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Abstract. Formamide (NH,CHO) is an important prebiotic molecule as it has been proposed
as a precursor to amino acids and other important molecules of life. In my talk, I detail the
results of a high angular resolution (0.2””) ALMA observations of several different young
high-mass stars and how the spatial extent and kinematics of formamide (NH,CHO) in the
surrounding gas compares to two of its possible parent species isocyanic acid (HNCO) and
formaldehyde (H,CO). This is important astrochemical work because there is debate about
whether formamide is formed in ice and melts off once it becomes warm (from HNCO) or in
already warm gas (from H,CO). The results of this pilot study will be followed up with future
ALMA observations.
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1. Introduction

Formamide (NH,CHO) is an important molec-
ular species to study as it is thought to be a
precursor to the simplest amino acid, glycine
(NH,CH,COOH) (Saladino et al.l2012). The
peptide bond (N-C=0) makes NH,CHO es-
pecially relevant to astrobiology as pre-biotic
molecules were likely delivered to an early
Earth to help bring about the origin of life.
As for formamide itself, there is disagreement
about how it forms. Here we investigate two

formation routes: (1) hydrogenation of iso-
cyanic acid (HNCO) on dust grain ice mantles
in the reactions HNCO + H — H,;NCO then
H,NCO + H — NH,CHO (Charnley, S. B.
1997) which later sublimates into the gas or
(2) reactions between H,CO and NH, (which
is especially abundant in photon-dominated
regions) in warm gas (H,CO + NH, —
NH,CHO+ H) (Kahane et al.2013)) (see Figure
[[Ifor a visual illustration).
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Fig. 1. Tllustrations of the formation reactions for NH,CHO. Hydrogenation of HNCO (left) and H,CO +

NH; (right).

Evidence has been presented supporting
both formation pathways. Recent laboratory
work by |Kanuchova et al. (2017) shows
that NH,CHO can be formed in cosmic-ray-
irradiated ices but the HNCO/NH,CHO ratio
does not match observations. A tight empirical
correlation between the abundances of HNCO
and NH,CHO has been observed using single
dish observations (Lopez-Sepulcre et al.[2015;
Mendoza et al.[2004)). This correlation between
the abundances of these species is nearly lin-
ear and spans several orders of magnitude, sug-
gesting that the two molecules are chemically
related. ALMA observations by [Coutens et al.
(2016) of IRAS 16293-2422 show that the deu-
terium fractions in HNCO and NH,CHO are
very similar, also implying a chemical link.

On the other hand, the laboratory study
by Noble et al.| (2015) finds that hydrogena-
tion of HNCO by deuterium bombardment
does not lead to NH,CHO in detectable quan-
tities, while Barone et al.|] (2015) find that
the H,CO+NH,; reaction can reproduce the
abundance of NH,CHO in IRAS16293-2422,
a Sun-like protostar. [Codella et al.l (2017)) ob-
served a shock near L1157-B1 using inter-
ferometric observations. Through these ob-
servations and follow-up chemical modeling,
they concluded that NH,CHO is made effi-
ciently in the gas phase from H,CO, at least
in this source. Recent work by [Quénard et al.
(2018) modeling the formation of HNCO and

NH,CHO and other peptide-bearing molecules
shows a correlation between the abundances
of H,CO and NH,CHO as well as between
HNCO and NH,CHO without using hydro-
genation. The possibility exists that different
types of sources (shocked regions, outflow cav-
ities, accretion disks, protostellar envelopes,
etc.) may have different dominant formation
routes, but this possibility stands to be exam-
ined.

2. Observational tests
2.1. Moment maps

Using ALMA Cycle 2 observations of three
high-mass star-forming regions (shown in
Figure @) with six sub-sources (listed in
Table [I) containing young O-type stars, we
studied moment maps (integrated intensity, ve-
locity, and velocity dispersion) of 1-3 transi-
tions each of HNCO, H,CO, and NH,CHO (all
transitions studied are listed in Table )
comparing the emission peak position, ve-
locity gradient, and gas velocity dispersion.
Comparisons were made under the assumption
that similarities in gas peak, velocity gradient,
and dispersion imply that the compared species
are in the same gas and are therefore chemi-
cally related.

