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Abstract

We present the results of four magnetohydrodynamic simulations and one alpha-disk simulation of accretion disks
in a compact binary system, neglecting vertical stratification and assuming a locally isothermal equation of state.
We demonstrate that in the presence of a net vertical field, disks that extend out to the 3:1 mean-motion resonance
grow eccentricity in full MHD in much the same way as in hydrodynamical disks. Hence, turbulence due to the
magnetorotational instability (MRI) does not impede the tidally driven growth of eccentricity in any meaningful
way. However, we find two important differences with alpha-disk theory. First, in MHD, eccentricity builds up in
the inner disk with a series of episodes of radial disk-breaking into two misaligned eccentric disks, separated by a
region of circular orbits. Standing eccentric waves are often present in the inner eccentric disk. Second, the
successful spreading of an accretion disk with MRI turbulence out to the resonant radius is nontrivial—and much
harder than spreading an alpha disk. This is due to the tendency to develop overdense rings in which tidal torques
overwhelm MRI transport and truncate the disk too early. We believe that the inability to spread the disk
sufficiently was the reason why our previous attempt to excite eccentricity via the 3:1 mean-motion resonance with
MHD failed. Exactly how MHD disks successfully spread outward in compact binary systems is an important

problem that has not yet been understood.

Unified Astronomy Thesaurus concepts: Stellar accretion disks (1579); Magnetohydrodynamics (1964);

Cataclysmic variable stars (203)

1. Introduction

The luminosity observed from accretion disks formed by mass
transfer in binary systems commonly exhibits distinct classes of
variability on a range of timescales, from stochastic variability to
periodic and quasiperiodic behavior to transient outbursts.
Superhumps constitute a particular type of periodic behavior
that occurs in sufficiently compact circular binaries. First
observed in SU UMa-type dwarf novae in outburst (N. Vogt
1974; B. Warner 1975), they also exist in some persistent
accreting white dwarf systems (J. Patterson et al. 1993) as well
as in some X-ray binaries (D. O’Donoghue & P. A. Charles
1996; C. Zurita et al. 2002). Superhumps generally occur at
periods slightly longer (positive superhumps) or slightly shorter
(negative superhumps) than the orbital period of the binary, and
they are believed to be associated with the prograde apsidal
precession of an eccentric disk in the former case or the
retrograde nodal precession of an inclined disk in the latter case.
We wish to focus on positive superhumps in this paper.

The origin of the disk eccentricity in those systems that
exhibit positive superhumps appears to be inextricably tied to a
mean-motion resonance within the accretion disk, where the
material orbits the accretor star three times every binary orbital
period. A theoretical mechanism as to how this resonance
drives eccentricity growth throughout the disk was elaborated
by S. H. Lubow (1991). A perturbative eccentricity in the disk
interacts nonlinearly with the nonaxisymmetric tidal field of the
companion star (particularly the m =3 azimuthal Fourier
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component) to launch a wave in the disk from the 3:1 mean-
motion resonance. This wave, in turn, interacts nonlinearly
with the tidal field to produce a positive feedback on the
eccentricity.

Numerical simulations of the tidally driven growth of
eccentricity in accretion disks in compact binaries were first
successfully performed using viscous smooth particle hydro-
dynamics (R. Whitehurst 1988, 1994; R. Whitehurst & A. King
1991; S. Kunze et al. 1997; J. R. Murray 1998). Eccentricity
growth in grid-based viscous hydrodynamic simulations
proved to be more difficult to achieve, but was first robustly
observed by W. Kley et al. (2008), who found consistency with
the mechanism proposed by S. H. Lubow (1991). However, the
viscous angular momentum transport used in all these
simulations is necessarily artificial, as it really represents an
effective transport due to turbulence that is thought to be
present in these flows. How such turbulence interacts with the
waves thought to be responsible for the eccentricity growth,
and indeed the eccentricity itself, are questions that have only
recently received attention.

Given that the systems exhibiting superhumps should be in a
regime where the accretion disks are highly ionized and
electrically conducting, a robust mechanism for driving turbu-
lence is magnetorotational instability (MRI; S. A. Balbus &
J. F. Hawley 1998). Several groups have now conducted MHD
simulations of eccentric disks with MRI turbulence. J. W. Dewb-
erry et al. (2020) conducted global, vertically unstratified
simulations of disks in a pseudo-Newtonian potential with a
forced eccentricity applied at the outer radial boundary. They
found that sufficiently strong eccentricity forcing excited trapped
inertial waves in this potential, overcoming the damping of such
waves by MRI turbulence. Indeed, they even found that
eccentricity forcing could reduce the Maxwell stress associated
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with MRI turbulence. E. M. Lynch & J. W. Dewberry (2023)
examined the effects of vertical magnetic fields on eccentric
modes in 2D simulations, though without the development of
MRI. Following a linear analysis of the MRI in eccentric disks
(C.-H. Chan et al. 2018), C.-H. Chan et al. (2022) conducted
global general-relativistic MHD simulations of disks with
eccentricity imposed in the initial condition. These simulations
again neglected vertical stratification and used a nearly New-
tonian metric with a potential designed to have no apsidal
precession of eccentric orbits, replicating the closed-orbit nature
of bound-particle trajectories that occur for a spherical mass in
Newtonian mechanics. They found that the plasma beta and
effective alpha parameter (N. I. Shakura & R. A. Sunyaev 1973)
due to Maxwell stresses saturated at comparable levels to those
seen in circular disk simulations, with the same dependence on
magnetic topology. But they also found that the alpha changes
sign with azimuth and that MRI turbulence is more effective at
outward transport of angular momentum than energy for
eccentric disks. This resulted in the growth of low-angular-
momentum eccentric voids in the inner disk where periapsis
coincides with the inner boundary. C.-H. Chan et al. (2023)
extended this work to include vertical stratification. The resulting
azimuthally dependent vertical compression near periapsis
enhanced the rate of magnetic dissipation in their simulations.
Vertical stratification also enhanced the rate at which MRI
turbulence alters the radial eccentricity profile.

