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ABSTRACT

Ices imprint strong absorption features in the near- and mid-infrared, but until recently they have
been studied almost exclusively with spectroscopy toward small samples of bright sources. We show
that JWST photometry alone can reveal and quantify interstellar ices and present a new open-source
modeling tool, icemodels, to produce synthetic photometry of ices based on laboratory measure-
ments. We provide reference tables indicating which filters are likely to be observably affected by
ice absorption. Applying these models to NIRCam data of background stars behind Galactic Center
(GC) clouds, and validating against NIRSpec spectra of Galactic disk sources, we find clear signatures
of CO, H20, and COs ices and evidence for excess absorption in the F356W filter likely caused by
CH-bearing species such as CH3OH. The ice ratios differ between the Galactic disk and Center, with
GC clouds showing a higher H,O fraction. The large ice abundance in CO, HyO, and possibly complex
molecules hints that the high complex molecule abundances observed in gas emission in the CMZ are
driven by ice-phase chemistry in non-star-forming gas. Accounting for all likely ices, we infer that
> 25% of the total carbon is frozen into CO ice in the GC, which exceeds the entire solar-neighborhood
carbon budget. By assuming the freezeout fraction is the same in GC and disk clouds, we obtain a
metallicity measurement indicating that Zge 2 2.5Z;. These results demonstrate that photometric
ice measurements are feasible with JWST and capable of probing the metallicity structure of the cold

interstellar medium.

1. INTRODUCTION

The coldest part of the interstellar medium is molecu-
lar clouds, in which nearly all material except noble gases
is in molecular form. Since these regions are too cold to
excite molecular hydrogen, we trace them with more eas-
ily excited molecules like CO. However, in the densest,
coldest parts of the cloud, even these tracers freeze out.
A total inventory of the tracer molecules is needed to ac-
curately measure the total gas, but our inventories have
historically been limited to gas-phase molecules that emit
observable radiation.

Ices are cool, but they are difficult to observe. They
produce absorption features detectable in the mid- to
far-infrared, but until recently, these features were ob-
servable only through spectroscopy and only toward a
handful of sources. Prior to JWST, hundreds to thou-
sands of spectra with ices had been observed by ISO,
Spitzer, and a few ground-based observatories. JWST
NIRSpec and NIRCam WFSS have added a few hundred
more to that count, and SPHEREX will soon add thou-
sands to millions more. However, JWST NIRCam and
MIRI have already detected many thousands, and pos-
sibly millions, of stars behind icy gas clouds, enabling
photometric measurements of these ices.

There is a limited history of using photometric filters
to study interstellar absorption features in the infrared.
Ginsburg et al. (2023) showed that the F466N filter, cen-
tered close to the CO ice absorption peak, is sensitive to
ice and very weakly sensitive to gas. In particular, they
showed that at typical abundances of CO, gas tempera-
tures, and CMZ-like linewidths, CO gas is limited to an
absorption of < 10% or Am < 0.1, much less than is
observed throughout the target cloud, the Brick. Giinay
et al. (2025) showed that NIRCam and MIRI photom-
etry can be used to measure spectral features of dust
grains, specifically the aliphatic CH feature around 3.4
pm. Meingast (2025) demonstrated that a combination
of ground- and space-based filters can be used to measure
the HyO ice column density. To our knowledge, no other
programs have attempted to measure ice photometrically
in the last two decades (Harker et al. 1997), and the only
attempts to map ice distribution in clouds have used
spectroscopic measurements (Pontoppidan 2006; Noble
et al. 2017; Smith et al. 2025).

Photometric ice mapping holds the potential to expand
our knowledge of clouds on several otherwise inaccessi-
ble axes. Photometry reaches deeper than spectroscopy,
enabling relatively inexpensive ice column measurements
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at higher extinction. It also covers wider fields, including
far more stars. These larger, deeper samples allow explo-
ration of cloud structure, comparison of populations of
clouds, and examination of variation across many lines of
sight. Further, they provide optimal selections for spec-
troscopic followup.

In this work, we develop a technique to partially in-
fer the composition of ices and measure column density
using JWST photometric data. Using column density
measurements of CO ice, we then compare clouds in the
Galactic disk, bar, and center, and demonstrate that they
differ most likely because of changing metallicity with
galactocentric radius.

We adopt a few common assumptions about ice and
dust abundance as a basis for analysis. We re-examine
each of these assumptions after confronting them with
data. We adopt N(H)/Ay=2.21x10%! ¢cm™2 mag~!

(Giiver and Ozel 2009), close to the N(Hy)/Ay = 1x10%
found by Lacy et al. (2017). We adopt a CO abun-
dance with respect to hydrogen, X(CO) = N(CO)/N(Hs)
= 10=* (N(CO)/N(H) = 0.5 x 10~*), which assumes
that 10% of C is in CO for Solar neighborhood (HII re-
gion) carbon abundance X(C) = N(C)/N(H) = 10733 =
5x 107* (Asplund et al. 2009). The Galactic Center has
higher-metallicity gas than the solar neighborhood, with
Z =~ 2.2—2.5Z reported (e.g., Nandakumar et al. 2018;
Do et al. 2015) based on stars and about 3Zg based on
gas (Simpson 2018), which hints that X(CO) might be
2-3x greater in the GC. We will show that this is indeed
the case for ice-phase CO.

In section 2, we present the JWST data we analyze.
Section 3 describes the icemodels package used to an-
alyze the data and infer column densities. Section 4
examines each JWST filter involved in this study and
shows which NIRCam filters are expected to exhibit ice
absorption features. Section 5 then discusses color-color
diagrams, showing how they can be used to measure spe-
cific ices. Section 6 derives column density of CO ice,
then explores the implications of these measurements.
We conclude and summarize in Section 7, after which
several appendices provide additional reference material
and characterization of uncertainty.

2. DATA
2.1. JWST NIRCam

We discuss photometric data obtained with JWST
NIRCam toward The Brick (G0.253+0.016; projects
1182 and 2221), dust ridge clouds ¢ and d (project 2221),
and Sgr B2 (project 5365). The photometric measure-
ment process is described in Ginsburg et al. (2023),
Gramze et al. (2025), and Budaiev et al. (2025). In brief,
photutils (Bradley et al. 2025) was used with webbpsf
and stpsf (Perrin et al. 2012, 2014) to perform PSF pho-
tometry on each individual frame, then the frames were
cross-matched. The cross-matching included all stars
whose nearest neighbor is > 0.1” away from any others
in the catalog as a new entry, and merged with existing
entries those that had a neighbor within < 0.1”. Individ-
ual star measurements were kept only if both their gfit
and cfit values were < 0.4. The star measurements
(of which there are up to 24) were then filtered with a
sigma-clipping algorithm with ¢ = 3 and 5 iterations.
Any stars with fewer than 4 independent measurements

after this clipping were removed from the catalog. The
final combined measurement was the inverse-variance-
weighted average of the individual frame measurements.

The individual filters’ catalogs were then cross-
matched into a band-merged catalog. Stars were con-
sidered the same object if their separation is < 0.1”.
For analysis in this work, we keep only measurements
with detections in each of the 6 filters in program 2221
(F182M, F187N, F212N, F405N, F410M, and F466N)
and uncertainty less than 0.1 mag, i.e., S/N> 10. Sim-
ilarly, for project 1182 data, we keep only stars with
uncertainty < 0.1 mag in F200W, F356W, and F444W
(we do not require a detection in F115W, since few stars
in the Galactic Center are detected at such short wave-
lengths). Finally, stars with mpigap < 15.5 were ex-
cluded because they are saturated. Stars with mpgg100 <
13.7 and F405N-F410M < —0.2 or mpaiom > 17 and
F405N-F410M< —1 were also excluded for saturation
and an additional currently-unexplained effect on the
faint end.

We use AB magnitudes throughout. We calculate the
AB magnitude using zero points acquired from the SVO
Filter Profile Service (Rodrigo et al. 2024).

There is an apparent systematic offset in colors that
affects the F405N and F410M filters, the former more
than the latter. We do not know the origin of this offset,
though it may be from atmospheric absorption from the
Bra line in the stellar spectra. It adds a 5% (0.05 mag)
systematic uncertainty to the measurements.

2.2. JWST NIRSpec

We downloaded all spectra of star-forming regions and
dark clouds from the JWST archive as of June 2025.
We include in our analysis only spectra that cover at
least the range 1.6 to 4.8 pum, as we need both the short
wavelengths for extinction measurements and the long
wavelengths for ices. These include those obtained with
the PRISM grating, which is low-resolution and covers
the full wavelength range from 1-5 pm, and sources ob-
served with both the G235M and G395M gratings, al-
lowing us to construct synthetic photometry in both the
short (F182M and F212N) and long (F405N, F410M, and
F466N) bands.

We include spectra from three programs that were im-
mediately useful and comparable to our data: projects
1186, 3222, and 5804. These spectra come from highly
embedded protostars that have strong infrared excesses
(program HEFE looking at protostars in Orion, project
5804) and from stars behind clouds (project 3222 observ-
ing stars behind IRAS 16293 and project 1186 targeting
stars in Serpens). The data from 3222 do not always fully
cover the F182M band used for extinction measurement
because of a chip gap; we interpolate across this gap using
a Gaussian filter with width 10 pixels if fewer than 20%
of the pixels are blank. We flagged out any spectra with
a larger gap or bad data overlapping with the required
filters, and we visually excluded those with apparently
low signal-to-noise in the spectra (most of these spec-
tra have many negative pixels, indicating no significant
detection). These exclusions are not intended to be sys-
tematic, as the spectra are being used to guide our inter-
pretation of photometry, not as primary targets of study.
We also examined spectra from project 2770, which tar-
geted many stars in and behind the Orion Nebula, but



found that this sample was dominated by emission-line
sources and spectra with background subtraction issues,
and it is unclear which stars are behind or in the nebula,
so we do not include these data in our analysis.

The example spectra are shown in Figure 1. To calcu-
late the synthetic photometry from these spectra for plot-
ting in color-color diagrams, we multiply the spectrum by
the filter transmission profile and integrate over it follow-
ing the same approach described below in §3.2. The code
for the synthetic photometry calculation is available on
the github repository'.

3. METHODS
3.1. The icemodels package

We present the icemodels? package, a library to access
and load laboratory measurements of ice opacity, perform
simple radiative transfer modeling, and compute the ex-
pected flux in photometric filters. It provides interfaces
to the UNIVAP, LIDA (Rocha et al. 2022), and OCDB
3 databases, though because the databases are relatively
small (< 2 GB as of June 2025), the recommended ap-
proach is to download the full databases.

