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ABSTRACT

Context. The study of protoplanetary disc evolution and theories of planet formation has predominantly concentrated on solar- (and
low-) mass stars since they host the majority of confirmed exoplanets. Nevertheless, the confirmation of numerous planets orbiting
stars more massive than the Sun (up to ~3 M) has sparked considerable interest in understanding the mechanisms involved in their
formation, and thus in the evolution of their hosting protoplanetary discs.

Aims. We aim to improve our knowledge of the evolution of the gaseous component of protoplanetary discs around intermediate-mass
stars and to set the stage for future studies of planet formation around them.

Methods. We study the long-term evolution of protoplanetary discs affected by viscous accretion and photoevaporation by X-ray and
far-ultraviolet (FUV) photons from the central star around stars in the range of 1-3 M, considering the effects of stellar evolution and
solving the vertical structure equations of the disc. We explore the effect of different values of the viscosity parameter and the initial
mass of the disc.

Results. We find that the evolutionary pathway of protoplanetary disc dispersal due to photoevaporation depends on the stellar mass.
Our simulations reveal four distinct evolutionary pathways for the gas component not reported before that are a consequence of stellar
evolution and that likely have a substantial impact on the dust evolution, and thus on planet formation. As the stellar mass increases
from one solar mass to ~1.5-2 My, the evolution of the disc changes from the conventional inside-out clearing, in which X-ray pho-
toevaporation generates inner holes, to a homogeneous disc evolution scenario where both inner and outer discs formed after a gap is
opened by photoevaporation vanish over a similar timescale. As the stellar mass continues to increase, reaching ~2-3 M, we identify
a distinct pathway that we refer to as revenant disc evolution. In this scenario, the inner and outer discs reconnect after the gap opened.
For the largest masses, we observe outside-in disc dispersal, in which the outer disc dissipates first due to a stronger FUV photoevap-
oration rate. Revenant disc evolution stands out as it is capable of extending the disc lifespan. Otherwise, the disc dispersal timescale
decreases with increasing stellar mass except for low-viscosity discs.

Key words. planets and satellites: formation — protoplanetary disks — stars: evolution

1. Introduction

The discovery of several thousand extrasolar planets in the last
decades (Zhu & Dong 2021) shows that planet formation is a
common and robust process, at least around low-mass stars and
sun-like stars. The large number of discovered planetary sys-
tems, the variety of these in terms of the number of planets,
planet masses, and orbital separations, and more generally the
overall architecture of planetary systems, makes planet forma-
tion one of the most fascinating topics in modern astrophysics.
Understanding the planet formation process is inherently related
to understanding the evolution of protoplanetary discs.

Planets grow by the concurrent accretion of solids and
gas (see the recent reviews of Venturini et al. 2020c and
Drazkowska et al. 2023). According to the core-accretion sce-
nario, gas giant planets form from a core built by the accretion
of pebbles (Ormel et al. 2010; Lambrechts & Johansen 2012;
Lambrechts et al. 2014, 2019; Johansen & Lambrechts 2017),
planetesimals (Mordasini et al. 2009; Ronco et al. 2017), or both

* Movie associated to Fig. 5 is available at https://www.aanda.org

(Alibert et al. 2018; Guilera et al. 2020), which grows sufficiently
to efficiently accrete gas from the surrounding disc (Pollack et al.
1996; Ikoma et al. 2000; Alibert et al. 2005; Guilera et al. 2010,
2020; Venturini et al. 2016; Ormel et al. 2021). Consequently,
the timescale available for gas giant planets to form is largely
determined by the evolution of the gas component of protoplan-
etary discs (Ronco et al. 2017; Guilera et al. 2020; Venturini
et al. 2020b,a). As soon as the mass supply from the surrounding
cloud becomes negligible, viscous accretion slowly decreases
the mass and the accretion rate of the disc (e.g. Pringle 1981).
Tonising radiation creates a layer of relatively hot ionised gas
and, beyond a certain radius called the gravitational radius, the
local thermal energy of the ionised gas exceeds its gravitational
energy and the gas escapes in the form of a wind. When the
accretion rate becomes similar to the photoevaporation rate, a
gap opens in the disc and the inner disc drains on its viscous
timescale. This causes the outer disc to be more efficiently
irradiated by ionising radiation, which causes it to disperse fast
(Alexander et al. 2006a,b).

Most studies of the evolution of protoplanetary discs focus
on low-mass and solar-mass stars and assume a constant ionising
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flux emitted by the central star (see e.g. Clarke et al. 2001;
Alexander et al. 2006a; Gorti et al. 2009; Owen et al. 2010, 2012;
Ercolano & Pascucci 2017). In fact, Gorti et al. (2009) was the
first to include a time-dependent far-ultraviolet (FUV) luminos-
ity combined with constant X-ray and extreme-ultraviolet (EUV)
luminosities in models of protoplanetary disc evolution. More
recently, Kunitomo et al. (2021), from now on K21, extended
the early work by Gorti et al. (2009) by incorporating analyt-
ical prescriptions for all types of ionising radiation, from the
FUV to the X-ray regime. In addition, K21 investigated not
only the evolution of discs around sun-like stars but also stud-
ied the long-term evolution of protoplanetary discs affected by
photoevaporation around intermediate-mass stars, covering the
mass range of 0.5-5 M, and considering stellar evolution. These
authors also showed that for low-mass stars (M, < 2.5 M) pho-
toevaporation is mainly driven by X-ray irradiation, while for
intermediate-mass stars (2.5 My < M, < 5 M) photoevapora-
tion is dominated by FUV irradiation.

Studies of discs provide invaluable clues to the requisite
conditions essential to planetary system formation. Improv-
ing our understanding of disc evolution and planet formation
around intermediate-mass stars is important for several reasons.
Although the detection of planets around these stars is not yet as
prolific as around their less-massive counterparts, planets have
been detected through direct imaging around young A stars,
typically still embedded in a surrounding debris disc, the most
famous examples being the planets around 8 Pic (Lagrange et al.
2009, 2010, 2019) and HD 8799 (Marois et al. 2008, 2010). Fur-
thermore, the results of radial velocity campaigns targeting giant
stars have been pretty successful (see e.g. Niedzielski et al.
2016a), revealing a non-negligible occurrence rate of giant plan-
ets around 1-3 M, stars (Niedzielski et al. 2016b) with a peak
at 1.68 + 0.59 M (Wolthoff et al. 2022). The dearth of stars
with planetary companions beyond this peak might be related
to the shorter lifetimes of discs around stars more massive than
~2 My (e.g. Ribas et al. 2015). However, Nakatani et al. (2023)
recently showed that the gas detected in many long-lived gas-rich
debris discs around intermediate-mass stars might be primor-
dial. Thus, studying disc evolution and planet formation around
intermediate-mass stars is an important component of aiming to
better understand planet formation in general. In addition, obser-
vations of Herbig Ae/Be (HAeBe) stars, which are intermediate-
mass stars hosting protoplanetary discs, revealed disc structures
that might be related to the planet formation process, star-disc
interactions, and/or the accretion process (Millan-Gabet et al.
2007; Kraus 2015). Comparing model predictions with these
observations may help in understanding these complicated pro-
cesses. Last but not least, the large number of metal-polluted
white dwarfs with masses below 0.7 My (Koester et al. 2014,
their Fig. 1) might imply that planet formation around stars in
the mass range 1-3 M,; is potentially rather efficient.

While the study conducted by K21 represents a huge step
forwards in our comprehension of photoevaporation and the life-
times of protoplanetary discs around intermediate-mass stars, a
detailed exploration of the input parameters is still lacking. As
a first step towards a better understanding of disc evolution and
planet formation around these stars, we here extend their work
by calculating a finer grid of evolutionary sequences of proto-
planetary discs around 1-3 M, stars for different values of the
viscosity parameter, @, and the initial mass of the disc, con-
sidering stellar evolution and fully solving the vertical structure
equations.

We find four fundamentally different evolutionary path-
ways for the evolution of the gas component that are a direct
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consequence of the photoevaporation process affected by stellar
evolution, that have not been reported before, and that likely
have a significant impact on the evolution of the dust, and thus
on planet formation scenarios.

2. General description of our model

The results presented in this work were calculated with PLANE-
TALP, a 1D+1D model describing the evolution of the gas and
dust components of protoplanetary discs as well as the planet
formation process (Ronco et al. 2017; Guilera et al. 2017, 2019,
2020, 2021). Unlike the code used in K21 and previous works
(Suzuki et al. 2016; Kunitomo et al. 2020), pLANETALP fully solves
the vertical structure equations for each radial bin, as described
in detail in Guilera et al. (2017, 2019).

The main goal of this paper is to set the stage for simulations
of the planet formation process around stars more massive than
the Sun. In this work we focus entirely on the evolution of the gas
disc. The time evolution of the solid component and the impact
of the evolution of both components on the process of planet
formation will be addressed in a subsequent paper.

2.1. Vertical structure and gas disc evolution

To solve the vertical structure of the disc we assumed an axisym-
metric, thin, irradiated disc in hydrostatic equilibrium. We fol-
lowed Guilera et al. (2017, 2019) who used the methodology
described in Alibert et al. (2005) and Migaszewski (2015), and
solved for each radial bin the disc structure equations given by

oP , OF 9 , 0T T oP
=Pz, == oy, — =V,
0z 0z 4 0z P 9z
where P, p, F, T, and z represent the pressure, density, radiative
heat flux, temperature, and vertical coordinate of the disc,
respectively. Q is the Keplerian frequency at a given radial
distance, while v = acfQ is the kinematic viscosity, with o a
dimensionless parameter (Shakura & Sunyaev 1973), and ¢? the
square of the locally isothermal speed of the sound.

