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Figure 7. The mass-averaged angular velocity Qpass (red dots, top panels) and the specific angular momentum / (black dots, bottom panel), for the case M 10.
The blue dots on the top left and middle panels demonstrate the value of the Keplerian velocity that this envelope could have. The left-hand panel shows that
case at the end of the plunge-in (¢t = 613 d), the middle panel shows the profiles 50 d later (t = 664 d, this is after the merger took place), and the right-top panel
shows the comparison of the polar and equatorial regions for the same moment (1 = 664 d). The bottom-right panel shows the ratio of the polar or equatorial

angular velocities to the average.

Figure 8. The mass-averaged angular velocity Qs (red dots, top panels) and the specific angular momentum / (black dots, bottom panel), for the case SS15.
The left-hand panel shows that case at the end of the plunge-in (¢t = 626 d), the middle panel shows the profiles 175 d later ( = 801 d), and the right-top panel
shows the comparison of the polar and equatorial regions for the same moment (# = 801 d). Other information as in Fig. 7.

The angular velocity profile and the specific angular momentum
profile evolve very quickly to ‘stable’ profiles after the plunge-in
ends. In a stable situation, the specific angular momentum increases
with the distance from the centre. This is established after about a
few dynamical time-scales of the expanded CE, where t4cg ~ 50 d.
The angular velocity profile become flat in most of the envelope
(by mass). The outer part of the envelope is small by mass but is
more than 80 per cent of the envelope radius. There, the angular
momentum transport is not efficient, and the angular velocity drops.

We note that either at the start of the slow spiral-in, or during
the slow spiral-in, the angular velocity in the envelope is about an
order of magnitude less than its local Keplerian velocity (see Figs 7
and 8). In none of our 3D simulations does the angular velocity of
the inner part of the envelope approach the binary’s angular velocity.

6 ENTROPY

In 1D studies, a common feature in the results is the formation
of an ‘entropy bubble’ in the envelope (as can be seen in figures
in e.g. Ivanova 2002; Ivanova et al. 2015). An entropy bubble is

when part of the material of the envelope acquires a significantly
higher entropy than it had before the CEE (note also, in convective
envelopes, the pre-CEE entropy profile of alow-mass giant envelope
is close to flat, with the exception of the surface layer). The entropy
can increase by a factor of a few compared to its initial value. This
high-entropy region also is often separated from the surface by a
region where the entropy did not change strongly from its initial
value, forming therefore an internal entropy bubble.

The reason for this entropy bubble formation is the way that the
energy conservation is implemented in 1D codes. To conform with
energy conservation, the energy that is released from the shrinking
orbit has to be added to the envelope. And the commonplace way
to do that is by adding a new ‘luminosity’ term in the energy equa-
tion (see e.g. Taam et al. 1978; Meyer & Meyer-Hofmeister 1979).
This consideration, while using the term ‘luminosity’, is equivalent
to adding the net heat dQ to the internal energy of the envelope
material, and as a result, increases the entropy.

Recently, it has been shown that where the energy is added, does
matter, and can define the outcome. The same overall energy input
to the envelope, but added at different locations, can result either in
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Figure 9. Entropy generation (shown as the ratio of the cumulative increase of the entropy from the start of the simulation, over its initial value, left-hand
panels) and velocity divergence (right-hand panels). We show the case SS15. The top panels show long-term evolution, and the bottom panels show a zoom-in
of the plunge-in phase. Black solid lines show the location of the companion. Dotted purple lines on the plots for velocity divergence indicate the surface of

the envelope.

a slow spiral-in, or in the envelope’s ejection (Ivanova et al. 2015).
In Section 7, we will show that it matters in what form the energy is
added, and the entropy is the key to understanding the difference.
In our 3D simulations, entropy is generated due to shocks and
shear friction, where artificial viscosity leads to dissipation of lo-
cal velocity differences by converting them into heat. As a sanity
check, we have checked that our code provides perfectly adiabatic
evolution when material recombines, if no shocks or other matter
interactions between the particles are involved, and there is no ar-
tificial heating term. The velocity divergence is a good indicator
of both shocks and a strong shear (see, e.g. discussion in Cullen
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& Dehnen 2010). Therefore, one of the best ways to trace the en-
tropy generation is by looking at the velocity divergence (see Figs 9
and 10). The velocity divergence is one of the main variables in
the SPH code we use and is calculated using equation 19 from
Lombardi et al. (2006). We can distinguish how the entropy is gen-
erated during the three phases.

