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A B S T R A C T 

Many of the most intriguing features, including spirals and cavities, in the current disc observations are found in binary 

systems like GG Tau, HD 142527, or HD 100453. Such features are evidence of the dynamic interactions between binary stars 
and the viscous disc. Understanding these dynamic interactions and how they result in the structure and growth of asymmetric 
circumbinary discs is a difficult problem, for which there is no complete analytical solution, that predicts the shape of the observed 

disc accurately. We use numerical simulations to evolve circumbinary discs with varying disc viscosities and investigate the 
size and shape of the inner cavities in such protoplanetary discs. We have simulated over 140 locally isothermal 2D grid-based 

disc models for ≥3 × 10 

4 binary orbits each and mapped out the parameter space rele v ant for protoplanetary discs. With this, it 
becomes possible to create parametrized profiles for individual discs to compare to observations and find limits to their binary 

eccentricity or internal viscosity from the simulation data. In the long-term simulations, larger cavity sizes than previously 

considered are possible within the parameter space ( ≤6 binary separations). As an example, we find that the eccentricity of the 
disc around HD 142527 suggests the impact of the binary dynamics on the disc. Ho we ver, e ven considering the larger cavity 

sizes, the large size of the cavity in HD 142527 remains unexplained by the simulations considering the most recent orbital 
constraints. 

Key words: binaries: general – hydrodynamics – protoplanetary discs. 
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 I N T RO D U C T I O N  

alf of all stars are found in binary or multiple configurations
Raghavan et al. 2010 ; Offner et al. 2023 ) and often also form together
urrounded by one common circumbinary disc (CBD). Famous ex-
mples of resolved CBDs include GG Tau (e.g. Guilloteau, Dutrey &
imon 1999 ) and HD 142527 (Fukagawa et al. 2006 ; Verhoeff
t al. 2011 ). Observ ations of such discs re veal numerous special
eatures and structures like cavities, spirals, streams and shadows,
ccentric disc edges (e.g. Keppler et al. 2020 ; Hunziker et al. 2021 ),
nd dust o v erdensities (Casassus et al. 2015 ). Furthermore, about
 dozen circumbinary planets have been detected that arise from
ircumbinary protoplanetary discs (PPDs). Most planets are located
ear the instability limit (Quarles et al. 2018 ) described by Holman &
iegert ( 1999 ). 
The features of the observations can help to limit and predict

roperties of the disc that are not directly observable. For example,
he best-fitting observational constraints for GG Tau in cavity size and
tellar orbits can be achieved by simply choosing a low viscosity and
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Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
volving the disc simulations for long enough, as shown in Keppler
t al. ( 2020 ). As disc properties change for different length-scales and
imes in their evolution, we need a large parameter space to compare
bservations to and find the best-fitting parameters for each system,
hich can help us also to constrain the disc and orbital parameters
etter from observations of CBDs. 
To understand the dynamics that are responsible for these fea-

ures, we need hydrodynamic models of viscous, pressure-supported
iscs affected by the interaction of a temporally changing stellar
ravitational potential. Results of the theoretical work by Mu ̃ noz &
ithwick ( 2020 ) of binary–disc interactions can explain the excitation
f eccentricity in the inner cavity. Ho we v er, the e xact disc shape and
nteraction with the binary is sensitive to disc conditions such as
emperature and viscosity. 

While previous studies of protoplanetary CBDs (Mutter, Pierens &
elson 2017 ; Calcino et al. 2019 ; Hirsh et al. 2020 ; Ragusa et al.
020 ; Pierens, Nelson & McNally 2021 ; Penzlin et al. 2022 ) agree
n the development of large, eccentric cavities, how disc and
inary parameters contribute to the final cavity shape is not yet
ully understood. Our goal is to create a general picture of how
he CBD structure depends on disc viscosity, scale height, and
inary eccentricity using numerical simulations. This can provide
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Table 1. Parameters for all hydrodynamic simulations. q = M 2 /M 1 is the 
mass ratio, e bin the eccentricity of the binary orbit, α the viscous parameter, 
and h the disc scale height. 

Models q e bin α h 

Fiducial 0.26 0.2 10 −3 0.05 
α variation 0.26 0–0.4 10 −4 to 10 −2 0.05 
h variation 0.26 0–0.4 10 −3 0.03–0.1 
Thick discs 0.26 0–0.4 10 −4 , 10 −3 , 10 −2 0.1 
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 translation map for observed discs to extract more disc or binary
arameters from the observable gas properties in observed young 
inary systems and ev entually pro vide a better understanding of the
volution of the whole parameter set during the disc evolution. 

 M O D E L S  

n this work, we use finite-volume simulations to investigate the 
inary–disc interaction. This method allows parametrization of the 
iscosity through constant values of aspect ratio and Shakura–
unyaev parameter α (Shakura & Sunyaev 1973 ) throughout the 
omain. 

.1 Set-up 

e use the PLUTO code (Mignone et al. 2007 ) with the GPU-
apable version by Thun, Kley & Picogna ( 2017 ) to simulate the
D h ydrodynamical g as evolution around the binaries. We use a
ocally isothermal equation of state and a non-flaring disc to further
implify and parametrize the disc. 

The kinematic viscosity in our models can be written as 

= αc s H . (1) 

he parameter α < 1 describes the turbulent viscosity, c s the adia- 
atic sound speed of the gas, and H the vertical pressure scale height.
or simple α models, observations (Dullemond et al. 2018 ) suggest 
n α-value between 10 −2 and 10 −4 . We will typically take α to be
0 −3 , if not stated otherwise. 
The set-up follows Thun et al. ( 2017 ). The resolution of our

ylindrical grid is 684 × 574. Our radial domain extends from 1 a bin to
0 a bin with logarithmic spacing. Thun et al. ( 2017 ) demonstrated that
his resolution resolves the disc structure. Tests of 4 × resolution with 
ow viscosity using α = 10 −4 showed no significant changes. We 
xclude the stars from the domain to enable us to simulate the system
o a steady converged disc structure in reasonable computation times. 

e tested a smaller inner boundary (0 . 75 a bin ) as in Penzlin et al.
 2022 ), and found that the structures of cavity and inner disc are
obust. 

