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ABSTRACT
We present the results of a theoretical study investigatingthe effects of photoionization and
heating by X-rays on discs around low-mass stars. In particular we address the question of
whether or not X-rays can drive a disc wind. First, we construct a 1-dimensional “quasi-
hydrostatic” model, which solves for the vertical structure introduced by X-ray heating. We
consider uniform X-ray illumination of the disc, but the X-ray fluxes required to heat the
disc significantly are much greater than those seen by recentobservations. When the model
is extended to consider heating from a central X-ray source we find that the 1-dimensional
model is only valid very close to the star. We extend our analysis to consider a simple 2-
dimensional model, treating the disc as a two-layered structure and solving for its density
profile self-consistently. For T Tauri stars we are able to set a crude upper limit on the mass-
loss rate that can be driven by X-ray photoevaporation, witha value of≃ 10−13g cm−2 s−1.
Our model is designed to maximise this value, and most likelyover-estimates it significantly.
However we still find a mass-loss rate which is less than that found in studies of ultraviolet
photoevaporation. We conclude that in the presence of a significant UV field, X-ray driven
disc winds are unlikely to play a significant role in the evolution of discs around low-mass
stars.

Key words: accretion, accretion discs – circumstellar matter – planetary systems: protoplan-
etary discs – stars: pre-main-sequence – X-rays: stars

1 INTRODUCTION

The existence of discs around young low-mass stars is now well es-
tablished and remains an important area of study, as disc evolution
provides strong constraints on theories of both star and planet for-
mation. The majority of young stars are observed to have circum-
stellar discs at ages∼ 106yr (Strom et al. 1989; Kenyon & Hart-
mann 1995; Haisch, Lada & Lada 2001). These discs are optically
thick in the optical and infrared, and typically have massesof a few
percent of a solar mass (Beckwith et al. 1990; Eisner & Carpen-
ter 2003). However these discs are not observed in most systems at
ages of∼ 107yr: generally only low-mass “debris discs” remain by
this point (e.g. Mannings & Sargent 1997; Wyatt, Dent & Greaves
2003). Thus disc lifetimes are expected to be∼ 106yr.

However few objects are observed to have properties inter-
mediate between those of disc-bearing, classical T Tauri stars and
discless, weak-lined T Tauri stars (Kenyon & Hartmann 1995;Ar-
mitage, Clarke & Tout 1999). Thus very few objects are “caught
in the act” of dispersing their discs, and therefore the dispersal
timescale must be short,∼ 105yr (Simon & Prato 1995; Wolk &
Walter 1996; Duvert et al. 2000). The common mechanisms in-
voked as means of disc dispersal, such as magnetospheric clearing
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or viscous evolution, fail to satisfy this two-time-scale constraint
(Armitage et al. 1999). Instead they produce power-law declines
in disc properties (Hartmann et al. 1998), thus always producing
dispersal time-scales of the same order as the disc lifetime.

One promising avenue of investigation, however, has been us-
ing photoevaporative heating as a means of driving disc disper-
sal. Models of the flows driven from steady discs by ultraviolet
(UV) photoevaporation were first constructed by Hollenbachet al.
(1994), and have since been improved upon by several subsequent
studies (Yorke & Welz 1996; Richling & Yorke 1997; Kessel, Yorke
& Richling 1998; see also the review by Hollenbach, Yorke & John-
stone 2000). These models are characterised by mass loss outside
some critical radius (usually referred to as the “gravitational ra-
dius”), beyond which ionized material is heated to above theescape
temperature. The mass loss rate declines sharply with radius (Hol-
lenbach et al. 1994 find anR−5/2 scaling beyond the gravitational
radius), and so most of the mass loss occurs at or very near to the
gravitational radius. Recently Font et al. (2004) have performed de-
tailed hydrodynamic modelling of this process, and whilst they find
the mass-loss profile around the gravitational radius to be modified
somewhat, their results are in broad agreement with those from the
earlier models.

Initially these models failed to reproduce observed disc life-
times, as the low mass-loss rates meant that the disc was dispersed
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much too slowly. However more recent studies (Clarke, Gendrin
& Sotomayor 2001; Matsuyama, Johnstone & Hartmann 2003; Ar-
mitage, Clarke & Palla 2003) have coupled the photoevaporative
mass loss with viscous evolution, and found that a number of ob-
served disc propertiescan be satisfied by these models. In particu-
lar, the “UV switch” model of Clarke et al. (2001) was able to re-
produce the two-time-scale behaviour described, and so these mod-
els provide an attractive area of study. However a number of prob-
lems still exist. The models fail to satisfy observational constraints
on the sub-mm emission associated with the outer parts of thedisc
at late times (Clarke et al. 2001), and detailed SED modelling has
not yet been performed. Further, and more importantly, the details
of the Lyman continuum emission from the central star, emission
required to drive the photoevaporation, are poorly understood. Even
the magnitude of the emission is poorly constrained (Gahm etal.
1979; Imhoff & Appenzeller 1987). In a previous paper we have
shown that emission from the accretion shock is unlikely to drive
disc photoevaporation (Alexander, Clarke & Pringle 2004),and it is
not known if stellar chromospheres can provide the requisite flux of
ionizing photons. Further, given the problems associated with ob-
serving at wavelengths immediately shortward of the Lyman limit,
it is not clear when, or if, this issue will be resolved.

A logical step beyond UV photoionization models is to look
at the effect of X-ray ionization and heating on disc evolution. X-
rays are obviously capable of ionizing disc material and, unlike
in the UV case, the X-ray emission from young stellar objects
and T Tauri stars (hereafter TTS) has been well studied (e.g.re-
views by Neuhäuser 1997; Feigelson & Montmerle 1999 and refer-
ences within). X-rays are emitted from both magnetic reconnection
events near to the star and also from protostellar outflows/jets, in
both cases with luminosities potentially large enough to influence
disc evolution. Further, recent observations of young stellar clusters
containing massive stars (of type earlier than O5) have found dif-
fuse X-ray emission throughout the clusters (Townsley et al. 2003).
The effect of this external X-ray flux on disc structure and evolution
may also warrant investigation.

Previous studies of X-ray/disc interactions (e.g. Glassgold,
Najita & Igea 1997; Igea & Glassgold 1999; Fromang, Terquem
& Balbus 2002) have focused mainly on using X-rays as a means
of sustaining the low levels of ionization required to drivethe mag-
netorotational instability (Balbus & Hawley 1991), or studied the
effect of heating to low temperatures (6 1000K) on the observed
spectrum (Glassgold & Najita 2001; Gorti & Hollenbach 2004).
Here we make a preliminary study of X-ray heating as a means of
driving a disc wind. The structure of the paper is as follows.In Sec-
tion 2 we review relevant observations and X-ray physics, and then
set up our basic disc model. In Section 3 we use this 1-dimensional
(1-D) model to study a disc subject to uniform X-ray illumination,
and then apply the model to illumination from a central source in
Section 4. In this case the model is of limited validity, and so in
Section 5 we extend it to a simple 2-dimensional (2-D) model.In
Section 6 we discuss the caveats and limitations that apply to the
model, and in Section 7 we summarize our conclusions.

