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Outline
• Disc formation: the importance of magnetic fields

• The magnetic braking problem

• Possible solutions


• Theory of accretion discs

• Viscous disc models

• Sources of angular momentum transport


• Theory of outflows

• Magnetocentrifugal launching

• Angular momentum of the wind



Magnetic braking and disc formation
General considerations

• We showed that for collapse of a core of size ~𝜛c, conservation of specific 
angular momentum implies circularisation at 𝜛d ~ 𝛽𝜛c


• However, magnetic fields are capable of transporting angular momentum via 
magnetic torques, so individual fluid elements may not conserve j


• Mechanism: as inner parts of core collapse, trying to conserve j, angular 
velocity has to go up, so inner parts of core rotate faster than outer parts


• This will twist magnetic field lines connecting inner and outer parts of core; 
the field will resist twisting, exerting a magnetic torque whose effect is to 
move j from faster rotating inner parts to slower rotating outer parts



Estimate of braking effect
Part I

• Consider a fluid element at position (𝜛, 𝜑, z) 
rotating at speed v𝜑, threaded by magnetic field B


• For convenience separate field into poloidal part Bp 
= (B𝜛, Bz) and toroidal part B𝜑


• Assuming axisymmetry, 𝜑 component of Lorentz 
force is

𝜛
𝜑

v𝜑

z

B

Top view

Side view

𝜛 and z parts of gradient
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Estimate of braking effect
Part II

• In 𝜑 direction,


• Define braking time


• Consider fluid element trying circularise at speed v𝜑 = (GM/𝜛)1/2, where M ~ (4𝜋/
3)𝜌𝜛3 is mass already collapsed; braking time is


• Assuming B varies on scale 𝜛, so Bp ∙ 𝛁p(𝜛B𝜑) ~ B2, then


• Bottom line: if ℳA ~ 1, so tcr ~ tff, then tbr ~ tff → magnetic braking significant
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The magnetic braking problem
Simulation results

• Simulations with ideal MHD show that magnetic 
braking is strong enough to prevent Keplerian 
discs from forming entirely


• Instead, pseudo-discs supported by magnetic 
field forms


• Problem: we observe Keplerian discs


• So how do we get around this?

P. Hennebelle and S. Fromang: Magnetic processes in a collapsing dense core. I. 19

Fig. 12. Case µ = 2. Density and velocity fields in the xz plane.

The density and velocity fields are shown in the upper panel
of Fig. 14. The flow is similar to that obtained with a critical den-
sity equal to ρc. To study quantitatively various outflows quanti-
ties, we focus on the parts of the outflow which are close to the
equatorial plane (z/R0 ≤ 0.32). Further away from the disk mid-
plane, the outflow hits the inflowing material and its structure is
perturbed. The poloidal magnetic field lines in this inner region
are represented in Fig. 14 with dotted lines. The outflow prop-
erties are computed along one such field line, represented using
the thick solid line in Fig. 14. One of the predictions of the theo-
ries mentioned above is that poloidal velocities u p and magnetic
field Bp are aligned when the outflow is in steady state. We plot
in the upper panel of Fig. 15 the variation of the angle θ they
make as one moves along that selected field line. Apart from
the very inner part of the outflow (z ≤ 0.08, which corresponds
to the outflow launching region), θ is everywhere smaller than
10 degrees, indicating a good alignment between the velocity
and the magnetic field. In general, over the entire outflow region,
we found that this angle is always smaller than 25 degrees. This
is a good indication that the outflow has come close to reaching
steady state, which is in agreement with visual inspections of

Fig. 13. Structure of the azimuthally averaged magnetic field in the
model having µ = 2 at time t = 1.5304τff . The solid lines display the
poloidal magnetic field lines. They are overplotted on a snapshot of
the toroidal magnetic field strength.

animations of this simulation. The middle panel of Fig. 15 gives
an insight into the launching mechanism, by plotting the profile
of the forces acting on the fluid along the same field line. The
solid line shows the variation of the Lorentz force along that field
line. It is compared to the pressure force. The former is clearly
larger than the latter, by one or two orders of magnitude: the out-
flow is magnetically (as opposed to thermally) driven. Finally,
we also give the profile of the outflowing velocity along the mag-
netic field line (bottom plot of Fig. 15). Because of the magnetic
force, it increases steadily in the outflow to reach values of the
order of 1.5 km s−1.

