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Viscosity Mechanisms in 

Accretion Disks 


Kristen Menou 

The self-sustained turbulence that develops in  magnetized accretion disks is 
suppressed in  the weakly ionized, quiescent disks of close binary stars. Because 
accretion sti l l  proceeds during quiescence, another viscosity mechanism op- 
erates in these systems. An anticorrelation of the recurrence times of SU UMa 
dwarf novae wi th  their mass ratio supports spiral waves or shockwaves tidally 
induced by the companion star as the main process responsible for accretion 
in  the quiescent disks. Other weakly ionized gaseous disks in systems lacking 
a massive companion must rely on yet  another transport mechanism, or they 
could be essentially passive. 

Accretion discs (1)are present in a variety of 
astrophysical objects, such as mass-transfer 
binaries, young stellar systems, and active 
galactic nuclei (2). The main uncertainty 
about the structure of accretion disks is the 
nature and magnitude of their viscosity (3), 
the process by which the gas loses angular 
momentum to accrete onto the massive cen- 
tral object. Theoretical studies of magnetized 
accretion disks have shown that magnetohy- 
drodynamical (MHD) turbulence provides 
the necessary outward angular momentum 
transport for accretion to proceed (4, 5). The 
problem of identifying a viscosity mechanism 
can also be addressed empirically by con-
straining the magnitude of viscosity in un- 
steady disks, where it directly relates to the 
observed variability (2). This is best done in 
transient close binaries, such as recurrent 
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dwarf novae, with geometries, masses, and 
mass accretion rates that are relatively well 
known (6). 

The transient nature of accretion in the 
disks of close binaries is understood as a 
thermal-viscous limit cycle because of sud- 
den changes of the disk opacity when hydro- 
gen recombines (7 ) .  Global disk evolution 
models reproduce the main properties of ob- 
served outbursts, but only if the efficiency of 
transport and dissipation is less in quiescence 
than during outburst (8, 9). This requirement 
is consistent with the low level of ionization 
predicted in quiescence. In terms of the mag- 
netic Reynolds number 

where C, is the sound speed, H is the disk 
scale height, and q is the resistivity (inversely 
proportional to the ionization fraction), local 
shearing-box MHD simulations (10, 11) pre- 
dict a reduced efficiency of angular momen- 
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tum transport when Re, 5 lo4, a value 
comparable to what is expected in quiescent 
disks (12). It is unclear, however, whether 
MHD turbulence is still responsible for trans- 
port during this phase (at a reduced level) or 
is entirely suppressed. 

This question is addressed here by using 
results from shearing-box simulations as in- 
put for a global numerical model designed to 
study disk instabilities (13). The model pro- 
vides reliable values for the temperature, den- 
sity, and therefore Re,, throughout the disk 
[thermal ionization andresistive diffusion are 
the dominant processes in the disks consid- 
ered here (12)l. The viscosity parameter a 
used in the model (a measure of the disk 
viscosity in units of C $ H ) is tabulated as a 
function of Re, according to the most recent 
(zero net flux) MHD simulations that include 
resistive effects (11). The decay of a is lo- 
cally limited to an e-folding time scale, cor- 
responding to four orbits, to allow for the 
finite time of field resistive diffusion. Other 
model parameters are chosen to represent the 
disk around the white dwarf of the prototyp- 
lcal dwarf nova SS Cyg (12): mass of the 
primary M, = 1.2 times the mass of the sun 
(1.2M3), disk inner and outer radii Rln = 5 X 

10' cm and Rout = 4 X 10'' cm, and mass 
transfer rate of the companion M~ = lop9 
M, yea- ' .  

The evolution of a disk annulus as it goes 
into quiescence in a standard model is repre- 
sented by triangles in Fig. 1. The evolution 
when physically motivated values of a are 
used (circles) shows that the disk does not 
saturate at a low level of MHD turbulence, 
but suffers a runaway cooling as dissipation 
and Re, become less and less important. 
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Although the evolution was limited to a min- 
imum value a = and was stopped when 
Re, reached 100, the disk was still cooling 
down at that point. The outcome is indepen- 
dent of the value adopted for the field diffu- 
sion e-folding time scale, as long as that value 
is short relative to the viscous time scales in 
the disk. Although the presence of a second- 
ary viscosity mechanism could be responsible 
for a residual level of MHD turbulence by 
maintaining the disk at a temperature (-2000 
K) sufficient for the field to remain coupled 
to the gas, the disappearance of self-sustained 
MHD turbulence is guaranteed. 

This is a conservative result because not 
using a minimum value of for a would 
have led to stronger turbulence decay. More- 
over, the enhanced reduction of transport and 
dissipation shown by higher resolution MHD 
simulations (1 0, 11) further supports the case 
for turbulence decay. The runaway decay is 
found at other radii in the disk as well (the 
value of Re, tends to be smaller at smaller 
radii because of the nearly flat profile of the 
central temperature T, in quiescence and the 
scaling of Re, with H), and additional mod- 
els show that the same result holds for the 
disks of x-ray transients (14, 15) around neu- 
tron stars and stellar-mass black holes. 

