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ABSTRACT

FU Orionis-type objects (FUors) are young low-mass stars undergoing powerful accretion outbursts.

The increased accretion is often accompanied by collimated jets and energetic, large-scale molecular

outflows. The extra heating during the outburst may also induce detectable geometrical, chemical,

and mineralogical changes in the circumstellar material, affecting possible planet formation around

these objects. V346 Nor is a southern FUor with peculiar spectral characteristics. Decades after the
beginning of its outburst, it unexpectedly underwent a fading event around 2010 due to a decrease in

the mass accretion rate onto the star by at least two orders of magnitude. Here we present optical

and near-infrared photometry and spectroscopy obtained after the minimum. Our light curves show

a gradual re-brightening of V346 Nor, with its Ks-band brightness only 1.5mag below the outburst
brightness level. Our VLT/XSHOOTER spectroscopic observations display several strong forbidden

emission lines towards the source from various metals and molecular hydrogen, suggesting the launch

of a new jet. Our N -band spectrum obtained with VLT/VISIR outlines a deeper silicate absorption

feature than before, indicating that the geometry of the circumstellar medium has changed in the

post-outburst period compared to peak brightness.

Keywords: stars: formation — stars: circumstellar matter — infrared: stars — stars: individual:

V346 Nor

1. INTRODUCTION

Mass accretion from the circumstellar disk onto the

protostar is a fundamental process during star forma-

tion. Young stars typically reach their final mass within
a few million years of the start of the gravitational col-

lapse (e.g., Dunham et al. 2014). During this time, the

accretion rate gradually decreases. However, there are

observational and theoretical (Vorobyov & Basu 2006,
2010; Vorobyov et al. 2013) evidence showing that ac-

cretion is not a smooth process but highly variable.

The largest accretion rate changes are observed in the

FU Orionis-type objects (FUors), which are identi-

fied based on their unpredictable brightenings of sev-
eral magnitudes observed at optical or near-infrared

wavelengths (Hartmann & Kenyon 1996; Audard et al.

2014). Such FUor-type outbursts are attributed to a

highly enhanced accretion rate. Assuming that all young
stars undergo eruptive phases, the FUor-phenomenon is

suggested to solve the protostellar luminosity problem,

i.e. that young stars are observed to be about an order of

magnitude fainter (i.e., accrete less) than theoretically
predicted (Dunham et al. 2013).

V346 Nor is a FUor in the southern hemisphere, which

went into outburst around 1980 (Kóspál et al. 2017a,

and references therein). It is located in the Sa 187

molecular cloud at a distance of 700pc. It is the driv-
ing source of the Herbig–Haro object HH 57, at a dis-

tance of about 8′′ (Graham & Frogel 1985). Although
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it clearly showed an accretion outburst, V346 Nor is

a peculiar FUor in several aspects that are tradition-

ally considered as classification criteria. It shows no

broad water absorption bands in the near-infrared and
no CO overtone absorption in the K band. On the

other hand it shows emission lines that are not present

in bona fide FUors (Reipurth 1985; Graham & Frogel

1985; Connelley & Reipurth 2018). The K-band pho-

tometry of V346 Nor in Fig. 1 shows that its light curve
is also special: after almost 30 years in the bright out-

burst state, it displayed a sudden fading with a deep

minimum around 2010-11, which we attributed to a sig-

nificant drop in the accretion rate (Kraus et al. 2016;
Kóspál et al. 2017a).

Although V346 Nor started brightening again almost

immediately after its minimum, this curious temporary

stop in the accretion rate motivated us to study the sys-

tem further and to find out what physical changes hap-
pened since 2010-11 (hereafter referred to as the post-

outburst state). Here, we report on new near-infrared

and mid-infrared spectroscopy from 2015-16 and present

our optical and near-infrared photometric monitoring
for V346 Nor. In Sec. 2 we describe the observations,

in Sec. 3 we show our photometric and spectroscopic re-

sults, in Sec. 4 we analyze the spectra, in Sec. 5 we dis-

cuss the implications of our observations, and in Sec. 6

we summarize our conclusions.
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Figure 1. K-band light curve of V346 Nor. Data
are from Elias (1980); Reipurth & Wamsteker (1983);
Reipurth (1985); Graham & Frogel (1985); Reipurth et al.
(1991); Molinari et al. (1993); Prusti et al. (1993);
Reipurth et al. (1997); Kraus et al. (2016); Kóspál et al.
(2017a); Connelley & Reipurth (2018).

2. OBSERVATIONS AND DATA REDUCTION

2.1. Optical and Infrared Photometry

We monitored V346 Nor with the SMARTS 1.3m tele-

scope at Cerro Tololo (Chile) between 2016 June 6 and

2019 July 9 with an approximately monthly cadence.

We used the ANDICAM instrument, that makes simul-

taneous optical (with a 2k×2k Fairchild 447 CCD) and

infrared (with a Rockwell 1024×1024 Hawaii detector)
exposures. On each observing night we typically ob-

tained 5 images in the I band, and 5–10 images in the

J , H , and Ks bands. More information on the instru-

ment, data reduction, and photometry can be found in

Kóspál et al. (2017a), where the results for the first two
epochs are also presented. These numbers, together with

our subsequent monitoring are given in Tab. 1. In the I

band, V346 Nor was undetected in 2016–2017. For these

observations, we determined upper limits for its magni-
tude by computing the average 3σ noise in the back-

ground, and converting it to standard magnitude using

the relationship between the instrumental and standard

magnitude derived from the comparison stars. These

upper limits are also listed in Tab. 1.
We could identify V346 Nor in the archive of the

Optical Gravitational Lensing Experiment (OGLE,

Udalski et al. 2015) under the name gd1112.05.9732.

We collected all photometric observations obtained
since 2010 in the IC band with the 1.3m Warsaw Tele-

scope at Las Campanas Observatory in Chile. The

telescope is equipped with a 256 Megapixel mosaic

CCD camera with a field of view of 1.4 square de-

grees at a scale of 0.′′26/pixel. Details of the OGLE
instrumental setup, data reduction and calibration are

in Udalski et al. (2015). We found that V346 Nor was

not detected in 2010–2012, indicating that it was fainter

than IC ∼ 22mag. The source became visible after
2013 in frames taken with 25–30 s exposure time. The

photometric results are listed in Tab. 1.

V346 Nor was covered as part of two ESO public

near-infrared surveys: the VISTA Variables in the Via

Lactea survey (VVV) and its extension VVVx. Both
surveys used the VISTA 4.1m telescope at Paranal Ob-

servatory in Chile and the VIRCAM near-IR camera

(Minniti et al. 2010). We downloaded all VIRCAM im-

ages that include V346 Nor. To obtain photometry,
we performed our own flux extraction as described in

Kóspál et al. (2017a). As an important step, in the

Ks frames we performed correction for the known non-

linearity of the VIRCAM detectors for bright sources

(e.g., Saito et al. 2012). V346 Nor fell into the nonlin-
ear regime. The correction method is described in detail

in Appendix A of Kóspál et al. (2017a). The J and H

photometry, as well as the Ks band results after the

non-linearity correction are given in Tab. 1.
At mid-infrared wavelengths we downloaded all

time-resolved observations from the ALLWISE and

NEOWISE-R Single Exposure Source Table in the W1
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(3.4µm) and W2 (4.6µm) photometric bands, and com-

puted their seasonal averages after removing the outlier

data points (Wright et al. 2010; Mainzer et al. 2014). In

the error budget, we added to the photometric uncer-
tainties in quadrature 2.4% and 2.8% as the uncertainty

of the absolute calibration in the W1 and W2 bands,

respectively (Sect. 4.4 of the WISE Explanatory Sup-

plement, Cutri et al. 2015).

We used the photometric results summarized above to
construct the optical and infrared light curves, as well as

color-color and color-magnitude diagrams for V346 Nor,

which can be seen in Figs. 1, 2, and 3.

2.2. Near-Infrared Spectroscopy

We took spectra of V346 Nor on 2015 June 20, July
12, and July 16 using the XSHOOTER échelle spectro-

graph (Vernet et al. 2011) on ESO’s Very Large Tele-

scope (VLT) (095.C-0765, PI: S. Kraus). We used the

1.′′0, 0.′′9, and 0.′′4 wide slits, providing 5400, 8900, and
11600 spectral resolution in the UVB (0.30–0.56µm),

VIS (0.53–1.02µm), and NIR (0.99–2.48µm) arms, re-

spectively. We downloaded the raw data and the nec-

essary calibration files from the ESO Science Archive

Facility. On the first night, V346 Nor was positioned
in the center of the slit, while on the other two nights,

an ABBA nodding pattern was applied. In addition,

on the second night, one observation was executed with

the 5′′ wide slit to enable correction for slit losses. We
reduced the raw data using the X-SHOOTER pipeline

v.3.3.5 within the EsoReflex v.2.9.1 environment. We

performed standard data reduction, but set the sky re-

gions manually, in order to avoid emission from HH 57

and a nearby red point source in the slit. To extract the
1D spectrum of V346 Nor, we used an aperture with a

width between 1.′′4 and 2.′′2, depending on the measured

diameter of the object in the spatial direction.

We corrected for telluric absorption using ESO’s
molecfit tool (Smette et al. 2015; Kausch et al. 2015).

Then we scaled each spectrum so that their continuum

level matched those observed with the 5′′ broad slit.

This could only be done for the VIS and NIR arm, be-

cause V346 Nor was undetected in the UVB arm. We
noticed and corrected for a slight systematic shift in the

wavelength of emission lines in V346 Nor between the

three different observing nights. Finally, because we did

not see significant variability in any of the emission lines,
we averaged all spectra to increase the signal-to-noise

ratio. The resulting spectrum can be seen in Fig. 4.

2.3. Mid-Infrared Spectroscopy

We obtained an N -band spectrum of V346 Nor using

VISIR (Lagage et al. 2004) on the VLT (095.C-0765, PI:

S. Kraus). The observations were performed on 2016

February 29 with an exposure time of 2300 s, and a

slit size of 0.′′4, which provided a spectral resolution of

R ∼ 350. We observed HD 149447 and HD 151680 as
telluric and flux standard stars, whose different zenith

distances allowed us to correct for airmass differences.

