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ABSTRACT

Millimeter continuum imaging of protoplanetary disks reveals the distribution of solid particles and

the presence of substructures (gaps and rings) beyond 5-10 au, while infrared (IR) spectra provide

access to abundances of gaseous species at smaller disk radii. Building on recent observational findings

of an anti-correlation between the inner disk water luminosity and outer dust disk radius, we aim here

at investigating the dynamics of icy solids that drift from the outer disk and sublimate their ice inside

the snow line, enriching the water vapor that is observed in the IR. We use a volatile-inclusive disk

evolution model to explore a range of conditions (gap location, particle size, disk mass, and α-viscosity)

under which gaps in the outer disk efficiently block the inward drift of icy solids. We find that inner-

disk vapor enrichment is highly sensitive to the location of a disk gap, yielding for each particle size

a radial “sweet spot” that reduces the inner-disk vapor enrichment to a minimum. For pebbles of

1-10 mm in size, which carry the most mass, this sweet spot is at 7-15 au, suggesting that inner gaps

may have a key role in reducing ice delivery to the inner disk and may not allow the formation of

Earths and super-Earths. This highlights the importance of observationally determining the presence

and properties of inner gaps in disks. Finally, we argue that the inner water vapor abundance can be

used as a proxy for estimating the pebble drift efficiency and mass-flux entering the inner disk.

Keywords: protoplanetary disks – evolution, observations

1. INTRODUCTION

Protoplanetary disk observations in the last decade

have dramatically increased our understanding of the

formation and evolution of disks and of planet forma-

tion within them. From unprecedented high resolution

observations from the Atacama Large Millimeter Array

(ALMA), we know that dust disks are rich in structures

such as gaps, rings and cavities (e.g., Andrews 2020;

Cieza et al. 2021; Huang et al. 2018; Long et al. 2018;

van der Marel et al. 2018). Features like rings and gaps

may form via several mechanisms, such as planet-disk

interactions (Lin & Papaloizou 1979; Rice et al. 2006;

Paardekooper & Mellema 2006; Zhu et al. 2012), snow
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lines (Stevenson & Lunine 1988; Ros & Johansen 2013;

Banzatti et al. 2015; Okuzumi et al. 2016), density en-

hancements at the outer edge of the deadzone (Flock

et al. 2015; Pinilla et al. 2016), zonal flows (Bai & Stone

2014; Simon & Armitage 2014; Suriano et al. 2018) and

secular gravitational instabilities (Takahashi & Inutsuka

2014, 2016; Tominaga et al. 2018), whereas cavities may

be produced by the presence of multiple giant planets

(Zhu et al. 2011; Keppler et al. 2018), as well as photo-

evaporative winds (Ercolano & Pascucci 2017) and disk

winds (Suzuki et al. 2016). Recent observations have

also revealed the presence of two forming protoplan-

ets within the cavity of the PDS 70 disk (Keppler et al.

2018; Haffert et al. 2019; Isella et al. 2019). Collectively,

these morphological features suggest that processes of

planet formation are underway, and as seen in the case

of PDS 70, may even be harboring planets.
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High-resolution ALMA images of disks reveal the dis-

tribution and dynamics of solid particles (ranging from

sub-mm sized dust, and mm-cm sized pebbles) in the

outer disk (& 5–10 au). 1 As first predicted by the-

ory (Weidenschilling 1977) and later confirmed by ob-

servations, we know that solid particles drift inwards,

as we observe sharp edges in the dust continuum, ex-

pected from models of dust evolution and radial drift

(Birnstiel & Andrews 2014). We also see that the radial

extension of dust/pebbles is smaller than that of gas in

disks (e.g., Ansdell et al. 2018; Facchini et al. 2019; Kur-

tovic et al. 2021), which is a sign of the inward drift of

solids (Trapman et al. 2019, 2020; Rosotti et al. 2019).

Moreover, we observe that solids accumulate in pres-

sure bumps in the gas (Pinilla et al. 2012b). As they

drift inward towards regions of higher pressure, if par-

ticles encounter a pressure bump they flow toward the

peak in gas pressure, reduce or stop their radial drift,

and accumulate there. The existence of substructures

in the largest disks suggests dust or pebble trapping

is essential for maintaining large outer disk solid reser-

voirs and preventing the rapid depletion of solids into

the star (e.g., Pinilla et al. 2012b; Huang et al. 2018;

Long et al. 2018; Appelgren et al. 2020). Further ev-

idence for dust trapping in action comes from studies

that investigate pressure bumps and dust concentration

within them (Pinilla et al. 2015; Dullemond et al. 2018;

Rosotti et al. 2020). Among solid particles, pebbles in

particular have unique aerodynamic advantages; they

are able to move quickly compared to smaller dust par-

ticles, and at the same time, are accreted efficiently via

pebble accretion to form Earths, super-Earths and even

cores of gas-giants (e.g. Lambrechts & Johansen 2014;

Bitsch et al. 2018; Lambrechts et al. 2019).

While ALMA’s angular resolution and sensitivity to

resolve structures in the outer disk regions are un-

matched by any other facility, it is rarely able to access

the inner < 5 au of the disk even in the closest star-

forming regions at 120-150 pc (Andrews et al. 2016).

This innermost disk region is the location of terrestrial

planet formation in the disk and holds key clues not

only for formation timescales of Earth-like planets, but

also the physical nebular conditions under which these

planets form, which influence their atmospheric com-

positions, volatile content and their future habitabil-

ity (e.g., Öberg & Bergin 2021; Venturini et al. 2020).

Given its higher temperature, the inner few astronom-

ical units of disks emit rich infrared spectra, providing

1 In this study, we refer to solid particles < 1 mm in size as dust,
and ≥ 1 mm in size as pebbles.

otherwise-inaccessible information on volatiles and their

abundances (such as H2O, CO, HCN; see e.g. Carr &

Najita 2008, 2011; Salyk et al. 2008, 2011, 2019; Pontop-

pidan et al. 2010; Banzatti et al. 2017, 2020; Walsh et al.

2015). Volatiles such as H2O are generally present only

as ice on solid particles in the outer colder disk beyond

its snow line (located within a few astronomical units

from the star), but is gaseous, abundant and observable

via spectra of the inner disk where it sublimates out of

these ice-bearing solids that drift inwards (see Pontop-

pidan et al. 2014, review). However, cold water vapor

likely originating from photodesorption of water-ice has

been detected in the outer disk with Herschel/HIFI data

(Hogerheijde et al. 2011). Water vapor abundances in

the inner disk have therefore long been expected to be

linked to the mass of drifting icy pebbles that deliver wa-

ter into the inner disk (e.g. Cuzzi & Zahnle 2004; Ciesla

& Cuzzi 2006). Constraining pebble mass fluxes into the

inner disk via measurements of water abundances may

thus uniquely inform models of rocky planet formation

in the inner 3 au region (Lambrechts et al. 2019).

Few studies have tapped into the synergistic advan-

tages of combining information from both IR spectra

and millimeter interferometry. Najita et al. (2013) first

reported a correlation between flux ratio measurements

of infrared HCN/H2O with the dust disk mass as esti-

mated from millimeter continuum fluxes from the Sub-

millimeter Array, where disks with higher HCN/H2O

ratios appeared to have larger dust masses. The au-

thors interpreted this correlation to be a result of ef-

ficient planetesimal formation in more massive disks

where planetesimals accrete more solids, therefore lock-

ing water ice in the outer disk before it can reach the

snow line and enrich the inner disk gas by sublima-

tion. More recently, using ALMA disk images and a

larger disk sample, Banzatti et al. (2020) studied corre-

lations between the infrared luminosity of H2O and of

three carbon-bearing molecules (HCN, C2H2, and CO2)

and spatially-resolved dust disk radii, rather than disk

masses that suffer from larger uncertainties (Andrews &

Williams 2005; Beckwith & Sargent 1991). The analy-

sis confirmed an anti-correlation between the H2O/HCN

ratio and dust disk radii, and expanded previous results

by finding similar anti-correlations with H2O/C2H2 and

H2O/CO2 as well. After correcting for a common de-

pendence on the accretion luminosity, this study further

found that the strongest anti-correlation is between the

water luminosity and dust disk radii, where small dusty

disks (.60 au in size) have higher water luminosity as

compared to disks that are larger in the dust continuum

emission (60 - 300 au in size) and have substructures,

either as gaps/rings, or an inner disk cavity, or both.
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Banzatti et al. (2020) interpreted this finding as sup-

porting early predictions that the inner disk water va-

por is enriched by the drift of icy pebbles from the outer

disk that sublimate after crossing the snow line (Ciesla

& Cuzzi 2006), an enrichment that would be reduced in

large disks with gaps and rings where the drift of icy

pebbles is less efficient.

In this work, we test the interpretation of these ob-

served trends by studying the influence of gaps in the

outer disk on the water abundance in the inner disk.

We build on the volatile-inclusive disk evolution model

from Kalyaan & Desch (2019), by including a gap at

different radii in the outer disk in order to study the

resulting pebble dynamics, and compute volatile abun-

dances in the inner disk as a function of time. Section

2 describes the model, and Section 3 the results of our

simulations. In Section 4, we present the insights gained

from these simulations and in Section 5 we present the

main conclusions of this study.

2. METHODS

To test how the outer disk solid dynamics may be

linked to the inner disk vapor abundance, we employ

the volatile-inclusive disk evolution model of Kalyaan &

Desch (2019; hereafter KD19), as illustrated in Figure 1.

Our 1D disk model evolves a protoplanetary disk around

a solar-like star through several million years, across a

computational grid of 0.1 - 500 au, with 300 radial zones.

