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Abstract. We report the detection, with the Caltech Submillimeter Observatafythe 894-GHz HDO(1; — 0qp) transition,
observed in absorption against the background continuum emission of the SgrB2 cores M and N. Radiative transfer modeling
of this feature, together with the published data set of mm and submm HDO F@dttansitions, suggests that ground-

state absorption features from deuterated and non-deuterated water fifa@ntgas components along the line of sight. In
particular, while the HDO line seems to be produced by the large column densities of gas located in the SgrB2 warm envelope,
the H%O ground-state transition detected by SWAS and KAO at 548 GHz (Neufeld et al. 2000; Zmuidzinas et al. 1995a) is
instead a product of the hot,fiise, thin gas layer lying in the foreground of the SgrB2 complex.

Key words. astrochemistry — ISM: individual objects: SgrB2 — ISM: abundances — ISM: molecules

1. Introduction (Ceccarelli et al. 1996) and therefore ffexts the dynamical
The SarB2 cloud i £ th ¢ . tar f . evolution of the clouds. A ubiquitous tracer of shock-heated
€ Sgrbe cloud 1s one of the most massive star formi s, it dramatically influences the chemistry in shocked regions
regions in our Galaxy. It has many unique characteristicas ‘\o feld & Melnick 1987; Bergin et al. 1998). Although
among them an exceptional chemisiry. Several species (F ect, ground-based observations of non-masing water lines
Walmsley et al. 2002; Nb van Dishoeck et al. 1993; HF, ' ) : ;
Neufeld et al. 1997- NH. Goi h t al. 2000) h are made extremely fiicult by atmospheric absorption,8
euteld et al. ' , >olcoechea €t al. ) have, undances can be estimated via observations of isotopomers,

spite of searches elsewhere, been detected only toward Ueh as @80 (e.g. Phillips et al. 1978; Jacq et al. 1988 and

source. One possible explanation for this enigmatic chemis&rggo_ Gensheimer et al. 1996). and. in recent years, by the
is the existence of a foreground layer of hot gas, which h(g? . ' ' ' ;

b b d in hiah itati iat i ailibility of satellites such as 1ISO (e.g. van Dishoeck &
een observed e.g. In high-excitation ammonia transitions (G, ey, 1996; Cernicharo et al. 1997; Wright et al. 2000) and

Hittemeister et al. 1995). However, since this layer has t 8tably SWAS (cf. Melnick et al. 2000; Snell et al. 2000a
same velocity as the ambient gas in SgrB2, it has been Provibob; Neufeld et al. 2000, hereafter NOO) but also by ai,r—
difficult to assess its importance for the chemistry of mapy . ,observations of 380 ,(e g Zmuidzinaé et al. 19954
species. In particular its importance for the wat_er chemis reafter Z95a; Timmermann et al. 1996). However, the deut'er-
has been a matter of recent d_e bate (Cecca_re||_| et al. 20 d counterpart of water, HDO, presents many features ob-
hereafter C02; Neufeld et al., in prep.). While its tempera. rvable from ground in the cm, mm and submm wavelength
ture and density are well constrained by observational data iospheric windows (cf Henkél et al. 1987; Jacq et al. 1990;
Huttemeister et al. 1995), its column density and spatial eXteéghulz etal. 1991; Helmich et al. 1996; Jacq ,et al. 1999; Pardc,)
have remained elusive. In this paper we are able to determg?eal 2001), and ’can also be used as’ a tracer of watér abun-

@ts importance fpr water ch_emis_try and provic_ie consiraints %%nce under the assumption that both the deuterated and non-
its column density and spatial width, by modeling the HDO a uterated species are spatially coexistent, and that their abun-

18 issi i
H°0 emission and absorption. _ ) _dance ratio is constant throughout the region of interest.
Water is known to be a fundamental ingredient of the in-

terstellar medium. It is a major coolant of star-forming clouds We report here the detection, with the Caltech

Send gfprint requests toC. Comito, Submillimeter Observatory, of the ground-state 130o0)
e-mail: ccomi to@mpifr-bonn.mpg . de transition of deuterated water, obseniedabsorptionagainst

* The CSO is operated by the California Institute of Technologi'€ bacl;ground.continuum sources SgrB2(M) and SgrBZ(N)_.
under funding from the National Science Foundation, Grarthe radial velocity of the observed HDO feature suggests their
No. AST-9980846. direct connection to the SgrB2 complex.
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In Sect. 3.1 we estimate the column density of the abso®HARC! at the CSO (Dowell et al. 1999). Observing Mars
ing HDO using classical absorption line assumptions, basedaiso allowed us to measure the bedficency of the telescope,
the 894-GHz feature. Moreover, thanks to tl"gé(BISWAS data which we found to be around 30%.
of NOO, we are able to estimate the [HD[B],O] ratio towards
the SgrB2 complex (Sect. 3.2). The interpretation of these re-
sults, however, depends critically on the assumptions on theResults
location of the absorbing gas. In fact, the observed absorption
could be produced both in the above-mentioned hot gas lay@d. Determination of HDO column densities
and in the warm envelope of molecular gas in which the t .
main cores are known to be embedded. Moreover, the assrr{:_w)' ure 1 displays two spectra of the ground-stajg-Doo

tion that deuterated and non-deuterated water be spatially%:r rr:] S't'r?]in Oif eros c:tésze'r\\ll edin arl:)sorr]ptllonnzgslr;;tztr;/? CIO r\;\smr_
existent is probably incorrect in the SgrB2 cloud. In Sect. 4, emission of SQrB2(N) (upper panel) a grB2(M) (lowe

make use of our CSO 894-GHz data, as well as of the publisrPeadqel)' o - )
The determination of column densities from absorption

HDO and I—QSO observations carried out at mm and submm = i '
wavelengths, to model the distribution of water throughout tHE'€S 1S in general more accurate, with respect to the quanti-
whole SgrB2 complex in its three component: hot cores warifs inferred from the analysis of emission lines, because the

envelope and hot layer, using a state-of-the-art radiative trafiélculated value does not depend on the excitation temperature
fer model. The results are discussed in Sect. 5. of the line, Tey, as long as this is negligible with respect to the
temperature of the background continuum soufeejn other

