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density than the 2004 MIPS flux density; therefore, we
conclude the outburst began between 2004 October 12 and
2006 October 20, with a subsequent rise in luminosity up
to 2008.

Figure 2 shows a SCUBA 450 μm image from 1998, a
SABOCA 350 μm image from 2011, and the ratio of SABOCA
to SCUBA. They show the appearance by 2011 of a bright
source at the position of HOPS 383. While the extended
emission has a ratio of ∼2.1 due to the difference in
wavelength, the source has a ratio of ∼4, implying an increase
in brightness of ⩾2.

The SED of HOPS 383 appears in Figure 3. Due to the
paucity of pre-outburst data, we focus on the post-outburst

SED. For data products where time series exist, the variability
within the time series is small compared to the range of the
whole SED, so we choose a representative observation for the
SED; the time series are discussed in Section 3.3.

3.2. Properties of the Post-outburst Source

The bolometric luminosity Lbol of the post-outburst SED is
7.5 ☉L . Dunham et al. (2008) showed that, for protostars, the
correlation between flux density at a given wavelength and
luminosity tightens with increasing wavelength between 3 and
70 μm. Lacking pre-outburst 70 μm data, we estimate that the
change in luminosity was equal to the factor of 35 increase in

Figure 1. Near- and mid-IR images of HOPS 383 before and after its luminosity increase. Top: pre-outburst imaging from SQIID and Spitzer. Bottom: post-outburst
imaging from NEWFIRM, WISE, and Spitzer. The position of HOPS 383 is marked in green.

Figure 2. Submillimeter images. A SCUBA image at 450 μm obtained in 1998 appears on the left, a SABOCA image at 350 μm obtained in 2011 appears in the
center, and the ratio of the post-outburst to the pre-outburst image appears on the right. The position of HOPS 383 is marked in green.

3

The Astrophysical Journal Letters, 800:L5 (6pp), 2015 February 10 Safron et al.

density than the 2004 MIPS flux density; therefore, we
conclude the outburst began between 2004 October 12 and
2006 October 20, with a subsequent rise in luminosity up
to 2008.

Figure 2 shows a SCUBA 450 μm image from 1998, a
SABOCA 350 μm image from 2011, and the ratio of SABOCA
to SCUBA. They show the appearance by 2011 of a bright
source at the position of HOPS 383. While the extended
emission has a ratio of ∼2.1 due to the difference in
wavelength, the source has a ratio of ∼4, implying an increase
in brightness of ⩾2.

The SED of HOPS 383 appears in Figure 3. Due to the
paucity of pre-outburst data, we focus on the post-outburst

SED. For data products where time series exist, the variability
within the time series is small compared to the range of the
whole SED, so we choose a representative observation for the
SED; the time series are discussed in Section 3.3.

3.2. Properties of the Post-outburst Source

The bolometric luminosity Lbol of the post-outburst SED is
7.5 ☉L . Dunham et al. (2008) showed that, for protostars, the
correlation between flux density at a given wavelength and
luminosity tightens with increasing wavelength between 3 and
70 μm. Lacking pre-outburst 70 μm data, we estimate that the
change in luminosity was equal to the factor of 35 increase in

Figure 1. Near- and mid-IR images of HOPS 383 before and after its luminosity increase. Top: pre-outburst imaging from SQIID and Spitzer. Bottom: post-outburst
imaging from NEWFIRM, WISE, and Spitzer. The position of HOPS 383 is marked in green.

Figure 2. Submillimeter images. A SCUBA image at 450 μm obtained in 1998 appears on the left, a SABOCA image at 350 μm obtained in 2011 appears in the
center, and the ratio of the post-outburst to the pre-outburst image appears on the right. The position of HOPS 383 is marked in green.

3

The Astrophysical Journal Letters, 800:L5 (6pp), 2015 February 10 Safron et al.

HOPS 383 HOPS 383



Complex organics in low-mass protostars

A dozen of N- and O- complex organics have been detected in high abundances toward 
low-mass protostars (Cazaux et al. 2003, Bottinelli et al. 2004, 2007)

Taquet et al. (2015)

PdBi observations towards NGC1333-IRAS2A
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Interferometric observations show that COMs 
mostly originate from inner (< 50 AU) regions

COMs are as abundant in low-mass protostars 
as in high-mass hot cores
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Formation of complex organics

Adapted from Herbst & van Dishoeck (2009)

≈ 106-107 yr≈ 105 yr≈ 105 yr

➔ COMs formation on grains from radical 
r e c o m b i n a t i o n t r i g g e r e d b y U V 
photodissociation of ices 

➔ Astrochemical models based on gradual 
warm-up of the envelope…



Luminosity outbursts in embedded protostars

… But the Early stages of star formation likely undergo episodic luminosity outbursts! 

Hydrodynamical models predict accretion 
outbursts due to instabilities in circumstellar disk

Luminosity variability observed 
toward embedded sources

Vorobyov et al. (2013)

Eduard I. Vorobyov et al.: Episodic accretion and the abundance of ices
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Fig. 1. Gas surface density images in the inner 1000 × 1000 AU showing the disk evolution during 0.24 Myr after the formation of the central star.
Vigorous disk fragmentation is evident in the figure. The scale bar is in log g cm−2.
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Fig. 2. Main characteristics of the forming system as a function of time
elapsed since the formation of the central star: a) the mass accretion
rate onto the protostar; b) the total and photospehric luminosities; c) the
masses of the protostar, disk, and envelope; and d) the disk radius.

high rates of mass infall onto the young disk. However, it must
be kept in mind that we have not taken into account magnetic
fields and the effect of the external environment, which can sig-
nificantly decrease the mass and size of protostellar disks (see
e.g. Hennebelle & Teyssier 2008). Therefore, although the qual-
itative picture issued from the present calculations should be

rather robust, the quantitative results must be considered with
due caution.

