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In this work, the role of both inflow kinematic at the inner ltaggian point L1 as initial boundary
condition, and gas compressibility, and physical turbtNgscosity, on accretion disc’s dynamics
and structure in a Close Binary (CB), are investigated viaugitions of 3D SPH stationary ac-
cretion disc models. Physical viscosity hampers the gaamjes (rarefaction or compression),
supporting the accretion disc development inside the prirgeavitational potential well in a CB
system, even for low compressibility modelling. Currerithe turbulent Shakura-Sunyaev param-
etera ~ 0.1 is widely adopted for these structures. Such investigasidfiere carried out in both
high and low compressibility regimes, with the aim of evdilug, in a compressibility-viscosity
graph, the most suitable domains where physical condiidow a well-bound disc development
as a function of mass transfer kinematic conditions. A sele®f the adoptedr physical turbu-
lent viscosity parameten(< 1 according to the well-known Shakura-Sunjaev formul3tiuas
been considered, whilst the adopted polytropic ingés chosen in the range betweer5/3.
Results show that domains exist where physical turbulestogity supports the accretion disc
formation. In such domains, the lower the gas compressibilie higher the physical viscosity
requested. A role played by the injection kinematics at tiver Lagrangian point L1 is also
found. Conclusions as far as dwarf novae outbursts are coadginduced by mass transfer rate
variations, are also reported. Considerations as far asdiities in an accretion disc are also
reported.
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1. Introduction

In [9] it is shown that physical viscosity supports the atioredisc development inside the
primary gravitational potential well, despite the low camgsibility conditions adopted. Inviscid
simulations in low compressibility conditions (e.g. [13) 8o not produce well-bound accretion
discs within the primary’s gravitational potential well tiye fact that blobs of gas escape from
the disc outer edge because the ejection rate is compacathle injection rate from the inner La-
grangian point L1. High compressibility viscous gas dyreamin accretion discs was investigated
in [5]. In a high compressibility modelling, accretion diswould form anyway, even in physically
inviscid conditions. The physical, turbulent viscosity difees the disc geometry and thermody-
namics. In fact, highly compressible viscous disc modetsthinner, hotter and more radially
extended. Moreover, in spite of a degradation viscous efépiral structures and shocks are more
prominent.

Physical viscosity works where the particle mutual velp¢nd separation) changes in time,
namely when a mutual acceleration exists, contrasting gaandics (rarefaction or compression)
where particle velocity gradients are significant. This nsethat physical viscosity plays a rele-
vant role mainly in the radial transport, while it has lititédluence on the tangential dynamics. It
converts mechanical energy into thermal energy (heatieglibc), supporting the development of
well-bound accretion discs inside the primary potentiallwaven in spite of a hypothetical low
compressibility gas ([9]). It reduces the disc thicknesd mtreases the accretion rate onto the
accreting star, but, and this is the most important thingainpers the repulsive pressure forces
among contiguous fluid elements supporting the accretisnidideveloping a well-bound consis-
tency.

A grid of SPH disc models is here produced, with the aim ofdétg, in the compressibility-
viscosity space, boundaries separating domains whereisheddvelopment is supported from
domains where it is not. The injection velocity in L1 could@have a role. Therefore, in order
to stress this idea in this paper, according to fixed kinemiajgction conditions at the L1 point as
an initial boundary condition, several polytropic indeydsave been adopted, identifying, for each
of them, the boundary lower limit of Shakura-Sunyaev patenge [13, 14] able to provide a suf-
ficient particle concentration to define a well-bound adoretlisc into the primary’s gravitational
potential well. The polytropic indey, introduced in the state equatiop—= (y — 1)p&, wheree
is the thermal energy per unit mass, has the meaning of a leahparameter whose value lies
in the range between 1 and3 in principle. All simulations are carried out ensuringtation-
ary final configuration where the rate of injected partickebalanced by the rates of accreted and
ejected particles and the number of disc particles is fitatiy conserved. The same binary system
parameters - stellar masses and their separation - haveaepted throughout.

In order to build up a "well-bound" accretion disc in inviddonditions, the ejection rate at the
disc’s outer edge must be at least two or three times lowertti@accretion rate at the disc’s inner
edge. Whenever this condition is fulfilled, the disc’s owtdge, as well as the whole disc, does not
"evaporate" because of high pressure forces. Therefake;dmpressibility gases are more easily
sensitive to evaporative effects of blobs of gas at the glisater edge itself, towards the empty
external space, if the gravitational field is not able to kdisz gas in the gravitational potential
well at the disc’s outer edge. The physical turbulent viggasontributes to the gas confinement
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in the gravitational potential well, starting from a lowardshold to be defined, which is the main
aim of this work. Of course, the inclusion of physical vistpserms supports the radial transport
of gas towards the centre of the gravitational potential.wel

The assignation aff ~ 0.1 is quite common ([3, 13, 11, 16, 10]) as an order of magnifade
thin accretion discs in close binaries.

