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ABSTRACT

The structure and composition of simple ices can be severely modified during stellar evolution by protostellar heating. Key to understanding the
involved processes are thermal and chemical tracers that can be used to diagnose the history and environment of the ice. The 15.2 ym bending mode
of 12C0, in particular has proven to be a valuable tracer of ice heating events but suffers from grain shape and size effects. A viable alternative
c’ tracer is the weaker '*CO, isotopologue band at 4.39 um, which has now become accessible at high S/N with the James Webb Space Telescope
(JWST). In this study we present JWST NIRSpec observations of '3CO, ice in five deeply embedded Class 0 sources that span a wide range
in masses and luminosities (0.2 - 10* L ) taken as part of the Investigating Protostellar Accretion Across the Mass Spectrum (IPA) program.
(© The band profiles vary significantly depending on the source, with the most luminous sources showing a distinct narrow peak at 4.38 um. We first
% applied a phenomenological approach with which we demonstrate that a minimum of three to four Gaussian profiles are needed to fit the absorption
feature of '3CO,. We then combined these findings with laboratory data and show that a 15.2 um '>CO, bending-mode-inspired five-component
decomposition can be applied to the isotopologue band, with each component representative of CO; ice in a specific molecular environment. The
——Ifinal solution consists of cold mixtures of CO, with CH;0H, H,0, and CO as well as segregated heated pure CO, ice at 80 K. Our results are in
agreement with previous studies of the '>?CO, ice band, further confirming that '>*CO, is a useful alternative tracer of protostellar heating and ice
composition. We also propose an alternative solution consisting only of heated mixtures of CO,:CH30OH and CO,:H,0 ices and warm pure CO,
ice at 80 K (i.e., no cold CO, ices) for decomposing the ice profiles of HOPS 370 and IRAS 20126, the two most luminous sources in our sample

that show strong evidence of ice heating resulting in ice segregation.

(Y) Key words. Astrochemistry, Protostars, Interstellar Ices, Infrared Spectroscopy

q—
I~
QN
O
q—
N

1. Introduction

Simple interstellar ices have long been the focus of many studies
because they offer insight into the processes that take place on

~ icy grains. These processes are expected to ultimately result in

X
S

the formation of complex organic molecules, the ingredients re-
quired for habitability (Herbst & van Dishoeck 2009; Mumma &
Charnley 2011; Boogert et al. 2015). Their abundance and com-
position set the initial conditions of the parent molecular cloud
from which new stars and later planets are formed. These ini-
tial conditions, however, can be severely altered by the violent
processes that take place during stellar evolution, when ices can
be physically and chemically modified by thermal processing
and, in extreme cases, even destroyed (Visser et al. 2009; Oberg
et al. 2011; Mumma & Charnley 2011; Brownlee 2014). More-
over, changes in the ice composition and structure can serve as
unique tracers, most notably of ice heating due to, for example,
protostellar accretion bursts. Knowledge on how ices mature af-
ter their formation is therefore essential if we are to understand
how they are incorporated into planetary material. Ground- and

space-based observatories have provided a wealth of information
on these simple ices through infrared spectroscopy (e.g., Gibb
et al. 2000; Boogert et al. 2002; Pontoppidan et al. 2003; Gibb
et al. 2004; Boogert et al. 2008, 2015; Oberg et al. 2011; Yang
et al. 2022; McClure et al. 2023).

In the solid phase, molecules can vibrate and absorb infrared
light at particular wavelengths, thereby producing infrared ice
absorption bands. When studied in combination with laboratory
data, useful information about the ice properties can be extracted
from these absorption bands (Tielens et al. 1991; Allamandola
et al. 1999; Boogert et al. 2015). Carbon dioxide (CO5) in partic-
ular has proven to be a valuable tracer for diagnosing the chem-
ical composition and thermal history of interstellar ices. First
hints of CO, ice emerged when its 15.2 ym band was observed
at low resolution with the Infrared Astronomical Satellite (IRAS)
satellite (d’Hendecourt & Jourdain de Muizon 1989), and a firm
detection was later confirmed by de Graauw et al. (1996) using
observations from the Infrared Space Observatory (ISO). Gener-
ally considered to be the second most abundant ice species after
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water (H,O; loppolo et al. 2011; Oberg et al. 2011), CO, has
been observed in multiple environments (de Graauw et al. 1996;
Whittet et al. 1998; Gerakines et al. 1999; Bergin et al. 2005;
Whittet et al. 2007, 2009; McClure et al. 2023). Moreover, in
the laboratory, accurate spectroscopic data have been recorded
for CO, ice under a number of conditions, and several solid-
state pathways toward CO; have been characterized (Palumbo
et al. 1999; Oberg et al. 2007; Isokoski et al. 2013; Ioppolo et al.
2013), thus making CO, ideal for studying ices across different
astronomical sources.

A Spitzer Space Telescope survey conducted by Pontoppi-
dan et al. (2008) investigated the intriguing variations seen in
the 15.2 um bending mode of '>CO,, including at times a char-
acteristic double peak structure, when looking at different lines
of sight. These variations were also observed in experimental
results (Ehrenfreund et al. 1997) and during other studies with
ISO (Gerakines et al. 1999) and Spitzer (Boogert et al. 2004;
Knez et al. 2005; Zasowski et al. 2009; Kim et al. 2012; Poteet
et al. 2013). Pontoppidan et al. (2008) analyzed this band for 50
low-mass protostars and established a method for decomposing
the ice profile of each source using five unique components, each
individual component corresponding to CO; in a specific molec-
ular ice environment. Consistent with previous analyses of this
ice band, they found that the '>?CO, bending mode comprises
polar water-rich ices and apolar CO-rich ices.