3.2. Spatial distribution of CO and CO2

Figure 3 presents (from left to right) the gas surface density Σ
(first column), the gas temperature Tmp (second column), the
CO gas-phase fraction ξgCO = Σ

g
CO/(Σ

g
CO + Σ

s
CO) (third column)

and the CO2 gas-phase fraction ξgCO2
= Σ

g
CO2
/(Σg

CO2
+ Σs

CO2
)

(fourth column) in the inner 3000 × 3000 AU region, at four
distinct time instances. The first row (from top to bottom) high-
lights the evolution stage soon after a moderate luminosity burst
with L∗ ≈ 20 L⊙ (Ṁ ≈ 10−5 M⊙ yr−1) that occurred at t =
0.127 Myr. The second row presents the model during a strong
luminosity burst with L∗ ≈ 250 L⊙ (Ṁ ≈ 2 × 10−4 M⊙ yr−1) at
t = 0.13 Myr. The third row shows the model at t = 0.134 Myr,
i.e., 4.0 kyr after the strong burst. Finally, the fourth row repre-
sents the quiescent stage at t = 0.14 Myr with L∗ ≈ 3.5 L⊙. The
black lines delineate isotemperature contours with Tmp = 20 K
(third column) and Tmp = 40 K (fourth column). These values
correspond to the evaporation temperatures of CO and CO2 ices
from dust grains (Noble et al. 2012).

A visual inspection of Fig. 3 indicates that the protostellar
disk (localized in the inner 300−350 AU) is characterized by al-
most complete evaporation of CO from dust grains (ξgCO ≈ 1.0),
a result consistent with the recent study of molecular abundances
in gravitationally unstable disks by Ilee et al. (2011). This holds
for both the burst and quiescent stages of disk evolution. A mod-
erate burst at t = 0.127 Myr (L∗ ≈ 20 L∗) can also evaporate
CO in the innermost parts of the envelope up to r ≈ 500 AU

A35, page 5 of 11
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A visual inspection of Fig. 3 indicates that the protostellar
disk (localized in the inner 300−350 AU) is characterized by al-
most complete evaporation of CO from dust grains (ξgCO ≈ 1.0),
a result consistent with the recent study of molecular abundances
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for both the burst and quiescent stages of disk evolution. A mod-
erate burst at t = 0.127 Myr (L∗ ≈ 20 L∗) can also evaporate
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Gravitational fragmentation is one of many possible
mechanisms that can generate accretion and luminosity
bursts (see accompanying chapter by Audard et al.). Among
the other mechanisms, a combination of MRI and GI has
been most well-studied (Zhu et al., 2009, 2010; Martin
et al., 2012). In this scenario, GI in the outer disk transfers
gas to the inner sub-AU region where it accumulates un-
til the gas density and temperature reach values sufficient
for thermal ionization to activate the MRI. The subsequent
enhanced angular momentum transport triggers a burst of
accretion. The GI+MRI burst mechanism may act in disks
that are not sufficiently massive to trigger disk fragmenta-
tion, but the details of the MRI are still poorly understood.
Independent of their physical origin, luminosity bursts have
important implications for disk fragmentation, accretion,
and theoretical models of star formation.

3.5. Comparison between Models and Observations
Here, we consider direct comparisons between observa-

tions and several theoretical models.

3.5.1. Protostellar Luminosities
In order to consider the luminosity problem, McKee

and Offner (2010) developed an analytic formalism for the
present-day protostellar mass function (PMF). The PMF de-
pends on the instantaneous protostellar mass, final mass, ac-
cretion rate, and average protostellar lifetime. Given some
model for protostellar luminosity as a function of protostel-
lar properties, Offner and McKee (2011) then derived the
present-day protostellar luminosity function (PLF). Since
the PLF depends only on observable quantities such as the
protostellar lifetime and on a given theoretical model for
accretion, the PLF can be used to directly compare star for-
mation theories with observations.
Offner and McKee (2011) computed the predicted PLFs

for a variety of models and parameters, including the
isothermal sphere, turbulent core, competitive accretion,
and two-component turbulent core models. Fig. 5 compares
the observed protostellar luminosity distribution with some
of these predicted PLFs where the accretion rate is allowed
to taper off as the protostar approaches its final mass. Mod-
els in which the accretion rate depends on the final mass
(such as the turbulent core or competitive accretion mod-
els) naturally produce a broad distribution of luminosities.
Offner and McKee (2011) also found that the theoretical
models actually produce luminosities that are too dim com-
pared to observations, given an average formation time of
⟨tf ⟩ ∼ 0.5 Myr and allowing for episodic accretion. They
concluded that a star formation time of ⟨tf ⟩ ≃ 0.3 Myr
provides a better match to the mean and median observed
luminosities.
On the other hand, given that numerical simulations

of disk evolution indicate that protostellar accretion may
be an intrinsically variable process, the wide spread in
the observed protostellar luminosity distribution may re-
sult from large-scale variations in the protostellar accretion

