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ABSTRACT

During the formation of stars, the accretion of the surranganaterial toward the central object is thought
to undergo strong luminosity outbursts, followed by longipgs of relative quiescence, even at the early
stages of star formation when the protostar is still embdddea large envelope. We investigated the gas
phase formation and the recondensation of the complex mrgaoiecules di-methyl ether and methyl formate,
induced by sudden ice evaporation processes occurringglluininosity outbursts of different amplitudes in
protostellar envelopes. For this purpose, we updated alggsepchemical network forming complex organic
molecules in which ammonia plays a key role. The model catmns presented here demonstrate that ion-
molecule reactions alone could account for the observesepoe of di-methyl ether and methyl formate in
a large fraction of protostellar cores, without recoursgrain-surface chemistry, although they depend on
uncertain ice abundances and gas phase reaction branatiog r In spite of the short outburst timescales of
about one hundred years, abundance ratios of the consisigeetks with respect to methanol higher than 10%
are predicted during outbursts due to their low binding giesrrelative to water and methanol that delay their
recondensation during the cooling. Although the currentihosity of most embedded protostars would be
too low to produce complex organics in hot core regions thathe observable with current sub-millimetric
interferometers, previous luminosity outburst events ldddgnduce a formation of COMs in extended regions
of protostellar envelopes with sizes increasing by up toader of magnitude.

1. INTRODUCTION gravitational and magnetorotational instabilities (BelLin|

Complex organic molecules (COMs) have been observed:994; | dl'km)g) or gravitational fragmentation in tr|1e
in high quantities around protostars, in their so-called Circumstellar diski(Vorobyov & Basl 2005; Vorobyov et al.
hi%h-mass hot cores and low-mass hot corinos (Blake et all205) and could explain the spread in bolometric lumi-

.[Cazaux et al. 2008; Bisschop etal. 2007). The res-nosities_observed for low-mass embedded protostars (see
ence of many COMs in the gas phase caZI be urﬁ)der Dunham & Vorobyol 2012). FUor and EXor objects, whose

SEDs can be attributed to Class I/1l protostars but with fexav

stood as due to the evaporation of ices from dust grains.<. . .
In this case, atom addition reactions on grain surfacesdiSks and higher accretion rates (Gramajo &t al. 2014), gerob

could account for many of the organic molecules ob- Ply undergo such luminosity outbursisiiraham et al. 2004).

served like CHOH, C,H;OH, CH;CHO, or HCOOH (e.g.  The recent detection of an outburst toward the Class O pro-
[Herbst & van Dishoe¢k 2009).  Other common organic tostar HOPS383 by Safron et al. (2015) suggests that lumi-
molecules like di-methyl ether (DME) and methyl formate Nosity outbursts are also occurring in the embedded Class 0
(MF) appear to require either energetic processing of smpl Phase although they can be hardly observed directly, due to

ices containing methandiperg et al. 2009) or ion-molecule their optically thick surrounding envelope. The strong and
reactions post-evaporation (Charnley e al. 1995). Howeve Sudden increase of the temperature induced by the lumynosit
published astrochemical models tend to underestimate thejOUtburst can significantly alter the chemical evolutionhie t
abundances with respect to methanol, their likely parent€nvelope andin the disk by triggering the fast evaporation o
molecule (Taquet et 41. 2015). These models usually conside SOlid species into the gas phase, resulting in an increase of
constant physical conditions, representative of hot aves  (€ir gaseous abundances long after the system has returned
simple physical models of core collapse inducing a gradual NO & quiescent stage. The evaporation of icy species would
warm up of the protostellar envelope therefore influence the abundances of commonly observed
. . . +

However, during the star formation process, accretion Molecules, such as J#* and HCO', whose abundances
of the surrounding material toward the central protostar is &€ governed by CO or 4D (Visser & Bergif 2012), an ef-
thought to undergo frequent and strong eruptive bursts in-f€Ct proposed b%lﬂl;g_e_ns_en_dt al. (2013) to explain the non-
ducing sudden increases of the luminosity by one or two or- détection of HCO and the presence of G®H toward the
ders of magnitude, followed by long periods of relative qui- INNer envelope of the low-luminosity protostar IRAS15398-

escence. As suggested by magnetohydrodynamics (MHD 359.

simulations, luminosity outbursts could be due to thermal, The efficient ice evaporation induced by luminosity out-
bursts could also trigger the gas phase formation of COMs.

! Leiden Observatory, Leiden University, P.O. Box 9513, 2800 Lei- In addition, the low binding energy of some COMs with re-
den. The Netherlands _ ~ spect to water and methanol ices would induce a differentia-
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formation and their subsequent recondensation of COMs byK, which is slightly lower than the evaporation/condensati
focusing on the formation of the two O-bearing prototype temperature of methandfiye = 70 K which is slightly lower
COMs di-methyl ether and methyl formate. We also compare than the evaporation/condensation temperature of DME and
our model predictions with results from sub-millimetric-ob  MF; andZpe = 40 K, giving Tmax = 125 K which is suffi-
servations toward low-mass to high-mass protostars. @ecti cient to thermally evaporate the whole content of ices. &hre
2 describes the model used in this work. Section 3 presents/alues of density were chosen, in order to represent the dif-
the chemical evolution for constant physical conditionslevh ~ ferent densities expected to be found in the inner regions of
Section 4 shows the chemical evolution during strong andClass 0 and Class | protostellar envelopes where the tem-
weak luminosity outbursts. We discuss the implications of perature is between 40 and 100 [K _(Kristensen gt al. 12012):
this work in Section 5 and outline the conclusions in Section ny = 5 x 10%,5 x 107,5 x 108 cm™3. We also adopted

6. three values for the size of interstellar graing; = 0.05
1m, representing the grain size needed to match the interate
2. MODEL surface area observed in the diffuse 1SM;= 0.2 um, the
2.1. Physical Model upper limit of the grain size distribution observed in thé di

fuse ISM and commonly used by astrochemical models; and
did = 1 pm, a higher grain size obtained through grain growth
in dense cores as observed by Paganilet al. (2010).

