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Abstract

We present in this paper the results of high spectral resolution (R = 88,100) spectroscopy at 4.7 ym with iSHELL/
IRTF of hot molecular gas close to the massive binary protostar W3 IRS 5. The binary was spatially resolved, and
the spectra of the two sources (MIR1 and MIR2) were obtained simultaneously for the first time. Hundreds of '*CO
v=0-1, v=1-2 lines, and v=0-1 transitions of the isotopes of 2CO were detected in absorption and are
blueshifted compared to the cloud velocity v sg = —38 km s~ '. We decompose and identify kinematic components
from the velocity profiles and apply rotation diagram and curve-of-growth analyses to determine their physical
progerties. The temperatures and column densities of the identified components range from 30 to 700 K and 10*' to
10*? cm ™2, respectively. Our curve-of-growth analyses consider two scenarios. One assumes a foreground slab
with a partial covering factor, which well reproduces the absorption of most of the components. The other assumes
a circumstellar disk with an outward-decreasing temperature in the vertical direction and reproduces the absorption
of all of the hot components. We attribute the physical origins of the identified components to the foreground
envelope (<100 K), post-J-shock regions (200-300 K), and clumpy structures on the circumstellar disks (~600 K).
We propose that the components with a J-shock origin are akin to water maser spots in the same region and
complement the physical information of water masers along the direction of their movements.

Unified Astronomy Thesaurus concepts: Star formation (1569); Infrared sources (793); Interstellar molecules (849)

Supporting material: machine-readable table

1. Introduction

Although massive stars profoundly affect the evolution of
the universe, their formation and evolution processes are not
well understood. Massive stars are rare, deeply embedded in
the early stage, and seldom found to form in isolation.
Therefore, the large distances to the observers, the high
extinction at optical and near-infrared wavelengths, and the
highly clustered environment impede a clear understanding of
their formation and evolution processes.

Theoretical models for massive star formation have remained
controversial. Compared to the well-established formation
process of low-mass stars (McKee & Ostriker 2007), massive
stars do not form through an exact scaled-up mechanism due to
the strong radiation pressure, which dramatically influences the
accretion rate and the final stellar mass (Wolfire & Cassinelli
1987). Several approaches have been followed to overcome this
problem: the generation of radiatively driven bubbles and the
disk-mediated accretion (Krumholz et al. 2009; Rosen &
Krumholz 2020) in monolithic collapse models (McKee &
Tan 2003; Krumbholz et al. 2005) have been developed as a way
to overcome the radiation pressure barrier; the coalescence
scenario (Bonnell et al. 1998; Bally & Zinnecker 2005) in high
stellar density environments avoids the radiation pressure issues;
and the competitive accretion model (Bonnell et al. 2004;
Bonnell & Bate 2006) suggests that the forming stars accrete
material that is not gravitationally bound to the stellar seed. Each

Original content from this work may be used under the terms
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of these different scenarios has implications for cluster and
binary formation involving disks.

For high-mass star-forming cores, the current proposed
theoretical evolutionary sequence is: high-mass starless cores
— high-mass cores harboring accreting low-/intermediate-mass
protostar(s) destined to become a high-mass star(s) — high-mass
protostellar objects — final stars (Beuther et al. 2007). Observa-
tionally, the embedded phases of massive protostellar objects are
subdivided into infrared dark clouds, hot molecular cores,
hypercompact and ultracompact HII regions, and compact and
classical H 11 regions (Beuther et al. 2007). As the formation and
evolution proceed, the central object warms and ionizes the
environment and drives a rich chemistry. Complex physical
activities are involved in the evolution as well, such as accretion
disks, outflows, shocks, and disk winds (Cesaroni et al. 2007,
Zinnecker & Yorke 2007).

In the proposed evolutionary sequence of massive star
formation, each stage has its own characteristic physical condi-
tions. Mid-infrared (MIR) spectroscopy is sensitive to the presence
of warm gas (several hundreds of degrees) that is very close to the
protostar, often at a distance between 100 and 1000 au. Observing
at MIR wavelengths, therefore, fills the gap between the cooler and
more extended regions (>1000 au) emitting in the submillimeter/
millimeter and the innermost ionized HII regions traced by
observations at radio wavelengths. The MIR spectroscopy also
traces important characteristic chemistry during massive star
formation. At these high temperatures, grain mantles have
sublimated, and neutral-neutral reaction channels have opened
up, resulting in a rich inventory of organic molecules (van der Tak
et al. 2003; Agundez et al. 2008; Herbst & van Dishoeck 2009;
Bast et al. 2013).
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Figure 1. Selected '*CO, *CO, and C'®0 v = 0-1 and 'CO v = 1-2 absorption lines observed toward MIR1 (solid) and MIR2 (dashed—dotted). The dashed vertical
lines at —38 km s~ ! are the systematic velocities. In the panel of 2Co v =1-2, AE =E,—1 -y — E,—0=0. Transitions with similar energy levels are represented by
the same color. The '>CO v = 1-2 P1 and P26 of MIR1 are not plotted due to their poor spectral quality. The C'’O v = 0—1 spectra were not plotted because of the
limited energy levels of the observed lines. We note that the absorption at —60 km s~ on the '*CO v = 0~1 RO of MIR1 is contaminated by '*CO v = 0-1 R14, and

we do not use the two transitions in our analysis.

Molecular rovibrational transitions in the MIR provide a
unique opportunity to study the physical conditions and
chemical inventory of embedded phases in massive star
formation. The size of the MIR continuum emission region
provides the effective spatial resolution of such spectroscopic
observations because the observed absorption components are
exactly located in front of the infrared source and along the line
of sight. The full set of rovibrational lines can be covered in a
short bandwidth without the multiple frequency settings that
submillimeter observations require. Molecules without dipole
moments such as C,H, and CHy, which are among the most
abundant carbon-bearing molecules, can only be observed
through their rovibrational spectra in infrared. Therefore, MIR
spectroscopy at high resolution allows us to study the
properties of physical components close to massive protostars
and understand the interactions of the massive protostars with
their environment in a better way.

The active star-forming region W3 IRS 5 is in the Perseus arm
at a distance of 2.37 12 kpc (Gaia DR2; Navarete et al. 2019). The
high IR Iluminosity and the presence of radio sources reveal the
presence of high-mass protostars. Object W3 IRS 5 is a binary
(Megeath et al. 1996), and we refer to the northeastern component
as MIR1 and the southwestern one as MIR2, following the
nomenclature in van der Tak et al. (2005). Near-IR images reveal
that MIR1 and MIR?2 are separated by ~1”2 and coincident with
the bright submillimeter sources MM1 and MM2 (Megeath et al.
2005; van der Tak et al. 2005). In this paper, we present a rich
high-resolution spectrum of W3 IRS 5 in the 4.7 um M band
covering the rovibrational transitions of '>CO and its isotopologues
Bco, €0, and C'0. In contrast to early observations by
Mitchell et al. (1991) at the same wavelength, MIR1 and MIR2 are
now spatially resolved, and we are therefore able to separate the
different kinematic components in the complex absorption line
profiles, tracing the immediate environment of each source in the
W3 IRS 5 binary. We describe our observations and data reduction

in Section 2, and our analysis method includes a simple optically
thin foreground slab model, as well as a photospheric disk model
in Section 3. We present the identification process and the derived
physical conditions of different kinematic components in Section 4
and discuss the implications of our observations for our
understanding of high-mass star formation in W3 IRS 5 in
Section 5.

2. Observations and Data Reduction

We observed W3 IRS 5 with the iSHELL
spectrograph (Rayner et al. 2022) at the NASA InfraRed
Telescope Facility IRTF) 3.2 m telescope as part of program
2018B095 on UT 09:00 2018 October 5. The instrument was
used in its spectral mode M1 (see Table 1 in Rayner et al. 2022)
with a slit width of 0”375. This provides a resolving power of
R=)/AX=88,100 £2000 (Rayner et al. 2022) over a
wavelength range of 4.52-5.25 pm, excluding small gaps
between the echelle orders. The total on-source integration time
was 30 minutes, and the airmass was in the range of
1.535-1.443. The 15” long slit was oriented along a position
angle of 37°, so that the binary components of W3 IRS 5 were
observed simultaneously. The seeing conditions allowed for the
1”2 binary to be well separated in the M band. The targets were
nodded along the slit, allowing for the subtraction of the sky
and hardware background emission. The Spextool package
(version 5.0.2; Cushing et al. 2004) was used to reduce the
spectra. This includes wavelength calibration using the sky
emission lines and custom extraction apertures to separate the
binary components. The binary components are of similar
brightness in the M band. In the extracted spectra, the
contamination by the flux from the other binary component is
no more than ~5%-7%. This is estimated from the spectral
features at velocities v; g < —70 km s~ (Figure 1), where we
assume MIRI only has continuum, and the absorption lines
occur exclusively in MIR2. Telluric absorption lines were
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divided out using the program Xtellcor_model,* which makes
use of atmospheric models calculated by the Planetary
Spectrum Generator (Villanueva et al. 2018). The echelle
orders of iISHELL are strongly curved (blaze shape; cf. Figure 8
in iSHELL’s observing manual’). This was corrected for by
dividing by flat-field images taken with iSHELL’s internal
lamp. The Doppler shift due to the combined motion of the
Earth on the date of the observations and the systemic velocity
of W3 IRS 5 (visg = —38kms ™ '; van der Tak et al. 2000) is
—56km s~ '. This is sufficient to separate the deep telluric CO
lines from those in W3 IRS 5. Residual baseline curvature was
divided out using a median filter. We shifted the wavelength
scale by —18 km s~ to remove the motion of the Earth in the
direction of W3 IRS 5, converting it to an LSR scale. Finally,
we used the HITRAN database (Kochanov et al. 2016) to
identify the rovibrational transitions of '2CO and its
isotopologues.

Object W3 IRS 5 was also observed with the SpeX
spectrometer (Rayner et al. 2003) at the IRTF in order to
obtain a wider-wavelength view of this binary system. The
observations were done on UT 14:00 2020 August 14. The 15”
long SpeX slit was oriented along the binary position angle of
37°, and guiding was done in the K band on the slit spillover
flux. Spectra were taken with the SpeX LXD_Long mode using
the 0”5 wide slit. This yields a resolving power of R = 1500.
The instantaneous spectral coverage is 1.95-5.36 yum. The
standard star was HR 1641 (B3V). The IRTF/SpeX spectra
were reduced using Spextool version 4.1 (Cushing et al. 2004).
Flat-fielding was done using the images obtained with SpeX’s
calibration unit. The wavelength calibration procedure uses
lamp lines at the shortest wavelengths and sky emission lines in
much of the L and M bands. At the good seeing of ~0”5, the
binary was well separated and could be extracted without
significant contamination. The telluric correction was done
using the Xtellcor program (Vacca et al. 2003). This uses a
model of Vega to divide out the stellar photosphere. Vega’s
spectral type, AOV, differs from that of the standard star; thus,
care must be taken with interpreting features near hydrogen
lines.