For basic data reduction and extraction of the spectra

we run the ESO VISIR spectroscopic pipeline in the Es-

oRex environment version 3.12.3. In order to correct
for telluric features, we divided the target spectrum by

a spectrum derived via interpolation between the two

standard star measurements, one obtained at higher and

one at lower airmass than V346 Nor. Flux calibration
was carried out by multiplying by the model spectra of

the standard stars. The resulting spectrum is presented

in Fig. 5.

3. RESULTS

3.1. Light curves and color evolution

The brightness and color evolution of V346 Nor for
the period 2010–2019 are shown in Figs. 2 and 3, respec-

tively. Following the 2010 minimum, a gradual bright-

ening happened until 2013, with periodic modulations

superimposed (Kraus et al. 2016; Kóspál et al. 2017a).

Then the source was constant in 2013–2015 within about
±0.3mag. This state can be represented by the follow-

ing average magnitudes: I = 20.32,mag, J = 15.36mag,

H = 12.67mag, Ks = 10.84mag, W1 = 6.83mag, W2 =

4.07mag. Our XSHOOTER spectra were taken during
this period.

In order to compare quantitatively the 2013–2015 flux

levels with the outburst phase, we computed the average

magnitudes for the period 1998–2004, when the source

was still at maximal brightness, using the photomet-
ric data collected by Kóspál et al. (2017a). The results

are I = 13.59mag, J = 9.80mag, H = 8.64mag, K =

7.34mag, and L = 4.98mag. Comparing them with the

corresponding values from 2013–15 shows a significant
brightness drop at all wavelengths: ∆I = 6.7mag, ∆J

= 5.6mag, ∆H = 4.0mag, ∆Ks = 3.5mag, and ∆L =

1.9mag. The color changes indicate that the source was

much redder in 2013–2015, in the post-outburst phase,

than in 1998–2004 and was still significantly fainter than
in the outburst state (see also Figs. 3, 6).

From 2016 until 2017 August V346 Nor remained at

a similar level as before, apart from two local maxima

in 2016 August and 2017 June. The first peak can also
be seen in the WISE bands. The peaks’ amplitudes do

not depend strongly on the wavelength. By 2017 August

V346 Nor practically returned to (or slightly exceeded)

the average flux level of the 2013–2015 period in all pho-
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Figure 2. Optical and infrared light curves of V346 Nor. Data are from Kraus et al. (2016), Kóspál et al. (2017a), and this
paper (Tab. 1). For clarity, the light curves were shifted along the y axis by the indicated magnitudes. The vertical lines in
2015 mark when our XSHOOTER spectra were taken, the vertical line in 2016 indicates the date of our VISIR spectrum. Error
bars smaller than the symbol size are not plotted. The periods above the graph refer to those discussed in Sec. 5.1.

tometric bands. Our VISIR spectrum was obtained at

the beginning of this period.

Between 2017 September and 2018 July the main

trend was a general flux rise, which led to the brighten-
ing of the source by 1–1.5mag at all wavelengths. The

brightening rate was similar to that in 2011–13, just af-

ter the 2010 minimum. Fig. 3 suggests that the bright-

ening was accompanied by a weak blueing. In 2018 Au-

gust an unexpected rapid fading of the source occurred,
with ∆I = 1.03mag, ∆J = 0.85mag, ∆H = 0.7mag,

∆K = 0.36mag over a period of only three months.

By the time we measured V346 Nor again in 2019

February, it became brighter again, and in the H and
K bands even exceeded the 2018 level. Interestingly,

this time the brightening was accompanied by an un-

usual color evolution, as the object became redder when

brighter. Following a short stable period, since 2019

May V346 Nor has been changing again, in a strongly
wavelength dependent way. At shorter wavelengths (I

and J bands) it is quickly fading, while at longer wave-

lengths (H andKs bands) it continues brightening. This

introduces a further reddening in the color of the source,
thus currently it is even redder than during the 2010

minimum, in spite of the fact that it is orders of magni-

tudes brighter. If we compare the latest magnitudes

from 2019 with those from 2003–2004, it seems that

V346 Nor approaches the outburst state in the Ks band
(currently about 1.5mag below, Fig. 1), but still well

below that in the I, J , and H bands.

3.2. XSHOOTER spectroscopy

We detected neither the continuum nor any lines in

the UVB arm of our XSHOOTER spectra. Therefore, in

the following we will analyze the visual and NIR obser-
vations. The continuum is securely detected longward of

about 0.75µm, and is steeply rising toward longer wave-

lengths (Figs. 4, 6). We detected no absorption lines in

V346 Nor, suggesting that the protostellar photosphere

was still highly veiled and dominated by emission from
the accreting material in 2015-16.

Several emission lines are present in the spectrum of

V346 Nor. Almost all of them are shock-related forbid-

den lines, such as those of [FeII], [NI], [NII], [OI], [SII],
[CaII], [NiII], [CI], [CrII], and [VI] (Fig. 4). This in-

dicates the presence of a jet in the V346 Nor system.

The only permitted emission lines we detected are the

Hα line of atomic hydrogen and the CaII infrared triplet
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Figure 3. Optical and near-infrared color–color and color–magnitude diagrams of V346 Nor. Error bars smaller than the
symbol size are not plotted.

(IRT). Concerning molecular lines, we detected many H2

rovibrational lines, like the J=2–0 S, J=2–0 Q, J=2–0

O, J=2–1 S, J=1–0 S, J=1–0 Q, and J=3–1 S branches,
which are often associated with jets in young stellar ob-

jects (e.g., Takami et al. 2006). We detect cool CO over-

tone absorption in the 2.29–2.34µm region. We used the

paper of Black & van Dishoeck (1987) to identify the H2

lines and collected A transition probabilities, statistical
gJ factors, and EJ upper level energies for them from

Turner et al. (1977) and Wolniewicz et al. (1998). For

the metallic lines, we used the NIST Atomic Spectra

Database1 to identify them and collect the Aki transi-
tion probabilities and Ei and Ek lower and upper level

energies. This information is presented in the Appendix

in Tabs. 2 and 3.

1 https://www.nist.gov/pml/atomic-spectra-database

Fig. 7 shows the Hα line and the median line pro-

files as a function of velocity for each species where we

detected more than one line and where they were not
affected by blends. The median H2 line exhibits an ap-

proximately Gaussian shape that peaks at −15km s−1

(close to the systemic velocity of −7.8km s−1) and has

a FWHM of 57.7 km s−1. We see no significant differ-

ence between the profiles of the v=1–0, 2–1, and 3–1
lines. The metallic lines have asymmetric profiles, with

a steep rise at the blue side, a peak somewhere between

−47 and −64km s−1, a shoulder at about 0 km s−1, and

a line wing that extends to above 100 km s−1 on the red
side. The FWHM of the metallic lines is between 60

and 75 km s−1 for [FeII], [CaII], and [CrII], and between

103 and 113 km s−1 for [SII], [CI], [OI], and [NII]. The

Hα line has a profile similar to those of the forbidden

metallic lines, but the component at about 0 velocity
is even stronger, and the line is even wider (FWHM =



6
K
ó
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Figure 5. VLT/VISIR N-band spectrum of V346 Nor, ob-
tained in the post-outburst phase (red). For comparison,
we plotted two earlier Spitzer/IRS measurements from the
outburst state (black).
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Figure 6. SED of V346 Nor at different epochs. Error bars
smaller than the symbol size are not plotted.

130km s−1). The kind of complex line profile we observe

in V346 Nor for the Hα and the metallic lines can be un-

derstood as a combination of a high-velocity collimated

jet component and a low-velocity wind component.
As our XSHOOTER spectra are flux calibrated, we

could measure the fluxes of the detected emission lines.

For the symmetric H2 lines, we fitted a Gaussian to each

line and calculated the flux analytically from the am-

plitude and σ of the fitted Gaussians. We estimated
the uncertainty of the line flux from the residuals af-

ter subtracting the fitted Gaussian. For the asymmetric

Hα and metallic lines, we integrated the line fluxes be-

tween −150km s−1 and +120km s−1 and estimated the
flux uncertainties by calculating the rms noise in the

−600. . .−150kms−1 and +120. . .+500km s−1 ranges.

The resulting line fluxes and uncertainties are presented

in the Appendix in Tabs. 2 and 3.
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Figure 7. Median line profiles for emission lines detected in
V346 Nor. [VI] is not plotted because we detected only one
line, and [NI] is not plotted because all detected lines are af-
fected by blending. The vertical dotted line marks the helio-
centric systemic velocity of −7.8 km s−1 converted from the
radial velocity measured with ALMA (Kóspál et al. 2017b).

3.3. VISIR spectroscopy

Fig. 5 displays our N -band spectrum of V346Nor ob-

tained with the VLT/VISIR instrument in 2016 Febru-

ary (Sect. 2.3). The spectrum exhibits a deep absorption

feature, whose profile is reminiscent of the absorption
feature measured toward Galactic Center sources and

caused by submicron-sized amorphous silicate grains in

the interstellar medium (Kemper et al. 2004). From the

profile we computed the optical depth at 9.7µm as τ9.7
= − log(F9.7/Fcont), where F9.7 is the measured flux
density at the canonical peak wavelength of the amor-

phous silicate feature, and Fcont is the estimated con-

tinuum level at 9.7µm. The continuum was determined

by fitting a first order polynomial to the data points
at 8µm and at λ > 12.5µm. The resulting optical

depth value is τ9.7=0.82, which corresponds to an ex-

tinction of A9.7=0.89mag, and AV =16.4mag (adopting

AV /A9.7=18.5, Mathis 1990).