2 DISC WINDS AND X-RAY HEATING

2.1 Background

Previous studies of photoevaporatively driven disc winds have fo-
cused on the case of UV photoionization, where the disc is heated
by photons with energies of 13.6eV. This has been studied in detail

by a number of authors (e.g. Hollenbach et al. 1994; Richling&
Yorke 1997; Font et al. 2004; see also the review chapter by Hollen-
bach et al. 2000). The 2-D radiative transfer scheme of Hollenbach
et al. (1994) finds that a central UV source produces a hot ionized
atmosphere above the surface of the isothermal disc. They find that
the diffuse field (ionizing photons produced by recombinations of
H atoms in the atmosphere) dominates over the direct field from
the central source. Beyond a gravitational radius, the thermal en-
ergy of the particles in the atmosphere becomes greater thantheir
gravitational potential energy, and so beyond this gravitational ra-
dius ionized particles escape from the disc: this is photoevaporative
mass-loss.

By comparison to the UV case the case of X-ray heating is
more complex, due to the more complicated nature of the inter-
action of X-rays with matter. The physical processes involved in
X-ray absorption by diffuse gas are described in detail by Krolik &
Kallman (1983) (see also the reviews by Feigelson & Montmerle
1999 and Glassgold et al. 2000). Here we merely summarise the
salient points.

The X-ray emission around Young Stellar Objects (YSOs) and
TTS is well studied, and is due to three distinct mechanisms.First,
and best-studied, is the X-ray emission from the central star and
its immediate surroundings. This is thought to arise from magnetic
field reconnection events in the stellar corona and magnetosphere,
and typically produces an X-ray spectrum consistent with ther-
mal bremsstrahlung (e.g. Neuhäuser 1997; Feigelson & Montmerle
1999). This emission peaks at at around 2keV, and YSOs and TTS
typically exhibit steady X-ray luminosities of around 1028–1030erg
s−1. They also exhibit rapid variability and occasional “flaring”,
when large changes in X-ray luminosity, sometimes several orders
of magnitude, occur on timescales of order hours (e.g. Imanishi,
Koyama & Tsuboi 2001).

The second source of X-ray emission around young stars is
from the jets and shocks observed in protostellar outflows. Such
sources are visible at other wavelengths as Herbig-Haro (HH) ob-
jects, and produce X-ray emission with similar properties (spec-
trum, luminosity etc.) to that produced by the corona (Feigelson &
Montmerle 1999). However these jets and shocks are far from the
central star and disc, at distances typically tens to hundreds of AU.
This geometric dilution of the energy, combined with probable ex-
tinction due to absorbing material between the HH shock and the
disc, means that this X-ray emission is unlikely to have any signif-
icant effect on the disc. Therefore we do not include this emission
in our modelling.

The third mechanism is a very recent discovery. Townsley
et al. (2003) observed X-ray emission throughout M17 and the
Rosette Nebula, and attributed it to thermal bremsstrahlung emis-
sion from the diffuse ionized ISM. They observed integrated lu-
minosities of order 1033erg s−1 from areas on the sky of order
∼ 50pc2. Little variation was observed across the spatial extent of
the clusters, and the observed spectrum was slightly softerthan that
seen from magnetospheric X-rays (peaking at 0.8–1.5keV). How-
ever this emission has only been in observed in clusters containing
very massive stars. Indeed the lack of any similar emisssionin the
Orion Nebula Cluster (Feigelson et al. 2003) indicates thatstars of
spectral type O5 or earlier may be required in order to produce this
emission in young stellar clusters. It follows that this cannot be a
universal mechanism for disc dispersal, as low-mass star forming
regions such as Taurus-Auriga contain no massive stars. It may be
relevant in some cases, however, and is also much simpler to anal-
yse than the case of emission from a central source.

When soft X-ray emission is incident on the gas in a disc inci-
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dent X-ray photons are usually absorbed by heavy elements, such
as O, C or Fe. A single photoelectron is produced, which then col-
lides with neutral material in the gas, generating typically 30 “sec-
ondary” electrons. Heavy elements can also undergo the Auger
effect, in which the excited ion produced by the initial photoab-
sorption undergoes 2-electron decay, and direct (collisional) charge
exchange between neutral hydrogen or helium and ionized heavy
species can also occur. A key difference bewteen the X-ray and UV
cases is the details of the incident radiation field. Whilst in the case
of UV ionization the recombination (diffuse) field dominates, the
probability of an X-ray photon being emitted by a recombination is
small (Glassgold et al. 1997). Thus only the direct field is impor-
tant in X-ray heating, and the heating is local to the initialX-ray
absorption. Consequently care must be taken with regard to the ge-
ometry of the problem. Of the 3 cases discussed above, we neglect
the emission from the HH outflow. First, we consider the geometri-
cally simpler case of uniform illumination from a diffuse plasma, of
the type observed by Townsley et al. (2003). Having studied the ef-
fects of uniform illumination we then discuss the more promising,
but also more complicated, case of X-rays generated by magnetic
activity near to the surface of the central object.

Throughout the following calculations we adopt an inci-
dent X-ray spectrum consistent with that of 107K optically thin
bremsstrahlung, with a peak at≃ 0.7keV. These energies are typical
of both the diffuse and coronal emission observed (see discussion
above). In order to ensure that the models consider only the effect
of the X-rays and not the “tail” of the spectrum at lower energies,
we subject the bremsstrahlung spectrum to an exponential cutoff at
energiesE < 0.1keV.

2.2 Basic disc model

As a first iteration we make use of a simple hydrostatic disc model.
We set up a steady disc, and then consider the effects on the struc-
ture of X-ray heating. Initially we treat the radiation as being verti-
cally incident on the disc, and so we make the approximation that
the disc can be treated as a series of concentric, non-interacting
annuli. Here we define our steady disc model.