The mechanisms that heat the disc are viscosity and irra-
diation from the central star. This energy is vertically trans-
ported by radiation and convection according to the standard
Schwarzschild criterion. The central object is assumed to be a
protostar of mass, M,, radius, R,, and effective temperature,
T¢. The latter two parameters determine the irradiation of the
disc’s surface by the central star, given by
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where R is the is the radial coordinate, and dlog H/dlogR = 9/7
(Chiang & Goldreich 1997). For different stellar masses we
adopted the values for R, and T that were used by K21 as
initial conditions to compute the evolutionary tracks with MESA
(Paxton et al. 2011). In other words, we used values of R, and
T¢' corresponding to the birthline (1 = 0) of Stahler & Palla
(2004). While it is clear that R, and T< change with time due
to the stellar evolution, we did not consider the time evolution
of these values to compute the vertical structure of the disc. We
discuss the impact of this simplification in Appendix B.

Once the vertical structure was computed, the averaged gas
surface density and viscosity were used to solve the classical
radial diffusion equation Pringle (1981):
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which describes the time evolution of the gaseous disc driven by
viscous accretion and photoevaporation caused by high-energy
photons emitted by the central star. In this equation, which is
solved considering zero torque as boundary conditions (impos-
ing zero density), X, is the gas surface density, and Spg the
photoevaporation rate.

2.2. X-ray and FUV photoevaporation rates

Knowing the time evolution of the high-energy irradiation is fun-
damental to compute the time dependence of the X-ray and FUV
photoevaporation rates.

In contrast to our previous works (Ronco et al. 2017, 2021;
Guilera et al. 2020, 2021; Venturini et al. 2020b,a), we here com-
puted the evolution of the gas disc by considering the evolution
of the main stellar parameters, that is, the luminosity, L,, the
effective temperature, T¢, the stellar radius, R, the X-ray lumi-
nosity, Lx, and the FUV luminosity, Lryy, following Table 1
of K21.

As in K21, mass loss due to photoevaporation, >pe(R), in our
model took only irradiation by the central star into account and
was computed as

TpE(R) = max[Zx.ray(R), Zruv(R)], 4)

where Xx .y (R) and ryy(R) represent the X-ray and FUV pho-
toevaporation rates, respectively. In this work we ignored EUV
photoevaporation as it is negligible for stellar masses between
1 Mg and 3 M, (see K21, their Fig. 11), which are the ones of
interest here. For the X-ray photoevaporation rate we followed
K21 and considered a simplified version of the prescription
proposed by Owen et al. (2012), that is,

b)) )
10%%erg s~ J\2.5 au

z.:X-ray(R) = z.:X,O(

for primordial discs beyond 2.5 au (M, /My), where ix,o =
5.1 x107'2 g s7! cm™2. The gas confined within the inner region
of the disc is gravitationally bound and is not affected by pho-
toevaporation, and thus Ex_ray(R) = 0. For discs with holes that
suffer direct photoevaporation we followed Owen et al. (2012,
their Appendix B (B2)).

The FUV photoevaporation rate was computed as

Lrov )( R )_2 ©)

Zruv(R) = Zruvo (Wrgs‘l Tan
beyond 4 au (M, /M,). Here, SFUV,O = 10712 g s cm™2 and
Lryy, which is the FUV luminosity of the star, was defined
as LFUV = LFUV,aCC + LFUV,ph + LFUV,chr (GOI'ti et al. 2009,
Kunitomo et al. 2021), with Lryy pnh and Lryy chr being the pho-
tospheric and chromospheric FUV luminosities, respectively,
and Lpyv acc representing the FUV flux produced by accretion.
Inside 4 au (M,/Ms), Zryv(R) = 0. This prescription was
derived by K21 based on the results of Gorti et al. (2009) and
Wang & Goodman (2017). For full details on the dependence of
Lx and Lgyy on the stellar parameters, such as M, R, L, and
TS, we refer the readers to Sect. 2 in K21.

In Appendix A we compare our model predictions with those
presented in K21, finding very good agreement in terms of the
evolution of the mass accretion and photoevaporation rates and
disc dispersal timescales.

2.3. Initial conditions and scenarios to test

To understand in more detail the impact of time-dependent
photoevaporation on the evolution of the gas component of pro-
toplanetary discs, we defined a grid of initial disc and stellar
parameters. For the mass of the central star we used M, =
1 Mg, 1.5Ms, 2 Mg, 2.5 Mg, and 3 M. For the initial gas sur-
face density profile we adopted, as in K21, the steady state
solution (Lynden-Bell & Pringle 1974) given by

MO o~RIR)
27TR% R/Rc ’

So(R,1=0) = 7)

where Mg is the initial mass of the disc and R, the characteristic
or cut-off radius.

Following Andrews et al. (2010), we assumed a linear rela-
tion between the initial disc mass, My, and the stellar mass, that

is,
My = MO (—) (®)

considering for each stellar mass initially low-mass, intermedi-
ate, and massive discs, that is, we calculated the disc evolution
for Mg = 0.03 Mg, 0.06 Mg, and 0.1 M.

With these initial masses, all the discs considered in this
work are stable against gravitational collapse at every time step.
For the characteristic radius of the disc, R., we adopted the
relation used in Burn et al. (2021),

0.625
M
R.=R[= , 9
. °(Mo) 9

with R? = 40au, which corresponds to the mean value of the
distributions inferred from observations (Andrews et al. 2010).

As in Burn et al. (2021), we also scaled the inner edges of the
discs Rj, using

1/3
M
Ry = 0.1 au (—*) ) (10)
Mo
For the viscosity we used, as in K21, the following scaling
law,

M,
@ =l )
©

(11)
with three different values for ag: @y = 1072 (high viscosity);
@y = 1073 (intermediate); and ap = 10 (low viscosity). A sum-
mary of all the parameters used in our simulations can be found
in Table 1.

3. Results

In this section we describe in detail the results of our simula-
tions. We illustrate the evolution of each disc by plotting the
gas surface density as a function of radius and time for the
three values for the viscosity parameter, o, that we adopted (see
Figs. 1-3 for ap = 1072, 107, and 107, respectively). For each
disc evolution we also show the time evolution of the accretion
rate (Mye. = —2nRE(R)vg, with vg the gas radial velocity), and
the mass-loss rates due to X-ray (Mx = f 27RExdR) and FUV

(Mpyy = f 27RYryydR) photoevaporation integrated along the
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Table 1. Star and disc initial parameters for all the performed simulations.

Sim My [Mo] Ru[Ro] Tg"[K] Rin[au] R [au] @ Mg [Mo] 7 [Myr]
S1 1.0 4.600 4482 0.1 40 1072 0.03 0.55
S2 1.0 4.600 4482 0.1 40 1072 0.06 1.02
S3 1.0 4.600 4482 0.1 40 1072 0.10 1.61
S4 1.0 4.600 4482 0.1 40 1073 0.03 1.19
S5 1.0 4.600 4482 0.1 40 1073 0.06 2.80
S6 1.0 4.600 4482 0.1 40 1073 0.10 7.00
S7 1.0 4.600 4482 0.1 40 1074 0.03 3.49
S8 1.0 4.600 4482 0.1 40 1074 0.06 8.04
S9 1.0 4.600 4482 0.1 40 10~ 0.10 >10
S10 1.5 4.105 4797 0.114 51.5 1.5x 1072 0.045 0.64
S11 L.5 4.105 4797 0.114 51.5 1.5x 1072 0.09 0.97
S12 1.5 4.105 4797 0.114 51.5 1.5x 1072 0.15 1.52
S13 1.5 4.105 4797 0.114 51.5 1.5x1073 0.045 1.42
S14 1.5 4.105 4797 0.114 515 1.5x 1073 0.09 2.65
S15 L.5 4.105 4797 0.114 51.5 1.5x 1073 0.15 4.58
S16 L.5 4.105 4797 0.114 51.5 1.5x 107 0.045 5.05
S17 1.5 4.105 4797 0.114 51.5 1.5x 10 0.09 6.10
S18 1.5 4.105 4797 0.114 51.5 1.5x 107 0.15 8.54
S19 2.0 3.882 4797 0.126 61.7 2x 1072 0.06 0.66
S20 2.0 3.882 4797 0.126 61.7 2x1072 0.12 0.98
S21 2.0 3.882 4797 0.126 61.7 2x1072 0.20 1.42
S22 2.0 3.882 4797 0.126 61.7 2x1073 0.06 1.38
S23 2.0 3.882 4797 0.126 61.7 2x 1073 0.12 2.64
S24 2.0 3.882 4797 0.126 61.7 2x1073 0.20 3.56
S25 2.0 3.882 4797 0.126 61.7 2x1074 0.06 6.40
S26 2.0 3.882 4797 0.126 61.7 2x 1074 0.12 7.60
S27 2.0 3.882 4797 0.126 61.7 2x 1074 0.20 9.52
S28 2.5 4.204 5178 0.136 709  25x1072 0.075 0.57
S29 2.5 4.204 5178 0.136 709  25x1072 0.15 0.84
S30 2.5 4.204 5178 0.136 709  25x1072 0.25 1.14
S31 2.5 4.204 5178 0.136 709  25x1073 0.075 1.14
S32 2.5 4.204 5178 0.136 70.9  25x1073 0.15 2.51
S33 2.5 4.204 5178 0.136 709 25x1073 0.25 3.65
S34 2.5 4.204 5178 0.136 709  25x107* 0.075 8.50
S35+ 2.5 4.204 5178 0.136 709 25x107 0.15 9.50
S36 2.5 4.204 5178 0.136 709 25x107* 0.25 >10
S37 3.0 4.571 5415 0.144 79.5 3% 1072 0.09 0.42
S38* 3.0 4.571 5415 0.144 79.5 3x1072 0.18 1.15
S39 3.0 4.571 5415 0.144 79.5 3% 1072 0.30 1.23
S40 3.0 4.571 5415 0.144 79.5 3x1073 0.09 1.70
S41 3.0 4.571 5415 0.144 79.5 3x 1073 0.18 2.17
S42 3.0 4.571 5415 0.144 79.5 3x1073 0.30 2.25
543 3.0 4.571 5415 0.144 79.5 3x 107 0.09 9.75
S44 3.0 4.571 5415 0.144 79.5 3x 107 0.18 >10
S45 3.0 4.571 5415 0.144 79.5 3x 107 0.30 >10

