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A newborn star is encircled by a remnant disc of gas and
dust. A fraction of the disc coalesces into planets. Another
fraction spirals inward and accretes onto the star'. Accreting
gas not only produces observed ultraviolet radiation, but also
drags along embedded planets, helping to explain otherwise
mysterious features of observed extrasolar systems. What drives
disc accretion has remained uncertain. The magneto-rotational
instability (MRI), driven by coupling between magnetic fields
and disc rotation, supplies a powerful means of transport®, but
protoplanetary disc gas might be too poorly ionized to couple
to magnetic fields'. Here we show that the MRI explains the
observed accretion rates of newly discovered transitional discs™®,
which are swept clean of dust inside rim radii of ~10 AU. Stellar
coronal X-rays ionize the disc rim, activating the MRI there. Gas
flows steadily from the rim to the star, at a rate set by the depth
to which X-rays ionize the rim wall. Blown out by radiation
pressure, dust largely fails to accrete with gas. Our picture
supplies one concrete setting for theories of how planets grow
and have their orbits shaped by disc gas’, and when combined
with photo-evaporative disc winds'’ provides a framework for
understanding how discs dissipate.

A typical transitional system contains a ~10°-yr-old star of
mass M, ~ 1 solar mass (M) orbited by a disc with a rim radius
Ay Of the order of 10 Au as measured from its infrared spectrum”®.
Figure 1 illustrates the situation. Outside a,;,, optically thick dust
abounds. Inside a,,, only trace amounts of optically thin dust
are observed. Transitional discs may bridge the evolutionary gap
between conventional T Tauri discs that do not have large inner
clearings and debris discs that are entirely optically thin.

Though nearly devoid of dust, the region interior to ap,
typically contains accreting gas, because near-ultraviolet emissions
from the star imply that gas flows at a rate M ~ 10~° M, yr~' onto
its surface”™2. According to our theory, such gas is leached from
the rim by the MRI, a linear instability that amplifies magnetic
fields in shearing discs and drives turbulence’. The inner clearing
grows as the MRI eats its way out, and the accretion rate interior
to the ever-expanding rim is entirely set by the accretion rate
established at the rim.

For the MRI to be viable, gas must be sufficiently ionized
to satisfy two conditions. First, magnetic fields must be frozen
into whatever plasma exists'’. Second, neutral hydrogen molecules,
constituting the bulk of disc matter, must be dragged inward by
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accreting plasma'*'®. We show below that for the problem at
hand the second criterion of ambipolar diffusion, ignored in many
studies™ of protoplanetary discs, supersedes the first criterion of
ohmic dissipation.

Ionization is maintained by X-rays, emitted with luminosity
Ly &~ 10” ergs™" at energies Ex ~ 3 keV from the central star®'7~%,
most likely from its hyperactive corona®. Galactic cosmic rays,
which tend to control ionization on much larger (for example,
interstellar) scales, are negligible at the stellocentric distance of the
rim. Stellar X-rays penetrate the exposed rim wall to a hydrogen
column density N, measured radially. A limited column N* will
satisfy the two conditions mentioned above. The MRI-active rim
contains mass M, ~ 4tN*a,, hu, where h = ¢,/ {2 is the vertical
density scale height, ¢, ~ (kT*/u)"/? is the gas sound speed, {2 is
the Kepler orbital frequency, T* is the temperature of MRI-active
gas at the rim, k is Boltzmann’s constant and u ~ 3 x 107* g
is the gas mean molecular weight. This mass flows from a, to
~d,in /2 over the diffusion time ty¢~ a2 _ /v, where v =ac.h is the
turbulent diffusivity:

3M;, _ 12naN*a; (KT*)?
Laife GM, u'/?

M~ (1)
where G is the gravitational constant and the extra factor of
three follows from a more accurate derivation. As measured by
numerical simulations of the MRI", which remain in their infancy,
the transport parameter o« might be ~0.03—0.3, depending on
the seed magnetic field. Notice how M in equation (1) does not
depend explicitly on the surface-density profile of the disc. Given
observations of a,, and M,, we need only compute N* and T*,
which we do below.

