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• dense cores of interstellar gas are the 
formation sites of stars in nearby molecular 
clouds

• isolated cores characterized by n ~ 104 cm-3, 
d ~ 0.1 pc, T ~ 10 K

B68

• relatively simple structure characterized by (sub)
millimeter dust continuum or extinction 
measurements

low-mass star-forming cores

Av = 4 - 33

Alves et al. 2001



• mm/sub-mm continuum 
emission provides measure of 
total H2 column density N(H2)

•  kinematics and chemistry 
through molecular line 
observations

L1498

‣ molecules like NH3, N2H
+ trace 

dense, quiescent regions 
(correlate well with dust in 
isolated cores)

‣ CO, etc. (‘early time’ 
molecules) freeze-out onto dust 
grains

star formation in isolation - molecular tracers

observe selective depletion of 
molecular species:

- this has been presented yesterday, so just to reiterate - N2H+, NH3 tend to trace continuum emission, quiescent regions well; CO and C-
bearing molecules deplete onto dust grains



• most stars form in clusters ( N* ≥ 35, n* ≥ 1 Mo pc3 ) (Lada & Lada 2003)

• isolated core results are not typical! 

• clustered cores tends to be smaller, denser and more tightly packed

• how is their evolution (physical, chemical) changed by different physical 
properties and more dynamic environment?

0.1 pc

star formation in clusters
(Ward-Thompson et al. 2007)

it has also been noted that most stars form in clusters, so these isolated results are not typical. clustered cores 
tends to be smaller, denser and more tightly packed. we need to think about how their evolution (physical, 
chemical) is changed by their different physical properties and their more dynamic environment



central Ophiuchus

IRAC 3.6, 4.5, 8 μm

L1688

•d = 120 pc 
(Lombardi et al. 2008)

• Av ~ 50 - 100 
(Casanova et al. 
1995)

• M ~ 8 - 40 Mo 

for A, B, C, F 
(Motte et al. 1998)

• forming low 
mass stellar 
cluster

• intermediary 
between isolated 
and high mass SF

Oph B

Oph C

Oph F

to begin to answer this question, we looked at NH3 and N2H+ emission in the Ophiuchus molecular cloud
- properties
- nearby cloud forming a low mass stellar cluster - an intermediary between isolated low mass star formation 
and more distant, more massive clustered star formation
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Friesen et al. 2009, ApJ, 697, 1457
N-bearing molecular depletion?

• trend suggestive of 
lower X(NH3) at higher N
(H2)

• N(N2H+) ∝ N(H2)

• N(NH3) increases with 
N(H2)

•clear decrease in 
X(N2H+) with increasing 
N(H2)
• slope similar to NH3

N(N2H+) & X(N2H+)
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Friesen et al. 2010a, ApJ, 708, 2002NH3 (1,1): GBT + ATCA + VLA, 15” FWHM (x pc)N2H+ : Nobeyama 45 m, 18” FWHM

- we mapped NH3 at the GBT, ATCA and VLA towards three Oph cores.. da da da
- similarly, N2H+ mapped at the Nobeyama 45 m telescope towards Oph B only showed...



Di Francesco et al. (2007)

• need better molecules to trace the high density gas in more complicated 
cores

Deuterium fractionation in dense cores 
initiated by the reaction 

H3
+ + HD ↔ H2D+ + H2 + ΔE  

                               ΔE = 230 K

• low energy barrier: reaction proceeds 
in both directions unless T ≤ 20 K

• expect deuterated species to 
selectively trace conditions at high n, 
low T

high density probe: deuterated species



deuterium fractionation at low temperatures

We present in Figure 1 the main reactions involving these
molecules. Note that the effect of the recombination of H!

3 with
electrons in the gas is negligible because of the low electron den-
sity in such regions. However, the effect of recombination with
electrons on negatively charged grain surfaces becomes impor-
tant when depletion increases (cf. Walmsley et al. 2004). The
dissociation of the deuterated forms of H!

3 is then responsible
for the enhancement in the [D]/[H] ratio. One specific param-
eter can enhance this process, the depletion of neutral species (in
particular, the abundant CO) from the gas phase (cf. Dalgarno &
Lepp 1984). In fact, the removal of species that would normally
destroy H!

3 (e.g., CO; Roberts & Millar 2000) means that H!
3 is

more likely to react with HD and produce H2D
+, D2H

+, and D!
3 .

The first model including D2H
+ and D!

