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ABSTRACT

The understanding of organic content of protoplanetargsis one of the main goals of the
planet formation studies. As an attempt to guide the obsienal searches for weak lines of
complex species in discs, we modelled the (sub-)millimsgrectrum of gaseous methanol

(CH3OH), one of the simplest organic molecules, in the repredimet T Tauri system. We
used 1+1D disc physical model coupled to the gas-graimHEMIC chemical model with
and without 2D-turbulent mixing. The computed §@BH abundances along with the @BIH
scheme of energy levels of ground and excited torsionastaere used to produce model
spectra obtained with the non-local thermodynamic equilib (non-LTE) 3D line radiative
transfer code IME . We found that the modelled non-LTE intensities of thesCHi lines can
be lower by factor of> 10-100 than those calculated under assumption of LTE. Though
population inversion occurs in the model calculations f@ng (sub-)millimetre transitions,
it does not lead to the strong maser amplification and ndtigelaigh line intensities. We
identify the strongest CEOH (sub-)millimetre lines that could be searched for with -
acama Large Millimeter Array (ALMA) in nearby discs. The thest candidates are the
CH30H 59 — 49 AT (241.791 GHz) and_, — 4_; E (241.767 GHz) lines, which could
possibly be detected with the 50 signal-to-noise ratio after 3 hours of integration with

the full ALMA array.

Key words. astrochemistry, line: formation, molecular processestgplanetary discs, stars:
T Tauri, sub-millimetre: planetary systems

1 INTRODUCTION

A crucial phase for planetary growth occurs in protoplanetiéscs,
where physical properties and chemical composition shape t
emerging planetary system architecture, including priiadiplan-
etary atmospheres (e.g., Befgin 2011; Henning & Senienog;201
M 4). One of the most important questiongedlt
the planet formation process is to understand how synthegis
lution and destruction of (prebiotic) organic moleculesqgaed in
these discs, and what fraction of these organics can reagtiah-
etary interior and surface.

There is strong observational and laboratory evidencethieat
formation of complex organic molecules (COMs) begins alyea
in cold cores of molecular clouds, prior to the onset of star f
mation, on dust grain surfaces serving as catalysts for e oddli-
cals and light atoms (e.¢Qberg et all. 2009; Bacmann eflal. 2012;
I4). The newly produced molecules can eviéntua
be returned into the gas phase either during the slow heat-tine
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environment after the formation of a central star (e.g. Ghat al.
M) or due to other desorption mechanisms such as cosysic ra
(CRP) or ultraviolet (UV) heating or directly upon surfagzom-

bination (e.g., Leger et Al. 1985; Garrod €t al. 2007).

A direct indication that the planet-forming discs may har-
bour prebiotic organics comes from a rich variety of orgarm-
pounds, including amino acids, found in carbonaceous migteo
and cometary dust in our own solar system (et al.
2009; [Caselli & Ceccarellii_2012] Henning & Semendv 2013;
|Pontoppidan et al. 20114). The first generation of organienas
could have been formed in heavily irradiated, warm regidrtbe
presolar nebulaLLEhLQnILe_Lm_d_&_Qhammob_O_B_us_e_manH eta
12006 Pizzarello et al. 2006; Herbst & van Dishoeck 2009)evin
combustion and pyrolysis of hydrocarbons and polycyclio- ar
matic hydrocarbons at high temperatures, or due to X-ray/UV
induced processing of water-rich ices containing HCN orsNH
hydrocarbons, and CO or GO Then, the second generation
of more complex organics could have been produced from the
simpler first-generation organic matter by aqueous alteran-
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side large carbonaceous asterolds (Ehrenfreund & Ch52089;
IPizzarello et dl. 2006).

So far several types of organic molecules have been de-

tected in the interstellar medium, including alcohols (€8s OH),
ethers (e.g. CEOCHs) and acids (e.g. HCOOH), see Snyder
(2006):| Herbst & van Dishoeck (2009). Recent observatigeal
sults can be found in_Watanabe et al. (2015) for young pro-
tostar vicinity, [ Crockett et &l.[ (2015) for hot molecular rep
Kalinin lev & Kalenskii | (2010) for HIl region vicinit
[Kaifu et al. (2010) for dark molecular cloud. A few simple or-
ganic species such as formaldehyde @), cyclopropenylidene
(c-CsH2), cyanoacetylene (H{N) and methyl cyanide (CECN)
have been detected and spatially resolved with (sub-)jreliie in-
terferometers in a few nearby protoplanetary dlm
2003;[ Chapillon et al. 2012 Qi etlal. 2013dMberg et all 2015).
The Spitzerobservatory has detected the infrared lines of organic
molecules such as HCN and: 8- in the inner, warm regions of

protoplanetary discs (e.d.. Carr & Naijlta 2008: Salyk €P8I08;
IPascucci et al. 2009; Pontoppidan €t al. 2010: Carr & Nafited2
Salyk et all 2011; Mandell et al. 2012).

The main reason why complex polyatomic molecules still re-
main largely undetected in discs is a combination of thela-re
tively low gas-phase abundances, energy partitioning graonul-
titude of levels, and sensitivity limitations of obsereetal facil-
ities. However, deeper searches for rotational and roatitmal
lines of complex organics in discs become possible with the A
acama Large Millimeter Array (ALMA). Therefore, it is pivaitto
guide the future observational searches for weak lines iwipbex
organics in protoplanetary discs by accurate modellingrgéic
chemistry and line radiative transfer in typical T Tauri ardr-
big Ae systems.

One of the latest attempts to detect emission lines of the
CH3;OH molecule in a young protoplanetary disc was made by
van der Marel et al| (2014). They observed the transitioisa df
Oph IRS 48 with the ALMA in Band 9+ 680 GHz) in the
extended configuration during the Early Science Cycle 0.yThe
detected and spatially resolved the @D 9(1,8)-8(1,7) line at
674 GHz, which appears as a ring-like emission structure at
60 au radius. The relative #£O abundance derived with a physical
disc model with a non-local thermodynamic equilibrium (HAJrE)
excitation calculation isv 10~%. They could not detect CHOH
emission and inferred an abundance ratigC®/CH;OH > 0.3.
lvan der Marel et al| (2014) predicted the line fluxes/bbpecies
CH3OH using their model of the Oph IRS 48 disc, assuming non-
LTE excitation. The strongest GI®H lines with the best potential
for detection with the full ALMA lie within the ALMA Band 7 and
Band 9.

.4) computed a representative T Tauri proto-
planetary disc model with a large gas-grain chemical nekvaod
found that COMs could be efficiently formed in the disc midga
via grain-surface reactions, reaching solid-state redatbundances
of ~ 1075-10~"* with respect to H nuclei. The gas-phase COM
abundances are maintained via non-thermal desorption esawh r
values of~ 10~'2-10~7. Their simplified LTE line radiative trans-
fer modelling suggests that some @BH emission lines should
be readily observable in nearby protoplanetary discs vighftll
ALMA. These lines are different from the candidate linesestdd
bylvan der Marel et &ll (20114), and have not been targetedssrob
vations. They have an ongoing ALMA observational campadgn t
detect the methanol emission in large bright protoplayedéscs,
but have not yet reported successful detection (Walshafgrieom-
munication).

