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Abstract. We report a detection in the interstellar mediurit is consistent with two other recent observations toward Orion,
of an infrared transition within the electronic ground state @luggesting that deuterium may be significantly depleted there.
the deuterated hydrogen molecule, HD. Through a deep in-

tegration with the Short-Wavelength-Spectrometer (SWS) &ey words: shock waves — ISM: abundances — ISM: individual
board the Infrared Space Observatory (ISO), the pure rotationbjects: Orion Pdal — ISM: molecules — cosmology: observa-
v = 0 — 0 R(5) line at 19.43um was detected toward thetions — infrared: ISM: lines and bands

Orion (OMC-1) outflow at its brightest {Hemission region,
Peak 1. The- 20” beam-averaged observed flux of the line is

(1.8440.4) x 1075 erg cm ™2 s~ tsr~ 1. Upper flux limits were

derived for sixteen other rotational and ro-vibrational HD linek- Introduction

in the wavelength range 2.5 to 38n. Deuterium is an important clue to the physics of the Big Bang.
We utilize the rich spectrum of Hiines observed at the 5 creation rate during primordial nucleosynthesis depended

same position to correct for extinction, and to derive a total Waongly on the number ratio of photons to baryons, a quan-
HD column density under the assumption that similar excitati% not at all well-known but crucial for a correct description

conditions apply to kland HD. Because the observed HD level¢ e earliest events (e.g., Wilson & Rood 1994: Smith et al.

population is not thermalized at the densities prevailing in th@g3) Ever since, conditions have not been right to add further
emitting region, the total HD column density is sensitive 10 thgterium to the primordial production: neither nuclear fusion
assumed gas density, temperature, and dissociation fraction. f¢scesses nor the spallation of heavier nuclei by energetic cos-
counting for non-LTE HD level populations in a partially dissogjc rays can augment the original abundance (although stellar
c!atgd gas, our best estimate for the total warm HD column d&f}es were suggested by Mullan & Linsky [1999] to produce
sity is N(HD) = (2.0+0.75) x 10'% cm™2. The warm mzolec- deuterium). The deuterium abundance in fact decreases contin-
ular hydrogen column density (8.21 +0.24) x 10°" cm™, S0 ;4,5}y as deuterium is burned up in stars. The present day deu-
that the relative abundance[l8D]/[Ha] = (9.043.5) x 107", 4o1iym abundance in the interstellar medium provides a lower

The observed emission presumably arises in the warm I (o its primordial value, and it reflects the history of stellar
ers of partially dissociative magnetic shocks, where HD can Rgyrqcessing of the gas: measurements of its spatial variation

depleted relative to bidue to an asymmetry in the deuteriume, oy shed light on the star formation history in a given region
hydrogen exchange reaction. This leads to an average HD &eg Tosi 1998, Tosi et al. 1998).
pletion relative to H of about 40%. Correcting for this chem-' "noterium and D-bearing species were detected in giant

ical depletion, we derive a deuterium abundance in the WagRinets (Encrenaz et al. 1996; Feuchtgruber et al. 1997), in cos-
shocked gas, [D]/[H]:(,TG +2.9) x10 ,' . mic rays (Beatty et al. 1985; Casuso & Beckman 1997; Geiss
The derived deuterium abundance is not very sensitive to th&s|sackner 1998), in the local ISM (Linsky et al. 1993, 1995
dissociation fraction in the emitting region, since both the nolggg: piskunov et al. 1997: Helmich etal. 1996- Jacqet Al 1993:
LTE and the chemical depletion corrections act in 0ppositifg,ner 1990), and in extragalactic sources (Songaila et al. 1994;
direction. Our implied deuterium abundance is low compargdijer et al. 1996: Burles & Tytler 1998). Through recent D
to previous determinations in the local interstellar medium, b, aobservationslofthe local ISM, McCullough (1992), Linsky
etal. (1993, 1995), Piskunov etal. (1997), and Dring et al. (1997)

Send offprint requests 6. Bertoldi Qerived a deuterium abundan.ce [D)/[H]1.5 x 10~° along Fhe

* Based on observations with ISO, an ESA project with instrumer}{8€ Of sight toward nearby bright stars. These observations are
funded by ESA Member States (especially the PI countries: FranEé‘,mper?d hOWEVer by the possible CanU5|0n with thELVb{
Germany, The Netherlands and the United Kingdom) and with th&e, which is only~80 km s'! apart. High spectral resolution
participation of ISAS and NASA. UV absorption observations of DI Lymarande were recently
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performed by Jenkins et al. (1999) and Sonneborn et al. @nObservations
prep.) along three lines of sight, which yield significant [D]/[H
variations betweefi.4 x 10~% and2.1 x 10~°. Observations
of the hyperfine transitions of Dand Hr at radio frequencies
(Chengalur et al. 1997), or of thestand HD molecules, pro-

vide further means to sample the deuterium abundance. 'Sting scan) mode on September 20, 1997 and February 15,