3 (Roberts et al. 2003)
predicted that these molecules should be as abundant as H2D

+

(see also Flower et al. 2004).
Gas-phase species are expected to be depleted at the cen-

ter of cold, dark clouds, since they tend to stick onto the dust
grains. A series of recent observations has shown that, in some
cases, the abundance of molecules such as CO decreases toward
the core center of cold ("10 K), dense (# a few ; 104 cm$3)
clouds. (L1498: Willacy et al. 1998; Tafalla et al. 2002, 2004;
IC 5146: Kramer et al. 1999; Bergin et al. 2001; L977: Alves
et al. 1999; L1544: Caselli et al. 1999; Tafalla et al. 2002;
L1689B: Jessop & Ward-Thompson 2001; Bacmann et al. 2002;
Redman et al. 2002; B68: Bergin et al. 2002; L1517B: Tafalla
et al. 2002, 2004; L1512: Lee et al. 2003; Oph D: Bacmann et al.
2003; Crapsi et al. 2005; L1521F: Crapsi et al. 2004; L183
[L134N]: Pagani et al. 2005). These decreases in abundance
have been interpreted as resulting from the depletion of mole-
cules onto dust grains (see, e.g., Bergin & Langer 1997; Charnley
1997). It is now clear that these drops in abundance are typical of
the majority of dense cores (see Tafalla & Santiago [2004] for the
case of L1521E, the first starless core to be found with no mo-
lecular depletion).

In one of the most heavily CO-depleted prestellar cores,
L1544, Caselli et al. (2003) detected a strong (brightness tem-
perature %1 K) ortho–H2D

+(110–111) line and concluded that
H2D

+ is one of the main molecular ions in the central region of
this core. Encouraged by laboratory measurements (Hirao &
Amano 2003), Vastel et al. (2004) detected the para-D2H

+ mol-
ecule in its ground transition at 692 GHz. They found that, in
the prestellar core 16293E, D2H

+ is as abundant as H2D
+. These

studies supported chemical modeling and the inclusion of mul-
tiply deuterated species (Roberts et al. 2003, 2004; Walmsley
et al. 2004; Flower et al. 2005; Aikawa et al. 2005). It appears

that in dark clouds affected by molecular depletion, the deu-
terated forms of the molecular ion H!

3 are unique tracers of the
core nucleus, the future stellar cradle. Thus, their study becomes
fundamental to the unveiling of the initial conditions of the pro-
cess of star formation (kinematics and physical and chemical
structure of prestellar cores).

In this paper, we present new observations of the H2D
+ (110–

111) line toward L1544, mapped over %10000 of the dust peak
emission, as well as a tentative detection of the D2H

+ (110–101)
line. Caselli et al. (2003) roughly estimated the size of the H2D

+-
emitting region in this prestellar core and suggested a radius of
about 3000 AU. But this was based on a five-point map and can-
not put stringent constraints on the chemical structure. In addition,
a parallel study has been done by van der Tak et al. (2005), giving
the analysis of the line shape profile. Here the H2D

+ map is also
compared with other high-density tracer maps. Due to the poor at-
mospheric transmission at the frequency of the para-D2H

+ funda-
mental line, this study is limited to the ortho-H2D

+ fundamental
line. We present in x 5 the perspectives on this work that will be
opened up by future observatories.

2. OBSERVATIONS

The observations were carried out at the Caltech Submilli-
meter Observatory (CSO), between 2003 November and 2005
February, under good weather conditions (225 GHz zenith opac-
ity always less than 0.06), where the atmospheric transmission
is about 30% at 372 GHz and less than 20% at 692 GHz. Scans
were taken toward the peak of the 1.3 mm continuum dust emis-
sion of L1544 (! & 05h04m17:s21, " & !25'10042B8 [J2000.0])
using the chopping secondary with a throw of 30. The 345 GHz
(650 GHz) sidecab receiver with a 50MHz acousto-optical spec-
trometer back end was used for all observations with a velocity
resolution of 0.06 km s$1 (0.03 km s$1), i.e., %1.6 channels. At
the observed frequencies of 372.421385(10) GHz for the H2D

+

(110–111) and 691.660483(20) for the D2H
+ (110–101) lines

(Amano & Hirao 2005), the CSO 10.4 m antenna has a half-
power beamwidth (HPBW) of about 2000 and 1100, respectively.
Wemapped the area in H2D

+ around the dust peak positionwith a
grid spacing of 2000 and used the value at the peak from Caselli
et al. (2003) and integrated longer. The beamefficiency at 372GHz
(692GHz) was measured onVenus, Saturn, and Jupiter and found
to be %60% (%40%). Pointing was monitored every 1.5 hr and
found to be better than 300. In the case of H2D

+, the emission is
extended compared to the beam size of CSO; the efficiency is
then about 70%. If the emission in D2H

+ is extended compared
to the beam size of 1100, then the efficiency at 692 GHz is about
60%. The data reduction was performed using the CLASS pro-
gram of the GAG software developed at IRAM and the Ob-
servatoire de Grenoble.

