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ABSTRACT

Young protostellar discs provide the initial conditions for planet formation. The properties of
these discs may be different from those of late-phase (T Tauri) discs due to continuing infall
from the envelope and protostellar variability resulting from irregular gas accretion. We use
a set of hydrodynamic simulations to determine the structure of discs forming in collapsing
molecular clouds. We examine how radiative feedback from the host protostar affects the disc
properties by examining three regimes: without radiative feedback, with continuous radiative
feedback and with episodic feedback, similar to FU Ori-type outbursts. We find that the radial
surface density and temperature profiles vary significantly as the disc accretes gas from the
infalling envelope. These profiles are sensitive to the presence of spiral structure, induced
by gravitational instabilities, and the radiative feedback provided by the protostar, especially
in the case when the feedback is episodic. We also investigate whether mass estimates from
position—velocity (PV) diagrams are accurate for early-phase discs. We find that the protostellar
system mass (i.e. the mass of the protostar and its disc) is underestimated by up to 20 per cent,
due to the impact of an enhanced radial pressure gradient on the gas. The mass of early-phase
discs is a significant fraction of the mass of the protostar, so PV diagrams cannot accurately
provide the mass of the protostar alone. The enhanced radial pressure gradient expected in
young discs may lead to an increased rate of dust depletion due to gas drag, and therefore to a
reduced dust-to-gas ratio.

Key words: accretion, accretion discs —radiative transfer —stars: protostars — stars: variables:

general.

1 INTRODUCTION

Young embedded protostars (Class 0/1 Young Stellar Objects, here-
after YSOs; Lada 1987; Andre, Ward-Thompson & Barsony 1993)
offer a unique opportunity to study protostellar discs at their earliest
stages of evolution.

Much of our knowledge on properties of protostellar discs comes
from theoretical and observational studies of T Tauri discs, i.e. non-
embedded Class II/III objects. Theoretical and numerical works
provide predictions for the disc structure. Considering a passive
disc in which only heating due to protostellar luminosity is present,
for a geometrically thin disc it can be shown that 7(r) oc r—3/4
(Adams & Shu 1986; Kenyon & Hartmann 1987; Chiang & Gol-
dreich 1997). For passive discs where the vertical hydrostatic equi-
librium is considered, the disc is expected to flare (i.e. the disc height
h increases with radius r). As a flared disc absorbs a larger frac-
tion of the protostellar radiation, Kenyon & Hartmann (1987) find
that 7(r) oc r~'/2. Observations of T Tauri discs show temperature
profiles similar to these predictions (Beckwith et al. 1990; Osterloh
& Beckwith 1995; Andrews et al. 2009), with T(r) o< r~4, where

* E-mail: BMacfarlane @uclan.ac.uk

© 2017 The Authors

q is between 0.35 and 0.8. Regarding the radial density structure,
Lin & Pringle (1990), through consideration of cloud collapse and
subsequent disc formation, find that £ o r~” where p lies between
1 and 3/2. Observations by Andrews et al. (2009) have shown that
for the discs in the ~1 Myr-old Ophiucus star forming region the
density drops as ¥ o 7, where p ~ 0.4-1.

The properties of young discs embedded in their cloud cores
(Class 0 objects) are more difficult to determine, due to the envelope
dominating over disc emission at long wavelengths (Looney, Mundy
& Welch 2003; Chiang et al. 2008). However, recent observations
have begun to detect discs of Class 0/ YSOs (Tobin et al. 2015),
with authors reporting signatures of Keplerian rotation in the gas
for sufficiently well-resolved objects (e.g. Tobin et al. 2012; Yen
et al. 2015). Recently, ALMA observations have revealed early
phase discs around HL. Tau (ALMA Partnership 2015), Elias 2-27
(Pérez et al. 2016) and L.1448 IRS3B (Tobin et al. 2016). Particu-
larly for Elias 2-27 and L1448 IRS3B, such observations show that
indeed discs can form at a very early stage and that they can be
relatively massive (a few tenths of the solar mass) and extended (up
to a few hundred astronomical units). In support of the existence
of massive early phase discs, Dunham, Vorobyov & Arce (2014)
find that uncertainties associated with the assumed dust opacity and
dust temperature can lead to disc masses being underestimated by a
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factor of 2-3 when using millimetre observations, and up to an or-
der of magnitude when using sub-millimetre observations. Similar
findings have been reported by Evans et al. (2017) who note that in
self-gravitating discs the opacity and temperature may vary consid-
erably throughout the disc, resulting in underestimated disc mass.
Birnstiel, Dullemond & Brauer (2009) and Birnstiel et al. (2010)
also question the reliability of flux-based disc mass estimates. The
authors argue that in a disc with a gas radial pressure gradient, radial
migration and subsequent protostellar accretion of dust leads to a
dust-to-gas ratio lower than is commonly assumed (typically 0.01),
resulting in underestimates of the total mass.

The study of embedded protostellar discs is of particular in-
terest, due to their propensity to become gravitationally unstable
and fragment to form massive planets, brown dwarfs and low-
mass stars (Machida et al. 2008; Stamatellos & Whitworth 2009;
Kratter et al. 2010; Vorobyov & Basu 2010; Machida, Inutsuka &
Matsumoto 2011; Stamatellos et al. 2011a; Vorobyov, DeSouza &
Basu 2013). Dunham et al. (2014) argue that when mass estimates
are corrected for, between 50-70 per cent of early phase, discs may
be in the regime where disc self-gravity is significant. It is therefore
important to determine the properties of these discs (e.g. density
and temperature profile) both observationally and theoretically.