[HD]/[H 2] ratio is subject to variations due to small difference ; . ; . . :
in chemical reaction rates in high temperature molecular ga9398' Fig[l illustrates the various aperture orientations with re-

as in shocks (see Sdct.13.5) and photodissociation regions.tsﬁgﬁ;(_)rthse Eillt_zo ?(ll) ir)nglzsm_lrjhobfs ?lr\éeg ,:N |thB]NIS(iAI\//ISOOSlon
date, rotationally excited HD has been detected with ISO frome (Schultz et al. o )- The full 2. 9’4 :
ectrum was recorded in its slowest mode with the highest pos-

giant planets (Feuchtgruber et al. 1997), and in the intersterz rIe resolution. A preliminary reduction of this Spectrum was
medium through UV-observations by Wright & Morton (1979) ! ution. A prefiminary reducti IS spectrum w

Accounting for the three lowest rotational levels of HD Wrighg[)esseer\r);?g r?g I_?_ﬁgc;_l'ﬁ:](elsgv?lﬁl) bl—a:dﬁ}ijsssirgmar:é?: ;2?;:51 I;ne
& Morton found [HD]/[Hz] < 6 x 10~7 in the cold molecular '

i : : o forthcoming article (Rosenthal et al. in prep.).
gas tgward; Oph. D-bearing species such as HDO, H, . The data reduction was carried out using standard Off Line
DCO" or DCN (Jacq et al. in prep.), are observed at radlg’-r

. . . . Processing (OLP) routines up to the Standard Processed Data
frequencies in the ISM, but due to fractionation the deuteriu PD) stage within the SWS Interactive Analysis (IA) system
abundance cannot be deduced accurately from these obsegg ge withi v ys! Y :

: \é%veen the SPD and Auto Analysis Result (AAR) stages, a
tions. ombination of standard OLP and in-house routines were used
The infrared emissivity of HD has been modeled and pr?-

dicted for photodissociation regions (Sternberg 1990 - not o extract the individual spectra. The in-house routines included

cluding the reactiofii + HD &5 H, + D) and magnetic (C-type) an interactive dark-current subtraction for individual scans and

shocks (Timmermann 1996), where latter calculations inclu gteptors as well as for the removal of fringes. The flux cal-
Ibration errors range from 5% at 2;4m to 30% at 45um.

deuterated species in the chemical reaction network. But ey : -
state-of-the-art IR-spectrometers had been unsuccessful in gN S-Instryment D"’?‘a User Manugl, version 3.1). .The st'atlstl-
al uncertainties derived from the line signal to noise ratio are

tecting HD emission in the ISM, because of the low HD abur?r- i .
: . - .. for most detected lines smaller than the systematic errors due
dance, and because the pure rotational and rotation-vibration L o
. to Tlux calibration uncertainties.
lines appear at wavelengths that are affected by strong telluric
interference.
ISO now for the first time opened the skies to a successflll. Line fluxes

search for HD emission. Wright et al. (1999) detected the em

]Orion Peak 1 was observed in the SWS 01 (full grating scan)
and SWS 07 (Fabry&tot) modes of the short wavelength spec-
trometer (de Graauw et al. 1996) on board ISO (Kessler et al.
11@996) on October 3, 1997, and in the SWS 820(01 A range

) : : e iI’S‘ﬁe spectra at the expected wavelengths of seventeen HD transi-
sion of HD 0-0 R(0) toward the Orion Bar photodssomaﬂogon lines are shown in Figsl 2 ahH 3. The wavelengths (Tdble 1)

; ; _ -5
region, and derive [HD}/[h]= (2.0 +0.6) x 10~°. Ameasure of thev = 0 — 0 pure rotational HD transitions were adopted

of the deuterium abundance in PDRs is complicated by the fact . : : S
that the HD dissociation front is located deeper into the mol %Qm Ulivi et al. (1991), while those for the rotation-vibrational

ular cloud than that of bl The average excitation of HD may nes were computed from the rotational (Essenwanger & Gush

A . ~71984) and vibrational constants (Herzberg 1950). Only one
therefore be lower than that of;HHmaking it difficult to derive of the seventeen lines sought was detected, the 0-0 R(5) (i.e.

column densities referring to the same regions. In regions $f7 6 — 5) dipole transition at an expected wavelength of
pure collisional excitation such as shocks, this problem ShOLi8:‘-305/uTﬂ (obpserved 2 19 4290m sge Fi D) AIthoggh
not occur. |ﬁhe detection may seem marginal, the line does appear in two

We here report HD observations toward the brightest independent observations. Itis apparent in the fringed data, and

emission region inthe sky, Peak 1 inthe Orion molecularoutflog\gter defringing, it stands out well above the noise in the cen-

that surrounds several deeply embedded far-infrared source
(Genzel & Stutzki 1989; Menten & Reid 1995; Blake 1997: vajjal wavelength range of the coadded SWS 02 scans. A beam-
veraged flux of1.84+0.4) x 10~° ergs ' cm~ = sr* was de-

Dishoeck et al. 1998; Stolovy et al. 1998; Schultz et al. 1998). . . . .
. . . . ved from a continuum-subtracted integration over the feature;
Our observations, which we discuss in Sect. 2, were part of, a . e .