Despite being a sensitive tracer, the 15.2 ym band does have
one main disadvantage. Similar to all the strong absorption bands
of the dominant ices, the bending mode of CO, is highly suscep-
tible to grain shape and size effects (Ehrenfreund et al. 1996;
Baratta et al. 2000; Dartois 2006; Dartois et al. 2022). These
effects can distort the regular appearance of the ice absorption
bands and consequently influence the spectral analysis. As a re-
sult, optical constants need to be calculated and included in the
band analysis to account for these modifications. These grain
shape and size effects become much smaller or even negligible,
however, for the weaker ice bands (Tielens et al. 1991; Ehrenfre-
und et al. 1997). Absorption bands of isotopologues in particular,
which are usually expected to be substantially less abundant than
their main counterparts, therefore offer viable alternatives.

Experimental studies by Ehrenfreund et al. (1997) revealed
that the asymmetric stretching mode of '*CO, at 4.39 um also
displays strong peak shifts and profile broadening when the
conditions of the ice matrix are altered. These laboratory data
were later used to aid in the interpretation of ISO-SWS observa-
tions of high-mass protostars, in which the observed profiles of
the 13CO; ice bands vary significantly depending on the source
(Boogert et al. 2000). The main finding was a blue peak that ap-
pears in a number of high-mass sources. This was attributed to
either pure CO; in heated polar ices containing diluted amounts
of methanol (CH;0H) ice or heated CO,:H,O:CH30OH ices.
These results further confirmed the significance of this weaker
ice band and how it can be used to diagnose interstellar ice mor-
phologies.

Now with the high sensitivity and spectral resolution of the
James Webb Space Telescope (JWST) and high resolution lab-
oratory data, we are well equipped to study these weak ice fea-
tures in much greater detail. In this paper we present a spectral
analysis of the '3C0O, isotopologue band for five Class 0 embed-
ded sources observed with the Near Infrared Spectrograph (NIR-
Spec) on board the JWST as part of the Investigating Protostel-
lar Accretion Across the Mass Spectrum (IPA) program (Feder-
man et al. 2023; Narang et al. 2023; Rubinstein et al. 2023). The
wide luminosity range of the sample (0.2 - 10* L) allows us to
study the effect of protostellar ice heating for low- and high-mass
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sources. Furthermore, the exceptional sensitivity of the JWST
will make it possible to study this weak band for low-mass pro-
tostars at very high signal/noise.

We intend to build on the works of Boogert et al. (2000) and
Pontoppidan et al. (2008) by methodologically decomposing the
isotopologue band and investigating to what extent its compo-
nents are similar or different to those of the 15.2 ym bending
mode of '>C0,. Additionally, this study includes laboratory data
taken at a higher spectral resolution (0.5 cm™'; van Broekhuizen
et al. 2006). In Section 2 we present our observations and de-
scribe the methods used to analyze the bands. In Section 3 we
present the spectral decomposition, and the results are discussed
in Section 4. Finally, in Section 5 we summarize the main points
of this study and provide our conclusions.

2. Data and methods

2.1. Observations

The sample consists of five class O protostars observed as part
of the IPA Cycle 1 GO program (PI: T.Megeath, ID: 1802). An
overview of the properties of each source is provided in Table 1.
The sample was observed using the G395M mode (R =1 /A 1 =
1250; Rubinstein et al. 2023) of the NIRSpec integral field unit
(IFU) in a 2 x 2 mosaic with 10% overlap, using the four-point
dither mode with a spatial resolution of 0.2”, corresponding to
30 to 300 AU. The distances of the protostars in our sample vary
from 140 to 1550 pc. The data reduction process is covered in
detail in Federman et al. (2023).

For the purpose of the ice analysis, we extracted spectra from
the image cubes at a central position at the source continuum
using an aperture size of 0.6” to ensure no flux was excluded.
The extraction coordinates for each sources are given in Table
A.1. We estimated the effect of the radial velocity for the sources
in our sample and found that even for the most massive source
IRAS 20126, the effect is negligible given that the radial veloc-
ity is rather small (Vi = -3.5 km s~1). The same holds for the
other sources in this sample and given our data precision we ex-
pect that any Doppler shifts due to radial velocities are small and
hidden in the noise during the wavelength calibration.

2.2. Gas-phase lines and continuum removal

In order to properly determine the continuum it was necessary to
first isolate the ice bands from the CO ro-vibrational gas-phase
lines that are prominent in the spectra of all five sources as shown
in Figures A.1 and A.2. The gas-phase lines are further discussed
in Rubinstein et al. (2023). Our method consists in tracing the
gas-phase lines and selecting points at the bottom of the traced
gas-phase lines to fit a spline function. The fitted spline function
then serves as a continuum and we added the original data back
for the wavelength range that covers the '*CO, band at 4.39 um.
The reason for adding the original data back is to avoid intro-
ducing artificial features to the ice bands or smoothing spectral
features as a result of the spline function.

This procedure gives nearly identical spectra as that adopted
by Rubinstein et al. (2023). The line-subtracted spectra are
shown in the second column of Figure 1. Finally, the observed
fluxes F j’lbs were converted to optical depth scale by fitting a lo-
cal continuum with a third-order polynomial and using equation
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Table 1. Properties of the sources observed in this sample.

Source Distance (pc) Luminosity (L, )  Stellar Mass (M, )  References
IRAS 16253 140 0.16 0.12-0.17 51,1
B335 165 14 0.25 6,2,2
HOPS 153 390 3.8 0.6 7,3,9
HOPS 370 390 310 2.5 7,3,10
IRAS 20126 1550 10* 12 8,4,4

Notes. References: 1: Aso et al. (2023), 2: Evans et al. (2023), 3: Furlan et al. (2016), 4: Chen et al. (2016), 5: Ortiz-Le6n et al. (2018), 6:
Watson (2020), 7: Tobin et al. (2022), 8: Reid et al. (2019) 9: J. Tobin priv. comm., 10: Tobin et al. (2020)

obs

Fobs
) :—ln( A ),

R v
where F$”" is the flux of the continuum. The '*CO, ice bands
are shown in optical depth scale in the third column of Figure 1.

