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ABSTRACT

We study the hydrostatic density structure of the inner disc rim around Herbig Ae stars using

the thermo-chemical hydrostatic code PRODIMO. We compare the spectral energy distributions

(SEDs) and images from our hydrostatic disc models to that from prescribed density structure

discs. The 2D continuum radiative transfer in PRODIMO includes isotropic scattering. The dust

temperature is set by the condition of radiative equilibrium. In the thermal-decoupled case, the

gas temperature is governed by the balance between various heating and cooling processes.

The gas and dust interact thermally via photoelectrons, radiatively, and via gas accommodation

on grain surfaces. As a result, the gas is much hotter than in the thermo-coupled case, where

the gas and dust temperatures are equal, reaching a few thousands K in the upper disc layers

and making the inner rim higher. A physically motivated density drop at the inner radius

(‘soft-edge’) results in rounded inner rims, which appear ring-like in near-infrared images.

The combination of lower gravity pull and hot gas beyond ∼1 au results in a disc atmosphere

that reaches a height over radius ratio z/r of 0.2, while this ratio is 0.1 only in the thermo-

coupled case. This puffed-up disc atmosphere intercepts larger amount of stellar radiation,

which translates into enhanced continuum emission in the 3–30 µm wavelength region from

hotter grains at ∼500 K. We also consider the effect of disc mass and grain size distribution on

the SEDs self-consistently feeding those quantities back into the gas temperature, chemistry

and hydrostatic equilibrium computation.

Key words: protoplanetary discs – planetary systems – stars: pre-main-sequence.

1 IN T RO D U C T I O N

Circumstellar discs result from the conservation of angular mo-

mentum of a collapsing cloud that forms a star at its centre. Discs

of various masses and shapes are observed by direct imaging or

spectroscopically from low-mass brown dwarfs (e.g. Natta & Testi

2001; Jayawardhana et al. 2003; Mohanty et al. 2004) to massive

O stars (Cesaroni et al. 2007). Spectral energy distributions (SEDs)

are dominated by dust grain emission and are influenced by disc ge-

ometry, dust mass and grain properties. Herbig Ae stars (2–4 M⊙)

are among the most studied pre-main-sequence stars surrounded by

discs because of their isolated nature and intrinsic brightness (Natta

et al. 2007). Their SEDs can be classified into two groups according

to the ratio between the far-infrared (far-IR) to near-infrared (near-

IR) fluxes (Meeus et al. 2001). Group I objects show much stronger

⋆E-mail: wfdt@roe.ac.uk

far-IR to near-IR fluxes than their group II counterparts. Early ver-

sions of the so-called puffed-up rim model succeeded to explain

the dichotomy (Dullemond, Dominik & Natta 2001; Dominik et al.

2003). Group II objects are discs that absorb most of the stellar flux

within a geometrically thin but optically thick inner rim that faces

directly the star, depriving the outer disc of radiation. As a conse-

quence, the cold outer disc is geometrically flatter and emits only

weakly in the far-IR. On the contrary, the rim in group I objects does

not block enough stellar radiation and the outer disc flares, emitting

strongly in the far-IR. 2D dust radiative transfer models that include

dust scattering and hydrostatic disc structure assuming that the gas

temperature is equal to the dust temperature, which is derived from

dust energy balance, underestimate the flux in the near-IR around

3 µm (Vinković et al. 2006; Meijer et al. 2008). Vinković et al.

(2006) invoke the presence of an optically thin halo above the inner

disc to explain the excess 3-µm emission. The problem arises from

the insufficient height of the inner rim: a low rim results in a small

emitting area. Acke et al. (2009) require that their inner rims have

C© 2011 The Authors
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to be two to three times higher than the hydrostatic solution that fits

the SEDs using a Monte Carlo radiative transfer code. Models that

incorporate detailed physics of grain evaporation with grain size

distribution change the structure of the inner rim and help to fit si-

multaneously the SED and near-IR interferometric data (e.g. Isella,

Testi & Natta 2006; Tannirkulam, Harries & Monnier 2007; Kama,

Min & Dominik 2009). The structure of the inner rim impacts the

overall shape of the SEDs up to a few tens of microns. Initially

discovered in the SED of Herbig Ae discs, inner rim emission is

also detected in discs around classical T Tauri stars (Muzerolle et al.

2003). Observationally, the inner disc geometry is varied. Studies

with sufficient baseline coverage show that either an extra optical

thin component is required (Tannirkulam et al. 2008a; Benisty et al.

2010) or that the rim has a skewed asymmetric geometry (Kraus

et al. 2009). A detailed modelling of these observations is beyond

the scope of this paper.

All previous studies of inner disc rims share the assumption that

the gas and dust temperatures are equal to simplify the radiative

transfer. In these studies, the temperatures are derived from the dust

energy balance. This assumption is valid in the inner optically thick

parts of disc mid-planes where gas and dust are thermally coupled

via inelastic collisions, a phenomenon called thermal accommoda-

tion (Tielens 2005). In all other parts, the gas is mostly heated by

hot photoelectrons from dust grains and polycyclic aromatic hydro-

carbons (PAHs), and attains higher temperatures than the dust. The

inner rim is naturally higher than when the gas and dust temperature

are equal and the overall disc surfaces are more vertically extended

(Kamp & Thi 2009, hereafter Paper I Woitke). In discs where the

gas and dust are well mixed (i.e. without dust settling), the change

in geometry can affect the SEDs.

