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ABSTRACT

More than half of all stars are part of binaries, and many form in a common circumbinary disc. The interaction with the binary
shapes the disc to feature a large eccentric inner cavity and spirals in the inner disc. The shape of the cavities is linked to
binary and disc properties such as viscosity and scale height, and the disc and cavity shape influence the orbital evolution of
the binary stars. This is the second part of the study in which we use 2D hydrodynamic long-term simulations for a range of
viscous parameters relevant to protoplanetary discs to understand the interaction between young stars and the circumbinary disc.
The long-term simulations allow us to study how disc shape and exchange of mass, momentum, and energy between binary
and disc depend on the precession angle between disc and binary orbit on time-scales of thousands of binary orbits. We find a
considerable, periodic interaction between the precession of the disc and the binary eccentricity that can significantly exceed
the precession-averaged change in eccentricity. We further confirm that thin discs (H/R < 0.05) lead to shrinking binary orbits,
also in the regime of low viscosity, o« = 1073, In general, the disc can excite eccentricity in binaries with initial eccentricities in
the range of ey, = 0.05—0.4. In most cases, the terms aiding shrinking or expansion and circularization or excitation are nearly
balanced, and the evolution of the binary semimajor axis and eccentricity will be sensitive to the ratio of mass accretion between

the secondary and primary components.

Key words: accretion, accretion discs —hydrodynamics — protoplanetary discs — binaries: general.

1 INTRODUCTION

In the investigation of star systems, the importance of binary stars is
often underrated. Most stars above a solar mass do not form alone,
and more than a quarter of all stars exist in pairs, even down to class M
stars (Offner et al. 2023). Price-Whelan et al. (2020) found that binary
stars in the APOGEE survey (Apache Point Observatory Galactic
Evolution Experiment; Schiavon et al. 2024) with orbits between 50
and 1000 d show a scatter in the binary eccentricity with peak values
of ey, = 0.2—0.3. As those stars likely formed inside a common
circumbinary disc, this raises the question of what role the interaction
of the disc with the binary stars played in excitation of the binary
orbits.

Similarly, disc-binary interactions govern the accretion discs
around supermassive binary black holes (SMBHs; Lai & Muiioz
2023), where the interaction between disc and binary can signifi-
cantly change the orbit of the binary, causing it to either shrink or
expand. While the disc was traditionally thought to aid in binary
merging, the studies of Miranda, Mufioz & Lai (2017) and Mufioz,
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Miranda & Lai (2019) showed that a thick, viscous disc can cause
the binary to expand instead. Since then, numerous works have been
dedicated to finding the limiting parameter values between expansion
and shrinkage, given the binary eccentricity and mass ratios and disc
viscosity and thickness. Tiede et al. (2020), Penzlin et al. (2022),
Franchini, Lupi & Sesana (2022), and Dittmann & Ryan (2022)
showed that discs with aspect ratios below 0.05 cause circular binary
orbits to shrink. Siwek et al. (2023a) found that the binary—disc
interaction leads to eccentricity excitation of moderately eccentric
binary orbits.

Recent SMBH studies (Muiioz et al. 2019, 2020; Duffell et al.
2020; D’Orazio & Duffell 2021; Dittmann & Ryan 2022; Tiede
et al. 2022; Siwek et al. 2023a; Siwek, Weinberger & Hernquist
2023b) invoke viscosities equivalent to a viscous & ~ 0.3-0.01. This
is orders of magnitude above the level expected for a protoplanetary
disc (PPD) (& ~ 1072 to 10™*) (e.g. Dullemond et al. 2018). Thus,
the regime of circumbinary PPDs has not yet been explored.

Decreasing the viscosity leads to long convergence times (Thun &
Kley 2018; Hirsh et al. 2020) and makes the investigation more
costly. Also, the period of precession of the disc around the binaries
acts on long time-scales of thousands of orbits and, as we show in this
work, the impact of the disc on the binary varies with the precession
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phase. Long-term simulations are thus needed to build an accurate
picture of how the binary evolves.

In this study, we investigate the parameter space of viscous «
and aspect ratio of PPDs to understand the dynamics of the disc, the
interaction with the binary, and the resulting binary orbital evolution.
We use the 2D hydrodynamic simulation described in Penzlin et al.
(2024) (referred to as PBN1 hereafter), evolving each disc for >30k
binary orbits (71, ). Since the stars are not included in the domain, we
use the angular momentum change, mass accretion, and the energy
change of the disc to investigate the change in the orbital parameters,
as described in Section 2. We will briefly reintroduce our simulation
set in Section 3. Section 4 shows the momentum contributions and
different time-scales relevant for understanding the overall orbit
change on a standard example, and Section 5 highlights the role
that the precession plays for the torques in the disc. In Section 6, the
effect of the range of PPDs on the protostellar orbital evolution is
shown and then discussed and summarised in Section 7and 8.

2 THEORY OF THE ORBITAL EVOLUTION

The binary’s orbital evolution and disc dynamics are linked by the
exchange of angular momentum and energy, and changes in the
semimajor axis and eccentricity of the binary result from momentum
transfer, as described in Miranda et al. (2017), for example.

