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ABSTRACT

The study of hot corinos in solar-like protostars has been so far mostly limited to the Class 0 phase, hampering our understanding
of their origin and evolution. In addition, recent evidence suggests that planet formation starts already during Class I phase, which
therefore represents a crucial step in the future planetary system chemical composition. Hence, the study of hot corinos in Class
I protostars has become of paramount importance. Here, we report the discovery of a hot corino towards the prototypical Class
I protostar L1551 IRSS, obtained within the ALMA (Atacama Large Millimeter/submillimeter Array) Large Program FAUST
(Fifty AU STudy of the chemistry in the disc/envelope system of solar-like protostars). We detected several lines from methanol
and its isotopologues ('*CH3;0H and CH,DOH), methyl formate, and ethanol. Lines are bright towards the north component
of the IRS5 binary system, and a possible second hot corino may be associated with the south component. The methanol lines’
non-LTE analysis constrains the gas temperature (~100 K), density (>1.5 x 10® cm~?), and emitting size (~10 au in radius).
All CH;0H and '*CH;3OH lines are optically thick, preventing a reliable measure of the deuteration. The methyl formate and
ethanol relative abundances are compatible with those measured in Class 0 hot corinos. Thus, based on this work, little chemical
evolution from Class 0 to I hot corinos occurs.

Key words: astrochemistry —stars: formation —ISM: molecules.

protostellar discs. Since the process itself and the chemical content
of the future planets, asteroids, and comets depend on the chemical
composition of the disc/envelope, understanding it at the planet
formation scales has become crucial.

1 INTRODUCTION

Solar-like planetary systems are the result of a complex process
that starts from a cold molecular cloud and evolves through various

phases (e.g. Caselli & Ceccarelli 2012). Among them, the Class
I protostellar stage, whose typical duration is <10° yr, represents
a crucial link between the youngest Class 0 and the Class II/III
protostars (e.g. Crimier et al. 2010), the latter being characterized
by developed protoplanetary discs. A recent ALMA breakthrough
was the detection of gaps and rings in discs around protostars with
ages <1 Myr (Sheehan & Eisner 2017; Fedele et al. 2018), strongly
suggesting that the planet formation process starts already in Class I
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However, despite its far-reaching importance, the chemical content
of Class I protostars is, at the moment, poorly known. Class 0
protostars have infalling—rotating envelopes and circumstellar discs
whose chemical composition largely, but not exclusively, depends on
the distance from the central accreting object and the composition of
the grain mantles (e.g. Caselli & Ceccarelli 2012; Sakai & Yamamoto
2013). Particularly relevant to this letter, Class O protostars possess
hot corinos (Ceccarelli 2004), which are defined as warm (=100 K),
dense (=107 cm™3), and compact (<100 au) regions enriched in
interstellar complex organic molecules (hereafter iCOMs; Ceccarelli
et al. 2017). The chemical composition in these regions is believed
to be the result of the sublimation of the grain mantles where the
dust reaches about 100 K, regardless of the detailed geometry of the
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region, whether a spherical infalling envelope or a circumstellar disc.
While about a dozen Class 0 hot corinos are imaged so far, only two
Class I hot corinos are (De Simone et al. 2017; Bergner et al. 2019a;
Belloche et al. 2020). More generally, few studies have focused on
Class I protostars, often targeting the envelope or specific molecules
(Jgrgensen, Schoier & van Dishoeck 2004; Codella et al. 2016, 2018;
Bianchi et al. 2017, 2019b, a; Bergner et al. 2018, 2019a, b; Artur
de la Villarmois et al. 2019a; Artur de la Villarmois, Kristensen
& Jgrgensen 2019b; Oya et al. 2019). The scarcity of available
observations makes it difficult to assess whether or not the chemical
composition of Class 0 and I protostars differs. Observations of the
chemical content of Class I protostars at the planet formation scale
have now become urgent to understand the chemical evolution during
the formation of planetary systems around solar-like stars.