During phase I, prior to the plunge-in, when the compan-
ion’s orbit is still outside the radius of the donor, we find
that the surface layers are ‘shock heated’ and obtain high en-
tropy. Those surface layers ‘overheated’ by shocks are quickly
ejected.

9T0Z ‘/2 $800100 U0 Jo1sayo0y Jo A1siealun e /Bio'sfeulnolpioxoseuw//:dny wouy papeojumoq


http://mnras.oxfordjournals.org/

log;op[cgs]

—3.00

logjoSlerg g K™']

CEEs: transiting to the slow spiral-in 375

log,, Velocity Divergence [cm™]
~3.98

—3.84

—4.68

—5.52

9.5295 430

.51
9-5040 —4.62

9.4785
—4.94

9.4530

3 —6.36 ? > ~5.26
&
& ~ 9.4275 S
= -7.20 S = —5.58
9 0 &0
2 ) 9.4020 2
~8.04 ~5.90
9.3765
—8.88 —6.22
9.3510 k
972 |
9.72 by —6.54
9.3255 i
~10.56 o _6.86
. 9.3000 05— . L . :
150 200 250 300 350 E 200 300 33 150 200 250 300 350
Time [days] Time [days] Time [days]
10glo p [Cgs] log,oSferg g~ K~'] log,o Velocity Divergence [cm™']
T T T T —3.00 T T T T T T T T T T —3.98
25 _3g4 9:5295 25 ~430
9.5040
—4.68 —4.62
9.4785
-5.52 —4.94
9.4530
0 —6.36 ) 3 —-5.26
x x
= = 9.4275 ~
S ~7.20 = = -5.58
&0 o0 o0
2 2 9.4020 2
—8.04 ~5.90

—8.88

—9.72

—10.56

340 345 350 355 360 365
Time [days]

340 345
Time [days]

355 360 3 330 335 340 345 350 355 360 365

9.3765
—6.22
9.3510
—6.54
9.3255
—6.86

9.3000

Time [days]

Figure 10. Evolution of the outer layers of the common envelope. We show the case BF36. The figure shows density (left-hand panels), entropy (middle
panels) and velocity divergence (right-hand panels), as functions of the radial coordinate. The top panels show long-term evolution, and the bottom panels
show a zoom-in to the plunge-in phase. Black solid lines show the location of the companion. The dotted purple lines indicate the surface of the envelope. Note

that the plots show only the material that remains bound, not the ejecta.

A similar behaviour continues even while the companion is or-
biting inside the envelope, which had expanded to several times
its initial size. While the companion is already orbiting inside the
envelope (but before the plunge-in), very little of the donor’s mass
(K1 percent) is outside the companion’s orbit. Both the entropy
generation area and the region with high-velocity divergence prop-
agate inside the orbit, down to the initial donor’s radius, but do not
affect much of the envelope’s mass (this can be seen best in Fig. 10).

The situation changes when more than 1 per cent of the donor’s
mass surrounds the orbit, and the companion plunges inside the lay-
ers that were not shocked previously. Rapid plunge-in takes place,
and the entropy is mainly generated outside the orbit. The material
with high entropy and high angular momentum becomes quickly
unbound, leaves the envelope, and cannot any longer be seen in
Figs 9 and 10.

During the slow spiral-in phase, we detect entropy generation due
to two processes: quick expansion provides shocks once more, and
some entropy possibly comes from the flattening of the rotational
profile. As a result, the entropy is increased in the internal part of
the envelope, while in the outer part of the envelope, the entropy
is almost unchanged (see Fig. 9, where this entropy generation can
be seen during the two episodes of mass ejection at the top panel
showing the long-term evolution of SS15). This entropy genera-
tion can appear to be similar to what was described above as an
‘entropy bubble’ observed in the past 1D studies. It is noteworthy,
however, that the entropy is increased inside this bubble only by

about 30 per cent as compared to its initial value. This is much less
than predicted by 1D simulations (a factor of several times). The
importance of this lack of entropy generation in 3D as compared to
1D will be shown in Section 7.