3. Methods

For both MIR1 and MIR2, we have detected several hundred
lines in the v = 0-1 band of *CO, '>CO, C'*0, and C'’0 and
the v = 1-2 band of "*CO. In the rest of the paper we consider
v=0-1 as the default band of '*CO unless “v=1-2" is
specified. at 4.7 um in absorption. Figure 1 shows a selected
group of lines that illustrate that each MIR source has a number
of distinctive kinematic components that are characterized by
different excitation conditions. For example, MIR2 shows
highly blueshifted gas, up to —90 km s ™', but MIR1 does not.
The 3CO, C”O, and C"0 lines of MIR?2 are centered on the
systemic velocity of v sg = —38 km s . In contrast, for MIR1,
lines of the lowest J levels center on v; sg = —38 km s~ !, while
the high-J lines center on —46kms '. To explore the
properties of these components, we analyze the rovibrational
lines of each species simultaneously. We regard the optically
thin slab model in LTE as an appropriate start for optically thin
analysis (Section 3.1). In Section 3.2, we apply corrections

* hup: / /irtfweb.ifa.hawaii.edu /research /dr_resources/

5 http: / /irtfweb.ifa.hawaii.edu/~ishell iSHELL_observing_manual
20210827.pdf
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when the effects of optical depth, covering factor, and radiative
transfer are important.

3.1. Preliminary Analysis: Optically Thin Slab Model
under LTE

Recovering the column density information from an
absorption line is straightforward if emission from the
molecular gas is negligible, and the relative intensity of the
line to the continuum can be described by an attenuation factor,
e ', in which 7 is defined as the optical depth. This is the
commonly considered slab model, where a cold, isothermal
absorbing cloud is in front of a hot continuum source. In the
context of the direct environment of a massive protostar, the
foreground cloud can absorb the MIR emission from a disk or
hot core. In the context of this paper, we note that the Planck
function peaks at 4.7 um for a temperature of 600 K. Hence, the
background continuum source will have to have a temperature
of that order or higher. Moreover, in order to see absorption
lines, the continuum source has to have an emission optical
depth at least of order 1, while the foreground cloud has to be
considerably cooler than 500 K (A. G. Barr et al. 2022, private
communication).

In a slab model, when the lines are optically thin, we can get
the column density &V, in the lower state of a transition directly
from the integrated line profile by

Ny = 87/ (Au g /g, [Tm)av, (M

in which A,; is the Einstein coefficient, g; and g, are the
statistical weight of the lower and upper level, and

T(v) = —In(lobs /1), @)

where I,,s and I. are the intensity of the absorption and
continuum.

If the absorbing gas is in LTE at an excitation temperature,
Tex, the population in the rotational level J is thermalized

according to
N _  Na exp(_ E ) 3)
8() Q(Te) kg Tex

where Ny is the total column density, E; is the excitation energy,
g(J) is the statistical weight of the level (g(J) = 2J + 1 for a linear
molecule), and Q(7) is the partition function. For a uniform
excitation temperature, the rotation diagram, In(N;/(2J+ 1))
versus E;/kp, follows a straight line, with the inverse of the slope
representing the temperature and the intercept representing the
total column density over the partition function. We can therefore
derive the temperature and total column density of the molecular
gas. If the slope on the rotation diagram is not a constant but has a
gradient, we regard the component as a compound of multiple
temperatures and fit In(N;/(2J + 1)) versus E;/kg with

No i
N _ ST —exp| - E , 4)
2J + 1 O(Tex, i) kpTe, i

i

where i represents the ith temperature component.

® In the rest of the paper, we consider = 0-1 as the default band of '*CO

unless v = 1-2 is specified.
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3.2. Curve-of-growth Analysis

3.2.1. Slab Model of a Foreground Cloud

For an absorbing foreground slab, corrections for the line
saturation are necessary for optically thick lines. We can use
the measured equivalent width,

Wy = f (1 = lops /)N = f (1 — e dh, )

to obtain the column density of each state from the curve of
growth (Rodgers & Williams 1974),

W
A
JTh T for < 1.254
) e 1+ Tp/(2x/§)
2b A '
— |In(1,/In2) + ——(7, — 1.254) forT > 1.254
- \/ (7p/1n2) ™ ﬁ( 7 )
(6)
where the peak optical depth is given by
T e?
T, = N1 fi, @)
m.bc

In the equations above, f}, is the oscillator strength, and + is the
damping constant of the Lorentzian profile. For CO rovibra-
tional lines, v due to radiative damping is of order ~10 s~ .
The Doppler parameter in velocity space, b, is related to the
FWHM of an optically thin line by Avpwgm = 2J/In2b. We
stress that the Lorentzian line width that ~ corresponds to (107
km s~ ") is negligible compared to the observed Doppler width
(a few kilometers per second).

As observations revealed that strong absorption lines did not
go to zero intensity, Lacy (2013) recognized several issues that
require cautions when applying an absorbing slab model. One
is that if emission from the foreground molecular cloud is not
negligible, the line intensity tends to approach the source
function and does approach the source function at a sufficient
optical depth. The source function equals the Planck function at
the line wavelength if the molecular gas is at LTE, which
requires sufficient density if no other scattering opacity is
considered inside the molecular cloud. As a reference, for a
representative background temperature above 600 K, the fore-
ground emission contributes an ~4% residual intensity at 7 ~ 5
in a 400 K cloud. The emission is therefore negligible in cooler
clouds with smaller columns.

Another problem that may occur is that the foreground cloud
does not cover the entire observing beam. The absorption
feature saturates at a nonzero intensity as well because of the
dilution, even if the emission from the gas is not important.
Should a covering factor f. be considered, Equation (2) is
modified to

Iops = L(1 — f.(1 —e™™)). )
Similarly, the left-hand side of Equation (6) is modified to
Wi/ (Vo).
3.2.2. Stellar Atmosphere Model of a Circumstellar Disk

The absorption may also occur if the dust thermal continuum is
mixed with the molecular gas, and there is an outward-decreasing
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temperature gradient. This scenario is similar to the stellar
atmosphere model when the continuum and line are coupled, in
which the residual flux,

R, =1/1I, 9

can then be approximated by the Milne-Eddington model
(Mihalas 1978), which assumes a gray atmosphere. In the
system of a forming massive star, such a model can be realized
in a circumstellar disk that has a heating source in the
midplane. In this scenario, saturated absorption lines approach
a constant depth, and there is no need to consider a covering
factor. We refer to Appendix A in Barr et al. (2020) for details
of the expected line residual flux in this model.

Following Mihalas (1978), for the stellar atmosphere model,
when there is pure absorption in the lines, the curve of growth
is constructed by considering the equivalent width versus [,
the ratio of the line opacity at line center, k(v =1y), to the
continuum opacity «:

+00
W, _ f (1 — R)dv
2AI/D 0
+00
= Aofo BoH (a, v)[1 + BoH (a, V)] 'dv, (10)
in which
W, — % — L% (11)
2Avp 2b 2b N
and
kv = 1)
= FE—
= AuX 8 N 1 — &N (12)
872w, g 0:Nu & Ni

In the equations above, v is the frequency shift with respect
to the line center in units of the Doppler width, and H(a, v) is
the Voigt function that gives the line profile, in which the
damping factor a=~yA/b is of the order of 10°® for CO
rovibrational lines. The parameter A, is the central depth of an
opaque line, and its exact value is determined by the radiative
transfer model of the surface of the disk. The value of Ay is
related to the gradient of the Planck function, dB/dr./B(T,),
where B is the Planck function, 7, is the continuum optical
depth, and T, is the surface temperature of the disk. For a gray
atmosphere, A is ~0.5-0.9 from 900 to 100 K (see Appendix
A in Barr et al. 2020). The dispersion in velocity space, o, is
transformed from the Doppler parameter, b/+/2. The con-
tinuum opacity, k., is given by the dust cross section per H
atom o,.. We adopt a value of 7 x 10> cm? /H nucleus for o,
following Barr et al. (2020), as it is appropriate for coagulated
interstellar dust (Ormel et al. 2011). We can eliminate the
bracketed item in Equation (12) if the stimulated emission is
negligible.

Similarly, for molecular gas under LTE, we may express [,

as
3
Bo = AuXN & | _&No e B/ (kD) (13)
8m\2mwao,0. & ) Q(T)Nu

where Q(7) is the partition function, and N,/ Ny is the relative
abundance of the molecules to hydrogen. If LTE sustains, we
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can thereby retrieve (N,o/Ny, T) through a grid search method
by comparing the observable W,/2Avp (or transform into
W,/ A) with the theoretical curve of growth and looking for the
smallest Xf- We note that our choice of o, influences the
derived absolute abundance, although we may still use the
derived abundance to calculate the relative abundance of
different species in the same kinematic component.

3.2.3. Comparing the Two Curve-of-growth Analyses

Although the two curve-of-growth analyses assume intrinsi-
cally different radiative transfer models, the absorption profiles
evolve in a similar way as the optical depth increases. The line
profile first grows like a Gaussian (the linear part) and then
saturates the intensity at the line center and thus slowly
increases the equivalent width through absorption in the
(Gaussian) wings (the logarithmic part). Finally, the equivalent
width grows quickly again when the Lorentzian wing takes
over (the square root part). The latter case does not apply to the
physical conditions in this paper because the Lorentzian
parameters ~y and a (see Section 3.2.2) are too small.

The main difference between the two models exists in the
lower limit of the center depth of a line. In the stellar
atmosphere model, A, does not approach zero; in a slab model
with a 100% covering factor, the line depth does saturate at
zero intensity. This is due to a mixture of the origin of the
absorption line and the continuum and results in a difference in
the equivalent width. However, for a slab model with a partial
covering factor, its curve of growth may be like that of the
stellar atmosphere model under certain conditions.