The surface density,Σ(R), of the steady disc is given by

Σ(R) =
Md

2πRsR
exp(−R/Rs) (1)

This represents a power-law decline in surface density surface den-
sity (c.f. Beckwith et al. 1990; Bell et al. 1997) proportional to 1/R,
tapered exponentially at around a scaling radiusRs. We note how-
ever that our results do not depend strongly on the exact formof
Σ(R). We also note that this is similar to the form of theoretically de-
rived time-dependent solutions for the surface density (e.g. Lynden-
Bell & Pringle 1974; Hartmann et al. 1998; Clarke et al. 2001). We
adopt a typical disc mass ofMd = 0.01M⊙. We adopt a scaling ra-
dius ofRs = 10AU initially, and later consider the effect of varying
this parameter.

At a given radiusR the vertical structure is that of an isother-
mal disc (see Pringle 1981). The general equation of hydrostatic
equilibrium perpendicular to the plane of the disc is

1
ρ

∂P
∂z
=
∂

∂z

(

GM∗√
R2 + z2

)

(2)

However for small vertical displacementsz above or below the
midplane we can approximate the gravitational potential tobe har-

monic, and so the equation of hydrostatic equilibrium simplifies to

1
ρ

∂P
∂z
= −

GM∗z
R3

(for z≪ R) (3)

As shown in Pringle (1981) we can solve this to find the isothermal
vertical density structure, which is a Gaussian distribution in z:

ρ(z) = ρ0(R) exp

(

−
z2

2H2(R)

)

(4)

Here the densityρ0(R) is given by

ρ0(R) =
Σ(R)
√

2πH(R)
(5)

where the scale heightH(R) is defined to be

H(R) =

(

c2
s (R)R3

GM∗

)1/2

(6)

andcs is the local isothermal sound speed,

c2
s (R) =

P
ρ
=

kT (R)
µmH

(7)

Thus choosing the disc temperature to be a function ofR deter-
mines the disc structure uniquely. The behaviour of the disctem-
perature with radius is not completely understood, and so power-
laws are usually adopted. Simple reprocessing of stellar radiation
by a thin disc results in aT ∝ R−3/4 scaling (Adams & Shu 1986),
and accretion-powered “self-luminosity” results in the same scal-
ing relationship (Lynden-Bell & Pringle 1974). However such a
relationship does not fit observed data, and tends to under-predict
the flux observed at long wavelengths (Kenyon & Hartmann 1987).
Much work has been done on this (e.g. see discussions in Kenyon
& Hartmann 1987; Hartmann et al. 1998), and the consensus is that
a T ∝ R−1/2 scaling law is both consistent with observational data
and theoretically justifiable (for example the “flared reprocessing
disc” proposed by Kenyon & Hartmann 1987). Therefore, again
following Clarke et al. (2001), we adopt a power-law scalingof the
form

T (R) =

(

R
R0

)−1/2

T0 (8)

with the normalisation conditionT0 = 100K atR0 = 1AU (Beck-
with et al. 1990). We adopt a fiducial stellar mass ofM∗ = 1M⊙
throughout.

3 UNIFORM ILLUMINATION

3.1 Modelling X-ray heating

In order to study what we expect to happen to such a disc when
it is subjected to, and subsequently heated by, ionizing radiation,
we have first made use of the photoionization code (Fer-
land 1996). Given a fixed, static density structure this codesolves
the equations of thermal and ionization equilibium to find a unique
solution. Only a density structure, incident flux spectrum and chem-
ical compsition must be specified as input parameters1. When run,
 returns temperature and ionization profiles for the heated
region. It also highlights the main heating and cooling processes.

Initially, we treat the disc as a series of concentric, non-
interacting annuli heated vertically from above. This reduces the

1 We assume solar abundances throughout.
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problem to a series of independent 1-D problems. We take the
vertical density profile of the steady disc and use this as an in-
put to the code. If the sound crossing timescale, given
by ts ∼ cs/H(R), is much shorter than the thermal equilibrium
timescale then we can assume that the disc will “relax” to a non-
isothermal vertical structure much faster than the heatingprocesses
change. Thus we can take the temperature profile obtained from
 and solve the equation of hydrostatic equilibrium in the
vertical direction to find a new, updated density profile. This is in
turn used as an input to, and so we iterate towards a self-
consistent solution. In practice the sound crossing timescale is al-
ways found to be at least 10 times less than the thermal equilibrium
timescale, and so this approximation is valid.

When we solve the equation of hydrostatic equilibrium (Equa-
tion 3) in the non-isothermal case, we find that the particle number
densityn(z) is given by

n(z) = nR
TR

T (z)
exp

(

−mH

k
GM∗

R3

∫ z

zR

µ(z′)z′

T (z′)
dz′

)

(9)

for z > zR. In this equationT (z) is the temperature,n(z) the parti-
cle number density,µ(z) the mean molecular weight, and the sub-
scripted valuesTR andnR refer to the values of these functions eval-
uated at some reference pointzR, which is introduced as a boundary
condition. This solution is presented in full in Appendix A.

In practice, as can be seen from Equation 9, the choice of ini-
tial density structure has a strong effect on this process, and not
all initial structures converge towards a self-consistentsolution. In
order to do this we adopt a “two-component” initial profile, con-
sisting of a cold central core (that of the unperturbed, isothermal
disc) and a hot “atmosphere” in the region where we expect the
disc to be heated. The core has the standard isothermal structure
above (Equation 4). The heated atmosphere has a similar structure,
but this time with a scale height

Hhot =

(

c2
s R3

GM∗

)1/2

=

(

kThotR3

µmHGM∗

)1/2

(10)

For the regions of interest, temperatures of 1000–10,000K are typ-
ical, and so we adopt a value ofThot = 3000K for this initial guess.
We note however that as long as the procedure converges the results
do not depend on this value. For the inital profile we define a ref-
erence heightzT at which temperature changes from the midplane
temperature toThot = 3000K. We maintain pressure equilibrium at
this point, and so the inital density profile shows a contact discon-
tinuity at this point. The criterion for determiningzT is discussed
below.

Our model is limited by the fact that the code is only
valid for temperatures> 3000K, and so we cannot solve explicitly
for the structure all the way down to the disc midplane. Conse-
quently we are forced to extrapolate from the height at whichthe
temperature falls to 3000K down to the point at which it reaches
the midplane temperature (zR in Equation 9). We extrapolate lin-
early, keeping the gradient ofT (z) constant from the stopping point
of the code (3000K) down to the midplane. In doing this we ne-
glect the existence of an extended column of “warm” material
(∼ 1000K). Other studies, while exploring somewhat different pa-
rameter spaces, have found that such an extended column probably
does result when circumstellar discs are heated by X-rays (Glass-
gold & Najita 2001; Gorti & Hollenbach 2004), which may modify
the resulting mass-loss rates somewhat.