In this study we use laminar and turbulent steady-state-phys
ical models of a typical T Tauri disc coupled to a large gasrgr
chemical model with surface synthesis of COMs (Seci.[23)-2.
Using these models, and accurate methanol energy levets fro
CH3OH maser modelling (Sedi.2.5), we perform detailed non-
LTE line radiative transfer (LRT) calculations of emissirom
the A and E species of methanol (SeEf_R.6). In addition, we give
estimates of methanol line flux densities at millimetre anb-s
millimetre spectral bands of the ALMA interferometer, amdgent
the best candidates among those methanol lines to be sddorhe
in nearby discs with the full ALMA (50 antennas, Seddt. 3). The
summary and conclusions follow.

2 MODEL
2.1 Physical structureof thedisc
In this work we adopted the flaring, steady-state 1+1D digtsph

ical model that was computed by Semenov & Wiebe (2011, here-
after, SW11) after D’Alessio et Al. (1999). This is armodel that
represents a T Tauri protoplanetary disc similar to thahefwell-
studied DM Tau system. The gas and dust temperatures are as-

sumed to be equal. The Shakura & Sunyaev (1973) paramairisat

of the turbulent viscosity was used:

@)

where H (r) is the vertical scale height at a radiuscs(r, z) is

the local sound speed, ardis the dimensionless parameter that
usually has values of- 0.001-0.1 (Andrews & William$[2007;
Guilloteau et all! 2011; Flock etlal. 2011). SW11 used the con-
stant value ofo = 0.01, neglecting the potential presence of an
turbulently-inactive ‘dead zon 96).

The central star has a spectral type M0.5 with an effective
temperaturel.¢ = 3720 K, a mass 0f0.65 Mg, and a radius
of 1.2 Re (Mazzitelll 1989; Simon et al. 2000). The shape of the
stellar UV radiation field is represented by the scaled stedliar
UV radiation field oe@S), with the intensity at 180 of
X(100) = 410 (Bergin et all 2003). The X-ray luminosity of the
star was assumed to 163° ergs* (SW11).

The disc has an inner radius of 0.03 au and an outer radius
of 800 au. The mass accretion rate/df = 4 x 107° Mg yr—*
and a disc mass af/aisc = 0.066 M was assumed. According
to the infrared observations witBpitzerreported bI.
(200%)1 Andrews et all (2011); Grafe et al. (2013), the 5-y#-bld
DM Tau disc has an inner depletion of small dust at radiio au.
Therefore, in the chemical simulations only a disc regioyobel
10 au was considered.

In the disc at- = 10 au the uniform spherical dust grain par-
ticles with a radius 06.1 xm and amorphous olivine stoichometry
were utilised. The dust grain densitydgycm™? and a dust-to-gas
mass ratio is a constantzq/my = 0.01. The surface density of
sites isN, = 1.5 x 10*® sitescm 2, and the total number of sites

per grain isS = 1.885 x 10° (Biham et all 2001).

v(r,z) = acs(r,z) H(r),

2.2 Chemical model of thedisc

The chemical structure of the disc adopted in this study was-c
puted by SW11. Their gas-grain chemical model, based on the
ALCHEMIC code, is fully described ih_Semenov et al. (2010) and

SW11. Therefore we provide only a brief summary. The chemica
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Table 1. Initial abundances used by SW11 for computations of the disc
chemical evolution models adopted in this study.

Species Abundance relative to the total
number of H nuclei

Ho 0.499

H 2.00(—3)

He 9.75(—2)

C 7.86(—5)

N 2.47(—5)

e} 1.80(—4)

S 9.14(—8)

Si 9.74(—-9)

Na 2.25(—9)

Mg 1.09(—8)

Fe 2.74(-9)

P 2.16(—10)

Cl 1.00(—9)

Note.a(b) = a x 10°

network is based on the osu.2007 ratBfiléth the updates to reac-
tion rates as of end 2010.

The 1D plane-parallel slab approach to calculating UV photo
ionisation and dissociation rates is adopted, with thelsstel
X«(r) = 410 (r,au)/(100 au)®> and[Draine [(1978) interstellar
xo UV fields that are scaled down by the visual extinction in
the vertical direction and in the direction to the centralr.sPho-
toreaction rates are updated from van Dishoecklet al. (2068)
http://home.strw.leidenuniv.nllewine/photd). The self-shielding
of H, from photodissociation is calculated using Eq. (37) from
[Draine & Bertoldi (1996). The shielding of CO by dust graikis,
and its self-shielding is calculated using the precomptaéte of
lLee et al.[(1996, Table 11).

The attenuation of CRP is calculated using Eg. (3) from
|S_Qm_e_n_0Le_t_dlIL(2Qb4), using the standard ionisation rate3ok

10~'7 s, lonisation due to the decay of short-lived radionu-
clides is also taken into account, with the ratesaf x 107 s
(Finocchi et al 1997). The attenuation of the stellar X- ragha—
tion is modelled using the approximate expressions from2be
Monte-Carlo simulations of Glassgold et al. (1997a,b).

The gas-grain interactions consist of adsorption of néutra
species and electrons to dust grains witl)% probability, and
desorption of ices by thermal, CRP-, and UV-induced degmrpt
mechanisms. In addition, dissociative recombination aufittive
neutralisation of ions on charged grains and grain re-chgrgre
taken into account. His not allowed to stick to grains because the
binding energy of H to pure H mantle is low,~ 100 K (IE
@), and it freezes out in substantial quantities onlyeatper-
atures below~ 4 K. Chemisorption of surface molecules with a
probability of 5% is considered. The UV photodesorption yield of
102 is assumed@berg et dl. 2007, 2009alb; Fayolle ef al. 2011).

An extended list of surface reactions along with desorption
energies and a list of ice photodissociation reactions kerta
from|Garrod & Herb$t (2006). The standard rate equationagapr
without H and H tunnelling is considered. Overall, the disc chemi-
cal network consists of 657 species made of 13 elements, 30@ 7
reactions. The ‘low metals’ initial abundance@@)
are utilised, see Tablé 1.

1 See| http://www.physics.ohio-state.eghefic/research.html
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2.3 Turbulent chemistry model and methanol abundances

The gas-phase species and dust grains are assumed to klyperfe
mixed and transported with the same diffusion coefficient

Diurb(r, 2) = v(r,2)/Se. 2)

Here, Sc is the Schmidt number describing the efficiency of tur-
bulent transport and is treated as a free parameter. In tiniy s
we considered the two extreme cases, namely, the ‘laminse’ d
model without turbulent transport with;,,, = 0 (Sc = o0)
and the disc model with ‘fast’ turbulent mixingg¢ = 1). These
approximations were commonly used in other disc chemical-st
ies,[llgner et dl. (see, e.d.. 2004); Willacy et al. (see,, 2006);
Heinzeller et all. (see, e.g.. 2011); Furuya ét al. (see2043). No
inward and outward diffusion across boundaries of the distro
transport through the disc midplane were allowed.

Using the disc physical and turbulent chemistry models, and
initial abundances described above, SW11 calculated the-ti
dependent abundances over the time span of 5 Myr. In[Fig. 1
the calculated abundances and column densities of thelgeep
methanol at 5 Myr in the DM Tau disc are shown. These abun-
dances were used in our study for LRT calculations.

As can be clearly seen in Fid. 1, methanol in both disc models
is distributed predominantly above the disc midplane, whée
kinetic temperatures are abos®-50 K. The turbulent transport
enhances the gas-phase methanol abundances and colunin dens
ties by more than one order of magnitude, particularly ireodtsc
region. This is due to the more efficient formation of methanmo
dust grain surfaces in the transport model. There icy gfadms the
cold dark midplane can reach warmer or more heavily irradiat
disc regions, which facilitate more intense photoprocegssf sim-
ple water-rich ice mantles and formation of reactive radicand
increased surface mobility of these heavy species (SWi1jrh,
higher abundances of solid methanol naturally lead to esgthn
concentrations of gas-phase methanol via thermal andhermal
(photo) desorption. Please also bear in mind that the methan
molecular layer appears at various vertical heights inwleerhod-
els, which can have strong impact on the results of the lidetize
transfer modelling (see below).

