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ABSTRACT

Aims. IRAS 19410+2336 is a young massive star forming region with an intense outflow activity. Outflows are frequently studied in
the near-infrared (NIR) since the H2 emission in this wavelength range often traces the shocked molecular gas. However, the mechanisms behind the H2 emission detected in IRAS 19410+2336 have not been clarified yet. We present here spatially resolved NIR
spectroscopy which allows us to verify whether the H2 emission originates from thermal emission in shock fronts or from fluorescence excitation by non-ionizing UV photons. Moreover, NIR spectroscopy also oﬀers the possibility of studying the characteristics
of the putative driving source(s) of the H2 emission by the detection of photospheric and circumstellar spectral features, and of the
environmental conditions (e.g. extinction).
Methods. We obtained long-slit, intermediate-resolution, NIR spectra of IRAS 19410+2336 using LIRIS, the NIR imager/spectrographer mounted on the 4.2 m William Herschel Telescope. As a complement, we also obtained J, H and Ks images
with the Las Campanas 2.5 m Du Pont Telescope, and archival mid-infrared (MIR) Spitzer images at 3.6, 4.5, 5.8 and 8.0 μm.
Results. We confirm the shocked nature of the H2 emission, with an excitation temperature of about 2000 K, based on the analysis
of relevant H2 line ratios, ortho-to-para ratios and excitation diagrams. We have also identified objects with very diﬀerent properties
and evolutionary stages in IRAS 19410+2336. The most massive source at millimeter wavelengths, mm1, with a mass of a few tens
of solar masses, has a bright NIR (and MIR) counterpart. This suggests that emission – probably coming through a cavity created by
one of the outflows present in the region, or from the outflow cavity itself – is leaking at these wavelengths. The second most massive
millimeter source, mm2, is only detected at λ >
∼ 6 μm, suggesting that it could be a high-mass protostar still in its main accretion
phase. The NIR spectra of some neighboring sources show CO first-overtone bandhead emission which is associated with neutral
material located in the inner regions of the circumstellar environment of YSOs.
Key words. infrared: ISM – ISM: individual objects: IRAS 19410+2336 – stars: formation – stars: early-type – ISM: jets and outflows

1. Introduction
IRAS 19410+2336 is a young massive star forming region which
has been extensively studied in a series of papers during the
last few years. It is considered as a prime example of the complexity of high-mass star formation due to the intense outflow
activity ongoing there. The 1.2 mm dust continuum map of
IRAS 19410+2336 obtained with the IRAM 30 m telescope at
low spatial resolution reveals two massive adjacent star forming
clumps roughly aligned in a north-south direction and separated
by ∼53 (Beuther et al. 2002b). The southern clump, with a mass
of about 840 M , is more massive than the northern clump, with
a mass of 190 M . Observations in CO(2−1) with 11 angular resolution show that each clump is associated with a bipolar molecular outflow in the east-west direction (Beuther et al.
2002c). The southern clump is resolved into at least four cores in
the 2.6 mm continuum using the Plateau de Bure Interferometer,
whereas the northern clump is resolved into two cores (Beuther
et al. 2003). These authors disentangle at least seven (possibly
even nine) bipolar outflows in this region with accretion rates
of the order of 10−4 M yr−1 , suﬃciently high to overcome the

radiation pressure and form massive stars via continuous diskaccretion processes. Higher spatial resolution observations at
1.3 mm, also with the Plateau de Bure Interferometer, show that
these two clumps split up into a even larger number of substructures, with at least 12 cores in each one (Beuther & Schilke
2004). These cores have masses ranging between 1.7 and 25 M ,
and visual extinctions of up to 1000 mag.
At the very center of the southern clump and coinciding with
the most prominent of the mm sources, Beuther et al. (2002d) detected H2 O and Class ii CH3 OH masers, which are considered to
be closely associated with the earliest stages of massive star formation. Only at this position is there evidence for a weak 1 mJy
unresoved (at angular resolution of 0. 7) cm continuum source
(Sridharan et al. 2002).
Beuther et al. (2002a) reported the detection of hard X-ray
emission from a number of point sources in the vicinity of
IRAS 19410+2336. They conclude that this X-ray emission is
due to intermediate-mass pre-main-sequence Herbig Ae/Be stars
or their precursors.
So far, only the kinematic distance to this object is known
and there exists a distance ambiguity, with a near distance
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of 2.1 kpc and a far distance of 6.4 kpc (Sridharan et al.
2002). However, authors like Beuther et al. (2002a) consider
this source to be located at its near kinematic distance because the derived outflow parameters are unreasonably high if
the far kinematic distance is assumed (see also Beuther et al.
2002c). Other arguments that strengthen the selection of the
near kinematic distance are the following. (1) The CS(2−1)
profile for IRAS 19410+2336 (Bronfman et al. 1996) is fairly
narrow (with a FWHM of 3.1 km s−1 ) as compared with other
sources that also have a complex outflow structure, for instance
IRAS 18507+0121, with a linewidth of 6.8 km s−1 at a distance
of 3.5 kpc (Shepherd et al. 2007). At a distance of 2.1 kpc, the
40 beam of these observations is probably detecting only the
mm clump and not the lobes observed in CO(2−1). At the far
distance of 6.4 kpc, however, the red and blue lobes of the outflow would have been detected as wings in the CS(2−1) profile.
(2) Bronfman et al. (1996) observed four IRAS point sources
with far-infrared colors typical of ultracompact H ii regions, including IRAS 19410+2336, which have very similar (LSR) velocities. These sources are within a galactic extent of about 1.7◦ ,
or about 60 pc at a distance of 2.1 kpc. This is the typical size
of a giant molecular cloud (GMC), and it is likely that these four
sources belong to the same GMC. At the far distance of 6.4 kpc,
on the contrary, there would have to be a series of GMCs with the
same velocity, or a single GMC with an extent of 180 pc, which
is unlikely. (3) Watson et al. (2003) observed IRAS 19410+2336
in the H110α and H2 CO lines in order to solve the distance ambiguity. No emission was detected in H110α, but they detected
H2 CO in absorption with a (LSR) velocity of 22.6 km s−1 and
a linewidth of 4.7 km s−1 . No absorption is detected at larger
velocities.
We thus assume a distance of 2.1 kpc. At this distance, the
infrared luminosity of IRAS 19410+2336 is 104 L .
Outflows are frequently studied in the near-infrared (NIR),
since the H2 emission in this range often traces the hot
(<2000 K) shocked molecular gas. In both low-luminosity and
high-luminosity outflows, the H2 emission delineates single
or multiple bow-shaped features associated with the leading
edge of the CO emission and, in some cases, also traces collimated jets and cavity walls (e.g., see the review by Richer
et al. 2000). Beuther et al. (2003) mapped the H2 emission
around IRAS 19410+2336 with the 3.5 m telescope on Calar
Alto and used this information (combined with high-spatial resolution CO observations) in their interpretation of the outflows
occurring in this region. However, the excitation mechanism
behind this H2 emission has not yet been determined. With
this aim in mind, we obtained long-slit, intermediate-resolution,
NIR spectra of IRAS 19410+2336 using LIRIS, the NIR imager/spectrographer mounted on the 4.2 m William Herschel
Telescope (WHT). These observations help us verify whether the
H2 emission is produced by thermal emission in shock fronts or
by fluorescence excitation by non-ionizing UV photons. These
mechanisms can be distinguished since they preferentially populate diﬀerent levels producing diﬀerent H2 line ratios. NIR spectroscopy also oﬀers the possibility of studying the characteristics of the putative driving source(s) of the H2 emission by
the detection of photospheric and circumstellar spectral features.
Moreover, it allows us to investigate environmental conditions
(e.g. extinction) towards IRAS 19410+2336.
As a complement, we also obtained J, H and Ks images with
the Las Campanas 2.5 m Du Pont Telescope. Combined with
archival Spitzer data at 3.6, 4.5, 5.8 and 8.0 μm, obtained by
the GLIMPSE Legacy Science Program (Benjamin et al. 2003),
these images are helpful to detect optically obscured, deeply

embedded young stars and protostellar candidates, excess emission from their circumstellar matter and, at earlier stages, from
their infalling envelopes.
This paper is structured as follows. Section 2 describes the
observations and data reduction, and Sect. 3 presents the photometric and spectroscopic results. Finally, Sect. 4 presents the
discussion and main conclusions.