The eccentricity observed in all these MHD simulations
arose from direct forcing or from imposing it in the initial
conditions. In B. Oyang et al. (2021), we investigated the
growth of eccentricity in a binary system in the presence of
MRI turbulence. We conducted vertically stratified MHD
simulations in the binary potential, with a magnetic field fed in
by an accretion stream that had no net magnetic flux, leading to
an effective alpha parameter of 0.01. The disk failed to spread
outward sufficiently against the effects of tidal truncation to
produce significant surface density at the 3:1 resonance. This
then stymied the Lubow mechanism, resulting in negligible
disk eccentricity. Stronger MRI turbulent stresses therefore
appeared to be necessary to spread the disk to the resonance
radius and grow eccentricity.

In this paper, we follow the work of B. Oyang et al. (2021)
by conducting MHD simulations in a binary potential with net
poloidal flux in order to strengthen the MRI stresses. In contrast
to B. Oyang et al. (2021), we neglect vertical stratification here,
in order to avoid complications associated with MHD outflows
that are characteristic of vertically stratified simulations with
net poloidal flux (e.g., T. K. Suzuki & S.-i. Inutsuka 2009;
S. Fromang et al. 2013). We find that disks that are initialized
or form within the resonance radius can face challenges in
spreading outward to that radius, regardless of the magnetic
field topology. This is because surface density can build up if
the outward spreading stalls, and tidal torques (which are
proportional to density) then become more effective at
extracting angular momentum than MRI Maxwell stresses
can resupply it, driving the disk to truncate. On the other hand,
disks that are initialized beyond the resonance radius success-
fully develop both MRI turbulence and eccentricity. Hence, the
Lubow mechanism is capable of exciting strong disk
eccentricity even in the presence of strong MRI turbulence.
Eccentricity evolution results in the considerable variability of
the disk, and we elucidate the mechanisms of this variability.
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This paper is organized as follows. In Section 2, we describe
the overall setup, parameters, initial conditions, and boundary
conditions of our simulations. We then describe the evolutions
observed in our simulations in Section 3, both those that are
initialized inside the resonance radius and those that are
initialized beyond this radius. In Section 4, we discuss the
implications of our results, as well as some important caveats,
and we summarize our conclusions in Section 5.

2. Method

Our 3D MHD simulations were conducted using cylindrical
polar coordinates (r, ¢, z) in the code ATHENA-++
(J. M. Stone et al. 2020). ATHENA-++ is designed to
conserve the z-component of angular momentum in these
coordinates, preserving numerical accuracy over long time-
scales. To study the conditions experienced near the disk
midplane and simplify the problem, we chose our simulation
domain to be a cylinder with vertically periodic boundary
conditions, and we neglected the vertical component of gravity.
Inflow and outflow boundary conditions were chosen for the
inner and outer radial boundaries, respectively. The simulations
employed an accelerating, rotating reference frame, in which
the white dwarf was fixed at the origin and the binary
companion along with its tidal potential remained static in time.
The numerical scheme by which the simulations were carried
out was nearly identical to that in B. Oyang et al. (2021), with
the notable difference that we removed vertical stratification
and used cylindrical polar coordinates.

The various parameters of the binary system are the same as
those used in B. Oyang et al. (2021). In particular, the white dwarf
mass is 1.1 M, and the companion mass is 0.11 M. The white
dwarf radius is 4.69 x 10® cm, which we take to be our distance
unit in the simulations. The binary separation, distance to the L1
Lagrange point, and distance to the 3:1 orbital mean-motion
resonance are 32.68, 23.45, and 152 white dwarf radii,
respectively. The inner and outer cylindrical boundaries of the
simulation are at the white dwarf radius and the radius of the L1
point, respectively. In white dwarf radii, the cylindrical coordinate
grid spanned (7, ¢, z) € [1, 23.44] x [0, 27) x [—0.5, 0.5].
The number of cells in each direction was N, = 384
(logarithmically spaced), N, = 768, and N, = 48. Time in all
figures in this paper is measured in units of the binary orbital
period (an “orbit”), which is 938.5s.

As already mentioned, the inner and outer radial boundaries
have inflow and outflow boundary conditions, respectively,
meaning the density, azimuthal velocity, and pressure are
copied from the active cells at the edges of the simulation
domain into the ghost cells just across the boundaries. To
prevent unwanted inflow of mass from the boundaries, the
radial velocity is copied into the ghost cells only if it is flowing
out of the simulation domain, otherwise the radial velocity in
the ghost cells is set to zero. For the cases without an injected
stream, magnetic fields in the ghost cells are also copied from
the last active cells. When we inject a stream, we fix the
magnetic field to be the initial condition in the region where the
stream is injected, while the magnetic fields in all the other
ghost cells are still copied from the last active cell.

We discuss five simulations in this paper, and some of their
parameters are summarized in Table 1.” The first simulation,

3 Visualizations of the evolution of all simulations can be viewed at www.

youtube.com/playlist?list=PLKSZLO0go-Er_JKCRTJ4CarJA2JMqxOh6M.
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Figure 1. Time evolution of the spatially averaged plasma beta (left), Maxwell stress parameter (middle), and Reynolds stress parameter (right) in each of the four
simulations. The horizontal dashed lines indicate the time averages after 35 binary orbital periods. The full evolutions of all simulations can be viewed here: www.

youtube.com/playlist?list=PLKSZL0go-Er\_JKCRTJ4CarJA2JMqxOh6M.