According to hydrodynamical models of disk instability
and fragmentation, the embedded Class 0 and Class | phas
show a highly variable evolution of their luminosity withrva
ious outbursts of different amplitudes. In this work, wedsv
tigated how the chemical evolution is impacted by two types  10'°F
of outburst whose properties are taken from the model iesult
by[Vorobyov et al. 5): 1) one strong outburst, incregsin
the luminosity by a factor of 100 from 2 to 200, every
~ 0.5 — 1 x 10° yr; 2) a series of weak outbursts, increasing
the luminosity by a factor of 10 only from 2 to 20D, but
more frequently (every- 5 x 103 yr). For the two types of
outburst, we assumed that the luminosity instantaneously i
creases fronkmin = 2L to its maximal luminosity.max and
then decreases exponentially following the formula

L.(t) = (Lmax— Lmin) exp(—t/7) + Lmin (1)

7 being the outburst timescale. The outburst duration, as-
sumed to be the time during which the luminosity remains
higher than half of its maximal luminosity, is highly variab
Models and observations show that it can vary between a few
decades to a few centuries depending on the type of predicted
instabilities and observed source (see Audardlet al.| 209d). OF'%tgs-;r%léSrt t:r:gpg/?me v?’ti{rt:ceiugglgnrgzterigr]\ﬁ?ﬁg gjsxgrowﬁie C;?%S
therefor? varied- between 75 an(.j 300 yr, = 150 yr’ cor- anpenvelope miFi)SS of 2 'before and during the two typles of Iu%inosity
responding to an outburst duration of 100 yr, being our outburst considered in this work.
standard value.

Figure[1 presents the dust temperature structure in the en-

velope surrounding Serpens-SMM4, a typical Class 0 proto- 2.2. Chemical Model

star "I"ith a curren']E bolomegri;: Iumin(és(ijﬁyb(_ﬂ = 2hL® and an The chemistry is followed as a function of time with the
envelope mass of 2.1/, before and during the two typeS  GRAINOBLE gas-grain astrochemical model presented in

of outburst considered in this work, as computed by the ra- ; ; ;
Y : ; previous studies (Taquet et al. 2012, 2014). In this work, we
diative transfer code DUSTY. (Ivezic & Elitzur 1997). The ¢405 our study on the gas phase chemistry and the gas-grain

protostar properties were derived by Kristensen et al. P01 jnteractions through freeze-out and thermal evaporative.
and we followed the methodology described in Taquetlet al. ;se an updated version of the chemical network described in
(2014) to compute the temperature structlire. Johnstoré et

: | ey (2001). The rate of several key reac-
(2013) found that the time needed by the dust to heat up inijonshas been updated while new reactions have been added
response to a luminosity outburst is much shorter, typicall

: . following recent experimental and theoretical works. The
a few days to a few months, than the typical duration of a

lUminos: b heref d that the d formation of complex organics through ion-neutral gas phas
uminosity outburst. We therefore assumed that the dust tem chemistry is triggered by the protonation of evaporated,ice
perature instantaneously scales with the luminosity eiariu

. ) and of methanol in particular.
From Fig.[1, it can be seen that the dust temperature roughl p

’ Y Electronic recombination (ER) reactions involving thepro
follows the Stefan-Boltzmann's law throughout the envelop  nated ions associated with methanol, formic acid, DME,

o 1/4 and ethanol have been measuredl by Geppert €t al. |(2006);

T(t) = Tinin > (L+(t)/ Loo) (2) Hamberg et al.[(2010a,H); Vigren ef al. (2010). For the four
where Thin is the temperature before and at the end of the systems, the total rate of the reaction follows the expoessi
outburst. The two types of outburst expand the hot-core re-k(T) ~ 10-5(7/300)~%7 cm~3 s~! while the recombina-
gion, where ices are thermally evaporated’at 100 — 120 tion leading to the complex organic molecule in considerati
K, from 15 AU to 60 AU for weak outbursts and to 150 has alow branching ratio between 6 and 13 %, most of the re-
AU for strong outbursts. We therefore considered severalactions being dissociative. To our knowledge, no experimen
pre-outburst temperatures of particular interegfe = 100 tal study focusing on the ER of protonated MF has been pub-
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TABLE 1 %) proton-transfer reactions occurring at the collisiorzé
~ ~9cm? s~ (seé Anicich 1993, for a more exhaus-
INITIAL ABUNDANCE , BINDING ENERGY, AND PROTON AFFINITY OF v 2+1x1077cm’ s (se ! » 10 _
SELECTED SPECIES tive list of experimentally studied PT reactions). Follogi
+h 1
. = —these experimental results, we assumed that all the PT reac-
Species mini /7 Eé’}gare E(’k;“a‘ E(”k‘;”re Ref. (Eb) (« 52 Jions introduced in the chemical network are non-dissbiat
— ad occur with a rate df x 102 cm? s71.
H20 1% 10 1870 5775 5775 2,3 689 ; p culati how that that th
co 38%10-5 830 1150 855 456 s93 Experiments and quantum calculations show that that the
Na 1.6 x 1075 790 790 790 7 agreaction between CHDH; and H,CO does not lead to proto-
CO, 3.0x 1075 2270 2690 2270 5,8 s3vated methyl formate (Karpas & Mautrer 1089; Horn ét al.
CH, 50x 1076 1090 1090 1090 9 542004). In this model, protonated methyl formate is instead
NH3 50x107% 5535 5535 3075 4,10 8%6rmed through the barrierless methyl cation transfertieac

HoCO 2.5 x 1076 3260 3260 3765 11 7]5(Ehrenfreund & Charn'dﬂ:! 20! )O)
CH3OH 7.0 x 10°6 5530 5530 4930 4,12 754

HCOOH 1.6 x 107 5570 5570 5000 4,13 743 CHSOH; 4+ HCOOH — H(j(oH)Q(jH;r +H,0. (4)

C2H50H 1.6 x 1076 6795 6795 5200 14,13 776
CH30CH; 0 4230 4230 3300 14,13 7&2xperimental and theoretical studies of this reactionesyst
CH3OCHO 0 4630 4630 4000 14,13 78dicate that thdrans conformer of protonated methyl for-
C2H5;0CHO 0 5895 5895 4900 15 7¢ate should be produced and that the channel forming the
CH30CH; 0 5495 5495 4400 16 8G9iore excitectis conformer of protonated MF has an activa-
C2H50CzHs 0 6760 6760 5100 17 83fon barrier of 1320 K[(Neill et dl. 2011; Cole etlal. 2012).
CH;CN 0 4680 4680 4680 14,13 "§he rate of this reaction has been measured experimentally
Note. — !: The proton affinites (PA) are taken from by[Cole et al.[(2012) who measured a predominant branch-
the NIST Chemistry WebBook| (http://webbook.nist.govicery/) 2: ing ratio of 95 % for adduct ion products and a low branch-

AvguL& Kiselev (1970); *: [Fraser et &l (2001).: Colings etal. [2004);  ing ratio of 5 % for the reaction leading to protonated MF.
- INoble efal. [2012a); : [Acharyyaefdl. [2007);": [Bisschop etdl.  However[ Cole et al[ (2012) suggested that the branching ra-