7 THE ROLE OF THE RECOMBINATION
IN DRIVING THE CE EJECTION

The specific energy that is released due to recombination of hydro-
gen and helium, in the case that they were initially fully ionized,
is

Erec 1.3 x 10]3erg g_l X (XfH] + Ychu + 146Yfl—{c1) (30)

Here X is the hydrogen mass fraction, Y is the helium mass fraction,
fu, is the fraction of hydrogen that becomes neutral, fi, is the
fraction of helium that becomes neutral, and fi., is the fraction of
helium that becomes only singly ionized. In the giant star that we
have modelled, the envelope during the giant stage has X = 0.673
and Y = 0.306. In the case of complete recombination, the released
energy is ~1.5 x 10'3 erg g~'. The equation of state that we use in
our SPH code also takes into account ionization of other elements.
In more details, we use the tabulated equation of state incorporated
from MESA (see section 4.2 of Paxton et al. 2011) and implemented
as described in (Nandez et al. 2015). This tabulated equation of state
includes recombination energy for H, He, C, N, O, Ne, and Mg.
The dominant contribution to the total recombination energy comes
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Figure 11. Locations where hydrogen and helium are in different ionization states during the CE evolution. In each panel, the relative fraction of the considered
ion is plotted (from O to 1.0). We show the cases SS15 (top panels) and BF36 (bottom panels). The plunge-in in the SS15 case ends at about 622 d. During
the illustrated evolution, the envelope loses ~0.4 M, (right after the plunge-in). At about 735 d, a shell-triggered ejection takes place (see Section 8). The
plunge-in in the BF36 case ends at about 360 d, and during and immediately after this plunge, the envelope loses 0.7 M. After the plunge-in in BF36, the
envelope loses 0.4 M(;) on a longer time-scale. Black solid lines indicate the location of the companion. Dashed lines indicate the surface of the envelope.

from hydrogen and helium, and the other elements only provide
3 per cent of the total recombination energy. When averaged over
the whole envelope, the available specific recombination energy
per gram for our donor is ~ 1.6 x 10" erg g~!, providing 4.7 x
10* erg in total.

We can compare the efficiency of this energy release to the spe-
cific potential energy of the same matter, assuming that the matter
is located at a distance r from a gravitating mass to which it is still
bound, Mg,y

Gm rav _1 Mgray M
Epot = - E — 1.9 x 10Pergg”! M.

r r/Ro
Next, we use the standard assumption that in a stellar envelope, the
binding energy is about half of the potential energy (note that here
we use the binding energy in its 1D definition). Comparison of & .
and &, shows that if the material is cooled down to the point when
it can start recombination, and the material at the same moment
is located at re. = 65 R X mgqy /M@, then recombination alone
can eject the material with no other energy sources needed. Note that
this radius, depending on my,, is smaller than the radius of evolved
stars (e.g. asymptotic giant branch stars), however, the material
in the envelope of an evolved star is usually too hot to start the
recombination. For the hydrogen recombination alone to trigger
the material outflow, rec y 2 105 R X Mgy /M. As more of the
envelope matter is lost, the radius at which the recombination can

(3D
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act as an energy source powering the outflow, gets smaller. When
the upper layers of the envelope are lost, the internal layers start their
expansion towards a new equilibrium. Together, these two effects
produce a recombination runaway of the envelope that can take
place once the recombination starts (see also Ivanova et al. 2015).

Indeed, let us have a look at the case BF36, where the entire
envelope is lost. After the plunge-in, during the slow spiral-in,
when the envelope is constantly outflowing, the recombination takes
places at about the same radius continuously (see Fig. 11). The inner
hollow shell has expanded so much, that there is no double ionized
helium left. Hydrogen recombination starts at about ~155 R (this
is the radius where 5 per cent of H is recombined), while reen S
115R( (and it decreases as the envelope outflows). This case is a
clear recombination runaway.

Now let us consider the case SS15. Hydrogen recombination
starts a bit lower. For e.g. on day 720, 5 per cent of hydrogen is
recombined at 130R¢. Since the post-plunge-in mass below the
hydrogen recombination zone is larger than in the case BF36, we
find 7. g ~ 160 R5. Hence, hydrogen recombination is not capable
of rapidly ejecting the envelope in this case.

We find the case SS20 to be intermediate; similarly to the case
BF36, the recombination is established to take place at the radius
above r. . However, the mass-loss rate is noticeably lower than
the mass-loss rate in the case BF36. It is hard to classify this now as
arunaway, as the time-scale to lose the entire envelope is longer than
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the dynamical time-scale. We classify this as a steady recombination
outflow.