Following previous descriptions, we use the angular momentum
change (e.g. Miranda et al. 2017; Mufioz et al. 2019; Tiede et al. 2020;
Dittmann & Ryan 2022), Juin, and work done on the binary, Epin, tO
predict the orbital elements of the binaries. Changes in gravitational
energy and mass can lead to changes in the binary semimajor
axis. Using the ratio of M,/M; = ¢, and the mass accretion ratio,
M,/M, = X, the energy is given by

M2 q
Epjp=—-G—tn__ 1 D
" 2 (g + 1)?

Thereby, the relative change in energy is given by
%_szin_flbm g1—¢q
Evin Myin  ain g l+gq

My 1- T

— bin (2 (7 _ )) _ Abin , (2)

Myin L+A Qbin
and the semimajor axis evolution can be evaluated via
o _ Mo 4 gg, - £ 3)
Apin Mbm ’ Eblﬂ

The possible values for £(g, A) are limited to be ¢ — 1 < & <
1/q — 1, for A = (0, 00). This means that the mass accretion term
will always be positive, aiding expansion of the binary orbits. This
means that when the binary accretes material without changing the
current velocity of the stars or the total energy of the system, the now
more massive stars must be on a wider stable Keplerian orbit.

Many previous studies have demonstrated that the secondary
accretes more than the primary, such that the mass accretion ratio
X > 1 (Farris et al. 2014; Muioz et al. 2019; Dittmann & Ryan 2021;
Siwek et al. 2023a). In that case, the possible values are limited to
& > (1 — q)?/2q, further increasing the expanding effect that mass
accretion will have on the binary orbit.

Since we use ¢ = 0.26 for all models here, for the binary orbit to
shrink the normalized power, Ebin / Evin, must be a factor 1.74—4.85
larger than the normalized mass accretion rate, Miin / Myin. If we
assume the relation between mass and mass accretion ratio in Siwek
et al. (2023a) (A ~ ¢~%), the factor is >2. However, we note that
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Figure 1. Possible critical values of the orbit behaviour shown in equations
(5) and (10) depending on mass and mass accretion ratio ¢ and A respectively.
The top panel shows the critical value relevant for the semimajor axis evolu-
tion, and the bottom panel shows the critical value relevant for the eccentricity
evolution. In the yellow region, both trends are possible depending on the A
value.

there are studies that point to different values of A, and even show
that accretion onto the more massive object is favoured (Gold et al.
2014).

To find a critical value of the changes in mass and energy, we can
rearrange equation (3) to the following:

(i> M 45 e ), @
Mbin crit Apin 2((] + 1)2

Normalizing this in terms of the energy of a circular orbit, this
becomes

, Evin Qbpin
€arit < Mor, > My g+ 1)2( + S (g, ). (%)

The range of values for g and A are shown in the first panel of
Fig. 1. Using the A ~ ¢~%° in Siwek et al. (2023a), we find for our
case of ¢ = 0.26 that the critical value of ¢ ~ 0.33.

Now, to understand the change in eccentricity of the binaries, we
consider the change in angular momentum Ji,;,. Considering equation
(3), the angular momentum and angular momentum changes of the
binary star are given by

Join = (Hq)z GM apin(1 — €2,), (6)
jbin _ 1a'bin EMbin _ ébin egin g 1— q
Join 2 apn 2 Mbin einl —€f,  ql+gq
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Thereby, the change of eccentricity is given by

éin Min 5 3 lEin jin 1—62-
(L) o
€hin Myin |2 2 2 Evin ~ Join Ciin
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The mass accretion term will again always be positive, leading to
eccentricity excitation. Considering the £ values above, the binary
orbit will circularize when the normalized combined power and
momentum term is a factor 2.11-6.78 larger than the normalized
mass accretion term, My, / M. If the mass accretion is in favour of
the secondary (A > 1), the factor will exceed 4.

Similarly to the specific energy term, ¢, we can define an angular
momentum term j normalized to the mass accretion rate,

. jbin
/ Mbin

We can find the critical condition between circularization and
excitation by multiplying with the specific mass accretion ratio to
separate all terms that purely depend on ¢ and A,

(G Myinayin (1 — eﬁin))il/z. 9)

1
A+q)?°

The bottom panel of Fig. 1 plots the total modulation due to
prefactor of M /M and the mass ratio dependence ¢ /(¢ + 1)* factored
in the normalized energy and angular momentum change (é + ] erit-
This figure includes all possible limiting values between the full
accretion only on the primary or secondary. If the derivatives exceed
these values, growth and excitation of orbits are possible. The value
relevant for g = 0.26 is (¢ 4 j)eir ~ 0.9 using the estimate in Siwek
et al. (2023a), but can be between 0.2 and 1.2 depending on A.

To directly understand the amount of energy and angular momen-
tum exchanged between disc and binary, we look at two mechanisms
of exchange, gravitational interaction and advected contributions.
The gravitational torques t and the energy change Egm the binary
experiences due to the disc are calculated using the potential between
cell k and either binary star i, ®;:

(10)

o _[5.3
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with @, »(f) = 14

(r? +rf — rirg cos(gp — i)'/

To evaluate the accretion behaviour, we look at the mass flow
M. and advective angular momentum flow J,.. through the inner
boundary r., = layi,. With this, the accretion can be calculated by
the following:

Miee(1) = —fﬁ(t)rvr(t)dtﬁ , 15)
¢

Fey

Jacel1) = — 7{ S()r v ()Q1) d 16)
¢

Fev

Thereby, the change in binary angular momentum is given by
jbin = (je\cc +1).