In this paper we explore the possibility that inner rims are much

higher when the gas and dust temperatures are computed separately

and self-consistently. A detailed study of inner and outer thermo-

chemical disc structures together with emission lines in Herbig Ae

discs is presented in Kamp et al. (2010, hereafter Paper II). In this

paper we focus on the inner disc structure of well-mixed discs and

the images and spectral signature of inner rims in the IR.

This paper is organized as follow. We briefly describe the PRODIMO

code and recent additions to the code such as the SED and image

calculation in Section 2. We proceed with a presentation of our

fiducial disc model, the disc parameters that are varied, and the

fixed-structure disc model in Section 3. We then present and discuss

the results of our simulations when the gas and dust temperatures

are equal (thermal-coupled models) and when they are computed

self-consistently (thermal-decoupled models), varying several disc

parameters in Section 4. Finally, we conclude about the inner disc

structures and their effects on the SEDs in Section 5.

2 P RO D I M O C O D E D E S C R I P T I O N

PRODIMO is designed to compute self-consistently the (1+1)D hy-

drostatic disc structure in thermal balance and kinetic chemical

equilibrium. The disc can be active or passive depending on the

choice of the viscosity parameter α. We first provide here a brief

description of PRODIMO. Interested readers are referred to Paper I to

find detailed explanations of the physics implemented in the code.

We continue by giving the rational for the ‘soft-inner edge’ surface

density profile implemented in PRODIMO. We finish by explaining

the computation of SEDs and images, which is a new feature of the

code.

2.1 General description

The code iterates the computation of the disc density, gas and dust

temperature, and chemical abundance structure until successive it-

erations show less than 1 per cent change.

The iteration starts with a given hydrostatic disc structure com-

puted from the previous iteration or from an assumed structure. The

dust radiative transfer module computes the dust temperatures and

the disc local mean specific intensities Jν(r, z). The specific inten-

sities are used to calculate the photochemical rates. The 2D dust

radiative transfer module of PRODIMO has been benchmarked against

other codes that use other methods such as Monte Carlo (Pinte

et al. 2009). The continuum radiative transfer includes absorption,

isotropic scattering and thermal emission. The grains are assumed

spherical. The lack of anisotropic scattering prevents us to calculate

completely accurate images. In case of anisotropic scattering, one

expects the far upper part of the disc rim to be dimmer (backward

scattering) than the near lower part (forward scattering). However,

isotropic scattering is sufficiently accurate for generating precise

SEDs.

The grains have sizes between amin and amax, and follow a power-

law size distribution with index p. The absorption and scattering

efficiencies are computed using Mie theory for compact spherical

grains. Grains of different sizes are assumed to have the same tem-

perature. This limitation in our model does not prevent the compar-

ison between self-consistently computed gas temperature models

(thermal-decoupled models) and models with Tgas = Tdust (thermo-

coupled models). In this paper, the dust composition and size dis-

tribution are constant throughout the disc. We adopt the interstellar

dust optical constants of Laor & Draine (1993) for amorphous grains

since we are only interested in modelling featureless broad SEDs.

Once the dust temperature Tdust(r, z) and the continuum mean

specific intensities Jν(r, z) are known, the gas temperature and

chemical concentrations are consistently calculated assuming ther-

mal balance and kinetic chemical equilibrium. The chemistry net-

work includes 71 gas and ice species. The chemical reactions

comprise photo-reactions (photoionization and photodissociation)

with rates computed using cross-sections and specific intensities Jν

calculated by the 2D radiative transfer module, gas phase reac-

tions, gas freeze-out and evaporation (thermal desorption, pho-

todesorption, and cosmic ray induced desorption) and H2 formation

on grain surfaces. The chemical rates are drawn from the Univer-

sity of Manchester Institute of Science and Technology (UMIST)

Table 1. Disc parameters. When a parameter has multiple entries, the values

in bold correspond to the values of the fiducial model.

Stellar mass M∗ 2.2 M⊙
Stellar luminosity L∗ 32 L⊙
Effective temperature Teff 8600 K

Disc mass Mdisc 10−2, 10−3, 10−4 M⊙
Disc inner radius Rin 0.5, 1, 10 au

Disc outer radius Rout 300 au

Vertical Column density power-law index ǫ 1, 1.5, 2

Gas-to-dust mass ratio δ 100

Dust grain material mass density ρdust 2.5 g cm−3

Minimum dust particle size amin 0.05 µm

Maximum dust particle size amax 10, 50, 200 µm

Dust size distribution power law p 3.5

H2 cosmic ray ionization rate ζCR 1.7 × 10−17 s−1

ISM UV field w.r.t. Draine field χ 0.1

Abundance of PAHs relative to ISM f PAH 0.01, 0.1

α viscosity parameter α 0.0

C© 2011 The Authors, MNRAS 412, 711–726
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Figure 1. Inner disc density structure (upper left panel), photospheric height (upper right panel), near-IR image (lower left panel) and comparison between

the SED for the fiducial model (lower right panel) but with M∗ = 2.5 M⊙, Teff = 10 000 K and L∗ = 47 L⊙. We show the L∗ = 32 L⊙ stellar spectrum only.