In this context, the ALMA (Atacama Large Millime-
ter/submillimeter Array) Large Program FAUST (Fifty AU STudy
of the chemistry in the disc/envelope system of solar-like protostars;
http://faust-alma.riken.jp) is designed to survey the chemical com-
position of a sample of 13 Class 0/1 protostars at the planet formation
scale, probing regions from about 1000 to 50 au (all have a distance
<250 pc). The selected sources represent the protostellar chemical
diversity observed at large (>1000 au) scales. All the targets are
observed in three frequency set-ups chosen to study both continuum
and line emission from specific molecules: 85.0-89.0, 97.0-101.0,
214.0-219.0, 229.0-234.0, 242.5-247.5, and 257.5-262.5 GHz. The
FAUST survey provides a uniform sample in terms of frequency
setting, angular resolution, and sensitivity. We report the first results,
obtained towards the prototypical Class I protostar L1551 IRSS. This
study focuses on iCOM lines and aims at discovering and studying
its hot corino(s).

2 THE L1551 IRS5 SOURCE

L1551 IRSS is located in Taurus (Strom, Strom & Vrba 1976) at
a distance of 141 £ 7 pc (Zucker et al. 2019), has a Ly, = 30—
40 Ly (Liseau, Fridlund & Larsson 2005), is a FU Ori-like object
(Connelley & Reipurth 2018), and is considered a prototypical Class
I'source (Adams, Lada & Shu 1987; Looney, Mundy & Welch 1997).
It is surrounded by a large (~0.1 pc) rotating/infalling envelope with
A, > 100 mag (e.g. Fridlund et al. 2005; Moriarty-Schieven et al.
2006; White et al. 2006) studied via lines from several species such
as CH;0H, HCN, CS, and HCO™ (e.g. Fridlund et al. 2002; White
et al. 2006). L1551 IRS5 is associated with a molecular outflow and
the HH154 jet, extensively studied in the X-ray, optical, near-IR, and
radio emission (e.g. Snell, Loren & Plambeck 1980; Fridlund et al.
2005; Schneider, Giinther & Schmitt 2011, and references therein).
Zooming into the inner 100 au, L1551 IRSS is a binary system,
revealed for the first time by VLA cm observations (Bieging &
Cohen 1985) that show two parallel jets (Rodriguez et al. 2003b). The
binarity was confirmed by BIMA millimetre observations (Looney
et al. 1997) that identified a northern source N (~0.8 M) and a
southern source S (~0.3 M) (Liseau et al. 2005). The two protostars
are surrounded by a circumbinary disc, whose radius and mass are
~140 au and 0.02-0.03 M, respectively (Looney et al. 1997; Cruz-
Séenz de Miera et al. 2019). ALMA observations also suggest the
presence of two dusty discs (Mgisc > 0.006 M) towards N and S,
with radii between 8 and 14 au. The protostellar discs’ inclination is
expected to be ~35-45° for N and ~24-44° for S (Lim et al. 2016;
Cruz-Séenz de Miera et al. 2019). Proper motion measurements show
an orbital rotation of N and S with a period of ~260 yr and an
eccentricity orbit tilted by up to 25° from the circumbinary disc
(Rodriguez et al. 2003b; Lim et al. 2016).
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3 OBSERVATIONS

L1551 IRSS was observed with ALMA (FAUST Large Program
2018.1.01205.L). The data here exploited were acquired on 2018
October 25 using the C43-5 antenna configuration, with baselines
between 15 m and 1.4 km. The analysed spectral window (232.8—
2347 GHz) was observed using spectral channels of 488 kHz
(0.63 km s7!). The observations were centred at oy = 04"
31™ 34314, 855000 = +18° 08" 05”710. The quasar J0423—0120 was
used as bandpass and flux calibrator, and J051041800 as phase
calibrator. The data were calibrated using the ALMA calibration
pipeline within CASA (McMullin et al. 2007) and we included an
additional calibration routine to correct for the Ty and spectral
data normalization.! The data were self-calibrated using carefully
determined line-free continuum channels, including corrections for
the continuum spectral index, and the continuum model was then
subtracted from the visibilities prior to imaging the line data. The
resulting continuum-subtracted line cube, made using a Briggs robust
parameter of 0.4, has a synthesized beam of 0.37 arcsec x 0.31
arcsec (PA = 39°), and an rms noise of 1 mJy beam™" in a 0.6 km
s~! channel, as expected. We estimate the absolute flux calibration
uncertainty of 10 per cent and an additional error of 10 per cent for the
spectra baseline determination. Spectral line imaging was performed
with the CASA package, while the data analysis was performed using
the IRAM-GILDAS package.