The main use of icemodels in this paper is to compute
synthetic photometry of stars behind icy clouds. The
toolkit can be used for more general modeling, e.g., spec-
troscopic fitting as in ENIIGMA (Rocha et al. 2021), but
that use case is not explored here. The intended use case
is similar to SynthIceSpec (Taillard et al. 2025), but we
use laboratory-measured opacities instead of Gaussians.
To obtain photometric predictions, it uses background
models from the Kurucz stellar atmosphere library as
provided by the mysg® package, which is the same as
used in the Robitaille (2017) and Richardson et al. (2024)
model grids. The stellar atmospheres are then attenu-
ated by opacities as a function of wavelength as described
below in §3.2 using the absorbed_spectrum function.
The fluxes are then multiplied by filter transfer functions
obtained from the Spanish Virtual Observatory Filter
Profile Service (SVO-FPS Rodrigo et al. 2024) as pro-
vided by astroquery (Ginsburg et al. 2019), integrated,
and compared to filter zero-points to obtain in-band mag-
nitudes. The script absorbance_in_filters.py loops
over all OCDB, UNIVAP, and LIDA ice compounds and
computes the colors for 50 column densities in the range
N(ice)=[10'7,102!] em~2 using 4000 K Kurucz (Kurucz
1979) models via the mysg wrapper as the backlight®. We
translated the lab-measured absorbances® A = log /I
into k values adopting very simple assumptions, i.e., that
k = Aln(10)\/4wd (Rocha et al. 2022), where d is the
ice slab thickness and is computed as d = N/n, N is the
ice column density supplied in the LIDA database and
n = p/u is the ice number density; p is assumed to be 1 g
cm~3. Note that several entries in the LIDA database are

1 https://github.com/keflavich/brick-jwst-2221/blob/
main/brick2221/analysis/JWST_Archive_Spectra.py

2 https://github.com/keflavich/icemodels/

3 https://ocdb.smce.nasa.gov/

4 https://github.com/astrofrog/mysg

5 Variations in stellar atmospheres affect the observed filters by
< 0.1 magnitudes (< 10%) above 4000 K. While intrinsic stellar
colors do have some effect on the short wavelength bands (< 2 pm),
they do not produce any systematic effects in the ice absorption
bands.

6 Not to be confused with extinction Ay .

3

not usable as they do not report the ice column density
used in the experiment.

3.2. Radiative Transfer Equations

In the plots below, we define ks to be the constant by
which one multiplies the ice molecule’s number column
density N, with units cm™2, to obtain the optical depth.

Adopting the equation

v 4 7 174
.- N _ N Tk (1)
PN PN

derived from Hudgins et al. (1993), that means the effec-
tive opacity in units of cm™2 per molecule is

dnvk,
(2)
PN

where k, is the absorption opacity constant at a given
wavelength obtained from laboratory measurements, the
number density py i py = p/u, p is the mass density
of the ice (assumed to be ~ 1 g cm™3; see §3.3), p is
the mean molecular weight (see Eqn. 8), and 7 is the
observed wavenumber (in cm™!).

The input stellar spectrum is then absorbed by the
above optical depth, i.e.,

S, = Sy,oein (3)

where S, is the flux density, generally in Janskys. Then,
to get an integrated flux in a filter, the flux density is
multiplied by the filter transfer function, integrated over,
and normalized:

Keff =

- @

To compute the integral, the S, array is interpolated
onto the transmission curve’s grid, which is sampled at
10-20 A per pixel for the NIRCam filters. The resulting
flux density is converted to a magnitude with

m = —25log <§0> (5)

where Fj is the magnitude zero-point in the specified
filter. We compute tables of delta-magnitude (flux ratio)
by taking the difference between the stellar magnitude
and the ice-absorbed stellar magnitude,

F,

dm =m, — My iced- (6)

The models are implemented in the icemodels pack-
age.

3.3. Ice Miztures

Laboratory measurements frequently use mixtures of
ices. Additionally, icemodels supports linear combina-
tions of ice models. In this work, we use linear com-
binations of pure ice models in most of our modeling
below, since that allows us to freely change the relative
abundance of these molecules. This approach does not
account for interactions between the ices: the opacity of
CO4 embedded in H5O ice is different from pure COs ice,
for example Bernstein et al. (2005); Oberg et al. (2007).
Nevertheless, these linear combinations provide reason-
able estimates and hint at which ice mixtures need to be
measured in lab.
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Fic. 1.— Example JWST NIRSpec archival spectra with the filters used in project 2221 and emphasized throughout this work, F182M,
F212N, F405N, F410M, and F466N, shown. HOPS-383 (left) from program 5804 is a Class 0 YSO (Megeath et al. 2012). IRAS16293 slit
74 from program 3222 is a star behind the IRAS16293 molecular cloud. The legend shows the synthetic magnitudes and colors computed

from the spectrum.

The composition of any given ice is converted into a
molecular weight using the molscomps function. In the
code, and in laboratory reports, the ice ratios are given
as, e.g., Ho0:CO2 (100:14), which are number ratios, i.e.,
for every 14 CO5 molecules, there are 100 HoO in the ice.

All ices are assumed to have a mass density
p=1gcm 3. This is a reasonable approximation that
adds less than 30% uncertainty in most measured cases
(Hudson et al. 2020; Satorre et al. 2008). This value is
in between the value for low-density amorphous (LDA)
water ice (p = 0.94 ¢ cm—3) and high-density amorphous
(HDA) water ice (p = 1.1 g cm~3) (Eltareb et al. 2024).
Since astrophysical ice is mostly comprised of water (e.g.,
Gibb et al. 2004), and CO ice has roughly the same den-
sity (Luna et al. 2022), this assumption is physically war-
ranted.

When performing a linear combination of multiple
ice species, the k, values are computed by taking the
number-weighted mean of the effective opacities k¢ y:

Zi '%eff,l/,iNi (7)
Zi Ni

where N; is the fraction (e.g., Ng,0 = 100 and N¢go, =
14 in the example above). This keys is then inverted
back to a k value and incorporated into an opacity ta-
ble with the same structure as those retrieved from the
online databases. The mean molecular weight u is then

computed as
o Zz NiNi

SN (8)

where p; is the molecular weight of the ith ice species
(e.g., u(CO2) = 44, and u(H20 : CO2(100 : 14)) = 21.2).

4. JWST FILTERS WITH ICE

We discuss each of the JWST NIRCam filters that is
potentially affected by known ices in this section. We
limit our discussion to NIRCam, excludin§ MIRI and
NIRISS, because large data sets with > 10* stars (pos-
sibly >>) already exist in the Galactic Center (Gins-
burg et al. 2023; Gramze et al. 2025; Budaiev et al. 2025;
Crowe et al. 2025, and projects 1182, 2092,). The tools
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F1G. 2.— F466N transmission spectrum (grey, arbitrary scaling)
and ice effective opacity kcss (Eqn 2) as a function of wavelength
across the F466N band. The colored curves show single-ice opaci-
ties for CO at 25 K (Gerakines et al. 2023), HoO at 25 K (Mastrapa
et al. 2009), and OCN~ (with contaminants) from Novozamsky
et al. (2001) as described in the legend.

we present are equally applicable to MIRI data, but since
we lack data sets in immediate need of modeling, we do
not perform this modeling here.

4.1. F466N is absorbed by CO and HyO

By design, the F466N filter has the greatest overlap
with the CO ice feature at 4.675 microns. While the
opacity in this line is very high and CO ice is expected
to be highly abundant, it only covers about 20% of the
filter’s width. That implies that, even for high CO ice
column densities N(CO) > 10'® em ™2, the maximum flux
loss in-band is 20%, which corresponds to 0.24 magni-
tudes. The observed F466N color differences reported in
Ginsburg et al. (2023) vastly exceed this value. This im-
plies that there is some substantial opacity crossing the
whole filter width, producing the observed flux losses of
~ 1.5 magnitudes (roughly, the highest observed at high



signal-to-noise ratio), i.e., 75% flux loss. Figure 2 shows
how this might be possible: the broad water ice feature
centered at ~ 4.5um (the peak is not shown in the figure,
only the wing that overlaps the relevant filter) has opac-
ity about two orders of magnitude lower than the CO
peak, but nevertheless high enough to matter at high
column densities. Given that water ice is expected to
form everywhere CO ice is observed, since oxygen is more
abundant than carbon and HoO has a higher freezing
temperature, we propose that this is the correct inter-
pretation of the Ginsburg et al. (2023) results, and we
use water plus CO ice opacity in discussion below.

The XCN feature, possibly assigned to OCN~™
(Novozamsky et al. 2001), is another possible significant
contributor to the opacity in this band, with individual
molecular opacity exceeding that of water but abundance
expected to be much lower. We do not model the XCN
feature primarily because of a lack of usable laboratory
spectra. The only published opacity curves in OCDB &
LIDA come from photolysis-produced OCN~ (Novozam-
sky et al. 2001), and the published measurements there-
fore include other molecular contaminants that may not
be present in the ISM and that affect other bands’ opaci-
ties; this means that including OCN™ in the models can-
not produce the observed colors in JWST bands. Ad-
ditionally, as discussed in §5.1, the observed spectra of
background stars behind local clouds do not exhibit the
XCN feature; protostars do show OCN™, but protostars
have extremely red colors that render them inconsistent
with the observed colors of backlight stars, so we are
confident we are not observing a large population of pro-
tostars. There is some reason to expect the XCN fea-
ture to be a prominent component that may affect our
measurements: the Galactic Center stars observed with
ISO & UKIRT have prominent absorption features with
depth comparable to CO centered at 4.62um (see Ap-
pendix J; Chiar et al. 2002). However, Onaka et al.
(2022) suggested that formation of OCN™ requires pho-
tolysis by UV photons, which may limit this line to be in
the vicinity of massive stars or accreting low-mass stars;
in the Galactic center, the higher background UV field
may supply these photons, but still the extent should be
more limited than CO.

Taillard et al. (2025) recently published laboratory
measurements of CSs opacity. It overlaps with the
F466N filter, but we have not included it in our model-
ing because no opacity tables were available. We expect
CS5 ice to be a minor constituent since sulfur is ~ 1.2 or-
ders of magnitude less abundant than CO, but we cannot
exclude it definitively.

4.2. F410M is absorbed by COy and HyO

The F410M band overlaps with several ice species
shown in Figure 3. First we highlight CO5, which covers
roughly 20% of the band. CO; ice is expected to form
wherever CO forms. Its abundance appears to be lower
than CO based on the fact that the F410M-F466N color
trends blue (more on this in §5.1). The OCN~ opacities
appear to significantly affect this band in Figure 3, but
Novozamsky et al. (2001) identifies the features in the
3.8-4.4 pm range with NHI. The water line produces
significant opacity across the F410M band, suggesting
that it competes with CO4 as the dominant absorber in
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Fic. 3.— (left) Selected laboratory model ice opacities overlaid
on the F405N, F410M, and F466N filter transmission profiles. The
same opacity curves as in Figure 2 are shown, and CO2 at 8 K
from Gerakines and Hudson (2020) is added.

F410M.

4.3. F405N is absorbed by HoO

Unlike F410M, F405N does not overlap with the CO,
feature. It is only moderately affected by the broad HoO
feature seen in Figure 3. Amorphous HDO affects the
F405N filter, but still less than the F410M filter, and
even in extreme cases, the HDO opacity is expected to be
relatively small (Slavicinska et al. 2025). Both CH;OH
and HyS may also affect both F405N and F410M.

