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In this study dwarf nova eruptions are investigated from the perspective of magnetic viscosity
which is parameterized in terms of two quantities, namely the magnetic Reynolds number (Ry,)
and the magnetic Hartmann number (M) of the accretion disc. It will be shown that for dwarf
novae the disc cycles through low and high states of magnetization. For these systems the ro-
tating magnetosphere outside the co-rotation radius, frozen into the disc, results in an outward
centrifugal barrier and an accumulation of the disc, increasing both Ry, and M. For both Ry, > 1
and M > 1, magnetic viscosity triggers a magneto-gravitational instability and an accompanying
rapid inward advection of the disc plasma with an associated high accretion rate. It is shown that
turbulent dissipation in this phase can drive luminosities of the order of Ly < 10*°erg s™!, in

accordance with the inferred luminosities during outbursts.
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1. Introduction

Currently it is believed that most outbursts from disc accreting systems like the dwarf nova
(DN) phenomenon are intimately linked to significant cyclic changes in the accretion disc viscosity.
The quantification of accretion disc viscosity received enormous impetus with the incorporation of
turbulent viscosity, which exceeds molecular viscosity by several orders of magnitude. In the
seminal paper of [1], the turbulent viscosity is parameterized by Vy = 0tcsH, where o < 1 is a
dimensionless parameter which scales the magnitude of the viscosity in terms of the sound speed
¢ and the disc scale height H. Following this model, the hysteresis S-curve characterizing a DN
outburst in the X — Ty, plane has been quantified in terms of a cyclic & parameter variation ([2]).
Simulated DN lightcurves resemble observed lightcurves most closely for values of Qgoq ~ 0.01
and Othor ~ 0.1 —0.3 ([3]). Although the introduction of turbulent viscosity through the & parameter
proved to be a useful way of constraining the magnitude range of the disc viscosity, the absence
of a detailed theory of turbulence means that it is no more than a neat way of hiding numerous
ill-understood underlying principles. It has been shown that magnetized discs are unstable against
the magnetorotational instability (MRI) ([4]). For example, Balbus & Hawley [5], as well as [6]
and [7] showed that the strong coupling between the disc plasma and weak disc magnetic fields via
the Lorentz force results in the MRI being an effective mechanism for angular momentum transfer
in accretion discs. This mechanism also provides a more quantitative description of the viscosity
variations between the “hot” and “cold” states of the accretion disc during the DN outbursts.

In this study, a different approach is followed. The effect of magnetic viscosity will be inves-
tigated in terms of the magnetic transport through the disc, which is described effectively by two
parameters, i.e. the magnetic Hartmann (M) and Reynolds (R,,) numbers (e.g. [8]). The Hart-
mann number is the ratio of magnetic stresses to particle viscosity in a magnetized fluid, while the
Reynolds number essentially represents the ratio of the convection and diffusion associated with
the magnetic field in the fluid. These two numbers are given respectively by
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where o, i, B, L and v represent the fluid electrical conductivity, the coefficient of dynamical
viscosity, the magnetic intensity, the length scale of the field and the bulk flow speed respectively.
For both the Hartmann and Reynolds numbers exceeding unity, the magnetic field will play an
extremely important role in the dynamics of a magnetized fluid, which can have important con-
sequences in astrophysical environments. In this study, the effect of magnetic viscosity will be
investigated in disc accreting cataclysmic variables. It will be shown that magnetized discs can
naturally explain episodes of transient accretion which are associated with the dwarf nova phe-
nomenon. The paper will be structured as follows: In the next section a brief discussion will be
presented of the role magnetic fields will play in slow rotators, followed by a discussion related to
magnetic viscosity, a magneto-gravitational instability, turbulent heating, observational evidence
for disc turbulence and a conclusion.
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2. Magnetic Fields and Slow Rotators

It has been shown (e.g. [9], and references therein) that for slow rotators with magnetic dif-
fusivity a function of radial distance, the associated disc inflow speed can be determined, which
is

256 \ 13/19 .
—VR o< (B*R* ) 1-0./9 (2.1)