Notes. M, denotes the mass of the star, while R, and Tiff refer to the radius and effective temperature of the star at the birthline, respectively. Ry

and R, represent the inner border and the characteristic radius of the disc,

respectively. a is the viscosity parameter and M, the mass of the disc.

The last column refers to 7, the disc dissipation timescale, which is not an initial condition but a result of our simulations (see Sect. 3.5). The cases
highlighted in bold face are referring to the revenant discs that will be described in Sect. 3.4. Simulations S35* and S38* represent cases that do

not strictly follow the revenant disc evolution.

regions where there is still gas surface density to remove (bottom
panels of the same figures). Moreover, for the sake of comparison
with the work of K21, we also computed the total disc mass lost
by photoevaporation as Mpg = f YpedRdt, integrated along the

disc extension, where Xpg follows Eq. (4).
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The main mass dissipation mechanisms for the vast major-
ity of the discs we analysed are viscous evolution and X-ray
photoevaporation (see bottom panels of Figs. 1-3). FUV photo-
evaporation only becomes important for relatively massive discs
around stars of 2.5-3 M. In these cases, it will have a strong
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Fig. 1. Upper panels: time evolution of the gas surface density profiles for massive (top), intermediate (middle), and low (bottom) mass discs
around stars with masses between 1 M, and 3 My, in discs with ap = 1072, plotted every 0.1 Myr. The labels at the top right of each panel represent
the simulation number and the dissipation timescale, also represented by the colour scale bar shown on the vertical right-hand side of the plot. The
coloured simulation numbers refer to specific cases described in the text. Lower panels: time evolution of the mass accretion rate M, (solid red
curve) and the mass-loss rates My (solid blue curve) and Mgyy (solid lilac curve) by the X-ray and FUV photoevaporation, respectively, for the
same discs, integrated along the regions where there is still gas surface density to remove. The dashed blue and lilac curves represent the same
mass-loss rates but integrated along the disc domain. The vertical dashed lines represent the time at which the gap opened in the disc, due to
the effects of either X-ray (blue) or FUV (lilac) photoevaporation. For the high viscosity parameter assumed here, most discs evolve following the
classical inside-out disc dispersal (see Sect. 3.1). Only for the highest stellar and disc masses (see cases S38 and S39) do the outer and inner discs
disappear on similar timescales (a pathway that we call homogeneous disc evolution).

impact on the evolution of the disc, as we describe in detail in  3.1. Standard inside-out disc photoevaporation
the following sections.

Depending on the disc parameters and the stellar mass, we
find four fundamentally different evolutionary pathways. We
believe that the evolution of the gas component of protoplan-
etary discs we report here could significantly affect the planet
formation process in these discs.

The standard scenario for the disc dispersal of protoplanetary
discs due to photoevaporation is frequently called inside-out disc
dispersal. In this scenario, at first the disc evolves mainly due to
viscous accretion until photoevaporation becomes effective and
opens a gap at a few au separating an inner and an outer disc.
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Fig. 2. Same as Fig. 1 but for discs with ay = 10~ and gas disc profiles plotted every 0.15 Myr. For this intermediate value of the viscosity
parameter, we only predict classical inside-out disc dispersal for the most massive discs around the least massive stars (S5, S6, S15). In the majority
of cases, the discs dissipate according to homogeneous disc evolution, i.e. the inner and outer discs disappear nearly simultaneously (S4, S13, S14,
S22, 823, S31, S32). For the initially more massive discs around the most massive stars (S41, S42), we predict the outer disc will disappear clearly
before the inner disc; that is, in these cases, the viscous timescale of the inner disc is longer than the photoevaporation timescale of the outer disc.
A particularly interesting evolutionary pathway is that predicted by S40 and S33. Following the gap opening through X-ray photoevaporation, the
outer and the inner disc reconnect as the X-ray emission decreases and the final disc dispersal is caused by FUV photoevaporation. We termed this

pathway revenant disc evolution (see Sect. 3.4 for details).

Then, as the inner disc is orders of magnitude less massive than
the outer one, it is rapidly accreted by the central star due to
viscous accretion while the outer disc continues to loose a rela-
tively small fraction of its mass due to photoevaporation. When
the inner disc completely disappeared, the disc consists of a rela-
tively massive outer disc and an inner cavity, that is, it looks like
a classical transition disc (Williams & Cieza 2011).
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In our parameter study we find inside-out disc evolution

in most of the simulations with high viscosity, particularly for
intermediate and massive discs, and for very few cases with
intermediate viscosity and intermediate/massive discs around
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Fig. 3. Same as Figs. 1 and 2 but for discs with @y = 10 and gas disc profiles plotted every 0.35 Myr. For the lowest viscosity parameter in
our grid, we did not find any disc that follows the classical inside-out disc dissipation pathway. Instead, for the lowest mass stars, we predict
the photoevaporation timescale of the outer disc to be similar to the viscous timescale of the outer disc, which implies that both components
disappear nearly simultaneously (homogeneous disc evolution, see Sect. 3.2). With increasing stellar mass, the evolution switches first to revenant
disc evolution (S27, S35%, see Sect. 3.4) and then to outside-in disc dispersal (S34, S36, S43, S45, see Sect. 3.3 for details).

Solar-type stars. Two examples of this behaviour are simulations
S3 in Fig. 1 and S6 in Fig. 2.

3.2. Homogeneous disc evolution

In addition to the classical inside-out evolution generated by pho-
toevaporation, we find different evolutionary pathways depend-
ing on the viscous and photoevaporation timescales after the gap

opening. With increasing stellar mass, that is, moving from left
to right in Figs. 1 and 2, the gas disc evolution becomes more
“homogeneous”. Following the formation of the gap, the inner
and outer discs dissipate on comparable timescales, that is, the
disc does not evolve through the configuration of an inner hole
surrounded by a massive outer disc (classical transition disc).
This change from inside-out to “homogeneous” disc clear-
ance is straightforward to understand. As the mass of the star
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Fig. 4. Viscous (7}, solid lines) and photoevaporation (TIC))E, dashed
lines) timescales from the time of gap opening for the discs labelled S3
(red lines) and S39 (black lines). The solid dark grey curve represents
the ratio 75 /7, for the S39 disc that evolves always bounded within the
shaded grey area, between 0.1 and 10. The same ratio for S3 falls com-
pletely outside the range of this figure. As a consequence and following
our definition for homogeneous evolution, while model S39 describes
the homogeneous disc evolution around a 3 M, star (black lines), and
S3 represents inside-out evolution (red lines) of a disc around a star of
1 M. The abrupt decrease in T}(,)E exactly at the time the disc becomes
a transition disc (vertical dashed grey line) is due to the change to the
direct X-ray photoevaporation rate regime in S3.

increases, the gap opens further away from it (see Eq. (5)), which
causes the inner disc to contain a larger mass fraction and to
extend to larger radii. While the outer disc remains more mas-
sive by several orders of magnitude, the viscous timescale of
the inner disc, that is, 7 = Mipper/Mace (With Mypger the mass
of the inner disc), becomes comparable to the photoevaporation
timescale of the outer disc, T?E = Mouter/ Mpg (With Moyer the
mass of the outer disc). We define discs that follow “homoge-
neous evolution” as those for which 0.1 < TSE /7L < 10 after the
gap opened for at least 95% of the total time remaining until the
complete dissipation of the disc.

In Fig. 4 we compare the viscous (7%, black lines) and pho-
toevaporation (TSE, red lines) timescales for the discs labelled
S3 and S39 (highlighted with blue simulation numbers S3 and
S39 in Fig. 1). While model S3 represents inside-out evolution
(dashed lines) of a disc around a star of 1 Mg, S39 describes
the homogeneous disc evolution around a 3 M, star (solid lines).
While for model S3 the difference between viscous and photo-
evaporation timescales corresponds throughout the evolution to
roughly two orders of magnitude, for S39 the difference between
both timescales is much smaller (solid blue curve) and remains
bounded between 0.1 and 10. In fact, ~0.1 Myr after gap open-
ing, almost at the end of the disc’s lifetime, the photoevaporation
timescale of the outer disc becomes shorter than the viscous
timescale of the inner disc, which implies that in this case the
outer disc disappears slightly before the inner disc.