In this initial model we evaluate the location of the transition
point empirically, fixingzT so that theT (z) profile can be extrap-
olated smoothly. (In Section 5 we define an explicit criterion for

Figure 1.Example of iterations towards final density profile. The inital pro-
file is shown as a dashed line, the subsequent (7) iterations as dotted lines,
and the final profile as a solid line.

the location of the transition point, but this is not necessary at this
stage.) We always definezR (Equation 9) to be the point at which the
density profile first diverges from that of the isothermal midplane.
An example of the iterative process is shown in Fig.1. Typically
this process take 5-10 iterations to converge.

3.2 Results

We have first considered uniform illumination of the type expected
in the massive star clusters described in Section 2.1. We evaluated
the disc model described above with a uniform X-ray fluxFX =

10−2erg s−1 cm −2. The vertical structure of the disc was evaluated
at a number of different radii spanning all of the expected “static”
region, as well as two models which are outside the gravitational
radius. We evaluated the model at radii of 10R⊙ (= 7.0× 1011cm),
20R⊙ (= 1.4× 1012cm), 5.0× 1012cm, 1.0× 1013cm, 5.0× 1013cm,
1.0 × 1014cm, 2.0 × 1014cm, 3.0 × 1014cm, 4.0 × 1014cm. At each
radius we truncated the disc at the point where the density ofthe
initial profile fell to 1cm−3.

The density and temperature profiles evaluated by the model
at R = 5 × 1012cm are shown in Fig.2. (These are typical of the
results at all values ofR.) The temperature rises smoothly from
the midplane temperature to around 6,000–10,000K. The gas can-
not be heated to temperatures much greater than this withoutbeing
collisionally ionized, and this only happens in regions where the
particle number density is very low (. 102cm−3). Thus the region
of interest is mostly neutral, with ionization fractions ofa few per-
cent at most. By far the dominant heating process in this region is
photoelectronic heating, which accounts for> 90% of the observed
heating. Near to the disc surface direct charge exchange is also sig-
nificant, typically accounting for a few percent of the totalheating.
The contribution of Auger electrons to the total heating is negligi-
ble, and the X-rays produced by recombinations (mostly Fe Kα)
are negligible compared to the incident flux. At the densities of in-
terest here the dominant cooling mechanism is metal line emission.
Only at densities& 1010cm−3 do 2-body cooling processes become
significant, so we do not see significant 2-body cooling here.

Due to the large column density of the region heated by X-
rays, some three orders of magnitude greater than that for UVpho-
tons, the heated region covers a large spatial extent, and infact
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Figure 2. Density (heavy line) and temperature (light line) structures eval-
uated atR = 5 × 1012cm. The solid line represents the region calculated
explicitly by the model, the dashed line the region where we extrapolate
linearly in T (z), and the dotted line the isothermal midplane.

expands to a height where thez ≪ R approximation (Equation 3) is
no longer valid. This is discussed in Section 6 below. Also, we note
that the outer three models are evaluated outside the scaling radius
of 10AU (Equation 1), in the region where the surface densityis
falling exponentially. However, as long asΣ(R) is large enough that
the unperturbed disc is extremely optically thick at a givenradius
R, the structure of the cold core has little effect on the structure of
the heated region. This condition is satisfied throughout the disc,
and so the choice of scaling radius does not affect our results sig-
nificantly.

Whilst this model is only valid in the inner, static region, a
similar structure would be expected in the outer, flow region(al-
though it would obviously be altered somewhat by the flow of
heated gas away from the disc). Thus we can discuss the potential
form of mass-loss in a qualitative manner, even if our model can-
not account for the process in detail. As the heating occurs over a
much larger column than in the UV case, with a gradual decrease in
temperature with decreasing height above the midplane, we would
expect the mass-loss profile to differ from the UV case. In the UV
case, where the disc is divided sharply into hot and cold regions at
the ionization front, most of the mass is lost at, or very close to,
the gravitational radius. However the smoother temperature profile
seen in the our model means that comparable mass loss rates exist at
a number of different radii, due to the fact that the escape tempera-
ture decreases as 1/R. As a result, the point at which the thermal en-
ergy of the gas becomes greater than its gravitational energy occurs
at a different height above the midplane at each different radius,
and so the mass-loss need not be concentrated at the gravitational
radius. Indeed, evaluatingρcs at the point whereT (z) = Tesc for the
outermost three models (which lie at the 8000K gravitational ra-
dius and beyond) results in very similar values. We find mass-loss
rates per unit area2 of 8.6 × 10−17g cm−2 s−1 at R = 2.0 × 1014cm,
2.0 × 10−16g cm−2 s−1 at R = 3.0 × 1014cm and 2.5 × 10−16g cm−2

s−1 at R = 4.0 × 1014cm. However, as mentioned above, this is re-
ally over-interpreting our explicitly hydrostatic model,and so these
numbers are not considered to be accurate.

2 For reference, the UV models of Hollenbach et al. (1994) derive a mass-
loss rate per unit area of 3.88× 10−13g cm−2 s−1 at R = 1014cm.

In the very low density regions of the disc, at largez, most
of the gas is ionized. Where the gas is mostly ionized, large X-
ray fluxes can heat the gas to∼ 106K, potentially providing some
mass-loss at radii as small as 0.1AU. However the densities in these
regions are so low that the maximum mass-loss rates (per unitarea)
attainable are 2–3 orders of magnitude lower than those at at10AU,
so this effect can safely be neglected.

In principle this seems to be a promising avenue of investi-
gation, with a real potential to influence disc evolution. However,
the problem with these models is the lack of X-ray photons in real
systems. Our models show that significant heating only occurs for
values ofFX & 10−4erg s−1 cm −2. However, Townsley et al. (2003)
observe fluxes of≃ 2×10−7erg s−1 cm−2 in M17 and≃ 4×10−8erg
s−1 cm −2 in the Rosette nebula. These values are some three orders
of magnitude too small to affect the disc structure significantly, and
so it seems unlikely that such diffuse bremsstrahlung emission will
play a significant role in disc evolution.

4 ILLUMINATION BY A CENTRAL SOURCE: 1-D
MODEL

We now consider the case of a disc illuminated by X-rays from a
central source. The X-rays emitted from YSOs and TTS have been
observed for many years, and a wealth of observational data exist.
As discussed above, the X-rays are subject to rapid variability on
small scales, and also occasional “flaring” on scales of several or-
ders of magnitude. If we neglect flaring, however, it is a reasonable
approximation to treat the source as having a quasi-steady X-ray
luminosity of 1028–1030 erg s−1. Here we assume that the central
source has a luminosity ofLX = 1030 erg s−1 and radiates isotropi-
cally. Whilst this may not be valid, the detailed geometry ofthe X-
ray emission is not well enough understood to justify any other se-
lection. The X-rays are thought to originate from the reconnection
of field lines in the upper parts of the magnetosphere, and so,fol-
lowing Glassgold et al. (1997), we place the X-ray source atR = 0,
zs = 10R⊙. The validity of this appproximation is discussed in Sec-
tion 6 below.

