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ABSTRACT

Context. Episodic accretion plays an important role in the evolution of young stars. Although it has been under investigation for a long
time, the origin of such episodic accretion events is not yet understood.
Aims. We investigate the dust and gas emission of a sample of young outbursting sources in the infrared to get a better understanding
of their properties and circumstellar material, and we use the results in a further work to model the objects.
Methods. We used Herschel data, from our PI program of 12 objects and complemented with archival observations to obtain the
spectral energy distributions (SEDs) and spectra of our targets. We report here the main characteristics of our sample, focussing on the
SED properties and on the gas emission lines detected in the PACS and SPIRE spectra.
Results. The SEDs of our sample show the diversity of the outbursting sources, with several targets showing strong emission in
the far-infrared from the embedded objects. Most of our targets reside in a complex environment, which we discuss in detail. We
detected several atomic and molecular lines, in particular rotational CO emission from several transitions from J = 38−37 to J = 4−3.
We constructed rotational diagrams for the CO lines, and derived in three domains of assumed local thermodynamic equilibrium
(LTE) temperatures and column densities, ranging mainly between 0−100 K and 400−500 K. We confirm correlation in our sample
between intense CO J = 16−15 emission and the column density of the warm domain of CO, N(warm). We notice a strong increase in
luminosity of HH 381 IRS and a weaker increase for PP 13 S, which shows the beginning of an outburst.

Key words. stars: formation – stars: protostars – stars: pre-main sequence – protoplanetary disks – accretion, accretion disks –
infrared: stars

1. Introduction

It has been recognized that episodic accretion plays a central role
in the accretion history of young stars. The vivid manifestation of
episodic accretion are FU Orionis-type objects (FUors), which
are young low-mass stars displaying strong optical outbursts
that last several decades. FUors are named after the archetype,
FU Orionis, which had its outburst in 1936, when it experi-
enced an increased B-band magnitude of 6 mag at peak, and
has been slowly fading since then (Kenyon et al. 2000). After
this outburst, a few tens of objects with similar behavior were
detected (Hartmann & Kenyon 1996; Reipurth & Aspin 2010),
as well as possible candidates for FUors which had not been
observed in the pre-outburst quiescent state, but possess charac-
teristics typical to FUors (Quanz et al. 2007; Semkov & Peneva
2010; Reipurth et al. 2012; Fischer et al. 2012, 2013). The major-
ity of FUors appear to be young protostars either still accreting
from their parental envelopes or in the early T Tauri phase with
tenuous envelopes.

? Table B.1 is only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/631/A30
?? Herschel is an ESA space observatory with science instruments

provided by European-led Principal Investigator consortia and with
important participation from NASA.

In addition to FUors, whose accretion rate rapidly increases
from typically 10−7 to 10−4 M� yr−1 and stays high over decades,
another type of young low-mass star showing weaker and shorter
but multiple outburst was detected (Herbig 1989). The archetype
of this class is EX Lupi and the corresponding class is called
EXors. These objects appear to be more evolved than FUors, but
the distinction may be somewhat blurred (Audard et al. 2014).
Moreover, episodic accretion appears to be inherent to massive
star formation (e.g., De Wit et al. 2017; Meyer et al. 2017), which
implies a universal character of this phenomenon.

In recent years, observations in the IR and sub-millimeter
regime were carried out, finally allowing investigations of the
dust emission and lines of FUors and EXors in this wavelength
range, which show the circumstellar disk and possible envelopes
of these objects (Lorenzetti 2005; Green et al. 2013a). Activ-
ity in the form of significant optical and IR variability has been
found to be extremely common for young stars. The inner regions
of FUors and EXors, highly interesting to reveal the origin of
outbursts, are a challenge for single-dish observations as the
phenomena cannot be proven unambiguously to occur in the
inner disk alone. Atacama Large Millimeter/submillimeter Array
(ALMA) and Karl G. Jansky Very Large Array (JVLA) studies
in recent years have opened a new window for investigating the
outburst objects with very high spatial resolution, tracing a shift
of the snow line during outburst (Cieza et al. 2016), outflows of

Article published by EDP Sciences A30, page 1 of 35

https://www.aanda.org
https://doi.org/10.1051/0004-6361/201935601
mailto:andreas.postel@unige.ch
http://cdsarc.u-strasbg.fr
ftp://130.79.128.5
http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/631/A30
http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/631/A30
http://www.edpsciences.org


A&A 631, A30 (2019)

the objects (Ruíz-Rodríguez et al. 2017a,b), density waves in the
disks (Pérez et al. 2016), and hot inner disks (Liu et al. 2017).

The origin of accretion bursts remains unclear and could be
due to the viscous-thermal and/or magnetorotational instabili-
ties in the inner disk, tidal effects from close companions or
close flybys of external stars, or accretion of gaseous clumps in a
gravitationally unstable disk (Audard et al. 2014). The authors
of this paper aim to investigate the properties of FUors and
EXors by analyzing observational data, along with numerical
hydrodynamics simulations of protostellar disks (Vorobyov &
Basu 2015), stellar evolution models of outburst stars (Elbakyan
et al. 2019), and thermo-chemical models of star–disk systems
in the outburst state (Rab et al. 2017). Our purpose is to obtain
a better understanding of the outburst processes and their ori-
gins. In this work, we present the spectral energy distributions
(SEDs) of 12 outbursting sources, that have been observed with
Herschel and Spitzer. We analyze the SEDs and the line maps,
and provide the first results of the environmental conditions,
namely CO rotational temperatures in three different domains of
local thermodynamic equilibrium (LTE). We also compare the
line strengths of different molecules and isotopologs.

2. Observations

We observed with the ESA Herschel Space Observatory (Pilbratt
et al. 2010) a sample of 11 FUors and 1 EXor, namely Haro 5a
IRS, HH 354 IRS, HH 381 IRS, Parsamian 21, PP 13 S, Re 50
N IRS (=HBC 494), V346 Nor, V733 Cep, V883 Ori, EX Lup,
and V1647 Ori (PI: M. Audard). The aim of the program was to
obtain the photometry and spectroscopy of these targets with the
Photodetector Array Camera and Spectrometer (PACS; Poglitsch
et al. 2010) and Spectral and Photometric Imaging REceiver
(SPIRE; Griffin et al. 2010), complementing them with data from
the Heterodyne Instrument for the Far-Infrared (HIFI; de Graauw
et al. 2010). In this paper we present the PACS and SPIRE
photometry and spectra from our program, complemented with
archival Herschel data (e.g., from key or guaranteed time pro-
grams). HIFI data will be presented elsewhere. The spectra cover
the 60–671 µm range of PACS and SPIRE. Furthermore, we
present Spitzer data (Werner et al. 2004), together with photom-
etry at different wavelengths published in the literature (shown
later for each target individually), which allow us in many cases
to show the SED down to the optical.

3. Data reduction

The Herschel data were retrieved from the Herschel Science
Archive (HSA). To ensure that we used the latest improve-
ments in the calibration or data reduction scripts and task, we
re-processed the data in the Herschel Interactive Processing
Environment (HIPE; Ott 2010). The data were processed with
HIPE (version 15) and its corresponding calibration files.

3.1. PACS photometry

PACS photometry consists of three color channels, centered at
70, 100, and 160 µm. The data consist of two mini-scan maps,
one using the 70 and 160 µm channels at the same time, the
other one using the 100 and 160 µm channels. For processing, we
used the scanmap pointsources PhotProject task. This is
designed for point-like and small extended sources, using an iter-
ative high-pass filter of the timeline of the data to remove the 1/f
noise by masking the source.

For the final photometry values of 70 and 100 µm, the two
PACS observations were combined. For the 160 µm channel, we
combined the four observations. In cases where no photometry
was included in our observation, we used existing archival
PACS data, which originated from surveys that covered large
areas. Those data were already processed to a high level, and
so we extracted the photometry without further re-processing.
We finally performed aperture correction on the obtained photo-
metric fluxes (task photApertureCorrectionPointSource),
where we used source aperture radii of 12′′, 12′′, and 22′′ for
70, 100, and 160 µm, respectively. The photometry is dominated
by its central source. In many cases, there is some diffuse
emission, which we tried to take into account for the background
subtraction.