In the chemical simulations by SW11, the methanol has been
considered as a single species, without distinguishingédsst the
A and E species that represent various configurations of the nu-
clear spin states of the methyl group. For our LRT calcufetiove
assumed that thé andE' species of methanol are equally abundant
(see e.g. Flower, Pineau Des Foréts, Rabli 2010).

Intrinsic uncertainties of molecular column densities|unl-

ing CH; OH, predicted by modern disc chemical models can be as
large as factor oB—5 due to the intrinsic uncertainties in the re-
action rates in the chemical networks (€.g., Vasyunin €2G08).
To take these uncertainties into account when computingtbe-
sities of the strongest methanol lines, we considered aiti@okal
case where the ‘laminar’ methanol abundances were meidifdy
an additional factor of 5.

2.4 Discstructureused in LRT calculations

SW11 performed their calculations with a two-dimensionah-n
regular grid consisting of 41 radial and 91 vertical poimtsylin-
drical coordinates( z). The distance between the grid points
along the vertical axig is smaller for lowerr. For example, at

r = 9.66 au the grid spans the vertical range from 0.054 to 4.82 au,
while atr = 800 au the vertical range is from 17.3 t1&36 au.
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Figure 1. Thelog of relative abundances with respect to the total hydrogersite(first 2 panels) and vertical column densities (rigabg@) of gaseous
methanol in the DM Tau disc at 5 Myr are presented. (From tefight) Results for the two turbulence transport modelssamvn: (1) the ‘laminar’ DM Tau
disc model and (2) the ‘fast’ 2D-mixing DM Tau disc model. Tdmtour line denotes the relative @BH abundance of0—12 relative to H nuclei. The solid
line in the right panel corresponds to the ‘laminar’ disce;aghile the dash-dotted represents the ‘fast’ 2D-mixirsg diase. The figure is taken from SW11.

Table 2. The minimum and maximum values of physical parameters in the
SW11 disc models adopted in this study.

Disc model Parameter Minimum Maximum
‘Laminar’ and ‘fast’ T,K 12 114
mixing models

‘Laminar’ and ‘fast’ npa, cM™3  1.63(=7) 1.26(11)
mixing models

‘Laminar’ and ‘fast’ NHe, M3 6.66(0) 2.45(10)
mixing models

‘Laminar’ model XM 5.98(—31) 1.48(—12)
‘Fast’ mixing model XM 1.61(—32)  4.08(—11)

Note.a(b) = a x 10°

For line radiative transfer calculations we had to use aToth
adaptive 3D grid (see SeEf. 2.6), and applied linear intatjpm to
the disc parameters from the physical and chemical grid ot 8W
The disc physical parameters are the molecular hydrogerbeum
densityn2, the helium number densitys., gas kinetic tempera-
tureT', and the methanol abundan&g, (the abundance ol or £
species methanol relative to the Humber density). For the LRT
computations, the disc physical parameters across thenisc
plane atz 0 were taken to be equal to the parameters at the
lowest vertical grid cell. The ranges of the disc physicabpaeters
are given in Tablg]2.

2.5 Methanol energy levels scheme, radiative and collisional
rate data

In this study we used the scheme of methanol levels repiiagemt
subset of the larger set of rotationally and torsionallyitextlevels

of the methanol ground vibrational state describe.
). The scheme MOOS) was used for céilcnta

of the level population numbers in the medium with gas kinatid
dust temperatures in the range from 20 to 250 K, hydrogen rumb
densities from 0% to 10° cm~2, and specific column densities from
10'° to 10'* cm™3 s. So, the scheme was approved for calculations
in the range of physical parameters corresponding to dondiin

the disc models considered in this paper. The method usedrin o
study to minimize the number of levels while retaining aeeyrof
the LRT modelling was proposed by Sobolev & Deglichi (1994).
Briefly, the rotational levels of the methanol ground tonsibstate
are included up to a pre-selected energy threshold. Thislefrthe

torsionally excited states are included when they are ealplith
the selected ground levels by radiative transitions. Inioertrans-
fer calculations we considered the ground state levelsevithigies
up to 285 cnT! (or 400 K) and with rotational angular momen-
tum quantum numbey up to 18. Hereafter, we will designate the
scheme including only levels of the ground torsional statéhe
v = 0’ scheme. This scheme includes 190 and 187 levelsifor
andE species CHOH, respectively.

Most of our results are obtained using the = 0’ scheme as
itincludes a relatively low number of levels. This schems mend-
erate computational demands in terms of memory and CPU time.
We also performed computations with the other level schehiehw
includes rotational levels of the first two torsionally drdi states
with torsional quantum numbets = 1 andv; = 2. Hereafter, we
will designate this larger set of levels as the = 2’ scheme. The
total number of levels in they; = 2" scheme is 570 and 561 fot
andE species methanol, respectively. The maximum energy of the
levels in the b; = 2’ scheme is about 850 cnt or 1200 K.

The level energies and radiative transition rates used in ou
study were computed EOOS) using the data of
[Mekhtiev et al. [(19€9). The collisional rates were takemfrthe
data of Rabli & Flower[(2010. 2011) that are available offiaad
are the same as used in the Leiden Atomic and Molecular Ds¢aba
(LAMDA, Schoier et al. [(2005)). For our calculations these-
lisional rates were scaled according to the level energiethé
same manner as was done 2005) The rates for
the pure rotational transitions mlssmg in the Rabli & Flo010,
) data were obtained using the propensity rules destiib
I.5). The rates for the transitions betwersictaal
states were assumed constant and equal 010~ cm® s7*
5). In the computations with ouw = 0’ scheme,
we considered collisions with parazténly, as implemented in the
data file from the LAMDA database. In the computations with th
‘v; = 2' scheme we included both para-tand helium as colli-
sional partners. We did not consider collisions with ortfipas the
corresponding data were not openly available at the momeahw
most of our LRT computations were done.

In summary, the main difference between the LAMDA
methanol molecular rate data and ouy ‘= 0’ data are the val-
ues of the Einstein A-coefficients and scaling factors apjio the

2 http://massey.dur.ac.uk/drf/metharia®/,
http://massey.dur.ac.uk/drf/metharide/
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collisional rates according to the energy of the levels. fiafy how
much this difference in the methanol molecular data affd@ge-
sults of our LRT modelling, we computed the @BH spectra us-
ing the molecular data from the LAMDA database and compdred i
with the spectra obtained with the;'= 0’ scheme.

2.6 Non-LTE radiative transfer setup

The line radiative transfer calculations with the adoptist ghys-
ical and chemical models were performed with the Line Madgli
Engine (IME), version 1.41b (Brinch & Hogerheijde 201Q)mE

is a 3D non-LTE Monte-Carlo radiative transfer code desigfoe
modelling (sub-)millimetre and far-infrared continuundaspectral
line radiation.LIME performs radiative transfer calculations using a
weighted sample of randomly selected grid points in 3D splaae

is represented by a spherical computational domain.

To create the weighted sample of 3D grid points, using 1+1/2D
disc grid described in Secti@n 2.4, we assumed a mirror sytrgme
with respect to the disc midplane and an azimuthal symmétiyeo
disc. The weighted sample of grid points was selected attptd
the following rules similar to those used .

