C1], ( 90;,150); CO(7{6), ( 30;120); CO(4{3), ( 15Q150); CO(1{0), ( 15Q 150); 3CO(1{0),
( 150 150); CS(2{1), ( 150 150). All 6 maps have beensmoothed to the same2°resolution. This
gure hasbeencorrected as noted in the erratum.
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Fig. 3.| False color velocity-channel maps for the CO J = 4! 3 transition toward the Galactic
Center. Each subpanelshowns a 10kms ! velocity bin, certered at the velocity shown in the upper
lefthand corner. The integrated emissionin K kms ! hasbeendivided by the 10kms ! width of
the bin sothat the color scaleat right indicates hTJi. This gure hasbeencorrected as noted in

the erratum.
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Fig. 3.] Continued
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Fig. 3.] Continued
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Fig. 4.| Falsecolor velocity-channel maps for the [C1] 3P ! 3P transition toward the Galactic
Certer. Each subpanelshowns a 10kms ! velocity bin, certered at the velocity shown in the upper
lefthand corner. The integrated emissionin K kms ! hasbeendivided by the 10kms ! width of
the bin sothat the color scaleat right indicates hTJi. This gure hasbeencorrected as noted in

the erratum.



{ 194

Fig. 4. Continued
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Fig. 4. Continued
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Fig. 5. False color velocity-channel mapsfor the CO J = 7! 6 transition toward the Galactic
Center. Each subpanelshowns a 10kms ! velocity bin, certered at the velocity shown in the upper
lefthand corner. The integrated emissionin K kms ! hasbeendivided by the 10kms ! width of
the bin sothat the color scaleat right indicates hTJi. This gure hasbeencorrected as noted in

the erratum.
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Fig. 5. Continued
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Fig. 5. Continued
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Fig. 6. False color longitude{velocity mapsof CO J = 4! 3 emissiontoward the Galactic
Center. Each of the 12 panelsdisplays emissionat a di erent value of galactic latitude, indicated
in the lower left corner of eat panel.
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Fig. 6. Continued
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Fig. 6. Continued
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Fig. 6. Continued
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Fig. 7. False color longitude{velocity maps of [Ci] ®P1 ! 3Py emissiontoward the Galactic
Center. Each of the 12 panelsdisplays emissionat a di erent value of galactic latitude, indicated
in the lower left corner of eat panel.



{ 294

Fig. 7.| Continued
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Fig. 7.| Continued
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Fig. 7.| Continued
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Fig. 8. False color longitude{velocity mapsof CO J = 7! 6 emissiontoward the Galactic
Center. Eadh of the 12 panelsdisplays emissionat a di erent value of galactic latitude, indicated
in the lower left corner of eat panel.
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Fig. 8. Continued
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Fig. 8. Continued
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Fig. 8. Continued
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Fig. 9. Approximate represettation of the relation betweenthe line ratios and Ty, (blue curves,
units are K) and n(H») (red curves, units are log[n(H2)=1:0cm 2]) generatedby our LVG model,

which usesan abundanceratio 2CO/13CO = 24and X (CO)=r V = 10 %5 pckm !s. Instabilities
in the generation of these functional relationships have beensmoothed by hand.
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Fig. 10.| Falsecolor longitude{velocity maps of Ty, as determined by the LVG model described
in the text. Regionsin white indicate areaswhere either spectral line data are not available or the
LVG model did not corverge. Each of the 6 panelsdisplays Ty, at a di erent value of galactic
latitude, indicated in the lower left corner of ead panel.
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Fig. 10.] Continued
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Fig. 11.| False color longitude{velocity maps of logn(H,) as determined by the LVG model
described in the text. Regionsin white indicate areas where either spectral line data are not
available or the LVG model did not corverge. Each of the 6 panelsdisplays n(H,) at a dierent
value of galactic latitude, indicated in the lower left corner of ead panel.
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Fig. 11.| Continued
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Fig. 12.| False color velocity-channel map of Iog[Rn(Hz)dvzr V] as determined by the LVG
model described in the text. n(H») is integrated over the ranges 150< v sgr < 60kms 1 and
20< Visg < 150kms ! in order to avoid contamination by the foreground material for which the
LVG analysisis invalid. This value is then divided by r V in order to make a map comparableto

the expected column density in units of cm 2.