. he error derives from the line’s SAN4.5 (the RMS noise be-
line survey of shocked molecular gas, and of a program to in-

. : . : ing evaluated within=500 km s—1) plus an estimated 11% flux
vestigate the oxygen-chemistry in the warm molecular mterSteéIibration uncertainty. The line width (FWHM) is 134 km’s
lar medium with the Short-Wavelength-Spectrometer (SWS).?m. . s : i
. ) which agrees with the instrumentally expected width for ex
Sect. 3 we derive an HD column density from the flux of ong

detected HD line, making use also of extinction and excitatict)%nded objects, 130 k3, and is not sufficient to resolve the

. emission, which should have a velocity dispersion similar to that
measurements from a large number of lihes which we de-
tected in relateﬂ Ob‘:’]ervftlons' We then ?ngate. the de]'cIUte”um The experimental value for the R(5) transition wavelength is
abundance in the shocked, warm gas of the Orion outflow. {8 4305 1 (.0001 um, whilst the calculated value i§9.431002 +

Sect. 4 we summarize our results. 0.000008 m (Ulivi et al. 1991 and references therein). The discrep-
ancy is yet unexplained.
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- Fig.1. The various SWS apertures of our
ISO observations of the Orion outflow, over-
laid on a NICMOS H 1-0 S(1) map kindly
provided by E. Erickson and A. Schultz
r (Schultz et al. 1998). White dots and the
- central white patch are continuum ghost-
L images of stars and of Orion-BN, respec-
tively. The 1SO aperture was centered on
05"32m46°.27, —05° 24’ 02" (1950). Its
size corresponds tv4” x 20" for wave-
lengths smaller 12um, 14" x 27" at 12 to

27.5 um, 20" x 27" at 27.5 to 29um, and

Table 1. Summary of ISO-SWS observations of HD lines at Orion Peak 1.

20" x 33" at 29 to 45.2um.

transition A2 integratio®  peak  Auv°® A E,; Tobs Ay Ny

um sec Jy kms? st K ergs'ecm™2sr!  mag cn?
0-0R(2) 37.7015 <192 300 1.72(-6) 765.9 <9.9(-4) 0.09 < 1.5(17)
0-0R(3) 28.5020 <100 350  4.11(-6) 1270.7 <7.9(-4) 0.30 < 4.6(16)
0-0R(4) 23.0338 <35 350 7.91(-6) 18953 <6.0(-4) 051 < 1.8(16)
0-0R(5) 19.4305 3010 237 134  1.33(-5) 2635.8(1.84+0.4)(-5) 0.60 (3.0+1.1)(14)
0-0R(6) 16.8940 <85 230 2.03(-5) 34875 <1.3(-4) 053 < 1.1(15)
0-0R(7) 15.2510 1110 <50 185  2.88(-5) 44453 <6.8(-5) 0.41 < 3.3(14)
0-0R(8) 13.5927 <10 215 3.87(-5) 5503.8 <1.8(-4) 037 < 5.6(14)
0-0R(9) 12.4718 <8 230 497(-5) 6657.5 <17(-4) 054 < 4.3(14)
1-0P(4)  3.0690 <02 280 7.37(-6) 59585 <2.8(-5) 111 < 2.0(14)
1-0P(3)  2.9800 <01 270  1.09(-5) 55935 <1.4(-5) 1.08 < 6.4(13)
1-0P(2) 2.8982 < 0.25 300 1.64(-5) 5348.7 <3.9-5) 0.94 < 1.0(14)
1-0P(1)  2.8225 <04 305 3.23(-5) 52257 <6.6(-5) 0.80 < 7.6(13)
1-0R(0)  2.6900 <02 330 172(-5) 53487 <3.7(-5) 0.70 < 7.0(13)
1-0R(1)  2.6326 <03 330 251(-5) 55935 <5.7(5) 0.70 < 7.3(13)
1-0R(2)  2.5811 <04 245 3.22(-5) 59585 <5.8(-5) 0.72 <5.7(13)
1-0R@3) 25350 1200 <02 215 391(-5) 64411 <26(-5) 0.74 <2.1(13)
1-0R(4)  2.4943 <035 235  4.60(-5) 7037.7 <5.0(-5) 0.76 < 3.5(13)

# expected wavelengths. 0-0 R(5) is observeti9a4290 pm.
b on target integration time for SWS 02 observations; the SWS 01 2.4#48can took 6538 sec.

¢ FWHM of observed HD line, or of neighboringHines.