3.2. PACS spectroscopy

The spectra of the PACS instrument are split into three color
channels, internally called “blue” (55–72 µm), “green” (70–
95 µm), and “red” (103–190 µm) with resolving power R = λ/∆λ
between 1000 and 4000, depending on wavelength. The beam
size is 9′′ for the blue and green channels and 10–13′′ for the red
channel. The detector array consists of a grid of 5 × 5 spatial
pixels (spaxels) 9.4′′ × 9.4′′ each, assembled into an approxi-
mately 47′′ × 47′′ area. The PACS spectra were re-reduced and
background-subtracted using standard procedures in the HIPE
software. The data cover the full range with the best sensitiv-
ity to continuum. We extracted the spectra of the source from
the resulting data using the 9to1 task in the pipeline, which
performs a background subtraction to the spectrum, using the
outermost nine detectors of the array, to avoid any contamina-
tion. In addition, a correction for the part of the PSF which hits
the outer eight detectors is applied. The task combines the advan-
tages of providing the best signal-to-noise ratio (S/N) and high
robustness. We discarded spectra (or subsets of them) for some
sources due to low S/N, which are discussed in detail in Sect. 4.1.
Due to overlap of the different orders of the spectra we had
some redundancy and could still obtain a full SED of the respec-
tive wavelength range. We made use of the PACS photometry to
adjust the fluxes of the PACS spectra in order to avoid jumps in
the final SED. The PACS spectra usually matched relatively well
the available photometry (with maximum multiplication factors
of 1.22, compared to 1.57 when using the sum of the nine detec-
tors instead of the 9to1 task), indicating that the central source
dominated the PACS spectral emission.

3.3. SPIRE photometry

Similar to the PACS data, SPIRE provides three color channels
for photometry, internally called “long” (500 µm), “medium”
(350 µm), and “short” (250 µm). The exact relative spectral
response curve can be found in the instrument documentation1.
For SPIRE, we used observations in the “Small Map” mode.
In the cases when archival data of SPIRE were available, we
used those observations without further processing and directly
obtained the aperture photometry from the respective target.
Most of them originate from a survey that covers a large area
where we found the results from the automatic pipeline sufficient
for our purposes. We also found it beneficial to check the wider
vicinity of a target for diffuse emission. The aperture photome-
try was corrected with a correction factor, typically around 1.27,

1 http://herschel.esac.esa.int/Docs/SPIRE/html/spire_
om.html#x1-780 005.2.1
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depending on the wavelength of the observation and the slope of
the SED (task photApertureCorrectionPointSource). For
the wavelength windows centered on 250, 350, and 500 µm the
aperture radius is 22′′, 30′′, and 42′′, respectively2.

3.4. SPIRE spectroscopy

The spectra are separated in two channels, SSW covering 191–
318 µm and SLW covering 294–671 µm. The spectral resolution
ranges from 40 to 1000 at 250 µm and is wavelength dependent:
(∆ f = 25 GHz) for low-resolution spectra and (∆ f = 1.2 GHz)
for high-resolution spectra. The observing mode was single
pointing with an intermediate spatial sampling (one beam spac-
ing) to better determine the spatial extent for our sources due to
large envelopes (up to the field of view of 20′′). We obtained
both low-resolution (LR) and high-resolution (HR) spectra for
our targets (“High+Low” spectral mode), the LR being eventu-
ally used for faint sources, while due to insufficient S/N the HR
were discarded in those cases. The SPIRE spectroscopic data
also allowed us to obtain a coarse image of the direct neigh-
borhood of the main source, allowing us to determine whether
the line emission was extended, for example. The beam size full
width at half maximum (FWHM) for the SPIRE spectrometer is
16.5–20.5′′ for the SSW and 31.0–42.8′′ for the SLW channel.
For the background subtraction, we used the annular fitting of
the background around the source. In an ideal case this is able
to reduce all background emission. However, problems in the
archival data cubes caused gaps in the spectra for several wave-
length ranges which complicated the correction in some cases
and caused strong fluctuations for the upper limit of the spectra,
due to suboptimal background fitting. The specific parameters
vary between the different sources because they were individu-
ally adapted to avoid any contamination of the background fitting
area with the signal of another source in the field of view. Sim-
ilar to the PACS data, the SPIRE spectra were finally adjusted
with a multiplicative factor to match the photometric values. We
note that for the figures we show the apodized version of the
spectra (which eliminates the fringes in the spectra introduced
by the Fourier transform spectrometer technique, but which does
not conserve the line fluxes), while the line analysis used the
unapodized spectra.

3.5. Spitzer spectra

We complemented the data analysis with Spitzer spectroscopic
data from program 50 654 (PI: M. Audard, 2010). The data were
processed with the software S18.7.0. We started from the post-
BCD files, using the Spitzer IRS Custom Extraction software
(SPICE) for the data extraction. Dedicated astronomical obser-
vation requests (AORs) in the program were used to remove
the background emission for the short-high (SH) and long-high
(LH) spectra, while the background was directly determined near
the source in the short-low (SL) and long-low (LL) data. We
also corrected for defringing in the spectra using the IDL tool
SMART available for IRS data (Lebouteiller et al. 2010, Higdon
et al. 2004). The observations usually were done with one sin-
gle cycle, and ramp durations of 6 s, with a few exceptions
where deeper exposures or more numerous cycles were used to
enhance the S/N. Furthermore, not all targets could be observed
with the low-resolution mode due to their brightness.

2 https://nhscsci.ipac.caltech.edu/workshop/
Workshop_Oct2014/Photometry/SPIRE/SPIRE_DP_Oct2014_
PhotPhotometry.pptx.pdf

3.6. SEDs and lines

The different instruments provide different angular resolutions
over their wavelength ranges. Thus, the spectra require calibra-
tion to remove jumps in the continuum levels of the SEDs. For
each of the Herschel instruments we used the corresponding
photometry to determine the absolute flux at the respective wave-
length range. While leaving the photometry after applying all
correction as is, we shifted the absolute value of the spectra to
obtain a continuous SED, taking into account the error bars of
the photometry. For the Spitzer spectra, we applied multiplica-
tive factors (typically on the order of 5–20%, depending on the
module) to stitch the spectra together, using the high-resolution
long (LH) module as the basis. We also checked for agreement
between published photometry and the overall SED based on the
Spitzer and Herschel data. However, since the photometric data
are not simultaneous with our Spitzer or Herschel data, and since
FUors and EXors are variable sources, we discarded discrepant
published photometric data for clarity (except for HH 381 IRS,
see below).

4. Results

4.1. Spectral properties and surrounding emission

The Herschel flux densities based on photometry of all twelve
sources can be found in Table 2. The images we used to obtain
the photometry are shown in Figs. 9–14 as combined three-color
images of PACS and SPIRE with a size of 4.8′ × 4.8′, centered
on the target location. The measured values are provided for all
six color channels of PACS and SPIRE separately. The extrac-
tion procedure and chosen parameters are explained in Sects. 3.1
and 3.3. Although we corrected the values for diffuse emis-
sion, some minor contamination might remain depending on the
individual shape of the target.

Analyzing the spectra, we identified for some of the tar-
gets emission lines longward of 100 µm. These lines mainly
originate from CO and 13CO emission, but we also detected
lines of [C I] (3P2 − 3P1,

3P1 − 3P0) and [C II] (2P3/2 − 2P1/2),
both mainly coming from the diffuse emission from the star-
forming region. More detailed information about the individual
line detection and strength for the respective targets can be found
in Appendix B. For the PACS lines we combined the central 3×3
grid to cover an area comparable to that for the SPIRE lines.
For SPIRE only the spaxel with the coordinates of the object is
used. We note here that the line fitting was not done on the spec-
tra that are shown in the SEDs and the continuum-subtracted
spectra (Figs. 15–17), but directly on the data cubes that are pro-
vided by the integral field spectroscopy, and are therefore more
robust to noise. The line maps (created by fitting Gaussians to the
spectrum of each spaxel after removing a first-order polynomial
baseline) that we refer to in the discussion of each source are
shown in Appendix A. The maps are only shown if there is a 3σ
detection at the source coordinates, which is approximately what
other groups used to avoid false detections (S/N 3–4, see Yang
et al. 2018). For the respective pixels in the maps, we follow the
nomenclature by Herschel, and call them spaxels.