To illustrate this point, we first examine both models in the
optically thin limit. In the foreground slab model, W/ goes to
feT,, (see Equation (6)), and in the atmosphere model, it goes to
AoBo (see Equation (10)). If we scale (3, and 7, by
Bo="Tp/Te=T,/(0:Nn) and choose f. equal to Ao, the two
curves of growth can be shifted on top of each other.

We construct the curves of growth from the two models
above (Equations (6) and (10)) in W,/\ versus Njfj,A in
Figure 2. As an example, the curve of growth in Figure 2
adopts T=660K and 0, =4.3kms ' (b=6.1 kms "), which
are relevant for the '>CO component of MIR2-HI at
—38kms~ ' (see Section 4.1). Figure 2 also presents the slab
model with and without a covering factor (f, =Ap). We can
formulate 3, analogous to Equation (7) by assuming that o .Ny
is 1 as for weak lines, which essentially indicates that we see
down to a continuum optical depth of unity:

- 1 Aul )\2 &
8m\V27w fi, 00 &

Figure 2 illustrates how the two approaches are shifted on
top of each other. The curves shift along the X-axis because of
the difference between (3, and 7, and the Y-axis because of the
f. versus A factor. Specifically, when the two curves of growth
overlap in the optically thin limit, 7. = o.Ny = 1. For a large
optical depth, the lines in the slab model will saturate at f,,
while for the atmosphere, they go to Ay. However, even if we
choose f,. = Ay, the approach to these limits is slightly different
(Figure 2).

In summary, for highly optically thick lines, the rotation
diagram will severely underestimate the column density/
abundance of the absorbing species, and a curve-of-growth
approach is required. In a foreground cloud scenario, high

Bo (Nifu M- (14)
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optical depth transitions can be recognized by saturated line
profiles with zero intensity. However, if the cloud only partially
covers the continuum source, the line profile will not go to zero
intensity, even for highly optically thick lines. For absorption
originating in the disk surface, a temperature gradient will
naturally lead to nonzero intensity in the depth of the line.
Introduction of an appropriate covering factor can make the
two curve-of-growth approaches overlap, and the two
approaches show only subtle differences for modestly optically
thick lines (Figure 2).

4. Results

As we have summarized the analysis methods in Section 3, we
present in this section the identification processes and the derived
physical conditions of different components. We conduct the
preliminary identification by iterating the decomposition of the
line profiles and the rotation diagrams in Section 4.1 and present
in Section 4.2 the procedures of modifications with the two
curve-of-growth analyses. We discuss the properties of each
identified component in Section 4.3.

4.1. Optically Thin Slab Modeling

Because most velocity components in our data are blended,
we first attempt to use multiple Gaussians to fit and decompose
the nonsaturated absorption profiles, assuming that the line is
optically thin and its profile only consists of a Doppler core.
We derive the physical conditions of each identified kinematic
component via rotation diagrams in Figure 3 (and Figure 12 for
supplementary plots). Assuming a slab model in LTE, we get
the 7 and N, of each absorption line (see Table 9 in the
Appendix) with Equations (3) and (4), depending on whether
the In(N;/(2J + 1))-E;/ kg relation on the rotation diagram has a
constant gradient or not. Ideally, the identified kinematic
components seen in the different isotopes with the same
velocity center should originate from the same physical
component and have consistent properties, such as line width
and temperature.

We present the identified kinematic components in Figure 4
and list the line properties and derived physical conditions in
Table 1. We grouped and named kinematic components from
different species at consistent velocities with similar velocity
widths based on their temperatures. In those names, “C,” “W,”
and “H” stand for ‘“cold,” “warm,” and ‘“hot.” Here “B”
represents the high-velocity components that appear exclu-
sively in the '2CO v=0-1 transition in MIR2 (“B” stands for
bullets; see Section 4.3.5). For components of MIR1 at —38
(MIR1-C1/C1’) and —46 (MIR1-W1/W1’) km s~ ' and MIR2
at —38kms ! (MIR2-C1 /H2), we see slope variation on the
rotation diagrams. We address in Section 4.3 whether this is
due to an optical depth effect or a real temperature variation
between different physical components.

Properties of distinctive components among different species
in Table 1 cannot be easily reconciled. First, for all components
with measurable v = 0-1 and v = 1-2 lines (MIR1-W1/, MIR2-
H1, and MIR2-H2), the temperatures derived from 2CO are
much higher than those derived from isotopes. Second, the
measured relative abundance ratios of isotopes are usually
much smaller than the value found in the local interstellar
medium (ISM) (see Table 2). Third, the velocity widths in
different species do not always match. All of these issues reflect
that optical depth effects are important. We justify in
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Figure 2. Upper panel: curves of growth representing a slab model with and
without a covering factor (f. =Ap) and a stellar atmosphere model on a
circumstellar disk adopting o.Ny = 1. Both models were constructed with
0,=43kms !, and T = 660 K adopted from the rotation diagram analysis of
13CO is applied to the disk model. The central depth of an opaque line, Ay,
under 660 K is 0.5. Lower panel: ratio of each curve relative to that of the slab
model without a covering factor.

Section 4.3 that for some components, those inconsistencies
can be reconciled by introducing a curve-of-growth analysis,
covering factors, and absorption in a disk photosphere.

4.2. Two Curve-of-growth Analyses

We discuss in this section the detailed analysis procedure for
all identified components in Table 1. Because its N('*CO)/
N(C180) is even greater than the galactic [13CO/C180] value,
MIR2-W?2 is not included. It is likely that there is an unresolved
13CO component of which the C'*0 comgonent is buried in the
noise, as indicated by the much broader '*CO width in Table 1.

4.2.1. Slab Model of a Foreground Cloud

Assuming a foreground slab model, we use the curve-of-
growth analysis to account for optical depth effects and
determine the column density, temperature, and covering factor
of a kinematic component of bands from all relevant CO
isotopes. When a component is observed in multiple species,
the smallest line width observed in '*CO, °CO, or C'*0 is
used to estimate the Doppler parameter. We do not use the line
widths observed in C'’O lines because rather large uncertain-
ties would be introduced given the too few data points and poor
baseline fitting. When a partial covering factor is necessary, it
is bounded by the upper limit of the absorption intensity in the
data sets. We obtain (T.,, N, by looking for the smallest
reduced x> in fitting the observable Wy/A to the curve of
growth (Equation (6)) and estimate the lo uncertainty by
looking for the Xf .. +A/dof contour in the (Tex, Nioy) grid,
where A is the x critical value for a significance level of
68.3%, and dof is degree of freedom, n — 2 (n is the sample
size). We summarize the results in Figure 5 and Table 3.

Li et al.

4.2.2. Stellar Atmosphere Model of a Disk

Section 4.1 reveals three hot components (MIR1-W1/, MIR2-
H1, and MIR2-H2) with temperatures between 500 and 700 K.
This range is close to the dust temperature required to produce the
observed continuum emission of the MIR disks. We therefore
consider the possibility that three components are present in the
photosphere of the disk and are absorbing against the continuum
there. Similar to the curve-of-growth analysis on a foreground
slab model, we apply the grid search method by fitting the
observable W,/c that equals W,/ to the curve of growth
(Equation (10)) assuming pure absorption (see Section 3.2.2). In
the fitting procedure, we also reconcile the properties of different
species by fitting with a Doppler width that is the smallest width
measured among different species, i.e., 13CO for MIR1-W1’ and
MIR2-H2 and C'®0 for MIR2-H1. We present the fitting results
in Figure 6 and Table 4. We note that since the exact value of o,
influences the derived absolute abundance ratio, we only present
the relative abundance of different species in the same component
in Table 4. If we assume that '“CO has a constant relative
abundance of 1.6 x 10~* (Cardelli et al. 1996; Sofia et al. 1997),
we may derive o, as listed in Table 5. The variation of o, for
about an order of magnitude may convey information on the dust
aggregation characteristics, for example, the dominant size in the
aggregation distribution (Ormel et al. 2011).

4.3. Properties of Individual Components
4.3.1. MIRI1-C1 and MIR2-C1

The two narrow low-J components (<3kms ") detected in
Bco, €0, and C'70 at —38kms ' sharing similar physical
conditions are MIR1-C1 and MIR2-C1. Considering the results
from the rotation diagram analysis (Table 1), for MIR1-C1, the
13CO/ C'80 column density ratio, 1.97%1, is much less than the
expected value of 9.1 (Table 2). Besides, the lines are not fit with
a single temperature; the high-J levels reveal the presence of CO
gas with a much higher excitation temperature. Hence, optical
depth effects are indicated. The -curve-of-growth analysis
reconciles the temperatures of '*CO and C'®0. As we present in
Table 3, for MIR1-C1/C1’, a temperature of 90 K resolves the
temperature difference for the C1/C1’ components in the '*CO
data. However, the C'®0 excitation temperature is still discrepant
(49 K; Table 1). For MIR1-C1/C1’, the isotopic column density
ratios agree within the uncertainty level.

For MIR2-C1, although the column density ratio is sufficiently
uncertain that they could be in agreement, the excitation
temperatures of these two isotopologues differ. Hence, here
too, optical depth effects might be important. Taking these into
account, the temperature becomes 43 K, but the isotopologue
abundance ratio, 4.473"1, remains low compared to the expected
ratio in the ISM (Table 3).

4.3.2. MIRI-WI and MIRI-W1’

The two components at ~—60 to —40km s~ are MIR1-W1
and MIR1-W1'. Their difference in temperature is indicated by
the slope variation seen in the rotation diagram. The cooler
component is MIR1-W1. Although the rotation diagram
analysis results in a much lower temperature of '>CO (103 K)
than that of C'®0 (164 K) and an N('*CO)/N(C'®0) of only
43733 (Table 2), we can reconcile the properties of the two
species by adopting the Doppler width of C'*0 to '>CO with
the curve-of-growth analysis. The modified temperature of
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Figure 3. Rotation diagrams of 13CO (red), C'*0O (blue), C'70 (cyan), and 2C0O v = 1-2 (black) of a selected group of kinematic components. The colors of each
component are consistent with those designated in Figure 4 (see supplementary rotation diagrams of other identified components in Figure 12). The N, are derived
from Equation (2) with Gaussian fitting. Solid lines represent the fitting results of Equation (3), and dotted lines are those of Equation (4). The derived T« and N are

listed in Table 1.

3CO is 1801}, and the modified relative column density is
10.91]% (Table 3).