In these conference proceedings, we
present the analysis of G345 as an example.
The full report can be found in Allen et al.
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Fig. 2. Spitzer IRAC images overlaid with ATLASGAL contours of the star forming regions: (left)
G17.64+0.16, (center) G24.78+0.08, and (right) G345.49+1.47 (from RMS database).

Table 1. Spectral extraction points for line identification and spectral modeling. These points coincide with
the NH,CHO peak used for each source. N, is determined as in |Sanchez-Monge et al.| (2014) using the
continuum intensity at the spectral extraction point assuming a T, of 100 K, a dust opacity of 1.75 cm?> g~!,
and a gas-to-dust ratio of 100. Check mark (v*) symbols indicate the detection of H(30)a emission toward

the sub-source.

Source Right Ascension  Declination Neore H30)a
J2000) (J2000) (cm™)

G17 18:22:26.370 -13:30:12.06  2.8x10% v

G24 Al 18:36:12.544 -07:12:11.14  9.1x10* v

G24 A2(N) 18:36:12.465 -07:12:09.61  1.7x10*

G24 A2(S) 18:36:12.471 -07:12:10.09  1.4x10*

G345 main 16:59:41.628 -40:03:43.63  2.3x10%° v

G345 NW spur 16:59:41.586 -40:03:43.15  4.5x10%

Table 2. Transition properties from the CDMS (Endres et all2016). The last column shows the sources in
which this transition appeared. HNCO (3) has a much higher upper energy level than the other transitions,
so we consider it cautiously.

Species Transition ~ Frequency Ey Ajj Sources
(MHz) (X) C)
HNCO (1) 10010-909 21979827 580  1.47x10™* G24
HNCO (2) 101095 22058475 1015 1.45x107* G17, G345
HNCO (3) 1037-936  219656.77 4329 1.20x107* G24, G345
NH,CHO (1)  10,9-9;5 21845921 60.8  7.47x10™* G17, G345
NH,CHO (2)  11540-10,9 232273.64 789  8.81x10™* G24
H,CO (1) 303-202 218222.19 209 2.82x10™*  G17, G24, G345
H,CO (2) 322-22 218475.63  68.1 1.57x10™*  G17, G24, G345
H,CO (3) 321-220 218760.07 68.1  1.58x10™* G17, G24, G345

2019 (in review). G345 can be divided into which is very chemically complex but has
two sub-sources: Main, which shows very very weak continuum emission. Figure
strong continuum, weak H(a) emission, and shows the contours H,CO and HNCO vs.
little chemical complexity; and NW spur, NH,CHO. The difference between the emis-
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Fig. 3. G345 moment 0 maps (contours) overlaid on the dust continuum (greyscale). Left: the black con-
tours show the H,CO (3) transition (E,;=68.1 K) from 50 (0.027 Jy/beam km s7!1) to a peak of 0.402
Jy/beam km s~!. The red contours show NH,CHO (1) emission (Ewp=60.8 K) from 5o (0.020 Jy/beam
km s7!) to 0.242 Jy/beam km s~'. Right: the blue contours show the extent of the HNCO (2) emission
(Ew=101.5 K) from 50 (0.014 Jy/beam km s71) to 0.428 Jy/beam km s~' with the red contours showing

NH,CHO (as in the left frame).
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Fig. 4. Velocity difference (from moment 1 maps) at each pixel in G345 between (left) H,CO (2) and
NH,CHO (1) and (right) HNCO (2) and NH,CHO (1). The contours show the integrated intensity maps for
H,CO (2) and HNCO (2) as in Figure 3l The velocity scale is the same for both panels.

sion peaks for G345 Main were ~0.2” for
H,CO and NH,CHO and ~0.04 for the
HNCO (2) and NH,CHO. For G345 NW
spur, these differences were 0.2” and 0.03”,
respectively. Figure ] shows the difference
in VG]OCity values (Vpaco-vNH2cHo (left) and
vaNco-VNH2cHo (right)) for each pixel with
darker colors indicating a small difference and

lighter colors a greater difference. For G345,
the moment maps of HNCO are more similar
to NH,CHO than those of H,CO. We see
from the summary of map analysis results in
Table [l that the peak positions and dispersion
maps favor HNCO slightly over H,CO in
similarity with NH,CHO and the velocity
dispersion maps for HNCO are almost always
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most similar to NH,CHO. From these overall
results, it seems that HNCO has a slightly
stronger relationship with NH,CHO.