For comparison, we repeated the same computation
for two Spitzer IRS low-resolution spectra measured on

2004 February 27 and 2006 April 16, and downloaded

from the CASSIS public collection of processed and cali-
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brated Spitzer spectra2. While these spectra also exhibit

silicate absorption, the calculated optical depth values

are significantly lower, τ9.7=0.36 and 0.44 for the earlier

and later spectra, respectively. The deduced visual ex-
tinction values are AV = 7.3 and 8.8mag. These results

are consistent with the simple reddened accretion disk

models of Kóspál et al. (2017a), which predicted that

between 2003 and 2008 the brightness evolution of V346

Nor was governed by a parallel increase of the line-of-
sight extinction (from 6.7 to 21.5mag) and a rise in the

accretion rate (from 1×10−5 to 5×10−5M⊙yr
−1). The

relatively high visual extinction derived from our VISIR

observation indicates that remarkable changes occurred
in the line-of-sight extinction towards V346Nor, and

that the extinction in the post-outburst phase was rela-

tively high.

4. SPECTRAL ANALYSIS

4.1. Spectral evolution in the post-outburst phase

One of the earliest spectra of the (then) newly erupted
V346 Nor was published by Graham & Frogel (1985) us-

ing the CTIO 4m telescope and its Cassegrain spec-

trograph. They detected weak Li 671nm absorption,

which we cannot check in our XSHOOTER spectrum,

due to insufficient signal-to-noise ratio of the contin-
uum at this wavelength. They also detected an Hα

line from V346 Nor with P Cygni profile. The line

had a broad, blueshifted absorption component, and

a strong emission component near zero velocity. At
this wavelength range we do not detect the contin-

uum, therefore we cannot check the absorption com-

ponent in our spectrum. However, our line profile

must be different from theirs, because we have an

emission peak at about −60. . .−50 km s−1 (same as
the peak of the shock-related forbidden metallic lines),

while Graham & Frogel (1985) reported that the ab-

sorption component’s red edge is at −60 km s−1. The

Hα line variability is not surprising, because already
Graham & Frogel (1985) noticed it by comparing sev-

eral spectra taken over a year in 1983–84. However,

we argue that the changes on longer time scales are

much more substantial. Graham & Frogel (1985) de-

tected [OI], [NeII], and [SII] lines from HH 57, but not
from V346 Nor, although they mentioned that the [SII]

lines seem to extend also between the star and the HH

object. We detected the [OI], [NeII], and [SII] lines at

the stellar position. This suggests that V346 Nor did not
display shock-related lines in 1983, but it did in 2015,

2 https://cassis.sirtf.com/

indicating that shocked material close to the star must

have formed some time between these two epochs.

Reipurth (1985) presented a low resolution optical

spectrum taken in 1983 with the ESO3.6m telescope’s
Boller and Chivens spectrograph. The spectrum showed

a red continuum with Hα in absorption. The NaI dou-

blet was clearly present in absorption, but they did not

detect the Li line due to the low spectral resolution.

We note that this spectrum does not show any emission
lines, like the strong [OI] lines at 6300 and 6363Å, the

emission component ofHα, or the [SII] lines at 6716 and

6731Å that we detected. Reipurth (1985) also showed

a low resolution CVF spectrum between 2–2.5µm ob-
tained in 1983 with the ESO 1m telescope, and re-

marked on strong water vapor bands in the 2.0–2.2µm

wavelength range. These bands are not apparent in our

XSHOOTER spectrum.

A higher resolution K band spectrum was pub-
lished in Reipurth et al. (1997), taken in 1993 using

NTT/IRSPEC. They tentatively detected Brγ near

2.165µm, NaI near 2.206µm and 2.209µm, and FeI

near 2.24µm, all in emission. We do not detect any of
these lines, neither in emission nor in absorption in our

XSHOOTER spectrum. Reipurth et al. (1997) firmly

detected CO bandhead emission, and speculated that it

may arise from a neutral disk wind. We detect a faint

CO bandhead absorption rather than emission, sug-
gesting that the wind, if it existed in 1993, must have

stopped by 2015. They detected the S(1), S(0), Q(1),

and Q(3) lines of the 1–0 transition of H2, all superim-

posed on the stellar continuum. We can confirm that
these are indeed among the brightest of the H2 lines

we detect in the K band, but we see many more lines.

The H2 lines did not become much stronger since 1993,

but our XSHOOTER spectrum is more sensitive than

the IRSPEC spectrum of Reipurth et al. (1997). It is
possible that the shocks we observe towards V346 Nor

already formed by 1993, although they were not present

yet in 1983.

Connelley & Reipurth (2018) presented a detailed
analysis of the near-infrared spectra of FUors. They in-

troduced a new basis for classification based on whether

or not an eruption was observed and on several spec-

troscopic criteria. Objects fulfilling these criteria are

bona fide FUors. Objects that have spectra similar
to bona fide FUors, but for which no eruption was ob-

served are classified as FUor-like objects, and those that

show some spectral similarities with bona fide FUors are

called peculiar objects by Connelley & Reipurth (2018).
They observed V346 Nor on 2015 July 22, only a few

days after our last XSHOOTER spectrum was taken.

They detected no CO bandhead absorption and no wa-
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ter absorption bands (that should be present in bona

fide FUors). On the other hand, they detected emission

lines and weak metallic absorption lines (that should

be absent in bona fide FUors). They could not check
the presence of VO/TiO, Paβ absorption, and He I ab-

sorption at 1.083µm, because their spectrum did not

cover the necessary wavelengths. Our XSHOOTER

spectrum allows us to re-evaluate these results. We

confirm that water absorption is not present, but we
do detect CO bandhead absorption. We checked the

TiO and VO bands, but they are not present (should be

present in bona fide FUors). We checked the Paβ and

HeI lines, and they are not present (both should be in
absorption in bona fide FUors). Connelley & Reipurth

(2018) claimed that they see emission lines and weak

metallic absorption in V346 Nor. We cannot confirm

the weak absorption lines, as we detected no absorption

in our spectrum. Concerning the emission lines, we
argue that most of them come from shocked material,

and although we do not spatially resolve their origin,

considering the very low transition probabilities, they

must emerge from very tenuous material, and therefore
cannot be very closely associated with the FUor itself.

4.2. Analysis of the CaII IRT lines

As Fig. 8 illustrates, the CaII IRT lines have two

clearly distinct velocity components. The blueshifted

one peaks at the same velocity as the shock-related for-

bidden metallic lines (such as the [CaII]) peak, marked
by the gray stripe. Additionally, there is another, red-

shifted component that peaks around 70 km s−1. In or-

der to determine the fluxes and peaks of these com-

ponents, we fitted the sum of the scaled normalized

[CaII] profile (from Fig. 7) and a Gaussian component
to each line in the triplet. The resulting fit is plotted

with red curves in Fig. 8, while the obtained line fluxes

are presented in Tab. 3. Interestingly, the ratio of the

line peaks is 1:5.50:3.25 for the blueshifted (shock-like)
component and 1:1.07:1.11 for the redshifted (Gaussian)

component. This suggests that the shock-like compo-

nent is more optically thin, closer to the theoretical op-

tically thin limit of 1:8.847:4.884, while the Gaussian

component is more optically thick, closer to the opti-
cally thick limit of 1:1:1. We calculated optical depth

values for both components for each lines of the triplet,

and found τ850 nm = 0.19±0.05, τ854 nm = 1.70±0.44,

τ866 nm = 0.94±0.24 for the shock component and τ850 nm

= 2.52±0.21, τ854 nm = 22.3±1.8, τ866 nm = 12.3±1.0 for

the Gaussian component. This means that the Gaussian

component is indeed about 13 times optically thicker

than the shock component.
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Figure 8. Profiles of the three Ca IRT lines in V346 Nor.
The gray band indicates the peak position of the shock-
related forbidden metallic lines (cf. Fig. 7), while the ver-
tical dotted line marks the heliocentric systemic velocity of
−7.8 kms−1.

4.3. Analysis of the H2 lines

We detected a remarkable number of molecular hydro-

gen lines towards V346 Nor, with upper level energies

up to 23 000K. We used the measured line fluxes from
Tab. 2, together with the upper level energies and statis-

tical factors to construct the excitation diagram of H2.

Fig. 9 shows this graph, using different colors for each

branch. Our data points are fairly consistent with a
straight line, expected for LTE. The inverse of the slope

of the fitted line gives an LTE excitation temperature of

Tex = 2100± 100K. The measured temperature is sim-

ilar to shocked regions associated with Class I/II YSOs

(e.g., Takami et al. 2006; Beck et al. 2008). By com-
paring our line fluxes with those calculated by Smith

(1995) for continuous (C-)shocks and jump (J-)shocks,

our results are essentially consistent with a C-shock, as

expected for dense clouds (Fig. 9). Interestingly, the
H2 lines in HH 57 are more consistent with a J-shock

(Eislöffel et al. 2000). This is consistent with the two-

shock picture of working surfaces (Hollenbach 1997).

4.4. Analysis of the [FeII] lines

We used the CHIANTI Database V9.03 to calcu-

late model line ratios for our observed lines for differ-

ent ne electron densities and Te electron temperatures

(Dere et al. 1997, 2019). Fig. 10 shows the model curves
as a function of Ne for different temperatures, together

3 http://chiantidatabase.org/
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Figure 9. Excitation diagram of H2 emission from
V346 Nor, fitted with a simple LTE model (dashed line).
The observations are plotted with filled circles. As compar-
ison, we plotted J-shock and C-shock models from Smith
(1995) with open asterisks and squares, respectively, scaled
to the v = 1− 0 Q(1) line.

with the observed line ratios. By looking at Tab. 3, it
is evident that the [FeII] lines detected can be grouped

into transitions between the following configurations

and terms:

• 3d7 a 4F and 3d7 a 2G (between 716 and 745 nm)

• 3d6(5D)4s a 6D and 3d7 a 4P (between 763 and
773 nm)

• 3d7 a 4F and 3d7 a 4P (between 862 and 947 nm)

• 3d6(5D)4s a 6D and 3d6(5D)4s a 4D (between 1257

and 1328nm)

• 3d7 a 4F and 3d6(5D)4s (between 1533 and

1711nm)

For each group we took the strongest line and calculated

the model and observed flux ratios for all the other lines

in the group. Some of these are illustrated in Fig. 10.