Due to the limited resolution of our spectra, we cannot elim-
inate the possibility of foreground emission. However, for most
lines (CO, 13CO, [C I], [C II], OH, O I) we find the peak emission
on the coordinates of our target, dropping with increasing (angu-
lar) distance. This suggests that foreground emission is unlikely.
An exception is the emission of [N II], which is in general very
diffuse, thus foreground emission is possible. In the following
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Fig. 1. Spectral energy distributions of the objects BRAN 76 (top left), EX Lupi (top right), Haro 5a IRS (middle left), HH 354 IRS (middle right),
HH 381 IRS (bottom left), and Parsamian 21 (bottom right) including PACS spectra and photometry data (turquoise line + blue dots at 70, 100, and
160 µm), SPIRE high-resolution spectra (dark blue and red lines), and SPIRE photometry (black dots at 250, 350, and 500 µm) combined with
spectra from Spitzer (lines in other colors below 50 µm) and photometry from other sources (diamonds; color-coded by source).

paragraphs we discuss the SED (Fig. 1–2) and imaging for each
source as well as lines found in the data cubes and different
features like silicates and ices from the Spitzer spectra.

BRAN 76. The PACS and SPIRE spectra have poor S/N,
and are therefore not presented in the SED. The photometry in
the SED closely matches the previous observations (Sandell &
Weintraub 2001; Green et al. 2006; Reipurth et al. 2002;
Skrutskie et al. 2006), closing the gap above Spitzer up to the
sub-millimeter. The source resembles FU Ori, with silicate in
emission (Fig. 3) and generally a weak far-infrared component,
indicating that the source is not as embedded as the other FUors.
Due to the higher robustness of the line fitting, as discussed
above, we were able to measure a few CO transitions above a 3σ
detection and obtained upper limits up to J = 38−37. We also
find tentative evidence of water and OH lines (see Table B.1).
Figure 9 shows diffuse emission around the object, mainly in the
160 µm channel, which traces cold dust, in the west and south-
east. The SPIRE photometry shows mainly diffuse emission in
the north, which does not appear to originate from the target.

EX Lup. EX Lup is the only EXor in our sample and
the faintest object in our analysis (see Table 1 and Fig. 8). It
is the prototype of its class and has shown several outbursts,
in particular in 2008 during which its silicate, in emission,
changed between quiescence and outburst, with evidence of ther-
mal annealing in the surface layer of the inner disk by heat from
the outburst (Ábrahám et al. 2009). The SED is shown in Fig. 1
with SPIRE and PACS photometry. We complement the SED
with additional photometry (Helou & Walker 1988, Cutri et al.
2003) down to 12 micrometers, which match the PACS pho-
tometry in the intersecting area at 60 µm. There is no evidence
of envelope emission, as previously inferred (e.g., Sipos et al.
2009). The Herschel photometry of EX Lup is point-like. We
confirm the presence of LEDA 165 681 in the southeast, a back-
ground galaxy. The PACS line maps show centered emission on
the target coordinates without any sort of outflows. We found
only two CO lines with a 3σ detection at the target coordinates.
In addition, these two lines show no significant emission in adja-
cent spaxels. We found emission above 3σ for other CO lines
in the central 3 × 3 spaxels (see Appendix B), which provides
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Fig. 2. Spectral energy distributions of the objects PP 13 S (top left), Re 50 N IRS 1 (also known as HBC 494) (top right), V1647 Ori (middle left),
V346 Nor (middle right), V733 Cep (bottom left), and V883 Ori (bottom right). Data shown as in Fig. 1. The SED of faint objects (here V1647 Ori
and V733 Cep) is complemented with low-resolution spectra from SPIRE (thick orange and purple lines at the same wavelength window as the
high-resolution spectra).

further evidence that the CO detection is true. Additional data
with higher sensitivity for CO are required for a deeper analysis
of these lines, as we did for other objects with CO emission in
this paper (see Fig. 5).

Haro 5a IRS. Published photometry (Skrutskie et al. 2006;
Reipurth et al. 2004; Lis et al. 1998; Wolstencroft et al. 1986;
Chini et al. 1997) complements the emission to the near-IR and
millimeter range. PACS and SPIRE spectra in the SEDs show
strong emission lines of atomic (OI) and molecular (CO) species,
indicating high column densities. The wavelength of the SED
peak emission lies slightly below 100 µm. In the images of PACS
and SPIRE in Fig. 10, we can recognize more significant dif-
fuse emission around the target with another object close by in
the northeast (HOPS 85). There is also a filament, mainly in the
160 µm channel (red) in the north, which we can also find in the
SPIRE data. The SPIRE data show also some stronger filament-
like emission in the south, so that the target appears to be within a
single filament. We detected CO lines from J = 4−3 to J = 10−9
in the SPIRE spectra, as well as 13CO J = 6−5 and J = 5−4. We

detected two [C I] lines (370 and 609 µm) and provide an upper
limit for [C I] at 230 µm. The emission in the SPIRE maps is for
[C I] at 370 µm and the CO transmission from J = 9−8 to J =
5−4 separated in two areas. The first area is localized around the
target coordinates, with a slight offset for [C I] to the northeast.
The CO emission is more localized at the target coordinates, with
higher emission in the southwest for CO J = 8−7. The second
area is the southwest itself, which is emitting even more strongly
than the source. Both areas correlate well with the RGB images
of PACS and SPIRE, and are probably tracing the filament.

The Spitzer data show deep silicate absorption at 10 µm
(stretching of the Si–O bonds), with a weaker component around
18 µm (O–Si–O bending), together with several ice features
between 5 and 9 µm, due to H2O and HCOOH ice, CH3OH and
NH+

4 , CH4, and NH3 at 8.5–9 µm (Fig. 3; see also Öberg et al.
2010 for identification of ice features). Furthermore, CO2 ice is
detected at 15 µm (Fig. 4).

HH 354 IRS. The Herschel spectra completes the peak
emission of the envelope in the SED, which was already partially
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Fig. 3. Zoom-in of the Spitzer spectra for our targets (from the PI: Audard program). The colors of the different modules are black (SH), red (LH),
green (SL), and blue (LL). The top three targets (and possibly HH 381 IRS) show evidence of H2O and HCOOH ice at ≈6 µm, CH3OH and NH+

4
at ≈6.8 µm, CH4 at ≈7.7 µm, and NH3 at 8.5−9 µm. In addition, all targets except BRAN 76 and V733 Cep show absorption by CO2 ice at 15 µm.

Table 1. Bolometric and 63 µm [O I] luminosities.

Target Lbol [O I] [O I] Error
(L�)

BRAN 76 52.3 1.445e-2 9.2e-4
EX Lup 1.15 3.69e-4 1.3e-5
HH354 IRS 87.2 1.936e-2 2.3e-4
HH381 IRS 225 1.805e-2 2.2e-4
Parsamian 21 8.15 7.5e-4
PP 13S 31.4 5.668e-3 4.7e-5
Re 50 N IRS 1 115 1.090e-2 8.8e-5
V346 Nor 198 7.25e-3 2.0e-4
V733 Cep 17.2 2.1e-3
V883 Ori 302.5 9.9e-4
V1647 Ori 30.5 9.25e-4 6.3e-5

Notes. We show the bolometric luminosity and the luminosity of the
63 µm [O I] emission and its error on our targets that was used for the
analysis. Targets in italics show upper limits for the [O I] luminosity.

detected in the Spitzer data. The SED, complemented by pho-
tometry below 10 µm (Skrutskie et al. 2006; Visser et al. 2002;
Di Francesco et al. 2008; Kleinmann et al. 1986; Helou & Walker
1988), shows very deep absorption near the silicate feature
(Fig. 3). The deep narrow absorption peak in the silicate fea-
ture can be identified as methanol ice (fundamental CO-stretch
mode). CO2 ice is also detected at 15 µm (Fig. 4). In addition,
the 5–9 µm also show ice features as detected in Haro 5a IRS.