Why, in the case of a more massive companion, does the re-
combination start at a larger radius? In the case of a more massive
companion, deeper, initially hotter envelope layers gain the energy
to expand enough to start recombination. For e.g. in the SS15 case,
the immediate post-plunge-in expansion leads to helium recombi-
nation starting at the 0.8 My mass coordinate, while in the BF36
case, it reached down to 0.45 M. In the latter case, the disturbed
layers were initially hotter, and hence this material had to expand
to larger distances before it was cold enough to recombine.

We can consider adiabatic expansion of gas that initially had
some specific potential energy and specific internal energy, when
some (specific) energy is added to the gas. The sum of these energies
is the boosted total specific energy of the gas. The layer will start
expanding, to find itself at a new ‘equilibrium’ radius R.q, where its
total energy, assuming that the gas is not moving, is the sum of its
new potential energy and new internal energy, and is equal to the
boosted total specific energy of the gas at its old location. In that
new location, the gas will have T(r)/Ty =~ (R, /Req)z, where T is
the gas temperature before the expansion, and Ry is the location of
the gas before the expansion.

Now it can be seen why the difference in the entropy generation
between 3D and 1D models, found in Section 6, plays a role in the
outcomes. In the case when mechanical energy is added, as in 3D
simulations, T is the initial temperature of the (almost) unperturbed
star. In the case when the energy is added to the internal energy in the
form of heat (resulting in a substantially larger entropy increase in
the shared envelope), as in 1D simulations, 7 is increased compared
to the initial temperature of the same layer in the same unperturbed
star.

Let us compare the effect of adding the energy mechanically, or as
heat, on a specific example — the 1D profile of the star that was used
to create our giant in the 3D CEE study presented here. To each mass
mesh point in this 1D profile, we add the same amount of energy
via the two ways described, and find the temperature when the mass
shell reaches its equilibrium radius. Indeed, we find numerically
that the second case (where the energy is added as heat) results in
a smaller equilibrium radius than the first case (where mechanical
energy is added). Adding heat energy also results in matter having
a hotter temperature when it reaches the equilibrium radius. When
we compare the temperature of two mass shells that have reached
the same equilibrium radius after the energy was added, we find that
in the added heat energy case, the temperature at the equilibrium
radius is also hotter. While no deterministic conclusion can be made
on the trend for all possible cases, it is clear that when the energy
is added directly to the internal energy, the radius at which the
recombinations will start is different.

8 THE EJECTA
In our simulations, we distinguish four types of ejection processes.

(1) ‘Initial ejection’ of the outer layers of the original enve-
lope, SM;-“‘". This low-mass ejection process takes place before
the plunge-in starts, and is seen in all simulated CEEs. A hint of
this initial low-mass ejection is suggested from the evolution of
the expanding outer layers of the envelope (prior to the start of the
plunge-in at about 350 d) shown in Fig. 10.

Ivanova et al. (2013b) have argued, based on the V1309 Sco merger,
that the ejecta that accompanies a merger can be estimated by com-
paring the orbital energy release §E.(r) with the local binding
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energy of the envelope § Eping envin (7). Indeed, we observe that in all
of our simulations, the orbital energy does not influence the enve-
lope inside the orbit. This supports the idea that the orbital energy
release can be compared with the binding energy of the material
during the spiral-in, and not only at the final orbit.

The initial low-mass ejection, SMQJ-‘““, can then be found by using

S Eop(r) + 8 Eping.envin(r) = 0. (32)

From the estimates that use the binding energy profile of the
unperturbed star, we find that the expected §M*" is 0.010, 0.022,
0.034, 0.047, and 0.090 My, in cases for companion masses of
0.05, 0.1, 0.15, 0.2, and 0.36 My, respectively. In 3D simulations
using the same companion masses, we find that (SM;-“‘rt is 0.01, 0.02,
0.03,0.045, and 0.1 M¢y. Therefore, equation (32) provides a good
method for estimating § M(j*". However, this is the least massive
ejection process, even in cases of mergers.

