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A Tale of Three: Magnetic Fields along the Orion Integral-
Shaped Filament as Revealed by JCMT BISTRO survey

Jintai Wu et al. 

Abstract  

As part of the BISTRO survey, we present JCMT 850 μm polarimetric observations towards the Orion 
Integral-Shaped Filament (ISF) that covers three portions known as OMC-1, OMC-2, and OMC-3. The 
magnetic field threading the ISF seen in the JCMT POL-2 map appears as a tale of three: pinched for OMC-1, 
twisted for OMC-2, and nearly uniform for OMC-3. A multi-scale analysis shows that the magnetic field 
structure in OMC-3 is very consistent at all the scales, whereas the field structure in OMC-2 shows no 
correlation across different scales. In OMC-1, the field retains its mean orientation from large to small scales, 
but shows some deviations at small scales. Histograms of relative orientations between the magnetic field 
and filaments reveal a bimodal distribution for OMC-1, a relatively random distribution for OMC-2, and a 
distribution with a predominant peak at 90∘ for OMC-3. Furthermore, the magnetic fields in OMC-1 and 
OMC-3 both appear to be aligned perpendicular to the fibers, which are denser structures within the filament, 
but the field in OMC-2 is aligned along with the fibers. All these suggest that gravity, turbulence, and 
magnetic field are each playing a leading role in OMC-1, 2, and 3, respectively. While OMC-2 and 3 have 
almost the same gas mass, density, and non-thermal velocity dispersion, there are on average younger and 
fewer young stellar objects in OMC-3, providing evidence that a stronger magnetic field will induce slower 
and less efficient star formation in molecular clouds. 


Journal ref: ApJL, 977, L31 (2024)
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Figure 1. Panel (a): Dust polarization observations of Orion A ISF made with the POL-2 on JCMT. Grayscale image shows
the 850 µm total intensity (Stokes I). Red vectors are plotted in an interval of 8→→, showing the polarization angles with the
length proportional to the polarization degree. Black dashed lines mark the divisions between three clouds, i.e., OMC-1 to the
south, OMC-2 in the middle, and OMC-3 to the north. The locations of the 1.3 mm sources identified by Chini et al. (1997)
including MMS 1-10 in OMC-3, FIR 1-6 in OMC-2, and the Northeastern Sub-filament and Orion Bar in OMC-1 are marked on
the image. Panels (b), (c), and (d) show the histograms of the position angles of the B-field orientations for OMC-1, OMC-2,
and OMC-3, respectively. Panel (e): Blue vectors with a uniform arbitrary length are plotted in an interval of 20→→, showing the
magnetic field orientations, and are derived by rotating the polarization vectors by 90↑. The 850 µm total intensity is shown in
black contours at log10 scale (mJy beam↓1), which starts from 2.2 and continues at steps of 0.5

. The black dotted line splits the OMC-3 cloud into the North and South parts.

around the Orion A region. The B-field is roughly perpendicular to the ISF. Moreover, the field structure appears
slightly pinched toward the filament.
In addition, we check the optical starlight polarization observations to further explore the large-scale B-field in

relatively low-density regions (Poidevin et al. 2011). To limit our analysis to sources within the Orion cloud, we only
consider starlight detections that fall within the region of our JCMT observations and have a distance of 360→500
pc based on Gaia parallax measurements (Rezaei Kh. et al. 2020; Gaia Collaboration et al. 2021; Bailer-Jones et al.
2021). The B-fields derived from 61 detections are shown in Figure 2(b). The majority of the B-field half-vectors
have a west-east or northeast-southwest orientation, in general consistent with the Planck results. Given the optical
polarization data are presumably tracing the B-field threading the ISM around the ISF or that in the foreground
toward the ISF, the B-field structure shows small deviation compared to that seen in the Planck map.

Pol. 
Observations of 
Orion A ISF at 

λ=850μm
(a) Stokes I (Grey) + Polarization angles in 

8” interval (Red; lengths proportional to 
polarization degrees) 

(b) θB in OMC-1 
(c) θB in OMC-2 
(d) θB in OMC-3 
(e) B-field orientation in an interval of 20” 

(Blue)

•OMC-1: B-field is mostly perpendicular to the main filaments, but is parallel to the sub-filaments; 
hour-glass shape fields near the Orion BN/KL 

•OMC-3: B-field is ordered, mostly perpendicular to the main filaments  
•OMC-2: relatively chaotic B-field structure



Comparisons with 
larger-scale & 
smaller-scale  

B-fields directions
(a) τ(850 μm) map (color) + B-field 

directions inferred from Planck data at 
353GHz (purple) 

