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ABSTRACT

Context. FU Orionis (FUor) and EX Lupi (EXor) type objects represent two small but rather spectacular groups of low-mass, young,
eruptive stars. In both cases, outbursts of several magnitudes are observed, which are attributed to enhanced mass accretion from the
circumstellar disc onto the central protostar. Although these objects are well studied at optical and near-infrared wavelengths, their host
molecular environments are poorly explored because of the scarcity of systematic molecular line observations.

Aims. We aim to carry out the first dedicated survey of the molecular environments of a large sample of FUors and EXors, observing
a total of 51 sources, including some Gaia alerts, to study the ammonia (NH3) emission in their host environments.

Methods. We observed the ammonia (J, K) =(1,1), (2,2), and (3,3) inversion transitions at ~23.7 GHz in position-switching mode using
the Effelsberg 100-m radio telescope. For 19 of the 51 sources in our sample, we derived H, column densities and dust temperatures
using archival Herschel/SPIRE data at 250 pm, 300 um, and 500 pm.

Results. We detected the NHj3 (1,1) transition toward 28 sources and the (2,2) transition toward 12 sources, while the (3,3) transition
was detected towards only two sources in our sample. We find kinetic temperatures between ~12 K and 21 K, ammonia column densities
from 5.2 x 10'* cm™2 to 3.2 x 10" cm™2, and fractional ammonia abundances with respect to H, from 4.7 x 107 to 1.5 x 10~7. These
results are comparable to those found in infrared dark clouds (IRDCs). Our kinematic analysis suggests that most of the eruptive stars
in our sample reside in rather quiescent (sonic or transonic) host environments.

Conclusions. Our NHj observations and analysis of the SPIRE dust-based H, column density maps confirm the presence of dense
material towards seven sources in our sample; additional sources might also harbour dense gas based on their NH, (2,2) detections,
potentially indicating an earlier phase than originally classified. Based on our results, we suggest that observations targeting additional

molecular lines would help to refine the evolutionary classification of eruptive stars.
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1. Introduction

FU Orionis (FUor) and EX Lupi (EXor) type objects are two
small but rather spectacular groups of low-mass pre-main-
sequence young stellar objects (YSOs). During their formation,
low-mass YSOs can undergo violent, episodic outbursts, and the
observations of such events and the quiescent stages hold crucial
information on the early stages of the evolution of Sun-like stars.
Both FUors and EXors undergo increases in their optical and
near-infrared (NIR) brightnesses, and for both types of objects
their eruptions are attributed to enhanced accretion from the cir-
cumstellar disc onto the protostar (see e.g. Audard et al. 2014;
Fischer et al. 2022, and references therein). FUors may brighten
by up to six orders of magnitude at optical wavelengths and stay

* Full Fig. 1 and FITS files for the NH; detections are available at
https://zenodo.org/record/7736131

** Member of the International Max Planck Research School (IMPRS)
for Astronomy and Astrophysics at the Universities of Bonn and
Cologne.

in a high accretion state for decades, and more likely centuries
(Paczynski 1976; Lin & Papaloizou 1985; Kenyon et al. 1988;
Kenyon & Hartmann 1991; Bell et al. 1995; Turner et al. 1997,
Audard et al. 2014; Kadam et al. 2020; Borchert et al. 2022).
EXors, on the other hand, experience outbursts of one to five
orders of magnitude at optical wavelengths lasting a few months
or a few years (see e.g. Jurdana-Sepi¢ et al. 2018), and their out-
bursts can be recurring (e.g. Cruz-Sdenz de Miera et al. 2022).
The FUor class was defined by Herbig (1977) based on the com-
mon properties of FU Orionis, V1057 Cyg, and V1515 Cyg, often
referred to as the classical FUors (see e.g. Clarke et al. 2005;
Szabd et al. 2021, 2022). This class currently includes more than
a dozen objects (e.g. Audard et al. 2014; Szegedi-Elek et al.
2020). The EXor class was defined by Herbig (1989) based on
the properties of EX Lupi, and this class also consists of about a
dozen objects (e.g. Audard et al. 2014; Park et al. 2022).

The evolution of these peculiar objects starts in their dense
cores, that is their birthplaces. However, very little is known
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in the literature about the host environments of these eruptive
objects, despite dense cores being observable using a variety of
molecular lines. The paucity of data is partly due to the dis-
tances of these objects (see, e.g. Audard et al. 2014). Another
contributing factor is that FUors and EXors have historically
been considered too evolved for their dense cores to influence
their central YSOs (i.e. they have been classified as Class1I or
T Tauri stars; see e.g. Lada 1987; Herbig 1977; Hartmann &
Kenyon 1996). Indeed, molecular lines were detected towards
only ~38% (13/34) of the target sources in a pioneering ammo-
nia study of T Tauri stars (Lang & Willson 1979). More recently,
however, evidence has emerged that some FUors and EXors are
still in more embedded evolutionary phases (e.g. Green et al.
2013; Audard et al. 2014) and that FUors and EXors can also
be transition objects (i.e. between Class 0 and Class I or between
Class1 and Class11), such as Haro 5a IRS (Késpal et al. 2017),
V1647 Ori (Abrahém et al. 2004; Principe et al. 2018), and
HH 354 IRS (Bronfman et al. 1996; Reipurth & Aspin 1997,
Reipurth et al. 1997). This realisation motivates revisiting the
temperatures, densities, and dynamic states of the host environ-
ments of a large sample of FUors and EXors, which have not
been well-characterised to date due to the scarcity of systematic
molecular line observations.

Ammonia (NH3) was first detected in the interstellar medium
by Cheung et al. (1968), and subsequently turned out to be
a powerful tool for probing physical conditions in a range
of environments, including the environments of low-mass star
formation (e.g. Walmsley & Ungerechts 1983; Ungerechts &
Guesten 1984; Tafalla et al. 2004). The rotational energy levels
are described by two principal quantum numbers (J, K), where J
is the total angular momentum, and K is its projection along the
molecular symmetry axis. The spins of the hydrogen atoms can
have different orientations; therefore, two species of ammonia
exist: ortho-NHj3, for which all H spins are parallel, and para-
NHj3;, for which they are not. The (J, K) rotational states split into
inversion doublets, which split further by hyperfine interactions
(for a detailed description see e.g. Ho & Townes 1983). The rota-
tional temperature of the gas can be obtained from the intensity
ratios of the inversion transitions and can be used to estimate the
kinetic temperature of molecular gas (see Ho & Townes 1983).
We have chosen ammonia for our study of the host environ-
ments of FUors and EXors because it allows us to examine a
wide range of properties (i.e. line widths, temperatures, densi-
ties, molecular abundances) and may, in combination with dust
continuum observations, reveal the presence of dense circum-
stellar envelopes. The results of our ammonia survey will help to
identify sources with line emission strong enough for follow-up
higher angular resolution observations, which in turn will allow
us to investigate the relationship between circumstellar envelopes
and disc accretion, paving the way towards understanding the
eruption mechanisms of FUors and EXors.

This paper is the first part of a survey carried out using the
Effelsberg 100-m radio telescope focusing on FUors and EXors.
Here, we report observations of the host environments of FUors
and EXors in the NHj3 (1,1), (2,2), and (3,3) transitions, making
this the first dedicated ammonia survey towards these objects.
The second paper in this series will report our search for water
(H,0) maser emission towards FUors and EXors. Our sample
consists of 33 FUors, 13 EXors, and a small sample of five
Gaia alerts; these are objects with optical variability identified
by the Gaia satellite that are yet to be classified. Here, we note
that although Gaial8dvy is listed with its Gaia alert name (see
Table A.1), this source was classified as an FUor by Szegedi-Elek
et al. (2020) and is therefore not counted within the five Gaia
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alert sources. The criteria for including Gaia alerts in our sample
were based on their light curves and luminosity at the time of
our proposal submission in September 2021. In recent years,
the Gaia alert system has become an important tool in identify-
ing new outbursting systems (e.g. Hillenbrand et al. 2018, 2019;
Szegedi-Elek et al. 2020; Cruz-Sdenz de Miera et al. 2022; Nagy
et al. 2022) as well as studying new events in known sources
(see e.g. Nagy et al. 2021). We specifically chose objects with
light curves resembling those of FUors and EXors for inclusion
in our sample. This paper is organised as follows. In Sect. 2,
we summarise the observations and describe the data reduc-
tion process. In Sect. 3, we present the analysis and results,
including rotational and kinetic temperatures and column den-
sities and abundances for ammonia. In Sect. 4, we discuss the
potential importance of our observational results, and finally our
conclusions and summary are given in Sect. 5.