(2006); *: [Sandford & Allamandala [(1990),°: [Herrero etal. [(2010); i i -
G wa mx: mr-mr:xam rmj b): 12?) tio for the adduct ion would be lowered in the ISM due to the
{2008); 13: [Obergetal. [(2009); '*: [Lattelais etal. lower pressures found in the ISM with respect to the pressure

E-E}E); 15:E (]élﬁ Bgﬁgygog}g)Jﬁ)(czgg)(%w (—)Hl)?bg(;Hgé)H); obtained at the lab. We therefore assumed a brinching ratio
s A = LG F PplbeHsOM) - Lp(CH3OR), 70 B = of 100 % for the reaction leading tC(OH)OCH. . Ac-
B (CH30CHO;) + 2> (E(C2Hs OH) - B, (CH;0H)) cording to the proton affinities ot:(sr)Mlg an():i Nl-g,gthe PT
lished so far. We assumed the same rate and branching ratioeaction betweewis-protonated MF and Nglis barrierless
as for the ER of protonated DME measured by Hamberglet al.and has a high exothermicity ef 70 kJ/mol (see TablE]1).
(201084). The energy difference between this- andtrans-protonated
As in [Rodgers and Charnley (2001), we included proton MF conformersis only about 25 kJ/mbl(Neill eflal. 2011), the
transfer (PT) reactions involving major ice species anchabu reaction betweetrans-protonated MF and Ng forming ei-
dant complex organics listed in Taljle 1 if they are thought to thercis-MF or trans-MF, is therefore also likely exothermic.
be exothermic. The exothermicity of the PT reaction Since there are, to our knowledge, no quantitative data®n th
n n branching ratios for the formation ofs- or trans-MF via this
AH" +B — A+ BH (3)  reaction, we assumed a branching ratio of 100 % for the for-

is given by the difference of proton affinities (PA) of B and mation of the more stables-MF conformer, which is more

A. The reaction will therefore occur if the proton affinity of ~Stable than thérans- conformer by 25 kJ/mol. ~ The gas
B is higher than that of A. TablEl 1 lists the proton affin- Phaseé chemistry forming other O-bearing complex organic
ity of the major ice species and relevant complex organics. Molecules from the evaporation of methanol and ethanol is
In particular, ammonia NK easily reacts with most proto- summarized in FigurE]l2, and follows the exierlmental re-
nated ions through exothermic barrierless PT reactions dueults of.Karpas & Mautner| (1989) (see aiso Charnley et al.
to its high proton affinity. PT reactions can be in compe- 1995). Dimethyl ether, methyl ethyl ether, and diethyl ethe
tition with charge transfer and condensation reactions (se &€ formed from reactions between protonated methanol or
[Huntres< 1977) while dissociative proton transfer can bccu protonated ethanol with methanol or ethanol. We assumed
when the PA of the acceptor greatly exceeds that of the donorthat the reaction between protonated ethanol and formik aci
but the dissociation can only on the acceptor molecule (sed®'Ming protonated ethyl formate, has the same rate than the
'Smith et al[ 1994). [ Hemsworth et dl. (1974) experimentally reaction between methanol and formic acid. In total, the
studied at 297 K the reactivity of 11 reactions between ammo-Cchemical network consists in 325 species and 2787 chemical
nia and the protonated counterpart of neutral moleculgs wit PrOCESSes.

lower PA and of different complexity, from4to C,Hg. They . - .

showed that all the studied reactions led to non-disseeiati 2.3. Initial Abundancesand Binding Energies

PT reactions, the formation of NHappearing to be the dom- For each species the effective binding energh, (7) rela-

inant > 90 %) channel in each case, which occur at the tive to the surface is given by the additive contributionfu# t
collisional rate of~ 2 £ 1 x 1072 cm® s~t. In a latter binding energy relative to a bare grain substrate, an Amor-
study,| Feng & Lifshitz [(1994) experimentally studied reac- phous Solid Water (ASW), and a pure icaccording to their
tions involving protonated formic acid and 11 neutral com- fractional coverage in the ice, following the methodology d
plex organic molecules of higher proton affinities, such as scribed in_ Taquet et al. (2014). The binding energies of the
methanol, methyl cyanide, acetone and even more complexmain ice components and some abundant COMs with respect
species like dimethyoxyethane GBICH,CH,OCH;. All to the three substrates have been measured in laboratory ex-
the reactions were also found to be non-dissociatived0 periments and are listed in Tahle 1. Differences in the Inigdi
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F1G. 2.— Schematic picture of the gas phase chemical networt insenis work to produce the complex organic molecules diyletther, methyl formate,
methyl ethyl ether, diethyl ether and ethyl formate fromékaporation of methanol and ethanol.

energies of complex organics can be noticed, leading to dif-via methyl cation transfer reactions to form the DME and
ferent temperatures of sublimation and recondensation. Fo MF protonated ions.  Since the ER reactions involving the
example, as MF and DME show lower binding energies than protonated COM ions lead predominantly to their break-up
methanol, they will evaporate and recondense at lower tem-into small molecules, complex organics are not formed effi-
peratures of 70-80 K with respect to methanol, but also to ciently through gas phase chemistry if PT reactions involv-
formic acid or water, which recondense at 100-110 K. In con- ing NHs are neglected, their abundances not exceetling.
trast, ethanol @H;OH has a higher binding energy and evap- Moreover, they are quickly destroyed in less than a fé&#
orates at a higher temperature of 120 K. yr into small fragments. The incorporation of the PT reac-
The initial abundances of molecular ices are taken from in- tions involving NH; increases the COM abundances by one
frared observations of ices and are listed in Table 1. Themwat to two orders of magnitude. PT reactions, which are likely
abundance of0—* with respect to H nuclei follows ice obser- non-dissociative, also delay the destruction of COMs since
vations by Tielens et al. (1991) and Pontoppidan et al. (004 they dominate over the dissociative ER reactions. DME and
Abundances of solid CO, GQCH,, NHs3, and CHOH are MF reach an abundance peakiofk 10~7 and2 x 10~ 7 in
taken from the abundance medians deriveddherg et al. 2—3x10%yr, respectively and start to be efficiently destroyed
(2011) toward a sample of protostars. Theoretical modelsafter5 x 10* yr. MF reaches a slightly lower abundance
suggest that HCO, HCOOH, and ¢H;OH should also be  than DME due to the lower abundance of HCOOH relative
present in cold interstellar ices (see Herbst & van Dishoeckto CH;OH. A similar chemistry triggered by the protona-
h). However, their abundances in ices are highly unicerta tion of ethanol produces methyl ethyl ether, di-ethyl e toed
since the features used for their detection are contamiinate ethyl formate as depicted in Fifl] 2 (see et al.
by other mixtures. We fixed the €O abundance to 2.5 %, ). As seen in Tablé 1 ethanol has a higher proton affinity
following the abundance of the C1 component attributed to than methanol. The PT reaction between protonated methanol
H,CO+HCOOH. The HCOOH abundance has been derivedand neutral ethanol therefore enhances the ethanol protona
from the band feature at 7.26m detected by Boogert etlal. tion with respect to methanol and induces a more efficient
(2008) toward 12 low-mass protostars, giving a mean abun-conversion from ethanol to the longer COMs, like ethyl for-
dance of 3.2 % with respect to water. HowevegHgOH mate, methyl ethyl ether or di-ethyl ether. Their abundance
appears to be a plausible carrier for this feature as well (se remains nevertheless lower than MF and DME because of the
I[2011). We therefore assumed an abundance dpwer initial abundance of ethanol.