(b) Stokes I + B-field directions by star-
light, JCMT and CARMA-TADPOL  

(c) TADPOL results for OMC-1 
(d) TADPOL results for OMC-2 
(e) TADPOL results for OMC-3 
(f) Difference in angle between Planck (5’-

beam) vs. JCMT(14”-beam) 
(g) Difference in angle between JCMT(14”-

beam) vs. TADPOL-CARMA (2.5”-beam) 
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Figure 2. Multi-scale B-field orientations in the ISF. Panel (a): the background image displays 850 µm opacity map obtained
from the Herschel and Planck data (Lombardi et al. 2014); purple segments indicate the large-scale B-field orientations inferred
from the Planck 353 GHz data. A yellow dotted line marks the galactic latitude b=19→. Panel (b): B-field orientations derived
from starlight, JCMT POL-2, and CARMA observations. The background image shows the JCMT 850 µm total intensity map;
blue vectors plotted at an interval of 32↑↑ denote the B-field orientations observed by JCMT POL-2; cyan vectors represent the
B-field orientations revealed by starlight polarization observations (Poidevin et al. 2011); red vectors show the averaged B-field
orientations obtained by the CARMA TADPOL survey (Hull et al. 2014). In Panels (c), (d), and (e), red vectors indicate the
B-field orientations obtained by the CARMA TADPOL survey in selected dense cores located in OMC-1, OMC-2, and OMC-3,
respectively; blue vectors show the B-field orientations derived with the JCMT POL-2 observations; the CARMA observations
of the total dust emission at 1.3 mm are shown in black contours at log10 scale (mJy beam↓1), which starts from -2.0 and
continues at steps of 0.5 in Panel (c), starts from -2.0 and continues at steps of 0.2 in Panel (d), starts from -1.0 and continues
at steps of 0.3 in Panel (e). Panel (f): Histograms of the di!erence angles between the B-field orientations unveiled by Planck

and that by the JCMT POL-2 for OMC-1, OMC-2, and OMC-3. Panel (g): Histograms of the di!erence angles between the
B-field orientations obtained by the JCMT POL-2 and that by the CARMA TADPOL survey for OMC-1, OMC-2, and OMC-3.

•OMC-1 & OMC-3: Δθ, δθ peaked at 0°, fairly consistent among all size-scales 
•OMC-2:  Δθ, δθ distributions are rather flat; no clear correlation between different size-scales 



Relation between B-
field and filamentary 

structures
(a) “Skeltons”, determined by “filfinder” 

- Colors correspond to different 
angles 

- Main filament + sub-filament 
(b) B-field orientation relative to Skelton’s 

for OMC-1 
- Bimodal (0° or 90°) 

(c) Same as (b) but for OMC-2 
- Uniform 

(d) Same as (b) but for OMC-3 
- Perpendicular (90°) 

(e) N2H+ “fibers”, intertwined filamentary 
bundles in OMC-1 & 2 

(f) Same as (e) but in OMC-3 
(g) - (i) B-field orientation relative to fibers
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Figure 3. Panel (a): Colored points show locations along the skeleton of each filament where the filament orientation is
compared with the B-field orientation, and the color scale denotes the derived di!erence angle between the two orientations, as
indicated by a color bar on the top; the 850 µm total intensity is shown in contours with levels at a log10 scale (mJy beam→1),
starting from 2.2 and continuing at steps of 0.5. Panels (b), (c), and (d): Histograms of the di!erence angles between the
filament skeleton and B-field orientations for OMC-1, OMC-2, and OMC-3. Panel (e): Red vectors plotted at an interval of 12↑↑

show the B-field orientations derived by the JCMT POL-2, and the gray scale image shows the N2H
+ (1-0) velocity integrated

emission in OMC-1 and OMC-2 (Hacar et al. 2018). Panel (f): the same as Panel (e), but for OMC-3, and the N2H
+ data are

taken from (Zhang et al. 2020). Panels (g), (h), and (i) show the histograms of the di!erence angles between the N2H
+ fibers

and POL-2 B-field orientations in OMC-1, OMC-2, and OMC-3, respectively.

di!erence angles between the fiber and B-field orientations, as shown in Figure 3(g-i). In OMC-1, the fibers tend to
be perpendicular to the B-field; this is not di”cult to understand considering the bimodal distribution for the relative
orientation between the B-field and filaments (Figure 3b) and here the fibers traced by the N2H+ emission represent
the high-density part of the filaments. In OMC-3, the fibers are clearly perpendicular to the B-field, consistent with
the distribution of relative orientation between the B-field and filaments. Interestingly, the fibers in OMC-2 appear



Discussion & Summary (1)
• OMC-1: “Gravitational”


‣ e.g., hour-glass shape structure


• OMC-2: “Turbulent”


‣ B-field directions change at different locations and size-scale


• OMC-3: “Magnetic”


‣ ordered field direction


• “Relative” B-field strength estimate with Davis-Chandrasekhar-Fermi (DCF) method