In this paper, the viscous force contribution is represibtethe divergence of the symmetric
viscous stress tensor in the Navier-Stokes equation. A stnarcombination of the symmetric
shear tensor multiplied by the particle velocity has beateddo the energy equation as a viscous
heating contribution. The bulk physical viscosity conttibn has not been considered for the sake
of simplicity. The SPH formulation of viscous contribut@im Navier-Stokes and energy equations
has been developed by [1, 2]. They adopted a stress tenssewghear component is proportional
to the Shakura-Sunjaev parametemultiplied by the gas pressure and excluding any artificial
viscosity contribution.

The adopted SPH scheme, as with any finite difference nualeriethod, or any finite vol-
ume numerical method, is affected by the adopted spatialutsn lengthh. The radial transport
is also affected by the SPH particle resolution lengtince too smalh values prevent the radial
transport. Instead, high values produce a too high radial transport of matter towtrdscentre
of the gravitational potential well. The choice of a suitafiked resolution length of the order
of 102 of the whole linear spatial integration domain where plasianove.h = 0.005 is one of
the best compromise solutions in our modelling. A highalue ensures a high particle overlap-
ping (interpolation) but at the same time it produces a higitigle repulsion rate due to pressure
forces especially in low compressibility regimes at thedidges. This further prevents disc bind-
ing into the primary’s gravitational potential well. On thentrary, a too lowh resolution length
compromises any fluid dynamic behaviour and shock handling.

2. Modédlling parameters and results

We carried out our simulations until we achieved full statiny configurations. This means
that particles injected into the primary’s gravitationaitgntial well are statistically balanced by
particles accreted onto the primary and by particles gjefrtam the disc’s outer edge. Critical
boundary conditions for the development of a well-definettetoon disc, for each pairs of(a)
values, were pursued, ensuring a minimum number of partaighbours of the order of 15 at least
for each SPH particle.

The characteristics of the binary system are determinebtldgntasses of the two stars and their
separation. We chose to model a system in which the iMasd the primary compact star and the
massM, of the secondary normal star are equal to bheand the distance between their centres is
d1» = 1P Km. The injection gas velocity in L1 is fixed %hj ~ 13Km s atvinj ~ 50Km/sand at
Vinj =~ 130Km s for our three groups of models while the injection gas terapee in L1 is fixed
atT, = 10* K. Such a temperature value is slightly higher than the vatuesponding to a normal
1M, star because, even as a first approximation, the radiatatingeof the secondary surface due
to the disc enlightening is taken into account. Gas comitniéigsis fixed by the adiabatic index.

In order to make our equations dimensionless, we adoptddltbeing normalization factors:

M = My + M for massesg;, = 10 cmfor lengths,v, = (G (M + Ms)/d12)Y/? for speeds, so
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that the orbital period is normalized tar2p, = 102 g cni 2 for the densityp, = p,v2 dyn cm 2

for pressurey? for thermal energy per unit mass aiid= (y — 1)v? mp Kgl for temperature,
wheremy, is the proton mass aridg is the Boltzman constant. The adopted kernel width in the
SPH interpolations ik = 0.005 and the geometrical domain, including moving disc pladi is a
sphere of radius.8 centred on the primary. The inverse of the resolution terdgh = 200. This
value represents, at least in 1D, as a typical order of madmitthe number of finite difference
elements dividing any spatial integration domain in ordesdlve any system of partial differential
equations in fluid-dynamics.

The rotating reference frame is centred on the compact pyiarad its rotational period equals
the orbital one. We simulated the physical conditions atrther and at the outer edges as follows:

a) Inner edge:

The free inflow condition is realized by eliminating partisifiowing inside the sphere of radius, 4
centred on the primary. It follows that disc structure andaiyics are altered within a felwalues

of the inner edge, adopting a fixadSPH code, but these alterations in disc behaviour arevelati
small because they are counterbalanced by a higher pastinleentration close to the inner edge
in supersonic injection models.

b) Outer edge:

The injection of "new" particles from L1 towards the inter@f the primary Roche Lobe is simu-
lated by generating them in fixed points, called "injectpsymmetrically placed within an angle
having L1 as a vertex and an aperture-db7°. The initial injection particle velocity is radial com-
pared to L1. In order to simulate a constant and smooth gestion, a "new" particle is generated
in the injectors whenever "old" particles leave an injedtee, inside a small sphere of radibs
centred on the injector itself.