The binary and disc exchange mass, angular momentum, and
energy. By measuring the changes in the disc’s mass, momentum,
and energy, we can compute the binary’s orbital evolution due to
these contributions. These measurements are possible even if the
binary is not in the domain and reacting to the disc, as the binary’s
orbital evolution happens on long time-scales.

The viscous torque needs to be taken into account as well to
complete the analysis of the angular momentum exchange. However,
it is more than four orders of magnitude smaller than all other effects
at the inner boundary, so we neglect it.

MNRAS 537, 2422-2432 (2025)

3 SIMULATION SETUP

The simulation set-up used here has been described in detail in
the first paper, PBN1. We use the same locally isothermal 2D
hydrodynamic PLUTO simulations, restarting the simulations from
a converged state of the disc at >3 x 10*T;;, and continuing them
while running the analysis of all momentum and energy contributions
for another >10T;,. In this time, the most viscous disc will reach the
viscous time-scale at 4ay;,, while the disc with the lowest viscosity
runs to only few percent of the viscous time at this radius. PBN1
discusses the fact that the disc evolution caused by the binary does
not act on viscous time-scales but leads to eccentricity excitation
throughout the disc on a much faster time scale of a few thousand
orbits (see also appendix in PBN1).

As in the previous study, we use the mass ratio ¢ = M,/ M, =
0.26. For a fiducial disc case, the binary eccentricity is ey, = 0.2,
the aspect ratio 4 = 0.05, and the viscous o = 103, In addition,
we investigate a range of aspect ratio and viscous « for binary
eccentricities, ey, = [0, 0.4]. The aspect ratio takes values from
0.03 to 0.1 in steps of 0.01 and the «-values include [1074,2.5 x
1074, 1073, 2.5 x 1073, 1072]. The domain runs from lap;, to 40ap;,
with N, x Ny = 684 x 584 cells. This large computation domain
allows the disc to develop a globally eccentric structure that is
not impacted by the outer boundary condition. The discs have a
constant aspect ratio H/R = h =const. and receive a continuous
mass according to the initial profile in the outer damping zone that
covers the final 10 per cent of the domain. The initial surface density
in PBN1 scaled with Z;,; o« R~!, which is not consistent with the
profile of a steady-state viscous accretion disc. However, Mufioz
et al. (2020) showed that the shape of the inner disc and the mass
normalized terms do not depend on the disc profile. We verified
this by comparing the simulations presented in the main text with
simulations using surface density profiles close to those expected
from the viscous steady-state in Appendix A. The inner boundary
adopts a diode-like outflow condition for the radial velocity. The
gradient of azimuthal angular velocity and surface density at the
inner boundary are set to zero.

An example of the converged structure of the circumbinary
disc is given in Fig. 2. The motion of the binary clears a wide,
eccentric inner cavity over ~10*Ty;, with little dependence on the
viscosity, as we have shown in PBN1. We measure the cavity as
a 90 percent radial drop of the surface density and find typical
cavity sizes between 3.5ay;, and 6ay;,, with eccentricities between
ey = 0.1 and e.,y = 0.45. Gas in the inner disc moves on ec-
centric Keplerian orbits, which leads to a pressure maximum near
the slow-moving apocentre location. The disc adopts a smoothly
varying globally eccentric structure in time and space, with the
region of highest density being confined to the apocentre. Further
discussion of the features and structures of the disc can be found in
PBNI1.

The inner disc starts to precess on time-scales of thousands of
orbits due to the continued interaction with the binary. The precession
time-scale can be approximated by the massless three-body solution
(Moriwaki & Nakagawa 2004) at the eccentric orbit of the density
maximum. However, the precise precession rate varies because
hydrodynamic effects affect the eccentricity propagation into the
disc. In particular, the pressure scale height of the disc can alter
the region that rigidly precesses around the binary and increase the
precession period up to 1.8 times the value of the theoretical solution
for the period of the peak position (see PBN1). The cavity size and
eccentricity oscillate with the disc precession period, affecting the
interaction between binary and disc.
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Figure 2. The logarithmic surface density structure of the circumbinary disc
at different precession angles. The binary eccentricity is 0.4 in this set-up and
scales are in binary semimajor axis apin. The orbits of the binary stars (orange
and blue dashed lines) are fixed; the cavity ellipse is traced by the outer red
dashed line with orbit parameters listed in the top left corner; and the angle
between binary and cavity pericentre Aw is noted in the bottom left corner.

4 ORBIT AND PRECESSION EFFECTS

All of the contributions leading to the change in the binary orbit
described in Section 2 can be analysed by considering the motion
and distribution of the disc gas in the models. For the fiducial model
set-up (epin = 0.2;h = 0.05; ¢ = 1073), Fig. 3 shows the evolution
of the angular momentum transport and the mass accretion and power
on orbital and precession time-scales through the inner boundary.