The inner boundary is a diode boundary, as the boundary is well
ithin the opened cavity and compared to other simulations by Tiede 

t al. ( 2022 ) accretion of > 90 per cent of disc material entering this
egion is expected. The outer boundary damps to the initial profile in
he last 10 per cent of the simulation domain leading to a fixed outer
rofile. The floor density is 10 −6 times the initial density. 
The initial surface density, �( t = 0), is given by 

( t = 0) = f gap � ref 

(
R 

a bin 

)−1 . 5 

, (2) 

here f gap is a factor used to reduce the surface density in the region
round the binary, described in Thun et al. ( 2017 ): 

 gap = 

[
1 + exp 

(
−R − R gap 

�R 

)]−1 

, (3) 

ith R gap = 2 . 5 a bin and �R = 0 . 1 R gap . The reference density
 ref = 1 . 67 × 10 −4 M bin a 

−2 
bin produces a disc mass of M disc =

 . 01 M bin inside the computational domain. In all models, the effects
f the disc on the binary are not included; disc self-gravity is also
ot included. 
We ran our simulations for 30 000 T bin or until the cavity size

emained steady apart from periodic variations caused by the preces- 
ion of the disc, whichever was longer. 
Any features seen before the disc reaches its full cavity size can be
aused by the o v erly symmetric and smooth, initial gas distribution.
ther works (e.g. Calcino et al. 2019 ) report gas o v erdensities

hat orbit near the inner edge independently from the precession 
f the o v erall disc, called ‘lumps’. Early in the simulations after

500 –2000 T bin , lumps form from the material initialized in the
nstable region, which gets pushed outwards into the disc. In our
odels, these lumps mainly appear for higher viscosity and dissolve 
ithin a few thousand orbits. Some simulations are not able to
 v ercome the symmetric initial condition for up to ∼ 5000 T bin and
how meta-stable circular inner cavities especially if the binary 
asses are similar (see also Keppler et al. 2020 ). Howev er, tin y

erturbations are enough to o v ercome circular inner cavities and
nitiate cavity growth and excitation. 

Once the simulations have reached steady state, every disc shows 
 large, eccentric, precessing cavity of more than 3 a bin . 

We varied the aspect ratio, viscous α parameter, and binary mass 
atio for binary eccentricities between 0 and 0.4. As fiducial values,
e used h = 0 . 05, α = 10 −3 , and a mass ratio of q = M 2 /M 1 = 0 . 26

see Table 1 ). These values were chosen based on another study of
he formation of Kepler-38b. The mass ratio is crucial for the way
hat mass is accreted between the binary components (Farris et al.
014 ; Duffell et al. 2020 ; Siwek et al. 2023 ). Ho we ver, the cavity and
nner disc structures are less sensitive to the mass ratio; Thun & Kley
 2018 ) found comparable cavity shapes for q = [0 . 29 , 0 . 60 , 0 . 90]
systems like Kepler-16, Kepler-34, and Kepler-413). 

.2 Characterization of the disc shape 

o parametrize the structure of the cavity, we define the cavity edge
ased on the location where the density is 10 per cent of the maximal
ensity at the same azimuth. As in Thun et al. ( 2017 ), the argument
f apocentre of the inner disc is identified as the azimuthal position of
he maximum density beyond the unstable region (Holman & Wiegert 
999 ). The positions of the pericentre and apocentre of the cavity are
hen identified as the position of 10 per cent of the maximum density
t corresponding angles. These positions, together with the centre of 
ass as the focal point, define the shape of the cavity edge. In the

ollowing, the cavity semimajor axis a cav and eccentricity e cav are 
alculated from this ellipse as a simple parametrized measure of the
avity shape. 

We also define the eccentricity vector e throughout the disc 
ollowing Miranda, Mu ̃ noz & Lai ( 2017 ). The eccentricity vector
 indicates the orbit alignment of the disc through the extent of the
isc. It is derived using the local velocity v and position r in the
ollowing way: 

 = 

(
e x 

e y 

)
= 

1 

GM 

(
v 2 r − ( v · r ) v 

) − r 
| r| . (4) 

We use the mass–weight absolute eccentricity 〈 e 〉 described in 
iranda et al. ( 2017 ) for the eccentricity of the gas locally. The local
MNRAS 532, 3166–3179 (2024) 



3168 A. B. T. Penzlin et al. 

M

Figure 1. 2D gas density plot of the ‘standard disc’ ( α = 10 −3 , H /R = 

0 . 05 , e bin = 0 . 2) simulated for 0, 500, 5000, and 50 000 T bin . The white area 
marks the inner boundary. The binary position is denoted by the blue dots. 
The elements of the elliptic cavity (dashed white line) can be found in the top 
left corner. 
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Figure 2. Cavity evolution of the ‘standard disc’ ( α = 10 −3 , H /R = 

0 . 05 , e bin = 0 . 2) simulated o v er 85 000 T bin . The blue line is the semimajor 
axis of the cavity and the orange line marks the cavity eccentricity. The grey 
dashed lines indicate when the pericentre of binary and disc is anti-aligned 
( �ω = π ). 
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adial argument of pericentre ω can thereby be calculated by 

 = arctan 2( 〈 e y 〉 / 〈 e x 〉 ) . (5) 

Previous work (Miranda et al. 2017 ) shows that the elliptic orbits
ntroduced by the disc extend deep into the disc ( ∼ 10 a bin ) with a
igid precession of all orbits around the centre of mass. 

To compare to observations more easily, we also describe the
rbit of the peak density in the apocentre of the disc with a peak 

nd e peak later in the paper. This should be traced by scattered
ight observations. For continuum observation, dust is trapped by
he gas density maxima and gets stirred up beyond this position
Pierens, McNally & Nelson 2020 ; Pierens et al. 2021 ). Therefore,
he observed signals tend to be beyond scattered light signals that
race the gas dynamics more closely. 

 T H E  G E N E R A L  DISC  B E H AV I O U R  

hen simulated to a (quasi-)steady-state, CBDs show a large,
ccentric, inner cavity with a semimajor axis ≥ 2 . 5 a bin that depends
n the disc parameters. For the fiducial model, cavity semi-axis
eaches 4 a bin as shown in Fig. 1 . 

.1 Conv er ging the disc simulation 

he snapshots in Fig. 1 illustrate that the disc structure changes
 v er long time-scales with slowing rate to eventually converge to
NRAS 532, 3166–3179 (2024) 
 final disc configuration. Once the disc has reached a convergent
tate after ≥ 50 000 T bin , the inner disc shows spiral features driven
y the binary motion, with the maximum density at the apoastron
ue to the eccentric, near-Keplerian motion of the gas. Otherwise,
e find no o v erdensity or asymmetries in the gas density for
rotoplanetary CBDs (implying a low viscosity environment). We
o see o v erdensities mo ving around the cavity edge, similar to the
umps reported in other works (e.g. Calcino et al. 2019 ), after shorter
imulation times, e.g. at stages comparable to the 500 T bin panel in
ig. 1 when the binary still clears its inner cavity and displaces a
ignificant amount of gas. But only in for thicker discs ( h > 0 . 06) do
hese remain noticeable for after 5000 T bin . After 10 000 T bin , we do
ot notice any more lumps in our simulation set. The evolution of the
avity in Fig. 2 shows that the disc needs ≈ 10 5 T bin to fully o v ercome
he symmetric initial condition. The oscillations in eccentricity and
emimajor axis present at the end of the simulation are related to the
isc precession and are discussed further in the next section. Hence,
here is not one steady state of the final disc but rather an oscillation
round one mean value. 