While a companion is currently not known, there is a reflec-
tion nebula (Reipurth & Aspin 1997) surrounding the object,
which likely contributes to some additional emission at lower
wavelengths. HH 354 IRS appears to be isolated in the PACS
images, with some slight diffuse emission in the northeast. This

diffuse emission cannot be confirmed in the SPIRE data; how-
ever, there is some more emission in the north and the southeast.
We see a very strong emission of [O I] at 63 µm and can detect
[O I] at 145.5 µm. Both lines peak at the target coordinates, but
the emission seems to also be affected by diffuse emission. We
find OH, [N II] which is slightly enhanced at the source coordi-
nates, several water lines, and CO transitions from J = 5−4 to
J = 37−36, with an upper limit for the J = 38−37 transition.
The SPIRE maps do not show a clear correlation with the RGB
images. Some of the CO lines (J = 11−10, J = 10−9) show
emission distributed over a few spaxels, which are not always
linked together, while other lines ([C I] at 370 µm, CO J = 7−6,
[N II]) have much smoother emission, which is also extended
over the entire field of view and which might indicate extended
emission.

HH 381 IRS. Together with the Spitzer spectra and pho-
tometry between 1 and 3 µm, HH 381 IRS shows the SED
of an embedded young stellar object, similar to Class I with
strong continuum emission between 5 and 100 µm. Additional
photometry (Skrutskie et al. 2006; Egan et al. 2003) from previ-
ous observations do not match the Herschel and Spitzer spectra
closely, possibly due to significant variations in the mid- and
far-infrared emission during the possible FUor outburst. This is
further discussed in Sect. 4.2. The Spitzer data show weak sil-
icate absorption at 10 µm (Fig. 3), much weaker than in other
embedded FUors. Nevertheless, there is also a weak CO2 absorp-
tion detected in the IRS spectra (Fig. 4). Other ices <10 µm are
possibly detected as well.

Figure 11 shows HH 381 IRS as isolated with some weak
emission in the south in the PACS data. SPIRE shows some
more extended emission and a diffuse emission in the northeast
and southwest around the target. 2MASS photometry from the
J, H, and K bands shows bipolar outflows of the target, one in
the north probably directed away from us, the other in the south
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Table 2. Photometry flux densities of PACS and SPIRE for each wavelength window.

Object 70 µm 100 µm 160 µm 250 µm 350 µm 500 µm
(Jy) (Jy) (Jy) (Jy) (Jy) (Jy)

BRAN 76 1.0182 ±0.0071 0.908 ±0.014 1.317 ±0.083 1.1 ±1.1 0.93 ±0.97 0.69 ±0.84
EX Lup 1.027 ±0.010 0.985 ±0.011 0.891 ±0.026 0.38 ±0.62 0.24 ±0.49 0.09 ±0.29
Haro 5a IRS 113.5 ±4.2 156.5 ±9.5 230 ±11 117 ±11 79.3 ±9.3 37.8 ±6.4
HH 354 IRS 69.05 ±0.44 90.8 ±1.1 85.1e ±0.67 36.0 ±6.0 19.7 ±4.4 8.5 ±2.9
HH 381 IRS 75.97 ±0.53 80.2 ±1.2 74.76 ±0.81 27.0 ±5.2 14.1 ±3.8 6.6 ±2.5
Parsamian 21 12.74 ±0.13 11.05 ±0.17 10.33 ±0.12 3.8 ±2.0 2.5 ±1.6 1.3 ±1.1
PP 13 S 55.34 ±0.21 68.42 ±0.32 69.09 ±0.37 33.8 ±5.8 20.8 ±4.6 9.9 ±3.2
Re 50 N IRS 1 113.6 ±2.8 112.4 ±9.4 136.0 ±3.9 47.9 ±6.9 27.6 ±5.3 12.4 ±3.6
V346 Nor 92.50 ±0.48 92.24 ±0.70 92.7 ±1.2 40.7 ±6.4 25.0 ±5.0 12.1 ±3.5
V733 Cep 4.2 ±1.8 6.4 ±2.2 8.2 ±2.6 7.0 ±2.6 7.6 ±2.8 5.9 ±2.5
V883 Ori 145.4 ±1.2 124 ±1.9 86.9 ±2.0 32.5 ±5.7 18.0 ±4.2 7.7 ±2.8
V1647 Ori 32.05 ±0.30 38.54 ±0.92 42.6 ±1.1 18.5 ±4.3 11.4e ±3.4 5.7 ±2.4

Fig. 4. Zoom-in of the Spitzer spectra for targets with CO2 ice absorption. Absorption optical depths τ near 15 µm were derived from F = F0e−τ,
where F is the observed flux density, and F0 is the continuum derived from a continuum fit, obtained with a polynomial of degree N = 3 (red
curve; HH 381 IRS, V883 Ori, BRAN 76, and V733 Cep needed N = 2) to fit the ranges 13.5–14.7 and 18.2–19.5 µm (except for HH 381 IRS and
V883 Ori for which 13.5–14.7 and 16.0–17.0 µm were used). In addition, in some cases, a Gaussian function centered on 608 cm−1 (16.45 µm)
and of FWHM = 73 cm−1 was added to fit the 16.5-18.2 µm range to account for absorption due to silicates. This method is similar to that used by
Pontoppidan et al. (2008). Interestingly, we detect gas absorption by CO2 at 15.0 µm, but only in PP13 S.

probably directed toward the observer and with stronger inten-
sity. The emission of OI is centered for the transition at 145.5 µm,
but for 63 µm the maximum is in the neighboring spaxel south-
east of the source. In addition to OI, the spectrum shows water
lines: OH and CO from J = 7−6 to J = 37−36. 13CO is not
detected, so we only provide upper limits. The emission of both
[C I] lines and CO J = 7−6 is extended over a large area , while
CO J = 8−7 is restricted mainly to the target coordinates and
a small emission region in the southwest. That region matches
the bump in the SPIRE RGB image in the southwest, where the
OI emission at 145.5 µm also shows a signal.

Parsamian 21. The available spectra of PACS and SPIRE
are joined by photometry measurements (Helou & Walker 1988),

which show the SED down to 10 µm. Parsamian 21 is affected
by moderate noise in its spectrum, which makes it difficult to
confirm lines above the 3σ threshold. The SED shows that the
object is embedded, similar to YSO Class I, with a strong con-
tinuum from 10 to 100 µm. The Spitzer spectrum was shown by
Kóspál et al. (2008) and shows strong CO2 absorption. Inversely
to other FUors, it shows PAH features at 6.3, 8.2, and 11.3 µm
and silicate emission at 10 µm. Kóspál et al. (2008) argued that
Parsamian 21 was an intermediate-age FUor in the evolutionary
sequence.

In our Herschel data, we find a few CO and OH lines in
the data, but mostly provide upper limits. In the RGB images,
Parsamian 21 appears isolated with some strong diffuse emis-
sion in the north in both PACS and SPIRE photometry. This
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outflow can also be seen in the optical (e.g., by DSS2 in the
red (F+R) and blue (XJ+S) channel) and was first described by
Parsamyan & Petrosyan (1978). In SPIRE, we can also recognize
a second bump in the east of the northern end of the emission.
We could not identify another source in that area, but as this
emission is not visible in the PACS data, it simply might be
material of lower temperature. The H2O emission in the PACS
line maps shows an additional spaxel, which matches the outflow
from the RGB images in the north.