First, a grid cell is randomly selected within the spheramah-
putational domain that has a radius of 1600 au (twice therdisc
dius). Then, this grid point becomes a candidate to be ircud
in the LIME grid. If this grid point is not located within the disc
boundaries, then it is rejected and the whole process iartedt
If the point is located within the disc boundaries, then adoam
numberp is generated in the interv@ll, 1] and the gas density:i2
and methanol abundancé\; are computed at that grid point. The
point is included in the sample only when< (ng2/nonz2)°* and
p < (Xnm/Xom)"?, wherenoma and Xou are the maximum val-
ues of the H density and methanol abundance in the disc, respec-
tively (see TablER). After the weighted sample of pointsiested
it is smoothed. The smoothing method was the same as dedcribe
by(Brinch & Hogerheijde(2010), but we modified it so that tiie a
grid points remain within the boundaries of our disc model.

To trace the photons that leave the computational domain,
LIME uses another grid of sink points that are uniformly distielou
over the surface of the computational domain. In our LRT &mu
tions we used 10 000 grid points for the disc model and 10 Q@0 si
points. For example, the grid generated for the ‘laminastainodel
is presented in Fid] 2. All results presented below for taeihar’
model were obtained with this grid. This grid is denser intcan
disc regions, with < 100 au, wherengs is high. In accordance
with CH3OH spatial distribution, the number of grid points in the
disc midplane at > 200 au is lower than in regions above the
midplane withz > 100 au.

The LIME LRT modelling results depend on the selected pa-
rameters that control the computational grid, e.g., thel ttimber
of grid cells and number of sink points. Due to intrinsic ramd
ness when constructinglame grid, there can be a difference be-
tween synthetic spectra computed with different grids ewéen
those are generated with the same parameters. We treat isuch d
ference as an additional uncertainty in the modelled spedw
quantify this uncertainty, we compared the methanol spemim-
puted with differentLIME grids, but generated with the same grid
point selection rules and disc parameters (see Appendikn/gd-
dition, to verify the choice of our values for the total numioé
3D LIME grid points, and the number @fME sink points, on the
results of our LRT modelling, we also performed calculagiarith
two denser grids (see Appendix A). The first grid includes @D 0
points for the disc model and 20 000 sink points. The secoitt gr

(© 2015 RAS, MNRASD00, [1H18
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includes 40000 points for the disc model and 40000 sink point
The sample of points in the second grid was created from tsie fir
20000-point grid by adding 20 000 additional points. Theitpmss
of the additional 20 000 points were generated with the sares r
as described above but the random numberas compared only
with (Xn/Xom ) ? value. Thus, the 40 000-point grid is relatively
dense in the disc regions with high methanol abundance.

As a kinematic model, we assumed Keplerian rotation around
a star with the mass of 0.68l), and a uniform micro-turbulent
velocity component with the line-width of 0.1 km~5. This
turbulent velocity is close to the values inferred from alae

tions of protoplanetary discs (see, eln.. Guilloteau eRal2;
de Gregorio-Monsalvo et al. 2013; Dutreﬁ ellal. 2014).

The dust opacity was taken from_Ossenkopf & Henning
@1). In this study we considered the opacity computea €t

grains with thin initial ice mantles and a gas number dengfty
10° cm™3. We also made test calculations with the dust opacity
modelled for grains with thin initial ice mantles and a largas
number density o108 cm™3, and found that our results were not
altered significantly by changes in the dust opacity law.

Computations were performed independently forthend F
species of methanol, as they were not considered to be abuple
To compute the level populations with theve code we used 20
global iterations and more thd® photons. This results in a rela-
tively low residual Monte-Carlo noise level in the syntletpectra
and level populations (see Appendix A for more details).

3 RESULTS

The outcomes of our LRT modelling are synthetic disc images a
spectra in various methanol lines. The spectra are compstéiae
sum of emission intensities in all the pixels of the disc imabhe
line flux densities are obtained by subtracting dust thercoal
tinuum emission from the disc spectra. The standard sppotra
sented in this study are obtained assuming that the discésdd
at the distance of 140 pc and a disc inclination angl8if (0°

is the face-on orientation). The distance and orientatfadhedisc
are similar to those for a DM Tau disc (Andrews et al. 2011 Th
size of a pixel in the synthetic images is 0.01 arcsec. This [
close to the beam size achievable in the most extended ALMA co
figuration (6 mas) at 675 GHz. Note that the difference betwee
spectra computed with pixel sizes that differ by factor ofesal
from our 0.01 arcsec value does not exceed the Monte-Caige no
level (see Appendix A for the Monte-Carlo noise levels). gdec-
tra presented in this study were obtained with a velocitpltg®on

of 0.2kms*.

An example of the calculated channel map of thespecies
CH3OH emission line at 290.111 GHz is presented in Elg. 3. We
found that this is one of the strongest lines in the synthsiictra
computed with thed; = 0’ methanol level scheme, using the ‘fast’
mixing disc chemical model. In this image one can see attethe
to the relatively low number of IME grid points sampling outer
parts of the disc model. These points make the largest bortitin
to the uncertainty in the synthetic spectra. For the pararaaif
LIME grids used in our study, this uncertainty is relatively &arg
and can reach about @0of the line absolute flux. However, this is
still comparable or lower than possible bias due to unaaits in
chemical reaction rates and molecular transitions rates.
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Figure 3. The channel map of théy — 59 A1 (290.111 GHz) CHOH emission line. The methanol abundances are from the Hging disc chemical
model. The intensity is expressed in units of Jy/pixel. Tdizel at the left top corner of each panel is a velocity shikrins—! from 290.111 GHz.

3.1 ‘Laminar’ disc chemical model see Fig[dl) and serves as the pessimistic case for preditténg
intensities of methanol lines searchable in the ALMA bands.

In this Section we present theve LRT modelling results obtained The Monte-Carlo noise level of the non-LTE spectra com-
with the ‘v; = 0’ methanol level scheme and the ‘laminar’ disc  puted for the ‘laminar’ disc model is about 0.01 mJy. The unce
chemical model. The ‘laminar’ disc model has very low metilan  tainty in absolute line flux densities related to the redilisaof
abundance&y < 10~ '2 (wrt the total amount of hydrogen nuclei,  LIME grid-point distribution is of order 0.2 mJy (see Appendix A)
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The strongest lines in the non-LTE LRT calculations are ftbm
J1 — Jo andJy — Jo A species CHOH line series, and from the
J_1 — J_1 E species CHOH line series.

The peak line flux densities computed with = 0’ methanol
level scheme are presented in fEiy. 4. In Elg. 4 one can sebdtat
the LTE and non-LTE line fluxes computed with the ‘laminasdi

model are rather low and do not exceed 4 mJy. The peak flux den-

sities are higher by a factor of 3.5 than those shown in[Fifjtiei
disc has a perfect face-on orientation. Anyway, for any disti-

nation the CHOH lines are undetectable even within 9 hours of

on-source integration with the ‘Full Science’ ALMA capatids,
taking into account the 0.2 mJy uncertainty in the absolatees
of the synthetic line flux densities.

We also computed the LTE and non-LTE spectra using the

‘laminar’ disc model with methanol abundances that areescap
by a factor of 5. The intensities of the LTE and non-LTE spectr

are higher by the same factor of 5 compared to the spectra pre-

sented in Fid.4. This means that the line flux density scaleatly
with methanol abundance, as the line optical depth is vewyaiod
does not exceed 0.05 for any disc inclination. Consequeatbiyn-
dance uncertainties predicted by the chemical simulatiams|ate
directly into the uncertainty in theimME flux densities.