4 upper level column, corrected for extinction.
¢ numbers in brackets denote powers of ten.
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Fig. 2. Spectra of HD non-detections. Three of the spectra were obtained in the SWS 02 mode with ISO, all others were taken in the SWS 01
mode. Neighboring kland HI lines are identified at their expected positions.

observed in 4 1-0 S(1), which has a FWHM e 50km s~!, The peak-to-peak noise envelope approximately corresponds to
with emission from -100 to +100 knT$ (Chrysostomou et al. a 37 flux density dispersion, and we assumed that a line with
1997; Stolovy et al. 1998). The line center is positioned atpeak flux density of @ would have stood out clearly enough
Vnelio =~ —23 km s71, which is within the range of line cen-to be detected. As upper flux limits we therefore adopted the
ter velocities pheiio ~ —38 to +41 km s!, observed in the K 3o flux density noise level times the FWHM of neighboring H
1-0 S(1) emission (Chrysostomou et al. 1997). The high spédines, except for 0-0 R(7), R(8), R(9), for which we adopted the
tral resolution and sensitivity of the ISO SWS around;48 linewidths expected from instrumental resolution.

made0 — 0 R(5) the most promising line for a detection of HD

in Peak 1. The stronger lines from lower rotational states suffer

from the rapidly rising continuum level at longer wavelengt
and the resulting strong fringing.

The available integration time was insufficient to detect twphe column density of molecules in a particular rotation-
other HD lines which we tried to observe in the SWS 02 modgibrational level(v, .J) is computed from the observed line flux,
We derived upper flux limits for a total of sixteen HD lines frony, (v, J — ¢/, J'), of atransition to alower state’, .J'), times
the noise level near the expected line wavelengths (Table the wavelength), divided by the radiative transition rate (Ein-

h —_— . .
?. Extinction correction and Hy excitation
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psop T T T T T T T T T with anincrease in opacity beyondién due to stretch and bend

mode resonances in silicate grains (Draine & Lee 1984), the
shape and depth of which are yet poorly understood. A recent
ISO study of the extinction toward the W511Hregion, e.g.,
ﬁndSAlg/Alo ~ 0.5240.1 andAlg/AK ~ (0.574+0.1 (Bert0|d|

et al. in prep.). Draine & Lee (1984) suggestégs/Ag 7 ~

0.40, and observations of circumstellar dust emissivities suggest
values for this ratio between 0.35 (Pegourie & Papoular 1985)
and 0.5 (Volk & Kwok 1988).

The effective extinction toward the emitting gas in Peak 1
may not necessarily follow an average interstellar extinction
law, since the emitting and absorbing gas may be mixed. We
therefore tried to estimate the effective extinction as a function of
wavelength toward Peak 1 from the observed emission of Peak 1
itself. The differential extinction between two wavelengths can
be derived from a comparison of;Hine fluxes of transitions
arising either from the same upper level, or from neighboring
thermalized levels with a well determined relative excitation.
Since the warm HD and Hare likely to be well mixed, we will
| use the extinction toward the;Ho deredden also the HD line
P N intensities.

—-1000 -500 0 500 1000 The extinction-corrected Hcolumn density distribution
Vhatio [km/s] serves as a “thermometer” that probes the excitation conditions

Fig. 3. Defringed AOT 02 spectra of two 0-0 R(5) observations pel0 the emitting gas. Since we detected only one HD line, we can-
formed atthe labeled dates, and the merged spectrum. The line is visi# determine the HD excitation directly —this would require at
even in the original fringed data of both observations. Continuum levé@ast two lines of transitions arising from different upper levels.
differed in both datasets (due to differing orientations of the aperturstead, we rely on the reasonable assumption that HD is subject
with respect to Orion-BN), so that a constant was added to one beftiethe same excitation conditions ags.MVe can thereby derive
averaging them, and in order to display them together. The rising noisgth molecules’ total column densities in the warm, emitting
near the scan edges is expected and due to the lower detector coverge: and from that, their abundance ratio.

In the merged spectrum, the line stands out with a peak flux density to

RMS noise ratio of 4.5un1:0 refers to the expected line wavelength

of 19.4305um. 3.1. 2.4-6um extinction

20.9.1997 (+7Jy)

T T T T T T T

1510

combined

T
|

1500

flux density [Jy]

1

1490 45.2.1998 (~181Jy)

HD 0—0 R(5)
19.4305 um

T T T T T T T T
T T T N R

T
|

1480

It is useful to plot the observedJHor HD column densities,

N, s, divided by the state’s statistical weiﬁm;, against the

state’s energy, ;. Examining this “excitation diagram,” which

we first plotted from the not yet extinction-corrected hhe

A N Ips(v, J = 0/, J") 100445 1 intensities, we fou_nd no indication L_Jp_fﬁUJ/k: ~ 40,000 K _

he Av, J — v, J) ) () of fluorescent excitation, or for deviations from the statistical
ortho- to para-H abundance ratio of 3 (details will be given by

whereA, is the effective extinction at wavelengihAllH, and  Rosenthal etal. in prep.). Instead, the populations appear both in

HD transitions are optically thin. Previous measurements of ttermodynamic and statistical equilibrium, which means, they

Peak 1 molecular emission estimated K band (.49 extinc- depend only on the level energy and degeneracy, not on the

tions between 0.5 and 1 magnitude (Everette et al. 1995). viprational quantum number. As a consequen¥g; /g is a

apply an extinction correction to the observegahd HD lines smooth function of the level energy.

