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ABSTRACT

Context. Nitrogen is one of the most abundant elements in the Universe and its '*N/!'*N isotopic ratio has the potential to provide
information about the initial environment in which our Sun formed. Recent findings suggest that the Solar System may have formed in
a massive cluster since the presence of short-lived radioisotopes in meteorites can only be explained by the influence of a supernova.
Aims. To determine the '*N/'3 N ratio towards a sample of cold, massive dense cores at the initial stages in their evolution.

Methods. We have observed the J=1—0 transitions of HCN, H'*CN, HC'>N, HN'3C and HNC toward a sample of 22 cores in
4 Infrared-Dark Clouds (IRDCs). IRDCs are believed to be the precursors of high-mass stars and star clusters. Assuming LTE and
a temperature of 15K, the column densities of HCN, H'*CN, HC'>N, HN'3C and H'>NC are calculated and their '*N/" N ratio is
determined for each core.

Results. The '“N/'3 N ratio measured in our sample of IRDC cores range between ~70 and >763 in HCN and between ~161 and ~541
in HNC. They are consistent with the terrestrial atmosphere (TA) and protosolar nebula (PSN) values, and with the ratios measured
in low-mass pre-stellar cores. However, the 14N/ N ratios measured in cores C1, C3, F1, F2 and G2 do not agree with the results
from similar studies toward the same massive cores using nitrogen bearing molecules with nitrile functional group (-CN) and nitrogen
hydrides (-NH) although the ratio spread covers a similar range.

Conclusions. Amongst the 4 IRDCs we measured relatively low '“N/"°N ratios towards IRDC G which are comparable to those
measured in small cosmomaterials and protoplanetary disks. The low average gas density of this cloud suggests that the gas density,
rather than the gas temperature, may be the dominant parameter influencing the initial nitrogen isotopic composition in young PSN.
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1. Introduction

For decades, our Solar System was believed to have resided in a
relatively isolated, low-mass molecular cloud core during its for-
mation. However the detection of short-lived radioactive species
in meteorites have suggested a different scenario in which the
birthplace of the Sun may have been a massive cluster affected
by a supernova event (Adams 2010; [Dukes & Krumholz [2012;
Pfalzner|2013; Nicholson & Parken|2017). If so, the initial chem-
ical composition of our Solar System, and thus of planets, mete-
orites and comets, may have been affected by the same physical
process.

Measurements of the abundance isotopic ratios of the ele-
ments can be used to unveil the initial chemical composition
of the proto-solar nebulae (PSN) from which the Solar Sys-
tem formed. The isotopic ratios of carbon (>C/'3C) and oxygen
('0/'80) show a remarkable agreement among cometary ma-
terials, the local interstellar medium (ISM) and the Solar value
(Manfroid et al/2009; Milam et al.2005;Wilson & Rood|1994).
Nitrogen, by contrast, has a peculiar behaviour since its “N/">N
isotopic ratio exhibits discrepancies across various environments
within the Solar System. The '*N/'>N ratio measured in Jupiter’s
atmosphere (450+100, Fouchet et al.2004) is considered as the
most representative value of the PSN and it matches the present

day solar wind value (4416, [Marty et al! 2010). However,
the ratios measured in the terrestrial atmosphere (TA) (~272
in Earth, Junk & Sved [1958; 272+54 in Venus, [Hoffman et al.
1979; 173+11 in Mars, [Wong et al! 2013), comets (147.8+5.7,
Manfroid et al/[2009, 139+26 from HCN and 165+40 from CN,
Bockelée-Morvan et al. [2008), Interplanetary Dust Particles (or
IDPs; values of 180-305;|Floss et al/[2006) and meteorites (192-
291, |Alexander et al| 2007), are lower than that measured in
Jupiter’s atmosphere.

In molecular clouds, the discrepancies in the '*N/N iso-
topic ratios spread over a larger range. In contrast to many
molecular species (e.g. CO), N-bearing molecules do not suf-
fer significant freeze-out onto grains in the coldest, dens-
est regions of IRDCs, and are therefore reliable tracers of
the gas chemistry and kinematics in cores. The nitrogen
fractionation mechanisms are either due to chemical frac-
tionation (Terzieva & Herbst 2000; Rodgers & Charnley [2008;
Wirstrom et al/ 2012; [Hily-Blant et al! [2013) or selective pho-
todissociation effect (Lyonsetal! 2009; Heays etal! 2014).
IRDCs are dense and highly extinguished (with visual extinc-
tions >10mag; [Kainulainen & Tan [2013), and therefore selec-
tive photodissociation is not expected to play an important role
since this process becomes inefficient at A, > 3 mag (Heays et al.
2014). As for chemical fractionation, these tracers can be cat-
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egorized into: 1) Hydride-bearing molecules with an amine (-
NH) functional group believed to have originated from reac-
tions with Nj; and 2) Nitrile-bearing molecules with a nitrile
(-CN) functional group that form via reactions with atomic N
(Rodgers & Charnley [2008; Hily-Blant et al/ 2013). Numerous
measurements of the *N/!°N ratio exist towards low-mass pre-
stellar cores (334+50, 1000+200 and 230+90 from NH;3;, NoH*
and HCN, respectively; ILis et al. [2010; IBizzocchi et al. [2013;
Hily-Blant et all2013) and protostars (~160-290 from HCN and
HNC; Wampfler et al! 2014), but observations of this ratio to-
wards their massive counterparts are lacking.