2. Observations and data reduction

The three metastable NH3 (J, K) = (1, 1),(2,2), and (3, 3) lines
were measured simultaneously with the Jg,x, = 616 — 523 water
maser transition on November 18 and 23, 2021 and January 25,
2022 using the Effelsberg 100-m telescope in Germany' (PI:
Szabd, project ID: 95-21). The observations were performed in
position-switching mode with the off-position at an offset of
5’ east of each target in azimuth. The 1.3 cm double beam and
dual polarisation secondary focus receiver was adopted as the
frontend. Fast Fourier Transform Spectrometers (FFTSs) were
used as the backend, and each FFTS provides a bandwidth of
300 MHz and 65536 channels, which gives a channel width of
4.6 kHz, corresponding to a velocity spacing of 0.06kms™' at
~23.7 GHz. The actual spectral resolutions are coarser by a fac-
tor of 1.16 (Klein et al. 2012). NGC 7027 was used to obtain the
pointing and focus corrections at the beginning of each observ-
ing session, then W75N was targeted for its well known H,O
and NHj transitions in order to verify our spectral setup. We
checked the pointing regularly on nearby continuum sources,
and the pointing was found to be accurate to about 5”. We
also used NGC 7027 as our flux calibrator, which has a con-
tinuum flux density of 5.7Jy at 23.7GHz (Ott et al. 1994).
For the spectral calibration, we used the method introduced by
Winkel et al. (2012), and the calibration uncertainty is about
15%. The half-power beam width (HPBW) is about 37" and the
main beam efficiency is 58.9% at 24 GHz. The conversion fac-
tor from flux density (S,) to main beam temperature (7Tpp) is
Tub/S, = 1.73KJy~!. Velocities are presented with respect to
the local standard of rest (LSR).

For the data reduction, we used the GILDAS/CLASS
software developed by the Institut de Radioastronomie Mil-
limétrique (IRAM)? (Pety 2005). Spectra were averaged for the
same target to achieve better sensitivities, and linear baselines
were subtracted.

3. Results and analysis

Out of our sample of 51 sources, we detected the NHjz (1,1)
transition in 28 sources and the (2,2) transition in 12 sources,
while the (3,3) transition was only detected in two sources (RNO
1B/1C and V512 Per). This corresponds to detection rates of

1 The 100-m telescope at Effelsberg is operated by the Max-Planck-
Institut fiir Radioastronomie (MPIFR) on behalf of the Max-Planck-
Gesellschaft (MPG).

2 https://www.iram.fr/IRAMFR/GILDAS/
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Fig. 1. Examples of reduced and calibrated spectra for the NH; (1,1), (2,2) and (3,3) transitions. The transition is indicated in the upper left corner of
each panel. For the first two sources the fits are shown in red. The (3,3) transition was detected only towards RNO 1B/1C and V512 Per (SVS 13A).
The full version of the figure and the FITS files for the NH; detections are available at https://zenodo.org/record/7736131

54%, 23%, and 4% for NH;3 (1,1), (2,2), and (3,3), respectively.
We did not detect ammonia emission toward the Gaia alert
sources.

The hyperfine structure (HFS) lines of the NH; (1,1) tran-
sition were fitted using the hyperfine fitting method in CLASS.
The independent parameters from the fitting are the LSR veloc-
ity (vLsr), line width (Av) at the full width at half maximum
(FWHM) of a Gaussian profile, and the optical depth of the main
HFS line (7,,). The satellite lines of the (2,2) and (3,3) transitions
were too weak to be detected. Therefore, only the main lines of
these transitions were fitted, assuming a Gaussian function; the
derived parameters are the LSR velocity (vpsg) and FWHM line
width (Av) of the main lines. Figure 1 shows examples of the
reduced and calibrated spectra. The peak main beam brightness
temperatures of the NHj3 (1,1), (2,2) and (3,3) transitions were
derived from the peak intensity of the Gaussian fit to the main
line.

For undetected lines, three times the rms noise (307) was
adopted as an upper limit (given in Table A.1). In Tables 1 and 2,
we list the properties of the detected (1,1) transitions for the
FUors and EXors, respectively. In each case, we give the name,
position, optical depth (7), LSR velocity (v sr(1,1)), line width
(Av(1,1)), and the main beam brightness temperature (T (1,1)).
The formal errors of the fits are given in parentheses. In Table 3
and Table 4, we list the vy sg, Av, and Ty values for the (2,2)
and (3,3) transitions, with 30~ upper limits given in the case of
non-detections.

3.1. Molecular excitation

The rotational (7o) and kinetic (T,) temperatures, as well as
the ammonia column density (Nnw,), were determined using the
standard method (Ho & Townes 1983; Ungerechts & Guesten
1984). The results are given in Tables 5 and 6 for the FUors and
EXors, respectively.

The rotational temperature can only be determined for
sources in which both the (1,1) and (2,2) transitions were
detected. To calculate the T,y values, we used the following
relation (Ho & Townes 1983):

-41.5
0282 Typ(2.2) |
ln(rm(l,nln(l - 22 (1 - exp(-m(l, 1)))))
using the optical depth of the (1,1) main line, 7,,(1, 1), and the
main beam brightness temperatures, Ty, of the (1,1) and (2,2)
main lines derived from the Gaussian fitting.

The derived rotational temperatures in our sample range from
11 K to 18 K, with an average Ty of 13.2 K.

Tro(1,2)

Tiot = (D

Tyin =

©))

Te(12 - ’
1= L 21+ Llexn (7185)

where T,(1,2) is the rotational temperature determined from
the (1,1) and (2,2) inversion transitions, and 42 K is the energy
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Table 1. NH; (1,1) line parameters for the FU Orionis-type objects detected in our survey.

RA (J2000)  Dec (J2000) . usr(1,H® Au(LD©  Typ(LH@ Av'© Al ’
Name " m) e LD« (kms~) (kms ) ® Gmsh  gmsh M
RNO 1B/1C 00364630 +6328540 1.16(0.03) —17.83(0.02) 2.39(0.04)  3.75(0.32) 0.31 2.36 3.36
PP 13S 041041.09  +380754.5 0.79(0.05) -3.62(0.01)  0.75(0.01)  3.09 (0.20) 0.24 0.71 1.46
L1551 IRS 5 04313407 +1808049 1.93(0.12)  635(0.01)  0.87(0.02) 2.78(0.22) 0.23 0.83 1.78
Haro 5a IRS 05352674 —-0503550  1.80(0.16) 10.7 (0.01) 1.19 (0.02)  1.89 (0.26) 0.26 1.16 221
V2775 Ori 05424848 —0816347  1.07(0.24)  3.05(0.01)  0.65(0.03) 198(021)  0.19® 0.62M  1.12®
NGC 2071 054709.80  +001800.0  0.10 (0.18) 104 (0.01)  052(0.03)  1.06(0.14)  0.19® 048%™ 0.92M
V899 Mon 06091924 —0641558 042(0.19)  9.63(0.01)  046(0.02) 1.62(0.15)  0.19® 041®  0.79®
IRAS 06297+1021W 06 32 28.70 +10190 0.86(0.22)  4.17(0.01)  043(0.02) 1.64(0.16)  0.19® 0.38®  0.73®
AR 6A/6B 06405930 +093549.0 0.70(0.11)  5.06(0.02)  2.31(0.05)  1.71(0.25) 0.27 2.29 4.10
IRAS 06393+0913 06420813  +091030.0 0.10(0.11)  7.72(0.02)  0.49(0.04)  0.68 (0.14)  0.19® 045®  0.87®
V960 Mon 06593158 -040527.7 027(047)  23.8(0.02)  0.70(0.10)  0.93(0.26)  0.19® 0.67M  1.20®
Z CMa 07034315 -1133062  0.10(0.27) 13.8 (0.02) 122(0.04) 135(0.19)  0.19% 1210 234®
iPTF 15AFQ 07092139 —102934.5  1.14(0.28) 133(001)  0.71(0.04) 1.77(030)  0.19® 0.68M  131®
IRAS 18270-0153W 18293690 —015102.0 295(0.11)  7.61(0.01)  0.55(0.01)  3.80(0.32) 0.23 0.49 1.06
00 Ser 182949.13  +011620.6  1.68(0.08)  831(0.01)  0.77(0.01)  3.43(0.28) 0.26 0.73 1.37
IRAS 18341-0113S 18364570  —011029.0 2.82(0.17)  927(0.01)  041(0.01)  2.65(0.16) 0.22 0.34 0.74
HBC 722 20581700  +435343.0  1.98(0.06)  4.93(0.01) 1.08 (0.01)  3.64 (0.34) 0.24 1.05 2.09
V1057 Cyg 20585373 +4415284  1.89(0.57)  435(0.02)  072(0.06) 049(0.16)  0.19% 0.69®  133®
V2495 Cyg 21002524  +5230169 0.86(0.37)  4.71(0.02)  0.80(0.05) 0.74(0.15)  0.19® 0.77®  1.49®
RNO 127 210031.80 45229170  2.37(0.65)  —-2.90(0.01)  0.37(0.02) 0.72(0.16) 0.19%M 0.31" 0.59™
CB 230 21173862  +6817340  256(0.15)  279(0.01)  046(0.01) 221(0.19)  0.19® 041®  0.79®
V1735 Cyg 214720.66  +473203.8 1.97(0.17)  3.80(0.01)  0.69(0.02)  2.01(0.21) 0.24 0.64 1.29
HH 354 IRS 22065037 +5902459  235(0.33) —1.52(001)  0.36(0.01) 136(0.16)  0.19% 0.30®  0.58®
V733 Cep 22533325  +623223.6 232(043) -8.93(001) 036(0.02) 098(0.15)  0.19% 0.30®  0.58®

Notes. “Optical depth of the (1,1) transition main line. ®LSR velocity. ’Line width determined using the HFS fitting method. “Main beam
brightness temperature. Y Thermal line width. “”Non-thermal line width. ©“Mach number. ®Source with the assumed Ty, value of 14.6 K.