2. Observations and data reduction
2.1. Imaging

J, H and Ks images were taken with the Las Campanas 2.5 m
Du Pont Telescope. This telescope is equiped with a NIR camera (Persson et al. 1992) using a Nicmos-4 256 × 256 pixel
HgCdTe array detector. The observations of IRAS 19410+2336
were taken on 1996 May 26. Integration times of 5 seconds per
frame were used. A dither pattern using 20−25 oﬀsets were applied resulting in an on-source integration time of 35 seconds.
A color composite image of IRAS 19410+2336 is presented
in the left panel of Fig. 1. Relevant stars are indicated.
The measured FWHM is 1. 2, 1. 1 and 1 in the J, H
and Ks band, respectively. We obtained the photometry of
IRAS19410+2336 using the standard IRAF1 DAOPHOT PSFfitting routines on the final mosaicked frames. We constructed a
semi-analytical PSF from 10 isolated stars in the field for each
band. The PSF postage stamp radius was set to 3. 15 while the
source fitting radius was 1 . 2MASS zeropoints were estimated
comparing the fluxes of 14 bright sources – selected from other
fields observed during this same night – with their brightnesses
in the 2MASS All-Sky Catalogue of Point Sources. We did not
apply any color correction. A total of 47, 67 and 110 sources
were extracted in the J, H and Ks band, respectively.
Table 1 lists the final J, H and Ks magnitudes in the 2MASS
photometric system for the stars in the field-of-view depicted in
the left panel of Fig. 1. The final uncertainties are the result of
propagating the errors coming from the instrumental magnitudes
and those from the linear fits used in the magnitude transformation. Limiting magnitudes are around 17.5 mag in J, 17 mag in
H and 16.5 mag in Ks .
Astrometry was performed by matching the positions of stars
in common in our images and in the 2MASS survey catalogue.
The astrometry accuracy is of the order of 0. 7.
Archival Spitzer images at 3.6, 4.5, 5.8 and 8.0 μm are also
used. The contours of the 5.8 μm data are overplotted in the
right panel of Fig. 1. Figure 2 shows a more detailed comparison between the Spitzer and the Ks imaging data. Saturation
aﬀected the brightest components in the 4.5 and 8.0 μm band
images, and so they are not shown. Saturation limits at 4.5 and
8.0 μm are, respectively, 200 and 740 mJy for a frame time
of 2 s. Spitzer/IRAC magnitudes in the 3.6, 4.5, 5.8 and 8.0 μm
filters are also listed in Table 1. They have been obtained from
the GLIMPSE Archive (e.g. Benjamin et al. 2003), available
through the NASA/IPAC Infrared Archive2. 3-σ detection limits
are 15.5, 15.0, 13.0 and 13.0 mag in the 3.6, 4.5, 5.8 and 8.0 μm
bands, respectively.

1
IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of Universities for the Research
in Astronomy, Inc., under cooperative agreement with the National
Science Foundation (http://iraf.noao.edu/).
2
http://irsa.ipac.caltech.edu

RA (J2000)

19:43:08.92
19:43:08.37
19:43:12.46
19:43:09.52
19:43:08.29
19:43:12.63
19:43:07.55
19:43:13.26
19:43:08.48
19:43:13.40
19:43:13.63
19:43:11.00
19:43:12.20
19:43:11.49
19:43:07.81
19:43:07.52
19:43:10.72
19:43:09.12
19:43:12.62
19:43:08.10
19:43:11.60
19:43:10.53
19:43:09.26
19:43:12.41
19:43:11.46
19:43:09.49
19:43:12.20
19:43:11.86
19:43:12.36
19:43:12.84
19:43:10.09
19:43:11.83
19:43:08.80
19:43:13.48
19:43:09.49
19:43:07.72
19:43:13.07
19:43:10.81
19:43:10.12
19:43:13.26
19:43:11.44
19:43:09.38
19:43:11.84
19:43:13.09
19:43:11.52
19:43:10.54
19:43:08.96

ID

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
29
30
31
33
34
35
36
37
38
40
41
42
43
44
45
46
47
50
51
52

23:43:31.2
23:43:31.4
23:43:32.4
23:43:33.1
23:43:33.5
23:43:34.1
23:43:35.4
23:43:35.6
23:43:36.4
23:43:36.2
23:43:36.3
23:43:37.0
23:43:36.9
23:43:38.1
23:43:39.1
23:43:39.5
23:43:40.9
23:43:41.4
23:43:41.8
23:43:42.3
23:43:42.8
23:43:42.7
23:43:43.7
23:43:44.7
23:43:45.2
23:43:46.0
23:43:46.5
23:43:48.7
23:43:47.8
23:43:51.0
23:43:53.6
23:43:54.2
23:43:54.9
23:43:56.0
23:43:55.8
23:43:55.6
23:43:56.1
23:43:56.2
23:43:58.0
23:43:58.7
23:43:59.1
23:44: 0.6
23:44: 1.4
23:44: 1.8
23:44: 4.6
23:44: 4.3
23:44: 4.7

Dec (J2000)

H
13.79 ± 0.13
...
13.23 ± 0.13
14.26 ± 0.14
...
15.86 ± 0.17
16.40 ± 0.19
16.49 ± 0.23
16.09 ± 0.19
14.80 ± 0.14
...
16.17 ± 0.21
...
12.95 ± 0.12
...
15.41 ± 0.16
13.17 ± 0.13
...
16.55 ± 0.20
...
14.12 ± 0.14
...
16.77 ± 0.25
...
11.23 ± 0.11
15.34 ± 0.15
...
16.17 ± 0.18
12.99 ± 0.12
...
14.62 ± 0.14
...
...
...
15.54 ± 0.16
...
...
15.24 ± 0.16
...
...
15.62 ± 0.16
11.10 ± 0.11
15.10 ± 0.15
15.63 ± 0.17
...
...
15.67 ± 0.16

J
14.24 ± 0.11
...
15.56 ± 0.12
14.51 ± 0.11
...
...
17.55 ± 0.20
...
17.75 ± 0.21
16.66 ± 0.18
...
...
...
14.58 ± 0.11
...
16.70 ± 0.16
...
...
...
...
15.57 ± 0.15
...
17.53 ± 0.35
...
11.40 ± 0.08
17.02 ± 0.17
...
...
13.78 ± 0.11
...
15.10 ± 0.11
...
...
...
16.30 ± 0.16
...
...
16.91 ± 0.17
...
...
17.30 ± 0.22
11.52 ± 0.08
16.44 ± 0.13
...
...
...
...

Table 1. Photometry towards IRAS 19410+2336.

13.58 ± 0.11
15.61 ± 0.13
12.03 ± 0.10
13.92 ± 0.12
15.68 ± 0.14
13.95 ± 0.12
15.82 ± 0.15
15.49 ± 0.18
15.68 ± 0.15
13.78 ± 0.11
15.33 ± 0.16
14.01 ± 0.11
15.51 ± 0.15
11.69 ± 0.09
15.65 ± 0.18
15.24 ± 0.13
10.96 ± 0.09
16.57 ± 0.23
15.20 ± 0.13
14.21 ± 0.12
12.85 ± 0.10
15.61 ± 0.23
15.77 ± 0.17
15.43 ± 0.19
11.09 ± 0.09
14.31 ± 0.12
16.79 ± 0.31
14.11 ± 0.12
12.56 ± 0.10
15.82 ± 0.22
14.07 ± 0.12
11.55 ± 0.11
16.71 ± 0.21
15.17 ± 0.14
14.94 ± 0.13
14.77 ± 0.13
15.19 ± 0.16
13.67 ± 0.11
14.28 ± 0.17
16.21 ± 0.17
14.55 ± 0.12
10.87 ± 0.08
14.41 ± 0.12
14.32 ± 0.14
14.66 ± 0.23
15.43 ± 0.13
14.19 ± 0.11

Ks
13.46 ± 0.08
13.02 ± 0.07
11.27 ± 0.07
13.87 ± 0.07
...
13.04 ± 0.13
...
...
...
13.03 ± 0.10
...
12.85 ± 0.10
...
10.64 ± 0.05
14.48 ± 0.17
...
9.66 ± 0.08
...
14.34 ± 0.14
10.49 ± 0.07
11.79 ± 0.07
...
...
...
11.14 ± 0.06
13.22 ± 0.15
...
13.02 ± 0.12
12.06 ± 0.06
...
...
9.74 ± 0.05
...
...
...
...
...
...
...
...
...
10.77 ± 0.07
...
13.06 ± 0.17
...
...
13.48 ± 0.10

[3.6]
13.59 ± 0.15
12.53 ± 0.13
11.16 ± 0.08
13.90 ± 0.20
...
12.71 ± 0.14
...
...
...
12.93 ± 0.14
...
12.45 ± 0.11
...
9.95 ± 0.06
...
...
9.40 ± 0.06
...
...
9.45 ± 0.05
11.12 ± 0.08
...
...
...
10.87 ± 0.13
13.05 ± 0.30
...
13.02 ± 0.34
11.88 ± 0.13
...
...
9.12 ± 0.11
...
...
...
...
...
...
...
...
...
10.76 ± 0.32
...
12.11 ± 0.17
...
...
12.66 ± 0.33

[4.5]
...
11.80 ± 0.20
10.56 ± 0.17
...
...
...
...
...
...
...
...
...
...
9.15 ± 0.07
...
...
9.00 ± 0.05
...
...
8.54 ± 0.05
10.15 ± 0.21
...
...
...
9.93 ± 0.20
...
...
10.75 ± 0.33
...
...
...
8.52 ± 0.05
...
...
...
...
...
...
...
...
...
...
...
...
...
...
...

