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Figure 5.26 Same as Figure 5.24 but for the e = 0.20 case. Open circles are
data points which are not taken into account when fitting the free parameters.

low eccentricity where the primary will not fill its Roche lobe even when at
periastron. Also, although we only have two data points from our low-mass
binary simulations, these two simulations suggest a similar linear trend. As
for the position where the maximum mass transfer rate occurs, the results
from our high-mass binary simulations clearly show that mass transfer rates
peak at an orbital phase slightly larger than periastron, around 0.55 — 0.57.
Although mass transfer starts around periastron, it only peaks later when the

two stars have already started getting further away from each other. This
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Figure 5.27 Same as Figure 5.24 but for the e = 0.25 case.

is in contrast with one of the basic assumptions of SWKRO07 and SWKR09,
who assumed that mass transfer occurred exactly at periastron. Although
the results from our low-mass binary simulations are less suggestive however,
the trend observed in the position of the maximum mass transfer rate suggest
that since mass transfer occurs later than at periastron, the degree of overflow
is also less than expected, thus making the mass transfer smaller. We also
observe, from both sets of simulations, that the width (or duration) of the mass

transfer episode is finite in time and arguably independent of the eccentricity.
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Figure 5.28 Amplitude, position, and width of the Gaussian fits to the mass
transfer episode for the primary as a function of eccentricity for both binary
systems. Black dots are for the 0.80 + 0.48 M, binary while red dots are for

the 1.50 4+ 1.40 Mg, binary.

Our results suggest that the full width at half maximum (FWHM = \/WU)
is approximately 0.10 — 0.13 P,p. One could argue that there is a small
negative slope suggesting that the higher the eccentricity, the faster the mass
transfer occurs, which would also make sense since stars on high eccentric

orbits spend less time around periastron compared to star on low eccentric
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orbits. No matter the trend here, this small difference in value of the width of
the mass transfer rates is also in contrast with another basic assumption used
by SWKR07 and SWKRO09, who further assumed that the mass transfer rate
was a delta function (peaked at periastron). Our results clearly show that this
is not the case and the mass transfer rather occurs over an extended but finite
period of time. From these results, we note that the work of SWKRO07 and
SWKRO09 could be extended by incorporating delayed Gaussian mass transfer
rates.

Finally, we note that the mass transfer rates observed in our simulations
are substantial and that a binary system undergoing such large mass transfer
rates is most likely going to merge, following a dynamical instability (e.g.
D’Souza et al. 2006), or evolve onto a larger orbit and cease to transfer mass. It
is therefore unlikely that such transient phenomena could be observed (Morton
1960), although the remnants of such past episodes of mass transfer might still

be identifiable.

5.4 Accretion onto the secondary

Most of the mass lost by the primary eventually becomes bound to the sec-
ondary, as shown in Figures 5.17 and 5.18 where the accretion history of the
secondary almost mirrors the mass transfer history of the primary. Another
way to look at the accretion is to look at the origin of the particles making
up each component. This is shown in Figures 5.29 and 5.31 where we plot
the origin of the particles in the orbital plane and where red and blue dots
are particles that were initially bound to the primary and to the secondary,

respectively. This colour-coded representation allows us to track the particles
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as they are shuffled around and become bound to any component of the system
(i.e. the secondary, the binary envelope, or the ejecta). In the case of the low-
mass binary, we see that the secondary is not strongly affected by the infalling
material as none of its own particles are being mixed up with the material
from the primary. As a matter of fact, the secondary is so dense that it is
not perturbed at all by the mass transfer episodes and its accreted material
simply forms an envelope around it. This can also be observed in Figure 5.30,
where we used SPLASH to obtain a three-dimensional surface rendition of the
0.80 + 0.48 M, system with e = 0.25. The surfaces are rendered by defining
a critical surface through which we can not see, similar to what is known as
the optical depth (7). The larger the optical depth, the deeper we can peer
through the stars’ envelope. Choosing a very small optical depth renders the
systems totally engulfed in very low density material and the stars are barely
visible. Thus, in order to compare the densities involved, we choose an optical
depth that allows us to see the initial surface of the primary. For comparison,
we use optical depths of 7 = 0.08 for the low-mass binary and 7 = 25.0 for
the high-mass binary. This large difference between the optical depths means
that, in order to see the “surface” of the stars, we must peer through much
more material in the high-mass binary case. Also, this three-dimensional ren-
dition allows us to visualize the whole system at once, which is more insightful
than using cross-section in the orbital plane. For example, Figure 5.30 shows
that the material transferred from the primary initially forms a thick torus-
like cloud around the secondary, and subsequent episodes of mass transfer
eventually form an envelope that rather engulfs the secondary. Moreover, the
primary also becomes engulfed by a rather thin envelope. Since the secondary

does not lose any mass, this envelope around the primary is made up of its own

142




Ph.D. Thesis — C.-P. Lajoie

McMaster - Physics & Astronomy

T 7T T | T T T I T T T I T T T

T T T I T T T ' T T T I T T T

t= 0.0

1 1 1 I 1 1 Il [ 1 1 1 I 1 Il 1

1 | 1 I 11 1 I 1 L 1 I 1 1 1

T T T I T T I | [ N | ‘I T T T

T T T I % .I *I.

