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The C, O and N budget in ices
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(i) Simple ices at 10 K

(iii) 
Evaporated ices >100 K

(i)

(ii) Complex ices?

(ii)
(iii)

Complex species
1-10% w.r.t. CH3OH
toward low- and high- 
mass protostars, outflows and comets

Bisschop et al. A&A 2007

Icy pathways to chemical complexity



A combined Spitzer, ISO, VLT and Keck Legacy

Low mass YSOs
(c2d)

54
Pontoppidan 2003ab, van Broekhuizen et al. 2005, 

Boogert et al. 2008, Pontoppidan et al. 2008, Öberg et 
al. 2008, Reach et al. 2009, Bottinelli et al. 2010

High mass YSOs 9 Gibb et al. 2004

Background stars 31 Knez et al. 2005, Boogert et al. 2011

0.1-105 L☺
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[Gillet & Forest 1973, Chiar et al. 1995, Bergin et al. 2005, Whittet et al. 2009, Zasowski et al. 2009]



Similar ices in different environments
H2O, CO, CO2, 
CH4, NH3, 
CH3OH, XCN

pure CO, 
CO:CO2, 
CO:H2O

CO2:H2O, 
CO2:CO, CO2  
shoulder, pure 
CO2

C1-C5

XCN: OCN-, 
2175 cm-1

XCN



XCN vs. OCN-

★ XCN refers to entire feature

★ empirically it consists of two bands

★ One band is identified with OCN- 
from laboratory spectroscopy

★ Carrier of second band (2175 cm-1) 
unknown: OCN-  in other ice 
environment, other XCN ice, CO 
bound to silicate?

[van Broekhuizen et al. 2005]



★ CO, CO2, and 
CH4 ices are 
significantly 
more abundant 
toward low-
mass protostars

★ XCN is more 
abundant 
toward high-
mass protostars

★ Upper limits 
important!

Median ice abundances around 
protostars



Ices before the onset of star formation

Simple ice evolution = prestellar ice evolution

Warning: The Taurus ices are NOT representative of the larger sample!



Protostellar ice 
distributions 
trace prestellar 
variability
★ CO2, CH4 and NH3 

vary little with respect 
to H2O

★ CO, CH3OH and XCN 
vary by 1-2 orders of 
magnitude

★ Co-formation with H2O 
versus later formation?



Not all CO and CO2 form equal

and as suggested by the offset of low-mass protostellar envelopes
relative to background stars and massive YSOs in Figure 6, as
well as the match of the profile of this blue CO2 component
with laboratory simulations of CO2 :CO mixtures. An important
parameter to determine is the concentration of CO2 relative to
CO in this component. There are at least two ways of doing this.
First, the concentration can be directly determined by comparing
the observed strength of the blue CO2 component with the cor-
responding blue component of CO observed as part of the CO
stretchingmode band. Second, it can be indirectly inferred by the

profile of the CO2 :CO component of the CO2 bending mode,
since this is sensitive to the concentration.
The column density ratios of the CO2 and CO blue compo-

nents are illustrated in Figure 8. These components exhibit a
fairly strong correlation with a Pearson correlation coefficient
of 0.70 and a slope of N (blue CO2)/N (blue CO) ¼ 2:5 " 0:2,
assuming a width of 3 cm#1 for the blue CO component as em-
pirically determined in Pontoppidan et al. (2003b). The labo-
ratory spectra of the CO stretching mode of CO2 :CO mixtures
are about twice as wide. Using the laboratory spectra instead to

Fig. 4—Continued
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★ CO and CO2 present in 3-4 
unique environments from 
component analysis

★ CO2:H2O alone associated 
with H2O ice formation

★ Most other components 
well correlated with CO



CO freeze-out as a source of 
ice chemistry variability

L48 K. M. Pontoppidan: Spatial mapping of ices in the Ophiuchus-F core

Fig. 1. Overview of the H2O, CO, 6.8 µm and CO2 ice bands (ordered left to right) used to construct the ice map of the Oph-F core. The 3.08 µm
water ice bands shown on the left-most panel are ordered according to optical depth, for clarity, as indicated in the panel. In the remaining panels,
the sources are ordered according to projected distance to the core center, with the source furthest from the center (IRS 46) at the top. No. 5–8 µm
spectrum is available for IRS 46. Note also that the 6.8 µm band of IRS 42 is filled in by emission likely due to PAHs. All the spectra have been
shifted vertically, for clarity.

Embedded within this region are at least 8–10 infrared-bright
young stars. The lines of sight toward 5 of these young stars are
used to probe the ices in front of each star in order to obtain a
profile of ice abundances across the minor axis of the core.

2. Observations

The individual spectra are taken from van Dishoeck et al. (2003)
and Pontoppidan et al. (2003) of the 3.08µm and 4.67µm
stretching modes of solid H2O and CO, obtained with the
Infrared Spectrometer And Array Camera (ISAAC) on the Very
Large Telescope (VLT)1. The solid CO2 component is probed
along the same lines of sight using the InfraRed Spectrograph
(IRS) on the Spitzer Space Telescope (AOR IDs 0009346048
and 0009829888 2) (Pontoppidan et al. 2005; Lahuis et al. 2006)
as well as 5–16.3µm spectra obtained with ISOCAM-CVF
(TDTs 29601715 and 29601813) (Alexander et al. 2003)3. The
Spitzer spectra were taken as part of the Cores to Disks Legacy
program (Evans et al. 2003). Combining these facilities, high
quality 3–16µm spectra are available for 5 sources within a ra-
dius of 15 000 AU from the center of the pre-stellar core, de-
fined to be the 850µm peak of Oph-F MM2 (α = 16h27 24.3,
δ = −24◦40 35, J2000) (Motte et al. 1998). Only IRS 46 has no
suitable spectrum between 5 and 10µm.