4.4. F356W is absorbed by CH, which may be

CHs-bearing molecules

The F356W band is, theoretically, relatively weakly
affected by ice absorption. Figure 4 shows selected opac-
ity curves from CO, CO5, H,O, OCN™, methanol, and
ethanol overlaid on both F356W and F444W. While the
3.05 pm H5O ice feature overlaps with F356W, it cov-
ers only a small fraction of the bandwidth and therefore
has a limited effect on the transmitted flux. The CH
vibrational feature, from either complex molecules with
methyl (CHs) groups or aliphatic hydrocarbons are more
likely absorbers.

Methyl-bearing species are known to absorb this range.
Slavicinska et al. (2025) show that CH3OH ice affects this
band (their Figure B5). An et al. (2017) showed that at
least one massive young stellar object (MYSO) in the
Galactic Center has prominent CH3OH absorption. In
Appendix B, we show the opacity curves of a few mix-
tures of HoO and CH3OH that prominently absorb this
band.

More generally, vibrational modes in aliphatic CH
bonds affect this band. Many ISO spectra show a broad
‘wing’ feature at 3.2-3.8 pm that would also explain the
F356W absorption (Gibb et al. 2004). The absorption
in F356W may be caused by the aliphatic CH stretch-
ing feature at about 3.4 pm (Giinay et al. 2018, 2020,
2025). Jang et al. (2022) showed that absorption in this
band is likely a mix of the CH stretches and CH3OH
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FiG. 4.— Selected model ice opacities overlaid on the wide-band
filters F356W and F444W.

and that separating their contributions is difficult. We
expect that the ice molecules should dominate over the
stretching modes deeper into the cloud.

The spectra in Figure 1 show minimal absorption in
F356W. The HOPS YSO does not show any clear ab-
sorption, but that is in part because the continuum level
is difficult to identify. The background star shows a long
line wing feature extending from 3.2-3.8 pm, and this fea-
ture has been attributed both to CH3OH and aliphatic
grain CH groups (e.g., Gibb et al. 2004). In both cases,
the absorption is much weaker than the extremes ob-
served in the Brick — we will revisit this in §5.3.

4.5. F444W is only weakly absorbed by ice

As shown in Figure 4, F444W is absorbed by several
ices, but because the most abundant species (CO5 and
CO) have narrow bandwidths, the total effect is small.
Water ice and NHj3 ice both absorb broadly in the F444W
band, but with lower amplitude than F356W.

4.6. Short-wavelength bands are unaffected by ice

At wavelengths short of about 2.5 microns, ices have
very little effect. Water exhibits some opacity peaks at
1.5 and 2.0 microns, but with absorbance per molecule
three orders of magnitude below the peak. To date these
features have only been detected in the lab and in solar
system objects (Barkume et al. 2008; Protopapa et al.
2024; Markwardt et al. 2025).

4.7. Others: F27TW, F300M, F323N, F335M, F360M,
FJ60M, F}70N, F}SOM

We briefly discuss additional colors that have been used
in other projects. Most JWST bands longward of 2 mi-
crons have some overlap with ice bands. We limit our
exploration of these bands to those we and others have
observed, but we note that our models can easily be ap-
plied to any JWST filter using the icemodels package.

Appendix B shows these filters with a few relevant
opacities overlaid. F277W, F323N, and F335M all lie
atop the strongest water ice absorption feature and are
likely very sensitive to the presence of water ice. The
F360M filter lies on a minimum in the lab-measured HoO
ice feature, suggesting that it should be a good reference
filter against which to measure other ice features, but
the CoH5OH ice feature (discussed in §5.3) at this wave-
length suggests that deeper knowledge of the ice compo-
sition is needed before trusting this filter as a reference.
F480M is relatively unaffected by ice absorption, with ef-
fective opacity from common ices down by 1-2 orders of
magnitude from their peak; the F480M filter covers the
CO absorption feature, but it is too narrow to have sub-
stantial effect on F480M colors. F300M is very sensitive
to water.

F430M, F460M are not used in any Galactic Center
projects. F430M is insensitive to ice, and F460M is mod-
erately sensitive to CO. Our modeling of these filters in
this work is limited to the rough estimates in Table 1 and
2.

5. THE EFFECTS OF ICE ABSORPTION ON STELLAR
COLORS

We discuss specific colors, i.e., differences in magni-
tudes between filters or flux ratios between filters, and
their uses for identifying and measuring ices. We empha-
size the filters used to observe the Brick in projects 1182
and 2221 in §5.1, §5.2, and §5.3.

Our aim is to determine which ices are responsible for
the observed colors that cannot be explained by dust. We
progress from narrow to broad filters, since the narrow
filters have more specific diagnostic power.

In each section below, we show color-color diagrams
including data from the observational programs overlaid
with a series of models picked to illustrate key points.
We evaluated a much wider range of models than shown
here: for example, we evaluated models of pure CO, of
H>0 and CO with no CO,, and of pure HyO. Each of
this class of models was effectively ruled out by one of
the data sets below; e.g., §5.2 demonstrates that CO,
must be present in the ice mixture. We therefore further
considered only mixtures of ices that could reproduce all
of the observations except F356W, for which we have not
found a suitable fit and are only able to speculate.

In each of the color-color diagrams (Figures 5-9), we
plot along the X-axis a color that represents mostly or
entirely dust extinction. For the 2221 data set, that pre-
ferred color is F182M-F212N; selected because the long-
wavelength filters are all, to some degree, absorbed by
ices. For the 1182 data set, the F115W-F200W color is
unaffected by ice, but it also excludes many sources de-
tected at longer wavelengths but too extincted to be seen
at 1.15 pm, so we also show F200W-F356W and F200W-
F444W, even though they may be ‘contaminated’ by ice.

The Y-axes selected are chosen to be ice-absorbed, ex-
cept where otherwise noted. To a rough first approxima-
tion, vertical position in the plots indicates degree of ice
absorption; the extinction vectors (yellow arrow) show
the expected color change due to dust, and it is most
strongly along the X-axis for most of these CCDs. How-
ever, the model ice curves are not vertical lines because
they encode an assumption that the column density of
a modeled ice is proportional to the column density of



TABLE 1

ICE MOLECULES THAT SIGNIFICANTLY ABSORB NIRCAM FILTERS [N(1CE)=10'8 cm—2]
Filter Ice Molecules Amag Values
F27TW H20 0.16
F300M H20O, CH30H 0.5, 0.26
F323N H>O, HCN, CH30H 0.45, 0.31, 0.2
F322W2 | CH30H, H20 0.11, 0.11
F335M | CH3;0H, HCN, H,0 0.23, 0.14, 0.13
F356W CH30H 0.14
F410M CO2 0.29
F430M CO2 0.9
F444W COq 0.17
F466N CO 0.25
F480M OCS 0.58

Molecules that absorb NIRCam filters by at least 0.1 mag when their column density is 10'® cm~2. This table is not comprehensive, since
some molecules are potentially much more abundant (e.g., H2O), and the more complex molecules are likely to be rarer. NIRCam filters

excluded from this table do not have significant (> 0.1 mag) ice absorption at N(ice)=1

0!8 cm—2. Several molecules in the ice database

are excluded because they have not been reported in the ISM, including NH4CN, NoHy, and HC3N.

hydrogen, which in turn implies that it is proportional
to Av.

The plotted models effectively assume that 100% of the
molecular species plotted is in ice form. That is not a
correct model, but is useful for these plots, as most of
the spread of the data occurs at higher column density
and at higher freezeout fraction. Models incorporating a
freezeout fraction that progresses from 0% at the cloud
edge to 100% in the interior would have the same end-
points as the plotted models (assuming that the highest
measured density is 100% frozen-out), but would bend
slightly at lower Ay to follow the extinction vector. We
treat the cloud edge as universally starting at Ay = 17
under the assumption that this is foreground dust that
does not shield the cloud and does not facilitate ice for-
mation (see Appendix E.1). We adopt the Chiar and
Tielens (2006) extinction curve as implemented by Gor-
don et al. (2021), which is appropriate for the Galactic
Center; we test the effect of this assumption in Appendix
E.2.

We selected model curves to display to demonstrate
the effects of different assumptions. No single model fits
all of the data, but in order to infer column densities in
§6, we adopt HoO:CO:CO, = 10:1:1. We show similar
mixes, varying only HoO = (1,2, 3,5, 10, 15, 20), because
the lower ratios (H2O < 3) match local clouds, while
higher ratios (HoO > 5) are required to match the Galac-
tic Center and inner galaxy data, as we will show below.
One mix with HyO:CO:CO5 = 10:1:0.5 is included to
show that factor-of-two variations in CO:CQO5 have rela-
tively little impact.

We use the NIRSpec spectra as a well-characterized
control sample. We plot synthetic photometry derived
from the NIRSpec spectra as red x’s and purple +’s
in Figure 5 (see §2.2). In all of the currently-available
JWST archival spectra of Galactic sources in PRISM
mode, the sources do not follow the path of the Brick
data, i.e., the NIRSpec sources are either red, not blue, in
the F410M-F466N colors, or they are much less blue at a
given Ay. Comparing the synthetic colors (Fig. 5) to the
spectra (Fig. 1) illustrates two key results: red sources in
the F410M-F466N color are disk-dominated YSOs, and
background sources behind Galactic disk clouds show a
qualitatively similar but quantitatively different behav-
ior to the Galactic Center background stars. The rise
from 4-5 pm in the YSOs (purple in Fig 5, spectrum in

Fig. 1la) is caused by warm circumstellar dust around
YSOs and is not seen in stellar spectra. While these
YSOs have strong CO, H2O, and XCN features visible in
the spectra, their colors in the NIRCam bands are dom-
inated by the rising continuum. By contrast, the red x
points, which are background sources behind the IRAS
16293 cloud, exhibit flat spectra that are consistent with
reddened stellar photospheres with ice features on top.
These stars exhibit the same blue-ing effect that is seen
toward the Brick sources, though the effect is substan-
tially weaker even at comparable extinction.

The observed colors require an ice ratio in the Galactic
Center clouds that is different from that in local clouds.
Several model curves are plotted in Figure 5 showing
different combinations of HoO, COs5, and CO ice. Smith
et al. (2025, project 1309) measured the HoO:CO:COq
ratios using background stars in the Chameleon I cloud,
finding HoO:CO ~ 2.5 and CO:COy ~ 1:0.8, as shown by
the blue dashed line in Figure 5. Such an ice mixture is
incompatible with the Galactic Center data, but matches
reasonably well both the 116293 and Serpens data sets.

5.1. F{10M-F/66N and F}05N-F/66N

Figure 5 was shown in Ginsburg et al. (2023) as evi-
dence of the effect of ice, in that this color becomes bluer
instead of redder with increasing extinction. The effect
is abundantly clear here, where data follow along the
extinction vector until roughly 0.75 magnitudes on the
X-axis, then they start trending downward. This trend
occurs in spite of ice opacity affecting both bands; evi-
dently, the absorption in F466N from CO dominates over
the absorption from CO in F410M (see §5.2 for further
validation), and F405N is unaffected by COs.