Table 2. NH; (1,1) line parameters for the EX Lupi-type objects detected in our survey.

‘ RA (J2000)  Dec (J2000) @  useD? ALDO Typ(LH@ A vyl @
Name (hm sy " n (kms™) (kms™) (K) (kms™")  (kms!) Ma
V512 Per (SVS 13) 03290375  +311603.9  1.77(0.03)  845(0.01)  0.64(0.01)  4.23(0.35) 0.27 0.58 1.03
LDN 1415 IRS 04413750  +541922.0 1.26(0.62) -5.77(0.02) 0.48(0.04)  0.63 (0.16) 0.19™ 0.44® 0.85%
V371 Ser 18295121  +011639.4  2.20(0.03)  834(0.01)  0.78(0.01)  3.76 (0.34) 0.23 0.74 1.54
V2492 Cyg 20512623  +4405238 0.86(0.37)  4.71(0.02)  0.70(0.05)  0.74(0.15) 0.19™ 0.67™ 1.29M

Notes. “Optical depth of the (1,1) transition main line. ®LSR velocity. ’Line width determined using the HFS fitting method. “Main beam
brightness temperature. *Thermal line width. ”Non-thermal line width. ¥Mach number. ®Source with the assumed T, value of 14.6 K.

difference between the (1,1) and (2,2) levels. We find that the
host environments are characterised by kinetic temperatures of
12-21 K with an average kinetic temperature of 14.6 K, with
the highest kinetic temperature found towards RNO 1B/1C.
These kinetic temperatures are lower than those found towards
Class1I sources (26-37K), but they are similar to low-mass
and high-mass dense clumps in early evolutionary stages (e.g.
Benson & Myers 1989; Pillai et al. 2006; Zhang et al. 2011;
Wienen et al. 2012).

To calculate the ammonia column density, the rotational
temperature derived from Eq. (1), T (1,2), the optical depth,
7,(1,1), and the line width, Av(1,1), of the (1,1) inversion
transition are needed. We calculated the Ny, values using the
column density of the (1,1) level, assuming that the energy
levels are populated according to the Boltzmann distribution
(see e.g. Rohlfs & Wilson 2004; Wienen et al. 2012). For the
calculation of the total column density, we used the relation
given by Rohlfs & Wilson (2004), with the assumption that the
lowest metastable levels dominate in the population:

23.1 ) 5 (
+ 1+ zexp| -

41.2
Troi(1,2) 3

Tro(1,2)

14 994
oo -2)

1
Nt ~ N(1, 1)(5 exp(
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where T;(1,2) is the rotational temperature, and N(1,1) is the
column density of the (1,1) level,

2 Tro(1,2 h
N(1,1) = 4.14 x 1039”—”(1 4 exp(— ))Tm(l,l)Av
guAul ex
~ 272 % 1083 (1, 2)Tm(1, 1) Av cm ™2, 4)

where gj, g, are the statistical weights of the lower and the
upper levels, Ay is the Einstein coefficient, v is the frequency
in units of GHz, T is the excitation temperature of the (1,1)
transition, and Av is the line width in units of km s~'. We used
the approximation that k’;—" <1 in Eq. (4). Assuming LTE, we
used the rotational temperature as the excitation temperature
(e.g. Goldsmith & Langer 1999; Wilson et al. 2009). The val-
ues for gy, gy, Aul, and v were taken from the Leiden Atomic and
Molecular Database (LAMDA, Schaier et al. 2005).

The average rotational temperature for all sources (with the
(1,1) and the (2,2) emission detected) was found to be 13.2 K. For
sources detected only in the (1,1) transition, we adopted T, =
13.2 K in order to estimate their NH; column densities and abun-
dances. The results are given in Tables 5 and 6 for the FUors
and EXors, respectively. Since we find rotational temperatures
between 11 K and 18 K, we assume an uncertainty for the average
rotational temperature of ~30%.



Szabd, Zs. M., et al.: A&A proofs, manuscript no. aa44911-22

Table 3. NH; (2,2) and (3,3) line parameters for the FU Orionis-type objects detected in NH; (1,1).

Name Lsr(2,2)@ Av22)®  Typ(2.2)© vLsr(3.3)@ Av(3,3)@ Tve(3.3)Y
(kms™") (kms™) (K) (kms™) (kms™") (K)
RNO 1B/IC ~17.80(0.01)  2.55(0.03) 1.82(0.11) —17.75(0.05 3.19(0.11)  0.64(0.11)
PP 13S 2357004)  132(0.12) 074 (0.11) - - <0.11
LISSIIRS 5 6.30 (0.03) 0.62 (0.08) 0.59 (0.11) - - <0.10
Haro 5a IRS 1053 (0.04)  1.27(0.09) 059 (0.14) - - <0.16
V2775 Ori - - <0.12 - - <0.13
NGC 2071 - - <0.11 - - <0.10
V899 Mon - - <0.10 - - <0.11
IRAS 06297+1021W - - <0.12 - - <0.14
AR 6A/6B 5.28 (0.07) 2.48 (0.19) 0.73 (0.13) - - <0.16
IRAS 06393+0913 - - <0.10 - - <0.10
V960 Mon — - <0.18 - - <0.18
Z CMa - - <0.12 - - <0.13
iPTF 15AFQ — - <0.19 - - <0.21
IRAS 18270-0153W 7.62 (0.01) 0.87 0.05) 1.14 (0.11) - - <0.14
00 Ser 833(0.02)  1.07005)  1.07(0.11) - - <011
IRAS 18341-0113S 9.20 (0.02) 0.42 0.05) 0.59 (0.12) - - <0.12
HBC 722 4.82 (0.02) 1.16 0.04) 0.98 (0.11) - - <0.11
V1057 Cyg - - <0.10 - - <0.10
V2495 Cyg - - <015 - - <0.10
RNO 127 - - <0.10 - - <0.10
CB 230 - - <0.10 - - <0.10
V1735 Cyg 3.84 (0.03) 0.78 (0.10) 0.77 (0.12) - - <0.33
HH 354 IRS - - <0.10 - - <0.11
V733 Cep - - <0.10 - - <0.10

Notes. “YLSR velocity of the (2,2) transition. ®’Line width determined using a single Gaussian. “Main beam brightness temperature. The upper
limits are 30~ ““LSR velocity of the (3,3) transition. ’Line width determined using a single Gaussian. ”Main beam brightness temperature. The

upper limits are 30~. The errors are given in parentheses.

The ammonia column densities in the sample range
from 5.2 x 103 cm™2 (IRAS 06393+0913) to 3.2 x 10" cm™2
(RNO 1B/IC), with an average of 1.18 x 10> cm™ and a
median of 1.15 x 10'5 cm™2, respectively. In infrared dark clouds
(IRDCs), ammonia column densities were found to range from
7.6 x 10" cm™ to 6.04 x 10" cm™2, with an average value of
3 x 10 cm™ (Pillai et al. 2006). Approximately 2/3 of our
sample (18/28 objects ~64%) falls within this range, with the
remaining sources having NHjz column densities lower than
observed in IRDCs (see Tables 5 and 6).

3.2. Beam filling factor

The beam filling factor, 7, gives the fraction of the beam filled by
the observed emission, and it can be derived from the radiative
transfer equation when the excitation temperature and optical
depth of the transition can be determined. For ammonia, opti-
cal depths can be derived from the HFS fitting, and we assumed
local thermodynamic equilibrium (LTE) in order to approximate
the excitation temperature (see e.g. Wienen et al. 2012; Condon
& Ransom 2016; Yan et al. 2021). We determined the 7 value for
each detected source in our sample using the following equation,
with the Rayleigh-Jeans approximation,

Twmp(1, 1)
(Tex = Tiog) % (1 = exp(=tm(1, 1))

n= )

where Ty (1, 1) is the main beam brightness temperature of the
(1,1) transition, 7(1, 1) is the optical depth of the (1,1) main line,
and Ty, = 2.73 K. Assuming LTE, we used the rotational tem-
perature as the excitation temperature (e.g. Goldsmith & Langer
1999; Wilson et al. 2009). We found that the 7 values in our sam-
ple range from 0.06 to 0.42 with an average of 0.25 and a median
of 0.26 (see Tables 5 and 6).

The low beam filling factors may indicate clumpiness on
small scales, which indeed has been revealed by interferometric
observations of these ammonia transitions towards dark clouds
and high-mass starless cores (see e.g. Olmi et al. 2010; Devine
et al. 2011; Ragan et al. 2011). We find no significant differences
between the 17 values in this work compared to those in high-mass
clumps by Wienen et al. (2012).