The properties of the warmer component MIR1-W1’ are
more complicated. First, the line profiles in different transition
bands are not consistent. As Table 1 shows, both low- and
high-J lines in 13CO center at —46 km s~! while the centers of
unsaturated high-J '*CO v = 0-1 lines are at —49 kms~'. The
2C0O v = 1-2 lines have double peaks, with one at —40 km s!
and one at —54kms '. The comparison is more clearly
illustrated in the final panel in the first row of Figure 4, where
the average spectra of all bands are overlaid. The '*CO and
13CO seem to share the red wing for high-J lines.

The complexity seen in the line profiles indicates that they arise
in somewhat different kinematic components; hence, we do not
expect them to fall on a single rotation diagram or have an
abundance ratio consistent with the isotope ratio. We present below
the analysis over MIR1-W1 and MIR1-W1’ for completeness.

With the rotation diagram analysis, the temperature of
CO (449 K) is much less than that of '*CO (956 K), and the
relative column density ratio is only 6.1733 (Table 2). Adopting
a Doppler width of 7.1 kms ™' and a fractional covering factor
of ~0.6, the saturated intensity, does not help to solve this
problem. As we illustrate in Figure 5, after the modification
with b and £, the ">CO and *CO are still located on the linear

part of the curve of growth. Therefore, we cannot reconcile the
properties of '*CO and '*CO with a slab model assuming that
the '*CO and '>CO lines each contain a single component.
Considering substructures can work. For example, fixing the
temperature of '2CO to that of '>CO derived from the rotation
diagram and adopting an N(**CO) /N(13CO) ratio of 66 (Milam
et al. 2005), we may artificially fit the line profiles with a
narrow component (MIR1-W1’-N, f. = 0.2) dominating the line
peak and a broad component (MIR1-W1’-B, f,. = 0.5) dominat-
ing the wing (see Table 6).

Applying a stellar atmosphere model can unify the
temperatures of '2CO and '>CO. As we present in Figure 6 and
Table 4, the data set of '2CO moves to the logarithmic part of
the curve of growth. The 1o temperature ranges of 12CO and
3CO are also comparable. However, we were only able to
increase X[uCO] /X[13CO] to 17.11ng3. Adopting a smaller o,
increases the ratio further by at most twice; therefore, it
reinforces that '*CO and '>CO do not originate from exactly
the same component.

4.3.3. MIR2-H1

Component MIR2-H1 is close to vy, at —38 km s7!, the
same velocity as MIR1-C1/MIR2-C1, but it is intrinsically
different. It appears in high-J lines and has a much broader line
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Figure 4. Identified kinematic components of MIR1 and MIR2 on the average spectra of low- and high-energy transitions. The detailed line information, as well as the
derived physical properties of each kinematic component, are listed in Table 1. Here “C,” “W,” and “H” stand for “cold,” “warm,” and “hot,” and “C1/C1”” and “W1/
W1 indicate a change of temperature shown on the rotation diagrams. No components in the saturated part of the '*CO spectra in low-J are identified because we are
not able to decompose distinct components there. The panels in the rightmost column summarize the identified components in the averaged spectra of all bands. The

vertical dashed lines represent vy = —38.5 km s L

width (o, = 4.3 kms™") than MIR1-C1 and MIR2-C1 do. This
component is hot enough to excite the vibrational band '*CO
v=1-2. If we assume that the total Ny, the column density in
the v =0 level, for 12C0 is 66 times that of '*CO and compare
it with N, the total column derived from 2CO0 v=1-2 in
Table 1, we can derive a vibrational excitation temperature,
Tyiv, of 613 K via the Boltzmann equation,

Nl/No = CXp(—3083.11/’RIib). (15)

This vibrational excitation temperature is consistent with the
rotational excitation temperature and firmly links the absorption
in the 0—1 and 1-2 transitions.

While the temperatures of MIR2-H1 derived from the
rotation diagram analysis of the 13CO, CISO, and ’COv=1-2
of the MIR2-H1 components are consistent with each other,
they do not agree with the derived prozperties of the '*CO
v =0-1 component. The temperature of '“CO v = 0-1 derived
from the rotation diagram is ~1000 K compared to 650-750 K
for the isotopologues and vibrationally excited transitions. In
addition, the derived N('*CO)/N('*CO) is only 4.7}
(Table 2). Similar to the MIR1-W1’ component, a slab model
with f.=1 is not correct. Otherwise, we would expect the
absorption intensity of this component to approach zero in low-
J lines, which is also not seen in our observed spectra.

We present in Figures 5 and 6 the curve-of-growth analysis
of MIR2-H1 on a modified slab model (f.=04, o,=
48kms ') and a stellar atmosphere model. As the '*CO
v=0-1 data set moves to the logarithmic part with both
analyses, we confirm that the '>CO v = 0—1 absorption profiles
saturate in the Doppler core. We consider that, when the
temperatures agree within 1o, the different isotopologues probe
the same gas (Tables 3 and 4). The N(lzCO) /N( 3CO) increases
to 16.817% and 41.171%8, and N('3*CO)/N(C'®0) increases to
9.6 and 11.4734 (Tables 3 and 4). For the slab model, the
increased new column densities result in a lower Ty, of *CO
v=1-2 of 513 K, suggesting that the particle density in the

foreground cloud does not reach the critical density of the
vibrational band. The vibrational level is likely subthermalized.

Although the equivalent widths fit nicely with the curve of
growth, we found a mismatch between the profiles of the
modeled spectra and the observed spectra for both models. This
is illustrated in Figure 7, which takes the modified slab model
as an example. For the J <30 lines, the saturated modeled
(green) spectra do not match the red wing of the observed
spectra at vgys > —38 km s—'. We interpret this mismatch with
an extra emission component in the red wing region, which is
in emission. This component was also evident in the data of
Mitchell et al. (1991, component E).

We plot the average modeled spectra of MIR2-HI, the
observed spectra of MIR2, and the average spectra of W3 IRS 5
from Mitchell et al. (1991) in Figure 8. All of the spectra were of
2C0O and averaged over P3, P6, P7, P§, P9, P12, R1, R3, and R7
following Mitchell et al. (1991), in which MIR1 and MIR2 were
not distinguished, and a potential emission component “E” at
~—30 kms ' was reported. Although the modeled MIR2-H1 in
both models does not match the observed spectra at >—38
km sfl, the residual between the models and the observed spectra
indicates an emission component. Compared to the observed
spectra in Mitchell et al. (1991), this emission component may
correspond to the “E” component there. This emission comp-
onent is visible up to J = 22, suggesting that it is rather warm. If
this component is real, the comparable intensity indicates a
comparable ratio between the emission area relative to the
observation fields, which is a 2”5 aperture covering the whole
binary in Mitchell et al. (1991) and a 0”375 wide slit in front of
MIR?2 in this study. Further spatially resolved spectroscopy is
required to confirm the reality of this emission component and its
physical characteristics.

4.3.4. MIR2-H2

The other component observed in *CO and '*CO simulta-
neously is MIR2-H2. The N(**CO)/N(**CO) of 7.171® derived
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Table 1
Physical Conditions of Components in Figure 3 Derived Directly from Gaussian Fitted Profiles and Rotation Diagrams
Component Transitions E, J VLSR oy Tex Niot
K) (kms™h (kms™") (K) (x10" cm™?)
Y] 2 (3) €} (5) (6) ) )
MIR1
MIR1-C1 BCcov=0-1 0-53 0-4 —385 2.0 35.7+168 2.5513
c®o v =0-1 0-79 0-5 —-39.0 1.8 49.17332 13404
cov=0-1 5-113 1-6 —39.0 1.5 458727 0.315944
MIR1-C1/ BCo v=0-1 148-481 7-13 —-38.8 2.0 120.2183 5.5
MIRI-W1 BCcov=0-1 0-481 0-13 —46.0 5.0 103.2587 9.07%§
Cc"®0 v=0-1 0-553 0-14 —46.0 4.0 163.6 £ 4.1 2.1+0.1
c0ov=0-1 81-243 5-9 —46.0 2.5 188.3 £ 36.4 0.6+ 0.1
MIR1-W1’ BCOo v=10-1 719-1994 16-27 —46.0 6.5 448.5+863 12,1744
2Co v=10-1 1937-5201 26-43 —49.0 7.5 956.3 + 56.7 742+ 154
2Cov=1=2 31004347 2-21 —40.0 5.5 860.2 + 159.7 12402
3100-4347 2-21 —54.0 6.0 827.3 +245.4 14+04
MIR2
MIR2-C1 BCcov=0-1 0-148 0-7 -38.5 2.8 314452 54407
C®0ov=0-1 0-79 0-5 —-38.5 2.0 450432 1.7£02
c0 v=0-1 5-113 1-6 —385 1.6 79.2+138 0.44:307
MIR2-W2 BCo v=0-1 0-481 0-13 —45.5 3.0 116.1 + 6.9 8.84+0.5
CB®0 v=0-1 0-79 0-5 —45.5 1.7 97+334 0.7193
c0v=0-1 31-243 1-9 —455 1.6 168.0 = 19.0 0.24 +0.02
MIR2-H1 BCcov=0-1 634-2956 13-33 -375 43 659.5733 13.8709
C®0 v=0-1 237-1578 9-24 -375 34 695.97 4% 2.3793
2CO v=10-1 1937-5687 26-45 —-38.0 6.0 1162.1 4 55.1 653 + 8.6
2cov=1=2 3088-6331 1-33 —375 43 790.9 + 45.7 6.0+0.5
MIR2-H2 BCo v=0-1 808-1336 17-22 —-52.0 4.0 484.9 +98.3 24412
2CO v=10-1 1937-4293 26-45 —-53.0 3.9 979.7 £ 115.6 170+ 5.6
MIR2-B1 2CO v=10-1 0-1275 0-21 —89.0 35 2652+ 11.5 249+ 1.6
MIR2-B2 2Co v=0-1 0-2085 0-27 -79.0 3.0 245.6 +7.8 228+ 1.1
MIR2-B3 2CO v =10-1 0-2085 0-27 —70.0 3.0 229.8 £6.2 13.6 £ 0.6
MIR2-B4 2Co v=0-1 0-2564 0-30 —63.0 4.5 351.7 + 12.9 182+ 1.0

Note. Column (1): identified components, where “C1’” and “W1’” represent the temperature gradient seen in components “C1” and “W1.” Column (5): velocity of the
line center. Column (6): o, the standard deviation of the Gaussian core and equal to b/ 2. Columns (7) and (8): derived temperatures and total column densities.
Values with asymmetrical uncertainties were the 16th and 84th percentiles derived from Markov Chain Monte Carlo when there is a temperature gradient seen in the

rotation diagram (dashed lines in Figure 3).

from the rotation diagram analysis (Table 2) also indicates an
underestimation of the '2CO column density. We reconcile the
properties of '2CO and '“CO by adopting f.=0.4 and
b=3.7kms ' (Figures 5 and 7) in the slab model. We adopt
b=3.7kms"" for the atmosphere model. For both models, the
modified temperatures of '*CO and '*CO are comparable. The
corrected N('*CO) /N( 13CO) increases to 22.0i??;2 and 24.6f?2j};
(Tables 3 and 4), and the large uncertainties are due to the very
few measurements of '*CO lines on this component.