‣ OMC-1 > OMC-3 > OMC-2



Discussion & Summary (2) 
The impact of B-field on 

star formation
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Figure 4. Panel (a): Distribution of detected YSOs overlaid on the B-field orientation maps. All the YSO candidates and
high-mass stars are taken from the literature (Megeath et al. 2012; Furlan et al. 2016; Großschedl et al. 2019). Purple vectors
at a 20→→ interval indicate the B-field orientations observed by the JCMT POL-2. The Class 0, Class I, flat-spectrum sources,
and pre-main sequence stars with disks are denoted in green, pink, yellow, and red colors, respectively. For each YSO type,
the confirmed ones that are consistent in di!erent literature are represented by star symbols; newly discovered candidates by
Großschedl et al. (2019) are indicated with filled circles; controversial candidates, showing inconsistencies in di!erent literature,
are marked with filled squares. Panels (b), (c), and (d): Histograms of the four YSO types in OMC-1, OMC-2, and OMC-3,
respectively; Class 0, Class I, flat-spectrum sources, and pre-main sequence stars with disks are labeled as ‘0’, ‘I’, ‘F’, and ‘D’,
respectively, with the same colors as in Panel (a); filled histograms represent confirmed YSOs, hollow histograms depict newly
discovered YSOs, and vertical gridded histograms indicate controversial YSOs.

• Active star formation in OMC-1 
　- a lot of YSOs with disks (D) + high-
mass star formation 

• Star formation activity: OMC-2 > OMC-3 
　-  stronger B-field in OMC-3 regulates 
star formation activities ?

0: class 0 
I: class I 
F: flat sp. 

D: YSOs with 
Disks



Solid and Gaseous Methane in IRAS 23385+6053 
as seen with Open JWST Data

Nakibov, R. et al. 

Abstract  

We present a new description of the 7.7μm region towards the high-mass star-forming region IRAS 
23385+6053 taken from open James Webb Space Telescope Mid-Infrared Instrument Medium Resolution 
Spectrometer (JWST MIRI/MRS) data. This area is commonly attributed to the ν4 deformation mode of 
methane ice. For the first time gaseous and solid methane were analyzed simultaneously in IRAS 
23385+6053. The band at 7.58--7.8 μm (1320--1280 cm−1) is interpreted as a wide solid absorption methane 
feature overlapped by the sharp features of the methane emission. We report the detection of gaseous 
methane and estimate its emitting area radius R, temperature T and column density N as R=2940 au, 
T=103+13−11 K, and N=0.78−0.64+6.18 × 1017 cm−2, correspondingly. The ice content was analyzed with the 
laboratory spectra dataset of methane in different molecular environments obtained on the Ice Spectroscopy 
Experimental Aggregate (ISEAge). We were able to describe the wide feature of solid methane with the 
following laboratory spectra: CH4 : CO2 = 1 : 5 (at 27.4+6.0−10.8 K) and CH4 : H2O = 1 : 10 (at 8.4+16.4−1.7 K) 
deposited at 6.7 K and warmed up at a rate of 0.5 K per minute. The derived column densities are NCH4(CO2) 
= 2.97+0.37−0.57×1017 cm−2 and NCH4(H2O) = 1.02+0.46−0.27×1017 cm−2. According to the best fit solid methane is 
mostly surrounded by CO2 rather than H2O. The residuals analysis reveals the unassigned region at 
1283--1297 cm−1 (7.71--7.79 μm) which is tentatively assigned to nitrous oxide (N2O) in various environments. 


Accepted to ApJL



Backgrounds
• Methane (CH4) is …


‣ one of the most abundant molecules in space; is found both in gas and solid states in various 
objects, including molecular clouds, protostars, protoplanetary disks, comets, atmosphere in 
planets and exoplanets


‣ one of the simplest carbonaceous molecules, a precursor of more complex organic molecules 
and a key species in WCCC


• The shape and position of CH4 solid state absorption bands in IR depend on the molecular 
environment


‣ Comparisons with laboratory experiment is essential to describe observational results


• This paper: CH4 deformation mode at 7.7μm detected with JWST is reinterpreted based on their 
laboratory spectra of astrophysical relevant ice mixtures + gaseous CH4 emission.