It is worth noting that the 4.39 um asymmetric stretching
mode of '3CO, lies at the very edge of the CO gas-phase line
forest (Figure A.1). Therefore, the ice band is not as strongly
affected by the rotational-vibrational lines as other absorption
features in this spectral range (e.g., the OCN~ and OCS bands at
4.60 and 4.90 um, respectively). One minor hindrance is the H,
0 - 0 S(10) emission line at 4.41 um (Figure 1) that complicates
the fitting of the local continuum due its location on the red wing
of the 3C0O, band.

2.3. Spectral decomposition

A comprehensive analysis of the observed spectral features war-
rants a critical approach when decomposing the ice absorption
bands in order to avoid degenerate solutions. In this study we
analyze the 4.39 um asymmetric stretching mode of '*CO, us-
ing two complementary approaches. The first is a phenomeno-
logical approach where we consistently fit the absorption bands
of all the sources using a minimum number of common individ-
ual Gaussian profiles. Each Gaussian profile is representative of
CO; in a specific molecular environment. This approach allows
us to find the simplest unbiased way of "modeling" this ice pro-
file by looking at the specific spectral features comprising the
band. For this method we varied the widths and the peak posi-
tions of the Gaussian curves and first fit the ice absorption feature
of the source that has the most extreme ice band profile, in our
case IRAS 20126. Once the peak position and full width at half
maximum (FWHM) of these Gaussian curves were determined,
we used the results to consistently fit the '*CO, ice profiles of the
remaining sources with these same Gaussian components. This
approach was also used for the '3CO;, ice band analyses of the
high-mass protostars in the ISO sample (Boogert et al. 2000),
for the decomposition of solid carbon monoxide (CO) ice pro-
files (Pontoppidan et al. 2003) and to study the 15.2 ym band of
12C0, ice (Pontoppidan et al. 2008).

Following the phenomenological approach, we applied a sec-
ond method and fitted the ice features with high resolution lab-
oratory data (Ehrenfreund et al. 1997, 1999; van Broekhuizen
et al. 2006) taken from the Leiden Ice Data Base for Astrochem-
istry (LIDA; Rocha et al. 2022). The combination of laboratory
spectra selected for this analysis is based on the five-component
decomposition of the 15.2 ym '2CO, band (Pontoppidan et al.
2008). We then compared the results of the phenomenological
approach and the laboratory analysis to determine if these same
five components are also necessary to fit the weaker '*CO, band
or if the solutions of the laboratory analysis are degenerate.

3. Analysis

In this section we analyze the ice absorption bands of '*CO, for
the five protostars in our sample. We first adopted a phenomeno-
logical approach to determine the minimum number of compo-
nents required to fit the ice features (Boogert et al. 2000; Pon-
toppidan et al. 2003, 2008). We then followed the methods de-
scribed in Pontoppidan et al. (2008) and decomposed the bands
using laboratory data.

3.1. Spectral decomposition using a phenomenological
approach

We modeled the ice profiles of the '*CO, bands using linear
combinations of Gaussian profiles that vary in width and central
position. To determine the goodness of the fit, we used a routine
that minimizes the root mean squared error (RMSE) between the
final fit and the observed data. The RMSE was calculated using
Equation 2:

@

RMSE = Z %(riobf - Zm: rj‘”‘”)z,

i=1 j=1

where 79 is the observed data and 75" is a Gaussian com-
ponent. We obtained lower RMSE values for all the sources ex-
cept IRAS 16253 when the ice features were modeled with three
components instead of two thus indicating that a minimum of
three Gaussian curves is needed to consistently model the bands.
The three components are crucial in particular for fitting the dou-
ble peaked profiles of HOPS 370 and IRAS 20126, since these
spectral features cannot be modeled with only two components.

The final fit comprises a red component centered at 2275.72
cm™' (4.39 um) on the long-wavelength side of the band, a blue
component centered at 2282.92 cm™! (4.38 um) on the short-
wavelength side of the band and a middle component at 2278.90
cm™! (4.39 um). The final fits are shown in Figure 2 and the best-
fit parameters are given in Table 2. The interpretation of these
components is discussed in Section 4.1

Table 2. Properties of the Gaussian profile fit.

Component  Peak Position (cm™") FWHM (cm™")
Red 2275.72 £ 0.1 6.6 £0.1
Middle 227890 = 0.4 9.0+0.6
Blue 228291 + 0.01 35+0.1

We note that although we obtain good overall fits for all the
ice profiles, the red wings of ice bands where we removed the
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Fig. 1. Overview of the *CO, ice feature toward the IPA sources studied in this work in order of increasing source luminosity. First column:
Data before subtracting the H, and the CO ro-vibrational lines and the continuum. The dashed gray line shows the position of the H, 0 - 0 S(10)
emission line. Second column: Bands after subtracting CO gas-phase lines. The dotted blue line shows the local continuum that was traced for
each band. Third column: Bands in optical depth scale after continuum subtraction.

gas phase lines and fitted the continuum introduce a small un-

certainty in our solutions. In the following section we analyze

the bands using laboratory data.
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3.2. Spectral decomposition based on the 15.2 um band

To analyze the ice features with laboratory spectra, we followed
the steps described in Pontoppidan et al. (2008) for the bending
mode of '>CO, at 15.2 um. It was shown that this band can be
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Fig. 2. Spectral decomposition of the '*CO, bands using Gaussian profiles. The final fit is a linear combination of the three Gaussian curves, as
indicated by the light blue line. The shaded area shows the rms in optical depth scale. After identifying the three components, the widths and
central positions of the profiles are fixed for all five sources, leaving the relative optical depths of the components of the individual components as

the only variables.

Table 3. Laboratory spectra.

Ice sample Ratio 7T(K) Resolution (cm™")  Reference

C0O,:H,O 1:10 10 1 Ehrenfreund et al. (1999)
C0,:H,0 1:10 160 1 Ehrenfreund et al. (1999)
CO,.CH;OH 1:10 10 1 Ehrenfreund et al. (1999)
CO0,:CH;0H 3:1 105 1 Ehrenfreund et al. (1999)
C0,:CO 1:1 15 0.5 van Broekhuizen et al. (2006)
C0,:CO 1:2 25 0.5 van Broekhuizen et al. (2006)
CO, Pure 80 1 Ehrenfreund et al. (1997)

Notes. List of laboratory ice compositions used in this work. All corresponding spectra are available for public use on the Leiden Ice Data

Base for Astrochemistry (Rocha et al. 2022).

