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Mass Transfer: a feature of stellar evolution

Stars change their physical size by several 
orders of magnitude over their lifetimes.

But what happens to binary star systems?
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Credit: https://commons.wikimedia.org/wiki/
File:Evolution_of_the_Sun_2_EN.svg#filelinks

Oftentimes, binaries are separated enough that they don’t interact while on the MS. 

Once the primary begins to evolve, however, all bets are off!
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ABSTRACT
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1 INTRODUCTION
• Discuss yet again why close period binaries are so important

to study
• Discuss how close period systems can interact with one another

even before mass transfer/Pcrit
• Paragraph on theoretical expectations for orbital synchroniza-

tion, circularization, plus gyrochronology and why it’s hard
• Mention APOGEE survey and Jamie’s estimates briefly
• Mention what we intend to study and how we have gone about

doing it, including an overview of the paper’s sections

Sample citations: Badenes et al. (2018), (e.g. Mazzola et al.
2020). Multiple citations can be joined in a simple way like Holtz-
man et al. (2015, 2018).

2 SAMPLE SELECTION
Discuss the APOGEE data here as well as Jamie’s method for esti-
mating � sin � values. Fig. 1 should be referenced here.

3 RESULTS
3.1 Stellar multiplicity seen through �RVmax and � sin �

Introduce equations 1-3 and then show Figs. 2-3.
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Refer back to them as e.g. equation (2).

3.2 Stellar multiplicity, rotation, and ages

Here’s where we discuss the Kraft break and trends we expect to
see with age, referencing Fig. 4 before concluding.

4 CONCLUSIONS

The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw
from their work.

© 2021 The Authors

Figure 1: Left: The orbital period (Porb) distribution for Sun-like stars in the solar neigh-
borhood [2]. The top axis shows the maximum observable radial velocity (RV) shift for an
equal-mass 1 M� binary. Binaries in the shaded region are likely to interact via mass transfer
once the primary’s Porb equals the critical period (Pcrit) for Roche lobe overflow (RLOF).
Right: Comparison of the fastest rotators from my most recent work with theoretical upper
limits. The gray squares represent the medians of the ten fastest rotators as a function of
log(g), and black arrows identify the fastest rotator for each bin. The diagonal lines show
predicted upper limits on v sin i as a function of log(g) from a set of assumptions that in-
cludes rotational synchronization at the shortest possible period (Prot ⇡ Porb = Pcrit).

increases by several orders of magnitude once the star turns o↵ and progresses to the tip of
the red giant branch (TRGB), shrinks when core helium burning engages and the star joins
the horizontal branch, also known as the red clump (RC), and increases once again when the
star becomes increasingly unstable and progresses towards the tip of the asymptotic giant
branch (TAGB). These fluctuations in radius produce ample opportunities for interactions
with a short-period companion: the onset of mass transfer occurs at the critical period
(Pcrit) for Roche lobe overflow (RLOF), which depends on the primary’s radius and thus
evolutionary stage. Several values of Pcrit for an equal-mass 1 M� binary are demonstrated
by the colored tick marks in the left panel of Fig. 1.

In [4]

Pcrit / R3/2 (1)
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Mass transfer through L1 begins once the system reaches 
the critical period for Roche Lobe Overflow (RLOF), 
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done, and describe the final conclusions which the authors draw
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For close sun-like binaries, interactions 
are a normal part of their evolution!

L1



Mass Transfer: the theoretical picture
But what does MT look like?
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L1
L1

Stable RLOF
Unstable RLOF => Common 

Envelope Evolution (CEE)

Friction => Ejected Envelope, 
Hardening of Binary Merger
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Unstable RLOF => Common 

Envelope Evolution (CEE)



Mass Transfer: the theoretical picture
Classic reference text: Paczynski (1976) 

Over the years, the prescriptions have grown ever more complicated to better address the 
complex, poorly-constrained underlying physics …

§ 𝛂: efficiency of dissipating orbital energy into the CE, governing envelope ejection  [Livio & Soker 1988]
§ 𝛌 : fudge factor in Ebind for variation in donor’s envelope structure  [de Kool 1990]
§ 𝛄 : change in angular momentum, needed to explain double WD binaries [Nelemans+2000]
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Ten years ago, Ivanova+2013 reviewed the field:
“Despite the importance of CEE, it is essentially unsolved.”

Theoretical tools needed to explore RLOF/CEE:
§ Radiative transfer/stellar atmospheres

§ Stellar evolution codes

§ 1D/3D hydrodynamic simulations

§ Binary Population Synthesis (BPS)



An opportunity in white dwarf binaries
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RLOF/CEE end quickly relative to evolutionary 
timescales, so actually observing them is very 
difficult. We instead rely on suspected post-

CE systems…like WD binaries!

Diverse, statistical samples of WD binaries 
can shed light on the physics of MT!
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Thus was born, the AGGC with ~2000 WD binaries [Anguiano+22]

§ APOGEE (SDSS-IV): high-res IR spectra, 
radial velocities (RVs)

§ GALEX: UV photometry

§ Gaia: astrometry, photometry, RV proxies, 
astrometric binary orbits

§ TESS: lightcurves for Prot, eclipses, variability

Anguiano+2022

Sub-Subgiants
(SSG)

Main Sequence (MS)

RLOF/CEE end quickly relative to evolutionary 
timescales, so actually observing them is very 
difficult. We instead rely on suspected post-

CE systems…like WD binaries!