Table 1
Simulation Parameters

Name Hydro-& MHD-stream  MHD-g4  MHD-33  MHD-g1
M 20 40 40 20 20
Initial 3 N/A N/A 10* 10° 10
B N/A 3.61 6.25 2.83 247
() N/A 0.077 0.008 0.027 0.040
(ag) N/A 0.091 0.016 0.033 0.031
@ 0.1 N/A N/A N/A N/A
max (e) 0.109 0.010 0.137 0.164 0.203

Note. The symbol ( ) denotes the averages of the plasma beta and the r¢
Maxwell and turbulent Reynolds stress components, expressed as Shakura—
Sunyaev alpha parameters, oy, and ag, respectively. These averages are
achieved over the entire spatial domain and over time after 35 binary orbital
periods. Values before 35 binary orbital periods are also ignored while
computing the maximum eccentricity.

Hydro-o, was an alpha disk initialized with an empty
simulation domain and then fed material with a stream from
the Lagrange point on the outer boundary. It then evolved
under the influence of hydrodynamic alpha viscosity and
served as a useful point of comparison for the MHD
simulations. This simulation was locally isothermal, which
means the temperature was fixed in time and varied as 1/r, so
that the orbital Mach number M is fixed to be 20.

The simulation MHD-stream was also initialized with an
empty simulation domain and then was fed with a stream of
mass and magnetic field from the Lagrange point on the outer
boundary. The stream had a Gaussian density profile with a
width set to 0.5 white dwarf radii. Pure vertical magnetic fields
were initialized inside the stream in order to seed the MRI. This
magnetic field configuration is easy to achieve in cylindrical
coordinates and differs from the magnetic field loops used in
the MHD simulation of B. Oyang et al. (2021). This simulation
was also locally isothermal with orbital Mach number 40.

Our remaining three simulations—MHD-34, MHD-/33, and
MHD-(1—had no accretion stream and were initialized with a
disk with radial density profile p o< r °° out to r=16.53.
Beyond that radius, the density was exponentially dropped to
the floor value, with a characteristic length scale of 0.1 white
dwarf radii. At each radius, the initial density was uniform

vertically. These simulations have the orbital Mach number
fixed to be 40, 20, and 20, respectively. The magnetic field was
initialized as a 5 < r < 16.33 annulus of the vertical field, with
uniform plasma beta (See Table 1).

3. Results

Figure 1 depicts the time evolution of the spatial averages of
the plasma beta parameter and dimensionless stress parameters
in the four MHD simulations. These spatial averages were
computed over the entire simulation domain, as follows:

B f Pyusrdrdodz
o f Pgrdrdodz

f orprdrdgdz
=" @))]
[ Puasraraodz

Here, Py, is the gas pressure, Pg is the magnetic pressure, p is
the density, and o, is the r¢ component of the Maxwell or
turbulent Reynolds stress. We boxcar time-average these
spatial averages over four binary orbits to smooth out
smaller-timescale fluctuations, before plotting them in
Figure 1, in order to make the long-term trends more clear.
The turbulent Reynolds stress is computed in the usual way, by
subtracting off the mass-weighted mean radial and azimuthal
velocities before computing the average of the density times
their product. It is not clear whether this is optimal if the disk
has become eccentric, and C.-H. Chan et al. (2022, 2023)
avoided calculating the turbulent Reynolds stress for this very
reason.

Table 1 lists the initial and time-averaged evolved plasma
beta parameters, as well as the evolved stress parameters, in all
four of our MHD simulations. All time averages were done
only with data after 35 binary orbital periods, after transients
associated with the initial conditions have died down. As
would be expected, in the simulations without an accretion
stream (MHD-(4, MHD-33, and MHD-/31), the Maxwell alpha
stress parameter is larger, and the time-averaged plasma beta is
smaller, for smaller initial plasma beta in the initial vertical
flux. In other words, stronger initial magnetic flux leads to
stronger magnetic pressure and stresses in the MRI turbulent
state.
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Figure 2. Radial dependence of vertically and azimuthally averaged density (left) and tidal and turbulent torques (right) in MHD-stream at 28.64 (upper left), 54.41
(upper right), and 114.54 (bottom) binary orbital periods after the start of the simulation. The outward radial spreading of the disk stalled, due to the overwhelming
tidal torques on the density spike in the outer disk. Because the disk was unable to reach the resonance radius (dashed line), no significant eccentricity developed.

The simulation MHD-stream builds up the disk with an
accretion stream in a similar manner to B. Oyang et al. (2021).
With no vertical stratification, however, we were able to inject
a net poloidal magnetic flux that resulted in enhanced MRI
torques: the average total (Maxwell plus Reynolds) alpha
parameter was 0.168, compared to a total alpha parameter of
~0.01 in the MHD simulation of B. Oyang et al. (2021).
Nevertheless, this simulation still failed to develop significant
eccentricity. As we will show later in disks with MRI
turbulence that do grow eccentricity, this was not because
MHD may have been inhibiting the Lubow mechanism.
Instead, MHD disks are simply harder to spread than alpha
disks. The reason for this is that the tidal torques that act toward
truncating the disk are naturally proportional to the density in
the disk, and in an alpha-disk model, the viscous torques are
proportional to pressure and thus density as well. (Radiation
pressure, which does not depend on density, is never relevant to
the outer disk in compact binary systems.) This means that
viscous and tidal torques scale together with density, so the
disk structure can largely be ignored when studying how an
alpha disk spreads. In contrast, however, the Maxwell stress
torques are not proportional to density but instead to field
strength which is only indirectly related to density. As such, the
disk structure cannot be neglected. Specifically, if an overdense
ring forms, e.g., due to the stalling of the outward spreading of
the disk, tidal torques will strongly dominate Maxwell stress
torques and truncate the disk early. That this happened in
MHD-stream can be clearly seen in Figure 2. Note that
turbulent Reynolds stresses will still naturally be proportional
to density, and Figure 2 shows that they do grow with time in

MHD-stream in the outer, stalled, dense ring. But they still fail
to overcome the tidal torque. We believe this to be the
fundamental problem in MHD-stream and the MHD simulation
of B. Oyang et al. (2021): MHD does not inherently suppress
eccentricity; it just makes spreading the disk to the resonance
radius a more complex endeavor.