The red-dashed line in the upper left panel encloses the region where the gas temperature is higher than 1000 K. Note the large amount of scattered light in the

blue part of the visible range in the SEDs caused by the extremely flaring inner disc atmosphere for the more luminous star.

2007 data base (Woodall et al. 2007) augmented by rates from

the National Institute of Standards and Technology (NIST) chem-

ical kinetic website. The photo-cross-sections are taken from van

Dishoeck, Jonkheid & van Hemert (2006). The H2 formation on

grain surfaces follows the prescription of Cazaux & Tielens (2004)

with the most recent grain surface parameters.

The gas can be heated by line absorption and cooled by line

emission. The line radiative transfer is computed via the escape

probability formalism. The gas is also heated by interactions with

hot photoelectrons from dust grains and PAHs and with cosmic rays.

Thermal accommodation on grain surfaces can either heat or cool

the gas depending on the temperature difference between the gas

and the dust (Tielens 2005). Thermal accommodation dominates at

high densities and optical depths, driving the gas and dust towards

the same temperatures.

Table 2. Disc parameters for the fixed-structure model.

Reference scaleheight H0 0.72 au

Reference radius R0 10 au

Flaring index p 1.2, 1.25, 1.3

Finally, the gas temperature and molecular weight determine the

local pressure at each grid point, which is used to modify the disc

structure according to the vertical hydrostatic equilibrium. The new

disc structure is compared to the previous one to check for conver-

gence.

2.2 Soft-inner edge

The radial dependence of the vertical column density is assumed

to deviate from a power law in the innermost layers, and is

C© 2011 The Authors, MNRAS 412, 711–726
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implemented according to the ‘soft-edge’ description of Paper I

(see Section 3.1). We assume that the gas has been pushed inwards

by the radial pressure gradients around the inner edge, and has

spun up according to angular momentum conservation, until the in-

creased centrifugal force balances the radial pressure gradient. The

procedure results in a surface layer in radial hydrostatic equilibrium

at constant specific angular momentum where the column density

increases gradually from virtually zero to the desired value at the

point where we start to apply the power law. The thickness of this

‘soft’ edge results to be typically a few 10 per cent of the inner

radius Rin.

2.3 Spectral energy distribution calculation

Based on the results of the continuum dust radiative transfer solution

(see Paper I, section 4) we have developed a new PRODIMO module

for SED and image calculation based on formal solutions of the dust

continuum radiative transfer equation along a bundle of parallel rays

Figure 2. The upper right and left panels show the dust and gas temperature structures respectively for the fiducial model. The dust temperature contours are

overplotted for Tdust = 50, 100, 500 and 1000 K in both panels. The locations of AV = 5 and 50 are also shown. The entire outer disc at R > 100 au is located

at AV < 5. The lower right panel show the disc density structure for the entire disc (up to Rout = 300 au). The gas temperature over dust temperature ratio for

the fiducial model in the lower left panel. The gas can be more than ∼5 times warmer than the dust in the upper disc atmosphere but Tgas = Tdust at AV >(1–5).

The ratio Tgas/Tdust is explicitly truncated at 5 in the figure.

C© 2011 The Authors, MNRAS 412, 711–726
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Figure 3. The dust opacity computed by Mie theory for the three values

of amax (10, 50, 200 µm) and a power-law dust grain size distribution

(index 3.5). A line showing an opacity with a λ−1 opacity law is added for

comparison.

that cross the disc at given inclination angle i with respect to the disc

rotation axis. The rays start at an image plane put safely outside of

the disc. The ray direction n and the 3D origin of the image plane

p0 are given by

n =

⎛

⎝

sin i

0

cos i

⎞

⎠ (1)

and

p0 = Rn, (2)

where R is a large enough distance to be sure that the plane cannot

intersect the disc. The plane is aligned along the two perpendicular

unit vectors

nz =

⎛

⎝

0

1

0

⎞

⎠ (3)

and

n y =

⎛

⎝

− cos i

0

sin i

⎞

⎠ . (4)

The rays are organized in log-equidistant concentric rings in the

image plane, using polar image coordinates (r, θ ). The 3D starting

point of one ray x0, with image coordinates x = r sin (θ ) and y = r

cos (θ ), is given by

x0 = p0 + xnx + yn y. (5)

From these ray starting points x0, the radiative transfer equation is

solved backwards along direction −n, using an error-controlled ray

integration scheme as described in Paper I (Section 4.2). The source

function and opacity structure in the disc have been saved from the

previous run of PRODIMO’s main dust radiative transfer. The resulting

intensities at the location of the image plane, Iν(r, θ ), are used to

directly obtain monochromatic images.

To retrieve the spectral flux under inclination i, we integrate over

the image plane as

Fν =
1

d2

∫

Iν(r, θ )rdrdθ, (6)

where d is the object’s distance. We use Nθ = 160 and Nr = 200

rays. Due to the log-spacing of the concentric rings, the method

safely resolves even tiny structures originating from the inner rim.

3 D I SC PARAMETERS

3.1 Fiducial model

We modelled circumstellar discs around one typical Herbig Ae star

with effective temperature of 8600 K, mass of 2.2 M⊙ and lumi-

nosity of 32 L⊙. In this study, we did not try to fit the SED of

any particular object. The input stellar spectrum is taken from

the PHOENIX data base of stellar spectra (Brott & Hauschildt

2005).