Line ratios in the H band (left panel) suggest an elec-
tron density of 104 . . .104.5 cm−3, while line ratios in the

J band (middle panel) suggest electron density closer to

105 cm−3. The observations are more consistent with

higher temperature models (10 000. . . 20 000K) rather

than lower temperature models (3000. . . 5000K). The
flux ratios of the optical lines are inconsistent with the

model predictions.

4.5. Analysis of the CO lines

FUors typically show the overtone CO feature around

2.3µm in absorption, while several T Tauri stars show

this characteristic feature in emission. At low spectral

resolution, the feature appears as a blend of many indi-

vidual rovibrational lines corresponding to the v=2–0,

3–1, 4–2, 5–3, ... and ∆J = ±1 transitions. Where

the density and temperature is high enough for CO to
be collisionally excited (nH > 1010 cm−3, T & 2000K,

Scoville et al. 1980), the high-J transitions are highly

excited, and blend together to form the usual “band-

head”. Although no strong feature is visible, there

are unmistakable lines in the 2.29–2.34µm wavelength
range. This seems to suggest that in V346 Nor, mainly

the low-J transitions are excited (Fig. 11). While in

this case the LTE approach may not be entirely appro-

priate, to confirm the detection of CO, we compared
the observed spectrum with a simple isothermal slab

model and found a good match using T = 1700K and

NCO = 7×1019 cm−2. After normalizing our spectrum

with a third order Legendre polynomial and shifting

it by 2.9 km s−1, our model fits the observed spectrum
fairly well, suggesting absorption by cool (∼ 1700K)

CO in the V346 Nor system. The small shift means

that the velocity of the CO emitting gas is consistent

with the systemic velocity within the uncertainties of
the XSHOOTER wavelength calibration. Our results

imply that there cannot be hotter CO in the system,

because then the strong CO bandhead emission would

overwhelm the faint low-J absorption lines we observed.

5. DISCUSSION

5.1. The post-outburst evolution of V346 Nor

In this section we synthesize the results obtained in
the previous analyses, and attempt to draw a picture

of the post-outburst evolution of V346 Nor following its

brightness minimum in 2010-11. Mainly based on the

light curves in Fig. 2 we divide this period into six parts.

Period 1: first re-brightening from 2010 to mid-2013—

This period was also briefly described in Kraus et al.

(2016) and Kóspál et al. (2017a). The brightness min-

imum lasted until late 2011, then a gradual brighten-

ing started. During the next ∼1.5 year the source’s
light increased by ∼1.8mag in the Ks band. When

the source entered the minimum, it faded by ∼4.4mag

between 2008 April and 2010 March (23 months) in

the Ks band. The average fading rate was ∆K/∆t

= 0.19mag/month. During the re-brightening it was
∆K/∆t = −0.1mag/month, slightly slower, but still

comparable to the decay rate. The source seem to

have brightened also at the WISE wavelengths, how-

ever, there is a known artificial offset between the ALL-
WISE (2010) and the NEOWISE (2014–) magnitudes

for bright stars (Cotten & Song 2016), and it might af-

fect V346 Nor, especially in the W2 band. Thus, the

WISE flux change should be considered with care. From
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Figure 10. Line ratios for different [FeII] lines observed for V346 Nor in the H band (left), in the J band (middle) and in the
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showing the ±1σ uncertainties.
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Figure 11. Part of our XSHOOTER K-band spectrum of
V346 Nor showing cool overtone CO absorption (black). The
model curve (red) is an LTE slab model with T=1700K.

the near-infrared color-magnitude in Fig. 3 (a), it seems
that the source moved back from the 2010 minimum to-

ward the 2008 position, suggesting that the same process

which brought the source to the minimum operates here,

but reversed. The similarity of the fading and brighten-

ing rates supports this speculation. The color changes
exclude decreasing line-of-sight extinction as the rea-

son. According to the modeling in Kóspál et al. (2017a),

when V346 Nor entered the minimum, the accretion rate

dropped while the extinction remained unchanged and

high, AV ∼ 21.5mag. If a reversed process was in op-

eration in 2012–13, then we propose that the accretion

rate gradually increased while the line-of-sight extinc-

tion was relatively constant and still high.

Period 2: the plateau between mid-2013 and mid-2016—

The brightening of V346 Nor temporarily stopped in

mid-2013. Both the I and the Ks light curves indi-

cate that the source was approximately constant (within

∼0.3mag) from mid-2013 until mid-2015. In Sec. 3.1 we
computed representative average IJHKW1W2 magni-

tudes for this plateau phase and plotted the SED in

Fig. 6. In comparison with the outburst SED, the dif-

ference is highest in the I band and smallest in the
L/W1 band, showing a exponentially decreasing trend

with wavelength. After correcting this difference SED

for AV =21.5mag extinction, the result resembles a hot

accretion disk, supporting our view that the first bright-

ening was an accretion event. Another proof for ac-
tive accretion is our XSHOOTER spectrum, which did

not display any photospheric absorption features due to

strong veiling. The bandhead emission from hot CO

that was visible in 1993 disappeared by 2015, therefore
the wind component theorized by Reipurth et al. (1997)

must have stopped. Our VISIR spectrum from early

2016 suggests that the source is embedded. The derived

AV =16.4mag is comparable to the AV =21.5mag com-
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puted from our accretion disk models for the minimum

in 2010 (Kóspál et al. 2017a).

Period 3: V346 Nor becomes active between mid-2016 and

mid-2017—In this period V346 Nor becomes more vari-

able than previously, although no general brightening
trend can be seen, expect maybe in the I band. In the

first half of 2017 a localized brightness peak can be seen

on top of a linear baseline. The slope of the baseline

changes with wavelength: rising at shorter wavelengths
and decreasing at longer wavelength. The peak was ap-

proximately gray: its amplitude is ∼ 0.5mag in JHKs,

suggesting accretion fluctuations on a few months time

scale.

Period 4: the second brightening between mid-2017 and

mid-2018—In August 2017, V346 Nor suddenly started

a general brightening at all wavelengths. The mag-

nitude changes at different wavelengths again indicate

gray brightening, which excludes extinction variations,
and point to gradually increasing accretion rate instead.

The brightening rate in the Ks band was ∆Ks/∆t ∼

0.08mag/month, very close to the rate measured during

the first brightening in 2012–13 (0.1mag/month). This

suggests that the same physical mechanism was in oper-
ation in both brightening periods. We note that by the

end of this period the source was still several magnitudes

fainter than the outburst level in 1998–2004.

Period 5: a rapid fading in the second half of 2018—Be-

tween 2018 July and October, V346 Nor unexpectedly
faded at all wavelengths. The amplitude of the fading

was higher at shorter wavelengths, meaning that the

source became redder when fainter. The color trends

of this variability were close to, but not entirely con-
sistent with the reddening path. A tentative interpre-

tation of this phenomenon could be an eclipsing event,

where an obscuring dust cloud causes the fading of the

system. In this picture, the deviation from the redden-

ing path could be due to the increasing contribution
from scattered light at shorter wavelengths, similarly to

the blueing effect observed in UXor-type variables (cf.

Natta & Whitney 2000).

Period 6: the state of V346 Nor in 2019—By early 2019

the sudden fading observed at the end of 2018 stopped
and V346 Nor appeared brighter again. This is followed

by a very peculiar behavior: in the H and Ks bands

the source has been brightening, while in the I and J

bands, it has been fading. We have then two possible ex-
planations for this phenomenon (1) the accretion is still

increasing, as suggested by the HK light curves, but at

shorter wavelengths some other effect balances it, per-

haps increasing extinction by a small dust cloud; (2) the

increase of accretion rate stopped in 2019, and the con-

tinuing flux increase in the HK bands is related to the

appearance of some warm dust component that emits

mainly longer wavelengths. In conclusion, V346 Nor
seem to exhibit increasingly complex flux changes in the

optical-infrared regime.

5.2. A new jet emanating from V346 Nor?

We detected several shock-related forbidden metallic

and H2 lines in our XSHOOTER spectrum of V346 Nor

towards the stellar position. We note that although
HH 57 was also included in the slit in some of our spec-

tra, we will analyze those data in a later paper (Kraus

et al. in prep.), while here we focus on the line of sight

towards V346 Nor only. The comparison of our spec-
trum with earlier data reveals that these lines were not

present towards V346 Nor in 1984-85 (Sec. 4.1, see also

Graham & Frogel 1985, Reipurth 1985), while they were

clearly detected in 1993 (Reipurth et al. 1997), with

similar brightness as in our spectrum from 2015.
In our spectra, the forbidden emission comes from

within 1-2′′ of the stellar position, meaning that there

should be shocked material in the ∼1000 au vicinity of

V346 Nor. The various lines indicate multiple compo-
nents: a hotter part whose bulk moves with a line of

sight velocity of about −60 km s−1 towards us and emits

forbidden metallic lines, and a cooler part, that is more

or less stationary compared to the young star and emits

molecular hydrogen lines. A similar velocity difference
between [FeII] and H2 emission was observed in sev-

eral Class I objects by Davis et al. (2003); Takami et al.

(2006). The usual interpretation is that the [FeII]

lines originates from Herbig–Haro-type shocked mate-
rial along the jet axis, while the H2 emission comes from

closer to the star, at the interface of the jet and the dense

circumstellar material. It is tempting to associate the

detected outflowing material with a new jet emanating

from V346 Nor due to the enhanced accretion during its
1980–2010 outburst. We cannot explain why the shocks

did not appear immediately after the beginning of the

outburst, but only with a certain time delay. A possible

explanation could be that the shocks did not appear un-
til the outflowing material hit denser matter in, e.g., the

outflow cavity walls. Indeed, CO molecular line observa-

tions with ALMA showed ellipse-shaped outflow cavities

around V346 Nor with opening angles between 40◦ and

80◦ (Kóspál et al. 2017b).