Another important prediction of the analytical self-similar
model (Blandford & Payne 1982) is that the angle between the
magnetic field lines close to the disk and the z-axis should be
larger than 30 degrees. In Fig. 16, we show this angle as a func-
tion of the radius. It has been measured at the disk surface, de-
fined at each radius as being the altitude at which the radial fluid
velocity vanishes. It is seen that this angle is indeed always larger
than 30 degrees except in the very center and in the outer part. In
these two regions, no outflow occurs as can be seen in Fig. 14.

4.3. Mass and angular momentum fluxes

We now present quantities that characterize globally the evolu-
tion of the whole accretion-ejection structure with time. For this

Hennebelle & Fromang 2008



Avoiding magnetic braking
Possible solutions

• Ambipolar diffusion and Hall effect may allow enough 
B field to escape gas to let discs form

• Depends crucially on microphysics: at high density, 

charge mostly carried by dust grains

• Conductivity depends strongly on number of very 

small (~1-10 nm) grains; if these are removed by 
growth, much less magnetic braking


• Magnetic braking much less effective when flow is 
turbulent, due to misalignment between magnetic 
torques and angular momentum
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Standard grains

Very small grains 
removed by growth



Evolution of discs
Mass conservation

• Consider a geometrically-thin, axisymmetric disc of surface density 𝛴 orbiting 
with angular velocity 𝛺


• Vertically-integrated equation of mass conservation:


• Define inward mass flux


• Equation of mass conservation:  
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Evolution of discs
Angular momentum conservation

• Start with Navier-Stokes equation:


• Vertically integrate:


• Write out 𝜙 component, using axisymmetry to drop all 𝜙 derivatives:


• Multiply by 2𝜋𝜛2:


• Here j = 𝜛v𝜙 is the specific angular momentum, and                            is the 
viscous torque exerted by one ring of fluid on its neighbour  
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Steady viscous discs
Torque and viscosity

• If gas is in Keplerian orbit at all times, then


• Plug into equations:                            → viscous torque sets accretion rate


• Stress T𝜛𝜙 scales with rate of strain, defined as inverse of timescale required 
for adjacent fluid elements shear apart by a distance of order their separation


• For gas parcels at radii separated by d𝜛, relative velocity dv𝜙 = 𝜛 d𝛺, so rate 
of strain =  dv𝜙 /d𝜛 =  𝜛 (d𝛺 / d𝜛)


• Thus can write 
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Steady viscous discs
Evolution equation and solutions

• Plugging in torque gives 


• Can solve numerically, but illuminating to consider trivial case 𝛴, 𝜐 constant:


• Thus 𝜐 sets accretion rate — but what is 𝜐? Since torque has units of 
pressure, it is common to non-dimensionalise by scaling the pressure:


• Note: accretion timescale


• Thus value of 𝛼 sets ratio of accretion time to orbital time 
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Angular momentum transport mechanisms
What is responsible for setting 𝛼?

• Empirically measured accretion rates on young stars suggest 𝛼 ~ 0.01, but 
mechanism by which this is established still debated


• Cannot be ordinary fluid viscosity:


• Plugging in 𝛺 ~ 1/yr, cs ~ 1 km/s, n ~ 1012 cm−3, 𝜎 ~ (1 nm)2 gives 𝛼 ~ 10−10. 
Accretion time would be longer than Hubble time!


• Other possibilities: (1) hydrodynamic turbulence, (2) MHD turbulence, (3) 
gravitational torques, (4) winds
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Hydrodynamic turbulence
Doesn’t work

• Viscosity is a diffusion-like term: measures mean 
distance something (momentum or angular momentum) 
travels, multiplied by speed with which it travels


• Molecular viscosity negligible because particle mean 
free path is small, but turbulence can create coherent 
motions on scales up to ~disc scale height — could in 
principle transport angular momentum faster