4 RESULTS

Fig. 1 shows the map towards L1551 IRSS5 of the dust emission at 1.3
mm and the positions of N and S at different dates since 1983. The
two objects are not clearly resolved. The deconvolved source size,
derived from a 2D Gaussian fit of the emission, is around 0.4 arcsec,
similar to the beam size. In addition, it is evident that N is brighter,
in agreement with previous observations (Cruz-Séenz de Miera et al.
2019). The continuum map also shows extended emission (~1 arcsec
in radius) associated with the circumbinary disc.

Table 1 lists the detected lines from the following iCOMs:
methanol and its most abundant isotopologues (CH;OH, '*CH;0H,
and CH,DOH), methyl formate (HCOOCH;3), and ethanol
(CH3CH,OH). In Fig. 1, we show the integrated intensity (moment
0) maps for one representative line of each molecule. For all lines,
the emission peak coincides, within the synthesized beam, with the
continuum position peak of source N, although fainter emission is
also detected towards the southern component. The figure also shows
the spectra of the CH3OH 54,63 3 E line, extracted in one pixel from
different positions across the region in a direction perpendicular to
the jet direction. Note that the spectra of the other iCOM lines have
the same behaviour.

4.1 IRSSN

The methanol emission towards N, marked as P3 in Fig. 1, has
a double-peaked profile with a central dip at +7.5 km s~!. The
red- and blueshifted peaks seem associated with gas to the north
(positions P1 and P2) and south (P4 and P5) of N, respectively.
This velocity pattern, perpendicularly to the jet axis, could be due
to either a rotating inner envelope or a disc. Unfortunately, since the
emission is not resolved, it is impossible to discriminate between
the two possibilities. The spectra of all detected iCOM lines towards

Uhttps://help.almascience.org/index.php?/Knowledgebase/Article/View/419;
Moellenbrock et al. (in preparation).
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Figure 1. Dust and line emission towards L1551 IRSS. Upper left: 1.3 mm
dust continuum emission in colour scale and black contours. First contours
and steps are 100 (1.8 mJy beam~') and 1000, respectively. The white
stars indicate the positions of N and S measured in 1983, 1998, and 2012
(Rodriguez et al. 2003a; Lim et al. 2016), while the cyan stars refer to 2018
(this work). The magenta arrows indicate the jet directions (Rodriguez et al.
2003b). Upper right: Colour scale and white contours show the moment 0
map of the CH30H 54,-63 3 E line, integrated over 42 to 415 km s~!. First
contours and steps are 8o (40 mJy beam~! km~!) and 150, respectively.
The white squares, labelled from P1 to P8, are the different positions where
the spectra displayed on the right-hand panels are extracted. The positions
P3 and P6 correspond to N and S, respectively. Lower left: Same as for the
upper right panel, for the CHDOH 8, -8 7 €0 line, integrated over +2 to
+15 km s~!. First contours and steps are 8¢ (42 mJy beam~! km~') and
150, respectively. Lower right: Colour scale and yellow contours show the
moment 0 map of the a-CH3CH,OH 105 5-104 ¢ line integrated between +-2
and 415 km s~ 1. First contours and steps are 50 (42 mJy beam~! km~!) and
100, respectively. White contours show the moment 0 map of the HCOOCHj3
184,14—174,13 A line integrated between +2 and +12 km s~!. First contours
and steps are 5o (28.5 mJy beam™! km~!) and 100, respectively. Right-hand
panel: CH30H 54,-633 spectra extracted at the P1-P8 map positions. The
vertical dashed lines mark the systemic velocity inferred towards N (4-7.5 km
s~y and S (+4.5 km s~ 1), respectively.

position P3, corresponding to the N continuum peak, are shown in
Fig. 2, while their spectral parameters are reported in Table 1.