X-ray-driven MRI is not a new idea*, but our study is the first
to apply it to transitional discs and to identify the correct criterion
for where the MRI can operate under these conditions. We show
below how the entire region interior to the rim, including the
mid-plane, is MRI active. This contrasts with previous studies of
X-ray-*¢ or cosmic-ray-* driven MRI in which accretion is confined
to the surface layers of a disc whose mid-plane properties cannot be
calculated from first principles. Moreover, such surface accretion
is unsteady’. The accretion rates that we derive are steady and
can be directly compared to observations. Thus, transitional discs
not only provide insight into the late stages of disc evolution,
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Figure 1 Schematic diagram of a transitional protoplanetary disc accreting by
the MRI. Transitional discs have large rims (g;, ~ 10 AU), inside which dust is
largely absent’#%. X-ray radiation from the young stellar dynamo*'7-2°
photo-ionizes dusty rim gas and heats it to a temperature 7*. Only a limited gas
column N* is sufficiently ionized to be MRI unstable and drain inwards. Stellar
radiation pressure clears infalling gas of dust. The MRI-active rim is taller than
surrounding material because it alone is well heated by X-rays. This has two
consequences. First, the rim shadows a portion of the outer disc at a > a;;,, from
X-rays and prevents the MRI from operating there. Second, the rim should be tall
enough not to be shadowed itself by the inner disc at a < a;.

but also offer the first clean application of ideas—namely, MRI
triggered by non-thermal ionization processes™—pioneered for
more complex systems.

Determining N* requires that we calculate the degree of
ionization as a function of N. The X-ray ionization rate per H,
molecule is

¢ noxexp(—Nox) (2)

Lx

- 4na§imEx

where oy ~ 4 x 1072*(Ex/3keV) ** cm?® is the photo-ionization
cross-section and n A~ 81 accounts for the number of secondary
ionizations produced per absorbed 3 keV photon®. Freshly ionized
H;" rapidly converts to molecular ions such as HCO*. Most such
molecules dissociate in collisions with electrons, but some transfer
their charge to gas-phase atomic metals such as magnesium®*'. The
latter channel is important because ionized metals tend to keep
their charge, neutralizing slowly either by radiative recombination
with electrons or collisions with negatively charged dust grains®"*.
In the Methods section we show how these considerations yield
a quartic equation for x. = n./n, the number density of free
electrons to the number density of H, molecules, in terms of
¢/n, recombination rate coefficients and the fractional abundance
Xmetiot Of all heavy metals in the gas phase. To relate n to
the column N penetrated, we spread all 4nNa;,h molecules
comprising the X-ray-penetrated rim into the volume 2ma’ _h
interior to the rim to estimate that n ~ 2N /a,,. Rate coefficients
depend on temperature T, which we estimate using a simple
thermal balance. Gas is heated by fast photoelectrons at a
rate per H, of Lyoxexp(—Nox)f/(4mal ), where f ~ 0.5 is
the fraction of X-ray energy deposited as heat®. Gas cools by
ro-vibrational transitions of CO, whose abundance is assumed
to be cosmic and whose level populations are assumed to be
thermal®. The resultant solution x. of the quartic is shown
against N in Fig. 2 for parameters appropriate to the transitional
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Figure 2 Estimating the MRI-active column N*. lonization fraction x; (left-hand
axis, black) and ambipolar number Am (right-hand axis, red) are plotted against
column density N penetrated by X-rays at the rim, assuming a 3 keV luminosity
Ly=10%ergs~" for GM Aur. Curves are computed using the quartic equation for x,
(see the Methods section). Results for TW Hyd and DM Tau are similar. Solid,
long-dashed, dashed, and dotted curves correspond t0 Xye; ot = 107, 107, 108
and 0, respectively. The ambipolar numbers required for accreting plasma to entrain
neutral hydrogen are measured in numerical simulations' to be ~100. Roughly
speaking, the MRI affects a radial column of N= N* ~ 5 x 10 cm~2 at the rim,
provided Xpe; 1o > 107".

system GM Aur”", for various choices Of Xpr- Results for
other systems (TW Hyd®®, DM Tau”") are similar to within
factors of two.

For neutral hydrogen to accrete by the MRI, a given H, molecule
must collide with enough ions within the e-folding time of the
instability'¢, 1/ (2:

xenﬂin

?

Am= > Am”* (3)

where B, & 1.9 x 107 cm®s™! is the rate coefficient for ions to
share their momentum with neutrals*, and the critical ambipolar
diffusion number Am* is measured in numerical simulations" to
be roughly 100. Linear growth rates for the MRI drop dramatically
with the degree to which (3) is not satisfied'®.