A re-investigation of the fractionation processes of nitrogen
in the ISM by [Roueft et al! (2015) showed that nitrogen chem-
istry depends on the temperature and density of the primordial
gas in the parental cloud. Since the Sun may have formed in a
massive cluster, and since low-mass and high-mass star-forming
regions present gas temperatures and densities that differ re-
spectively by ~5-10K and by factors of 10 (Pillai et all 2006}
Crapsi et all 2007; [Henshaw et al. [2013), measurements of the
“N/N ratio in high-mass star-forming regions could provide
insight into the initial bulk composition of the PSN.

Recently, |/Adande & Ziurys (2012) and [Fontani et all (2015)
have measured the '*N/"PN ratio towards a sample of high-mass
star-forming regions. While in the|/Adande & Ziurys (2012) sam-
ple the *N/>N ratios measured from CN and HNC lie between
~120-400, in [Fontani et al/ (2015)’s work these measurements
range from ~180 to ~1300 in N,H* and ~190 to ~450 in CN.
In both studies, the 14N/ I5N ratios obtained from CN are compa-
rable and fall between the TA and PSN values. However, only a
few of these objects were pre-stellar in nature and larger samples
of high-mass starless/pre-stellar cores are needed to measure the
N/>N isotopic ratio in regions with physical conditions resem-
bling those of the early stages of the Solar System formation.

We present measurements of the '“N/°N isotopic ratio in
HCN and HNC obtained toward a sample of 22 high-mass cold
cores embedded in 4 IRDCs. These cores are believed to repre-
sent the nurseries of high-mass stars and star clusters and have
physical properties (densities 10*-10°cm™ and temperatures
<20 K;Pillai et al!l2006; Butler & Tan|2012) similar to those ex-
pected for the initial conditions of the Solar System. In Section
2, we describe the observations and data analysis. The results are
presented in Section 3.1 whilst the uncertainties involved in our
calculations are discussed in Section 3.2. In Sections 4.1, 4.2
and 4.3 we investigate the correlation of IRDC cores with star
formation activity and compare our results with previous mea-
surements of the "*N/!'>N isotopic ratio in Solar System objects,
low-mass and high-mass star-forming regions. In Sections 4.4
and 4.5, we discuss the effects of '*C depletion on the chemistry
of nitrogen fractionation and the systematic trend observed in
young and quiescent IRDCs with respect to more evolved, star-
forming IRDCs. Our conclusions are presented in Section 5.

2. Observations

Observations of the J=1—0 rotational transition of HCN,
HI3CN, HCIN, HNBC and HNC were obtained with the
IRAM-30m telescopd] towards 22 massive cores embedded in
IRDCs G028.37+00.07, G034.43+00.24, G034.77-00.55 and
G035.39-00.33 (hereafter Clouds C, F, G and H respectively, as
in Butler & Tan 2012). The frequencies of the transitions and

! Based on observations carried out under projects number 134-12
and 027-13 with the IRAM 30m Telescope. IRAM is supported by
INSU/CNRS (France), MPG (Germany) and IGN (Spain).
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Table 1. Observed HCN and HNC isotopologue transitions. Molec-
ular data extracted from the JPL and CDMS molecular catalogues
(Pickett et al/[1998; Miiller et al/[2005).

Molecules Transition Frequency [GHz] Ay, [s7'] E,[K] g,
HBCN J=1-0,F=1-1 86.33877 24x107°  4.14 3
H3CN J=1-0,F=2->1 86.34018 24x107° 414 5
HBCN  J=1-0,F=0-1 86.34227 24x107° 414 1
HCPN J=1-0 86.05496 24107 4.13 3
HNBC J=1-0 87.09085 1.9x1075  4.18 3
HNC J=1-0 88.86571 2.0x107° 426 3

HCN J=1-0,F=1->1 88.63041 8.1x107¢ 425 3
HCN J=1-0,F=2->1 88.63160 8.1x107¢ 425 5
HCN J=1-0,F=0-1 88.63393 8.1x10™%  4.25 1
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Fig. 1. From left to right, top to bottom panels: Emission lines of H'SNC, HN'3C, HC'"N,
and hyperfine transitions of H'3CN observed with IRAM-30m toward IRDCs C, F, G and
H. Red lines indicate the best Gaussian fit to the lines. Note that the hyperfine components
of H'*CN were initially fitted but given the bad results of the fit, in a second step only the
main F=2—1 component of H'3CN was fitted using a single-Gaussian component profile
(see red line in bottom panels and Section 3.1 for details). See also Figures A.1, A.2, A.3
and A.4 in Appendix for all spectra taken.

the molecular data are included in Table [I] whereas the prop-
erties of each IRDC are listed in Table [2l The EMIR receivers
were tuned at 87 GHz and the FTS spectrometer provided a
spectral resolution of 200 kHz (or ~0.68 kms™!). We note that
the HNC(J=1—0) transition was not covered within our fre-
quency range. Typical system temperatures ranged from 106 K
to 199 K. The half-power beam width (HPBW) of the telescope
was 28” at 87 GHz. The spectra were measured in units of an-
tenna temperature, T, and converted into main beam tempera-
ture, Ty, by using a beam efficiency of 0.81. Data reduction was
carried out using the GILDAS/CLASS software packagel. The
spectra of HCN (J=1-0), H3CN(J=1-0), HCPN(J=1-0),
HN'3C(J=1-0) and HNC(J=1—0) were obtained towards all
cores reported by [Butler & Tan (2012) within Clouds F, G and
H. For Cloud C, however, all cores were observed except C7
that laid outside our map. C7 will thus not be considered in our
analysis.