All terms vary on orbital time-scales, as shown in the left panels.
The torque, 7, and gravitational power, E, strongly oscillate every
orbit, while advected mass M and angular momentum J,.. peak
once per orbit with varying strength. Comparing the instantaneous
contributions to their averages over 1007y, windows (middle panel),
we see that the orbital variations in the gravitational terms and the
peaks from the advection terms are an order of magnitude larger
than the averaged values. The orbit-averaged terms show a further
oscillatory behaviour on the precession time-scale of the disc. The
normalized mass and momentum accretion, M and J,., are nearly
identical in shape and their mean values are nearly identical. Thus,
during the accretion, the orbital velocity of the accreted material
depends little on the alignment of the disc with respect to the binary.
For the gravitational terms, the structure of the oscillation is visible
before orbit averaging, with the biggest effect on the gravitational
torque, T. Here, even the orbit-averaged terms change sign over the
precession period, oscillating with an amplitude that is an order
of magnitude larger than the mean value obtained by averaging
the torque over a full precession period. This substantial variation
in the angular momentum change will impact the evolution of the
eccentricity (see equation 8) and make the short time-scale averages
of the torque unreliable.

To illustrate the significance of the precession phase, we ran
14 simulations covering 50 orbits at different alignments during 1
precession period. Each run stored 20 steps per orbit, ensuring that
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Figure 3. Pericentre of the disc eccentricity vector (top), mass flow (second)
and advective angular momentum flow (third) through the inner boundary
accreted by the binary, gravitational torque (fourth), and energy change caused
by the disc on the binary are plotted over 15T, (left) and 70007}i,. The
orange lines mark a rolling average over 1007}, and the black lines mark the
absolute averages.

the orbital periodicity is well sampled and does bias to the averaged
data.

Fig. 4 shows how the radial profiles change over one precession
period. All contributions show how the maximum density (rpeax ~ 6)
in the inner disc results in the largest effect, and the contributions
reduce in the cavity (acy ~ 4). While the general structure of
advection through the disc remains the same over time, as seen
in mass and angular momentum flux, M and J,q,, the gravitational
torque t and power Egmv depend on the precession phase. The mass
and angular momentum flux also show some comparable trends,
especially at the rim of the disc and the cavity edge between 3ap;,
and 6ay;,. As the surface density profile is steeper than a steady state,
gas near the inner cavity spreads ring-like towards both directions
such as in Mufioz et al. (2020) (see also Appendix A). However, the
accretion is subject to unpredictable short-term variations depending
on the local structure of spiral features and wave propagation and is,
thereby, inherently noisy.

Tiede et al. (2020) studied the local origin of the torque acting
on the binary and examined how this varies with the orientation of
the eccentric cavity wall. They only considered equal mass binaries
on fixed circular orbits, introducing a symmetry into the problem.
In this work, we generalize the problem to consider non-equal mass
binaries on eccentric orbits, showing how the changing orientation

MNRAS 537, 2422-2432 (2025)
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Figure4. Advective angular momentum flow (top left), mass flow (top right),
torque caused by the disc on the binary (bottom left), and energy change on the
binary (bottom right) are plotted radially. The relative argument of periastron
between binary orbit and disc Aw of every second simulation is given in the
legend.

between the eccentric disc and the eccentric binary modulates the
interaction. A key result of both studies is that the circumbinary disc
plays an essential role in driving the orbital evolution of the binary.

5 VARIATIONS OF THE GRAVITATIONAL
CONTRIBUTIONS

To study the influence of the gravitational terms on the binary orbit,
the fiducial simulation with five different initial binary eccentricities
has been continued after 800007y, with the gravitational disc
feedback on to the binary stars included to simulate the change in
orbit parameters. As the inner domain starts at ri, = lapi,, the binary
accretion is not modelled and the simulation gives no insight into how
the mass accretion is distributed between the stars. Therefore, the M
and J,q, are neglected, but the gravitational interactions are captured
by the disc feedback on the binary in the n-body interaction (see
also Thun & Kley 2018). A simple, accretion-less form of equations
(2) and (7) can be compared to the binary elements. Under these
assumptions, the binary evolves according to

% _ _abin7 an
Egay Qpin

€bin - _ |:jbin l£:| 1— e%in (18)
€bin Join 2 E Zeﬁm

Fig. 5 compares the evolution of the binary orbit due to disc
gravity to the gravitational change in orbit parameters calculated
solely from the disc properties. However, it is important to note that
energy conservation will also depend on the mass accretion and the
accretion ratio and for more realistic models that include accretion
using the full equations, equations (3) and (8).