(2) ‘Plunge-in ejection’ of the envelope, BMSJ-]“"geA This ejection
process takes place at the end of the fast plunge-in, when the circum-
binary envelope has just formed and the fast orbit depletion has
ended. Like the ‘Initial ejection’, it takes place in all of our simulated
CEEs. An example can be seen in Fig. 9: this is when the mass of
the envelope is sharply decreasing to 1.4 M), on the time-scale of
only a few days. The process of the ejection can also be observed in
Fig. 10 for the case BF36, where it takes place after the plunge-in
starts (approximately between 355 and 365 d).

This ejection process is likely powered by the mechanical energy
that the envelope has absorbed by the time that the orbit has become
decoupled from the envelope. We did not find a good method to
predict the associated energy release given the initial energy profile.
For § ij]u"gc + 8M™, we find from the 3D simulations that 0.03,
0.3,0.43, 0.53, and 0.75 M, were ejected, for companion masses
of 0.05, 0.1, 0.15, 0.2 and 0.36 Mg, respectively. In the case of
BF36, half of the initial envelope was ejected during this stage. It is
about the same fraction as was found in the simulations that were
performed without recombination energy taken into account (about
40 per cent in Nandez et al. 2015 and about 25 per cent in Ricker
& Taam 2012). We cannot rule out however that the inclusion of
the recombination might have enhanced the plunge-in ejection, as
in the case BF36 it led to 50 % of the envelope being ejected during
this stage.

(3) ‘Recombination runaway’ is the process that led to the com-
plete envelope ejection in the case BF36 (as well as in all of the CEE
simulations presented in Nandez & Ivanova 2016). It takes place
when the post-plunge-in envelope has cooled down sufficiently to
start hydrogen recombination, while at the same time the envelope
size has expanded beyond r..n (see more details in Section 7).
We find that in SS20 and SS15 models, this process does not start
promptly after the plunge-in has occurred, and that the material is
ejected at a slower rate during this process than in the case of the
BF36 case (see Fig. 11). Therefore, for these cases, this process
can be thought of as a ‘steady recombination outflow’. The aver-
age mass-loss rates of these outflows are 2, 0.25, and 0.15 M, per
year, for BF36, SS20 and SS15 models, respectively (the dynamical
time-scale of the expanded envelope is about a year). In the case
of BF36, the recombination driven outflow slowed down to about
0.4 M@ per year at about 200 d after the plunge-in.

(4) ‘Shell-triggered ejection’ is the sudden ejection of a substan-
tial part of the envelope during the slow spiral-in. This process takes
place about one dynamical time-scale of the expanded envelope af-
ter the plunge-in process has ended. This phenomenon can be seen
for the case SS15 at about 735 d (Figs 9 and 11).
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This ejection process is partially powered by the energy release
from the recollapsing hollow shell, and partially powered by the
triggered recombination. Recall that this hollow shell is bound after
the plunge-in, and while it initially expands, it starts to recollapse
on its dynamical time-scale. This recollapse results in redistribution
of the energy in the envelope, where the contracting shell provides
energy for the outer layers, shedding away part of these layers.
It is not clear at the moment what total fraction of the envelope
this process can eventually remove. First, this process is accom-
panied with a steady recombination outflow, making it difficult to
disentangle the two processes. Secondly, while this process is con-
tinuous, it is very slow (even slower than the outflow in the case
of the SS20 model), and thus the model becomes a self-regulated
spiral-in. Thirdly, we cannot yet compute the contraction of this
shell all the way to the binary orbit; thus, we cannot see if this pro-
cess can extract more energy from the binary and produce several
similar re-expansions. In the latter case, no self-regulated spiral-in
situation can be expected. We find, however, that the first episode
of the shell-triggered ejection takes away almost all of the angular
momentum that was remaining in the CE, leaving the CE with less
than 0.02 per cent of its initial angular momentum. In addition,
the envelope that remains after the shell-triggered ejection is only
marginally bound — its binding energy is 3 x 10* erg. If there are
no bouncing re-expansions, steady recombination outflow can eject
the remaining envelope.

This shell-triggered process does not always happen even for
the same initial binary. We ran the initial SS15 binary twice, with
the different Courant numbers (for gas SPH particles only). In par-
ticular, we changed the second Courant number Cy, (defined as
described in Lombardi et al. 2006). Both simulations conserved en-
ergy and angular momentum extremely well. The larger value for
the Courant number Cy, was 0.6 (used in the simulation SS15), and
the smaller value was 0.3 (used in the simulation SS15sC). Both
values that we used for Cy, are in the recommended range, between
0.1 and 0.6, for the version of the code we use (Lombardi, private
communication).