3. Results

3.1. "N/ N ratios derived from the '*C isotopologues of
HCN and HNC

In Fig.1, we show a sample of spectra of H'*CN, HC'>N, HN'3C
and HNC obtained towards one massive core in each IRDC

2 See http://www.iram.fr/IRAMFR/GILDAS!
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Table 2. Properties of IRDCs: galactic coordinates 1 and b, average peak radial velocity V,sg, mass surface density X(sat), mass M in Solar mass

(Butler & Tan2012) and Galactocentric distance Ry.

IRDCs 1[°] b[°]  Visg [kms™T]  X(sat) [gem™?] M Mol Ry [kpe] 2¢/Be
C(G02837+00.07) 28373  0.076 78.6 0.520 45000 4.65 40.2
F(G034.43+00.24) 34437  0.245 57.1 0.370 4460 5.74 46.8
G(G034.77-00.55)  34.771  -0.557 43.5 0.347 2010 6.24 49.8
H(G035.39-00.33) 35395 -0.336 44.7 0.416 13340 6.27 50.0

(the rest of spectra are shown in the Appendix in Figures A.1,
A.2, A.3 and A.4). We assume that the emission from these iso-
topologues is optically thin and consider LTE conditions when
calculating their column densities. For the excitation temperature
Tex of the molecular gas in these clouds, we assume a lower limit
of 10K and an upper limit of 20K based on NH3 measurements
obtained toward other IRDCs (Pillai et al! 2006). Because the
hyperfine structure of HN'3C cannot be resolved, we considered
only one velocity component for this species, in the same way as
for HC'>N and H'>NC. These lines were therefore fitted by using
a single-component Gaussian profile. For H'3CN, the hyperfine
structure of the J=1—0 transition could be resolved in the spec-
tra and the HFS line fitting method implemented in CLASS was
initially used to obtain the optical depth of the H'*CN emission.
We note however that the HFS fits presented large uncertain-
ties (see the optical depth values in Table A.5) and therefore, in
a second step, we fitted the main F=2—1 component of H"*CN
with a single-Gaussian component profile, calculated the column
densities of H'*CN assuming optically thin emission, and cor-
rected them by the statistical weight of the F=2—1 transition.
The measured integrated intensities, radial velocities, linewidths
and peak intensities of the lines are listed in Appendix Tables
A.1, A2, A3, and A.4. We consider that a line is detected when
its peak intensity is >30-, with o the rms noise level measured
in the spectra (see column 2 in Tables A.1, A.2, A.3 and A.4).
For the cores with no molecular detections, we used the 30~ noise
level as upper limits to their peak intensities. Note that if we take
into account the optical depths derived from the HFS method (of
~0.1-5.8), the resulting H"*CN column densities and hence the
14N/">N ratio are increased by factors of 3—6. Nevertheless, they
are consistent with the previously determined results within the
uncertainties.

The corresponding 'N/!°N ratios were computed from the
molecular column densities of the '*N and "N HCN and HNC
isotopologues after correcting by the '>C/!3C ratio for each
IRDC. This ratio is calculated by using the Galactic >C/'3C
gradient as a function of Galactocentric distance derived by
Milam et al! (2005) from CN measurements. The '2C/'3C ratios
for IRDCs C, F, G and H are, respectively, 40.2, 46.8, 49.8 and
50.0 (see Table 2). The molecular column densities together with
the derived “N/5N ratios at Tex=15 K are listed in Table 3.

In our measurements, the uncertainties in the 14N/15N ra-
tios were derived by propagating errors and by using the 1o
uncertainties in the line integrated intensities calculated as rms
X VAv X dv, with Av the average linewidth of the line for all cores
with emission and with dv the velocity resolution of the spectrum
(~0.68 km s™!). The derived uncertainties for the '*N/°N ratios
are approximately ~35%. This may due to the weak detection of
molecules in some of the cores. For the cores with no detections,
the '*N/!SN ratios have been estimated using the 30~ upper limits
to the integrated intensities of HNC and HC'*N (see column 3
in Tables A.1, A.2, A.3 and A.4), and they should be considered
as lower limits.

From Table 3] we find that the "*N/">N ratios obtained to-
wards Clouds C, F, G and H vary over a large range of val-

Table 3. Column densities and nitrogen ratios obtained from the '3C
isotopologues of HCN and HNC

HPCN HCON HNC HNC HCN HNC
Core Ni(Tx=15K)  Nigi(Tex=15K)  Nit(Tex=15K)  Nigu(Tex=15K)  *N/PN TIN/PN
[x10"2em™2] [x10''cm2) [x10"em™2] [x10"em™2]  (Tex=15K)  (Tex=15K)
Cloud C
Cl 1.94 <1.37 319 3.07 >57165 41875
2 3.03 4.09 425 3.57 298+52 478+63
c3 0.89 <21 0.98 <245 >170x64  >161x14
c4 2.02 4.20 3.42 5.07 193+30 271+31
cs 2.34 2.80 3.02 3.54 337+89 342440
c6 1.92 2.26 2.44 2.34 343483 42082
c7 - - - - - -
cs 1.23 <1.33 1.94 2.41 >371+60 325473
9 2.74 9.01 3.94 7.59 122420 209+31
Cloud F
F1 1.82 <112 2.05 3.99 >763+82 240+26
F2 1.15 <1.25 2.05 2.53 >431+63 378+77
F3 111 1.51 2.25 1.95 346+80 54179
F4 1.83 3.03 2.78 3.47 282460 37457
Cloud G
Gl 0.35 2.47 0.92 <1.94 7028 >237+21
G2 <031 <1.54 1.71 4.14 - 206+31
G3 0.63 <1.72 1.74 3.65 >181+54 237+36
Cloud H
HI 0.98 <1.39 1.91 4.09 >353+51 234220
H2 0.97 <1.32 1.90 3.11 >366+132  306+40
H3 1.84 2.00 2.19 224 45898 48868
H4 0.86 3.03 1.86 2.86 142434 326+44
H5 1.13 1.44 1.96 2.96 395+97 331£36
H6 0.94 2.18 2.71 4.56 216+77 297+62