Diverse, statistical samples of WD binaries 
can shed light on the physics of MT!



Case Study: SSG-WD binaries at LCO/NRES
What is a sub-subgiant?

§ Red-ward of the subgiant branch

§ Rapidly rotating, close binaries
§ Frequently X-ray sources

Leiner+2017 proposed a few formation channels:

1) Strong magnetic fields => large starspots that suppress convection => 
lower luminosities and cooler temperatures
Ø No reason per se for a WD companion

2) MT or stripped outer envelope
Ø A WD companion is a natural product of the original donor!

9 Don Dixon, private communication



Case Study: SSG-WD binaries at LCO/NRES
This fall, we have a sample of 32 SSG-WD 
binaries from the AGGC that we’re getting 
additional RV data from LCO/NRES.

Planning to jointly analyze:

§ Orbital information
Porb   ecc   f(M)

§ APOGEE spectroscopic parameters
Teff   log(g)   vsini   chemical abundances

§ UV colors
WD Teff   cooling ages

§ TESS light curves
Prot   eclipses   activity and variability
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Case Study: MS-WD binaries at WIYN/NEID

For BPS to simulate >106 systems, RLOF/CEE is implemented as 
a plug-n-play collection of the simplified parametrizations.*

Even still, predictions for individual systems vary dramatically!

11 Katie Breivik, private communication

Distributions of Porb can reveal the relative contributions of 
unstable RLOF/CEE (blue lines) versus stable RLOF (orange lines).

To explore this, we’re aiming to get RV orbital solutions 
for ~100 MS-WD binaries using WIYN/NEID, starting with 

the most obvious short-period systems.

*side effects may include violating energy or momentum conservation 🙂



Case Study: MS-WD binaries at WIYN/NEID
Potentially even more interesting is the combination 

of Porb and eccentricity.

Tidal interactions pre-CEE are expected to circularize the 
orbit (vertical line), but spiral-in likely undoes this work. 

§ Does that eccentricity remain post-CEE?

§ Could close circumbinary disks excite eccentricity?
§ Could the few prior eccentric detections be 

driven by Kozai-Lidov oscillations?
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Figure 14. Period–eccentricity relationship for the 127 pairs with estimates of those parameters from visual and/or spectroscopic orbital solutions. Components of
binaries are plotted as filled circles, of triples as open triangles, and of quadruple systems as open squares. The horizontal dashed line marks a zero-eccentricity limit
and the vertical dashed line marks the 12 day period, which roughly corresponds to the circularization period for this population of stars. The exceptions with notable
eccentricities to the left of this line are discussed in the text. The dashed curve represents a boundary, to the left of which pairs approaching periastron will pass within
1.5 R! and are hence likely to collide. The relation is derived assuming a mass sum of 1.5 M!, the average value for all the pairs.

systems. The flat eccentricity distributions in Figure 15 are
in contrast to the DM91 results, which showed a normal
distribution for periods below 1000 days, and an f (e) = 2e
distribution for longer-period systems. Pairs with periods below
12 days are circularized, with one notable exception. The
7 day SB2 pair HD 45088 Aa-Ab seems to have an unusually
high eccentricity of 0.1471 ± 0.0034 for its short period, and
the longer 600 year AB orbit has an eccentricity of 0.25. A
possible explanation is that this system is relatively young
and hence not yet circularized. The log R′

HK of the primary
of −4.266 (Gray et al. 2003) is among the highest for the stars
of this sample, suggesting relative youth, which is consistent
with a high rotational-velocity and emission features in its
spectra (Mishenina et al. 2008). However, the chromospheric
activity and high rotation can also be explained by tidal
interactions between the components of the short-period binary.
An alternate explanation of the high eccentricity is the Kozai
mechanism (Kozai 1962), which causes periodic oscillations in
the eccentricity and inclination of inner orbit due to tidal forces
from the wide companion. Another similar system, HD 223778,
has an outer orbit with an large eccentricity of 0.55, and an
inner orbit with a small eccentricity of 0.0174 ± 0.0035. While
low, the inner orbit’s eccentricity is different from zero by a
5σ significance, suggesting that the Kozai mechanism could
be at play in this system as well. In another observational
support of the Kozai mechanism, Figure 14 shows that the
upper-eccentricity envelope is dominated by components of
triple systems, as also observed by DM91.