In the case of optical heating of discs by a central source
(e.g. Adams & Shu 1986; Kenyon & Hartmann 1987; Chiang &
Goldreich 1997; Dullemond et al. 2001) it is commonly assumed
that photons are absorbed at the cylindrical radius where they hit
the disc. Disc heating then occurs through a diffuse radiation field
whose net direction, given a disc-like geometry, is approximately
vertically downwards. Thus the flux at each radius is given by:

FX =
LX

4πR2

zs
√

R2 + z2
s

(11)

where the first factor in this equation represents simple geometric
dilution of the energy and the second term is the vertical compo-
nent of the incident flux, given a source heightzs = 10R⊙. The
procedure then is to compute the vertical hydrostatic equilibrium
structure at each cylindrical radius, subject to this boundary condi-
tion on the incident flux. Although we follow this procedure here
as a first guess at the structure of an X-ray irradiated disc, we note
that it is less valid in the X-ray case. The reason for this is that the
diffuse radiation field is negligible in the case of X-rays (Glassgold
et al. 1997), so that heating instead proceeds purely by attenuation
(due to absorption) of the incident X-ray beam. Obviously a self-
consistent treatment would involve an iterative solution for the 2-D
structure of the disc, subject to hydrostatic equilibrium along each
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Figure 3. As Fig.2, but for the central illumination modelevaluated at R =
10R⊙. The change in gradient ofT (z) at z ≃ 6 × 1010cm is due to the
increased rate of 2-body cooling as the density increases.

Figure 4. Plot of the density distribution produced by the 1-D model. The
greyscale strips are the density profiles evaluated by our model, with dotted
contours added as a guide to the eye. Contours are drawn atn = 1016, 1015,
1014. . . 108cm−3. The position of the X-ray source is marked by circles.

vertical slice and thermal equilibrium along each ray path from the
source. However as a first step we adopt this 1-D approximation.

The expression forFX in Equation 11 assumes that the X-ray
flux is downwardly incident on the disc surface. Thus it is valid as
long as the disc scale height is much less thanzs. If the disc expands
to a height greater thanzs this approximation breaks down. Thus we
can use the 1-D model described in Section 3 to solve for the disc
structure close to the star, subject to this condition on thevalidity
of Equation 11.

4.1 Results

We evaluate these models near to the central source, at radiiof
10R⊙, 20R⊙, 30R⊙, 40R⊙ and 50R⊙. In general, the structures are
very similar to those seen in the uniform radiation field modelled
in Section 3 above. The heating rate is much greater, as the local
X-ray fluxes so close to the source are much higher (∼ 104erg s−1

cm −2), but the heating and cooling processes are very similar. Due
to the high X-ray fluxes we were forced to truncate the initialden-
sity profiles at the point where the density falls to 104cm−3 to avoid
numerical problems in solving for the ionization balance. The tem-
perature and density profiles resulting from theR = 10R⊙ model

Figure 5. Two-temperature fit to theR = 10R⊙ model. The solid line is the
density profile evaluated by the model. The dashed line is thebest-fitting
two-temperature profile, with parameterszT = 4.21× 1010cm andThot =

6200K. The contact discontinuity in the two-temperature density profile at
zT arises because pressure equilibrium is maintained over thetemperature
discontinuity.

are shown in Fig.3. The steepening of theT (z) curve as z falls to
≃ 6×1010cm is due to the increased significance of 2-body cooling
as the density rises. The overall effect on the structure of the inner
disc is shown in Fig.4.

4.2 Two-component fit

As seen in Fig.4, at radii& 30R⊙ the disc expands to a height com-
parable tozs and so the approximation of downward incidence is
no longer valid. Also, we note that the column density along the
line-of-sight from the source tozR atR = 50R⊙ is≃ 1026cm−2. This
corresponds to an optical depth of≃ 104 at 1keV, and so it is clear
that attenuation of the X-ray flux through the disc will be signifi-
cant at large radii. Thus in order to evaluate the global structure of
a disc heated by a central X-ray source we must both consider the
problem in two dimensions and also account for attenuation of the
flux through the disc.

As a first step along the path to a simple 2-D model we note
that the vertical structures at these radii can be relatively well-fit
by a “two-component” profile, parametrized in the same way asthe
initial profile described in Section 3.1 (with free parameters zT and
Thot). Through a simple least-squares fit we found that a best-fitting
temperature of 6200K provided a good fit to the structures at both
10R⊙ and 20R⊙ (see Fig.5). We will make use of this fact in the
next section, where we consider a simple 2-D model.

5 ILLUMINATION BY A CENTRAL SOURCE: SIMPLE
2-D MODEL

In order to study the behaviour of the disc at larger radii, inpartic-
ular nearer to the gravitational radius, we seek to construct a “toy”
2-D model of the disc structure. As seen in Sections 3 and 4 above,
the vertical density structure of the disc is reasonably well approx-
imated by a two-layer structure, with the cold disc beneath alayer
heated by the X-rays. We have already seen that the vertical struc-
ture can be reasonably well-fit by a two-temperature structure, and
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so an approximate structure of this form provides a good approxi-
mation in the parts of the disc which control the photoevaporative
mass-loss rate. The key issue controlling the mass-loss rate is the
location of the transition pointzT , which marks the bottom of the
heated region: to first order, the mass-loss rate per unit area varies
asρcs, whereρ is the density atzT . Thus we now seek to solve for
the densityn(R, z) in a self-consistent manner.

The location of the transition pointzT is determined by the
depth to which the X-ray penetrate the disc. In the opticallythin
limit, with little or no absorption of the incident flux, the impor-
tance of X-ray effects is determined by the parameter

ξ =
LX

nd2
(12)

whereLX is the X-ray luminosity,d the distance from the source
andn the particle number density at distanced. In essence this pa-
rameter is a measure of the photon-to-particle density ratio at any
given point (e.g. Tarter, Tucker & Salpeter 1969; Glassgold& Na-
jita 2001). Thus in our model X-ray heating is significant whereξ is
greater than some critical value, and whereξ is less than this value
it is not.