ues. In particular, for IRDCs C, F and H, the nitrogen ratios
in HCN range between 122->571, 282->763, 142-458, respec-
tively, while in HNC they range between >161-478 for Cloud C,
240-541 for Cloud F, and 234-488 for Cloud H. On the other
hand, the 14N/ 5N ratios measured toward the cores in Cloud G
are systematically lower ranging between 70—>181 in HCN and
206—>237 in HNC. We have tested the effects of T,, on our re-
sults, and have found that if we use Tex=10K or Tex=20K in-
stead of Tex=15K, the derived '“N/!°N isotopic ratios for both
HCN and HNC do not vary significantly, lying within the ~30%
uncertainties. Higher T, (e.g. 50 K and 100 K) also confirm this
behaviour, with the "“N/!*N ratios changing within a factor of
1.2. Nevertheless, Roueff et al. (2015) have recently pointed out
that species such as HN'3C and H'*CN may suffer significant
depletion in molecular clouds, challenging the interpretation of
4N/N isotopic ratios derived from '*C containing isotopo-
logues. In Section 3.2, we explore this possibility by directly
measuring the "“N/N ratios using HCN and its >N isotopo-
logue toward the IRDCs cores in our sample with optically thin
HCN emission.

3.2. “N/I5N ratios derived from HCN and its "N
isotopologue

In this section, we test whether the 14N/ I5N ratios derived in Sec-
tion 3.1 are significantly affected by '3C depletion as proposed
by the modeling of [Roueff et all (2015). We have thus carried out
direct measurements of the '*N/'SN ratios by using the J=1—0
rotational transitions of HCN and HC!’N, which were observed
simultaneously within our frequency setup. HCN (J=1-0) is
optically thick in IRDC star-forming cores such as the cores
in Clouds C and F, or core H1 in Cloud H. Therefore for this
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Table 4. Column densities and nitrogen ratios obtained in HCN and its
12C isotopologue

HCN HCPN HCN
Core  Ni((Tex=15K)  Niot(Tex=15K) TIN/BN
[x103cm=2] [x10"em™]  (Tex=15K)
Cloud G
GI 1.06 2.47 43%9
G3 1.15 <1.72 >67+3
Cloud H
H2 372 <1.32 >282+5
H3 5.26 2.00 263+49
H4 3.65 3.03 12124
H5 3.71 1.44 259+57

test we only use the IRDC cores within our sample that show
optically-thin or moderately optically-thick emission (i.e. with
7<1-2). These cores are G1 and G3 in Cloud G, and H2, H3,
H4, and HS in Cloud H. The rms noise level, integrated inten-
sity, central radial velocity, linewidth, peak intensity and derived
optical depth of the HCN (J=1—0) lines, are shown in Table A.5
in the Appendix.

Following the same analysis procedures as for H*CN in Sec-
tion 3.1, the *N/N ratios were calculated from the column
densities of HCN and HC'>N assuming optically thin emission,
T,,=15K, and LTE conditions (see Table 4). For the HC'’N
non-detections, the upper limits to the column density of this
molecule were estimated from the 30~ rms noise level in the
HC'SN spectra. The derived '“N/!*N ratios range from >67 to
>282. If we compare these values with those from column 6 in
Table 3] we find that the "*N/N ratios inferred from HCN are
systematically lower (by factors 1.2-2.7) with respect to those
obtained from H'*CN. This is in contrast with the results from
Roueff et al] (2019) since, from their models, the '2C/3C iso-
topic ratio measured from HCN should be a factor of ~2 higher
than that derived from CN (i.e. at time-scales >1 Myr for the
typical densities of IRDC cores of ~103cm™; see Figure 4 in
their paper). We note that this also holds if the '“N/"°N ra-
tios of the moderately-optically thick cores are corrected by
their HCN optical depths (with 7(HCN)=0.71-1.84, which cor-
responds to correction factors of ~1.4-2.2). Except for core H5,
the corrected values of the 14N/ I5N ratios for cores H2, H3 and
H4 are, respectively, >503, 445 and 168, which are consistent
with those inferred from H'3CN and lie within the uncertainties.
Although our sub-sample of optically-thin/moderately-optically
thick IRDC cores is small, this test suggests that the “N/""N
ratios obtained using the '*C containing isotopologues are not
strongly affected by '3C depletion as proposed by the models
of IRoueff et al/ (2015). In Section 4.5, we discuss the possible
reasons for this.