4.3.5. MIR2-BI to B4

As iSHELL observations distinguish spectra that originated
from the binary separately, the absorption features of '*CO
v=0-1 between ~—60 and —90kms~' were found to be
exclusively associated with MIR2. No absorption lines of
isotopologues were detected in this velocity range, indicating
that these “B” components have much lower column densities

than those between —38 and —60km s~ '. We decompose the
blended profile by four Gaussians (MIR2-B1 to B4) and derive
similar temperatures (~230-350 K) and total column densities
(~2 % 10" cm™?) from rotation diagram analysis.

For the low-J lines of MIR2-B1 to B4, the steep slopes in the
rotation diagrams, together with the flap-top line profiles, suggest
line saturation in the Gaussian cores. We apply a covering factor
of 0.8, 0.75, 0.65, and 0.7 based on the upper limit of the
absorption intensities in the curve-of-growth analysis. We stress
that there is an ~5%-7% uncertainty due to contamination of the
binaries in the spectral extraction process (Section 2). As shown
in Figure 5, all four components are on the logarithmic part. The
corrected temperatures (180-325 K) have a minor decrease, and
the column densities of each component are increased by less
than a factor of 2. We stress that our decomposition on the
blended line profiles introduces a quite large uncertainty in these
estimates and therefore do not report them in Table 3.
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Table 2
Column Density Ratios Derived from Rotation Diagram Analysis

Component Ni2co /Niseg Nisco/Neoiso Ncot8o/Neol7o
Galactic ratios 66 + 4° 9.1437° 4.16 + 0.09°
MIR1-C1 1.9+21 42431
MIR1-W1 43133 3.5102
MIR1-W1’ 6.1533
MIR2-C1 32599 3.9%5
MIR2-W2 12.6%99 2.9+12
MIR2-H1 47749 6.0509

MIR2-H2 7.14148 -

Notes.

3 ['2C/"3C] of W3(OH) measured in Milam et al. (2005).

P [1%0/'80] = (58.8 & 11.8) x Dgp + (37.1 + 82.6) (Wilson & Rood 1994),
which is 601.6 & 1959 for W3 IRS 5. We adopt N(‘*CO)/N(C'*0)=
['?co/C'0]/[*Cco/CO] = ['*0/'#0]/['*C/"3C] in the table.

€ Wouterloot et al. (2008).

5. Discussion

The picture that emerges from the M-band spectroscopic
study is of a shared foreground envelope, several high-velocity
clumps, and a few warm and/or hot components in the
immediate environment of the binary (Table 7). Identification
of the origin of the absorption components requires more
extensive analysis. In the subsequent subsections, we will place
the observed CO absorption components in the framework of
the known structures in the W3 IRS 5 star-forming region.

5.1. Known Structures of W3 IRS 5

Region W3 IRS 5 is a very active region of massive star
formation, and the binary is oriented along the northeast-to-
southwest direction. The binary is enclosed by a 10* au hot core
detected in CS (van der Tak et al. 2000) and a rotating toroid or
envelope of a similar size detected in SO, (Rodén et al. 2008;
Wang et al. 2012, 2013). Outflows were observed at different
scales; a bipolar outflow in CO(2-1) along the northeast-to-
southwest direction was observed by the James Clerk Maxwell
Telescope (>107 au; Mitchell et al. 1991) ranging from a vy sg
of —20 to —60kms ™', and two outflows along the line of sight
were detected in SiO(5-4) (0739 x 0734 beam at 1.4 mm;
Rodén et al. 2008) by the Plateau de Bure Interferometer from
a visg of =30 to —50 kms™'. A cavity in front of the binary
cleared by the outflows was suggested to exist due to the low
estimated foreground extinction (van der Tak et al. 2005).
Along the northeast-to-southwest direction, a few fast-moving,
compact, nonthermal radio continuum sources were found. As
these jet lobes indicate jet—disk systems (~10° au), MIR1 and
MIR2 with thermal radio emission are disk candidates (Wilson
et al. 2003; Purser et al. 2021). Moreover, hundreds of water
maser spots are widely distributed in the same region (Menten
et al. 1990; Imai et al. 2000), suggesting active clumps—
surrounding gas interactions in the nearby region to the binary.

We present in Figure 9 the envelope, the conical region
cleared by the outflows, the nonthermal continuum sources,
and water masers to illustrate the important structures of
W3IRS 5. It is against this backdrop that we have to identify
the origin of the different absorption components observed at
MIR wavelengths in MIR1 and MIR2.
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5.2. The Foreground Envelope: Gas and Ice

Because MIR1-C1 and MIR2-C1 have almost the same
column density (Nico = 7.2 x 10'6 cm%; Table 3) and are at
the same velocity, it is reasonable to designate them in the
envelope surrounding the binary. The derived temperatures are
cool (~40-90 K), suggesting that the envelope layer is rather
far away from the protostars.

The total H column density of the envelope can be derived to
be Ny =2 x 10> cm? (Ay = 108) from the observed 9.7 yum
silicate optical depth (797 ,m=>5.8; Gibb et al. 2004),
Ay/T51=18.6, and Ny/Ay=19 x 10 cm ?(Roche &
Aitken 1984; Bohlin et al. 1978). Therefore, adopting a
2c / 13C elemental abundance ratio of 65 (Milam et al. 2005),
this H column density (Ay = 108) implies an abundance of
gaseous CO in the envelope of 2 x 107>, With a gas phase C
abundance of 1.6 x 10* (Cardelli et al. 1996; Sofia et al.
1997), gaseous CO is not the main reservoir of carbon along
these sight lines.

An independent view of the gas and dust columns toward
W3 IRS 5 is given by the IRTF/SpeX 2-5 pum spectra. We find
that the foreground column density is consistent with the
9.7 ym optical depth if we consider that the near-IR and MIR
continuum originates from the blackbody emission of the disks.
Figure 10 shows that the magnitude difference Am between the
K and M bands is 3.82. Adopting the extinction curve from
Indebetouw et al. (2005) and Ax=11.8 (A, = 108) derived
from the 9.7 um silicate band, the spectrum is consistent with a
disk in a radius of 460au emitting at 650K, a typical
temperature we have derived for the hot CO components (see
Table 7 and Section 5.4.2). On the contrary, if we use the
foreground extinction that we measured from gaseous
CO (Ax= 1.7, or, equivalently, ~3 x 10** cm ?; Table 7)
adopting the canonical '>CO abundance of 1.6 x 10~* (e.g., all
the gas phase C in CO), this leads to a blackbody temperature
of 350 K with a radius of 410 au. However, we consider that
the latter disk model is less likely because hot components
above 600K (e.g., MIR2-H1) will have emission rather than
absorption lines against the 350 K disk (see Appendix A in A.
G. Barr et al. 2022, in preparation). Hence, this analysis of the
near-infrared spectral energy distribution also implies that the
measured CO column density of the cool foreground gas is
only a good measure of the total hydrogen column density if
we adopt a low (2 x 107°) abundance for '*CO. We suggest
that MIR interferometry observations may be able to
distinguish between the different models at a much lower
temperature and much smaller foreground extinction.

The iSHELL /IRTF provides a direct handle on the solid CO
ice along the same sight lines (see Figure 11). The CO-ice
absorption profiles toward MIR1 and MIR2 are almost
identical, supporting our conclusion that there is a shared cool
envelope in front of the binary. Adopting a band strength
A=1.1x10""" (Pontoppidan et al. 2003), Ncoice = 2.1 X
10" em™2. Specifically, nonpolar (centered at 2136.5cm™")
and polar (centered at 2139.9cm™') CO have comparable
column densities, suggesting that half of the solid CO ice is in
H,0- or CH30H-rich ice. Moreover, taking the column of CO,
ice, 7.1 x 10'7 cm™? (Gibb et al. 2004), into account of the
carbon inventory, carbon in solid phase is 19.6% of H,O ice
and 19.8% of gaseous CO. The column of H,O ice is measured
through the 3 ym absorption feature and is 5.1 x 10'® cm™2
(Gibb et al. 2004). Hence, the identified carbon-bearing ice
species cannot account for the missing C in the envelope. We
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Figure 5. Best-fitting results of the observed log;o(Wy/A) vs. log;o(NfA\) and the theoretical curve of growth of a slab model on each individual component. The
theoretical curve of growth and the values of Nf\ are calculated based on the best-fit column density and temperature. Dashed curves of growth plotted on MIR1-W’
and MIR2-H1 indicate certain problems in the fitting results (Sections 4.3.2 and 4.3.3).

Table 3
Results for the Slab Model Using a Curve-of-growth Analysis

Component Je Oy T12¢0,mod T'1300,mod Ni2¢o mod N13co, mod Ni2co /1300,mod N13co/c180,mod
(kms™ " (K) (K) (x10"7 ecm™?) (x10"® cm™?)

MIR1-C1 1.0 1.8 90739 7.27%4 54181

MIR2-C1 1.0 2.0 4377 75431 44731

MIR1-W1 1.0 4.0 180714 23.01%3 10.918

MIR1-W1/ 0.6 5.0 869713} 44172¢ 14.8%94 21.743] 6.8739

MIR2-H1 0.4 3.4 75643 547+4 9254371 55.07¢9 16.87]8 9.6+97

MIR2-H2 0.4 37 565712 599+718 110132 50128 22,0174 -

MIR2-B1 0.8 35 223 3.25

MIR2-B2 0.75 3.0 180 5.07

MIR2-B3 0.65 3.0 211 1.85

MIR2-B4 0.7 45 325 2.29

Note. For MIR2-B1 to B4, decomposing the blended line profiles may introduce large uncertainties.

physical co

nditions.
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Hence, we do not report the uncertainty level in the derived
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Figure 6. Best-fitting results of log;o(W)/(Mg))-log;o(3p) and the theoretical curve of growth of a stellar atmosphere model on MIR1-W 1/, MIR2-H1, and MIR2-H2.
The equivalent width in velocity space, Wy (=AW, /c), of each molecular data set is observable, and the Doppler width, b, is adopted from the smallest line width
observed in '*CO or C'®0 (see Section 4.2.2). The theoretical curve of growth, the values of (3, and Ay, are calculated based on the best-fit N, /Ny and temperature.