A wide range of water plus CO ice mixtures match the
data well, though these models put constraints on the
adopted ice mixture. The colored curves in Figure 5, and
in future color-color diagrams, are computed by assuming
CO/C = 0.25 and C/H = 2.5 x 107%. Each curve is
shown from a column density of effectively zero up to a
maximum total column density N(ice) = 2 x 102 cm~2.

5.1.1. The & kpc arm cloud

The difference between the spectroscopic data from lo-
cal clouds and the photometric measurements from the
Galactic Center already indicates that there is a range
of ice properties in our Galaxy. As further validation of
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Fia. 5.— Color-color diagrams showing the Brick data with var-
ious ice mixes’ colors overlaid as described in §5. These diagrams
show narrow- and medium-band filters that were used in JWST
program 2221. The model curves show the effect of adding the
labeled ice mixture to the absorber starting at Ay = 17 with a
fixed CO/Ha = 2.5 x 104 up to a maximum column density of
N(H2) = 5 x 1022 cm™2. As indicated in the legend, synthetic
photometry has been computed for background stars behind local
clouds in the 116923 observations of JWST project 3222 and the
Serpens cloud in project 1611, and for YSOs from the Orion region
from project 5804. These are plotted as red x’s, blue y’s, and pur-
ple +’s, respectively.

both this physical interpretation and of our methodol-
ogy, we show an additional comparison between objects
in the same data set. A foreground cloud was serendip-
itously observed in project 2221 (Gramze et al. 2025),
and it shows a clear difference from the Galactic Center
clouds. Figure 6 adds two additional data sets to Fig-
ure 5: Cloud C, a dust ridge cloud, is shown with green
points that fall along roughly the same locus drawn by
extrapolating the Brick data. By contrast, the 3 kpc arm
cloud shows less of the blue-ing effect in these colors than
the Galactic Center clouds, closer to what is seen in the
Serpens and 116293 cloud stars, but nevertheless still dif-
ferent. A roughly 5:1:1 H,O:CO:CO4 ratio matches the
3 kpc arm cloud, while 10:1:1 is a better match to the
Galactic Center clouds.

5.2. FJO5N-F/10M

The F405N-F410M color is sensitive primarily to the
4.3 pum CO9 feature, which absorbs F410M but not
F405N. Figure 7 shows this effect empirically, plot-
ting F405N-F410M color against the extinction-sensitive
F182M-F212N color. The F405N excess (negative Y-
axis values) at X-axis values above F182M-F212N > 0.5
shows that COs ice is forming at roughly the same col-
umn density as CO ice and confirms that it is present.

Figure 7 shows that the simple models adopted here,
which have N(ice)xN(H3) above some fixed N(Hj)
threshold, do not match the data. They all predict the
correct general behavior at low column densities, but
they over-predict the relative color at higher column den-
sities and predict a turnaround that is not observed. This
‘turnaround’ behavior is caused by the main COs line
saturating, after which the line wing becomes a signif-
icant source of absorption, and this wing overlaps the
F405N filter (Fig. 3a).

The lack of the ‘turnaround’ feature in the data sug-
gests that CO5 does not reach total saturation and does
not affect the F405N filter substantially. The spectra
(like Figure 1b) corroborate this interpretation, show-
ing nearly 100% absorption within the COy band but
no absorption at 4.05 um. From Figure 3b, this obser-
vation implies that N(COz) < 10'® cm~2. That upper
limit is reached relatively quickly, at [F182M]-[F212N] =
1.0, or N(Hz) = 1.5 x 10?2 ecm~2 (adopting our standard
assumptions), above which it remains constant. This be-
havior appears common to both the Galactic Center data
and the Galactic disk data; unlike in colors involving
F466N, the photometric measurements largely overlap
with the spectroscopic measurements (not shown). The
abundance of COs relative to Hy therefore appears to de-
crease at higher column density, which may be because
it is chemically converted into more complex species.

We note that this ‘saturation’ problem is a general fea-
ture of the modeling approach we have adopted. In the
color-color diagrams, all model curves are drawn assum-
ing that the ice increases linearly with hydrogen column
density. If this assumption does not hold — e.g., if the
species has entirely frozen out at some column density
— the curves change shape. More sophisticated models
of the freezeout process and molecular abundances are
likely to present better matches to these data.

5.3. F356W-FJ44W
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F1a. 7.— Color-color diagram showing the same F182M-F212N
used to trace extinction as in other figures on the X-axis and
F405N-F410M on the Y-axis.

In project 1182, the wide-band filters F115W, F200W,
F356W, and F444W were observed. The F356W-F444W
vs. F115W-F200W color-color diagram (Figure 8) shows
that there is excess reddening in the F356W-F444W
color compared to expectation from extinction. This
excess reddening is caused by excess absorption in the
F356W band, as color-color diagrams with the other fil-
ters show linear correlation. In the F200W-F356W vs.
F356W-F444W color-color diagram (Figure 8b), a blue
population in F200W-F356W is apparent above F356W-
F444W > 0.75. Spatially, these sources occur at the edge
of the cloud, roughly in the same locations as the maxi-
mum observed CO ice (i.e., bluest F405N-F466N colors),
but more concentrated toward the cloud center (see §6.6).
In Figure 9, we show F356W-F444W vs. F405N-F466N
colors to demonstrate that the F356W excess absorption
is correlated with the F466N excess absorption, i.e., the
F356W absorption is correlated with CO ice column den-
sity.

The Galactic Center data exhibit colors distinct from
those seen in the spectroscopic surveys. While many of
the YSOs from HEFE show F356W-F444W colors as
red as seen toward the Brick, inspection of their spec-
tra shows that this is caused by red excess emission, not
by ice absorption: the HOPS sources all rise consistently
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from 2-5 pm. There are only two HOPS sources with
high signal-to-noise and colors similar to the GC sources,
HOPS-383 and HOPS-394, both of which have consis-
tently rising spectra across the entire spectral band; these
sources are moderately red in [F405N]-[F466N] colors,
even though they emit in Bra, while all the GC sources
are blue in these colors, thus the possibility that the GC
sources are all similar YSOs is excluded. No sources with
high signal-to-noise (map < 20) from projects 1611 or
3222 exhibit colors similar to the Galactic Center sources.
These results combine to suggest that there is a very
large excess of CH3OH in the ices in the Galactic Center
at high column densities. Jang et al. (2022) measured
CH3OH and H5O ice toward a handful of sources, but
found HoO:CH30H ~ 4 — 8:1, lower than required to
explain the more extreme observed colors, though they
also found CH30H:COs =~ 2.9, indicating a very high
abundance of CH3OH. The conclusion that the F356W
absorption excess is caused by CH3OH will need to be
tested with spectroscopy, as we cannot be as confident
about ice contributions in the broad-band filters as in the
narrow. Nevertheless, with a clear identification in hand
from spectroscopy, or corroboration from MIRI observa-
tions of CH30H bands at > 5 um, it may be possible to
quantify and spatially resolve the CH3OH ice abundance.

We examined the color effects of all of the ices in the
online ice databases (LIDA, OCDB) and found that the
only species that specifically absorb F356W are methyl-
bearing species, e.g., methanol (CH3OH) and ethanol
(CoHsOH). Other species either do not affect these
bands or preferentially extinguish F444W, producing
the opposite of what we observe (e.g., HyO). Water
mixed with CH3OH ice may produce a similar signa-
ture to CH3OH, preferentially absorbing F356W, though
that behavior appears only in extremely high-abundance
CH3O0H mixes (i.e., HO:CH3OH < 2). While there are
ices that absorb F356W, we found none that combine to
match the correlation seen in Fig. 9.

As noted in §4.4, CH stretching groups in large carbon
molecules produce a feature at 3.4 um. These are at-
tributed to carbonaceous grains — i.e., PAHs integrated
into the grain structure (Shimonishi et al. 2016; Chiar
et al. 2021) that have much higher freezing temperature
and are present in diffuse lines of sight as well as icy ones.
The ubiquity of such features is evidence against these
being the primary explanation for the observed F356W
excess absorption, since low-ice, high-Ay, lines of sight
(the foreground Ay = 17) do not exhibit this excess.
However, it is possible that there is increased hydrogena-
tion of carbonaceous species within the dust grains as
H5O freezes onto grain surfaces and reacts with those
species (Mennella 2008).

6. DISCUSSION: MEASURING ICE COLUMN DENSITY

The color excess in bands affected by ice absorption is
related to the column density of that ice. We focus on
CO ice, since its absorption feature is well-matched to
the F466N band and less blended with other ice features
than COQ, HQO, or CHgoH

6.1. Measuring CO abundance

We measure the column density of CO ice by comput-
ing the color excess (Am) of CO in the F466N band. To
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F1G. 8.— Color-color diagram like in Figure 5 but for the wide-
band filters. The F356W-F444W color shows excess reddening
compared to dust, and that excess is only reproduced if the ice is
predominantly ethanol or some other complex methylated molecule
(CH3CHO, CH3OCHs, etc.). See Figure 9 for the legend.
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Fic. 9.— Color-color diagram comparing the F405N-F466N color
to the F356W-F444W color. The F405N-F466N color is sensitive
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to CH3OH ice. Unlike the other color-color diagrams, both axes
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(anti)correlation between these colors indicates that similar condi-
tions are producing both features — i.e., most likely, colder and
denser gas and dust.

infer that it is an excess, we need to know the star’s in-
trinsic brightness. We use F405N as the reference filter,
as it is the closest in color that is not strongly affected
by other abundant ices (see §4.3 above); F410M is also a
good reference, but it is subject to substantial CO45 ab-
sorption (see §5.2). F405N can have excess emission from
Bra, but such emission is rare in stars. From the equa-
tions in §3.2, we compute the Am as a function of column
density. We then measure the F405N-F466N color and
de-redden it using the F182M-F212N color, adopting the
Chiar and Tielens (2006) extinction curve (see §E.2 for
discussion of the uncertainty).

While no single track through Figure 5 can accommo-
date all of the data, and no plausible tracks explain any
of the wide-band colors shown in 8, the HyO:CO:CO4 =
10:1:1 line roughly traverses most of the Brick data from
project 2221. We therefore adopt this ratio of ice species
to infer the column densities of the observed molecules.