Having concluded that the spreading of the disk was the
fundamental issue with the lack of eccentricity growth, we
conducted simulations that were initialized at the resonance
radius to directly see how MRI interacted with the Lubow
mechanism. To make the numerical experiment as clean as
possible, we also removed the accretion stream in these
simulations, as constant feeding by a stream tends to damp
eccentricity (S. H. Lubow 1994; W. Kley et al. 2008). In all
these simulations, we saw that MRI was able to maintain the
disks out at the resonance radius and allow eccentricity to
develop exactly as described by the Lubow mechanism.
Figure 3 compares the radial density profiles between
approximately 50 and 60 binary orbits across all the MHD
simulations. While all the simulations have approximately the
same density at the resonant radius, MHD-stream, which by
this time has much more mass, has a more strongly radially
declining profile than the others. This apparently inhibits waves
excited at the resonance from propagating inward into the body
of the disk.

Note that even simulation MHD-34, which had a time-
averaged total alpha stress parameter of only 0.024, is able to
maintain itself out at the resonant radius. This is still larger than
the alpha value ~0.01 of the stream-fed MHD simulation in
B. Oyang et al. (2021), which failed to spread out to the
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Normalized Radial Density Profiles Time Averaged over 49,9-59.9 orbits
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Figure 3. Radial profiles of vertically and azimuthally averaged density, time-averaged over 10 (49.9-59.9) binary orbits. The left panel shows the actual density
profiles, while the right panel renormalizes the density so that the disks all have the same total mass. The resonance radius is indicated by the vertical dashed line.
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Figure 4. Evolution of eccentricity for simulation MHD-(4. The left and right columns refer to the eccentricity magnitude and direction (in terms of the Laplace—
Runge-Lenz vector, measured in a nonrotating frame with origin r = 0). The top panels show the overall evolution of these quantities, and the bottom panels show the
cumulative contributions to this evolution from tidal forces, pressure forces, magnetic forces, and losses through boundaries. The sum of these source terms is also
shown in the top panels, and is in good agreement with the total measured evolution.

resonance radius and grow eccentricity. It appears that even
relatively weak Maxwell stresses (as small as 0.024) are able to
keep the disk out at the resonant radius and grow eccentricity,
provided the disk was initialized there. Spreading the disk out
to the resonant radius is the more serious challenge.

Figure 4 shows the global eccentricity evolution in
simulation MHD-34. This is based on the following evolution
equation:

Oi(pe) + V- (vpe) = Grlf X (r x )

+v x @ x 2
where f is the force per unit volume summed over all forces
acting on fluid elements, apart from the 1 /r2 force from the
primary mass M; at the origin, which does not source
eccentricity (B. Oyang et al. 2021). The quantity e is the
eccentricity vector (proportional to the Laplace—-Runge—Lenz

vector), given by

v X (rxv)—F 3)

e =
GM,
The global eccentricity and phase are based on the magnitude
and direction of the mass-weighted volume average of this
eccentricity vector:

7j;/pedV
j;/pdV.

The tides successfully grow eccentricity in the disk, despite
the fact that magnetic and pressure forces act as eccentricity
sinks, as shown previously in B. Oyang et al. (2021). That MRI
turbulence itself would act as an eccentricity sink is to be
expected, since any dissipative effect will tend to circularize
orbits, but this effect is small compared to the tidal driving, and
eccentricity grows in this simulation. As we will discuss in

“
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Figure 5. Late-time evolution of an MHD simulation (MHD-(34; the left group of four panels) and the stream-fed alpha disk (Hydro-c; the right group of panels). The
3:1 mean-motion resonance is indicated by the white lines in all the figure panels. Going clockwise from the upper left in each group, the panels show the magnitude
of the local eccentricity in the z = 0 plane, the angle between periapsis and the x-axis in the z = 0 plane, the density in the z = 0 plane, and the radial and vertical

distribution of density in the y = 0 plane.

more detail below, simulations MHD-33 and MHD-(1, which
have even larger Maxwell stress alpha parameters, also grow
eccentricity in a similar fashion. As the tides build up
eccentricity, the system eventually saturates at a maximum
eccentricity a bit above 0.1, after which the precession slows
down. Additionally, in contrast to the alpha disk, the MHD
turbulence seems to favor the buildup of eccentricity in the
inner regions of the disk at the expense of eccentricity in the
outer regions of the disk. This is exactly consistent with the
results of C.-H. Chan et al. (2022), as shown in their Figure 4.

Figure 5 compares the 2D density and eccentricity distribu-
tions in the z = O plane at late times in the MHD simulation
MHD-/4 with those in the hydrodynamic alpha-disk simula-
tion Hydro-o. In a standard alpha disk under a tidal
perturbation, inward-propagating waves excited at the reso-
nance facilitate the smooth growth of eccentricity throughout
the disk. In contrast, in the MHD case, we see two distinct
inner and outer eccentric regions that are misaligned and
separated by a region of circularity. The misalignment of the
two regions in MHD-/34 is most apparent in the orientation of
the Laplace-Runge-Lenz vector, whereas that vector is aligned
everywhere in the disk in Hydro-a. We suspect that the
boundary between the two misaligned regions in MHD-(34 is
kept circularized by the dissipation resulting from orbit
crossings between these two regions. Note that an eccentric
void has formed at the center of MHD-34, due to loss of
material through the inner boundary as the pericenters of the
eccentric orbits reach that boundary. In fact, all the MHD
simulations that form eccentric disks also form eccentric inner
voids, and these continue to grow even after eccentricity has
saturated and stopped growing. In fact, as we will discuss later,
in MHD-(1, the void does not even form until after that disk
has reached its maximum eccentricity. No such void ever forms
in the alpha-disk simulation Hydro-a.