Accretion is known to occur during qui- 
escence in transient close binaries (6), so 
that another transport mechanism operates 
in the disks. The rapid disk expansion ob- 
served during the outbursts of several 
eclipsing dwarf novae (6) is consistent with 
MHD-driven accretion because it shows 
that disk internal stresses dominate trans- 
port during this phase. On the other hand, 
the same disks are observed to shrink be- 
tween consecutive outbursts, which is a 
signature that transport is dominated by the 
tidal torque attributable to the companion 

Fig. 1. The evolution into quies- 
cence of a disk annulus located at 10' 

2 X 101° cm from a central white 
dwarf is shown in a plot of surface 
density (Z) versus central temper- 
ature (T,). The solid line represents 
the disk thermal equilibrium. The 
middle section, which corresponds 
t o  partially ionized gas, is unstable 
and forces the annulus t o  a cyclic g
behavior. The triangles represent <lor 
the evolution of the annulus, from 
top t o  bottom, in a standard mod- 
el with arbitrarily chosen values of 
the viscosity parameter a on the 
stable branches (a,,, = 0.1, 
a,,,, = 0.01). The circles represent 
the evolution in a model where 
the value of a is consistently taken 
as a function of Re, in the low- 

lo,
ionization regime. In this case, the 
annulus experiences a runaway 
cooling down t o  values of Re, < 
100. At such a low level of ioniza- 
tion, MHD turbulence dies away. 

star, at least in the outer regions of the disk, 
during quiescence. 

The theory of tidally induced spiral waves 
or shockwaves predicts a reduced effective 
torque for smaller ratios of the companion 
mass to the accretor mass (16, 17). Because 
the recurrence times of dwarf novae represent 
the time scales for mass and angular momen- 
tum redistribution in the quiescent disks, an 
anticorrelation of the recurrence times with 
mass ratios is expected if tidal torques dom- 
inate transport in the quiescent disks (18). An 
anticorrelation exists for a sample of SU 
UMa dwarf novae (19) (Fig. 2). This sample 
represents all SU UMa stars with well-known 
masses and recurrence times (20). The anti- 
correlation, which is significant for normal 
and super outbursts, supports tidal effects 
attributable to the mass-transferring star as 
the dominant transport mechanism during 
quiescence in transient close binaries. In 
these six systems, no apparent correlation of 
the recurrence times of normal or super out- 
bursts with orbital period is found. For U 
Gem-type dwarf novae, another subclass for 
which there are enough systems with well- 
known masses and recurrence times to repeat 
the exercise. no correlation of the recurrence 
times with mass ratio or orbital period is 
found. 

A possible reason why the relation is ap- 
parent only for SU UMa stars is that an 
anticorrelation of recurrence times with the 
mass ratio q can easily be masked by differ- 
ences in the rates at which mass is transferred 
by the companion, because these also influ- 
ence the frequency of outbursts. SU UMa 
stars may constitute an ideal subsample of 
dwarf novae to test for such a relation be- 
cause they mostly lie in a small range of 
orbital periods, below the period gap (6). 
Mass transfer is thought to be driven by 

gravitational radiation in these systems (21), 
which means that it should primarily depend 
on the geometry and masses of the system. 
The case of mass transfer driven by magnetic 
braking (when the binary orbital angular mo- 
mentum is lost via the wind of the mass-
transferring companion), which applies to 
most U Gem-type dwarf novae above the 
period gap, may be more complex. The much 
wider range of orbital periods covered by U 
Gem stars may also contribute to the absence 
of a relation for these systems. 

Differences in the mass transfer rates of 
SU UMa stars themselves could explain the 
relation (Fig. 2). However, in the limit q << 
1 and under the assumption that the second- 
ary star fills its Roche lobe, predictions for 
the mass transfer rate attributable to gravita- 
tional radiation give hi, Y- q2M1813,where M, 
is the accretor mass (22). There is no evi-
dence for a dependence of the recurrence 
times with M, in the data set considered here, 
as would be expected if the primary reason 
for the anticorrelation is a reduced efficiency 
of transport for smaller values of q. 