Among our simulations we find discs with a homogeneous
evolution for all three viscosity parameters we considered. For
ay = 1072 we find homogeneous evolution around the most
massive stars (2, 2.5 and 3 M, stars). For smaller viscosity
parameters, we find that the transition from inside-out to homo-
geneous evolution moves to smaller masses. For iy = 1073 and
@y = 107*, we find homogeneous evolution for stars with masses
between 1.5 and 2.5 My, and 1 and 1.5 M, respectively.

The switch from inside-out to homogeneous disc evolution
can also be seen in the bottom panels of Figs. 1-3. If a given disc
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evolves through the transition disc stage, a drastic and imme-
diate increase in Mx can be observed. This sudden change in
My occurs if the inner disc has completely dissipated and does
not shield the outer disc from the X-ray photons emitted by the
star. With increasing stellar mass, the time during which the disc
resembles a transition disc decreases until this stage is no longer
reached, as the viscous timescale of the inner disc equals the
photoevaporation timescale of the outer disc.

3.3. Outside-in disc evolution

We also found cases in our simulations where the order of the
disc dispersal is completely reversed. In these cases, once the
gap opens due to photoevaporation, the outer disc dissipates sig-
nificantly faster than the inner one. A similar dispersal path has
been found by Coleman & Haworth (2022) for discs around low-
mass stars (0.1, 0.3 and 1 My,). It should be noted, however, that
what causes this kind of evolution, referred to by these authors
as “inside-out with continued accretion”, is a combination of X-
ray photoevaporation driven by the central star and external FUV
photoevaporation caused by irradiation form massive stars in the
environment. In contrast, we here only consider the impact of
photoevaporation rates driven by the central star that change in
time due to stellar evolution. Our choice of calling the evolution-
ary pathway outside-in just refers to the fact that, after the gap
opening, it is the outer discs that dissipate faster than the inner
ones.

We find outside-in disc dispersal for discs around massive
stars of 2.5 and 3 M, assuming intermediate or low viscos-
ity parameters. For these stars the gap is opened once the star
approaches the main sequence (at ages of ~1-2Myr) and FUV
photoevaporation becomes very efficient due to high effective
temperatures. The X-ray photoevaporation is not strong enough
here to open the gap before it drops, due to the contraction
of the convective envelope, approximately at the same time as
FUV irradiation grows (see for example the S42 case in Fig. 2).
Instead, for low-mass discs, the gap still opens as usual due to
X-ray photoevaporation. In short, outside-in disc clearance only
happens for intermediate or low viscosities as otherwise the vis-
cous timescales of the inner discs become too short and the inner
disc cannot outlive the outer one.

The transition from homogeneous to outside-in evolution is
very clear for high- and intermediate-mass discs, but less so for
the least massive discs (see Figs.2 and 3). Moreover, this tran-
sition seems to shift towards more massive stars as the mass
of the disc decreases. In S42, the outside-in evolution is very
evident, while the evolution of S40 resembles none of the so-far-
described evolutionary pathways. We describe the corresponding
evolution in detail in the following section.

3.4. A transition phase between homogeneous and
outside-in evolution: revenant discs

While the evolutionary pathways we described so far are rela-
tively easy to understand and depend mostly on the difference
of the viscous timescale of the inner disc and the photoevapora-
tion timescale of the outer disc, we observe a more complex but
interesting evolution that occurs for initial parameters in between
those that lead to homogeneous evolution and those that cause
outside-in disc clearance.

In these cases, X-ray photoevaporation opens a gap that leads
to the formation of an inner and an outer disc, as in most of
the evolutionary scenarios discussed before. However, for the
parameters corresponding to our models, S27 (Fig. 3), S33, and
5S40 (Fig. 2), highlighted with red simulation numbers, the outer
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Fig. 5. Time evolution of the gas surface density (left panel) and of the mass accretion and photoevaporation mass-loss rates (right panel) for
the S33 simulation that we classify as a revenant disc. The reddish, greenish, and blueish profiles describe Stages I, II, and III, respectively, for
the evolution of this kind of disc (see Sect. 3.4). The vertical dotted, coloured lines in the right panel denote the same times for the gas profiles

as the left figure. In particular, the thicker lines denoted by “b” and by “g

[Pl

show the positions of the first and second gap openings. It is important

to note here that M,.. was computed at the inner border of the disc, and that My and Mpyy were integrated along the disc. Thus, at the time of the
gap openings (vertical lines ¢ and g), these curves do not represent the situation at these specific gap-opening locations. As in Figs. 1-3, the dashed
curves correspond to the mass-loss rates integrated along the disc domain while the solid ones (grey and light grey) were computed considering
the available mass in the disc. A movie showing the time evolution of this disc is available online.

and inner discs evolve independently for some time after the gap
opening but manage to close the gap and form a continuous disc
again.

As a fully connected disc structure is re-established in these
evolutionary scenarios, we call them “revenant” disc evolution.

This particular evolution is the result of an interplay between
the time dependence of X-ray and FUV photoevaporation and
viscous evolution. In what follows we describe the physics of this
new type of evolution, which is a direct consequence of consid-
ering the effects of stellar evolution, by separating the evolution
into three different phases. We refer in particular to model S33
(the disc of 0.25 My with an a-viscosity parameter of 0.0025
around a star of 2.5 My, in Fig. 5). In Fig. 5 we present the time
evolution of the gas surface density profiles in the left panel and
the global photoevaporation mass-loss rates, Mx and Mgyy, as
well as the mass accretion rate, M,.., in the right panel.

Phase I. From the beginning, the disc evolves as usual due
to viscous accretion and mainly X-ray photoevaporation. Within
the first Myr of evolution, labelled a and b in the left panel of
Fig. 5, M, decreases with time, while the X-ray photoevapo-
ration rate, which for a 2.5 M,, star is effective beyond 6.25 au
(see Eq. (5)), even slightly increases, which leads to the typ-
ical formation of a gap in the disc at ~8 au and at 1.63 Myr
(evolution from profiles b to c in Fig. 5). During phase I, X-ray
photoevaporation is always the dominant mechanism in the disc
mass removal.

Phase II. Shortly after the gap opening, My decreases
sharply while Mgyy remains low. This implies that the total pho-
toevaporation rate dramatically decreases. In other words, the
situation that led to the gap opening, that is, photoevaporatlon
locally dominates over viscous mass transport at the gap-opening
location, is no longer present. Therefore, instead of leading to a
separated dispersal of the inner and the outer disc, viscous evo-
Iution of both the inner and the outer disc lead both parts to
reconnect and to fill the gap (see evolution from profiles ¢ to
d in the left panel of Fig. 5). We note here that, as M, was com-
puted at the inner border of the disc, and as Mx and Mryy were

integrated along the disc and not computed at a certain position,
the right panel of Fig. 5 does not represent the situation at a spe-
cific position (the gap-opening locations for example) but rather
what happens globally. For model S33, both the inner and outer
discs are separated for 7y, ~ 0.16 Myr and the maximum width
of the gap reaches ay.x = 1.64 au.

During the subsequent evolution (from profiles d to e and f in
Fig. 5) the local dominance of viscous processes around the gap
location leads to a surface density profile corresponding to that
of a stationary disc (constant mass flow throughout the disc).
While reestablishing this configuration, the accretion rate onto
the central star M, varies substantially. First, it reaches a min-
imum value (shortly after profile e in Fig. 5) but then rapidly
increases until the disc reestablishes a quasi-stationary stage
and the accretion rate stays nearly constant (between profiles
fand g).

Phase Ill. The “revenant” disc (established at time f in
Fig. 5) continues its evolution, driven by viscous accretion and
photoevaporatlon At this stage, between the profiles f and i,
My is negligible but Mryy increases significantly. As for a
2.5 M, star, FUV photoevaporation is efficient only beyond 10 au
(Eq. (6)), and a new gap now opens at ~13au at an age of
2.65 Myr. The disc again splits into an inner and an outer compo-
nent and subsequently dissipates through outside-in evolution in
~3.65 Myr.

We define as revenant disc evolution those models that pre-
dict an initial gap opening through X-ray photoevaporation, a
full recovery of the disc when X-ray photoevaporation drastically
drops, and a second gap opening due to FUV photoevaporation
and subsequent outside-in disc dispersal. As revenant disc evo-
lution represents a completely new evolutionary pathway for the
gas component of protoplanetary discs, we present in Table 2
characteristic values of the revenant disc models we identified,
that is, models S27, S33, and S40. The time a given disc is
divided into inner and outer discs due to X-ray photoevapora-
tion (7gp) as well as the maximum width of the predicted gap,
amax, Strongly depends on the initial disc parameters.
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Table 2. Characteristics of the special revenant discs described in Sect. 3.4.

Sim  Rx[au] 7x [Myr] amax [au] Tsep [Myr]  Rgep [au]  Treb [Myr] Rpyv [au]  7puv [Myr] = My variability
S27 719 2.96 10.96 1.50 8.25 4.46 8.43 4.88 No
S33 7.77 1.63 1.64 0.16 6.5 1.79 13.47 2.66 Yes
S40 10.74 0.41 5.97 0.19 8.75 0.60 14.5 1.02 Yes
S35% 9.63 1.23 16.41 - — — ~13.5 ~2.20 No
S38* — - - - - - 15.43 1.03 Yes

Notes. Rx and 7x represent the location, in au, and the time, in Myr, of the gap opened by X-ray photoevaporation. ay,,x represents the maximum
distance of separation between the inner and outer discs formed after the gap opens, and 7, the time both discs remain apart before joining together
again. Rg, and Tge, represent the location and time at which the disc is rebuilt. Rpyy and 7eyy denote the location and time of the second gap
opened by FUV photoevaporation, and M, variability refers to a significant change in the accretion rate. Simulations S35* and S38* represent

cases that do not strictly follow the revenant disc evolution.