The discs are illuminated from all sides by a low interstellar

medium (ISM) ultraviolet (UV) flux (χ = 0.1) in addition to the

stellar flux. We chose a low flux because previous studies do not

take interstellar UV flux into account. The stellar flux dominates

over the standard interstellar flux in the inner disc by orders of

magnitude.

The abundance of PAH (f PAH) in discs controls the gas tempera-

ture and the disc flaring, which in turn affects the dust temperature.

The exact value of f PAH can only be constrained by a simultaneous

fit to the broad SED and the PAH features for a specific object. We

chose an arbitrary low abundance (1 per cent) and tested the effects

on the SED for the fiducial model with f PAH = 0.1.

The only parameters that were allowed to change are the disc total

mass (Mdisc = 10−4, 10−3 and 10−2 M⊙), the surface power-law

index [� = �o × (r/ro)−ǫ with ǫ = 1.0, 1.5 and 2.0], the disc inner

radius (Rin = 0.5, 1, 10 au) and the maximum grain radius (amax =
10, 50, 200 µm).

We chose ǫ = 2 as our fiducial value for the surface density profile

index. Surface density profiles as steep as r−2 for the inner disc

are a signature of self-gravitating discs (Rice & Armitage 2009).

However, we consider discs with maximum disc mass over star mass

ratio of 4.5 × 10−3. A recent derivation of the solar nebula also gives

a steep surface density profile inside 50 au (Desch 2007). Shallower

decreases in surface density (ǫ = 1.5) are more commonly observed

for the outer disc (R > 50 au).

The density falls off at Rin following the ‘soft-edge’ model de-

scribed earlier. The minimum grain size amin is kept at 0.05 µm.

The power-law index of the dust grain size distribution follows the

standard interstellar value of −3.5. A power-law index of −3.5 re-

sults from grain–grain collision theory (Dohnanyi 1969). We mimic

grain growth by varying the maximum grain radius amax from the

fiducial value of 50–200 µm. We also studied the effect of smaller

grains by setting the maximum grain size to 10 µm.

The choice of the inner disc radius at 0.5 au was dictated by disc

accretion and dust grain physics. A disc is truncated at the coro-

tation radius in the absence of a magnetic field or of a low-mass

companion, either star, brown dwarf or giant planet, orbiting close

to the star. The corotation radius rrot = GM∗/v
2
rot is defined as the

distance from the central star where the Keplerian disc rotates at

the same speed than the star photosphere vrot = v∗ (e.g. Shu et al.

1994). Assuming a photospheric rotation speed v∗ = 50–150 km

s−1, typical of young stars (van den Ancker, de Winter & Tjin A

Djie 1998), we obtain rrot ≃ 0.08–0.76 au for M∗ = 2.2 M⊙. Dust

grains do not exist above their sublimation temperature, which is

around 1500 K for silicate grains. The dust sublimation radius is

the distance from the star beyond which dust exists and can be es-

timated by rd =
√

QR(L∗ + Lacc)/16πσ/T 2
sub, where QR = Qabs(a,

T∗)/Qabs(a, Tsub) is the ratio of the dust absorption efficiency at

C© 2011 The Authors, MNRAS 412, 711–726
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Figure 4. SED computed for the various models. The upper left panel shows the fiducial model (Mdisc = 10−2 M⊙) with decreasing surface power index ǫ

and in dot–dashed purple line the SEDs computed for the fixed disc structure models with the flaring index p = 1.25 and ǫ = 2. The upper right panel shows

the SED for the fixed-structure model with ǫ = 2 and three values of the flaring index p. The upper left panel is for discs seen face-on. All the other panels are

for discs seen at 45◦. The other panels show the effect of varying the disc total mass (10−2, 10−3 and 10−4 M⊙), the grain upper size limit (amax = 10 µm and

amax = 200 µm), the inner disc radius (0.5, 1 and 10 au), and the effect of adopting a ‘sharp-edge’ density profile compared to a ‘soft-edge’ density profile.

SEDs in solid lines are computed in the case Tgas is computed by thermal balance, while SEDs in dash lines are computed assuming Tgas = Tdust. The SED of

the fiducial model is shown in red. The input stellar spectrum is plotted in light blue. The spectral sampling is much higher for the stellar spectrum than for the

SEDs. The flux in the UV and optical is the sum of the direct stellar flux and the stellar flux scattered by the disc.

stellar temperature T∗ to its emission efficiency at the dust sublima-

tion temperature Tsub, a is the mean grain radius and σ is the Stefan

constant. For large silicate grains (a ≥ 1 µm), QR is relatively insen-

sitive to the stellar effective temperature and close to unity because

most stellar radiation lies at wavelengths shorter than the grain ra-

dius. For smaller grains, the value of QR is significantly increased

(Monnier & Millan-Gabet 2002). For one micron grains, the sub-

limation radius in our fiducial model is rd = 0.19 au, assuming

Lacc ≪ L∗ (passive disc) and QR ≃ 1 (large grains). For grains as

small as 0.05 µm in radius, we obtain QR ≃ 20 and rd = 0.88 au.