1 __1 1 I 1 1 1 I 1 - J 1 1 1

= Ok

T

T T T l T T T I T T T I

T T T [ T T T ] T T T I T T T

t=42.0

§ O - I 1 1 | I 1 1 1 I 1 1 1

Y ® I T LR I T T T ]—r T

Ill[lllllllll-ll

Illll|lllllll44

T T T I T T T I T T T I T T T

PR TR TR (N YRS RN O T U WORT (O T N Y

1 I L I 1 1 1 I T T l B M A |

T 71 T I T T T |'I T T I T T

T T T l T T T I T T T l T T T

t=87.0

AT S S S S [T | [ -

: O ¢ l 1 1 1 l 1 1 4 I 1 1 1

-2 0 2
x [Ro]

4-4

-2 0 2
X [Re]

4

Figure 5.29 Origin of particles in the orbital plane for the 0.80+0.48 M, binary
with e = 0.25. Red and blue dots are particles that initially come from the
primary and secondary, respectively. In this case, the secondary is not affected
by the infalling material.
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Figure 5.30 Surface rendition (with 7 = 0.08) of the density for the 0.80+0.48
Mg, binary with e = 0.25 showing the accretion around the secondary. Initially,
a thick disk forms around the secondary, but later engulfs it almost completely.
Mass loss occurs also primarily from the secondary’s far side, at the Lo point.

material. Actually, all of the material making up the accreted material around
the secondary, the binary envelope, and the ejecta comes from the primary.
In the case of the high-mass binary, the similar densities of the two

stars allows for the material being transferred to interact much more strongly
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Figure 5.31 Origin of particles in the orbital plane for the 1.50+1.40 M, binary
with e = 0.30. Red and blue dots are particles that initially come from the
primary and secondary, respectively. In this case, the secondary loses material
because of partial Roche lobe overflow and the interaction of the infalling
material with its envelope.
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log density [g/cm®]

Figure 5.32 Surface rendition (with 7 = 25.0) of the density for the 1.50+1.40
My binary with e = 0.30 showing the accretion around the secondary. In this
case, an envelope engulfs both star and mass loss occurs also from both stars’
far sides, at the Lo and L3 points

with he secondary’s envelope, as shown in Figure 5.31 (for e = 0.30). Indeed,
as shown by the red and blue dots, particles from the outermost layers of the
secondary, as well as from the primary, are lost from both stars and scattered

everywhere in the orbital plane. Although the secondary loses almost as many
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particles than the primary, as previously shown in Figure 5.19, the total mass
lost by the secondary actually remains relatively small (~ 5% for the e = 0.30
and ~ 10% for the e = 0.25 case). Again, we emphasize that the fact that
the secondary loses some mass is the result of both the secondary slightly
overfilling its Roche lobe (see upper right panel of Figure 5.31 for example)
and the interaction of the infalling material plowing through the envelope of
the secondary. This is more analogous to a so-called “direct impact” where the
secondary fills most of its Roche lobe and therefore is hit almost right after the
transferred material passes the L; point. Interestingly, we do not observe such
a mass loss from the secondary for smaller eccentricities (e.g. e = 0.15 and
e = 0.20; see Figure 5.19), which agrees with the fact that only at (relatively)
high eccentricity does the system come close to a contact configuration. As
can be also seen in Figure 5.32, all of the material being lost from both stars
eventually engulfs the whole system rather than forming an envelope around
the secondary only. This envelope is substantially denser and thicker than
in the low-mass binary case as the surface rendition of Figure 5.32 uses a
much larger optical depth in order to peer through the envelope and see the
surface of the stars. We observe the formation of such an envelope in all of
our simulations for this binary, although the envelope for the e = 015 — 0.20
cases is thinner as less material is lost from either star.

As in the case of the mass transfer episodes, the accretion episodes also
display similar positions and duration and characteristic shapes of Gaussian
functions. Using the same approach as in §5.3.2.1, we show the Gaussian fits
to the accretion episodes of the secondary for all of our simulations in Figures
5.33 to 5.38. Again, we use the same four parameters, namely the maximum

accretion rate and its position, the width and the continuum level, and data
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points represented with open circles are omitted from the fitting procedure to
ensure that we are fitting correctly the accretion rates at periastron. First,
Figures 5.33 to 5.38 clearly show that the mass accretion episodes can also be
described accurately by Gaussian functions. Second, we note that the accretion
history of the secondary is not as noisy as the primary’s mass transfer episodes,
especially after every periastron passage. Indeed, in all cases, the fit to the
continuum of each Gaussian (D) is very close to zero, suggestive of an accretion
that practically stops after every periastron passage (when neglecting data
points obviously not representative of a Gaussian). These smoother profiles
suggest the secondary does not accrete any mass either from the primary or
the envelope. Third, we note that the position of the peaks and the width

of the Gaussian are similar to the mass transfer episodes of the primary. We
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Figure 5.33 Gaussian fits to the secondary’s mass accretion episodes for the
0.80+40.48 M, binary with e = 0.25.
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Figure 5.36 Same as Figure 5.35 but for the e = 0.15 case. Open circles are
data points which are not taken into account when fitting the free parameters.