Fig. 5.— Distribution of extinction-corrected protostellar lumi-
nosities from the c2d+GB surveys (shaded), predicted from disk
simulations (dash, Dunham and Vorobyov, 2012), tapered Isother-
mal Sphere (dots), tapered Turbulent Core (dot-dash), tapered
Competitive Accretion (dot-dot-dash, Offner and McKee, 2011),
and two-component accretion (long dash, Myers, 2012). The ta-
pered models adopt a completeness limit of 0.05 L⊙. Typical ob-
servational uncertainties are shown in the upper right.

rate (Dunham et al., 2010a). This idea was further devel-
oped by Dunham and Vorobyov (2012), who used numeri-
cal hydrodynamics simulations of collapsing cores coupled
with radiative transfer calculations to compare the model
and observed properties of young embedded sources in the
c2d clouds. They showed that gravitationally unstable disks
with accretion rates that both decline with time and feature
short-term variability and episodic bursts can reproduce the
full spread of observations, including very low luminosity
objects. As shown in Fig. 5, accretion variability induced
by GI and disk fragmentation can thus provide a reasonable
match to the observed protostellar luminosity distribution
and resolve the long-standing luminosity problem.
Finally, the distribution of protostellar masses can be ob-

tained for the case of feedback-regulated accretion by com-
bining the two-component accretion (2CA) model with an
explicit distribution of accretion times. Myers (2011, 2012)
used the corresponding distribution of masses and accre-
tion rates to compute the predicted PLF and found that it
is in reasonable agreement with the observed protostellar
luminosity distribution in nearby clouds.

3.5.2. Ages of Young Clusters
Models which specify accretion durations can also be

tested against age estimates of young clusters. Such mod-
els can predict as a function of time the number of cluster
members which are protostars, since they are still accreting,
and the number which are pre-main sequence stars (PMS),
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Luminosity outbursts can explain observed 
spread of low-mass protostar luminosities

Dunham & Vorobyov (2012)
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SED; the time series are discussed in Section 3.3.

3.2. Properties of the Post-outburst Source

The bolometric luminosity Lbol of the post-outburst SED is
7.5 ☉L . Dunham et al. (2008) showed that, for protostars, the
correlation between flux density at a given wavelength and
luminosity tightens with increasing wavelength between 3 and
70 μm. Lacking pre-outburst 70 μm data, we estimate that the
change in luminosity was equal to the factor of 35 increase in

Figure 1. Near- and mid-IR images of HOPS 383 before and after its luminosity increase. Top: pre-outburst imaging from SQIID and Spitzer. Bottom: post-outburst
imaging from NEWFIRM, WISE, and Spitzer. The position of HOPS 383 is marked in green.

Figure 2. Submillimeter images. A SCUBA image at 450 μm obtained in 1998 appears on the left, a SABOCA image at 350 μm obtained in 2011 appears in the
center, and the ratio of the post-outburst to the pre-outburst image appears on the right. The position of HOPS 383 is marked in green.
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Class 0 protostar HOPS 383 
(Safron et al. 2015)8 x brighter 35 x brighter



Luminosity outbursts and chemical evolution
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Gas phase chemical network

Update of the gas phase chemical network from Rodgers & Charnley (2001) 
including rates of key reactions recently measured or computed: 

- Methyl formate now formed from   HCOOH + CH3OH2
+          HC(OH)OCH3

+ + H2O 
 (Neill et al. 2011 and Cole et al. 2012)  

- Electronic recombination measured for several protonated COMs  
(Geppert et al. 2006, Hamberg et al. 2010, Vigren et al. 2010) 
 XH+ + e-            X + H    BR ≈ 5 - 10 % 

- Highly exothermic proton transfer reaction between protonated COMs and NH3 
(not included in KIDA/OSU/UMIST databases ?) 
 XH+ + NH3           X + NH4

+  (rate of ≈ 10-9 cm3.s-1 taken from similar reactions) 



Binding energies and initial abundances

- Initial abundances taken from IR observations 
of ices towards low-mass and high-mass protostars  
(see Tielens et al. 1991, Oberg et al. 2011)

2

(2013) predicts an accretion outburst every ∼ 5000 yr,
suggesting that about 20 outbursts could occur during
the Class 0 lifetime of ∼ 105 yr (Evans et al. 2009; Maury
et al. 2011).
At first approximation, we assumed that the gas and

grain temperatures are directly given by the Stefan-
Boltzmann’s law according to the formula

T (t) = Tmin × (L⋆(t)/Lmin)
1/4 (3)

where Tmin is the temperature reached before and at the
end of the luminosity outburst. Our primary goal is to
investigate the influence of the initial and peak tempera-
tures on the formation of complex organics, Tmin is there-
fore considered as a free parameter between 50 and 100
K. We fixed the total density of H nuclei nH to 107 cm−3,
a density typical of hot cores and hot corinos.

2.2. Gas-grain Model

The chemistry is followed as a function of time with the
GRAINOBLE gas-grain astrochemical model presented
in previous studies (Taquet et al. 2012, 2014). In this
work, we focus our study on the gas phase chemistry and
the gas-grain interactions through freeze-out and ther-
mal evaporation. Interstellar grains are assumed to be
spherical with a constant radius of 0.1 µm. The binding
energies listed in Table 1 correspond to binding ener-
gies with respect to a water ice substrate and have been
measured in the laboratory. Differences in the binding
energies of complex organics can be noticed, leading to
different temperatures of sublimation and recondensa-
tion. The binding energies of CH3OH, and HCOOH are
very close to that of water, these molecules will evapo-
rate and recondense at a temperature close to 100-110
K. Other molecules, such as NH3, DME (CH3OCH3)
or (CH3OCHO) show lower binding energies, their tem-
perature of sublimation is consequently lower (80-90 K).
C2H5OH has a higher binding energy and evaporates at
a higher temperature of 120 K.