PP 13 S. Together with external photometry (Sandell &
Aspin 1998; Cohen et al. 1983; Osterloh & Beckwith 1995;
Sandell & Weintraub 2001; Tapia et al. 1997) and the Spitzer
spectra, the Herschel data completes the SED, ranging from
1 µm up to above 1 mm. The spectrum is characterized by
strong continuum emission (≈10−10 erg s−1 cm−2) between 30
and 200 µm, indicative of strong envelope emission. The extinc-
tion is very high since the photometry drops significantly below
2 µm. Figure 3 shows very deep silicate absorption in the Si–O
stretching feature at 10 µm and in the O–Si–O bending at 18 µm.
In addition, CO2 ice absorption is detected, and interestingly a
CO2 gas line is detected at 15.0 µm (Fig. 4). This is the only tar-
get showing such gas absorption feature in our sample. At shorter
wavelengths (5−9 µm), the other ice features are detected as well,
though NH3 ice appears weaker than in other targets.

PP 13S in Fig. 12 shows slight diffuse emission around the
target in PACS data. However, we see some filamentary struc-
tures in the SPIRE data in the north of the target. There is also
a stronger emission in the neighborhood around the target in the
SPIRE data. We find emission lines in the spectra, namely the
two OI lines at 63 and 145.5 µm, water, OH, [C I] and [C II], and
CO from J = 4−3 to J = 37−36, and we provide upper limits
for 13CO from J = 5−4 to J = 10−9. The PACS line maps show
the emission of CO, H2O, and [O I] mostly centered around the
object. Some CO lines are extended around the object, while in
particular the H2O emission at 108 µm affects adjacent spaxels.
The emission of [O I] at 63 µm shows an outflow in the north,
possibly correlated with the filamentary structure in the SPIRE
data. In the SPIRE maps, the emission is more extended, while
there appears to be no clear link to the RGB images.

Re 50 N IRS 1/HBC 494. The SED fills the area from
below 1 µm to above 1 mm, using published photometry
(Reipurth et al. 1993; Dent et al. 1998; Zavagno et al. 1997;
Sandell & Weintraub 2001; Strom et al. 1989; Helou & Walker
1988) in combination with Spitzer spectra. We find again strong
continuum emission in the mid- and far-infrared, indicative of
envelope emission. The Spitzer spectrum also shows deep sili-
cate absorption (in both bending and stretching bands), although
there is no spectrum available below 10 µm (Fig. 3). CO2 absorp-
tion is also detected (Fig. 4), although without a gas absorption
line, in spite of the relatively similar SED as PP 13 S. The source
appears to have rebrightened between 2006 and 2014 (Chiang
et al. (2015); the Spitzer data were taken 7 Nov 2008, while the
Herschel date from Sep 2013). The source is known to harbor a
very wide outflow, detected with ALMA (Ruíz-Rodríguez et al.
2017b).

In the RGB images, Re 50 N IRS 1 shows strong diffuse
emission in an extended area in both the PACS and the SPIRE
data. The PACS data extend mostly in the northeast and also in
the west of the object, while SPIRE shows some weaker diffuse
emission in the west, but confirms the emission in the northeast.
We can also see a second emission bump in the south of the
object with both instruments. Unfortunately, the Spitzer data for

Re 50 N IRS 1 stop short of 10 µm. In the Herschel spectra,
we see water lines, both O I lines, several OH lines, [C I] and
[C II], and CO lines from J = 4−3 to J = 37−36 transition. We
can also detect [N II] at 205 µm. The line maps of PACS are
centered around the target coordinates, while the SPIRE maps
show a bigger emission of the surrounding area. There appears
to be no correlation to the shape of the object in the RGB images.
However, especially the [C I] line at 370 µm and the CO J =

7−6 emission peaks clearly at the center, which indicates that the
emission is not in the foreground but originates from the object.

V346 Nor. The corresponding spectrum of Herschel has
been complemented by photometric measurements (Helou &
Walker 1988; Kenyon & Hartmann 1991; Kóspál et al. 2017;
observed 2013.5) down to 2 µm, covering the peak emission
of the object. Spitzer data (Green et al. 2006; not shown in
this paper) reveal deep silicate absorption at 10 µm, a CO2 ice
absorption feature, together with the other ice features in the
5−9 µm range. Following the light curve of Kóspál et al. 2017,
our Herschel data (February–March 2013) were observed dur-
ing the re-brightening phase of V346 Nor, which followed a fade
with minimum in 2010.

The SPIRE data of V346 Nor in Fig. 13 shows extended
diffuse emission around the target in the west, east, and north.
The PACS data reveal multiple individual sources: a strong one
in the west, which we identify as 2MASS 16322723-4455303
and 2MASS 16322723-4455314; a strong (2MASS 16323031-
4455189) and a faint source (2MASS 16323337-4455187) in the
north; and a very faint source in the east (2MASS 16323553-
4455317) of V346 Nor. In the spectrum of PACS and SPIRE
we can easily recognize several emission lines. Our fitting found
water lines, both OI lines, [N II], [C I] and [C II], and CO lines
from J = 4−3 to J = 37−36, in addition to 13CO lines between
J = 5−4 and J = 8−7. Emission in the linemaps of PACS
is mainly concentrated around the target with some spaxels,
mostly of lower transitions, showing emission in the vicinity. The
continuum-subtracted maps of SPIRE show a slightly extended
emission, similar to the extended emission of the photometry in
the RGB image of SPIRE. The [C I] emission at 370 µm in con-
trast to the emission at 609 µm shows at least an emission peak at
the coordinates of the target, so foreground or background emis-
sion can be excluded here. The CO J = 11−10 and J = 9−8
transition represents very well what can be seen in the RGB
image, while others (J = 4−3 to J = 7−6) show more extended
emission over a large area. Even though the diffuse emission of
[N II] is extended over the entire field of view, the emission peak
at the coordinates of the source, which is up to an order of mag-
nitude higher, makes it likely that V346 Nor is the origin of the
emission here. The contribution of other nearby objects cannot
be eliminated, however.

V733 Cep. Due to the poor quality, we do not show the
spectrum of PACS, and only provide the low-resolution spec-
trum of SPIRE. The data are combined with spectra from Spitzer
in the mid-IR and with photometry (Semkov & Peneva 2008;
Skrutskie et al. 2006; Egan et al. 2003) down to slightly above
400 nm. The shape of the SED is peculiar compared to the other
targets, as it shows significant emission below 10 µm likely due
to the central source and disk emission, while there is an addi-
tional component in the far-infrared regime, likely a remainder
of an envelope, possibly indicating that V733 Cep is of interme-
diate age in the evolutionary sequence proposed for FUors, i.e.,
between Class I and II YSO. The Spitzer data do not show a clear
silicate feature, or possibly a very weak absorption feature, with
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Table 3. CO rotational temperatures and column densities.

Object Trot SPIRE Trot PACS long Trot PACS short N SPIRE N PACS long N PACS short log10(Q)SPIRE log10(Q)PACSlong log10(Q)PACSshort

(K) (column density (log10(N) cm−2)

BRAN 76 540± 220 18.10± 0.19 2.27
Ex Lup 350± 110 <70000 (4400) 17.75± 0.16 18.1± 2.6 2.10 3.14
Haro 5a IRS 58.4 ± 3.2 20.234 ± 0.027 1.35
HH 354 IRS 170 ± 90 366± 59 1040± 380 18.70± 0.11 18.323± 0.086 18.23± 0.19 1.79 2.11 2.55
HH 381 IRS 314 ± 55 <5700 (2800) 1850± 520 18.193± 0.018 17.78± 0.18 17.685± 0.086 2.05 2.95 2.79
Parsamian 21 25 <15000 (1600) 19.13 17.53± 0.14 1.00 2.73
PP 13 S 92± 28 326 ± 46 19.28± 0.10 18.544± 0.078 1.54 2.07
Re 50 N IRS 1 99 ± 27 449± 77 <11000 (6800) 19.309± 0.086 18.473± 0.077 17.83± 0.15 1.57 2.20 3.32
V346 Nor 79.1± 9.2 560± 130 19.733± 0.043 18.546± 0.087 1.48 2.29
V733 Cep 39.6± 8.1 290 150 19.45± 0.13 18.14 24.85± 1.19 2.01 1.75
V883 Ori 24.6± 2.8 780± 380 460± 250 19.944± 0.097 17.63± 0.14 19.35± 0.66 1.00 2.43 2.21
V1647 Ori 34.5± 3.0 460± 170 650 19.843± 0.069 17.79± 0.16 17.97 1.14 2.21 2.35

Notes. CO rotational temperature in K, total column density and partition function Q for PACS spectra and SPIRE. In some cases it was not possible
to derive a temperature because not enough lines (<2) were detected. The errors were derived from the uncertainties of the fits (see Fig. 5). For
values in italics, we found only two lines in the spectrum of the respective instrument and consequently do not provide an error on the obtained
value. For EX Lup, HH 381 IRS, and Re 50 N IRS 1 we provide an upper limit for the CO rotation temperature and the measured value from the
rotation diagrams in parentheses.

also very weak ice features below 10 µm. There is, however, no
evidence of CO2 ice absorption at 15 µm (Fig. 3).