3.3. LSR velocities

Table B.1 presents a comparison of the vy sg results from our
NH;(1,1) observations with published v sg values from the lit-
erature. For most sources, the literature LSR velocities were
derived from '>CO and its rarer isotopologues. Where other lines
or CO observations of nearby clouds were used, this is noted in
brackets in Table B.1.

Our observations have yielded the first systemic vy sg mea-
surements for five sources. Due to the sensitivity of our obser-
vations, we are also able to derive more precise LSR values for
a number of sources (see Table B.1), which could be helpful for
follow-up studies (e.g. comparisons with stellar velocities). The
differences between the NHj (1,1) velocities and the CO litera-
ture values are generally less than 1 kms™!, while the velocities
derived from the NH3 (1,1), (2,2), and (3,3) lines agree within
the errors of the fits, generally <0.03 kms™'.

3.4. Line widths

The line widths of the (1,1) inversion transition (where the HFS
fitting method was used) range from 0.36kms~! to 2.39kms~'.
For the (2,2) transition (where Gaussian fitting was used), the
line widths are between 0.42kms™' and 2.55kms™'. We find
that the derived line widths for the (2,2) transition are broader
than those for the (1,1) transition. The line width ratios, Av(2,2)/
Av(1,1), are between 1.02 and 2.58, with a median of 1.23 and
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Table 4. NH; (2,2) and (3,3) line parameters for the EX Lupi-type objects detected in NH; (1,1).

Name sr(22)@ A2 Typ(2.2)©  usr(B3)@ Av33)©@ Twe(3.3)Y
(kms™) (kms™) (K) (kms™) (kms™) (K)
V512 Per (SVS 13)  845(0.01)  0.84(0.03) 1.71(0.06)  823(0.05)  1.36(0.12)  0.21 (0.06)
LDN 1415 IRS - - <0.11 - - <0.12
V371 Ser 8.43(0.02)  0.97(0.06)  0.80 (0.06) - - <0.11
V2492 Cyg - - <0.10 - - <0.10

Notes. “"LSR velocity of the (2,2) transition. ®’Line width determined using a single Gaussian. “Main beam brightness temperature. The upper
limits are 30~ “LSR velocity of the (3,3) transition. “Line width determined using a single Gaussian. ”Main beam brightness temperature. The

upper limits are 3. The errors are given in parentheses.

Table 5. Derived parameters for FU Orionis-type objects detected in NH; emission.

Name Trg]n) Tk(ibn) N 151(1-13 N lfl('lz) Téﬁl& [NH3/H, ] n? Outflow Ref.
(K) (K) (cm™) (cm™) (K) ) (Y/N)
RNO 1B/1C 17909 213(1.1) (32+02)x10° 21x10® 145 1.5x 1078 0.16 Y 1
PP 13S 11909 128(1.1) (6.6+1.0)x10" 26x102 156 2.5%x1078 0.18 Y 1
L1551 IRS 5 113(0.8) 12.1(0.8) (1.9+02)x10°  6.5x 10?2 16.4 29x1078 0.27 Y 1
Haro 5a IRS 13.6(1.5) 15.1(1.7) (28+05x10° 62x10% 18.1 45x1078 0.14 Y 1
V2775 Ori 132 - (75+19)x 10" 26x102 140 2.8x1078 0.15  Y/NG» 2,3
NGC 2071 13.2%) - 0.6+1.00x 10" 9.8x10*" 218 6.1 x107° 0.01 - 2,4
V899 Mon 1320 - 22+1.0)x10"  9.1x10*" 138 24x1078 0.05 Y 1
IRAS 06297+1021W 132 - 41+11)x10"  15x102 138 27x1078 0.09 Y 1
AR 6A/6B 152(1.9) 172(22) (1.8+04)x10° 51x102 158 3.5%x1078 0.06 N 1
IRAS 06393+0913 1320 - (52+58)x10%  1.1x102% 136 47x107 0.01 Y? 1
V960 Mon 132 - 2.1£35)x10% 13x10* 14.9 1.6 x 1078 0.02 Y 1
Z CMa 1320 - (1.3+3.5) x 10" - - - 0.01 Y 7
iPTF 15AFQ 1320 - (88+23)x 10" 21x102% 118 13x1078 0.11 Y 1
IRAS 18270-0153 W 11.2(0.5)  12.1(0.5) (1.8+0.1)x 10  52x10?* 12.6 3.4x1078 0.42 - 1
00 Ser 13.8(0.6) 153(0.6) (1.4+0.1)x10"°  7.1x10% 147 1.9x 1078 0.25 Y 2,5
IRAS 183410113 S 11.1(0.6) 11.7(0.7) (13x0.1)x10° 24x102 147 5.4x1078 0.29 - 2,5
HBC 722 126 (0.6) 13.8(0.7) (23+02)x10°  55x10% 13.2 4.1x1078 0.31 Y 1
V1057 Cyg 1320 - (15+05)x10°  1.0x102%  16.1 1.5x 1077 0.03 Y 1
V2495 Cyg 1320 - (1.8+03)x 10  32x102 126 5.6x 1078 0.12 Y 1
RNO 127 13.20 - (9.5£29)x 10 2.1x10%* 11.8 45%x1078 0.06 Y 1
CB 230 1320 - (13+0.1)x 10  21x102% 153 62x1078 0.19 - 1
V1735 Cyg 125(1.5)  13.6(1.6) (1.5+03)x 105 23x102 153 6.5x 1078 0.17 Y 2,6
HH 354 IRS 13.20 - 93+1.7)x10" 18x10% 165 5.1%x1078 0.11 Y 1
V733 Cep 1320 - 92+2.1)x 10"  1.6x102% 138 5.7%x1078 0.08 Y 1

Notes. Rotational temperature. ’Kinetic temperature. “NH; column density. “H, column density. ’Dust temperature. ” Ammonia abundance.

@Beam filling factor. ¥ Assumed T value; **'the system is seen through a remnant outflow (Zurlo et al. 2017).

References. 1 — from SED fitting (this work), 2 — André et al. (2010), 3 — Roy et al. (2013), 4 — Schneider et al. (2013), 5 — Fiorellino et al. (2021),
6 — Arzoumanian et al. (2011), 7 — Evans et al. (1994), and references in Table B.1.

Table 6. Derived parameters for EX Lupi-type objects detected in NH3 emission.

Name Tr(;) Tk(lbn) N Iflpl-)lg N lfl? Téslx [NH3 /Hz](f ) ,](q) Outflow Ref.
XK) (K) (cm™) (cm™) XK) (Y/N)

V512 Per (SVS 13A)  15.1(0.6)  17.1(0.7)  (1.2+0.1)x 10"  8.6x102  17.5 1.4x1078 0.41 Y 2,3

LDN 1415 IRS 13.2¢ - (6.6 +3.4)x 10" - - - 0.04 Y 4

V371 Ser 11.4(0.4) 12204 (1.9x0.1)x10%  6.5x10% 13.4 9.1x107° 0.38 Y 2,5

V2492 Cyg 1320 - (6.5+2.9)x 10 3x10? 13.4 2.1x 1078 0.04 Y 1

Notes. (“Rotational temperature. ’Kinetic temperature. “NH; column density. ““H, column density. “Dust temperature. > Ammonia abundance.

@Beam filling factor. ) Assumed T value.

References. 1 — from SED fitting (this work), 2 — André et al. (2010), 3 — Pezzuto et al. (2021), 4 — Stecklum et al. (2007), 5 — Fiorellino et al.

(2021).

a dispersion of 0.16. This is consistent with previous results
that the line widths obtained from hyperfine structure fitting are
smaller than those from Gaussian fitting (Wienen et al. 2012).
We note that in the following analysis we only use the line width
of the (1,1) transition.

In our sample, RNO 1B/1C and AR 6A/6B have the broad-
est lines, and both have kinetic temperatures >17 K. For RNO
1B/1C, the broad line width may be the result of shock heat-
ing and shock-driven turbulence caused by this source’s powerful
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outflow action (see e.g. Anglada et al. 1994; Quanz et al. 2007a;
Bae et al. 2011). In contrast, previous observations suggest that
AR 6A/6B does not have a CO outflow (Moriarty-Schieven et al.
2008). Based on its environment (see Fig. C.1), we speculate that
its increased line width and elevated kinetic temperature are both
caused by turbulence.

The observed line width, Av(1,1), is related to the velocity

dispersion, o ops, as Av = V81n 2 - oyps. The observed line widths
or velocity dispersions of the inversion lines have contributions
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from both thermal and non-thermal motions (e.g. Hacar et al.
2016),

_ a2 2 R 2
Avgps = Avth+Avm, Oabs = /0 T Ois (6)

where Avy, and oy, are the thermal line width and velocity dis-
persion, respectively, and Av,, and o, are the non-thermal line
width and velocity dispersion, respectively. The thermal line
width and velocity dispersion can be calculated from

8In(2) Kk Tyin k Tkin
Aug = o/ DK Thin KT %)
m m

where k is the Boltzmann constant, Ty, is the kinetic temper-
ature, and m is the molecular weight of the given molecule,
in this case mny, = 17. According to Eq. (6), the non-thermal
motions can be derived by subtracting the thermal motions from
the total. The kinetic temperatures derived from ammonia are
used to derive thermal line widths for sources with both NHj
(1,1) and NHj3 (2,2) detections. For sources with only an NHj3
(1,1) detection, we assumed the average kinetic temperature of
14.6 K (derived earlier in Sect. 3.1) to calculate the contribu-
tion of thermal motions. The results are listed in Tables 1 and 2.
Based on these results, we conclude that the line widths of most
sources are dominated by non-thermal contributions.