requires knowledge of the “extinction lawt’ /Ax between2.4  |n contrast, H that is fluorescently excited generally dis-

and 40u:m, which especially above 5 m is observationally plays level populations that are not in vibratioaatrotational

not well constrained (Draine 1989). The near-IR extinction iSTE, and also show ortho-to-para column density ratios between

stein) coefficier for this transition,A(v, J — v/, J’), times a
correction for extinction along the line of sight:

N’UJ =

usually approximated to follow a power law (see Eig. 4), neighboring states that are smaller than 3 (see e.g., Draine &
e Bertoldi 1996, Bertoldi 1997). Timmermann (1998) predicted
Ay = Ak (A /212 pm) for A <6 pum, () thatin low-velocity shocks the ortho-to-para ratio can also be

2 The Einstein coefficients for Hand HD are taken from Turner 2 The statistical weights arg; = 2J + 1 for para-H (evenJ) and
et al. (1977), confirmed by Wolniewicz et al. (1998), and Abgrall et; = 3(2J + 1) for ortho-H, (odd J). HD has non-identical nuclei
al. (1982), respectively. The transition energies fankere computed (and a small dipole moment 10~* Debye). Therefore, unlike H
from the level energies that were kindly provided by Roueff (199%hich exists in the form para-Hand ortho-H, such a difference does
private communication). not exist for HD, andy; = 2J + 1.
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Fig. 4. Adopted extinction curve (solid line), including water ice and
silicate features. Dashed lines show curves with different relative sil-
icate features strengthd; 9/A10 = 0.35 and 0.52. The dash-dotted
curve assumes narrower Q.ih feature. Wavelenghts of those thes
used to constrain the extinction curve are marked — but these are not 1015 -
datapoints!

significantly lower, which was confirmed in recent ISO-SWS 14
observations by Neufeld et al. (1998), who found a value of 10 e T
~ 1.2 in the outflow HH54. Peak 1 however shows no devia- 0 5000 10000 15000
tions from statistical equilibrium. E/kIK]

We were able to obtain the most reliable line fluxes for th&g. 5. H, excitation diagram: the dots, diamonds, and squares denote
Hy v = 0—0andv = 1—-0lines between 2.4 andén thathave dereddened and beam-averaged column densities of transitions in the
upper level energies,, s /k = 500016, 000 K. Excluding lines v = 0-0, 1-0, and 2-1 bands, respectively. The solid line represent the
in the water ice absorption feature between 2.8 angi13we least squares fit, Eq§l(3) arid (4), which apply &, /k larger and
selected thirty-two high S/N lines in this wavelength and energ{paller than 5800 K, respectively.
range to constrain the power law part of the extinction curve.
Assuming that the K columnsN, ;/g; vary smoothly with . I
E,;, we fit a second order polynorr/lial to the observed colunﬁwz' Mid-IR extinction
densities, corrected for extinction following Eq. (1) withk Having constrained the extinction curve beloyré and the H
ande as free parameters. We searched for valuedpfand excitation from 5800-17,000 K, we now estimate the strength
¢ which minimize the dispersion a¥, ;/g;. Within the range of the 10um silicate feature with the observed bl = 0, .J < 8
€ = 1-2, Ak iswell constrained td.0-£0.1 magnitudes. Itwas column densities. The intensity of the 0—-0 S(3) line at 9:66
not possible to narrow down the valuesdtirther, so we adopted gives a column density of the = 0, J = 5 level that is sig-
€ = 1.7, which was suggested by previous observational studigificantly below that expected from an interpolation between
(seeDraine 1989; Brand etal. 1988 usgd= 0.8ande = 1.5). the J = 3 (0-0 S(1) 17.Qum) andJ = 8 (0-0 S(6) 6.1:um)
The second order fit t&V, s /g; versust, ; /k = 1000 T3 Kfor  |evels. The observed = 3 to J = 7 level populations are
Ak = 1.0 ande = 1.7 is (see Fid.b) all affected by silicate absorption. We estimate the shape of the

_ 2 9.7 um and 18um silicate features from the calculations of

log(Nu./g.) = 18.88-0.402T5 +0.0092 T, 3) Draine & Lee (1984), and adjust the strengths of the features
for 5800 K < E,;/k < 17,000 K, and has a fit quality? = individually (Fig.[4). Assumingix = 1.0 mag and tuningly 7
0.13; the uncorrected4{x = 0) dispersion is¢? = 0.39. such that the/ = 5 level column density smoothly follows that

We should note that our extinction curve between 4 amd the J = 3-8 levels (Figlh shows the resulting dereddened
7 pm is not constrained well enough to address the claim bglumns) results in a possible rangg = (1.3—-1.5) mag,
Lutz et al. (1997) that the extinction curve flattens and lacks tHewe allow for a variation inA;9/A;, = 0.35-0.52, and a
presumed minimum at 7Zm. 15% uncertainty of thg = 5 column due to the difference be-
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tween two measurements of the 0—-0 S(3) line in different AOTSs. HD in ORION Peak1
When we narrow the 10m feature below reasonable width es- 10171
timates, the extinction correction for the = 4 andJ = 6 =3 4 5 6 7 8 9 10
levels decreases significantly, thereby lowering the dereddened r
flux in the 0-0 S(3) line and decreasing the required extinction
to Ag.7 ~ (1.1-1.3) mag. 16 g

Considering all uncertainties we estimatg ; ~ (1.35 &+ 1077 I
0.15) mag, and withA;9/A10 ~ 0.35-0.52, we find A9 =~ ;
(0.61 £ 0.15) mag. Our value ford19/Ax = (0.61 £ 0.15) is
in good agreement with tHe57 + 0.1 found toward W51.