. words, no assumptions need be made about the physical state o
2. Observations the gas, except tha., < Tc and that only the ground state of

The observations were carried out at the Caltech SubmillimeBf molecule is populated (we will show in Sect. 4 that neither
Observatory atop Mauna Kea, Hawaii, on July 28, 2001. Scdtlds for a large part of the warm envelope). The total column
were taken, using the chopping secondary with a throw of &€nsity of the absorbing species is given by:

towards the coordinatesyoe = 17'47M20:206, 532000 =

~28°2305/27 for SgrB2(M), andasoe = 17477200389, \ _ 80° a1 )
12000 = —28°2222'25 for SgrB2(N). At the observing fre- ' AuC®  gu

quency of 893.6 GHz, the CSO 10.4-m antenna has a HPBW

of about 10. The opacity of an absorption line can be determined by:

The 500-MHz facility AOS was used as backend, provid-
ing a velocity resolution 0£0.5 kms'. System temperaturesT _
varied between 7500 and 8000 K. Sever#filedent LO settings
were needed in order to cover a wide enough velocity range,
and to access at least two, namely the 65- and 81-kposthe whereT, /Tc is the line-to-continuum ratio. Therefore, Eq. (1)
several velocity components known to exist in the gas cloudsly depends o /Tc and on the line widthAv, quantities
lying on the line of sight in the direction of the two coreghat can be easily derived from a Gaussian fit of the optical
(e.g., Whiteoak & Gardner 1979; MamtPintado et al. 1990; depth. Note that, at this stage, no assumptions have been made
Greaves et al. 1992; Tieftrunk et al. 1994). Also, the use about the actual location (warm envelope or hot layer) of the
various LO settings allowed us to rule out possible contamingas producing the observed features.
tion from signal coming from the image sideband. In total, the The fit to the 65- and 81-km$ components of N, and
range-60kms* < v sr S 140kms* was covered. However, to the 65-km st component of M are shown in Fig. 1, while
the low signal-to-noise ratio does not allow an analysis of thiee derived parameters are summarized in Table 1. The rela-
other velocity components, e.g~&2 and~100 km s, towards tive values of the total column density are listed in Table 2.
which water absorption has been detected (cf. NOO). Studies of the 1.3-mm dust emission in the region (IRAM

We would also like to mention that the second ground-ste8e-m maps, Gordon et al. 1993) indicate that the column den-
rotational transition of HDO, thepk—0 0 at 465 GHz, has beensity of H,, N(H>), reaches values of 2x 10?4 cm2 towards
searched for by us as well as by other authors (e.g., E. BergigrB2(M), and Bx 10?4 cm~2 towards SgrB2(N). Such results
and collaborators, priv. comm.). A clear detection could not kzgree, within a factor of 2, with previous estimates obtained
achieved, however all data sets are consistent in indicating thatGoldsmith et al. (1987) based on lower-spatial-resolution
the 465-GHz transition shows up as a weakissiorline. 1.3-mm continuum maps. The relative abundance of gas-phase

Pointing is a delicate issue for the 850-GHz receiver (Ko#iDO displayed in the last column of Table 2 has been esti-
et al. 2000) at the CSO, therefore it was checked rather oft@ated on the basis of the above mentioned valued(efy).
through 5-point maps of Mars, located onlft1° away from The estimate takes into account that the amount of gas we “see”
our target sources. The accuracy of our pointing is confirmgitough the HDO absorption is only a half of the actual amount
by the continuum levels we measure towards the two corefsgas measured through the core. We take the error on the
(21 K for M and 13 K for N, in units of main-beam temperHDO abundance to be 6f50%.
ature), that match, within 20% error, with the values inferred
by a map of the 35@im continuum emission acquired with ! Submillimeter High Angular Resolution Camera.
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and N. However, the 81-km’s gas component is definitely
smaller than the SWAS beam (it is only observed towards the
northern core).

Table 2. Column densities of HDO calculated from the absorption
features shown in Fig. 1. Column 2 gives the radial velocity of the
absorbing gas component. The values of the column density (Col. 3)

. r n—_ FLL:' — are deri\{ed, using Eq. (1), assuming that only the ground-state level
& r of HDO is populated. Column 4 lists the estimated HDO abundance,
2 08 W calculated assuming aHtolumn density of 2 x 10?4 cn? towards
o6 b SgrB2(M) and Bx 107 cm 2 towards SgrB2(N) (Gordon et al. 1993).
e SgrB2(M) The estimated error of the HDO abundance is of order 50%.
0.4 L | L L L | L L L | L L L | L L L
40 60 80 100 120 SOURCE  usr N(HDO) [HDO]
Visg (km s ) (kms?h) (x108cm?) (x10°1)
Fig. 1. The 894-GHz HDO (1;-0q0) transition, observed in absorp- SgrB2(M) 647 12+02 11
tion against the continuum emission of SgrB2(M) (lower panel) and SgrB2(N) 637 28+03 07
of SgrB2(N) (upper panel). Thgscale gives the line-to-continuum SgrB2(N) 821 11+02 03

(TL/T¢) ratio. The absorption towards SgrB2(M) shows one velocity
component only, around 65 km'swhile the gas in front of SgrB2(N)

shows an additional component around 81 ki $uch behaviour Figure 2 compares the HDO absorption features towards
has been found for other molecular species as well (6 see M

i - 1 -
Martin-Pintado et al. 1990). The Gaussian fits to the optical depth of+N (upper panel) with the 548-GHz O2FD ground-state