.2 Example of short-term and precession dependent evolution 

ig. 3 shows the behaviour of the gas during one binary orbit. The
rimary (blue) and the secondary (green) both launch spiral w ak es
ue to the motion of the potential. When one of the stars approaches
he pericentre of the cavity it pulls gas towards the binary. This leads
o a periodic accretion pattern with the strongest peak at the primary
assage through the cavity pericentre. Such a material inflow can be
een near the secondary position at t = 2 / 10 T bin . As the secondary
as a wider orbit but the same angular velocity as the primary, the
aterial inside the w ak e following the secondary rotation collides
ith the primary w ak e, reducing the o v erall outwards motion of

he material pushed by both spiral w ak es. This outw ards motion of
he w ak es can be seen in the undisturbed portion of the primary
 ak e that expands outwards towards the disc’s apocentre and lights
p with a red, super-Keplerian, radial velocity component inside its
ocal orbit in the right panels. At t = 6 / 10 T bin , the primary reaches a
osition near the apocentre and material streams out of the domain.
eanwhile the secondary w ak e now again catches up with the pri-
ary w ak e near the apocentre of the disc and collides at t = 8 / 10 T bin ,

ecreating the initial multispiral pattern in the disc. The high-velocity
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Figure 3. 2D logarithmic gas density map (left six panels) and square of the radial eccentric velocity component (right two panels) of the ‘standard disc’ 
( α = 10 −3 , H /R = 0 . 05 , e bin = 0 . 2) o v er one orbit T bin . The grey area marks the inner boundary. The binary positions are denoted by the outer green 
(secondary) and inner blue (primary) dots and the w ak es caused by either with dashed coloured lines denoted with 2 and 1 . In the velocity panels (right), blue 
indicates velocities that are on a bound Keplerian orbit and red signals super-Keplerian outflow v elocities, ev en when accounting for eccentric Kepler orbits for 
the gas. The dashed blue/green spiral lines qualitatively trace the w ak e to the star causing the motion. 
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ifference between primary and secondary w ak e becomes fully clear 
hen comparing the w ak es’ super-Keplerian, radial velocities. When 

he primary passes its pericentre at t = 2 / 10 T bin , it causes a slower
utwards motion than the secondary at its apocentre passage at 
 = 8 / 10 T bin . The material and therefore momentum of both w ak es
epends on the o v erall accretion which is determined by the discs
iscosity (Penzlin et al. 2022 ), thereby the strength of turbulence 
ut also the thermal profile and conditions inside and outside of the
avity become rele v ant for the final disc shape (Sudarshan et al.
022 ). 
At the time of the snapshots, the binary stars mainly accrete from

he top left where the pericentre of the disc is currently located.
his illustrates how the angle between the argument of pericentre 
f the binary and cavity �ω leads to an asymmetric configuration. 
his relative angle changes over time due to the slow precession 
f the disc. This means that the closest point between binary and
isc varies and with the distance, the maximum gravitational forces 
ulling and exciting disc material during its orbit varies. If �ω = 0,
he binary and the disc are aligned and the closest distance is between
he pericentre of the disc and the pericentre of the secondary. If
ω = π , the binary and the disc are anti-aligned and the closest

istance is between the pericentre of the disc and the apocentre of
he secondary . Thereby , the closest distance changes by a cav (1 −
 cav ) − a 2 (1 − e bin ) to a cav (1 − e cav ) − a 2 (1 + e bin ) during one disc
recession, which for our highest binary eccentricity of 0.4 and a 
ircular cavity at 3.5 would translate to ∼ ±30 per cent variation 
round the mean distance between disc edge and secondary star. 
hereby, the precession becomes rele v ant. The disc-binary alignment 
ecomes most rele v ant for the gravitational torque between disc and
inary, which will be highlighted in the second article linked to this
tudy. 

The distance between the secondary pericentre and the cavity edge 
ffects the shape and size of the cavity as well. This is reflected in
 (  
he oscillating pattern of the cavity evolution in Fig. 2 , for which the
requency matches the rigid precession of the inner disc. 

 PARAMETER  I NVESTI GATI ON  

he shape of CBDs depends on the binary and disc parameters. First,
he two most rele v ant binary parameters in scale-free models are the
inary mass ratio and the binary eccentricity. The disc shape is nearly
nsensitive to mass ratio, q, for q = 0 . 2 –1 (Thun & Kley 2018 ; Hirsh
t al. 2020 ). At q < 0 . 1, the cavity size becomes noticeably smaller
s the secondary becomes more planet-like. D’Orazio et al. ( 2016 )
ound a transition to a planet-like case at q = 0 . 04. In this study,
e focus on the regime that allows the full growth of the cavity. The
inary eccentricity has a more significant, and non-monotonic, effect 
n the size and shape of the inner disc (Thun et al. 2017 ). 

.1 Binary eccentricity 

n addition to the size and shape of the cavity, also the precession time
f the disc changes non-monotonically with the binary eccentricity. 
he upper row of Fig. 4 shows how the precession time and shape
f the cavity edge depend on the binary eccentricity for viscous
= 10 −3 . The eccentricity of the cavity al w ays exceeds 0.2 and

he cavity size is a cav > 4 a bin . The cavities are all much larger and
ore eccentric than the classical results found in the estimation and

imulations by Artymowicz & Lubow ( 1994 ), which compared early
hase cavity clear in hydrodynamic simulations to the position of the
indblad resonances that are responsible for gap opening of massive 
lanets. These results by Artymowicz & Lubow ( 1994 ) are rather a
ower bound that marks the unstable region around the binary. The
ccentric modes in the disc are long-lived but also slow to excite
Mu ̃ noz et al. 2020 ). Hirsh et al. ( 2020 ) reaches comparable disc
MNRAS 532, 3166–3179 (2024) 
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Figure 4. The change in precession time (top row) with varying binary 
eccentricity (left) and cavity size (mid) and eccentricity (right) compared 
to the precession normalized by the theoretical orbit precession at the cavity 
position (blue dots) and the peak position (orange crosses) as described in ( 6 ). 
The small numbers (mid/right) indicate binary eccentricity. Viscous α = 10 −3 

and the disc scale height is h = 0 . 05. 
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tructures using the smooth particle hydrodynamics for the PPD
nvironment. 