Table 4. Optical depths of individual components.

Ice sample Ratio T (K)  Tirasie2s3  Ts3ss  THops153  THOPS370  TIRAS20126
CO,:H,0 1:10 10 0.31 0.41 0.62 0.10 0.09
C0O,:CH;OH 1:10 10 0.06 0.22 0.26 0.07 0.14
C0O,:CO 1:1 15 0.11 0.07 0.08 0.02 0.02
C0,:CO 1:2 25 0.10 0.06 0.10 0.07 0.04
CO, Pure 80 0.06 0.03 0.04 0.05 0.15
CO,:H,0 1:10 160 - - - 0.10 0.15
CO,:CH;0H 3:1 105 - - - 0.13 0.15
CO, Pure 80 - - - 0.06 0.12

Notes. Optical depths of individual components contributing to the final linear combination as discussed in Section 3.2.6. The bottom three
rows provide optical depths for the alternative analysis of HOPS 370 and IRAS 20126

decomposed into five unique components, each attributed to CO,
embedded in different ice matrices. The band therefore acts as a
powerful tracer of the chemical and thermal environment of the
ice. The first component was assigned to CO; trapped in a water-
rich ice matrix, and it has a contribution predominantly on the

red side of the '2C0O, band. The second component, which was
observed in several sources as a "red shoulder," was attributed
to a mixture of CO, and CH3OH ice. The third component is a
narrow feature on the blue side of the 15.2 um band and corre-
sponds to an ice matrix where CO, is diluted in pure CO. An
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additional broad component corresponding to CO, mixed with
CO in almost equal parts also contributes to the blue-wing of
the 15.2 um band. This component was described as a "vari-
able" component since the exact ratio of CO, and CO can vary
depending on the source. The final component was assigned to
pure CO, ice, which produces a distinctive double peak feature
seen in multiple sources.

Using these components as guidelines, we fitted the 13CO,
bands for four out of the five IPA sources. Additionally, we
expanded our study by including laboratory spectra with dif-
ferent mixing ratios and different temperatures in our analysis
since these parameters can significantly impact the width and
peak position of the ice bands. For the majority of the compo-
nents, we used low temperature spectra taken at 10 K and 15 K
with the exceptions of CO,:CO 1:2 at 25 K, pure CO, at 80 K,
CO,:CH30H 3:1 at 105 K and CO,:H,0 1:10 at 160 K. This
selection of spectra is summarized in Table 4 and Figure 4 and
further discussed in the following sections. While some of these
temperatures may appear high, the values become more plausi-
ble once we take into account the fact that interstellar tempera-
tures are not directly equivalent to the temperatures recorded in
the laboratory but are actually significantly lower since interstel-
lar physicochemical processes take place over longer timescales
and at lower pressures. This implies that changes in the ice struc-
ture, such as crystallization, take place at much lower tempera-
tures (Boogert et al. 2000; Minissale et al. 2022; Ligterink &
Minissale 2023).

Similar to the phenomenological approach, we used a routine
that minimizes the RMSE by varying the relative optical depths
of the laboratory spectra. The spectral analyses for IRAS 16253,
B335, HOPS 153, and IRAS 20126 are shown in Figure 3 and
the optical depths for each component are given in Table 4. The
analysis for HOPS 370 is discussed in Section 3.2.6.

3.2.1. The H,O-rich broad component

Similar to the '>CO, band at 15.2 um, the spectra of all the
targets are dominated by the broad band of CO,:H,0 1:10 ice
at 10 K (Figure 3). This component was fitted with laboratory
spectra taken by Ehrenfreund et al. (1999). The band is centered
around 2277.93 ¢m~! (4.39 um), and it is the main contributor
of the "red peak" of the '3CO, absorption feature. The peak cen-
ter shifts significantly to longer wavelengths as the temperature
increases from 10 K before desorbing at 175 K (Figure 4 right
panel). Additionally, the width of the band decreases with in-
creasing temperature (Figure 4 left panel). Of the available and
tested spectra we found that the spectrum at 10 K provides the
best fit, which is in agreement with the temperature suggested by
Pontoppidan et al. (2008) to fit the '>C0O, 15.2 um band.

3.2.2. The CH;OH-rich red component

In addition to the water-rich component, we also included
the CO,:CH3;0H 1:10 laboratory spectrum (Ehrenfreund et al.
1999) in this analysis. At 15.2 um this component was observed
as a "red shoulder" and for the '*CO, band this methanol-rich
component is required to properly fit the red wing of the band
(Figure 3). The peak of this component is centered at 2274.55
cm™! (4.40 ym) somewhat redshifted compared to the CO»:H,0
1:10 component that peaks at 2277.93 cm™' (4.39 um) at 10 K.
The band shifts to slightly longer wavelengths as a function of
temperature (Figure 4 right panel). A narrowing of the band is
also observed as the temperature of the ice increases (Figure 4
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left panel). After considering the candidate spectra, we found
that the spectrum at 10 K provides the best fit.

3.2.3. The pure CO, component

An additional peak on the blue side of the band is observed
for the high luminosity sources HOPS 370 and IRAS 20126. The
peak can be reproduced using laboratory spectrum of pure CO,
at 80 K (Ehrenfreund et al. 1997). The spectrum has a narrow
band with a peak centered around 2282.99 cm™! (4.38 um) that
shifts to slightly longer wavelengths as a function of the tem-
perature (Figure 4 right panel). While this component is domi-
nant in IRAS 20126 and HOPS 370, it also has a small contri-
bution in B335 and HOPS 153 where the component is required
to improve the fit of the blue wing of the bands. In IRAS 16253,
the contribution of the component is significant enough that it
hints at the blue peak. From the temperature analysis we deduced
that the spectrum at 80 K provided the best overall fit due to its
slightly redshifted central position.