. . . [ine observed by NOO (lower panel). The solid curves in Fig. 2
the lines are shown as solid curves, and the parameters derived from . . .
the fit are summarized in Table 1. represent the two-component Gaussian fits to the opacity of

the observed features, and the fitting parameters are summa-

Table 1.Results of the fits to the optical depth of the HDO absorpticiized in Table 3. Again, we used Eq. (1) to calculate the total

features shown in Fig. 1. Columns 2 to 4 give, respectively, the rad@@lumn density of the two species, assuming that, for both of
velocity of the absorbing gas, the line opacity and the line width. TtiBem, only the ground-state level is populated. The results are
fits have been performed with the method ABSORPTION from treummarized in Table 4. The last column of Table 4 shows the

GILDAS CLASS package. estimated value of the [HD@H,O] ratio for the two velocity
components of the gas, calculated assuming t#h@q[[*20] =
SOURCE ULSR T Av 261+ 20 (Whiteoak & Gardner 1981), and that [o®l/[p-
(kms™) (kms™) H,0]= 3. We find the [HDOJ[H-O] ratio towards SgrB2, at
SgrB2(M)  647+£05 038+004 125:13 63 and 81 kmd', to be~5 x 104 and~10-3 respectively (see

SgrB2(N) 637+05 077+0.05 146+13

SgrB2(N) 821+09 032:004 13017 Table 4). These values are about 30 and 70 times higher than

the measured deuterium abundance in the Local Interstellar
Medium (1.5¢<1075, Linsky 1998). The enhancement of the
3.2. The [HDOJ/[H, O] ratio deuterium fractionation observed in the [HD[PI,O] ratio ap-
pears even more important if one considers that deuterium has
NOO have observed, with th®ubmillimeter Wave Astronomybeen measured to be under-abundant in the Galactic Center re-
Satellite (SWAS), the ground-state;d-1o1 transition of gion. Lubowich et al. (2000) have estimated the/[B] ra-
0-H}®0 (547.7 GHz), in absorption against the continuumio towards SgrA to be around 20°¢. Similar values have
emission of SgrB2. They were therefore able to estimate théen measured towards SgrB2 by Jacq et al. (1999) and by
column density of @80 over a wide range of radial velocitiesPolehampton et al. (2002). All estimates afteeted by very
(from =120 to 20 kms?). large uncertainties, however an order-of-magnitude compari-
We use the %PO spectrum of NOO to estimate theson with our measured [HD@H,O] ratio shows that it is ac-
[HDOJ/[H,0] ratio in the gas components with radial veloctually a few 16 times higher than the deuterium abundance
ities of 63 and 81 km¥. The comparison between the twdn the region. This value, scaled to the lower fIBf ratio in
data sets is not straightforward, since the spatial resolutiontbé Galactic Center, is consistent with that predicted by the
SWAS, 33x 45, is such that the emission from SgrB2(M) andteady-state chemical models of Roberts & Millar (2000) for
SgrB2(N), which are-47” apart, is not resolved. To get aroundjas temperatures ranging betwee30 and 100 K and densi-
this problem, we simply sum up the HDO scans towards M atigs betweer-10° and 1§ cm3, roughly the range of temper-
N weighted by the attenuation of the circularizé® SWAS atures and densities expected in the warm envelope. However,
beam, and compare the resulting spectrum (hereaftedMo the analysis presented in the next section shows that the HDO
that of NOO. Such procedure is based on the assumption thatahd HO absorption are actually produced infdrent loca-
absorbing cloud is extended and uniform over the SWAS bedions, hence the above mentioned value of the [HIM}O]
size. This is a reasonable approximation for the 65-khtem- ratio has little relevance. We will address the issue again in
ponent, which is known to be extended over both SgrB2(Mbect. 5.
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1.2 -

HDO(1, ;—0,0) high gas temperature, low gas density and limited spatial width
(Flower et al. 1994; Flower et al. 1995).

From a chemical point of view, it is entirely possible that
a large percentage of the observed water column density be
located within the dfuse hot layer rather than in the warm en-
velope. In fact, the gas temperature in the hot layerfiscéent
not only to induce evaporation of water ices from the surface of
dust grains, but also to trigger the gas-phase production©Of H
via the following chain of neutral-neutral reactions:

0.6 [
12 F

R R
18
Hy0(1;0—1o,1)

T/ Te

O+Hy; - OH+H,
OH+H2HH20+H,

04

20 60 20 100 120 Which proceed very rapidly &6 X 400 K (Elitzur & de Jong
Visg (km s7) 1978, also cf. Bergin et al. 1998). Therefore, we can expect the

Fig.2. The 894-GHz HDO(Li-0po) and the 548-GHz o- abundance of kD to be enhanced in t_he hot layer with respect
HI*O(130-1o;) absorption features observed towards Sgr30 the warm envelope, up to the point where all the oxygen
The spectrum in thepper panelis the sum of the scans relative tonot locked in CO is converted into. In fact, HDO can be
the HDO absorption towards SgrB2(M) and SgrB2(N) separately (s&¥med in shocked gas as well, via the reactions (Bergin et al.
Fig. 1), observed at the CSO with a’1Beam. Thdower panelshows 1999):
the 0-H2O absorption towards SgrB2, observed by NOO with SWAS
(3'3 x 45 beam). Thes-scale gives the line-to-continuurT,(Tc) O+ HD — OD +H,
ratio. The solid curves represent the Gaussian fits to the line opad®D + H, — HDO + H,
The radial velocities, line opacities and widths, derived from the fit
for both transitions, are listed in Table 3. The larger width of thand
SWAS 0-H80 line, with respect to the HDO feature resulting from
the combination of the CSO scans, agrees with the extended w&dd + HD — HDO + H.

distribution observed by, e.g., Cernicharo et al. (1997) and Neufeld .
etal. (in prep.). But, because of the lower HD abundance, the timescales are

slower for these reactions than for the@®production paths,
] o such that all the available atomic oxygen will be locked yH
4. Modeling the distribution of water prior to the formation of HDO. Thus, gas-phase chemistry in

