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Interstellar complex organic molecules were first iderdifie the hot inner re-
gions of massive young stellar objects (MYSOSs), but haveemecently been
found in many colder sources, indicating that complex makes can form at
a range of temperatures. Individually these observatioasige limited con-
straints, however, on how complex molecules form, and wdrdtie same forma-
tion pathways dominate in cold, warm and hot environmentsaddress these
questions, we use spatially resolved observations fromStitemillimeter Ar-
ray of three MYSOs together with mostly unresolved literatdata to explore
how molecular ratios depend on environmental parametspgcially tempera-
ture. Toward the three MYSOs, we find multiple complex orgamission peaks
characterized by different molecular compositions andpenatures. In partic-
ular, CHkCCH and CHCN seem to always trace a luke-warm~@0 K) and a
hot (T>100 K) complex chemistry, respectively. These spatialdseare con-
sistent with abundance-temperature correlations of feprasentative complex
organics — CHCCH, CH;CN, CH;OCHz and CHCHO —in a large sample of
complex molecule hosts mined from the literature. Togetthese results indicate
a general chemical evolution with temperature, i.e. that cemplex molecule
formation pathways are activated as a MYSO heats up. Thigdbtgtively con-
sistent with model predictions. Furthermore, these resulggest that ratios of
complex molecules may be developed into a powerful probbegtolutionary
stage of a MYSO, as well as provide information about its fation history.

1 Introduction

Complex Organic Molecules (COMs)vere first detected towards massive young
stellar objects, in so-called hot cores. These hot coresamcterized by intense
and crowded millimeter and sub-millimeter spectra, wheostof the lines are
attributed to COMs, and gas temperatures exceed 100 K the past couple
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x For the purpose of this paper, COMs are defined as hydrogkrerganics with three or more heavy
elements

This journal is © The Royal Society of Chemistry [year] Faraday Discuss., [year], [vol], 1-19 |1



Faraday Discussions

of decades COMs have also been detected toward low-masstana >, often
referred to as hot corinos, protostellar envel§pesitflows’, and, most recently,
two pre-stellar corés*C. Together these observations suggest that COM chem-
istry can take place over a much larger range of temperathegspreviously
assumed, and that if properly understood, specific COM caitipos and ratios
could be used as precise probes of different aspects of lodhagh-mass star
formation.

This existence of low-temperature formation pathways ofM3Qloes not
exclude, however, that additional formation pathways oM3Gare activated as
the source temperature is increased. Indeed, there isrmdder significantly
different COM compositions both between different kindsotirces (Fig. 1!
and across a single massive young stellar object (MY SO) evier COM abun-
dance profiles were resolved across a range of temper&tutashis paper we
aim at combining spatially resolved observations of a sisethple of MYSOs
with statistics from single-point observations of a dieesample of COM hosts
to explore whether there are clear trends in the COM cheyristiween different
classes of sources, and how such trends relate to sour@etdristics, especially
temperatures.

The focus on source temperature as a potential COM cheméejoytator is
motivated by the currently most popular astrochemicaladepwhere COM for-
mation takes place in three distinct stages or generatomaserial heats up dur-
ing star formatiod1314 The precursors of COMs, or the zeroth generation, form
in cold molecular clouds, where low temperature4Q K) and moderately high
densities £ 10° cm3) result in efficient freeze-out of all elements and molesule
heavier than H and He onto interstellar dust grains. Whilddting do not form
permanent ice layers, they can still reside long enough aim@nd ice surfaces
to be an important reaction partner at low temperatures0A¢,HH is also orders
of magnitude more mobile than heavier elements and molecsileh as C and
CO, and this stage is therefore characterized by hydromggnegactions on grain
surfaces to form e.g. GIOH from CO. Some heavier atom additions must also
occur to form e.g. CQ and possibly HNCO and other small COMg516 In
the gas-phase this stage is characterized by ion-neusetioas, which may be
responsible for some COMs, especially hydrocarbons.

COM ice formation is expected to become efficient in the feifg phase
when the cloud core collapses to form a protostar, resultingeating due to
dissipation of gravitational energy. At these elevatedgeratures 30 K) dif-
fusion of larger molecules and radicals in the ice is possiBadicals are contin-
uously produced in the ice through dissociative absorptiomgh-energy pho-
tons and electrons. When mobile, these radicals can conhbifoem complex
molecules, so called first generation COM3 he final stage of COM chemistry
happens when the gas temperature exceeds 100 K, the hottages eeleas-
ing all the ice into the gas phase and also enabling furthepfase processing
into even more complex species (second generation CANsThis model has
been very successful in explaining the kinds of moleculasdabpear in hot cores
and can also explain the different excitation temperaterésicted for different
COM s in these sourcéd

Comprehensive tests of this formation scenario, and thexefur basic un-
derstanding of COM formation, have been scarce, howevethignstudy we
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Fig. 1 The ratio of (CHCHO+HCOOCH)/(CH30CH3+CH3CH,0OH) abundances
toward cold sources (pre-stellar cores and an outflow),iwags protostellar envelopes,
low-mass hot cores, and traditional high-mass hot cdreBased on laboratory
experiments the relative abundance of CHO-bearing madscshould trace the relative
importance of cold (CO-ice rich) and warm ice COM chemi&tnyLiterature column
densities without uncertainties were assigned a 20% Laiogrt

combine submillimeter observations of three MY SOs withistias drawn from

a large number of previous observational studies to explowethe COM chem-
istry depends on temperature across and between sourcesbs$arvations are
briefly described i2. In§3 we present emission maps of key COM lines toward
the three MYSOs and present new strategies to quantify thd @iStributions.
The extracted COM column density ratios are then used tegettth literature
values to evaluate which, if any, aspects of the COM cheynést regulated by
source temperature. The implications of the results amudged irk4, followed

by a brief summary of the results of this paper and open questhat remain on
COM formation.