Radiation-hydrodynamic (RHD) simulations (with or with-
out magnetic fields) provide a way to study the properties of
young discs as they form in collapsing cloud cores (Commergon,
Hennebelle & Henning 2011; Tomida et al. 2013; Bate, Tricco &
Price 2014; Tsukamoto et al. 2015a,b). Stamatellos, Whitworth &
Hubber (2011b) and Stamatellos, Whitworth & Hubber (2012) find
that discs grow quickly in mass by accreting gas from the infalling
envelope to become gravitationally unstable and fragment. The ten-
dency for discs to become gravitationally unstable is characterized
by the Toomre Q parameter (Toomre 1964), defined as

2
nGx’

where ¢ is the local sound speed, €2 is the Keplerian frequency
and X is the local surface density. Previous work has found that
the value of Q required to form gravitational instabilities (Gls) and
resultant spiral features is of the order of Q < 1.4 (e.g. Laughlin &
Bodenheimer 1994). Gammie (2001) found that for fragmentation
to happen the disc needs to cool fast enough, i.e. f.oo1 < (1 — 2) forp,
where 7, is the local orbital period.

The goal of this work is to determine the structure of discs in
the Class 0/I phase using RHD simulations. More specifically, we
examine how radiative feedback from the host protostar affects the
properties of young embedded discs. We also investigate how these
properties may be conveyed from the kinematics of gas, as this is
described in position—velocity (PV) diagrams.

The paper is structured as follows. In Section 2 we outline the
RHD simulations we perform. We present the results regarding the
disc structure (radial surface density and temperature profiles) in
Section 4. We provide analyses of mass estimates of the protostellar
system through synthetic PV diagrams in Section 5. In Section 6
we present the conclusions of this work.

0= M

2 INITIAL CONDITIONS AND
COMPUTATIONAL METHODS

We make use of simulations presented in Stamatellos et al. (2012).
These simulations, performed using the smoothed particle hydro-
dynamics (SPH) code seren (Hubber et al. 2011a,b), follow the
collapse of a 5.4 Mg pre-stellar core over 100kyr. The initial
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density profile of the core is set to

4
=, 2
O = R @

where pc = 3 x 107" gcm™ is the central density, and

Rc = 5000 au is the radius in which the radial density profile flat-
tens out. The core radius is R = 50 000 au. The pre-stellar core
is assumed to be isothermal at the beginning of the simulation,
with 7 = 10K. These are typical values for observed pre-stellar
cores (e.g. André et al. 2014). Each simulation uses 10° SPH parti-
cles, with each particle having mass mgpy = 5.4 X 10°° M@ . The
minimum resolvable mass is M, ~ MspaNpeigh ~ 3 X 1074 Mg,
where the number of SPH neighbours is assumed to be Neignh = 50.
This mass ensures that all self-gravitating condensations are well
resolved (Whitworth & Stamatellos 2006). The code makes use of a
time-dependent artificial viscosity (Morris & Monaghan 1997) with
parameters &, = 0.1, ¢p.x = 1 and B = 2« to reduce the artificial
shear velocity. Artificial viscosity is adopted to parametrize angular
momentum transport due to disc turbulence and/or the mangeto-
rotational instability. This ensures that disc viscous evolution oc-
curs even when the disc is not susceptible to angular momentum
transport through GIs.

The simulations employ a selection of radiative feedback treat-
ments from the protostar to study their effect on disc evolution.
SPH particle density, temperature and gravitational potential are
used to estimate particle mean optical depth, which is used to solve
the energy equation for each SPH particle at each time step. A
pseudo-background radiation field is imposed throughout the disc,
so that

1/4

L,
. 3)

Tr)= |(10K*+ —=—
) ( ;i 16w ogpr?

This temperature acts as a floor below which material cannot ra-
diatively cool. ogsp is the Stefan—Boltzmann constant, L, is the
luminosity of the central protostar and r is the distance from the
protostar. For a protostar with radius R, and mass M., the luminos-
ity is

3 .
Lo= (X)) g4 pG8M )

where M is the accretion rate on to the protostar and f = 0.75 is
the efficiency of gravitational potential energy release during ac-
cretion. Disc material is heated primarily due to the protostellar
accretion luminosity, as well due to the intrinsic protostellar lumi-
nosity and hydrodynamic processes (i.e. compressive and viscous
heating). Atomic and molecular processes, including dissociation
of H,, ionization of atomic H, rotational and vibrational degrees of
freedom of H, and opacity changes due to melting of ice on dust
grains and sublimation of dust are taken into account. The authors
direct the interested reader to Stamatellos et al. (2007) for further
details on the radiative transfer method. A key feature of the numer-
ical method of Stamatellos et al. (2012) is the inclusion of different
regimes of radiative feedback from the central protostar. We discuss
these in detail in the following paragraphs.

3 HYDRODYNAMIC SIMULATIONS OF CLOUD
COLLAPSE AND DISC FORMATION

Five runs were performed that employ different radiative feedback
from the central protostar (see Table 1). The simulations are there-
fore identical until the formation of the first protostar, and diverge
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Table 1. Characteristic parameters of the five runs that we analyse in this work. amr1 denotes the viscosity for the MRI-active inner
disc, and Mg is the rate of mass accretion on to the protostar during the quiescent phase. #; and My denote the formation time and final
mass at the end of the simulation (100 kyr) of the central star (first value) and the secondary objects formed by disc fragmentation.