To this, we add the radial transport of solid particles,

by incorporating their radial drift, advection and diffu-

sion. Since water is present as ice in solids, and as vapor

in the inner disk within the snow line, we compute the

pressure-temperature conditions where ice sublimates to

vapor, and include the diffusion of vapor in the inner

disk. The above transport processes altogether deter-

mine the distribution and evolution of water across the

snow line as well as the entire disk (see Kalyaan et al.

(2015) and KD19 for more details). As we are specifi-

cally interested in the influence of substructures in the

outer disk on the inner disk water abundance, we create

a gap in the outer disk gas. At the outer edge of this

gap, we expect solid particles to be trapped within the

pressure bump. In this section, we highlight the impor-

tant features of the disk evolution model and detail how

we incorporate a gap as substructure to study the effect

of outer disk dust and pebble dynamics on inner disk

volatile enrichment. We list the main parameters used

in our simulations in Table 1.

2.1. Transport of Gas

In our disk model, we use the standard equations of

disk evolution from Lynden-Bell & Pringle (1974), ex-

plicitly integrated in time, as below:

∂Σ

∂t
=

1

2πr

∂ Ṁ

∂ r
, (1)

where the rate of change of surface density Σ is related

to rate of mass flow through an annulus Ṁ as:

Ṁ = 6πr1/2
∂

∂r

(
r1/2Σ ν

)
. (2)

Here, ν is the viscosity in the disk, assumed to have a

turbulent origin, and defined with the following stan-

dard scaling relation (Shakura & Sunyaev 1973):

ν = α
c2s
Ωk

; (3)

where cs is the local sound speed, Ωk is the Keplerian

angular frequency, and α parameterizes the efficiency of

turbulent transport. We adopt a radially uniform αconst

= 10−3 as the canonical value in our simulations.

We assume the standard temperature profile of a

passively-heated flared disk, as follows, where temper-

ature T across mid-plane radius r is assumed to be:

T(r) =
( L∗

4πσ

)1/4
φ1/4 r−1/2. (4)

Here, σ is the Stefan-Boltzmann constant, φ is the in-

cident angle parameter and L∗ is assumed to be 0.8 L�,

the median luminosity among T-Tauri stars in Banzatti

et al. (2020), which yields:

Tpass(r) = 118
( r

1 au

)−0.5

K. (5)

We neglect accretion heating in this work. (This as-

sumption is discussed in Appendix C. We find that our

main conclusions remain unchanged with a change in

the location of the snow line.)

2.2. Transport of Solids

To the underlying bulk gaseous disk, we add solid par-

ticles that range from sub-mm to cm sized. In the ab-

sence of gas, particles in the disk would maintain Keple-

rian orbital motion around the star. In the presence

of gas, however, they lose angular momentum facing

a headwind from the pressure-supported sub-Keplerian

gas and therefore drift inwards.

In this work, we keep track of two drifting populations

of solids: rocky particles (composed of 100% silicates),

and icy particles (composed of 100% ice). In all, the

mass of the incoming solid population beyond the snow

line is assumed to be 50% ice and 50% rock. This ice-

to-rock ratio is generally consistent with cometary com-

postion in the solar system (e.g. Mumma & Charnley

2011).
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Snow “line”

GasSolids

Pressure bump

Vapor

Gap

Figure 1. Schematic of our evolutionary disk model with solid and volatile transport across a disk with a gap. The processes
depicted here follow a sequence: i) Solids radially drift inwards from the cold outer disk; small solid particles also diffuse
throughout the disk. ii) On encountering a gap, they accumulate in the pressure bump just beyond the gap. iii) When these
water-ice-bearing solids approach the snow line, ice in them sublimate and become vapor (blue plume), leaving behind bare
silicate particles (brown circles). iv) Some vapor back-diffuses across the snow line to refreeze as ice on solids. v) Volatiles
diffuse throughout in the inner disk. vi) Both solids and volatiles are eventually accreted onto the star.

These two populations are identical in size of particles,

and thus identical in their transport, only differing in

their composition. We adopt this treatment from KD19

to track the mass of water across the cold disk beyond

the snow line and the change of phase of water as icy

solids approach the snow line. We describe this in detail

in Section 2.3.

We consider solid transport in two drag regimes: Ep-

stein and Stokes regimes (Weidenschilling 1977), where
the particle radius ap may be smaller (Epstein regime) or

larger (Stokes regime) than the mean free path λmfp at

each r. This transition occurs at ap/λmfp = 9/4 (Birn-

stiel et al. 2010). We follow Krijt et al. (2016) and use

the following expression to evaluate the Stokes number

St(r):

St =
π

2

ρpap
Σ

[
1 +

4

9

ap
λmfp

]
, (6)

where ρp = 2.5 g cm−3 is the assumed internal density

of particles, equivalent to the density of silicates and

ap is the radius of the particle. λmfp = 1 / (nσH2),

where n is the mid-plane number density, and σH2
=

2.0 × 10−15 cm2. The above prescription allows for a

smooth transition between the Epstein and the Stokes

regimes. In practice, however, with the exception of the

largest particles in the innermost disk at earliest times,

our simulations operate entirely in the Epstein limit.

The drift velocity of particles with respect to the gas

Vdrift is defined as:

Vdrift =
−St2 Vg,r − St η rΩk

1 + St2
, (7)

where Vg,r is the radial velocity of the gas and η =

− 0.5(∂ ln P/∂ ln r) c2s/V
2
k. Here, Vk is the Keplerian ve-

locity.

As adopted in previous works (Desch et al., 2017,

2018; KD19) the transport of particles is evolved with

the following evolution equation that altogether consid-

ers advection (first term), drift (second term) and diffu-

sion (third term):

Ṁp = cpṀ − 2πr cp Σ Vdrift + 2πrΣDp
∂ cp
∂ r

, (8)

where the concentration of particles to disk bulk gas is

given by cp = Σp/Σ and particle diffusivity Dp is given

by:

Dp =
Dgas

1 + St2
. (9)

Here, Dgas is the diffusivity of the bulk gas and is equiv-

alent to turbulent viscosity ν. We make the assumption
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Model Parameter Symbol Parameter Value/Range

Disk Parameters

Inner disk radius Rin 0.1 au

Characteristic radius Rchar 70 au

Outer disk radius Rout 500 au

Initial disk mass Mdisk 0.01, 0.05, 0.1 M�

Disk viscosity αconst 10−4, 10−3

Solid Particle Parameters

Solid particle size (diameter) ap 0.1, 0.3, 1, 3, 10 mm

Internal solidparticle density ρp 2.5 g cm−3

Initial solid particle surface density Σicysolid, Σrockysolid 0.005 × Σgas g cm−2

Schmidt number for diffusion Scp 0.7

Vapor Parameters

Initial concentration of water vapor c 1 × 10−4

Schmidt number for diffusion Scv 0.7

Gap Parameters

Gap location Rgap 7, 15, 30, 60 au

Peak α at gap αgap 75 × αconst

Time when gap forms tgap 0.1 Myr

Table 1. Table of parameters used in our simulations. Bold values indicate fiducial model parameters.

that the α responsible for viscous disk evolution is also

regulating particle and vapor diffusion. (Note that in

equation 8, first and second terms combine to yield the

total radial mass flux for drifting particles, with the total

radial particle velocity being Vdrift + Vg,r.)

2.3. Transport of Water in Vapor/Ice

We follow the same treatment used in KD19 in this

work, similar to the treatment in Ciesla & Cuzzi (2006).

Depending on the pressure-temperature conditions in

the disk, water is present either as ice in the outer colder

disk (outside of the snow line) or as vapor in the warmer

inner disk (inside of the snow line). To determine the

local physical state of water, we use the following rela-

tions derived from experiments to calculate the local sat-

uration vapor pressure over ice, i.e., the pressure where

water vapor is in thermodynamic equilibrium with its

condensed state, at any given temperature T, as follows:

Peq(T) = 0.1 exp (28.868− 6132.9/T) dyn cm−2,T > 169 K

(10)

from Marti & Mauersberger (1993), and

Peq(T) = 0.1 exp (34.262− 7044.0/T) dyn cm−2,T ≤ 169 K

(11)

from Mauersberger & Krankowsky (2003).

We then compute the surface density of water vapor

from the equilibrium vapor pressure using the following

equation:

Σvap,eq = (2π)1/2
(

Peq

c2H2O

)
H, (12)

where H = cs/Ω is the scale height of the disk, and cH2O

the sound speed in water vapor.

If the total water content (in vapor and icy particles)

at a given r is less than the equilibrium vapor pressure,

we assume all water is in vapor at that r. Conversely,

if the total water content (in vapor and icy particles) is

greater than equilibrium vapor pressure, then we assume

Σvap = Σvap,eq and the rest of the water is in ice. In this

work, we assume that freezing is instantaneous. The

physical state of water in either form dictates how it

will be transported. As mentioned before, we adopt two

populations of solids, one made completely of ice, and

one made completely of silicates. This approximates

the presence of silicate particles covered by icy mantles.

These two populations move identically, except when

they approach the pressure-temperature conditions of

the water snow line. When they drift into the snow line,

the icy solids will sublimate to vapor as detailed above.

We adopt initial surface density of icy and rocky parti-

cles, i.e., Σicypart = Σrockypart = 0.005 × Σgas, by using

the standard solids-to-gas ratio of 0.01, multiplied by

0.5, i.e., half of the mass in solids in icy, and half in

rocky particles. Therefore, for our fiducial model, at

t=0, there are 166.5 Earth masses of solids across the

entire disk, and ∼ 83 Earth masses each in rocky parti-

cles, and icy particles across the disk.