As previously mentioned (Sect. 1), it is known from obthe hot layer yields [HDQIH,O] ~ [D]/[H]. We believe this
servations of, e.g., ¥CO (cf. Whiteoak & Gardner 1979; picture cannot be significantly altered by grain chemistry, be-
Martin-Pintado et al. 1990) that the two main cores in tHzUS€) the temperature of the dust in the hot layer is known
SgrB2 complex — SgrB2(N) and SgrB2(M) — are embedded g be much lower than that of the gas (cf. Wilson et al. 1982;
a warm (15 KS Tgas S 100 K), denser(H,) ~ 10° cm3) Huttemeister et al. 1993), too low to allow evaporation of ice
envelope of molecular gas. Also, a hot (506K s < 700 K) mantles from the grain surfac@) sputtering of dust grains,
and difuse (16cm™3 < n(H,) < 10%cm) gas layer is lo- ©N the other hand, cannot account for the release of intact
cated in the foreground, as indicated by the detection in absdf2lecules; and howevei), the build-up of ice mantles is not
tion of high-energy ammonia transitions (Wilson et al. 198 cient at low densities, hence the deposit of water ices on the
Huttemeister et al. 1995; C02). Both gas components shgifins surface is likely to be negligible in the first place
characteristic radial velocities around 65 and 81 kh(the lat- 10 summarize, we believe that itis reasonable to expect the
ter being observable only towards the northern core), hence gegtribution of the hot layer to the observed HDO absorption

hot foreground gas layer is thought to be physically connectijP€ negligible, whereas its contribution to the observe@ H
to the cloud complex as well. absorption is likely to be significant. It is important to estimate

The interpretation of the results illustrated in Sect. 3%e extent of such a contribution: a precise determination of
strongly depends on the assumptions about the location of {ig column density of water would set a tight constraint on
absorbing gas. Absorption due to molecules such #3 &hd the_ physical quels that attt_ampt to identify the_z heating mech-
its isotopomers has generally been attributed to the warm en@BISm responsible for the high temperatures in the hot layer.
lope (Z95a; NOO), under the assumption that only the grourignfortunately, since both gas components show roughly the
state level was populated. However, CO2 have proposed thafne radial velocity, it is not possible to separate, by purely
all the absorbing water might instead be located in the hot g2iServational means, the ground-state water absorption pro-
layer. In this case, according to C02, the estimated column dgH¢ed in the warm envelope from that produced in the hot layer.
sity of H,O towards the r_nam VF‘_‘IOC'ty components would be, This is supported, for example, by observations of high abun-
about one order of magnitude higher than that quoted, for €nces of gas-phase atomic oxygen in molecular clouds with density
ample, by Z95a and by us in Sect. 3.2. Such a high value woulg_10° cm3 (Lis et al. 2001), suggesting that much of the oxygen
support the C-shock model used by Flower and collaborat@sich is not locked in CO could well be present in the gas in its atomic
to explain the observed features of the hot layer, such as ftwn, rather than depleted on dust grains.
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Table 3.Results of the Gaussian fits to the optical depth of the HDO (Cols. 1-3) adf@{Bols. 4-6, NOO data) absorption features observed
towards SgrB2 and shown in Fig. 2. The listed parameters are, for each transition, respectively the radial velocity, the line opacity and the line
width. The fits have been performed with the method ABSORPTION from the GILDAS CLASS package.

HDO (13,1 -000) 0-H380 (110-101)

ULSR T Av ULSR T Av
(kms? (kms?) (kms?) (kms?h)
643+03 049+003 133+0.7 619+03 077+0.02 177+0.7
820+0.0 011+0.02 146+0.2 803+09 013+002 9627

Table 4. Total column densities of HDO and o3#0 in the 33x4:5 SWAS beam, producing the absorption features shown in Fig. 2. Column 1:
average radial velocity of the gas component (calculated from the values in Table 3, Cols. 1 and 4); Cols. 2 and 3: total column density of HDO
and 0-H®O calculated using Eqg. (1) and the fit parameters in Table 3. Since we assumed only the ground-state level the absorbing material
to be populated, these are to be considered as lower limits. Column 4: [HDO] ratio, calculated on the basis of the estimated column
densities of HDO and 0-440 assuming that'fO]/[*®0] = 261+ 20 (Whiteoak & Gardner 1981) and that [o®f/[p-H,0] = 3.

bLsk N(HDO) N(o-HEO) N(H,0) [HDOJ[HO]
(kms?h  (@0Bem?) (108 cm?) (10 cm?) (1073

~63 167+013 633+030 220+0.20 08+01

~81 040+ 0.07 060+0.19 021+0.07 19+ 0.7

However, a number of HDO and3fD transitions have beenchanges have been made with respect to the original version,
observed towards the SgrB2 cores with a variety of instrumeibist the bulk of the model is the same and can be summarized
(see Table 5 and Fig. 3), and detailed modeling can be pas-follows:

formed to disentangle the contribution to the observed features

from the diferent cloud components. — A background, internally heated continuum source is
The available dataset, enriched by our detection of the embedded in a spherical molecular envelope of radius
ground-state HDO transition at 894 GHz, providefisient 0.05 pc< r < 225 pc (corresponding to the warm enve-

observational constraints to model, in a self-consistent manner,lope as defined at the beginning of Sect. 4).
the HDO and HO abundance in all three components of the- The large-scale structure of the cloud is well constrained by
SgrB2 cloud. In detail: the observations of ¥0 carried out by Lis & Goldsmith
(1989, hereafter LG89). The density profile adopted in the
a) the observedemissionlines of p-H%0 at 203 GHz = model, as well as the radial variation of the dust tempera-
(SgrB2(N), Gensheimer et al. 1996), and of HDO at 143, tyre, correspond to their Model C. The temperature of the
226, 241 GHz (SgrB2(M) and N, Jacq et al. 1990) con- gas is coupled to that of the duts; = Tgas=T.
strain the HDO and water abundance and theléhsity in - — The abundance of the modeled species, assumed to be con-
the hot-core-type components; stant throughout the envelope, is a free parameter, as well
b) being virtually absent in the hot layer, HDO can be used to as the width (in km3') of the modeled feature.
calibrate the water content of the warm envelope. In par= The code allows radiative transfer calculations for one
ticular, the 894-GHz HDQabsorptionfeature (this work)  Gaussian velocity component only. In what follows, we

observed towards both SgrB2(M) and N, together with the will only try to reproduce the 65-knT$ component of the
[HDQJ]/[H20] ratio estimated at poird), help us set the molecular gas.