[5.8]
...
...
...
...
...
...
...
...
...
...
...
...
...
8.47 ± 0.05
...
...
8.95 ± 0.08
...
...
7.79 ± 0.05
9.46 ± 0.08
...
...
...
9.97 ± 0.16
...
...
...
...
...
...
7.91 ± 0.05
...
...
...
...
...
...
...
...
...
...
...
...
...
...
...

[8.0]
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RA (J2000)

19:43:08.28
19:43:11.36
19:43:10.78
19:43:11.19
19:43:08.41
19:43:13.43
19:43:11.46
19:43:10.14
19:43:11.74
19:43:12.00
19:43:10.77
19:43:08.99
19:43:08.47
19:43:13.03
19:43:11.48
19:43:12.03
19:43:10.06
19:43:11.17
19:43:13.27
19:43:12.26
19:43:11.60
19:43:08.90
19:43:09.14
19:43:11.20
19:43:10.80
19:43:13.27
19:43:11.09
19:43:12.39
19:43:12.57
19:43:08.84
19:43:10.76
19:43:12.44
19:43:11.12
19:43:13.10
19:43:13.22
19:43:08.56
19:43:13.64

ID

53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

Table 1. continued.

23:44: 4.9
23:44: 5.3
23:44: 5.3
23:44: 4.3
23:44: 6.2
23:44: 6.4
23:44: 6.6
23:44: 6.9
23:44: 8.3
23:44: 9.0
23:44: 9.2
23:44: 9.4
23:44: 9.5
23:44: 9.2
23:44:10.6
23:44:11.3
23:44:11.4
23:44:12.1
23:44:12.3
23:44:11.7
23:44:13.4
23:44:13.6
23:44:14.4
23:44:15.7
23:44:15.4
23:44:16.8
23:44:16.8
23:44:17.2
23:44:17.9
23:44:18.5
23:44:21.2
23:44:22.0
23:44:22.5
23:44:23.6
23:44:25.6
23:44:25.9
23:44:26.7

Dec (J2000)

H
12.38 ± 0.12
...
13.78 ± 0.16
...
17.02 ± 0.53
...
...
...
...
15.37 ± 0.19
15.36 ± 0.16
12.92 ± 0.12
...
...
...
...
...
14.37 ± 0.14
13.62 ± 0.13
...
15.97 ± 0.17
...
13.41 ± 0.13
...
...
16.57 ± 0.21
...
16.65 ± 0.29
17.24 ± 0.29
15.84 ± 0.16
14.02 ± 0.13
...
16.39 ± 0.30
...
16.77 ± 0.22
15.16 ± 0.15
...

J
13.40 ± 0.14
...
14.91 ± 0.03
...
...
...
...
...
...
...
15.77 ± 0.13
14.09 ± 0.11
...
17.80 ± 0.26
...
...
...
...
...
...
17.63 ± 0.29
...
14.02 ± 0.10
...
...
...
...
...
...
...
14.30 ± 0.10
...
...
...
18.65 ± 0.32
...
...

12.18 ± 0.10
13.46 ± 0.15
12.21 ± 0.10
11.21 ± 0.13
15.40 ± 0.17
15.25 ± 0.13
13.91 ± 0.17
15.23 ± 0.13
12.90 ± 0.16
13.69 ± 0.15
14.95 ± 0.13
12.05 ± 0.10
16.50 ± 0.20
17.08 ± 0.30
15.22 ± 0.14
14.47 ± 0.14
15.02 ± 0.12
11.02 ± 0.09
11.27 ± 0.09
13.56 ± 0.16
15.31 ± 0.13
16.48 ± 0.20
12.85 ± 0.10
15.08 ± 0.15
16.85 ± 0.27
15.32 ± 0.16
15.14 ± 0.13
15.47 ± 0.15
16.58 ± 0.25
14.70 ± 0.12
13.75 ± 0.11
16.74 ± 0.23
15.47 ± 0.13
16.48 ± 0.34
16.08 ± 0.19
14.15 ± 0.11
15.91 ± 0.25

Ks
12.14 ± 0.10
...
...
5.32 ± 0.17
...
...
...
...
...
...
...
10.21 ± 0.05
...
...
...
...
...
8.10 ± 0.06
9.63 ± 0.08
...
...
...
12.08 ± 0.07
...
...
...
...
...
...
13.82 ± 0.12
13.42 ± 0.18
13.55 ± 0.20
...
...
...
12.72 ± 0.09
...

[3.6]
12.14 ± 0.16
...
...
3.47 ± 0.22
...
...
...
...
...
...
...
8.96 ± 0.05
...
...
...
...
...
...
9.32 ± 0.06
...
...
...
11.60 ± 0.08
...
...
...
...
...
...
13.53 ± 0.21
...
...
...
...
...
...
...

[4.5]
...
...
...
3.53 ± 0.07
...
...
...
...
...
...
...
7.74 ± 0.03
...
...
...
...
...
5.37 ± 0.07
8.83 ± 0.28
...
...
...
11.05 ± 0.12
...
...
...
...
...
...
...
11.10 ± 0.24
...
...
...
...
...
...

[5.8]
...
...
...
...
...
...
...
...
...
...
...
5.76 ± 0.03
...
...
...
...
...
4.21 ± 0.11
...
...
...
...
...
...
...
...
...
...
...
...
...
...
...
...
...
...
...

[8.0]
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Table 1. continued.

RA (J2000)

19:43:13.45
19:43:11.07
19:43:13.06
19:43:09.25
19:43:13.17
19:43:10.81
19:43:09.42
19:43:08.72
19:43:08.07
19:43:08.94
19:43:07.54
19:43:12.78
19:43:08.89
19:43:11.87
19:43:12.01
19:43:12.93
19:43:10.47
19:43:11.96
19:43:07.64
19:43:10.04
19:43:09.35
19:43:12.61
19:43:07.70
19:43:11.49
19:43:12.38
19:43:12.50

ID

91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116

23:44:29.5
23:44:29.9
23:44:30.2
23:44:32.9
23:44:33.8
23:44:34.0
23:44:34.4
23:44:36.0
23:44:36.0
23:44:36.4
23:44:36.9
23:44:36.7
23:44:37.4
23:44:37.6
23:44:40.6
23:44:41.0
23:44:43.2
23:44:44.0
23:44:44.4
23:44:45.2
23:44:46.2
23:44:46.9
23:44:49.8
23:44:50.4
23:44:50.8
23:44:52.2

Dec (J2000)
...
...
...
...
...
15.94 ± 0.13
13.36 ± 0.10
...
16.53 ± 0.15
14.90 ± 0.12
...
...
...
...
...
...
...
...
14.53 ± 0.11
...
...
...
17.03 ± 0.18
...
...
...

J
...
...
...
...
...
14.92 ± 0.15
12.53 ± 0.12
...
15.35 ± 0.15
14.41 ± 0.15
...
...
...
...
...
...
16.86 ± 0.23
16.26 ± 0.27
13.81 ± 0.13
16.38 ± 0.18
16.88 ± 0.21
...
16.04 ± 0.18
...
...
16.11 ± 0.22

H

[3.6]
13.69 ± 0.14
...
...
...
...
14.03 ± 0.10
...
...
14.39 ± 0.12
...
15.11 ± 0.21
...
...
13.85 ± 0.11
14.07 ± 0.11
13.92 ± 0.07
...
...
13.44 ± 0.08
...
...
14.33 ± 0.12
15.11 ± 0.17
13.80 ± 0.12
13.34 ± 0.09
...