Within the snow line, transport of water in vapor form

is assumed to follow the following equations from Desch

et al. (2017) where vapor is treated as a diffusive tracer
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species in the bulk gas:

∂Σvap

∂t
=

1

2πr

∂Ṁvap

∂r
, (13)

where the mass flux of vapor is

Ṁvap = 2πrΣDvap
∂c

∂r
. (14)

Here, c is the concentration of water vapor with respect

to bulk disk gas, i.e., (Σvap/Σ) and Dvap = Dgas ≈ ν

(assuming Schmidt number Sc ≈ 1). (Some water vapor

back-diffuses out of the snow line region. However, with-

out a sink for planetesimal formation, this mass eventu-

ally makes its way back within the snow line. See KD19

for more details.)

2.4. Formation of a Gap

Since our motivation is to determine the effect of outer

disk structure on water delivery to the inner disk, we

include a gap to the disk structure by incorporating a

perturbation to the α profile at the location of the gap.

For each gap included in our simulations, we locally in-

crease the α over the globally uniform α as a Gaussian

profile (similar to previous works such as Desch et al.

(2018) and Stammler et al. (2019)) as below:

α(r) = αconst + (αgap − αconst) exp (−x2) , (15)

where αconst is the constant uniform value of α adopted

throughout r and αgap is the peak value assumed at

the center of the gap = 75 × αconst. This sets the

depth of the gap in the gas in our simulations and is

generally consistent with hydrodynamic simulations of

gaseous gaps created by a 1 Mjup planet (see Figure 2,

lower h/r, Zhang et al. 2018). We keep this peak gap α
the same irrespective of disk location to simulate a gap

formation mechanism of similar strength at different r.

Here, x = (r−rgap) / gap width, where the width of the

gap is chosen to be 2 × H, i.e., twice the scale height

of the disk. We choose this width as it is likely that

only pressure bumps greater than 1 × H in width are

long-lived and stable, and assume that the gap should

be similar in width as the pressure bump (Ono et al.

2016; Dullemond et al. 2018). We also assume that the

gap in all simulations instantaneously opens at 0.1 Myr.

3. RESULTS

We present in this section the results from the grid of

simulations performed in this study. We first describe

the results from the fiducial model, and then discuss the

results from the rest of the grid exploring a range of gap

radii, particle sizes, disk masses, and α-viscosity.

3.1. Our Fiducial Model

Figure 2 shows the evolutionary profiles of surface den-

sities of the various components of our fiducial model:

the underlying bulk gas disk, the populations of drifting

solid particles as well as water vapor within the snow

line region. In this fiducial model, we consider two pop-

ulations of mm-sized particles drifting inward (one com-

posed of ice, the other of silicates) that encounter a gap

in the gaseous disk at rgap = 30 au. Once the gap is

opened, particles beyond it can be trapped at the pres-

sure bump beyond 30 au, as observed in the increase in

Σsolid beyond rgap in the left panel. In all our runs,

a gap is assumed to form instantaneously at 0.1 Myr

(right after the solid red line in the left panel). Figure

2 highlights the overall working of our model, where the

left panel shows particle-trapping, while the right panel

shows surface density of water in its various forms, i.e.,

as vapor within the snow line and as ice in drifting solids

beyond the snow line (>0.3 au). As both icy and rocky

solid populations are dynamically identical, they show

identical profiles in both panels, excepting in the inner

most disk where icy solid particles sublimate to vapor.

In this section, and in the subsequent Section 4, we refer

to particles ≥ 1 mm in size as pebbles, and < mm as

dust.

3.2. Varying Gap Location

For each particle size (described in the next section),

we explore gap locations at 7, 15, 30 and 60 au. These

radii were chosen to span the outer disk region where

ALMA has observed gaps and rings (e.g., Huang et al.

2018; Long et al. 2018), but also are not too far out (>

100 au) that they are unable to trap enough solids to

produce a significant difference in vapor abundance in

the inner disk. They are also chosen to lie within the

disk characteristic radius of Rchar = 70 au.

Figure 3 shows the results of these simulations for the

fiducial size of 1 mm (and fiducial disk mass 5% M�),

where mass of water vapor at time t with respect to ini-

tial vapor mass at time t = 0 is plotted in the left panel

of Figure 3, while mass of pebbles delivered within 3 au

with respect to total initial pebble mass is plotted in the

right panel. For all cases, vapor enrichment (from ini-

tial) is at first below 1.0 (when accretion onto the star

is dominant) and begins to climb at ∼ 0.5 Myr once

icy pebbles start to bring water-ice with them from the

outer regions, eventually sublimating to vapor within

the inner disk. Vapor enrichment reaches a peak at an

average time of ∼ 2 Myr for all cases, and then declines

with time. This happens because as pebbles are drained

from the outer disk, there is no re-supply of ice cross-
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Figure 2. Evolutionary profiles of surface densities of gas, solid particles (rocky and icy) and vapor for our fiducial model with
particles of size 1 mm and disk mass of 5% M� (see Table 1). Left panel shows the time evolution of surface density of gas Σ
(dotted) and of rocky solids Σrocky solid (solid), for a disk model with a gap at 30 au in gas. Particles are trapped in the pressure
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mass of particles in the disk at time t = 0, for our fiducial disk mass (5% M�) and fiducial particle size of 1 mm. Different colors
show disk models with different gap locations; dashed black line shows the no-gap model. Note here that the rise in each curve
is given by icy solid particles that drift in within the snow line and sublimate, thus enriching the inner disk in water vapor;
the decline later is instead due to stellar accretion taking over when particles are effectively trapped beyond a gap in the outer
disk, or simply drained as in the no-gap case. Note also that the peak enrichment in water vapor is reached at ∼ 2.0 Myr for
simulations with 1 mm pebbles.

ing the snow line, and vapor already present is being

accreted onto the star.

For the disk with no gap, vapor enrichment from ini-

tial time is the highest as there are no gaps that block

delivery of ice-bearing pebbles. All cases with gaps reach

relatively lower peak enrichment values. How much

these peaks deviate from the no-gap case depends on

gap location as follows. For a pebble population all of

1 mm size, water vapor enrichment is minimum when

gaps are at 15 and 30 au. On the other hand, the wa-

ter enrichment that most closely approaches the no-gap

model is given by the 7 au (closest) and 60 au (farthest)
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gaps, though for different reasons. Gaps closer than 15

au are unable to filter 1 mm pebbles and are ‘leaky’,

while a gap farther out at 60 au, even if it is an efficient

barrier, can trap only a small fraction of the total disk

water ice budget, therefore not producing as large an

effect in the inner disk water enrichment.

We also note that the most effective gaps appear to

attain their ‘peak’ enrichment earlier in time, than the

less effective gaps (i.e., approximately 2.2, 1.9, 1.5 and

0.7 Myr for gaps at 7, 60, 30 and 15 au, respectively)

with one notable exception of the 15 au gap. The 15 au

gap is the most effective at trapping water but also is

slightly leaky, allowing water in at a later time, leading

to yet another but slight increase in enrichment. This

effect is more prominent in the 3 mm case discussed in

the following subsection.

In the left panel of Figure 3, we plot the time evolution

of incoming pebble mass to total initial pebble mass over

time. Similar profiles between the two panels show the

connection between the time evolution of the incoming

pebble mass and vapor mass, as the vapor mass evo-

lution appears to assume whatever is the shape of the

incoming pebble distribution with time. The shape of

the incoming pebble mass distribution, i.e., the increase,

peak and subsequent decrease in incoming pebble mass

over time is a result of two physical processes in action,

i.e., the drift of particles as well as the continuous ra-

dial diffusion of these particles. This later process seeks

to dilute any sharp radial gradients in the radial distri-

bution of particles as they drift inwards from the outer

disk. Both of these processes determine the width of the

pebble enrichment peak into the inner disk over time. As

particle diffusion is dependent on particle size (via the

Stokes number), we will see the effect of varying parti-

cle size on this peak width in the following subsection.

Note that the highest fraction of pebble mass with re-

spect to initial total mass is attained at times slightly

earlier than those for vapor, as there is a slight lag for

pebbles from 3 au to travel towards the snow line at ∼
0.3 au where they sublimate to vapor.

3.3. Varying the Particle Size

We perform the same suite of runs detailed in Sec-

tion 3.2 for other particle sizes: 0.1 and 0.3 mm dust

particles as well as larger 3 and 10 mm pebbles, results

of which are shown in Figure 4. For simulations with

dust particles, we perform longer simulations (up to 10

Myr), as they take longer to drift in compared to peb-

bles. We find that for 0.1 mm sized dust particles, va-

por mass never rises above its initial value at time t=0

throughout the simulation. Vapor mass begins to rise

at around 2 Myr as particles carrying ice slowly drift in,

raising Mvap/Mvap,0 to a peak of 0.8 at only ∼ 7 Myr.

Simulations with 0.3 mm dust particles see a rise in wa-

ter enrichment above 1.0 at around 2 Myr, eventually

reaching Mvap/Mvap,0 = 1.6 at 4 Myr for the no-gap

case. Times taken to attain the above peak values in

enrichment are much longer for the smaller dust parti-

cles cases compared to the fiducial case of 1 mm pebbles

as their drift is slower. On the contrary, for pebble sizes

> 1 mm the drift is much more rapid, and vapor is en-

riched significantly from its initial value, reaching up to

∼7 and ∼13 for the 3 and 10 mm cases with no gap

respectively. Also, the peaks of enrichment are reached

earlier in time, around 1 Myr for the 3 mm simulations,

and ∼ 0.4 Myr for the 10 mm simulations.

It is interesting to note which gaps become most effec-

tive at trapping water mass as particle size is increased.

Assuming that the strongest gap is one that yields min-

imum vapor enrichment in the inner disk compared to

the no-gap case that shows the maximum enrichment,

we find that for 0.1 mm particles, gap at 60 au is most

effective at blocking most water, and for 0.3 mm par-

ticles, gap at 30 au is most effective followed by 60 au.