HDO and HO abundance in this region;

c) finally, having estimated the column density of water iThis geometrically straightforward model has proved success-
the warm envelope, it is possible to assess whether or fgltin reproducing the dust continuum emission observed to-
the quantity of non-deuterated water in the warm envesards the SgrB2 cloud complex at mm and submm wave-
lope can be responsible for thé® absorption observedlengths, as well as absorption features such as the HCI(1-0)
at 548 GHz (N0O, Z95a). The 18@m o-H;?O line ob- and HfO(1;0-10,) lines observed in the submm band with
served by Cernicharo et al. (1997) towards the SgrB2 cothe Kuiper Airborne Observatory (KAO, see Z95a and Z95b).
plex is blended with the gD (1;-17) line (Goicoechea & Nevertheless, itis not capable, as it is, to reproduce those HDO
Cernicharo 2001), and cannot therefore be used as a refgrd I-ggo features that have been observed in emission, and

ence for our purposes. that are thought to be produced in the hot-core-type com-
ponents of SgrB2(M) and SgrB2(N) (cf. Jacq et al. 1990;
4.1. The model Gensheimer et al. 1996). In fact,maolecularhot-core com-

ponent, intended as a compact, dense, warm molecular re-
We use the static radiative transfer code described bipn characterized by fairly flat radial profiles of density and
Zmuidzinas et al. (1995b) (hereafter Z95b) to reproduce themperature, is missing in the model, since the region of ra-
intensities observed for the features listed in Table 5. A fesiusr < 0.05 pc is devoid of molecular gas. A radius of
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Table 5. Data set used to model the HDO angdistribution in the SgrB2 cloud complex. References are: Jacq et al. (1990) (J90), Neufelc
et al. (2000) (NOO), Gensheimer et al. (1996) (G96). The set of HDO transitions is displayed in Fig. 3.

Transition E /k Frequency HPBW Observed Ref.

(K) (GHz) towards
HDO(1;,1—0p0)? 0.0 893.6 17 M, N this work (CSO)
HDO(2;1-215)° 83.6 241.6 10 N J90 (IRAM 30 m)
HDO(3,-2.1)" 156.7 225.9 11 M, N J90 (IRAM 30 m)
HDO(42—43)° 312.3 143.7 17 N J90 (IRAM 30 m)
0-H®O(L0-101)*  34.2 547.7 K] M+ N NOO (SWAS)
p-H3%0(3,3-2,0)° 193.9 203.4 12 N G96 (IRAM 30 m)
a Absorption.
b Emission.

~0.05 pc has indeed been attributed to the hot cores embed- |
ded in SgrB2(M) and N, based on the high-spatial-resolution HDO
interferometric maps of the continuum emission towards the I _%
complex (cf. Lis et al. 1993; hereafter L93). Therefore, we 300
have modified the model by introducing a region of radius

r < 0.05 pc, in which the H density and the gas and dust
temperatures are constant and equal the values of density and
temperature at = 0.05 pc, based on the radial profiles of
LG89, Model C. This yieldmn(H,) ~ 3.4 x 10’ cm™2 and  am —— 414
Taust = Tgas ~ 200 K in the hot-core component. Both val- r —— 404
ues are in good agreement with the estimates based on the copgo
tinuum emissionf(H,) ~ 3 x 10’ cm2 in the hot core of &
SgrB2(M), andn(Hy) ~ 2 x 107 cm2 in SgrB2(N), L93) and ~

on the intensities of metastable and non-metastable ammoiia - T

lines (Tkin ~ Trot = 202+15 K in SgrB2(M), Vogel et al. 1987). F | — 313
Note that the introduction of the tiny hot-core component does ——303
not produce significant variations in the predicted continuum r
emission. 100

We also consider thefect of temperature on the gas-phase
abundance of the modeled species. A vast.T pc< r <
225 pc) portion of the warm envelope shows temperatures -
lower than 100 K, which favour the freeze-out of gas-phase wa- | 11
ter onto dust grains (cf. Williams 1993 and references therein).
The abundance of water (both deuterated and non-deuterated)
in this region will naturally be lower than it would be at tem- oL 000
peratures higher than 100 K, and particularly in the vicinity of ' ' ' ' '
the hot cores, where the highEmpromotes thevaporationof Y 1 R 3 4
water ices from the grains surface. The second major modifi- J
cation to the Z95b model involves therefore &efientiation Fig. 3. Rotational levels of deuterated water up~t400 K. The tran-
between a warmefl(> 100 K, hereafter Phas&)land a colder sitions included in our data set are indicated (solid lines: this work;
(T < 100 K, hereafter Phase Il) region, identified byfeli- dotted lines: Jacq et al. 1990; see Table 5).
ent gas-phase abundances. This is of course an oversimplifica-
tion, however such an approximation idftient to reproduce
the data correctly, within the errors, as will be illustrated iBmission radiated from the hot-core gas and, at the same time,
Sect. 4.2. As already discussed by Neufeld et al. (1997), wit@ HDO absorption thought to be produced in the warm en-
introduced a similar dierentiation in order to reproduce thevelope. In fact, a decrease in the water abundance towards the
H20(4s2-423) emission line observed with ISO at 122n, outer regions several molecular cloud cores has been observec
this freeze-out assumption is required by the observationshyaSnell et al. (2000b). The sketch in Fig. 4 shows the relative
reduction of the HDO and #O abundance in the outer regionsizes of hot core and warm envelope, as well as of the Phase |
of the envelope imecessaryto model the HDO and BO and Phase Il regions.