IRAS 23385+6053
• Young high-mass star forming regions 

with 6 dense cores, two YSOs and 
three high-velocity outflows


• d=4.9 kpc


• ~3000L⦿


• Total envelope mass ~ 510M⦿


• Cold gas & dust (50K) + warm (~400 
K) gas created by outflows


• JWST data taken from MAST 
database (↓)
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Figure 1. Intensity maps of IRAS 23385+6053 at di!erent wavelengths from the first, second, third and fourth channels of
JWST MIRI-MRS spectrograph. The white circle shows 2.4→→ aperture from which the spectrum is extracted. Channels have
di!erent pixel size and map size depending on the observed wavelength. The young stellar objects are designated as A and B as
in Francis et al. (2024). The white circle in the lower left corner shows the FWHM. The red circle shows the surface emission
area of gaseous methane. The red cross shows the methane gas emission peak.

of turbomolecular pump in combination with a forevacuum pump allowing for a base pressure of 2 · 10→10 mbar prior
to deposition (measured by Pfei!er Vacuum IKR 270). The gaseous material is introduced from all-metal dosing
line through leak valves. The components ratio is monitored using a Stanford Research Systems RGA200 quadrupole
mass spectrometer. The ion currents for the mass-spectroscopy are chosen to reflect the desired concentration as well
as to account for nonlinear dependency of ice growth rate on ion currents according to protocol similar to used in
Slavicinska et al. (2023). The gaseous material is condensed on Ge window, surrounded by custom made gold-coated
radiation shield. The window can be used in a temperature range from 6.5 K to 305 K controlled by Lakeshore 335
controller through the application of the resistive (50 ”) heating in combination with LakeShore DT-670B-SD standard
curve Silicon diode used for monitoring. The Ge window is cooled by closed-cycle helium cryostat. The symmetrical
geometry of the setup leads to equal deposition of introduced material on both sides of Ge window utilizing the
‘background deposition’ method. Transmittance IR spectra then are acquired using the Thermo Scientific Nicolet
iS50 FTIR spectrometer in the range between 4000 and 630 cm→1 (2.5 and 15.9 µm) with 1 cm→1 resolution. FTIR
spectrometer and the whole path of the IR beam outside of the UHV main chamber is flushed with pure N2 to minimize
atmospheric gas contamination of the spectra.
The compounds used are as follows: CO (99.9999 %, Ugra-PGS), CO2 (99.9999 %, Ugra-PGS), deionized H2O, CH4

(99.999 %, Ugra-PGS). Gaseous CO, CO2 and CH4 are introduced directly into the dosing lines from the commercially
acquired gas bottles. H2O was purified by a freeze-pump-thaw cycle three times before each experiment.

4. LABORATORY DATA

Given the limited amount of methane spectra available in the literature, and taking into account the temperature
gradient in protostars of IRAS 23385+6053 we conducted our own series of experiments. The ices were warmed to
mimic the temperature changes of the interstellar dust grains during the protostar evolution. The following mixtures
were obtained and warmed up: binary ices of CH4 with H2O, CO2, NH3, CH3OH. These molecules are the main
constituents of the polar layer of ice on a surface of the dust grain where methane is assumed to form Boogert et al.
(1997b). The ratios of ice components were chosen based on astrochemical predictions for low-mass and massive YSOs
(see Table 2 in Boogert et al. (2015)).
We performed two sets of experiments with the deposition temperature of 6.7 and 10 K, which correspond to

temperatures of pure crystalline II* and II phases of solid methane (Emtiaz et al. 2020), and thermally programmed
desorption (TPD) afterwards (at a rewarmth rate of 0.5 K per minute) continuously recording both IR and mass-
spectra. Results of these experiments will be thoroughly described in a separate follow-up paper. Here we focus on
the mixtures utilized in this paper: CH4 : H2O = 1 : 10, CH4 : CO2 = 1 : 5 (Fig. 3).
The spectra of all mixtures were obtained following the procedure described below. A leak valve containing gaseous

methane was opened at first and shortly after reaching desired ion current a second leak valve was opened thus
starting the mixture deposition. The deposition rate of methane onto a Ge substrate both at 6.7 and 10 K remained
constant at V = 5.9→ 1012 cm→2s→1 and the deposition continued for 120 minutes. Thus, we get a column density of
4.25→1016 cm→2 for CH4. Extra precautions were made to ensure the same deposition rate for methane depositions in
phases II and II* as those have di!erent band strengths (A(10 K) = 8.4→ 10→18 cm molecule→1 from Bouilloud et al.

White circles indicate 
the region from which 

the spectrum is 
extracted, and 

red circle shows the 
surface emission area of 

gaseous methane.