Ks
15.40 ± 0.14
16.12 ± 0.18
16.02 ± 0.19
13.78 ± 0.13
16.48 ± 0.21
14.42 ± 0.12
12.04 ± 0.10
15.74 ± 0.15
14.89 ± 0.12
14.35 ± 0.12
15.70 ± 0.13
17.56 ± 0.46
14.32 ± 0.12
15.50 ± 0.20
16.27 ± 0.20
15.21 ± 0.18
15.65 ± 0.15
15.82 ± 0.15
13.57 ± 0.11
15.97 ± 0.17
15.54 ± 0.17
17.07 ± 0.26
15.63 ± 0.13
15.64 ± 0.19
15.27 ± 0.19
14.96 ± 0.16

13.24 ± 0.13
...
...
...
...
...
...
...
14.32 ± 0.27
...
...
...
...
13.62 ± 0.18
13.05 ± 0.13
13.83 ± 0.17
...
...
13.33 ± 0.16
...
...
13.72 ± 0.17
...
13.03 ± 0.14
13.98 ± 0.20
13.65 ± 0.14

[4.5]
...
...
...
...
...
...
...
...
...
...
...
...
...
12.05 ± 0.16
...
...
...
...
...
...
...
...
...
11.97 ± 0.19
...
...

[5.8]

...
...
...
...
...
...
...
...
...
...
...
...
...
...
...
...
...
...
...
...
...
...
...
10.74 ± 0.13
...
...

[8.0]
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2.2. Spectroscopy

NIR spectra in the 1.9−2.4 μm wavelength range (using the
mrk grism) were obtained during the nights of 2006 August 31
and September 1 and 2 at the 4.2 m WHT using LIRIS, a longslit intermediate-resolution infrared spectrograph (Acosta Pulido
et al. 2003; Manchado et al. 2004). LIRIS is equipped with a
Rockwell Hawaii 1024 × 1024 HgCdTe array detector. The spatial scale is 0. 25 pixel−1 , and the slit width used during the observations was 0. 75, allowing a spectral resolution R = λ/Δλ ∼
1000. The slit (of length 4. 2) was oriented along PA = 0◦
(slit #1) and 59◦ (slit #2) covering the brightest nebular spots
(see Fig. 3). Weather conditions were relatively good, although
with sparse cirrus. The infrared seeing during our observations
varied between 0. 7 and 1. 8 measured from the FWHM of the
standard star spectra.
Observations were performed following an ABBA
telescope-nodding pattern, placing the source in two positions along the slit. Oﬀsets were 15 for slit #1 and 25 for
slit #2. Individual exposures were taken with integration times
of 300 s, adding up to a total on-source integration time of
80 min for slit #1, and 60 min for slit #2. In order to obtain the
telluric correction and the flux calibration, the nearby AO V stars
HIP 95487 and HIP 95560 were observed with the same configuration. The data were reduced following standard procedures
for NIR spectroscopy, using IRAF and LIRISDR, the LIRIS
data reduction package. After the flat-field correction, consecutive AB pairs of two-dimensional spectra were subtracted to
remove the sky background. The resulting frames were then
co-added to provide the final spectrum. Sky lines present in
the science raw data were used to determine the wavelength
calibration. The final uncertainty in the wavelength calibration
is of the order of 1 Å. The resulting wavelength-calibrated
spectra were divided by a normalized reference spectrum to
remove the telluric contamination. This normalized reference
spectrum was generated from the observed spectra of the A0 V
standard stars, divided by a Vega model spectrum convolved
with the actual spectral resolution (∼23 Å). For this, we used
the routine xtellcor_general within the Spextool package (Vacca
et al. 2003). This routine was also used for the flux calibration.
We estimate an uncertainty in the flux calibration around 20%
based on the comparison of the various spectra obtained for the
standard stars. This large uncertainty probably reflects the fact
that sparse cirrus were present during the time of observation.
The contours of the (acquisition) broad-band image of
IRAS 19410+2336 obtained in the Ks filter (cut-oﬀ wavelengths
are 1.990 and 2.310 μm) are shown in Fig. 3. The slits are
overplotted. We identify several regions, 1 to 4 in slit #1 (with
PA = 0◦ ), and 5 to 9 in slit #2 (with PA = 59◦ ). These regions
represent well diﬀerentiated parts of the H2 emission. Regions 3
and 4 of slit #1 correspond to two H2 knots (1 and 2) found at
about 50 and 119 north of object nr56 (see the right panel of
Fig. 1, where their positions are indicated).
Peak positions and fluxes of the lines were measured by fitting a Gaussian profile. These are listed in Table 2. The large
discrepancies between regions 1 and 5 (both include the source
nr56) are due to the diﬀerent size and orientation of the extraction apertures. A line is defined as being detected if its peak
intensity exceeds the rms noise level of the local continuum
(typically around 4.5 × 10−16 W m−2 μm−1 ) by at least a factor
of 3.

3. Results
3.1. The environment of IRAS 19410+2336

As mentioned in the introduction, IRAS 19410+2336 is formed
by two massive adjacent star-forming clumps (Beuther et al.
2002b). The southern clump, with a mass of 840 M , is about
four times more massive than the northern clump. The positions
and approximate sizes of these unresolved clumps are marked in
the right panel of Fig. 1. The positions of the millimeter sources
observed by Beuther et al. (2003) are also indicated in Fig. 1, together with the locations of the unresolved cm continuum emission detected within the southern clump (Sridharan et al. 2002),
and the X-ray sources observed by Beuther et al. (2002a).
The elongated emission feature seen in the Ks image coincides with an H2 linear structure observed by Beuther et al.
(2003). This elongated H2 feature is strongly associated with the
blue-shifted molecular emission of a CO outflow – denominated
C by Beuther et al. (2003) – and outlines the same morphological structure, indicating that this is a highly collimated outflow.
This outflow is probably driven by the millimeter source mm1.
This is the brightest mm source, with a mass of a few tens of
solar masses (Beuther & Schilke 2004), and is associated with
the NIR object nr56. It also has a MIR counterpart (see Fig. 2).
Another object of interest is source nr71, which also has a
MIR counterpart detected by Spitzer, although weaker, and has
no counterpart at millimeter wavelengths. Finally, the millimeter source mm2, which is nearly as massive as mm1 (Beuther
& Schilke 2004), is associated with MIR emission but remains
undetected at wavelengths shortward of 6 μm.
3.2. Color–color and color–magnitude diagrams

Table 1 contains JHKs and IRAC magnitudes for 116 stars detected in the ∼75 × 75 field around IRAS 19410+2336. The
two bright red objects seen in the left panel of Fig. 1 are stars
nr56 and nr71, with Ks magnitudes of 11.21 and 11.02, respectively. Source nr56 is only detected in Ks .
The color−color (J − H vs. H − Ks ) and color−magnitude
(Ks vs. H − Ks ) diagrams are shown in Fig. 4. Error bars are
1-σ. In each diagram we have plotted the theoretical main sequence at the assumed distance for the region, i.e. 2.1 kpc.
Intrinsic colors were taken from Tokunaga (2000) and Martins &
Plez (2006). Absolute visual magnitudes, Mv , were taken from
Cramer (1997), Houk et al. (1997) and Martins & Plez (2006).
We also include four sources (2MASS_1 – 2MASS_4) outside
the ∼75 ×75 field around IRAS 19410+2336 which have available 2MASS photometry. These sources are plotted by green star
symbols and identified in the right panel of Fig. 1. The large
scatter in the color−color diagram could be due to, among other
possibilities, the diﬀerent spatial resolution between 2MASS and
the Las Campanas observations, and the presence of blobs of
emission with no detected star.
The dotted lines in the color-magnitude diagram comprise
the area where reddened O and early B stars at a distance of
2.1 kpc might be found. Such stars would ionize their own
H ii regions. Among the sources detected in H and Ks , several
display high extinction appearing as red or orange in the left
panel of Fig. 1. These stars are nr14, nr17, nr55, nr64, nr72 and
nr97, with AK in the range 1−4 mag. Stars nr14 and nr55 are
associated with two X-ray point sources detected by Beuther
et al. (2002a). Among this group of candidate O and early B
type stars are 2MASS_1, associated with a mm source (mm5),
and 2MASS_3, associated with extended MIR emission. From
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2MASS_4 (knot 2)