5.3. Recurrent outbursts in FUors and related objects

V346 Nor is not the only young eruptive object

that showed a temporary halt in the accretion rate.

Apart from the clearly repetitive outbursts of EX Lupi-

type objects (EXors), there are other young eruptive
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stars that showed multiple outbursts. V1647 Ori is

an embedded object that was in outburst between

2004 and 2006, then again between 2008 and 2018,

and photographic plates suggest an outburst in 1966
as well (Aspin et al. 2006; Acosta-Pulido et al. 2007;

Ninan et al. 2013; Giannini et al. 2018). It is not a

bona fide FUor, because its light curves and spectra

show a mix of characteristics from both FUors and EX-

ors. V1647 Ori drives both a molecular outflow with a
rather narrow (30◦) opening angle (Principe et al. 2018)

and is associated with the Herbig-Haro object HH 23

(Eislöffel & Mundt 1997).

V899 Mon is a recently discovered young outbursting
star (Wils et al. 2009), whose photometric and spectro-

scopic characteristics also fall between classical FUors

and EXors (Ninan et al. 2015). V899 Mon displayed a

slow brightening until 2010, when its R magnitude sud-

denly dropped by 4mag from 12 to almost 16mag for
about two years, after which its brightness stabilised at

about R = 13mag. Ninan et al. (2015) interpret this

as a short-duration halt in the accretion. High resolu-

tion optical spectroscopy of V899 Mon revealed forbid-
den emission lines, such as the [OI] lines at 6300 and

6363 Å, and the [FeII] line at 7155 Å. We detected these

lines in V346 Nor as well. In V899 Mon, the profiles of

the forbidden emission lines indicate outflowing material

with velocities up to −500km s−1 (Ninan et al. 2015).
Our CO observations obtained with APEX and ALMA

suggest that V899 Mon also drives a powerful molecular

outflow (Kóspál et al. in prep.).

It appears that this group of objects share some com-
mon photometric and spectroscopic characteristics with

some similarities in their accretion and outflow proper-

ties. Their further study may reveal important infor-

mation about young eruptive stars that so far remained

elusive. Currently ongoing and future sky surveys like
WISE, Gaia, TESS, and LSST will provide light curves

of many young stars, allowing us to discover not only

new eruptions, but fadings that may signal the end or

temporary halt in the eruption of a young star. Their
further spectrosopic follow-up may provide new insights

into the post-FUor state, which may reveal whether our

results on V346 Nor could be applied to further objects.

A significant diversity may make it necessary to invoke

more than one outburst mechanisms.

6. CONCLUSIONS

In this paper, we reported on a multi-epoch and multi-
wavelength study of V346 Nor after its deep minimum

in 2010–11. During this post-outburst phase, we found

that the evolution of the source was governed by four

important physical processes: variations in the accre-

tion rate, the launch of a new jet, variations in the line-

of-sight extinction, and the appearance of new warm

material in the system. Following the minimum, the ac-

cretion rate in V346 Nor has increased. It is difficult to
quantify how much this increase was, because there is a

degeneracy between the accretion rate and the line-of-

sight extinction. The accretion is probably significantly

higher than it was in the minimum (because of the signif-

icant veiling), but less than during the outburst (because
the source is still fainter). The increase of accretion was

not steady: shorter rising periods were interrupted by

years of constant brightness. At some point between

the beginning of the outburst (around 1980) and 1993,
a new jet was launched, as evidenced by several strong

forbidden emission lines of various metals and molecular

hydrogen. This will probably propagate further from the

star and may appear as a new HH-object in a few hun-

dred to few thousand years from now. The mid-infrared
spectra indicate that in post-outburst, the line-of-sight

extinction is higher than in outburst. According to our

accretion disk modeling (Kóspál et al. 2017a), the ac-

cretion rate increase probably started already around
2008, before the minimum, and it is still high. There-

fore, the post-outburst phase seems to differ from the

outburst in that there is more material close to the cen-

ter of the system. It is an open question if the extinction

variations are related to the physical mechanism caus-
ing the minimum. The significantly increased Ks-band

brightness in 2019 and the high continuum level of our

VISIR spectrum already in 2016 suggest the appearance

of warm dusty (T < 1500K) material in the system. We
speculate that this may be a refilling process that allows

the continuation of the outburst in the future. It is of

course an open question how the post-outburst evolution

of V346 Nor will continue. Our latest measurements do

not reveal unambiguously if it will continue to brighten
to a second outburst or will fade back to quiescence.
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APPENDIX

A. PHOTOMETRY OF V346 NOR

Tab. 1 contains our optical and near-infrared photometry of V346 Nor.

Table 1. Optical and near-IR photometry of V346 Nor.

Date JD − 2450000.5 I J H Ks Instrument

2013-05-25 6438.27 20.60 ± 0.46 . . . . . . . . . OGLE

2013-06-23 6467.27 19.88 ± 0.30 . . . . . . . . . OGLE

2013-08-16 6521.08 20.74 ± 0.41 . . . . . . . . . OGLE

2014-05-15 6793.28 20.92 ± 0.55 . . . . . . . . . OGLE

2014-05-16 6794.29 19.95 ± 0.28 . . . . . . . . . OGLE

2014-05-17 6795.26 20.11 ± 0.17 . . . . . . . . . OGLE

2014-09-30 6931.03 20.28 ± 0.34 . . . . . . . . . OGLE

2015-02-08 7062.35 20.31 ± 0.25 . . . . . . . . . OGLE

2015-02-11 7065.32 20.45 ± 0.27 . . . . . . . . . OGLE

2015-02-13 7067.33 20.42 ± 0.32 . . . . . . . . . OGLE

2015-02-14 7068.35 20.41 ± 0.23 . . . . . . . . . OGLE

2015-02-16 7070.32 20.59 ± 0.24 . . . . . . . . . OGLE

2015-02-20 7074.32 20.12 ± 0.29 . . . . . . . . . OGLE

2015-02-23 7077.31 20.27 ± 0.23 . . . . . . . . . OGLE

2015-02-24 7078.31 20.51 ± 0.26 . . . . . . . . . OGLE

2015-02-28 7082.28 20.55 ± 0.34 . . . . . . . . . OGLE

2015-03-01 7083.29 20.50 ± 0.31 . . . . . . . . . OGLE

2015-03-03 7085.25 20.66 ± 0.39 . . . . . . . . . OGLE

2015-03-03 7088.26 20.32 ± 0.24 . . . . . . . . . OGLE

2015-03-07 7089.27 20.26 ± 0.24 . . . . . . . . . OGLE

2015-03-09 7091.26 20.94 ± 0.48 . . . . . . . . . OGLE

2015-03-10 7092.26 20.13 ± 0.20 . . . . . . . . . OGLE

2015-03-11 7093.25 20.52 ± 0.29 . . . . . . . . . OGLE

2015-03-15 7097.25 20.77 ± 0.30 . . . . . . . . . OGLE

2015-03-16 7098.25 20.57 ± 0.26 . . . . . . . . . OGLE

2015-03-18 7100.24 20.43 ± 0.27 . . . . . . . . . OGLE

2015-03-26 7108.23 20.12 ± 0.24 . . . . . . . . . OGLE

2015-03-28 7110.22 20.08 ± 0.15 . . . . . . . . . OGLE

2015-03-31 7112.72 . . . . . . . . . 10.79 ± 0.13 VISTA

2015-03-31 7113.19 20.44 ± 0.30 . . . . . . . . . OGLE

Table 1 continued
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Table 1 (continued)

Date JD − 2450000.5 I J H Ks Instrument

2015-04-02 7115.20 20.14 ± 0.25 . . . . . . . . . OGLE

2015-04-06 7119.19 20.34 ± 0.35 . . . . . . . . . OGLE

2015-04-12 7125.18 19.87 ± 0.16 . . . . . . . . . OGLE

2015-04-14 7127.17 20.53 ± 0.28 . . . . . . . . . OGLE

2015-04-17 7130.15 20.16 ± 0.18 . . . . . . . . . OGLE

2015-04-19 7132.14 19.96 ± 0.20 . . . . . . . . . OGLE

2015-04-21 7134.12 20.47 ± 0.37 . . . . . . . . . OGLE

2015-04-22 7135.14 20.65 ± 0.32 . . . . . . . . . OGLE

2015-04-23 7136.13 20.24 ± 0.18 . . . . . . . . . OGLE

2015-04-24 7137.13 20.26 ± 0.18 . . . . . . . . . OGLE

2015-04-25 7138.11 20.22 ± 0.32 . . . . . . . . . OGLE

2015-04-27 7140.11 19.59 ± 0.15 . . . . . . . . . OGLE

2015-04-28 7141.10 20.18 ± 0.22 . . . . . . . . . OGLE

2015-04-29 7142.13 19.85 ± 0.17 . . . . . . . . . OGLE

2015-04-30 7143.11 20.26 ± 0.30 . . . . . . . . . OGLE

2015-05-03 7146.10 20.19 ± 0.35 . . . . . . . . . OGLE

2015-05-05 7148.24 20.20 ± 0.26 . . . . . . . . . OGLE

2015-05-08 7151.35 20.46 ± 0.39 . . . . . . . . . OGLE

2015-05-10 7153.08 20.91 ± 0.38 . . . . . . . . . OGLE

2015-05-12 7155.09 20.01 ± 0.20 . . . . . . . . . OGLE

2015-05-13 7156.07 20.29 ± 0.23 . . . . . . . . . OGLE

2015-05-14 7157.08 20.42 ± 0.26 . . . . . . . . . OGLE

2015-05-15 7158.06 20.83 ± 0.41 . . . . . . . . . OGLE

2015-05-16 7159.07 20.21 ± 0.24 . . . . . . . . . OGLE

2015-05-17 7160.05 20.18 ± 0.29 . . . . . . . . . OGLE

2015-05-19 7162.06 20.70 ± 0.33 . . . . . . . . . OGLE

2015-05-20 7163.05 20.38 ± 0.38 . . . . . . . . . OGLE

2015-05-21 7164.09 20.00 ± 0.18 . . . . . . . . . OGLE

2015-05-23 7166.05 20.44 ± 0.37 . . . . . . . . . OGLE

2015-05-27 7170.02 20.38 ± 0.32 . . . . . . . . . OGLE

2015-05-30 7173.02 20.32 ± 0.41 . . . . . . . . . OGLE

2015-05-31 7174.02 19.66 ± 0.27 . . . . . . . . . OGLE

2015-06-05 7179.02 20.43 ± 0.30 . . . . . . . . . OGLE

2015-06-08 7182.01 20.64 ± 0.34 . . . . . . . . . OGLE

2015-06-09 7183.05 20.03 ± 0.21 . . . . . . . . . OGLE

2015-06-09 7183.05 19.97 ± 0.25 . . . . . . . . . OGLE

2015-06-12 7186.01 19.88 ± 0.27 . . . . . . . . . OGLE

2015-06-13 7187.00 20.63 ± 0.43 . . . . . . . . . OGLE

2015-06-15 7189.00 20.79 ± 0.42 . . . . . . . . . OGLE

2015-06-17 7190.99 20.66 ± 0.49 . . . . . . . . . OGLE

2015-06-20 7193.98 20.33 ± 0.18 . . . . . . . . . OGLE

Table 1 continued
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Table 1 (continued)