C.-H. Chan et al. (2022) also observe inner eccentric voids
in simulations of eccentric disks with and without magnetic
fields. It is important to note that their eccentric simulations
were initialized with eccentricity, with an eccentric void in the
middle. In the case of their MHD simulations, the eccentricity
of this void grew somewhat as material at periapsis was lost
through the inner boundary, entirely consistent with what we
see here. However, the persistence of the voids in their
eccentric hydrodynamic simulations contrasts with the fact that
we do not observe voids in our simulation Hydro-a. They did
not include an alpha viscosity in their simulations, and it may
be that this would have caused their hydrodynamic disk to
spread inward and fill its void. It must of course be noted that
both our simulations and those of C.-H. Chan et al. (2022) have
inflow boundary conditions at the inner boundary. If the central
mass is a star such as a white dwarf, a boundary layer would
form between the disk and the star and would likely have a
strong effect on the formation and persistence of a void in
Nature. Indeed, W. Kley et al. (2008) also found that eccentric
voids could form in their hydrodynamical viscous-disk
simulations (see their Figure 17), but only when an inflow
inner-boundary condition was used.

The misalignment between the inner and outer disks comes and
goes with time, and the radius that separates them is not fixed.
Figure 6 shows more detail of the density distribution in the MHD
simulation MHD-34 at a somewhat earlier time, when the radius
between the misaligned inner and outer disks is smaller. In the
outer region, we see the spiral waves driven by the tidal resonance
as predicted by the Lubow mechanism. In the inner, misaligned
region, we do not see spiral waves but instead elliptical standing-
wave modes reminiscent of those described in G. I. Ogilvie &
E. M. Lynch (2018). This suggests that eccentricity, which is being
sourced by the resonance in the outer disk, is somehow being
moved inward toward the inner disk, where it is deposited into the
standing waves of the eccentric core.



THE ASTROPHYSICAL JOURNAL, 979:128 (13pp), 2025 February 1

Orbit: 57.50

Density

10=>

-20 0

20
X

Figure 6. Density in the z = 0 midplane (left) and its deviation from the vertically and azimuthally (shell) averaged density (right) in MHD-34. Spiral waves in the

Density Deviation From Shell Mean

10°
20
B 10—1
10 + 10—2
> O0r 0
—~10-2
10k 10
4 _10—1
20 F .
1 1 L _10
-20 0 20
X

outer radial regions, and eccentric standing modes in the inner radial regions, are apparent in the right-hand panel.

MHD-B4 orbits: 65-75

Magnetic Energy and Angular Momentum Transport

Magnetic Eccentricity Growth at orbit 070.0
10

Ohana et al.

Maxwell Stress at orbit 70.0 o

20F 201 10!

107! 10°

10 10-2 10+ 10-1
1072

> 0 (g 0 > 0F (-:) 0
P . -10-2
10} S -0 ot ~10-1
—107! 710:
-20 0 20 20 0 20

Angular Momentum Transport at orbit370.0
10

! l
A 4
H R e OE
1! at
&
2f L3
1 ‘e
: i
OfF ===y ,-.‘__.t\¢’—__""—""
[
il
-2t -4
(]
Vi
]
-4 I L 1 I
0 5 10 15 20
Magnetic Eccentricity Growth
e
0.0001 - at
0.0000
—0.0001 F
-0.0002
—0.0003 |-
1 1 i i

10

15

20

r

10°
20 10° 20 10?
10; 10;
i 10 | 10
10 10! 10 4 10-1
102 1072
> 0f 0 > 0f 0
—w"i -10'?
L -10- | -10-
-10 Z100 10 Z100
-10! -10!
20} 7102 20+ —10;
1 1 = L 1 1 -
20 0 20 10 20 0 20 10
X X

Figure 7. Left: local rate of work done by magnetic forces and the local Maxwell stress torque times the local angular velocity (top), vertically and azimuthally
averaged as well as time-averaged over epochs of 65—75 orbits in the simulation MHD-(34. The predicted eccentricity growth from Equation (5) is shown in the bottom
panel. Right: two-dimensional distributions of midplane slices of the eccentricity growth (upper left), Maxwell stress — B,B,/(4) (upper right), magnetic angular
momentum transport wdL/dt (lower left), and magnetic energy transport dE/dt (lower right).

That this is in fact happening can be seen in Figure 7. In
circular disks, MRI turbulent stresses transport energy and
angular momentum outward in such a manner as to maintain
material on approximately circular orbits as it slowly spirals
inward. If £ and L are the specific energy and angular momentum
of a test-particle orbit around a gravitating mass M, then the rate
of change of the eccentricity of this orbit is given by

d_ez = —
dt G2M2

2 (dE w dL
dt J1—e2 dt

. 27 (dE wﬁ)
G\ dr dr )’

®)

for small eccentricities, where w is the mean angular velocity of
the orbit. In circular disks, MRI turbulent stresses maintain dE/
dt = wdL/dt, so that eccentricity does not grow; but, as pointed
out by C.-H. Chan et al. (2022), this need not be the case in
eccentric disks. Figure 7 shows how differing rates of angular
momentum and energy transfer by MRI turbulence lead to
eccentricity build up in the inner regions. The angular
momentum term wdL/dt in the upper left panel was computed
from the Maxwell stress torque times the circular Keplerian
angular velocity. The energy term dE/dt was computed from
the scalar product of the local Maxwell force density times the
local fluid velocity. For circular orbits, these would cancel, but
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this is not true for eccentric orbits. Note that the eccentricity
growth shown in the bottom left panel is actually the maximum
possible growth as predicted by Equation (5), as it assumes that
the growth of eccentricity is coherent in terms of its orientation.
MRI turbulence could in principle excite eccentricities with
random orientations, which would then dissipate due to orbit
collisions, but it appears that the average effect here produces a
coherent orientation in the inner disk. Nevertheless, the upper
left of the four right-hand panels of Figure 7 shows that the
magnetic stresses produce considerable azimuthal variation
with both the growth and decay of eccentricity. Remarkably, in
the innermost regions, the magnetic energy and angular
momentum extraction (which individually do not vanish—see
the lower two right-hand panels) exactly cancel any eccentricity
growth everywhere (upper left plot). We suspect that this is due
to the dominance of hydrodynamic eccentric waves. An
alternative would be that MRI stresses are suppressed by these
waves (J. W. Dewberry et al. 2020), and there is some evidence
for this in the reduced Maxwell stress in the upper right panel.
However, cancellation must be present to zero out the 2D
magnetic eccentricity growth in the upper left panel. In any
case, near the outer edge of the inner disk, MRI stresses extract
angular momentum from the eccentric orbits more effectively
than energy, causing the eccentricity there to grow further. At
the same time, angular momentum is added to the outer disk,
which would act to reduce eccentricity were it not for the fact
that the Lubow mechanism resupplies it from the resonant
radius. Misalignment then results because of the differential
apsidal precession of the inner and outer disk. Coherence in
eccentricity orientation in the inner disk is likely maintained by
the eccentric standing waves.