E
2MASS_6
2MASS_5

2MASS_1

knot 1
113
97

2MASS_2

100/103
64

89

2MASS_3

55
72
17
34

14

45

Fig. 1. (Left) Las Campanas color composite image of IRAS 19410+2336 where J is blue, H is green and Ks is red. Stars which are discussed
in the text are labeled. (Right) In grey-scale we show the broad-band (Ks filter) acquisition image of IRAS 19410+2336 obtained with LIRIS. A
dotted box outlines the field-of-view covered by the Las Campanas JHKs data. The black small circles indicate the positions of the H2 knots 1 and
2 detected in one of the two LIRIS slits (slit #1). The large dashed circles mark the positions and approximate sizes of the two massive star-forming
clumps detected at 1.2 mm with the IRAM 30 m telescope. The white contours outline the Spitzer 5.8 μm emission (more detailed MIR images of
the central source are shown in Fig. 2). The red asterisks mark the positions of the mm sources identified by Beuther et al. (2003). The orange filled
triangle marks the position of the cm continuum source associated with H2 O and CH3 OH maser emission (Beuther et al. 2002d). Blue squares
mark the X-ray sources observed by Beuther et al. (2002a). The green stars are 2MASS point sources of interest. The (0 , 0 ) position in both
images corresponds to RA (J2000.0) = 19h 43m 11.s 18 and Dec (J2000.0) = 23◦ 44 04. 2 (see the electronic edition of the Journal for a color version
of this figure).

71

mm2
mm1

56

mm3

Fig. 2. Spitzer/IRAC 3.6 and 5.8 μm images of the central part of IRAS 19410+2336. White contours represent the Ks emission. The mm sources
identified by Beuther et al. (2003) are indicated by asterisks. The triangle marks the position of the cm continuum source. In these figures, north is
up and east is to the left. The (0 , 0 ) position corresponds to RA (J2000.0) = 19h 43m 11.s 18 and Dec (J2000.0) = 23◦ 44 04. 2 (see the electronic
edition of the Journal for a color version of this figure).

all these sources, only nr55 and 2MASS_3 exhibit a NIR infrared excess as can be seen in the color−color diagram.
Other bright Ks sources are stars nr34, nr56, nr71 and
2MASS_2. From these, only star nr71 shows a clear NIR excess;

stars nr34 and nr56 are not detected in J and H. 2MASS_2, on
the other hand, is associated with extended MIR emission.
There are not many stars with a NIR excess even though
the X-ray data indicates the presence of Herbig Ae/Be stars in
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towards regions
3 and 4
2
9
8
7
6

1

5

Fig. 3. Contours of the broad-band (Ks filter) acquisition image of
IRAS 19410+2336 obtained with LIRIS. The positions of the slits and
the distinct regions analysed in the text are marked. Regions 3 and 4,
which correspond respectively to H2 knots 1 and 2 (see the right panel
of Fig. 1), are 50 and 119 north of nr56. The red stars indicate, from
right to left, the positions of sources nr56, nr56b, nr56c and nr56d.
In this figure, north is up and east is to the left. The (0 , 0 ) position corresponds to RA (J2000.0) = 19h 43m 11.s 18 and Dec (J2000.0)
= 23◦ 44 04. 2 (see the electronic edition of the Journal for a color version of this figure).

the field around IRAS 19410+2336. However, this type of stars
might only start showing an infrared excess at wavelengths longward of about 3 μm.
Figure 5 shows a [3.6]−[4.5] vs. [5.6]−[8.0] color−color diagram for the sources with identifications in all four IRAC bands,
where we use the classification of Megeath et al. (2004). The
box enclosed by dashed lines shows the domain of Class II objects, i.e. stars with disks. The domain of embedded young stellar
objects (YSOs), i.e. of Class 0 and I objects, is also indicated.
This diagram is useful to identify infrared excess emission of
the observed targets. Sources nr17 and 2MASS_2 fall within the
“disk domain”, while others, such as 2MASS_1, nr14, nr34 and
nr64, have a larger infrared excess and fall within the domain
of embedded YSOs. In particular, 2MASS_1, nr14 and nr34
have X-ray counterparts. Finally, nr56, with [3.6]−[4.5] ∼ 1.85,
could certainly be an embedded YSO. By comparison, nr71,
with [5.8]−[8.0] ∼ 1.16, does not have a large infrared excess
and might be already a Class II object.
3.3. Spatially resolved NIR spectroscopy

Figure 6 illustrates the spatial variation of the H2 1−0 S(1) transition at 2.121 μm. Moving along slit #1 and from south to north,
H2 emission is detected at the position of objects nr56 and nr71
(regions 1 and 2), and about 50 and 119 north of object nr56
(regions 3 and 4, also denominated H2 knots 1 and 2, respectively). Across slit #2, the H2 emission extends over ∼25 . We
have distinguished 5 diﬀerent regions in slit #2, named 5 to 9.
Moving from NE to SW, the H2 line emission is stronger in region 9. After this region, the slit crosses over two bright blobs

(which correspond to sources nr56d and nr56c, see below), and
decreases smoothly afterwards.
The left panel of Fig. 7 shows the nebular spectra of
IRAS 19410+2336 extracted from regions 2, 3 and 4 of slit #1,
and the integrated spectrum across slit #2. The most obvious features of these spectra are a large number of strong molecular hydrogen transitions and a weak Brγ emission line. Table 2 lists the
identified lines, their central wavelengths and fluxes. The quoted
uncertainties are from the line fitting procedure.
We also extracted four spectra along slit #2 where an unresolved underlying continuum was detected. In particular, at 0
(which coincides with object nr56), at 3 (which we will denominate hereafter nr56b), at 8. 7 (nr56c) and at 13. 7 (nr56d). Since
no photospheric features are detected, origins for the continua
other than stellar must be considered. Moreover, a stellar origin is unlikely because of the relatively large extinction towards
IRAS 19410+2336 (see Sect. 3.4). These continua can also be
produced by (1) free-free and free-bound emission from ionized
gas; (2) scattered light and (3) hot dust. The free-free continuum emission detected at radio wavelengths contributes only
marginally to the infrared continuum detected in the K-band.
This was estimated using Eq. (7) of Roman-Lopes & Abraham
(2004) and the free-free Gaunt factors of Hummer (1988). In
particular, for a flux density of 1 mJy at 3.6 cm and a typical
electron temperature of 104 K, the expected free-free flux density in the K-band is only about 0.15 mJy, which translates into
∼10−16 W m−2 μm−1 at 2.2 μm, less than about 1% of the observed continua. Most likely, the continua are caused by hot dust
as the spectra of e.g. nr56 and nr56b are very red. These red
slopes cannot be explained by scattered light, whose eﬀect becomes stronger towards shorter wavelengths.
The spectra of nr56, nr56b, nr56c and nr56d are illustrated
in the right panel of Fig. 7. The positions of these sources within
IRAS 19410+2336 are indicated in Fig. 3. Besides the nebular
H2 lines and weak Brγ, an important result is the detection of CO
first-overtone bandhead emission lines in nr56b and nr56c. The
spectrum of nr56d has a very faint continuum and is mostly dominated by H2 lines. These four spectra have been corrected for
extinction using the values listed in Table 2, i.e. AK = 4.0 mag
for nr56 and AK = 1.6 mag for the other sources. The derivation
of these values will be explained later in Sect. 3.4. It is interesting to note that the continuum slopes of sources nr56c and n56d
are not very red after dereddening. The red continuum slopes of
sources nr56 and nr56b, as mentioned previously, can be easily
explained by emission of hot dust.
3.4. H2 excitation

The NIR emission from H2 can be produced by either thermal emission in shock fronts or fluorescence excitation by nonionizing UV photons in the Lyman-Werner band (912−1108 Å).
These mechanisms can be distinguished since they preferentially
populate diﬀerent levels producing diﬀerent line ratios.
Non-thermal excitation mechanims readily excite the v = 2
and higher vibrational states, whereby collisional transitions
preferentially de-excite the v = 2 level in favor of the v = 1
level. Hence, the H2 1−0 S(1)/2−1 S(1) ratio has on occasion
been used to distinguish between these two processes, with a
pure fluorescense value around 2 and a thermal value of order 10
(e.g. Davies et al. 2003). However, for high density clouds (nH >
∼
105 cm−3 ) and for an intense incident FUV radiation field with
4
G0 >
∼ 10 (where G0 is the incident FUV photon flux between 6
and 13.6 eV measured in units of the local interstellar radiation
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Table 2. Line fluxes measured along slit #1 (PA = 0◦ ) and slit #2 (PA = 50◦ ) in units of 10−18 W m−2 . We also give significant line flux ratios and
results such as the ortho-to-para ratios (φ1 , φ2 and φ3 ), the extinction (AK ) and the excitation temperature (T ex ).
Slit #1: PA = 0◦
Region 1
1–0 S(3)
1–0 S(2)
3–2 S(5)
2–1 S(3)
1–0 S(1)
3–2 S(4)
2–1 S(2)
Brγ
3–2 S(3)
1–0 S(0)
2–1 S(1)
2–1 S(0)
3–2 S(1)
1−0
2−1
1−0
3−2

a

S(1) (b)
S(1)
S(1) (b)
S(3)