3.2.4. The narrow blue component

An additional contribution of apolar CO,:CO 1:2 ice (van
Broekhuizen et al. 2006) was also included in the linear combi-
nation to better fit the blue peak. The peak position of this band is
centered at 2282.02 cm™! (4.38 um), and shifts to shorter wave-
lengths when the ice is heated (Figure 4, right panel). The width
of the peak also decreases significantly between 15 K and 25 K
(Figure 4, left panel). We tested laboratory spectra at different
temperatures and determined that the spectrum at 25 K provided
the best fit because of its width and peak position. We note that
although 25 K is close to the desorption temperature of CO, a
fraction of the molecules can still be present in the ice as they
remain trapped in the matrix of the less volatile CO, (Fayolle
et al. 2011). The contribution of this component is indispens-
able since its peak position is slightly redshifted compared to
the pure CO, component, which peaks at 2282.99 cm~! at 10
K. As a result, this component in combination with the narrow
pure C O, component reproduce the required width to properly fit
the blue peak. This CO,:CO component is the equivalent of the
"dilute" component suggested in Pontoppidan et al. (2008). We
also tested solutions where CO; is diluted in mixtures contain-
ing higher amounts of CO but a cross-check analysis revealed
that solutions containing highly diluted CO,:CO mixtures will
overproduce the '>CO band at 4.67 ym.

3.2.5. The broad blue component

The final component in the analysis is the CO,:CO 1:1 spec-
trum from van Broekhuizen et al. (2006). The profile of this band
at 15 K is broader than that of the "diluted" CO,:CO 1:2 com-
ponent, and its peak position is centered at 2281.66 cm™! (4.38
pm), slightly redshifted compared to the diluted component at
25 K (Figure 4 right panel). It is required to specifically fit the
region between the red and the blue peak and is therefore es-
sential in HOPS 370, IRAS 20126, and IRAS 16263. The peak
center shifts to shorter wavelengths and narrows with increasing
temperature. From the temperature analysis we determined that
the spectrum at 15 K provided the best fit. This corresponds to
the variable component suggested in Pontoppidan et al. (2008),
where CO, and CO are mixed in almost equal parts.
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Fig. 3. Decomposition of the '*CO, bands using selected laboratory spectra. The black line shows the observed spectrum, and the blue line shows
the linear combination of all five different components. The dark green line corresponds to the CO,:CH3;0OH component. The aquamarine line
shows the contribution of the broad CO,:H,O component. The gold line corresponds to the diluted CO,:CO component, while the orange line
shows the contribution of CO, and CO mixed in equal parts. Finally, the dark red line corresponds to the pure CO, component. The shaded area
shows the 30~ rms in optical depth scale. The results for HOPS 370 are shown in a separate analysis.

3.2.6. The analysis of HOPS 370

While the methods discussed in the previous sections pro-
vide good overall fits for all the targets, further analysis shows
that HOPS 370 is a special case. It is the second most luminous
source in the sample (Table 1) and requires a significant contri-
bution from the apolar ices to fit the blue peak. We discovered,
however, that the CO,:CO 1:1 and 1:2 laboratory spectra used
to fit this blue peak were significantly over-fitting the absorption
band of 12CO at 4.67 um, which we used to cross-check the solu-

tions we found for the '*CO, bands. This is not the case for the
other targets in the sample since they have stronger CO bands
compared to HOPS 370. Therefore, in order to fit the Bco,
ice profile without overproducing the CO absorption band it was
necessary to discard CO,:CO 1:1 and 1:2 components from the
analysis and assume that CO,:CO ice is not (significantly) con-
tributing to the '3CO, ice band of HOPS 370.

Instead we fitted an alternative hot CO,:CH3OH 3:1 compo-
nent (Ehrenfreund et al. 1999) to the blue peak. We opted for
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Fig. 4. Properties of the laboratory spectra used in this work. Left panel: FWHM as a function of the temperature for the ice mixtures. The band
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the FWHM and peak positions of the fitted Gaussian profiles.

the spectrum at 105 K since at these higher temperatures the
peak position of the '*CO, isotopologue band at 4.39 um is not
only blueshifted enough to fit the blue peak (Figure 4), but at
15.2 um the band also produces both the shoulder and the dou-
ble peak feature observed in the bending mode as illustrated in
the laboratory results of Ehrenfreund et al. (1999). Additionally,
we added the spectrum of hot water ice at 160 K to fit the red
peak of the band thus fully replacing the cold CO,:CH3OH 1:10
component. Taking these alternative components in combination
with the spectrum of pure CO; at 80 K we found a good fit for
the 13CO, band without overproducing the CO ice band (Figure
5). We were also able to fit the ice feature of IRAS 20126 using
this same alternative analysis as illustrated in the second row of
Figure 5.

4. Discussion

In Section 3 we modeled the ice profiles of '*CO, using
both a phenomenological approach where we fitted the bands
with Gaussian profiles, and a mix-and-match method where we
used high resolution laboratory data. The results from the phe-
nomenological approach indicate that three components are suf-
ficient to model the profile of the '*CO, ice band. Alternatively,
the laboratory analysis shows that the same five-component de-
composition used for the '2C0O, ice absorption feature (Pontopp-
idan et al. 2008), can also be applied to the weaker isotopologue
band. The spectra that we selected to model the ice profiles can
be categorized into H,O - and CH3OH-rich polar ices, and ap-
olar ices where CO, is embedded in a CO-rich ice matrix or
present in pure crystalline form, consistent with previous studies
of 2C0, and '*CO; ice bands (Pontoppidan et al. 2008; Boogert
et al. 2000).

In the following section we compare the results of these two
different methods and show that, although the phenomenological
approach provides the simpler solution, the physical laboratory
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data indicate that three components are not sufficient to model
the ice band. This further strengthens the argument that the 15.2
pm decomposition method is also valid for this weaker isotopo-
logue band.