In their simulations of eccentric disks, C.-H. Chan et al.
(2022) observed that the sign of the Maxwell stress flipped
around the elliptical orbits, being positive for material falling
inward toward periapsis and negative for material moving
outward toward apoapsis. They provided a convincing
explanation of this behavior from the changes in sign of radial
velocity and its azimuthal derivative as one goes around an
eccentric orbit, which affects the evolution of the sign of the
Maxwell stress through flux-freezing. We also observe
Maxwell stresses to be positive on going from apoapsis to
periapsis and negative on the return to apoapsis. There
nevertheless remains a net positive stress, as must be the case
for MRI turbulence to facilitate outward angular momentum
transport. This splitting into positive and negative regions of
stress is shown clearly in Figure 8, where it is also once more
apparent that the disk has broken and the inner and outer disks
are misaligned. This flipping of sign of the Maxwell stress
appears to be quite ordered between the inward- and outward-
moving portions of the eccentric orbits in both the inner and
outer eccentric disks. This contrasts with the somewhat more
disorderly behavior in the vertical field simulations of
C.-H. Chan et al. (2022; compare with their Figure 5). The
more orderly behavior that we find is more similar to their
dipole field simulations. This difference between our vertical
field simulations and theirs may be due to the fact that the
eccentricity grew from zero in our simulations, whereas their
eccentricity was initialized with e = 0.5, a value that our
simulations never reach.

Ohana et al.

Figure 8 also reveals that the circular region that separates
the misaligned inner and outer eccentric disks has much higher
plasma beta, due to the much lower magnetic pressure there.
(Note that the density distribution is much more smoothly
varying through this region.) This feature is not generic, and
over the course of the simulation, we sometimes find strong
variations in the plasma beta in the disk-breaking region, due to
variations in magnetic pressure or to density (and therefore gas
pressure) or both. The distributions of all three magnetic field
components in the midplane and a vertical slice are shown in
Figure 9. The radial and azimuthal magnetic field components
have considerable small-scale fluctuations in sign, but these
fluctuations are correlated to give the same sign of stress on
each side of the eccentric orbits, consistent with MRI
turbulence. The drop in magnetic pressure in the circular
region separating the inner and outer eccentric disks arises from
the drop in magnitude of the radial and azimuthal field
components in this region at this epoch, and this in turn results
in a reduction of the Maxwell stress. Again, this behavior
changes over the course of the simulation.

Turning now to the behavior of the other MHD simulations,
Figure 10 compares the global eccentricity evolution across all
of them. The eccentricity developed in the simulations MHD-
(3 and MHD-(1 in a very similar manner to MHD-34: the
disks broke into inner and outer misaligned regions, with
eccentric voids at the center. However, both the rate of
eccentricity growth and the peak eccentricity increased
monotonically with lower initial beta. This is consistent with
the fact that lower initial beta results in higher (), as shown
in Figure 1, and that the viscous hydrodynamical simulations of
W. Kley et al. (2008) found that higher viscosity enhances the
Lubow mechanism. Hydro-a has an even larger alpha stress
parameter than MHD-31, MHD-33, and MHD-f34, but its
growth is delayed by the time it takes to spread the disk to the
resonant radius, and the eccentricity growth may also be
slowed by the presence of the stream (S. H. Lubow 1994,
W. Kley et al. 2008).

MHD-£1, which has the strongest initial magnetic field and
strongest resulting MRI stresses, shows some interesting
differences with MHD-(34 and MHD-(33. At early times, the
tides quickly build up eccentricity in the outer regions, and the
disk in fact breaks into three regions: a dense circular core, a
highly eccentric outer disk, and between them a very diffuse
region. This continues until about 40 orbits, when the outer
disk becomes so eccentric that its periapsis starts to make
contact with the circular core. This triggers a contraction of the
diffuse middle region as the outer disk spreads inward onto the
core, forming a more homogeneous disk, much like the early
stages in the evolutions of MHD-34 and MHD-33. It is our
opinion that this initial stage was a transient artifact of our
initial condition, where the magnetic pressure from the
initialized magnetic annulus was strong enough to expand
inward and outward, forming the low-density diffuse region
between the inner and outer disk. As such, it is the evolution
after this structure has disappeared that is of most interest.

The inward spreading of the outer disk onto the inner core is
also accompanied by substantial outward spreading of the outer
disk, significantly increasing the strength of the tidal source
terms in the eccentricity evolution. At the same time, Figure 11
shows that MRI turbulence starts to act as a strong eccentricity
sink, greater even than the enhanced tidal source. The result of
this is that the evolution from around orbit 40 to 100 looks very
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similar to MHD-(34 or MHD-33, in that the disk breaks and an
inner void forms in all the ways discussed previously. However,
unlike the weaker-magnetic-field simulations, which began with
low eccentricity that increased over time, MHD-31 enters this
regime with high eccentricity left over from the previous phase
and slowly loses eccentricity throughout this epoch. Notably, it
is only now, when the inner and outer disk are in contact, that the
inner void starts to form and the disk breaks, in the sense that the
inner disk becomes highly eccentric and misaligned with the
outer disk. The fact that all this happens during this epoch when
the total eccentricity is declining strongly confirms the picture
that these eccentric MRI disks are somehow relocating
eccentricity from the outer disk to the inner disk. As the disk
mass drains through the inner boundary, both the tidal and
magnetic eccentricity source terms decrease in magnitude. This