• However, both simulations and laboratory experiments 
show little j transport by hydrodynamic turbulence: 𝛼 ≲ 
10−6

outer
cylinder

inner
cylinder

outer
rings

shaftspulley

seal
holders

inner
rings

fluid

FIG. 1: Experimental setup. A rotating fluid (water or a water/glycerol mixture) of height

h = 27.86cm is confined between two concentric cylinders of radii r1 = 7.06cm and r2 = 20.30cm,

which rotate at rates of Ω1 and Ω2, respectively. Two novel features distinguish this apparatus from

conventional Taylor-Couette experiments. First, secondary circulation is controlled by dividing

each endcap into two independently driven rings. Opposing rings at top and bottom are driven at

the same selectable angular velocity Ω3 (inner rings) and Ω4 (outer rings). Traditionally, a large

aspect ratio Γ ≡ h/(r2 − r1) is used to reduce the secondary circulation. However, at Γ ≃ 25 by

Richard [7] and even at Γ ≃ 100 by Taylor [18], end effects were reported to be significant when the

endcaps co-rotated with one of the cylinders. Even when the endcaps were divided into two rings,

but with each affixed to one cylinder [7, 17], residual secondary circulation may have facilitated

observed turbulent transitions[15, 19]. When Ω3 and Ω4 are appropriately chosen, secondary

circulation is minimized and ideal Couette profiles are well approximated.[21]. A second novel

feature is access to rotation profiles on both sides of marginal linear stability at Reynolds numbers

as large as 106 [also see Fig.(2)]. When the specific angular momentum, r2Ω, decreases with

increasing r, the Rayleigh stability criterion[30] is violated, and thus the flow is linearly unstable

when Reynolds number exceeds a critical value[16]. When ∂|r2Ω|/∂r > 0 but ∂|Ω|/∂r < 0 (as in

disks, where Ω ∝ r−3/2), the flow is quasi-Keplerian and known to be linearly axisymmetrically

stable. All major components of the apparatus were precisely machined and balanced, and except

for the inner cylinder and rotating shafts, are made of clear acrylic to facilitate visual and laser

diagnostics.
9

Ji+ 2006



MHD turbulence
Magnetorotational instability (MRI)

• Basic mechanism: fluid elements tethered by 
magnetic field line, one closer to star


• Element closer to star tries to rotate faster, move 
ahead of slower, more distant one


• Field resists being sheared apart, pulls back on 
inner element, forward on outer element — 
transfers j 

• This makes inner element slow down, so it falls 
even further inward; outer element goes outward: 
force gets even bigger → instability Diagram from Harvard Ay201b “book”



MRI advantages and disadvantages
Still undecided if this is the right model

• Simulations show MRI provides about the right value of 𝛼


• Big uncertainty is coupling of field to gas: high density in discs, so ion fraction 
likely to be very, very low — B field may not be coupled enough to gas to 
allow MRI to take place


• May also depend on height within disc: surface layers exposed to stellar 
radiation could be ionised and MRI-active, while mid plane has lower 
ionisation and be an MRI “dead zone”



Gravity-driven accretion
Discs near Q = 1

• For discs massive enough to be self-gravitating, 
instabilities produce spiral arms


• These efficiently transport angular momentum 
(more in paper by Kratter+)


• May be dominant accretion process during main 
accretion phase of star, when accretion rate is 
high and disc is massive


• However, accretion also observed in class II 
systems where disc is at Q ≫ 1; that can’t be GI

1590 KRATTER ET AL. Vol. 708

Figure 1. Two examples of single, binary, and multiple systems. The resolution across each panel is 328 × 328 grid cells. The single runs are ξ = 2.9, Γ = 0.018
(top), ξ = 1.6, Γ = 0.009 (bottom). The binaries are ξ = 4.2, Γ = 0.014 (top), ξ = 23.4, Γ = 0.008, (bottom). The multiples are ξ = 3.0, Γ = 0.016 (top),
ξ = 2.4, Γ = 0.01 (bottom). Black circles with plus signs indicate the locations of sink particles. These correspond to runs 5, 1, 9, 16, 7, and 4, respectively.
(A color version of this figure is available in the online journal.)

fragmentation; Figure 1 depicts examples of each outcome.
We use these three possible morphologies to organize our
description of the experiments. We explore the properties of
each type of disk below as well as examine the conditions at the
time of fragmentation.