gather the results of our fits for all the orbits of all of our simulations in
Figure 5.39. We find that the parameters follow the same trends as shown in
Figure 5.28 for the primary’s mass transfer rates, with only minor difference
in the width of the Gaussians (o). Indeed, we only notice a slightly larger
spread in o for the accretion rate when compared with the mass transfer
rates. For further comparison, the parameters of the Gaussian fits for both
the primary’s mass transfer episodes and the secondary’s accretion episodes
for all our simulations are gathered in Table 5.1. Although we could expect the
maximum mass transfer rate (A;) to be larger than the maximum accretion
rate (Az), we see that it is not always the case. The reason is simply that the
values of the continuum (parameter D) are different for the primary and the

secondary, thus yielding a different zero level from which the peak values are
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Figure 5.37 Same as Figure 5.36 but for the e = 0.20 case. Open circles are
data points which are not taken into account when fitting the free parameters.

measured. In any case however, the total mass accreted by the secondary is
always less (or equal) to the mass lost by the primary. The remaining mass is

obviously lost to the binary as a whole or to the ejecta (see §5.5).
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Figure 5.38 Same as Figure 5.36 but for the e = 0.25 case.
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Figure 5.39 Amplitude, position, and width of the Gaussian fits to the mass
accretion episode for the secondary as a function of eccentricity for both binary
systems. Black dots are for the 0.80 + 0.48 Mg binary while red dots are for
the 1.50 4+ 1.40 Mg, binary.
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Table 5.1. Summary of all Gaussian parameters for the primary’s and
secondary’s mass transfer and accretion episodes

System ’ Ecc. Ay Az 1 2 o1 o2
(MG/yr) (MO/yr) (Porb) (Porb) (Porb) (Porb)

0.80+0.48 Mg | 0.25 9.61E-02 9.60E-02 0.60 0.60 0.049 0.048
2.23E-02  2.23E-02 1.67 1.67 0.053 0.049
7.06E-02 7.17E-02 2.73 2.73 0.049 0.049
3.42E-01  3.45E-01 3.65 3.65 0.032 0.030

0.30 5.53E-01  5.50E-01 0.59 0.58 0.056 0.054
3.27TE-01  3.24E-01 1.64 1.64 0.056 0.054
5.48E-01 5.57E-01 2.69 2.69 0.057 0.055

1.50+1.40 Mg | 0.15 7.97E-06 7.97E-06 0.59 0.59 0.051 0.051
1.00E-05 1.00E-05 1.58 1.58 0.048 0.048
1.29E-05  1.29E-05 2.58 2.58 0.058 0.058
1.22E-05 1.22E-05 3.57 3.57 0.065 0.065

0.20 1.16E-04 1.16E-04 0.57 0.57 0.049 0.049
1.22E-04 1.29E-04 1.55 1.55 0.066 0.071
1.26E-04  1.33E-04 2.55 2.56 0.062 0.063
1.44E-04 1.52E-04 3.56 3.56 0.062 0.064
1.38E-04 1.48E-04 4.56 4.56 0.065 0.067

0.25 1.80E-03 1.80E-03 0.57 0.57 0.041 0.041
2.27E-03  2.29E-03 1.57 1.57 0.043 0.043
2.79E-03  2.85E-03 2.57 2.57 0.045 0.047
3.35E-03  3.46E-03 3.57 3.57 0.045 0.047
3.64E-03  3.79E-03 4.56 4.57 0.042 0.045
3.87E-03  4.07E-03 5.56 5.57 0.043 0.046

0.30 3.10E-02  3.08E-02 0.57 0.57 0.036 0.036
3.41E-02  3.47E-02 1.57 1.57 0.037 0.037
4.05E-02  4.13E-02 2.57 2.57 0.037 0.037
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5.5 Mass loss

In this section, we focus on the mass lost from the system, namely either to
the binary envelope or the ejecta. As described above, particles are assigned
to either of these two components if they are far enough from either stellar
components and/or their total (relative) energy is positive. First, we discuss
escaping particles and how the codes treats them, and then discuss some trends

observed in our simulations.

5.5.1 Escaping particles

Escaping particles are particles that are found far (i.e. many smoothing lengths)
from the bulk of the particles. By design, the code, and more specifically the
tree building and the neighbours search, run into some problems when particles
escape and/or are found in between the two stars, with only a few other close
particles. Indeed, when particles are ejected from the system, the search for
the required number of neighbours become lengthy and sometimes unsuccess-
ful. To circumvent this issue, we set a maximum smoothing length (~5 Rg)
such that the code does not spend too much time on adjusting the smoothing
length of a small set of particles. These escaping particles lack sufficient neigh-
bours, therefore breaking one of the SPH basic rules, but, as we shall show in
§5.5.2, their low numbers and total mass are small and mostly likely do not
affect the (hydro)dynamics of the mass transfer process itself. Likewise, for
cases where only a handful of particles are found in between the two stars, the
neighbours search can be problematic as increasing the smoothing length can
encompass the surface of one of the stars and suddenly increase the number

of neighbours to a (very) large number. In such cases, we force the smoothing
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length to smaller values such that the number of neighbours is not too large.
However, for simulations (e.g. Models 2 and 3) where only a few particles are
transferred, these fixes can make the hydrodynamics less accurate, making the

treatment more like a gravitational free-fall.