For smaller particle sizes, with the exception of the 60 au

gap, all gaps are leaky to varying degrees (see Appendix

B: Figure 12 that shows how effective gaps at different

locations are at blocking passage of solids). However,

drift is slow enough for 0.1 mm dust particles that a

gap at 60 au is able to trap on average ∼ 35 % of the

total pebble mass over 10 Myr. Drift is more rapid for

0.3 mm dust particles that gap at 30 au (even though

slightly leakier; see Appendix B: Figure 12) is able to

trap most water mass beyond it over time. Note that

for both of these particle sizes, the gap at 7 au produces

an enrichment slightly greater than that of the no-gap

case. Apart from the ‘leaky’ 7 au gap being unable to

filter these dust sized particles effectively, these higher

than no-gap enrichments (as well as the small peaks seen

around 0.5 Myr for these dust simulations) are due to

formation of the gap itself that pushes particles which

would have otherwise taken longer (being smaller in size)

to drift inward. For simulations with pebble sizes 3 mm

and 10 mm, the most effective gaps for blocking water

delivery are closer in, compared to the fiducial size of

1 mm. In both cases, gap at 7 au, followed by 15 au,

is the most effective. This happens because the 7 au

gap is not as leaky for the larger pebble sizes, and traps

the most water mass beyond it, therefore producing the

minimum water enrichment (i.e. maximum ice-blocking

effect).

Overall, as particle size increases, we see the width of

the peak enrichment in vapor (and solid particles) over

time become smaller, being broadest for the smallest
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0.1 mm 0.3 mm 3.0 mm 10.0 mm

Figure 4. Time evolution of water vapor enrichment (top row) and mass of solid particles delivered within the 3 au inner disk
region (bottom row). Plots are similar to those in Figure 3, here showing models with particle sizes smaller and larger than
the fiducial pebble size of 1 mm (with fiducial disk mass 5% M�). Line colors denote models with different locations of a gap,
varying from 7 au to 60 au, for each particle size.

dust particles (0.1 and 0.3 mm in size), and narrowest in

time for simulations performed with 3 and 10 mm sized

pebbles. Smaller particles have lower Stokes number

(Equation 9) and diffuse more easily within the bulk gas,

resulting in broader peak distribution with time, while

larger particles do not diffuse as much. The vapor distri-

bution reflects the incoming pebble distribution (shaped

by both diffusion and drift) over time.

For easier comparison, all of the above results are re-

plotted in Figure 5 for all 25 simulations discussed so

far. For each set of simulations with different parti-

cle sizes, we plot vapor enrichment (from initial, i.e.,

Mvap/Mvap,0) seen at assumed average time of peak en-

richment for each pebble size ( i.e., 0.4 Myr for 10 mm,

1.0 Myr for 3 mm, 2.0 Myr for 1 mm, 4 Myr for 0.3 and

7 Myr for 0.1 mm).

3.4. Varying Disk Mass

We repeated the 25-run suite of simulations performed

in Section 3.3, for the fiducial disk mass, for two addi-

tional initial disk masses of 1% and 10% M�, to under-

stand how different disk masses may change the vapor

enrichment values obtained so far. The results of these

simulations are presented in Figure 6. From these sim-

ulations, we find that for less massive disks, solids drift

more rapidly inward, and are generally better at trap-

ping solids beyond their gaps compared to simulations

with fiducial disk mass. This results in much higher en-

richment for same gap and particle size otherwise, as

well as larger deviation in enrichment between gap and

no-gap cases. For more massive disks, this trend is op-

posite. Solids drift inwards more slowly, and gaps being

less effective at blocking pebbles produce not only lower

enrichments in vapor in the inner disk over all, but also

lower deviation in enrichments between gap and no-gap

cases for each pebble size.

3.5. Varying Turbulent α

While most disk models typically use a canonical value

of α = 10−3, observations also suggest that α may be

lower in disks, ∼ 10−4 (Pinte et al. 2016; Dullemond

et al. 2018; Huang et al. 2018; Flaherty et al. 2020). We

therefore repeated the set of 25 simulations with fiducial

disk mass and various particle sizes with lower turbulent

α = 1 × 10−4; these results are presented in Figure 7.

For simplicity, in all simulations presented in this work,

we assume that the same α value regulates both disk

evolution as well as the rates of diffusion for particles

and vapor (although it is possible that the α governing

each of these processes may be different as explored in

Pinilla et al. 2021).

While varying α has the overall effect of changing the

global rate of disk evolution, it can additionally affect

the rates of particle drift, and particle and vapor dif-
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Figure 5. Water vapor enrichment from initial t=0, plotted for each solid particle size, at a specific ‘peak time’ by which most
particles have arrived inward of the snow line and have sublimated to enrich the inner disk in vapor. This ‘peak time’ is for 1
cm-sized particles at 0.4 Myr, 3 mm at 1.0 Myr, 1 mm at 2 Myr, 0.3 mm at 4 Myr, and 0.1 mm at 7 Myr. All simulations shown
here are performed with the fiducial disk mass (0.05 M�). Different colors represent simulations performed for each particle size
as indicated by labels; different symbols denote particular gap locations.

Figure 6. Water vapor enrichment from initial t=0 for simulations of all particle sizes, plotted for disk mass 1% M� (left panel)
and 10% M� (right panel). (i) Left panel: solids drift in more rapidly in a less massive disk. All ‘peak times’ are therefore
shifted earlier in time. Note here that all 10 mm runs achieve their peak at 0.1 Myr, at the time of gap opening, and therefore
show no difference between runs. (ii) Right panel: solids drift in less rapidly in a more massive disk. All ‘peak times’ are
therefore shifted later in time. Note that 0.1 and 0.3 mm dust particles reach their ‘peak’ time at > 4 Myr. Plot symbols and
labels are similar to Figure 5.

fusion as follows. In the presence of accretional heat-

ing and the accompanying thermal effect of α, lower-

ing α can slow down particle drift via the sound speed

cs (Kalyaan & Desch 2019, see Figure 13, and Section

3.2.5). However, in the absence of accretional heating,

as assumed in all the simulations presented in this work,

lowering α only slows down disk evolution and has only

a negligible effect on particle drift speeds (with respect

to the gas). On the other hand, lower α significantly

decreases the rate of diffusion of both vapor and par-

ticles by decreasing vapor diffusivity Dvap and particle

diffusivity Dp. Among the two, decreasing Dvap is more

significant, as particle drift within the snow line region

is now more rapid than diffusion of vapor out of it, al-

lowing more water vapor to stay for longer in the inner

disk by slowing down the rate at which it is lost out of
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the region. This effect is even more prominent for larger

particle sizes that drift more quickly and bring in more

water.

Thus, for a given particle size, we find that vapor

abundance takes much longer to peak in disks with lower

α due to slower disk evolution. However, the result-

ing lower diffusion rates from lower α yield much higher

peak vapor abundance than in disks with higher α (∼
10−3), as vapor is lost slowly both to the star and be-

yond the snow line via back-diffusion.

4. DISCUSSION

In this study, we have performed a suite of simulations

to explore how substructures in the outer disk, formed

as a result of particle trapping beyond a disk gap, may

be linked to the level of water vapor enrichment in the

inner disk, to test recent findings of an anti-correlation

between inner water vapor and outer dust disk radius

(Banzatti et al. 2020). We have used a disk evolution

model that includes transport of solids and gas, explor-

ing different gap locations in the gaseous disk and track-

ing the drifting solid population. Once solids reach the

snow line region, the ice sublimates into vapor in the

inner disk. We explored a range of particle sizes, gap

locations, and disk masses, as well as a lower value of

α (affecting disk viscosity, vapor and particle diffusion)

to study their influence on the level of vapor enrichment

within the inner disk, and determine which parameters

produce the minimum enrichment to explain the lower

IR water luminosity observed in large disks with sub-

structures (Banzatti et al. 2020). In this section, we

discuss a number of insights gained from the results de-

scribed in Section 3.

4.1. Sweet Spot in Gap Location for Blocking Water

Delivery

A main result from this study is the presence of a

‘sweet spot’ in gap location in the disk for strongly re-

ducing the delivery of icy solids into the inner disk. The

sweet spot is due to the combination of two effects. On

one hand, the fraction of solids that can be retained

in the outer disk decreases with increasing distance of

the gap radial location, which leads to less deviation in

vapor enrichment in the inner disk, compared to a disk

with no gap. On the other hand, a gap located too close-

in is ‘leakier’ and not as effective in blocking solid par-

ticles drifting from the outer disk (Section 3.2). While

most of the solid mass is outside the closest gaps, which

could therefore in principle trap the largest amount of

icy pebbles, these gaps can effectively reduce the inner

water vapor only if they are effective at blocking the

solids that arrive at the gap from the outside. This

‘leakiness’ scales with the Stokes number St (Equation

6) and is therefore strongly dependent on particle size

and gap location (see e.g., Eq.10 and 11 in Pinilla et al.

2012a). As seen in Equation 6, St ∝ ap (1/Σ) within

the Epstein limit and St ∝ a2p r(5/4)/Σ in the Stokes I

limit (with the assumptions for temperature profile used

in this work). Thus, in both regimes (assuming a radi-

ally constant particle size), gaps are strongest and most

effective further away from the star where Σ is lower;

but these strongest gaps get closer in for larger particle

sizes, an effect that is relatively more dramatic in the

Stokes regime (with the dependence on a2p) versus the

Epstein regime (with an ap dependence).

Overall, these two counter-acting effects of 1) ice mass

available at disk radii larger than the gap location, and

2) the gap leakiness, result in the presence of a sweet

spot in gap location for blocking the mass of water (in

solids) delivered to the inner disk. As gap leakiness is

a function of particle size, this sweet spot moves inward

as particle size increases.