4. Discussion
4.1. Correlation with star formation activity

The chemistry of HCN and HNC is known to be temperature
dependent (Pineau des Forets et al! [1990) and any star forma-
tion activity in the core could locally heat the molecular gas
enhancing the abundance of HCN (and its isotopologues) over
HNC. Therefore, it is important to investigate whether the mea-
sured '“N/N isotopic ratios in HCN and HNC show any corre-
lation with the level of star formation activity in the observed
IRDC cores. For this purpose, we adopted the classification
of the embedded cores in IRDCs C, F, G and H proposed by
Chambers et all (2009) and [Rathborne et al/ (2010). Each of the
cores is classified as quiescent, intermediate or active based upon
their colour in Spitzer/IRAC 3-8 um images as well as the pres-
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Fig. 2. Column densities of HCN (top panel) and HNC (bottom panel) '>N isotopologues
plotted against those of the '*N species for all the cores in the sample. The cores are classi-
fied as active (red), intermediate (green), and quiescent (blue). Black indicate cores with no
known classification. Different symbols are used to denote different clouds: IRDC C (circle),
IRDC F(star), IRDC G (square) and IRDC H (triangle). The straight lines indicate the lowest
and highest value of the corresponding '*N/'*N ratio for each molecule.

ence or absence of 24 um point source emission. The summary
of each core’s classification is listed in Table[3

In Fig.2, we report the column densities of the N isotopo-
logues against those of the '“N species in relation to their star-
formation classification. This Figure shows that there is no cor-
relation between the column densities of the HCN or HNC iso-
topologues with the level of star formation activity in the IRDC
cores. Such conclusion is also confirmed by plotting the column
densities of HC'’N against that of HNC. In other words, the
measurements of *N/N ratio towards IRDCs C, F, G and H
from the J=1—0 transitions of HCN and HNC indeed probe the
chemical composition of the envelope of these IRDCs cores. As
such, it is in general not affected by local star formation feed-
back, although the highest '>N/!*N ratio is found towards one of
the active cores. Therefore, we cannot rule out that higher-J tran-
sitions and higher-angular resolution observations give "N/'“N
ratios that are correlated with star formation activity.

4.2. Comparison with Solar System objects and low-mass
star-forming regions

To understand whether IRDC cores have a nitrogen chemical
composition consistent with that of the Solar System’s birth-
place, it is essential to compare the results obtained toward
our sample of IRDC cores with those measured in Solar Sys-
tem objects (see Fig 3). For completeness, Fig. 3 also reports
the "“N/!N ratios obtained towards low-mass pre-stellar/starless
and star-forming cores. Overall, the '*N/'>N ratios from Clouds
C, F and H show values similar to those observed in the Sun,
planets and pre-stellar/star-forming regions, and consistent with
the TA and the PSN values. On the other hand, the "*N/!3N ratios
measured towards Cloud G lie mostly at the level of the TA value
and are significantly lower than the PSN value in Fig 3. The re-
sults in Cloud G are also in agreement with the measurements
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Table 5. Summary of IRDC cores classification

IRAC 3-8um  24um emission Core category Cores in IRDCs C, F, G and H
8.0pum Yes/No Red -
Green Fuzzy Yes Active C2, C3, C6, C9, H2, H5, H6
Green Fuzzy No Intermediate C4, F1
None Yes - -
None No Quiescent Cl1, C5, C8, F2, F3, G2, H1, H3, H4
3.6um emission Yes/No Blue -

Note: Cores F4, G1 and G3 have not yet been classified (Rathborne et al. 2010; Chambers et al. 2009).

obtained in Comets, IDPs, Meteorites and especially with proto-
planetary disks (80-160) as recently measured by |(Guzmén et al.
(2017). Furthermore, they marginally agree with the lower end
of the ratios derived in starless/pre-stellar and star-forming cores.
We also caution that half of the *N/">N ratios in Cloud G are
lower limits (HC'®N has not been detected in cores G2 and G3;
and HPNC has not been detected in core G1; see Tables A.2 and
A.4), and therefore we may be lacking enough statistics to draw
a firm conclusion.

4.3. Comparison with high-mass star-forming regions

The comparison with the measurements from |Adande & Ziurys
(2012) and|Fontani et al. (2015) towards high-mass star-forming
regions, shows that our measurements are consistent with their
results as a whole. Especially, the '*N/'°N ratios from HNC
in IRDCs almost lie in the same range as those measured by
Adande & Ziurys (2012) in CN and HNC and by [Fontani et al
(2015) in CN. The N/ N ratios from HCN are also compati-
ble with the results measured by [Fontani et al. (2013) in NoH*
emission. Since [Fontani et al| (2015) also measured the '“N/°N
ratio towards cores C1, F1, F2 and G2 included in our sample, we
have compared the results between each individual core and they
show some discrepancies as a result. Indeed, the '*N/!N ratios
obtained by [Fontani et al! (2015) in NPNH* and "'NNH* (CN
was not detected towards these cores) are, respectively, ~1445
and ~1217 for C1, ~672 and ~566 for F1 and ~872 and ~856
for G2, i.e. overall significantly higher than those measured in
this work. In contrast, F2 shows a lower value of ~232 and
>195 in SNNH* and N'">NH* respectively. We note that these
large discrepancies have also been found in low-mass pre-stellar
cores and could be associated with the different chemistries in-
volved in the formation of NyH* and HNC/HCN (Wirstrom et al
2012; Hily-Blant et al) [2013; [Bizzocchi et all [2013). More re-
cently, cores C1, C3, F1, F2 and G2 have been studied indepen-
dently by Colzi et al. (2017, submitted) using isotopologues of
HCN and HNC. A similar range for the '*N/"°N ratios has been
found in HCN (>150-748) whilst results in HNC lie in a slightly
higher range (263-813). In both samples, core G2 shows one of
the smallest ratios in HCN and HNC.

4.4. 3C depletion and its effects on nitrogen fractionation

In Section 3.2, we evaluated whether the depletion of '3C for
species such as HCN and HNC (as predicted by the models of
Roueff et all2013) could affect our derived values of the '“N/!I°N
ratios. Our test revealed that the "“N/'°N values inferred from
HCN are either consistent, or lower, than those measured from
the 13C isotopologue, in contrast to the modelling predictions.
This could be due to two reasons: i) the time-scales (age) of
IRDC cores, and ii) the kinetic temperature of the gas within
them.