5.5.2 Binary envelope and ejecta

As discussed in Chapter 2, non-conservative mass transfer, although generally
believed to be the norm, is difficult to constrain. In order to further assess
the degree of mass loss from the mass transfer episodes in our simulations,
we show, in Figure 5.40, the total mass bound to the binary envelope (green)
and ejecta (magenta) for only the successful runs from both sets of simulations
(this is a close-up view of Figures 5.17 and 5.18). The upper two panels are
for the low-mass binaries whereas the lower four panels are for the high-mass
binaries. The dotted line is the sum of both of these components. In all cases,
the mass contained in the binary envelope is greater than that in the ejecta,
by a factor of at least two. Both components grow as a function of time,
and although no clear episodes of mass growth is observed for the ejecta, we
find again a somewhat similar stepwise increase in the binary envelope bound
mass. The total mass in each component ranges from a few 107 M, for the
high-mass binary to ~ 6 10™° M, for the low-mass binary. This amounts to
~ 0.1 — 1% of the total initial mass (in SPH particles) of the primary. In all
cases, the binary envelope and the ejecta are composed of at most ~ 50,000
particles, down to only a few tens of particles for the lowest eccentricity case
(for the high-mass binary). This low number limits the ability to accurately

model the hydrodynamics of this material, as discussed in the last section.
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Figure 5.40 Mass (left) and particle (right) loss as a function of time and
eccentricity for both the 0.80+0.48 M, (upper two panels) and the 1.50+ 1.40
Mg (lower four panels) binaries . The green line shows the mass bound to the
binary as a whole and the magenta line is the ejecta.

Figure 5.41 shows the change in bound mass of the binary envelope

and the ejecta normalized by the change in mass of the primary. Essentially,

this shows the fraction of mass lost by the primary that ends up in the binary

envelope or the ejecta. Interestingly, the fraction of mass bound to the binary
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Figure 5.41 Changes in mass in the common envelope and ejecta normalized
by the change in mass of the primary for both the 0.80 + 0.48 Mg (upper two
panels) and the 1.50 + 1.40 M, (lower four panels) binaries.

envelope shows some periodic behaviour, peaking shortly before periastron,
where the stars are at their closest separation along the orbit. This lag comes
from the fact that (some of the) infalling material only temporarily becomes
bound to the secondary before becoming bound to the envelope or the ejecta.

By the end of our simulations, around 20% of the mass lost by the primary

158



Ph.D. Thesis — C.-P. Lajoie McMaster - Physics & Astronomy

end up in the binary envelope, and our results suggest that this fraction slowly
increases as a function of time.

The mass in the ejecta, on the other hand, is roughly constant around
5% for all of our simulations. This is an unexpected result, given that we
observe this trend in all of our simulations, no matter the mass of the stars
or the eccentricity. Moreover, given that the degree of mass loss in binary
evolution is rather unconstrained (e.g. SWKR09), this result is suggestive of a
rather uniform mass loss over different binary masses. Although conservative
mass transfer is usually accepted to be an idealized case, the constant and
small fraction of mass lost from the system suggests that mass transfer is
indeed non-conservative but only to a small degree. This is also interesting
in the context of two (slightly) different accretion scenarios, where accretion
occurs via an accretion disk or through a direct impact. In the latter case,
when the secondary fills a significant fraction of its Roche lobe, the matter
falling in from the L; point hits the accretor almost directly, whereas in the
former case, material falls deep in the potential well of the secondary and forms
a disk. Although the direct impact scenario is more representative of our high-
mass binary rather than the low-mass binary, and whether or not the infalling
material interacts with the secondary’s envelope, we still get that roughly 5%
of the mass lost by the primary ends up in the ejecta. Note, however, that
our simulations do not allow us to assess the fate of the binary envelope. i.e.
whether it is going to be expelled from the system and become part of the
ejecta or be accreted by either stars. This result may have implications for
binary population synthesis studies as well as N-body calculations of binary

populations.
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5.6 Comparisons with previous work

In light of the results presented in §§5.3, 5.4, and 5.5, we can now compare our
work to previous work and discuss the improvements made in the understand-
ing of episodic mass transfer in eccentric binaries. First, similarly to Church
et al. (2009), our results show that the closer the stars are at periastron, the
larger the mass transfer rates. Moreover, we have also showed that the mass
transfer episodes occur not exactly at periastron and last for a small fraction
of the orbital period. In particular, our work shows that these episodes of
mass transfer all last for a constant fraction of the orbital period, independent
of the eccentricity. However, unlike Church et al. (2009), our mass resolution
does not allow us to resolve mass transfer rates as low as ~ 1071% — 107° M,
yr~!. For low-eccentricity binaries, this would most likely increase the number
of particles in the stream of material and better model the flow, but we do not
think that this would drastically change our conclusions.