Of the four gap locations we use in our simulations, 15

and 30 au located in the middle disk regions provide the

best location to see this ‘sweet spot’ effect in operation in

our simulations. For simulations with fiducial disk mass

= 5% M�, we find that 0.3 mm particles show this sweet

spot at 30 au, as the closer gaps are too leaky, while

the gap at 60 au is not able to trap enough particles

beyond them before they drift inward. 1 mm particles

have this sweet spot at 15 au (and 30 au), for the same

reasons. As this ‘sweet spot’ location is dependent on

particle size, particles smaller than 0.3 mm likely have

their sweet spot beyond 30 au, while pebbles larger than

1 mm have their sweet spot < 15 au, i.e., 7 au in our

simulations. For a smaller disk mass of 1% M�, most

0.1 and 0.3 mm dust particles are efficiently blocked by

gaps at 15 and 30 au; 1, 3 and 10 mm pebbles are better
blocked by the closer-in gap at 7 au. For a larger disk

mass of 10% M�, the gaps at 15 and 30 au gaps most

efficiently block 1 mm and 3 mm pebbles, while larger

pebbles (10 mm) will likely be effectively blocked by the

7 au gap.

For simulations performed with lower α-viscosity, we

find that generally the above conclusions hold true, de-

viating only in the fact that a lower α has the effect of

pushing the ‘sweet spot’ seen at 15 and 30 au to even

smaller particle sizes of 0.1 mm, i.e., even 1 mm and 0.3

mm particles are now well-trapped at the inner gaps of

7 and 15 au.

Figures 5, 6, 7 as well as 8 (which plots integrated peb-

ble mass reaching the inner disk over 3 Myr, and is dis-

cussed in detail in Section 4.3) all show this sweet spot

effect. Overall, the closer-in gaps effectively block the
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Figure 7. Water vapor enrichment from initial t=0 for simulations of all particle sizes, plotted for the case with α = 1 × 10−4.
Note that peak times are shifted to much later times due to slow disk evolution. Vapor enrichments are much higher due to
slower diffusion of vapor. Plot symbols and labels are similar to Figure 5. Y-axis is plotted in the log scale to capture the wider
range of enrichment across particle sizes.

largest particles that carry the most mass. We also find

that as disk mass increases, size of particles effectively

trapped by the closer-in gaps (7 and 15 au) increases,

i.e., 7–15 au gaps trap particles of size 0.3–10 mm in the

1 % M� disk mass, 1–10 mm pebbles for the 5 % M�
disk mass, and 3–10 mm for the 10 % M� disk mass.

4.2. Inner gaps are most efficient in blocking most

ice-mass

As explained in the previous section, we find that gaps

at 7–15 au are most effective at blocking the largest

particles with the most mass from reaching the inner

disk; this holds true for a range of disk masses and

α-viscosity values. These results are consistent with

Pinilla et al. (2014) that found a correlation between

disk cavity radius and spectral index αmm, suggesting

that larger cavity radius (i.e., a more farther-out pres-

sure bump) trapped smaller particles in the bump, while

a smaller cavity radius trapped larger particles. These

results are also consistent with earlier theoretical predic-

tions from dust-evolution models in Pinilla et al. (2012a)

that found that the critical size of particles that are ef-

ficiently trapped at a pressure bump at a disk radius R

decreases with R.

If it is the larger pebbles that carry more water ice

in terms of mass, even if the smaller dust particles get

through, a closer-in gap will be more effective in pre-

venting inner water vapor enrichment. Trapping water

ice beyond traps also influences planet formation in the

inner disk, which is dependent on the delivery of peb-

bles. In the following section, we discuss the impact of

the delivery of pebbles on planet formation.

We note that this finding is valid for gaps with the

properties described in Section 2 and Appendix A; the

retention of pebble mass outside the snowline, and in

turn its effect in reducing water vapor enrichment in the

inner disk, is reduced if gaps are shallower and leakier

than what is modeled here. It is therefore very impor-

tant that future high-resolution observations reveal the

presence and properties of any inner gaps existing in

disks at or inside ∼ 10 au with ALMA or ngVLA (as

found in a few disks only so far, e.g., Huang et al. 2018;

Ricci et al. 2018; Andrews et al. 2016), to determine

how efficient they are in reducing pebble drift and inner

water enrichment.

4.3. Inner Disk Pebble Mass Flux and Planet

Formation

The mass flux of pebbles delivered into the inner disk

is critical for planet formation in the inner ∼ 3 au disk

region. Lambrechts et al. (2019) perform numerical sim-

ulations to model the growth of planetary embryos by

pebble accretion from a range of pebble-mass fluxes, fol-

lowed by growth of planets from collisions and mergers

between these embryos. They explore a range of peb-

ble mass fluxes and find that the growth of Earths and

super-Earths in the inner disk is highly sensitive to the

pebble mass flux into the inner disk. Specifically, they

find that an integrated pebble-mass flux of ∼ 114 M⊕
over the first 3 Myr can eventually lead to the forma-

tion of Earths after 100 Myr, while ∼ 2 × this mass
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Figure 8. Time-integrated solid mass flux for all 25 runs with different particle sizes, against gap location, for fiducial disk
mass 5 % M� in the left panel, and for higher disk mass 10 % M� in the right panel, seen in Figures 5 and 6. For each
simulation, pebble mass flux entering the inner disk region within 3 au is integrated over 3 Myr. Total pebble flux at the start
of the simulation including icy and rocky solids for each panel is shown by the horizontal dashed line at 0.01 Mdisk ≈ 166.5 M⊕
for simulations with fiducial disk mass on the left panel, and at ∼ 333 M⊕ with higher disk mass on the right panel. Colors
and sizes both represent particle size. Following the same sized and colored circle horizontally across gap location also shows
the location of the sweet spot for each particle size.

flux may otherwise eventually lead to the formation of

super-Earths.

In Figure 8, we plot integrated solid mass flux deliv-

ered into the inner disk from the outer disk over 3 Myr,

for 25 simulations with fiducial disk mass (5% M�) and

25 simulations with larger disk mass (10% M�), against

the radial location of the gap used in these simulations.

Overlaid in Figure 8 are the range of time-integrated

pebble mass flux values computed by Lambrechts et al.

(2019) (by integrating their Equation 6 over 3 Myr)

and listed in their Section 2.5, which eventually lead to

the formation of either Mars-sized embryos, Earth-sized

planets, super-Earths or more massive planets after 100

Myr in their simulations. Our fiducial disk mass sim-

ulations (left panel) begin with the initial total pebble

reservoir ∼ 166.5 M⊕. For these simulations, we find

that the full-disk models with large pebble-sized parti-

cles (1 mm or larger) as well as the gapped-disk sim-

ulations with leaky inefficient gaps are able to bring in

pebble masses into the inner disk greater than the ∼ 114

Mearth required to eventually form Earths in the inner

disk. Otherwise, the presence of efficient gaps reduce in-

ward pebble mass flux to the point that only Mars-sized

planets may be able to eventually form in the inner disk

via pebble accretion.

Simulations with the larger disk mass (10 % M�) have

twice the initial solid mass to begin with (equivalent to∼
333 M⊕). In this case, disks without gaps and with inef-

ficient gaps have the mass to form planetesimals that can

eventually form super-Earths, while disks with efficient

closer-in gaps may be able to eventually form Earth-like

planets, and Mars-sized embryos. (Simulations with the

lowest disk mass (1 % M�) begin with an initial solid

reservoir of only ∼ 33 M⊕, and may not be able to form

even Mars-sized embryos. They are therefore not plot-

ted in Figure 8).

We note that the pebble mass flux used by Lambrechts

et al. (2019) was assumed to be a free parameter, and

therefore was not linked to gas surface density, as it

is in our study. We also note that our assumption of

having solids in a single size in each model is a simpli-

fied approach, which should be expanded in future work

by including a distribution of particle sizes. Also, the

value of α will likely affect the rate of pebble accretion

at various times depending on whether pebble accretion

is operating in the 2D or 3D regime (Sato et al. 2016;

Booth et al. 2017). We do not consider this effect here

as it is beyond the scope of this study. Another assump-

tion in all our simulations is that gaps form at 0.1 Myr.

If gaps form at later times in a given disk, more pebbles

can drift into the inner disk before gap-opening to pro-

vide more solid mass to form planets. We explore this

assumption of the time of gap-opening in more detail in

Appendix D.

As our motivation is to link the influx of pebbles to

the vapor mass in the inner disk, we also plot in Figure 9

the time evolution of the cumulative solid mass flux into

the inner disk (shown in brown) along with total vapor

mass in the inner disk (shown in blue). The solid lines

show simulations performed with 3 mm pebbles without



14 Kalyaan et al.

M"#$% = 1 % M⊙ M"#$% = 5 % M⊙ M"#$% = 10 % M⊙

Figure 9. Time evolution of the total vapor mass (in Earth masses; shown in blue) within the snow line region and the
cumulative solid mass flux (in Earth masses; shown in brown) entering the inner disk for simulations with 3 mm pebbles. Solid
lines represent full-disk models, while dashed lines represent disks with efficient gap. Each panel shows simulations corresponding
to different disk masses tested (from left to right: 1, 5 and 10% M�). Vertical dotted lines indicate where total water vapor
peaks for each case, whereas horizontal dotted lines are integrated pebble mass fluxes from Lambrechts et al. (2019).

gap, while the dashed lines show the same simulations

with efficient gap. Different panels show the range of

disk masses (1, 5 and 10 % solar mass) that we tested

in our simulations, where each has different initial total

pebble mass reservoirs as mentioned above.