Table 4
Results for the Disk Atmosphere Model

Component ay T1200.mod T13¢0.mod T 180, ex X['2C01/X[*CO] X[3co1/x[c'®o]
(kms ™ ) (K)

MIR1-W1/ 5.0 7097139 474412 - 171223 -

MIR2-H1 34 662133 507447 6767339 4114348 11.4734%

MIR2-H2 3.7 4821597 5421759 24.65384

Note. The absolute abundance of a species, X[mol], is defined as Ny,1/Ny. Values of X[mol] in this table are dependent on the chosen dust opacity; therefore, we only

report the relative abundance of different species in the table.

may speculate that prolonged UV photolysis has converted the
carbon-containing ice compounds into an organic residue
(Bernstein et al. 1995, 1997; Vinogradoff et al. 2013).
Taking into account that dust and gas will be well coupled
thermally, we note that the derived temperature of the cold
gaseous component (40-90 K) is well above the sublimation
temperature of pure CO. Likewise, much of the CO trapped as
a trace species in H,O ice will sublimate at a temperature of
T,~50 K. We surmise that the polar CO-ice component
coexists with the gaseous CO MIR1- and MIR2-C1 compo-
nents in the warmer parts of the envelope, while the nonpolar
component likely resides further away in a region where dust
temperatures are below 20 K (see Figure 7.9 in Tielens 2021).

5.3. The Foreground Bullets of MIR2

Although submillimeter observations have seen multiple
molecular outflows in W3 IRS 5, none of them are direct
counterparts of MIR2-B1 to B4, which are at ~20-50 km s !
relative to a vgys of —38.5km st (see Section 5.1). The range
of the radial expansion velocity of water masers observed at
22 GHz (up to 60 km sfl; Imai et al. 2000), on the other hand,
is comparable with that of the MIR2 “bullets.” As maser action
is limited to regions of long velocity coherence, the bullets
could be related to the water masers if they are directed more
toward us and their maser action is directed away from us. In
the remainder of this section, we will examine this possibility.
As maser emission originates from either J- or C-type shocks
driven by protostellar outflow (Hollenbach et al. 2013), we
will consider the implications of each of these possibilities
separately.
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5.3.1. A J-shock Origin

In fast J-shocks, the gas is instantaneously heated to an
extremely high temperature, up to 10° K, that completely
dissociates molecules and partially destroys dust behind the
shock. As the material cools down, H, reforms on the surviving
dust and is collisionally de-excited. The H, reforming stage
provides a heating source and maintains the gas on a
temperature plateau of ~300-400 K (Hollenbach et al. 2013).
This warm gas is very conducive to molecule formation, and
the H,O maser emission and CO absorption could originate in
this temperature plateau region.

We can compare the physical properties of the absorbing
bullets with what the J-shock model would predict. First, in the
J-shock model for the H,O maser emission, the CO column
density of the heated plateau is as large as 3 x 10" to 3 x 10'®
cm 2 (Neufeld & Hollenbach 1994) and consistent with the
derived column densities of MIR2-B1 to B4 in Table 7.
Second, the postshock plateau density can be as high as
10%-10° cm " (Hollenbach et al. 2013) and is also compatible
with that of the bullets. As we have observed energy levels in
LTE up to J=30, the corresponding critical density is
~3 %10 >~ 8.1 x 10" cm ™. This is a lower limit. In short,
the temperature, column density, and particle density are in the
favored parameter space for the masing regions produced by
J-shocks.

5.3.2. A C-shock Origin

In contrast to J-shocks, H, is not dissociated in C-shocks,
and its relatively constant temperature plateau is kept by the
frictional heating between ions and neutrals. The temperature
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Table 5
Values of o, Derived from the Curve-of-growth Analysis in the Disk Model

Component o, (cm? /H Nucleus) N(*2CO) (cm™?)
o () (©)

MIR1-W1/ 27542 x 1072 59723 x 10'8
MIR2-HI 6.6713 x 10724 24193 x 10"
MIR2-H2 12408 x 10722 14402 x 10'8

Note. Column (2): assuming a constant X['2CO] of 1.6 x 107*, we derive
values of o, via (Nyot/Nu)(0e/0e0) = 1.6 x 107%, in which =7 x 1072
cmz/ H nucleus following Barr et al. (2020). Column (3): assuming that we are
looking at the column density depth where the dust opacity approaches 1 (and,
equivalently, 0, Ny = 1), Npot = 1.6 x 107%/0,.

Table 6
Parameters of the Toy Model for MIR1-W1’

Component IA b (kms ") T (K) N(*CO) (cm™?)
MIR1-W1’-B 0.2 5.5 449 3.3 x 10"
MIR1-W1’-N 0.5 40 449 2.7 x 10"

Note. Assuming N(**C0)/N(**CO) = 66 (Milam et al. 2005).

of the shocked gas is typically much higher (>1000K;
Kaufman & Neufeld 1996) than observed for the MIR2-B1
to B4 CO absorption components. In the masing Blateau, the
warm hydrogen column is ~10*" cm™2 (1.6 x 10" cm™2 for
CO; Kaufman & Neufeld 1996). Similar to J-shocks, densities
of 10°-10° cm > are required for H,O maser action in
C-shocks (Hollenbach et al. 2013).

Therefore, interpreting the warm gas in the B components in
MIR2 as C-shocks faces some issues. First, the observed
temperature under 400 K is rather low and would restrict the
shocks to a velocity less than 10 km s~' (Kaufman &
Neufeld 1996). Second, the observed column densities are a
factor of 1-3 larger than C-shocks can produce. This is
irrespective of whether these bullets are truly water maser
counterparts.

5.3.3. Linking the Bullets to Water Masers

If MIR2-B1 to B4 indeed originate from the post-J-shock
gas, the physical properties we obtain along the line-of-sight
direction are complementing what water masers convey on the
sky plane. The CO absorption lines and the water masers are
depicting different perspectives of the geometry of the
postshock gas. Water masers are beamed emissions that require
enough coherence path length in our direction. While masers
formed in a compressed shell of postshock gas swept up by
outflows, observable masers are typically viewed from an
“edge-on” direction that is perpendicular to the motion of the
shock. Therefore, while the brightest masers have the lowest
line-of-sight velocities, CO components detected in our
absorption spectra complement information along the line of
sight, and the maser emissions are the weakest.

The water masers have a smaller velocity width and size than
the B components; in Table 7, the velocity widths
(2.6-4.3kms ') and the thickness (2-10 au) of the absorbing
bullets are larger than but not incompatible with the average
velocity width, from 0.8 to 1.6kms™ " in 1997 and 1998, and
the average size of 1au of 22 GHz water masers observed in
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the region surrounding MIR1 and MIR2 in W3 IRS 5 (Imai
et al. 2002). We may expect that the water masers have a
smaller velocity width because of the required velocity
coherence. We are observing them perpendicular to the
propagation direction, while the bullets are coming more
toward the observer. Besides, the estimated thickness of the
bullet is an upper limit derived simply by Ny, /nci. As a
reference, the thickness of the masing region predicted by the
shock model (Hollenbach et al. 2013) is ~10'* cm (6.7 au).
Hollenbach et al. (2013) proved that, although the value of the
maser thickness predicted by the J-shock model depends on
exact shock properties, strong water maser emission is a robust
phenomenon that can be generated from a wide range of
physical conditions without a fine-tuning of parameters.

We have to consider the likelihood that the four bullets are
intercepting the narrow pencil beam set up by the background
IR source. For the hundreds of water masers, Imai et al. (2002)
found that the two-point spatial correlation function among 905
maser spots can be fitted by a power law. With an index of —2
in a linear-scale range of 1.1-540 au, this indicates that in this
scale range, the features are clustered and have a “fractal”
distribution. Considering that adding four more radially
identified data points (MIR2-B1 to B4) over the 07375 x 172
continuum from our observations does not have a significant
influence over the correlation function, the correspondent ~10
spots arcsec > corresponds to a spatial separation of ~0”2
(~450 au), which fits with the maser geometry (Imai et al.
2000). However, we note that those seemingly nice fits do not
answer why the spatial distribution of the masers is clustered.
As for the direction along the line of sight, Imai et al. (2002)
also found a power law on the velocity correlation function.
The measured difference in Doppler velocity and spatial
separation was fit with an index of 0.29 £ 0.03 and putatively
linked to Kolmogorov-type turbulence in the interiors of the
masers. It was suggested that small-scale turbulence was left in
the subsonic part of the postshock region (Gwinn 1994).
Consistent with a postshock origin, MIR2-B1 to B4 fit into this
power-law correlation.

5.4. The Immediate Regions of MIRI and MIR2

All absorbing components in our MIR spectra other than
MIR2-B1 to B4 are located in the range ~—38 to —60 kms .
Although our analyses of the isotope lines have shown that the
components within this range are different, saturated '*CO low-
J lines still share a fortuitous similar line profile, with its red
edge contributed by MIR1-C1 and MIR2-C1, the surrounding
envelope at vy, and its blue edge contributed by MIR1-W1/
W1’ and MIR2-H2. Such a profile shared by MIR1 and MIR2
indicates the underlying correlation of the two sources, and we
investigate how components within ~—38 to —60kms '
constitute the immediate regions of MIR1 and MIR2. As the
observations are consistent with absorption arising either in
foreground clumps or in the disk, we will consider these
in turn.

5.4.1. Radiative Heating

Assuming the gas and dust are thermally coupled, we use
Equations (5.44) and (5.43) in Tielens (2005) to estimate the
distance of the gas to the protostars if the gas is radiatively
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Figure 7. Comparison between the observed '>CO spectra (black) and the modeled spectra (green and blue dashed—dotted) under the curve-of-growth modification
with a slab model on MIR2-H1 (Section 4.3.3) and MIR2-H2 (Section 4.3.4).