V733 Cep shows in PACS data bright emission around the
source coordinates, with another object in the southwest and a
cluster of objects in the southeast of the target. In the SPIRE data,
we cannot resolve individual objects of this cluster; however, the
emission of V733 is dominated by the blue (250 µm) emission,
while the other bands do not outshine the background. We identi-
fied in the data O I at 145.5 µm, [N II], [C I], and [C II], and some
CO lines ranging from J = 4−3 to J = 33−32. The SPIRE line
maps show the strongest emission for most lines in the southeast
of the target, where we find the already mentioned cluster. We
therefore do not assume that the (main) emission originates from
V733 Cep, but from the objects nearby. For the [N II] emission,
again we cannot tell if this is foreground or originating from the
observed area.

V883 Ori. The SED of V883 Ori is shown with Spitzer and
Herschel spectra, and complemented by published photometry
(Reipurth et al. 1993; Dent et al. 1998; Molinari et al. 1993;
Sandell & Weintraub 2001; Cutri et al. 2003; Egan et al. 2003)
ranging from the visible to above 1 mm. The SED is flat from
3 µm to about 60 µm. The Spitzer spectrum shows weak silicate
absorption (though again cut below 10 µm) and weak CO2 ice
absorption (Figs. 3 and 4).

For V883 Ori in Fig. 14, we find diffuse emission in the
PACS data in the north of the target, forming a bar from the east
to the northwest of the target. The emission overlaps in the east
with the position of several 2MASS objects (2MASS 05382028-
0702353, 2MASS 05381975-0702261, 2MASS 05381936-
0702241, 2MASS 05381922-0702287, and 2MASS 05381868-
0702241). It is uncertain how much of the diffuse emission is
contributed by the 2MASS objects and how much originates
from V883 Ori. We do not find another object in the emission in
the north, so at least that component likely originates from our
target. The SPIRE data appear dominated by V883 Ori, which
causes some artifacts in all three bands, with some strong dif-
fuse emission in the northwest, for which we also do not find a
known object. The object shows [O I] and some OH lines, as well
as [N II], [C II], and [C I]. We report the detection of CO from
J = 4−3 to J = 33−32 transition. The [C I] lines in the SPIRE

maps smoothly peak at the target coordinates, with diffuse emis-
sion around it. The CO and [N II] lines do not show such a clear
picture.

V1647 Ori. V1647 Ori, an object intermediate between
FUors and EXors, is shown together with photometry (Reipurth
& Aspin 2004; Aspin 2011; Mosoni et al. 2013) in the IR. The
object has shown significant flux variations since its initial out-
burst in 2003 and was observed on many occasions from the
optical to the millimeter ranges, decaying in 2006 and outburst-
ing again in 2008 (see Aspin et al. 2009 and Audard et al. 2014
and references therein).

The SPIRE spectra are quite noisy; therefore, we also pro-
vide the low-resolution spectra, even though they do not resolve
any lines. In the images, we find diffuse emission around the
target, especially in the PACS data. We identify emission knots
in the north (HH 22 MIR), which also shows significant dif-
fuse emission in the SPIRE data, and the southwest (2MASS
J05461162-0006279), which does not separate from the back-
ground emission in SPIRE. There is also some faint extension
of diffuse emission from V1647 Ori in PACS, going westward,
which increases at some distance in the SPIRE data. The spec-
tra show both [O I] transitions, OH, [N II], and [C I] and CO
transitions from J = 4−3 to J = 25−24. For the higher lines
up to J = 37−36 and for most 13CO lines we provide upper
limits. The emission of [C I] at 370 µm, and the CO J = 7−6
and J = 6−5 lines show the strongest emission off-source in the
northeast where the object HH 22 MIR can be seen in the RGB
images. It is not clear how much of the emission is contributed
by V1647 Ori. The [N II] emission behaves differently, showing
less diffuse emission than most other objects, with a peak at the
target coordinates, indicating that that emission originates from
the source.

4.2. SED variability

We found differences in the SEDs (Figs. 1 and 2) between our
data and earlier observations for HH 381 IRS (8.28–100 µm)
and PP 13 S (50–160 µm). The numerical factors were obtained
by measuring the difference in the photometry to the spectrum
of Herschel and Spitzer at the same wavelength. In the case
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Fig. 5. CO rotational diagrams of all objects. We plot the decadic logarithm of the column densities Nu divided by the statistical weight gu, as
function of the upper level energy of the transition Eu in Kelvin. SPIRE data are fitted with black, PACS data are fitted with blue and red. As the
plots contain a logarithmic scale, the errors are actually not symmetric, but we use it here as an approximation.

of PP 13 S, the offset is up to factor 1.7 (Cohen et al. 1983)
(observed 1981), while the measurements of the InfraRed Astro-
nomical Satellite (IRAS, observed 1983.5) and Herschel (PACS
photometry: March 2013) in the PACS range match. For HH 381
IRS, the offset ranges between a factor of 8.5 and 43.8 for the
Midcourse Space Experiment (MSX; data observed in 1996–
1997) and 1.8–2.7 for IRAS (1983.5), compared to the Herschel
photometry (PACS photometry: November 2012).

As there are already strong differences in the published data
(at least for HH 381 IRS), and since the observations of Spitzer
(2010) and Herschel match quite well, it is unlikely that there
is an issue with the observation. We therefore assume that the

objects increased their luminosities over time, which took place
in the IR.

4.3. Rotational diagrams

We derived CO rotational temperature for our targets; they can
be found in Table 3, where the column density is also listed.
The method that we used is described in Goldsmith & Langer
(1999) in detail and was applied on Herschel data in Green et al.
(2013b) and Dionatos et al. (2013). We used the same approach
as Green et al. (2013b), separating the data into three domains of
LTE, one for SPIRE (Jup ≤ 13 or Eu ≤ 505 K) and two for the
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Fig. 6. Occurrence of the CO rotation temperatures found in our tar-
gets and for V1057 Cyg, V1331 Cyg, and V1515 Cyg from Green et al.
(2013a). Temperatures above 1700 K are not shown here because of the
high uncertainty of the measurements.

different PACS orders (PACS R1, in this paper called PACS
long for 14 ≤ Jup ≤ 24 or 560 K ≤ Eu ≤ 1670 K, and PACS
B2A/B2B, in this paper called PACS short for Jup ≥ 25 or
Eu > 1700 K). However, we use the luminosity L of the CO
lines instead of the fluxes (same approach as in Dionatos et al.
2013) to eventually obtain the column densities log10(N) of
the molecules. Data for the upper level energy Eu, Einstein
coefficients Aul, and partition function Q were obtained by the
Cologne Database for Molecular Spectroscope (CDMS; Müller
et al. 2005). For the plots, Nu is given by L × 4π/(h × νul × Aul),
which is divided by the statistical weights of the respective line.
As a function of the upper energy level Eu, a line can be fit-
ted in which the slope m measures the rotation temperature via
Trot = −1/(m × log(10)). The height of the line h can be further
used to calculate the column density of the data by following
log10(N) = h + log10(Q). We mention here that the rotation tem-
perature Trot of the CO does not necessarily represent the kinetic
temperature Tkin of the gas. Figure 5 shows the individual fits
to the CO rotation data to derive the CO rotational tempera-
tures and column densities. Due to the small number of lines in
some ranges, we also used CO lines below the 3σ limit. How-
ever, the fitting routine takes into account the error and uses
a weighting so that lines with a large error do not have a too
strong impact on the fitting result. Lines below the 3σ limit are
accordingly marked in the tables (see Table B.1). We tried to
find a correlation between the different rotational temperatures.
The cold temperature from the SPIRE data and the warmer tem-
perature from the PACS long data, shown in Fig. 7, provided
enough data points for an analysis. Based on the available data,
we could not find a correlation or conspicuousness among the
objects. Figure 6 shows a histogram of the CO rotational temper-
ature of our targets, and complements it with values derived for
other classical FUors, V1057 Cyg, V1331 Cyg, V1515 Cyg, and
V1735 Cyg, as derived by Green et al. (2013a). We also found
in our sample several low-temperature components on the order
of 0−100 K; however, many targets in our sample have temper-
atures around 400−500 K, and possibly very hot temperature
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Fig. 7. Temperature measurements of PACS long as a function of
SPIRE measurements. Only temperatures derived by at least three CO
lines are shown (see Table 3) in order to have more robust error bars.