M M? n17/19R108/19°

where B,., M., M, Q., Qx and 7N represent the polar value of the poloidal magnetic field, the mass
of the compact object, the mass accretion rate, the spin angular velocity, the Keplerian angular
velocity and the diffusivity of the plasma respectively. It can be seen that for slow rotators material
inside the corotation radius satisfies Q. /Qg = Px/P. < 1, resulting in an inward flow of material,
while for regions in the accretion disc outside the corotation radius Q. /Qg = Px/P. > 1, result-
ing in an outward magneto-centrifugal push ([10]) which effectively impedes the viscosity-driven
radial inflow. The effectivity of the outward magneto-centrifugal push of disc material outside the
corotation radius depends on the magnetospheric strength of the compact accreting object, and on
the diffusivity of the magnetospheric field of the compact object frozen into the disc plasma. It
has been shown ([11]) [Fig 13.6, p.63] that this outward push in disc regions outside the corotation
radius results in the inflow speed of a magnetized disc to be significantly less than for a non-
magnetized Keplerian disc. Furthermore, [12] showed that Kelvin-Helmholtz instabilities can be
triggered in this outer disc regions where the rotational velocity of the magnetospheric field of the
rotating object exceeds the Keplerian velocity of the disc. This can result in magnetic bubbles trans-
ferring angular momentum outward through the disc. It is believed that the net centrifugal effect
of the faster magnetosphere anchored in the disc and the outward transported Kelvin-Helmholtz
magnetized bubbles will result in an accumulation of the disc outside the corotation radius and
an associated gradual increase in the disc surface density. The gradual magnetization of the disc
through magnetic bubbles and the magnetospheric field that diffuses into the disc, will result in the
conditions building-up towards the trigger of a magneto-gravitational instability, which may drive
enhanced inward flow of the accumulated disc material and associated high mass accretion. The
driving mechanism of this instability will be magnetic viscosity in the disc. A brief discussion will
now be presented.

3. Magnetic Viscosity

It is believed that frozen-in magnetic fields will have a very significant influence on the dy-
namical properties of accretion disc plasma. It has been shown (e.g. [8]) that the flow of a conduct-
ing fluid across magnetic fields will result in a significantly modified flow profile. For example, [8]
showed that for M >> 1 the fluid rams into a magnetic obstruction too strong to advect, and plasma
has to trickle across the magnetic obstruction with the typical E x B drift velocity. For M << 1
the magnetic field can be transported with the conducting fluid. This principle has been applied to
model the mass transfer flow from magnetized secondary stars, for example in AE Aquarii ([13])
and other magnetic cataclysmic variables ([14]). For example, [13] showed that for Roche lobe
mass transfer across a strong magnetic field near the L region, the flow will essentially be deceler-
ated to such an extent that matter will accumulate behind the magnetic barrier leading to sporadic
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fragmented release of plasma and slingshot prominences. This may be the mechanism behind frag-
mented mass transfer in many cataclysmic variable systems. A similar process may be operational
in accretion discs.

It has been mentioned earlier that the interaction between the rapidly rotating magnetosphere
and the slower disc outside the corotation radius of slow-rotators can result in the creation of mag-
netic bubbles that will transport angular momentum outwards. This will also result in the magne-
tization of the disc over length scales that comprise a significant fraction of the disc outside the
corotation radius. This build-up phase from a situation where M < 1 (weakly magnetized state of
the disc) to a situation where M > 1 (highly magnetized state of the disc) may define the timescale
for the trigger of a magneto-gravitational instability in some classes of accretion driven systems. It
will be shown that a magneto-gravitational instability, leading to rapid inflow through the disc and
enhanced mass accretion, can be associated with the scenario where M > 1.