Table 7
Physical Conditions of Identified Components
Comp. VLSR Tx fe Nu, Jnax log(7erit) d Oobs o, Heating Refs.
(kms™") (K) (x10% cm ™) (ecm™) (au) (kms™") (kms™")
@ (@) 3 @ & 6 (O] ®) ® 10) an 12)
Shared Envelope
MIRI-C1 —38.5 90 1.0 2.9 2.0 1.4 Radiation 52
MIR2-C1 —38.5 43 1.0 3.1 110 2.0 1.4 Radiation 52

MIR?2 Bullets

MIR2-B1 -89 223 0.8 0.21 21 7.27 7.4 35 32 J-shock 53
MIR2-B2 -79 180 0.75 0.32 27 7.60 5.3 3.0 2.6 J-shock 5.3
MIR2-B3 =70 221 0.65 0.12 27 7.60 2.0 3.0 2.6 J-shock 53
MIR2-B4 —63 325 0.7 0.14 30 7.73 1.8 4.5 4.3 J-shock 53

MIR1-MIR2 Immediate Environment (Warm)

MIR1-W1 —43 180 0.6 1.4 13* >6.52 <289 4.0 2.0 Radiation 54.1
MIR2-W2 —45.5 116 3.6 13* >6.52 <720 1.7 0.9 Radiation 54.1

MIR1-MIR2 Immediate Environment (Hot): Foreground Interpretations

MIR1-W1’ —46, ~—49 449 0.5 and 0.2 1.7 and 20.6 v=1-2 >10 2.8 and 3.9 2.5 and 3.7 542
MIR2-H1 =375 756 0.4 5.8 v=1-2 >10 0.4 43 4.1 542
MIR2-H2 —52 565 0.4 0.7 37 8.01 4.1 3.7 3.5 5.4.2

MIR1-MIR2 Immediate Environment (Hot): Disk Interpretations

MIRI-W1' —46, ~—49 709 3.7 v=1-2 >10 5.0 4.8 Disk 543
MIR2-H1 —37.5 662 153 v=1-2 >10 43 4.1 Disk 543
MIR2-H2 —-52 482 0.9 37 8.01 3.7 35 Disk 543

Notes. Column (1): identified components. Column (5): Ny, = Nco/(1.6 X 10™%) (Cardelli et al. 1996; Sofia et al. 1997). Column (7): ngsic corresponds to the critical
density that the highest J level requires to be thermalized. For 12CO, nesie = 2 x 10°° cm™3. This is a lower limit when estimating n. Column (8): d = Ny, /neyit; this is
an upper limit for estimating the slab thickness. Column (10): deconvolved observed velocity dispersion, o, = /(0ops)?> — (Ores)? s Ores = ¢/(2+/2In2 R).

? Jmax identified in '*CO. This is a very underestimated value because the 2CO data at this velocity are saturated and not usable. For 13CO, we use
Nerie = 1.5 x 10°P cm ™.

heated, components and at least 2000 au for the cooler components
(MIR1-W1, MIR2-W2, <200 K).

0.1 um \°? ( Gy \°? However, locating the hot components at such a small

Iy~ 53 (T) (W) ’ (16) distance to the protostars is in conflict with the similarity of the

and 1991 and 2018 CO absorption line profiles (see Section 4.3.3).

Considering that MIR1-W1’ and MIR2-H2 have a constant

Go 21 x 10 ( Ly ) (0.1 pc )2 17 relative velocity of 10 and 15kms™ ', the two components

0 ) 104L... d ’ moved outward along the line of sight for 60 and 100 au in the

past 30 yr. As the moving distances are quite large, radiative

in which Gj is the radiation field in terms of the Habing field, a heating cannot keep MIR1-W1’ and MIR2-H2 at the observed

is the grain size, L, is the stellar luminosity, and d is the high temperature. As for MIR2-H1, which is at vy, it would
distance. Taking 0.1 um as a typical size for interstellar grains,

and that MIR1 and MIR?2 have a similar L., of 4 x 10* L, (van 7 We recognize that the grains may have grown to ~0.3-0.5 ym in dense
der Tak et al. 2005), we arrive at a distance d of 280, 140 'au for clouds due to coagulation (Ormel et al. 2011), but that will have very little

effect on the MIR absorption compared to the far-IR emission. We estimated it

the 450 (MIR1-W1’) and ~600 (MIR2-H1, MIR2-H2) K will change the temperature by 20%—30%.
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Figure 8. Comparison between the residual of the average of the observed MIR2 spectra (P3, P6, P7, P8, P9, P12, R1, R3, and R7) minus that of the modeled MIR2-
H1 spectra (left, slab model; right, disk model) and the average spectra reported in Mitchell et al. (1991), in which MIR1 and MIR2 were not distinguished. Both
panels show that the difference between the observed spectra and the model may be a correspondence of the emission component “E” found in Mitchell et al. (1991).
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Figure 9. Schematic view of the potential environment of W3 IRS 5. Important structures from past studies, including the envelope, the conical region cleared by the
outflows, the nonthermal continuum sources, and water masers, are presented. We locate the origins of new structures we identify in CO absorption, such as high-

velocity bullets and disks, against this backdrop.

have to stay static at a distance of only 140 au for 30 yr and yet
be close to a massive forming protostar. It could be part of a
disk associated with the protostar.

5.4.2. A J-shock/C-shock Origin

Alternatively, a shock origin for the hot components is
attractive, as the vibrationally excited lines observed toward
MIR1-W1’ and MIR2-H1 indicate a very high density, ~10'°
cm_3, for thermalization at the v =1 level. However, because
J-shocks cannot heat the masing gas to temperatures greater
than about 400 K (Hollenbach et al. 2013), and the column
density is far too large to be consistent with C-shocks (see
Section 5.3.2), neither a J-shock nor a C-shock model fits.

5.4.3. A Disk Origin

In Section 4.3, we illustrate that the curve-of-growth analysis
on a disk model can reconcile the temperatures measured from
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the observed CO isotope spectra of MIR1-W’, MIR2-H1, and
MIR2-H2 at a 1o level. Other than being a feasible model, such
a disk origin of hot gas has been proposed in other massive
protostellar systems. Take AFGL 2591 and AFGL 2136 as
examples. In Barr et al. (2020), absorption features against the
MIR continuum were detected in CO, CS, HCN, C,H,, and
NHj3, and all have a temperature of ~600 K. The disk origin
was motivated by the abundance difference on both HCN and
C,H; at 7 and 13 pm; e.g., the abundance derived from HCN as
well as C,H, lines at 13 um is about an order of magnitude
smaller than that derived from lines at 7 um, even though the
lines originate from the same ground state. This was attributed
to a dilution effect at 13 um, as the outer parts of the disk
radiate predominantly at 13 um, and these outer layers have
lower abundances of these species (Barr et al. 2020). The MIR
interferometry has shown that the IR emission originates from a
structure with a size of ~100-200 au for both AFGL 2136
(Monnier et al. 2009; de Wit et al. 2011; Frost et al. 2021a) and
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AFGL 2591 (Monnier et al. 2009; Olguin et al. 2020), and this
is likely a disk. This scenario is also supported by Atacama
Large Millimeter/submillimeter Array (AFGL 2136; Maud
et al. 2019) and NOEMA (AFGL 2591; Suri et al. 2021)
observations in which Keplerian disks are revealed. Clumpy
substructures that may be associated with the absorbing
components were resolved on the disk of AFGL 2136 in the
1.3 mm continuum (Maud et al. 2019), supporting the model
that a cooler component is absorbing against the continuum
from the disk.

We hereby attribute the absorption to blobs in a disk in
accordance with studies of other massive protostars. However,
given the unknown inclination and systematic velocity of the
disk, the location of the blobs on the disk is difficult to
pinpoint. We present the Keplerian parameters of the three hot
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components in Table 8 to illustrate the difficulty in interpreting
the kinematics, and specifically note that we measure a radial
velocity here. The blobs could be much further away if the
disks are not in the plane of the sky, because radial velocities
contain little information on Keplerian motion. We emphasize
that the velocity difference between the blobs in MIR1 and
MIR?2 is the interplay of the orbital motion of the blobs in these
disks and the difference in space motion between the two
protostars where we note that the orbital motion of a double
star system (each has 20M_.) at 1000 au is ~3km s~ '
Therefore, disks in MIR1 and MIR2 need to be spatially and
spectrally resolved to fully understand the structures in this
region.

We stress in the end that, while such a model is feasible to
interpret the observed absorption profiles, we still lack definite
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Table 8
Keplerian Parameters of Hot Blobs on the Disk
Component visr (MIR1) visr (MIR2) V — VISR d P Note
(kms™h) (kms™h (kms™h (au) (yr)

MIRI-W1’ —-38 >10 <180 <540 Blob on an inclined disk
MIR1-W1’ —46 0 Annular structure
MIR2-H1 —38 0 Blob on a face-on disk
MIR2-H2 —38 —38 >15 <80 <180 Blob on an inclined disk

evidence to link the absorbing gas in the MIR with the disks in
W3 IRS 5. We recall that in Section 5.2, for both MIR1 and
MIR?2, we fit the 2-5 pum spectrum with a 650 K disk in a radius
of 360au. We acknowledge that this is an oversimplified
model, and the dust composition, extinction correction, or
actual disk geometry may influence the fitting result. This
radius is compatible with the disk radii (500-2000 au) that
Frost et al. (2021b) found for some massive young stellar
objects using multiscale and multiwavelength analysis. How-
ever, we recognize that the derived radius is slightly larger than
the size of MIR1 and/or MIR2 of 350-500 au at 4-10 ym (van
der Tak et al. 2005). This value is also quite large compared to
the ~100 au size measured by MIR interferometry for other
massive protostellar systems (Monnier et al. 2009; Beltrdn &
de Wit 2016), although Frost et al. (2021b) discussed that the
MIR emission is mostly dominated by emission from the inner
rim of the disk and therefore may not constitute the size of the
whole disk. We suggest that complementary observations in
MIR and millimeter interferometry will help to disentangle the
issues above.

5.5. Comparison with Hot Core Tracers

The hot core at vy, of —38 km s~ ! in the W3IRS 5 system
revealed by submillimeter molecular lines is a spatially
(10°-10* au) and spectrally (o, ~ 5 km s~ 1) extended structure
(van der Tak et al. 2000; Wang et al. 2013). As a comparison,
the absorbing components in the MIR are observed in “pencil”
beams (subarcsecond scale, or a few hundred astronomical
units). Since we have decomposed the different CO absorbing
components by their velocities and temperatures (Table 7), it is
of interest to compare the molecular components in emission
and absorption. We note that the postshock bullets do not leave
any signatures on the hot core tracers, possibly because their
beam-averaged column densities in the large submillimeter
beams are very small.