The binary orbital evolution follows the parameter changes derived
from the gravitational disc power and torque. The gravitational power
leads to the binary orbit shrinking in these simulations. The change
in semimajor axis, dyi,, varies periodically on the time-scale of disc
precession, and the torque-driven eccentricity change ép, iS even
more dramatic. The simulated binary eccentricity experiences a sine-

MNRAS 537, 2422-2432 (2025)
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Figure 5. The change of the semimajor axis and the eccentricity (darker
lines) in a non-accreting scenario and the calculation of the semimajor axis and
eccentricity from the gravitational power and torque (dashed). The viscous
a = 1073 and the disc scale height is & = 0.05.

like oscillation corresponding to the disc precession. This should
be generally expected as the gravitational torque variations are an
order of magnitude higher than other angular momentum transfer
contributions shown in Fig. 3. For ey, = 0.2, the gravitational torque
already varies by more than the magnitude of the mean value and
therefore changes signs, while for ey, = 0.4, the variations reach
an order of magnitude higher values than the mean torque. This
is more severe for lower viscosities, where the mean torques are
lower but the variations remain of the same strength. This long-term
periodic behaviour poses a challenge for the study of the trends of
binary orbit behaviour. The eccentricity variability caused by the
precession reaches values of ey, ~ +1073. Thereby, a model run
for only 10007, can vastly misrepresent the trend of eccentricity
change. The contributions to the angular momentum change need to
be considered on a time-scale of multiple precession periods and
the slow oscillatory behaviour of the torque must be taken into
account when evaluating average values for the contributions to
understand the general trends. Long-term, temporally highly resolved
simulations are needed to investigate the orbit dynamics directly.

6 EFFECTS OF VISCOSITY AND ASPECT
RATIO

Fig. 6 shows the gravitational torque between the local disc gas
and the binary stars as derived in equation (11) for the maximum
and minimum values of o and /& and the fiducial disc parameters.
As in Fig. 4, this already shows that the density in the cavity is so
low that it does not contribute a significant torque independent of
the proximity throughout the whole investigated parameter space.
An obvious feature of these maps is that the low-viscosity case
with & = 10~* and the & = 0.03 both show large amplitudes in the
magnitudes of the torques (see the second and fifth columns). This
is in agreement with the results of Tiede et al. (2020). However, it
is important to note that the net torque experienced by the binary is
obtained by integrating around the orbit. And so the effect of the disc
on the binary cannot be understood by simply inspecting Fig. 6 due to
cancellation effects. As the discs beyond the cavity are eccentric, the
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Figure 6. The gravitational local torques of the simulations in PBN1. The torque is normalized to the total disc mass. Left two columns are the minimum and
maximum values of « and the right two columns the same for the aspect ratio 4. The mid-column represents the fiducial parameters. Rows represent different
ebin = [0, 0.1, 0.16, 0.32]. The black dashed line marks the edge of the disc. All colour maps use the same linear scales centred on zero torque in white. The
colour in the top left of each panel represents negative and the top right colour positive torque contributions.

total integrated torque will be strongly affected by the binary-to-disc
alignment, as shown in Fig. 4. Hence, to understand the averaged
effect the torque analysis needs to be well resolved in time.

As the initial simulations in PBN1 did not include a runtime anal-
ysis of the angular momentum and energy exchange, the simulations
have been continued from the evolved disc with analysis once every
0.174i,- An example of the final data is Fig. 3.

To achieve the best possible averaged momentum and energy
values for the terms depending on the gravitational potential, we
averaged the data over multiple complete precession periods in the
simulations. The statistical uncertainty of these contributions to the
orbital evolution was estimated by considering how the precession-
period-averaged values vary from period to period. This was achieved
by moving averages with a duration of one precession period and
start points that are continuously shifted across a half period. The
standard deviation of these shifted means is used as the noise
in the signal-to-noise ratio calculation. For higher ey;,, when the
secondary comes close to the domain or even enters it, we exclude

the innermost regions of the domain from the torque and energy
calculation. We have used the apocentre of the secondary with an
added margin of 0.3ayy, as the boundary. We checked that this
choice does not affect the result, by comparing the results to those
that exclude the region inside 1.5ay;, and found similar values for
both.

With these averaged data, we can understand the direction of
binary orbital evolution for the different aspect ratios (Fig. 7)
and viscous « (Fig. 9). To create an estimation of the continuous
parameter space, we use a ‘linear’ interpolation in between the
simulation averages, which are placed as dots in the maps. Linear
creates a continuous linear transition between the nearest data points.

6.1 Scale height

Using the critical limits presented in Fig. 1, we show the direction of
orbital evolution for different aspect ratios and binary eccentricities
in Fig. 7.
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Figure 7. Energy change rate normalized by the mass accretion rate (top)
and normalized energy and angular momentum change (bottom) for different
scale heights h. Black dots mark different simulations. Red values lead to
expansion or excitation, and blue values lead to shrinkage or circularization
for ¢ = 0.26 with the A-dependent range of critical values indicated with
black lines (see equations 5 and 10).

The change in energy of the binary, E, is generally negative,
leading to shrinking orbits. As T and E are both based on the
gravitational potential their general trends are similar. The absolute
value of E decreases beyond ey, > 0.2, with the binaries entering
the region of parameter space where the orbit may expand or shrink,
depending on the mass ratio and mass accretion ratio. The white
colour in Fig. 7 is centred on 0.33. This is equivalent to the limits
between expansion and shrinkage for ¢ = 0.26 using Siwek et al.
(2023a). For thin discs, E significantly increases. This means that
binary orbits for thin discs with 2 < 0.05 can only shrink.