Obtained spectra at 5-25μm

• Global continuum subtraction: 
mixtures combination of (olivine 
+ pyroxene) with carbon [87%: 
13%] produced by “optool” 
(Dominik+ 2021)


• Local continuum subtraction: 
the third-order polynomial with 
guiding point place at 6.80, 
7.15, 7.80, 8.42 μm (Rocha et 
al. 2024)
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Figure 2. Panel a — The IRAS 23385+6053 spectrum after background subtraction. Global continuum is adopted from
Rocha, W. R. M. et al. (2024). The inset shows a zoom in on the 7.7 µm region. Panel b — A processed spectrum after global,
local continuum and a silicate profile subtraction. Panel c — Same as b, but with non-CH4 ices (OCN→, CH3CH2OH, SO2)
subtracted following Rocha, W. R. M. et al. (2024)

(2015) for peak position 1301 cm→1, A(8 K) = 1.04→ 10→17 cm molecule→1 from Gerakines & Hudson (2015) for peak
position 1297 cm→1), we used di!erent calibrated ion currents for di!erent temperatures. During the deposition and
TPD the infrared and mass-spectra were recorded. The IR spectra were recorded every 45 seconds (an average of 32
scans) with a single spectrum averaging 128 scans at the end of each deposition.
On obtaining IR spectra of CH4 : CO2 mixture with the ratio of 1 : 5 at 10 K with a rewarmth rate of 0.5 K per

minute a doublet with peak positions matching the observational data is observed after ↑40 K. It is also the only
mixture that covers both wings in width. We attribute this to di!erences in ice structure upon deposition. We note
that Boogert et al. (1997b) mentions the doublet structure of methane ice in the CO2 matrix during the warm up of
CH4 : CO2 mixture with a rate of 2 K per minute, however, no reference spectra are provided in that paper.
The observed width and shape ultimately led us to choose a CH4 : CO2 = 1 : 5 as one of the main constituents for

fitting. Another component is the CH4 : H2O = 1 : 10 mixture chosen due to ubiquity of water in icy mantles.

5. SPECTRAL FITTING PROCEDURE

We assume the resolved doublet band to be a combination of wide ice band with a sharp 1306 cm→1 emission feature.
While being considered a volatile specie gaseous methane is rarely detected in the gas phase due to the absence of



Fitting procedures
• The prominent gaseous features and heavy outliners of unknown origins were 

masked and the spectrum itself was smoothed so that the continuum that 
represents ice was obtained. 


• The resultant ice continuum is subtracted.


• A simple LTE slab model was adopted to emulate emission of gaseous methane: 


where Ω = S/d2, k(ν, T) is the absorption coefficient, and N the column density of 
gaseous methane.  


• Ice fit was made to the spectrum after subtracting global and local continuums. 
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features and heavy outliers of unknown origin were masked and the spectrum itself was smoothed (locally estimated
scatterplot smoothing (LOESS, Cleveland (1979)), 20 points window). The result, representing ice continuum, was
subtracted and the residuals were tested for normality, assuming normal distribution.

Following the research on gaseous species of IRAS 23385+6053 (Francis et al. 2024) a simple LTE slab model was
used to emulate emission of gaseous methane, the ßux densityF is given as

F (! ) = ! B! (T)(1 ! e! " ) =
S
d2 B! (T)(1 ! e! " ) "

S
d2 B! (T)k(" , T)N, (1)

where ! = S/d 2 is the solid angle subtended by the aperture,S is the area of emitting surface,d = 4 .9 kpc is the
distance to the object, B! is the PlankÕs law,# is the optical depth, N is the column density, k(" , T) is the absorption
coe" cient and # = kN . For this study linearization introduces an additional 5% error. One cannot estimateS or N
independently from this formula, instead estimating the S áN value and temperature T, which controls the relative
intensity of bands.

The area and column density were recovered by estimating the areaS directly from the ßux intensity maps. The
upper area limit is given as 2.4"" from which the original spectrum was extracted. Since gaseous methane is distributed
across this aperture we investigated each pixel to analyze gaseous methane distribution using the S/N ratio. It was
found that gaseous methane features have low S/N ratio in single pixels (! 2.3) and therefore we decided to integrate
the signal using aperture extraction centered at the pixel with strongest gaseous methane emission. Setting the
signiÞcant S/N ratio to 3 we estimate the lower emitting area limit as the 1.2 arcsec aperture (5880 au diameter).

To estimate the temperature and column density the$2 was minimized, given as

$2 =
N obs!

i =1

(F i
obs ! F i

model )2

%2 , (2)

whereNobs is the number of analyzed data points,Fobs and Fmodel are observational and modeled ßux, correspondingly,
and %is the standard deviation of the observational spectrum. The conÞdence intervals were estimated from# $2

red -
maps following Avni (1976), with $2

red = $2/df and df = 1 degrees of freedom. The methane emission spectra were
modeled for temperatures between 10 and 150 K with a 1 K step using the TheoReTS 80 K methane line lists and
partition function by Rey et al. (2013) 1. The spectra were Doppler shifted by -50.2 km s! 1 (Beuther et al. 2018) and
convolved to an average (R " 3500) JWST MIRI-MRS instrument resolution ( Labiano, A. et al. 2021).