In addition, the variation of the mass accretion rate pre-
dicted by model S33 (see detailed description above) is not a
defining feature of revenant disc evolution. In model S27, the
inner and outer discs reconnect after the first gap opened but the
disc has not enough time to re-establish a quasi-stationary state
(which requires the establishment of the corresponding radial
dependence of the surface density) since FUV photoevaporation
quickly becomes efficient enough to open the second gap.

While we define revenant disc evolution as the sequence
of X-ray gap-opening, filling of this gap, and finally classical
outside-in disc dispersal due to FUV photoevaporation, the pro-
cesses driving this evolution also affect discs that do not strictly
follow this sequence. Examples of this are our simulations S35*
and S38* (highlighted with red simulation numbers S35* and
S38* in Figs. 3 and 1, respectively) whose main characteristics
are also listed in Table 2.

Model S35* describes disc evolution during which the inner
and outer discs almost manage to reconnect but finally do not.
After the first gap is opened, the inner and outer discs achieve a
maximum separation of ~16 au. Then, as My sharply decreases,
both disc components start to approach each other, reaching a
minimum separation of ~1.70 au at about 2.25 Myr. Before the
gap can be fully closed, however, Mgyy increases steeply and, as
a consequence, FUV photoevaporation does not open a new gap
but keeps open the first one until both discs completely dissipate
due to viscous accretion and FUV photoevaporation.

The disc evolution described by model S38* predicts varia-
tions in the accretion rate (M,..) similar to that described above
for the revenant disc model S33 (see Fig. 5). This occurs because
the gas surface density decays in the region where Mx is most
effective (around 8 au). This reduces the mass flow to the inner
parts of the disc, and thus also the accretion rate (Myeo). How-
ever, the decrease in My sets in before the inner and outer discs
are fully separated and consequently the discs rearrange the gas
surface density and the accretion rate increases until FUV pho-
toevaporation becomes the main dissipation mechanism and the
disc dissipates.

3.5. Dissipation timescales

As the formation of gas giant planets requires the presence of a
gas-rich protoplanetary disc, an important quantity that relates
disc evolution and gas giant planet formation is the disc dissi-
pation timescale. In the context of dissipation timescales it is
important to note that our simulations stop either if the disc mass
is lower than 108 M, or if the disc lifetime is higher than 10 Myr.
For this exercise and to compare with K21, we extended our grid
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Fig. 6. Dissipation timescales as a function of the central star mass for
discs with @y = 1072 (pentagons), @y = 1073 (circles) and ay = 107
(diamonds), for low- (dark green), intermediate- (green) and high-mass
(light-green) discs. The discs marked with a black cross denote revenant
discs. The blue and black curves represent the results of Kunitomo et al.
(2021) for discs with @y = 1072 (pentagons) and ay = 1073 (circles),
respectively (see also their Fig. 13). The general trend is that the disc
lifetimes decrease with increasing stellar mass, with the two exceptions
being low-viscosity discs and revenant discs.

to discs around 4 M, stars. All discs around stars more massive
than 3 M, dissipate in outside-in fashion.

Figure 6 shows the disc dissipation timescales as a function
of stellar mass for all our simulations and provides clear evidence
that for discs with the same viscosity the dissipation timescales
decrease with the disc mass. Figure 6 also shows the dissipation
timescales found by K21, for their discs with oy = 1072 and o =
1073. The disc lifetimes we obtain for massive discs and o =
1072 and ag = 1073 are in good agreement with those of K21
despite the different evolutionary pathways that we identified.

In general, we find a trend for the disc dissipation timescales
that is in agreement with previous estimates and observations,
that is, our model predicts a decrease in the disc lifetimes with
increasing stellar mass. A similar trend has been previously pre-
dicted by early modelling efforts (Kennedy & Kenyon 2009) as
well as confirmed by observational surveys based on near and
mid-infrared data (Yasui et al. 2014; Ribas et al. 2015).

In contrast to the general trend of decreasing dissipation
timescales for increasing stellar mass, we find exceptions in two
cases. First, assuming small values for the viscosity parame-
ter for stars in the mass range 1.5 My < My, < 3 Mg. In this
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region of the parameter space, the dissipation timescale increases
towards higher stellar masses. This happens because in these
cases the inner discs formed after the gap opening, which are
more massive and larger than the ones around lower-mass stars,
are harder to remove due to the low viscous evolution timescales.
If the stellar mass is larger than 3 M, all the discs follow
the general trend of shorter dissipation timescales. This is a
consequence of more massive stars having much higher irradi-
ation temperatures, and thus causing lower viscous timescales.
Despite the fact that these long-lived discs in the mass range
1.5-3 M, defy the general rule, they may exist in nature. Some
long-lived discs have been found around A-type stars (see
Stapper et al. 2022, and references there in) and some of the ring
structures in the DSHARP discs are better reproduced with low
viscosity values (Dullemond et al. 2018).

Second, when the evolutionary pathway switches from con-
tinuous to revenant disc dissipation (the models corresponding
to the latter are marked with black crosses in Fig. 6), the discs
dissipate more slowly. This feature appears to be independent
of the assumed viscosity parameter. The reason behind the
observed increase in the disc lifetime is that between the time
of the first and the second gaps opening (this is between pro-
files ¢ and h in the left panel of Fig. 5), both the X-ray and
FUV photoevaporation rates are low, as is the viscous accre-
tion rate. As a consequence, during this period of time the mass
of the disc remains almost constant. This effect, which is a
direct consequence of considering stellar evolution in our model,
causes these revenant discs (between homogeneous and outside-
in discs) to last longer than expected from the general trend.
Despite the fact that the extra lifetime given to revenant discs is
relatively small (a few hundred thousand years), it might still be
relevant for the dust evolution, and thus the planet formation pro-
cess. We discuss possible implications of evolutionary sequences
on planet formation in more detail in the following section.

4. Discussion

We have analysed the evolution of protoplanetary discs around
intermediate-mass stars (from 1 to 3 M) assuming photoevap-
oration rates that change in time thanks to the stellar evo-
lution and stellar spectra calculations provided by K21 (see
their Table 1).

We find that the evolutionary pathway taken by the discs
changes with increasing stellar mass from inside-out (for the
lowest mass stars) to outside-in disc dispersal (for the highest
mass stars). In between these two extremes, we find discs in
which the outer and inner discs disappear on similar timescales
(an evolution that we call homogeneous disc dispersal) and discs
in which the outer and inner discs reconnect after the first gap
formed through X-ray photoevaporation, and which finally dis-
appear, driven by viscous accretion and FUV photoevaporation.
At which exact stellar mass these transitions occur depends on
the assumed viscosity parameter and initial disc mass.

Figure 7 summarises our findings and clearly shows that
around stars of <1.5 M, we only find inside-out and homoge-
neous disc evolution, while revenant and outside-in disc evolu-
tion are expected to occur only around stars more massive than
(22 My,). Assuming a large initial disc mass and a small value for
the viscosity makes both outside-in and revenant disc evolution
more likely.

To the best of our knowledge, these different evolution-
ary pathways for the dissipation of protoplanetary discs around
intermediate-mass stars have not been identified in previous
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Fig. 7. Summary of the findings described in Sect. 3.4. Each labelled
square represents one of our simulations. The different colours represent
the different evolutionary pathways, yellow being the classical inside-
out evolution, orange the homogeneous evolution, red the revenant disc
evolution (also highlighted in bold), and violet the outside-in evolution.
The red cases marked with a * are those described in Sect. 3.4 that
do not strictly follow the revenant disc evolution sequence. Unlike in
Figs. 1-3, the simulations here are organised by disc mass, and each row
represents the different o viscosity parameters. The transition between
the different pathways can be better appreciated this way.

works. In what follows, we compare our results with those
found previously, discuss the potential effects of considering
other X-ray photoevaporation rates, and examine the outcomes
of planet formation around intermediate-mass stars from a theo-
retical and observational point of view. Moreover, we explore the
connection between disks and planets around 1-3 M, stars and
polluted white dwarfs and, in conclusion, contemplate possible
implications for the planet formation process.

4.1. Comparison with previous works

Gorti et al. (2009) were the first to incorporate time-dependent
FUV photoevaporation and (constant) EUV and X-ray pho-
toevaporation into disc model evolution. They predicted the
corresponding evolution of protoplanetary discs around differ-
ent stellar masses and found classical inside-out disc dispersal
in all their models and that the discs around stars more massive
than ~3 My, are short-lived (10° yr).