We find that in the run with the smaller Courant number, SS15sC,
the prompt ejection does not occur, and the evolution is simi-
lar to SS20, just with a bit slower mass-loss rate of the steady
recombination-driven outflows. However, we cannot attribute this
divergence between the two runs purely to a numerical error.
We traced the difference in the outcomes to the differences in the
properties of the SPH particles that are currently in the hollow
shell, where those properties were acquired during the plunge-in
interaction with the special particles that represent the binary. In
the SS15sC case, a fraction of SPH particles in the inner region
of the hollow shell have acquired a higher entropy, likely due to
more shocks they have experienced. These particles have a higher
internal energy, and a higher total energy if compared to SPH parti-
cles located at a similar distance from the binary in the SS15 case.
The total energy of SPH particles in the shell is about the same,
but the distribution of the energies between the particles is slightly
different, and in a wider range than in the case SS15. We cannot
determine one of the energy distributions between the shell particles
as to be more proper than the other.

The natural expectation for SS15sC high-energy particles is that
their ‘fallback’ will start when the shell expands more that in the
case SS15. However, while the shell was still expanding (beyond
the distance it had maximally expanded in the case SS15), the ma-
terial starts He recombination (from the double-ionized state to the
single-ionized state). This recombination gives an additional energy
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boost to the hollow shell particles, and prevents its fallback, at least
for the duration of the simulation we obtained for SS15sC (for 40 d
after the fallback had started in the case SS15). A small deviation
in the energy for a fraction of SPH particles in the hollow shell
have resulted in a qualitative change of the envelope ejection pic-
ture. This indicates that even during the established steady recom-
bination outflow, a CE is recombinationally dynamically unstable
with respect to its inner shell recollapse. The condition to prevent
this dynamical instability seems to start the fallback after Helium
started its recombination. As a confirmation, we find that a weak
version of this instability takes place in all the models at the moment
when the inner shell started its fallback. As a weak version, we mean
that the envelope changes its mass-loss rate at about the same time
when the inner shell contracts or re-expands, but this mass-loss rate
change is not nearly as noticeable as in the case of SS15. In all those
‘weak’ cases, Helium is not doubly ionized in the inner shell at the
time of fallback. To answer on whether the strong shell-triggered
ejection process is a numerical artefact due to a small number of
particles near the core (recalling that the total number of SPH par-
ticles in this simulation is 100 000), or is the real physical effect
that occurs if the fallback starts before the Helium recombination, a
study with significantly more particles is required; this is unfeasible
at this time, due to the long computational times needed to model a
well-established slow spiral-in (see Section 2, also for a description
of the computational time-scales, see Nandez & Ivanova 2016).
We stress in this section that usually under the ‘CE ejection’ term,
only complete ejection — the one that leads to naked binary formation
— is considered. Such complete ejection is an implicit assumption
of the energy budget formalism. However, it is important, that even
when a CEE fails to eject the entire envelope, a significant fraction
of the mass of the envelope is lost during plunge-in (8 ij'”"ge), and
that during the slow spiral-in, the CE mass will decrease further.

9 DISCUSSION

We discussed how to average different quantities obtained in 3D
CEE simulations to produce information useful for 1D studies. As
could have been expected, we find that the asymmetry of the pro-
files is extreme during the plunge-in, and is non-negligible during
a slow spiral-in. For example, the angle-dependent deviation of
thermodynamic quantities at the start of the slow spiral-in can reach
50 per cent. Secondly, the typical assumption of spherical symmetry
(i.e. the ‘thin-shell’ approximation for the companion) underesti-
mates the depth of the potential well near the orbit. Finally, the
decoupling of the binary and the envelope during a slow spiral-in,
with the formation of a dense hollow shell around the binary, pro-
vides challenges for 1D codes (where it would appear as a sharp
density inversion).

We reviewed the energy balance and discussed how energy con-
servation can be treated in 1D codes. We outlined three problems
when one tries to keep the energy conserved self-consistently in 1D,
and provided the energy conservation equation that can be used in
1D codes during a slow spiral-in, once the post-plunge-in configu-
ration is known.