For the ice Þt we calculated optical depth using the global continuum and subtracted the local continuum to isolate
the ice features. For$2 analysis the noise variance%2 was extracted following the procedure for the gaseous Þt. Given
that there is no standard distribution for the logarithmic transformation (ßux to optical depth) we assume normal
distribution. We used the linear combinations of laboratory spectra (CH4 : H2O, CH4 : CO2) at di $erent temperatures
T for Þtting with the scale coe" cients of the linear combination being estimated from the Þt. Therefore, for each pair
of spectra the column densitiesNCH 4 in H 2 O and NCH 4 in CO 2 were estimated. To obtain the scale coe" cients $2 was
minimized, given as

$2 =
N obs!

i =1

(#i
obs ! #i

model )2

%2 , (3)

where #obs and #model are observational and modeled optical depths, correspondingly, and%is the standard deviation
of the observational spectrum. In addition to minimizing $2, the residuals were tested for normality (see AppendixA
for details).

Following the Þtting performed in Rocha, W. R. M. et al. (2024) we also added to the Þt the cyanate ion (12 K
OCN! , formed in HNCO : NH3 = 1 : 1), CH 3CH2OH : H2O, and SO2 : CH3OH spectra obtained inNovozamsky et al.
(2001), Terwisscha van Scheltinga, J. et al.(2018) and Boogert et al. (1997b), correspondingly, taken from the Leiden
Ice Database for Astrochemistry (LIDA) since those describe well the wide component superimposed on the blue wing
of the target doublet. We discard the need of accounting for bands distortion due to grain shape pointed byDartois
et al. (2024) since the 7.69µm (1300 cm! 1) methane band is more sensitive to changes in its environment rather than
to a variability of the grain size: the matrix and temperature e$ects should prevail provided the CH4 concentration
does not exceed 30% of the whole matrix (Boogert et al. 1997b).

1 URL: https://theorets.tsu.ru/molecules.ch4.low-room-t



Experimental methods
• Ural Federal University ISEAge setup


‣ An ice growth controlled composition under 
ultrahigh vacuum condition and cryogenic 
temperature


‣ Gaseous material composition is monitored by 
a mass spectrometer


‣ The temperature of Ge window on which ice is 
condensed can be 6.5K-305K


‣ Transmittance IR spectra can be acquired


• Some obtained spectra in the left panel: 


‣ The CO2 mixture is strongly influenced by the 
deposition temperature
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Figure 3. Top panel Ñ the warm up of the mixture CH 4 : CO2 = 1 : 5 from 6.7 K and 10 K with 0.5 K per minute; bottom
panel Ñ the warm up of the mixture CH 4 : H2O = 1 : 10 from 6.7 K and 10 K with 0.5 K per minute. The CO 2 mixture is seen
to be strongly inßuenced by the deposition temperature. The dotted lines mark the peak positions for H 2O mixtures observed
before the warm up and serve as visual guides.

a permanent electric dipole moment. IRAS 23385+6053 displays a temperature gradient on the chosen line of sight
(Gieser et al.2023; Francis et al. 2024). Therefore, on lines of sight towards protostars in the object, there are regions
with various gas and dust temperatures. Thus, it is reasonable to assume that observed methane spectra can be
interpreted using warmed-up laboratory ice spectra. Next, it is natural to explore the observational spectrum for the
signs of gaseous methane. Indeed, some of the gaseous species are already analyzed inFrancis et al. (2024), however,
methane is not covered.

In order to Þt gaseous and solid phases simultaneously we utilized a two-step procedure given the di! erences in
techniques used for di! erent phases. Firstly we estimated the temperature and column density of gaseous methane.
The careful statistical treatment is required, since gaseous features on the spectrum considered in this study have
low signal-to-noise (S/N) ratio. Therefore, the more common approach of estimating ice continuum by a spline with
guiding points placed at emission-free regions was discarded. On the ßux density spectrum the prominent gaseous

CH4 : CO2 =  
1:5

CH4 : H2O =  
1:10



Spectral fitting results(1) gaseous methane 

• Emitting area = 2.7×107 au^2 
(R=2940au)


• T=103+13-11K, 


• N=0.78 -0.64+6.18 ×1017 cm-2
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6. RESULTS AND DISCUSSION

Following the procedures described in sections above, we derive the emitting area, temperature and column density
of gaseous methane to beS = 2 .7 ! 107 au2 (R = 2940 au), T = 103+13

! 11 K (1! level) and N = 0 .78! 0.64
+6 .18 ! 1017 cm! 2,

correspondingly. The best Þt of the gaseous methane spectrum is shown on see Fig.4. The protostar has a heated core
and displays a temperature gradient up to 100 K in cold regions as shown inGieser et al.(2023). Other paper by Francis
et al. (2024) concerning gas-phase molecules suggests dust temperatures above the CO2 sublimation temperature closer
to protostars. The intensity maps analysis shows that the signal from the most prominent gaseous feature (1306 cm! 1,
S/N ratio of 2.3) does not match the position of the source emission peak, instead being o! set from it (see red aperture
in Fig. 1). The high best-Þt temperature of gaseous methane implies that the emitting methane is located only in the
most massive source (source A) with a supermassive accretion disk. Based on the Þtted temperature, we assume that
the emitting methane is located at the edge of the accretion disk or in the envelope.
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 Gaseous methane at 103 K
 IRAS 23385+6053 (ice continuum subtracted)
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Figure 4. Best simulated gaseous methane spectrum plotted against observational data with subtracted ice continuum. A good
agreement is shown between the prominent gaseous features and outlying sharp features in the observational spectrum.