Fig. 8. [O I] luminosity at 63 µm as a function of the bolometric lumi-
nosity of the object. The black curve represents the best-fit result of the
data with f (x) = 0.65 · x − 3.6 and χ2 = 7.8. We show two additional
lines which partially fit the data (in red) with f (x) = 0.94 · x − 3.7,
Lbol < 17 L�, and χ2 = 3.5, and (in blue) with f (x) = 0.13 · x − 2.6,
Lbol > 17 L�, and χ2 = 3.2. We also show the best fit of Green et al.
(2013a) with f (x) = 0.70 · x − 3.7 (in green). The data points that are
indicated as upper limits (3σ) and EX Lup are not used to create the fits.

components of 1000−1500 K. This will be discussed in more
detail in the next section.

5. Discussion

5.1. CO temperature components

Several objects show low-J transitions of CO in the SPIRE
range, revealing a cool component (<100 K). The rotational dia-
gram indicates temperatures on the order of 40−50 K, with a
few objects showing lower temperatures, such as V883 Ori, and
V1647 Ori, and high column densities. No evidence of low
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Fig. 9. Three-color composed image of the 70 µm (blue), 100 µm (green), and 160 µm (red) photometry of PACS (left) and 250 µm (blue), 350 µm
(green), and 500 µm (red) photometry of SPIRE (right) for Bran 76 (top) and EX Lup (bottom). The target coordinates of the FUor/EXor are shown
with a blue cross. The circle in the lower left corner represents the beam for the longest used wavelength of the respective image (11.5′′ for PACS,
35.95′′ for SPIRE). For the PACS images we used an asinh scaling with 99.5% cutoff but removed values below zero. For SPIRE, we used a linear
scale with 99.5% cutoff.

temperatures is found in Parsamian 21, with no detected lines
in the SPIRE range above 3σ.

For the CO rotational lines in the PACS long range, the
uncertainties on the temperature do not allow us to distinguish
differences in the targets. This range consistently provides val-
ues on the order of 400 K (Parsamian 21, V883 Ori, and HH 381

IRS show higher temperatures, but large uncertainties due to the
low number of lines available). Interestingly, even when low-J
transitions were not detected (i.e., no low rotational temperature)
CO emission lines showing a “medium” temperature was almost
always found, suggesting that this component is ubiquitous in
outbursting young sources.
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Fig. 10. As in Fig. 9, but for Haro 5a IRS (top) and HH 354 IRS (bottom).

The PACS short range, where high-J transitions lie, has
revealed very few detected lines, making the detection of a hot
component (>1000 K) difficult to assess. There is a suggested
presence of such a component in HH 381 IRS and HH 354 IRS,
albeit with large uncertainties. V883 Ori, on the other hand,
shows a temperature similar to that in the PACS long range, sug-
gesting that the hot component does not exist in this target; it is
interesting to note that this same target also shows the coolest
temperature in SPIRE, suggesting that V883 Ori generally has

a lower temperature than other targets. V346 Nor may display a
hot component, again with a rather large uncertainty.

The similarity of the line fluxes in those objects compared to
HH 381 IRS, but the strong difference in the high-temperature
domain, might be related to the luminosity increase of HH 381
IRS (further discussed in Sect. 5.3), although we caution that
few lines were detected, probably because of the higher noise and
stronger continuum. Optical depth effects (e.g., due to the optical
thickness of the dust continuum) may play a role, although the
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Fig. 11. As in Fig. 9, but for HH 381 IRS (top) and Parsamian 21 (bottom).

SEDs (dominated by dust emission) are similar to other targets
with weak or no CO emission in the PACS range, as discussed
above.

5.2. Evolved objects

For the more evolved objects in our sample, EX Lup (with
no envelope) or BRAN 76 (a possibly evolved FUor with less
envelope and a silicate feature in emission, like FU Ori), our
spectra are quite noisy. Our analysis has tentatively detected a

few CO lines in EX Lup (see Sect. 4.1), despite the formal statis-
tical uncertainties. BRAN 76, on the other hand, displayed CO
emission only in the PACS short range. V1647 Ori, whose clas-
sification is unclear and with its flat SED, shows enough signal
for the detection of several CO lines. For the moment there is
not enough evidence to make a link between the detectability of
molecular or atomic lines and the properties of the targets. In a
subsequent analysis, we will investigate this issue by modeling
the objects with the radiation thermo-chemical code ProDiMo
(Woitke et al. 2009), and thus derive geometrical information
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Fig. 12. As in Fig. 9, but for PP 13 S (top) and Re 50 N IRS 1 (bottom).

on the emission lines, in particular thanks to the enhanced ver-
sion of the code by Rab et al. (2017) that takes into account the
envelope around outbursting sources.

5.3. Young embedded objects

Our sample of outbursting sources shows a large variety of
SEDs. Quanz et al. (2007) suggested that this could be due to
the evolutionary stage (Class I versus Class II YSO), but some
features cannot be explained by the evolutionary stage alone.

PP 13 S, V883 Ori, HH 381 IRS, and V346 Nor, which are
all FUors or FUor-like objects, show similar shapes of their
SEDs and should in the Quanz scheme be in a similar evo-
lutionary stage. Therefore, the question arises whether there is
any correlation between properties among those objects. For the
emission lines in these targets, they are strongest in PP 13 S and
V346 Nor, while V883 Ori and HH 381 IRS show lines on a
much lower level in the SEDs, despite similar continuum lev-
els in the far-infrared. The lines themselves are very different
between PP 13 S and V346 Nor. While PP 13 S shows strong
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Fig. 13. As in Fig. 9, but for V346 Nor (top) and V733 Cep (bottom).

atomic oxygen emission and only moderate CO, V346 Nor shows
strong CO emission but weak oxygen. The CO2 gas absorption at
15 µm is unique among our targets, and even compared to other
YSOs it appears very rarely, both in absorption and emission
(Lahuis et al. 2005; Poglitsch et al. 2010). For HH 381 IRS we
note the increased luminosity over the last years in the IR. A
strong increase in luminosity on a long timescale indicates that
it might be at the beginning phase of a long outburst, with a
strong mass accretion onto the embedded object. However, we
note that, although detected, the [O I] line flux at 63 µm, a

common tracer of high accretion rates (Green et al. 2013a), is
particularly weak in HH 381 IRS, like the other detection of OH,
H2O, and CO lines. Taking into account the distance and looking
at the luminosity of the line (see Fig. 8), the [O I] emission of
HH381 appears to be among the more luminous objects in our
sample, still below V346 Nor and about one order of magnitude
above PP 13 S. For HH 381 IRS, the controversy between the
rising bolometric luminosity and the absence of strong accre-
tion tracers is very interesting as it shows that the bolometric
luminosity is not dominated by accretion luminosity, but instead
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Fig. 14. As in Fig. 9, but for V883 Ori (top) and V1647 Ori (bottom).

is dominated by photospheric luminosity of the central source.
The mass accretion and accretion luminosity may quickly drop
after the onset of the burst because of the exhausted mass reser-
voir in the innermost disk, but the star bloats in response to
the accreted energy which leads to a dramatic increase in the
photospheric luminosity. As a result the total luminosity may
keep rising. Similar situations in the evolution of bursting stars
were shown recently in Elbakyan et al. (2019). As we did for
the evolved objects, we will investigate the characteristics of the

young objects in the future with ProDiMo since for the moment
there is no correlation visible.