Once o is determined, the Mach number can be derived
in order to distinguish between sonic (Ma < 1), transonic (1 <
Ma < 2) and supersonic (Ma > 2) environments. When calcu-
lating the Mach number, Ma = f(Tkin) = 0nt/Cs, Where ¢ is the
sound speed of the molecular gas; both terms depend on Tiiy.
Typically, the same T\, is adopted for evaluating o, and the
sound speed (e.g. Hacar et al. 2016).

We calculated the Mach numbers for all sources with detec-
tions of both the (1,1) and (2,2) transitions using the values
of Tyn derived from our observations; the results are listed
in Tables 1 and 2 for FUors and EXors, respectively. Using
the average kinetic temperature of 14.6 K, we also derived the
Mach numbers for sources with only (1,1) detections, marked
in Tables 1 and 2. We find that ten sources have Mach num-
bers of <1, indicative of sonic motions, while 13 sources show
transonic motions. Finally, five FUors in our sample have Mach
numbers higher than two, indicating supersonic environments.
Because these five FUors are associated with molecular outflows
(see Table 5), their higher Mach numbers may be attributable
to turbulence driven by outflow shocks. Interestingly, for the
EXors, there is no indication of supersonic environments. It is
also worth noting that there are several examples of sources that
have Mach numbers <1 despite their being known to host out-
flows (i.e. V899 Mon, V2495 Cyg, HH 354 IRS, etc.). Our results
show that the host environments of most of the eruptive stars in
our sample are dominated by sonic and transonic motions on the
scales sampled with the Effelsberg beam (~37"), indicating that
most eruptive stars reside in rather quiescent host environments.

3.5. Spectral energy distributions

H, column densities are needed in order to determine ammo-
nia abundances for the sources in our sample. For seven sources
with NHj3 (1,1) detections in our survey, H, column density and
dust temperature maps derived from the Herschel Gould Belt
survey (André et al. 2010) were available in the literature. For
these sources, we measured column density and dust tempera-
ture values for our target sources from the published maps, and
these adopted values and the literature references are given in

Tables 5 and 6. Where H;, column density and dust temperature
maps were available in the literature for sources undetected in
NH3; in our survey, we similarly measured values for our target
sources and include these in Table A.1.

For the remaining sources with NHj3 (1,1) detections, we
derived H, column density and dust temperature maps using
archival Herschel/SPIRE data at 250 um, 350 um, and 500 um’
using the same methods as previous studies (e.g. André et al.
2010; Lin et al. 2017; Elia et al. 2017). Prior to pixel-by-pixel
spectral-energy-distribution (SED) fitting, the archival data were
convolved to a common angular resolution of 36”3 (i.e. the
beamsize of Herschel/SPIRE at 500 um), which is comparable
to the angular resolution of our ammonia observations, and then
projected onto the same grid as the 500 um data.

Assuming that the SED of the dust emission follows the
modified-blackbody model, the flux density, S, at the frequency
v can be expressed as

Sy =(1-e"™B\(T), ®)

where 7, is the optical depth at the frequency v, B,(Ty) is the
Planck function evaluated at the dust temperature T4, and Q is
the solid angle of the beam. The H, column density, Ny,, is
proportional to 7, with the following relationship:

Ty

9
Kyimy

Ny, = &)

where p is the molecular weight per hydrogen molecule, taken
to be 2.8 (Kauffmann et al. 2008), «, is the dust opacity per
unit (dust+gas) mass, and my is the mass of hydrogen. The dust
opacity per unit mass, k,, is approximated by the power law
&k, = 0.1(v/ IOOOGHZ)ﬁcmZ/g (e.g. Hildebrand 1983), where
is the dust emissivity index, and the canonical gas-to-dust ratio
of 100 has been applied. Following previous studies (e.g. André
et al. 2010; Elia et al. 2017), B is assumed to be two here. The
SED fitting was performed using the ‘LMFIT’# python package
(Newville et al. 2014) to fit the two free parameters, Ny, and
T4, for every pixel. The results are shown in Fig. C.1, and the
corresponding beam-averaged values are given in Tables 5 and 6.

For sources in our sample with NHj3 (1,1) detections, the dust
temperatures range from 11.8 K to 21.8 K and the derived H; col-
umn densities range from 9.0 x 10*' cm™2 t0 2.2 x 10> cm~2. We
compared the dust temperatures and gas kinetic temperatures for
sources in our sample with Ty;, measurements (i.e. those with
both NHj3 (1,1) and (2,2) detections), and found that in most
cases the dust temperature and gas kinetic temperature agree
within 3 K. The only exception is RNO 1B/1C, which has a gas
kinetic temperature that is much higher than its dust temperature
(Txin = 21.3K, T4 = 14.5K). Such a scenario could be caused
by inefficient gas-to-dust coupling and gas cooling if the density
was < 1033 cm™ (Goldsmith 2001). However, RNO 1B/IC is
surrounded by deeply embedded objects, forming a small cluster
(Quanz et al. 2007a). Based on the dust temperature map of the
source (see Fig. C.1) there is significantly warmer dust within
<1’ of the source position, and this warmer material likely con-
tributes to the higher temperature measured in the Effelsberg
beam.

Interestingly, based on the derived H, column density maps
(Fig. C.1), we find that the host environments of the eruptive

3 The data have been downloaded from http://archives.esac.
esa.int/hsa/whsa/
4 https://Imfit.github.io/lmfit-py/

A158, page 7 of 19


http://archives.esac.esa.int/hsa/whsa/
http://archives.esac.esa.int/hsa/whsa/
https://lmfit.github.io/lmfit-py/

A&A 672, A158 (2023)

stars detected in NH; (1,1) are quite diverse on scales larger
than the Effelsberg beam (~37"). A few sources are relatively
isolated, while others are associated with larger, extended cloud
structures.

3.6. Ammonia abundance

We used the NH; and H, column densities from Sects. 3.1
and 3.5, respectively, to derive ammonia abundances: y =
NnH,/Nu,. The derived abundances, listed in Tables 5 and 6,
range from 4.7x10™° to 1.5x 1077, with an average of
3.6 x 1078 and a median of 2.8 x 1073, respectively.

We compare our results with the NH3 abundances found in
other studies, including low-mass, intermediate-mass, and high-
mass star-forming regions. Our derived NH; abundances are
similar to values found in cold, dark clouds (see e.g. Ohishi et al.
1992). With very few exceptions, our derived NH; abundances
fall within the range observed towards IRDCs (e.g. 0.7 x 1078 to
15.9 x 10~8; Pillai et al. 2006; Zhang et al. 2011). The exceptions
are NGC 2071 and IRAS 06393+0913, which have abundances
of ~0.6 x 107% and ~0.5 x 1078, respectively (see Table 5.) Our
average abundance of 3.6 x 1078 is also similar to the average
values reported for IRDCs by Pillai et al. (2006) (~4 X 107%)
and for high-mass clumps by Dunham et al. (2011) (4.6 x 1079).
Interestingly, NH3; abundances observed towards Herbig Ae/Be
stars, which are intermediate-mass pre-main-sequence stars,
range from 1 X 1078 to 4 x 1078 (Fuente et al. 1990); this is on
the lower end of the range observed towards IRDCs and towards
our sample.

4. Discussion
4.1. Ammonia in the neighbourhood of outbursting systems

Based on previous studies, ammonia emission can have different
origins, corresponding to grain surface and gas-phase chemistry
(see Jgrgensen et al. 2020, and references therein, for the most
recent review). In the following, we compare our observations
with these different scenarios. We first discuss ammonia release
from grains, and then we examine the formation of NHj3 via gas-
phase chemistry.

During an outburst, the whole disc experiences a temperature
increase due to the energy released in the very inner few 0.1 au of
the disc (e.g. Fischer et al. 2022). The temperature increase in the
outer part of the disc could easily sublimate ammonia molecules
off the grains, releasing them back into the gas phase (Guesten &
Fiebig 1988) and enhancing the ammonia abundance. However,
any ammonia set free in this way should not make a significant
contribution to our observed ammonia emission; this is because
our FWHM beam size of ~37” (i.e. 5000 au at 140 pc) is much
larger than typical disc sizes (~60au; Maury et al. 2019), beam
dilution effects should result in only a very minor contribution
to the ammonia signals we observe. Such enhancements would
be better constrained with higher angular resolution observations
of ammonia transitions towards the discs around eruptive stars,
especially during the bursting phase.

Alternatively, chemical models suggest that ammonia
molecules on dust grains can be released into the gas phase
through the passage of shocks produced by molecular outflows
(e.g. Holdship et al. 2017). Such effects have already been con-
firmed by observations of outflows (e.g. Tafalla & Bachiller
1995; Umemoto et al. 1999; Feng et al. 2022) and could explain
the relatively high ammonia abundances in some sources, such
as RNO 1B/IC. In fact, almost all of the sources in our sample
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with ammonia (1,1) detections possess CO outflows (see Tables 5
and 6).