Regarding the time-scales, Kong et al. (2017) have modelled
the chemistry of deuterated species such as N,D* in IRDC cores
to provide constraints to the dynamical age of these cores. Their
modelling shows that the enhanced D/H ratio in these objects
can be reproduced for time-scales of ~10° yrs (note that these
authors model the N,D* emission arising from the C1 core in
Cloud C). On the other hand, Roueff et al| (2015) predict sim-
ilar '>C/13C ratios associated with CN and with HCN/HNC at
these time-scales (of ~10° yrs) for the typical H, gas densities of
IRDC cores (of ~10°,cm~3; see Butler & Tan [2012). The large
differences in '>C/'3C ratios associated with HCN/HNC, such as
those discussed in Section 3.2, would therefore not be expected.

Nevertheless, the definition of a "core" formation timescale
is somewhat ambiguous, for example Barnes et al! (2016) found
that the D/H fraction within Cloud F would have taken several
10%yr to form. In light of this, a more self-consistent comparison
between timescales inferred by chemical models is required.

Concerning the gas temperature of IRDC cores, measure-
ments of the emission of NH3 toward these cores give kinetic
temperatures of the gas of 15-20K (Pillai et al. [2006), which
are higher than those assumed in the models of [Roueff et al.
(2015, of 10K). Since carbon depletion is strongly dependent
on gas/dust temperature, it is unclear whether these results can
be compared directly to IRDC cores (note that no models are
provided for temperatures higher than 10 K). Therefore, addi-
tional modeling is needed to test the effects of '3C depletion in
the chemistry of nitrogen fractionation at slightly higher temper-
atures similar to those found in IRDCs.

4.5. Systematic trend of '* N/ N ratio between IRDCs

Table 3 and Figure 3 show that the '*N/'SN ratios observed in
Cloud G are systematically lower than those measured in Clouds
C, F and H. This may be due to the properties of Cloud G it-
self. As discussed in Section 4.1, cores G1, G2 and G3 do not
show any trace of star-formation activity, whilst the other three
IRDCs show several cores that are actively forming stars (see
e.g. cores C2 or H2). In addition, Cloud G is the least massive,
the most diffuse (it has the weakest emission in high-density
tracers; Cosentino et al., in prep.), and it has the lowest peak
H, mass surface density amongst the four targeted IRDCs (see
Table 2 and |Butler & Tan/2012). Given that the kinetic tempera-
ture of the gas is similar across IRDCs (~15-20 K), we propose
that density could be one of the important parameters that is re-
sponsible for the discrepancies found between Cloud G and the
other IRDCs, although the models do not agree with this sce-
nario. Therefore, we speculate that the PSN may have formed in
an IRDC with properties similar to those of cloud G. However,
we note that the properties of this sample of IRDC cores need to
be further investigated along with relevant chemical models in
order to confirm the proposed idea.
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Fig. 3. Nitrogen isotope ratio variations measured in different sources starting from
small Solar System bodies (in red; Busemann et al}{2006; [Floss et al![2006;|Alexander et al
2007; Bockelée-Morvan et all [2008; Manfroid et all 2009; IMumma & Charnley 2011
Guzmdn etall 2017) to planets (in black; Junk & Sved [195§; [Hoffman etall [1979;
Fouchet et al![2004; Niemann et alll2003;Marty et alll2010;Wong et al}i2013;Fletcher et al)
2014), low-mass pre-stellar cores (in yellow; |Gerin et all 2009; |Bizzocchi et all 2010;
Lis et all [2010; [Bizzocchi et all 2013; [Hily-Blant et all 2013), low-mass star-forming
cores (in light grey; IWampfler et al! |2014) and high-mass star-forming cores (in blue;
Adande & Ziuryd2012;|Fontani et all2015). Our measurements in IRDCs are shown on the
right. On the upper right corner, we show a representative error bar for our measurements
of the N/">N ratio. Black arrows indicate the lower limits in our measurements. Note that
the '“N/!>N ratio measured in HCN from core G2 is shown as zero with no lower limit in-
dication due to both of the column densities of H'*CN and HC'>N are only given as upper
limits.

5. Conclusions

We have measured the nitrogen isotopic ratio '*N/"N toward a
sample of cold IRDC cores. This ratio ranges between ~70 and
>763 in HCN and between ~161 and ~541 in HNC. In particu-
lar, Cloud G systematically shows lower nitrogen isotopic ratios
than the other three clouds, with values being consistent with
the ratio measured toward small Solar System bodies such as
Comets, IDPs, Meteorites and also proto-planetary disks. Since
Cloud G shows lower overall gas densities, and since it likely
is at an earliest stage of evolution, we propose that gas density
is the key parameter in nitrogen fractionation in IRDCs. Higher
angular resolution observations, as well as chemical modeling
of the nitrogen fractionation of HCN and HNC at temperatures
similar to those found in IRDCs, are needed to establish the ori-
gin of the discrepancies in the measured '“N/>N ratios found
in Cloud G with respect to Clouds C, F and H. The comparison
between the modeling predictions and our IRDC measurements
may allow to constrain the main chemical reactions involved in
the fractionation process of Nitrogen in the proto-solar nebula.
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Fig. A.1. Spectra of HC'SN, HN'*C H’NC and H'3*CN observed with IRAM-30m toward IRDC C. The red line indicates the best Gaussian fit.
Note that the hyperfine components of H'*CN were initially fitted but given the bad results of the fit, in a second step only the main F=2—1
component of H*CN was fitted using a single-Gaussian component profile (see red line in bottom panels and Section 3.1 for details).
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Fig. A.2. Spectra of HC'SN, HN'*C H'>NC and H'*CN observed with IRAM-30m toward IRDC F. The red line indicates the best Gaussian fit.
Note that the hyperfine components of H'*CN were initially fitted but given the bad results of the fit, in a second step only the main F=2—1
component of H*CN was fitted using a single-Gaussian component profile (see red line in bottom panels and Section 3.1 for details).
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Table A.1. The root mean square noise in the spectra rms, integrated intensities f Tmpdv, radial velocity v, line widths Av and peak temperature
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Tpeak of HCYN(1-0) in cores within Clouds C, F, G and H.