Although the line flux densities predicted with the ‘lami-
nar’ disc model may be too pessimistically low, we use thicdi
model to demonstrate the difference between the non-LTHE-&Rd
methanol spectra. We also use this ‘laminar’ model to demnates
the changes in the computed methanol spectra due to variaftio
the radiative and collisional rate-coefficient data in thelenular
model.

3.1.1 The importance of non-LTE effects

To show the importance of non-LTE effects for modelling naetbl
lines, we compare the spectra computed with = 0’ scheme
assuming LTE and non-LTE excitation. As can be clearly seen i
Fig.[4, the non-LTE line peak flux densities are in generalelow
than their LTE counterparts. Many lines predicted to bergiroy
the LTE calculations appear relatively weak in the non-LESec
There is a number of lines lying at frequencies600 GHz for
which the difference between LTE and non-LTE flux densities e
ceeds the factor of 10. For example, non-LTE flux densityipted

for the line at 675.773 GHA§ — 22 F transition) is lower by a fac-
tor of 60 than the LTE flux density. Such differences betweam n
LTE and LTE flux densities are comparable with the total i
uncertainties of the calculated methanol abundances inlS¥ét-
els adopted in our study (see Sectibnd 2.3[and 4.1). Theggtson
methanol lines in the non-LTE spectrum lie in the frequeranyge
from 200 to 600 GHz, which corresponds to the ALMA Bands from
6 to 8. Our LTE spectrum is well consistent with the methapelcs
trum computed by Walsh etlal. (2014) (in terms of relative fiix
densities).

The LTE holds in the case of high transition optical depth
or when molecular levels are populated mostly by collisiand
thus are thermalized. The latter occurs when the hydrogesitge
is significantly higher than the critical density of a trdiwsi nc,.
The line of sight optical depths are small in our models (see S
tion[31). Thus, the main reason for deviations from LTE im ou
spectra is that levels are not thermalized. This can be dstredad
with critical column density diagrams, i.e. the radial disition
of hydrogen column density in the sub- and supercriticat dés

gions (Pavlyuchenkov et fal. 2007). The sub- and superatitisc

regions are regions with the hydrogen density that is, i@y,

(© 2015 RAS, MNRASD00, [1H18
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Figure5. The critical column density diagrams far species (upper panel)
and E species (lower panel) methanol transitions obtained ®tl#minar’
disc model. The radial distribution of the total methanolucn density
is shown with dashed line. The column density in the discamgiwith
supercritical density for a given transition is shown as laldme labeled
with the transition frequency in GHz.

lower and higher than the thermalization density, = 107,

at which level populations become populated mainly by silfis
(Pavlyuchenkov et al. 2007). It is seen in Hig. 5 that thersfest
transitions are not completely thermalized. The supécetidisc
region tends to shrink with increasing transition frequeftis can
explain why the difference between LTE and non-LTE flux densi
ties increases with increasing transition frequency (eeeil panel

in Fig.[4).

Population inversion occurs in some methanol transitions i
our disc models. Among these transitions the strongesnbeio
Jo — Ji E (the strongest transition i, — 41 E), J-1 — Jo E
(the strongest transition i8_1 — 69 F), J3 — J2 AT and A~
methanol series (the strongest transitions3are 3, A™ andA ™).
However, these inversions do not lead to considerable naasgli-
fication and formation of intense maser emission. The linggtit
optical depths remain positive in all considered transgio

3.1.2 The importance of different methanol molecular data

The deviations from LTE are strong in our model. Thus the mwle
lar level scheme and data used for LRT calculations becomerim
tant for feasible calculations of line fluxes. To estimateitifluence
of excited methanol levels and collisions with helium we poed
and compared the spectra using ayr= 0’ and ‘v = 2’ methanol
level schemes.

The difference between these two spectra is presented in
Fig.[8. Only transitions that are present in the = 0’ scheme are
shown. The difference is slightly higher than the Montei@apise
level of 0.01 mJy, and the flux densities of the remainingdiimehe
‘v = 2" scheme do not exceed 0.02 mJy. From the bottom panel in
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Figure 4. The line peak flux densities of methanol obtained under LT rmon-LTE assumptions for the disc located at the distandet@fpc and inclined

by 35°. The methanol abundances are from the ‘laminar’ disc mdde. ‘v; =
> 0.01 mJy are shown.

Fig.[d one can see that the high-frequency lines300 GHz) are
systematically more intense compared to the low-frequéines
when the v; = 2’ scheme is used. This effect cannot be due to
Monte-Carlo noise and is not due to the assumett grid param-
eters as the grid was identical in both models. This diffeeeis
relatively small and arises due to the inclusion of collisiavith
helium atoms.

Thus, the methanol level scheme and collisional data simila
to those from the LAMDA database, allow us to obtain reliable
estimates of the methanol line flux densities, at least ®atfopted
disc model. The inclusion of collisions with He significgrlffects
the line ratios, particularly for those transitions witheegy levels
separated by more than 200 GHz.

In Fig.[@ we present the difference and ratio between the
methanol spectrum computed with the level scheme and matecu
data taken from the LAMDA database and the spectrum computed
with our ‘v; = 0" CH3OH level scheme. It is clear that the differ-
ence between line flux densities obtained with the LAMDA aund o
‘v = 0" methanol level schemes does not exceed the Monte-Carlo
noise level of 0.01 mJy for the most of transitions.

However, for a number of transitions alteration of molecula
data results in the flux changes 10%. In these cases, the dif-
ference comes from the difference in the Einstein A-coeffits
adopted in the LAMDA database and out ‘= 0’ level scheme.
The A-coefficients in the LAMDA database were computed using

0’ methanol level scheme is used. Only lines with the peak flemstties
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Figure 6. The difference (upper panel) and ratio (lower panel) betwee
the line peak flux densities obtained with;‘ = 2’ and with ‘v; = O’
CHsOH level schemes. The difference is shown only for the ttams that
are present in thev; = 0’ scheme. The ratio is shown only for the lines
with peak flux densities> 0.01 mJy.
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Figure 8. The ratio of Einstein A-coefficients used in this work and A-
coefficients taken from the LAMDA database for theand E species
methanol. The ratio is shown only for the transitions which resent in
the ‘v = 0’ scheme.

the data from the JPL database, while we used the data othtayne
Mekhtiev et al. [(1999). The A-coefficients used by us are atmo
identical to those from CDMS database (Miiller €f al. 20@D%).
For some transitions our A-coefficients and A-coefficientsif the
LAMDA database differ by more than a factor of 2 (see Elg. 8). |
is hard to find the source of these deviations, which coulglim
be data errors.
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Table 3. The list of the 10 strongest GH¥DH lines as it is predicted by our
non-LTE computations with the ‘fast’ mixing disc chemicabdel and the

‘v¢ = 0’ methanol level scheme. The line flux densities were contpute
assuming that the disc is located at the distance of 140 pammittlination
angle of35°. The lines that could be good candidates for observational
searches with ALMA are highlighted with the superscript *.