The subtraction of Þtted gaseous features reveals an unsplitted broad ice feature spanning from" 1320 cm! 1 to
" 1280 cm! 1 (7.58Ð7.8µm), see Fig. 5, top panel. The analysis shows that the whole span cannot be described by
neither the solid methane in various environments nor by a complex set of COMs, as can be seen in Figure 6 in
Rocha, W. R. M. et al. (2024). Following the described procedure the CH4 : CO2 and CH4 : H2O spectra of di! erent
temperatures were paired and their linear combination Þtted to the IRAS 23385+6053 spectrum.

In the Fig. 5 one can see a Þt of the observational data with laboratory IR spectra and the simulated gaseous
spectrum. The ÔdoubletÕ is fully described by mixtures with water and carbon dioxide overlapped by the emission
spectrum of gaseous methane. Most methane budget is best described by the CH4 : CO2 mixture (1 : 5 at 27.4 K
heated from 6.7 K, 0.5 K per minute) with an addition of CH4 : H2O mixture (1 : 10 at 8.4 K heated from 6.7 K, 0.5 K
per minute). This falls in contrast with the methane-water mixtures used predominantly for the description of this
feature. However, it is to be duly noted that the amount of high quality spectra displaying the Þner spectral details is
limited. Further JWST data will show whether this result reßects unique properties of the protostar or is a common
pattern. This result also points at the importance of accounting for ices grown at the temperatures corresponding
to methane II* phase. It is also worth mentioning that ¬Oberg et al. (2008) reports a ÔcuriousÕ correlation between
column densities of methane and CO2, which is stronger than correlation between methane and H2O, although the

The high best-fit temperature of gaseous methane implies that  
the emitting methane is located only in the most massive source (source A) with a 

supermassive accretion disk.  

Based on the fitted temperature, we assume that  
the emitting methane is located at the edge of the accretion disk or in the envelope.



Spectral fitting results(2): solids  
(new assignment !)

• The spectrum after the subtraction of gas features shows broad ice 
features (the upper panel of the figure).


• The ice features are well reproduced by the mixture of CH4+CO2 
and CH4+H2O ices as listed in the above Table and the middle 
panel of the figure. 


• Remaining spectrum still exhibits additional broad feature, 
tentatively assigned as N2O ? (based on ISEAge setup, Bottom 
panel)
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Figure 5. Observational data Þtted with ISEAge laboratory mixtures (solid lines), LIDA data (dashed/dotted lines), and
simulated methane emission spectrum derived from TheoReTS data.
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Table 1. The list of derived column densities and absorption band strengths for the deformation mode of methane ( ! 4) at 7.7 µm

solid CH4 Temperature Band Strength References IRAS 23385+6053 IRAS 23385+6053

T , K A, cm T, K Nice ( CH 4 ) ! 1017 , cm! 2

pure 8 1.04! 10! 17 Gerakines & Hudson (2015) " "
with CO 2 6.7 1.0! 10! 17 This work 27.4+6 .0

! 10.8 2.97+0 .37
! 0.57

1:5
with H 2O 6.7 8.9! 10! 18 This work 8 .4+16 .4

! 1.7! 1.02+0 .46
! 0.27

1:10

gaseous CH4 Emitting area radius Reference IRAS 23385+6053 IRAS 23385+6053
R, au T , K Ngas ( CH 4 ) ! 1017 , cm! 2

2940 This work 103+13
! 11 0.78! 0.64

+6 .18

Note Ñ ! The lower limit for CH 4 : H2O mixture is the deposition temperature: 6.7 K.

former weakens if only the objects with known CO abundances are considered. The strong spatial correlation between
methane and CO2 is reported in Lei et al. (2024) for IRAS 16253-2429, but not for IRAS 23385+6053.

The estimated values for temperatures and abundances are presented in Table1. The temperature of CH4 : CO2

ice is well-constrained atT = 27.4+6 .0
! 10.8 K (1! level) and the temperature for CH4 : H2O is estimated asT = 8 .4+16 .4

! 1.7
K. The lower limit for the CH 4 : H2O mixture is the deposition temperature of 6.7 K.