2 Observations and Source Characteristics

The three MYSOs, W3 IRS5, NGC 7538 IRS 9 and NGC 7538 IRS 1 €Tapl
are all nearby (&3 kpc) and have comparable luminosities and virial envelope
mass estimates. All sources are associated with multiplecutar outflows, and
thus multiple YSOs within larger structure. NGC7538 IRS# &iC7538 IRS1
are located in Perseus, and NGC7538 IRS1 is known to housgtd bot core®
and is situated in the middle of a cluster of continuum peakbsraolecular out-
flows. W3 IRS5 is associated with at least five young stellggab, two of which
are massivé®24 and is known to present strong S-bearing molecular finds
summary all three sources are known to have complicatedtstas with many
different potential origins of complex molecular emissiohhis is a nuisance
when interpreting spatially unresolved observationsijrbttie age of interferom-
etry this increases the potential value of each MYSO dataresblving several
different environments with a single observation enabiesficient exploration
of COM chemistry environmental dependencies.

All three MYSOs are known to host complex organics (Fayotlale ApJ,
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subm.)}? and to present a different molecular composition on largé small
scales. In this study, we focus on resolving the chemic#&dintiation on the
individual core scale using observations from the Subméter Array (SMA).
W3 IRS5, NGC 7538 IRS 9 and NGC 7538 IRS 1 were observed on Stityathd
August 15th (extended configuration) and October 15th (@hgonfiguration)
2011 in good to excellent weatherios gy, was 0.09 on the 29th of July, 0.1 on
the 15th of August, and 0.07 on the 15th of October 2011.

The combined range of baselines was 16—226 m. The SMA ctorslas set
up to obtain a spectral resolutionefl km s using 128 channels for each of the
46 chunks covering 227-231 GHz in the lower sideband and289&Hz in the
upper sideband. Absolute flux calibration was done withi§tall The quasars
1924-292 and 3c84 were used as bandpass calibrators footgact observa-
tions, and 3c454.3 and 3c279 were used to calibrate the 29thyoand 15th of
July observations respectively. The quasars 0014+612 H#02H®84 were used
as gain calibrators for NGC7538 IRS9 and IRS1, and 0244+&249+509 and
0102+584 were used for W3 IRS5.

Routine calibration tasks were performed using the CASAwsrke pack-
age?, including phase and amplitude self-calibration. The tnatm was sub-
tracted separately for the upper and lower sideband for@asérvational data set
in CASA, using line-free channels. The continuum-sub&dcompact and ex-
tended data were combined for each source forimaging and\Blitif) in CASA
using robust weighting, which resulted in synthesized beees of 2.0%1.7”
for NGC 7538 IRS 9 and W3 IRS5, and 1:61.7” for NGC7538 IRS 1. The
primary beam of the SMA at these wavelengths-80". Considering the base-
line coverage, all emission at scales larger than 18” is detaly filtered out,
and angular structures smaller than 7” are required to fitgrless than 50%
of the emissioR’. These observations are thus not sensitive to large-soaée e
lope COM chemistry as explored in our previous papers ugisgRAM 30m
(Fayolle et al. ApJ, submt¥.

Table 1 Source characteristiég.

Source RA Dec d L N
kpc 10 L., 10° Mg
W3 IRS5 0221531 +615220 2.0 17 2.0
NGC7538 IRS9 2311528 +611059 2.7 35 1.1
NGC7538 IRS1 231136.7 +611150.8 2.7 13 1.0
3 Results

3.1 Molecular image analysis

Figure 2 shows the continuum and line images toward W3 IRS5CN538
IRS 9 and NGC 7538 IRS 1. Each source displays multiple cantimpeaks as

T The Submillimeter Array is a joint project between the $iinian Astrophysical Observatory and
the Academia Sinica Institute of Astronomy and Astrophysitis funded by the Smithsonian Insti-
tute and the Academia Sinica.
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expected from previous studies. These peaks are markeefenced to through-
out the text when discussing the chemical differentiatiatihivw these sources.
The molecular images display the spectrally integratetbéacthe line FWHM),
spatially resolved emission profiles of 7 organic emissinad, including lines
from the COMs HNCO, CBCN, and CHCCH detected in all sources. Multiple
lines were detected for each molecule. The lines in Fig. 2wetected to have
similar upper level energies (Table 2), which minimizedad#nces in emission
profiles due to differences in excitation characterisfidss allows us to use these
line emission patterns to visualize the spatial extentsfédrént molecules, i.e.
different emission profiles should be mainly driven by diffeces in molecular
abundance profiles.

In all three sources there is a clear difference in emissiofilps between
different molecular lines. Some line emission, e.g. HNC@ &hi;CN, mostly
originates in a single unresolved component, which can becésted with a
continuum peak (the hot core, in the case of NGC 7538 IRSIheiOines, es-
pecially those belonging to GJECH, are more diffusively distributed and the
CHsCCH line emission peaks are not associated with any detectethuum.
Three molecules, C¥OH, H,CS and HGN, display different kinds of profiles
across the small sample: in NGC 7538 IRS1 most of their eorissan be at-
tributed to the unresolved hot core, while the emissionéaity resolved in the
other two sources. The differences in the spatial distidimstof these different
groups of COMs are suggestive of multiple COM formation patyss, which
may be associated with the theoretically predicted lowperature gas and ice
chemistry, luke-warm ice chemistry, and ice evaporatidmahcores.