Our binaries are set up such that they are in corotation at apastron,
therefore making them subsynchronous at periastron as the orbital velocity
at periastron is larger than at apastron. In both of our sets of simulations,
the ratio of the angular velocity, which is fixed for the whole duration of the
simulations, to the orbital velocity at periastron ranges from around 0.30 to
0.60. Thus, according to Sepinsky et al. (2007a) (see also Figure 2.6), this has
the effect of slightly increasing the Roche lobe radius, by ~ 5%, when compared
to the instantaneous Roche lobe radius at periastron. An increase in the
Roche lobe radius would therefore effectively decrease the degree of overflow
and, consequently, the mass transfer rate. Comparing the magnitude of the

mass transfer rate observed in our simulations with theoretical expectations is
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difficult because estimating the actual radius of the primary is rather uncertain.
However, using equation 2.10 (see also Paczyniski & Sienkiewicz 1972 and
Edwards & Pringle 1987; note that these rates are for an n = 3/2 polytrope),
we build a simple model for the mass transfer rate using the instantaneous

Roche lobe radius, which is a generalization of equation 2.4:

0.49¢>"*

Rinst. — D(t) ,
L 0.6¢2% + In(1 + ¢.%)

(5.5)

D(t) is the instantaneous separation of the two stars. Thus, assuming a ra-
dius for the primary star, which should not change much over the course of
our simulations since the total mass involved is small, we can calculate an
instantaneous degree of overflow, AR = (R — R¥™"), based on the instan-
taneous separation of the stars, and a mass transfer rate. This is shown in
Figure 5.42 for the high-mass binary with e = 0.25, along with the functional
dependence of the mass transfer rate on the degree of overflow. The latter
shows that the mass transfer rate increases rapidly over small changes in the
degree of overflow and that it is identically zero when the primary is within its
Roche lobe, as expected. Also, note that we have arbitrarily set the canonical
mass transfer rate (Mo; see Equation 2.10) such that the first peak of mass
transfer matches that from our simulation. Moreover, to mimic the slightly
expanding envelope of the primary, as can be observed in our simulations, we
assume that the radius of the star increases at each orbit, by increments of
0.05 Rp. This large change in radius is arbitrarily chosen to better match
the gradually increasing peak mass transfer rates over time and may not be
adequate. We note that determining the radius of the primary at this point

is difficult as it is surrounded by an envelope and that some of this envelope
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is transferred during periastron passages. However, our results show that the
peak mass transfer does not keep increasing steadily. The surface of the star is
poorly defined from our simulations, but given the relatively small amount of
mass transferred in our simulations, we do not expect a large change in radius
over the course of our simulations. The difficulty in doing such a comparison
with eccentric orbits lies in the fact that (1) we are using the instantaneous
Roche lobe radius derived for circular and synchronous binaries and (2) the
theoretical mass transfer rate used here was derived for polytropes of constant
n. Although this simple model agrees qualitatively well with our simulations
(e.g. Gaussian-like episodes of mass transfer), we emphasize that we arbitrar-
ily fixed the canonical mass transfer rate so that the peaks match. However,
independent of the assumed canonical mass transfer rate, we observe that the
position and width of the mass transfer episode strikingly differ from the theo-
retical expectation. The width of the peak depends on the star’s radius, since
decreasing it will only delay the start of mass transfer, although doing so not
only delays the onset of mass transfer but also decrease the degree of overflow.
Therefore, mass transfer is less, as expected, and the match with the results
from our simulations is not as good. Therefore, it is hard the change the width
of the mass transfer episodes while keeping the same peak value. On the other
hand, there is no parameter that could account for the position of the maxi-
mum rates as, by construction, the largest degree of overflow occurs when the
stars are closest to each other, i.e. at periastron.

The fact that the mass transfer (and accretion) rate in eccentric binaries
has a functional form well fitted by a Gaussian is one major finding that could
be used to extend the work of SWKR07 and SWKRO09. In addition, although

the delayed onset of mass transfer has been recognized and discussed by Regos
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Figure 5.42 Top: Functional dependence of the mass transfer rate on the degree
of overflow of equation 2.10. The units are arbitrary. Bottom: Comparison
between the instantaneous mass transfer rate of equation 2.10 (black) and our
results (red) for the the 1.50 4+ 1.40 My, binary with e = 0.25. Note that we
have arbitrarily fixed the canonical mass transfer rate (Mp) so that the first
mass transfer peaks coincide and that the radius of the primary is increased
during each orbit by increments of 0.05 Ry such that after 6 orbits, the radius
is 2.10 Reg.

et al. (2005) and Church et al. (2009), our work has allowed us to quantify this

lag. Our results allow us to further constrain the shape of the Gaussian to a
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typical FWHM of ~ 0.10 — 0.15, starting right after periastron. SWKRO07 and
SWKRO09 also assumed a constant mass transfer rate, but our simulations show
that the maximum mass transfer rate seems to increase with time, although
we do not have a large number of orbits to verify the longer-term behaviour.
Finally, we have shown that mass loss does occur, as usually assumed, and
have been able to show that it is relatively small, although the long-term fate

of the binary envelope is uncertain.