Figure 10 shows the inferred ice column density as a
function of Ay and N(Hs) as in Ginsburg et al. (2023).
It corrects for some systematic errors in that work’s color
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F1G. 10.— Reproduction of Figure 9 of Ginsburg et al. (2023),
but with an assumed mix of H20O:CO:CO2 = 10:1:1 and using
F405N in place of F410M, an assumed foreground Ay = 17, and
corrected color zero points for each included filter. The red lines
indicate CO/Hz fractions of 5 x 1074, 2.5 x 1074, and 1 x 10~4
in dashed, dotted, and dash-dotted, respectively. The right axis
shows the dereddened measured color in the F405N-F466N filter;
it is not linear.

calculations that result in all data being shifted to lower
Ay . Tt also includes a foreground, ice-free Ay component
(up to Ay = 17), which better matches the data. Sources
in this plot with N(CO) < 10'® cm™2 have Am < 0.04
and therefore are dominated by noise; the points to the
left of the curve at low column are foreground sources
with no CO detection but for which measurement error
has created a spurious signal. A detailed analysis of the
uncertainties in this plot is provided in Appendix E. In
brief, there is systematic uncertainty of up to ~ 0.3x
in N(CO) from the combination of choice of extinction
curve and ice mixture, which amounts to a fairly narrow
allowed range of parameter space.

What is the origin of the scatter in Figure 10?7 A likely
explanation for the failure of any single line to cover all
data is that the Ay at which ice starts to form varies.
This is expected if there is not one single line-of-sight into
the cloud, but several different depths into one cloud or
several distict clouds (Henshaw et al. 2019). Within the
Galactic center, there are likely some ice-rich and ice-free
components of the line of sight. At the highest column
densities, it is more likely that the gas density is also
higher, which can drive the transformation of CO into
more complex species. In this case, the ice mixture as a
function of column density is likely not to be constant,
as we have assumed.

6.2. The fraction of carbon in ice

One of the startling results of Ginsburg et al. (2023)
and the above work is that the abundance of CO ice
matches or even exceeds the maximum allowed based on
measured carbon abundances. This excess is particularly
significant because it ignores the gas-phase CO, which is
observed and is usually thought to be the dominant phase
of CO in most of the volume of molecular clouds.

The evidence for a high fraction of carbon in CO ice is
given in Figure 10. This figure shows curves of constant
CO ice to Hy ratio. About half of the highly-extincted
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(Ay > 20) stars are over the CO/Hy = 2.5 x 107 line,
and nearly all are above CO/Hy = 1 x 10™%. Clearly, the
Galactic Center has higher CO abundance than the solar
neighborhood.

To provide a constraint on the carbon, we assume that
carbon is the limiting ingredient in CO, since the ob-
served oxygen abundance in all environments exceeds
that of carbon. Gas-phase carbon abundance in the solar
neighborhood is typically measured to be [C/H+12]=8.3-
8.5, ie., C/H ~ 2 — 3 x 107 (Nieva and Przybilla
2012; Arellano-Cérdova et al. 2020). If one were to
adopt this Solar Neighborhood abundance C/H=2x10"%
([C/124H]=8.3), the fraction of carbon in CO ice would
exceed 100% for many lines-of-sight, which confirms that
the Galactic Center carbon abundance is enhanced.

The Galactic Center has higher metallicity gas than the
solar neighborhood. If we adopt Zgc = 2.5Z, which is
on the high end of what has been observed or inferred (Do
et al. 2015; Nandakumar et al. 2018; Arellano-Cérdova
et al. 2020), and that the carbon abundance scales with
metallicity, we can obtain a constraint on the fraction of
CO frozen into ice. The data show that a large fraction
of background stars have CO/Hy > 2.5 x 1074, how-
ever, implying either that a larger fraction of carbon
is in CO in the Galactic Center or that carbon abun-
dance is higher than implied by metallicity alone. The
CO/Hy = 5 x 107* line, which traces the upper enve-
lope of the data in Figure 10, shows the consequence of
assuming 100% of carbon is in CO ice if carbon scales lin-
early with metallicity. Adopting that line as the upper
limit of what is plausible, the implied fraction of carbon
in CO ice is at least = 50% above Ay 2 30.

6.2.1. GC ice is different: Comparison to a local cloud
(Chameleon I)

In this section, we compare the Galactic Center cloud
measurements to local cold clouds. While the freezeout
fraction of CO is similar, the ice composition is signifi-
cantly different.

Smith et al. (2025) reported JWST NIRCam WFSS
spectroscopic measurements toward 44 background stars
behind the Chameleon I molecular cloud, providing gold-
standard measurements of the CO, COs,, and H,O abun-
dances, which we can compare to our photometric obser-
vations. Figure 11 includes their measured CO column
density from NIRCam WEFSS spectroscopy as a func-
tion of Hy column density. They inferred N(Hy) from
Herschel PACS/SPIRE spectral energy distribution fits
rather than from extinction, as we have. In the plot,
we have converted this N(Hz) to Ay and shifted by +17
to match the Galactic Center data. Only data with CO
column uncertainty < 20% are plotted. The Smith et al.
(2025) data imply 10-50% of carbon (20-100% of CO) is
in CO ice along each line of sight probed, even at low Ay
where it might naively be expected that a larger fraction
of CO is in the gas phase. Even with such large fractions
of frozen-out CO, their data fall far below the Galactic
Center and 3 kpc arm clouds.

Smith et al. (2025) found that the ratio between CO,
COg, and H5O ices is small, with fitted HyO:CO:CO4 ~
2.6:1:0.8. Figure 5 shows that such ratios are incompat-
ible with the Galactic Center ices; the dashed blue line
approximates the Smith+ abundance with HyO:CO:CO,

H20:C0:C02 (10:1:1)
N(H2) [10%22 cm~2]
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show measurements from Smith et al. (2025) of the Chameleon
cloud. They have been artificially shifted to the right by Ay =
17 to match the assumed foreground in the Galactic Center data.
The right axis shows the dereddened measured color in the F405N-
F466N filter; it is not linear.

= 3:1:1, and that line misses most of the Galactic Center
data. The GC data show higher HoO fractions, which
may indicate a higher O/C ratio in GC gas. Appendix
E.3 shows that assuming lower HoO:CO ratio for the GC
gas would increase the CO abundance, widening the dis-
crepancy with the Smith et al. (2025) data, so that is
not a viable explanation for the excess GC abundance.
Appendix G compares our GC data to the KP5 (Pontop-
pidan et al. 2024) model, which was fitted to local YSOs,
and shows that it is also a poor fit, though it reasonably
matches the local cloud background stars.

6.3. Ice abundance variations within the Galactic
Center

The measurements from project 2221 include an addi-
tional region, the Cloud C/D component of the Galac-
tic Center’s dust ridge, and a foreground infrared dark
cloud. These data are presented in Gramze et al.
(2025). Figure 11 shows these data overlaid on the Brick
data. There are evidently environmental differences,
both within the Galactic Center (i.e., between Cloud C
and the Brick) and between the GC and clouds outside
the center. Cloud C has marginally higher (~ 0.1 dex)
ice column density at all Ay, while the 3 kpc arm cloud
has substantially lower (~ 0.3 dex) values, especially at
high column density. Notably, all probed regions have
higher CO ice abundance than the local Chameleon cloud
(§6.2.1).

6.4. Metallicity is the best explanation

Section 6.2 demonstrated that, throughout much of the
Brick lit by background stars, the fraction of carbon in
CO ice exceeds 50%. Section 6.3 confirmed that this is
true throughout the Galactic Center dust ridge and even
well into the Galactic disk. Furthermore, it showed that
there are clear environmental differences, with CO ice
fractions in the GC larger than those in the 3 kpc arm
and both larger than the solar neighborhood. We eval-
uate the different assumptions below and conclude that



the most parsimonious interpretation is that the carbon
abundance with respect to hydrogen, and in turn the
abundance of CO, is significantly and measurably higher
in the Galactic Center. We evaluate several alternative
hypotheses.

First, we check whether the apparent excess CO could
be caused by incorrect ice opacity assumptions. In-
deed, as discussed in Appendix C, Ginsburg et al. (2023)
adopted incorrect assumptions. However, we performed
extensive checks, and found that there is no available
parameter space that allows this possibility: the labo-
ratory measurements of CO ice are close enough across
different laboratories and a wide range of temperature
assumptions that changes to the opacity cannot explain
the CO excess. Allowing other molecules to supplant CO
in the opacity curve results in color changes that do not
fit the data, as hinted in Figures 5 and 8. We note, how-
ever, that there are several opacity curves (e.g., those
from FEhrenfreund et al. 1996a,b, 1997) that were not
available in the online archives any longer”; these mod-
ified opacities still should not substantively change the
inferred CO abundance, but we were not able to evaluate
them quantitatively.

Second, we consider whether the apparent excess in
CO abundance is caused by variation in the gas-to-dust
ratio (GDR) rather than an increase in the total CO.
It is clear that this explanation cannot completely ac-
count for the observations: we directly measure only
the CO-to-dust ratio, which is evidently higher in the
GC, and only infer the CO-to-hydrogen abundance from
the dust. Nevertheless, our abundance measurements
could be systematically affected by our assumed GDR.
A lesser GDR and a greater C abundance, X (C), have
the same effect of increasing CO abundance at fixed Ay .
Assuming X (C) is proportional to metallicity (Z) while
the gas-to-dust ratio is inversely proportional to Z, i.e.,
N(H) x GDR x 1/Z and N(CO) x X(C) x Z,

_N(O)
X(CO) = N (H) Z*. (9)
The actual relation is unlikely to be linear in both vari-
ables, since we show evidence that there is CO excess
with respect to dust, but still, the CO abundance should
be very strongly sensitive to metallicity.

Finally, we examine whether the choice of extinction
curve might be a primary bias. The main concern is that
a different conversion from color (e.g., F182M-F212N) to
Ay holds in the GC and the Galactic disk, such that
the GC data would appear as a high-Ay extrapolation
of the disk data rather than vertically offset in Figures
11. The extinction curve toward the Galactic Center
has only limited measurements (Chiar and Tielens 2006;
Fritz et al. 2011, Ferres in prep). It is particularly chal-
lenging because the line of sight to the Galactic Center is
long and likely populated with different grains between
0-7 kpc and between 7-8 kpc, i.e., the inner kpc is very
likely to have qualitatively different dust properties than
the Galactic disk. We do not have any evidence for a

7 Some opacity files are recoverable from the in-

ternet archive, https://web.archive.org/web/*/https:
//www.strw.leidenuniv.nl/~ehrenfreund/isodbx*, but  oth-
ers, like the E75_SR.NK opacity table used in KP5 (Appendix G),
are not.
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systematic variation in the extinction curve, and indeed
find that alternative extinction curves are incompatible
with the data (see Appendix E.2).

6.5. Correlations of CO ice with metallicity and
galactocentric radius

Given the hints that CO ice abundance is correlated
with total metallicity, we quantify that relation in this
section. We suggest a relation that may be used to in-
fer metallicity from CO ice abundance measurements,
though we caution that it needs further validation. The
results are summarized in Figure 12.

We measure cloud-average CO abundances and com-
pare them to the expected environmental metallicity.
The CO ice abundance we report is the average of the
binned medians at Ay > 22, i.e., 5 magnitudes into the
cloud, for the Galactic Center clouds (the Brick and dust
ridge clouds) and the 3 kpc arm cloud. For the local
Chameleon cloud, we use the weighted mean and RMS
of the data with S/N> 5 from Smith et al. (2025), which
closely match the standard local assumed CO abun-
dance assuming a high freezout fraction, log (CO/H,) =
—4.02 +0.11.