Table 2 Molecular line data for imaged lines in Fi§.2

Species Frequency [GHz] Log(A Eu[K] dy P

HNCO 241.774 -3.71 69 23
CH3OCHs 241.946 -3.78 81 378
CH3OH 241.833 -4.41 84 22
CH3CN 239.133 -2.93 87 54
H,CS 240.267 -3.69 46 15
HC3N 227.419 -3.03 141 51
CH3CCH 239.252 -4.84 86 58

2 From CDMS and JPL spectral databa&e®. b Degeneracy in the upper level.

Despite our careful selection of lines in Fig. 2, we cannahptetely neglect
the fact that emission from individual lines always depemus. combination of
molecular abundance and excitation. To establish a firntioelship between
COM line emission and abundance distributions thus requhie imaging of
multiple lines. This is especially true in cases where thetiooum and line
emission distributions are complex, such as W3 IRS5. Evéindse moderately
rich sources, images of all detected lines (50+) would bfécdif to absorb, and
therefore not very informative. Instead Figure 3 shows,simgle figure, the line
emission peaks of all clearly detected COM and S-moleculeslitoward W3
IRS5 together with the continuum. The line emission peak®wetermined by
fitting 2D Gaussians in the image plane, integrated over WelM of each line,

This journal is © The Royal Society of Chemistry [year] Faraday Discuss., [year], [vol], 1-19 |5
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Fig. 2 Continuum and molecular
line emission maps. The
continuum maps in the top panels
show the locations of the
brightest continuum emission and
the CHCCH core in the NW of
W3 IRS 5. The panel labels
indicate species and upper level
energy in K (other line
characteristics are listed in Table
2). The red contours mark
[0.05,0.1,0.2,0.4,0.8,1.6] Jy/beam
in the continuum panels, and
[0.5,1,2,4,8] Jy km/s beant in

the molecular line panels. The
synthesized beam is displayed in
the bottom left corner of each
panel. The RA and Dec offsets
are with respect to the positions
listed in Table 1.
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in CASA. The uncertainties of these fits (typicalyp.5”) are also shown.
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Fig. 3 The continuum emission (1 mm)
toward W3 IRS5 (gray scale) and the
spatially resolved line emission peaks of
all detected COMs and S-bearing
molecules toward this source. The error
bars mark the uncertainties in the peak
positions based on Gaussian fits. Most
lines are heavily clustered dependent on
species. A few exceptions are @EN,
which is spread out across the ridge
connecting the S@and CHOH cores,
and B CS. The two continuum peaks
seem to be chemically defined by SO
and CHOH line emission.

Most SQ lines are clustered toward the 'c1’ continuum peak from Rg.
while CHzOH line emission seems to define the second continuum peéak 'c2
CH3CN and HNCO are not obviously associated with either peak réher
reside in a ridge connecting the two clumps.4C€H lines form another cluster
in the northwest, and the space in between this cluster andahtinuum peaks
is associated with $CS, HGN and some CKEOH. There is also some diffuse
emission of HNCO and Sfto the east. These molecular line clusters partly
coincide with the chemical regions identified by Wang et aD13Y*, i.e. both
studies found 'c1’ and 'c2’ to be defined by $@nd HNCO, and by CEDH,
respectively. Wang et al. (2013) classified the 'c1’ peak psla-on outflow and
the 'c2’ peak as a budding hot core. Both studies also foundr@3+HCS in the
NW region, but the discovery of GICCH is new, and so is the realization that
the ridge connecting 'c1’ and 'c2’ seems to be chemicallyinigs, and the source

of N-bearing COMs.

1ol
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Fig. 4 The continuum emission (1 mm)
toward W3 IRS5 (gray scale) and the
spatially resolved line emission peaks of
all detected COMs and S-bearing
molecules toward this source. The
ellipses mark the best-fit 2D Gaussians
(x0.5 for visibility). It is clear that for
each species the best fit ellipses vary in
size, but some of this is due to
differences in emission line strength
rather than actual emission region
differences. The emission regions
centered on the c1 core do seem
significantly more compact compared to
all other emission, however.

The sizes of the different line emission regions are disgdan Fig. 4 based

This journal is © The Royal Society of Chemistry [year]

Faraday Discuss., [year], [vol], 1-19 |7



Faraday Discussions

on the Gaussian fitting parameters (major and minor axeseicemd position
angle). The line emission peaking on the 'c1’ core is compatie other line
emission centers display a range of emission sizes. Latges faetween the
major and minor axes are mainly associated with very weas|isuggesting
that the 'true’ line emission profiles are typically closectazular or unresolved.

T T T T T T T T T T T T T T T 250
of I I e
" CH5;0H CH4CN S0, 200
— 2} ‘ Wl I ] E 150
S W W P& 10
<
,2.% + + 4 50
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Fig. 5 The continuum emission (1 mm) toward the central cores in R&3 (gray

scale) and the spatially resolved line emission peaks af@ CHz;CN and SQ lines,
color-coded by their upper energy levels. In each line tkemms to be a temperature
gradient. CHOH and SQ high temperature lines seem to trace the very center of their
respective cores, while the GBN line emission centers suggest an increasing
temperature from east to west across the ridge.