As suggested by early studies (e.g. Herbst & Klemperer 1973;
Galloway & Herbst 1989), ammonia can also form in cold molec-
ular gas via successive hydrogenation of N* by H, and the
subsequent electron recombination of NHI. Hence, it is also
possible that the observed ammonia emission is dominated by
circumstellar envelopes and/or ambient clouds; as discussed in
Sect. 3.6, we find that the eruptive stars in our sample generally
have NH; abundances similar to those of IRDCs. A circumstellar
envelope is an important part of any YSO system as it is a reser-
voir of material, replenishing a disc with matter (e.g. Hartmann
& Kenyon 1996). For example, previous observations of a deeply
embedded Class 0 protostar suggest that the ammonia emission
is dominated by the circumstellar envelopes on scales of 10* au,
revealed from interferometric observations (Tanner & Arce 2011;
Jhan & Lee 2021). Based on Fig. C.1, we find that CB 230,
HH 354 IRS, L1551 IRS 5, PP 13S, RNO 1B/1C, V960 Mon,
and V1057 Cyg coincide with dense dust concentrations, which
is indicative of the presence of dense circumstellar envelopes.
In several cases, our observations are the first NH; detections of
dense circumstellar envelopes identified in other datasets. The
dense circumstellar envelopes of RNO 1B/1C and V1057 Cyg
have been confirmed by an interferometric '*CO and C'30O
survey (Fehér et al. 2017), with further evidence for an enve-
lope in V1057 Cyg from its SED, using the extensive multi-
wavelength data available for this source (Szabé et al. 2021).
Similarly, we detect NH; (1,1) and (2,2) towards the EXor type
object V371 Ser (also known as EC 53), which is known to have
a dense circumstellar envelope based on millimetre observations
and radiative transfer modelling (e.g. Baek et al. 2020; Lee et al.
2020, and references therein).

Our new ammonia detections, combined with the Herschel
column density maps, suggest that V2492 Cyg and V2495 Cyg
are also associated with dense material. However, we note that it
is clear they do not possess the highest column densities or most
concentrated peaks. In the case of AR 6A/6B, our NH; (1,1) and
(2,2) detections are tentative evidence of the presence of dense
gas. In the H, column density map (Fig. C.1), however, the dust
concentrations appear offset from the target source. Késpdl et al.
(2017) found that the CO emission peak at v sg = 5.3kms™!
(similar to the 5.06 km s~! derived from the ammonia (1,1) tran-
sition) was offset from AR 6A/6B, and suggested, based on the
Herschel/SPIRE 250 pm image, that this source lies in a cavity.
Based on these results and our H, column density map (Fig. C.1),
it is most likely that the NH3 emission picked up by the Effels-
berg beam originates from material offset from the source. For
other sources with NH5 detections but without associated dense
dust concentration, their ammonia emission might arise from
ambient clouds.

The non-detections of ammonia transitions in our survey
could indicate that dense circumstellar envelopes are not present
or that the objects are too far away for their envelopes to be
detected. The distances are known for the majority of sources
in our sample (e.g. Audard et al. 2014), allowing us to investigate
the second possibility. Interestingly, RNO 1B/1C is the farthest
source in our sample, yet NH; emission was still detected in
multiple transitions. Similarly, at least NH3 (1,1) was detected
towards other sources with large distances, such as Z CMa,
V1735 Cyg and V2495 Cyg, suggesting that distance is unlikely
to be a main explanation for NH; non-detections. Instead, the
non-detections may indicate that dense circumstellar envelopes
have already been dispersed. For instance, the ammonia non-
detection in the case of V1515 Cyg is consistent with a recent



Szabd, Zs. M., et al.: A&A proofs, manuscript no. aa44911-22

multi-wavelength SED analysis that found no clear sign of a
massive circumstellar envelope (Szabd et al. 2022).

4.2. The reliability of the standard classification scheme for
outbursting systems

Based on the standard classification scheme (e.g. Greene et al.
1994; Evans et al. 2009), the sources in our sample have been
classified as Class1, ClassTl, or transition objects (i.e. Class0/1
or Class 111, see Table B.1). Because Class II objects are thought
to be beyond the embedded phase (see Fischer et al. 2022, and
references therein, for the most recent review), their host envi-
ronments are not expected to harbour as much dense gas as
those of younger sources. In our sample, the Class 0/1 and Class I
sources have the highest ammonia detection rates: 16 sources
(3 Class o/1 and 13 Class 1) are detected in NH; (1,1), correspond-
ing to detection rates of 100% for Class0/1 sources and 81%
for ClassI sources. Seven of these sources are also detected in
NH; (2,2). Notably, however, we also detect NH3 (1,1) towards
nine sources classified as older than Class 1, 4 of which are
also detected in (2,2) emission. We detect ammonia towards 1
Class il and 8 Class Il objects in our survey, corresponding to
detection rates of 33% and 47%, respectively. We also note that
some of the Class1l sources (namely HBC 722, V1057 Cyg,
V1735 Cyg, and RNO 1B/1C) have higher NH3 and H, column
densities than some sources classified as ClassT or Class 0/ or
Class I/l transition objects.

Our results show that, as expected, the younger systems have
significantly higher ammonia detection rates. However, based on
the dust and ammonia evidence, some sources classified as older
systems, that are Class1I sources, can still be associated with
high concentrations of their dense cores, which is indicative of a
younger evolutionary stage. Interestingly, it is puzzling that many
younger sources were not detected in our survey (see Table B.1).
We emphasise the need for future interferometric studies to bet-
ter understand the effects of the outbursts on the dense cores
of young eruptive stars. Higher-angular resolution NHj3 obser-
vations could potentially probe whether there is a connection
and/or ongoing accretion from cloud and/or filament down to
core scales (e.g. Redaelli et al. 2022), since NH; can be used to
identify the presence of dense gas.

As already proposed by Quanz et al. (2007b), the standard
classification scheme for low-mass YSOs might not be able
to adequately classify FUors, since they might represent an
inter-evolutionary stage in the standard classification scheme.
Furthermore, FUors might undergo several outburst events
(Herbig 1977; Hartmann & Kenyon 1985), just like EXors.
After several outbursts, the envelope vanishes in about several
hundred thousand years (as discussed above: supplying the
accretion disc with more material; e.g. Fischer et al. 2022). As a
consequence, the objects enter a permanent low accretion state
(i.e. they become T Tauri stars), as discussed by Takami et al.
(2018, 2019). Weintraub et al. (1991) and Sandell & Weintraub
(2001) also suggest that FUors are younger than T Tauri stars
and might be an important link between the more embedded
Class1 and the more evolved Class I stages (the latter closer to or
being T Tauri stars.) Additionally, some FUors have features of
both Class I and Class II sources; these include warm continuum
consistent with ClassII sources, but rotational line emission
typical of Class1, which is far higher than ClassII sources with
a similar mass/luminosity (Green et al. 2013).

Compared to the later evolutionary stages, one of the impor-
tant features of the embedded phase is the presence of dense

circumstellar envelopes around YSOs. The appearance of the
10 um silicate feature in absorption has been regarded as a sig-
nature for such a circumstellar envelope (Quanz et al. 2007b),
and dust continuum emission also traces the cold envelopes
around YSOs. Molecular line tracers such as ammonia can pro-
vide another tool to investigate the surrounding environments.
Because the effective critical densities of the NH3 (1,1) and (2,2)
lines are 7.9x 10>cm™ and 1.6x 10*cm™3, respectively, the
detection of NH; (1,1) and (2,2) would suggest the presence
of dense gas at a H, density of ~ 1 x 10*cm™ (Shirley 2015),
which would in turn indicate the embedded phase. The pres-
ence of dense gas (~ 1 x 10*cm™3) indicates that some of the
eruptive stars in our sample lie at an earlier phase than previ-
ously classified (see Table B.1). For instance, our result from
the ammonia observations agrees well with previous studies on
V371 Ser (EXor), which was classified as a ClassI object based
on its spectral index and bolometric temperature (e.g. Dunham
et al. 2015), but ALMA observations revealed that its envelope
has a much higher mass than its disc and protostar, suggesting
that the source might actually be a Class0 object (Lee et al.
2020). We suggest that incorporating more data regarding the
presence of dense material surrounding these peculiar objects
into the standard classification scheme could better illuminate
the evolutionary stages of eruptive FUors and EXors.

By the original definition, the young eruptive star classes
of FUors and EXors are Class1I objects, and therefore they are
T Tauri stars (see e.g. Adams et al. 1987; Lada 1987; Kenyon
& Hartmann 1991; Hartmann & Kenyon 1996). This was fur-
ther suggested by the only available pre-outburst spectra for two
FUors: V1057 Cyg and HBC 722, which both showed proper-
ties reminiscent of classical T Tauri stars (CTTS) prior to their
outbursts (Herbig 1977; Miller et al. 2011). However, nowadays
there are many examples of more embedded young eruptive
stars, which were also part of our sample, i.e. Haro 5a IRS,
HH 354 IRS, L1551 IRS 5 (see e.g. Audard et al. 2014; Connelley
& Reipurth 2018).