As often discussed (e.g. Miranda et al. 2017 ; Dittmann & Ryan
022 ), the inner disc precesses rigidly, such that the cavity’s argument
f pericentre can be used to describe the inner disc as a whole. The
isc precession takes between 2500 T bin > T prec > 4600 T bin and leads
o the oscillation of the disc shape on this time-scale as shown in
ertical lines in Fig. 2 . We compare the precession period of the
isc T prec with the analytic precession rate of a mass-less test particle
rbiting the binary (Moriwaki & Nakagawa 2004 ): 

 p , ana = 

4 

3 

( q + 1) 2 

q 
a 3 . 5 obj 

(
1 − e 2 obj 

)2 

1 + 1 . 5 e 2 bin 

T bin . (6) 

he precession period of the cavity is ho we v er e xpected to e xceed
his estimate substantially because most of the disc mass is further
rom the binary than the cavity inner edge. 

The precession time is about ∼ 2 . 5 times longer than the pre-
ession of a massless particle at the cavity edge. Between a binary
ccentricity of 0 and 0.16, this factor increases linearly and varies
ittle for larger eccentricities. This change of behaviour and bimodal
recession periods at e bin ∼ 0 . 18 can be observed for the viscous
= 10 −3 as before for higher viscosities (e.g. α = 10 −2 ; Thun et al.

017 ). Comparing the precession period to the three-body precession
ime e v aluated at the peak of the surface density provides a closer
atch. Because the cavity edge has a low mass, while the peak orbit

ontains a more significant amount of the rigidly precessing inner
isc mass, this is an expected effect. The disc precession is still slower
han the theoretical three-body orbit at the density peak by a factor
f 1.25. This indicates that the theoretical orbit which matches the
recession of the inner disc lies further out due to the further extend of
he rigid precession. Ho we ver, in contrast to matching the precession
o the position of the cavity, the match of theoretical precession
o disc precession at the peak density location depends much less
NRAS 532, 3166–3179 (2024) 
n the binary eccentricity. This can be related to the narrow width
etween peak density and cavity edge for low eccentricity binaries.
herefore, the precession time will also shift, if the properties inside
f the disc lead to a changing extent of the material trapped in
recession. 

.2 Effects of disc viscosity 

he viscosity in our model is dependent on two variable components:
he aspect ratio h and the Shakura–Sunyaev parameter α. Using
his relation has one additional convenient effect of separating α,
hich contributes solely to the viscosity and pressure scale height

ontributing to both, viscosity and pressure. In addition, the scale
eight of a disc inferred from observation could be used as a test
ase to understand if the viscous α model is a good match for the
urbulent viscosities in such disc if the binary eccentricity is well
nown. 
The cases for the minimum and maximum values of aspect ratio

nd viscous α are displayed in Fig. 5 already shown that there is no
imple linear relation between the disc shape and either parameter.
 or e xample, in the case of e bin = 0 the highest and the lowest α

ead to a similar cavity shape, ho we ver, the fiducial model inbetween
he two creates much larger cavities. Therefore, we will investigate
 range of both values to map the effects of α and h on the cavity
hape. 

Fig. 6 shows the dynamic eccentricity of the gas on its orbit based
n equation ( 4 ). It sho ws ho w far the eccentric modes can perturb
nto the disc. While this range seems to change little for different
-values, reducing the scale height at constant α strongly reduces

he reach of the eccentricity into the disc. 

.2.1 Viscous α

e explored viscous α-parameters of 10 −2 , 5 × 10 −3 , 10 −3 , 5 ×
0 −4 , 2 . 5 × 10 −4 , and 10 −4 . From high viscosity to low viscosity,
he gas density in the disc becomes more concentrated near the inner
dge of the disc and the inner disc beyond the cavity circularizes
loser to the binary, as shown in Fig. 5 . For values as low as α = 10 −4 ,
 ring-like o v erdensity forms be yond the cavity. In all cases, the peak
ensity appears at pericentre via the so-called traffic jam effect due
o the slower Keplerian velocity at this position. 

Fig. 7 shows the evolution of models with different α in Fig. 5 .
ll simulations see a steep rise in eccentricity and semimajor axis
uring the initial 10 000 T bin . During this initial raise, some systems
 v ershoot and need some time to relax back to the steady state,
n particular, the α = 10 −2 cases show this behaviour. The excess
as initially pushed out from the cavity location transports more
omentum towards the inner disc region to o v ere xcite it, ev entually

he steady inflow evens this out. Even though 10 000 T bin is a slow
rowth, the time-scale for the growth is much faster than viscous
imes at 4 a bin in our simulations, which is reached in the simulation
fter 5 . 1 × 10 4 T bin for our highest α. Across all viscosities and even
ompared to studies with more viscous simulations like in Miranda
t al. ( 2017 ) ( α = h = 0 . 1), the growth of the disc cavity happens on
 comparable time-scale of a few thousands of orbits. Miranda et al.
 2017 ) found that the excitation of eccentricity propagates into the
isc on even shorter time-scales. This indicates that other dynamic
ffects like the for example gravitational interaction and wakes may
ominate the behaviour of the cavity and inner disc. 
For most simulations, this converges to a steady oscillation by
20 000 T bin . The strongest evolution beyond this point happens
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Figure 5. Map of the gas surface density normalized to maximum surface density for different disc setups varying h (purple maps, right two columns) and α
(green maps, left top columns) across columns and binary eccentricity across rows. The fiducial setup is shown in the middle column. 
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or systems with either lo w v alues of α and circular binary orbits,
here the semimajor axis of the cavity slowly increases or for binary

ccentricities near the bifurcation point of e bin ∼ 0 . 16, where the
isc slowly starts to circularize again. To further explore if the disc
enters a steady-state accretion disc behaviour, we discuss the mass 
ccretion after the initial growth in Appendix A . The oscillation in
he orbit parameters occurs on the precession time scale, as also 
hown in Fig. 2 and discussed in Section 3.2 . With increasing binary
ccentricity, the closest approach between the secondary and cavity 
dge varies more strongly during the precession of the disc around 
he binary . Thereby , the oscillation amplitude of cavity parameters 
lso increases with e bin . 