Figure 2 shows the H2D
+ and D2H

+ spectra observed toward
the dust peak position. A Gaussian fit to the H2D

+ line gives a
LSR velocity of%7.3 km s$1, but two peaks are clearly visible,
with velocities 7.1 and 7.4 km s$1 (van der Tak et al. 2005), as
also seen in other tracers (Tafalla et al. 1998; Caselli et al. 2002b).
This central position was originally observed by Caselli et al.
(2003) and studied in detail by van der Tak et al. (2005); here we
improved the sensitivity and used the new value of the ortho–
H2D

+(110–111) line frequency, recently measured by Amano &
Hirao (2005). The on-source integration time for D2H

+ is about
230minutes. TheD2H

+ feature can be fitted with aGaussian with
T (
a & 0:30) 0:07 K, !v & 0:08) 0:04 km s$1, and VLSR &

7:29) 0:03 km s$1. The solid vertical line corresponds to the
velocity from this Gaussian fit. It is consistent with the central

Fig. 1.—Main reactions involving the deuterated forms of the H!
3 molecule.

When CO and N2 are depleted, the molecular reactions presented with bold
arrows are dominant.

DEUTERATION FACTORY IN L1544 1199

Vastel et al. 2006, ApJ

• resulting deuterium 
fractionation of a molecule 
orders of magnitude > ISM 
[D]/[H] ~ 10-5

ie. X(H2D+)/X(H3
+)

• H3
+ → H2D+ at low T

Stark et al. 2004, ApJ

H2D+ 110-111

L128 VASTEL, PHILLIPS, & YOSHIDA Vol. 606

Fig. 1.—Diagram of the lowest energy levels of the D2H
! molecule

TABLE 1

Results of Gaussian Fits to the H2D
! and D2H

! Spectra

Line
(1)

n
(GHz)
(2)

!
T
a

(K)
(3)

Dv
(km s"1)
(4)

VLSR

(km s"1)
(5)

H2D
! (110–111) . . . . . . 372.42134(20)a 1.31 0.36 ! 0.04 3.55 ! 0.02

D2H
! (110–101) . . . . . . 691.660440(19)b 0.34 0.29 ! 0.07 3.76 ! 0.03

a Measured frequency by Bogey et al. (1984).
b Measured frequency by Hirao &Amano (2003).

Fig. 2.—Diagram of the lowest energy levels of the H2D
! molecule

Fig. 3.—Spectra of the ortho-H2D
! 110–111 and para-D2H

! 110–101 transitions
toward 16293E.

2. OBSERVATIONS AND RESULTS

The pure rotational transition (110–101) of D2H
! has been

measured in the laboratory by Hirao & Amano (2003). Spec-
troscopic observations of 16293E, presented here, were carried
out in 2004 February using the facility receivers and spec-
trometers of the Caltech Submillimeter Observatory (CSO) on
Mauna Kea, Hawaii. The position chosen was the DCO! peak
emission ( , ; Lish m s "a p 16 32 29.4 d p "24"28 52!.6J2000.0 J2000.0

et al. 2002). We observed both the 110–111 transition of ortho-
H2D

! [ GHz; Bogey et al. 1984] and then p 372.42134(20)
110–101 transition of para-D2H

! [ GHz;n p 691.660440(19)
Hirao & Amano 2003] (see Figs. 1 and 2), which are the only
lines currently available for these species. The data were taken

under good weather conditions (225 GHz zenith opacity be-
tween 0.03 and 0.05). The CSO main-beam efficiencies are
#60% for the 345 GHz receiver and #40% for the 650 GHz
receiver, determined from total power observations of Mars
and Saturn. If the emission is extended compared to the beam
size of CSO, as appears to be the case for DCO! (Lis et al.
2002), then the efficiency is about 70% at 372 GHz and 60%
at 692 GHz. The FWHM beam size at 372 GHz is about 20!,
compared to #11! at 692 GHz. Typical calibration uncertainties
are #24%. The pointing of the telescope was determined from
observations of Jupiter and was stable about #2! (rms). We
used both the 50 and 500 MHz bandwidth acousto-optical fa-
cility spectrometers. The 500 MHz system was used to check
system performance and calibration with the CO ( ) line,6 r 5
which is offset by #82 km s"1 from D2H!. There are no known
lines of other interstellar molecules within 50 MHz likely to
emit from such a cold region. In Table 1, we report the fre-
quency, the antenna temperature, the line width, and the ve-
locity relative to the local standard of rest, for the two lines.
In Figure 3, we present 8.2 j and 4.4 j detections of H2D

!

and D2H
!, respectively, obtained in 23 and 103 minutes on-

source integration time, respectively.
Since the para ground-state transition for D2H

! is the only
line available to existing telescope facilities, it is not possible