10

continues until right around orbit 100, when they both pass
through zero and flip sign, leading to a final epoch captured only
briefly until the end of the simulation, where tides act to damp
eccentricity while the stronger-magnetic-source terms effectively
cause it to grow (see Figure 11).*

We also see that at this turnover moment at ~90 orbits, the
magnetic source terms, which had previously been driving mild

4 Note that the sum of the source terms in Figure 11 has a small accumulating
error that causes it to go very slightly negative during these times, which is why
it drops off this logarithmic plot. The accumulating error between the measured
eccentricity and the sum of the source terms is larger here than in simulation
MHD-/34 (see Figure 4), likely due to the faster evolution in MHD-{1 and our
finite time sampling. A similar plot of the eccentricity evolution of MHD-33
shows a small accumulating error between that of MHD-31 and MHD-(4,
presumably due to its intermediate rate of evolution (see Figure 10).
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prograde precession, suddenly flip to be an immense source of
retrograde precession. Meanwhile, the tides (which generally
drive prograde precession) and gas pressure (which is driving
retrograde precession) also dramatically increase in magnitude.
This sudden transition results in the disk actually halting its
prograde precession and moving into a retrograde phase. Unlike
the transition in behavior around orbit 40, the cause of this
transition around orbit 90 is unclear. Despite how dramatic the
transition appears in the source terms, nothing particularly
dramatic is seen in visualizations of the density and eccentricity.

Hydrodynamical eccentric disks experience a parametric
instability that excites inertial waves and damps eccentricity
(J. C. B. Papaloizou 2005b; A. J. Barker & G. I. Ogilvie 2014).
Simulations of this in vertically unstratified accretion disks
produce patterns of vertical oscillation that vary in both radius
and height (J. C. B. Papaloizou 2005a). We find no evidence of
the presence of such oscillations in any of our simulations that
developed eccentricity. Indeed, very little vertical kinetic
energy is present, despite the presence of vertical gradients of
magnetic field components, as shown, for example, in Figure 9.
This lack of vertical motion is present even in Hydro-«, which
shows that MRI turbulence itself is not the cause of suppression
of the inertial waves in our simulations. It is unclear as to why
the parametric instability is not present, unless alpha viscosity
itself can suppress it. It may simply be that we have not run our
simulations for long enough. For small eccentricities, the
instability growth rate is 3ew/16, where w is the local disk
orbital frequency (J. C. B. Papaloizou 2005b). Hence, the
growth rate times the binary orbital period ranges from ~220e
near the inner boundary to ~4e near the resonant radius.
100 binary orbital periods at e = 0.1 therefore only gives us at
most five e-foldings of growth.

4. Discussion

Perhaps the most central result of this paper is that while it is
true that MRI turbulence acts as an eccentricity sink, once at the
resonant radius, this effect is easily overpowered by the tidal
forces that source eccentricity. One might be inclined to think
MRI turbulence is an eccentricity sink everywhere, because it is a
dissipative process and, as such, should circularize orbits, but
remarkably this is not the case. While it is globally an eccentricity
sink, because it is dissipative and thus acts to globally circularize
the disk, it can act locally as an eccentricity source and indeed we
see that it does. In both our simulations and those of C.-H. Chan
et al. (2022), we see that MRI favors moving eccentricity inward.
This leads to the amplification of eccentricity in the inner regions
of the disk, with a tendency toward circularization of the outer
regions. C.-H. Chan et al. (2022) have shown that the primary
driver of this is MRI turbulence preferentially transporting
angular momentum over energy, which would naturally
circularize outer orbits and pump eccentricity inward. In our
case, since the Lubow mechanism provides a constant source of
eccentricity at the resonant radius, we developed a highly
eccentric inner disk with eccentric standing waves (G. 1. Ogilvie
& E. M. Lynch 2018), surrounded by an outer disk where
eccentric waves continue to be launched at the resonant radius. It
is also worth noting that this process, in which eccentricity grows
in the inner disk at the expense of eccentricity in the outer disk,
continues well after the eccentricity of the disk has saturated. In
fact, in MHD-{1, this process begins only after the disk has
already reached its maximum eccentricity and begun to decline.
During this process, the inner and outer regions become
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misaligned in eccentricity, and the region between them consists
of circular orbits. The most likely candidates for a circularization
process in this intermediate region are the collisions between the
misaligned eccentric orbits in the inner and outer regions. In other
words, we have two distinct eccentric precessing inner and outer
disks that are shearing against each other at a circular boundary.
This boundary stands out prominently in the top left panel of
Figure 5.

The differential precession between these inner and outer
eccentric disks is likely to result in a broader spectrum of
observed frequencies, due to the presence of two apsidal
precession periods rather than just one. It is therefore perhaps
noteworthy that our simulation parameters were modeled after
the AM CVn system SDSS J1908 (G. Fontaine et al. 2011),
which has a rich spectrum of observed frequencies, some of
which are more stable in time than others (T. Kupfer et al. 2015).

Another interesting feature of our simulations is the
formation of eccentric inner voids. The structure of the inner
disk seems to be a series of eccentric standing waves, such as
those described in G. I. Ogilvie & E. M. Lynch (2018),
bounded inward by an eccentric ring with periapsis right on the
edge of the inner boundary of the simulation domain. Inside
this ring, we have a near-total void. Any portions of the
standing wave that would have existed in this void region
would have their periapses inside the inner boundary. With our
inflow boundary conditions, this of course means that material
inside the edge of the void plunges inward and is removed from
the simulation. It is likely that replacing the inflow boundary
condition with a stellar boundary layer would affect the
formation of the void and possibly the entire standing-wave
pattern in the inner disk. Indeed, the viscous hydrodynamical
simulations of W. Kley et al. (2008) also produced eccentric
inner voids only when they employed an inflow inner radial
boundary condition. More work therefore needs to be done to
understand the effects of realistic inner-boundary conditions on
the structure of the inner disk. If standing waves persist, it
would be interesting to investigate what luminosity variability
they might produce.