Based on the previous two figures, 5@H3;0H and CHCN have multiple
emission centers, which may be indicative of differentdit@acing different ex-
citation conditions. To explore this, Figure 5 shows théritigtion of emission
centers for these lines as a function of upper energy leirel! cases, there are
line-energy dependent differences in the emission cenfflensCH;OH, the line
emission that peaks away from 'c2’ comes from low energyslifeurthermore,
within the 'c2’ line emission cluster the higher energy Br&yp > 100 K) peak
closer to the western side of 'c2’. There are only 4 detecteld@N lines and
they are distributed along the ridge, with the lowest leired in the NE and the
highest level line in the SW, indicative of a temperaturedggat in the same di-
rection as seen for G3OH. Finally, the SQ line emission distribution presents
a similar trend to CHOH, with lower lying lines more offset from the 'c1’ core.

3.2 Excitation temperatures and column densities

The line emission maps presented in Fig. 2 could theorstibalconverted into
column density maps, using the emission from all detectesblof each species
at each spatial resolution element. If local thermal efyiilim (LTE) in each
pixel and optically thin lines can be assumed this would lieerestraightforward
using e.g. rotational diagrari's Such an approach should be very fruitful with
ALMA, whose orders of magnitude increase in sensitivity dedsely populated
antenna arrays will result in very high SNR and image fidelity
The current observations suffer from too low SNR to allowtfus kind of

detailed analysis, however. Instead, Fig. 6 shows the ispestracted from
all 8 continuum and molecular emission peak centers markédg. 2 using a
2"-diameter circular mask. As expected from the image aislin the previ-
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ous section, the spectra appear very different toward tfiereint sources, and
toward the different peaks within each source. In particul®e maximum in-
tensity of the CHOH 5—4 ladder is orders of magnitude lower toward W3 IRS5
and NGC 7538 IRS9 compared to NGC 7538 IRS1, &lso relatively more
important in the latter two sources. There are also somel¢ranross the sam-
ple: strong CHOH lines appear to coincide with strong @EN lines, while
strong CHCCH lines are associated with no or very weak emission of &mgro
molecule, including CHEOH.

We use these spectra to extract excitation temperatureshfp®sition using
CH3OH, CH;CCH or CHCN lines, dependent on the availability of lines, and
the rotational diagram method. We could not identify a sigfitnumber of lines
of any of these species toward the 'c1’ (S-core) or 'c2’ cor&\i3 IRS5 or the
'c2’ core in NGC7538 IRS9, and exclude these positions franthker analysis.
The derived temperatures in the remaining cores range baté@ and 200 K
and are shown in Table 3. The rotational temperature toward\t3 IRS5 ridge
is, however, highly uncertain because of the small numbdrd@an SNR of the
CH3CN lines

The listed excitation temperatures are used to determinerodensity (lim-
its) of CH;OH and the four COMs, C(CN, CH;OCHs, CH3CCH and CHCHO,
which are expected to be products of a diverse set of complendtion path-
ways!3. For each molecule we use between one and five detecteddinesive
a column density, or the spectral rms to determinasauper limit. This ap-
proach results in substantial uncertainties, especialbest is a priori not clear
that all species in the same line of sight have the same érciteemperature,
but provides a first quantitative constraint on how the caxghemistry varies
at these scales.

To check the accuracy of the derived column densities we eoedpwith
previous studies when possible. Two of the sources, NGC T838& HC and
W3 IRS5 ¢2, have been observed previously by otHfets In the case of NGC
7538 IRS1 HC, the derived G@H, CHCN and CHOCH; columns are con-
sistent with previous observations, while the {LTHHO and CHCCH columns
are at least an order of magnitude higher in our study. Pusvétudies were
single dish however, and assumed a beam dilution factor aamrauarate with the
expected 100 K hot core boundary for most molecules, exagpddsignated
cold molecules CBICCH and CHCHO, which presented low excitation temper-
atures. The discrepancy is therefore readily resolved §CHO and CHCCH
abundances are enhanced in the hot core compared to theavelen if most
of the single-dish emission does indeed originate in thelepe, resulting in an
average low excitation temperature. In the case of W3 IR&5derived CHOH
column densities are also consistent between our and pieeloservations.

The resulting CHOH column densities span 18-10t” cm~2, with the higher
column densities toward the warmer sourcesgCN column densities vary over
two orders of magnitude, and seem correlated with temperasiwell. In con-
trast, the CHCCH column densities are almost constant across this sample.
CH30OCHsz and CHCHO are only detected toward the NGC7538 IRS1 hot core,
but are known to exist on larger scales toward the other tw&SK¥ (Fayolle et
al. ApJ subm.).