Frequency, Transition Line peak Integrated

GHz flux density flux,
mJy mJy km s’

290.111* 60 — 50 AT 20.9 14.6
241.791* 50 — 49 AT 18.2 14.4
445.571 31 —20 AT 171 14.0
290.070*  6-1—5_1 E 17.0 12.9
338.409* To— 60 AT 16.8 13.3
241.767* 5.1 -4 E 15.3 13.7
492.279 49 — 39 AT 14.9 125
338.345 7-1—6_1 FE 14.6 12.4
398.447 21 —1p AT 141 11.0
193.454 49 — 39 AT 12.6 11.3

3.2 ‘Fagt’ mixing disc chemical model

In this Section we present thame LRT modelling results ob-
tained with the oy = 0’ methanol level scheme and the ‘fast’
mixing disc chemical model. The ‘fast’ mixing disc model lyzs-
phase methanol abundances higher by about an order of mdgnit
than the ‘laminar’ model (see Figl 1). We consider it as the-op
mistic case for simulations of the methanol line intensigearch-
able within the ALMA bands.

The spectrum computed for the ‘fast’ mixing model is pre-
sented in Fid.9. The Monte-Carlo noise level of the spestadout
0.02 mJy (see Appendix A). The difference between the LTE and
non-LTE spectra, and difference between the spectra cadfat
different methanol molecular data, are similar to thoséhandase
of the ‘laminar’ disc model. In Tablgl 3 we present the list loé t
10 strongest CEOH lines obtained in the non-LTE case for the
‘fast’ mixing model and thev; = 0’ scheme. The uncertainty of
the absolute values of synthetic line fluxes given in Tabler3 e
up to 3 mJy. This value was estimated by comparing the methano
spectra obtained with theiME grid consisting of 10000 points
and the spectra obtained with denser grid of 20 000 poinesAge
pendix A).

Among the lines listed in Tablgl 3, only thy — 2o AT
(445.571 GHz),41 — 39 A" (492.279 GHz),2; — 1o A"
(398.447 GHz) lines show variations of more th&bf%s due to
changes in the A-coefficients. The variations of all otheedi from
Table[3 due to changes in the A-coefficients are small and to no
exceed the Monte-Carlo noise level of 0.02 mJy.

The line flux densities obtained with the ‘fast’ mixing model
are higher by a factor of 30 than those calculated with thraittar’
disc model. This is mainly due to higher methanol abundaands
column density in the ‘fast’ mixing model. Moreover, theioat
of strong lines are different in these two disc chemical nfedeor
example, the ratio of they —69 A™ (338.409 GHz) ando—49 A™
(241.791 GHz) lines changes from 0.78 in the ‘laminar’ case t
0.93 in the ‘fast’ mixing case. While thaMe grids adopted for the
‘fast’ mixing and ‘laminar’ models have the same number afl gr
points, but different spatial distributions, this cannead to such
deviations in the line ratios (see Appendix A).

An increase in the CKDH abundance also does not lead to the
changes in line ratios. We found that the difference in the tatios
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Figure9. The non-LTE peak flux densities of methanol obtained for ike lbcated at the distance of 140 pc and a disc inclinatigieanf 35°. The methanol
abundances were computed with the ‘fast’ mixing disc chahmwodel. The ¢x = 0’ methanol level scheme was used. Only lines with peak flusities
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is related to the spatial variations of the gas-phase mettzdoun-
dance distributions in the ‘fast’ mixing and ‘laminar’ mddas we
mentioned in the Sectidn 2.3 presenting the disc chemicaleimo
the location of the methanol molecular layer differs betwé®e
‘laminar’ and ‘fast’ mixing chemical models (see Fig. 1).1Ge-
quently, the line emission presumably forms in differergcdie-
gions with different physical conditions.

This indicates that the strongest methanol lines and their r
tios are sensitive to the physical conditions in the dise Tihes
with frequency> 600 GHz trace presumably inner disc regions
with » < 400 au, while the lines with frequency 400 GHz trace
mostly outer disc regions with > 400 au (see e.g. Fi§.10).

To extract the best candidate lines to be detected with ALMA,
we compared the line peak flux densities modelled using s’ ‘f
mixing chemical model with the sensitivity after 1 hour otén
gration time with the full ALMA array (50 antennas), and spec
tral resolution of 0.2 km s'. The sensitivity was estimated with
the ALMA Sensitivity Calculator for the central frequensief
the ALMA Bands 3, 4, 6, 7, 8 and 9 and shown in Hi§l. 9. We
stress that Fid.]9 is mostly for clarity and should only bedufee
rough estimation of ALMA on-source integration time. To raak
reliable estimates of integration time considering nealisgs, we
performed simulation of the disc observations with ALMA ini@-

mon Astronomy Software Applicationg ASA) package (see Sec-
tion[3.2.1).

Among the lines listed in Tablg] 3, the best candidates for
searches with ALMA are thé, — 4o A" (241.791 GHz) and
5.1 — 41 E (241.767 GHz) methanol lines. Other promising
candidates are théy — 50 A" (290.111 GHz),6_1 — 51 E
(290.070 GHz) and, — 60 A™ (338.409 GHz) methanol lines.

The line fluxes presented in Taljle 3 and the spectrum shown
in Fig.[@ were obtained for the disc inclination angle3sf. We
also studied how the line fluxes change with the disc orienrtat
The variations of peak line flux densities due to changesédruisc
inclination angle are substantial. For example, the peakdan-
sity of 590 — 49 AT methanol line at 241.791 GHz is 63 and 10 mJy
for the inclination angles of 0 (face-on) aAd° (edge-on), respec-
tively.

3.2.1 Simulating ALMA observations

To estimate the on-source integration time needed for ieteand
imaging of the methanol emission we computed simulated ALMA
observations wittsiIMOBSERVEand SIMANALYZE tasks ofCASA
package version 4.1.5 (see Appendix B for the inpasA pa-
rameters). As inputAsA models we used the disc images in the
50 — 4o AT methanol line (241.791 GHz) computed withvEe for

© 2015 RAS, MNRAS000,[TH18
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the ‘fast’ mixing disc model with 10 000 grid points. The silau
tions were performed for the most compact antenna configarat
of the full ALMA array. This configuration was chosen to praei
maximum sensitivity. The precipitable water vapor was as=ilito
be 0.5 mm. The noisy images computed wétlvOBSERVEwere
cleaned using natural weighting.

We found that due to low surface brightness the image recon-
struction is impossible even after 9 hours of integrationadalisc
with any inclination located at a distance of 140 pc. Baeunre-
solved detection of methanol emission is also impossibke ri@a-
sonable amount of timey( 2—3 hours of integration).

As the detection of the methanol lines is impossible in tleeca
of DM Tau disc we considered the simple modifications of o in
tial model images that can improve the detectability of ti OH
lines. These modifications may be a good first approximation t
study the effects of a distance to a disc, disc size and methan
abundance on the results of simulated observations takingac-
count relatively large uncertainties in the predicted raeth line
intensities.

We increased the disc surface brightness by a factor of 10
that is within the possible uncertainties of methanol alamoe
due to uncertainties in chemical reaction rates. In thi®e case
can see some signs of the ring-like methanol emission fosa di
seen face-on (see FIg.]11) after 3 hours of integration. Bgei-
eral the detection of the methanol emission is very terdgagape-
cially for the inclined disc. One can go further and incretse
initial disc surface brightness by a factor of 100 that is pama-
ble with the difference of the methanol column density betwe

Methanol emission in protoplanetary discs11

large ALMA beam and the disc image (see [Eig. 12) have compara-
ble size. The CHOH emission can be detected with SNR5¢ and
imaged (with relatively low spatial resolution) with fidigli~ 10
after 3 hours of integration for the face-on disc. For theeedg
disc, SNR and fidelity after 3 hours of integration are~of3o
and~ 5, respectively.