To characterize the eccentricity evolution, we can use the normal-
ized energy-momentum term (¢ + j), as given in equation (10). The
bottom panel of Fig. 7 shows the magnitude of these terms centred
on 0.9, which is the critical value according to Siwek et al. (2023a).
One clear trend for thin discs can be found. For 4 < 0.05, the orbits
of eccentric binaries are excited. For discs thicker than 2 = 0.05, the
resulting level of angular momentum and energy exchange is close
to the critical value at which the orbital evolution switches between
gaining and losing eccentricity and the actual evolution depends on
the mass accretion ratio.

The contributions of the individual terms to the orbital evolution
are shown in Fig. 8. The two accretion-dependent terms, M and Ji,
can only add mass and momentum to the binary and must thereby be
positive. As all disc dynamics are linked to the accretion processes,
we use M to normalize the other contributions in Fig. 8. Normalizing
the other terms by M yields results near 1, indicating that all processes
are comparable to the magnitude of the general viscous accretion
in an accretion disc. The two angular momentum changes t and
Juce are counteracting each other. The advected angular momentum
increases the total angular momentum, while the gravitational torque
7 mostly reduces angular momentum. J,.. is closely linked to M such
that Jo../M only varies between [0.8, 1.3] throughout the whole
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Figure 8. The torque (top left) and the angular momentum change (bottom
left) caused by the disc on the binary. The angular momentum flow normalized
with the mass flow (top right) and torque signal relative to the deviation from
the mean (bottom right) for different aspect ratios, /. Black dots mark different
simulations.

parameter space. The J,.. contribution decreases with increasing
binary eccentricity, and this trend becomes slightly more significant
for lower aspect ratios. The torque varies over a broader range than
Jace and thereby dominates the overall angular momentum change,
resulting in a near-universally negative total torque that contributes

to the binary’s eccentricity excitation.

6.2 Viscous alpha

Changing the viscosity through the viscous « coefficient does
not lead to a clear trend in contrast to the aspect ratio. Overall,
the orbits shrink uniformly throughout the range of « in Fig. 9.
For the binary eccentricity, there is no clear trend for either ex-
citation or circularization within the «. While some values near
a = 10723, epin < 0.2 are increased, this is not the case for even
lower or higher viscosity. The torque data at & = 10727, e, < 0.2
vary relative to the mean value by ~0.2 (Fig. 10). Hence, these
averaged values have a higher uncertainty. We see weak trends, along
the range of binary eccentricity. For higher eccentricities ey, > 0.15
(right half of top Fig. 9), the magnitude of the specific energy change
due to gravitational forces decreases, leading to a decreased rate of
shrinkage and favouring eccentricity excitation of the disc.

The increase of excitation at higher binary eccentricity can be
explained by the combination of the smoothly decreasing advective
momentum for higher binary eccentricities (top right panel of Fig. 10)
and more uniform torque across the whole parameter space (top left
panel of Fig. 10) compared to the power E/M. The fact that the
a-coefficient does not show a clear trend for the binary evolution,
but the aspect ratio does, is highly interesting as both contribute
to the viscosity. The main difference between these is that o only
contributes to the viscosity. At the same time, the scale height is also
related to the sound speed, ¢y, which affects the propagation of the
spiral wakes more directly.

Siwek et al. (2023b) report a change in excitation behaviour
beyond ey, > 0.4, though some of our data would support this idea,
the uncertainties in our simulations are too high to be conclusive. In
the bottom left panel of Figs 10 and 8, we show the signal-to-noise
ratio of the torque derivation as explained above. Highly eccentric
binary systems show variation up to 0.3 the mean torque and should
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Figure 9. Accretion weight energy change rate (top) and energy and angular
momentum change rate (bottom) for different «-values. Black dots mark
different simulations. Purple values lead to expansion or excitation, and green
values lead to shrinkage or circularization for ¢ = 0.26 with the A-dependent
range of critical values indicated with black lines (see equations 5 and 10).

be taken with extreme caution as the variability in the torque makes
an accurate measurement of the orbital evolution challenging.

7 DISCUSSION

The choice to exclude the binary from the domain reduces the
computational time significantly; however, it also removes the in-
formation in spin angular momentum around the binary components
(Dittmann & Ryan 2021) and might lead to artificial accretion
of material that would be pushed back on an outgoing trajectory.
Especially for high-viscosity scenarios typically considered for
SMBH, the inner region between the binary components can be
included in the domain, as simulations are much shorter (Mosta,
Taam & Duffell 2019; Muiloz et al. 2020; Dittmann & Ryan 2022).
Tiede et al. (2022) has shown that >95 percent of material from
inside lap, is accreted into the mini-discs or by the stars on the
binary orbital time-scale when the binary is included in the domain as
sinks. Recent studies (e.g. Hirsh et al. 2020; Ragusa et al. 2020) could
include the binary for PPDs using smooth particle hydrodynamics
simulations. Duffell et al. (2024) recently compared simulations of
circumbinary discs using nine different simulation codes, including
PLUTO, finding that simulations including and excluding the binary
can reproduce the circumbinary disc well. However, the treatment
of mass accretion can affect the strength of torque from gas on
orbits around one of the binary components, the spin torque. The
spin torque term can change the absolute torque on the binaries
by adding a torque contribution of the circumstellar discs to both
binary components, instead of just assuming the instant accretion of
material inside lapi,. Excising the binary leads to a higher overall
torque. However, the overall torque in excised simulation domains
does not vary significantly from simulations that include the binary
in the domain with accretion time-scales of 1—107y;,. At these time-
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Figure 10. The torque (top left) and the angular momentum change (bottom
left) caused by the disc on the binary. The angular momentum flow normalized
with mass flow (top right) and gravitational power (bottom right) for different
«. Black dots mark different simulations.

scales, accretion is fast enough to allow a steady flow from the cavity
through the circumstellar disc on to the stars.