Simulation Model (abbr.) OMRI MQ Mgp yr‘l) t; (kyr) Mg (M@)

No radiative feedback NRF - - 78.7,87.2,88.8,90.0 0.49,0.32,0.005,0.23
Continuous radiative feedback CRF - - 78.7 0.59
Episodic radiative feedback: run A ERF-A 0.01 1077 78.7 0.60
Episodic radiative feedback: run B ERF-B 0.3 1077 78.7,90.7,91.0 0.63,0.26, 0.12
Episodic radiative feedback: run C ERF-C 0.1 1078 78.7, 89.0, 90.0 0.56,0.35,0.11

100,

100

0 100
x AU

-100

]

log column density

100

0
x AU

Figure 1. Column density (gcm™~2) plots (at different times as marked on each graph) of typical disc morphologies for the non-radiative feedback run (NRF —
top left), the continuous radiative feedback run (CRF — top right) and the episodic radiative feedback: run A (pre-outburst ERF-A — bottom left; during-outburst

ERF-A - bottom right).

afterwards. The protostar forms after ~79kyr, and a disc forms
thereafter and grows due to mass accretion from the surrounding
envelope. For the entirety of the simulations, the mass of the en-
velope is significantly greater than the protostar and disc, i.e. our
analyses focus on the study of deeply embedded YSOs.

3.1 Simulation I: No radiative feedback

In this case, although material accretes on to the protostar, heating
of disc material takes place only through compression and viscous
dissipation. This model, which we refer to as no radiative feedback
(NRF), represents a benchmark from which the effects of protostel-
lar luminosity on disc structure can be evaluated.

Stamatellos et al. (2012) report that due to the lack of radiative
heating there is a sharp decrease in disc temperature as a function
of radius. Additionally, due to mass loading from the envelope on
to the disc, strong GIs develop with a few kyr after the formation
of the protostar. GIs subsequently result in disc fragmentation and
formation of stellar mass companions. Continued fragmentation

and companion formation leads to multiple stellar mass objects,
significantly disrupting the protostellar disc. We present a snapshot
of the NRF model prior to disc fragmentation in Fig. 1 (top left
panel) to indicate the prevalence of GI features.

3.2 Simulation II: Continuous radiative feedback

The second case we examine uses continuous radiative feedback
(CRF) from the protostar. Therefore, energy released due to proto-
stellar accretion and hydrodynamic processes heats the protostellar
disc. As matter flows continuously from the disc to the protostar,
the luminosity of the central protostar remains high (~20-100L)).

Stamatellos et al. (2012) find that, in agreement with Bate (2009)
and Offner et al. (2009), continuous radiative feedback acts to sup-
press disc fragmentation. Although a disc-to-star mass ratio of ~1
for a long period during the evolution of the system would indi-
cate that strong Gls should persist in the disc, GIs are generally
suppressed due to the high disc temperature resulting in Q = 1 at
all radii. Stamatellos et al. (2012) find that the disc does become

MNRAS 472, 3775-3788 (2017)
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marginally unstable at some points during the evolution of the disc;
however, the resultant increase of protostellar accretion due to the
GIs increases radiative heating, leading to self-regulation of the GI
spiral structures (Lodato & Rice 2004, 2005). In this run the disc
does not fragment.

3.3 Simulations III-V: Episodic radiative feedback

In the third case we examine, the protostar accretes matter episodi-
cally resulting in episodic radiative feedback (ERF). ERF has been
observed in late-phase discs (FU Ori and EXor type outbursts, e.g.
Liu et al. 2016) and has been proposed as a possible solution to the
luminosity problem, i.e. the fact that the observed luminosities of
young protostars are much lower than expected from simple theoret-
ical arguments relating to the final stellar mass and the time needed
to accumulate this mass (see Audard et al. 2014, and references
therein). Such outbursts are believed to happen more frequently
and be more prominent in younger protostars (e.g. Vorobyov &
Basu 2015) but only one Class O outbursting object has been ob-
served so far (Safron et al. 2015). Johnstone et al. (2013) examined
the effect of an outburst from an embedded protostar on the thermal
properties of its envelope and found that the overall spectral energy
distribution of the object responds to the change of the protostellar
luminosity within a relatively short time after the outburst (up to a
few months).

In the model presented here, episodic accretion occurs through
angular momentum transport due to GIs in the outer disc, and
the magneto-rotational instability (MRI) in the inner disc (Ar-
mitage, Livio & Pringle 2001; Zhu, Hartmann & Gammie 2009a;
Zhu et al. 2009b,a; Zhu, Hartmann & Gammie 2010b; Stamatellos,
Whitworth & Hubber 2011b; Mercer & Stamatellos 2017). During
the quiescent phase (i.e. when there is no accretion event), radiative
feedback is primarily due to intrinsic protostellar luminosity. In this
phase, the luminosity of the protostar is < 1L. This relatively
low protostellar luminosity is not sufficient to prevent GIs in the
outer disc. These GIs redistribute angular momentum outward, al-
lowing matter to flow radially inward. Matter is not accreted on to
the protostar, as GIs are not present in the inner disc region due to
the high temperature. Instead, matter accumulates in the inner disc
region (1 au) around the central protostar. As the mass reservoir of
the inner disc region increases, radiative, compressive and viscous
heating raise the temperature. When the temperature exceeds the
MRI activation threshold of Tyr; ~ 1400 K (Zhu et al. 2009a,b,
2010a,b), an effective MRI viscosity, ayr|, redistributes angular
momentum in the inner disc. The net effect is that all matter from
the inner disc is accreted to the central protostar. We characterize
this period as the outburst phase. The accretion luminosity during
the outburst phase is up to ~5 orders of magnitude greater than
during the quiescent phase, for a typical outburst duration of over
~few 100 yr. Once the outburst phase has started, disc is heated
sufficiently and therefore it is stable. The disc remains heated dur-
ing the outburst, but a few kyr after the outburst stops, it cools and
continued mass accretion from the surrounding envelope leads to
GIs.