4. A Magneto-Gravitational Instability

The build-up of material in a magnetized disc may lead to the disc becoming more turbulent,
since the flow outside the corotation radius has departed from a purely Keplerian profile ([11]).
It can be shown that in the event of a turbulent disc, where the turbulent disc viscosity exceeds
vr = (Ur/pdise) = OHgisecs > 10" (a/0.1)(Hgise /108 cm)(cs/10%cm s~!)em?s~! and magnetic
diffusivity n ~ (¢?/4wor) > 103 cm?s~! with frozen-in disc magnetic fields exceeding B ~ 100

G,
Bisc L \%0 -1/2 oT 1/2
M >1 —_— . 4.1
” <100G> <Hdisc><1013cmzsl> (1073*1) @D

With the disc magnetized to this level the gas will increasingly find the disc magnetic fields a barrier

that will hamper the azimuthal flow. The braking effect of the azimuthal flow is illustrated by the
equation of motion of the azimuthal flow cutting perpendicularly across magnetic fields frozen into
the disc, which is

2
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where f| represents the local non-electromagnetic forces influencing the gas flow in the disc and
with v, — w representing the local relative velocity of the disc flow and the frozen-in magnetic
fields. Notice that the drift velocity (w) essentially determines the rate at which the magnetic field
migrates through the fluid (e.g. [15]). The acceleration experienced by disc plasma will influence
the local disc dynamics over an increment of time (0¢), which is represented by

d
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with § = (w/vy ;) < 1. One can effectively show that the effective gravity for disc matter orbiting
the compact star with mass (M) is

2
oM, V3 .
it | = <—R21 + I‘é’) R. (4.4)
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From these equations ge¢r — O for Keplerian flow, i.e. vy — vk. However, one can see that if the
azimuthal flow is decelerated across the fields, gefr | < 0 (vy < vk). This means that if the disc
has reached critical levels of magnetization, for which the Hartmann number M > 1, the azimuthal
flow will be decelerated such that the effective gravity will point radially inward, which implies that
during these states the disc plasma will experience a net inward pull towards the compact accreting
object. One can readily show that the effective gravity can be written as

Zeff = — (2%41) <;fj> (1=¢)—7)) &R, 4.5)

where ¥ = (£ /pvk)/(6B?/pc?). For a turbulent disc with frozen-in magnetic fields of the order
B ~ 100 G and density pgisc ~ 10*8g cm 3, it can be shown that Y~ 107 and or ~ 107571,

resulting in
)
M, Raisc or\ 4 -2
= -3000( — ) | =—=7— — R 4.6
Bell <M<.>> (3 X 10100m> <ls> ems (46)

which is gt = 38carth for the parameters chosen. It has been observed ([16]) that the most common

outbursts are accompanied by an inward propagating heat-wave that originates in the outer parts of

1/2

the disc, which moves inward with a speed vy,_y ~ OhotCs, With ¢5 ~ 108(Tyisc /10* K)'/2cm s7! the

speed of sound in the hot state of the disc.

5. Turbulent Dissipation and Heating

The trigger of the magneto-gravitational instability and associated inward advection of the
azimuthal flow (M}, > 1) of the disc will be associated with large scale hydrodynamic turbulence
and associated turbulent dissipation of turbulent mechanical energy. The rate of dissipation of
mechanical energy per unit volume of the turbulent eddies (e.g. [15]) is

2
Vrms,
Ut = Pdisc VT,d < nl:’d> ; (5.1)

with V1 g & Vims dld, Where vy g Tepresents the turn-over velocity of turbulent eddies in the dissi-
pative regime, and /4 the smallest length scale of turbulent eddies in the dissipative regime. The
dissipative length scales are of the order l; = (R, /Re,crit)*/ ‘Hy (e.g. [17], and references therein),
with R. the Reynolds number of the flow, and Rc ¢rit ~ 1000 the critical value for the trigger of
turbulence in the flow (e.g. [18]). Here Hgjs. represents the maximum length scale of turbulent
cells, which is constrained by the vertical disc height. The total disc luminosity in a fraction () of
the disc volume during this "hot" stage can then be estimated as

