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Figure 12. Multiplicity statistics by spectral type. The thin solid lines represent
stars and brown dwarfs beyond the spectral range of this study, and their sources
are listed in the text. For the FGK stars studied here, the thick dashed lines show
our observed multiplicity fractions, i.e., the percentage of stars with confirmed
stellar or brown dwarf companions, for spectral types F6–G2 and G2–K3. The
thick solid lines show the incompleteness-adjusted fraction for the entire F6–K3
sample. The uncertainties of the multiplicity fractions are estimated by bootstrap
analysis as explained in Section 5.2.

publications, when available. Otherwise, they are estimated
using mass ratios for double-lined spectroscopic binaries, or
from multi-color photometry from catalogs, or using the ∆mag
measures in the WDS along with the primary’s spectral type.
Metallicity and chromospheric activity estimates of the primary
are adopted for all components of the system.

5.3.2. Multiplicity by Spectral Type and Color

Figure 12 shows the multiplicity fraction for stars and brown
dwarfs. Most O-type stars seem to form in binary or multiple
systems, with an estimated lower limit of 75% in clusters and
associations having companions (Mason et al. 1998a, 2009).
Studies of OB-associations also show that over 70% of B and
A type stars have companions (Shatsky & Tokovinin 2002;
Kobulnicky & Fryer 2007; Kouwenhoven et al. 2007). In sharp
contrast, M-dwarfs have companions in significantly fewer
numbers, with estimates ranging from 11% for companions
14–825 AU away (Reid & Gizis 1997) to 34%–42% (Henry
& McCarthy 1990; Fischer & Marcy 1992). Finally, estimates
for the lowest mass stars and brown dwarfs suggest that only
10%–30% have companions (Burgasser et al. 2003; Siegler et al.
2005; Allen et al. 2007; Maxted et al. 2008; Joergens 2008).
Our results for F6–K3 stars are consistent with this overall
trend, as seen by the thick solid lines for the incompleteness-
corrected fraction. Moreover, the thick dashed lines for two
subsamples of our study show that this overall trend is present
even within the range of solar-type stars. Of the blue subsample
(0.5 ! B − V ! 0.625, F6–G2, N = 131), 50% ± 4%
have companions, compared with only 41% ± 3% for the red
subsample (0.625 < B − V ! 1.0, G2–K3, N = 323).

5.3.3. Period Distribution

Figure 13 shows the period distribution of all 259 confirmed
pairs, with an identification of the technique used to discover
and/or characterize the system. To provide context, the axis
at the top shows the semimajor axis corresponding to the pe-
riod on the x-axis assuming a mass sum of 1.5 M⊙, the aver-
age value of all the confirmed pairs. When period estimates

Figure 13. Period distribution for the 259 confirmed companions. The data
are plotted by the companion detection method. Unresolved companions
such as proper-motion accelerations are identified by horizontal line shading,
spectroscopic binaries by positively sloped lines, visual binaries by negatively
sloped lines, companions found by both spectroscopic and visual techniques by
crosshatching, and CPM pairs by vertical lines. The semimajor axes shown in
AU at the top correspond to the periods on the x-axis for a system with a mass
sum of 1.5 M⊙, the average value for all the pairs. The dashed curve shows
a Gaussian fit to the distribution, with a peak at log P = 5.03 and standard
deviation of σlog P = 2.28.