For metallicity, we adopt a gradient —0.044 + 0.05 dex
kpc™!, i.e., assuming a linear gradient in log(Z) from
Z(Rga = 0)=2.25 £ 0.25 to Z(Rgq = 8.1)=1 in units of
Zg. Méndez-Delgado et al. (2022) have found this gradi-
ent to fit well the oxygen abundance values for Galactic
radii greater than about 5 kpc; measurements at smaller
radii are sparse. We assume the dust ridge and Brick
clouds are at the Galactic center and the 3 kpc arm cloud
is at 3 kpc from the Galactic center, but note that the
uncertainty on that cloud’s position is 2 1 kpc: it’s defi-
nitely in front of the Galactic center, and almost certainly
within the bar-dominated radius, but the actual distance
remains unknown; we adopt an uncertainty of 1.5 kpc for
model fitting below. We assume the Chameleon cloud is
at 8.1 kpc from the Galactic center.

We fit a line to the data, finding the CO ice abundance
varies as

[CO/Hy] = 0.23(Z/Z) — 4.25 (10)

The uncertainties on the metallicity are large and sys-
tematic, while the uncertainties on the CO ice abundance
arise from the data and reflect real measurement uncer-
tainty. As a more direct fit to the data, we also fit the
CO ice abundance as a function of Galactocentric radius,
finding

[CO/H3] = —0.04Ryq — 3.74 (11)

We also infer the metallicity by adopting a different
set of assumptions, specifically that the freezeout frac-
tion in the GC and disk clouds are the same at the same
relative depth into a cloud. Under this assumption, by
examining Figure 11, the GC metallicity appears to be
2.5-5 times solar. We do not measure a single value; as
emphasized in Appendix F, the CO ice abundance and
the ratio of ice column densities between clouds varies
as a function of depth. Nevertheless, the average star is
at a CO ice abundance roughly 2.5x solar, which is con-
sistent with other measurements of GC metallicity. This
measurement may be translatable into a more precise
measurement with statistical uncertainties once we have
a greater understanding of what produces the correlation


https://web.archive.org/web/*/https://www.strw.leidenuniv.nl/~ehrenfreund/isodb*
https://web.archive.org/web/*/https://www.strw.leidenuniv.nl/~ehrenfreund/isodb*
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between abundance and column density, and that under-
standing may come through improved chemical models,
spectroscopy, or both.

While these approaches need further validation by di-
rect measurement of metallicity and CO abundance in
the same environment, they have the potential to provide
a powerful new tool for metallicity measurement. Stellar
color measurements within and behind dense molecular
clouds may be inverted to determine the ice-phase metal-
licity in the environments most closely linked to star and
planet formation.

It is even plausible that this method could be used to-
ward extragalactic cold molecular clouds if the individual
stars can be resolved or if the inevitable foreground pop-
ulation can be adequately subtracted. We note, however,
that in extragalactic observations, there is a greater risk
of blending surrounding ISM emission lines into the pho-
tometric bands (e.g., from recombination lines or PAH
emission features) and therefore ‘filling in’ the ice ab-
sorption, and therefore added caution should be exer-
cised before using purely photometric data as we have
here.

6.6. The spatial distribution of ices

The observations we report include spatial informa-
tion, which we have ignored to this point but now re-
turn to. The Brick data discussed here are limited to
Ay < 80, but the Brick reaches column densities factors
of several larger: we simply do not detect stars in F466N
in the innermost extincted part of the cloud. While there
is a clear correlation between the F466N and F356W
excess extinction, as shown in Figure 9, the wide-band
exposures went substantially deeper and therefore pene-
trate much further into the cloud. Figure 13 shows this
with two figures showing the highly-iced stars overlaid
on an emission map from ALMA and the GBT (Gins-
burg et al. 2025, Appendix H shows the iced stars on a
JWST background). There are highly excess-reddened
F356W-F444W stars covering most of the area of the
Brick, while the inner area is nearly blank, indicating no
stars are detected, in F405N-F466N colors.

The F356W-F444W excess sources are more tightly
coupled to the dense gas. Unlike the CO traced by
F405N-F466N, which is detected across the whole field-
of-view, the F356W excesses are limited to regions with
dust emission detected — i.e., higher column densities.
This feature hints at a chemical processing explanation:
CO and H5O ice are likely present in dust throughout
the Galactic Center even at relatively low column densi-
ties, while the methylated features that produce excess
absorption in F356W only appear at higher column den-
sities. These hints match prior conclusions from gas ob-
servations in which substantial depletion was inferred in
the cloud interior based on lack of correlation between
dust and gas emission (Rathborne et al. 2014). That im-
plies that there is fairly rapid hydrogenation of CO on
dust grain surfaces once adequate density and/or shield-
ing from external UV radiation is reached, in at least
rough qualitative agreement with chemical models.

The extensive CO ice seen throughout the cloud, and
especially in the outskirts where the column densities are
fairly low, implies that CO freezeout is happening early
in the cloud’s evolution. The Brick is not necessarily
collapsing, and instead may be undergoing a simultane-
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F1G. 12.— Plot of CO ice abundance vs metallicity (top) and
Galactocentric radius (bottom). See §6.5 for details.

ous crushing and stretching by tidal forces (Kruijssen
et al. 2019; Henshaw et al. 2019), such that its density
and temperature evolution has followed a more complex
path than usually considered in chemical evolution mod-
els. We have assumed in much of the above that CO
is 100% frozen out, since that is the most conservative
assumption when using CO as a metallicity tracer; any
additional CO in the gas phase would require an even
higher metallicity. However, this total freezeout is itself
an interesting possibility, as it may imply that the cosmic
ray ionization rate in the Brick is lower than previously
considered (Clarke et al. 2024).

7. CONCLUSIONS

We report a photometric study of the Brick com-
bined with modeling based on laboratory measurements
and comparison spectroscopic and photometric data sets
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dened F405N-F466N < —0.4 and F356W-F444W > 0.4, respec-
tively. The background image is the ACES + MUSTANG-2 image
that combines ALMA with Green Bank Telescope data to show
the emission primarily from dust, which roughly traces the column
density of the gas. The fields-of-view in these images are not the
same because projects 2221 and 1182, which covered the narrow-
and wide-bands, respectively, had different footprints.
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from other Galactic regions. We demonstrate the use of
the icemodels package to predict JWST photometry us-
ing laboratory transmission data, which are intended for
general use.

We report several observational results:

e There is excess absorption in the F466N filter as
compared with F212N, F405N, and F410M, indi-
cating the presence of CO and H5O ice.

e There is excess absorption in the F410M filter as
compared with the F405N filter, indicating the
presence of COs ice.

e There is excess absorption in the F356W filter as
compared with the F444W filter. This excess is not
fully explained.

e These excesses are correlated with one another,
suggesting they are all attributed to increased ice
accumulation on dust grains.

e Color-color diagrams including the above filters
were compared to laboratory ice models. An ice
mixture of HyO:CO:CO5 ~10:1:1 best fits the ob-
servations of the narrow-band filters, though the
uncertainty or physical variation in this ratio may
be large. This is a higher ratio of HoO:CO than
observed in local clouds.

Using these observed excesses, we measure the col-
umn density of CO across the Brick. We find that the
CO ice abundance exceeds local values, and the CO
ice abundance exceeds the total CO abundance adopt-
ing solar neighborhood values. We attribute the higher
CO ice abundance to higher metallicity. Comparing the
Brick to local clouds, a cloud in the 3 kpc arm, and
the Galactic Center dust ridge, we see a clear gradi-
ent in CO abundance from the solar neighborhood to
the Galactic Center. We use the abundance difference
to infer metallicity with two different approaches. By
assuming the freezeout fraction is independent of envi-
ronment, we obtain Zgc ~ 2.5 — 5Zg. By calibrating
against other metallicity measurements, we derive a re-
lation between the CO ice abundance and metallicity,
[COjee/Ha] = 0.23(Z/Zs) — 4.27. This relation may be
used to measure metallicity in cold molecular clouds us-
ing JWST NIRCam photometry.

The unexplained excess absorption in F356W, its
strong correlation with F466N absorption, and its in-
crease toward the center of the Brick cloud suggest that
extraordinary chemical activity is occurring in this re-
gion. We suggest that this activity is, at least, rapid and
substantial formation of CH3OH ice, and possibly forma-
tion of substantially more complex molecules. Followup
spectroscopy is needed to say more.

Dust in the Galactic Center is icier and more water-rich
than the solar neighborhood.
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A. CAUTIONS AND CAVEATS WITH THE ICEMODELS

APPROACH

We outline some of the limitations and caveats of the
icemodels modeling software.

By using laboratory-measured opacities, the absorp-
tion models are tied to those measurements and inherit
both their strengths and weaknesses. The lab measure-
ments report opacity or absorbance values at all wave-
lengths at which the experiment was performed, whether
or not there is real signal at that wavelength. This means
that there is an effective opacity floor set by the noise
level of the lab measurements, and this noise floor is not
consistent across reported opacity values. The opacity
floor plays an important role in determining the total
opacity in filters, especially the broad-band filters, for
which narrow absorption features (like CO) have little
effect, and at high column densities where the opacity in
ice peaks exceeds 7 >> 1 such that further increase in
the optical depth no longer produce measurable changes
in the observed flux. The noise floor is rarely the ap-
propriate value to use; instead, for most of the NIRCam
band at least, the broad H2O ice opacity features set the
relevant opacity floor.

Further, we are using only ices that have been mea-
sured in laboratory. It is possible that there are ices,
and certain that there are ice combinations, that exist
in the ISM but have not been measured in lab. For ex-
ample, OCN™ ice has only been measured in a specific
mixture because of the photolysis required to produce
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it (Novozamsky et al. 2001). Modeling performed with
icemodels and the laboratory databases should there-
fore never be considered complete - any inadequacies in
the laboratory measurements or databases will be re-
flected in models with this code.

The normalizations adopted in this code are tricky and
do not necessarily conform to conventions used by the
ice chemistry community - in part because the author
could not determine what those conventions are. The
core module absorbed_spectrum computes the optical
depth, and in turn the absorbed spectrum, based on an
input column density of ice, i.e., number of molecules
per square centimeter. For a pure ice, this number is
unambiguous. When modeling the absorbed spectrum
as a function of column density of a specific ice species,
as we do in this work, ice mixtures are more compli-
cated. The opacity in the laboratory measurement must
be re-scaled before passing to the absorbed_spectrum
function, or the column density must be recomputed to
be column of an average ice particle.

For example, if modeling CO ice in a 1:2:3 mixture of
CO, COg3, and H50, the mass of CO is

. mco
M(CO)=M 12
(CO) <Zce)mco+2mcog+3mﬂ2o (12)
12
— M(ice)——= 1
(o) 5 s 1 51 (13)

=0.078M (ice) (14)
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F1G. 14.— Opacities used shown overplotted on the full NIRCam
band. This plot can be used to guide filter selection or, at a glance,
infer which ice species may affect a given photometric measure-
ment. Curves are from Gerakines and Hudson (2020), Gerakines
et al. (2023), and Mastrapa et al. (2009).