Date JD − 2450000.5 I J H Ks Instrument

2015-07-20 7223.68 . . . . . . . . . 10.33 ± 0.01 VISTA

2016-02-06 7425.32 20.94 ± 0.45 . . . . . . . . . OGLE

2016-02-12 7431.31 20.72 ± 0.35 . . . . . . . . . OGLE

2016-02-15 7434.32 20.10 ± 0.22 . . . . . . . . . OGLE

2016-02-19 7438.30 20.45 ± 0.27 . . . . . . . . . OGLE

2016-02-21 7440.30 20.19 ± 0.24 . . . . . . . . . OGLE

2016-02-24 7443.31 20.49 ± 0.33 . . . . . . . . . OGLE

2016-02-27 7446.29 20.27 ± 0.21 . . . . . . . . . OGLE

2016-03-01 7449.28 20.07 ± 0.30 . . . . . . . . . OGLE

2016-03-02 7450.23 20.03 ± 0.19 . . . . . . . . . OGLE

2016-03-10 7458.26 20.10 ± 0.19 . . . . . . . . . OGLE

2016-03-13 7461.26 20.76 ± 0.27 . . . . . . . . . OGLE

2016-03-18 7466.25 19.93 ± 0.25 . . . . . . . . . OGLE

2016-03-22 7470.22 19.93 ± 0.28 . . . . . . . . . OGLE

2016-03-31 7479.27 20.06 ± 0.21 . . . . . . . . . OGLE

2016-06-06 7546.06 > 19.59 15.07 ± 0.03 12.67 ± 0.01 10.22 ± 0.02 SMARTSa

2016-06-20 7560.22 19.98 ± 0.26 . . . . . . . . . OGLE

2016-06-28 7568.04 19.90 ± 0.20 . . . . . . . . . OGLE

2016-07-10 7579.51 . . . . . . . . . 9.94 ± 0.01 VISTA

2016-07-13 7582.65 . . . . . . . . . 9.82 ± 0.01 VISTA

2016-08-09 7610.00 > 19.27 14.44 ± 0.02 12.17 ± 0.01 9.75 ± 0.02 SMARTSa

2016-08-22 7622.00 . . . . . . . . . 9.90 ± 0.02 IRIS

2016-08-25 7625.00 . . . 14.52 ± 0.02 12.26 ± 0.02 9.92 ± 0.02 IRIS

2017-02-01 7786.25 > 19.62 15.17 ± 0.02 12.81 ± 0.02 10.11 ± 0.02 SMARTS

2017-02-10 7795.32 19.60 ± 0.20 . . . . . . . . . OGLE

2017-02-18 7803.31 20.08 ± 0.18 . . . . . . . . . OGLE

2017-03-02 7815.25 > 19.58 15.07 ± 0.03 12.76 ± 0.01 10.11 ± 0.02 SMARTS

2017-03-11 7824.27 20.02 ± 0.21 . . . . . . . . . OGLE

2017-03-25 7838.20 19.80 ± 0.16 . . . . . . . . . OGLE

2017-04-02 7846.23 19.56 ± 0.12 . . . . . . . . . OGLE

2017-04-02 7846.25 > 19.77 15.03 ± 0.02 12.77 ± 0.01 10.14 ± 0.02 SMARTS

2017-05-02 7876.25 > 19.75 14.95 ± 0.02 12.61 ± 0.01 10.21 ± 0.03 SMARTS

2017-06-03 7908.00 > 19.16 14.65 ± 0.02 12.38 ± 0.02 9.94 ± 0.02 SMARTS

2017-06-04 7909.02 19.16 ± 0.17 . . . . . . . . . OGLE

2017-06-14 7918.64 . . . . . . . . . 10.08 ± 0.01 VISTA

2017-06-17 7922.05 . . . . . . . . . 9.96 ± 0.01 VISTA

2017-06-20 7925.49 . . . . . . . . . 10.18 ± 0.01 VISTA

2017-06-21 7926.57 . . . . . . . . . 10.24 ± 0.01 VISTA

2017-06-28 7933.64 . . . . . . . . . 10.04 ± 0.01 VISTA

2017-06-30 7935.69 . . . . . . . . . 10.17 ± 0.01 VISTA

2017-07-02 7937.65 . . . . . . . . . 10.30 ± 0.01 VISTA

Table 1 continued
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Table 1 (continued)

Date JD − 2450000.5 I J H Ks Instrument

2017-07-05 7940.63 . . . . . . . . . 10.39 ± 0.01 VISTA

2017-07-07 7942.00 > 19.39 14.88 ± 0.02 12.68 ± 0.01 10.28 ± 0.02 SMARTS

2017-07-07 7942.65 . . . . . . . . . 10.15 ± 0.01 VISTA

2017-07-14 7948.66 . . . . . . . . . 10.16 ± 0.01 VISTA

2017-08-05 7971.00 > 19.54 14.96 ± 0.02 12.80 ± 0.01 10.45 ± 0.02 SMARTS

2017-09-05 8002.00 > 18.80 14.84 ± 0.03 12.87 ± 0.01 10.35 ± 0.03 SMARTS

2017-10-05 8032.00 > 19.01 14.89 ± 0.02 12.71 ± 0.01 10.27 ± 0.02 SMARTS

2018-02-01 8151.25 18.69 ± 0.08 14.42 ± 0.02 12.37 ± 0.01 10.00 ± 0.02 SMARTS

2018-02-12 8162.32 18.32 ± 0.03 . . . . . . . . . OGLE

2018-03-01 8179.25 18.17 ± 0.06 14.18 ± 0.02 12.16 ± 0.01 9.71 ± 0.03 SMARTS

2018-03-25 8202.86 . . . . . . . . . 9.74 ± 0.01 VISTA

2018-03-30 8207.90 . . . . . . . . . 9.51 ± 0.01 VISTA

2018-04-01 8210.25 18.10 ± 0.07 14.04 ± 0.02 12.05 ± 0.01 9.62 ± 0.02 SMARTS

2018-04-05 8214.32 18.12 ± 0.04 . . . . . . . . . OGLE

2018-05-01 8240.25 18.18 ± 0.09 14.28 ± 0.02 12.25 ± 0.01 9.83 ± 0.01 SMARTS

2018-05-10 8249.73 . . . . . . . . . 10.12 ± 0.01 VISTA

2018-05-21 8249.73 . . . . . . . . . 9.53 ± 0.01 VISTA

2018-05-24 8263.58 . . . . . . . . . 9.67 ± 0.01 VISTA

2018-05-27 8266.56 . . . . . . . . . 9.81 ± 0.01 VISTA

2018-06-01 8271.00 18.18 ± 0.07 14.17 ± 0.02 12.05 ± 0.02 9.56 ± 0.02 SMARTS

2018-07-09 8309.25 17.94 ± 0.04 14.05 ± 0.02 11.93 ± 0.01 9.36 ± 0.02 SMARTS

2018-08-08 8338.00 18.41 ± 0.06 14.47 ± 0.02 12.35 ± 0.01 9.57 ± 0.01 SMARTS

2018-10-15 8406.00 18.97 ± 0.08 14.90 ± 0.02 12.63 ± 0.01 9.72 ± 0.02 SMARTS

2019-01-30 8514.37 18.12 ± 0.03 . . . . . . . . . OGLE

2019-02-07 8521.25 18.23 ± 0.04 14.23 ± 0.01 11.79 ± 0.01 8.86 ± 0.02 SMARTS

2019-02-17 8532.33 18.42 ± 0.05 . . . . . . . . . OGLE

2019-03-06 8548.29 18.14 ± 0.03 . . . . . . . . . OGLE

2019-03-06 8548.82 18.02 ± 0.04 14.06 ± 0.01 11.51 ± 0.01 8.58 ± 0.02 SMARTS

2019-03-24 8566.24 18.30 ± 0.04 . . . . . . . . . OGLE

2019-04-03 8576.20 18.34 ± 0.04 . . . . . . . . . OGLE

2019-04-06 8579.82 18.04 ± 0.04 14.14 ± 0.02 11.63 ± 0.01 8.65 ± 0.02 SMARTS

2019-04-11 8585.88 . . . . . . . . . 8.85 ± 0.10 VISTA

2019-04-14 8587.15 18.18 ± 0.04 . . . . . . . . . OGLE

2019-04-22 8595.37 18.18 ± 0.07 . . . . . . . . . OGLE

2019-05-02 8606.83 . . . . . . . . . 8.51 ± 0.10 VISTA

2019-05-07 8610.67 18.21 ± 0.04 14.03 ± 0.05 11.41 ± 0.02 8.63 ± 0.03 SMARTS

2019-05-14 8617.11 18.52 ± 0.04 . . . . . . . . . OGLE

2019-05-15 8618.10 18.47 ± 0.04 . . . . . . . . . OGLE

2019-06-06 8640.04 18.69 ± 0.05 . . . . . . . . . OGLE

2019-06-08 8642.74 18.52 ± 0.04 14.50 ± 0.01 11.63 ± 0.01 8.64 ± 0.02 SMARTS

2019-06-15 8649.30 18.74 ± 0.14 . . . . . . . . . OGLE

Table 1 continued
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Table 1 (continued)