5.7 Limitations of our method

The hydrodynamical modeling of mass transfer in binaries is a hard task for
many reasons, some numerical and some physical (see Chapter 2). In this
thesis, we introduced a new technique using boundary conditions to circumvent
some of them and showed that by doing so, we can get better insight into the
physics of mass transfer. The physicality of our simulations of course depends
on the physical ingredients we put in. As such, we do not include effects such as
radiation pressure or energy transport mechanisms by radiation or convection.
These effects may have significance especially when studying the long-term
evolution of the thin envelope, where radiative cooling might be most efficient,
but we do not think that our results for the episodes of mass transfer would
be affected by their inclusion. Likewise, as noted in the last column of Tables
4.1 and 4.2, the code and/or the boundary conditions fail to correctly model
mass transfer under extreme circumstances. We now discuss some of these

limitations in more details.
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5.7.1 Solid boundary

The main limitation of our method is the boundary treatment. First, the
boundary is “solid”, and its structure does not change if the gravitational po-
tential changes. Although the work of Deupree & Karakas (2005) showed that
only the outer parts of the stars are affected by the presence of a companion,
the fact that the tidal force changes along an eccentric orbit should modify
(slightly) the inner structure. To do so would require that we calculate the net
force on the ghosts and evolve them in time, which would use more CPU time.
Second, the boundary is “impermeable”, i.e. that particles are not allowed to
go through the boundary. Some of our simulations show that this does in fact
occur when the mass transfer rates are large and the code is not built to deal
with particles wandering inside the boundary, around the central point mass.
This limits our ability to adequately follow some systems for many more orbits.
On the other hand, when the mass transfer rates are very large, particles rush
onto the secondary and, despite all the precautions taken to prevent penetra-
tion of the boundary, move right through the boundary and wander around
the central point mass. At this point, the code can not correctly build the tree
and find neighbours, and we have to stop the code. The runs for which either

of these problems occurred are also noted in Tables 4.1 and 4.2.

5.7.2 Mass resolution

For cases where only a few particle are transferred from one star to the other,
the code can not find enough neighbours. Indeed, the code searches for neigh-
bours by iteratively increasing (or decreasing) the smoothing lengths until the

particle’s volume encloses a number of neighbours that is within a fixed range.
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However, when the volume of the particle gets large enough to enclose part
of the surface of either stars, the number of neighbours becomes large very
quickly. When this occurs, the code thus reacts by decreasing the smoothing
length, but then the number of neighbours becomes too small again, and the
code enters an (almost) infinite loop. At this point, we have to stop our code.
This characteristic of our code therefore limits the minimum mass transfer rate
that can be resolved given the particle masses. Simulations during which our
code ran into infinite loops because of a low number of particles are noted in
Tables 4.1 and 4.2.

As discussed in §5.6, the mass resolution in our simulations is a few
orders of magnitude larger than the work presented in Regds et al. (2005),
although not quite as high as that of Church et al. (2009). Having particles of
lower mass allows for a better description of low mass transfer rates as more
particles will be transferred from one star to the other. This could resolve the
problem we encountered in our low-eccentricity cases (i.e. e=0.10—0.20) where
only a handful of particles were transferred. On the other hand, the caveat of
increasing the mass resolution is that the number of particles gets very large
and the CPU time increases accordingly. Therefore, one must compromise on

the mass resolution and CPU time.

5.7.3 Equation of state

The equation of state we used in this work is that of a perfect gas. Such an
equation of state does not reproduce the different behaviours of stars of dif-
ferent mass upon mass transfer, as discussed in 2. Indeed, stars less massive

than ~ 0.8 —0.9 M have convective envelope that expand upon mass transfer
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whereas more massive stars have radiative envelope that shrink upon mass
transfer, and our equation of state can not reproduce these behaviours. More-
over, the presence of a solid boundary also limits the ability of the stars to
readjust their structure (and radius) consistently across the whole star. How-
ever, given that the total mass in SPH particles is less than ~ 1% of the total
mass of every star we model in this thesis, we do not expect a large (positive or
negative) change in the star’s radius. Therefore, we do not think that using a

different equation of state would change our results and conclusion drastically.

5.8 Summary

In this chapter, we presented the results of our SPH simulations on mass
transfer in binary systems of different masses and eccentricity. In particular,
the relatively high spatial and mass resolutions achieved with our new tech-
nique allowed us to characterize the mass transfer process. We found that
mass transfer episodes, as well as accretion episodes, are well represented by
Gaussian functions with a FWHM of ~ 0.12 — 0.13 P, centered at an orbital
phase of ~ 0.55. These findings apply to all our binaries, independent of the
eccentricity, and represent a major improvement upon previous hydrodynami-
cal simulations of similar systems. We also suggested that our results could be
used in analytical work, such as that of SWKR07 and SWKR09, and binary
population synthesis studies to better and further constrain the evolution of

eccentric binaries.
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Chapter

Conclusion

In this last chapter, we summarize the work presented in this thesis and
discuss its implications and future potential. This work was motivated by the
need for a better understanding of the onset and features of mass transfer
in eccentric binaries for which no full theoretical prescriptions have yet been

derived.

6.1 Summary

The evolution of binary stars has grown into an intense field of study since
it has become clear that many populations of stars have to form through
interactions with close stellar companions. Although the main phases of bi-
nary evolution are nowadays well understood, these evolutionary paths usually
rely on the (idealized) formalism derived for circular and synchronized orbits.
This so-called Roche lobe formalism does not apply for close and interacting
eccentric binaries in which the rotation is asynchronous and the gravitational

potential time-dependent. Given the relatively large number of binary stars,
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and in particular, of binary stars with eccentric orbits, it is imperative to bet-
ter understand the interactions of these systems in order to further constrain
the different galactic populations of exotic stars. Recent breakthroughs by
Sepinsky et al. (2007a), SWKRO07 and SWKR09, in particular, have allowed
us to extend our knowledge of the long-term evolution of eccentric binaries.
Their analytical work has shown that the Roche lobe radius of eccentric bi-
naries can differ significantly from the usually assumed circular case and that
tidal interactions do not always lead to rapid circularization and synchroniza-
tion. Although the results of Sepinsky et al. (2007a), SWKR07 and SWKR09
clearly show that eccentric binaries behave differently from circular ones, their
conclusions are based on a number of assumptions. For example, since the
Roche formalism does not apply for eccentric binaries, it is difficult to deter-
mine the mass transfer rate since it depends on the Roche lobe radius. We
therefore need to rely on a different technique to relax these assumptions and
this is the task we have undertaken in this thesis.