The extinction correction for the detected HD line we then 1015
estimate ad0%441° ~ 1.75 £ 0.25. The dereddened column
densities of the Hlv = 0, J < 8 levels are fit by

log (Nys/gs) = 20.17 — 0.765 T3 + 0.0344 T%. (4)

At upper level energie&' s, /k = 0, 2636 K (HDJ = 6) and
5800 K this corresponds to excitation temperatdrgs~ 570,
740 and 1190 K, respectively.

5

1014

NVJ/ ng [Cm-z]

. 1013
3.3. Water ice feature
The rotation-vibrational HD transitions 1-0 P(2), P(3), and P(4)
fall into the water ice absorption feature3a®5 + 0.25 um. To
correct these line flux limits for extinction we estimated the ol2|
depth and width of the feature from the apparently enhanced
(over the power law, Ed-]J3]) extinction of fiveHines with
6000 K < E,/k < 16,000 Kand 2.8um < A < 3.3um. The
Gaussian

11
10 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1
Adjee(N) & 0.58 e~ [(A=8.05um)/(VZO15mm)1* o o (5) 0 2000 4000 6000 8000

approximately fits the additional extinction noticeable for the EJkIKI

five Hs lines, and was used to correct the rovibrational HD lineig. 6. HD excitation diagram. Pure rotational transitions are denoted

fluxes. by dots, and = 1-0 transitions by diamonds. The line represents the fit
Eg. (8). The error of the 0-0 R(5) line is computed from spectral noise

(22%) and uncertainties in the flux calibration (11%) and the extinction
3.4. Total column off; andHD at 19.4um (~14%).

How can we derive the total HD column density with only one

measured high-excitation level? We can make use of the @pough to thermalize the HD levels, then HD would show the
served H excitation, and estimate that the excitation conditiorgame level excitation asinormalizing the H populations[{#)
—i.e., the fractions of the total gas column density that are afth the measured HD' = 6 level, we would then expect the
particular temperature and density — are the same for HD anp populations to follow

for H,. We assume that at least up to the excitation energy of HD

J = 6 (Eos/k = 2636 K), the H, level populations are ther- 10g(Ny7/g5) = 15.14 — 0.765 T5 + 0.0344 T3 (6)
malized, and thereby reflect the kinetic temperature distributipn - .
of the gas. The assumption of thermalized level populations?cl)srT < 6000 K. The measured upper limits to sixteen HD level

- — olumn densities are consistent with this distribution (Big. 6).
orted by the lack of deviations from vibrational degenera L .
suppor y viations viorat 9 y However, deviations from LTE are important at the expected

or non-statistical ortho-to-para ratios, and by detailed non—LTdEensity 0f10°-10° em~3 and temperatures 6001000 K in

calculations of the Kl level populations, which show that de-
viations from LTE are small af < 8 (E/k < 5300 K) for the shocked gas of the OMC-1 outflow. ket; /nire s be the

densities higher thah0® cm ™ and temperatures above 600 gactual non-LTE population in levéb, /), divided by its LTE
. ) . value. The total warm HD column density is given by the sum
(Draine & Bertoldi, unpublished).

Because they are permitted dipole transitions, the radiatiVe all level column densities

decay rates of HD are much higher than those gfi¢vels at _ NLTE,06 Ny NyJ

comparable energy. This results in “critical” densities (i.e. derJX(HD) T ngs Z (27+1) NG
sities above which alevel is thermalized for a given temperature)
which are higher for HD than for H If the gas density was highwhereN, ; /g is given by Eq.[(B).

n p
o LTE,vJ
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0.1 | | | | | | | Fig. 8. Total HD column density computed from non-LTE level popu-

lations as a function of Hdensity for three different gas temperatures.
The H, density in the preshock gas has been estimatédi-at5) x

J 10° em ™3, and the shocked gas temperatures #00-1000 K, so we
Fig. 7. Deviations from LTE HD level populations plotted againsEStimateN(HD) =~ (2.0 £ 0.75) x 10" cm ™,
the rotation quantum numbefrfor different densities and kinetic gas
temperaturesio; andnirr,os refertodensitiesinan individual= 0 atures. Only at K densities abov&0® cm 3 do the populations
state under non-LTE and LTE conditions. assume LTE, and the warm HD column is

N(HD)re = (1.36 +0.38) x 106 cm ™2 . (8)