As we already see in previous plots, we note that

the total vapor mass initially increases with time, at-

tains a peak, and then decreases with time as vapor

gets accreted onto the star. Cumulative pebble mass

profiles show that vapor mass peaks around the same

time a large fraction of pebbles have entered the in-

ner disk. If there is an efficient gap present, then both

vapor and pebble mass do not attain the high enrich-

ment that would have been possible in a disk without

a gap. The presence of an efficient gap can thus hinder

the formation of large enough embryos in the inner disk

via pebble accretion, thwarting the eventual formation

of larger planets from mutual collisions and mergers of

these embryos. If all the solid mass were in 3 mm peb-

bles, then comparing with the integrated fluxes of Lam-

brechts et al. (2019), the presence of an efficient gap may

hinder the formation of Earths in a disk with an initial

disk mass of 5% M�, and of super-Earths in a disk with

an initial disk mass of 10% M�. Moreover, vapor en-

richment in the inner disk is highly time-varying and

our models suggest that the inner disk becomes water-

poor after pebble drift declines, with the remaining wa-

ter vapor being accreted onto the star (Figure 9). We

predict that for sub-Neptunes and larger planets that

may form relatively late and inside the snow line will

have accreted water-poor, i.e., dry atmospheres in disks

with or without a gap in the outer disk outside of the

snowline (though slightly more in disks without a gap,

see also Bitsch et al. 2021).

We argue that even if we included a more realistic solid

particle population with a range of sizes, rather than just

one fixed size across the disk, it is likely that the inner

disk gaps still play a key role in hindering the forma-

tion of larger planets via pebble accretion, as they block

the largest particles with the most mass. This result is

consistent with the study of van der Marel & Mulders

(2021), where they link known exoplanet demograph-

ics with large disk surveys, and conclude that super-

Earths (especially those around low-mass stars) must

have formed in small disks that have no drift-blocking

gaps. Moreover, we also argue that as vapor enrichment

in the inner disk is closely related to the incoming peb-

ble population, warm water vapor abundances may not

only provide an estimate of the pebble population that

has already entered the snow line region, but may also

be useful to infer the presence of any unseen gaps close

to the water snow line, but too close-in to be resolved

with ALMA.

In connecting inner disk pebble mass flux and pres-

ence of disk structure, our solar system also provides

an important case study. While the solar system cur-

rently hosts two Earth-like planets, meteoritic evidence

suggests that the solar nebula itself may have had a

gap in the protoplanetary disk within 1 Myr of forma-

tion (between 0.4 - 0.9 Myr) at around 3 au, due to

the formation of Jupiter’s core (Kruijer et al. 2017).

As mentioned before, while its possible that very close-
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in gaps may be leakier to even pebbles, a later gap-

opening would allow for higher pebble mass flux into

the inner disk at earlier times, yielding overall higher

time-integrated pebble mass fluxes (see Appendix D).

Moreover, even if Jupiter’s growth blocked almost all

pebble delivery into the inner disk, slower mechanisms

of planetary growth such as planetesimal formation may

eventually yield Mars-size embryos that can grow to ter-

restrial planets.

4.4. Comparison to the Observed trend

In Figure 10, we plot the vapor enrichment against

solid disk radius for each time over 3 Myr, for both

a full-disk model and the most effective gap model for

each particle size (with fiducial disk mass). Here we

compute the solid disk radius to be the effective disk ra-

dius that encloses 90 % of the solid mass, to mimic the

observationally-defined disk radii based on 90-95% of the

millimeter flux (e.g. Long et al. 2018; Pinilla et al. 2020).

All disks start at the same radial size and same inner va-

por mass. For each particle size, the evolutionary track

for a disk with no gap eventually attains a higher water

enrichment with time than a disk with a gap, as shown

in the previous sections. Simulations with larger parti-

cle sizes also show higher inner water enrichment, due

to rapid drift of larger pebbles carrying more ice mass.

A disk with a gap has a larger final solid disk radius

than one without a gap, for each particle size, which is

both consistent with other models (Pinilla et al. 2020)

as well as observations (Long et al. 2018). Disks become

very small (∼ 10 - 20 au within 1 Myr with a gap, or

2-3 au without a gap) if the disks only had rapidly drift-

ing pebbles (as seen in the 3 and 10 mm cases) rather

than slowly drifting dust particles which maintain much

larger disks (around 30 au without gap and around 100

au with gap) over 10 Myr, as seen for 0.1 mm dust par-

ticle simulations.

This overall trend is broadly consistent with the find-

ings in Banzatti et al. (2020) (see their Figure 6), of

an anti-correlation between inner disk water luminos-

ity from infrared spectra and outer pebble disk radius

from millimeter interferometry. In Figure 10, we overlay

the linear regression fit from Banzatti et al. (2020) for

comparison to model vapor enrichment values from our

simulations, by applying a scaling factor of 104 between

the two y-axes. This scaling factor is arbitrary here and

only applied to compare the slopes of the trends from

observations and models; the relation between inner disk

water mass enrichment and infrared water luminosity is

still currently unknown and should be investigated using

thermo-chemical disk models (e.g. Woitke et al. 2018).

In their work, Banzatti et al. (2020) propose that the

observed trend in water luminosity could be interpreted

in terms of water abundance, with small disks (< 60

au) having a higher water abundance compared to larger

disks (60 au < Rdust < 300 au). From the results of our

simulations, we further argue that this correlation arises

because compact disks have experienced more drift and

thus increased water abundance in the inner disk. On

the contrary, large disks have gaps and rings, as observa-

tions show, and these gaps are presumably able to retain

their large outer disk pebble reservoirs by trapping solid

particles beyond them and halting their rapid drift into

the star, resulting in decreased water abundance in the

inner disk. Water abundances are still very uncertain

as based on the spectrally-blended Spitzer data. Going

forward, spectra taken by the James Webb Space Tele-

scope (JWST) will be able to better spectrally resolve

individual emission lines with different optical depths

(e.g., Notsu et al. 2017; Greenwood et al. 2019), and

therefore significantly improve measurements of water

abundances in inner disks, as well as better resolve the

location of the water snow line at the mid-plane. This

has been attempted with ALMA but so far without suc-

cess (Notsu et al. 2019).

Finally, an important caveat of our present work is

that we only include one gap in our disk models, result-

ing in smaller outer disk radii in comparison to obser-

vations of disks where multiple gaps and rings are often

found (Andrews 2020). From our results in this work,

we predict that while the outermost gaps are most im-

portant for setting the disk pebble radius that is observ-

able with ALMA, the inner most gaps may be the most

important for blocking the most water from the inner

disk. In a future work, we will study the case of disks

with multiple gaps, fully exploring the link between peb-

ble/dust disk size (in disks with multiple gaps) and inner

disk water abundances.

4.5. Comparisons with Other Works

We note that in this study, we make a number of as-

sumptions regarding the solid population. We consid-

ered a 50-50% ice-to-silicate ratio in the incoming solid

population, to emulate solid particles with a rocky inner

core and an icy mantle. We also assume only one size of

particles is present at each location, and further assume

this particle size is radially constant and does not change

with time, neglecting any size evolution due to growth

or fragmentation, which has been included in works by

Birnstiel et al. (e.g., 2012), or assuming a single domi-

nant particle size at each radius but otherwise varying

over time and radial location (Schoonenberg & Ormel

2017; Schoonenberg et al. 2018). Since our pressure
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Figure 10. Evolutionary tracks of vapor enrichment (over initial time) plotted against solid disk radius (enclosing 90% solid
mass) for disk models with each particle size, one with no gap, and one with efficient gap that provides the best barrier for
water ice delivery. Models with no gap are denoted by solid lines, while models with gap are denoted by dashed lines; arrows
indicate direction of progression of time of these evolutionary tracks. Color denotes pebble size used in the simulation, similar
to previous plots. Simulations shown here are performed with fiducial disk mass of 5% M�. All runs are plotted until end of
their simulation times, i.e., 10 Myr for 0.1 and 0.3 mm dust particle simulations., and 3 Myr for 1 and 3 mm pebble simulations,
excepting for the case with 10 mm pebble simulations, shown until only 0.5 Myr; (by this time the pebble disk has almost
completely depleted). The second y axis in blue shows the linear regression fit (light blue solid line; blue shaded region for the
uncertainty) to measurements of water luminosity LH2O (corrected for accretion luminosity Lacc) in a sample of disks with disk
size estimates from resolved ALMA observations from Banzatti et al. (2020). A scaling factor of 104 is applied between the two
y axes for comparison purposes only.

bumps are mainly located in the drift-limited regime

as in Birnstiel et al. (2012), the maximum particle size

would also decrease with radius as well as time (as solid-

to-gas ratio decreases), resulting in gaps that filter or

allow different particle sizes at different times. These

assumptions, though significant, are aimed at simplify-

ing our models leading us to unique insights presented

in this paper.

However, based on the results of Pinilla et al. (2014),

we argue that even if we had considered a full treatment

of the dust evolution in the drift limited regime (Birn-

stiel et al. 2012), we predict that the main conclusions

of this study will still hold, i.e., that for each particle

size, there will be some unique regions in the disk that

will be more efficient than other locations at blocking

water delivery in particles of those sizes into the inner

disk, and that overall, the innermost gaps will be best

at blocking most water mass into the inner disk.

Several recent works have investigated the effect of ra-

dial drift on other molecular species, in some cases com-

bining dust evolution with ongoing chemical processing

(e.g., Booth & Ilee 2019; Krijt et al. 2020). In the case

of CO, observed enhancements of gas-phase CO interior

to the CO iceline can be compared to similar models

to estimate pebble fluxes at the CO iceline (typically at

several tens of au) (Zhang et al. 2019, 2020). For wa-

ter in the midplane, the effects of chemical processing

appear to be small compared to sublimation/desorption

following pebble drift (Booth & Ilee 2019, Fig. 4). For

other species such as CO, both might be important, with

chemical processing quickly removing CO from the inner

∼ au in the absence of drift of icy particles. We note also

that we have not modeled the effects of radial drift and

gap opening on the disk’s thermal structure (Alarcón

et al. 2020; van der Marel et al. 2021), although this

could potentially alter the condensation and sublima-

tion behavior - especially for the most volatile species

(e.g. Cleeves 2016).