4.1. Comparison of the two approaches

We compared the two approaches by looking at the spectral
properties of the components used in both analyses, namely the
FWHM and central positions of the Gaussian profiles and of the
laboratory spectra. Looking first at the short wavelength side of
the band, the width of the blue peak (Table 2) implies that more
than two laboratory spectra are needed for that region of the band
alone. While the entire peak was fitted with a single Gaussian
curve, the profile of this curve is far wider than any of the lab-
oratory spectra with central positions in this region as shown in
Figure 4 (right panel). The much narrower profiles of pure CO,
ice bands are not sufficient to fully fit this blue peak, thus indi-
cating that either a spectrum with a wider profile is needed or a
second component is needed to contribute to the width.

Similarly, the apolar CO,-CO ice profiles are also far too nar-
row to fit the peak, and the ice mixtures that do have a similar
FWHM as the fitted Gaussian profile (e.g., the CO,:CO 1:2 mix-
tures, Figure 4) are too redshifted. An alternative ice band that
could reproduce this width is the CO,:CH30OH 3:1 mixture (Fig-
ures 5 and 4) but this band is also slightly redshifted, thus still
requiring the pure CO, component to properly fit the peak.

The properties of the middle Gaussian profile (Table 2) also
point toward an oversimplification of the linear solution. This
is because the peak position and FWHM of this profile also do
not coincide with any available laboratory data (Figure 4). More
specifically, the peak position of this middle component is very
blueshifted compared to the broad water-rich laboratory spectra
to which it is normally assigned. We stress again that the labora-
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Fig. 5. Alternative spectral analysis for HOPS 370 with high temperature ice species. The black line shows the observed spectrum, and the blue
line shows the linear combination of all five different components. The purple line corresponds to the hot CO,:CH3;OH component. The solid gray
line shows the contribution of the hot CO,:H,O component. Finally, the dark red line corresponds to the pure CO, component. The shaded area
shows the 30~ rms in optical depth scale

tory spectra chosen in this work and the other candidate spectra Finally, the red Gaussian curve (Table 2) used to fit the long
that are explored in this study are based on detailed analysis of wavelength region of the band is also wider and more blueshifted
observed CO; bands conducted in previous studies. compared to the FWHM and peak positions of the methanol-
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rich spectra that are associated with this component. While the
FWHM and central position of this profile do bring it in the
range of the warm water-rich spectra (~ 80 K) (Figure 4), the
blueshifted central position and broad profile of this band remain
an issue when this band is included in an analysis with the other
components.

Therefore, we argue that although the phenomenological ap-
proach provides a simpler three-component solution, the spectral
characteristics of these components do not match those of any
known laboratory spectra. In light of these results, we conclude
that the 15.2 um '2CO, solution can be adopted to study the ice
profile of weaker 1*CO, ice band.

In the following sections we take a closer look at the origin
of these ices in order to understand these various components
that collectively comprise the 13C0, ice band.

4.2. Tracing the chemical composition of the ices

Formation of ices begins with the accretion of atoms and small
molecules from the gas phase onto cold dust grains. Models
(Garrod & Pauly 2011), experimental results (Oba et al. 2010;
Toppolo et al. 2011) and studies toward quiescent clouds, low-
and high-mass protostars (Bergin et al. 2005; Whittet et al. 2007;
Oberg et al. 2011) all indicate that, under dark cloud conditions,
CO, forms efficiently along with H,O through reaction 3:

CO + OH — HO-CO — CO, + H. 3)

In this scenario, oxygen atoms are hydrogenated and con-
verted into H,O and OH radicals. These OH radicals will then
react with CO accreted from the gas phase to first form the HO-
CO complex, which then dissociates resulting in CO, ice. The
co-formation route of CO, with H,O and the high efficiency
of these processes produce the first generation H,O0:CO; ices in
high abundances, thus explaining the dominant presence of the
water component in the CO; bands. The strength of this compo-
nent in the bending mode at 15.2 um facilitated its detection in
early studies by d’Hendecourt & Jourdain de Muizon (1989) and
de Graauw et al. (1996). Boogert et al. (2000), and Gerakines
et al. (1999) also found that the '*CO, band of most sources
in the ISO sample could be fitted with Gaussian profiles that
corresponded to CO; residing in polar ices with several sources
requiring only the polar component for an accurate fit. In ob-
servational spectra these polar signatures appear as broad bands
peaking at longer wavelengths (Figure 4).

The formation of the H,O:CO, ice layers remains efficient
at low extinction when the density of the cloud is not sufficiently
high to enable catastrophic CO freeze-out (Pontoppidan 2006).
Once the cloud crosses this threshold however, CO is rapidly ac-
creted onto the dust grains, forming a CO-rich ice layer. Any OH
radical that freezes onto this CO layer will react and be converted
into CO,, giving rise to the apolar CO:CO, ices. The bands of
these apolar ices are characteristically narrow and they peak at
slightly shorter wavelengths (Figure 4). Finally, CH;OH also
forms synchronously with CO, through hydrogenation of CO ice
(Watanabe et al. 2003; Fuchs et al. 2009; Whittet et al. 2011; Iop-
polo et al. 2011; Walsh et al. 2014). These co-formation routes
could therefore explain the presence of the CO,:CH3OH ices ob-
served in the protostars. Similar to the H,O-rich ices, ices con-
taining large quantities of CH3OH have broad profiles centered
at longer wavelengths (Figure 4).

This multilayer formation of interstellar ices is also sup-
ported by the model predictions of Garrod & Pauly (2011),
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Taquet et al. (2013) and Taquet et al. (2014). In their work, the
authors show the gradual growth of the ice mantles as a function
of time and accentuate the fractional abundance of the dominat-
ing species at each phase. The models consistently demonstrate
that the main stages of interstellar ice formation are the H,O-
dominated period where CO, successfully forms in tandem with
water, and a later dark cloud period dominated by the formation
of CO ice where conversion of CO to CO, and CO to its main
products (e.g., CH3;OH) also occur.

These different ice formation routes are reflected back in the
components that comprise the '3CO, ice feature thus, making
this isotopologue band a sensitive probe of ice composition.