5.3.5. Mass-ratio Distribution

Figure 16 shows the distribution of mass ratios (M2/M1) for
binaries, pairs in higher-order multiple systems, and composite-
mass pairs in multiple systems (see the figure caption for an
example). These plots exclude 11 systems with components
whose masses could not be estimated by the process described

in Section 5.3.1. The figure shows a roughly flat distribution for
mass ratios 0.2–0.95. Binaries show a deficiency of low-mass
companions, and Figure 17 illustrates the lack of low-mass,
short-period companions. This parameter space is effectively
covered by the CCPS and D. W. Latham et al. (2010, in
preparation) radial-velocity studies (see Figure 11), so the
deficiency of such companions appears to be real, suggesting
that short-period systems prefer higher mass ratios. The fraction
of short-period (P < 100 days) systems increases from 0% for
mass ratios below 0.2, to 4% for mass ratios below 0.45, to 8%
for mass ratios 0.45–0.9, and to 16% for mass ratios above 0.9.
Figure 16 shows that the preference for like-mass pairs applies
to binaries and pairs in higher-order multiples (such as Aa, Ab
in a Aa, Ab, B triple), but does not apply when the aggregate
mass of a pair is compared with the third component (e.g., mass
of Aa+Ab, compared to mass of B). Consistent with the above
observations, like-mass pairs (M2/M1 > 0.95) prefer relatively
short periods—only six of 27 such pairs have periods longer
than some 200 years and none have periods longer than about
1000 years, corresponding to about 115 AU. These results agree
with predictions from hydrodynamical simulations (Bate et al.
2002), which show that gas around a protobinary preferentially
accretes on to the lower-mass component. This is a consequence
of the lower-mass component sweeping a larger space, thereby
aggregating more mass until the masses are roughly equal.
These results contradict DM91’s conclusions, which showed
no preference for like-mass pairs. Figure 17 also shows that the
majority of short-period pairs belong to triple systems. Of the
16 systems with periods below 100 days, seven are binaries and
nine are the inner pairs of triple systems. These observations
support predictions from hydrodynamical simulations, which
suggest that many short-period pairs could have formed at
wider separations and migrated closer as a result of dynamical
interactions in unstable multiple systems or orbital decays due
to gas accretion and/or the interaction of a binary with its
circumbinary disk (Bate et al. 2002).

Raghavan+2010Dawes Review 6: The Impact of Companions on Stellar Evolution 11

Figure 4. A series of density slices at six different times along the orbital plane during a 3D, hydrodynamic simulations of a common envelope in-spiral
(Section 4.2.2) of a 1-M! companion in the envelope of a 2-M! RGB star. The X marks the position of the companion, the plus symbol marks the position
of the RGB star’s core. The insert shows a central region of approximately 20 R!. The colour scale ranges between 10−6 and 10−3 g cm−3. Credit: image
adapted from Figure 3 of Ohlmann et al. (2016a).

in giant stars in 3D revealing the need for 3D to model AGB
thermal pulse nucleosynthesis.

Binary interaction models using 1D implicit codes. 1D stel-
lar evolution codes are used to model binary interactions,
with binary phenomena such as accretion accounted for af-
ter parameters such as the orbital separation and accretion
rates are calculated analytically, or guided by separate simu-
lations with 3D codes (see below). Many such codes exist, of
which there are a few families. The Eggleton codes are based
on the single-star code of Eggleton (1972). Unique features
include a non-Lagrangian moving mesh, which reduces the
computational time involved in converging a stellar model,
with the inclusion of some unwanted numerical diffusion.
Modern versions of this code include TWIN (Glebbeek et al.,
2008), STARS, and BS (Stancliffe & Glebbeek, 2008). All
include mass transfer and tidal interactions, with the most
modern version of BS also including magnetic field genera-
tion (Potter et al., 2012).

Another commonly used binary star code is based on the
original Kippenhahn code, exemplified by the Bonn Evolu-

tionary Code (BEC, Heger, Langer, & Woosley 2000; Yoon
et al. 2010). This includes parameterised rotational mix-
ing, magnetic fields, mass transfer, and tidal interactions.
The BINSTAR code of the (French-speaking) Brussels group
(Siess et al., 2013) also derives from this original code base,
although it has been updated to include, for example, the
physics of mass transfer in eccentric systems (Davis, Siess,
& Deschamps, 2013). The Flemish-speaking Brussels group
also has a binary star code, called the Population number
synthesis (PNS; De Donder & Vanbeveren 2004), which it
uses for both detailed evolution and population synthesis
(Section 4.2.3).

The newest addition to the selection of binary star codes
is that of the MESA group (Paxton et al., 2015). This com-
bines the widely used MESA single-star code with binary star
physics. Amongst its advantages, MESA was designed from
the beginning by a software engineer, so it is relatively easy
to use and develop.

Binary interaction models using 3D hydrodynamic codes.
Hydrodynamic models of binary interactions do exist, but

PASA, 34, e001 (2017)
doi:10.1017/pasa.2016.52
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Summary
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• MT/CEE is one of the most outstanding unsolved 
problems in astrophysics.

• Catching systems in the act of CEE or merging [V838 Mon, 
V1309 Sco] is very, very unlikely, so we generally study 
suspected post-CEE systems…such as WD binaries, or 
planetary nebulae!

• Ongoing observational campaigns at LCO/NRES and 
WIYN/NEID will use AGGC WD binaries to investigate 

1) the formation mechanisms of SSG-WD binaries 
2) the past experiences of RLOF/CEE of MS-WD

HD 101584

NGC 5189