Date JD − 2450000.5 I J H Ks Instrument

2019-06-17 8652.81 . . . . . . . . . 8.58 ± 0.10 VISTA

2019-06-27 8661.00 18.53 ± 0.06 . . . . . . . . . OGLE

2019-07-09 8673.65 18.57 ± 0.04 14.52 ± 0.02 11.45 ± 0.01 8.47 ± 0.01 SMARTS

2019-08-08 8703.14 . . . . . . . . . 8.761 ± 0.10 VISTA

2019-08-12 8707.01 19.03 ± 0.14 . . . . . . . . . OGLE

2019-08-22 8717.08 . . . . . . . . . 8.673 ± 0.10 VISTA

2019-08-24 8719.07 . . . . . . . . . 8.754 ± 0.10 VISTA

2019-08-25 8720.00 . . . . . . . . . 8.709 ± 0.10 VISTA

2019-08-26 8721.08 . . . . . . . . . 8.597 ± 0.10 VISTA

2019-08-31 8726.06 . . . . . . . . . 8.720 ± 0.10 VISTA

2019-09-08 8734.06 19.02 ± 0.10 . . . . . . . . . OGLE

aFrom Kóspál et al. (2017a)

B. SPECTRAL LINES IN V346 NOR

Tabs. 2 and 3 contain the molecular H2 and atomic

lines we identified in the X-SHOOTER spectrum of

V346 Nor obtained in 2015 June-July. The laboratory
and observed wavelengths are given in air.

Table 2. H2 lines in the spectrum of V346 Nor.

Line name Lab. λ Obs. λ Line flux A gJ EJ

(nm) (nm) (erg s−1 cm−2) (s−1) (K)

2−0 S(9) 1053.27 1053.24 6.27e−17 ± 2.06e−18 3.12e−07 69 20853

2−0 S(8) 1057.31 1057.31 3.89e−17 ± 2.31e−18 3.30e−07 21 19434

2−0 S(7) 1063.84 1063.82 1.42e−16 ± 3.66e−18 3.40e−07 57 18107

2−0 S(6) 1072.98 1072.93 4.46e−17 ± 2.09e−18 3.39e−07 17 16880

2−0 S(5) 1084.83 1084.80 2.66e−16 ± 3.15e−18 3.28e−07 45 15763

2−0 S(4) 1099.52 1099.48 1.08e−16 ± 3.17e−18 3.07e−07 13 14764

2−0 S(3) 1117.17 1117.13 3.59e−16 ± 1.11e−17 2.77e−07 33 13890

2−0 S(2) 1137.93 1137.88 1.15e−16 ± 8.64e−18 2.38e−07 9 13150

2−0 S(1) 1161.90 1161.85 2.91e−16 ± 6.26e−18 1.90e−07 21 12550

2−0 S(0) 1189.24 1189.19 5.67e−17 ± 3.23e−18 1.27e−07 5 12095

2−0 Q(1) 1238.00 1237.96 1.79e−16 ± 3.30e−18 1.94e−07 9 11789

2−0 Q(2) 1241.59 1241.54 8.70e−17 ± 2.91e−18 1.38e−07 5 12095

2−0 Q(3) 1246.98 1246.93 2.05e−16 ± 3.27e−18 1.29e−07 21 12550

2−0 Q(4) 1254.19 1254.14 7.82e−17 ± 2.85e−18 1.25e−07 9 13150

2−0 Q(5) 1263.23 1263.16 1.38e−16 ± 6.55e−18 1.23e−07 33 13890

2−0 Q(6) 1274.14 1274.14 4.16e−17 ± 6.13e−18 1.21e−07 13 14764

2−0 Q(7) 1286.95 1286.89 1.75e−16 ± 4.54e−18 1.20e−07 45 15763

Table 2 continued
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Table 2 (continued)

Line name Lab. λ Obs. λ Line flux A gJ EJ

(nm) (nm) (erg s−1 cm−2) (s−1) (K)

2−0 O(3) 1335.05 1335.00 1.91e−16 ± 5.67e−18 1.61e−07 9 11789

2−0 O(2) 1292.87 1292.83 5.87e−17 ± 8.60e−18 3.47e−07 1 11635

2−1 S(3) 2072.90 2072.71 1.32e−15 ± 2.83e−17 5.77e−07 33 13890

2−1 S(2) 2153.62 2153.43 1.02e−15 ± 2.38e−17 5.60e−07 9 13150

2−1 S(1) 2247.11 2246.91 1.04e−15 ± 6.67e−17 4.98e−07 21 12550

1−0 S(9) 1687.31 1687.18 5.54e−16 ± 7.25e−18 1.68e−07 69 15722

1−0 S(8) 1714.27 1714.14 3.50e−16 ± 1.37e−17 2.34e−07 21 14221

1−0 S(7) 1747.47 1747.38 1.89e−15 ± 1.66e−17 2.98e−07 57 12817

1−0 S(6) 1787.55 1787.53 1.50e−15 ± 1.27e−16 3.54e−07 17 11522

1−0 S(3) 1957.03 1956.87 1.62e−14 ± 3.34e−16 4.21e−07 33 8365

1−0 S(2) 2033.20 2033.02 4.48e−15 ± 1.14e−16 3.98e−07 9 7584

1−0 S(1) 2121.25 2121.08 1.33e−14 ± 2.59e−16 3.47e−07 21 6956

1−0 S(0) 2222.68 2222.52 3.01e−15 ± 6.58e−17 2.53e−07 5 6471

1−0 Q(1) 2405.93 2405.76 1.21e−14 ± 2.81e−16 4.29e−07 9 6149

1−0 Q(2) 2412.78 2412.62 2.86e−15 ± 1.11e−16 3.03e−07 5 6471

1−0 Q(3) 2423.07 2422.89 8.56e−15 ± 1.71e−16 2.78e−07 21 6956

1−0 Q(4) 2436.82 2436.69 2.09e−15 ± 8.22e−17 2.65e−07 9 7586

1−0 Q(5) 2454.08 2454.04 9.88e−16 ± 3.24e−16 2.55e−07 33 8365

1−0 Q(6) 2474.87 2475.04 6.17e−16 ± 1.02e−16 2.45e−07 13 9286

3−1 S(7) 1130.11 1130.07 3.89e−17 ± 7.38e−18 7.56e−07 57 23069

3−1 S(6) 1139.35 1139.32 2.22e−17 ± 4.07e−18 7.71e−07 17 21911

3−1 S(5) 1151.54 1151.50 1.83e−16 ± 9.09e−18 7.62e−07 45 20856

3−1 S(4) 1166.84 1166.79 6.31e−17 ± 2.72e−18 7.27e−07 13 19912

3−1 S(3) 1185.37 1185.32 1.63e−16 ± 4.34e−18 6.67e−07 33 19086

3−1 S(2) 1207.26 1207.19 3.59e−17 ± 2.26e−18 5.83e−07 9 18386

3−1 S(1) 1232.66 1232.60 1.29e−16 ± 1.69e−18 4.73e−07 21 17818

3−1 S(0) 1261.72 1261.66 1.82e−17 ± 3.28e−18 3.12e−07 5 17387

Table 3. Atomic lines in the spectrum of V346 Nor.

Species Lab. λ Obs. λ Line flux Lower level Upper level Aki Ei −Ek

(nm) (nm) (erg s−1 cm−2) Conf., term, J Conf., term, J (s−1) (eV)

HI 656.279 656.180 2.43e−16±1.87e−18 2 3 4.41e+7 10.199 – 12.088

[CI] 872.713 872.660 3.81e−17±1.06e−18 2s22p2 1D 2 2s22p2 1S 0 6.0e−1 1.264 – 2.684

[CI] 982.412 982.240 1.43e−16±2.85e−18 2s22p2 3P 1 2s22p2 1D 2 7.3e−5 0.002 – 1.264

[CI] 985.025 983.680 4.95e−16±2.43e−18 2s22p2 3P 2 2s22p2 1D 2 2.2e−4 0.005 – 1.264

[NI] 1039.77 1039.55 3.00e−16±1.64e−17 2s22p3 2D◦ 5⁄2 2s22p3 2P◦ 3⁄2 6.0e−2 2.384 – 3.576

Table 3 continued
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Table 3 (continued)

Species Lab. λ Obs. λ Line flux Lower level Upper level Aki Ei −Ek

(nm) (nm) (erg s−1 cm−2) Conf., term, J Conf., term, J (s−1) (eV)

[NI] 1039.82 1039.75 3.00e−16±1.64e−17 2s22p3 2D◦ 5⁄2 2s22p3 2P◦ 1⁄2 3.45e−2 2.384 – 3.576

[NI] 1040.72 1040.51 1.90e−16±1.64e−17 2s22p3 2D◦ 3⁄2 2s22p3 2P◦ 3⁄2 2.56e−2 2.385 – 3.576

[NI] 1040.76 1040.71 1.90e−16±1.64e−17 2s22p3 2D◦ 3⁄2 2s22p3 2P◦ 1⁄2 5.2e−2 2.385 – 3.576

[NII] 654.805 654.680 1.90e−17±1.93e−18 2s22p2 3P 1 2s22p2 1D 2 9.84e−4 0.006 – 1.899

[NII] 658.345 656.220 5.74e−17±1.70e−18 2s22p2 3P 2 2s22p2 1D 2 2.91e−3 0.016 – 1.899

[OI] 630.030 629.900 4.66e−16±1.20e−18 2s22p4 3P 2 2s22p4 1D 2 5.63e−3 0.000 – 1.967

[OI] 636.378 636.260 1.79e−16±1.18e−18 2s22p4 3P 1 2s22p4 1D 2 1.82e−3 0.020 – 1.967