4.3. Tracing the thermal history of the ices

Following their formation, the overall abundance and struc-
ture of interstellar ices can be impacted by thermal processing
(Ehrenfreund et al. 1998; van Dishoeck & Blake 1998). A rear-
ranging of chemical bonds can cause distillation and segregation
within the ice mantles (Pontoppidan et al. 2008), and as temper-
atures continue to rise the most volatile ices will desorb from
the grains (Figure 6). The degree to which the ices are processed
will depend first on the central source since high luminosity pro-
tostars will result in more ice heating. It is also determined by
the location of the ices in the envelope as ice processing will in-
crease with the increasing temperature gradient toward the cen-
tral protostar (Figure 6). Additionally, intermittent heating peri-
ods in the context of episodic accretion will leave their mark in
the ice inventory. There are indications, though, that the impact
of such events is more critical for the CO ice budget compared
to the CO, ice budget when the time interval to the previous
outburst is much larger than the burst duration (Vorobyov et al.
2013). Finally, the evolutionary stage of the system also plays
an important role since more evolved systems with lower enve-
lope masses (high L/M,,,) tend to have elevated temperatures
(Jgrgensen et al. 2005). The observed ice bands are then the col-
lective contribution of all the ice components on the individual
grains and all the ices along the line of sight (Ehrenfreund et al.
1998). This includes the processed ices located closer to the cen-
tral protostar and the cold ices residing in the outer envelope,
thus explaining the multiple components required to fit the spec-
tral features.

In Section 3 we show that, similar to the 15.2 ym bending
mode, the isotopologue band also shows significant variations
that can be associated with ice processing. The bending mode is
known to split into two discernible peaks, when pure CO, seg-
regates from the other ices, due to ice heating (Sandford & Alla-
mandola 1990; Ehrenfreund et al. 1997; Pontoppidan et al. 2008;
Boogert et al. 2008). Among the five sources in our sample only
IRAS 20126 and HOPS 370 display strong distinguishable blue
peaks that match the laboratory spectra of pure CO,. These re-
sults are consistent with the ice segregation scenario since HOPS
370 and IRAS 20126 are the only high luminosity sources in the
sample (310 and 10* L, respectively), thus making it likely that
larger volumes of ices in their envelopes have been subjected
to protostellar heating. Our analysis in Section 3.2 also revealed
that the '3CO, band of IRAS 16253 displays a hint of the addi-
tional blue peak that is associated with segregated pure CO, ice
despite it being the lowest luminosity source in our sample. One
reason why we are detecting these processed ices in this low-
mass source could be the result of the accretion burst that it has
recently experienced (Aso et al. 2023; Narang et al. 2023).
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We calculated the column density of the pure CO, compo-
nent and determined its fraction with respect to the total *C0O,
column density using equation 4:

1
szf‘rdv,

where A is the band strength corresponding to a specific ice ab-
sorption band and f 7dv is the integrated area under the ice ab-
sorption band.

For the band strengths of both the pure CO, component
and the entire '3CO, absorption band we take the value de-
rived for *CO, in Bouilloud et al. (2015), A = 1.15 x 107'® cm
molecule™!. For the uncertainties on the column densities, we
used the uncertainties estimated for the band strengths, which
are ~ 20%, and through error propagation we estimated the un-
certainties on the derived ratios to be ~ 30%. The values of the
pure CO; fraction for the five sources in our sample are shown
in Figure 7. The results indicate that HOPS 370 and IRAS 20126
have the largest fractions of pure CO; ice contributing to the blue
peak, 9% and 21%, respectively. This is consistent with the fact
that we expect higher levels of ice processing in the high lumi-
nosity sources. Of the remaining three lower luminosity sources,
IRAS 16253 has the largest fraction of pure CO; ice (5 %) and
HOPS 153 has the smallest fraction (1.6 %) despite having a
higher luminosity than B335, which has a fraction of 2 %. A re-
cent study by Kim et al. (2024) revealed that B335 also experi-
enced a recent accretion burst, which could explain the increased
fraction of pure CO, that we are observing.

The fact that we can observe significant levels of ice process-
ing in the 13C0, ice band for the five different sources, indicates
that this feature is good for diagnosing the thermal environment
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Fig. 7. Fraction of pure CO, contributing to the total '*C0O, ice band for
the five different targets in this sample. The luminosity of each source
is plotted in log-scale on the x-axis.

of these ices. This weaker isotopologue band becomes particu-
larly useful in lines of sight where the '>CO, ice band at 15.2
pm is saturated or is severely distorted by grain shape and size
effects. It is therefore a useful alternative if not a better candi-
date to study ice morphologies.
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4.4. Thermal processing in HOPS 370

Our analysis of HOPS 370 shows that a combination of warm
and hot ices is needed in order to properly fit the asymmetric
stretching mode of '*CO, at 4.39 um and that the cold CO:CO,
component is fully excluded from the final solution. That an al-
ternative solution is needed for this source is not entirely im-
plausible given that Poteet et al. (2013) also found that a dif-
ferent method involving high temperature ices was required to
decompose the 15.2 um '2C0O, absorption feature of HOPS 68.
Additionally, since the main CO band at 4.67 um was detected
at such low optical depths, we could expect a negligible contri-
bution of the CO,:CO component at 4.39 um, thus explaining
the decision to omit this component from the linear fit. We also
successfully fit the '3CO, absorption band of IRAS 20126 (L =
10* Ly) with this alternative solution. This further suggests that
a linear fit consisting of warm and hot ices could be valid, and in
some cases even necessary, for high-mass luminous sources.