We also considered the case with the disc similar to the one
around Tw Hya that is closer and smaller than the disc around
DM Tau. The disc around TW Hya is located at a distance of 54
pc and its radius and inclination is ef 200 au and6 deg, re-
spectively [(Andrews et al. 2012). To simulate observatiohthis
disc we scaled the surface brightness ofithee output images of
the face-on disc by a factor ¢140/54)? and decreased the pixel
size from 0.01 to 0.0065 arcsec. As a result we obtained lieat t
methanol emission can be detected with5c SNR and imaged
with fidelity ~ 10 (see Fig[IB) after 3 hours of integration for any
disc inclination.

4 DISCUSSION

4.1 Importance of the adopted disc chemical structure

The largest ambiguity in the analysis of the observabilify o
methanol in protoplanetary discs with ALMA is related to the
adopted chemical structure. First, as it was demonstrated b
\Vasyunin et all. [(2008), the lack of accurate chemical gaseh
kinetics data makes calculated abundances of simple COMs in
discs, such as e.g.2@0 and CHOH, uncertain by a factor of

> 3-5. A second source of intrinsic uncertainties is our lim-
ited knowledge of grain surface chemical processes, whieler
lieved to be a main synthesis pathway for organic speciepdnes
(e.g.,.Garrod & Herbst 2006: ishdeck 2009). The
SW11 surface chemistry network is adopted ftom Garrod & Kferb
(2006):| Garrod et al.| (2008) and includes key surface reasti
forming and destroying methanol, which are based on acelabt
oratory measurements, and best available reaction datee $ib
statistical analysis of the impact of the surface chemistigertain-
ties on the results of astrochemical modelling has beematt

so far, we roughly estimate that the total intrinsic undaties of

the calculated methanol abundances in SW11 models adapted i
our study are of the order of a factor 0§—30. All other gas-grain
astrochemistry disc models should have similar uncerésirfor
CH3OH and other COMs.

Another important factor that controls the disc chemisgry i
the adopted disc physical structure, including the derasity tem-
perature distributions and dust properties. This makesninga
ful comparison with other models difficult, even in the casew
adopted chemical networks are simitO.‘BA/)eh
performed a detailed comparison of their results with ottwar-
temporary models that have similar chemical complexitglud-

SW11 and Walsh et hi[ (2014) chemical models. In this case the ing the ‘laminar’ model adopted in our study (see Willacy 200

CH3;OH emission can be detected with SNR5o and imaged with
fidelit;E ~ 10 after 3 hours of integration for any disc inclination.
The angular size of the DM Tau disc is large comparing with
the ALMA beam which makes methanol lines detection more dif-
ficult. To simulate the observations of a more compac(0 au)
disc located at a distance of 140 pc we decreased the pixeirsiz
the initial disc images from 0.01 to 0.0025 arcsec. In thiedhe

3 Fidelity indicates how well the simulated output imafjenatches the

convolved input imagd” dm_aiml). Fidelieg 1]/ —T).

(© 2015 RAS, MNRASD00, [1H18

Semenov & Wiebe 2011). They have also included the modelling
results obtained with two different chemical networks, Bgm
based on the Ohio State University (Oa(}i)ﬁj
‘RATE06' UDFA (Woodall et all 2007) databases.

Walsh et al. have found that our ‘laminar’ model has the low-
est CHOH column density among the other models by a factor
of ~ 103, even though the column densities of other key species
like CO, H.CO and cyanopolyynes are the same. This discrep-
ancy is larger than the intrinsic uncertainties of the SWhéna-
ical model. The likely cause is a slow grain-surface recoabi
tion rate attributed to low diffusivity of surface reactartssumed
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Figure 11. The results of disc simulated observations after 3 hourstefyration with the full ALMA array. The simulations wererf@med with CASA
package for the face-on disc located at a distance of 140hgcsilirface brightness of the inpuhsA model image was increased on a factor of 10 comparing
with the one that was obtained usingvE for the ‘fast’ mixing disc model. From left to right and froropt to bottom:uwv-coverage, synthesized beam, the
input model image, the input image convolved with the bedma,clean synthetic image, fidelity. The image axes, whichmatdabelled, are in arcsec. The
color bars denote intensity in Jy bearhin all images except the fidelity image.

by SW11, with a ratio of the diffusion to desorption energiés

0.77 [Ruffle & Herbst 2000). In contrast, Walsh et al. (2014) a
(2007) have considered fast diffusivity of the s reac-
tants, with a diffusion to desorption energy ratio of 0.3.

Thus, our ‘laminar’ disc model represents a very pessimisti
case when one aims at estimating the observability of methan
in quiescent protoplanetary discs with limited grain scefahem-
istry. Not surprisingly, 3D non-LTE line radiative transf@mula-
tions with such a disc model predict that no methanol lineslza
detected with the full ALMA within a reasonable amount of ém
(~ 2-3 hours of integration per source).

By contrast, the column density of methanol in our dynami-
cally active (‘fast’ mixing) disc model is higher by aboutdwrders
of magnitude compared to the ‘laminar’ model. As was mertibn
in Sectior[ 2.B, this is an effect of transport of ices froncdisd-
plane to elevated heights where they can be more easily gig®to
orbed and photoprocessed, and from cold disc regions to wisan
regions, which facilitates the surface synthesis of compfecies
(see discussion about organics in SW11).

While the CHOH column density in the ‘fast’ mixing model
is still lower by an order of magnitude compared to the values
from other chemical models, the difference is within theimt
sic chemical uncertainties for methanol. Thus, our ‘fasiking
model represents a more optimistic case for methanol linecde
tion in discs. Consequently, with the ‘fast’ mixing modelyrcal-
culations predict that several methanol lines can be dedestth
the ALMA (see Tabl€3). The two best candidates from our study
are the CHOH 59 — 49 A" (241.791 GHz) and_, — 4, FE
(241.767 GHz) lines, which can possibly be detected witlho

SNR within ~ 3 hours of integration with the full ALMA in the
direction of the disc similar to the one of TW Hya.

Please note however that these lines are different fromethos
that were identified by LTE LRT analysis @014)
Their best detection candidates &re— 3o A~ (305.474 GHz),

21 —1p AT (398.447 GHz) and_> —4_; E (665.442 GHz) lines.
According to our non-LTE calculations, these methanoldinan
not be detected in nearby face-on discs even with the full ALM
within two hours of integration. This can explain why Walstak
were not able to detect these lines in several bright disttstveir
ALMA Cycle 0 and 1 campaigns.

The difference between our t014) candidate
lines is not only due to difference between predictions anoh
cal models but also due to non-LTE effects. According to @if ¢
culations non-LTE flux densities for the line at 665.442 GHe a
lower by a factor of~ 25 than LTE flux densities that is compara-
ble with the difference in methanol abundance predicted\b{L 5
'fast’ mixing andl.4) chemical models. TheELT
peak flux density computed for this line with 'fast’ mixing el
exceeds the estimated ALMA sensitivig80 mJy for 1 hour inte-
gration time) by a factor of 2 which makes this line a good ¢and
date, opposing the results of non-LTE LRT calculations.

\walsh et al. 4) have also estimated the line fluxes for
those transitions that are identified as promising for ALMA
searches by us. They estimated the integrated flux density of
50 — 40 AT (241.79 GHz) andy — 60 AT (338.409 GHz) lines
to be 71 and 31 mJy km$, respectively. These values are signif-
icantly higher than those found in our study.