TABLE 1
Initial abundances and binding energies of ices and COMs.

Species Xini Eb Ref(Eb).
H2O 1× 10−4 5775 1
CO 3.8× 10−5 1150 2
N2 1.6× 10−5 790 3
CO2 3.0× 10−5 2690 4
CH4 5.0× 10−6 1090 5
NH3 5.0× 10−6 3075 6
H2CO 2.5× 10−6 3260 7
CH3OH 7.0× 10−6 5530 2
HCOOH 1.6× 10−6 5570 2
C2H5OH 1.6× 10−6 6795 8
CH3OCH3 0 4230 8
CH3OCHO 0 4630 8
CH3CN 0 4680 2
CH3CHO 0 3800 9

Note. — 1: Fraser et al. (2001); 2: Collings et al. (2004); 3:
Bisschop et al. (2006); 4: Noble et al. (2012a); 5: Herrero et al.
(2010); 6: Sandford & Allamandola (1993); 7: Noble et al. (2012b);
8: Lattelais et al. (2011); 9: Öberg et al. (2009);

2.3. Chemical Network

We used an updated version of the chemical network
described in Rodgers and Charnley (2001). The rate of
several key reactions has been updated while new reac-
tions have been added following recent experimental and
theoretical works. In particular, it has been shown that
the reaction between CH3OH+

2 and H2CO leading to pro-
tonated methyl formate is unlikely to react (Horn et al.
2004). In this model, protonated methyl formate is in-
stead formed through the methyl cation transfer reaction

CH3OH2
+ +HCOOH → HC(OH)OCH3

+ +H2O (4)

whose rate has been measured experimentally by Cole et
al. (2012). Cole et al. (2012) measured a predominant
branching ratio for adduct ion products of 95 % and a
low branching ratio of 5 % for the reaction leading to
protonated methyl formate. However, Cole et al. (2012)
suggested that the low pressure of the ISM compared to
the pressure obtained in the laboratory would result in
a smaller branching ratio for the abduct ion, we there-
fore assumed a branching ratio of 100 % for the reaction
leading to HC(OH)OCH3

+ in our standard model.
Electronic recombination reactions involving the pro-

tonated ions associated with methanol, formic acid,
dimethyl ether (DME) and ethanol have been measured
at the heavy-ion storage ring CRYRING (Geppert et al.
2006; Hamberg et al. 2010a,b; Vigren et al. 2010). For
the four systems, the total rate of the reaction follows
the expression k(T ) ∼ 10−6(T/300)−0.7 cm−3 s−1 while
the dissociative recombination leading to the complex
organic molecule in consideration has a low branching
ratio between 6 and 13 %. To our knowledge, no exper-
imental study focusing on the electronic recombination
of protonated methyl formate has been published so far.
The UMIST and KIDA databases assumed a total rate
k(T ) ∼ 3 × 10−7(T/300)−0.5 cm−3 s−1 and a branch-
ing ratio of 50 % for the reaction leading to methyl for-
mate (MF). We assumed the same rate and branching
ratio as for the electronic recombination of protonated
DME measured by Hamberg et al. (2010a). Due to its
high proton affinity, NH3 easily reacts with protonated
ions through proton transfer reactions. As in Rodgers
and Charnley (2001), we added protonated transfer re-
actions between protonated COMs, including protonated
methanol, MF, and DME, and ammonia which are not
present in the KIDA and UMIST databases, with a rate
equal to 10−9 cm3s−1 following similar reactions with
other ions. In total, the chemical network consists in
325 species and 2787 gas phase and gas-grain chemical
processes.

2.4. Initial Abundances

The initial abundances of molecular ices are taken from
infrared observations of ices and are listed in Table 1.
The water abundance of 10−4 with respect to H nu-
clei follows ice observations by Tielens et al. (1991) and
Pontoppidan et al. (2004). Abundances of solid CO,
CO2, CH4, NH3, and CH3OH are taken from the abun-
dance medians derived by Öberg et al. (2011) towards
low-mass protostars. Abundances of H2CO, HCOOH,
and C2H5OH ices are highly uncertain since the features
used for their detection are contaminated by other mix-
tures. We fixed the H2CO abundance to 2.5 %, follow-
ing the abundance of the C1 component attributed to

Suffer from high uncertainties due to contamination 
from other tertiary species/mixtures
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- Initial abundances taken from IR observations 
of ices towards low-mass and high-mass protostars  
(see Tielens et al. 1991, Oberg et al. 2011)

2

(2013) predicts an accretion outburst every ∼ 5000 yr,
suggesting that about 20 outbursts could occur during
the Class 0 lifetime of ∼ 105 yr (Evans et al. 2009; Maury
et al. 2011).
At first approximation, we assumed that the gas and

grain temperatures are directly given by the Stefan-
Boltzmann’s law according to the formula

T (t) = Tmin × (L⋆(t)/Lmin)
1/4 (3)

where Tmin is the temperature reached before and at the
end of the luminosity outburst. Our primary goal is to
investigate the influence of the initial and peak tempera-
tures on the formation of complex organics, Tmin is there-
fore considered as a free parameter between 50 and 100
K. We fixed the total density of H nuclei nH to 107 cm−3,
a density typical of hot cores and hot corinos.