2.2. Spectral line modeling

In addition to analyzing the moment maps, we
also used the XCLASST spectral line model-
ing software (Moller et al.[2017) assuming lo-
cal thermal equilibrium (LTE) to determine the
excitation temperature (7x), column density
(Nco), line width (FWHM), and velocity offset
(vLsr) for each of our focus species and com-
pare them to each other. This software models
the data by solving the radiative transfer equa-
tion for an isothermal object in one dimension,
taking into account source size and dust opac-
1ty.

Comparing the model results obtained us-
ing spectra extracted from pixels coinciding
with the NH,CHO emission peaks, we found
no significant relationship between Tex val-
ues, or FWHM of the three species. There
was a strong relationship (R>=0.93 where 1 is
perfectly correlated) between the abundances
(X; the modeled N, value divided by the
Neore value calculated from the dust contin-
uum) of HNCO and NH,CHO. This relation-
ship was previously investigated by [Lopez-
Sepulcre et al.| (2015) whose best power-law
fit equation from that paper was reported
to be X(NH,CHO) = 0.04 X(HNCO)**.
Figure [3] shows that the best fit in this work is
X(NH,CHO)=0.03(+0.02) X(HNCQ)?92(0.08)
and that correlations can be found between
each pair of species abundances, but the
strongest, by far, is that of HNCO and
NH,CHO. There is also a stronger correla-
tion between the velocity shifts of HNCO and
NH,CHOthan H,CO and NH,CHO (R? of
0.95 vs. 0.48).

2.3. Caveats and future work

The opacity of the H,CO transitions investi-
gated here cannot be discounted. It is possible
that the greater differences in spatial distribu-

' Available from: https://xclass.astro.
uni-koeln.de/
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tion, velocity, and dispersion between H,CO
and NH,CHO compared to HNCO arise from
optical depth issues. This is being investigated
in a follow-up study involving isotopologues.
It can also be seen in Table 3] that many of the
moment map differences between each poten-
tial parent species and NH,CHO are the equal
within errors. This will be remedied in the fu-
ture by using higher spatial and velocity reso-
lution observations.

3. Conclusions

We present an observational study of two
species that are potentially chemically re-
lated (HNCO and H,CO) to NH,CHO. In
our spectral modeling, we confirm the sin-
gle dish relationship between the abundances
of HNCO and NH,CHO demonstrated in
Lopez-Sepulcre et al.| (2015) using interfer-
ometric observations. Our map analyses fa-
vor HNCO as chemically related to NH,CHO.
The abundance correlation between HNCO
and NH,CHO is stronger than the correlation
between H,CO and NH,CHO but both are
well correlated. It is possible that both forma-
tion processes are important in creating this
species, or that different environments favor
one process over the other. Dedicated studies
using more transitions and isotopologues in a
more diverse selection of sources (high- and
low-mass protostars, young stellar objects with
disks, outflow regions, etc.) will shed light on
this relationship.
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Table 3. Summary of results from map analyses. The check symbol (v') indicates the species with the emis-
sion peak closest to the NH,CHO peak, velocity-difference histogram center nearest to zero, or dispersion-
difference histogram center nearest to zero. Equals signs (=) indicate that the parameters were equal for

both HNCO and H,CO within errors.
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Fig.5. XCLASS determined abundance comparison between NH,CHOand HNCO (left), NH,CHOand
H,CO (right). The symbols correspond to different regions as follows: G17 is an upward triangle, G24 Al
is an ’x’, G24 A2(N) is a star, G24 A2(S) is a circle, G345 main is a square, and G345 NW spur is a

downward triangle.
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