Figure 2 plots Am against N for GM Aur. Roughly speaking,
Am > Am* for N = N* ~ 5 x 10® cm™2. This value of N*, which
we adopt henceforth, is only an order-of-magnitude estimate,
given uncertainties in Am* and in how sharp criterion (3) is in
determining the nonlinear, saturated state of the instability. In any
case, the corresponding ionization fractions, x, &~ 1078~1077, are so
large that the magnetic Reynolds numbers, Re & 107108, far exceed
the critical values, Re* ~ 10°-10*, seemingly required for magnetic
flux freezing". Accretion by the MRI in transitional discs is limited
by ambipolar diffusion, not by ohmic dissipation. For N = N*, we
find from our thermal balance model that T = T* ~ 230 K. Results
for TW Hyd and DM Tau are similar. .

Armed with T* and N*, we use equation (1) to plot M
against a,, in Fig. 3, adjusting o as necessary to reproduce the
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Figure 3 Accretion rates M versus rim radii a.m. Data for transitional discs GM
Aur, TW Hyd and DM Tau’®""'2 are shown. For GM Aur and DM Tau, error bars
bracket the ranges cited in the literature”"". For TW Hyd, the error bar spans a factor
of two to reflect near-ultraviolet variability®'2. Solid lines are calculated according to
equation (1), for N* =5 x 102 cm=2, and T* and M. as calculated for a given star.
The transport parameter « labelling each curve is chosen to reproduce the
observations. Fitted values of « range from 0.007 (GM Aur) to 0.035 (DM Tau), of the
order of those seen in numerical simulations'™. Accretion rates increase nearly as

a2 the wider the rim, the more surface area is exposed to X-rays.

rim?

observations for GM Aur, TW Hyd and DM Tau. Best-fit a-values
are 0.007-0.035, of the order of those seen in current simulations
of the MRI". The transitional system CoKu Tau/4 is not detected
in X-rays® and has an unmeasurably small®>” accretion rate
(M < 107°M, yr™'). Possibly CoKu Tau/4 has a softer X-ray
spectrum, a prediction that is subject to test. If, say, Am < 10 at
its rim, then its 3 keV luminosity Ly < 10% (107 /Xpeq. o) €788~

We expect little accreting material outside a,,. The X-ray
heated rim has a vertical thickness greater than that of material
immediately outside. Thus, as depicted in Fig. 1, some fraction of
the disc beyond the rim will dwell in the rim’s X-ray shadow and
be magnetically inert. How long the MRI takes to eat its way out
to a,, depends on the unknown surface density X' of the original
disc. The clearing time ty.,, = X'a?, / M~10° yrif ¥~ 10> gem™2,
comparable to that of the minimum-mass solar nebula in the
vicinity of 10 AU.

Once dislodged from the rim, matter must still travel up to
3 decades in radius, from ~10 to ~0.01 AU, to reach the stellar
surface. We now show that the MRI continues to provide transport
at a < a,,. Observed spectra demand that inside the rim the
disc contain so few grains as to be optically thin at mid-infrared
wavelengths™®. We can understand this (see Methods section) as
a consequence both of the limited number of grains contained
within the MRI-active mass M,;,, and of stellar radiation pressure®®,
which blows out a large fraction of submicrometre-sized grains.
Having lost its primary source of continuum opacity, the gas heats
not by incident starlight, but by accretional (ohmic) dissipation.
Cooling proceeds through gas line transitions, at a rate that is
difficult to estimate because it requires solving simultaneously for
the thermal, chemical and excitation state of the gas. Here we find it
adequate to normalize the temperature of mid-plane gas at a < a;,,

606

to the minimum value, obtained by equating the energy flux from
accretion with that emitted by a black body:

M 1/4 a YN
T~50 ——— (—) TK
10 Mg yr! AU

where T > 1. Mass continuity then implies a vertical hydrogen
column density of

24 M " aNteoa N 2
N, ~5x 107 — (—) (—) T em™
* ( 10 Mg yr—! ) AU 0.02

(4)