2.2. Gas-grain Model

The chemistry is followed as a function of time with the
GRAINOBLE gas-grain astrochemical model presented
in previous studies (Taquet et al. 2012, 2014). In this
work, we focus our study on the gas phase chemistry and
the gas-grain interactions through freeze-out and ther-
mal evaporation. Interstellar grains are assumed to be
spherical with a constant radius of 0.1 µm. The binding
energies listed in Table 1 correspond to binding ener-
gies with respect to a water ice substrate and have been
measured in the laboratory. Differences in the binding
energies of complex organics can be noticed, leading to
different temperatures of sublimation and recondensa-
tion. The binding energies of CH3OH, and HCOOH are
very close to that of water, these molecules will evapo-
rate and recondense at a temperature close to 100-110
K. Other molecules, such as NH3, DME (CH3OCH3)
or (CH3OCHO) show lower binding energies, their tem-
perature of sublimation is consequently lower (80-90 K).
C2H5OH has a higher binding energy and evaporates at
a higher temperature of 120 K.

TABLE 1
Initial abundances and binding energies of ices and COMs.

Species Xini Eb Ref(Eb).
H2O 1× 10−4 5775 1
CO 3.8× 10−5 1150 2
N2 1.6× 10−5 790 3
CO2 3.0× 10−5 2690 4
CH4 5.0× 10−6 1090 5
NH3 5.0× 10−6 3075 6
H2CO 2.5× 10−6 3260 7
CH3OH 7.0× 10−6 5530 2
HCOOH 1.6× 10−6 5570 2
C2H5OH 1.6× 10−6 6795 8
CH3OCH3 0 4230 8
CH3OCHO 0 4630 8
CH3CN 0 4680 2
CH3CHO 0 3800 9

Note. — 1: Fraser et al. (2001); 2: Collings et al. (2004); 3:
Bisschop et al. (2006); 4: Noble et al. (2012a); 5: Herrero et al.
(2010); 6: Sandford & Allamandola (1993); 7: Noble et al. (2012b);
8: Lattelais et al. (2011); 9: Öberg et al. (2009);

2.3. Chemical Network

We used an updated version of the chemical network
described in Rodgers and Charnley (2001). The rate of
several key reactions has been updated while new reac-
tions have been added following recent experimental and
theoretical works. In particular, it has been shown that
the reaction between CH3OH+

2 and H2CO leading to pro-
tonated methyl formate is unlikely to react (Horn et al.
2004). In this model, protonated methyl formate is in-
stead formed through the methyl cation transfer reaction

CH3OH2
+ +HCOOH → HC(OH)OCH3

+ +H2O (4)

whose rate has been measured experimentally by Cole et
al. (2012). Cole et al. (2012) measured a predominant
branching ratio for adduct ion products of 95 % and a
low branching ratio of 5 % for the reaction leading to
protonated methyl formate. However, Cole et al. (2012)
suggested that the low pressure of the ISM compared to
the pressure obtained in the laboratory would result in
a smaller branching ratio for the abduct ion, we there-
fore assumed a branching ratio of 100 % for the reaction
leading to HC(OH)OCH3

+ in our standard model.
Electronic recombination reactions involving the pro-

tonated ions associated with methanol, formic acid,
dimethyl ether (DME) and ethanol have been measured
at the heavy-ion storage ring CRYRING (Geppert et al.
2006; Hamberg et al. 2010a,b; Vigren et al. 2010). For
the four systems, the total rate of the reaction follows
the expression k(T ) ∼ 10−6(T/300)−0.7 cm−3 s−1 while
the dissociative recombination leading to the complex
organic molecule in consideration has a low branching
ratio between 6 and 13 %. To our knowledge, no exper-
imental study focusing on the electronic recombination
of protonated methyl formate has been published so far.
The UMIST and KIDA databases assumed a total rate
k(T ) ∼ 3 × 10−7(T/300)−0.5 cm−3 s−1 and a branch-
ing ratio of 50 % for the reaction leading to methyl for-
mate (MF). We assumed the same rate and branching
ratio as for the electronic recombination of protonated
DME measured by Hamberg et al. (2010a). Due to its
high proton affinity, NH3 easily reacts with protonated
ions through proton transfer reactions. As in Rodgers
and Charnley (2001), we added protonated transfer re-
actions between protonated COMs, including protonated
methanol, MF, and DME, and ammonia which are not
present in the KIDA and UMIST databases, with a rate
equal to 10−9 cm3s−1 following similar reactions with
other ions. In total, the chemical network consists in
325 species and 2787 gas phase and gas-grain chemical
processes.