This early work was complemented more recently by K21,
who incorporated time-dependent X-ray and FUV photoevapo-
ration from stellar evolution. K21 find that stellar evolution plays
an important role and that, depending on the assumed viscosity
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Fig. 8. Time evolution of the gas surface density profiles (top panels) and of the mass accretion and photoevaporation mass-loss rates (bottom
panels) for massive discs around stars with masses between 2.5 M, (left panel), 3 M, (middle panel), and 4.0 M,, (right panel) with oy = 1073 In
this case, the X-ray photoevaporation rate for primordial discs has been computed by directly using Egs. (B1)—(B3) from Appendix B in Owen et al.
(2012). As in Figs. 1-3, the short dashed blue and lilac curves represent the mass-loss rates but integrated along the disc domain. For comparison
we also plotted the mass accretion and photoevaporation mass-loss rates (represented by the long dashed red, blue, and lilac curves) computed by
considering the X-ray photoevaporation rate for primordial discs, as in K21. Our general result seems to be a direct consequence of considering the
effects of stellar evolution on disc evolution as they are apparently independent of the details of modelling X-ray photoevaporation. We still predict
homogeneous, revenant, and outside-in evolution, with the only difference being that the transitions from one case to the next shift to larger stellar

masses.

parameter, disc dispersal times can be longer than those pre-
dicted by Gorti et al. (2009). Both, Gorti et al. (2009) and K21
only describe inside-out disc dissipation.

The general trend for shorter lifetimes of protoplanetary discs
around more massive stars has recently also been confirmed
by Komaki et al. (2021). These authors describe disc dispersal
of discs around stars with stellar masses from 0.5-7 M and
use (constant) photoevaporation rates with a different radial
dependence than those used by K21. The same trend has been
confirmed in Komaki et al. (2023), who also considers magneto-
hydrodynamic (MHD) winds as a disc dispersal mechanism.

We used the same prescriptions for the X-ray and FUV
photoevaporation rates as K21, disregarding the effects of the
EUV rates, but in contrast to them (and to Komaki et al. 2021,
2023) we fully solved the vertical structure equations, consid-
ering a more detailed irradiation temperature (see Eq. (2)), and
investigated a finer grid of initial disc parameters.

The dissipation timescales we obtain are almost identical to
those found previously (see Fig. 6), that is, about an order of
magnitude longer than the early estimate by Gorti et al. (2009).

For the lowest-mass stars, with M, < 2 My we find the well-
known inside-out disc dispersal, previously described by several
authors assuming constant values of high-energy emission from
the central star (Alexander et al. 2006a; Gorti et al. 2009; Owen
et al. 2010, 2012; Coleman & Haworth 2022) and considering
stellar evolution (K21). Particularly in the @ viscosity parameter
case, 1072 (Fig. 1), our simulation S3 is comparable to the one
K21 present in their Fig. 15.

In addition, thanks to the finer grid of initial conditions,
we identify different evolutionary pathways of disc dispersal for
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stars more massive than ~2 M. For the largest stellar masses
assumed in our simulations we find that the outer disc may dis-
appear before the inner disc. Such an outside-in disc dispersal
has previously been predicted only for external photoevaporation
from nearby high-mass stars (Richling & Yorke 1998; Haworth
& Clarke 2019; Coleman & Haworth 2022). Despite K21 being
the first to include stellar evolution in their disc models, they
did not report this kind of evolution for stars more massive than
~2 My It is noteworthy that the case presented in their Fig. 8
corresponds to initial conditions very similar to those of our case
S39, where we find an homogenous disc evolution. We believe
that these differences, as described in detail in Appendix A, are
directly related to the differences between our (Eq. (2)) and their
irradiation temperature (see Eq. (6) in Kunitomo et al. 2020).

The possibility of different evolutionary sequences for disc
dispersal around intermediate-mass stars that we identified in
this work, solely caused by time-dependent photoevaporation
from the central star, are completely new and might have deep
implications for the planet formation process.

4.2. Alternative X-ray photoevaporation rates

As mentioned in Sect. 2.2, to compute the X-ray photoevapora-
tion rates for primordial discs we followed the same procedure
as K21, who used a simplified version of the photoevaporation
rate proposed by Owen et al. (2012).

In their Sect. 3.2 (and also in Sect. 5.4), K21 state that
the photoevaporation rates proposed by Owen et al. (2012)
have recently been questioned by Wang & Goodman (2017)
and Nakatani et al. (2018). The latter authors performed
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radiation-hydrodynamic simulations with ray-tracing radiative
transfer and consistent thermochemistry, and suggest that the
results from Owen et al. (2012) might be overestimating the X-
ray photoevaporation rates. However, analytical prescriptions for
the photoevaporation rates derived Wang & Goodman (2017)
and Nakatani et al. (2018) are currently not available and it is
therefore impossible to incorporate them into our disc evolu-
tion models. The polynomial fits to the results of Nakatani et al.
(2018) by Komaki et al. (2021) cover the stellar mass range we
would need but are computed for fixed EUV, X-ray, and FUV
luminosities that do not evolve in time. Therefore, they also do
not serve our purpose. The absence of prescriptions for the rates
predicted by Wang & Goodman (2017) and Nakatani et al. (2018)
that we could use in our study is unlikely to affect the validity of
our results. Sellek et al. (2022) demonstrated that the main factor
causing the differences in the photoevaporation rates predicted
by Owen et al. (2012) and Wang & Goodman (2017) is the insuf-
ficient presence of photons in the softer segment of the X-ray
spectrum considered by Wang & Goodman (2017). A more real-
istic spectrum therefore could minimise the differences between
both models and the X-ray photoevaporation rates predicted by
Wang & Goodman (2017) could become as high as the ones
predicted by Owen et al. (2012).

Independently, Picogna et al. (2019) and Ercolano et al.
(2021) improved the X-ray prescriptions derived by Owen et al.
(2012), and later Picogna et al. (2021) provided a relation that
included a dependence on the stellar mass. However, their pre-
scriptions do not provide suitable fits for stars with masses
greater than 1 M, and are therefore also not useful for the context
of this paper.

Thus, for the time being, the only alternative to the pre-
scription of K21 for X-ray photoevaporation of primordial discs
is to consider Egs. (B1)~(B3) from Owen et al. (2012). To
evaluate the robustness of the evolutionary pathways that we
identified, we computed the time evolution of the gas surface
density for massive and intermediate-viscous discs (i.e. assum-
ing My = 0.1 Mo(M, /M) and oy = 1073) around stars of
2.5-4 M, adopting the X-ray photoevaporation rates derived by
Owen et al. (2012, their Egs. (B1)—(B3)). Figure 8 shows the time
evolution of the gas disc profiles (top) and the time evolution of
the mass accretion and mass-loss rates due to photoevaporation
for simulations S33, S42, and S51 (solid lines in the bottom pan-
els). The initial conditions considered for S51, around a 4 M, star
are: R, = 7715 Ry, Tiff =6912 K, Rjpe = 0.5 au, R, = 95.13 au,
a@=4x%x1073 and My = 0.4 M.

The overall behaviour remains identical, that is, we iden-
tify homogeneous, revenant, and outside-in disc dispersal. It
therefore seems that discs around intermediate-mass stars follow
different evolutionary pathways as a consequence of changes in
the photoevaporation rates as the host star evolves.

However, as expected, the results are not identical. In what
follows we describe the differences. First, the transition from one
evolutionary sequence to the next occurs at larger stellar masses
(as compared with what happens in Fig. 2). Second, the dissipa-
tion timescales for stars of 2.5 M, and 3 M, are much shorter.
This could be related to Owen et al. (2012) possibly overestimat-
ing the photoevaporation rates. These discs’ lifetimes could be
extended if, instead of calculating the mass-loss rate following
Eq. (B1) in Owen et al. (2012), one would consider Eq. (9) in
Ercolano et al. (2021), where they show that for high X-ray lumi-
nosities (Lx ~ 103!), a plateau is reached (see their Fig. 5). For
comparison we also plot in Fig. 8, as long dashed lines, the time
evolution of the mass accretion and photoevaporation mass-loss
rates computed with Eq. (5) (see also Fig. 2). The dissipation

timescales for the disc around a 4 M, star considering both cases
are almost identical, and this has to do with the fact that X-
ray photoevaporation is very low around these massive stars and
does not play a significant role.

Finally, the revenant disc evolution obtained with the pre-
scription from Owen et al. (2012) is a bit different to the ones
previously found, since the inner disc (after the first gap opening)
dissipates before it can rejoin the outer one. However, when the
X-ray photoevaporation rate decays, the outer disc expands vis-
cously inwards until it reaches the inner boundary, again forming
a complete disc, which then evolves mainly by viscous accretion
and FUV photoevaporation, with a second gap opened by this
mechanism. As in the discs S33 (see Fig. 5) and S40, this disc
(S42) presents variability in the accretion rate. Also, as generally
described in Sect. 3.5, this disc lasts longer than expected.

As the last issue related to X-ray photoevaporation rates that
appear in the literature, we briefly discuss the potential impact
of the time and location of gap opening, and of different X-ray
spectral energy distributions. Monsch et al. (2021) showed that
considering improved X-ray photoevaporation rates (derived by
Picogna et al. 2019) the gap opens earlier and also farther from
the central star than with Owen et al. (2012) prescriptions (see
their Fig. 1). We believe that this effect would contribute to
finding both homogeneous and revenant scenarios. In particu-
lar, gaps opening earlier could favour the formation of revenant
discs, but perhaps more likely the one described in Fig. 8, where
there would be enough time for the inner disc to dissipate com-
pletely before the outer one expands towards the inner zone.
On the other hand, Ercolano et al. (2021) showed that X-ray
photoevaporation rates can be different for different X-ray lumi-
nosity spectra. However, the impact on the results presented in
the present paper is likely negligible, as noted in Ercolano et al.
(2021, see, in particular, their Fig. 6). Neither the evolution of
the gas surface density nor the gap location differ significantly
from those found using the X-ray photoevaporation rates derived
by Picogna et al. (2019). We therefore suspect that both homo-
geneous and revenant disc evolution occur independently of the
assumed spectral energy distribution of the irradiating X-rays.
The disc viscosities and masses for which the transitions are
found might, however, be affected by both the location of the gap
opening and by the X-ray spectrum. If, for whatever reason, the
first gap opened by X-ray photoevaporation closer to the star, we
still expect to find revenant disc evolution, but again, probably
similar to the one we show in Fig. 8.