1.6 % for HCOOH and gH;OH. The incorporation of the new PT reactions also tends to
enhance the Qestruction of NHs protonated methan_ol be-
3. CHEMISTRY DURING CONSTANT PHYSICAL CONDITIONS comes the main proton donor of NHHowever, NH survives

3.1 Impact of proton trans i for alonger time than other more complex species because the
- mpa orpro qn ransier reactions ER reaction involving NH is mostly non-dissociative and re-

We show in Figur¢l3 the impact of the proton transfer re- forms either NH or NH,. Moreover, NH can also be proto-

actions mvplvmg NH mtrod.uced in the chemical network ON nated to form NI—‘; that reforms NH through the reaction be-

the :‘jq{mat{on "ing dels(t)gucmig C;Eoll\gg 'f<or cgn;tanfgﬂ;;smal tween NH" and H,. Since this latter process is in competition

con A'Orf-gg =oXx cmd Hatton . Cd_ dxh il pa. Vit the reaction between NHand H, whose rate increases

S oo mag, assumed to be our standard pnysical pa-yith the temperature, higher temperatures tend to increase

rameters. o . . the destruction efficiency of ammonia. Our gas phase chem-
After their evaporation into the gas phase, ice species,i o network also produces methyl cyanide £, from the

such as CBHIOH, HCOOH, GH;OH, are protonated through .
proton-transfer reactions involving the abundant ion©H reaction between HCN and GHthrough protonated methyl

or HCO*. CH;OH; can then react with CHOH, or HCOOH cyanide but in lower abundances ((0~%) and obtained in a
. 2 1
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FIG. 3.— Temporal evolution of the absolute abundances of cexnptganics by neglecting (left) and including (right) th@ton transfer reactions with
ammonia fomy = 5 x 107 cm™3, T = 150K, ¢ =3 x 10717 s71, 4y = 20 mag.

longer time ¢ 10° yr). trends than MF and DME but are lowered by one order of
magnitude, due to the lower initial abundance of ethanol.
3.2. Impact of other parameters The abundance ratios also depend on the assumed physical

- .___conditions. The density slightly influences the efficienéy o

In order to compare our model predictions to observations e cOMs formation since an increase of density fror 0°
of complex organics toward protostars, we show in Figure 15 5 » 108 cm—3 slightly increases the MF and DME abun-
[ the evolution of the predicted abundances of formic acid, dances, but only by a factor of 4 at maximum, due to the de-
ethanol, DME, MF, ethyl formate, and methyl ethyl-etheifwit  ¢rease of the abundance of electrons and protonated ions tha
respect to methanol as a function of the absolute methanol:iestroy neutral COMs. The abundance of COMs does not de-
abundance for different values of the total density, and tem pend on the temperature for values lower than 150 K, their
perature. _ _ abundances only varying by a factor of 2 at maximum. How-

With time, the abundance ratios evolve from the right to the eyer, higher temperatures enhance the destruction of COMs,
left of each panel, their exact evolution depending on the in  jecreasing the MF and DME abundance ratios by one order of

tial abundance in ices and their chemistry in the gas phasemagnitude between 150 and 200 K due to the more efficient
Formic acid and ethanol both have an initial abundance of yastryction of NH, as explained in section 3.1.

~ 20 % with respect to methanol according to the standard g \ever, the most important parameter is the initial abun-
assumed abundances (see Thble 1). The temporal evolution qfance of ammonia injected in the gas phase as it governs the
their abundance, however, shows opposite trends because Qffficiency of proton exchange reactions both with CHH;
tr]lfelr_dlﬁre]rent pr?]ton ?ﬁ";l'“e? Er:hanol has a hl?her.pmt and with protonated COM ions. Figufé 5 shows the max-
affinity than methanol, allowing the proton-transfer réatt ;5 ahyndance relative to methanol reached by DME, MF,
between protonated methanol and ethanol to occur. The PrOgthyl formate, and methyl ethyl ether and the time required

t(r)]natlfon Ol‘; ethanI ang Its rg:onversmn to Iarﬁer slpefleh g‘”l to reach their maximal abundances as function of the initial
dance ratio thorefore decreasearol % for the siandard  2cundance of ammonia. On he one hand, 2 lovs bkin-

s A . dance induces an efficient protonation of methanol but also a
model (solid lines in Fig.[}4). On the other hand, formic |, toimation of COMs from large ions, possibly mostly by
acid has a lower proton affinity than methanol, methanol will ERs. On the other hand, a very high Nabundance keeps the

const(_equgnf[ly limit its tprotctang?on t_hrou%h the{:hprotcljn Qf;’:‘h protonated methanol at such low levels that both the destruc
reaction between protonated rormic acid methanol and inere ,, of methanol by dissociative electron recombinatiord a

fore its destruction to larger species. Its abundance msnai the formation of COMs, are limited (Rodgers and Chainley

constant for a longer time than methanol, its abundance rapa07). Consequently. abundances of COMs increase with am-
tio slightly increasing from~ 20 to ~ 50 %. Gas phase moni?aI abunde?nces gétween X(NKK(H20) = 0 % and 20 %
chemistry produces high ab(L)mdance ratios of MF and DME, i, respect to water to reach peaks of 30 and 8 % for DME
reaching peaks of 10 and 4 % respectivelgat 3 x 10° yr 44 MF. respectively and then decline for higher ammonia