Apart from a single dish study by Lang & Willson (1979),
there are no dedicated surveys investigating the dense environ-
ments specifically focusing only on T Tauri stars, the closest
objects to the ones in our study. The sample of Lang & Willson
(1979) consisted of 34 T Tauri stars located in Taurus-Auriga
and the young star cluster NGC 2264, which is accessible with
the Arecibo telescope. Out of the 34 sources they detected
at least the (1,1) transition toward 13 sources, equivalent to a
detection rate of 38%. In our case, the sample consisted of 17
Class1I sources (see Table B.1), and we have detected at least
the (1,1) transition toward 8 of them, which is ~47%. Lang &
Willson (1979) found kinetic temperatures from 26 K to 37K,
and column densities between 1 and 5.9 x 10'*cm™. In our
sample, the Class II sources (see Table B.1) have kinetic temper-
atures between 13.63 K and 21.35K and column densities from
1.3x 10" cm™ to 1.8 x 10'3 cm™2. When compared to Lang &
Willson (1979), we found that for a few of the Class I sources,
namely V899 Mon and V960 Mon, the column densities are
within the same order of magnitude, i.e., ~10'* cm=2. However,
there are other Class1I sources that have ~1 order of magni-
tude higher column density values (i.e., ~ 10'> cm~2), namely
RNO 1B/IC, AR 6A/6B, HBC 722, V1057 Cyg, and V1735 Cyg.
The similar column densities suggest that ammonia does not
probe the part of the envelope impacted by the outburst.

We also compared our results to NH3 observations of Herbig
Ae/Be stars, YSOs that are the intermediate mass counterparts
of T Tauri stars (see e.g. Waters & Waelkens 1998). These YSOs
have similar properties to the objects in our sample, such as
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P Cygni profiles indicating mass loss (Strom et al. 1972) and
stellar winds (Canto et al. 1984), and they are usually illuminat-
ing nebulosities (just as the first few FUor examples) (Herbig
1960); however, outflows are more typical and better under-
stood in low-mass YSOs (e.g. Pezzuto et al. 1997; Tambovtseva
& Grinin 2016; Fischer et al. 2022). Fuente et al. (1990)
found ammonia column densities ranging between 0.5 x 10'* and
2.9 x 10'* cm™2, which are within the same range for five sources
(NGC 2071, V899 Mon, IRAS 06393+0913, V960 Mon, and
Z CMa) in our sample (see Tables 5 and 6). In their study, Fuente
et al. (1990) also obtained maps and found that in HD 200775, a
source illuminating an extended reflection nebula in NGC 7023,
three different clumps could be traced with the NHj3 emission,
with varying rotational temperatures and column densities. High
angular resolution observations in the future of a selected sam-
ple of eruptive objects could reveal similar clumpiness of the
ammonia emission in the host environments of FUors and EXors.

5. Conclusions

In this paper, we present the results of the first dedicated ammo-
nia survey of low-mass, young eruptive stars to investigate their
host environments. Our sample included a total of 51 objects,
including FUors, EXors, and Gaia alerts, the latter of which are
yet to be classified. Our observations using the Effelsberg 100-m
radio telescope resulted in the detection of NHj3 (1,1) in
28 sources (24 FUors, 4 EXors), NH; (2,2) in 12 sources
(10 FUors, 2 EXors), and NH3 (3,3) in two sources (the
FUor-type object RNO 1B/1C and the EXor-type object
V512 Per, the latter more commonly known as SVS 13). Ammo-
nia emission was not detected towards any of the Gaia alert
sources. Our analysis leads to the following conclusions:

— Based on the results for the 12 sources with both NH; (1,1)
and NHj (2,2) detections the kinetic temperatures range from
~12K to ~21 K, which is slightly lower than the T;, values
reported towards classical T Tauri stars. The ammonia col-
umn densities for sources in our sample detected in NH3 (1,1)
range from 5.2 x 103 cm™ to 3.2 x 10> cm™2. The aver-
age value for our sample, 1.18 x 10" cm™2, is higher than
the ammonia column densities found towards T Tauri stars.
The ammonia abundances with respect to H, for our sam-
ple range from 4.7 x 107 to 1.5 x 1077 with an average of
3.6 x 1078 and a median of 2.8 x 1078, comparable to IRDCs.

— Most of the eruptive stars in our sample reside in rather
quiescent (sonic or transonic) host environments, with
the exception of five FUors (RNO 1B/1C, Haro 5a IRS,
AR 6A/6B, Z CMa and HBC 722) that exhibit super-
sonic motions. The supersonic motions might be caused by
associated outflows.

— We investigated the origin of the observed ammonia emis-
sion in the outbursting systems. Comparing with dust-
based H, column density maps, we find that circumstellar
envelopes are present and likely contribute to the observed
ammonia emission in seven sources: CB 230, HH 354 IRS,
L1551 IRS 5, PP 13S, RNO 1B/IC, V960 Mon, and
V1057 Cyg. Outflow shocks could contribute to the relatively
high ammonia abundances in sources such as RNO 1B/IC.

— Additional eruptive stars potentially harbour dense gas
based on their NH;3 (2,2) detections, which could indicate
an earlier phase than originally classified. Our results add
to the growing evidence that low-mass, young eruptive stars
occupy a wide range of evolutionary stages (see also Green
et al. 2013).

A158, page 10 of 19

Our Effelsberg ammonia observations assisted our investi-
gation of the host environments of eruptive low-mass stars on
scales of ~37”, much larger than the discs surrounding our tar-
gets (e.g. Cieza et al. 2018; Kdspdl et al. 2021; Liu et al. 2021).
For the majority of these young eruptive stars, their environ-
ments are still poorly constrained on small scales, and further
high angular resolution observations are needed to shed light on
the relationship between young eruptive stars, their discs, and
their potential circumstellar envelopes.

Such observations will be important for expanding the stan-
dard classification scheme of YSOs, and for studying the effects
of the outburst on the host environments of young eruptive stars.
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Appendix A: Sources with non-detections

In Table A.1, we list 30~ upper limits for sources without ammo-
nia detections. Gaia alerts were chosen based on their light
curves and luminosities at the time of our proposal submission.
These objects were chosen because their light curves resem-
bled those of FUors and EXors. Interestingly, no ammonia was
detected towards any of the Gaia alert sources.

Appendix B: Classification and vy sg

In Table B.1, we list all FUors and EXors from our sample
including both ammonia detections and non-detections. We tab-
ulate whether each source is an FUor or EXor and previously
determined vy sg velocities, with the line(s) used to determine
these velocities noted in brackets (a dash indicates no avail-
able data). We also list the vy gg results from our ammonia
observations, where a dash indicates a non-detection. We list
classifications if available in the literature and give the ref-
erences. Finally in the last column we give the distances if
available, which, except for RNO 1B/1C, V512 Per, Z CMa, and
HH 354 IRS, are adopted from the study of Audard et al. (2014).
For these four sources we used updated distances, because of
water maser detections associated with these sources in our
Paper11. In the case of V512 Per (more commonly known as
SVS 13), the source is a resolved binary, consisting of VLA 4A
and 4B (e.g. Diaz-Rodriguez et al. 2022). We found CO line
data for both sources, from which we find an average value of
8.35kms™!, similar to our unresolved single-dish result.

Table A.1: Sources without ammonia detections in our survey.

Name R.A. (JZOOO) Dec. (JZOOO) Type 30’(“) 30'(2,2) 30’(3,3) NH2 Tdust Reference
("imes) ©::") FUor/EXor K) K) (K) (cm™2) (K)

V1180 Cas 02:33:01.53 +72:43:26.8 EXor 0.32 0.32 0.33 - - -
XZ Tau 04:31:40.08 +18:13:56.6 EXor 0.34 0.33 0.32 - - -
UZ Tau E 04:32:43.02 +25:52:30.9 EXor 0.34 0.33 0.31 - - -
VY Tau 04:39:17.42 +22:47:53.3 EXor 0.24 0.25 0.26 - - -
DR Tau 04:47:06.21 +16:58:42.8 EXor 0.33 0.33 0.35 - - -
V582 Aur 05:25:51.97 +34:52:30.0 FUor 0.34 0.33 0.33 - - -
V1118 Ori 05:34:44.98 —05:33:41.3 EXor 0.38 0.45 0.41 39x10% 219 1,2

NY Ori 05:35:36.0 —05:12:25.2 EXor 0.41 0.42 0.39 6.6x 10?1 2838 1,2
Gaia2larx 05:36:24.80  —-06:17:30.52 unknown 0.32 0.33 0.31 - - -
V1143 Ori 05:38:03.89 -04:16:42.8 EXor 0.39 0.44 0.48 5.4%x10%° 197 1,2
V883 Ori 05:38:18.09 -07:02:25.9 FUor 0.02 0.02 0.03 1.5x 102 18.8 1,2
HBC 494 05:40:27.45 -07:27:30.0 FUor 0.38 0.42 0.42 - - -