C© 2011 The Authors, MNRAS 412, 711–726
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The inner disc location at 0.5 au in our models is within the theoret-

ical range of inner disc radii. Moreover, grains as small as 0.05µm

can survive at 0.5 au. Large luminosity (L∗ > 100 L⊙) fast rotators

(v sin i > 200 km s−1) like 51 Oph (with L∗ = 260+60
−50 L⊙ and

v∗ = 267 ± 5 km s−1) may have a inner dust-free gas-rich region

between the corotation radius and the dust sublimation radius (Thi

et al. 2005; Tatulli et al. 2008). Another example is AB Aur where

the corotation radius is smaller than the sublimation radius for the

small grains but not for the large grains. Observational evidence of

an inner gas-rich dust-poor region has been found for this object

(Tannirkulam et al. 2008b).

We also chose to simulate discs with inner radius at 1 and 10 au to

model typical gaps possibly created by planets. The outer radius Rout

was set at 300 au. By default passive discs are modelled (i.e. α =
0). Since we focus on young discs the standard ISM value of 100 for

the gas-to-dust mass ratio was adopted for all models. The gas and

dust were assumed well mixed with no dust settling. The common

model parameters are summarized in Table 1 with the parameters

for the fiducial model printed in boldface. For each parameter set,

the code was run in the thermal-coupled mode (Tdust = Tgas) and

thermal-decoupled mode in a 50 × 50 non-regular grid. An example

of the location of the grid points is given in Paper II. All SEDs were

computed for a source located at the typical distance of 140 pc at

two inclinations: face-on (0◦) and 45◦.

The stellar properties of our fiducial model differ from earlier

studies (Teff = 10000 K, M∗ = 2.5 M⊙ and L∗ = 47 L⊙). We plot

in Fig. 1 the density structure, photospheric height, near-IR image

and SEDs for two inclinations using the earlier studies properties.

The disc structures and SEDs are different for the two sets of stellar

parameters. The hotter disc atmosphere around the 47 L⊙ star flares

much more than the disc around the lower luminosity star. The IR

luminosity is increased, but the shape of the SED does not differ

much as the stellar luminosity is increased.

3.2 Fixed-structure model

We compare the results of the hydrostatic disc models to the results

of a fixed-structure model. The disc height H is parametrized by the

functional H(R) = H0(R/R0)p, where H0 is the reference scaleheight

at reference radius R0 and p is the flaring index. The scaleheight is

used to compute the density nH(R, z) at height z by nH(R, z) = n0(R)

exp[−(z/H)2]. The values of the parameters are given in Table 2 and

were chosen such that the SED matches that produced by the fiducial

model with ‘soft-edge’ and Tgas computed by thermal balance. We

vary the value of the flaring index p between 1.2 and 1.3 to study

its effects on the SEDs. All the other parameters are the same than

for the fiducial model.

Figure 5. Image of the inner disc at 1.98 µm for the fiducial model (Mdisc = 10−2 M⊙, ǫ = 2) for the two possible combinations of inner edge prescriptions

and two ways to compute the gas temperature and for the fixed-structure disc structure. In the fixed structure case, the scaleheight is 0.72 au at radius 10 au

and the flaring index is 1.25. The disc is seen at an inclination of 45◦. The inner radius was set at 0.5 au. We can see a second rim at 1–2 au, which is the most

pronounced in the case of soft-edge and gas temperature computed by thermal balance. The emission from the second bump contributes significantly to the

total flux. The fixed-disc model has a flaring index of p = 1.25.
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4 R ESULTS AND DISCUSSION

In this section, we discuss the effects on the disc gas density struc-

ture and SED when we vary a few parameters in the case of equal

gas and dust temperature and when they are computed indepen-

dently. We first show the structure and SED of the fiducial disc in

Section 4.1. The SEDs and images of the fixed-structure disc are

discussed in Section 4.2. We continue by addressing the effects on

the disc structure and SED when we use the ‘soft-edge’ versus the

‘sharp-edge’ inner rim prescription (Section 4.3), when we vary the

surface density profile (Section 4.5), the disc mass (Section 4.6),

the maximum grain size (Section 4.7) and the inner disc radius

(Section 4.8).

4.1 Fiducial model

Fig. 2 contains some results for the fiducial model. The dust and gas

temperature distribution are shown in the upper two panels while

the lower right panel is the disc density structure. The disc areas

where the gas and dust temperature are decoupled are emphasized

in the lower left panel. Fig. 3 shows the dust opacity (scattering

and absorption) for three maximum grain sizes (10, 50 and 200

µm). The opacity is dominated by scattering at wavelengths below

10 µm and by absorption at longer wavelengths.

In the thermal-coupled models, the dust temperature structure

is divided into a hot inner rim, a warm upper layer and a verti-

cal isothermal interior. The lower left panel in Fig. 2 shows the

Figure 7. Inner rim density structure and photospheric height (AV = 1

contour) for the fiducial model (‘soft-edge’ and Tgas computed by thermal

balance).

Figure 6. Same as Fig. 5 but the images were generated at 4.96 µm.
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ratio between the gas and dust temperature. The gas and dust tem-

perature are equal at vertical optical depths AV > 1 for a 10−2

M⊙ disc. The 2D dust continuum radiative transfer results confirm

the analytical two-zone decomposition popularized by Chiang &

Goldreich (1997). The SED of the fiducial model is shown in solid

red lines in Fig. 4. Model images of the inner disc at 1.98 and 4.96

µm are shown in Figs 5 and 6, respectively. The flux at 1.98 µm

comes mostly from the inner rounded rim. The region just behind

the rim is deprived of stellar photons, is cooler, and thus does not

emit strongly (shadowing effect).