At s 5 r .
T el i raye APUNdances._However the tme needed (0 reach e max.
9 P mal abundances strongly increases with the initial ammonia

slightly higher rates than the ER reactions destroyingg@rot . o 4~nce because it dela :
6 6 a3 o ays the protonation of methanol. A
?o?tﬁje%%tggpgtng%é lé)) t;g'all\:/lgr\ﬁ ()D?\AXElgbur?crigncz ratios reasonable amount of solid NHwith similar abundances to
therefore slowly decrease with the destruction of methanolthose measured in interstellar ices toward low-mass pratos
y X (NH3)/X (H20) =5 - 10 %), provides the best balance be-

and other large molecules at longer timescales. —Abundancgy oo, efficient methanol protonation and efficient formatio
ratios of ethyl formate and methyl ethyl ether show similar
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F1G. 4.— Evolution of the gaseous abundances of formic acidreth(left panels), di-methyl ether, methyl formate (cem@nels), ethyl formate and methyl
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of neutral COMs from protonated ions, enhancing the gas 1x10° T T T T8
phase production of O-bearing COMs. On the other hand, a - ]
high initial abundance of solid ammonia of 25 %, as assumed
by [Rodgers and Charnley (2001), inhibits the conversion of
methanol and ethanol to more complex species as it requires

too much timei x 10° yr compared to the Class 0 lifetime of
~ 10° yr[Evans et al. 2009).

Infrared observations of interstellar ices suggest thbd so
methanol shows a strong variation of its abundance, from les
than 3 % in a significant number of low-mass protostars to
more than 30 % in a few massive sourdes (Gibb ét al.12004;
[Bottinelli et al 2010/0berg et al. 2011). Although the origin
of the 7.25um band is still a matter of debate, HCOOH abun-
dances derived from observations of this band toward low-
and high-mass protostars is also highly variable, betwess |
than 0.5 % to more than 7 %. The gas phase abundance of
the COMs studied in this work obviously depends on the ini-
tial abundance of solid species injected in the gas phase. Th
maximal abundance ratios reached by the daughter COMs de-
pend on the ratio between the initial methanol (or ethanol) 1073 ) | |
abundance relative to ammonia. A low methanol abundance = "1 — "10 — '1'00
relative to NH limits its protonation due to the high NH X(NH3)/X(H;0)es [%]
abundance that reforms back methanol while gas phase chem- _ _ "
istry is not efficient enough to produce a high abundant of letﬁQISéEy'I\A:@?rugn%}?;i?gé ‘?g?;flvgﬁféh%'efg]';“nf’(‘)tle(sit{gs')f(;mﬁﬁ%‘l
COMs when the methanol abunda_mce IS hlgher_. Itis foundwhen the maximum is reached (dotted lines) as a functioneiniitial abun-
that DME and MF abundance ratios reach their maximum dance of ammonia.
when methanol and ammonia have a similar abundance of 5-

107
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C,H;OCHO

Xgas(i)/ X gos{ CH3OH)[max ]

1072

Time when maximum reached [yr]

Q
>

10 % ity increases from 2 t@00 L, inducing an increase of the
' temperature by a factor of 3.2, as explained in section 2.1.
4. CHEMICAL EVOLUTION DURING LUMINOSITY OUTBURSTS The chemical evolution occurring during luminosity outtsr