[SII] 671.644 671.520 3.00e−16±1.73e−18 3s23p3 4S◦ 3⁄2 3s23p3 2D◦ 5⁄2 1.88e−4 0.000 – 1.845

[SII] 673.082 672.960 5.51e−16±1.68e−18 3s23p3 4S◦ 3⁄2 3s23p3 2D◦ 3⁄2 1.21e−4 0.000 – 1.842

[SII] 1028.67 1028.52 3.00e−16±2.00e−17 3s23p3 2D◦ 3⁄2 3s23p3 2P◦ 3⁄2 5.25e−2 1.842 – 3.046

[SII] 1032.05 1031.82 4.25e−16±1.03e−17 3s23p3 2D◦ 5⁄2 3s23p3 2P◦ 3⁄2 1.22e−1 1.845 – 3.046

[SII] 1033.64 1033.44 3.04e−16±1.57e−17 3s23p3 2D◦ 3⁄2 3s23p3 2P◦ 1⁄2 1.04e−1 1.842 – 3.041

[SII] 1037.05 1036.80 1.25e−16±6.08e−18 3s23p3 2D◦ 5⁄2 3s23p3 2P◦ 1⁄2 6.81e−2 1.845 – 3.041

[CaII] 729.147 729.020 1.68e−16±1.31e−18 3p64s 2S 1⁄2 3p63d 2D 5⁄2 1.3e+0 0.000 – 1.700

[CaII] 732.389 732.260 1.16e−16±1.05e−18 3p64s 2S 1⁄2 3p63d 2D 3⁄2 1.3e+0 0.000 – 1.692

CaII 849.802 849.620 8.87e−18±2.33e−19a 3p63d 2D 3⁄2 3p64p 2P◦ 3⁄2 1.11e+6 1.692 – 3.151

849.980 2.80e−17±2.24e−18b

CaII 854.209 854.040 4.90e−17±2.01e−19a 3p63d 2D 5⁄2 3p64p 2P◦ 3⁄2 9.9e+6 1.700 – 3.151

854.445 3.87e−17±3.71e−18b

CaII 866.214 866.040 2.94e−17±3.07e−19a 3p63d 2D 3⁄2 3p64p 2P◦ 1⁄2 1.06e+7 1.692 – 3.123

866.445 3.09e−17±2.55e−18b

[VI] 1188.31 1188.06 2.44e−16±1.41e−17 3d34s2 a 4F 3⁄2 3d4(5D)4s a 4D 1⁄2 4.2e−2 0.000 – 1.043

[CrII] 800.007 799.840 2.41e−17±8.60e−19 3d5 a 6S 5⁄2 3d4(5D)4s a 6D 9⁄2 1.0e−1 0.000 – 1.549

[CrII] 812.532 812.380 2.09e−17±7.26e−19 3d5 a 6S 5⁄2 3d4(5D)4s a 6D 7⁄2 9.4e−2 0.000 – 1.525

[CrII] 822.970 822.800 1.31e−17±7.45e−19 3d5 a 6S 5⁄2 3d4(5D)4s a 6D 5⁄2 8.8e−2 0.000 – 1.506

[CrII] 830.851 830.680 7.07e−18±1.44e−18 3d5 a 6S 5⁄2 3d4(5D)4s a 6D 3⁄2 8.4e−2 0.000 – 1.492

[CrII] 835.769 835.580 5.63e−18±1.02e−18 3d5 a 6S 5⁄2 3d4(5D)4s a 6D 1⁄2 8.2e−2 0.000 – 1.483

[FeII] 715.517 715.380 1.52e−16±8.52e−19 3d7 a 4F 9⁄2 3d7 a 2G 9⁄2 1.46e−1 0.232 – 1.964

[FeII] 717.200 717.060 3.98e−17±8.96e−19 3d7 a 4F 7⁄2 3d7 a 2G 7⁄2 5.51e−2 0.301 – 2.030

[FeII] 738.817 738.660 3.69e−17±1.27e−18 3d7 a 4F 5⁄2 3d7 a 2G 7⁄2 4.21e−2 0.352 – 2.030

[FeII] 745.256 745.100 6.32e−17±8.50e−19 3d7 a 4F 7⁄2 3d7 a 2G 9⁄2 4.77e−2 0.301 – 1.964

[FeII] 763.752 763.600 1.30e−17±1.04e−18 3d6(5D)4s a 6D 7⁄2 3d7 a 4P 5⁄2 6.6e−3 0.048 – 1.671

[FeII] 766.528 766.300 4.69e−18±1.00e−18 3d6(5D)4s a 6D 3⁄2 3d7 a 4P 1⁄2 6.2e−3 0.107 – 1.724

[FeII] 768.693 768.580 2.03e−17±9.59e−19 3d6(5D)4s a 6D 5⁄2 3d7 a 4P 3⁄2 6.8e−3 0.083 – 1.695

[FeII] 773.313 773.060 1.19e−18±9.00e−19 3d6(5D)4s a 6D 1⁄2 3d7 a 4P 1⁄2 1.93e−3 0.121 – 1.724

[FeII] 861.695 861.520 3.58e−16±1.21e−18 3d7 a 4F 9⁄2 3d7 a 4P 5⁄2 3.6e−2 0.232 – 1.671

[FeII] 889.193 889.040 1.68e−16±1.21e−18 3d7 a 4F 7⁄2 3d7 a 4P 3⁄2 2.21e−2 0.301 – 1.695

[FeII] 903.349 903.100 5.41e−17±1.40e−18 3d7 a 4F 5⁄2 3d7 a 4P 1⁄2 1.61e−2 0.352 – 1.724

[FeII] 905.195 905.020 1.11e−16±1.19e−18 3d7 a 4F 7⁄2 3d7 a 4P 5⁄2 8.8e−3 0.301 – 1.671

[FeII] 922.663 922.500 1.13e−16±1.66e−18 3d7 a 4F 5⁄2 3d7 a 4P 3⁄2 1.3e−2 0.352 – 1.695

Table 3 continued
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Table 3 (continued)

Species Lab. λ Obs. λ Line flux Lower level Upper level Aki Ei −Ek

(nm) (nm) (erg s−1 cm−2) Conf., term, J Conf., term, J (s−1) (eV)

[FeII] 926.755 926.560 8.22e−17±1.46e−18 3d7 a 4F 3⁄2 3d7 a 4P 1⁄2 2.1e−2 0.387 – 1.724

[FeII] 939.904 939.740 3.20e−17±2.02e−18 3d7 a 4F 5⁄2 3d7 a 4P 5⁄2 1.7e−3 0.352 – 1.671

[FeII] 947.094 947.020 3.38e−17±4.88e−18 3d7 a 4F 3⁄2 3d7 a 4P 3⁄2 3.7e−3 0.387 – 1.695

[FeII] 1256.68 1256.40 3.39e−15±1.47e−17 3d6(5D)4s a 6D 9⁄2 3d6(5D)4s a 4D 7⁄2 4.74e−3 0.000 – 0.986

[FeII] 1270.34 1270.08 4.52e−16±4.88e−17 3d6(5D)4s a 6D 1⁄2 3d6(5D)4s a 4D 1⁄2 3.32e−3 0.121 – 1.097

[FeII] 1278.77 1278.48 5.63e−16±3.06e−17 3d6(5D)4s a 6D 3⁄2 3d6(5D)4s a 4D 3⁄2 2.45e−3 0.107 – 1.076

[FeII] 1294.27 1294.02 7.35e−16±1.49e−17 3d6(5D)4s a 6D 5⁄2 3d6(5D)4s a 4D 5⁄2 1.98e−3 0.083 – 1.040

[FeII] 1297.77 1297.50 3.06e−16±1.10e−17 3d6(5D)4s a 6D 1⁄2 3d6(5D)4s a 4D 3⁄2 1.08e−3 0.121 – 1.076

[FeII] 1320.55 1320.30 1.13e−15±1.06e−17 3d6(5D)4s a 6D 7⁄2 3d6(5D)4s a 4D 7⁄2 1.31e−3 0.048 – 0.986

[FeII] 1327.77 1327.50 4.64e−16±2.06e−17 3d6(5D)4s a 6D 3⁄2 3d6(5D)4s a 4D 5⁄2 1.17e−3 0.107 – 1.040

[FeII] 1533.47 1553.12 1.57e−15±5.34e−17 3d7 a 4F 9⁄2 3d6(5D)4s a 4D 5⁄2 3.12e−3 0.232 – 1.040

[FeII] 1599.48 1599.12 1.18e−15±2.30e−17 3d7 a 4F 7⁄2 3d6(5D)4s a 4D 3⁄2 4.18e−3 0.301 – 1.076

[FeII] 1643.55 1643.16 5.95e−15±4.66e−17 3d7 a 4F 9⁄2 3d6(5D)4s a 4D 7⁄2 6.0e−3 0.232 – 0.986

[FeII] 1663.77 1663.44 7.66e−16±2.59e−17 3d7 a 4F 5⁄2 3d6(5D)4s a 4D 1⁄2 4.75e−3 0.352 – 1.097

[FeII] 1676.88 1676.52 1.20e−15±3.42e−17 3d7 a 4F 7⁄2 3d6(5D)4s a 4D 5⁄2 2.49e−3 0.301 – 1.040

[FeII] 1711.13 1710.90 1.68e−16±2.49e−17 3d7 a 4F 5⁄2 3d6(5D)4s a 4D 3⁄2 1.18e−3 0.352 – 1.076

[NiII] 737.783 737.660 8.45e−17±9.82e−19 3p63d9 2D 5⁄2 3p63d8(3F)4s 2F 7⁄2 2.3e−1 0.000 – 1.680

[NiII] 741.161 741.080 1.68e−17±8.22e−19 3p63d9 2D 3⁄2 3p63d8(3F)4s 2F 5⁄2 1.8e−1 0.187 – 1.859

aShock component for the Ca IRT.

bGaussian component for the Ca IRT.
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Eislöffel, J., & Mundt, R. 1997, AJ, 114, 280
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