The gas temperature remains above 1000 K in the disc atmosphere

up to a few au. Together with the decrease in the vertical gravita-

tional pull, they explain the emergence of a secondary density bump

at ∼1.3 au. The presence of the hot ‘finger’ in disc atmospheres is

typical of disc models that compute the gas and dust temperature

independently (Jonkheid et al. 2004; Kamp & Dullemond 2004;

Nomura & Millar 2005; Ercolano, Clarke & Drake 2009; Glass-

gold, Meijerink & Najita 2009; Woitke et al. 2009).

The shape of the disc photospheric height (AV = 1 contour)

is shown in Fig. 7. The height at 0.6 au is located at z/r ∼
1. The curvature exhibits the same shape than in models where

grains of different sizes sublime at different radii (Isella & Natta

2005) or with density-dependent sublimation temperature (Tan-

nirkulam et al. 2007). The curvature of the inner rim is caused by

gas angular momentum conservation and pressure gradient and is

independent on the dust physics. Likewise, the location of the inner

rim is set by hydrodynamic constraints (disc truncation or pres-

ence of a companion) and not by dust sublimation physics (see

Section 3.1). However we have assumed that the gas and the dust

are well mixed. Therefore, the gas and dust grain density structures

may be independent if grain-growth and settling occur.

4.2 Fixed-structure model

The inner disc structure for the H0 = 0.72 au and flaring index

p = 1.25 fixed-structure model is shown in the upper right panel of

Fig. 8. The inner rim height is ∼0.1 au. The SEDs that correspond

to the fixed-structure models are drawn for inclination 0◦ (p = 1.25)

and 45◦ (p = 1.2, 1.25, 1.3) on the two top panels of Fig. 4. The

flaring index p impacts on the amount of warm dust grains in the

disc atmosphere that emit beyond 100 µm. The SED of the fixed-

structure model with flaring index p = 1.25 matches relatively well

the SED of the fiducial model. The images at 1.98 and 4.96 µm for

the p = 1.25 model are shown on the upper right panel of Figs 5

and 6.

When viewed exactly face-on, the SEDs at 3 µm of a fixed-

structure disc show very weak near-IR fluxes, which arise from

the rim (Meijer et al. 2008). The cause of this feature is that the

projected inner rim emission area is null when the disc is seen face-

on. In contrast, the hot-dust emitting area in the soft-edge models

with rounded inner rim show much less dependency on the viewing

angle.

Figure 8. Inner rim density structure for the fiducial model but with different disc structure prescriptions as indicated above each panel.
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At 45◦ inclination, the flux at 3 µm matches the fluxes from all

the other disc-structure models. The flux comes mostly from the

edge facing the star, which cannot be seen at null inclination. The

SED between 8 and 100 µm is extremely sensitive to the value of

the flaring index p because the more flare a disc is, the more stellar

photons are intercepted by the outer disc, which predominately

emits in the far-IR. The short wavelength flux (3–8 µm) is mostly

sensitive to the height of the rim, which is constant, and changes

only a little when we vary p.

SEDs alone cannot be used to differentiate between the inner

disc structures. On the other hand, images at short wavelengths

(see Fig. 5) show differences between the models. The emission at

1.98 µm of the fiducial model is concentrated in the rounded inner

rim with contribution from the second rim. The emission of the

fixed-disc model is spread over the first au. Discriminating disc

models by fitting simultaneously the SED and images has already

been used successfully to study the disc around the T Tauri star IM

Lupi (Pinte et al. 2008).

4.3 Testing the effect of ‘soft’ versus ‘sharp’ edge

Current disc models assume that the disc density decreases mono-

tonically from the inner edge to the outer radius (‘sharp-edge’

model). We study the effect of adopting our ‘soft-edge’ model

compared to ‘sharp-edge’ model on the disc structure and SEDs.

Fig. 8 shows the density structure for the fiducial disc parameters

Figure 9. Inner rim density structure for the fiducial model (Mdisc = 10−2 M⊙) with surface power index ǫ = 1.5 and 1. The left-hand panels are the models

with Tgas = Tdust. The right-hand panels are the models with Tgas computed by gas thermal balance. These models show a much taller rim and also a secondary

rim at ∼1.2 au.
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assuming Tgas = Tdust on the left-hand panel and of Tgas computed

by gas thermal on the middle panel. Those two density structures

contrast with the two upper panels in Fig. 9.

First the rim is extremely narrow in the ‘sharp-edge’ models.

On the other hand, the main effect of the ‘soft-edge’ model is to

create a rounded rim surface whatever the surface density profile

(see Fig. 8). The density gradients at the rim are clearly seen in

the density structure plots. The projected rounded rim appears as

an ellipse, similar to other theoretical studies (Isella & Natta 2005;

Kama et al. 2009).

In the ‘sharp-edge’ models, the strength of the 3-µm excess emis-

sion depends on the inclination of the disc with respect to the ob-

server. This dependency stems from the thinness of the rim and

was already found in previous studies of thermal-coupled models

(Meijer et al. 2008). On the other hand, the 3-µm excess depends

much less on the inclination for the ‘soft-edge’ models (see upper

left panel of Fig. 4).