Generally, we see the Lubow mechanism excite eccentricity
at the resonance radius, as in alpha-disk simulations. However,
the eccentricity in MHD disks congregates in the innermost
orbits, leading to large eccentric voids, a result also observed in
C.-H. Chan et al. (2022). Specifically, they observed that a
vertical field configuration did not lead to an obvious
eccentricity flow, but a dipole field drove a clear flow of
eccentricity from the outer disk in. This is somewhat in contrast
to our results, which all used vertical fields; however, we ran
our simulations for about 100 binary orbits, while C.-H. Chan
et al. (2022) only ran theirs for 15 orbital periods of their initial
eccentric disk annulus. It is therefore possible that this effect is
much weaker in vertical field configurations and thus only
made itself noticeable in longer simulation runs. Additionally,
we observed the nonaxisymmetric Maxwell stress around the
orbit, as noted by C.-H. Chan et al. (2022), where the negative
stresses occur on the outflowing side and positive stresses on
the inflowing side.

Our primary result, that the Lubow mechanism remains robust
in the presence of MRI turbulence, is not without caveats. We
neglected vertical stratification, which would introduce further
complexity, such as the vertical breathing modes described in
C.-H. Chan et al. (2023). Additionally, we included no
interactions with the white dwarf at the boundary, which in
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reality may have affected the evolution of the inner voids we
observed. In either extreme, whether material inelastically sticks
to the white dwarf where it impacts, immediately dissipating all
its energy and creating a hotspot, or whether material brushes the
surface many times, slowly circularizing until it comes to rest on
the surface, we can be sure the innermost region has notable
features we have neglected in this work. We have also neglected
realistic thermodynamics, instead just enforcing a locally
isothermal equation of state for our plasma. Since we believe
the circularization of the region between the inner and outer disk
is due to dissipative orbit crossings, we would expect to see
enhanced heating in this region. It would be interesting to explore
this with vertically stratified simulations with more realistic
thermodynamics.

Last, and perhaps most importantly, we did not include an
accretion stream in the MHD simulations that went eccentric. A
key result of this paper is our realization that building up a disk
from a stream and having it spread out to the resonant radius is a
nontrivial exercise in the presence of MRI turbulence. How
exactly this is accomplished in Nature is an important puzzle we
have only highlighted but not solved. It may be that this is
coupled with our neglect of realistic thermodynamics, as the
formation of dense rings might be affected by our locally
isothermal treatment. The buildup of matter in an outer cool,
dense ring that is fed by a stream may eventually trigger an
ionization instability, triggering MRI and an outburst. This might
partially explain why positive superhumps are so strongly
associated with superoutbursts in SU UMa-type systems.
However, this does not answer the question as to how persistent
stream-fed systems manage to maintain superhumps. Note that
W. Kley et al. (2008) found that the presence of a stream enabled
them to obtain prograde apsidal precession rates in their viscous
hydrodynamical simulations that were in line with observations.
This again emphasizes the need to understand stream-fed
systems in the presence of MRI turbulence.

An important caveat concerning the failure of MHD-stream
to spread to the resonant radius is that MRI can only start to
grow once the stream completes an orbit and forms a ring at the
circularization radius. After that, MRI will enable fluctuations
to e-fold on approximately the local orbital time, but it will still
generally take many of those times to reach a state of saturated
turbulence. In the meantime, mass is still being added by the
stream, growing the density of the ring on a dynamical time.
Hence, once the disk starts to spread, it may do so with an
overdense outer edge, which gives tidal torques an advantage
over at least the Maxwell stresses within MRI turbulence. It
might therefore be an interesting future numerical experiment
to begin with a ring at the circularization radius that already has
fully developed turbulence that is then fed by a stream.

5. Conclusions

We have shown that MHD disks that have spread to the
resonant radius will develop eccentricities via the Lubow
mechanism and will do so on timescales comparable to those
seen in simulations of alpha disks. MRI turbulence is therefore
entirely compatible with the Lubow mechanism for the resonant
growth of accretion-disk eccentricity in compact binary systems.
However, MRI turbulence interacts with eccentricity in interest-
ing ways that differ from alpha disks. MRI turbulence favors
moving eccentricity toward the center of the disk, leading to
highly eccentric standing waves and voids that break, in terms of
the eccentricity orientation, from the outer disk. We do not see

12

Ohana et al.

such behavior in the alpha-disk simulation, even though it
becomes eccentric. For the MHD eccentric disks, the outer
region hosts waves that are excited at the resonant radius and
carry eccentricity inward to a boundary region between the inner
and outer eccentric disks. The boundary region, despite being
surrounded by an eccentric disk, remains circular.

Our secondary result is that spreading disks in the presence of
MRI is nontrivial. In an alpha-disk model, the ratio between
viscous and tidal torques is approximately independent of disk
structure, so the disk truncation is largely determined by the tidal
potential and is less affected by how the disk evolves. In the
presence of MRI turbulence, this is not the case. We
demonstrated in the MHD-stream simulation how naive attempts
to build a disk up from a spreading ring at the circularization
radius can result in early truncation, due to the formation of
overdense rings where tides overpower MRI stresses. This was
true even though MHD-stream had the highest alpha stress
parameters ({ays) = 0.077, {(ag) = 0.091) of any of our MHD
simulations, as well as a higher total stress parameter than our
stream-fed Hydro-a simulation (o« = 0.1), which did success-
fully spread to the resonant radius and grow eccentricity. If, on
the other hand, a disk is established out at the resonant radius,
even relatively weak turbulent stresses ({(a) ~ 0.024 in the case
of MHD-{34) can maintain it there.
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