4.3. Discs and giant planets around intermediate-mass stars:
observations and theory

Observations indicate that more massive stars host more mas-
sive planets (Cumming et al. 2008), which is in agreement with
theoretical predictions (Kennedy & Kenyon 2008b,a). Also, the
frequency of giant planets increases as a function of stellar mass
(Johnson et al. 2010; Reffert et al. 2015).

According to the most recent results, the occurrence of giant
planets around intermediate-mass stars peaks at ~1.7 My and
steeply decreases towards larger masses (Wolthoff et al. 2022).
However, for stellar masses larger than ~2.5 My , low number
statistics still affect the reliability of the mentioned result.

Statistics of giant planets around intermediate-mass stars
must be related to the evolution of protoplanetary discs around
these stars. A recent survey of Herbig stars (1-3 My) pro-
vided evidence for on average more massive and larger discs
that also exist for longer than those around T Tauri stars
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(see Stapper et al. 2022, their Figs. 3, 5 and 6). In addition, discs
around more massive stars show more frequently sub-structures
in the continuum emission in the form of rings and gaps (van der
Marel & Mulders 2021) that might be related to the formation of
giant planets.

A potentially too simple but intriguing scenario explain-
ing the increase in the occurrence of gas giant planets up to
1.5-2 M might be that more massive discs produce gas giants
more easily at greater distances. The forming gas giant planets in
these more massive discs could create pressure bumps that could
prevent the dust particles from spiralling in through radial drift
(e.g. Birnstiel et al. 2012), thereby influencing the overall disc
evolution (Cieza et al. 2021).

One reason for the observed strong decrease in the planet
occurrence rate around stars more massive than ~2—3 My could
be that the disc lifetime around these stars is shorter than that of
low-mass stars (Ribas et al. 2015; Luhman 2022), which could
suggest that perhaps discs disappear on timescales short enough
to prohibit gas giant planet formation.

Indeed, early theoretical works suggested that a combination
of two effects could be the reason for the apparent absence of
planets around stars more massive than 2—3 M. First, the snow
line is located further out, where the growth timescales for plan-
etary formation by planetesimal accretion are longer than the
migration timescales. Second, photoevaporation is more efficient
as more massive stars emit larger fluxes of high-energy photons.
The combination of these effects may prevent planetary forma-
tion (Ida & Lin 2008; Kennedy & Kenyon 2008b; Alibert et al.
2011).

However, the above would be true only for planet formation
models based on planetesimal accretion, which need longer disc
lifetimes to allow planets to grow and to migrate inwards. In
contrast, models based on pebble accretion predict efficient plan-
etary growth, which leads to a fast inward migration (Venturini
et al. 2020b,a; Guilera et al. 2021; Drazkowska et al. 2021). Nev-
ertheless, Pinilla et al. (2022) recently suggested that a dramatic
increase in the radial drift velocity as soon as the stellar mass
exceeds 2—3 M might in fact hinder the formation of massive
cores, precursors of gas giant planets, even if pebble accretion is
considered (see Sect. 4.5).

In any case, the large number of gas giant planets at sev-
eral au from the host star observer around 1-2 M, as well as
the decrease in the planet occurrence rate at stellar masses of
2-3 M, could potentially be related to the different evolutionary
pathways that we discovered in this work.

4.4. Discs and giant planets around intermediate-mass stars:
the link with polluted white dwarfs

As previously mentioned, a reason for studying disc evolution
and planet formation around intermediate-mass stars stems from
their most common stellar remnants: white dwarfs.

Only a few planets and planet candidates have been detected
around white dwarfs (Génsicke et al. 2019; Vanderburg et al.
2020; Blackman et al. 2021), and just one of them is located at
a distance where it could have survived the evolution of its host
star (Blackman et al. 2021). The others must either have scattered
inwards (Maldonado et al. 2021), which would imply the exis-
tence of additional planets, reached large eccentricities through
angular momentum exchange with a distant tertiary (O’Connor
et al. 2021; Muifoz & Petrovich 2020; Stephan et al. 2021), sur-
vived common envelope evolution (Lagos et al. 2021, 2023), or
be second-generation planets formed in a latter circumstellar disc
(Perets 2010; Kluska et al. 2022; Ledda et al. 2023).
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While the sample of confirmed planets around white dwarfs
is thus currently very small, about one third of all white dwarfs
show metal absorption lines (e.g. Koester et al. 2014), which
are thought to be caused by the accretion of planetary debris
produced by tidal disruption of asteroids, planetesimals, or
planets (e.g. Jura 2003; Génsicke et al. 2006; Veras et al. 2014;
Vanderburg et al. 2015; Manser et al. 2019; Malamud & Perets
2020; Veras 2021). The objects producing the debris survived
the evolution of the host star into a white dwarf, and therefore
must originate from distances of at least a few au (e.g. Mustill &
Villaver 2012; Ronco et al. 2020).

About 40% of field WDs have masses between 0.6 My and
0.75 M (Tremblay et al. 2016), which correspond to progenitor
stars with initial masses between 1.5 M, and 3 My (Cummings
et al. 2018; Marigo et al. 2020), the mass range studied in
this work. The large number of metal-polluted white dwarfs
with masses below 0.7 My (Koester et al. 2014, their Fig. 1)
might imply that planet formation around stars in the mass
range 1-3 M, is potentially rather efficient. In fact, recently
Gentile Fusillo et al. (2021) identified two WD systems with
stellar masses ~0.63 M, and 0.64 M with very bright gaseous
debris discs.

The discoveries of polluted white dwarfs, planets around
white dwarfs, and planets orbiting intermediate-mass stars could
potentially be related to the different evolutionary pathways that
we discovered in this work, and provide added impetus to fur-
ther enhance our understanding of both disc evolution and the
mechanisms involved in planet formation across these stars.

4.5. Implications for planet formation

When it comes to forming planets, perhaps more important than
taking into account the total lifetime of the disc is knowing if a
gap is opened due to photoevaporation and particularly at what
time this happens. This event will basically divide the disc in two
and stop the pebble flux from the outer regions towards the inner
ones, likely affecting the outcomes of planet formation. Indeed,
Venturini et al. (2020b) show that the pebble flux and the pebble
surface density decline abruptly in the inner parts of the disc
after the gap opening, limiting the formation of massive rocky
planets (25 Mg). In addition, an early gap opening could also
halt the migration of planets formed in the outer parts of the
disc. If this happens around intermediate-mass stars it could be
related to the lack of close-in planets around them.

Figure 9 shows, for each of our simulations, the time at which
the gap is opened due to photoevaporation. The coloured dots
refer to the type of disc pathway, as previously defined, and fol-
lowing Fig. 7. We clearly see that low-mass discs (smaller dots)
open the gap pretty early, in less than 1 Myr. However, most
of the intermediate and high-mass discs (intermediate size and
bigger circles, respectively), independently of their evolutionary
pathway, do it later, probably allowing enough time for planets
to form and to migrate inwards, especially for those formed by
pebble accretion.

On the other hand, while Guilera et al. (2021) and
Drazkowska et al. (2021) found planet formation timescales typ-
ically shorter than 1 Myr around 1 M, stars, Pinilla et al. (2022)
argue that planet formation around more massive stars could
be limited by an increment in the pebble drift velocities due to
the effects of stellar evolution. With this in mind, we show in
Fig. 10 (as in the right panel of Fig. 2 in Pinilla et al. 2022) the
time evolution of the pebble drift velocities, Vysis, computed as
Vasine o< LY*/ /M, (Pinilla et al. 2013), for the different stellar
masses that we considered, using the results of Table 1 of K21.
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Fig. 9. Time of the gap opening as a function of the central star mass for
each of our simulations. As in Fig. 7, the colours represent the different
evolutionary pathways, yellow being the classical inside-out evolution,
orange the homogeneous evolution, red the revenant disc evolution, and
violet the outside-in evolution. Small dots represent low-mass discs
while mid-size and big dots represent intermediate and high-mass discs,
respectively. As we can see here, it is mostly low-mass discs that open
a gap in less than 1 Myr, stopping early the pebble flux from the outer
parts.

For stellar masses between 1 M and 3 M, we find good agree-
ment with the results of Pinilla et al. (2022). Moreover, on top of
each curve we plot the timescales of gap opening of the simula-
tions with high-mass discs. The increment in the drift velocities
affects mainly stars of 3 M in which the time of gap opening
occurs close to the maximum of the Vg curve. This could imply
that, despite the fact that in these discs the gap opens after 1 Myr
(and also lives for long timescales), most of the solid compo-
nent could be lost due to the pebble drift, thereby limiting planet
formation. In the remaining cases (except for the S36 case, the
only violet circle in the 2.5 M, curve), the gap opens before the
significant increment in the pebble drift velocity. We draw atten-
tion to the fact that these Vg, curves were computed assuming,
as in Pinilla et al. (2022), that all the pebbles along the disc are
represented by Stokes numbers, St = 1.