Finally, as indicated in Table 5, all the features in our sam-
3 Note that Phase | includes, but is not limited to, the hot-cofle but the two o-HPO lines have been observed with spatial
component of the cloud (see sketch in Fig. 4). resolutions ranging between’1@nd 17'. Since the projected
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distance between the northern and the middle core #A4@f absorption line (Sect. 3.1) under the assumption that all the
(~2 pc at a distance of 8.5 kpc), it is more appropriate to modadsorbing HDO is in the ground state. This inconsistency is
the two cores separately. In fact, M and N shoffietent chem- explained by the radial distribution of the fractional popula-
ical compositions, with the northern core displaying highéions of the first three levels of HDO ¢@, 1o1 and 4 1 in order
abundances of complex molecules (cf. Snyder et al. 1994; Miabincreasing energy, Fig. 5): the fractional population of the
& Snyder 1997 and references therein; Nummelin et al. 200@yound level exceeds 90% fo& 3 pc only, hence our calcula-
The middle core, on the other hand, presents a higher mass @mas in Sect. 3.1 severely underestimate the total HDO column
luminosity, as inferred from the analysis of the dust emissiaensity in the innermost portion of the cloud, which shows the
at several wavelengths (cf. Goldsmith et al. 1992; L93; Gordbighest gas density and water abundance and thus contributes
et al. 1993; Vogel et al. 1987; Dowell et al. 1999). Such dissinthe largest percentage$9%) of the total HDO column den-
ilarities seem to reflect the youth of N relative to M. Howevesity. Incidentally, note that our value df(HDO) is only about

for our purposes we will neglect the chemicaffeiences be- one order of magnitude higher than that estimated by Jacq et al.
tween the two cores, since the absence of molecular spe¢E390) towards SgrB2(N) through the analysis of the hot-core
in the middle core mostly concerns large complex moleculgansitions, that instead trace the densest gas in the complex.

(see references above). Moreover, our simple model shows thatThe abundance of non-deuterated water in the hot core can
the diterent continuum temperatures observed towards the ty® modeled on the basis of the 203-GHz P@l transition
cores can be reproduced fairly well by simply assuming dighserved, in emission, towards SgrB2(N) (Gensheimer et al.
ferent dust properties for the two cores. L93 suggested, for thgge). We are able to reproduce the measured intensity of this
grain emissivity law in the northern core, a shallower slope th@Re if we assume the abundance of éag to be 22 x 10°°

that of the middle core, a fierence that may be explained byn Phase I. Note that this feature shows, towards SgrB2(N), se-
different grain shapes in the two cores. vere blending with a wide SQline, therefore the intensity in-

We proceed by running our radiative transfer model seflicated by Gensheimer et al. should be taken cum grano salis.
arately for the two sources. The results will be appropriatefjowever, a variation of the measured intensity of the 203-GHz
combined, when necessary, to be compared to the data (#up to 50% will not introduce significant changes in our fit
Sect. 4.2). We assume identical physical parameters (dengggults.
and temperature profiles, size of the hot core and of the warm Assuming an orthfpara ratio of 3, and a'§0J/[*80] ra-
envelope, HO and HDO abundance) for both M and N. Theio of 261+ 20 (Whiteoak & Gardner 1981), we estimate the
only difference between the two cores lies in the grain emid,O abundance to be2.3 x 107 in this region. This re-
sivity law, that has a slope of 1.1 in the northern core, amsdilt yields a [HDOJ[H,0] ratio of 65 x 1074, which is in
of 1.4 in the middle one (L93). This condition holds only irorder-of-magnitude agreement with the estimate ok1@®*
the inner~1 pc of the cloud, which roughly correspond to halby Gensheimer et al. (1996). The discrepancy between the
the projected distance between the two cores. In fact, we mik#DO]/[H-O] ratio calculated by us, and the [[[H] ratio mea-
take into account the fact that the warm envelopes in whishred towards the Galactic Center (cf. Lubowich et al. 2000),
the cores are embedded will, at some point, merge to form anidl be discussed in Sect. 5.

si_ngle “shared” envelope. Hence, for radii larger than ha_llf the Knowing the [HDOJ[H,0] ratio, the 0-H#0 abundance in
distance bet\_/veen the_ cores, we assume the dust properties oWRse Il can be determirfedo-H180] ~ 2.1 x 10°%°, The re-
the same, with a grain emissivity slope of 1.5 as derived frogyting totalpeak column density of HO (hot core+ warm
submm flux densities in a 6eam (Goldsmith et al. 1990). envelope) is~3.6 x 10*° cm3. The 548-GHz 0-#fO absorp-
tion expected to be produced in the warm envelope is then pre-
, . dicted, for each core, with our radiative transfer code. The two
4.2. HDO and H0 in the hot cores and in the warm spectra are opportunely combined to reproduce the attenuation
envelope of the SWAS beam, and finally compared to the NOO data.

We aim at reproducing the 143-, 226-, and 241-GHz HDO A gquantitative comparison between the measured intensi-
emission features, observed by Jacq et al. (1990, also Ugs Of the whole set of HDO andfD lines and the model
Table 5), in order to model the gas-phase abundance of tffsults can be found in Table 6. Most of the spectral line data

species in the hot-core components of SgrB2(M) and N. At
the same time, we rely on the 894-GHz ground-state absorp’- We can reasonably assume that the gas-phase water abundance at
tion feature (Fig. 1) to constrain the HDO abundance in tfiis stage be determined mostly by evaporation from dust grains or
warm envelope. The closest match between model and datf88ze-out onto dust grains, and that these proceskext aoth HO

obtained when the abundance of HDO, relative tg id set 2nd HDO equally. In other words, we assume the [H[IDJO] ratio
to 15 x 10 in Phase I and 3 x 101 in Phase Il of the to be con_stan; thrpughout Phases | anq Il. However, gven considering
molecular cloud, i.e., a depletion of a factor of 40 is observth t fractionation is _Ilk(_ely to take plr_:lce in the_cold portions of the gas,