The error derives from the uncertainty of thie= 6 column

To compute the deviations from LTE of the HD levemeasured by the 0-0 R(5) line, and is a combination of spectral
population we solved the equations of statistical equilibriunoise (22%), flux calibration uncertainty (11%), and the uncer-
(see Timmermann 1996), including radiative decay and extiinty of the extinction correction (14%). At lower densities,
tation/deexcitation through collisions with Hep Hand H. The the total column density much depends on the gas temperature,
abundance of H varies throughout the shock, and we adoptedl since H is the strongest collision partner of HD, on the
[HI/[H 2]= 1, which s typical for the dissociation fraction in thedissociation fraction.
hot layers of a partially dissociative shock. In [Eiy. 7 we compare The emission of the OMC-1 outflow had been modeled
the resulting level population to that in LTE for gas volume demreviously with C-shocks that propagate at velocities of order
sities of3 x 10° and3 x 10°%m~3, and three different kinetic 35—40 km s~! into gas with densities of (Hy) = (1-3.5) x
temperatures that should span the range typical of the obserd@d,cm— (Draine & Roberge 1982; Chernoff et al. 1982; Kauf-
shocked gas. man & Neufeld 1996). The gas in such shocks reaches temper-

HD collisional (de)excitation rate coefficients with Miere atures of order 1000 K, and remains at approximately constant
computed properly only for pure rotational transitions up tdensity through the region where most of the ¢inission oc-
J = 4 and temperatures up to 600K and 300K, respectivatyrs. The lowest K levels we observed show excitation tem-
(Schafer 1990). The rate coefficients for higher level transperatures of 600-700 K, which probably reflects the kinetic
tions and temperatures were extrapolated from the lower ongsnperature of much of the warm, emitting gas. Taking these
The H-HD and H—HD collision rate coefficients were recentlytemperatures and densities as estimates for the prevailing excita-
computed by Roueff & Flower (1999) and Roueff & Zeippetion conditions, we estimate that the total observed HD column
(1999), respectively. density must be in the range

We find that for H densities belovit0® cm =2 the HD level

— 16 -2
populations deviate significantly from LTE. At a density3ok N(HD) = (2.0£0.75) x 107 em™. ©)
10° ecm~3 and a temperature of 600 K, the population of théwe had neglected H-HD collisions, the HD level would be less
J = 6 level is about a factor two below its LTE value. thermalized, and our estimate for the total HD column would

To assess the non-LTE effects on the derived total HD colse to(3.5+1.4) x 106 cm~2. However, we believe that much
umn density, we evaluated (HD) from Eq. () and plot this in of the emission arises from partially dissociative shocks, so that
Fig.[8 as a function of the gas density for three different tempewllisions with neutral hydrogen should be important.
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us = 35kms*, n, =5*10° cm’® from one of the deeply embedded protostars in the vicinity of
S A L L L B 1 Orion IRc2. The emission is a mixture from fast, dissociative J-
. /T?E‘-‘f‘ja‘ ] type shocks, in which the molecular emission comes from where

) molecules reform, and from slowet (50 km s~1), partially-
or non-dissociative C-shocks, in which the molecules radiate
in a magnetic precursor where the temperature rises to its peak
value (Fig®). In J-shocks that propagate into a medium with
density of order 0°~10° cm—3, the fraction of the bulk motion
5 energy radiated away inHines is very small, of order 0.1%
HD/3*10° 177 _ (Neufeld & Dalgarno 1989). In C-type shocks, however, about
k 1 " half the kinetic energy is converted to, lémission. For J-type
\ | 2. shocks to dominate thesHand HD emission, about 1000 times
' 4% more energy would have to be dissipated in fast J-shocks than in
a)

T T

S
I

1000}

|
Y
(@}

] the slower C-shocks. For an even distribution of magnetic field
) ] strengths and shock velocities up+0100 km s~!, C-shocks
R ] therefore vastly dominate the molecular emission. The outflow
emission may therefore be well modeled as arising from such
) ] magnetic, partially-dissociative shocks.
o] Most of the deuterium is locked in HD in the dense pre-
C shock molecular gas. In a high-velocity C-shock, both HD and
' 2 H, are either dissociated through collisions with ions that stream

Temperature [K]

1
=
Q

w

100}

; "\ 10 through the neutral gas at a speed of order the shock velocity, or
T T T ,‘3 through collisions with warm Hand H attemperaturesin excess
0.0 05 1.0 15 20 25 3.0 of 2500 K. In a partly dissociative C-shock, HD is depleted more
Distance [10™ cm] than H, because atomic hydrogen can efficiently destroy HD

through the reaction
Fig. 9. Example of the density and temperature structure in a planar 9

magnetic C-type shock, which was modeled with the code of Timméd-+ H, <5 HD + H + A H,, (12)

mann (1996, 1998). The pre-shock densiti€H,) = 2.5x 10° cm ™ . . ]
andn(HD) = 7.5 cm™3, the shock speed, = 35 km s™!, and WhereAH,/k = 418 K is the enthalpy difference. Fig. 9 illus-