. strongly depends on the binding energy of neutral species. W
4.1. Strong luminosity outbursts will therefore focus our study on di-methyl ether and methyl
This section describes the chemical evolution induced by formate whose binding energies have been comprehensively
one strong luminosity outburst, in which the central lunsno  studied experimentally by different groups, in contrasthi®
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heavier species ethyl formate, methyl ethyl ether or dideth the MF and DME recondensations@t — 80 K. Abundance
ether whose binding energies are guessed values. The suddeatios of 100 % and 10 % can thus be reached for DME and
increase in temperature induced by the luminosity outburstMF, respectively when the methanol abundance is still highe
triggers the evaporation of all icy species into the gas @has than10=8.
allowing an efficient formation of daughter COMs, such as o
DME and MF, through the gas phase chemistry described in 4.2. \Weak and frequent luminosity outbursts
the previous section. Given the lifetime of Class O protostars-( 10° yr;
Figure[® presents the temporal evolution of abundances ofEvans et dil 2009), the dynamical timescale of the material
complex organics during one strong luminosity outburst. In in the envelope inside the centrifugal radiu®{ — 10° yr;
all panels, the solid curves show the chemical evolution dur [Visser et al 2009), and the expected frequency of weak out-
ing the model using the standard parametefs £ 5 x 107 bursts, increasing the luminosity by one order of magnitude
cm=3, Thin = 70K, 7 = 150 yr, ag = 0.2 um). The dashed of ~ 5 x 10 — 10* yr (Scholz et all 2013; Vorobyov etlal.
and dotted curves show the chemical evolution where one pa2015), it is likely that cells of material located outsides th
rameter is varied at a time. The formation of COMs is ef- water snowline undergo several processes of ice evaporatio
ficient but limited by the short timescale of the outburst and and condensation. According to FIg. 1, such luminosity out-
the fast decrease of the temperature that induces a rapid rebursts are likely strong enough to trigger the evaporation o
condensation of neutral species, and of methanol in particu the whole ice content into the gas phase up to radii showing
lar Absolute abundances reached during outbursts are-conse pre-outburst temperature lower than the condensation tem
quently lower than those obtained for constant physicat con perature of MF and DME (75 K).
ditions. DME and MF reach abundance peaks~ofl0—3 Figure[T shows the evolution of the absolute abundances
only, the exact value of the maximal abundance depending orand the abundance ratios during a series of 10 weak outpursts
the assumed physical parameters. The absolute abundancés which the temperature is increased from 70 to 125 K in-
of COMs tend to increase with the pre-outburst temperatureduced by a luminosity increase of one order of magnitude,
and the outburst timescale, since they directly affectithet  occurring everys x 10° yr. As for the strong luminosity out-
spent by ices in the gas phase before their recondensation du burst case, three values of density were chosen, in order to
ing the cooling. The increase of the poorly constrained lumi represent the spread of density expected to be found at radii
nosity outburst timescale from 75 to 300 yr or the pre-ougbur whereT = 70 K in Class 0 and Class | protostars. The abun-
temperature from 40 to 100 K increases the DME and MF dance of MF and DME formed through gas phase chemistry
abundancess by one order of magnitude simply due to thegradually increases with the outburst number up to one or-
delay of the recondensation of neutral species. der of magnitude after 5 outbursts. However, MF and DME
As shown in Tabl€]1l, MF and DME have lower binding en- are not efficiently produced during subsequent outbursts be
ergies than methanol by 1000 K, inducing a difference of  cause of the gradual destruction of ammonia during outburst
20-30 K in their temperature of recondensation. Methanol allowed by the longer total timescalg ¢ 10* yr) and its low
starts to condense dab0 — 110 K whereas MF and DME  binding energy that prevents it to freeze-out. After five-out
freeze-out at a lower temperature@f— 80 K. The impact of bursts, the ammonia abundance is already lower thaf or
the binding energy differencesis illustrated in the botfzan- 1 % with respect to water, preventing an efficient formatibn o
els of Fig[®, showing the evolution of the DME and MF abun- COMSs from protonated ions through proton-transfer reastio
dances with respect to methanol as function of the methanol(see Fig[h).
abundance. The formation efficiency of COMs is limited by It can also be seen that the formation efficiency of COMs
the short luminosity outburst timescales, inducing lowrabu  decreases more strongly with the density with respect to the
dance ratios at high methanol abundances. However, the lowstrong luminosity outburst case. The abundances of MF and
binding energy of COMs delays their freeze-out with respect DME reached after 5 outbursts decrease by one order of
to methanol.  If the outburst timescale is longer than the magnitude froml0~7 to 10~ betweemny = 5 x 10° and
freeze-out timescale, given by this formula ny = 5 x 10® cm™3. This is due to the very short time
spent by CHOH in the gas phase at high densities during
5x107cm™3  aq 5 each weak outburst. In total, the @BIH abundance remains
nH 0.2 um’ ) higher thanL0~° for more thanl0* yr atny = 5 x 10% cm=3
but only for 400 yr atwy = 5 x 10% cm~3, a shorter timescale
then the methanol abundance efficiently decreases during thby a factor of 20. In contrast, during one strong luminosity
cooling before the onset of the recondensation of the moreoutburst, CHOH abundances can remain high for 200 and
volatile DME and MF, increasing their abundance ratio. As a 1000 yr atny = 5 x 10% and5 x 10% cm—3, respectively.
consequence, the evolution of the abundance ratio of COMsHowever, as it is seen for the strong luminosity outbursécas
also strongly depends on the total density of H nuclei and thethe freeze-out timescale decreases with the density tabeco
grain size. Higher densities or smaller grain sizes in&#as much shorter than the outburst timescale for a high density o
freeze-out rate of neutral species like methanol. Thiséedu 5 x 108 cm™3. As a consequence, methanol freezes-out effi-
a slight decrease of absolute abundances of COMs becauseiently before the onset of the MF and DME recondensations
methanol spends slightly less time in the gas phase but, moreand their abundance ratios strongly increase as the mdthano
importantly, a strong increase of their abundance ratios bydecreases, reaching the similar high abundance ratios as fo
more than one order of magnitude as soon as the freeze-ouhe strong luminosity outburst case.
timescale becomes shorter than the outburst timescale. Ac- Other parameters can also affect the formation and the
cording to equatior{5), a high density ®fx 10° cm— or a freeze-out efficiencies of COMs and methanol, altering the
small grain size of 0.0am decrease the freeze-out timescale evolution of their abundance. The outburst timescale or the
to less than a few decades, inducing an efficient depletion ofgrain size would influence the abundances ratios in a simi-
methanol, with abundances downlto 2, before the onset of  lar manner as for the strong luminosity outburst case. The
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FiG. 6.— Evolution of the absolute abundances of methanol, ameméormic acid, di-methyl ether and methyl formate wittné (top panels) and of the
CH;0OCH,/CH;0H (red) and CHOCHO/CH,;OH (blue) abundance ratios with the absolutesCHH abundance (bottom panels) during one strong luminosity
out%urst. Pluses, stars, and crosses represent the reesved toward low-mass, intermediate-mass, and higls-pragostars, respectively, summarised in
[Taquet et 81.{2015). Left, middle-left, middle-right aright panels show the influence of the pre-outburst temper&in, the luminosity outburst timescale
7, the total densityay, and the grain sizeq respectively, on the chemistry.

frequency of outbursts is also important for the formatiébn o the detection of DME, MF and other COMs around protostars
daughter COMs through gas phase chemistry. More frequen{(seel Garrod & Herbst 2006; Garrod etlal. 2008). However,
outbursts would reinject solid methanol before N4 effi- these gas-grain astrochemical models still strongly yoreer
ciently destroyed by gas phase chemistry. If the ammoniadict the abundances of DME and MF with respect to methanol
abundance is initially similar to methanol, an increaseheft by more than one order of magnitude, the abundance ratios
outburst frequency would tend to increase the formation effi barely exceeding 1 % for the two species, suggesting that
ciency of COMs. other chemical processes, such as gas phase chemistrg, woul
play a major role for the formation of these two species (see
5. DISCUSSION [Taquet et al. 2015, for a more detailed comparison between
5.1. Comparison with observed abundance ratios observations and models) . In gas-grain models, complex or-
i ganic molecules, assumed to be mostly formed on interstella
Gas phase chemistry can produce a large amount of comgrains, are then evaporated into the gas phase when the tem-
plex organics and in particular of DME and MF, the two perature exceeds 100 K and are gradually destroyed by gas
prototype COMs that have been extensively targeted in hotphase chemistry, through protonation followed by dissocia
cores, when proton-transfer reactions involving ammorga a tive electronic recombination. The incorporation of gaageh
included . In FiguréX, obsgrvatlonal data obtained toward proton transfer reactions involving NHn gas-grain models
more than 40 low-mass to high-mass protostars, are showiwould delay the destruction of COMs in the gas phase, and
together with the predictions of our static model. _The ob- increase their absolute abundances in hot cores and het cori
servational data has been compiled_in_Taquetlet al. (2015)nos, as non-dissociative PT reactions would dominate over
and is complemented by the recent detections of ethyl for-the dissociative ER reactions. However, it is unlikely that
mate toward Sgr B2 by Belloche et al. (2009) and of ethyl for- the abundance ratios of these complex species with respect t
mate and methyl ethyl ether toward Orion KLIby Tercero et al. methanol will be increased since COMs and methanol show
(2015).  The comparison with observations suggests thatsimilar proton affinities, inducing a similar chemistry. par-
gas phase chemistry with constant physical conditionsles ab ticular, the abundance of methyl formate with respect to its
to explain the abundance of DME and MF with respect to jsomer glycolaldehyde CHDHCHO has been found to be
methanol toward some of the methanol-enriched protostarshigher than 10 in three low-mass protostars (Jgrgenseh et al
with methanol abundances higher thar 6, that show abun- [Z_Q_gﬂ; Coutens et dl. 2015; Taquet €t al. 2015), cntraajjctin
dance ratios between 2 and 20 %. However, the abundanceénhe gas-grain model predictions[of Gatrdd (2013), in which
ratios higher than 20 % cannot be reproduced with our staticthe two molecules are assumed to form on grains from a sim-
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gas phase model. ilar mechanism, with an abundance ratio-of0.1. Methyl
Grain surface chemistry, in which COMs are formed from formate and glycolaldehyde have a similar proton affinity of
the UV-induced radical recombination on warfit (< 7' < 782 kJ/mol, proton transfer reactions cannot be invokedt+o e