We find that most of the angular momentum is quickly lost from
the CE system with the ejecta. In our simulations, there is no coro-
tation between the binary and any part of the CE during any phase
of a CEE. In some cases, after the hollow shell formation, only a
few particles could have been left within an RL of either the core
or the companion; only these particles can be considered as having
been in ‘corotation’. During a slow spiral-in, the angular velocity be-
comes constant in most (by mass) of the CE, the spherical symmetry
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approximation works well, and the value of the angular velocity is
significantly smaller than the local Keplerian velocity anywhere in
the envelope.

The flat profile for the angular velocity we derive from our 3D
simulations differs strongly from the results of typical 1D CE evo-
Iution. In the latter, the region around the binary is always in corota-
tion, as well as a region inside the binary orbit. The angular velocity
is then obtained with the diffusion equation, and is found to decrease
steadily with the distance from the binary (e.g. Taam et al. 1978;
Meyer & Meyer-Hofmeister 1979; Ivanova 2002, note, however,
that this was in part by the design of the chosen prescriptions in
the 1D codes). It can be argued that the difference between the 3D
and 1D profiles may arise from the different ways that viscosity
is treated in the two approaches. It is hard to evaluate how well
artificial viscosity in SPH matches the convective viscosity (e.g.
see discussion in Nandez et al. 2014). It is clear, however, that 3D
SPH simulations, when compared to 1D studies, at the same time,
are less efficient in transferring angular momentum to the regions
near the orbit, and are more efficient in the distribution of the an-
gular momentum throughout the envelope. Therefore, neither too
low, nor too high artificial viscosity in SPH, as compared to what is
taken as viscosity in 1D simulations, can work as an explanation of
these profile differences. In addition, the significant loss of angular
momentum with the ejecta does not lead to as significant a spin-up
of the envelope as 1D codes predict. Frictional heating from the
differential rotation is therefore not expected for most of the enve-
lope, except during the start of the slow spiral-in, when the angular
velocity profile quickly flattens.

In addition, the evolution of the entropy of the CE material differs
between 3D simulations and 1D results. In 3D, there is no entropy
generation within the orbit during the plunge-in. While we can see
entropy generation near the surface and a small ‘entropy bubble’
formation, the entropy increase is much smaller than what 1D stud-
ies predict — 3D simulations predict a 30 per cent increase, while
1D results predict a factor of a several increase. In 1D, the entropy
is generated because the energy was added as heat.

We have identified four types of ejection processes: the initial
ejection, the plunge-in outflow, the recombination runaway out-
flow, and the shell-triggered ejection. The initial ejection and the
plunge-in ejection take place in all the CEEs we have considered,
including those that end up with a merger. We provide a simple
way to find the mass of the initial ejecta. The prompt plunge-in
ejection carries away substantially more mass, but there is no easy
way to estimate the magnitude of this ejection. The shell-triggered
ejection takes place during the slow spiral-in and is caused by the
hollow shell fallback; this provides another prompt ejection process
as part of the CE. The recombination runaway outflow starts dur-
ing a slow spiral-in, once the expanded envelope is cooled down to
start hydrogen recombination above .. In this case, the rest of
the envelope can be removed within several dynamical time-scales
of the expanded envelope. Since the radius at which the recom-
bination energy release overcomes the potential well depends on
the entropy of the material, the entropy generation observed in 1D
codes will likely predict different outcomes of 1D CE evolution.
The combination of a difference in the entropy profile and the en-
tropy’s effect on recombination runaway was likely the reason why
recombination runaway found in recent simplified 1D studies of
CEEs (Ivanova et al. 2015) have happened in models where ei-
ther a lot of heat was added to the entire envelope, or less heat
was added, but in a region that was more confined to the bot-
tom of the envelope (thus keeping the upper envelope’s entropy
unchanged).
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The slow time-scales of recombination runaway can be up to
several hundred days, and are getting longer as the mass of the
companion decreases. For these cases, 3D simulations are no longer
self-consistent, as this is a time-scale on which radiative losses can
become important, and hence 1D codes must be used. Note that the
envelope is not stationary at any moment, and instead exhibits ‘sta-
tionary’ outflows. Similar recombination-driven outflows were con-
sidered for the case of simplified hydrogen envelopes (Bisnovatyi-
Kogan & Lamzin 1976), where several possible modes of instabil-
ities were discussed. A recent study of simplified CEE in 1D has
shown that the CE is prone to dynamical instabilities (Ivanova et al.
2015), and a runaway recombination was found, but a connection
to steady recombination outflows was not made then. The energetic
consequences for CEE outcomes in the case of a stationary outflow,
instead of a prompt dynamical ejection, were discussed in Ivanova
& Chaichenets (2011), but, further studies of the instabilities of en-
velopes with steady outflows powered by recombination are highly
needed.