The formulation adopted for the 3D SPH accretion disc mauduiding physical viscosity is
the well-known Shakura & Sunyaev ([14, 15])parametrization:v = acsH, where 0< a <1
is the Shakura-Sunyaev parameter &he- ryycs/(My/rxy)Y/? is a dimensionless estimate of the
standard disc thickness, wherg = (X?+Y?)1/2 is the cylindrical radial coordinate of the ith
particle.

The mass transfer injection rates from M, i, as well as the accretion raté, .. and the
ejection ratesMeje for vinj = 13Km/s, vinj = 50Km/sandvin; = 130Km/s at the L1 point, respec-
tively, are reported in Table :poh3dfzvo, is the conversion factor from particle/timede . Mass
accretion and ejection rates, due to the Shakura-Sunyaewsity parametexr adopted, can be
altered by~ 10%-20% for accretion rate and by a factor-3! for ejection rate. The higher,
the lower the ejection rate (the higher the accretion rabe$tead, the lower the gas compress-
ibility (the highery), the higher the ejection rate (the lower the accretion)ratthough the main
characteristic, governing both the accretion and theiejecéte, is the injection rate in L1.

An estimate of the diffusion characteristic time, mainlgpensible for the disc’s radial spread,
yieldstgisf ~ Rﬁisc/v ~ 0.4+181 as the lower and the higher values, respectively, from ad-m
els, considerindyis s ~ Rﬁisc/(acsH), whereH ~ 0.1 andRyjsc ~ 0.25-0.3. Such evaluation also
takes into account the artificial viscosity contributionigi in our results, is comparable to the
physical viscosity contribution forr ~ hundredths, taking into account of a sound velocity which
is within the range~ 4+ 8 in the disc bulk in non-dimensional units. The two oppos#kies,
being lower thant = 25~ 3.98 orbital periods, ensure that the pursued steady statatistisally
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Minj[g‘s_l] Macc[g‘s_l] Meje[g‘s_l] vinj[Km-s—l]

2.3.106 1.6-10' 7.0-101% 13
3.6-1016 2.4.106 1.2-10' 50
6.5-106 3.5.10' 3.0-10' 130

Table 1: Injection, accretion and ejection rates relative to thepael injetion velocityvipjat L1 point.
Values are indicative whichever is the adoptgdd) pair.
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Figure 1: (y, a) plot of boundaries separating domains where physicautart viscosity allows the devel-
opment of a statistically defined accretion disc (above éacimdary) from domains where it is not (below
each boundary). Injection velocitigs; at the inner Lagrangian point L1, are also reported for eacmd-
ary. Crosses and asterisks referypd) pairs used for defining the outermost boundaries.

fulfilled.

Fig. 1 shows ay, a) (compressibility versus physical turbulent viscosityagtam where
boundaries, separating domains where the disc developimenupported (domain above each
boundary) from domains where it is not (domain below eachhbdaty), are reported, perform-
ing parabolic best fits, taking into account such results.

For disc models whosea > ay, the physical, turbulent viscosity is able to develop a well
bound accretion disc in the primary’s gravitational paniell, while disc models whose < ay
do not.

These results show that not only the pair gf@) values are important in the development of
a well-bound accretion disc modelling in the primary stavifational potential well, but also that
the injection velocity at the L1 point has a relevant role.
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3. Discussion