Analytical approaches for the evolution of binaries usually rely on pre-
scriptions or approximations when dealing with mass transfer. To physically
model mass transfer in detail, we have to use a different technique. In Chapter
3, we introduced our Smoothed Particle Hydrodynamics code along with some
improvements that we have performed on it to specifically model mass transfer
in binary stars. In particular, since the presence of a companion only affects
the outermost layers of a star (e.g. Deupree & Karakas 2005), we introduced a
novel way of implementing boundary conditions that allows us to model only
the outer envelope of stars with high spatial and mass resolutions. Our new
technique was shown to conserve energy, to be well suited for the modeling of

stars, and to be up to ~ 50% faster than a fully modeled stars simulation (for
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a given spatial resolution). Although our SPH code does not allow us to follow
stars over long timescales (i.e. for longer than ~ 10® — 10* years), it allows us
to better understand the physics of dynamical mass transfer and this is what
we intended to use our new method for.

But first, we devoted Chapter 4 to the setup of proper initial condi-
tions for modeling binary stars. The fine balance between the gravitational
and hydrodynamical forces in binary stars requires that great care be taken
when preparing the stars. Our binary relaxation procedure makes use of a
non-inertial rotating reference frame to properly account for the tidal pull on
each star from their companion, along with the centrifugal acceleration. We
demonstrated that our initial conditions are consistently implemented in our
relaxation procedure and that they allow us to evolve for many orbits detached
circular binaries and maintain their orbital separation to within 1 — 2%. It
was also shown that our boundary conditions behave well under such test sim-
ulations. Finally, we discussed the two particular binary systems that we use
for our full-scale simulations presented in Chapter 5.

The results of our large-scale simulations are interesting both for the
performances of our novel approach and for the characterization of the mass
transfer episodes. First, we showed that our boundary conditions can effec-
tively handle intermediate mass transfer rates (~ 1078 — 107% Mg yr!). In-
deed, on the one hand, penetration of the boundary by particles occurs when
the rates become too large; the infalling material simply rushes through the
boundary and the code can not recover. On the other hand, our code, by de-
sign, does not handle cases where only a handful of particles are transferred.
Second, for our successful simulations where mass transfer was resolved and

followed for a number of orbits, the mass transfer episodes show clear trends.
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In particular, we show that these episodes can be described by Gaussians with
a FWMH of ~ 0.12 — 0.15 P, and the peak mass transfer rates occur af-
ter periastron, around an orbital phase of ~ 0.55 — 0.56. It is interesting to
note that these results apply for both binary systems modeled and for any ec-
centricity. These results represent a major improvement upon previous work
as our new technique allows us to resolve and characterize the mass transfer
episodes. For example, the early simulations of Edwards & Pringle (1987)
modeled only a small volume around the L; point and did not encompass
the whole process of mass transfer and accretion, whereas Regos et al. (2005)
and Church et al. (2009) used a relatively low number of particles to study
the onset of mass transfer in eccentric binaries. Interestingly, the technique
of Church et al. (2009) allows for the resolution of mass transfer rates of the
order of ~ 1078 — 107 My yr~!, a few orders of magnitude lower than our
mass resolution, which they successfully applied to the modeling of cataclysmic
variables. We also note that the results presented in this thesis could be imple-
mented in analytical work such as that of SWKR07 and SWKRO09 to further
constrain the evolution of eccentric binaries. We also discussed the accretion
onto the secondary and showed that it is also well characterized by similar
Gaussians. The accreted material is observed to form a rather sparse envelope
around the secondary, in the low-mass binary, and around both stars, in the
high-mass binary. Although the fate of this envelope is not determined using
our method (i.e. whether it is going to be accreted by either stars or ejected
from the system), we showed that a constant fraction of the material lost by the
primary is ejected from the systems. The concept of non-conservative mass
transfer is generally accepted nowadays. However, it is poorly constrained

and our results may help putting further constraints on the degree of mass
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conservation in binary evolution.

6.2 Future work

The parameter space for the simulation of mass transfer in binary systems is
rather large and in order to get a better picture of the mass transfer process
in eccentric binaries, it is necessary to cover more of this parameter space.
Moreover, in order to better model binary systems for a larger number of orbits
(so that we eventually reach a steady-state regime) improvements remain to

be done on our code, in particular on our treatment of boundary conditions.

