Turbulence has many effects in protostellar discs. It causes the accretion of
gas on the young star, controls the growth of grains into larger bodies, alters
the molecular makeup of the material incorporated in the planets, and modifies
the orbital migration of protoplanets.

If we are to connect the properties of the planets to the discs where they form,
we must understand how turbulence is driven and where it operates.

A leading candidate driver is the magneto-rotational instability, also called MRI
or Balbus-Hawley instability. The turbulence results from the transfer of orbital
angular momentum outward along magnetic fields linking gas at different
distances from the star.
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In protostellar discs, ionisation models suggest the resistivity of the gas is low
enough for MRI to operate within 0.5 AU where thermal ionisation is important,
and outside 20 AU where low densities mean slow recombination.

At the intermediate radii where many planets form, X-rays or cosmic rays
ionise the surface layers only and do not penetrate to the midplane.

This plot shows the column density of the MRI active layer, and the total
column density, versus radius in a model by ligner & Nelson.

If small grains are present, rapid recombination on grain surfaces means
turbulence is expected at 1AU only in an outer skin containing 1% of the mass.

If grains are absent, and the gas-phase abundance of metal atoms is high
enough, most of the disc is active EXCEPT between 0.5 and 2 AU.

The topic for this talk is whether mixing by MRI turbulence can bring free
electrons to the midplane, lowering the resistivity enough so the whole disc is
active.
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Isothermal MHD
Equations Solved

We have used 3-D resistive MHD calculations in a stratified shearing-box
geometry, like Fleming & Stone 2003, but including simple, time-dependent
ionisation-recombination chemistry.

Notice the calculations include the vertical component of the stellar gravity; the
Ohmic resistive term in the induction equation; and a continuity equation for
each chemical species.

The equations are solved using the ZEUS code.
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Charge Exchange

The five species included in the chemistry are molecular hydrogen and its
positive ion, magnesium and its positive ion, and free electrons.

Cosmic rays ionise the hydrogen. The ions can recombine with the electrons
in the usual way, or exchange a charge with a magnesium atom. The radiative
recombination of the magnesium ions is slow so the Mg+ is long-lived.

ligner & Nelson found that this simple model gives results similar to a detailed
network of 2000 reactions, but with slightly higher ionisation levels because
some recombination paths are neglected.
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The reacting MHD flow in a shearing box is used to model a patch of the
minimum-mass Solar nebula at 1 AU.

The radial or x-boundaries are shearing-periodic, the azimuthal or y-
boundaries periodic, and the vertical or z-boundaries allow outflow but no
inflow.

Low densities near the boundaries, and short numerical timesteps, are
prevented by applying a density floor. Wherever the density falls below 1/15 of
the initial minimum density, material is added to bring the density up to the
floor. In all runs, the total mass added is a tiny fraction of 1% of the total and
less than the mass lost as material flows out the vertical boundaries.

The initial magnetic field has a vertical component sinusoidal in x and an
azimuthal component cosinusoidal in x, so the net magnetic flux is zero.

We chose conditions favoring a high ionisation level: grains are absent, but all
magnesium is in the gas phase; and the ionisation is due to interstellar cosmic
rays which penetrate to 100 g/cm”2.



Aim:
Mix ionised, magnetised gas into the
disc interior, before
the magnetic field dissipates or
the charges recombine,

turbulence decays and mixing stops.

For the midplane to be active, the turbulence must mix ionised, magnetised
gas down from the surface layers faster than the magnetic field dissipates or
the charges recombine. If either of these things happens then turbulence will

end and the mixing will stop partway.
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This plot shows the magnetic field dissipation timescale as a function of height.

A diffusion time is a length squared divided by a diffusion coefficient. For the
diffusion coefficient we use the resistivity, and for the length we choose the
density scale height c_s/Omega.

Near the outer boundaries the ionisation level is high, the resistivity is low and
the time for magnetic fields to diffuse across a scale height is ten thousand
years. The fields evolve almost as in ideal MHD.

At the midplane the ionisation fraction is much lower. Oppositely-directed
fields separated by a scale height annihilate one another in a few orbits, and
shorter wavelength disturbances are linearly stable against the MRI.

To make the midplane active, the turbulence must mix down enough free
electrons to significantly increase the dissipation time.
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Recombination

Time to Diffuse One Scale Height (years)

Here is the recombination time as a function of height. It was calculated by
starting with the metal atoms fully-ionised, and integrating the chemical
network to equilibrium with the MHD switched off.