The anticorrelation is consistent with a 
more general, qualitative trend among tran- 
sient close binaries for longer recurrence 
times in systems with smaller mass ratios 
(omitting possible complications resulting 
from evolutionary issues and differences in 
the mass transfer rates or the accretion flow 
structures). This is the case for WZ Sge-type 
dwarf novae, which have longer recurrence 
times and lower mass ratios than the rest of 
the dwarf nova population (6). Similarly, soft 

Fig. 2. The recurrence times of normal and 
super outbursts (t,,, and T,,,, respectively) of a 
sample of well-studied SU UMa stars are shown 
as a function of their mass ratio. These data 
suggest that systems with longer recurrence 
times have lower mass ratios. From left t o  
right, the six systems are OY Car, CU Vel, Z 
Cha, VW Hyi, WX Hyi, and YZ Cnc, wi th white 
dwarf masses MIIM, = 0.68, 1.23, 0.84, 0.63, 
0.9, and 0.82, respectively. The data are taken 
from the Ritter and Kolb catalog (20). Masses 
are usually determined by time-resolved pho- 
tometric and spectroscopic methods. 
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x-ray transients containing accreting black 
holes, as a class, have longer recurrence times 
than similar systems containing less massive, 
accreting neutron stars (14). 

Theoretically. it has been argued that the 
tidal perturbations caused by the companion 
star probably do not lead to much transport in 
the inner regions of the disks of close binaries 
because of their relatively large Mach num- 
bers. This would be particularly true of the 
cold, quiescent disks considered here. How- 
ever, no study to date has considered a real- 
istic, steeply increasing profile of surface 
density with radius, as predicted for the qui- 
escent disks by disk instability models (9). 
Because such a profile favors tidally induced 
transport in the inner regions of the disk (23), 
this question remains open. 

The concept of accretion driven by MHD 
turbulence during outburst and by tidal per- 
turbations during quiescence has several in- 
teresting implications. It complicates the 
modeling of the disks of transient close bina- 
ries because, in quiescence, a is plausibly 
nonuniform with radius, and it becomes time- 
variable as the disk shrinks and couples less 
and less with time to the tidal perturbation (a 
minimum value for the disk outer radius is set 
by the specific angular momentum of the 
accreted gas). It also allows for an efficiency 
of transport in quiescent disks that differs 
from system to system because it depends on 
the binary star parameters (24). Finally, it 
implies that, in the absence of a massive 
companion, weakly ionized disks must rely 
on yet another transport mechanism or they 
could be unable to accrete. Self-gravity is a 
plausible candidate for angular momentum 
transport in the disks of T-Tauri stars and 
active galactic nuclei, which are more mas- 
sive than the disks considered here. However, 
in systems with disks similar to those of close 
binaries, such as supernova fallback disks or 
the disk that led to the planetary system 
around the pulsar PSR 1257+ 12, the absence 
of a massive companion could result in es- 
sentially passive disks. 
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After quantum particles have interacted, they generally remain in an entangled 
state and are correlated at  a distance by quantum-mechanical links that can be 
used t o  transmit and process information in  nonclassical ways. This implies 
programmable sequences of operations t o  generate and analyze the entangle- 
ment of complex systems. We have demonstrated such a procedure for two  
atoms and a single-photon cavity mode, engineering and analyzing a three- 
particle entangled state by a succession of controlled steps that address the 
particles individually. This entangling procedure can, in  principle, operate on 
larger numbers o f  particles, opening new perspectives for fundamental tests of 
quantum theory. 

The quantum concepts of state superposition 
and entanglement can be used to process 
information in nonclassical ways (1). Ac- 
cording to the superposition principle, a 
quantum system may exist at once in several 
eigenstates corresponding to different values 
of a physical observable (such as position, 
momentum, or spin). Entanglement is a con- 
sequence of this principle applied to compos- 
ite systems. After quantum particles have 
interacted, their properties are not indepen- 
dent from each other. Instead, the composite 
system is described by a nonseparable entan- 
gled state, that is, a superposition of substates 
describing independent particles. Each of 
these substates corresponds to well-defined 
values of some set of observables (e.g., par- 
ticles' positions). The system's state can also 
be expressed as a superposition of eigenstates 
for another set of noncommuting observables 
(e.g., particles' momenta). An entangled state 
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can thus be put in different forms, each being 
adapted to the analysis of a specific detection 
procedure. An essential feature of entangle- 
ment is that a measurement performed on one 
part of the system determines the state of the 
other, whatever the distance between them. 

Nonlocal two-particle correlations have 
been discussed by Einstein, Podolsky, and 
Rosen [the EPR situation (2)] and checked by 
many experiments, which have all vindicated 
quantum theory against classical interpreta- 
tions (3). Beyond this fundamental aspect, 
manipulations of entangled states are essen- 
tial for operations that process and transfer 
elements of information coded into quantum 
states (qubits) ( I ) .  State teleportation (4-7) 
and cryptographic key distribution (8,9) have 
been performed with entangled photon 
beams. Recently, triplets of entangled pho- 
tons have been generated and used for non- 
locality tests (10). 

Entanglement of massive particles instead 
of fast-escaping photons has also been con- 
sidered, with the aim of building entangled 
states by reversible and controlled operations 
On individually addressed subsystems. Ma- 
nipulations of spin particles have been dem- 
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