The ERF simulations presented here are parametrized by the
accretion rate on to the protostar in the quiescent phase, MQ, and
the viscous alpha parameter opr; (Shakura & Sunyaev 1973) for
the MRI-active inner disc. Models with higher ayr; exhibit shorter,
more intense outburst phases. An increase of ayg;y results in quicker
angular momentum transfer and a shorter time-scale for the inner
disc to deplete its mass reservoir on to the protostar. In this work,
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we focus on three runs: ERF-A, ERF-B and ERF-C, respectively.
Parameters for each model are noted in Table 1.

We note that in the ERF-B and ERF-C models, akin to the
NRF model, the disc fragments to form companions to the cen-
tral protostar, with masses at the end of the simulation greater that
the deuterium-burning mass limit (>13 M); Spiegel, Burrows &
Milsom 2011). Fig. 1 demonstrates the typical surface density dis-
tribution of the ERF models, in the quiescent (bottom left) and
outbursting (bottom right) phases for the ERF-A model.

4 DENSITY AND TEMPERATURE STRUCTURE
OF EMBEDDED PROTOSTELLAR DISCS

We present azimuthally averaged temperature and surface density
profiles in Fig. 2, for the snapshots of Fig. 1, comparing the NRF, the
CRF and the ERF-A run (during both the quiescent and outbursting
phases). Temperature profiles (top panel) demonstrate similarities
between the NRF and the ERF-A during the quiescent accretion
phase, whereas the CRF model is quite similar with the ERF-A dur-
ing the outburst accretion phase. These similarities can be explained
due to the role of radiative feedback from the young protostar. For
both the ERF-A/quiescent and NRF snapshots, radiative feedback
is either weak or neglected, leading to lower temperatures when
compared to both the ERF-A/outburst and CRF snapshots. The disc
in the ERF-A run during the outburst has higher temperature than
in the CRF run. Surface density profiles demonstrate the role of
radiative feedback on shaping disc structure. In the NRF model, az-
imuthally averaged profiles retain signatures of Gls in the form of
‘bumps’ at r 2 50 au. Similar features are present for the quiescent
phase ERF-A snapshot; however, the bumps appear more distinct,
suggesting stronger GIs. We also present radial Toomre Q profiles
in Fig. 2 (second from bottom panel) in order to evaluate whether
the disc is gravitationally unstable and at what radii. As expected,
both the CRF and outbursting ERF-A snapshots indicate that the
disc is stable against Gls at all radii, whereas both the NRF and
quiescent ERF-A snapshots, with Q ~ 0.5 at large radial distances,
suggest the presence of strong Gls. To evaluate the level of SPH
artificial viscosity, we adopt the method of Lodato & Price (2010)
(see also Meru & Bate 2012) to evaluate the azimuthally averaged
viscosity parameter oss (Shakura & Sunyaev 1973). This value is
computed using
1 (h)

= EaSPH ?7
where (h) is the average smoothing length of SPH particles in the
disc mid-plane (we assume that this is defined as |z| < 0.05R). H
is the disc scaleheight. We note that the coefficient in the above
equation for ags (i.e. 1/10) is sensitive to the choice of the SPH
smoothing kernel (see Meru & Bate 2012 for details); however,
this does not significantly impact our findings. As a result of the
numerical method, for the outer disc regions in which Q > 2, the
angular momentum transport is due to SPH artificial viscosity, not
GlIs.

To quantify the differences in the disc structure for the different
regimes of radiative feedback from the host protostar, we determine
the radial dependence of the temperature, 7(r) o r~9, and density,
3 (r) o P, profiles as they are described by the exponents ¢ and
p. Figs 3 and 4 show representative fits to temperature and surface
density profiles for the NRF, CRF and ERF-A snapshots (during
both the quiescent and outburst phases). When fitting to each density
and temperature profile, we set the radial range of the fit through
visual inspection in order to ignore the inner flat region. There are

&)

ass
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Figure 2. Azimuthally averaged radial profiles of the snapshots presented in Fig. 1. From top to bottom: radial profiles for temperature, surface density,
Toomre Q parameter and corresponding Shakura & Sunyaev (1973) viscosity parameter. Each panel shows runs with NRF (blue line), with CRF (green line)

and with ERF-A (ERF: quiescent phase — red line; ERF-O: outburst phase — cyan line).
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Figure 3. Azimuthally averaged temperature profiles, with fits plotted as dashed lines. In the NRF and the CRF case, three snapshots are plotted (blue, green,
red corresponding to progressively later times). The estimated ¢ value is noted in each panel legend. For the ERF run, we plot four snapshots corresponding to
the quiescent accretion phase (blue), the outburst phase just after it starts (post-onset; green), the outburst phase just before it terminates (pre-offset; blue) and

finally after it terminates (post-offset; cyan). ERF snapshot times and estimated ¢ values are also shown.
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Figure 4. As per Fig. 3 but for azimuthally averaged surface density profiles. The estimated p value is noted in the upper-right legend, with the time of the

snapshot indicated in the bottom-left legend for each panel.
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Figure 5. As per Fig. 3, for Toomre Q radial distribution.
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Figure 6. As per Fig. 3, for the corresponding «ss value of Shakura & Sunyaev (1973).

significant differences in the profiles between snapshots, so this
process cannot be automated. This is the same procedure that is
followed by observers when fitting profiles of observed discs.