Complications arise, however, when optical depth effects be-
come important, as the termLX/d2 in Equation 12 is effectively
a photon flux and so is reduced by extinction effects. At a single
photon energy the optical depth is simply given byN/Nc, where
N is the column density along the line-of-sight from the source
and Nc is the critical column density for which the optical depth
is unity. However as the integrated X-ray photoionization cross-
section varies strongly with photon energyE, so doesNc. For solar
abundances,Nc varies as

Nc =

( E
1keV

)α

4.4× 1021cm−2 (13)

with a best-fitting value ofα = 2.485 (Glassgold et al. 1997, 2000).
Thus, with a varying incident continuum (107K bremsstrahlung)
and a varying absorption cross-section we must integrate over pho-
ton energy to find the total attenuation. Using the formulation of
Krolik & Kallman (1983), updated to use the improved cross-
section fits of Glassgold et al. (1997), the attenuation factor Jh is
given by the integral:

Jh(τ, x0) =
∫ ∞

x0

x−α exp
(

−x − τx−α
)

dx (14)

wherex0 = E0/kTX is the lower cutoff of the spectrum andτ here
is the optical depth to photons with energies at the peak of the
continuum (0.7keV). The first term represents the falling absorp-
tion cross-section, and the second is a combination of the exponen-
tial factors in the the bremsstrahlung continuum and the extinction.
Glassgold et al. (1997) show thatJh can be well-approximated by
the expression

Jh(τ) = Aτ−a exp
(

−Bτb
)

(15)

with best fitting parameters ofA = 0.800,a = 0.570,B = 1.821 and
b = 0.287 (for solar abundances and keV energies). Consequently,
in the case where attenuation effects are significant the location of
zT is not given by a critical value ofξ, but rather a critical value of
the modified parameter

ξ′ =
LX Jh

nd2
. (16)

Thus our procedure for evaluating the disc struture is as fol-
lows. Firstly we interpolate the inner structure, evaluated in Section
4 above, onto a regular (R, z) grid over the rangeR = 10–20R⊙. We

Figure 6. Number density at the base of the heated region, , as evaluated by
the 2-D model, plotted as a function of radius. The solid lineshows a sim-
ple R−2 powerlaw. The only significant deviation from this line is atsmall
radii. At larger radii the attenuation factorJh is approximately constant with
radius, implying that most of the attenuation occurs close to the star. The
slight deviation from theR−2 powerlaw at very large radii is due to the ef-
fects of the scaling radiusRs on the density profile, and is not significant.

adopt grid spacings of 2R⊙ = 1.39× 1011cm in R and 1× 109cm in
z. In this region the approximation in Equation 11 is valid, and so
we use the results of the 1-D model to evaluate the critical value of
ξ′ at the transition point to beξ′c = 4.8×10−8erg cm s−1. This uncer-
tainty in this value is approximately 10%. The attenuation through
the disc to a radiusR0 depends only on the structure of the disc
at R < R0. Consequently, if we know the structure in the region
R < R0 we can evaluateJh by integrating the column along the line-
of-sight to (R0, z), and using the fit in Equation 15. In this manner
we evaluate all values ofξ′(z) at the radiusR0. The height above
the midplane which givesξ′(z) = ξ′c is adopted as the location of
zT at radiusR0, and we then create the resulting vertical structure at
R0 using the two-component profile described above (with the best-
fitting temperature ofThot = 6200K). We can then move to the next
grid cell and repeat the process, and thus iterate outward though the
disc to find the global disc structure.

5.1 Results

We evaluate the model described above out to a radius of 50AU.
The procedure finds values ofξ′c(zT ) accurate to within 5% of the
critical value in all cases, and within 1% for all radii greater than
1013cm= 0.67AU. This translates to an uncertainty of less than 10%
in the value of the density at this point. Runs at higher spatial res-
olution (×2,×5) over a smaller radial extent do not change the nu-
merical accuracy significantly, and so we consider the procedure to
be numerically stable.

The value ofn(R, zT ) (i.e. the number density at the base of
the heated region) as a function of radiusR is shown if Fig.6, and
the global disc structure is shown in Fig.7. We see from Fig.6that
n(R, zT ) diverges from aR−2 power-law at radii. 100R⊙. Looking
at Equation 16 we see that this implies that the attenuation factor
Jh is constant at radii& 100R⊙. This in turn implies that almost
all of the attenuation of the X-ray flux occurs very near to thestar.
The slight divergence from theR−2 power-law at large radii is a
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8 R.D. Alexander, C.J. Clarke & J.E. Pringle

Figure 7. Structure of the X-ray heated disc evaluated by the 2-D model.
Density contours are drawn atn = 1015, 1014, 1013. . . 103cm−3. The loca-
tion of the X-ray source atR = 0, zs = 10R⊙ is marked by circles.

numerical effect due to the value of the scale radiusRs and is not
significant.

As before, a first-order estimate of the mass-loss rate per unit
area can be made by evaluatingρcs at the transition point. At
2.85× 1014cm= 19.1AU, the gravitational radius for 6,200K mate-
rial, this gives a value of 2.6 × 10−13g cm−2 s−1. Larger disc scale
radii Rs can reduce this somewhat, but it remains constant to within
a factor of 3 forRs < 50AU, and larger scale radii still make lit-
tle or no difference. Due to the manner in which we determinezT ,
neglecting the possibilty of an extended column of “warm” mate-
rial (see Section 3.1), this value of the mass-loss rate is regarded as
an upper limit. As the disc density falls off as exp(−z2/2H2) even
small changes in the position ofzT can result in large changes in
the value ofn at this point, with correspondingly large changes in
the mass-loss rate. Thus we regard this value as an upper limit, with
the true mass-loss rate being smaller, possibly significantly so. The
mass-loss rate derived by Hollenbach et al. (1994) for UV photo-
evaporation is 3.88× 10−13g cm−2 s−1 at the gravitational radius.
Thus we find that the mass-loss rate of an X-ray driven disc wind
is as best comparable to the UV rate, and more likely considerably
less significant.

As a consistency check we took the density structure along
different lines-of-sight from the source and used these as inputs for
the code. This test indicates that the location of the transi-
tion point is accurate to within 10% at radii less than 1AU. Atlarger
radii the test confirms that we place the transition point at too low
a vertical height.

6 DISCUSSION

There are obviously a number of simplifications in these models.
In the 1-D model there is firstly the treatment of the problem as a
series of concentric, non-interacting annuli. This is obviously un-
physical and in reality we would expect some radial heat transfer,
almost certainly outward through the disc. However in the limit of
vertical heating this radial heat transfer will be negligible by com-
parison, and so this approximation is sound.

In addition, we point out that our modelling is explicitly hy-
drostatic, yet attempts to deal with the hydrodynamic behaviour of
the disc. The treatment of the static region, inside the gravitational

radius, is valid, as the sound crossing timescale is always much less
than the thermal equilibrium timescale. However outside the grav-
itational radius the model is clearly not valid, as materialwill flow
away from the disc at a speed comparable to the local sound speed.
Thus the calculations at radii& 2.0 × 1014cm are suspect, and are
considered to be illustrative only.