φ1
φ2
φ3
AK
T ex (K)

Slit #2: PA = 59◦

Region 2

Region 3

Region 4

7.4 ± 1.6 10.1 ± 2.2
3.0 ± 1.2
<4
<5
<4
<4
<4
10.8 ± 1.2 4.0 ± 0.9
<4
<4
1.4 ± 0.9 2.7 ± 0.7
<3
<3
<6
<6
2.5 ± 1.6
<6
<6
<6
<7
<6
<7
<11

22.1 ± 5.9
4.1 ± 0.9
<1
1.2 ± 0.3
10.2 ± 0.9
<1
<2
<1
<1
3.0 ± 0.4
1.8 ± 0.5
<2
<2

10.8 ± 3.7
1.6 ± 0.2
<1
0.6 ± 0.3
4.4 ± 1.4
<1
<2
<1
<1
1.6 ± 0.7
<1
<2
<2

5.7 ± 1.6
>10.2
2.4 ± 0.3
>1.1

>4.4
>4.4
2.2 ± 0.8

>1.8
>1.8
3.2 ± 1.3
<4.1

>0.7
>0.7
>0.6
<1.9

4.5 ± 0.4
3440 ± 265

2.8 ± 0.5
3.4 ± 0.6
2300 ± 115 2295 ± 165

Region 5

Region 6

Region 7

Region 8

20.1 ± 1.6 14.7 ± 2.5 75.3 ± 4.7 55.2 ± 4.4
5.7 ± 1.0 4.3 ± 0.5 16.0 ± 0.5 16.2 ± 0.6
<3
<2 0.7 ± 0.2 0.6 ± 0.2
1.5 ± 0.7 1.5 ± 0.3 4.4 ± 0.2 3.7 ± 0.2
20.5 ± 1.0 12.3 ± 0.5 47.0 ± 0.8 47.0 ± 1.5
<3
<1
<1
<1
<5
<3 1.9 ± 0.3 1.1 ± 0.2
1.6 ± 0.7 1.2 ± 0.4 1.6 ± 0.4
<1
<4
<2
<1 0.5 ± 0.1
6.4 ± 1.4 3.6 ± 1.0 11.7 ± 0.4 12.0 ± 0.5
2.4 ± 1.0 1.4 ± 0.5 4.4 ± 0.4 3.8 ± 0.2
<5
<3
<3 0.6 ± 0.3
<8
<6
<4 1.2 ± 0.5

Region 9 5+6+7+8+9
169 ± 42
38.7 ± 1.6
1.6 ± 0.3
10.8 ± 0.5
106 ± 5
0.9 ± 0.2
4.8 ± 0.3
<1
2.5 ± 0.2
26.8 ± 1.4
11.6 ± 0.7
2.9 ± 0.6
<3

343 ± 22
81.8 ± 1.9
2.9 ± 0.9
22.0 ± 1.1
237 ± 5
1.3 ± 0.9
7.8 ± 1.7
5.4 ± 1.7
4.3 ± 1.4
60.6 ± 2.7
23.8 ± 1.8
5.1 ± 2.6
7.5 ± 4.1

8.8 ± 3.1 10.7 ± 1.0 12.4 ± 0.8
9.1 ± 0.7
>6.1
>47
94 ± 19
42 ± 4
2.6 ± 0.4 2.9 ± 0.1 2.8 ± 0.1
2.8 ± 0.1
>0.6 2.5 ± 0.3 3.8 ± 0.4
2.6 ± 0.1
>1.0
2.5 ± 0.5
4.0 ± 0.2 1.6 ± 0.4 1.5 ± 0.5 1.2 ± 0.7
1.3 ± 1.1
2000 ± 40 2270 ± 80 2115 ± 70 2000 ± 70 2390 ± 110

10.0 ± 0.8
55 ± 18
2.9 ± 0.1
3.3 ± 0.5
2.8 ± 1.5
1.6 ± 0.5
2135 ± 60

8.5 ± 3.6
>5.0
2.8 ± 0.4
>0.4

(a)

This line falls in a region of poor atmospheric transmission; the indentification as 1−0 S(3) is therefore dubious and it is discarded from the
analysis. (b) This line ratio has not been corrected for extinction.
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Fig. 4. (Left) NIR color–color diagram of IRAS 19410+2336. The solid line represents the main sequence from Tokunaga (2000) and Martins &
Plez (2006). The dashed lines show the reddening band for main sequence colors. A reddening vector of 2 mag in the K-band is represented by
a thick arrow. Blue squares indicate sources associated with X-ray emission. Orange diamonds are objects which are associated with strong MIR
emission. Finally, various 2MASS point sources of interest are plotted by green stars. We include 2MASS_4, the 2MASS point source associated
with the H2 knot 2. (Right) NIR color−magnitude diagram at a distance of 2.1 kpc. Here, the dashed lines show our detection limits, and the dotted
lines comprise the area where reddened O and early B stars at a distance of 2.1 kpc might be found (see the electronic edition of the Journal for a
color version of this figure).

field), collisional de-excitation of FUV-pumped molecules will
thermalize the lower energy levels and the 1−0 S(1)/2−1 S(1)
ratio will rapidly approach a thermal value (e.g. Burton et al.
1990; Hollenbach & Natta 1995; Davies et al. 2003). Conversely,
the higher vibrational states are expected to retain a fluorescent

population. For instance, the 1−0 S(1)/3−2 S(3) ratio retains a
value of approximately 8, and only for very high densities and a
very intense FUV radiation field will this ratio approach a thermal value of 10−100. Therefore, the combination of the 1−0
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64

2MASS_1

17

14

34
2MASS_2

Fig. 5. Spitzer/IRAC color–color diagram for sources with identifications in all four IRAC bands. The thick vector on the left shows AK = 2.
We use the same symbols here as in Fig. 4. The dashed lines and labels for diﬀerent types of protostars are based on the classification of
Megeath et al. (2004) (see the electronic edition of the Journal for a
color version of this figure).

S(1)/2−1 S(1) and 1−0 S(1)/3−2 S(3) ratios should indicate the
H2 excitation mechanism.
Table 2 lists the 1−0 S(1)/2−1 S(1) and 1−0 S(1)/3−2 S(3)
ratios across slit #1 (PA = 0◦ ) and slit #2 (PA = 59◦ ). Across
slit #2, the 1−0 S(1)/2−1 S(1) ratio remains practically constant
with an average value around 10. The 1−0 S(1)/3−2 S(3) ratio,
on the other hand, has an average value of 55 and reaches a value
as high as 100 in region 8. The combination of both ratios suggests the presence of shocks across this bulk of emission. This
analysis is however not conclusive in the case of slit #1, even
though the dense PDR models of Davies et al. (2003) seem to
match the ratios observed for region 3.
An additional diagnostic is provided by the ortho-to-para ratio. At the moment of formation, molecular hydrogen can join
one of two denominations: ortho (aligned nuclear spins) or para
(opposed nuclear spins). The ortho-to-para ratio φ, based on the
statistical weights of the nuclear spins, is 3:1. In outflow regions
where shock excitation is the primary emission mechanism, observations of vibrational emission lines typically reveal ortho-topara ratios for vibrationally excited states of about 3 (e.g. Smith
et al. 1997). However, as discussed at length by Sternberg &
Neufeld (1999), the ortho-to-para ratio can take values other than
the intrinsic 3 if the excitation is caused by UV fluorescence.
Indeed, ratios in the range 1.5−2.2 have been measured in PDRs
(e.g. Ramsay et al. 1993; Chrysostomou et al. 1993; Shupe et al.
1998; Lumsden et al. 2001).
From the 1−0 S(0), 1−0 S(1) and 1−0 S(2) line fluxes we
measure the ortho-to-para ratio for the v = 1 states (φ1 ) following
Eq. (9) of Smith et al. (1997). In Table 2 we list the resulting φ1
for each region. In general, these are consistent with a ratio of 3
suggesting a thermalization of the v = 1 states.
Of course, φ1 does not tell the whole story. A value of the
ortho-to-para ratio for the v = 2 states (φ2 ) is derived from the
2−1 S(1), 2−1 S(2) and 2−1 S(3) transitions using Eq. (1) of
Davis et al. (2003). Although the values for φ2 are less certain
because the v = 2 transitions are in general weak, the results

Fig. 6. Spatial variation of the H2 1−0 S(1) transition at 2.121 μm across
slits #1 and #2. The origin corresponds to the (0 , 0 ) position of
Fig. 3. The diﬀerent regions analysed in the text (1 to 9) are identified. Regions 3 and 4 correspond to H2 knots 1 and 2, respectively. The
stars indicate the positions of sources nr56, nr56b, nr56c and nr56d.

in Table 2 indicate that this ratio is in general close to 3. This
suggests a thermalization of the v = 2 levels, although we find
φ2 < 1.9 in region 2, a value which is typical of PDRs.
In a few cases we could derive a value for the v = 3 levels
using the 3−2 S(3), 3−2 S(4) and 3−2 S(5) transitions. Using the
methodology of Smith et al. (1997), the ratio from these transitions is given by:
1/φ3 = 0.945(I4/I5 )0.467 (I4 /I3 )0.533 .