The absorption constants k are defined for the total ice,
and therefore if the ice column is specified as N(CO), the
constants should be scaled down by M (CO)/M (ice) =

0.078 before passing to absorbed_spectrum.

B. ADDITIONAL ABSORBANCE PLOTS

Figures 14 and 15 show ice opacities from selected ice
species overlaid on the transmission curve of NIRCam
filters. To first order, any peak above fcrr > 107! ¢cm?
will have a strong effect even at low column densities, and
any absorption peaks above kerr > 1071 ¢cm? cannot
be ignored. Some molecules apparently have substantial
opacity, such as NHjz, but they are not expected to freeze
out at the more modest column densities (i.e., N(Hy <
10%® em~2) that allow background stars to be detected
(Caselli et al. 2022).

C. CORRECTIONS TO GINSBURG+ 2023

Ginsburg et al. (2023) performed CO ice column mea-
surements assuming the only ice present was pure CO.
That work was able to produce high absorptions, up to
the measured ~ 75%, because of both a flawed assump-
tion and a bad extrapolation. Figure 16 shows in green
the opacity curve for CO ice from Hudgins et al. (1993).
In Ginsburg et al. (2023), the edges that drop to zero
were instead assumed to stay flat at the last measured
opacity - i.e., it was (incorrectly) assumed that pure CO
ice has measured opacity at all wavelength with a con-
stant kepp ~ 5 x 10?0 cm?. Comparing to the Gerakines
et al. (2023) curve, it is clear that that assumption overes-
timated the ice opacity across the F466N band by about
an order of magnitude. The CO ice abundances thus
measured were therefore systematically incorrect.

D. F405N-F410M BEHAVIOR

In §5.2, we discussed a ‘turnaround’ feature seen in the
F405N-F410M vs F182M-F212N color-color diagram. In
Figure 17, we show the curves for COs ice from 0 to
2 x 10" em™2 for a few different laboratory CO, ice
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Fic. 15.— Opacities overplotted on the F277W, F323N, F360M,
and F480M bands. Similar to the other opacity plots (Fig. 2,
14, and 4, the main aim is to show which ices are likely to affect
a given photometric band. Curves come from Rocha and Pilling
(2014), Mastrapa et al. (2009), and Mukai and Kraetschmer (1986).
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F1G. 16.— Opacities from several important ices (CO and H20)
overlaid on the JWST transmission curve (thick grey line) in the
F466N band. The Hudgins et al. (1993) curve was used in Ginsburg
et al. (2023), but was erroneously extrapolated from the cutoff
edges seen in this figure. The other curves are from Mastrapa
et al. (2009) and Gerakines et al. (2023).

measurements. The black dots at 10'® cm™? indicate
roughly where the CO4 line saturates and the turnaround
point occurs.

E. UNCERTAINTIES ON CO COLUMN DENSITY AND
N(Hz) MEASUREMENTS

In this appendix, we explore the uncertainties in Figure
10.

E.1. Foreground Extinction

Figure 18 compares different possible choices of fore-
ground extinction values adopting the CTO06 extinction
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Fic. 17— A demonstration of the effect of COs ice on the
F405N-F410M color.
curve. An et al. (2011) and Jang et al. (2022), who ex-
amined Spitzer IRS spectra of icy sources in the Galac-
tic Center, adopt Ay, r;=20. Nogueras-Lara et al. (2021)
adopt Ak g = 1.87, or Ay y4 = 17. The leftmost figure
shows that, for this adopted extinction curve, Ay = 15
is too low - the red curves fall to the left of the sharp
increase in star counts associated with the Galactic cen-
ter. The middle figure, Ay = 17, closely matches the left
edge of the star population, indicating that this is a good
approximation for the purely foreground, ice-free extinc-
tion. The right, with Ay =20, roughly bounds the right
edge of the GC-associated stellar population: many stars
likely do have 25 >Ay 4 > 17 because they are at differ-
ent depths into the Galactic Center and Galactic Plane,
but are still behind primarily low-density ISM dust. The
~ 3 —5 magnitudes of uncertainty in the amount of fore-
ground material has a small (< 0.1 dex) effect on the
inferred column density.

E.2. Extinction Curve

The choice of extinction curve can have a large effect on
inferred total extinction. Figure 19 compares the Chiar
and Tielens (2006) curve to the Gordon et al. (2023)
curves with Ry =3.1 (middle) and 5.5 (right). The former
two are effectively identical. Dust with higher Ry pro-
duces a substantially different Ay and therefore N(Hs)
by about 30% (0.5 dex), however, this Ry is disfavored
for foreground dust. Figure 20 shows that the higher Ry
curve is disfavored, while the other two are equally ac-
ceptable; the data in that figure are all photometric mea-
surements from the Brick data set with [F405N]-[F466N]
> —0.1, i.e., those with no clear ice absorption signal.
While this 30% difference might be an upper limit, we
regard it as unlikely and adopt a lower ~ 10% uncer-
tainty from extinction curve uncertainty.

E.3. Ice Mixture and total CO abundance

The choice of ice mixture is likely the dominant uncer-
tainty in our measurements of ice abundances, and it is
degenerate with the total CO abundance. The possible
range of total CO abundance (CO/H,) is from 1 x 1074,
the solar neighborhood value, to 2 x 103, which is the
upper limit assuming all carbon is in CO and the Galac-
tic center carbon abundance is C/H=10"3 ([C/H-12] =
9.0). The latter extreme is not very plausible, however,
as > 25% of carbon is expect to be in other forms, e.g.,
carbonaceous grains, COs, or PAHs. Figure 21 shows
the effect of different CO abundance measurements on
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the predicted colors of ice mixtures. The assumed abun-
dance changes the shape of the model curves because we
assume that, starting at the cloud edge, the column of
total ice is proportional to the column of Hy and 100% of
the CO is in ice. While that latter assumption is bad (we
know there is gas-phase ice at least at the cloud edge),
it is useful for evaluating the extremes, as 100% freeze-
out is expected at the highest densities, as the extreme
values of the model curves must accommodate the most
extinguished data.

The endpoint of these curves is relevant, as the high-
est column density of Hy we probe with F466N is about
N(Hy) ~ 5 x 10?2, The lowest-abundance plot, with
CO/Hy = 1074, cannot produce the deepest absorption
observed with any of the mixtures. One can extrapo-
late that a much higher HyO:CO abundance ratio would
match the data, but such extreme O/C ratios seem un-
likely. The two color-color diagrams with higher CO
abundance have a range of curves that cover the full
observed data, with higher CO abundance correspond-
ing to lower HyO:CO ratio, though none of the plausible
CO abundances are consistent with solar-neighborhood
water ratios.

To retrieve N(ice) from a set of measurements, we com-
pute the absorption as a function of total ice column, but
that total ice is comprised of a fixed mixture of molecular
ices. The effective opacity in a given line per unit mass
is diluted by the presence of other ices. Figure 22 shows
the effect of different ice mixtures - specifically on the
relative amount of HyO- on the inferred CO ice column.
The column density of CO is approximately linearly an-
ticorrelated with the assumed amount of HyO.

Summarizing, HoO:CO:CO, 2 15 is inconsistent with
essentially all of the data, as is Hy0:CO:COy < 8.
Within these constraints, we then have ~ 2x uncertainty,
or ~ 0.3 dex.

F. CO ABUNDANCE GROWTH

The CO abundance appears to consistently rise with
column density. We plot CO abundance vs Ay and col-
umn density in Figure 23. The hexbin plot shows the
Brick data with box-and-whisker plots in bins of width
Ay =5 or logN(Hg) = 0.1 overlaid. We fit both linear
and second-order polynomial functions to the medians of
the bins above Ay > 22, i.e., starting one bin past the
foreground. In the N(Hs) plot, the column density starts
at Ay = 17, i.e., we assume ice growth begins at the edge
of the cloud, ignoring foreground Ay. The power-law
fit gives X = 1071'N(H3)%33, though the second-order
fit better matches the data, indicating that the abun-
dance increase slows down. Theoretically, the CO abun-
dance may turn around as CO is converted into other
species, but our data do not show this definitively. The
rise from zero CO ice in the atomic ISM to the first solid
measurement at Xgo = 10738 is well-probed within the
data sample, but is dominated by systematic uncertainty
about the foreground extinction level, which may be sur-
mountable with spectroscopic observations.

The amount of scatter in the CO column also decreases
with increasing column density. This effect comes from
a combination of spatial selection, in which the higher
column densities only exist closer to the center of the
Brick cloud and therefore select for a more homogeneous
subsample, and line-of-sight selection. The higher scat-
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scribing the foreground medium. The data shown are the ice-free
data selected from the Brick data set.

ter at low column densities is produced by an effect that
disappears at higher columns: we sample stars at differ-
ent depths into the Galactic center, and even behind the
Galactic center, that have different total foreground dust
extinction at a constant amount of CO. Given that the
total extinction to the Galactic Center is Ay ~ 17, even
stars on the other side of the galaxy with double the dif-
fuse ISM path length would be limited to Ay < 40, so
above this threshold stars can only be extinguished by
Galactic Center clouds.

G. COMPARISON TO KP5

Pontoppidan et al. (2024) presented a constrained dust
plus ice model similar to those we have created based
on a fit to Spitzer c2d data as presented in Chapman
et al. (2009). This icy dust opacity model has been used

Ay from F182M-F212N (mag)

Ay from F182M-F212N (mag)

successfully to model extinction of gas-phase CO (Ru-
binstein et al. 2024) and Hy (Okoda et al. 2025) lines in
NIRSpec and MIRI spectra of nearby protostars, where
ice features can be very deep (Yang et al. 2022; Feder-
man et al. 2024). In our modeling approach, we have
separated the extinction measurement and subsequent
dereddening from the measurement of excess absorption,
but the end result is the same: the amount of ice absorp-
tion scales linearly with the total column density and
therefore the total extinction. To make the KP5 model
work in our framework, we treat it as a pure ice, no-
dust model and let the ice column set the dust extinc-
tion. We calculate the number fraction ice in the KP5
model is HyO:CO5:CO = 72:25:2.7 in the NIRCam band
(KP5 uses different ice mixtures at different wavelengths,
so it is not formally self-consistent), which results in a
CO/H = 2.7 x 107, much lower than adopted elsewhere
in this work. The KP5 model is not a good fit to our
data, confirming the conclusion that Galactic Center ice
is substantially different from the ice observed in Galac-
tic disk protostars. In particular, it under-predicts the
F466N absorption from CO ice and over-predicts F410M
absorption from COs. Figure 24 shows this comparison.