The time-averaged effects of the changing viscosity are shown 
n the parameter map in Fig. 8 . The figure shows that the cavity
hape is not a linear function of either e bin or α with both parameters
howing turning points in the range considered. Furthermore, for 
= 10 −2 cavity sizes show a larger range (from 5.5 to 3.6) than

or α = 10 −4 (from 4.7 to 4). For constant e bin , the largest, most
ccentric cavities can be found around an α-value of 10 −2 . 5 and 
he least eccentric cavities are located between e bin ∼ 0 . 1 –0 . 2. The
-parameter is directly linked to the in-drift of gas. An analytical 
ay to describe the mechanism that would explain the full non-
onotonic behaviour has not been presented yet. While the cavities 

nd minimum cavity sizes can be predicted by various ideas like
he interplay between viscous and gravitational, resonant torques 
D’Orazio, Haiman & MacFadyen 2013 ) or the orbital dynamics near
he moving binary potential Mahesh, McWilliams & Pirog ( 2023 )
he maximal excitation into the disc depends on hydro- and orbital
ynamics in a complex way. The shape difference when altering 
iscosity in two different ways in Fig. 5 between varying α or
spect ratio shows that in addition to viscous flow, wave propagation
lays a part in shaping the discs. The maximum turning point for
he cavity properties in both parameters (Figs 8 and 10 ) separates
long a single α- value or aspect ratio, which indicates that the 
xcitation behaviour is connected to the viscosity in a non-linear 
ay. For the lowest α, the cavity of discs with e bin ∼ 0 . 16 can

urther shrink, which will deepen the bifurcation trends across binary 
ccentricity and viscosity. For smaller viscosities the precession 
eriod is in better agreement with the precession period of test
articles located at the peak of the surface density; this is likely a
onsequence of the rigid precession being dominated by the narrow 

nner ring present in these discs (Fig 5 ). Ho we ver, changes are small.
MNRAS 532, 3166–3179 (2024) 
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Figure 6. Map of the dynamic eccentricity for different disc set-ups varying h (purple, right two columns ) and α (green, left two columns) across columns and 
binary eccentricity across rows. The fiducial set-up is shown in the middle column. The colour scale ranges from 0 to 1 linearly. The white dashed line marks 
the cavity, the light grey marks the orbit with half the cavity eccentricity, and the grey line marks the orbit with 1/4 the cavity eccentricity. 
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or low viscosities and e bin ≈ 0 . 18, the precession rate reaches its
inimum. 

.2.2 Aspect ratio and temperature 

he temperature is directly deri v able from the aspect ratio. For the
ost massive and expanded disc like GG Tau, the size of the system

e irradiation-dominated with larger scale heights – in the case of
G Tau h ∼ 0 . 1 (Guilloteau et al. 1999 ). In general, binary systems

ypically receive less luminosity per central mass because the same
ass is split into two less luminous stars. Therefore, colder systems
ith a correspondingly low aspect ratio are reasonable at smaller

eparations like in CS Cha (K urto vic et al. 2022 ). In previous studies
n viscously heated CBDs (Kley, Thun & Penzlin 2019 ; Sudarshan
t al. 2022 ), we have shown that viscous heating produces systems
ith an aspect ratio between 0.04 and 0.05 for the inner part of the
isc at ∼ 3 . 5 a bin for close binaries ( a bin ∼ 0 . 2 au ) comparable to the
bserved planet-hosting Kepler binary systems. In the following, we
ave varied the aspect ratio from 0.03 to 0.1. For a bin = 0 . 2 au around
NRAS 532, 3166–3179 (2024) 
 solar-mass binary, this corresponds to a temperature of about ∼ 100
o ∼ 800 K at 3 a bin . 

The time evolution of the discs with different aspect ratio and
= 10 −3 (see Fig. 5 ) is shown in Fig. 9 . For low aspect ratios, the

imulations again show an o v ershooting of eccentricity and cavity
ize and, similar to the low α case, the disc relaxes into a steady
tate more slowly. After ∼ 30 000 T bin , the discs reach a converged
tate for all aspect ratios. The cavity size and eccentricity oscillates
ore strongly for large eccentricities and aspect ratios, and also

how complex behaviours. Disc–binary interaction through the cavity
aterial depends on the aspect ratio through viscous accretion. So at

igher aspect ratio and pressures the stream have more mass to alter
he cavity shape. 

We performed a series of simulations for aspect ratio between
.03 and 0.10, and binary eccentricities between 0.0 and 0.4. The
umber of different binary eccentricities differ but include at least
.0, 0.05, 0.1, 0.16, 0.2, 0.32, and 0.4. All simulations were run for
t least 30 000 orbits. We averaged the disc properties (see Fig. 9 )
rom 20 000 T bin onwards. The influence of the aspect ratio is shown
n Fig. 10 . 
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Figure 7. Ca vity ev olution of the discs varying α in Fig. 5 . The thick, 
saturated line is the semimajor axis of the cavity and the thin, pale line marks 
the cavity eccentricity. The grey dotted line indicates the point beyond which 
the data were included in the time average. The dashed black line marks a 
relative viscous time-scale at 4 a bin noted in the figure. 
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Figure 8. The cavity size and eccentricity of different binary eccentricities 
for different viscosities and a scale height of h = 0 . 05. Black dots mark 
simulation setups. Data were linearly interpolated between simulations. 

Figure 9. Ca vity ev olution of the discs varying h in Fig. 5 . The thick, 
saturated line is the semimajor axis of the cavity and the thin, pale line 
marks the cavity eccentricity. The grey dotted line indicate the point beyond 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/532/3/3166/7710768 by guest on 16 January 2025
One consistent trend with increasing aspect ratio is the decreasing 
ariation in cavity sizes o v er binary eccentricity. While for h = 0.03
he size range is a factor of about 2 a bin , for h = 0.1 they only range
rom 3.8 to 4.6 a bin which is less than a factor of 20 per cent. We find a
urning point in cavity size at a scale height of 0.06. Here, the cavity
ize is largest and decreases with increasing and decreasing aspect 
atio. As seen in previous studies, the size reaches a local minimum
t e bin ∼ 0 . 15 –0 . 2 independent of scale height. For the highest aspect
atios, similarly small cavities around circular binaries as well. 

The cavity eccentricity increase with h until h ∼ 0 . 06, where it
lateaus, except for nearly circular binaries. The high aspect ratios 
ead to little variation in the cavity eccentricity of ∼ 0 . 32 ± 0 . 02
 for h = 0 . 1. The local minimum around at e bin ∼ 0 . 15 –0 . 2 also
ccurs in the eccentricity of the disc. This means that CBDs around
 bin ∼ 0 . 15 –0 . 2 are smaller and more circular than other circular or
ore eccentric binaries independent of scale height. 
The peak normalized precession rate increases with a higher aspect 

atio, which was already to be expected looking at the extent of
ccentricity in the discs in Fig. 6 . For higher aspect ratio/pressure,
he region of rigid precession covers more of the disc, while it only
f fects a narro w ring in the case of a low aspect ratio. Hence, the
recession time is affected by and reflects an orbit further out the
isc for higher aspect ratios. Changes due to varying the aspect ratio
re more significant than changes to the α viscosity. 