Vastel et al. 2004, ApJ

H2D+ 110-111

D2H+ 110-101

372.4 GHz

691.7 GHz

• depletion of CO limits destruction 
pathway

• mechanism to propagate 
deuteration to other molecular 
species, i.e N2H+ → N2D+



N2D+ 3-2 @ 231.321 GHz, IRAM 30 m
850 μm contours

integrated intensity 
contours over N2H+

Friesen et al. 2010b, ApJ, 718, 666

RD = N(N2D+)/N(N2H+)
(assume same Tex)

• extensive N2D+ emission, small scale features with enhanced RD

• average RD ~ 0.03 - low end of observed range in starless cores, still large 
compared with interstellar D/H

• avoids entirely embedded protostars
• not abundant at continuum peak

deuterium fractionation in Oph B2: N2D+



850 μm continuum contours

• o-H2D+ 110 - 111 (372.4 GHz) lies at 
the edge of an atmospheric water 
line - requires very low pwv
• JCMT HARP - 4 footprints of 4 x 4 
pixels across Oph B2
• find similar distribution to N2D+ 
3-2

deuterium fractionation in Oph B2: H2D+

integrated o-H2D+ intensity

Friesen et al. 2010b, ApJ, 718, 666

sample of line profile variations, 
transsonic line widths

1 K -

0 -



protostellar impact on deuterium fractionation

• no trends in RD or o-H2D+ 
abundance with N(H2)

N2D+/N2H+

X(N2H+)

X(H2D+)

TK

• anticorrelations of RD 
and H2D+ abundance with 
distance to nearest 
protostar to ~ few x 0.01 pc

• little variation in X(N2H+), 
change in RD appears 
driven by X(N2D+)

• TK also constant, ~ 15 K
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Friesen et al. 2010b, ApJ, 718, 666

to quantify trends in deuterium fractionation, H2D+ abundance



• Heating of gas to T > 20 K

    - H3
+ + HD ↔ H2D+ + H2 + ΔE  now possible

    - limits production of H2D+, other deuterated molecules

    - but TK < 20 K across Oph B2 as traced by NH3

• Heating of dust to T > 18 K

    - CO evaporates, reacts with H2D+ and reduces its abundance

    - T as above, also should see N(N2H+) decrease?CO 3-2 

Oph B2 

Oph B1 

vLSR

T M
B

N2H+ 4-3

•Outflows

    - CO evaporated close to star, mixed into core gas

    - or, shocks locally heat grains, liberate CO

    - some evidence for impact of outflow on dense gas

    - analysis of CO/shock tracers needed to investigate

protostellar impact on deuterium fractionation

ways to reduce RD

• Increased ionization from YSOs?

     - little evidence for increased Xe in literature



x-rays from young protostars

• ROSAT observations of Oph B protostars find Lx = 30.7, 29.2 erg s-1 (Casanova 
et al. 1995)

• at a few x 0.01 pc and n ~ 105 cm-3, this is sufficient to increase x(e) beyond 
cosmic ray value (following Silk & Norman 1983)

directly measuring x(e)

• x(e) determined usually with HCO+, DCO+; these may be depleted
 use N2H+ and N2D+ instead, i.e.: 

    - x(e) > X(N2H+) + X(N2D+) + X(H3
+) + X(H2D+)

caveats: o/p H2D+ ratio, multiply-deuterated H2D+ 

deuterium fractionation: ionization

• In absence of CO, deuterated molecular abundances can be depressed 
by greater electron fraction (Caselli et al. 2008)

ALMA: will enable high-
resolution data of N2H+, 
N2D+ (many lines!) and 
H2D+ at 372 GHz 
ALMA will also observe 
D2H+ at 692 GHz



•  what are good dense gas tracers in clustered environments?

‣ large-scale depletion can occur, even of ‘late type’ molecules 
such as NH3 and N2H+

‣ distribution of species not simple

‣ appears dependent on local environment 

•  in particular, deuterium fractionation in molecules can be significantly 
impacted by protostars - even in low mass environments. What is the 
dominant mechanism?

• in clustered environments, high resolution/wide-field data will be 
needed 

• ALMA - wealth of cold chemistry species visible, “will observe the 
molecular ring like Taurus and Orion” - and Ophiuchus

summary



deuteration surveys

• large-scale studies are lacking for 
low T, high n deuteration

• results of smaller surveys suggest 
environmental impact on measured 
trends

• SMT/12m study: pointed survey of 
N2D+/N2H+ towards a large sample 
of cores in Taurus (~30) & Perseus 
(~65) + Kirk, Shirley, ++

• complimentary to COMPLETE 
data, NH2D/NH3 survey (Shirley+)

• will probe deuteration in starless/
protostellar cores & isolated/
clustered environments, 
evolutionary status
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Crapsi et al. 2005, ApJ

Taurus cores

fD =   integrated CO depletion factor

spherical models of increasing central concentration