4.2 IRS5S

Similarly to N, the lines are double-peaked towards S, with a central
dip at +4.5 km s~!, namely ~3 km s~! redshifted with respect to N.
Going south (positions P7 and P8), the red peak disappears and only
the blue one remains, suggesting again emission from a rotating inner
envelope or a disc, assuming that the red peak is mainly associated
with S.

5 COLUMN DENSITIES AND PHYSICAL
PARAMETERS

We derived the density and temperature of the gas emitting the
methanol lines towards P3 (Table 1), along with the molecular
abundances of the detected iCOMs. To this end, we carried out a
non-LTE analysis of the CH3OH lines via the large velocity gradient
(LVG) code by Ceccarelli et al. (2003). We used the collisional
coefficients of CH3;0OH-A and CH30H-E with para-H, computed
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Table 1. Properties of the lines detected towards L1551 IRSS.

int

(GHz) (K) (D?» (Kkms™

o a a 2a b
Transition v Ep  Su I

CH;30H 103 7-1129 E 232.9458 190 12 61
CH;O0H 183 15-17414 A 2337957 447 22 54
CH30H 453-514 A 234.6834 61 4 76
CH30H 54,-633 E 234.6985 123 2 49
3CH;0H 5, 54 4A 2340116 48 4 54
CH,DOH 331 €04, €0 2329019 49 02 10
CH,DOH 33 €043 €0 2329290 49 02 34
CH,DOH 53, 0145, €0 233.0831 68 0.2 45
CH,DOH 533 e0—45 3 ol 233.1339 68 02 30
CH,DOH 1415 0l-144 13 ol 233.1418 261 6 33
CH,DOH 9,5 e1-9; 9 el 2334611 123 15 34
CH,DOH 8,6 €0-8; 7 €0 2344710 94 10 59
HCOOCH; 194 1618415 A 2332268 123 48 37
HCOOCH; 19146-18145 E 2334144 242 23 17
HCOOCH; 19125-18127 E 233.6710 208 30 17
HCOOCH; 184,14-17413 E 233.7540 114 46 47
HCOOCH; 184,14-17413 A 2337775 114 46 36
HCOOCH; 19131817 E 233.8452 192 34 31
HCOOCH; 19119-181; 3 E 2338672 192 34 22
HCOOCH; 1919,10-18109 E 234.1346 178 37 30
CH;3CH,O0H 1459-144 19 232.9285 120 14 36
CH3CH,0H 1355-1349 2335710 108 13 18
CH3CH,OH 1359-134 19 2339511 108 13 25
CH;3CH,O0H 12581249 234.2552 97 12 24
CH;CH,OH 1055-1046 234.6663 78 9 28
CH3CH,0H 1056-104 7 2347146 78 9 18

Note. *Spectroscopic parameters of CH;OH and '*CH30H are from Xu &
Lovas (1997) and Xu et al. (2008), retrieved from the CDMS data base
(Miiller et al. 2005). Those of CH,DOH, HCOOCH3, and anti-CH3CH,OH
are from Pearson, Brauer & Drouin (2008), Pearson, Yu & Drouin (2012),
and Ilyushin, Kryvda & Alekseev (2009), retrieved from the JPL data base
(Pickett et al. 1998). bIntegrated intensities (7g) derived at the position P3
(Fig. 1). The associated errors are less than 1 K km s~