H. WHERE ARE THE ICY STARS

Figure 25 shows where the icy stars reside. Stars with
substantial color excess in the F466N filter, tracing CO,
and the F356W filter, hypothesized to trace CH3OH, are
shown overlaid on background images made from the nar-
rowband project 2221 filters and the wideband project
1182 filters, respectively. The figures highlight that stars
with excess absorption are not detected toward the center
of the cloud because extinction in that region is too high.
They also highlight that the CO-absorbed stars are more
widespread than the F356W-absorbed stars, contribut-



CO/Hy = 1.0 x 1074, Npax(H2) = 5.0 x 1022 cm~2

0.0 -

—0.5

~1.0 4

F405N - F466N

-1.5

-2.0
0.0

1.0 1.5

F182M - F212N

2.0

F405N - F466N

COHy =25 1074, Npax(H2) = 5.0 x 1022 cm~2

0.0 %

—0.51

-1.01

-1.51

-

-2.0
0.0

1.0 15

F182M - F212N

0.5

F405N - F466N

-1.5

-2.0

23

CO/H, =5.0 x 1074, Npax(Hz) = 5.0 x 1022 cm~2

7

0.0 7w
—0.5

-1.04

1.0 15
F182M - F212N

0.0 0.5

F1G. 21.— Comparison of different assumed CO/Hz ratios in color-color space used to evaluate the valid range of ice ratios HoO:CO:CO2
as shown in Figure 5.
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Fic. 23.— CO ice abundance vs Ay and column density in the Brick. The data are the same as those shown in Figure 10, but with
N(CO) divided by N(Hz2) as the Y-axis. The box-and-whisker plots are binned in bins of width Ay = 5.

ing to the hypothesis that chemical processing at high
density is required to produce that excess and hinting
that a more complex molecule, like CH30H, is respon-
sible. The F356W-excess stars are seen slightly further
into the center of the cloud because the wideband filters
provide greater sensitivity.
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F1a. 24.— Color-color diagrams showing the extinction-tracing
F182M-F212N on the X axis vs F405N-F466N tracing CO (left)
and F405N-F410M tracing CO2 (right). While the KP5 model pro-
duces qualitative agreement with the trend to the blue in F405N-
F466N, which other extinction models (also plotted) do not, its
slope does not match that of the Galactic Center data.
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Fic. 25.— We show where the most ice-absorbed stars occur. The first figure shows stars with dereddened F405N-F466N < —0.3 and
Ay > 17, with extinction measured from F182M-F212N color. The backdrop is the star-subtracted F405N+F466N image from Ginsburg
et al. (2023). The second shows stars with F356 W-F444W > 0.3 and Ay > 17, with extinction measured from F200W-F400W color. The
backdrop is an RGB image composed of F444W (R), F356W (G), and F200W (B) from program 1182. The colormap is the dereddened
color, going from the threshold value in dark red to white at the most extreme.
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I. A DEEPER CHECK ON NIRCAM FILTERS

We repeat Table 1 but with a higher column density
in Table 2. In this table, we adopt a column density of
each ice molecule of 10'? em™2, which is expected for
some molecules (CO, H20) and unlikely (but not im-
possible) to be observed anywhere for some others (e.g.,
OCS, HCN, CH3OH). If a molecule does not appear in
this table and it has been measured in lab, it is unlikely to
produce substantial, detectable absorption in any NIR-
Cam filter.

I.1. MIRI filters

For completeness, we computed the same tables as in
Appendix I for MIRI. We have not examined the MIRI
filters closely, but these measurements provide a first-
look idea of what MIRI might detect. Tables 3 and 4
mirror tables 1 and 2, but for MIRI rather than NIRCam.

J. ISO SPECTRA OF GC SOURCES

Since no Galactic Center JWST spectra are public at
the time of writing, and none have been acquired toward
any of our target sources, we refer to ISO spectra near
Sgr A* as references for chemically similar environments.
Gerakines et al. (1999) published spectra of GCS 3 and
4, pointings toward the Quintuplet cluster, focusing on
the CO4 feature. Moneti et al. (2001) measured H5O,
CO, and XCN toward GCS 3. These spectra are still
rising at 4 pm, indicating the dominance of warm dust
emission in the large 14 x 20” ISO SWS aperture. The
XCN feature at 4.6 um peaks at the same depth as CO,
hinting that this feature may be substantial in the Brick
spectra, taken from only a few arcminutes away. How-

ever, the derived synthetic colors from this spectrum do
not match the NIRCam data, and the ISO spectra have
relatively low total optical depth. Both of these lines of
evidence mean these spectra are not a perfect analog of
the stars we measure.

K. EFFECTS OF MIXED ICE

Figure 27 shows a comparison between a linear combi-
nation of pure ices and a direct mixture of these ices. The
curves are dramatically different in some regards. From
3.2-3.5 pum, the lab mixture is an order of magnitude
more opaque than the linear combination or than the
pure CH3OH ice, which likely indicates a change in the
absorption cross section of those transitions (CH bonds)
in this ice mixture. The peak from 3.7-4.0 pum is also
much greater. Both of these peaks come from CH3;OH.
The HyO peak at 4.4 pm in the lab mixture shows a
much narrower profile. We do not know the origin of
all of these variations, but the general idea is that the
ice matrix in which these molecules are embedded can
affect the strength of the vibrational features. Ideally,
we would use laboratory measurements exactly matched
to the observed ices, but such are not available and per-
forming those experiments may be impractical.

L. THE OJA

This paper was built using the Open Journal of As-
trophysics IXTEX template. The OJA is a journal which
provides fast and easy peer review for new papers in the
astro-ph section of the arXiv, making the reviewing pro-
cess simpler for authors and referees alike. Learn more
at http://astro.theoj.org.
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TABLE 2

ICE MOLECULES THAT SIGNIFICANTLY ABSORB NIRCAM FILTERS [N(1CE)=10%" cm—2]
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Filter Ice Molecules

Amag Values

F250M CO2

F277W | CO2, HoO, CH30H, NH3
F300M H20O, CH30H, CO2, NH3, HCN
F323N H20O, CH30H, HCN, CO2, NH3
F322W2 | CO2, CH30H, HoO, HCN
F335M CH30OH, CO2, H2O, HCN, CHy4
F356W | CH30H, COg2, HCN, H20
F360M COg2, CH30OH, HCN, H20O
F405N COa2, H20, HCN

F410M COg2, H2O, HCN, CH30H
F430M COg, H20, HCN

F444W | CO2, H20, OCS, HCN

F460M CO2, H20, CO

F466N CO, CO2, H20

FA7T0N CO2, CO, H20

F480M OCS, CO2, CO, HCN, H20

0.33
0.71, 0.62, 0.34, 0.14

3.6, 1.5, 0.88, 0.41, 0.17
3.0, 1.9, 1.9, 0.83, 0.11
0.73, 0.55, 0.39, 0.21

1.9, 0.77, 0.65, 0.63, 0.13
0.81, 0.72, 0.44, 0.34
0.69, 0.55, 0.31, 0.11

0.8, 0.26, 0.17

0.99, 0.29, 0.17, 0.11

2.0, 0.38, 0.11

0.7, 0.25, 0.17, 0.14
0.43, 0.24, 0.23

0.64, 0.43, 0.22

0.42, 0.35, 0.18

1.1, 0.41, 0.26, 0.22, 0.15

Molecules that absorb NIRCam filters by at least 0.1 mag when their column density is 101° cm—2. This table is not comprehensive, since
some molecules are potentially much more abundant (e.g., H2O), and the more complex molecules are likely to be rarer. NIRCam filters

excluded from this table do not have significant (> 0.1 mag) ice absorption at N(ice)=10'" cm~2.

TABLE 3

ICE MOLECULES THAT SIGNIFICANTLY ABSORB MIRI FILTERS [N(1CE)=10'® cM~2]

Filter Ice Molecules Amag Values

F1130W | HoO 0.15

F1140C | H20 0.15

F1280W | H2O 0.14

F1500W | CO2 0.18

F1550C | CO2 0.25

Molecules that absorb MIRI filters by at least 0.1 mag when their column density is 10'® cm~2. This table is not comprehensive, since

some molecules are potentially much more abundant (e.g., H2O), and the more complex molecules are likely to be rarer. MIRI filters

excluded from this table do not have significant (> 0.1 mag) ice absorption at N(ice)=10'8 cm~2. Several molecules in the ice database
are excluded because they have not been reported in the ISM, including NH4CN, NoHy, and HC3N.

TABLE 4

ICE MOLECULES THAT SIGNIFICANTLY ABSORB MIRI FILTERS [N(1CE)=10'" cM~2]

Filter Ice Molecules

Amag Values

F560W CH3COCH3, CO2, H2O, HCN, OCS
F770W CH3COCH3, CH30H, Ho0O, CO2, HCN
F1000W | NH3, CH30H, H20, CO2, CH3COCH3
F1065C H20, CO2

F1130W | H2O, CO2, CH30H, OCS, HCN, CH3COCH3
F1140C | H20O, CO2, CH30H, OCS, CH3COCH3
F1280W | HoO, CH30H, HCN, CO2, OCS
F1500W | HoO, CO2, CH30H

F1550C | H2O, CO2, CH30H

F1800W | HoO, CO2, NH3

F2100W | NH3, H2O, CO2, C4N2, CH3C3N
F2300C | NH3, H20, C4N2

F2550W | CH3CH2CN

0.31, 0.3, 0.26, 0.22, 0.13
0.36, 0.27, 0.26, 0.24, 0.12
0.39, 0.34, 0.31, 0.29, 0.15
0.74, 0.29

1.4, 0.28, 0.22, 0.14, 0.11, 0.11
1.5, 0.28, 0.22, 0.12, 0.11

1.3, 0.83, 0.4, 0.34, 0.1

0.91, 0.6, 0.54

0.81, 0.68, 0.46

0.49, 0.27, 0.14

0.34, 0.26, 0.12, 0.1, 0.1

0.23, 0.15, 0.15

0.1

Molecules that absorb MIRI filters by at least 0.1 mag when their column density is 10'° cm—2. This table is not comprehensive, since
some molecules are potentially much more abundant (e.g., H2O), and the more complex molecules are likely to be rarer. MIRI filters

excluded from this table do not have significant (> 0.1 mag) ice absorption at N(ice)=10° cm~2.
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Fi1c. 26.— ISO spectra of GCS 3 (top) and GCS 4 (bottom), pointings toward the Quintuplet cluster.
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F1G. 27.— Comparison of our linear combination of ices to a real
lab mixture. The orange curve shows a laboratory measurement
from Hudgins et al. (1993) of a HoO:CH30H:CO:NH3 mixture of
100:50:1:1. The blue curve shows our linear combination of four in-
dependent laboratory measurements of pure ices of these molecules
from Mastrapa et al. (2009), Fraser (via LIDA; no reference is pro-
vided on their site), Gerakines et al. (2023), and Roser et al. (2021).
There are very significant differences between these opacity curves,
which we discuss in §K.
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F1a. 28.— Comparison of the effective opacities of the HoO:CO:COg ice mixtures considered. These are all normalized to the CO column
density such that the opacity plotted is the total opacity of the ice per CO molecule. The second figure shows the same, but now with the
individual pure ice components also shown.
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