Using the tools developed for this paper, we inspected the models
presented in Nandez & Ivanova (2016), where all of the modelled
CEE:s resulted in binary formation. There, the models were only
analysed for their final states — binaries parameters and energy
taken away by the ejected mass. We find that the length of the
envelope removal via recombination runaway is increasing with
the potential well of the donor. The donor that we consider now
had the longest envelope removal time (700 d) out of all the models
considered in Nandez & Ivanova (2016) (the next longest time-scale
of 250 d occurred in a model that used a 1.6 M) red giant with a
0.32M(, core). In this study, we find that the ejection time-scale
increases as the companion mass decreases. This implies that the
model that provides the time-scales and plateau luminosities of the
Luminous Red Novae powered by CEEs (as proposed in Ivanova
et al. 2013b), in its future developments, should take into account
CEE recombination runaway features, such as the initial envelope
binding energy and the mass ratio of the companions.

For a proper treatment of a self-regulated spiral-in, one needs to
know the orbit at which the companion slowed down its fall, the
mass that remained in the envelope after the companion’s plunge,
how much angular momentum remained in the envelope, and how
much energy was carried away by the ejecta. This can be done
only in conjunction with the preliminary 3D simulations that are
performed until at least the end of the plunge-in. For the cases when
it is not possible, we outline several important points.

(i) The plunge-in takes place on a time-scale comparable to a
freefall time-scale. No energy conservation during the plunge can be
properly treated in 1D. Instead, a CE structure should be constructed
assuming almost adiabatic envelope expansion as a result of the
plunge.

(i1) No heat should be added to the envelope — we stress that it
is important to produce an adiabatic envelope expansion. Despite
changing the energy of the envelope by the same amount when the
heat is added, or when the mechanical energy is added, the change
of the CE material after these two ways to add energy alters which
envelope layers would start recombination. We strongly recommend
the use of kinetic energy injection instead of heat injection.

(iii) An effort should be given to model a hollow shell outside of
the inner binary in 1D.

(iv) The envelope unavoidably loses a substantial fraction of its
mass. While the minimum (initial) ejecta can already be estimated,
future studies are needed to determine how to estimate mass in-
volved in the plunge-in ejection.

MNRAS 462, 362-381 (2016)
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(v) The expanded envelope should be checked for the condi-
tion of recombination runaway, as in this case, no long-term self-
regulated spiral-in can take place. All 1D codes should be prepared
to detect and treat steady outflows.

(vi) Since most of the angular momentum is lost with the ejected
material, the magnitude of the angular velocity in the envelope is
likely to be very low. Hence it is rather insignificant to affect either
internal structure or provide frictional heating.

In this study, we only considered the specific case of a CEE
where the donor star is a low-mass giant, and all the conclusions
are made for this case of the donor. While we may expect that
the characteristic behaviours we found will also occur in CEEs
with more massive donors, future studies and comparisons of 3D
simulations with 1D studies using other donors, especially more
massive donors, are highly needed.
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APPENDIX A: ANGULAR MOMENTUM
IN 3D CODES

The angular momentum of a particle k in SPH is
Li=r x (my) =L X+ Ly Y+ L2, (A1)

where the components of the angular momentum for x, y, and z are
given by

Ly = mp(Yvox — 2aVy)s
Ly = mp(zgver — Xkvz0),

L = mi(Xivyx — Yiek),

respectively. The total angular momentum for the system is,

N
L= Z Ly, (A2)
k

and its magnitude is

L=|L|=/L2+L2+L2, (A3)
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where

N
L, = Z mk(ykvz,k - Zkvy,k)’
k

N
L, = Z M(ZpVx k — XiVz k),
X

N
L= Z M (XgVy k — YikVx,k)-
k
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The angular momentum (by its components) around a particular
point p can be calculated as

LY o= my [ — y") ok — vP) = (2 — 27wy — vf)} ,

Ly, = my [(z = 2")(er = vf) = (e = x")(wp — v])]

LYy =my [ — x")wyx — v0) = (e — Yk — v0)]

This paper has been typeset from a TEX/IATEX file prepared by the author.
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