2.4. Initial Abundances

The initial abundances of molecular ices are taken from
infrared observations of ices and are listed in Table 1.
The water abundance of 10−4 with respect to H nu-
clei follows ice observations by Tielens et al. (1991) and
Pontoppidan et al. (2004). Abundances of solid CO,
CO2, CH4, NH3, and CH3OH are taken from the abun-
dance medians derived by Öberg et al. (2011) towards
low-mass protostars. Abundances of H2CO, HCOOH,
and C2H5OH ices are highly uncertain since the features
used for their detection are contaminated by other mix-
tures. We fixed the H2CO abundance to 2.5 %, follow-
ing the abundance of the C1 component attributed to

- Differences in binding energies between 
methanol and COMs 
→ different temperatures of sublimation



Gas phase chemistry produces high abundances of COMs ! 
➔ Abundances > 10-7 can be reached for methyl formate and dimethyl ether

COMs formation for static physical conditions

nH = 107 cm-3 

T = 150 K



Importance of NH3 in COMs abundance

NH3 abundance governs the formation efficiency of COMs: 
- Low NH3 abundance ➔ efficient protonation of methanol but low formation of      
COMs from protonated ions  
- High NH3 abundance ➔ efficient formation of COMs from ions but low protonation of methanol 

Example for dimethyl ether:

CH3OH CH3OH2
+

H3O+, HCO+

e-, NH3

+ CH3OH e-, NH3CH3O(H)CH3
+ CH3OCH3

Abundances of COMs reach their maximum for 
X(NH3) ≈ 10-20 %  
➔ similar to NH3 abundances of 5-15 % observed 
around protostars (see Oberg et al. 2011)



Physical conditions

• Luminosity evolution 

Lmin = 2 L☉ and Lmax = 100 L☉ 

𝜏 = 100, 300, 500 yr 

• Physical conditions at snow lines during/
after luminosity outburst 

nH = 106, 107, 108 cm-3 

Tmin = 45, 75, 105 K 
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(2013) predicts an accretion outburst every ∼ 5000 yr,
suggesting that about 20 outbursts could occur during
the Class 0 lifetime of ∼ 105 yr (Evans et al. 2009; Maury
et al. 2011).
At first approximation, we assumed that the gas and

grain temperatures are directly given by the Stefan-
Boltzmann’s law according to the formula

T (t) = Tmin × (L⋆(t)/Lmin)
1/4 (3)

where Tmin is the temperature reached before and at the
end of the luminosity outburst. Our primary goal is to
investigate the influence of the initial and peak tempera-
tures on the formation of complex organics, Tmin is there-
fore considered as a free parameter between 50 and 100
K. We fixed the total density of H nuclei nH to 107 cm−3,
a density typical of hot cores and hot corinos.

2.2. Gas-grain Model

The chemistry is followed as a function of time with the
GRAINOBLE gas-grain astrochemical model presented
in previous studies (Taquet et al. 2012, 2014). In this
work, we focus our study on the gas phase chemistry and
the gas-grain interactions through freeze-out and ther-
mal evaporation. Interstellar grains are assumed to be
spherical with a constant radius of 0.1 µm. The binding
energies listed in Table 1 correspond to binding ener-
gies with respect to a water ice substrate and have been
measured in the laboratory. Differences in the binding
energies of complex organics can be noticed, leading to
different temperatures of sublimation and recondensa-
tion. The binding energies of CH3OH, and HCOOH are
very close to that of water, these molecules will evapo-
rate and recondense at a temperature close to 100-110
K. Other molecules, such as NH3, DME (CH3OCH3)
or (CH3OCHO) show lower binding energies, their tem-
perature of sublimation is consequently lower (80-90 K).
C2H5OH has a higher binding energy and evaporates at
a higher temperature of 120 K.

TABLE 1
Initial abundances and binding energies of ices and COMs.

Species Xini Eb Ref(Eb).
H2O 1× 10−4 5775 1
CO 3.8× 10−5 1150 2
N2 1.6× 10−5 790 3
CO2 3.0× 10−5 2690 4
CH4 5.0× 10−6 1090 5
NH3 5.0× 10−6 3075 6
H2CO 2.5× 10−6 3260 7
CH3OH 7.0× 10−6 5530 2
HCOOH 1.6× 10−6 5570 2
C2H5OH 1.6× 10−6 6795 8
CH3OCH3 0 4230 8
CH3OCHO 0 4630 8
CH3CN 0 4680 2
CH3CHO 0 3800 9

Note. — 1: Fraser et al. (2001); 2: Collings et al. (2004); 3:
Bisschop et al. (2006); 4: Noble et al. (2012a); 5: Herrero et al.
(2010); 6: Sandford & Allamandola (1993); 7: Noble et al. (2012b);
8: Lattelais et al. (2011); 9: Öberg et al. (2009);

2.3. Chemical Network

We used an updated version of the chemical network
described in Rodgers and Charnley (2001). The rate of
several key reactions has been updated while new reac-
tions have been added following recent experimental and
theoretical works. In particular, it has been shown that
the reaction between CH3OH+

2 and H2CO leading to pro-
tonated methyl formate is unlikely to react (Horn et al.
2004). In this model, protonated methyl formate is in-
stead formed through the methyl cation transfer reaction

CH3OH2
+ +HCOOH → HC(OH)OCH3

+ +H2O (4)

whose rate has been measured experimentally by Cole et
al. (2012). Cole et al. (2012) measured a predominant
branching ratio for adduct ion products of 95 % and a
low branching ratio of 5 % for the reaction leading to
protonated methyl formate. However, Cole et al. (2012)
suggested that the low pressure of the ISM compared to
the pressure obtained in the laboratory would result in
a smaller branching ratio for the abduct ion, we there-
fore assumed a branching ratio of 100 % for the reaction
leading to HC(OH)OCH3