Finally, we also make the overarching assumption that

trapping of pebbles in pressure bumps beyond gaps is

the main mechanism by which pebbles are prevented

from drifting inwards into the inner disk. Grain growth



Inner Disk Water Enrichment 17

and subsequent planetesimal formation may also lock up

ices in the outer disk (McClure 2019). We will further

explore these effects and their interplay in a future work.

5. SUMMARY AND CONCLUSIONS

In this work, we have studied the link between the dy-

namics of solid particles drifting inward from the outer

disk and the vapor enrichment in the inner disk. We

used a volatile-inclusive disk evolution model, which

tracks the distribution of water in both ice and vapor

throughout the disk. We included structure in the outer

disk in the form of a gap, and explored the effect of

various parameters such as particle size, gap location,

initial disk mass and α-viscosity on the time-evolving

vapor abundance in the inner disk. We list the main

results of this study as follows:

1. In agreement with previous works, the water vapor

abundance in the inner disk evolves with time: the

inner disk is enriched in vapor from initial time

(t=0) when icy solids drift inward from the outer

disk and ice sublimates within the snow line. At

later times, when the influx of icy solids decreases,

water vapor is depleted by accretion onto the star.

2. Gaps in the outer disk trap particles in the pres-

sure bump beyond it. For each particle size, there

is a sweet spot in gap location for blocking water-

ice delivery into the inner disk. If a gap is too far,

not enough water is blocked to produce a signif-

icant reduction in vapor enrichment in the inner

disk; if a gap is too close-in, it is ‘leakier’ (depend-

ing on particle size) and therefore not as effective

in blocking icy particles of that size beyond the

gap.

3. Inner gaps at ∼ 7–15 au are the most efficient in

blocking most water mass from entering the region

of the snow line, as they are able to efficiently block

ice-bearing particles as large as 3 mm and 1 cm,

which drift faster and carry more ice mass than

smaller particles. Gaps at 30 au are more efficient

in blocking smaller particles, but these deliver a

lower ice mass to the inner disk and not as quickly.

4. Comparing models with initial disk mass = 5 %

M� with the results of Lambrechts et al. (2019),

we find that disks without gaps or with leaky inef-

ficient gaps may be able to form exo-Earths; on the

contrary, disks with efficient gaps may be unable to

form anything larger than Mars-sized planets via

pebble accretion. For simulations with larger disk

mass = 10 % M� (and thus a larger solid reser-

voir), disks without gaps or with inefficient gaps

may eventually form Earths and super-Earths in

their inner disk regions, whereas disks with effi-

cient gaps may only be able to form Earth- or

smaller Mars-sized planets. In general, we pre-

dict that disks with inner gaps may not be able to

eventually produce Earths or super-Earth planets.

5. Disks with lower α may show much higher vapor

enrichments in the inner disk as compared to disks

with higher α. For a fixed particle size, decreasing

α changes the relative importance of drift over va-

por diffusion; particle drift is negligibly affected by

lower α while vapor diffusion is strongly decreased.

This allows for vapor to persist in the inner disk

for longer times.

6. This exploration shows that multiple factors affect

water abundance in inner disks. For disks that

have similar initial disk mass and similar α, since

vapor abundance in the inner disk follows the peb-

ble mass flux entering the inner disk, we argue that

water vapor observations could be used as a proxy

for estimating pebble mass flux coming into the

innermost regions of disks (Banzatti et al. 2020).
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Cieza, L. A., González-Ruilova, C., Hales, A. S., et al. 2021,

MNRAS, 501, 2934, doi: 10.1093/mnras/staa3787

Cleeves, L. I. 2016, ApJL, 816, L21,

doi: 10.3847/2041-8205/816/2/L21

Cuzzi, J. N., & Zahnle, K. J. 2004, ApJ, 614, 490,

doi: 10.1086/423611

Desch, S. J., Estrada, P. R., Kalyaan, A., & Cuzzi, J. N.

2017, ApJ, 840, 86, doi: 10.3847/1538-4357/aa6bfb

Desch, S. J., Kalyaan, A., & O’D. Alexander, C. M. 2018,

ApJS, 238, 11, doi: 10.3847/1538-4365/aad95f

Dullemond, C. P., Birnstiel, T., Huang, J., et al. 2018,

ApJL, 869, L46, doi: 10.3847/2041-8213/aaf742

Ercolano, B., & Pascucci, I. 2017, Royal Society Open

Science, 4, 170114, doi: 10.1098/rsos.170114

Facchini, S., van Dishoeck, E. F., Manara, C. F., et al.

2019, A&A, 626, L2, doi: 10.1051/0004-6361/201935496

Flaherty, K., Hughes, A. M., Simon, J. B., et al. 2020, ApJ,

895, 109, doi: 10.3847/1538-4357/ab8cc5

Flock, M., Ruge, J. P., Dzyurkevich, N., et al. 2015, A&A,

574, A68, doi: 10.1051/0004-6361/201424693

Greenwood, A. J., Kamp, I., Waters, L. B. F. M., Woitke,

P., & Thi, W. F. 2019, A&A, 631, A81,

doi: 10.1051/0004-6361/201834175

Haffert, S. Y., Bohn, A. J., de Boer, J., et al. 2019, Nature

Astronomy, 3, 749, doi: 10.1038/s41550-019-0780-5

Hogerheijde, M. R., Bergin, E. A., Brinch, C., et al. 2011,

Science, 334, 338, doi: 10.1126/science.1208931

Huang, J., Andrews, S. M., Dullemond, C. P., et al. 2018,

ApJL, 869, L42, doi: 10.3847/2041-8213/aaf740

Isella, A., Benisty, M., Teague, R., et al. 2019, ApJL, 879,

L25, doi: 10.3847/2041-8213/ab2a12

Kalyaan, A., & Desch, S. J. 2019, ApJ, 875, 43,

doi: 10.3847/1538-4357/ab0e6c

Kalyaan, A., Desch, S. J., & Monga, N. 2015, ApJ, 815,

112, doi: 10.1088/0004-637X/815/2/112

Keppler, M., Benisty, M., Müller, A., et al. 2018, A&A,

617, A44, doi: 10.1051/0004-6361/201832957

Krijt, S., Bosman, A. D., Zhang, K., et al. 2020, ApJ, 899,

134, doi: 10.3847/1538-4357/aba75d

Krijt, S., Ciesla, F. J., & Bergin, E. A. 2016, ApJ, 833, 285,

doi: 10.3847/1538-4357/833/2/285

Kruijer, T. S., Burkhardt, C., Budde, G., & Kleine, T.

2017, Proceedings of the National Academy of Science,

114, 6712, doi: 10.1073/pnas.1704461114

Kurtovic, N. T., Pinilla, P., Long, F., et al. 2021, A&A,

645, A139, doi: 10.1051/0004-6361/202038983

Lambrechts, M., & Johansen, A. 2014, A&A, 572, A107,

doi: 10.1051/0004-6361/201424343

Lambrechts, M., Morbidelli, A., Jacobson, S. A., et al.

2019, A&A, 627, A83, doi: 10.1051/0004-6361/201834229

Lin, D. N. C., & Papaloizou, J. 1979, MNRAS, 186, 799,

doi: 10.1093/mnras/186.4.799

Long, F., Pinilla, P., Herczeg, G. J., et al. 2018, ApJ, 869,

17, doi: 10.3847/1538-4357/aae8e1

Lynden-Bell, D., & Pringle, J. E. 1974, MNRAS, 168, 603,

doi: 10.1093/mnras/168.3.603

Marti, J., & Mauersberger, K. 1993, Geophys. Res. Lett.,

20, 363, doi: 10.1029/93GL00105

Mauersberger, K., & Krankowsky, D. 2003,

Geophys. Res. Lett., 30, 1121,

doi: 10.1029/2002GL016183

McClure, M. K. 2019, A&A, 632, A32,

doi: 10.1051/0004-6361/201834361

Mumma, M. J., & Charnley, S. B. 2011, ARA&A, 49, 471,

doi: 10.1146/annurev-astro-081309-130811

Najita, J. R., Carr, J. S., Pontoppidan, K. M., et al. 2013,

ApJ, 766, 134, doi: 10.1088/0004-637X/766/2/134

http://doi.org/10.1051/0004-6361/202037650
http://doi.org/10.1088/0004-637X/796/1/31
http://doi.org/10.1088/2041-8205/815/1/L15
http://doi.org/10.3847/1538-4357/834/2/152
http://doi.org/10.3847/1538-4357/abbc1a
http://doi.org/10.1086/170646
http://doi.org/10.1088/0004-637X/780/2/153
http://doi.org/10.1051/0004-6361/200913731
http://doi.org/10.1051/0004-6361/201118136
http://doi.org/10.1051/0004-6361/201731931
https://arxiv.org/abs/2104.11631
http://doi.org/10.1093/mnras/stx1103
http://doi.org/10.1093/mnras/stz1488
http://doi.org/10.1126/science.1153807
http://doi.org/10.1088/0004-637X/733/2/102
http://doi.org/10.1016/j.icarus.2005.11.009
http://doi.org/10.1093/mnras/staa3787
http://doi.org/10.3847/2041-8205/816/2/L21
http://doi.org/10.1086/423611
http://doi.org/10.3847/1538-4357/aa6bfb
http://doi.org/10.3847/1538-4365/aad95f
http://doi.org/10.3847/2041-8213/aaf742
http://doi.org/10.1098/rsos.170114
http://doi.org/10.1051/0004-6361/201935496
http://doi.org/10.3847/1538-4357/ab8cc5
http://doi.org/10.1051/0004-6361/201424693
http://doi.org/10.1051/0004-6361/201834175
http://doi.org/10.1038/s41550-019-0780-5
http://doi.org/10.1126/science.1208931
http://doi.org/10.3847/2041-8213/aaf740
http://doi.org/10.3847/2041-8213/ab2a12
http://doi.org/10.3847/1538-4357/ab0e6c
http://doi.org/10.1088/0004-637X/815/2/112
http://doi.org/10.1051/0004-6361/201832957
http://doi.org/10.3847/1538-4357/aba75d
http://doi.org/10.3847/1538-4357/833/2/285
http://doi.org/10.1073/pnas.1704461114
http://doi.org/10.1051/0004-6361/202038983
http://doi.org/10.1051/0004-6361/201424343
http://doi.org/10.1051/0004-6361/201834229
http://doi.org/10.1093/mnras/186.4.799
http://doi.org/10.3847/1538-4357/aae8e1
http://doi.org/10.1093/mnras/168.3.603
http://doi.org/10.1029/93GL00105
http://doi.org/10.1029/2002GL016183
http://doi.org/10.1051/0004-6361/201834361
http://doi.org/10.1146/annurev-astro-081309-130811
http://doi.org/10.1088/0004-637X/766/2/134