FU Ori 05:45:22.37 +09:04:12.3 FUor 0.35 0.39 0.37 - - -
V1647 Ori 05:46:13.13 —-00:06:04.8 FUor 0.02 0.02 0.02 1.3x102 174 1,3
V900 Mon 06:57:22.22 -08:23:17.6 FUor 0.57 0.55 0.57 - - -
Gaia20bdk 07:10:14.92 —18:27:01.04 unknown 0.62 0.72 0.67 - - -
Gaia2laul 18:30:06.18 00:42:33.30 unknown 0.34 0.37 0.36 - - -
Gaia2laru 19:00:56.41 18:48:29.20 unknown 0.33 0.31 0.31 - - -

Parsamian 21 19:29:00.84 +09:38:43.4 FUor 0.32 0.31 0.33 - - -
Gaial8dvy 20:05:06.02 +36:29:13.5 FUor 0.26 0.26 0.28 - - -
V1515 Cyg 20:23:48.01 +42:12:25.7 FUor 0.32 0.33 0.33 1.1x102 174 1,4

PV Cep 20:45:53.9 +67:57:38.6 EXor 0.33 0.30 0.31 1.5x102 163 1,5

Gaial9bpg 21:41:50.43 51:55:45.48 unknown 0.27 0.27 0.29 - - -

Notes. 1 — André et al. (2010), 2 — Pezzuto et al. (2021), 3 — Konyves et al. (2020), 4 — Cao et al. (2019), 5 — Di Francesco et al. (2020)
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Table B.1: Reference classification and vy sg for the FUors and EXors in our sample, including NH; detections and non-detections.

Name Type ULSR vsr (NHj3) Classification References  Distance”
(kms™!) (kms™1) (Class 0 —1I) (pc)
RNO 1B/1C** FUor —-17.83 (PCO) —17.83(0.02) 1B: Class 0/I,1C: Class I 1,2 965
V1180 Cas EXor - - - - 600
V512 Per (SVS 13) EXor 8.35 (12C0) 8.45(0.01) Class I 3 275
PP 13S FUor -3.5 (12C0) -3.62 (0.01) Class I 4 350
LIS51IRS 5 FUor 6.46 (*CO) 6.35 (0.01) Class I 5,6 -
XZ Tau EXor 6.8 ('2C0) - ClassII 7,8 140
UZ Tau E EXor - - Class Il 9 140
VY Tau EXor +18or +19 ('2CO) - ClassII 10 140
LDN 1415 IRS EXor -5.2 (12C0) -5.77 (0.02) Class I 11 170
DR Tau EXor - - Class Il 12 -
V582 Aur FUor -10.85 (3CO) - Class 11 5,13 -
V1118 Ori EXor - - Class 11 14 414
Haro 5a IRS FUor 10.90 (3CO) 10.7 (0.01) Class 0/1 5,16 450
NY Ori EXor - - - - 414
V1143 Ori EXor - - Class 11 17 500
V883 Ori FUor 4.10 (*Co) - Class 5,18 460
HBC 494 FUor ~4.6 (12C0O) - Class 19 -
V2775 Ori FUor 3.08 (3CO) 3.05 (0.01) late Class I 5,20 420
FU Ori FUor 11.96 (3CO) - Class 11 5,21 450
V1647 Ori FUor 10.06 (3CO) - Class /11 5,22,23 400
NGC 2071 FUor 9.2 (3C0o) 10.4 (0.01) - 24 -
V899 Mon FUor 9.57 (*CO) 9.63 (0.01) Class 11 5,25 -
IRAS 06393+0913 FUor 4.3 (0.2) (>CO) 7.72 (0.02) Class I 26, 27 -
AR 6A/6B FUor 5.02 (*CO) 5.06 (0.02) Class 11 5,28 800
IRAS 06297+1021W  FUor 5.1 (0.2) (>CO) 4.17 (0.01) Class I 26, 27 -
V900 Mon FUor 13.77 (3CO) - Class I 5,29, 30 1100
V960 Mon FUor 23.81 (3CO) 23.8 (0.02) Class 11 5,31 -
Z CMa FUor 13.91 (3CO) 13.8 (0.02) Class I 5,32 1125
iPTF 15AFQ FUor 14.04 (3CO) 13.3 (0.01) Class 5,33 -
IRAS 18270-0153W  FUor - 7.61 (0.01) Class I 34 -
0O Ser FUor 8.36 (3CO) 8.31 (0.01) Class I 5,35 311
IRAS 18341-0113S FUor - 9.27 (0.01) Class I 34 -
V371 Ser EXor - 8.34 (0.01) - - 311
Parsamian 21 FUor 27 (Lil, FeI) - ClassI/11 36 400
Gaia 18dvy FUor - - Class II 37 -
V1515 Cyg FUor 5.80 (*CO) - - 1 1000
PV Cep EXor -3 (nearby cloud) - - 38 325
V2492 Cyg EXor 4.97 (3Co) 4.71 (0.02) Class 1,39 600
HBC 722 FUor 4.05 (*Co) 4.93 (0.01) Class 11 1,40 600
V1057 Cyg FUor 4.3 (1B3Co) 4.35(0.02) Class 11 1,41 600
V2495 Cyg FUor - —-3.83(0.02) Class /11 42 800
RNO 127 FUor - —2.90 (0.01) - - 800
CB 230 FUor 2.78 (N,H*) 2.79 (0.01) Class 0/1 27,43 -
V1735 Cyg FUor 4.05 (*COo) 3.80 (0.01) Class 11 1,44, 45 900
HH 354 IRS FUor -1.1 (CS) —1.52(0.01) Class 0/1 46, 47 750
V733 Cep FUor -17.83 (3C0O) -8.93(0.01) Class II*** 1,27 800

Notes. The first column lists the name, the second the type of object, and the third and fourth columns list v sg from literature observations
(primarily of CO) and our v sr derived from ammonia observations. The fifth column lists the classification (if available), sixth the references, and
finally the distances. Errors are given in parentheses.

* — Adopted from Audard et al. (2014); exceptions are RNO 1B/1C (Bailer-Jones et al. 2021), V512 Per (Bailer-Jones et al. 2021), Z CMa (Dong
et al. 2022), and HH 354 IRS (Reipurth et al. 1997). In these cases we detected water masers and adopted updated distance values in our PaperII.
** —RNO 1B/1C is counted into the Class II statistics in Sect. 4.2.

1 — Fehér et al. (2017), 2 — Quanz et al. (2007a), 3 — Diaz-Rodriguez et al. (2022), 4 — Sandell & Aspin (1998), 5 — Cruz-Sdenz de Miera et al.
(2023), 6 — Fuller et al. (1995), 7 — ALMA Partnership et al. (2015), 8 — Zapata et al. (2015), 9 — Mathieu et al. (1996), 10 — Herbig (1990), 11 —
Stecklum et al. (2007), 12 — Banzatti et al. (2014), 13 — Abraham et al. (2018), 14 — Giannini et al. (2016), 15 — Késpal et al. (2017), 16 — Késpal et al.
(2021), 17 — Parsamian & Mujica (2004), 18 — White et al. (2019), 19 — Ruiz-Rodriguez et al. (2017), 20 — Zurlo et al. (2017), 21 — Herbig (1977),
22 — Abrahdm et al. (2004), 23 — Principe et al. (2018), 24 — Stojimirovi¢ et al. (2008), 25 — Park et al. (2021), 26 — Wouterloot & Brand (1989),
27 — Connelley & Reipurth (2018), 28 — Moriarty-Schieven et al. (2008), 29 — Reipurth et al. (2012), 30 — Takami et al. (2019), 31 — Kdspdl et al.
(2015), 32 — Gramajo et al. (2014), 33 — Miller et al. (2015), 34 — Connelley & Greene (2010), 35 — Késpadl et al. (2006), 36 — Kospdl et al. (2008),
37 — Szegedi-Elek et al. (2020), 38 — Torrelles et al. (1986), 39 — Hillenbrand et al. (2013), 40 — Késpal et al. (2016), 41 — Szabd et al. (2021), 42 —
Liu et al. (2018), 43 — Chen et al. (2007), 44 — Harvey et al. (2008), 45 — Késpdl et al. (2011), 46 — Bronfman et al. (1996), 47 — Reipurth & Aspin
(1997)

*** — Based on the extreme similarities to FU Ori from optical and NIR spectra
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Appendix C: H, column density and dust
temperature maps

Figure C.1 shows the H, column density and dust temperature
maps derived from the SED fitting described in Sect. 3.5. The H;
column density and dust temperature values are listed in Tables 5
and 6.
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Fig. C.1: H, column density (left) and dust temperature (right) maps derived from the pixel-by-pixel SED fitting of the Herschel
data, convolved to the Effelsberg beam (shown in the bottom left corner). The field of view is the same for all sources, corresponding
to 10’ x 10’, and + symbols represent the pointing positions listed in Tables 1, 2 and B.1, respectively. The physical scale is presented
for sources with known distances, taken from the study of Audard et al. (2014) or described in the notes of Table B.1. The colour

scale is not the same for all sources.
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