+ in our standard model.
Electronic recombination reactions involving the pro-

tonated ions associated with methanol, formic acid,
dimethyl ether (DME) and ethanol have been measured
at the heavy-ion storage ring CRYRING (Geppert et al.
2006; Hamberg et al. 2010a,b; Vigren et al. 2010). For
the four systems, the total rate of the reaction follows
the expression k(T ) ∼ 10−6(T/300)−0.7 cm−3 s−1 while
the dissociative recombination leading to the complex
organic molecule in consideration has a low branching
ratio between 6 and 13 %. To our knowledge, no exper-
imental study focusing on the electronic recombination
of protonated methyl formate has been published so far.
The UMIST and KIDA databases assumed a total rate
k(T ) ∼ 3 × 10−7(T/300)−0.5 cm−3 s−1 and a branch-
ing ratio of 50 % for the reaction leading to methyl for-
mate (MF). We assumed the same rate and branching
ratio as for the electronic recombination of protonated
DME measured by Hamberg et al. (2010a). Due to its
high proton affinity, NH3 easily reacts with protonated
ions through proton transfer reactions. As in Rodgers
and Charnley (2001), we added protonated transfer re-
actions between protonated COMs, including protonated
methanol, MF, and DME, and ammonia which are not
present in the KIDA and UMIST databases, with a rate
equal to 10−9 cm3s−1 following similar reactions with
other ions. In total, the chemical network consists in
325 species and 2787 gas phase and gas-grain chemical
processes.

2.4. Initial Abundances

The initial abundances of molecular ices are taken from
infrared observations of ices and are listed in Table 1.
The water abundance of 10−4 with respect to H nu-
clei follows ice observations by Tielens et al. (1991) and
Pontoppidan et al. (2004). Abundances of solid CO,
CO2, CH4, NH3, and CH3OH are taken from the abun-
dance medians derived by Öberg et al. (2011) towards
low-mass protostars. Abundances of H2CO, HCOOH,
and C2H5OH ices are highly uncertain since the features
used for their detection are contaminated by other mix-
tures. We fixed the H2CO abundance to 2.5 %, follow-
ing the abundance of the C1 component attributed to
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Fig. 4. CO gas-phase fraction ξg
CO (red lines) and total stellar luminosity L∗ (black lines) vs. time. Two time periods (20 kyr each) are shown to

highlight two strongest luminosity bursts and several moderate ones. The correlation between ξg
CO and L∗ is evident. In particular, ξg

CO steeply rises
during the burst to a maximum value and gradually declines to a minimum value after the burst.

ng = 106 cm−3), the resulting e-folding time for CO freeze-out
onto dust grains is approximately 2500 yr. The fact that tads
for carbon monoxide can be much longer than the burst dura-
tion opens up a possibility for the observational detection of re-
cent bursts, as suggested by Lee (2007) and Visser & Bergin
(2012) on the basis of simplified core collapse calculations.
Equation (15) also indicates that tads increases linearly with the
radius of dust grains a, suggesting that this phenomenon may be-
come even more pronounced if dust grains have enough time to
coagulate and grow to sizes greater than adopted in the present
study, a = 0.1 µm.

In contrast, the phase transformations of CO2 during the
bursts are much less pronounced. Most of the disk and all of
the envelope in Fig. 3 are characterized by CO2 frozen out onto
grains. CO2 has an evaporation temperature of 35−40 K and in
the quiescent stage the gas-phase CO2 is present only in the in-
ner 25−30 AU. During the strong burst with L∗ ≈ 250 L⊙ (sec-
ond row in Fig. 3), the temperature may rise above the CO2 evap-
oration limit in the inner 200−300 AU, transforming most of
CO2 into the gas phase. However, the gas density in this region
of the disk (ng = (1− 5)× 109 cm−3) is considerably higher than

in the envelope and the e-folding time for the CO2 freeze-out
onto dust grains (tads ∼ 1.0 yr) is significantly shorter than that
of carbon monoxide (tads ∼ 2500 yr). As a result, the gas-phase
CO2 quickly returns into the solid phase after the burst and no
gas-phase CO2 is seen at t = 0.134 Myr at radial distances be-
yond 25−30 AU. We conclude that the phase transitions of CO2,
and in particular the abundance of gas-phase CO2, are less con-
venient for monitoring the recent burst activity. We note, how-
ever, that the abundance of solid CO2 appears to be sensitive to
the past accretion history and can be a good episodic accretion
tracer, as recently demonstrated by Kim et al. (2011).

3.3. Time variations of the gas-phase CO and CO2
in the envelope

In Fig. 4 we consider the time evolution of the gas-phase
CO fraction (ξgCO) during two time intervals: 0.08−0.1 Myr (left
column) and 0.12−0.14 Myr (right column). These time inter-
vals were chosen so as to capture two most intense and sev-
eral moderate luminosity bursts. The red lines present ξgCO av-
eraged over three radial bins: 300 < r < 1000 AU (top row),
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1. INTRODUCTION