6.2.1 Improvements to the code
6.2.1.1 Permeable and solid boundary

Although our simulations produced important results, as discussed above, the
main limitation of our new approach for modeling boundary conditions resides
in the fact that the boundary is not “impermeable” to particles. In some of
our simulations, particles cross the boundary and the code can hardly deal
with such a situation. As a matter of fact, we do not think that our boundary
should be so particle-tight since we expect some mixing between the infalling
material and the (deeper) envelope of the secondaries. Although moving the
boundary to a smaller radius would easily fix this issue, it would counter the
use and benefits of our new approach. Instead, we suggest that the use of sink
particles at the centre of the stars could be implemented. Sink particles are
just like point masses except that their mass (and momentum) are allowed

to increase as SPH particles get absorbed by it. Such an improvement would
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allow the code to handle relatively large mass transfer, which was the main
reason of the early ending of some of our simulations, and evolve our binaries
for much longer. Although mixing is hardly resolved in our simulations (we
probably observe deep penetration rather than actual mixing), it is actually
thought to be an important feature in the binary formation scenario of blue
stragglers whose cores have somehow been replenished with fresh hydrogen.
The use of sink particles could help further clarify this scenario.

Likewise, as discussed in §5.7, our boundary is solid and does not change
its shape or provide a time-variable pressure gradient on the SPH particles.
As a first approximation, this is a valid treatment (e.g. Deupree & Karakas
(2005). However, when the gravitational potential changes significantly along
the orbit, like on eccentric orbits, the solid boundary may not be adequate.
Such an improvement would involve calculating the actual gravitational force
on the ghosts, which is not done as of now, and would therefore require more
CPU time. Similarly, we note that the angular velocity of the ghost particles
is maintained fixed during our simulations. This is a valid assumption as
synchronization occurs over timescales much longer than the whole duration
of any of our simulations. However, we think that it would be more physical
to drive the angular velocity of the ghosts consistently by ensuring that the
angular momentum between the SPH particles and the ghosts is conserved.
Although we have not undertaken any work on improving the treatment of
“softer” boundaries, we think that both of these “upgrades” would greatly

improve the validity of our method.
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6.2.1.2 Binary relaxation for unequal-mass binaries

Our relaxation procedure for binary stars has proven to be especially efficient
for equal-mass binaries. However, for unequal-mass binaries, we have hardly
been able to achieve similar accuracy in the orbital separation. As discussed
in §4.3, we suspect the reason for this behaviour to be either in our gravita-
tional force calculation routine or in the use of individual timesteps. We have
tried different approaches for the latter but have not yet found any ways to
improve it. As for the gravitational force calculation, we found that using an
N-body approach (i.e. using smaller opening angles; see Chapter 3) improves
our results, although doing so also makes running our simulations significantly

longer.

6.2.2 Impacts on previous work

Our simulations allowed us to assess the validity of our new boundary condition
treatment, which can be applied to the study of many other different types
of stars. For example, wind accretion is one common way for stars to accrete
from a relatively distant companion and a few different populations of stars
are thought to have been formed this way (e.g. barium and carbon stars). We
suggest that our technique is versatile enough and that it can be used to model
such systems and improve upon previous work (e.g. Theuns et al. 1996).
Likewise, our simulations allowed us to characterize the mass transfer
episodes in eccentric orbits which, we suggest, can be used to further refine
the work of SWKRO07 and SWKRO09. Indeed, these authors used a delta func-
tion centered at periastron (i.e. mass transfer occurs instantly and at only one

point along the orbit) to represent the mass transfer in eccentric binaries. The
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fact that these episodes are actually better represented by Gaussian functions
with an almost constant FWHM of ~ 0.12 — 0.15 P,,, would arguably mod-
ify the total mass exchanged during each periastron passage and change the
secular evolution of binaries. The implementation of the results of SWKR07
and SWKRO09, along with the results presented in this thesis, in binary popu-
lation synthesis codes could also arguably change the overall picture of some
binary populations, especially in dense stellar environments where encounters
and captures most likely lead to the formation of eccentric binaries. Such re-
finements to the existing theory of eccentric binaries would represent a step
towards a more realistic theory of binary stars. Likewise, a better understand-
ing of the evolution of such binaries would also help shed some light on the

formation scenarios (and existence) of some exotic objects.

6.3 Final thoughts

As it turns out, binary star evolution does not only affect the stars themselves,
but also their environment. The dynamical evolution of globular clusters, for
example, is driven partly by binaries, although the formation of such large
groups of stars is still not fully understood. The decryption of the dynamical
story of globular clusters hidden in their different exotic stellar populations
formed through binaries may be the link to the conditions of when these pop-
ulous objects formed. Globular clusters are the building blocks of galaxies and
remnants from the initial moments of the formation of our own Galaxy, and,
possibly, their history may be recovered only through the understanding of the
evolution of binary star.

Finally, we note that astronomical observations have ever only relied
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on the light received here on Earth to explain celestial phenomena. We only
see stars and galaxies through the photons they emit (at least for now; gravi-
tational wave detection has become an intense field of research). Yet, in most
instances, the information carried by these little photons tells a story that we
still can not fully reconcile with our own theories. Sometimes, then, it is only
through our imagination and innovative creations that we can hope to learn
more about what is hidden to us. Such a quest for knowledge has lead us to
use numerical simulations to recreate the structures of the Universe, to fast-
forward the formation and evolution of galaxies and stars, and to “observe”
the interactions of stars with each other, with the aim of always pushing fur-
ther the limits of our theories. It is in the hope of a greater appreciation of the
inner workings of the Universe on all of its scales that we pursue this research,

one small step at a time.
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