In the case of a central X-ray source, its location is not well-
established. The X-ray emission is thought to arise from magnetic
reconnection events in the stellar magnetosphere, and so should be
located in the upper region of the magnetosphere. Previous stud-
ies have used either a point source located atR = 0, z = 10R⊙
(Glassgold et al. 1997), or a ring atR = 5–10R⊙, z = 5–10R⊙
(Igea & Glassgold 1999; Fromang et al. 2002). We adopt the point
source for simplicity, and do not investigate the effect of moving
the source. However it is unlikely to affect the results significantly.
We find that the heated disc causes significant attenuation ofthe
X-ray flux for all R & 30R⊙. Moving the source closer to the disc
will likely increase the heating at small radii, but the effect far from
the source will be small.

There are several other, more minor problems with the 1-D
model which also merit discussion. One further complication is that
the X-ray-heated discs expand significantly in the verticaldirec-
tion, often well-past the point to which thez ≪ R approximation
(Equation 3) ceases to be valid. In essence our disc resides in a 1-D
harmonic potential, and thus we overestimate the potentialat large
z. This will lead to the model somewhat underestimating the verti-
cal expansion of the disc. However the densities of the disc in this
region are very small, and so little mass is affected by this simpli-
fication. Also, the manner in which the vertical expansion iseval-
uated does not explicitly conserve mass. However the increase in
mass due to this simplification only occurs at a level corresponding
to around 10−8 of the total disc mass, and so we neglect its effect.

There is also the issue of grains. Most of the X-rays are ab-
sorbed by heavy elements, which in our model are distibuted evenly
throughout the disc (i.e. with constant grain-to-gas ratio). However
a significant fraction of the heavy elements can be “locked up” in
grains, and it has been proposed that grains sediment towards the
disc midplane (see the review by Beckwith, Henning & Nakagawa
2000 and references within). This has the knock-on effect of mov-
ing the X-ray absorption closer to the disc midplane, thus possibly
changing the distribution of heating in the vertical direction. This
issue is not addressed by our model.

Our 2-D model is very simplistic, and is only really a “toy”
model of the process. Our criterion for the transition pointis cor-
rect, in as much as it correctly identifies the point at which the X-
rays can heat the disc to temperatures& 3000K. However, as dis-
cussed in Section 3.1 above, the way in which we use the location
of this point to create a vertical density structure is somewhat ide-
alised. By assuming that the temperature continues to fall smoothly
we implicitly assume that there is no extended column of “warm”
material at∼ 1000K. If such a column exists then the point at
which the temperature is high enough to drive mass-loss is moved
to higherz, and therefore somewhat lower density. Also, the nature
of the two-temperature fit is such that we tend to under-estimate the
density atz ≫ zT . The approximation of a single temperature in the
heated region means that we under-estimate the density where the
temperature is much greater than our best-fittingThot = 6200K.
Consequently we under-estimate the extinction along the lin-of-
sight to the outer parts of the disc, and therefore over-estimate the
depth to which the X-rays penetrate. A more realistic simulation
would incorporate varying temperatures along the different lines-
of-sight, but this is beyond the scope of our simple model. Wenote
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however, that both of these simplifications have been made insuch
a way as to maximise the mass-loss rate. In addition, we have ne-
glected the possibility that there is any attenuation of theX-ray flux
between the source and the disc (apart from that arising in the disc
atmosphere), for example by an outflow or an accretion column.
Any reduction in the photon flux reaching the disc would obviously
reduce the mass-loss rate still further. We also note that wehave
adopted a high X-ray luminosity ofLX = 1030erg s−1. As can be
seen from Equation 16, the density at the base of the heated region,
and therefore the mass-loss rate, essentially scales asn ∝ LX. Thus
a smaller X-ray luminosity, more typical of TTS, will reducethe
mass-loss rate still further. Moreover this linear drop-off is much
faster than the square-root dependence on the ionizing flux found
in models of UV photoevaporation (Hollenbach et al. 1994).

Consequently we consider our mass-loss rate to be a robust up-
per limit to the mass-loss that can be driven by X-ray heating, with
the true value being lower, possibly considerably so. In theeven of
a significant Lyman continuum flux being present X-ray heating ef-
fects will be negligible. However in the absence of a strong Lyman
continuum the X-rays may be able to provide mass-loss at a rate
that is significant in disc evolution models. Further investigation of
this problem is still needed, using models that can treat thether-
mal structure of X-ray irradiated gas over a large dynamic range of
temperatures (i.e. 100–10,000K).

Comparisons to previous studies of X-ray/disc interactions are
of limited use only, as these studies have had very different goals.
Some studies (e.g. Glassgold et al. 1997; Igea & Glassgold 1999;
Fromang et al. 2002) have focused on sustaining the very low lev-
els of ionization required to drive the magnetorotational instabil-
ity. These studies find that this low level of ionization is provided
mostly by hard X-rays (3–10keV), which penetrate much further
into the disc than the softer X-rays in which we are interested. Very
few of these hard X-rays are absorbed near to the disc surface, but
there are too few hard photons to provide significant heating. Fur-
ther, the heated region resulting from our model is in fact optically
thin to these hard photons, so the hard X-rays will be absorbed in
the cold region close to the midplane. More recent studies (Glass-
gold & Najita 2001; Gorti & Hollenbach 2004) have looked at the
observational signatures of X-ray heating. These arise at lower z
and higher density than the region in which we are interested, and
so again we are not able to compare to these directly. Thus ourre-
sults are consistent with these previous studies, bearing in mind the
important caveat that we are interested in very different physical
effects.