between 10 and 200 K for the first 256 levels of each species (Rabli
& Flower 2010), provided by the BASECOL data base (Dubernet
et al. 2013). We assumed a spherical geometry (de Jong, Boland &
Dalgarno 1980), a CH;OH-A/CH;0H-E ratio equal to 1, a '>C/'3C
ratio equal to 60 (Milam et al. 2005), a line full width at half-
maximum (FWHM) equal to 3.5 km s~! as measured, and that the
levels are populated by collisions and not by the absorption of the
dust background photons whose contribution is very likely negligible
due to the low values of the CH3;OH Einstein coefficients. We ran
a large grid of models (=10% covering a CH30H-A (Ncp,0m-a)
and CH30H-E column density from 3 x 10'° to 4 x 10" cm~2,
an H, number density (ny,) from 3 x 109 to 2 x 10% ¢cm™, and
a gas temperature (7yi,) from 80 to 180 K. We found the solution
with the lowest x> by simultaneously fitting the CH;OH-A, CH;OH-
E, and '*CH;0H-A lines, leaving the Ncu,on-a, 1, Tiin» and the
emitting size (the emission is unresolved) as free parameters. Since
the collisional coefficients are available for only the three lines with
the upper level energy less than 200 K, only those were used. The
best fit is obtained with Ncy,on-a = 1 X 10" ¢cm~? and a size of
0.15 arcsec (21 au). Solutions with Ncy,on-a > 0.5 X 10" cm™2
are within the 1o confidence level. All the observed CH;OH lines
are optically thick (z > 50), as well as the 3CH;30H-A (t ~ 2) one,
which makes the size well constrained. The temperature is 100 & 10
K and the density is >1.5 x 108 cm™ at 1o confidence level. The
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Figure 2. Observed line spectra (in 7 scale) towards IRS5 N (P3 position of Fig. 1). Upper panel: Entire spectrum between 232.8 and 234.7 GHz. Lower
panels: Spectra of CH3OH, '3CH30H, CH>DOH, HCOOCH3, and anti-CH3; CH,OH: transitions and upper level energies are reported in the upper left and right
corners of each panel, respectively. The vertical dashed line marks the ambient LSR velocity (4+7.5 km s~ 1).

results do not change if we assume a line FWHM of 3.0 or 4.0 km
s~! and they as the line optical depths are weakly model dependent
because of the '*CH;OH line detection.

Collisional rates are not available for the other molecules, so
we used the rotational diagram analysis to estimate their column
densities, assuming a source size of 0.15 arcsec as derived from the
methanol analysis. In the case of CH,DOH, we derive a rotational
temperature of 88 & 9 K and a column density of (64 £ 11) x 10'°
cm~2. However, as the non-LTE methanol line analysis shows that
even the 3CH30H line is optically thick, we expect the same for
the CH,DOH lines, so that the derived column density is a lower
limit. For HCOOCH3 and CH3CH,OH, the E,, range covered by
the detected lines is not large enough, so we assumed a rotational
temperature of 100 K, based on the methanol LVG analysis, to derive
the respective column densities. They are (33 & 2) x 10'° and
(149 4 13) x 10'> cm~2 for methyl formate and ethanol, respectively.
With these column densities, the predicted opacity is around 0.3-0.5
for the methyl formate lines and ~0.2 for the ethanol lines. Therefore,
both column densities (Table 2) are not affected by the line opacity.

6 DISCUSSION AND CONCLUSIONS

6.1 The hot corinos of L1551 IRS5

The derived gas temperature and the detection of iCOMs make L1551
IRS5 N a hot corino. The present data also suggest the presence of a
second hot corino in S, to be confirmed by higher spatial resolution
observations. This increases, and perhaps doubles, the number of
known Class I hot corinos as, before this work, only two were imaged,
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Table 2. List of detected iCOMs towards L1551 IRS5 N.