This journal is © The Royal Society of Chemistry [year] Faraday Discuss., [year], [vol], 1-19 |9
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Fig. 6 Spectra extracted from the positions marked in Fig. 2, ugfrgiameter)

circular masks. Key molecular ladders and lines are marked.
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Table 3 Excitation temperatures and COM column densities in MYSf2&0

Core X Trot(X) NcH;0H NCHzCN NcHzocH;  NcHgccH  NcHzcHo
K] [cm 2] [cm—2] [cm—2] [cm—2] fem—2]
W3 IRSS ridge CHOH ~130 42] x 101 6[6] x 101 <6x10M <2x 101 <3x10M
W3 IRS5 c3 CHCCH 78[30] 34] x 1014 <1x1013 <3x1014 42)x1015  <1x10M4
NGC 7538 IRS9 HC CHOH 119[29]  43(0.5] x 1015 4[1) x 104 <2x10t4 4[1) x 1015 <2x10t4
NGC 7538 IRS1 HC CHCN 196[15]  13[0.1x 1017 8.4{0.4) x 1014 82) x 1015 43 %1015 6[1] x 1015
NGC 7538 IRS1 c2 CHCCH 61[15] 93] x 1014 2[2) x 1013 <2x10t 2[1] x 1015 <1x10M

3.3 COM compositional dependencies

To explore whether trends observed on small scales witreot$p temperature
are also present across samples of COM hosts, we have gh@®@id data from
the literature based on three criteria: (1) detection o§GH, (2) determination
of a CHsOH, CH;CN or CH;CCH excitation temperature in the same line of
sight, and (3) detections or limits on at least one of the f6@MS CH;CN,
CH30OCH;z, CH3CCH and CHCHO. The resulting sample is listed in Table 4. It
comprises 42 observations in 35 lines of sight (for sevegetarthere are mea-
surements of both the extended and compact COM compositiim|d sample
contains massive hot cores, MYSOs dominated by either caléhom chemistry,
low mass hot cores and envelopes, Galactic Center souRBS£;d, an outflow
and a cold pre-stellar core. It is thus representative ofulieange of observed
COM sources in space. The source diversity is also appatest mspecting the
reported excitation temperatures: 14 sources have ercit@mperatures below
30 K (the traditional Oth generation regime), 10 sourceshamperatures be-
tween 30 and 100 K (the temperature range when 1st gene@@dhchemistry
should be active), and 18 sources have excitation tempesaibove 100 K, typ-
ical for hot cores. The observed @BIH column densities span five orders of
magnitude, between 1®and 138 cm~2. For all parameters we use the reported
uncertainties when available and otherwise assume a tyjféa error.

Figure 7 shows that there is a strong trend between excitetioperature and
CHsOH column density, consistent with the observed tempezadependence
within our MYSO sample. Below 100 K, the average dgldNcH,oH) = 14.9
for the whole sample with a standard deviation of 0.6. At ooweb100 K,
l0g10(NcH,0oH) = 17.5 with a standard deviation of 0.9. Within these two sub-
groups there are no additional correlations visible. Femtiore, there seems to
be a clear break in column densities right at 100 K. This tesaly be somewhat
biased, however, by the fact that most of the plotted value®wacquired with
single-dish telescopes, using a beam-dilution estimateorAmon assumption
is that if the excitation temperature is high, the emissiogads small, e.g. a
hot core, resulting in a potentially inflated column densisfimate. We there-
fore also looked only at resolved observations, and find dasitnend as in the
unresolved sample, except that NGC 7538 IRS9 HC seems teofaléwhere in
between the two groupings, perhaps suggestive of a rarsiticaval object be-
tween an MYSO and a luminous hot core. In general, there teesis to be
a well-defined CHOH evaporation front toward both low- and high-mass star
forming regions.

Figure 8 shows the relationship between ratios 0§CN, CH;OCHs, CH3CCH,
CH3CHO and CHOH and the observed excitation temperatures. In the sample
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Faraday Discussions Page 12 of 19