Laise ~ tit(BR)*Hyise

. 2 2

Risc Hgisc —
< 10% a LA L2
- <108 ergem3s~! / \ 0.1 3x10%cm 108cm ) ©'8° (>-2)
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This upper limit is completely consistent with the observed luminosities of Lgise ~ 103*erg s~
of systems like U Gem, SS Cyg, Z Cha and VW Hyi during outbursts (e.g. [19], and references
therein).
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Figure 1: Fast Fourier Transform (FFT) of the flickering lightcurve of V2051 Oph
V2051 Oph - 11 August 1978
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Figure 2: Evidence of a Kolmogorov turbulence spectrum if Fourier power is plotted as a function of
wavenumber for the flickering of V2051 Oph

6. Observational Evidence for Disc Turbulence

The hydrodynamic stability of a rotating incompressible fluid is determined by Rayleigh’s
criterion, which states that the flow is stable against linear perturbations if the specific angular
momentum increases outward (e.g. [6], [17] for a discussion), given by

d(r’Q)?

. d
7 >0 6.1)

The condition above is satisfied in any Keplerian flow, where Q o< /2, which means that a Ke-
plerian flow is stable against linear perturbations (e.g. [6]). However, we showed earlier that
magnetized slow rotators can significantly perturb the Keplerian flow profile outside the corotation
radius, and cause a breakdown of this stability condition. These discs may be unstable against linear
perturbations that may lead to hydrodynamic and magnetohydrodynamic turbulence. The presence
of turbulence may be hidden in the flickering of dwarf novae lightcurves ([16]). The flickering
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lightcurves of dwarf novae display a characteristic red-noise behaviour, which can be attributed to
the swirling motion of turbulent eddies in the accretion disc. Larger eddies are usually brighter and
have a slower swirling velocity than the smaller and subsequently fainter eddies ([16]). Since the
turbulent spectrum for the mechanical energy as a function of wavenumber k in the inertial range
displays a characteristic Kolmogorov E (k) < k=3/3 law (e.g. [15], [17], and references therein), it
is hypothesized that the Fourier power for red-noise should display a similar scaling with respect to
wavenumber. To test this hypothesis, several flickering lightcurves of dwarf nova candidates have
been tested for periodicity, expressed in terms of wavenumber, over a wide wavenumber range. The
smallest wavenumber corresponds to the largest eddies, with sizes constrained by the thickness of
the accretion disc, i.e, | = Hgisc ~ 108 cm. The red-noise part of the FFT has been isolated and the
Fourier power plotted against wavenumber. These results have been calculated for several sources,
but for illustration purposes, displayed graphically only for one particular source, namely V2051
Oph (e.g Fig. 1 and Fig. 2). It can be seen from Fig. 2 that there seem to be a k ~ 5/3 scaling for
Fourier power against wavenumber, as expected for a turbulent accretion disc, with similar linear
relations observed from our other dwarf nova candidates.

7. Discussion

In this study the effect of frozen-in magnetic fields in the accretion disc has been investigated,
expressed in terms of the Hartmann number (M). It has been shown that the accretion discs in
slow-rotators may cycle between states of low magnetization(M.o¢ << 1) and high magnetization
(Mpot > 1), in a similar fashion as the disc cycling between states of low (g ~ 0.01) and high
(Qpot ~ 0.1 —0.3) viscosity during "cold" and "hot" states. It has been shown that during low
states of the disc, i.e. low magnetization (M < 1), corresponding to low viscosity (&t — Oolq), the
frozen-in magnetic field can readily be advected along with the flow, resulting in an effective large
scale magnetization mechanism in the disc. It has been shown that in the cold state the centrifugal
push of the magnetospheric fields anchored in the disc can result in a low inflow rate through the
outer disc, interpreted as a low disc viscosity & — Oorg. This will result in a gradual build-up
of disc material outside the corotation radius. As the disc grows, the magnetization will increase
accordingly, which may lead to the trigger of a large scale magneto-gravitational instability when
M > 1. This leads to an inward-driven mass flow since g.¢r < 0, which will effectively drain the
disc, which will be interpreted as a high effective viscosity & — oOf,o. It has also been shown that
dissipation of turbulent energy during this state can easily account for accretion disc luminosities
Lgise < 10 erg s™!, which is sufficient to explain the dwarf nova phenomenon.
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