(1)

The values we obtain for slit #2 are again close to 3 as can be
seen in Table 2.
A more sophisticated way of characterizing the H2 emission
is by plotting the observed column density against the energy
of the upper level. The measured intensity, I, of a given H2 line
can be used to calculate the column density of the upper excitation level of the transition, which, for optically thin emission, is
given by:
Nj =

4πλ j I
,
A j hc

(2)

where λ j is the rest wavelength and A j is the Einstein
A-coeﬃcient taken from Wolniewicz et al. (1998). If collisional
de-excitation is assumed to dominate, the H2 will be in LTE and
the energy levels can be described by a Boltzmann distribution.
The relative column densities of any two excitation levels can
thus be expressed in terms of an excitation temperature T ex :


−(Ei − E j )
gi
Ni
= exp
,
(3)
Nj gj
kT ex
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Fig. 7. (Left) Spectra of various regions along slit #1 (PA = 0◦ ). The lower panel shows the integrated spectra across slit #2 (PA = 59◦ ). The
positions of the strongest H2 lines and Brγ are indicated by dotted lines. (Right) Spectra of sources nr56, nr56b, nr56c and nr56d. The positions of
Brγ and the CO bandheads are marked. These four spectra have been corrected for extinction using the values listed in Table 2.

where g j is the degeneracy, E j is the energy of the upper level
taken from Dabrowski (1984) and k is the Boltzmann’s constant.
The values of λ j , E j , A j and g j for the lines detected in the spectra are given in Table 3. Clearly, plotting the logarithm of the
ratio of the column densities divided by the appropriate statistical weights gives the excitation temperature from the slope of
the data.
In Fig. 8 we show plots of log N j /g j versus the energy. We
have normalized the population distributions relative to that inferred from the 1−0 S(1) line and corrected for extinction. A
standard extinction law of the form Aλ ∝ λ−1.7 (e.g. Mathis
1990; Martin & Whittet 1990) was used. For thermalized populations at a fixed gas temperature, the logN/g points should lie
on a straight line in these excitation diagrams. If the value of
Ak used to correct the line intensities from which the column
density is calculated is wrong, then the scatter of the points will
increase. The values of Ak that minimize χ2 and the resulting
excitation temperatures are reported in Table 2. Of course, these
values of the extinction are estimated assuming a purely thermal single-temperature gas and thus, they must be taken with

Table 3. We give the air wavelengths, upper energy levels,
Eistein A coeﬃcients and degeneracies of the H2 lines detected in
IRAS 19410+2336.
Transition
1–0 S(3)
1–0 S(2)
3–2 S(5)
2–1 S(3)
1–0 S(1)
3–2 S(4)
2–1 S(2)
3–2 S(3)
1–0 S(0)
2–1 S(1)
2–1 S(0)
3–2 S(1)

λj
(μm)
1.9571
2.0332
2.0650
2.0729
2.1212
2.1274
2.1536
2.2008
2.2229
2.2471
2.3549
2.3857

Ej
(K)
8365
7584
20 856
13 890
6956
19 912
13 152
19 086
6471
12 550
12 095
17 818

Aj
(10−7 s)
4.21
3.98
4.53
5.77
3.47
5.25
5.60
5.63
2.53
4.98
3.68
5.15

gj
33
9
45
33
21
13
9
33
5
21
5
21

caution. Temperatures range from 2000 to 3400 K, while the
extinction spreads from approximately Ak = 1 mag to Ak =
4.5 mag.
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Fig. 8. H2 excitation diagrams for every region (except region 2, where only two useful lines are available). The lines represent the best fitting
purely thermal single-temperature models.

For fluorescence emission, each vibrational level has N j /g j
lying along a separate “branch” and the rotational population
within each level can be approximated by a thermal distribution.
A curved line in this plot would therefore provide evidence for
non-LTE processes. In the case of IRAS 19410+2336, a single
temperature LTE gas fits rather well the v = 1 and v = 2 transitions indicating that at least these two levels appear to be thermalized at temperatures of the order of 2000 K. Unfortunately,
this cannot help to discriminate between shocks and UV excitation. This is because in dense PDRs the lower H2 levels will be
thermalized as in shocks. However, the distinction can be made
by looking at the v = 3 transitions, which will be predominantly
excited by the PDR.
When v = 3 transitions are detected (as is the case of
slit #2), their column densities are only slightly underpredicted
by the single component models. This suggests that a nonthermal mechanism might be partially responsible for the excitation of these high vibrational levels. However, the fact that
1−0 S(1)/Brγ is ≫1 strongly argues against a stellar UV excitation model (cf. Hatch et al. 2005). Moreover, the faintness of
Brγ emission and the measured excitation temperatures suggest
that fast C-shocks might be present in IRAS 19410+2336. This
type of shock has typical velocities of the order of 40 km s−1
and heats the gas to ∼2000 K producing strong H2 lines (e.g.

Davies et al. 2000). The UV radiation field necessary to excite
the v = 3 levels of H2 can be produced in the dissociated apex of
a bow-shaped shock (Fernandes & Brand 1995; Fernandes et al.
1997). The excess emission observed for the lines with v = 3
would then arise from H2 fluorescence produced by Lyα pumping of the low density (∼103 −104 cm−3 ) pre-shocked gas, while
the bulk H2 emission is excited in a bow C-shock.
3.5. The origin of the Brγ emission

Recombination radiation from hydrogen atoms is observed
through the Brγ transition (λ = 2.166 μm) in regions 5, 6 and 7
(see Table 2), and is present in the spectra of nr56, nr56b and
nr56c.
Beuther et al. (2002d) reported the detection of a weak
(∼1 mJy) radio continuum source towards nr56. Using Eq. (8)
of Martín-Hernández et al. (2003) and considering optically thin
emission, a dust-free H ii region with such 3.6 cm emission will
produce a Brγ line flux of about 1 × 10−17 W m−2 . Reddening
this line flux (we use an extinction AK = 4, see Table 2), this
translates into an observed Brγ line flux of ∼2.5 × 10−19 W m−2 ,
i.e. about 15% of the Brγ line flux measured in region 5. Other
origins might be necessary to explain the Brγ line emission detected in this region. In fact, Brγ emission can also arise in
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shocks. It has been detected, for instance, in the bases of jets
from T Tauri stars and in the accretion flows around low mass
Class I sources (e.g. Folha & Emerson 2001; Davis et al. 2001).
The Brγ emission detected in the spectra of nr56b (region 6)
and nr56c (region 7), however, probably have a diﬀerent origin.
The detection of CO bandheads in these spectra suggests the
presence of dense circumstellar material, possibly a disk, implying that the Brγ emission could have the same origin. It could be
produced, for instance, in a disk wind caused by the interaction
between the UV photons and the ionized upper layer of the disk.