. ' ’ . : .the [HDOJ[HO] ratio in the Galactic Center is expected to assume a
In Phgse II. We n_otg tha_t this model pre_dlcts the 465_G_HZ II'i:ﬁaaximum value of~1072 (E. Bergin, priv. comm.; also cf. Roberts &

to be in weak emission, in agreement with the observations (gjiar 2000), not very far from our estimate and therefore rfégeting
Sect. 2). The total column density of HDO in a”lBeam, our conclusions. To make our point even stronger, fractionation will be
N(HDO), is as high as X 10'® cm™2, almost three orders most active in the coldest, outermost regions of the envelope, which
of magnitude higher than estimated from the 894-GHwdntribute less than 1% to the total gas column density.
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Fig. 5. Fractional populations of the three lowest-energy levels of the
HDO as a function of the radius of the cloud.
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Fig. 4. Sketch illustrating the relative sizes of the SgrB2 cloud conFable 6. Comparison between the measured intensities and opacities
ponents. For practical reasons, only one of the two cores is reppéthe HDO and HEO lines in our sample (Table 5), and the predic-
sented here. The hot core (labelled HC in the figure) has a radiigns from the modified Z95b model (Sect. 4). At this stage, only the
of 0.05 pc, and is tiny compared to the size of the warm envelopet cores and the warm envelope of SgrB2 are included in the model.
(WE, r = 225 pc). The dashed circle identifies the transition radiusote that the predicted optical depth of the 548-GHz}8cHline is a

(r = 1.7 pc) between Phase T (> 100 K) and Phase I < 100 K). factor of 8 smaller than observed (see Sects. 4.2 and 4.3).

Modeling of the spherically symmetric regions is illustrated in detail

in Sect. 4.1. The hot layer (HL) is shown as a thin (0.02 pc wide) sheet Line Source Observet,, ModelTn,
of gas lying right outside the warm envelope (see Sect. 4.3). (emission) (K) (K)
HDO 241 M - 0.9
are reproduced within errors 6f30%, with three exceptions N 12 0.9
re reprodu . 070, P HDO226 M 0.4 0.8
(indicated with a star in Table 6): N 1.3 0.8
1) The 226-GHz HDO emission line observed towards HDO 143 M - 0.1
. N 0.4 0.r
SgrB2(M) is a factor of 2 weaker, and p-HI0 203 N 15 15
2) the 143-GHz HDO line in SgrB2(N) is 4 times stronger 2 i i
than predicted by the model. Such discrepancies are likely ~ (absorption) Observed  Modelr
to be due to the intrinsic chemical and physicafetiences HDO 894 M Q4 05
between the molecular gas components of the two hot cores N 08 06
. : . 0-H180 548 M+N 0.8 0.7
(cf. Miao & Snyder 1997 and references therein), which 2

have not been taken into account in our model. * Deviates by more than 50% from observed value.
3) Most interestingly, the predicted ground-state ?(Bi ab-

sorption at 548 GHz is much shallower than observed
(Fig. 2; N0O):the abundance of non-deuterated water if120 abundance necessary for the hot layer to produce the ob-

the warm envelope is not gigienf to produce the absorp- served feature, given the observational constraints mentioned
tion feature observed at 548 GHz. in Sect. 4. In what follows, we will assume the hot layer to
be located right outside of the warm envelope (see Fig. 4), al-
though its exact location does not matter for our purposes.
Because there is no reason to believe it has spherical sym-
metry, the hot layer cannot be modeled directly with our radia-
The result that the observedﬁﬂ) absorption cannot, accord-tive transfer code. However, we can use the radiative transport
ing to our model, be produced in the warm envelope alone ggquation to calculate the total intensity emerging from the hot
a very important one: first of all, our predictions confirm, atyer, |tor, given a background emissidpac,we as calculated
least from a qualitative point of view, the hypothesis of COBy our model for the complex made up of hot core and warm
that the most important contribution to the observgf®ab- envelope (results listed in Table 6):
sorption comes from the foreground hot gas layer. Secondly,
having predicted the contribution of the warm envelope to theot = lHcewe - €™ + In - (1 - €™, @)

H%SO absorption, it is possible to estimate the spatial width a%ererHL is the optical depth of the hot layer, ahgl - (1 -

5 In fact, the column density of 0480 is of the same order of e ™) is the hot layer emission corrected for self-absorption.
magnitude as that of HDO, but the Einstein B fiméent of the o- W& assume a water abundance, relative o ¢f 8 x 10—4_,
H180(140-104) transition is about a factor of 2 smaller than that obased on the abundance of atomic oxygen not locked in CO
the HDO(% 1 —0o) transition, resulting in a shallower absorption line(cf. Meyer et al. 1998 for a determination of the interstellar O

4.3. A “hot” issue: H, O in the hot layer
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abundance; Shaver et al. 1983 and Rolleston et al. 2000 for fheDiscussion
parametrization of the abundance gradient of carbon and oxy-
gen in the Galaxy). The spatial width of the hot layen, , is

treated as a free parameter, with 0.01pBwn < 3 pc, and 16 ynambiguous identification of the hot layer as the gas com-
we assume the gas sheet to be extended perpendicularly (9{i¢.nt responsible for the 65-kmsvater absorption towards
line of sight (see Fig. 4). ~ SgrB2 is definitely the main result of this work. This confirms

~ Both dust and gas contribute @ andlu.. However, it he general picture proposed by C02. However, our model pro-
is reasonable to assume the contribution of such a thifusi \;iges, for the hot layer, a value of the water column density,
layer of dust to be negligible with respect to the backgrouq@(Hzo)HL, which is a factor of-10 lower than that inferred by
envelqpe, and 0”'}’ the emission and opa_city of the mglecu@bz, due to the fact that we assumed a lowgdensity. In fact,