We present the time evolution of p and ¢ in Figs 7 and 8. Since we
are interested in the disc properties and not in disc fragmentation, we
select snapshots before fragmentation happens (see Table 1). For the
ERF models, snapshots that correspond to times in which episodic
accretion is ongoing are shown as filled symbols. In determining p
and ¢, we use a sufficiently large radial extent for the fits. However,
this is difficult to do for early times due to small disc extents, and
when discs are undergoing GIs. ¢ and p values that correspond
to fits of radial extent < 30 au are denoted by triangles in Figs 7
and 8. Another uncertainty in the fits in some cases is due to the
presence of a central dense region where the density drops only
slightly with radius (hereafter we call this region the disc ‘bulge’).
These uncertain values are also indicated by triangles.

The exponent of the surface density profile p varies from 1.7 up
to about 3 in the NRF and CRF models, whereas in the ERF models

MNRAS 472, 3775-3788 (2017)

it varies rather erratic from very low values in some cases (~0.8) up
to about 3 (e.g. see Kwon et al. 2009). One would expect that due
to inner disc gas being transported outwards during an outburst, the
radial surface density profile would be more shallow, i.e. p would
decrease. After this gas redistribution, one would then expect p
to increase again. Although we note that there are indeed outburst
events in which the characteristic p reduction is observed, in general
the evolution of p after an outburst onset for all ERF models does
not follow this pattern, probably due to the effect of spiral arms
induced by GlIs. Prior to an outburst, for all ERF models strong Gls
are present, as it is evident from the presence of strong spirals. As
the spirals are radially extended, the increased density in the outer
disc produces a shallower radial density profile, with lower p values
compared to equivalent smooth morphology snapshots. Once an
outburst occurs, the redistribution of material is expected to result in
a decrease in the value of p. As the radially extended spiral structure
already results in low p values, the effect of material redistribution
does not reduce p greatly. We should note here that one should be
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Table 2. Average exponent values for radial surface density (p) and tem-
perature (q) profiles. ERF snapshots are grouped according to their mor-
phology, i.e. the presence or lack of spiral structure (‘GI” versus ‘smooth’,
respectively). Examples of snapshots with GI and smooth morphology are
presented in the left- and right-hand panels of Fig. 2, respectively. The aver-
age g exponents are evaluated in ERF models for both the quiescent phase
(ERF) and the outbursting phase (ERF-Outburst).

Morphology p q

NRF CRF ERF NRF CRF ERF ERF-Outburst

GI 23 25 22 13 06 12 0.4
Smooth - 25 22 - 06 14 0.6

cautious when comparing results from hydrodynamic simulations
to observations of protostellar discs. The models presented here
provide predictions for the gas distribution under different radiative
feedback regimes from the young protostar. Observations in either
infrared or (sub-)mm wavelengths trace dust distribution in discs.
The gas distribution may well be different from the dust distribution
(e.g. Isella & Turner 2016; Tsukamoto, Okuzumi & Kataoka 2017).

The temperature profile exponent g varies from 1 to ~1.6 for the
NRF model, is rather constant around 0.6 for the CRF model and
varies from 0.4 to 1.5 in the ERF models. The variance of p and ¢
in the NRF model can be attributed to the evolution of the disc as
it accretes material asymmetrically from the infalling envelope and
as GIs start to develop. The temperature profile is steeper than what
it would be expected for a passive flared disc (¢ = 0.5) but in this
model heating from the central star has not been taken into account.
The NRF model can be directly compared the model of Tsukamoto
etal. (2015a) that uses the flux-limited diffusion to treat the radiative
transfer within the disc. They find that p ~ 1.65 and ¢ = 1.1, which
are consistent with our estimates (although they do not comment
on the evolution of these values). In the CRF model the central
star heats the disc so that ¢ does not drop below 0.5, similar to
observations of T-Tauri discs (Andrews et al. 2009). Disc viscosity
and/or transient spirals provide additional heating so that eventually
q ~ 0.6. All three ERF models show significant variability, due to the
development of GIs in the quiescent phase, mass loading from the
infalling envelope, and the role of highly variable radiative feedback
from the star during and after the outburst phase. In the ERF runs,
prior to the onset of an outburst, the temperature distribution is
characterized by high values (¢ > 1), implying a sharp drop in
temperature as a function of radius. During accretion outbursts,
radiative feedback from the star heats the outer disc, resulting in
a shallower temperature distribution (g ~ 0.5) (see Fig. 3, bottom
panel). After an outburst stops, the disc returns to the pre-outburst
temperature profile until the next outburst event.

In Table 2, we present the average exponent values for all three
radiative feedback models. We group the disc snapshots for each
feedback regime depending on their morphology, defining a ‘GI
morphology’ when spiral structures are present in the surface den-
sity distribution, and a ‘smooth morphology’ for snapshots that
show no significant spiral structure in the disc surface density. We
do not see significant differences in the disc density and tempera-
ture distributions between different disc morphologies. We find that
radial density profiles in the CRF case have a slightly larger average
p than both the NRF and ERF equivalents, indicating that transient
GIs are less efficient at redistributing angular momentum in the
disc and changing its structure. The temperature gradient is much
steeper in the NRF model (¢ ~ 1.3) than in CRF model (¢ ~ 0.6)
demonstrating the effect of protostellar radiative feedback in shap-
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ing the disc temperature profile. The temperature distribution in the
ERF models is dual, resembling the NRF case during the quiescent
phase and the CRF case during the outburst phase.

5 MASS ESTIMATES OF THE PROTOSTAR
AND ITS DISC USING POSITION-VELOCITY
DIAGRAMS

We showed in the previous section that the disc structure varies
significantly during the early phases of its formation and evolu-
tion, depending on the type of radiative feedback from the central
protostar. The disc dynamics at these early stages may therefore
diverge from the dynamics of stable, axisymmetric discs, like e.g.
the discs of T Tauri stars (Hartmann et al. 1998). Therefore, it is
important to examine whether the protostellar masses derived from
gas kinematics, i.e. the PV diagram (Richer & Padman 1991), are
reliable. Hydrodynamic simulations like the ones we present here
provide the means to compare kinematic estimates of the mass with
the actual mass of the protostar—disc system.