Inner Disk Water Enrichment 19

Notsu, S., Nomura, H., Ishimoto, D., et al. 2017, ApJ, 836,

118, doi: 10.3847/1538-4357/836/1/118

Notsu, S., Akiyama, E., Booth, A., et al. 2019, ApJ, 875,

96, doi: 10.3847/1538-4357/ab0ae9
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APPENDIX

A. GAP PROPERTIES ACROSS DISK RADII AND DISK MASS

The properties of gaps in disks are sensitive to multiple aspects of the physical environment of the disk in which

they form (e.g. van der Marel et al. 2019; Zhang et al. 2018; Dullemond et al. 2018). In our models, while we initially

impose the same perturbation in the α profile to create a gaseous gap across all our models, the solid particle gap

depth and width are dependent on the surface density of gas (and therefore radial location of gap, and the initial

disk mass assumed) as well as time (as both surface density of gas and particles evolve with time). In Figure 11, we

show the radial profiles of surface density in gas and solids (rocky solid particles) for disk models with drifting 1 mm

particles at time t = 1 Myr for different disk masses. As shown in Figure 11, we find that for the type of gaps defined

in Section 2, gap depth and width are larger at larger disk radii, and with lower disk mass. We also find that the gap

depth increases with time (not shown here).

Figure 11. Surface density profiles of gas (dashed) and rocky solid particles (solid lines) across radius r for each disk model
with a different gap radius, to highlight depth of gaps at different radii. All curves are shown at 1 Myr, for simulations performed
with 1 mm pebbles. Left, middle and right panels show the same simulations performed for disk masses 1 %, 5 % and 10 %
M�. Colors denote disk models with gaps at different radii as shown in previous plots.

B. HOW DIFFERENT GAP LOCATIONS FILTER PARTICLES OF EACH SIZE

In Figure 12, we show the mass of solid particles delivered inwards into the inner disk or trapped outside of the gap

as fractions of the total initial solid mass. This plot is useful to observe how gaps at different radial locations filter out

particles of each size. For example, for the fiducial case shown in Figure 3, the third row of plots in Figure 12 show

how the gap at 7 au (shown in blue) is ineffective as a barrier and ‘leakier’ than gaps at other locations. Here, the left

panel shows a surge in delivered pebble mass after 1 Myr, not seen for other gaps. Likewise, the right panel shows the

trapped mass of pebbles (in the pressure bump beyond the 7 au gap) declining with time.

C. EFFECT OF ACCRETIONAL HEATING AND A FARTHER-OUT WATER SNOW LINE LOCATION

In this study, we neglected the effect of accretional heating on the thermal structure of the disk. As a result our

snow line is much further in (at around 0.3 au) and is relatively fixed in radius. This was intended as we wanted to

first understand how the mass of vapor changed within a fixed snow line radius. All simulations in our study were

therefore performed with a thermal profile that was purely influenced by passive starlight.

We performed a few simulations with accretional heating to understand the impact of this additional heating source

on snow line radius rSL and the time evolution of vapor mass in the inner disk. We included accretional heating as

follows:

Tacc(r) =

[
27

128

k

µσ
Σ(r)2 κα(r) Ω(r)

]1/3
, (C1)
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Figure 12. Plots showing mass of pebbles delivered inwards to the inner disk within Rgap, and mass of pebbles trapped beyond
Rgap, as a fraction of total initial pebble mass, with time, for fiducial disk mass 5% M�. Each row shows simulations for each
pebble size. Note that we performed longer simulations (10 Myr) for 0.1 and 0.3 mm dust particles.

where Σ is gas surface density, α is the turbulent viscosity, Ω is Keplerian angular frequency, and we assume a

population of fine dust to be our source of opacity yielding κ = 5 cm2/g. Mean molecular weight µ is assumed to be

2.33 × proton-mass, and k and σ are Boltzmann and Stefan-Boltzmann constants respectively. (See KD19 for more

details). We add the contributions of Tacc and Tpass as follows: T(r) =
[
Tacc(r)

4 + Tpass(r)
4
]1/4

, to obtain the total

T(r).

We have performed four simulations with fast-drifting 3 mm particles where we tested the effect of the presence and

absence of accretional heating, in disk models where we either allow or do not allow particles to drift inwards, and

show our results in Figure 13. The top panel shows the time evolution of total vapor mass within the snow line region,

the middle panel shows the time evolution of vapor mass within the snow line region normalized to its initial value

(as done in previous plots) and the bottom panel shows the movement of the snow line with time. Simulations with

and without accretional heating are shown in red and blue lines respectively. Simulations with drift (solid lines) show

the familiar increase to a peak in vapor mass and decrease later, as seen in previous plots. Simulations without drift

(dashed lines) show a profile that is relatively constant in time. Note that even though we have removed drift in these

cases, particle diffusion is still present that continuously brings in some icy pebbles into the inner disk throughout the
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Figure 13. Time evolution of total vapor mass, vapor mass normalized to initial time t=0, and the radial location of the snow
line are plotted in top, middle and bottom panels, respectively. Simulations with only passive heating (as described throughout
the paper) are shown in blue, while simulations including accretional heating are shown in red. Solid lines represent simulations
where drift of particles are allowed, while dashed lines represent those where particle drift is halted (though particle diffusion
is still present). All these simulations are performed with 3 mm pebbles and without any gaps in the outer disk. Accretional
heating has the effect of not only pushing the snow line outward, but also of evolving the inner disk more rapidly, such that
vapor mass is more quickly depleted at later times, compared to simulations with only passive heating. Note that slight changes
in rSL between drift and no-drift cases are due to change in the radial vapor pressure gradient with and without drift of icy
solids.

simulation, leading to a small yet constant source of vapor mass throughout. (Simulations with drift and diffusion use

up the outer icy pebble reservoir more rapidly and efficiently than simulations with only diffusion; this is the reason

why simulations without drift have higher vapor enrichment than those with drift at later times.)

Including accretional heating has the following main effects: i) a farther placement of the snow line and therefore

higher total vapor mass in the inner disk; and ii) more rapid evolution of the inner disk. As Figure 13 shows, a disk

model with accretional heating has rSL initially at ∼ 2.25 au, which subsequently moves inward to around 1.25 au at

around 1 Myr where the vapor mass peaks. A disk with a far-out snow line has much higher vapor mass at any time,

than a disk with a snow line closer-in, as evident in the top panel. Normalizing with the initial vapor mass at t=0

allows us to more easily compare between these two cases, and note that while the normalized peak of vapor mass

without accretional heating is slightly higher than with accretional heating, but more importantly, both total and

normalized vapor mass decline more rapidly with time if accretional heating is included. This is because a disk with

accretional heating evolves more rapidly than a disk with only passive starlight and therefore depletes water vapor

from the disk more rapidly. In our simulations, we find that while accretion rates changed from 1.2 × 10−8 M�/yr at

t=0 to 1.8 × 10−9 M�/yr at 3 Myr for the case with accretional heating, for simulations with passive heating only,

accretion rates changed from 6.0 × 10−9 M�/yr at t=0 to 1.8 × 10−9 M�/yr at 3 Myr. We conclude that including

accretional heating has the effect of increasing vapor mass within the snow line region, which is also depleted somewhat

more rapidly with time.
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We have also performed simulations where we have tested disk models with only passive heating but with higher

overall temperature, i.e., T0 > 118K in Equation 5, such that rSL is at 1 au instead. We find that the main conclusions

of our work remain unchanged with the change in the location of the snow line.

D. EFFECT OF GAP-OPENING AT 1 MYR

We performed one simulation with 1 mm pebbles where the gap at 15 au (i.e., most effective gap) opens at 1 Myr

instead of 0.1 Myr (as done for all simulations in this work) and show these results in Figure 14. We find that as

predicted, a later gap-opening allows for higher overall integrated pebble mass flux into the inner disk over 3 Myr.

The effect of gap-opening time is dependent on the pebble size, and how fast they drift inward in a disk of our chosen

size. For 1 mm pebbles that generally drift inward of the snowline during 1-3 Myr, most pebbles are already within

15 au by 1 Myr. Therefore, the profile of normalized vapor mass with time approaches that of the no-gap case (Figure

3).

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time [Myr]

0

1

2

3

4

M
va

p(
<

r S
L) 

/ M
va

p,
0

15au gap opens at 0.1 Myr 
15au gap opens at 1.0 Myr
no gap

Figure 14. Time evolution of vapor mass (normalized to time t=0) in the inner disk for simulations with 1 mm pebbles and a
gap at 15 au, with different gap-opening times (0.1 and 1 Myr). Time evolution for the no-gap case is also shown for comparison.
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