4. Discussion and conclusions
The new NIR spectroscopic data presented here has provided, on
the one hand, a complete analysis of the H2 emission and, on the
other hand, direct evidence for the presence of massive YSOs
and their circumstellar environment.
4.1. Stellar content

The NIR emission of IRAS 19410+2336 mainly concentrates on
an elongated feature suﬀering an extinction AV ∼ 15 mag. This
structure is aligned with the blue-shifted molecular emission of
a CO outflow (Beuther et al. 2003). At the emission maximum
of this almost linear structure, where the source nr56 is located,
the extinction is even higher, with AV ∼ 40 mag. This source
nr56 is not only associated with the brightest MIR source, but
also with the millimeter source mm1, which has a mass of a
few tens of solar masses (Beuther & Schilke 2004). A spherical
distribution of this cold material would lead to a very large visual
extinction (AV ∼ 1000). No emission at near-infrared, or even at
mid-infrared wavelengths, would thus be expected. However, the
observation of NIR and MIR counterparts show that emission is
leaking at these wavelengths. One explanation would be that the
NIR and MIR emission is coming through a cavity created by
one of the many outflows present in this region. The NIR and
MIR emission could be emitted in the close environment of the
forming stars hidden in mm1 and escape via the outflow cavity.
Another possibility is that the IR emission is coming from the
outflow cavity itself, i.e. from dust heated on the walls of the
outflow cavity near the source (De Buizer & Minier 2005). In
this picture, the mm emission would be associated with the outer
regions of the circumstellar matter.
Source nr56 also exhibits a large [3.6]−[4.5] excess, which
indicates that it might be an embedded Class 0/I YSO. However,
the detection of 3.6 cm continuum emission suggests in principle the presence of a recently ignited, and thus a more
evolved star which has already formed an ultracompact H ii region. Assuming for now that there is indeed an Ultracompact
H ii region – it could probably be a Hypercompact H ii region
(Kurtz 2005) – and that the radio emission is optically thin, it
would be consistent with an ionizing B2 V star (Panagia 1973).
However, in the case of the high-mass protostar NGC 7538 IRS1,
De Buizer & Minier (2005) note that the centimeter continuum
emission detected in this object could be the partially ionized
emission from an outflow, or even, could arise from a photoevaporated disk wind. Shocks associated with the supersonic infall
of matter onto a protostellar disk are also sources of radio freefree emission. This last scenario can however be excluded since
the models predict fluxes much lower than 1 mJy (Neufeld &
Hollenbach 1996). Radio observations of the contiuum emission
at other frequencies will be most helpful to determine the nature
of this emission, i.e. whether it is optically thin or optically thick.
Another clue to the nature of nr56 is the detection of H2 O and
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Class ii CH3 OH masers (Beuther et al. 2002d), which indicates
a very early evolutionary stage. Both maser types, although they
are on occasion spatially coincident with ultracompact H ii regions, are more often found in hot molecular cores and/or massive molecular outflows. In particular, H2 O masers are believed
to be excited by collisional pumping with H2 molecules within
shocks associated with outflows and/or accretion (e.g. Elitzur
et al. 1989; Garay & Lizano 1999). Finally, its K-band spectrum
only shows weak Brγ and is practically featureless. It has a red
continuum slope which is probably caused by hot dust.
Sources nr56b and nr56c, detected towards the east of nr56,
show weak Brγ and CO first-overtone bandhead emission in
their spectra. This is the first detection of CO bandheads in
IRAS 19410+2336. These CO bandheads are observed in about
25% of all the massive YSOs (e.g. Chandler et al. 1993, 1995;
Bik & Thi 2004; Blum et al. 2004) and are emitted in neutral
material with temperatures between 2000 and 5000 K, and densities of about 1010 cm−3 . This hot neutral gas is probably located
in the inner, dust-free regions of the circumstellar environment,
relatively close to the star. Bik & Thi (2004) modeled the profiles of the CO bandheads in 4 massive YSOs and suggested that
they could be explained by a simple Keplerian disk, probably
the remnants of massive accretion disks. Source nr56b also has
a weak millimeter counterpart (Beuther & Schilke 2004). Both
sources appear to be less embedded – and perhaps more evolved
– YSOs than nr56. Source nr56d, on the other hand, with a spectrum dominated by H2 lines, is presumably a knot or bow shock
in the outflow.
Another source of interest is nr71, located 9 north of nr56.
It has not a large IR excess and might be already a Class II object. It has a featureless K-band spectrum. The lack of Brγ emission could indicate that the circumstellar material is not (or very
midly) ionized.
Finally, the millimeter source mm2, located 4 north of nr56,
is associated with MIR emission only visible at λ >
∼ 6 μm. This
source, which is nearly as massive as mm1 (Beuther & Schilke
2004), could be a candidate for a high-mass protostar, the equivalent of Class O low mass YSOs which are still in the main
accretion phase.
Other sources in the vicinity of IRAS 19410+2336 show infrared excess at wavelengths longward of about 3 μm. In particular, sources 2MASS_1, nr14, nr34 and nr64 have a large MIR excess, suggesting that they might be embedded YSOs. 2MASS_1,
nr14 and nr34 are associated with X-ray emission. Interestingly,
there are not many objects around IRAS 19410+2336 with a NIR
excess.
4.2. The nature of the H2 emission

Based on the H2 line ratios, the measured ortho-to-para ratios
and results of the excitation diagrams, we conclude that the H2
emission observed across slit #2 is clearly produced by shocks.
Of course, the fact that the linear emission feature mapped by
this slit is aligned with one of the outflows found by Beuther
et al. (2003) reinforces the shocked nature of this H2 emission.
Figure 9 shows the spatial variation of the excitation temperature and extinction across slit #2. The temperature is practically constant with a value around 2100 K, increasing slightly
up to 2400 K in region 9. The extinction Ak , on the other hand,
is higher in region 5, where it reachs a value of 4.0, and keeps a
lower and almost constant value around 1.5 from regions 6 to 9.
The conclusions for the regions observed across slit #1 are
more ambiguous because of the lower number of H2 lines detected. It is thus diﬃcult to discriminate between shocks and
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CH3 OH masers. The fact that nr56 is detected in the near- and
mid-infrared suggests that the assumption of a spherical distribution is probably not right. Such a spherical distribution of cold
material would lead to a visual extinction of up to 1000 mag.
Emission is likely leaking at these wavelengths, coming through
a cavity created by one of the outflows present in the region, or
from the outflow cavity itself.
The second most massive millimeter source, mm2, is only
detected at λ >
∼ 6 μm, suggesting that it could be a high-mass
protostar still in its main accretion phase.
Another important conclusion is the confirmation of the
shocked nature of the H2 emission, with an excitation temperature of about 2000 K, based on the analysis of relevant H2 line
ratios, ortho-to-para ratios and excitation diagrams. H2 emission
at 50 and 119 north of nr56 is also found, but we could not
determine whether it originates in shocks or in a dense PDR. If
it is produced in shocks, this emission could be associated with
the northern millimeter clump, where at least three outflows are
present (Beuther et al. 2003).

Fig. 9. Spatial variation across slit #2 (PA = 59◦ ) of the ortho-to-para
ratio (φ1 ), the extinction (AK ) and the excitation temperature (T ex ). In
grey we show the average results from the integrated spectrum across
this slit. Oﬀsets are the same as in the top panel of Fig. 6.

dense PDRs. The low values found for φ1 and φ2 in regions 2,
3 and 4 seem to favor the case of dense PDRs. However, the
presence of shocks cannot be excluded. Neufeld et al. (1998,
2006) have measured ortho-to-para ratios in Herbig-Haro objects and found values significantly smaller than the equilibrium
ratio of 3. They conclude that these low ratios imply that the
gas has not been warm long enough to reach equilibrium between the ortho and para states and that they are the legacy of
an earlier stage in the thermal history of the gas when the gas
reached equilibrium at a temperature <90 K. They even place
a conservative upper limit of ∼5000 yr on the period on which
the emitting gas has been warm. This upper limit is based upon
the expected timescale for the conversion from para- to orthoH2 . Hence, the low ortho-to-para ratios we measured in these
three regions could indicate either the presence of a very recent
shocked gas or of a dense PDR.
4.3. Conclusions

We obtained long slit, intermediate-resolution, NIR spectra of
IRAS 19410+2336 along two preferential directions, i.e. PA =
0◦ and PA = 59◦ . As a complement, we also obtained J, H
and Ks images taken with the Las Campanas Du Pont Telescope,
which we combined with archival Spitzer data.
We have found objects with very diﬀerent properties and
evolutionary stages in IRAS 19410+2336. In particular, the NIR
spectra show CO first-overtone bandhead emission which is associated with neutral material located in the inner regions of
the circumstellar environment of YSOs. The brightest source
is nr56, which is probably the driving source of the strongest
outflow. It is also the most massive source at millimeter wavelengths, with a mass of a few tens of solar masses, and its early
evolutionary stage is confirmed by the presence of H2 O and
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