80 K) interstellar grains has been recently proposed to explai
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FIG. 7.— Evolution of the absolute abundances of methanol, amenéormic acid, ethanol, di-methyl ether and methyl fotenaith time after the onset of
each outburst (top panels) and of the LKLH,/CH,OH (red) and CHOCHO/CH,OH (blue) abundance ratios with the absolutesChil abundance (bottom
panels) during a series of 10 weak luminosity outbursts mwiz@uevery5 x 103 yr assumingiy = 5 x 106 cm=3 (left), ny = 5 x 107 cm~—3 (center), and

ny = 5 x 108 cm—3 (right). The thickness of the lines increases with the ostboumber: the DME and MF abundances increase with the mitbumber
while the ammonia abundance decreases. Pluses, stargpaedcrepresent the ratios observed toward low-massniiéate-mass, and high-mass protostars,

respectively, summarised[in Taquet étfal. (2015).

plain the different abundance ratios. As no efficient gaspha dance than th&ans counterpart (Taquet et al. in prep.) sug-
formation routes are known for glycolaldehyde, additiayes gesting that the observed abundance ratios of HCOOH are
phase chemical pathways leading to the formation of methyllikely underestimated.
formate naturally explain the high abundance of methyl for- Due to its high proton affinity, ammonia can abstract a pro-
mate with respect to its isomer. ton from most of the ions through proton-transfer reactions
The abundance ratios of ethyl formate and methyl ethyl altering the protonation of methanol and the formation af-ne
ether of 1073 observed toward Sgr B2 and Orion KL can tral complex organic molecules from their protonated ceunt
also be reproduced by the gas phase chemistry depicted ipart. As shown in section 3.2 and Fig. 5, the abundance ratios
Fig. [2 triggered by the evaporation of the solid methanol, of COMs highly depend on the initial abundance of ammonia
ethanol, and formic acid, depending on the assumed physi-and reach their maximum at ammonia abundancés-afd) %
cal conditions and initial abundances. The high protonaffin with respect to water, when the ammonia abundance is simi-
ity of ethanol GH5OH can explain the lower abundances of lar to methanol. These abundances are in agreement with the
1 — 10 % relative to methanol observed in the gas phase oftypical icy ammonia abundances of 0.6-1.4 and 1.3-2.0 rel-
hot cores with respect to the initial abundance of 23 % in ices ative to solid methanol observed toward low-mass and high-
assumed in this work. However, due to its low proton affinity, mass protostars respectivel@lferg et all 2011). Gas phase
the predicted abundance ratio of HCOOH slightly increasesabundances of NiHand CH,OH should also remain similar
with time and overpredicts the hot core observationsbyonet as long as the timescale is not longer than0°® yr (see Fig.
two orders of magnitude. The discrepancy between the modell). We have attempted to derive the NBH;OH abundance
predictions and the observations could be due to an overpreratios toward 9 high-mass hot cores showing a detection of
diction by the models induced by a overestimation of the ini- ammonia and methanol. For all sources, the;KHH;OH
tial abundance of HCOOH, or by some missing destruction abundance ratio was derived following the publishedsNH
channels for gaseous HCOOH. However, it should be notedand CH,OH column densities and scaled according to the
that the HCOOH abundances derived from observations insize of their emission. We found the following N)CH;OH
hot cores are only based on the detection of its more stableabundance ratios: 0.38 in 619.61-0.0102 0.3
trans conformer. Laboratory experiments studying the forma- in G24.78 [(Codella et &l._1997; Bisschop dtlal._2007), 4.3
tion of solid CG; and HCOOH through the CO+OH reaction in G29.96 [(Cesaroni et al._1994; Beuther é{ al. 2007b), 6.8
show that the HOCO complex, thought to act as an interme-in G31.41+0. 31L(§_e_s_aLQm_e_t_HL_l_99_Au_|_SQKQ$k]_¢LaL_2013)
diate for the formation of both products, can be formed in its 0.63 in NGC6334-I-mm1 and 0.32 in NGC6334-I-mm2
two trans- andcis- conformers in similar quantities (Oba et al.  (Beuther et al. 2007 &; Zernickel 2015), 2.5 in NGC7538IRS1
2010;lloppolo et al. 2011). MoreoverisHCOOH has re-  (Bisschop et il 2007;_Goddi etlal. 2015), 0.60 in the “Hot
cently been detected in a molecular cloud with a similar abun Core” in Orion KL (Goddi et al. 2011; Feng et/al. 2015), and
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0.098 in W33A|(Bisschop et al. 2007; Lu eilal. 2014). Dueto  Due to their low binding energies, the abundances of COMs
the low number of sources, no trend for the evolution of the formed either at the surface of interstellar grains or ingas
abundance ratio with the methanol abundance can be noticeghhase relative to methanol tend to increase after each lumi-
but we derived an averaged NKCH;OH abundance ratio of  nosity outburst as the methanol decreases. In the innemggi
1.8, in good agreement with the values found in interstellar ofProtosteIIar envelopes, the density varies betweg¥nand
ices toward high-mass protostars. The similar abundance ofl0'° cm~3 depending on the distance from the protostar and
ammonia and methanol found in ices and in the gas phasehe source in consideration. Low-density sources would dis
suggests that gas phase does not destroy more efficiently anplay high absolute abundances of methanol and COMs long
monia than methanol in the early stages of star formation.  after the luminosity outburst ends due to their slow freeze-
This work focused on the gas phase chemistry triggered byout. At a density o x 106 cm=3, the freeze-out timescale
the evaporation of interstellar ices. The chemical composi becomes similar to the timescale between outbursts (1000 -
tion of ices was therefore taken from infrared observatitins 5000 yr depending on the assumed grain size, see equation
is known that several species like methanol can show a largés), methanol and COMs can therefore remain in the gas phase
variation of their abundances with respect to water depend-in a large region of the protostellar envelope during most of
ing on the sourcé@berg et all 2011) while the presence of the embedded stage. However, the abundance ratios of COMs
formic acid and ethanol in ices inferred from the band at 7.25 would remain limited because methanol and COMs deplete
pm, and their exact abundance, is still a matter of debate. Thesimultaneously, the abundance ratios after outbursts do no
gas phase formation of complex organic molecules obviouslyexceed 5 %. On the other hand, dense protostars that un-
depends on the initial abundance of the parent species, thelerwent recent outburst events would likely display a low
absolute abundance of dimethyl ether, methyl formate, andmethanol abundance in the region just outside of the exgecte
other larger species linearly scales with the initial antaafn ~ water snow line, due to its fast freeze-out onto grains,@sso
methanol, formic acid, and ethanol injected in the gas. Theated with a high abundance ratio of COMs, induced by their