The division between single and fragmenting disks in ξ and
Γ is relatively clear from our results, as shown in Figure 2.
Several trends are easily identified. First, there is a critical ξ
beyond which disks fragment independent of the value of Γ.
Below this critical ξ value, there is a weak stabilizing effect of
increasing Γ. As ξ increases, disks transition from singles into
multiples, and finally into binaries. We discuss the distinction
between binaries and multiples in Section 5.4. This stabilizing
effect of Γ is predicted by Equation (23), although it is somewhat
counter intuitive. We discuss in Section 5.3 that the stabilization
is often masked by thermal effects in real collapsing systems.

In Table 1, we list properties of the final state for all of
our runs, their final multiplicity (S, B, or M for single, binary,
or multiple, respectively), and the disk-to-star(s) mass ratio
µf measured at the time at which we stop each experiment,
as well as the maximum resolution λn. Note that the disk
extends somewhat beyond Rk,in: therefore, the disk as a whole
is somewhat better resolved than the value of λn would suggest.
For the disks which fragment, we also list the values of µf , λf ,
and Q just before fragmentation occurs.

In Table 2, we describe those disks which do not fragment: we
list the analytic estimate for the characteristic value of Toomre’s

Q, Qd, the measured minimum of Q2D (Equation (29)), the
radial power law kΣ which characterizes Σ(r) for a range of radii
extending from the accretion zone of the inner sink particle to
the circularization radius Rk,in, the final disk resolution, λn, and
the characteristic disk radius, Rd (Equation (21)).

5.1. The Fragmentation Boundary and Q

It is difficult to measure a single value of Q to characterize
a disk strongly perturbed by GI, so we consider two estimates:
a two-dimensional measurement Q2D, and a one-dimensional
measure Qav(r) based on azimuthally averaged quantities.

Q2D(r,φ) = csκ

πGΣ
, (29)

Qav(r) = c̄s(r)κ̄(r)

πGΣ̄(r)
, (30)

where bars represent azimuthal averages, and κ is calculated
directly from the gravitational potential of the disk+stars. As
Figure 3 shows, the two-dimensional estimate shows a great
deal of structure which is not captured by the azimuthal average,
let alone by Qd. Moreover, while the minimum of the averaged
quantity is close to 2, the two-dimensional quantity drops to
Q ∼ 0.3. We find that the best predictor of fragmentation is the
minimum of a smoothed version of the two-dimensional quan-
tity (smoothed over a local Jeans length to exclude meaningless

Kratter+ 2010



Discs winds and wind-driven accretion
Basic considerations

• Magnetised accretion discs generically 
drive winds


• Power source distinct from stellar winds, 
which are given by thermal or radiation 
pressure, and ultimately power by star


• Disc winds are powered by energy 
released by accretion


• This potentially makes them much more 
powerful than ordinary stellar winds 

Matt & Pudritz (2005)



Theory of disc winds
The basics

• Write magnetic field as sum of toroidal and poloidal parts:


• Consider region slightly above disc plane; in this region magnetic pressure ≫ 
gas pressure, so approximate field in this region as rigidly rotating at speed 𝛺


• Gas subject to two potentials (in rotating frame):


• Assume gas is fixed to field line that is anchored to disc in mid plane at 
distance 𝜛0, so 𝛺 = (GM∗ / 𝜛03)1/2; then potential is
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Force and stability analysis
• Force due to potential:


• Define 


• Consider fluid parcel at mid plane displaced 
along field by ds, to


• It feels force


• Component parallel to field is:


• Implication: if 𝜃 < 60°, df∥ > 0: parcel flows out 
as part of a wind
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Wind angular momentum and accretion
• Outflowing material held in solid-body rotation by field, so v = 𝜛𝛺


• Clearly this must break down for sufficiently large 𝜛 — otherwise we would 
eventually have v > c


• Breakdown occurs when wind velocity ~ Alfvén speed, because at this point 
field is not “rigid” enough to keep forcing material to rotate as solid body — 
radius at which this occurs is called Alfvén radius 𝜛A


• Specific angular momentum of wind material is therefore j = 𝜛Av = 𝜛A2𝛺, 
larger than that of disc material by (𝜛A/𝜛0)2


• Thus wind can remove all j and allow accretion if
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