Table 4 Previous observations of representative complex organlecules

Source Type Tot NCHz0H NCHaCN NcHgocHy  NcHgccH  NoHgcHo
Kl fcm—2) [cm—2] [cm—2] [cm—2] fcm—2)
IRAS20126+41043 HC 300  11[0.1x 1017 13x101° 1x 1010 = =
IRAS20126+41043 MYSOenv  14[1]  22[0.9] x 1015 - - 35x 1014 <5x10!3
IRAS18089-17333 HC 300 2002 x107  >35x10%  <1x10t7 - -
IRAS18089-17333 MYSOenv  152]  24[1.4] x 1015 - - a4x 1014 <5x10!3
G31.41+0.383 HC 200 100.2]x10'8 > 20x 106 5x 1017 - -
G31.41+0.383 MYSOenv  14[2] 12[1.4] x 106 - - 14x 1015 5x 1014
AFGL 259132 HC 147[11]  47x 1016 <35x101%  <7.7x10!5 7.9x 1014 31x10!2
G24.7832 HC 211[13]  28x 107 5.9x 1016 12x 1017 2.3x 1015 13x 1013
G75.7832 HC 113[7]  11x10%7 1.8x 1015 2.3x 1016 8.6x 1014 21x 1013
NGC 6334 IRSB2 HC 178[10]  97x 107 2.9% 1016 58x 10L7 52x 1015 12x 1014
NGC 7538 IRSB2 HC 156[10]  12x 107 8.2x 1015 1.6x 1016 8.4 x 1014 28x 1013
W 3(H20)32 HC 139[8]  10x10'8 7.0x 1015 15x 1017 15x 1015 35x 1013
w33a32 HC 259[16]  20x 10L7 2.7x 1016 2.7x 1016 1.3x 1015 3.0x 1013
NGC7538 IRS$4 MYSO 2521  91x10 103 x1013  52x1013 1203 x 1015 3.1[0.4 x 1013
W3 IRS534 MYSO  64[6] 32004 x101%  41x1012 1506 x1013  7[2)x1014  <11x103
AFGL 49034 MYSO  25[2] 24[0.4]x 1014 62 x 1012 8[3] x 1013 42/ x101%  <13x1013
B1-b10,35 cc 10[5] 4x 1014 - 3x 1012 - 5[1] x 1012
sMma-w 1l LYSO 11[1]  22[0.7) x 105 - 24x10%3 - 13x 104
smm1 1l LYSO 16[1] 25[0.3 x 1014 - 13x10%3 - 17x 103
smma4 11 LYSO 13[1]  11[0.1] x 10*5 - 84x 1012 - 23x 1013
L11577 outflow  12[2] 15x 1015 1/0.5] x 1012 - - -
NGC1333IRAS 42536 Lyso 24[2)  s1x1014 - 11x 1014 - -
NGC1333 IRAS 4536 Lyso 34[4] 35x 1014 g1 x10tt  <67x1013 - 35x 1013
NGC1333 IRAS 2236 LYSO  101[16] 34x 104 41) x 1012 <2x 104 - 35x 1013
IRAS16293%~4 LYSO 85 88 x 1014 - 18 x 1014 - 35x 1013
IRAS16293 A37:38 LYSOHC 100 11x 1018 3x 1015 - - <1x10t4
IRAS16293 B3738 LYSOHC 100 5x 1017 5x 1015 - - 15x 1015
sgr B2(N)39 GC halo 45 1 1016 - - - 40/0.6) x 1014
Sgr B2(N)39 GCHC 238 5¢ 1018 6(2) x 1017 8[0.8] x 1015 - -
Sgr B2(M)39 GC halo 40 11016 - - - 27(0.5] x 1014
sgr B2(M)39 GCHC 150 8<1018 312 x 1017 - - -
G19.61-0.240 HC 151[6]  52/6] x 1017 4.1]0.8) x 1016 1.4[0.1) x 106 - 9.7/0.8] x 1015
G34.26+0.15 NE#142 HC 150 34x 107 1.3 x 1016 57x 1016 - -
G34.26+0.15 SB1 HC 150 26 x 1017 - 34x1016 - -
IRDC316.76-1+3 IRDC 38 46[1.1) x 1014 - - 62x 1014 -
IRDC316.76-23 IRDC 53 25x 1013 - - 32) x 1014 -
IRDC317.71-23 IRDC 12 16x 1014 - - 612x 1014 -
IRDC019.30-#3 IRDC 25  15[0.1) x 1015 - <76x1013  11[0.2]x 1014 15[1.0 x 1014
IRDC028.34-6*3 IRDC 43 12001 x 1015 - <16x10%  280.2]x1014 9.1/0.8 x 1013
IRDC011.11-4+3 IRDC 28 23[0.8]x 1014 - - 190.4] x 1014 7[5) x 1014
IRDC028.34-33 IRDC 32 431.7)x 105 - <99x1013 9715 x1013 1711 x10%4
NGC7129 FIRSZ4 IMC 80 2 10H4 3.6 x 1012 - - -
19
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Fig. 7 CH3OH column density vs excitation temperature for the samplEable 4
(black, and black with red circles for resolved observat)aand our spatially resolved
sample in Table 3 (red stars). Together these two parandgére two clearly
distinguishable groups in the literature sample: colet {00 K) COM sources and hot
cores. In contrast, our small spatially resolved samplgeasts a more continuous
distribution.
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as a whole, CECN/CHzOH correlates with temperature. This correlation is sig-
nificant at the 99.9% level, based on the computation of tieaB8pan’s rank cor-
relation coefficient. No correlation is seen in our spatiafisolved sample, but
this may be a question of sample size, since the scatter@thameneral trend is
considerable. CEDCHs shows no sign of correlation. Both GBCH/CH;OH

and CHCHO/CH;OH appear to depend inversely on the temperature when com-
paring the k100 K and T>100 K sources, i.e. these two ratios seem to dis-
tinguish between the hot core and colder sources quite Wwelithermore, the
CH3CCH/CHsOH ratio increases with temperature between 10 and 50 K, in-

dicative of formation at these temperatures.

X / CHO0H

Fig. 8 The column density ratios of GJEN, CH;OCHz, CH3CCH, CH;CHO, and
CH3OH plotted as a function of excitation temperatures. Saufican the literature are
in black, and our MYSOs in red (error bars are not shown haredke of visibility —
they are plotted in Fig. 9, however, for the same moleculdgosh Spatially resolved
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observations from the literature are marked with a circle.

We specifically checked whether there is any difference bebtaprevious
unresolved and spatially resolved observations, and fink fior CHCN or
CH3OCHg, except that NGC 7538 IRS1 has unusually little {CHl compared
to other sources with similar excitation temperaturesgCN may be underesti-
mated in this source, however, since there are clear limae®tries that indicate
that some self absorption is present. ForsCHO/CH;OH the spatially resolved
hot cores appear to have a higher4CHHO/CH;OH ratio compared to those in-
ferred from single-dish observations, suggestive of theriag two CHCHO
distributions and formation pathways, a cold one that dareis single dish ob-
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servations, and a warm componentthat is picked up withapatesolved obser-
vations. Our MYSO core measurements also indicate a moticous fall-off
with temperature of CECCH/CH;OH across the 100 K line, indicative of a less
sharp distinction between sources colder and warmer th@u 18imilar to what
was seen for CEDH column densities in Fig. 7.