Core  RMS[102K] [TmAv[Kkms']  wvikms™']  Av[kms!]  Tpea [K]
Cloud C
CI* 18 <0.07 - - <0.05
2 1.8 0.2+0.05 79.36+0.62  5.02+1.07 0.04
C3* 2.7 <0.10 - - <0.08
c4 1.6 0.21+0.05 80.31+0.59  5.12+1.71 0.04
c5 1.9 0.14+0.05 77.89+0.89  4.90+2.16 0.03
c6 1.8 0.11+0.04 79.19+0.50  2.81+1.01 0.04
c7 - - - - -
C8* 1.7 <0.06 - - <0.05
9 33 0.44+0.07 78.30£0.17  2.26+0.37 0.18
Cloud F
FI* 13 <0.05 - - <0.04
F2* 1.6 <0.06 - - <0.05
F3 15 0.07+0.02 57.9+0.22 1.49+0.49 0.05
F4 1.8 0.15+0.04 57.74+0.54  3.93%1.05 0.04
Cloud G
GI 2.1 0.12+0.04 42.85+0.35  2.20+0.67 0.05
G2* 2.0 <0.08 - - <0.06
G3* 22 <0.08 - - <0.07
Cloud H
HI* 18 <0.07 - - <0.05
H2* 1.7 <0.06 - - <0.05
H3 1.5 0.10+0.03 4497+£0.33  2.28+0.86 0.04
H4 1.8 0.15+0.04 4537£0.56  3.99+1.17 0.03
H5 1.8 0.07+0.02 4574+0.19  1.13+0.48 0.06
H6 33 0.11+0.05 46.03+0.43  1.68+0.63 0.06

Table A.2. The root mean square noise in the spectra rms, integrated intensities f Tmpdv, radial velocity v, line widths Av and peak temperature

(a) * indicates 30~ upper-limit values for T peqx.
(b) The integrated intensity upper limits are calculated as 30-x Vdv X Av, with dv the spectral
resolution (0.68 km s~!) and Av the average linewidth measured considering all cores.

Tpeak of HN'*C(1-0) in cores within Clouds C, F, G and H.
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Core  RMS[102K] [TmpAv[Kkms']  v[kms7!]  Av[kms™']  Tpea [K]
Cloud C
Cl 1.8 1.22+0.03 80.12+0.04  2.84+0.09 0.41
c2 1.7 1.62+0.04 79.32+0.04  3.32+0.08 0.46
C3 23 0.37+0.05 81.09+0.11  1.93+0.34 0.18
Cc4 1.6 1.30+0.03 80.26+0.03  2.35+0.07 0.52
C5 1.6 1.15+0.04 79.31+0.04  2.57+0.10 0.42
c6 1.7 0.93+0.03 79.47+0.04  2.15+0.09 0.41
C7 - - - - -
C8 1.7 0.74+0.04 78.94+0.06  2.44+0.14 0.29
C9 3.2 1.50+0.07 78.59+0.07  3.1620.17 0.45
Cloud F
FI 15 0.78+0.03 57.61£0.07  3.39x0.15 0.22
F2 1.6 0.78+0.03 58.09+0.04  2.22+0.10 0.33
F3 15 0.86+0.03 58.25+0.04  2.12+0.09 0.38
F4 1.7 1.06+0.03 58.85+0.04  2.35+0.08 0.42
Cloud G
Gl 1.9 0.35+0.04 4328+0.15 247034 0.13
G2 2.1 0.65+0.04 42.15+0.08  2.67+0.19 0.23
G3 22 0.66+0.03 41.68+0.05  1.79+0.11 0.35
Cloud H
HI 1.7 0.73+0.03 4513x0.02  1.43+0.06 0.48
H2 1.6 0.73+0.04 45.57+0.03  1.50+0.09 0.46
H3 1.6 0.84+0.05 45.48+0.06  2.00+0.16 0.39
H4 1.6 0.71+0.03 45.58+0.03  1.53+0.07 0.44
H5 1.7 0.75+0.03 45.64+0.03  1.46+0.06 0.48
H6 2.8 1.03+0.05 4573+0.04  1.77+0.09 0.55

(a) The integrated intensity upper limits are calculated as 30x Vv X Av, with 6v the spectral
resolution (0.68 km s~!') and Av the average linewidth measured considering all cores.
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Table A.3. The root mean square noise in the spectra rms, integrated intensities f Tmpdv, radial velocity v, line widths Av and peak temperature
Tpeak of HPNC(1-0) in cores within Clouds C, F, G and H.