Binary orbital evolution has recently become of particular interest
to the SMBH community but is less studied in the context of
PPDs. Miranda et al. (2017) found conditions that lead to orbit
expansion for very thick and viscous discs compared to typical
PPDs (h = o = 0.1); this finding was later confirmed using grids
that cover the binaries by Moody, Shi & Stone (2019) and Muiioz
et al. (2019). Franchini et al. (2022) reported that an even thicker
discs (h = 0.2) can lead to shrinking binaries again. This is a non-
monotonic trend as Tiede et al. (2020), Dittmann & Ryan (2022),
Franchini et al. (2022), and Penzlin et al. (2022) showed that even at
high «, the orbits of circular binaries in thin discs (4 < 0.05) shrink,
which agrees with our results. Our study shows that the findings
of thin disc (h < 0.04) leading to shrinking binary orbits in Tiede
et al. (2020) extend to lower viscosities using @ = 10~*. Mufioz
et al. (2019), Zrake et al. (2021), and Siwek et al. (2023b) included
the binary eccentricity evolution for SMBH-like systems; since the
models in both studies have very thick discs (h = 0.1), the results
are not directly comparable to the systems studied here. However, in
this highly viscous environment, Zrake et al. (2021) and Siwek et al.
(2023a) show trends of orbit contraction and eccentricity excitation
that appear to be in line with the result of our study. Zrake et al.
(2021) and Siwek et al. (2023a) extend the binary eccentricities to
values beyond 0.4, finding an additional turning point at ey, ~ 0.4
from eccentricity excitation to circularization. Our simulation results
for the most eccentric binaries point to the possibility of a similar
transition. However, with ey, < 0.4 we cannot confirm the full
transition to the drop-off at more eccentric binary eccentricities.
At those eccentricities, the precession period is >50007;;, and the
variation in the torque contributions is very large. A more detailed
study of binaries with higher eccentricities would be necessary to
draw firm conclusions.

Ragusa et al. (2020) study the orbital evolution in a PPD setting,
and their results show strong variations in eccentricity due to the
torques and eccentricity growth. However, the simulations differ in
the number of orbits simulated and include a flaring disc height.
We consider only a single mass ratio of ¢ = 0.26 in this study; in
our previous study (Penzlin et al. 2022), we found that momentum
and accretion contributions do not strongly depend on the mass
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ratio. This suggests that the retrieved balances present may be
comparable values for other mass ratios. As more mass accretes
on to the secondary (i.e. A > 1; Farris et al. 2014; Muiioz et al. 2019;
Dittmann & Ryan 2021; Siwek et al. 2023a), the limits in Fig. 1 lead
to a picture of unequal binaries expanding and increasing their orbital
eccentricity while growing towards more even masses. As the mass
ratio increases, the expansion eventually stalls and reverses first, later
transitioning to eccentricity damping rather than growth. This would
apply for young or large separation of binary stars, which have thick
discs due to the irradiation flaring of the discs at large distances. This
might be a reason for the spread in binary eccentricities in the sample
of Price-Whelan et al. (2020).

However, the mass accretion ratio, A, is a subject of active
research. Dittmann & Ryan (2024) showed that the mass accretion
rate, especially near mass ratios of g = 0.1, can be sensitive to
the viscosity of the system. Further, the sink size and rate at
which gas is allowed to accrete into the sink affects the accretion
behaviour (Dittmann & Ryan 2021; Westernacher-Schneider et al.
2022). In the case of the binary stars, thermal conditions around
each component and the conditions in the local mini-discs around
the each component also alter the accretion on to the stars (Jordan
et al. 2021) and the possible overflow between binary components.
Despite these complexities, the shrinking behaviour of the binaries
we observe is independent of the value of A because the evolution is
dominated by the change in energy of the binary induced by gravi-
tational interaction with the disc, and accretion plays a subdominant
role.

All simulations in this study are 2D. Duffell et al. (2024) have
found a small torque reduction in 3D simulations relative to 2D
simulations. All simulations assume mass and momentum conserva-
tion. In a real star formation scenario, some momentum and mass
are also lost through jets and outflows, which cannot be considered
in 2D. This especially affects the angular momentum transferred
through accretion to the binary components as off-plane inflow
does not contribute its full momentum into the orbital plane. In
cases where the mass accretion rate is reduced, the gravitational
terms gain importance, aiding the shrinking and excitation of
the orbit. This adds an additional uncertainty to the final orbital
changes.

8 CONCLUSIONS

Using more than 100 hydrodynamical simulations, we investigate
the effects a circumbinary disc can have on the orbits of the central
stars in a low viscous regime comparable to PPDs. By analysing
the balance of mass accretion, angular momentum transport, and
energy change, we constrain the possible trend of binary orbital
evolution.