© 2015 RAS, MNRAS000,[TH18
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Figure 12. The results of disc simulated observations after 3 hourategiation with the full ALMA array. The simulations wererfiemed for the face-on
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5 CONCLUSIONS

We performed line radiative transfer computations for a Trifa
protoplanetary disc model assuming non-LTE excitationnafrgy
levels, and estimated methanol line fluxes in the (sub-ymefre
range available to ALMA. The disc chemical model used in this
study has rather low methanol column densities among otber m
ern disc chemical models. Thus, the line fluxes computedig th
study are on the pessimistic side. With our calculations oumd
the following key results:

- The difference between LTE and non-LTE methanol line flux-de
sities can be as large as a facton 6f50;

- High-frequency lines* 600 GHz) trace presumably inner disc
regions while low-frequency lines<( 400 GHz) trace outer disc
regions;

- The ratio of the strongest methanol lines is sensitive égotfysi-
cal conditions in the disc;

- The best candidates for observational searches with ALMA a
the5o — 40 AT (241.791 GHz) and_; — 4_; E (241.767 GHz)
methanol lines. These lines can be detected witlSBIR within
about 3 hours of integration with the full ALMA array (50 ante
nas) for nearby compact discs located at a distanadd0 pc;

- The other good candidates for observations with ALMA are
60 — 50 A' (290.111 GHz)6_1 — 5_1 E (290.070 GHz) and
7o — 60 AT (338.409 GHz) lines;

- Schemes of the methanol levels and transitions similahdse
from the LAMDA database (without levels of the torsionalby- e
cited states and collisions with helium) allow us to obtadhable
flux density estimates for methanol lines in protoplanefdiscs
around low-mass stars;

- The inclusion of collisions with helium atoms can affec fre-
dicted methanol line ratios, especially for pairs of lineishwre-
guencies separated by more thar200 GHz;

- There are no bright methanol masers predicted for the TiTaur
protoplanetary disc model.
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APPENDIX A

One of the main features of the Monte-Carlo calculationshés t
presence of residual noise. The minimum signal-to-noite of
the level populations for our calculations estimated agiogr to

[Brinch & Hogerheijde(2010) is about5 x 10%. One of many pos-

sible ways to estimate the noise level in synthetic spesti@éom-
pute a relatively large number of spectra with the same mpalel
rameters and to estimate their standard deviation. Sirdem-
putations require too prohibitive an amount of CPU time, \ad h
to use another approach.

To estimate the Monte-Carlo noise level in our LRT simu-
lations, we compared the spectra computed with three ssigees
LIME runs (using the same model parameters). The spectra were
computed with the sameiME grid and the ©; = 0’ methanol
level scheme. As an example, the difference between thegeo s
tra computed for the ‘laminar’ model is presented in Eid.dahel
a. This difference is random and it is maximum for transgiarith
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frequencies higher than 800 GHz. It means that such transitire
sensitive to uncertainty in level populations.

The difference between the methanol spectra computed with
three successivelME LRT runs for the ‘laminar’ model does not
exceed 0.01 mJy. Hence, the value of 0.01 mJy was considered
as the Monte-Carlo noise level of the spectra computed waigh t
‘laminar’ disc model. Using the same approach, we estim#ted
Monte-Carlo noise level for the ‘fast’ mixing disc model,tivthe
value of 0.02 mJy.

The uncertainty in the synthetic spectra can also be duato ra
domness of the spatial distribution of the grid points in the-
domly generatediME grid. To estimate this uncertainty, we com-
puted the three synthetic methanol spectra with the samesimod
parameters but with three realisations of thee grid. As an ex-
ample, the difference between the two spectra computedchéor t
‘laminar’ disc chemical model is shown in Fig.]14, panel beTh
difference is systematic and for most transitions is prtopoal to
the line intensity.

The difference between the three spectra computed for the
‘laminar’ model does not exceed the value of 0.05 mJy. We con-
sider the flux density value of 0.05 mJy as an estimate of therin
tainty of the modelled flux densities due to randomness of tt1e
grid in the case of the ‘laminar’ disc model. For the ‘fast’xmig
disc chemical model this uncertainty was calculated to beyt m

The results can also depend on the total number of thie
grid points. The results presented in Secfibn 3 were oldaivith
the basicLIME grids that includes 10000 points within the disc
model and 10000 sink points. To study how the LRT results can
be affected by the choice of these numbers, we performed
calculations with a denser grid that includes 20000 poirithiv
the disc model and 20 000 sink points.

In Fig.[TI4c we present the difference between the methanol
line peak flux densities computed with the 10 000-point gnd a
with the denser, 20 000-point grid, using the ‘laminar’ disodel.

As can be clearly seen from Fig.]14, panel c, the differentmésn
the spectra computed with the two different grids does noted
0.2 mJy. In the case of the ‘fast’ mixing disc model this diffiece
does not exceed 3.0 mJy. In Fig] 14d we demonstrate theetiffer
between spectra computed with 10 000 and 40 000-point gg@ks (
Sectior 2.6 for the details on the 40 000-point grid). Théedi#nce

between these spectra again does not exceed 0.2 and 3.0 mJy fo

the ‘laminar’ and ‘fast’ mixing disc models, respectively.

It is important to point out that the Monte-Carlo noise and
variations in the grid parameters do not lead to significgatesn-
atic variations in the relative line flux densities, i.e.ifgequency
lines do not become significantly more intense or less itenm-
pared to the low-frequency lines (see [Figl 15). Most of thedithat
demonstrate large relative variations due to the MontdeGaise
and variations of the grid parameters are relatively weak ane
negligible from the point of view of observations.

APPENDIX B

The following is an example of the script used to simulate AAM
observations of the disc withasa 4.5.1 package.
default("simobserve”)

skymodel = "image.fits”

integration = '10s’

incell ="0.01arcsec”

incenter = "241.791GHz”

inwidth = "0.1612MHZz"
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Figure 14. The difference between the spectra obtained with the ‘larhin
and v; = 0’ methanol level scheme) The difference obtained after two
successive IME runs with the same model parametds}.The difference
obtained after two successivevE runs with the same model parameters,
but two realisations of the 10 000-pointME grid. ¢) The difference ob-
tained with two different.iIME grids. The first grid includes 10 000 points
within the disc and 10000 sink points. The second grid inetu@0 000
point within the disc and 20 000 sink point.The difference obtained with
two differentLIME grids. The first grid includes 10000 points within the
disc and 10000 sink points. The second grid includes 40 00 pathin
the disc and 40 000 sink points.

setpointings = False

ptgfile = "pointing.txt”
maptype = 'ALMA’
antennalist = "alma.out01.cfg”
obsmode = "int”

refdate = "2016/11/23”
hourangle = "transit”
totaltime = "3h”

thermalnoise = "tsys-atm”
t.ground = 269.0
simobserve()

#

default("simanalyze”)

niter = 200000

threshold = "0.0041Jy/beam”
weighting = "natural”
analyze = True
showconvolved = True
simanalyze()

The "pointing.txt” file contains the following line:
J2000 00:00:00.000 +000.00.00.000000 10.0
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Figure 15. The ratios between the spectra obtained with the ‘laminiac d
model and ©; = 0’ methanol level scheme. The ratios are shown only
for the lines with peak flux densities that exceed 0.01 mJylhe ratio
obtained after two successivevE runs with the same model parameters.
b) The ratio obtained after two successiu®E runs with the same model
parameters, but two realisations of the 10 000-pbimte grid. c) The ratio
obtained with two differentimME grids. The first grid includes 10 000 points
within the disc and 10000 sink points. The second grid inesu@d0 000
point within the disc and 20 000 sink point}). The ratio obtained with two
different LIME grids. The first grid includes 10000 points within the disc
and 10000 sink points. The second grid includes 40000 paithirwthe
disc and 40 000 sink points.
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