Core  RMS[102K] [TmAv[Kkms']  wvikms™']  Av[kms!]  Tpea [K]
Cloud C
CI 1.4 0.12+0.03 79.58+0.47  3.24x0.72 0.04
2 1.6 0.14+0.03 79.06+0.20  1.88+0.57 0.07
C3* 2.6 <0.10 - - <0.07
Cc4 1.5 0.20+0.04 80.16£0.30  3.17+0.85 0.06
C5 1.5 0.14+0.02 79.30+0.14  1.57+0.32 0.08
c6 i 0.09+0.03 79.37+0.27  1.66+0.79 0.05
C7 - - - - -
C8 1.5 0.10+0.03 78.17+0.47  2.76+0.83 0.03
C9 3 0.30+0.07 78.92+0.27  2.58+0.07 0.11
Cloud F
FI 0.9 0.09+0.02 56.14+0.13  1.21+0.30 0.03
F2 1.6 0.10+0.03 57.9240.42  2.50+1.12 0.04
F3 1.3 0.08+0.02 57.90+0.12  1.00+0.21 0.07
F4 L5 0.14+0.03 58.95+0.32  2.69+0.61 0.05
Cloud G
GI* 2.0 <0.08 - - <0.06
G2 1.9 0.16+0.03 42264026  2.22+0.46 0.07
G3 23 0.14+0.03 41424013 1.24+0.26 0.11
Cloud H
HI 13 0.16+0.02 45.05+0.07  1.20+0.22 0.13
H2 1.5 0.12+0.03 45.44+0.15  1.60+0.51 0.07
H3 1.4 0.09+0.02 45.56+0.12  1.04+0.37 0.08
H4 15 0.11+0.02 45.49+0.15  1.50+0.21 0.07
H5 1.4 0.12+0.02 4557+0.11  1.23+0.26 0.09
H6 2.7 0.18+0.04 4575£0.24  1.90+0.38 0.09

(a) * indicates 30~ upper-limit values for T peqx.
(b) The integrated intensity upper limits are calculated as 30-x Vdv X Av, with dv the spectral
resolution (0.68 km s~!) and Av the average linewidth measured considering all cores.

Table A.4. The root mean square noise in the spectra rms, integrated intensities f Tpdv, radial velocity v, line widths Av, peak temperature Tpeax
of the H*CN (1—0, F=2—1) hyperfine component and optical depth 7 of the H"*CN(1—0) emission in cores within Clouds C, F, G and H.

Core  RMS[102K] [TwAv[Kkms™']  wv[kms']  Av[kms™']  Tpew [K] T
Cloud C
Cl 1.8 0.53+0.05 80.08+0.14  3.46+0.39 0.14 1.47+1.18
2 1.8 0.83+0.13 78.63£0.10  2.97+0.31 0.26 1.79+0.57
C3 3.4 0.24+0.06 81.08+0.27  2.13x0.46 0.11 2.86+4.00
C4 1.6 0.55+0.07 79.98+0.07  2.11+0.22 0.25 1.75+0.63
C5 1.9 0.63+0.07 79.24+0.13  2.95+0.35 0.20 1.33+0.81
C6 1.7 0.52+0.07 79.36+0.12  2.69+0.30 0.18 1.87+1.00
Cc7 - - - - - -
C8 1.8 0.33+0.04 78.60+0.15  2.61+0.39 0.12 2.11%2.09
C9 4.8 0/75+0.15 77.62+0.13  2.05+0.29 0.34 5.88+2.22
Cloud F
Fl 15 0.50+0.04 57.77+0.14  3.57+0.40 0.13 2.29+1.25
F2 1.6 0.31+0.03 58.04+0.11  2.36+0.26 0.13 1.17+1.43
F3 15 0.30+0.03 58.21+0.08  1.95+0.18 0.15 1.32+1.36
F4 1.5 0.50+0.05 58.81+0.07  2.36+0.18 0.20 0.81+0.66
Cloud G
GI 2.1 0.09+0.03 41.79x0.16  1.11+0.36 0.08 5.35+5.78
G2* 22 <0.08 - - <0.07 0.1+2.34
G3 2.0 0.17+0.03 4127020  1.84+0.39 0.09 1.25+3.04
Cloud H
HI 15 0.27+0.03 45.09+0.10  1.89+0.28 0.13 4871244
H2 1.5 0.26+0.03 4547+£0.08  1.62+0.32 0.15 1.38+1.44
H3 15 0.50+0.05 4541023  5.13+0.63 0.09 0.10+3.98
H4 1.6 0.23+0.02 4551+£0.08  1.57+0.18 0.14 0.81+1.43
H5 15 0.31+0.03 4543+0.10  2.06+0.24 0.14 0.56+1.69
H6 2.8 0.26+0.03 4537£0.06  0.74+0.22 0.33 0.10+1.58

(a) * indicates 30~ upper-limit values for T peax-
(b) The integrated intensity upper limits are calculated as 30-x Vév X Av, with v the spectral
resolution (0.68 km s~!) and Au the average linewidth measured considering all cores.
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Table A.5. The root mean square noise in the spectra rms, integrated intensities f Tpdv, radial velocity v, line widths Av, peak temperature Tpeax
of the HCN (1-0, F=2—1) hyperfine component and optical depth t of the HCN(1—0) emission in cores within Clouds G and H.

Core  mms[102K] [ TmAv[Kkms']  wvikms™']  Av[kms!'] Tpe [K] T
Cloud G
GI 14 0.95+0.07 42.66£0.16  4.05+0.31 0.22 0.10+0.16
G3 23 1.03+0.05 40.43+0.05  1.17+0.09 0.82 0.10+0.02
Cloud H
02 1.6 3.32+0.05 44.06x0.02  3.19+0.05 0.98 1.29+0.18
H3 1.4 4.71+0.06 43.80+0.02  3.48+0.05 1.27 1.16+0.13
H4 15 3.26+0.06 44.47+0.03  3.34+0.07 0.92 0.71+0.04
H5 2.0 3.32+0.05 44.43+0.04  3.36+0.06 0.93 1.84+0.29
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