to the mid-plane. Observations® suggest T = 3. To estimate Am,
we take the ionization rate ¢ from radiative transfer simulations
of X-ray-irradiated discs®, scaled to N, as given in (4), and
insert these rates into the aforementioned quartic for x.. For a
3 keV thermal plasma emitting Ly = 10* ergs™’, these simulations*,
which account for multiple Compton scattering of X-rays, give
=10""%s"at1avuand ¢ =2.5x10""s"" at 0.1 AU, at the mid-
plane. Because dust is largely absent, metal ions can only recombine
radiatively with electrons, and the quartic gives Am &~ 90 at 1 AU
and Am ~ 120 at 0.1 AU, for X,e or = 107°. The MRI-active vertical
columns at 0.1-1 Au, of the order of N, &~ 10 cm™?, are larger
than the MRI-active radial column at the rim, N* &~ 5 x 10 cm™2.
This follows from the Am criterion (3), which assigns importance
to the total (ion) density x.n, not the fractional (electron) density
X.; total densities increase dramatically from the rim to the star. At
~0.01 Au, thermal ionization is sufficient to sustain the MRI***.
Thus, the MRI plausibly operates everywhere interior to the rim,
carrying steadily inward all of the mass drawn from the rim.

Our investigation can be extended in several directions.
Detailed considerations of thermal balance will enable construction
of models that smoothly span all radii a < a,,,. The extent to
which dust can be entrained in the gas flow inside a,;, can then
be calculated and compared with observation”®. For preliminary
calculations in this regard, see our Methods. Finally, our theory is
designed to explain only systems with large rims. Most discs do not
show such inner clearings, yet their host stars still accrete' at rates
up to ~1077 M, yr~'. Whether our ideas can be expanded to apply
to conventional T Tauri stars at earlier stages of their evolution is an
outstanding issue, related to the unsolved problem of the origin of
transitional discs.

Disc properties inside the rim are insensitive to those
outside, because the MRI can only draw a radial column of
N*a25x 10 cm™ from the rim at any time. Our picture therefore
provides a robust setting for theories of how planets form and how
their orbits evolve’ within transitional discs. A protoplanet lying
interior to the rim will interact with gas whose density, temperature
and transport properties are definite and decoupled from uncertain
initial conditions. Our study also supplies part of the answer to how
discs dissipate. Except for matter that gets locked into planets, the
inner disc drains from the inside out by the MRI, whereas material
beyond the rim photoevaporates by stellar ultraviolet radiation'’.

METHODS

IONIZATION BALANCE

Molecular ions produced by X-ray ionization dissociate collisionally with
electrons or transfer their charge to gas-phase atomic metals. In equilibrium,
the fractional number abundance x,,,;+ of molecular ions relative to hydrogen
molecules is therefore given by

=Xt 11 (e Baiss + Xmet Br) (5)

where Bais 3 x 1077 (T/230K) /2 cm® s™! and B, ~ 107™° cm® s™! are rate
coefficients for dissociation and charge transfer**°, and x. and Xy are the
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fractional number densities of electrons and free neutral metals, respectively.
Tonized metals neutralize by either radiative recombination with electrons or
collisions with negatively charged dust grains?"»*>%:

Xmot+ Xmet Bt = Xmer+ (Xe Brec + ﬁgr) (6)

where x,+ is the fractional abundance of metal ions,
Brec 24 x 10712(T /230 K)~1/2 cm® 57! is the radiative recombination
coefficient and B, is the recombination coefficient, measured per H, molecule,
for grains. We assume that the total grain surface area available for
recombination is dominated by grains of radius s containing a fraction Z; of
the total mass. It follows that B, &~ 3 x 1072 (ums™1) (Z;/107)
(T/230K)'/? cm®s~!. Though unknown, the factor Z; is likely to be
considerably less than the maximal value permitted by solar abundance gas,
Zo A 1072, because of grain growth. Fortunately, our results are insensitive to
Bgr because radiative recombination is usually more efficient than
recombination onto grains (see the end of this section). A constraint on Z;/s
from observations is contained in the next section on radiation blow-out.

We combine equations (5) and (6) with relations for charge and
number conservation

Xe = Xmolt+ + Xiert (7)

Xmet,tot = Xmett + Xmet (8)

to derive, under approximations specified below, a quartic equation for x,. Our

final equation is a quartic and not a cubic? because we allow for the possibility

that nearly all gas-phase atomic metals might be ionized, via equation (8).
Equations (5)—(7) yield*!