Secondly, there is no secondary ‘bump’ in the structure at

∼1.2 au, even when Tgas is computed by thermal balance. The

presence of the second bump in the ‘soft-edge’ decoupled model

can explain the difference in fluxes between the models in the 4

and 40 µm region in the lower right panel of Fig. 4. The optically

thick rim in the ‘sharp-edge’ models prevents a large amount of

photons to reach the disc surface at radius 1–1.5 au (the so-called

‘shadow’), therefore suppressing the rise of the second bump. The

bump exists because the gas stays at temperatures >1000 K up to

4 au at the surface while the dust temperatures are only >300 K.

The bump creates a large emitting area for the warm dust, which

translates into strong emission in the 4–40 µm region in the SEDs

(See Fig. 6 and upper left panel of Fig. 4).

Figure 10. Inner disc density structure (upper left panel), photospheric height (upper right panel), near-IR image (lower left panel), and comparison between

the SED with f PAH = 0.01 and f PAH = 0.1 for the fiducial model (lower right panel). The red-dashed line in the upper left panel encloses the region where the

gas temperature is higher than 1000 K.
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In the ‘sharp-edge’ models, the mid-IR flux is depressed com-

pared to the ‘soft-edge’ models because of the lower disc height

behind the rim.

4.4 Effects of PAH abundance

The PAHs are the main heating of the agents of the gas (Paper II).

A disc with f PAH = 0.1 is warmer than a disc f PAH = 0.01. A

warmer disc is more extended vertically and intercepts more radi-

ation from the star (Fig. 10 upper left compared to Fig. 9 upper

right panel), although the shape of the photospheric height does not

vary significantly (Fig. 10 upper right panel). The overall emission

in the continuum and in the gas lines is higher (Fig. 10 lower right

panel). We also show an image at 1.98 µm in the lower left panel of

Fig. 10.

4.5 Effects of varying the surface density profile

We show the results of varying the surface density power-law index

from ǫ = 1.0 to 2.0. All other parameters are kept constant. The

density structure for the thermal-coupled (Tdust = Tgas) and thermal-

decoupled (Tgas from thermal balance) models are displayed in

Fig. 9 for the inner disc on the right and left, respectively. The SED

for the models are shown in the upper left panel of Fig. 4.

The structure of thermal-decoupled disc models differ substan-

tially from their thermal-coupled counterparts. The gas is heated

by gaseous and dust grain photoprocesses that convert UV pho-

tons into fast-moving electrons, which in turn share the energy to

the gas (mostly atomic and molecular hydrogen). In the upper disc

layers, the density is too low for efficient gas-grain thermal accom-

modation and the gas and dust are thermally decoupled. The gas

mostly cools by line emissions, which become quickly optically

Figure 11. Inner rim density structure for the Mdisc = 10−3 M⊙ (upper panels) and Mdisc = 10−4 M⊙ (lower panels). The left-hand panels are the models

with Tgas = Tdust. The right-hand panels are the models with Tgas computed by gas thermal balance.
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thick, while dust grains cool by optically thinner continuum emis-

sion. As a result, the gas remains at higher temperature than the dust

grains.

Below the disc atmosphere, the UV flux is attenuated and thermal

accommodation between gas and dust grows. The gas there is mostly

molecular and frozen on to grain surfaces. Finally, in the highly

extinct mid-plane thermal accommodation dominates and drives

towards equal gas and dust temperatures. The dust temperature

structure is not affected by the change in density structure as there

are still two layers: a warm upper layer and a vertical isothermal

interior.

The inner rim is much higher when the gas temperature is deter-

mined by detailed heating and cooling balance. The SED reflects

relatively well the amount of hot grains and thermal-decoupled

models show a larger amount because of higher rims.

In the thermal-coupled model, the rim is much lower and does not

block photons to reach the area behind the rim. Acke et al. (2009)

studied the SED from Herbig Ae discs using a Monte Carlo code

coupled with hydrostatic equilibrium assuming equal temperatures.

They found good matches to observational data when they artifi-

cially rise the height of the rim, consistent with our results when the

gas thermal balance is computed.

The second bump at 1–2 au that appears in the thermal-decoupled

models are not present in the Tgas = Tdust models (the left-

hand panels in Fig. 9). As already mentioned in the discussion

of ‘sharp-edge’ versus ‘soft-edge’ models, the second bump is

caused by the gas that is hotter than the dust at the disc sur-

faces. A rounded optically thinner rim helps more scattered light

to reach the disc surfaces compared to a narrow optically thick

rim.

Figure 12. Inner rim density structure for the amax = 10 and 200 µm. The left-hand panels are the models with Tgas = Tdust. The right-hand panels are the

models with Tgas computed by gas thermal balance.
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The existence of a puffed-up rim is a necessary but not sufficient

condition for strong 3-µm excess. The surface area of the rim has

to be large, i.e. the rim has to be high enough. In the seminal paper

on disc inner rim by Dullemond et al. (2001), the height of the

rim to the rim distance from the star ratios were found to be of the

order of 0.1–0.25. We find that the rim in the case of ǫ = 2.0 is

0.25 au high at 0.5 au. Here we have defined the disc height as the

location of the disc where gas density is 106 cm−3. A higher rim

is needed in our modelling to produce strong emission at 3 µm,

because the Dullemond et al. (2001) model assumed a single dust

temperature at 1500 K for the rim while in our models only the dust

in the rim at the mid-plane reaches 1500 K. In the upper left panel

of Fig. 2, we can see a vertical decreasing dust temperature gradient

from the mid-plane (1500 K) to the surface (<1000 K) at the rim

radius.