As the cavity parameters are less sensitive to system parameters 
t larger aspect ratios, the differences due to the binary eccentricity 
xpected in hot, young, discs or discs around wide binaries that are
ared by irradiation are expected to be small. But these variations 
ecome crucial for understanding cooler, evolved discs during or 
owards the end of planet formation and migration or discs around 
lose binaries in which the circumbinary Kepler planets (e.g. Kostov 
t al. 2021 ) formed. 
which the data was included in the time average. The dashed black line marks 
a relative viscous time-scale at 4 a bin noted in the figure. 
MNRAS 532, 3166–3179 (2024) 
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Figure 10. The cavity size and eccentricity and disc precession scale to the 
binary’s orbit location of different binary eccentricities for different aspect 
ratios and a viscous α = 10 −3 . Black dots mark simulation setups. Data were 
linearly interpolated between simulations. 
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Data were linearly interpolated between simulations. 
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.2.3 Thick discs 

specially for very large discs ( a bin > 20 au ), the flaring due to the
rradiation of the central stars leads to high aspect ratios, for example,
 = 0 . 11 for GG Tau (Guilloteau et al. 1999 ) or h = 0 . 1 for HD
42527 (Hunziker et al. 2021 ). At the same time, the irradiation
ominates the temperature profile. This leads to conditions with fast
ooling that are comparable to locally isothermal conditions studied
ere. Such systems are easily observable too, which makes them
n interesting test case for understanding the CBD at this regime.
herefore, we have conducted runs with α = [10 −4 , 10 −3 , 10 −2 ] and
arying e bin for these discs. 

The shapes of these discs in Fig. 11 show that o v erall the high
ressure leads to a reduction in the range of the eccentricities to
nly between e cav = [0 . 1 , 0 . 33] whereas near for h = 0.05 the cavity
ccentricity reached up to 0.45. Compared to the same α-values with
 = 0 . 05 the cavity size reduces from a cav ( h = 0 . 05) = [3 . 6 , 6 . 0]

o a max ( h = 0 . 1) = [2 . 5 , 4 . 5]. The disc’s precession rate is longer
han the N -body orbit at the peak location through all simulations,
ndicating a rigid precession deeper into the disc. The highest
iscosity, α = 10 −2 , reduces the size of the cavity significantly to
 peak ≈ 3 . 5 a bin with a slight increase toward higher e bin . The disc
ccretes on short time scales as the o v erall dynamic viscosity is
NRAS 532, 3166–3179 (2024) 
igh ( ν ∼ 10 −4 a 2 bin 	bin ). As a result, these models co v er a similar
arameters space to the models by Dittmann & Ryan ( 2022 ). Such
 high viscosity, ho we ver, would require a very significant level of
urbulence in the system that most mechanisms operating in PPDs
annot achieve (except maybe close to the stars, where h < 0 . 3). 

A viscosity of α = 10 −3 leads to significantly larger inner cavities
 ≥ 3 . 6 a bin ) which are more eccentric throughout and have an in-
reasing eccentricity for decreasing e bin < 0 . 16 below the bifucation
oint. 
F or ev en lower viscosity, α = 10 −4 , the cavity shrinks again as

n Fig. 8 . Interestingly, for such inviscid thick discs the bifucation
ehaviour breaks and cavity sizes increase steadily with binary
ccentricity while the disc eccentricity remains on the same level
t ∼ 0 . 15. Such a change for the circular binaries at high pressures
ight be related to the same conditions as noted for high pressures

ue to long cooling times in Sudarshan et al. ( 2022 ). 

 T H E  C U R I O U S  CASE  O F  H D  1 4 2 5 2 7  

e know of some examples of large, asymmetric disc cavities around
ide binaries like GG-Tau (which we simulated in Keppler et al.
020 ) or HD 142527 (Fukagawa et al. 2006 ; Verhoeff et al. 2011 ;
unziker et al. 2021 ). 
To reproduce such large and eccentric cavities in general, simula-

ions in regimes of thick disc with a viscous α = 10 −3 is preferable.
t creates the largest cavity semimajor axis, and this semimajor axis
ncreases further with binary eccentricity. The cavity eccentricity
eaches a level of ≥ 0 . 2 and the binary-driven precession reaches
eep into the disc. 

HD 1425227 is a binary system of an early Herbig Star and a
ed dwarf surrounded by a disc with an inner cavity of 10 times the
urrent distance of the binary stars (Claudi et al. 2019 ; Nowak et al.
024 ). The disc around HD 142527 has been mysterious due to its
mmense cavity of 100–140 au and its clearly asymmetric structure.
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Figure 12. The position of the cavity edge (density drops to 10 per cent of 
the peak density) and the binary orbit of the binary for h = 0 . 1, α = 10 −3 

and e bin = [0 . 2 , 0 . 4]. The black dashed line indicates the best-fitting orbit of 
HD 142527 by Nowak et al. ( 2024 ) relative to the cavity size. 
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his led in the past to speculations about possible orbit configurations 
.g. in Price et al. ( 2018 ) invoking highly eccentric binary orbits with
 bin > 0 . 6 to achieve a cavity size of a cav ∼ 3 a bin to explain the first
stimates of the stellar distances known at that time. Observations of
he disc point to a scale height of h ≈ 0 . 1 (Hunziker et al. 2021 ). We
herefore look at the thick disc case in Fig. 11 . Even with lower e bin 

ur discs reach larger sizes ( a cav ≥ 4 a bin ) after > 30 k T bin evolution
ime to reach the disc full cavity size. Fig. 12 shows how the density
aximum and the binary orbits would shift due to the change in

ccentricity abo v e e bin > 0 . 2. Increasing eccentricities would further
iden the cavity, such that it is reasonable to see a gap with sizes of
10 times the pericentre separation of binary stars. 
These scales would have agreed well with previous orbit best- 

tting (Claudi et al. 2019 ) that suggested a pericentre distance ≥ 18
u such that the simulations could reach a cavity size of 140 au.
o we ver, the latest work by Nowak et al. ( 2024 ) constrains the
inary orbit to a bin = 10 . 8 ± 0 . 22 au with e bin = 0 . 47 ± 0 . 01. 
Therefore, our simulations are also in disagreement with the new 

RAVITY measurements of a semimajor axis of 10.8 au for which 
one of the simulations produce cavity sizes abo v e ∼ 50 au . Although
his can vary by ∼ 10 per cent as the disc precesses, it is insufficient
o explain the size of a cavity ≥ 10 × the separation of the binary.
he approximate scale of the real orbit relative to the cavity size is
arked in Fig. 12 and it is about half of the size of the previous

stimate. Within the entire parameter space considered here, such 
 large separation of the cavity is impossible to reproduce in our
imulations. The largest possible size would be reached with a lower 
spect ratio of h = 0 . 06 with a cavity size of ≤ 70 au around a binary
ith e bin ≤ 0 . 4. As a result, additional effects are likely needed to

xplain the cavity size, with effects such as winds, more complex 
nternal heating and cooling of the disc or other objects within the
isc all possibly changing the cavity size. While the eccentric disc 
uggests an impact of the binary interaction of the disc it is not the
ole cause of the size of the inner cavity. 