To determine the optical depths of the various ice bands con-
tinua were fitted using low-order polynomials. The CO and CO2
bands are sufficiently narrow to make the continuum determi-
nation relatively straight-forward and unbiased. For the 3.08µm
water ice band a continuum is fitted to points between 3.8 to
4.0 µm and a K-band photometric point from the 2MASS cata-
logue. Finally, a local continuum between 5.5 and 8.0µm is used
to extract optical depth spectra of the 6.8µm band. In consider-

1 Partly based on observations obtained at the European Southern
Observatory, Paranal, Chile, within the observing programs 164.I-0605
and 69.C-0441.

2 This work is based in part on archival data obtained with the Spitzer
Space Telescope, which is operated by the Jet Propulsion Laboratory,
California Institute of Technology under a contract with NASA.

3 Partly based on observations with ISO, an ESA project with in-
struments funded by ESA Member States (especially the PI countries:
France, Germany, the Netherlands and the UK).

Fig. 2. The locations (triangles) of the sources used to construct the ice
map plotted on the SCUBA 850 µm map. The star symbol indicates the
center of the core.

ation of the uncertainties in the continuum determination, care
was taken to use the same “ice-free” regions and second-order
polynomials for all sources. Further discussion of the determi-
nation of continua for extracting ice optical depth spectra can
be found in e.g. Gerakines et al. (1995); Dartois et al. (2002)
and Keane et al. (2001). The ice spectra are shown on an optical
depth scale in Fig. 1, while the locations of the sources relative
to an 850 µm JCMT-SCUBA map obtained by the COMPLETE
collaboration (Ridge et al. 2006) are shown in Fig. 2.

The CO ice column densities have been determined in
Pontoppidan et al. (2003). For the water 3.08µm band and the
CO2 15.2µm band, band strengths of 2.0× 10−16 cm molecule−1

and 1.1× 10−17 cm molecule−1 are used, respectively (Gerakines
et al. 1995). For the 6.8µm band, a band strength of 4.4 ×
10−17 cm/molecule−1 is assumed, appropriate for NH+4 (Schutte
& Khanna 2003). The ice column densities are summarized in
Table 1.

[Pontoppidan et al. 2006]

Dramatic CO ice increase toward core center accompanied by CO 
chemistry. Ice composition depends on source position in cloud!



Icy ions - ionic ices

★OCN- : verified 
spectroscopically and 
assignment consistent 
with CO correlations. 
Prestellar formation!

★NH4+ : most likely carrier 
of bands in the 6-8 μm 
region, abundances up to 
15%.

★HCOO- : suggested 
carrier of 7.4 μm band.
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Competition 
between H2O 

and CO ice 
formation?

O→OH→H2O
CO+OH→CO2:H2O

CO+OH→CO2:CO
vs.

Rob Garrod’s poster 3.34: CO2 
formation in quiescent clouds



A sequential ice formation
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★ Hydrogenation 
of atoms. All 
CO converted 
into CO2.

★ Transition 
between O/CO 
transition sets 
H2O/CO ice 
transition.

★ CO chemistry 
later and 
products 
environment 
dependent.

Posters on CO+OH chemistry:
Sergio Ioppolo 3.43, Yasuhiro Oba 3.74

Carina Arasa 3.3



Protostellar heating I:
Segregation and evaporation

and as suggested by the offset of low-mass protostellar envelopes
relative to background stars and massive YSOs in Figure 6, as
well as the match of the profile of this blue CO2 component
with laboratory simulations of CO2 :CO mixtures. An important
parameter to determine is the concentration of CO2 relative to
CO in this component. There are at least two ways of doing this.
First, the concentration can be directly determined by comparing
the observed strength of the blue CO2 component with the cor-
responding blue component of CO observed as part of the CO
stretchingmode band. Second, it can be indirectly inferred by the

profile of the CO2 :CO component of the CO2 bending mode,
since this is sensitive to the concentration.
The column density ratios of the CO2 and CO blue compo-

nents are illustrated in Figure 8. These components exhibit a
fairly strong correlation with a Pearson correlation coefficient
of 0.70 and a slope of N (blue CO2)/N (blue CO) ¼ 2:5 " 0:2,
assuming a width of 3 cm#1 for the blue CO component as em-
pirically determined in Pontoppidan et al. (2003b). The labo-
ratory spectra of the CO stretching mode of CO2 :CO mixtures
are about twice as wide. Using the laboratory spectra instead to

Fig. 4—Continued

PONTOPPIDAN ET AL.1014 Vol. 678

Ice processes as a probe of 
transient heating events: 1.43



Protostellar heating II:
Complex ice chemistry

Small ice features present that 
trace complex organics

Need Spitzer-type sample with 
higher spectral resolution to assign 

carrier



Ices in star forming regions
★Thanks to Spitzer and ISO statistics, 

typical ice abundances in a range 
of pre- and proto-stellar sources are 
known

★Most ice formation does not care 
about the star: ice variation due to 
competition between early H2O-
dominated ice formation and late 
CO-driven ice formation

★Protostellar processing segregates, 
evaporates and allows for radical 
diffusion required for most complex 
molecule formation schemes