An important thing to highlight here is that our detailed
computation of the vertical structure of the disc provides detail
temperature profiles at the disc mid-plane. These temperatures
are fundamental to properly compute planet migration rates in
non-isothermal discs. As discussed in Appendix A, and particu-
larly for highly viscous discs, we find temperature values that are
a factor of two or several times lower than those of K21. This dif-
ference could lead to different planet migration pathways along
the disc.

Finally, different disc evolutionary pathways, like the ones
we find in our simulations and that are a direct consequence
of considering stellar evolution, could also affect the results of
planet formation.

Of particular interest, in the context of planet formation,
could be the revenant disc evolution, which could play an impor-
tant role in dust evolution and planet formation. In this case,
when the first gap is opened, a pressure maximum is generated at
the edge of the outer disc, wherein the dust could be efficiently
accumulated, triggering planetesimal and planet formation (e.g.
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Fig. 10. Time evolution of the pebble drift velocities, as a function of L,
and M, (Pinilla et al. 2013), for stars with masses between 1 and 3 M.
The coloured circles represent the time of gap opening only for those
simulations with high-mass discs. As in Fig. 9, the colours represent
the different evolutionary pathways.

Guilera et al. 2020; Jiang & Ormel 2023). In addition, this pres-
sure maximum should also act as a planet migration trap (e.g.
Masset et al. 2006; Guilera & Sandor 2017; Guilera et al. 2020).
Then, when Mx decays and the disc is rebuilt, the accumulated
dust should drift inwards, supplying the inner part of the disc
with solids and allowing those planets that might have formed in
the pressure maximum to migrate inwards.

Regarding the cases of outside-in evolution, although the gas
dissipation timescales of the inner parts of these discs are pretty
long, this does not necessarily imply that the same will hap-
pen with the solid component, which could be strongly affected
by the drift timescales and be lost long before the gas dissi-
pates. We will investigate in a follow-up paper in more detail
the impact of the evolutionary sequences we identify here on
planet formation.

5. Conclusions

We incorporated stellar evolution and the corresponding time-
dependence of X-ray and FUV photoevaporation into our
1D+1D code pLANETALP describing the evolution of protoplan-
etary discs with a detailed computation of its vertical struc-
ture. We tested the impact of this effect on the evolution of
discs around stars with masses covering the range 1-3 M and
assuming different values for the initial disc mass and the
viscosity parameter.

Our main results are as follows. First, and most importantly,
the evolutionary pathway of protoplanetary disc dispersal due
to photoevaporation depends on the stellar mass. For low-mass
stars, disc evolution follows the classical inside-out clearing but
changes to homogeneous disc evolution (that is, the inner and
outer disc disappear on a similar timescale), revenant disc evo-
lution (where the inner and outer discs are able to reconnect
after the first gap opens), and outside-in disc dispersal (dur-
ing which the outer disc dissipates first) as the mass of the
central star increases. At which exact stellar mass the evolu-
tionary sequence changes depends on the assumed viscosity
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parameter, the assumed initial mass of the disc, and the pre-
scription used for the X-ray photoevaporation. Second, we find
that the disc dispersal timescale decreases with increasing stellar
mass, except for low-viscosity discs and when the disc switches
to revenant disc evolution. Revenant disc evolution seems to
extend the disc lifetime somewhat. These evolutionary path-
ways do not seem to depend on the considered photoevaporation
prescription.

The identified changes in protoplanetary disc evolution and
the changes in the disc’s lifetime with increasing stellar mass
may have a substantial impact on our understanding of planet for-
mation and the observed occurrence rate of giant planets around
main sequence stars. Moreover, they may also have an effect on
our understanding of white dwarf pollution.

We will investigate the impact of the evolutionary sequences
that we identified here on the dust component of protoplanetary
discs (and thus on planet formation) in a subsequent publication.
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Appendix A: Code validation and comparison with
Kunitomo et al. (2021)

In order to validate our 1D+1D model for the evolution of the
gas component in protoplanetary discs, considering the impact
of the stellar evolution on the X-ray and FUV photoevaporation
models (added in PLANETALP), we compared our results against
those of K21, for their cases with M, = 3M, (their figure 8)
and M, = 1M, (their figure 15). To do this, we considered the
parameters for their fiducial disc model with ag = 1072(see their
Table 2). We followed their disc dispersal criterion, which is that
the disc completely dissipates when its mass decreases down to
10~8My. Our grid also used 2000 radial bins, in our case loga-
rithmically equally spaced, between 0.1 au and 10* au for a 1M,
star, and between 0.144 au 10* au for a 3M, star. Despite the cal-
culation domain in K21 ranging from 0.01 au, our results do not
present differences due to this choice, which was taken to avoid
numerical problems in the computation of the vertical structure
due to the high disc temperatures obtained very close to the cen-
tral star, and as a consequence of considering eq. 10. We also
considered the same boundary condition of zero-torque imposed
at both the inner and outer boundaries of the disc, and we fol-
lowed the same initial disc profile. Since the authors show that
EUV photoevaporation does not play an important role in stars
with masses between 1My and 3M,, we did not include it in
our model. The main difference between our work and the one
by K21 is that we computed in detail the vertical structure of
the disc (see Guilera et al. 2017). This affects and changes the
evolution of the disc temperature profiles and, as a consequence,
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changes the way the gas surface density evolves (see left pan-
els of figs. A.l1 and A.2, where the coloured curves represent our
results and the thick grey curves correspond to K21’s results).
However, as can be seen in the right panels of figs. A.1 and A.2,
the time evolution of the mass accretion and mass-loss rates by
photoevaporation, the time evolution of the mass of the disc, and
the time-integrated masses of accretion and photoevaporation are
practically the same as those of K21 (represented with thick grey
curves).

In our model, the detailed computation of the vertical struc-
ture leads to an evolution in the temperature profiles that presents
values between ~2 and several times lower along the disc than
those of K21 for the 3M,, star case. We associate this difference
with the variance between the irradiation temperature adopted by
K21, which is the classical irradiation temperature from Hayashi
(1981; see Eq. (6) in Kunitomo et al. 2020), and the more
detailed one adopted by us following Migaszewski (2015; see
eq. 2). Since the disc viscosity depends on the sound speed
being v = ac?/Q, with ¢ = P/p, and P relating to the temper-
ature, T, through the equation of state of an ideal diatomic gas,
P = p«T /umy, higher disc temperatures lead to more viscous
discs. Thus, despite the use of the same « viscosity parameter,
discs in K21 evolve viscously faster than our discs. As a conse-
quence, the gas surface density profiles for a disc around a 3M,,
star with @ o< 1072 do not show a “homogenous evolution” of the
inner and outer discs after the gap opening, as ours do.

We recall that, in our model, the vertical structure of the disc
was computed, but only once and at the beginning, before solv-
ing Eq. 3, for fixed values of T¢" and R, that correspond to
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Fig. A.1. Time evolution of a disc around a 3M,, star computed with this paper version of PLANETALP. As in fig. 8 of Kunitomo et al. (2021), the
panels on the left show the time evolution of the gas surface density (top) and the midplane temperature (bottom) profiles. The panels on the right
show the time evolution of the mass accretion rate, M,., and the mass-loss rates by X-ray and FUV photoevaporation (top), and the evolution of
the disc mass and the time-integrated masses of accretion and photoevaporation (FUV and X-ray). The thick grey curves in each panel show the

results from K21
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Fig. A.2. Same as fig. A.1 but for a 1M, star. This figure compares to fig. 15 of K21.

those at the birthline. That is, we did not consider the temporal
change in the stellar radius and effective temperature to compute
the irradiation onto the disc’s surface by the central star. Despite
this simplification, which will be explicitly address in the next
section, we do not find differences with the results of K21.

Appendix B: Changes in the vertical structure with
Ti"and R,

As was mentioned in the previous section, our model computes
the vertical structure without taking into account the temporal
change in the stellar radius and the effective temperature in the
disc’s surface irradiation by the central star. Since we do not find
significant differences between our results and those of K21, we
can say that this is a good approximation. However, one could
argue that this is perhaps due to the high viscosity considered
in the previous disc simulations (a o 1072), which could cause
the heat generated by viscosity to be much more relevant than
that generated by the stellar irradiation itself. To show that this
is not the case and that our approximation is valid in general, we
here computed the time evolution of the same disc around a 3M,
star as before, but with a much lower viscosity parameter, @ =
3 x 1074, and with the vertical structure computed from values
of T¢I and R, at 0 Myr (K21°s birthline), 0.5 Myr, and 1.0 Myr,
that is, once the changes in T¢', R, and L, become relevant for
a 3M,, star (see Table 1 in K21).

In figure B.1 we show the time evolution of the disc mass in
each case. During the first 1.37 Myr, which is the time during
which the FUV photoevaporation efficiently acts by completely
removing the outer disc (after the gap opening), the three discs
evolve exactly the same and on the same timescale. Once the
outer disc has been removed, only the internal disc, which loses
mass only by viscous accretion (similar to the evolution of the
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Fig. B.1. Time evolution of the mass of a disc around a 3M,, star, with
its vertical structure computed from different temperatures and star radii
(atty =0, 2p = 0.5, and #y = 1.0 Myr (data from Table 1 in K21).

S45 disc in fig. 3), remains. Only at this stage we find little differ-
ences between their final dissipation timescales. However, these
little differences do not change significantly either the total disc
lifetimes or the evolutionary pathways they present.
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