are not available from spectroscopic or visual orbits, we esti-
mate them as follows. For CPM companions with separation
measurements, we estimate semimajor axes using the statistical
relation log a′′ = log ρ ′′ + 0.13 from DM91, where a is the
angular semimajor axis and ρ is the projected angular separa-
tion, both in arcseconds. This, along with mass estimates as de-
scribed in Section 5.3.1 and Newton’s generalization of Kepler’s
Third Law yields the period. For the remaining few unresolved
pairs, we assume periods of 30–200 years for radial-velocity
variables and 10–25 years for proper-motion accelerations. The
period distribution follows a roughly log-normal Gaussian pro-
file with a mean of log P = 5.03 and σlog P = 2.28, where
P is in days. This average period is equivalent to 293 years,
somewhat larger than Pluto’s orbital period around the Sun. The
median of the period distribution is 252 years, similar to the
Gaussian peak. This compares with corrected mean and me-
dian values of 180 years from DM91. The larger value of the
current survey is a result of more robust companion informa-
tion for wide CPM companions. The similarity of the overall
profile with the incompleteness-corrected DM91 plot suggests
that most companions they estimated as missed have now been
found. The shading in the figure shows the expected trend—the
shortest period systems are spectroscopic, followed by com-
bined spectroscopic/visual orbits, then by visual binaries, and
finally by CPM pairs. The robust overlap between the various
techniques in all but the longest period bins underscores the
absence of significant detection gaps in companion space and
supports our earlier statements about the completeness of this
survey. Binaries with periods longer than log P = 8 are rare,
and only 10 of the 259 confirmed pairs (4%) have estimated
separations larger than 10,000 AU. Although separations wider
than this limit were not searched comprehensively, Figure 8
shows that separations of up to 14,000 AU were searched for
some systems, and 56% of the primaries were searched beyond
the 10,000 AU limit. The drop in the number of systems with
companions thus appears to occur within our search space and
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The death of  THJ
V Hydrae star 

Image credit: NASA, ESA, and A. Feild (STScI) 

Sahai et al. 2016 

continuum (offset 0. 06); this emission signifies a newly
ejected blob.

During epochs 4 and 5, slits +S b2 clearly show emission from
a detached blob at offsets of 0. 24 and 0. 31 (Figures 5(a) and
6(a)). This emission blob is only marginally visible in epoch 6
in slit +S b2 as it is much fainter, located roughly at an offset of
0. 36 (Figure 7(a)). It is significantly brighter and clearly
visible in slit S0b (Figure 7(b)), at an offset of about 0. 36; it is
likely present in the S0b slits in epochs 4 and 5 as well, but not
sufficently well-separated from the bright on-source blob
emission. Thus, as during epochs 1–3, we find clear proper
motion of the detached blob during epochs 5–6. A bright on-
source emission blob is seen in the S0b slit for all 3 epochs
(Figures 5(b), 6(b) and 7(b)); this blob peaks in brightness

during epoch 5. Although, as in Period 1, emission from the
detached blob is also seen in the S0b slits, it is not well
separated from the outer parts of the on-source blob.
A faint distant blob can be seen at an offset of about 0. 75

(0. 8) in the -S b2 slit during epoch 4 (epoch 5) (Figures 8(b),

Figure 2. STIS longslit spectra of V Hya showing the [S II]l4069.7 line
emission in a 0. 2 slit from Epoch 1, 2002 January 28 (GO 9100), oriented at
PA=90°, and centered at offsets of (a) 0 (slit S0b), and (b) -0. 2 (slit -S b2 )
relative to the central star, along an axis oriented orthogonal to the slit. The
central star is located at spatial offset 0 (dashed vertical line), and positive
spatial offsets lie to its east. V Hya’s systemic radial velocity, is =Vhel
-7 -k m s 1(horizontal dotted line). A background continuum has been
subtracted. The scale color-bar shows intensities in units of
erg s−1 cm−2 Å−1 arcsec−2. The dominant emission blob is labelled with its
type (one-source, detached or distant), together with the number of the
associated bullet.

Figure 3. As in Figure 2, but for Epoch 2, 2002 December 29 (GO 9632), with
a 0 1 slit oriented at PA=87°, and centered at offsets of (a) 0 (slit S0t), (b)
−0 1 (slit -S t1 ), and (c) -0. 2 (slit -S t2 ) relative to the central star.

4

The Astrophysical Journal, 827:92 (13pp), 2016 August 20 Sahai & Morris

2002 STIS[S II]l4069.7 line 
emission color-bar intensities erg 
s−1 cm−2 Å−1 arcsec−2 
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W  I  Y  P ? 