variation of methanol abundance does not strongly alter thelower binding energy, that could match the observed abun-
abundance ratios of the studied COMs, as long as the abundance ratios. According to Fid.] 6, the methanol abundance
dances of ethanol, formic acid, and ammonia are scaled tostays higher than0~'° for about 500 yr. Assuming that out-
methanol. However,for a fixed abundance of methanol, theburst events occur evelyx 10° — 10* yr (Scholz et all. 2013;
abundances of methyl formate, ethyl formate, or methyllethy Vorobyov et al. 2015) suggests that an extended emission of
ether tend to vary almost linearly with the initial abundesic  COMs could be detected with high abundance ratios in about
of ethanol and formic acid assumed in the ices. The high sen5 — 10 % of dense protostars.
sitivity and spectral resolution provided by new generatio Other species that show lower binding energies and which
of infrared telescopes, such as the James Webb Space Tel@lso likely undergo similar behaviours during the recorsaden
scope (JWST), together with new laboratory experiments fo- tion process occurring after luminosity outbursts can dus
cusing on the absorption infrared spectra of complex specie to identify chemical clocks for episodic phenomena. By per-
are therefore required to confirm the presence of ethanol andorming SMA observations of the ‘€0 emission around a
formic acid in the quantities assumed in this work. sample of 16 well-characterised protostars, Jgrgenseh et a
We assumed a branching ratio of 100 % for reactidn (4) (2015) found that half of them show extendetf O emission
forming trans-protonated MF following the suggestion by compared to the €O emission expected from their current
.[(2012) (see section 2.2) and for the PT reactionluminosities. This discrepancy can be attributed to presio
betweentrans-protonated MF and ammonia, producicig- outburst events increasing the luminosity by a factor of five
MF, in the absence of quantitative data and based on the enor more during the last0* yr, and even by a factor of 25 for
ergy differences betweetis- andtrans-MF. These branch- 25 % of the observed sources. High-angular resolution ebser
ing ratios might be too optimistic and new laboratory work Vvations, using the new generation of sub-mm interferorseter
are needed to confirm or infirm these assumptions. Loweringlike ALMA, of such sources will be crucial for testing the
the branching ratio of these reactions to 10 % decreases thgas phase chemistry scenario proposed in this work. Depend-
maximal abundance ratio of methyl formate with respect to ing on the density structure of these sources, the emisgion o
methanol by a factor of 2.5 from 4 % to 1.5 % when standard methanol and COMs could eventually be also extended with
input parameters are assumed. respect to the hot core region expected from their current lu
o minosity. Comparison of their emission and their abundance
5.2. Impact of luminosity outbursts inside and outside the expected hot core region will help us
The distribution of bolometric luminosities of embedded assessing whether or not luminosity outbursts can triguer t
protostars derived by infrared surveys show that most low- formation of COMs and alter their observed abundance ra-
mass protostars have relatively low-luminosities of alout tios.
5Lc I9). For such low-luminosity sources,
the water snow line is located only 10-20 AU away from the 6. CONCLUSIONS
central source (or 0.1 arcsec at a typical distance of 200  In this work, we have investigated the gas phase formation
pc), making the detection of complex organic molecules in ho and evolution of complex organic molecules (COMs) for con-
cores with current sub-mm facilities very challenging, reve stant physical hot core conditions and during protostéliar
with ALMA. However, in spite of their short timescale of minosity outbursts. We summarise here the main conclusions
~ 100 years, luminosity outbursts are able to produce COMs of this work:
through gas phase chemistry in significant quantities, alith 1) lon-neutral gas phase chemistry, triggered by the evapo-
solute abundances higher thiir® in large regions outside  ration of interstellar ices at temperatures higher than K00
the hot core up to 50 to 200 AU away from the central source, can efficiently produce several complex organic molecules.
depending on the strength of the luminosity outbursts aad th The incorporation of proton-transfer reactions involvarg-
structure of the protostellar envelope. monia, in which its high proton affinity plays a crucial role,
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results in an efficient formation and a delayed destructfon o amounts through gas phase chemistry in a large region of pro-
complex organic molecules. The initial abundance of am- tostellar envelopes. Di-methyl ether and methyl formate, f
monia injected in the gas phase is found to be the mostexample, can be produced with absolute abundances of about
important parameter for the production of complex organic 102 in protostellar envelope regions with sizes increasing by
molecules. These results, in addition to the recent worksa factor of 5to 10, depending on the strength of the lumigosit
byVasyunin & Herbst (2013) and Balucani et al. (2015) who outburst, with respect to the pre-outburst hot core.
proposed new gas phase neutral-neutral reaction routgs, su 4) Because of their lower binding energy that delays their
gest a gas phase origin for several complex organic molgecule recondensation, the abundances of di-methyl ether and/imeth
2) Comparison with observations suggests that gas phaséormate relative to methanol tend to increase during thé-coo
chemistry occurring during constant physical conditioas ¢ ing occurring after the outburst, especially when highltota
account for the abundances of di-methyl ether and methyl for densities or low interstellar grain sizes are assumed.
mate, the two bright and abundant COMs, relative to methanol 5) The high abundances of di-methyl ether and methy!l for-
in almost half of the observed protostars without recounse t mate of~ 50 % observed toward some of the observed pro-
grain surface chemistry. In addition, the abundance ratiostostars could be explained by previous recent luminosity ou
of the more complex species ethyl formate and ethyl methyl burst events that trigger the formation of these molecules i
ether observed in Orion KL and Sgr B2 can also be repro- large region of the envelope followed by by a delayed recon-
duced with our gas phase chemical network. However, as thedensation onto grains with respect to methanol.
gas phase formation of complex organic molecules highly de-
pends on the initial abundance of solid species, like HCOOH
and GH;OH and the branching ratios of some ion-neutral re-
actions, which are still a matter of debate, more laboratory

and observational works using new generations of telescope

are needed to confirm these results.
3) In spite of their short timescales,

one strong proto-
stellar luminosity outburst or a series of five weak outburst
events can produce complex organic molecules in appreciabl
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