We note that this alternative analysis implies that the 13CO,
band of HOPS 370 consists of only warm and hot ices with es-
sentially the same ingredients of H,O and CH3OH albeit in dif-
ferent mixing ratios. These high temperatures can be expected
however once the other observed spectral features are taken into
account. For instance, the spectrum of HOPS 370 displays strong
ro-vibrational gas-phase lines (Figure A.2). These strong gas-
phase lines in combination with the weak CO ice band indicate
that the overall envelope temperature is high and that the CO
ice might have sublimated (i.e., the coldest outer part of the en-
velope in Figure 6 is missing). In addition to this, the peaked
shape of the water absorption band observed at 3 um further
suggests that we might be probing a hot environment. This is
because this peaked profile is characteristic of crystalline wa-
ter (Boogert et al. 2015) and cross-analysis on this band showed
that it could only be fitted with laboratory spectra with 7 > 140
K (Figure A.2). It is therefore safe to assume that HOPS 370
contains highly processed ices and that the CO,:CO component
has a negligible contribution in this source due to the elevated
temperatures throughout the envelope. The high luminosity of
the central source (L = 310 Ly) could be the cause of this hot
environment but we also note that HOPS 370 may have experi-
enced a recent mass accretion burst that could have heated the
ices in a relatively short period of time (Tobin et al. 2020). Sim-
ilarly, IRAS 20216 was recently classified as a variable source,
most likely due to episodic accretion events (Massi et al. 2023),
which could again enhance the amount of ice heating in its en-
velope. That HOPS 370 has very little CO compared to IRAS
20126 despite having a lower luminosity could be due to differ-
ent initial conditions of the clouds themselves, potential external
heating (Jgrgensen et al. 2005) or internal heating due the re-
cent accretion burst (Vorobyov et al. 2013), bringing the entire
envelope above the desorption temperature of CO.

We note that a solution containing heated ices was previously
proposed in Boogert et al. (2000). The novelty in the alternative
solution proposed in this work is that while Boogert et al. (2000)
used heated ices to fit the short wavelength peak, the long wave-
length peak was still fitted using cold ices whereas our solution
consists of only hot and warm ices. The short wavelength peak
is fitted with a hot CO,:H, O spectrum that is consistent with the
crystalline shape of the water ice band at 3 yum (Appendix A).

4.5. Future outlook

Future studies will be focused on confirming the findings in this
paper with the other ice bands in the spectra. A cross-analysis
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with the '>CO, band at 15.2 um in particular is necessary to
further support the results in this work. This will be possible in
combination with existing MIRI observations. Moreover, analy-
sis on the '2C0O, and '2CO ice bands at 4.27 um and 4.67 um,
respectively will also be the topic of future work, in particular to
study the effect of ice heating on these bands for HOPS 370 and
IRAS 20126. Additionally, the column densities for the individ-
ual components will be determined once the cross-check in the
MIRI range is completed. Future higher resolution NIRSpec data
will also enable us to study the blue peak in more detail given
that the width of this pure CO, component is 0.004 ym and will
therefore require a resolving power of at least twice R = 1200
to fully resolve the narrow feature without having significant
broadening effects due to convolution, a feat that will be pos-
sible with future NIRSpec observations using the G395H mode
(R =1 /A A =2700). These higher resolution NIRSpec observa-
tion might also reveal subtle differences in the spectral profiles
that might point more conclusively toward either the cold or the
hot solution. Finally, a quantitative analysis where the '2C/'3C
ratios are determined and compared across the different sources
will also be the focus of future work.

5. Conclusions

We have analyzed JWST NIRSpec data of the 4.39 um asym-
metric stretching mode of '3CO ice for five protostars, covering
a large range in mass and luminosity and fitted the absorption
features using a phenomenological approach and, subsequently,
laboratory data. The bands show rich variations in spectral ap-
pearance, which reflect the thermal and chemical history of the
ices.

— The '3CO, bands can be decomposed into five unique com-
ponents using laboratory spectra with different ice mixtures
and temperatures. The results show that, similar to the '>CO,
bending mode at 15.2 um, the isotopologue band comprises
spectral contributions from cold H,O-rich and CH3OH-rich
polar ices, cold CO-rich apolar ices, and warm pure CO; ice
at 80 K.

— For the more luminous sources HOPS 370 and IRAS 20126,
an additional narrow peak begins to dominate the blue side
of the bands, which is indicative of pure CO; ice. This pure
CO; ice is likely the result of ice distillation and segregation
due to heating of the ice. We propose an alternative analy-
sis consisting of warm CO,:CH30OH and CO,:H,0 ices and
warm pure CO; ice at 80 K to fit the absorption bands of
these two sources (i.e., no cold CO; ice component). The vi-
ability of this alternative analysis is supported by additional
features in the spectra that point toward higher temperatures
throughout the envelope.

— We confirm the validity of this multicomponent fit by demon-
strating that, while a minimum of three Gaussian profiles
does provide a good fit, the properties of these Gaussian pro-
files do not perfectly match any known laboratory data.

With recent JWST data in the MIRI range (4.9 - 28 um),
we can support our findings via a cross-analysis of the 15.2 yum
bands of these sources, determine the column densities, and con-
strain the '>C/"3C ratios.
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Appendix A: Additional figures and tables

Table A.1. Coordinates of extracted spectra.

Source RA Dec

IRAS 16253 16:28:21.63  -24:36:24.11
B335 19:37:0.93 07:34:09.32
HOPS 153 05:37:57.03 -07:06:56.16
HOPS 370 05:35:27.64  -05:09:33.94
IRAS 20126  20:14:26.04  41:13:32.43

Article number, page 15 of 16



A&A proofs: manuscript no. main

Wavenumber (cm™1)

2222

400 A

350 -

300

Flux (m]y)

13C0O2

4.35

4.40

4.45

4.50

Wavelength (um)

4.55

4.60

4.65

Fig. A.1. Spectrum of HOPS 370, the source that has the richest 12C0, rotational-vibrational lines (Federman et al. 2023; Rubinstein et al. 2023).
Note that the '*CO, band lies on the edge of the CO line forest.
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Fig. A.2. Hot spectral features toward HOPS 370. Left Panel: 4.67 um band of CO ice and the rotational-vibrational gas-phase lines. Note also the
prominent OCN~ ice feature at 4.60 um. Right panel: 3 um band of water. The peaked profile is characteristic of crystalline water.
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