gas will be taken into account. The fractional populations gfevious estimates of the column density of the absorbing wa-
levels 4o and b of 0-H;%0 have been calculated, with ouker (cf. z95a, NOO, and Sect. 3.2 of this paper) are in very good
radiative transfer code, for a thin sheet of hot gas of densgﬁreement with our result &f(H,O0)u ~ 3.5% 10 cm2: the
N(Hz)nL = 10° cm™® and temperatur€gas = 500 K. Both val-  assymption employed in these estimates that only the ground
ues match the lower limits derived by C02 through the modgate of HO be populateds correctfor the hot layer, although
eling of the ammonia absorption features observed with 1SQyoes not apply to the warm envelope. However, the column
at infrared wavelengths. A strict upper limit on the éensity, gensity of water actually responsible for the observed absorp-
N(H2)nL < 5x 10° cm®, has been determined byuémeister i, is negligible, with respect to the total column density esti-
etal. (1995) through cm-wavelength observations ogNBIO  yated over the whole envelope (see Table 8). It is important to
and HGN. These values are further supported by measulgsep in mind that column densities calculations from ground-
ments of the intensity of the 691-GHz CO(6-5) line, performegate absorption features, if based on the “classical” assump-
with the CSO by P. Schilke & D.C. Lis (unpublished dataions mentioned in Sect. 3.1, can be highly misleading in
Also, note that the ratio of the fractional populations of the Qegions as complex as SgrB2, and are likely to yield under-

H3%0 levels is insensitive to temperature changes in the 509stimates of several orders of magnitude (a factorii00 in
700 K window indicated by C02. our case).

The best fit of the o—%PO column density is determined
based on the distribution of the values given by:

As previously mentioned, several heating mechanism have
@) been proposed to explain the existence of such a hot, relatively
X o on)? thin sheet of molecular gas. The origin of the whole cloud com-

plex has been proposed to be linked to large-scale cloud-cloud
whereops and Tmog are, respectively, the opacity of the obgollisions (Hasegawa et al. 1994), so shock-induced heating is
served 548-GHz EPO absorption, and the predicted opacity ofiefinitely possible, although it remains to be explained why
the feature for each pair of fA0].. andAw valueso(ton)  the velocity of the hot layer is identical to that of the warm
is the error on the observed line opacity, calculated by adophvelope. Marti-Pintado et al. (2000) argue rather in favour
ing & 20% error on the continuum level measured by SWAS@tan X-ray-driven chemistry, based on the observed spatial
548 GHz (N0O). The minimung? values yield a 0-BfO peak correlation of the Fe 6.4-keV emission line with the SiO(1—
column density of~10"*cm 2, hence a HO column density o) emission at 43.4 GHz. In a recent paper by Goicoechea &
of ~3.5 x 10'® cm?, corresponding td\wy. ~ 0.02 pc. We  Cernicharo (2002), a [OH{H»0] abundance ratio of 0.1-1 is
consider the value ohwy to be a lower limit, but expect it estimated for the hot layer, which, according to the authors,
to be correct within a factor of a few-g-3). If we assume a points towards the presence of a strong UV field illuminating
[HDOJ/[H20] ratio equal to the [O]H] ratio measured towards the outer shells of the cloud. The high abundance 0 lés-
the Galactic Center (I x 10°°, Lubowich et al. 2000) as ex-timated by us does not allow to discriminate among the pro-
pected for gas at this temperature, then the HDO peak coluggsed mechanisms, and it is anyway likely that all of them con-
density in the hot layeMN(HDO)L ~ 5.2 x 10" cm2, will  tribute, to some extent, to the anomalous heating of this region.
contribute with 0.3% only to the absorption produced by thgowever, our radiative transfer calculations allow us to sepa-
HDO component located in the warm envelope, in agreemegfe the chemistry driving the water abundance in the hot layer
with our hypothesis (Sect. 4). from that taking place in the warm envelope, thus helping to set

An overview on the radial density and temperature profil@sore solid constraints on the physical characteristics of the hot
adopted to model the three regions of the cloud complexd#fuse gas, such as, for example, its spatial extent.
given in Table 7. Each profil®&(r), is described by the equation

2 _ (Tobs — Tmod)2

r\® We would also like to stress the high deuterium frac-
P(r) =a0+a1-(a) ' (5)  tionation (HDOJ[H.0] ~ 6.4 x 1074 inferred, for the
SgrB2 hot cores, by our radiative transfer model. Our value
Also, Table 8 summarizes the peak column densities 9f Hs in agreement (about a factor of 3 higher) with that es-
HDO and KO resulting from our model. The 4@ abundance timated by Gensheimer et al. (1996) for SgrB2(N), and it
and the [HDOJ[H 0] ratio are also stated. is almost 400 times larger than the elemental /[B]
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Table 7.Description of the radial profiles of density and temperature used to model the hot cores and warm envelope (HC and WE respecti
Sect. 4.2), and the hot layer (HL, see Sect. 4.3) of the SgrB2 cloud complex. The profiles are described Wfitientsag, a;, ro anda
according to the lawP(r) = ag + a; - (r/ro)*. The radii are (cf. Fig. 4 < 0.05 pc for the hot core and@ pc< r < 225 pc for the warm
envelope. The hot layer is, in our model, 0.02 pc thick.

n(Hz) Tyas Tust
do ai fo a do a1 fo % do ai fo a
Region (cm®) (cm®)  (pc) (K) (K) (pc) (K) (K) (po)
HC 34 x 10 0 - - 200 0 - - 200 0 - -
WE 22x 10 55x10* 125 -2 0 40 1 -05 0 40 1 -0.5
HL 10° 0 — - 500 0 - - - - - -

Table 8. Summary of the peak column densities of HDO and HO derived in Sects. 4.2 and 4.3. The values relative to hot cores and warm
envelope (HGWE) are based on the radiative transfer code illustrated in Z95b and modified as in Sect. 4.1. The determination of the hot Iz
values is described in Sect. 4.3. The [HBLO] ratio for each region is also indicated. The value of [HJB}0] in the hot layer is assumed
equal to the [D]H] ratio in the Galactic Center (cf. Lubowich et al. 2000).

N(H,) N(HDO) N(H.0) [HDOJ/[H.0]

Region (cm?) (cm?) (cm?)
HC+WE 19x 107 23x10® 36x10° 64x10*
HL 6 x 10%° 52x10° 35x10% 1.7x10°%%

) Assumed (cf. Lubowich et al. 2000).
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