5.4. Correlation between lines

In the following, we discuss the correlation between lines that
have been found either in our data or by other groups, in which
case we check their consistency within our sample of YSOs. In
Fig. 8 we show the luminosity of the [O I] emission at 63 µm as a
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Fig. 15. Continuum-subtracted spectra of PACS and SPIRE for Haro 5a IRS, HH 354 IRS, and HH 381 IRS. For the indicators of the lines, we use
a 1.5−σ lower limit.

function of the bolometric luminosity of our targets in a log-log
plot. Table 1 shows the 63 µm [O I] luminosity of our targets.
Haro 5a IRS is missing here. For Parsamian 21, V733 Cep, and
V883 Ori we only show upper limits. In addition to our sample,
we used HBC 722, V1735 Cyg, V1057 Cyg, V1515 Cyg, and FU
Ori from Green et al. (2013a). Along with the targets, we show

our best-fit result as black line in the plot (not including the upper
limits and EX Lup). We find a clear correlation of the bolometric
luminosity and the luminosity of the 63 µm emission line with
f (x) = 0.65 · x − 3.6. However, as mentioned in Sect. 5.3, some
objects do not follow this principle. Due to the “knee” at ≈17 L�,
we created two other fits, one for L> 17 L� and one for L< 17 L�.
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Fig. 16. Continuum-subtracted spectra of PACS and SPIRE for PP 13S, Re 50 N IRS/HBC 494, and V346 Nor.

For comparison, the analysis of Green et al. (2013a) resulted in
f (x) = 0.70 · x − 3.7. Our sample of FUors is still small, but
it seems that FUors experience a saturation of [O I] emission
compared to Class 0/I objects. However, this behavior is mainly
caused by four of the targets from Green et al. (2013a) and needs
further investigation.

Remarkably, our analysis suggests the tentative detection of
multiple water and OH emission lines in the PACS data for
PP 13 S, Re 50 N IRS 1, and V346 Nor, and possibly other tar-
gets, where we see the water emission in a slightly extended area
around each target. We did not find a correlation between the
presence of water and OH, but we will investigate this possibility
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Fig. 17. Continuum-subtracted Spectra of PACS and SPIRE for V883 Ori and V1647 Ori.

during our upcoming analysis when taking into account spatial
properties.

Among the DIGIT and HOPS objects, Green et al. (2013a)
find that a strong CO J = 16−15 line correlates well with
N(PACS long). We find the strongest emission of this particu-
lar CO line in PP 13 S, Re 50 N IRS 1, and V346 Nor, each with
very strong emission lines in general. These objects show the
highest column densities in the PACS data at warm temperature
(PACS long) among our sample, clearly supporting this result.

Furthermore, Green also discussed the possibility that Class
0/I objects (FUors and FUor-like) have hotter and more excited
CO rotation lines than Class II objects. The most Class II-like
objects in our sample are EX Lupi (EXor) and V1647 Ori (likely
EXor). Both objects show, if our data allows an analysis, rel-
atively low temperatures compared to the rest of our sample,
which supports this assumption.

Green et al. (2013a) argued that weak silicate features, in
emission or absorption, do not correlate well with [O I] emis-
sion. In our sample, the Spitzer data show strong silicate features
for Haro 5a IRS, PP 13 S, and Re 50 N IRS 1. HH 354 IRS
also shows strong absorption near the silicate feature, although
in that case the strong absorption is also due to water ice. The
targets show several other ice features, such as water, methanol
and ammonium, methane, and ammonia and carbon dioxide at

15 µm (Figs. 3 and 4). We note that a CO2 gas line was detected
in absorption in PP13 S, the only target in our sample showing
this feature. Each of these targets shows strong emission of [O I]
at 63.1 µm and emission of the 145.5 µm line above the 3σ limit.
In addition, V883 Ori and HH 381 IRS, weak [O I] emitters,
show weak silicate absorption. HH 381 IRS, the only target for
which Spitzer covered the 5–10 µm range as well, also did not
detect evidence of the other ice components. It provides further
evidence that the correlation suggested by Green et al. (2013a) is
indeed strong.

6. Summary

We provided the SEDs, including photometry and integral field
spectroscopy of 12 FUors and EXors using mainly Herschel and
Spitzer data, and additional published photometry. In most cases
we covered the SED from the optical or near-IR up to the sub-
millimeter range, tracing the emission of the envelope and disk
of the targets. Our observations revealed the complex environ-
ment in which most of our targets reside, which we discuss in
detail. The targets show a wide variety of spectral features, from
silicate in absorption to emission, and often ice features from
CO2 and other molecules from 5−9 µm, when embedded. We
detected for one of our targets a rare CO2 gas absorption at
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15 µm. We derived CO rotation temperatures in three temper-
ature domains, finding different temperature regimes: <100 K
and 400−500 K. A third high-temperature component may be
present in some targets as well. We provided three-color images
of the targets in the PACS and SPIRE wavelength ranges. Finally,
we provided line maps and line fluxes. We tentatively detected
water emission for PP 13 S, Re 50 N IRS 1, and V346 Nor. We
found a significant increase of luminosity in HH 381 IRS and
PP 13 S, possibly due to early phases of an outburst. With our
data set, we aim to use the data of all the objects in our sample
for further analysis with ProDiMo to refine the models of out-
bursting sources and derive properties of the targets, namely the
circumstellar disk and the surrounding envelope.
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Appendix A: PACS/SPIRE line maps
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Fig. A.1. Line maps of PACS with visible lines for HH354 IRS. The maps show a specific bandwidth around emission lines of molecular or atomic
transitions in the spectra coming from the integral field spectroscopy from PACS. The bandwidth is defined for each source by a fitting routine. A
threshold cuts off noise below a specific value. For molecular lines, the species is mentioned in the upper left corner of the plot, together with the
energy transition for CO and its isotopolog and the wavelength for other molecules. For the atomic lines, next to the isotope we give the frequency
of the transition. The circle in each of the plots represents the coordinates of the optical FUor/EXor.
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Fig. A.2. Line maps of PACS with visible lines for HH 381 IRS.
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Fig. A.3. Line maps of PACS with visible lines for Parsamian 21.
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Fig. A.4. Line maps of PACS with visible lines for PP 13 S.
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Fig. A.5. Line maps of PACS with visible lines for Re 50 N IRS 1, part 1.
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Fig. A.6. Line maps of PACS with visible lines for Re 50 N IRS 1, part 2.
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Fig. A.7. Line maps of PACS with visible lines for V1647 Ori.
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Fig. A.8. Line maps of PACS with visible lines for V346 Nor, part 1.
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Fig. A.12. Line maps of SPIRE with visible lines for EX Lup.
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Fig. A.13. Line maps of SPIRE with visible lines for Haro 5a IRS.
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Fig. A.14. Line maps of SPIRE with visible lines for HH 354 IRS.
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Fig. A.15. Line maps of SPIRE with visible lines for HH 381 IRS.
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Fig. A.16. Line maps of SPIRE with visible lines for Parsamian 21.
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Fig. A.17. Line maps of SPIRE with visible lines for PP 13 S.
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Fig. A.18. Line maps of SPIRE with visible lines for Re 50 N IRS 1.
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Fig. A.19. Line maps of SPIRE with visible lines for V1647 Ori.
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Fig. A.20. Line maps of SPIRE with visible lines for V346 Nor, part 1.
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Fig. A.21. Line maps of SPIRE with visible lines for V346 Nor, part 2.
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Fig. A.22. Line maps of SPIRE with visible lines for V733 Cep.
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Fig. A.23. Line maps of SPIRE with visible lines for V883 Ori.
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