Complex organic molecules (COMs) have been ob-
served in high quantities around protostars, in their so-
called hot cores, for three decades (Blake et al. 1987;
Cazaux et al. 2003; Bisschop et al. 2007; Jaber et al.
2014). State-of-the-art astrochemical models invoking
grain surface chemistry to predict the formation of COMs
(Garrod & Herbst 2006; Garrod 2013), still tend to un-
derestimate the abundances of a few key COMs, such as
dimethyl ether (DME) and methyl formate (MF), with
respect to their likely parent molecule, methanol (Taquet
et al. 2015). These models usually consider constant
physical conditions, representative of hot cores, or sim-
ple physical models of core collapse inducing a gradual
warm up of the protostellar envelope.
However, the accretion of the surrounding material to-

wards the central object is thought to undergo frequent
and strong eruptive bursts inducing sudden increases of
the luminosity by one or two orders of magnitude, fol-
lowed by long periods of relative quiescence. Luminosity
outbursts have been observed towards the so-called FU
Orionis (FUor) and EX Lupi (EXor) objects showing
strong and long-lived optical outbursts remaining high
for several years or decades (Hartmann & Kenyon 1996;
Ábrahám et al. 2004). The SED of most observed FUor
sources can be attributed to Class I/II protostars (Gra-
majo et al. 2014) but with heavier disks and higher ac-
cretion rates. Hydrodynamical and MHD simulations
suggest that lumininosity outbursts are due to thermal,
gravitational, or MRI instabilities in the circumstellar
disk (Vorobyov & Basu 2005; Zhu et al. 2009; Dunham
et al. 2010; Vorobyov et al. 2013).
Although they cannot be observed directly, due to

their optically thick surrounding envelope, luminosity
outbursts are also thought to occur in Class 0 proto-
stars. The strong and sudden increase of the tempera-
ture induced by the luminosity can alter significantly the
chemical processes in the envelope and/or in the disk
triggering the fast evaporation of solid species, such as
CO, H2O, or CH3OH, into the gas phase resulting in an
increase of their gaseous abundances long after the sys-
tem has returned into a quiescent stage. The evaporation
of icy species would therefore influence the abundances of
commonly observed molecules, such as N2H+ and HCO+,
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sity of Technology, Onsala Space Observatory, SE-439 92 Onsala,
Sweden

whose abundances are governed by CO or H2O (Visser &
Bergin 2012). This effect has been proposed by Jørgensen
et al. (2013) to explain the non-detection of HCO+ and
the presence of CH3OH towards the inner envelope of the
low luminosity protostar IRAS15398-3359.
The efficient evaporation of ices induced by luminos-

ity outbursts could also trigger the formation of COMs
in the gas phase. Moreover, several key COMs, such as
dimethyl ether and methyl formate, show lower binding
energies with respect to water ice than water of methanol
(Fraser et al. 2001; Collings et al. 2004; Lattelais et al.
2011), inducing a differentiation in the recondensation,
altering the abundances of COMs with respect to more
simple species. In this letter, we aim at investigating
the impact of luminosity outbursts on the formation of
COMs and their recondensation by investigating 1) the
efficiency of the gaseous formation of COMs during lu-
minosity outbursts inside and outside hot cores; 2) the
evolution of the COMs abundances with respect to their
precursor molecule methanol during the ice recondensa-
tion occurring after the luminosity outburst when the
envelope cools down. For this purpose, we will focus
on the formation of the two prototype COMs dimethyl
ether (DME) and methyl formate (MF) detected in sev-
eral dozens of hot cores. We will compare our model pre-
dictions with results from sub-millimetric observations
carried out towards a sample of high-mass, intermediate-
mass, and low-mass protostars summarized in Taquet et
al. (2015).

2. MODEL

2.1. Luminosity outburst

The main properties of episodic accretion bursts are
chosen to match the average properties of the luminosity
outbursts predicted by the hydrodynamical model of?.
During the luminosity outburst, the luminosity is as-
sumed to increase from Lmin = 2L⊙ to Lmax = 100L⊙ in-
stantaneously and decreases exponentially, following the
formula

L(t) = (Lmax − Lmin) exp(−t/τ) + Lmin (1)

with τ = 300 yr. The model of Vorobyov et al. (2013)
predicts an accretion outburst every ∼ 5000 yr, suggest-
ing that about 20 outbursts could occur during the Class
0 lifetime of ∼ 105 yr (Evans et al. 2009; Maury et al.
2011).
At first approximation, we assumed that the gas and

grain temperatures are directly given by the Stefan-
Boltzmann’s law according to the formula

T (t) = Tmin × (L⋆(t)/Lmin)
1/4 (2)

Vorobyov et al. (2013)



COMs formation during luminosity outbursts

Gas phase chemistry can produce significant 
amount of COMs (10-8) in one outburst

Low COM binding energies increase their 
abundance ratios during the recondensation 

nH = 107 cm-3; 𝜏 =  300 yr



COMs formation during luminosity outbursts

• High abundance ratios are predicted in dense envelopes (nH = 108 cm-3) 

• In low-density envelopes, COMs stay in the gas phase long after the end of the outburst 

Tmin = 75 K; 𝜏 =  300 yr



Conclusions and Perspectives

✓ Significant contribution of gas phase chemistry to the formation of some 
complex organics → importance of ammonia 

✓ Abundance ratios of COMs relative to methanol increase as the envelope 
cools down after a luminosity outburst because of their low binding energy

✓ In spite of their low-luminosity (≈ 1 L⦿), most low-mass protostars might 
be able to produce COMs in the gas on 100-200 AU scales due to outbursts 



Conclusions and Perspectives

✓ Significant contribution of gas phase chemistry to the formation of some 
complex organics → importance of ammonia 

✓ Abundance ratios of COMs relative to methanol increase as the envelope 
cools down after a luminosity outburst because of their low binding energy

✓ In spite of their low-luminosity (≈ 1 L⦿), most low-mass protostars might 
be able to produce COMs in the gas on 100-200 AU scales due to outbursts 

→ Extension to other species showing higher/lower binding energies 

→  Coupling with grain surface chemistry and with more realistic physical 
models 