7 CONCLUSIONS

We have modelled the effects of X-ray heating on the structure of
circumstellar discs, looking in particular at the questionof whether
X-rays can drive a disc wind. We first constructed a 1-D model
and used it to study the case of uniform X-ray illumination. Such
X-ray emission does exist in some regions of massive star forma-
tion, but at a level that is some 4–5 orders of magnitude too low
to heat the disc significantly. We have then looked at heatingfrom
a central X-ray source, using parameters typical of T Tauri stars.
Initially we used our 1-D model, but found that it breaks downvery
close to the central star. Thus we extended our analysis to con-
sider a simple 2-D model in which X-rays reaching the outer disc
are attenuated by passage through the X-ray heated atmosphere of
the inner disc. We find that X-rays are significantly attentuated in
this way, with most of the attenuation occuring within≃ 100R⊙ of

the central star. The critical parameter in determining themass-loss
rate is the location of the transition pointzT , which marks the lower
boundary at which X-ray heating is significant. We have therefore
constructed a simple 2-D model, solving forzT in a self-consistent
manner. The model is constructed in such a way as to maximise the
mass-loss rate, and most likely over-estimates the mass-loss signif-
icantly. However even our upper limit of≃ 10−13g cm−2 s−1 is less
than that derived for ultraviolet photoevaporation. A morerealistic
2-D simulation, incorporating the thermal response of the gas over
a wide range of temperatures, is necessary in order to investigate
this process fully. In the absence of a significant UV flux an X-ray
driven disc wind may be significant. However if a significant UV
flux is present, it seems likely that the UV-photoevaporation domi-
nates. Given the constraints provided by current observational data
and the results of this work it seems unlikely that X-ray photoevap-
oration is a significant factor in the evolution of circumstellar discs
around low-mass stars.
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99, 924

Beckwith, S.V.W., Henning, T., Nakagawa, Y., 2000, in Man-
nings, V., Boss. A.P., Russell, S.S., eds, Protostars & Planets
IV. Univ. Arizona Press, Tuscon, p. 533

Bell, K.R., Cassen, P.M., Klahr, H.H., Henning, Th., 1997, ApJ,
486, 372

Chiang, E.I., Goldreich, P., 1997, ApJ, 490, 368
Clarke C.J., Gendrin A., Sotomayor M., 2001, MNRAS, 328, 485
Dullemond, C.P., Dominik, C., Natta, A., 2001, ApJ, 560, 957
Duvert, G., Guilloteau, S., Ménard, F., Simon, M., Dutrey,A.,
2000, A&A, 355, 165

Eisner J.A., Carpenter J.M., 2003, ApJ, 598, 1341
Feigelson, E.D., Montmerle, T., 1999, ARA&A, 37, 363
Feigelson, E.D., Gaffney, J.A., Garmire, G., Hillenbrand, L.A.,
Townsley, L., 2003, ApJ, 584, 911

Ferland G.J., 1996,A Brief Introduction to CLOUDY, University
of Kentucky Department of Physics and Astronomy Internal Re-
port

Font, A.S., McCarthy, I.G., Johnstone, D., Ballantyne, D.R., 2004,
ApJ, 607, 890

Fromang, S., Terquem, C., Balbus, S.A., 2002, MNRAS, 329, 18
Gahm G.F., Fredga K., Liseau R., Dravins D., 1979, A&A, 73, L4
Glassgold, A.E., Najita, J., 2001, in ASP Conference Series244,
251

c© 2004 RAS, MNRAS000, 1–10



10 R.D. Alexander, C.J. Clarke & J.E. Pringle

Glassgold, A.E., Najita, J., Igea, J., 1997, ApJ, 480, 344 (Erratum:
ApJ, 485, 920)

Glassgold, A.E., Feigelson, E.D., Montmerle, T., 2000, in Man-
nings, V., Boss. A.P., Russell, S.S., eds, Protostars & Planets
IV. Univ. Arizona Press, Tuscon, p. 429

Gorti, U., Hollenbach, D., 2004, ApJ in press (astro-ph/0405244)
Haisch K.E., Lada E.A., Lada C.J., 2001, ApJ, 553, L153
Hartmann L., Calvet N., Gullbring E., D’Alessio P., 1998, ApJ,
495, 385

Hollenbach D., Johnstone D., Lizano S., Shu F., 1994, ApJ, 428,
654

Hollenbach, D.J., Yorke, H.W., Johnstone, D., 2000, in Man-
nings, V., Boss. A.P., Russell, S.S., eds, Protostars & Planets
IV. Univ. Arizona Press, Tuscon, p. 401

Igea, J., Glassgold, A.E., 1999, ApJ, 518, 848
Imanishi, K., Koyama, K. & Tsuboi, Y., 2001, ApJ, 557, 747
Imhoff C.L., Appenzeller I., 1987, in Kondo, Y., ed, Vol. 129,
Astroph. Space Sci. Lib., Exploring the Universe with the IUE
Satellite. Riedel, Dordrecht, p. 295

Kenyon, S.J., Hartmann, L., 1987, ApJ, 323, 714
Kenyon, S.J., Hartmann, L., 1995, ApJS, 101, 117
Kessel, O., Yorke, H.W., Richling, S., 1998, A&A, 337, 832
Krolik, J.H., Kallman, T.H., 1983, ApJ, 267, 610
Lynden-Bell, D., Pringle, J.E., 1974, MNRAS, 168, 603
Mannings V., Sargent A.I., 1997, ApJ, 490, 792
Matsuyama I., Johnstone D., Hartmann L., 2003, ApJ, 582, 893
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APPENDIX A: SOLVING THE EQUATION OF
HYDROSTATIC EQUILIBRIUM

The equation of hydrostatic equilibrium (Equation 3 in Section 2.2)
governing the vertical structure of an accretion disc is

1
ρ

∂P
∂z
= −GM∗z

R3
(for z ≪ R) (A1)

and the ideal gas law is:

P = nkT =
ρkT
µmH

⇒ ρT
µ
=

mH

k
P (A2)

whereµ is the mean molecular weight,mH is the mass of the hy-
drogen atom andk is Boltzmann’s constant. SubstutitingP from
Equation A2 gives

∂P
∂z
=

k
mH

(

ρ

µ

∂T
∂z
+

T
µ

∂ρ

∂z
−
ρT
µ2

∂µ

∂z

)

(A3)

and so we can substitute this expression into Equation A1 to find

⇒ 1
T
∂T
∂z
+

1
ρ

∂ρ

∂z
− 1
µ

∂µ

∂z
= −mH

k
GM∗

R3

µz
T

(A4)

Rearranging, we see that

⇒ ∂

∂z

(

log
ρT
µ

)

= −mH

k
GM∗

R3

µz
T

(A5)

and we can use the ideal gas law again to find that

⇒ ∂

∂z

(

log P + log
mH

k

)

= −mH

k
GM∗

R3

µz
T

(A6)

If we now integrate from some reference pointzR to a heightz > zR,
we find

[

log P + log
mH

k

]z

zR

= −
mH

k
GM∗

R3

∫ z

zR

µ(z′)z′

T (z′)
dz′ (A7)

and so

⇒ P(z) = PR exp

(

−
mH

k
GM∗

R3

∫ z

zR

µ(z′)z′

T (z′)
dz′

)

(A8)

where the subscriptR indicates values atz = zR. Finally we use the
ideal gas law again to find the expression for the density profile as
a function of the temperature profile and ionization structure.

n(z) = nR
TR

T (z)
exp

(

−
mH

k
GM∗

R3

∫ z

zR

µ(z′)z′

T (z′)
dz′

)

(A9)
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