The simulations show that the disc precessing around the binary
orbit produces a strong effect on the eccentricity and semimajor
axis change of the binary, in addition to the changes in the shape
of the disc itself shown in Penzlin et al. (2024) (PBN1). The
mass accretion, advected angular momentum, energy, and, most
notably, gravitational torque show oscillating behaviour not just
on the orbital time-scale but also on the precession time-scale of
thousands of binary orbits. This strongly impacts the evolution of
the eccentricity of the binary stars, leading to a slow oscillation
of eccentricity with an amplitude of the order of 10~ in the
absolute eccentricity. This oscillation potentially makes estimates
of the orbital evolution derived from shorter time-scale simulations
unreliable.

Within the range of binary eccentricities explored ey, = 0.05—0.4,
nearly all simulations suggest that increasing binary eccentricities is
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possible, depending on what fraction of the mass is accreted by the
primary and secondary.

Thin discs, with an aspect ratio 2 < 0.05, always cause the binary
orbits to shrink. However, at higher aspect ratios, both expansion
and contraction are possible, depending on the degree to which mass
accretion occurs preferentially on to the primary or secondary (e.g.
Penzlin et al. 2022; Tiede et al. 2022). Further, we find that in binaries
with eccentricity below 0.2, the gravitational forcing is stronger, and
the binaries tend to shrink. For larger binary eccentricities (ep, =
0.2, 0.4), the gravitational terms are smaller, and expansion is more
likely to be possible if the mass accretion is too strongly weighted
towards the secondary (see also Zrake et al. 2021; Siwek et al. 2023a).
Finally, we do not see clear trends with viscosity within the range of
values considered here (107* < o < 1072).

The difference in mass accretion between two binary components
controls the critical values of mass, angular momentum, and energy
exchange that decide the trends of the orbit’s evolution (Miranda et al.
2017). If the mass accretion is higher on the secondary component,
expansion and eccentricity excitation are favoured.

In low-viscosity environments, the orbital period of the binary
changes by 1 percent on time-scales of the order of 10°—107 Ty,
depending on the viscosity and assuming a 1 per cent M, disc. The
time-scale for the average growth of the binary eccentricity is similar.
However, due to the strong effect of the precession, eccentricity
variations of Aepi, = 0.001 occur within ~103Ty;,.
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APPENDIX A: STEADY-STATE DISCS

In the initial set-up of the study, we did not choose a surface density
profile that produces a steady disc but rather a slope that is steeper
than a steady condition, which acts more like a wide-spreading ring.
This is evident in the mass flux in Fig. 4. Nevertheless, the evolution
of angular momentum and power is not evolving significantly in the
simulations, and the only oscillation is due to precession (see also
Fig. 3). The discs react to the binary on time-scales that differ from
the viscous time, indicating that the gravitational interaction can
settle quicker into its final state than on viscous times. To check that
the non-steady initial conditions do not affect our results, we ran 15
additional steady disc models of an unflared disc with & = XoR~!
for binary eccentricities of ep, = [0, 0.15, 0.3], aspect ratios of
h =1[0.03,0.05,0.1], and & = [107*, 1073, 1072] (while the other
parameter is 2 = 0.05 or & = 1073). These models reproduce inner
cavities of similar size and eccentricity as the other models, as
shown in Figs Al and A2 (see Penzlin et al. 2024). The cavity
edge semimajor axes are smaller by <0.lay,, as the disc provides
more flow towards the binary. In addition, the models with the lowest
binary eccentricity continue to rise slowly and have not reached a
final state. This contrasts with the steeper density profiles that levelled
off more quickly.

Comparing the mass normalized momentum and power of the
steady simulations to the runs above, the values are similar and
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(thick lines) of the steady models for different «-values.

follow the same trend, except for the circular binaries that have
not yet reached a steady cavity profile as is shown in Figs A3 and
A4. For thin discs 7 = 0.03, the normalized power is well above
the critical value and the normalized torque is more than two times
higher than other angular momentum contributions independent of
the disc structure. Hence, the shrinking and excitation of the binary
orbits in such a thin disc are robust results. The steady and non-
steady models for thick discs or varying viscosity produce similar
through positive values for the normalized power. This indicates that
orbits are likely to shrink independent of the disc model. The steady
model is in better agreement with theoretically predicted accretion
rate, which is proportional to the viscosity.

However, the circular binary discs deviate from this trend. This
can be partly caused by the fact that they are not in an equilibrium
state (yet). Still, it also shows that the excitation of the disc around
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an exactly circular binary is stronger, possibly due to constant
interaction with the unchanging velocity profile of the gravitational
wakes caused by the binary. Future studies will analyse the role of
the gravitational wakes as the driver of the excitation.
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Figure A3. Averaged gravitational torque t (top left), gravitational power
E (top right), and advected angular momentum L,¢. (lower left), normalized
by the mass accretion M (lower right). The lines represent the data off the
non-steady models, and the markers show the data for the steady disc solution.
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Figure A4. Averaged gravitational torque t (top left), gravitational power
E (top right), and advected angular momentum L. (lower left), normalized
by the mass accretion M (lower right). The lines represent the data off
the non-steady models, and the markers show the data for the steady disc
solution.
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