Species Nies E, T, NE
(K) (K) (em™2)
Non-LTE analysis
CH;0H 3 61-190 100(10) >1x 10"
3CH;0H 1 48
Rotational diagram analysis
CH,DOH 7 49-261 88(9) >5 % 10"
HCOOCH;3 8 114-242 1004 33(2) x 10164
CH3;CH,0H 6 78-120 1004 149(13)
X lolSd

Note. “Number of lines used in the analysis. ”Parameters derived adopting a
source size of 0.15 arcsec, as derived by the non-LTE analysis of the methanol
lines. Upper limits and error bars (in parenthesis) are at 1o confidence level.
“Total methanol column density. “To derive the column density, we assumed
Trot €qual to 100 K, as derived by the methanol non-LTE analysis.

SVS13-A (De Simone et al. 2017; Belloche et al. 2020) and Ser-emb
17 (Bergner et al. 2019a). Besides, our observations are the first to
provide the chemical richness of Class I protostars on a Solar system
scale. The derived emitting size for N of 0.15 arcsec, equivalent
to about 20 au, is consistent with the heating from the central 40
L source, and does not necessarily require an outburst activity.
However, note that the 0.15 arcsec sizes are derived assuming a filling
factor from a circular Gaussian source emission. If the emission is
more elongated in one direction, as would be the case in a rotating
envelope and/or disc, this could explain the slightly more extended
emission of Fig. 1.
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One result of this work is that the methanol lines towards L1551
IRS5 N are very optically thick. This implies that we can only
establish a lower limit to the true methanol column density. This
large methanol line opacity very likely is not a unique property of
L1551 IRSS and it is even more dramatic in Class O protostars,
with their larger material column densities with respect to Class
I sources. This was already clear from the observations of IRAS
16293—2422, where CH.®0OH was used to derive the methanol
column density (Jgrgensen et al. 2016). Even more dramatically,
recent VLA observations showed extremely optically thick methanol
lines towards NGC 1333 IRAS 4A1 and IRAS 4A2 (De Simone et al.
2020). Here, we show that even in Class [ hot corinos the estimation of
the column density of methanol assuming that the '*C isotopologue
lines are optically thin can be inaccurate. This fact could explain the
contradictory results found by Bianchi et al. (2019b) when comparing
the iCOM abundances normalized to methanol in different Class
0 and I protostars. A reliable measure requires the 0 methanol
isotopologue detection.

Finally, given the high line optical depths, we cannot estimate
the methanol deuteration, because both the derived methanol and
deuterated methanol column densities are lower limits, >1 x 10'? and
>5 x 10" cm™2, respectively. Taking these at face value, methanol
deuteration would be of 5 per cent. Again, to obtain areliable measure
requires the detection of '*CH,DOH.

6.2 Methyl formate and ethanol in Class 0 and I sources

The methyl formate and ethanol abundances relative to methanol are
<0.03 and <0.015, respectively (Table 2). The methyl formate nor-
malized abundance is compatible with that measured, at comparable
spatial scales, towards the Class O hot corinos IRAS 16293—-2122B
(0.03; Jgrgensen et al. 2018), HH212 (0.03; Lee et al. 2019), and
IRAS 4A and IRAS 2A (0.005 and 0.016; Taquet et al. 2015; Lopez-
Sepulcre et al. 2017). The ethanol normalized abundance in L1551
IRS5 N is also similar to the normalized abundances measured
in the Class 0 hot corinos mentioned above, namely 0.006-0.02.
Finally, both methyl formate and ethanol normalized abundances
are similar to those measured in the Class I hot corino of SVS13-
A, 0.016 and 0.014, respectively (Bianchi et al. 2019b). A more
reliable comparison can be obtained by considering the abundance
ratio between methyl formate and ethanol, which are both optically
thin. In L1551 IRSS N, this value is ~2, a factor of 2 larger than
that measured in the Class 0 IRAS 16293—-2122B (Jgrgensen et al.
2018) and Class I SVS13-A (Bianchi et al. 2019b). Considering all
the uncertainties, the Class I L1551 IRSS, similarly to SVS13-A,
does not look dramatically different from Class 0 hot corinos with
respect to the iCOM relative abundances.
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