Figure 7 suggests that the total eBH column density is an equally good
measure of hot core activity as excitation temperature, wadherefore also
investigated its relationship with different COM/GEH ratios. Maybe surpris-
ingly, Figure 9 shows that GY€N/CHsOH is not correlated with CEDOH col-
umn density. Nor is CEOCH;/CH30H. CH;CCH/CH;OH is very strongly in-
versely correlated with the GJOH column, but this is related to the relatively
small spread in CEICCH column densities across the sample, as reported above.
CHsCHO presents a shallow decrease withzCHl column up to 18 cm 2.
Beyond 166 cm~2 CH3;CHO/CHsOH abundances vary by three orders of magni-
tude, which supports the analysis of the temperature treRii 8, i.e. CHCHO
is common at low temperatures, but in some sources it is aksept in excess

in hot cores.
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Fig. 9 The column density ratios of GJCN, CH3OCHz, CH3CCH, CH;CHO, and
CH3OH plotted as a function of C#DH column densities. Sources from the literature
are in black, and our MYSOs in red. Spatially resolved otetgzas from the literature
are marked with a circle.
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4 Discussion

The observed dependencies (or lack thereof) of complexargaolecule abun-
dances on temperature can be used to put empirical const@inthe COM
chemistry. Most complex molecules have many potential &diom pathways
with different expected dependencies on temperature. Aédmdsbeen explored
extensively in chemical models of hot cores. For examples@¥Hcan form on
grains via CH + CN at~30 K. It can also form from HCN in the gas-phase,
when HCN evaporates at40 K, through CH + HCN association followed by
a recombination reactidfl. This gas-phase GIEN re-accretes onto the grains,
and can then thermally evaporate around 90 K.

COM abundances are often compared withsOH abundances, because of
its ubiquity and its proposed early formation at 10 K in ic8he presence of
CHsOH in the gas phase implies efficient desorption at all teapees, but
clearly a much more efficient desorption pathway is activate 100 K. This
is consistent with theoretical expectation of low levelsnoh-thermal desorp-
tion at all temperatures (resulting in the release of a imacdf a % of the ice
into the gas phase) and rapid thermal desorption above 10th&.scatter in
CHs3OH abundances below 100 K is probably due to a combinationiffird
ent initial CHsOH ice abundances and different non-thermal desorptioriexffi
cies. Above 100 K, different initial CEOH ice abundances and destruction
pathways are likely causes of the observed order of magnitotimn density
variation. Most COMs are expected to desorb thermally andthermally sim-
ilarly to CH3zOH, though this has yet to be quantified. Therefore diffeesrin
COM/CHzOH abundance ratios across MYSOs and samples of sourcels shou
be mainly due to differences in the chemical evolution aiahconditions.

One of the clearest trends in this study is the increase afdDHolumn den-
sity, and further the increase in GEIN/CHsOH with temperature. This increase
appears to be smooth, and cannot be due to a sudden onsegGNaHermal
evaporation at a single temperature. Rather it implies areasingly efficient
CH3CN formation in the ice or gas as the temperature increasesbr 10 and
100 K, and potentially the onset of a second hot gas-phaseistrg above 100 K
to explain the relative increase between 100 and 200 K ig@NHCH3OH in
this temperature range. The continuous increase igCNACH3;OH with tem-
perature means that with ALMA, this ratio could become a péweliagnostic
of the evolutionary stage of MYSOs.

CH30OCH;s has an almost constant ratio of 14% w.r.t {tHH (lower and up-
per quartiles are 5 and 33% respectively), indicative ofarmaation or a constant
conversion factor of CEDH into CH;OCH;s at all temperatures. This is most
readily explained if CHOCH;z forms from CHOH ice dissociation chemistry
and then co-desorbs both thermally and non-thermallys@EH;/CH3OH ra-
tios may thus serve as a signpost of the overall efficiencpobersion of simple
ices into more complex ones.

CH3CCH/CHzOH displays two clear trends. First, the eECH column den-
sities vary significantly less than any other complex mdkigowrhich results in a
steep inverse relationship between4THCH/CH;OH and CHOH column. This
is indicative of early CHCCH formation and no hot core chemistry contribution
to its abundance. Second, the §HCH/CH; OH ratio peaks around 50 K. Thus at
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low temperatures C¥CCH production is increasing compared to 4tHH non-
thermal desorption, indicative of either a thermal desorpathway below 50 K,

or cold gas-phase chemistry, or a combination of the two, tagrmal evapora-
tion of CH; around 25 K followed by gas-phase formation of {LHCH. In either
case CHCCH/CH;OH has the potential to constrain the relative importance of
hot core and non-hot core driven complex chemistry in unveslobservations
encompassing both envelopes and protostellar cores.

The CHCHO/CH;OH abundances also display a negative dependence on

temperature, but the trend is complicated by a few outlieas suggest that in
some sources there exists a high-temperature formatidnwpgtof CHsCHO.
The fact that these outliers are all spatially resolved nlagmns is notable, and
as more spatially resolved observations appear we may fatdathincrease in
the CHsCHO abundance is a common feature of hot core chemistry. Sets
ond formation pathway could be either due to warm ice cheynfstlowed by
thermal desorption with CEDOH, or to hot gas-phase chemistry. Quantifying the
CH3CHO abundances at all scales will be important to understiffetences
between cold and warm COM formation pathways and how thedevags to-
gether shape the final complex organic composition.

This set of empirical constraints can also be used to diresthluate models
of the complex chemistry during star formation includingpecially with regard
to the predicted onset of hot core activity, the temperatependence of different
COM ratios, and the sensitivity of different ratios to evimental factors other
than the current temperature.