Recombination is fastest in intermediate layers where the absolute number
density of free charges is greatest.

Highly ionised gas will retain its charges when carried through this layer only if
the mixing takes less than thirty years per scale height.
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To measure the mixing rates resulting from turbulent diffusion, we add a layer
of a passive tracer chemical to the MHD calculations and match its spreading
against a diffusion model.

The diffusion coefficient for the mixing in the vertical direction is found to equal
the product of the mean squared vertical velocity fluctuation with the eddy
correlation time.
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Mixing
in Ideal
MHD

Time to Diffuse One Scale Height (years)

This version of the timescales plot includes the turbulent mixing time. The
mixing time was measured in an ideal MHD calculation with the resistive term
in the induction equation switched off.

The mixing time, like the Ohmic dissipation time, is the scale height squared
divided by the diffusion coefficient.

In this case, the mixing is just barely fast enough to bring ionised gas from the
surface layers to the midplane before the charges recombine. The whole
column could potentially be active with this mixing rate.
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Mixing with
Fixed
Resistivity
Profile
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Now we switch on the Ohmic term in the induction equation. The dissipation
weakens the fields, and the gentler turbulence mixes gas more slowly.

In this case, gas from the surface layers suffers recombination when moving
within 2.5 scale heights of the midplane. The resistivity of the deeper layers
will not be greatly changed through mixing.
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Mixing with
Time-Dependent
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Finally we switch on the chemical reactions. As predicted, the results change
little from the fixed resistivity, and only an outer skin is active.
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We can see the results another way in a movie showing the ionisation fraction.

The color scale is logarithmic, with the lowest values in black and blue and the
higher levels in red and yellow.

Over the first few orbits, mixing increases the midplane ionisation fraction by
about a factor two. However after the initial midplane magnetic fields
dissipate, turbulence dies out and the pattern near the midplane is just carried
along with the differential orbital motion and some vertical oscillations. The
midplane electron abundance slowly returns toward its initial state through
recombination.

The ionisation fraction at the vertical boundaries is actually decreased through
mixing with the deeper material, but even so the outer layers remain well-
coupled to the magnetic field.
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The time-dependence of the turbulence is seen by plotting horizontally-
averaged accretion stress versus height and time. The horizontal axis runs to
40 orbits and the vertical axis from 4H below to 4 above the midplane.

The top panel shows the total stress. Hydrodynamic waves pass back and
forth through the midplane dead layer, giving a small time-averaged stress.

The bottom panel shows the magnetic stress alone. The color scale is double
logarithmic, with orange corresponding to a stress about 1% of the midplane
gas pressure.

After the initial magnetic field disappears from the midplane, there is
intermittent magnetic activity in the surface layers throughout the calculation,
which has now run past 55 orbits.

We would like to estimate ahead of time where turbulence will occur. A
criterion that has been used is a magnetic Reynolds number c_s"2/(eta
Omega) greater than either 100 or 10,000. Neither of these accurately
matches the thickness of the active layer.
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Another possible turbulence criterion is the Lundquist number, in which the
sound speed is replaced by the vertical Alfven speed. This differs from the
magnetic Reynolds number in having the characteristic length equal to the
MRI wavelength, so it gives a good measure of the importance of diffusion
over the typical size of fluctuations in the magnetic field.

The height where the Lundquist number is unity is very close to the bottom of
the active layer, and changes with time in a similar way in response to the
variations in the strength of the magnetic field.
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Conclusion:

Despite favourable assumptions, with
grains absent,
abundant gas-phase metal atoms, and
an interstellar cosmic ray flux,

no MRI turbulence occurred in the
midplane at 1 AU in the MMSN model.

To summarise, the resistive MHD calculations showed no magnetic activity in
the midplane at 1 AU, even though we neglected recombination on grains,
allowed all the magnesium to remain in the gas phase, and assumed that
cosmic rays reached the disc surface unabsorbed by the stellar wind.

On the other hand, we used a magnetic field with zero net flux, so that
oppositely-directed field lines readily canceled in the turbulence. A net vertical
flux would be more difficult to remove.

The field strength needed for a midplane Lundquist number of unity is about
one Gauss. Itis an open question whether such a net flux was present in the
Solar nebula at 1 AU.
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