By = 700 uG. The depletion of HD relative to Hreaches a maxi- trates the density profiles fordand HD across such a C-shock.
mum value of 2.4 behind the hottest layer of the shock. In the warmest layers, HD is depleted by up to a factor 2.4
relative to H. In the cooling region, the atomic deuterium re-
We now compare the HD column to that of warm.l$um- acts stronger again withz+o form HD, and the equilibrium of
ming over the H level populations given by the least squaresd: [12) is shifted back towards HD. Averaged over the region

fits, Egs.[B) and{4), we find where the temperature exceeds 400 K, from where most of the
ol o observable emission arises, HD is depleted relativestbbya
N(Hz) = (2214£0.24) x 107" em™", (10)  factor 1.67 in the particular case we display in Eig. 9.

where the error reflects a maximum flux calibration uncertainty n C-shocks propagating atvelocities below 25 k¢, is

of 11% in the 7 to 19.5m range. By summing froni = 0, we ot dissociated significantly, and because of the low abundance
extrapolated the observed, fevel populations, > 3, to the ©Of atomic hydrogen, the chemical depletion of HD is negligible.
unobserved leveld = 0-2. We thereby account only for the

warm Hs, not for thetotal H, column along the line of sight, 3 . Deuterium abundance

which includes oved0?? cm~2 of cold gas in the molecular

cloud that embeds the outflow. In this cold gas, which we af® derive the deuterium abundance in the warm, shocked gas we
not concerned with, mostHs in its ground state§ = 0 and adoptthe non-LTE level distribution of HD we computed above,

J = 1, and does not affect our analysis of the warm outflow ga€d further account for the possibility of chemical depletion.

seen in the higher levels. With the column density ratio derived for temperatures of 600—
Dividing the HD and H column densities, we derive a first900 K and densities dfl-3.5) x 10° cm™~?, we found
estimate of the abundance ratio [D]/[H] = 0.5[HD]/[Hs] = (4.5 + 1.7) x 107 , (13)

_ —6
[HD]/[Ha] = (9.0£3.5) x 107" A1) ang accounting for chemical depletion of HD by 1.67, the abun-

dance is raised to
3.5. Chemical depletion of HD in shocks [D]/[H] = (7.6 £2.9) x 107 (14)

The OMC-1 outflow emission arises from warm molecular gaghere no error was added for uncertainties in the chemical de-
that is shock-heated by high-velocity ejecta which originatgdetion factor.



276 F. Bertoldi et al.: Detection of HD in the Orion molecular outflow

The main uncertainty of our value appears to arise from taethe same time, the lower H-HD collision rate would enhance
indirect measure of the HD excitation, and of the abundancetbé HD J = 6 level population’s deviation from LTE, to the
atomic hydrogen in the warm shocked region. Less dissoc@fect that our implied total column of HD would increase.
tive shocks would require larger corrections for non-LTE levéle estimate that the two effects approximately cancel, and that
populations, which would raise the implied HD abundance: ng]/[H] remains atx 8 x 10~%, independent of how dissociative
glecting all H-HD collisions, we earlier deriveld (HD) ~ the shock actually is.

(3.5 £ 1.4) x 1016 cm~2, which yields [D}/[H]= 7.9 x 1076. The major uncertainties in our estimate for the deuterium
Now chemical depletion should not occur in shocks with a loabundance arise from our indirect measure of the HD excita-
abundance of neutral hydrogen, so that this values reflects tiba, and since we must therefore rely on non-LTE excitation
actual deuterium abundance. Interestingly, we find that the efedels, on the uncertainty of the preshock density and the abun-
fects of non-LTE and of chemical depletion nearly cancel, stance of neutral hydrogen in the shock. Future ground-based
that the derived deuterium abundance turns out to be not vesar-IR observations of ro-vibrational transition lines of HD
sensitive on how dissociative the shock is. could constrain the effects of non-LTE and thereby narrow the
error margins of the deuterium abundance. Detailed shock mod-
els of the recently resolved, multiple bow-shaped emission in
the Orion outflow (Schultz et al. 1998) might also yield better
ISO for the first time enabled the detection in the interstell@stimates for the pre-shock densities and shock velocities, and
medium of an infrared transition in the electronic ground staieereby of the H dissociation and of the chemical depletion
of deuterated hydrogen, HD. We here report the discovery fgaction of HD in such shocks.

thev=0-0 R(5) line at 19.429Qum with the ISO Short Wave-  The deuterium abundance we fin(,6 + 2.9) x 1079,
length Spectrometer in the warm, shocked molecular gas of thdower than that derived through most DI absorption mea-
Orion OMC-1 outflow, at the bright emission “Peak 1.” Upsurements in the local ISM, but it is consistent with that
per flux limits for sixteen other HD lines were measured, dipund recently by Jenkins et al. (1999) towakdOrionis,

of which appear consistent with expectations when consideritfgd*13) x 107, and by Wright et al. (1999) toward the Orion
the observed 0-0 R(5) line flux. Bar, (1.040.3) x 10~5. This could indicate that toward Orion,

A large number of H lines were detected (Rosenthal ethe deuterium abundance is indeed somewhat lower than on
al. in prep.) and utilized to analyze the HD observations. Tig€rage.
near- and mid-infrared extinction toward the emitting regi
was derived by minimizing the dispersion in the observed

4. Summary
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