Regardless of warm-up timescale, recent models predittGRgOH and
most other COMs should thermally evaporate-d00 K, resulting in rapid in-
creases in CEOH and COM column densities, often by many orders of mag-
nitude. This compares well with the bimodal distribution@ifi;OH column
densities in our sample, defined by a sharp transition at 16K CH;OH
columns of~10* cm~2 to ~10'" cm~2. This confirms (1) model predictions
of a very sharp transition between @BH ice and gas dominated regimes, i.e.
a well-defined snow line, and (2) that the current estimatehetemperature
location of this snow line are approximately right.

To evaluate the agreement between models and observaiiamsetcific COM
abundances, Figure 10 shows model predictions for COM(@HH ratios, us-
ing a recent model that includes a detailed ice surface atkdchemistry treat-
ment, a suite of desorption mechanisms, and a full gas-piteseistry network,
and assuming a medium warm-up time scale (i.e< 1@° years for warm-up
to 200 K)'%. For CHsCN/CHsOH, the theoretical abundance ratio increase of
two orders of magnitude with temperature up to 100 K agredswith ob-
servations. The model drop-off at 100 K is not seen in obsiens, however.

CH3OCH3/CH30OH displays a more complex dependence on temperature, con-

sistent with the lack of a clear temperature dependenceinliservational sam-
ple. CHECCH/CH;OH is predicted to increase by eight orders of magnitude be-
tween 15 and 30 K, followed by a slow drop-off at 30-100 K, arstieeep decline

at 100 K. Qualitatively, observations tell a similar stamth an increasing ratio
between 10 and 50 K, followed by a flattening or decline, arah th steep drop
around 100 K. Quantitatively, there is little agreementyéeer, and the current
network seems to underproduce §&CH below 20 K, and over-produce it at
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25-40 K. Finally, the predicted flat GEHO/CH;OH trend followed by a steep
drop at 100 K is in excellent agreement with most observatitmt does not
account for the hot CECHO component seen in some sources. In summary, cur-
rent state-of-the-art astrochemical models capture métembserved trends in
this data set, but there seem to be some hot formation pathnesging.

Finally, the scatter in COM/C§DH temperature relations should probe the
sensitivity of the COM chemistry to environmental condiather than temper-
ature. For example, observationally ECH columns are remarkably constant,
and therefore models predicting a strong dependence omtir@ement for this
molecule would be problematic. In contrast &3N/CHsOH varies by more than
an order of magnitude in each temperature bin, and modeigbits indicating
that this ratio should be sensitive to e.g. collapse timesae perfectly consis-
tent with this observed scatfex

Fig. 10 Model predictions of the

sy 0

% 10 B COM to CH;OH ratios as a

© function of temperature during

; 10 I massive star formation, adapted
lo-+h from Garrod (201334

5 Conclusions

Based on the combined analysis of the spatial distributid@@Ms toward three
MYSOs and, mostly spatially unresolved, COM observationke literature, we
find that:

1. MYSOs display a systematic chemical differentiatiorluding spatially
separated CECN, CH;OH and CHCCH emission peaks, where the ¢XEN
and CHOH peaks trace hot material and E{LH colder material. To-
ward the MYSO W3 IRS5 there are at least four distinguishab&mical
peaks: S@+CH3zSH, CHsCN+HNCO, CHOH, HGN+H,CS+CHCCH.

2. CH;OH column densities are observed to strongly depend on wh#ik
derived excitation temperatures are above or below 100 Kddwmot vary
significantly with temperature within these two temperatbins.

3. The CHCCH/CH;OH ratio is correlated with temperature at 10-50 K and
anti-correlated with temperature above 50 K. ThesCN/CHsOH ratio
increases with temperature, and, with a few notable exzeptCHCHO/CH;OH
decreases sharply around 100 K. These observations togeitigest that
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CHsCCH only forms at low temperatures, that gEHO forms efficiently
at low temperatures, but has a second high-temperatureafimmpath-
way that sometimes becomes activated, and that the refatietion ef-

ficiency of CHCN with respect to CBIOH increases with temperature.

This is generally consistent with model predictions.

4. The formation of some COMs is already efficient at low terape&es, but
the COM composition strongly depends on the source temperand the
combination of CHCN, CH;OH and CHCCH observations may there-
fore be used to define the evolutionary stage of an objectrmgef its
COM chemistry.

In general, spatially resolved observations are key to whamlge the contri-
butions from cores at different chemical stages, which typically be confused
by single-dish observations, and thus constrain how thept@achemistry de-
pends on its environment and the evolutionary stage of the ¢this approach
becomes particularly powerful when multiple emission diref each molecule
are imaged, enabling constraints on both the chemical angdgrature struc-
tures of an MYSO region. Temperature is not the only regulatchemistry,
however, and to explain e.g. differences between N and $cerpiires either
differences in initial chemical conditions (ice compawits) or the dominance of
energy sources other than passive heating from the cetaral s

This opens leads to the question of the relative importahoatore and nur-
ture for COM chemistry, and how to observationally test iinGve for example
identify ratios that exclusively trace the initial conditis, i.e. ratios of COMs that
evolve similarly with temperature, but depend strongly be initial ice com-
position or collapse history? Addressing this questioreoketionally requires
spatially resolved observations that can follow the chamisom envelope to
core. In general high-spatial resolution is key to unrakiel tomplex chemical
structures of MYSOs, but it is still an open question how MY §aectral data
cubes are best mined for information, and how this inforarais best displayed
and quantified.
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