5.1 Defining the disc in simulations

We adopt three criteria using azimuthally averaged properties to de-
fine the disc radius around the protostar in the simulations. The first
criterion defines the disc extent by evaluating the average azimuthal
velocity v4(r) and comparing it to the Keplerian velocity, vk (r). We
compute the Keplerian velocity using

G(My,in(r) + M,)
vk (r) = S —

where My in(r) is the disc mass interior to r and M, is the mass of
the central protostar. The disc edge is defined as the radius where
ve(r) < 0.9vk(r). The second criterion defines the extent of the disc
using the radial infall velocity v,(r): we define the disc extent as
the radius at which v,(r) > 2mv,(r). This ensures the disc material
will orbit at least once around the central protostar before being
accreted. Stamatellos et al. (2012) find that both v and v, disc
criteria provide comparable disc masses and radii, though the v,
restriction produces systematically slightly smaller disc radii. The
final criterion to determine disc extent and M, uses information of
disc surface density, X (r). We adopt a cut-off value of X (r) < Zihresn
to define the disc radius. For our analyses, we adopt a fiducial value
of Zihresh =20 gcmfz. The first two criteria identify rotationally
supported discs, whereas the last criterion also identifies disc-like
structures around the protostar.

Once the disc radius is determined, a z < 0.5r restriction is
imposed. This ensures that excess envelope emission is omitted
when calculating My. The value of M, is then simply the mass
interior to the computed disc radius, excluding the protostellar mass.
The mass of the central protostar, M,, is added to this mass to give
a protostellar system mass, i.e. My, = M, + M.

5.2 PV diagram construction from hydrodynamic simulations

To mimic observational PV diagrams, we place the particles (that
represent the gas in the SPH simulations) in projected spatial (r) and
line-of-sight velocity (v ps) bins. We use particles that are within
20 au from the projected disc major axis, thus emulating a slit with
size |H| = 40 au. For each of the PV bins we compute the flux at
A = 1.3 mm (ALMA band 6), using the equation (Hildebrand 1983)

F)\ = B;L(Td)K)\EdAQ. (6)
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Figure 9. Surface density (in gcm™2) of an episodic radiative feedback model (ERF-A) snapshot at 89.1 kyr, for different inclination angles: 0° (left-hand

panel), i = 60° (middle panel) and i = 90° (right-hand panel).

In the above equation, B, (Ty) is the Planck function for a given dust
temperature, «, is the opacity, X4 is the dust surface density and
A is the solid angle of source. Assuming the gas and dust tempera-
tures are equal, the dust temperature adopted for the Planck function
is computed for every PV bin, by taking the line-of-sight average
temperature. This method is expected to more accurate, compared
to the commonly adopted assumption of an isothermal disc (see
Dunham et al. 2014). To calculate the flux, we assume that the disc
is optically thin. However this has two caveats: (a) in PV bins where
there is significant contribution from the envelope, the average tem-
perature and hence the flux from the disc will be underestimated,
and (b) for lines of sight intersecting the inner disc, flux may be
overestimated, as dense inner regions of the disc are expected even
in (sub-) mm wavelengths to be optically thick. Evans et al. (2017)
also notes that when computing flux, in the case of non-isothermal
gravitationally unstable discs, the use of a constant «; may be a
poor representation of the actual opacity, and therefore of the flux
from the disc. None the less, we adopt k| 3mm = 2.3cm? g~ !, as in
Tobin et al. (2016). X4 is computed by using the gas surface density
¥ as computed from the simulation, and converting to X4 assuming
a constant dust-to-gas ratio of 0.01. Finally, AQ = (|H|Ar)/d?,
where d = 140 pc, the assumed distance to the source, Ar is the
spatial bin-width and H is the assumed size of the slit.

Motivated by the ALMA spatial resolution in the Taurus star
forming region (ALMA Partnership 2015), we set Ar = 4 au out to
|¥| < 100 au, and a velocity bin-width of Av;og = 0.25kms™" up
to [vios| < 10kms™!. This ‘resolution’ is rather conservative when
compared with the anticipated maximum resolution of ALMA!
(Avios = 0.05kms™!). We find that reducing this value (thus in-
creasing the resolution) has no significant impact on the overall
conclusions.

For each of the simulations presented here, the rotation of the
disc is anticlockwise, such that the PV diagrams are populated
in upper right and lower left quadrants. The mass of the system,
My, is computed by fitting Keplerian profiles to the edge of PV
bins in the upper right and lower left quadrants. The edge of the
respective quadrant is defined when a bin with non-zero surface
density is found. We fit to the edge, as opposed to the location of
maximum emission (as per Jgrgensen et al. 2009; Tobin et al. 2012;
Ohashi et al. 2014). This is motivated by the results of Seifried
et al. (2016) in which fits to the PV quadrant edge are found to
more faithfully recover My, whereas fitting by the maximum tends
to underestimate Msy,. The maximum radius to which we fit the
Keplerian profile is set by the radius in either quadrant at which

!https://science.nrao.edu/facilites/alma/summary

¥ <20 gcm~2. For each quadrant we then compute My, by fitting a
Keplerian profile vk (1) = /G Mgy /7 to the data. The final estimate
for My, is the average of the masses computed from both quadrants
of the PV diagram.