These results have a direct consequence for the dwarf natbarst modelling. As an ex-
ample, we can consider a well-bound accretion disc in th@am’'s gravitational potential well
in a stationary condition fulfilled for a high mass transfaterfrom L1 point (e.g. a point in the
diagramabovethe parabolic boundary fof,; = 130Km/s). The pairy = 7/5 anda = 0.1 cor-
responds to this condition. According to the fixad ¢) adopted, a large disc radius is quite a
natural consequence due to the high mass transfer from Int. pthis is our starting disc config-
uration. The disc is shortly reduced and (maybe) dissoleedhie same pairny/ a) (especially for
high values ofy > 1.2) if the mass transfer rate decreases as a consequenceredtiotion in the
injection velocity in L1. In this case the pair of,(a) values identifies the same poin¢lowthe
new parabolic boundary identified by the redueggl Disc evolution is shown in Fig. 2 regarding
the transition between opposite stationary configuratfom® vinj = 130Km/sto viy; = 13Km/s
in L1 and vice-versa. According to these results, in high passibility regimes, dwarf novae
outbursts temporarily represent phases of a well-boundetion disc when its radius increases as
a consequence of the higher mass transfer rate from L1 paltdrnatively they could represent
phases where a low compressibility disc achieves a consistghenM,cc ~ 10t7gs L. Instead, in
high compressibility regimes, quiescent phases reprégemate mass transfer phases where the
accretion disc reaches its minimum radial extension as setprence of the reduced mass transfer
rate from L1. Alternatively, in low compressibility regimethey could represent even vanishing
disc phases when the disc radius not only decreases, buliatsmves wheMacc ~ 10t6gs 1. A
higher accretion rate onto the primary star involves a higineission flux (especially in the X-ray
close to the primary compact star) by conversion of meclaheitergy into heat. Before the begin-
ning or after the end of the transition phase the accretien idiin a steady state and a statistical
balance exists among the injection rate from L1, the ejaat&de from the disc’s outer edge and
the accretion rate onto the primary compact star. When #msitional phase begins from a higher
injection rate, from L1 to a lower injection rate or vice-say the disc bulk gradually evolves, ad-
justing its structure to the modified outer edge injectionditions at the L1 point. Such disc outer
edge injection conditions involve not only the mass transfte itself, but also the angular momen-
tum transport from L1. A higher injection velocity stateslly involves a higher injected angular
momentum from L1, because of a higher velocity componempgrelicular to the axis joining the
two stellar components. As a consequence, the higher thetimj velocity, the higher the disc
radius when a steady state is fulfilled. The transitionagjiierbetween the opposite stationary disc
configurations (bottom to top of the figure) 46 10 and~ 5 orbital periods, respectively. Such
values agree, as an order of magnitude, with the outburstidar as shown in [4], where, among
several hypotheses, a periodical modulation of the massfearate is also taken into account as
responsible for SU UMa, OY Car, Z Cha and SS Cyg-like systesniogical variation of systemic
velocity.

Conclusions are not so evidenyik 1.1. In fact, in permanent high compressibility conditions
this phenomenology, explaining dwarf novae outburstsulshoot be so stressed, although peri-
odical quiescent-active phases are still significant. €lwsiclusions are due to the identification
of domains in the compressibility-turbulent viscosipy @) diagram, where the accretion disc con-
sistency is allowed, according to the kinematic conditionk1l. Results in this paper agree with
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Figure 2: XY plots of transitional phase active-toquiet (top 4 ploasid vice-versa (bottom 4 plots) of
accretion disc. The, a) pair, thevij, as well as the phasgare also reported.

observational evidence concerning outbursts and showotbeof compressibility, physical turbu-
lent viscosity and mass transfer kinematics on accretien sliructure, dynamics and energetics.
This paper, together with Lanzafame’s [5] results, showas &my numerical viscosity parameter is
theoretically possible in order to get well-bound accretiliscs in high compressibility regimes.
Instead, both high viscosity values, together with highsieensfer rates from th L1 point, support
the disc binding into the primary’s gravitational potehtigll according to they(, a) diagram of
Fig. 1 in low compressibility regimes.

The final comment concerns the reason why a physically vésclisc gas that is in a low
compressibility regimey(> 1.1) better enhances an outburst event than a high comptigsibi
one /< 1.1). As shown in [12, 8, 5] the disc radial extension and itsdlrig into the primary’s
gravitational potential well is not very sensitive to thegsdransfer rate kinematical conditions
in L1 wheny < 1.1. Injection kinematical conditions in L1 can only affecetbdevelopment of
spiral shaped structures when high mass transfer rate#tiomiscoccur in L1, especially in inviscid
conditions. The total number of disc particles in statigneondition differs by a factor 45
between the two opposite mass transfer conditions corsideisuch high compressibility regimes.
Instead, a relevant difference between the two opposit®stay structures (quiescent - outburst)
exists, in particular regarding disc’s radial extensiod disc’s local densities whep> 1.1. Even
the total number of disc particles in stationary conditidffeds by a factor of~ 10 between the two
opposite mass transfer conditions considered whed.1. This implies that in low compressibility
regimes not only does the disc’s radial extension effelgtivary, but also the disc’s local opacity
and the accretion rate onto the primary star. Therefordewhhigh compressibility the transitional
phase between quiescence and outburst (and vice-versa}p smeere gradual, it is much more
violent in a low compressibility regime. Of course, this da®t preclude accretion discs in close
binaries from effectively being in a high compressibilityndlition.
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