We performed calculations to obtain the relative absorption band strength of methane in mixtures with water and
carbon dioxide in order to get more accurate column density estimations. We estimate the best-Þt column density
of methane in the H2O environment for IRAS 23385+6053 asNCH 4 (H2O) = 1 .02+0 .46

! 0.27 ! 1017 cm! 2 and the column
density for methane surrounded by CO2 asNCH 4 (CO2) = 2 .97+0 .37

! 0.57 ! 1017 cm! 2. In view of the above, we estimate the
total methane column density on the line of sight to beNice (CH 4 ) = 3 .99! 1017 cm! 2 (Nice (CH 4 ) /N ice (H 2 O) = 2 .44%),
which matches the value fromRocha, W. R. M. et al. (2024) (Nice (CH 4 ) /N ice (H 2 O) = 2 .72%) within the margin of
error. The calculated absorption band strengths are shown in the Table1. The column density of water on the line of
sight for IRAS 23385+6053 was taken fromRocha, W. R. M. et al. (2024).

As seen from the residuals graph only the region around 1290 cm! 1 (7.75 µm) of the whole span is left unassigned.
We tentatively attribute the " 1297Ð1283 cm! 1 (7.71Ð7.79µm) region to the nitrous oxide (N2O) after the additional
experiments with N2O-bearing ices on the ISEAge setup. The 1283 cm! 1 feature of pure nitrous oxide shifts to the
blue in mixtures, reaching the largest shift with carbon dioxide (N2O : CO2 = 1 : 20). There, the N2O feature shifts by
14.4 cm! 1 to as far as 1297.4 cm! 1. The spectra of pure N2O and in mixtures with H 2O, CO2, and CO are presented
in Appendix B. The secure detection, however, is hindered by the lack of data on the main N2O feature at 2221.5
cm! 1 (4.5 µm). The same underÞtting can be seen in the object NGC 1333 IRAS 2A (Figure 6 inRocha, W. R. M.
et al. (2024)) in the region presumably belonging to nitrous oxide. IRAS 23385+6053 is also considered in that paper
but the assumed N2O region is Þtted well. The N2O is also tentatively detected in pure form in 4.5µm region (Nazari,
P. et al. 2024) and, irradiated, in 7.7 µm region (Rocha et al. 2024).

7. CONCLUSIONS

In this work the 7.7 µm band of IRAS 23385+6053 was analyzed based on the open JWST data. The object is a
complex protostar that has a temperature gradient on the line of sight. The 7.7µm band contains overlapped features
of both icy and gaseous methane. We Þt an emission spectra of gaseous methane before the solid phase Þt, conÞrming
the detection by multiple matches between the simulated and observed spectra. The Þtting for the ice composition
was performed with the mixtures obtained with ISEAge setup for CH4-bearing ices deposited at 6.7 K and 10 K which
correspond to amorphous and crystalline phases of methane. In contrary to water-methane ices being predominant in
literature we show that an investigation of other binary mixtures, their deposition temperature and thermal evolution



Hydrogenation of acetaldehyde on interstellar 
ice analogs reveals limited destruction

Germán Molpeceres, Thanh Nguyen, Yasuhiro Oba, Naoki Watanabe
Abstract  

We sought to determine which are the main hydrogenation paths of acetaldehyde (CH3CHO). As a partially 
unsaturated molecule, CH3CHO can have links with more hydrogenated species, like ethanol (C2H5OH) or 
with more unsaturated ones, like ketene (H2CCO). We used highly accurate quantum chemical calculations to 
determine the reaction rate constants for the CH3CHO + H/D reaction. Our theoretical results are confronted 
against our experiments on the hydrogenation and deuteration of CH3CHO ice. We find that acetaldehyde 
resists hydrogenation, with only a 10\% of conversion to products different than CH3CHO. This is due to a 
predominance of H-abstraction at the HCO moiety, with reaction rate constants up to four orders of 
magnitude higher than the next possible reaction channel, that is hydrogenation at the aldehydic carbon. The 
formed CH3CHO radical experiences barrierless or nearly barrierless reactions in all possible reaction 
positions, reforming CH3CHO and creating a closed loop that protects the molecule against hydrogenation. 
We constrain the branching ratios for the second reaction from experiments. Our experiments agree with the 
calculations and from the combination of both we can explain the presence of H2CCO, CO, CH4, C2H5OH, 
H2CO or CH3OH as minor products at the end of the reaction. We provide recommendations for future 
modeling efforts. Our results show limited destruction of acetaldehyde, reinforcing the vision of this molecule 
as an abundant and resilient COM. From the experiments, we are not able to observe the reactive desorption 
of this molecule. Our results align with other modeling works, showing that the link between CH3CHO and 
C2H5OH is not direct. Finally, our results can explain the excess of CH3CDO found in prestellar cores. 
environments.  