2 é‘ { xmetﬁt
ssXe + BiXmerXe — = — = | ———— | =0. 9
Paisie t Bitmae =, n(xeﬁmwg,) ©
The first term on the left-hand side dominates the second term when
_ T 1/2
53 P07 (S (L) (10)
Biss 10-6 230K

This is always the case for Am > Am* ~ 100, as is evident in Fig. 2. Therefore
we drop the second term in (9) to write

2 nﬂdiss

,lemcl = (xc - 1) (ﬂrccxc + ﬂgr) . (11)

Combining equations (5), (6) and (8), we have

(ﬂdissxe + ﬁﬁxmet)xmel.tm = Xmet [ﬁdissxe + lgtxmet + E (L>:| B

n .Brec Xe+ ,B or
which simplifies, according to the same approximation embodied in (10), to
¢ B
i gt = gt iss: - - . 1 o . 12
,Bd ssXmet, totXe = Xmet |:/3ds Xe+ n (ﬂrecxe"rﬂgr ( )

We solve (12) for x: and substitute into (11) to write

¢
ﬁdissﬂrecx: + ﬂdissﬂgrxz + Z (ﬁl - ﬂrec) xi

¢ t\* B
- ; (ﬂgr“l‘ﬂlxmcl.tot)xc - (;) ﬂdiss =0.

It is safe to ignore By in comparison to By, so

4 ﬂgr 3 { ﬁ‘ 2
%t (ﬂ)x * (nﬂdm F)x

2
*( ¢ ﬂ><@+xmenot>xe*ﬂ< ¢ > =0
”:Bdiss ,Brec t ' ,Brec n.Bdiss

We solve the quartic (13) numerically, taking ¢ either from (2) when
evaluating conditions at the rim, or from Monte Carlo simulations? when
studying the mid-plane at a < dyi,. The solutions are insensitive to the
uncertain parameter B, o Z; /s. For example, in Fig. 2, increasing the grain
recombination efficiency by a factor of 100 above our nominal value decreases
the peak value of Am from 140 to 40.

(13)
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RADIATION BLOW-OUT OF GRAINS
Submicrometre-sized grains feel an outward stellar radiation force that just
exceeds stellar gravity. Then the time for such grains to travel from a to ~2a is

oLy
blow ™~ 0 tstop

where fyop X pp5/(cspun) < 1/42 is the time for grains of radius s and internal
density p, &~ 1gcm™ to attain terminal velocity according to the Epstein gas
drag law?®*!. Radiation blow-out is faster than aerodynamic drift (the latter
caused by radial pressure gradients in gas'®) by (a/h)%  ~ 10%

We compare fyjoy 0 tai & a /v, the time for gas to diffuse from a to
~a/2. At the rim of the disc of GM Aur, we find the timescales match by
coincidence: fylow,rim ~ tdiff.rim ~ 1 X 10% yr. This indicates that about half of the
dust in M,in, is expelled, leaving the other half entrained with accreting gas and
spread between a,i, and ~din /2. The geometric optical depth of entrained
dust, measured perpendicular to the mid-plane, is

2N*uZs h
Trim N ———— —
pps a

~ Zs —1
rim~O.5 To (ums™ ). (14)

Because radiation at a wavelength of 10 um originates from grains with
temperatures of ~300 K, observed 10 um spectra of GM Aur constrain the
optical depth in grains at ~1 AU but not near the rim at 24 Au, where grain
temperatures are much lower. Therefore, we cannot directly compare our
calculated 7y, with 10 um observations for GM Aur. For the case of TW Hyd,
however, we can more easily make this comparison, because its rim is located at
~4 au. Scaling to the parameters of that system, we find tpjo rim = 5 X 10° yr
and tgifr rim & 2 X 10* yr, which suggests that more than half the dust in My, is
expelled. Further reducing our estimate in (14) by a factor of two, and
accounting for the smaller aspect ratio (h/a),im, we estimate Ty, = 0.1 for TW
Hyd. Observationally®, the vertical optical depth of dust interior to the rim of
TW Hydra’s disc is 719 ~ 0.05 at a wavelength of 10 um. This is essentially the
same as the geometric optical depth for micrometre-sized grains because of the
silicate resonance band at 10 um wavelength. Thus, our crude estimate of
Tiim & 0.1, on the basis of assumed values for Z, = 107* and s = 1 um, is
within a factor of two of the observed optical depth, agreement that we
consider acceptable.

To satisty the observation that the disc remains optically thin at a < dyim,
whatever dust still lies between a,iy, and a,i, /2 must fail to penetrate within
arim /2. Radiation pressure ensures that dust does not continue to fall in,
provided that fyjey/ tair 6 nT>/2a>/? decreases with decreasing a. This seems
likely to obtain because T should drop sharply just inside a,i, /2 once
mid-plane gas becomes too dense to be heated effectively by X-rays.
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