 ARTIFICIAL  PROFILES  

sing the parameter map that we created in Section 4 , we can make
redictions about the disc shape to inform how we initialize CBD
imulations or how we construct a simple CBD density profile taking
he asymmetry into account. This can help to speed up simulation
onvergence and to create radiative transfer comparisons of observed 
ystems to better understand underlining system parameters. 

To achieve such a comparable profile we create density maps 
ollo wing a fe w simple assumptions. First, all material orbits on
n eccentric orbit around the centre of mass that marks the focal
oint c and have the same argument of pericentre of 0. Secondly, the
ccentricity steadily reduces outwards. Thirdly, the eccentricity e cav 

nd semimajor axis a cav of the cavity edge are known. With this, it
ollows for any position ( x , y ) in the disc that their eccentricity e and
emimajor axis a can be calculated with 

( x , y ) = 

(
( x − c) 2 + y 2 + c 2 

2 

+ 

√ 

(( x − c) 2 + y 2 + c 2 ) 2 

4 
− c 2 ( x − c) 2 

)1 / 2 

(7) 

with c = a cav e cav = e( x , y ) a( x , y ) . (8) 

Knowing a local semimajor axis allows to calculate the elliptic 
eplerian speed 

 

2 ( x , y ) = M bin G 

( 

2 √ 

x 2 + y 2 
− 1 

a( x , y ) 

) 

. (9) 

Assuming that the density maximum in the apocentre of the disc
s caused by a traffic jam of the gas the density structure around the
isc is rescaled to match the inverse of the velocity and the initial
avity is included, 

 el ( x , y ) = � ref 

(
a 

r ref 

)−1 . 5 [
1 + exp 

(
−a − a cav 

0 . 1 a cav 

)]−1 
v K 

v 
. (10) 

This profile will nicely recreate an eccentric inner density distribu- 
ion. Ho we ver, the eccentricity only converges to 0 at infinity while in
iscous discs the dynamics on the outer disc will not be dominated by
he eccentric mode of the binary. To account for such an eccentricity
ut-off, outer disc can be transitioned into a symmetric disc at outer
adius r sym 

using 

� art = (1 + exp ( k)) −1 � el + (1 + exp ( −k)) −1 � 

ith k = 

r − r sym 

0 . 1 r sym 

. (11) 

As a first-order approach for a set of initial conditions, v φ is set
o v and v r to 0. For a better solution, both velocity components
an be derived using the conservation of angular momentum. For 
 comparison, we used r sym 

= 15 a bin . In Fig. 13 , this description is
ompared to the standard case after 80 . 5 kT bin . In the density, there is
 ∼ 10 per cent deviation at the edge position but the general shape
f the main part of the outer disc is well reproducible. In the inner
isc there are some deviations inside the cavity where the motion of
he binary perturbs the gas, for the main disc the eccentric velocities
re a good initial approximation of the disc. When altering the aspect
atio r sym 

should be adjusted to match the size of the rigidly bound
isc. 
When we tested this gas distribution and velocity map as initial

onditions, we could reduce the time needed to reach convergence 
y a factor of 2. This means it still requires a long simulation time of
he order of 10 4 T bin depending on the disc parameters. The motion
f the binary interacts with the disc by w ak es of viscous gas through
he inner cavity leading to a slow build-up of the eccentricity. In
ig. 14 , the snapshot shows the evolution of the artificial profile

owards the final disc structure. Initially, the momentum missing due 
MNRAS 532, 3166–3179 (2024) 



3176 A. B. T. Penzlin et al. 

M

Figure 13. Comparison of the artificial and simulated disc profile. 
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o the absence of spiral w ak es leads to a reduction in the eccentricity
elative to the input value in the first few thousand orbits. While
he analytical model, unfortunately, may not be the ideal solution to
tudy the dynamics of CBDs quickly, it does allow quick simulations
nd simple models to compare specific disc shapes to observational
ata. 

 DISCUSSION  

he models in this work are strongly simplified to reduce the
arametrization to a few simple parameters and scales related to
inary properties rather than direct physical scales. While this
pproach makes the results rele v ant for a wide range of CBDs, it
eglects effects that can influence the viscosity and thermodynamic
NRAS 532, 3166–3179 (2024) 
tructure of real CBDs, such as radially flaring disc scale heights
Ragusa et al. 2020 ) due to possible irradiation heating, radiative
ooling (Kley et al. 2019 ) or the β-prescription of cooling scaled
o the orbital time (Sudarshan et al. 2022 ; Wang, Bai & Lai 2023 ),
agneto-hydrodynamics (Shi et al. 2012 ), self-gravity (Mutter et al.

017 ), winds, and the effects of dust (Pierens et al. 2020 ; Coleman,
elson & Triaud 2022 ). 
As we used a locally isothermal model for the disc, we did not

nclude irradiation or viscous heating. In previous studies (Kley et al.
019 ), we found that viscous heating is the dominant heat source in
he conditions rele v ant to the kno wn circumbinary planet-hosting
ystems. Those results produced temperature profiles that resemble
he flat aspect ratio we used in this study. Further, Kley et al. ( 2019 )
nd Sudarshan et al. ( 2022 ) have shown that viscous heating and
adiative cooling create inner cavity structures comparable to locally
sothermal models. The reason for this similarity is the short, nearly
sothermal, cooling times in the optically thin cavity. Ho we ver, when
ooling times inside the cavity are long or near the orbital time-scale,
his can be suppressed and the disc cavity becomes nearly circular
nd limited to the unstable region (see Sudarshan et al. 2022 ; Wang
t al. 2023 ). 

For systems in which irradiation becomes a dominant factor (e.g.
 bin ∼ 5 au), a flared disc height would be a better approximation
see e.g. Ragusa et al. 2020 ). The next-order approach is to include
he heating and cooling due to radiation in the model. Depending
n the conditions, the discs can have or transition through cooling
imes that are of the order of the orbital time-scale. Under these
onditions, cooling can strongly damp waves (Miranda & Rafikov
020 ; Ziampras, Nelson & Rafikov 2023 ) and lead to a reduced
ccentricity growth. This requires binary separations of several au
or sun-like stars and a relatively small range of optical depths, which
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ay make these effects important in only a small parameter space. 
he precise conditions in which discs are affected and how this
ffects the shape of the CBD will be the subject of a future study. 