The mid-IR continuum emission at a specific wavelength reflects

the amount of dust grains at a temperature roughly given by Wien’s

law. As found in previous studies, discs flare in the outer disc in

the thermal-coupled models. The rim deprives the disc atmosphere

behind the rim of UV photons. This shadowing effect has been

invoked to explain SED of disc with low 30–100 µm emission flux

(Dullemond & Dominik 2004; Meijer et al. 2009; Verhoeff et al.

2010). This shadowing effect is less pronounced if dust scattering is

taken into account. Dust scattering ensures that some photons reach

the ‘shadowed’ area behind the rim.

The main effect of warmer upper layers in the decoupled models

is puffed-up and strongly flaring upper layers from the inner rim to

the outer radius. Although the inner rim is two times higher than

in the thermal-coupled case, the extra dust opacity in the rim is not

sufficient to attenuate the UV flux responsible for the gas heating

Figure 13. Inner rim density structure for the Rin = 1 (upper panels) and 10 au (lower panels). The left-hand panels are the models with Tgas = Tdust. The

right-hand panels are the models with Tgas computed by gas thermal balance.
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behind the rim. Denser gas are found higher in the disc and more

grains are raised to higher temperature, resulting in slightly stronger

10–50 µm continuum flux. In general our hydrostatic disc models

flare strongly.

4.6 Effects of varying the disc mass

In this series of models, the surface density profile is kept at 2.0,

and we vary the disc mass (Mdisc = 10−4, 10−3 and 10−2 M⊙).

The structure and SEDs for this series are shown in Figs 11 and 4,

respectively. The near-IR flux is weakly affected by the disc mass.

On the other hand, the flux in the 10–50 µm region is sensitive to the

total dust mass and thus decreases with decreasing total disc mass

(the gas-to-dust mass ratio is kept constant at 100), consistent with

the findings of Acke et al. (2009). From the SEDs in Fig. 4, the disc

mass is the most important parameter controlling the near- to far-IR

flux ratio. As the opacity decreases with wavelength (see Fig. 3),

the flux depends less and less on the disc geometry and more and

more on the total dust mass, which scales with the gas mass if a

constant gas-to-dust mass ratio is assumed.

4.7 Effects of varying the maximum grain size

The maximum grain size has a relatively weak influence on the

inner disc structure (Fig. 12). Therefore the flux at 3–5 µm does not

change significantly with increasing dust grain upper size limit (see

Fig. 4). On the other hand, the effects on the 10–70 µm shape of the

SED are significant. The bigger the grains are, the cooler they are

and the emission is weaker as testified by the higher opacity per unit

mass for the small grains (Section 3). In addition, big grains have

less surface area per volume and therefore the photoelectric heating

efficiency decreases. The disc is cooler and flares less, which results

in less intercepted stellar photons. The combined effects concur to

decrease the 10–70 flux when grains are big. Beyond 100 µm, the

grain emissivity depends strongly on the presence of larger grains.

At wavelength larger than their sizes, grains are efficient emitters.

Therefore the flux drop at wavelengths longer than 70 µm is less

pronounced for big grains. In summary, increasing the maximum

grain radius results in weaker emission at 30–70 µm but stronger

emission at longer wavelengths.

4.8 Effects of varying the inner disc radius

Figs 4 and 13 show the SEDs and inner disc structure for Rin = 1

and 10 au. A round rim structure is present for all inner disc radii.

Since the hottest grains are cooler, the peak of the near-IR bump has

shifted to ∼4 µm in the Rin = 1 au model. The spectral signature

of the inner rim has disappeared for the Rin = 10 au model. The

presence of the puffed-up rim does not depend on the actual value

of the inner radius but only rims close to the star have hot enough

dust to emit strongly in the near-IR.

5 C O N C L U S I O N S

We modelled the structure, SED and IR images of protoplanetary

discs around Herbig Ae star, and analysed the difference between

the assumption of equal gas and dust temperatures and when both

temperatures are computed independently. We also compared the

hydrostatic disc model SEDs to the SEDs of a disc with prescribed

density structure.

The disc structure is governed by the gas pressure support, which

in turn depends on the gas molecular weight and temperature. The

height of the inner rim in models with calculated gas temperature

exceeds those where the gas and dust temperature are equal by

a factor of 2–3. Higher rims result in large emitting areas and

thus slightly larger near-IR excess. Our treatment of the inner disc

density fall-off (‘soft-edge’) results in rounded inner rims consistent

with near-IR interferometric studies. The discs also show a second

density bump that manifests itself as stronger emission between 3

and 30 µm. The flux beyond 30 µm is mostly sensitive to the disc

mass. The maximum grain radius affects weakly the SEDs. The

effect of gaps is to remove hot dust grains which emit predominately

in the near-IR. As a result, the flux in the near-IR is suppressed. The

shape of the SED from 3 to 100 µm cannot be used to discriminate

between the inner disc structure models. Together with the SED,

images with high spatial resolution may be used to differentiate

between disc models.

Our study stresses the importance of understanding the interplay

between the gas and the dust in protoplanetary discs. This interplay

shapes the disc structures, which in turn control the shape of the

SEDs.
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