The PV diagram of a specific system depends on the orientation of
the disc with respect to the observer. For the following analysis, we
adopt two inclinations, 60° and 90° (phase-on discs), motivated by
recent results suggesting that masses estimated through Keplerian
fits to PV diagrams are significantly inaccurate for i < 60° (Seifried
etal. 2016). Surface density plots for both inclination cases, and also
when i = 0° as reference, are illustrated in Fig. 9 with corresponding
PV diagrams plotted in Fig. 10. The PV diagrams of Fig. 10 have the
Keplerian fits to the kinematic data overplotted as red solid curves.
In both Figs 9 and 10, the outburst-phase snapshot of the ERF-A
model (see Fig. 1) is used.

5.3 How well do position—velocity diagrams estimate the mass
of a protostellar system?

‘We now compare the mass derived from kinematic considerations
using PV diagrams and the actual system mass derived from the
simulations, My, to test the accuracy of PV diagrams in estimating
disc masses, especially in the case when an outburst happens, where
the disc dynamics may deviate from a Keplerian disc. In Fig. 11,
we present a series of My, evolution plots, for all runs. Each panel
includes information on the PV diagram mass estimates (i = 90°:
open blue circles; i = 60°: filled blue circles) and the masses derived
from the hydrodynamic simulations. Each panel in Fig. 11 also
presents the protostellar mass (black stars). The difference between
this mass and My value for each snapshot represents the disc mass.
For each ERF run, we are particularly interested in the impact
of time-varied radiative feedback on estimates on both the mass
derived from the simulations and kinematic mass derived from the
PV diagram. As such, we include a snapshot before onset, after
onset, before offset and after offset for an accretion event. For
the ERF runs, the time interval at which the protostellar system is
undergoing an outburst event is indicated by the shaded region.

In the no radiative feedback and continuous radiative feedback
runs (Figs 11 a and b), the values of Mgy that are computed from
the simulations using different criteria for defining the disc agree
well for all snapshots as there is no radiative feedback variabil-
ity. However, we note that the M,y estimates from the simula-
tions are systematically higher than the PV inferred counterparts.
We also see that the mass estimates using the PV diagram are
lower for increasing inclination. This is because the peak line-of-
sight velocity scales with sin (i) and, since Mgy, o v]2<, the mass
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Figure 10. PV diagrams for the snapshot of Fig. 9 (left-hand panel: i = 60°; right-hand panel i = 90°). The fitted Keplerian velocity profile is overplotted as

ared curve.

estimate scales with sin?(i). Using this relation, we expect that
My (60°) ~ 0.75 My (90°). To a few per cent, we find that the PV
mass estimates in NRF and CRF models are consistent with this
analysis. Therefore, it is needed to take into account the disc orien-
tation when estimating the mass of the protostellar system (as noted
by e.g. Hara et al. 2013; Murillo et al. 2013).

The PV diagrams for the ERF runs demonstrate significant vari-
ability. In Fig. 12 we provide a series of PV diagrams for an outburst
event in the ERF-C run at 86.2 kyr (i = 90°). Once an episodic ac-
cretion event begins, the PV diagram evolves due to the radiative
feedback impacting on both the kinematic and thermal properties
of the disc. We find that the impact of episodic radiative feedback
may result in disagreement between simulation M,y estimates us-
ing different criteria. This is because the dynamics of the system
are strongly affected by the outburst so that there is no rotationally
supported disc but rather a disc-like structure. In the case of the
ERF-A run (Fig. 11c¢), in which outburst events are longer but mild,
we find that the masses estimated from the simulation using differ-
ent criteria disagree but not as much as in ERF-B and ERF-C runs,
where the outburst events are more intense with shorter duration.
In the latter two cases, the effect of the radiative feedback from the
outburst strongly influences the dynamics of the system.

We find that the masses inferred through Keplerian fits in PV
diagrams are systematically lower than the actual masses of proto-
stellar systems. For i = 90° orientations, the My value from the
PV Keplerian fits are ~20 per cent less than the actual system mass.
The mass of the protostar itself cannot be directly inferred from
PV diagrams for early-phase discs. At this stage the disc mass is
a significant fraction of the mass of the protostar and therefore the
contribution of the disc self-gravity to the Keplerian velocity of the
gas cannot be ignored.

5.4 Features in PV diagrams indicative of spirals

Douglas et al. (2013) have found that PV diagrams may be used
to indicate the presence of spiral structures due to GIs. They have
pointed out to ‘fingers’ in the PV diagrams, i.e. significant, radially
extended over densities. In this work we confirm this finding (see
Fig. 12; in each panel, the fingers due to spirals are denoted by
the green arrows). The prominence of the ‘fingers’ in Fig. 12 is
dependent on the stage on accretion. Gls are expected to be more
prominent prior to outburst [panel (a)]; however, due to inadequate
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outer disc flux contribution, the contrast is insufficient for identifi-
cation. In panels (b)—(c), with increased disc heating, the kinematic
features become more prominent. These ‘fingers’ are however tran-
sient in nature, with increased spiral flux contribution after outburst
being disrupted as Q increases, stabilizing the disc. In panel (d) of
Fig. 12, no strong overdensities are present, i.e. the radiative feed-
back has disrupted the spiral structure, leading to an axisymmetric
disc surface density profile.