At the minimum for cavity sizes ( e bin ≈ 0 . 16), other studies like
’Orazio & Duffell ( 2021 ) and Siwek et al. ( 2023 ) find complete

ecircularization of the discs for higher viscosities of ν = 10 −3 a bin 	

nd α = 0 . 1. In the locally isothermal, low-viscous PPD environ-
ent, this is not the case, even though we cannot exclude it for the

owest α. To reach a circularizing condition, the exciting w ak es that
he binary creates need to be o v erpowered by the adv ectiv e disc flow.
ecircularization can also be a transient, meta-stable behaviour as 
iscussed in Keppler et al. ( 2020 ) that only lasts up to a few thousand
inary orbits. In other tests, we have seen this to occur more easily in
ystems with more even mass ratios between the binary components 
t early times in the simulations. 

For this large study, only 2D simulations were feasible. Ho we ver,
D effects (Shi et al. 2012 ; Pierens et al. 2020 , 2021 ) can change
he results, as the interaction between streams and discs is no longer
orcefully aligned in-plane and the turbulence driven by the eccen- 
ricity becomes evident in 3D simulations. The long convergence 
ime would make achieving steady state in 3D simulations extremely 
 xpensiv e and thus was beyond the scope of a parameter study.
o we ver, the results presented can be used as the starting point for
 3D model since a good initial starting guess reduces artefacts and
hortens the convergence time. 

Since this work is focused on the structure of the disc, we do not
iscuss the effects of the disc onto the binary, to predict its orbital
volution (Rafikov 2016 ). This subject is mostly studied in the context 
f supermassive black holes (e.g. Miranda et al. 2017 ; Dittmann &
yan 2021 ; Tiede et al. 2022 ). The binary orbital evolution in the
PD will be the subject of the second upcoming publication. 

 C O N C L U S I O N  

ith this work, we provide a guide towards unresolved binary 
tars and invisible turbulent disc viscosity using the interaction of 
inary stars with their PPDs. To understand the parameter realm of
BD dynamics, we created > 140 long-term, locally isothermal 2D 

imulations. By mapping the binary eccentricity with the aspect ratio 
nd the scale height, an observed disc structure can be translated into
hese parameters. There is no linear trend arising from any of the
arameters, but there are turning points to understand regimes of the 
ehaviour: 

(i) Independent of viscosity, the size and eccentricity of the inner 
avity are minimal at a binary eccentricity e bin ∼ 0 . 18, reproducing
he bimodal behaviour of Thun et al. ( 2017 ) for the whole range of
arameters. 
(ii) For both viscous α and h , there exist values of maximum 

avity size and eccentricity, at α ≈ 3 × 10 −3 and h ≈ 0 . 06. Away
rom these values, the excitation of the inner cavity is limited either
y the low accretion or by fast inflow from the outer symmetric disc.
(iii) For increasing viscosities, the excitation reaches further into 

he disc, especially when increasing the aspect ratio. This forces a 
igid precession through a large region of the inner disc. 

The simple parameters of a cav and e cav can be used to construct
rtificial disc profiles. These profiles can be used to create gas and
ust distribution for comparison with observations or for initial con- 
itions to reduce the simulation time to reach the final configuration 
y a factor of a few. 
We compared our e xtensiv e grid of simulations to the newest

rbital constraints from HD 142527 (Nowak et al. 2024 ). These 
esults confirm the difficulty explaining the cavity size and shape 
eported by Nowak et al. ( 2024 ), despite the long run times and
teady-state disc structures having larger cavity sizes than those pre- 
iously reported (Price et al. 2018 ). It is therefore likely impossible to
xplain the observed disc structure with isothermal, viscous CBDs, 
nd additional physics such as magnetohydrodynamics, radiative 
eating and cooling, or additional compansions are needed. 
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Figure A1. Density weight, azimuthally averages eccentricity evolution 
throughout the disc. All models have a e bin = 0 . 2. The colours indicate the 
orbital eccentricity. The top panel shows the lowest aspect ratio h = 0 . 03, 
the mid-panel shows the fidicial model α = 10 −3 ; h = 0 . 05 and the bottom 

panel shows the lowest α-value of 10 −4 . 

Figure A2. Mass accretion rate of the converged state of simulations at 
α = 10 −4 . The blue line is the rolling average over 100 T bin , the orange line is 
a rolling average over one precession time, and the grey dashed line indicates 
the average value. 
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PPENDIX  A :  C O N V E R G E N T  SOLUTION  

ven though the runtimes of the simulations are long, only the models
ith the highest viscosity reach viscous times in the disc, because of

he low viscosities acting in protoplanetary environments as already
ndicated in Figs 7 and 9 . Nevertheless, the state of the circumbinary
avity and inner disc is not created through a viscous but gravi-
ational interaction, which does not need to act on a similar time
cale. 

The disc react to the perturbation cause by the binary on a time-
cale short than the viscous time deep into the disc. This can be see in
he average eccentricity grow in the disc, in Fig. A1 . The eccentricity
n the disc grows within > 10 000 T bin and after that continues to vary
ith the precession time-scale of the disc. This is consistent with the
odels by Miranda et al. ( 2017 ) and Mu ̃ noz, Miranda & Lai ( 2019 ).
The viscous accretion provides merely a steady background

ondition for the interaction of symmetric steady inflow pushing
n to the eccentric cavity and feeding the exciting spiral outflows
ithin the cavity. 
To test, if in the data used for the averages, the viscous disc indeed

rovides such a steady environment we looked at the total mass
ccretion through the inner boundary for the two extremely low
iscosity models of α = 10 −4 in Fig. A2 and h = 0 . 03 in Fig. A3 .
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he data of these after figures taken from continued simulations with
 higher time resolution after the cavity reach a convergent state.
he accretion in a binary depends on the alignment between the
inary orbit and the cavity which will be discussed in much more
etail in the second part publication. Thereby, the accretion shows
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Figure A3. Same as Fig. A2 for h = 0 . 03. 
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 periodic behaviour if not corrected. If the accretion is averaged
 v er the precession the lines become nearly constant showing steady
ccretion at least of the order of ∼ 10 4 T bin . The initial redistribution
f gas and chosen surface density slope do not allow to predict the
rue value of � 0 for the simulations. However, throughout binary 
ccentricities, the mass accretion has similar values hinting at a 
onsistent accretion behaviour of the models with the same viscous 
ackground. If � 0 is recalculated from the accretion rates if would
ithin ranges of 5 × [10 −4 , 10 −5 ] M bin /a 

2 
bin , this does not deviate

trongly from the initial condition set for the disc. 
The most challenging set of simulations and the only one with an

ncrease of mass accretion compared to the initial set-up is α = 10 −4 .
n this case, the access material inside the cavity set by the initial
onditions feeds back material to the disc from the very low density
teady cavity region in such a low viscosity case. This creates an
 v erdensed structure in the inner disc that can only slowly disappear
hrough advection of material through the cavity. Nevertheless, the 
ehaviour of the cavity is steady independent on the structure of the
uter disc as was already shown in Mu ̃ noz et al. ( 2020 ). 
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