The submillimeter CO observations reveal emission at
—38kms ' with a 'CO column density derived from C'’O
observations of 3.7 x 10'® ¢cm™2. This column density is much
higher than that of the cold envelope, —38 km s~ components
(MIR1-C1/MIR2-C1 and MIR2-H1) probed in the MIR
(Nico =4.7 x 10'® ecm™?; Table 3, '2C/"*C = 65). This may
well be because the submillimeter includes emission from the
core (Figure 9), which is not traversed by the MIR pencil beam.

Other submillimeter molecular tracers, such as SO, HCN,
and CS rotational transitions, also reveal the hot core at a rather
extended scale of ~3000-5000 au (beam size of 1”1 x 078
Wang et al. 2013). While the exact measurements of the
column densities are lacking, as the lines are heavily filtered
out at vy, these tracers are all in the velocity range (—30 to
—50kmsfl) characteristic of the molecular core. The sub-
millimeter continuum dust emission provides a beam-averaged
H, column density of the core of 1.5 x 10> cm™? (Wang et al.
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2013). Coincidentally, this is similar to the H, column density
derived from the envelope derived from the pencil beam
observations of the strength of the 9.7 um silicate feature (2 x
10 cmfz; Section 5.2). Therefore, similar to the discussion of
CO emission lines above, neither the SO, HCN, and CS
rotational lines nor the dust continuum trace the envelope
components MIR1-C1/MIR2-C1 probed in the MIR, but rather
they trace the entire core region.

The SOFIA HyGal survey (Jacob et al. 2022) provides
constraints on hydride molecules (such as CH) and atomic
constituents (C* and O) against the far-IR /submillimeter
continuum, as well with beam sizes of 6”—14”. The CH, C*,
and O are all in the velocity range of the envelope. Adopting a
CH abundance of 3.5x 10 %, appropriate for diffuse
clouds (Sheffer et al. 2008), Jacob et al. (2022) inferred an
H, column density of 2.7 x 10*' ¢cm 2 Even if we adopt an
abundance of 10, typical for dark cloud cores (Loison et al.
2014), the inferred H, column density is only 10** ¢cm 2. This
is small compared to either the pencil beam column density
derived for the envelope from the 9.7 um silicate feature or the
average column density of the core derived from the
submillimeter dust. Perhaps much of the carbon has frozen
out in the envelope and/or core in the ice mantles. The CH
observed by HyGal may then mainly trace the surface layers of
the cloud. It is reasonable to assume that the [C II] 1.9 THz
fine-structure line traces the photodissociated surfaces of the
molecular cloud. Taking a fractional gas phase carbon
abundance of 1.6 x 10~* (Sofia et al. 1997), this corresponds
to a column of hydrogen of 3.7 x 10*' cm ™2, a typical value
for a photodissociation region surface (Tielens & Hollenbach
1985). The column density of O measured at 63 ym (2.2 x 10"
cm ) is rather comparable to the amount of oxygen in water
ice (5 x 10"® cm™?) measured at 3 m, and a large fraction of
the elemental oxygen is locked up in water ice in the envelope.

6. Summary

In this paper, we report the results of a high-resolution
(R =288,100) MIR spectroscopy study of W3 IRS 5 at 4.7 ym,
in which hundreds of absorption lines of '>CO and its
isotopologues, including ]3CO, ClsO, and CY0, were
resolved. The main results are summarized as follows.

1. Different spectroscopic properties of MIR1 and MIR2 are
spatially resolved for the first time, and the high-velocity
components between —60 and —90 km s~ are attributed
exclusively to MIR2.

2. In low-J lines, MIR1 and MIR2 share very similar
saturated '>CO line profiles between —38 and —60 km
s~!, but we decomposed and identified components from
the blended profiles with very different physical
properties.
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3.

For components identified with Gaussian fittings, their
physical conditions derived from the rotation diagram
analyses show that optical thin assumptions fail. The
derived column density ratios are much lower than the
expected CO isotope ratios, indicating that optical depth
effects have affected the rotation diagram analyses.

. To reconcile the physical properties derived from

different isotopes from the same velocity component,
we have analyzed the data using a curve-of-growth
approach. In this, we consider two scenarios: (1)
absorption by foreground blobs that partially cover the
background continuum source and (2) absorption in the
photosphere of a circumstellar disk that has a decreasing
temperature gradient in the vertical direction.

. We applied the slab model to all of the components and

constrained the corresponding covering factor and
Doppler width. We found that this slab model fits nicely
to most of the components other than two very hot ones
with large column densities (MIR1-W1’ and MIR-H2).

. We applied the stellar atmosphere model to all of the hot

components (>400K) and were able to reconcile all of
the related molecular lines to a single curve. This
procedure provides abundance ratios relative to the
MIR continuum opacity of the dust.

. We assign the identified components to the immediate

environment of W3 IRS 5, including the shared envelope,
the foreground clumps produced by either J- or C-shocks,
and the disk. Direct radiation can be a heating mechanism
for some components.

. Components MIR1-C1 and MIR2-C1 originate from a

shared cool envelope in front of the binary. However, the
rather low abundance of gaseous CO suggests that
gaseous CO is not the main reservoir of carbon in the
envelope. The identified carbon-bearing ice species
cannot account for the missing C in the envelope.
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9. Components MIR2-B1 to B4 (“bullets”) are possibly
J-shock-compressed regions akin to the regions that
produce the water maser emission. Our observations in
CO lines likely complement the constraints on the
physical conditions of water masers from a different
geometry perspective. As bright water maser spots are
usually beaming in a direction that is perpendicular to
their motions, CO absorption lines reveal their properties
along the line of sight when water masers have the
weakest brightness.

10. The modeled spectra of MIR2-H1 from both modifica-
tions do not match the observed spectra of MIR2 in its
red wing at veys > —38 km s~ !. However, we found that
the residual between the model and the measurement
matches the potential emission component reported by
Mitchell et al. (1991) at —35km s~ ' in velocity position
and intensity. If the residual represents a real emission
component, this is a P Cygni profile indicative of an
outflow on a scale of ~1000 au.

11. Our curve-of-growth analyses favor the hot components
(400-700 K) located at the two circumstellar disks.
However, given the unknown inclination and systematic
velocity of the disk, the location of the blobs on the disk
is difficult to pinpoint. Spatially and spectrally resolving
the disks in MIR1 and MIR2 will help fully understand
the structures in this region.
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Support for the EXES Survey of the Molecular Inventor of Hot
Cores (SOFIA No. 08-0136) at the University of Maryland was
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Astronomy (SOFIA) project issued by USRA.

Software: Astropy (Astropy Collaboration et al. 2013, 2018),
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Appendix A
Supplementary Rotational Diagrams

We present in Figure 12 the supplementary rotation diagrams
of absorbing components listed in Table 1 that are not
presented in Figure 4.
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Figure 12. Supplementary rotation diagrams of absorbing components. The N, are derived from Gaussian fitting. Solid lines represent the fitting results of
Equation (3), and the derived T, and Ny, are listed in Table 1. Each panel presents data from all different molecular species at a specific velocity component, and the
color of the bar at the top of each panel follows the colors of distinct components in Figure 4.

19



THE ASTROPHYSICAL JOURNAL, 935:161 (21pp), 2022 August 20 Li et al.
Table 9
MIR1: "*CO Line Parameters of v = —43 km s~
Species Trans. A E, g Aj VLSR Av To N, w,
(um) (K) sh (kms™" (kms™h (x10™ em™2) (kms™h

Bcov=0-1 RO 4.7626 0 2 10.9 —4344+05 25+09 0.593 £ 0.009 16.1 £ 11 2271 £ 1.547
P1 4.7792 5.3 6 324 —43+14 25+23 0.658 £ 0.005 53.4+79.9 2.507 £ 3.752
P2 4.7877 15.9 10 21.5 —4344+04 25+0.7 0.942 + 0.007 59.3 £26.6 3.226 £ 1.496
P3 4.7963 31.7 14 19.2 —435+09 25+12 1.147 £ 0.015 56.8 +59.9 3.432 £3.616
R3 4.7383 31.7 14 14.8 —4324+05 25+1 1.387 £ 0.009 52.6 £32.8 3.877 £2.643
P4 4.805 529 18 18.2 —432+05 25+1 1.167 £ 0.014 64 +37.6 3.667 £ 2.355
P7 4.8317 148 30 16.9 —43.7+0.5 24+09 1.096 £ 0.01 46.9 £ 35 3.08 £2.299
P8 4.8408 190.3 34 16.6 —437+19 1.8 +2.1 0.973 £+ 0.021 43.5+£ 65 2.116 £ 4.303
P9 4.8501 237.9 38 16.4 —43.7+1 2+13 0.815 £ 0.009 39.4 +40.1 2.154 £2.670
P10 4.8594 290.7 42 16.2 —444+35 1.5+3.6 0.565 £ 0.099 20.3 +50.1 1.092 £ 3.355
R10 4.6853 290.7 42 16.5 —43.7+ 0.6 22+09 0.728 £ 0.006 329+245 2259 £ 1.815
P11 4.8689 348.9 46 16.1 —438 + 1 21+14 0.535 £ 0.005 26.4 +32.9 1.712 £ 2.215
P12 4.8784 412.3 50 15.9 —434+12 22418 0.434 £ 0.005 24.1 £338 1.606 + 2.284
RI12 4.6711 412.3 50 16.8 —432+0.7 25407 0.506 £ 0.006 323 £14.8 2.168 £ 1.087
P13 4.8881 480.9 54 15.8 —43.24+0.6 25+1 0.353 £ 0.006 233+ 15.6 1.569 £ 1.057
R13 4.6641 480.9 54 16.9 —433+12 24+1.8 0.386 £ 0.004 223 +275 1.599 £+ 2.013

Note. Table 9 is published in its entirety in machine-readable format, which lists the line parameters of all decomposed absorption line components of MIR1/MIR?2 at
different velocities. A portion is shown here for guidance regarding its form and content.

(This table is available in its entirety in machine-readable form.)

Appendix B
Properties of Decomposed Absorption Lines

Table 9 lists the properties of all decomposed absorption
lines, assuming that the lines are optically thin and the line
profile only consists of a Doppler core (see Section 4.1).
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