5.5 Signatures of outbursts in PV diagrams

The series of PV diagrams in Fig. 12 tenuously indicates the accre-
tion state of the protostellar system, i.e. whether a system is quies-
cent or undergoing an outburst). In panel (a) prior to the outburst
onset, the outer disc is cool and spirals are present. The edge of each
PV diagram quadrant may be represented by a Keplerian velocity
profile. In panels (b) and (c) however, the impact of the increased ra-
diative feedback results in significant disruption of disc kinematics,
resulting in substantially super-Keplerian rotation at certain radii.
This super-Keplerian gas, denoted in Fig. 12 by yellow arrows, is
representative of the impact of outward flows of inner disc material
due to strong radiative feedback. Once the episodic accretion event
has stopped, the outward radial flows stop. The disc then returns to
the Keplerian rotation profile, but without any spiral structure due
to the impact of the increased heating due to the preceding outburst.

5.6 Radial pressure gradients in deeply embedded protostellar
discs

There are systematic differences between the mass derived from
kinematics, as they are depicted in the PV diagram, and the actual
mass of the protostellar system. We refer to the impact of the radial
pressure gradient on modifying the gas orbital velocity from the
Keplerian one, so that, at radius r, the orbital velocity of the gas, vy,
is

Vyp = UK(l — 7’])1/2, (7)

where vy is the Keplerian velocity, n = (p + g + 1)(h/r)* and h(r)/r
= H is the disc scaleheight (see Armitage 2007). For a typical T
Tauri disc in which p = 3/2, ¢ = 3/4 and H = 0.05, v, ~ 0.997.
For early-phase discs, as the ones in the models presented in this
paper, we have H ~ 0.2 [considerably thicker discs, e.g. see Sakai
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feedback in (b) and (c) are indicated by yellow arrows. Red lines represent fitted Keplerian profiles, to highlight super-Keplerian material during/after outburst.

et al. (2017), due to high disc-to-stellar mass ratio and/or due to
high protostellar accretion luminosities] and (p + g + 1) ~ 4, there-
fore vy, ~ 0.917 vk, i.e. 8 per cent less than the Keplerian velocity.
Recalling that the system mass as computed from the PV diagram is
My, v,2<, we find that Keplerian fits in PV diagrams underestimate
the mass of a young disc by ~15 per cent, which is similar to what
we find in the simulations we have analysed here (~20 per cent). If
embedded discs are even thicker (say H ~ 0.3) then the disc mass
is underestimated even more (by ~35 per cent). Therefore, previ-
ous studies of young embedded discs based on PV diagrams may
significantly underestimate disc masses.

The role of increased radial pressure gradient in the case of early-
phase discs is expected to play a major role in governing the dust
dynamics (Weidenschilling 1977). As dust grains that are decou-
pled from the gas (i.e. relatively large grains) do not experience a
radial pressure gradient, their orbital velocity can be approximated
as Keplerian. With an increased difference between dust and gas or-
bital velocity, the dust will therefore feel a stronger headwind from
the gas. This headwind results in a loss of angular momentum and
inward migration of dust towards the central protostar. Our results
suggest that as the radial pressure gradient is stronger in young,
embedded protostellar discs in comparison to later stage discs, the
rate of dust depletion may be significant early-on during the disc
evolution. As a result, the dust-to-gas mass ratio in young planet
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forming discs may be smaller than the one in the interstellar medium
(~0.01), which may also lead to underestimating disc masses by
20-30 per cent when dust continuum observations are used (Birn-
stiel et al. 2009, 2010; Tsukamoto et al. 2017).

6 CONCLUSIONS

We have investigated the properties of young discs as they are still
forming in collapsing molecular clouds, using hydrodynamic sim-
ulations that employ different radiative feedback from the protostar
hosting the disc: no radiative feedback, with accretion-powered con-
tinuous radiative feedback and with episodic feedback. In addition,
we have examined whether PV diagrams, commonly used by ob-
servational studies, can accurately determine the mass of a young
protostar and its disc. The key results are

(a) The radial surface density and temperature profiles vary sig-
nificantly as mass falls on the disc from the envelope. The profiles
are particularly sensitive to the radiative feedback from the proto-
star, especially in the case when this is episodic.

(b) The exponent of the surface density profile p varies from
1.7 up to about 3 in the non-radiative feedback and in the con-
tinuous radiative feedback models. In the episodic radiative feed-
back models, it varies erratically from ~0.8 up to about 3. The



temperature profile exponent ¢ varies from 1 to ~1.6 in the non-
radiative feedback model, is rather constant around 0.6 for the con-
tinuous radiative transfer model and varies from 0.5 to 1.5 in the
episodic radiative feedback models. We find that the disc temper-
ature drops faster with radius when the radiative feedback from
the protostar is weak. Shallow temperature profiles (¢ ~ 0.5) are
associated with outbursting embedded protostars.

(c) PV diagrams may be used to provide important information
about the structure of discs whose mid-plane is at high inclinations
with respect to the observer (especially nearly edge-on discs). Spiral
arms indicative of GIs cannot be seen in images of such discs but can
be inferred from the presence of characteristic structures (fingers)
in the PV diagram.

(d) Super-Keplerian velocities in the PV diagram may be indica-
tive of a protostellar system that is undergoing an outbursting event,
similar to FU Ori events at late-phase, T Tauri discs.

(e) The mass of the protostellar system (i.e. the protostar and its
disc) is underestimated by 20 per cent when PV diagrams are used.
This is because young embedded discs are relatively thick and the
radial pressure gradient reduces the orbital velocity below the Kep-
lerian velocity of the gas by a factor of 8 per cent. Moreover, for the
early-phase discs that we study here, the mass of the disc is signif-
icant and therefore should be taken into account when calculating
the mass of the protostar from the PV diagram.

(f) The significant pressure gradient expected in early-phase discs
suggests that the rate of dust depletion due to gas drag may be high
in the deeply embedded phase. Therefore, the dust-to-gas mass ratio
of young embedded discs may be lower than that of the ISM.
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