When I was 7 years old, I 
read a book about the so-
lar system. I was aston-
ished by what I learned, 
and my passion for sci-
ence, especially astro-
physics, started there. I 
grew up reading about 
stars, planets, galaxies, 
black holes, the birth and 
fate of the Universe. Also, 
when I was in High 
School, there was a docu-
mentary TV series called 
“The Universe” which 

featured interviews with 
experts in astrophysics. My 
favorite subject in the show 

was the supermassive black hole at the center of our gal-
axy, studied by Drs. Mark Morris and Andrea Ghez, pro-
fessors at the University of California – Los Angeles 
(UCLA).  
 
My desire of understanding how the Universe works led 
me to major in physics at TAMUK. Nevertheless, I knew 
that an undergraduate career was not enough; a graduate 
education was necessary for me to become a researcher in 
astrophysics. I was accepted to research internships at 
UCLA and the Massachusetts Institute of Technology 
(MIT) during my sophomore and junior years at TAMUK, 
respectively. I worked hard to polish my skills, so I could 
apply to graduate school.  
 
Today, I am a PhD student at UCLA, Dr. Mark Morris is 
my advisor, and I am part of the Galactic Center Group at 
UCLA. I am able to sit down at the same table as Dr. 
Morris and Dr. Ghez, and work with the people who once 
inspired me to pursue my goals. 
 
This may sound like a nice story, but I did not mention the 
many struggles and adversities I encountered over the 
years: language barriers, financial struggles, and not to 
mention that astrophysics is hardly an easy subject; there 
were times when I considered giving up. But my passion 
was so great that it kept me going through the hardest 
times.  When I was young I had a dream… today I am 
living that dream. Following your dreams is not easy, but 
your passion will not only allow you to keep going during 
hard times, but also, if you dedicate your life to do what 
you love, you will never have to work a day in your life. 
So, I ask again: What is your passion? 

Jesus M. Salas 
Alumni Student 

P   L  U -
 

“Is Information Gained, 
Conserved, or Lost in a 
Quantum Observation?” 
is the title of a paper pre-
sented by Dr. Lionel D. 
Hewett, Chair of the 
Physics/Geosciences 
Department, at the 
Spring 2015 Joint Meet-
ing of the Texas Section 
of the American Physi-
cal Society, Texas Sec-
tion of the American As-
sociation of Physics 

Teachers, and Zone 13 of the Society of Physics Stu-
dents, held at Lamar University, Beaumont, TX, on 
March 2, 2016. In the presentation, Dr. Hewett dis-
cussed how certain information about the previous state 
of a quantum system is lost when it is observed, how 
other information is conserved, and how some new in-
formation is gained. Observation of the quantum world 
is truly a fascinating exercise. This is illustrated by the 
YouTube video Dr Quantum- Double Slit Experiment 
which shows how the information gained from experi-
mental observations challenges our understanding of 
the quantum realm. 

  
Rodolfo Gonza-
lez II, a double 
major in mathe-
matics and phys-
ics made an oral 
presentation sum-
marizing his 
physics senior 
research report 
entitled, “Orders 
of Infinity.” His 
written report was 

too extensive to present in its entirety as it provided a 
rigorous mathematical framework for a new branch of 
mathematics that involves orders of infinity and their 
applications in mathematics and physics. This new 
branch of mathematics involves hyperreal numbers 
(real numbers, infinitesimal numbers, and infinite num-
bers defined as the reciprocals of infinitesimals) catego-
rized as higher order infinities defined as reciprocals of 
higher order infinitesimals.  

Rodolfo Gonzalez II  
At Lamar University in Beaumont   

Dr. Quantum 
A YouTube Video Character 
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Jesus Salas

Salas, Naoz et al (2019)
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Figure 1. Example of orbital evolutions of survivor and merger systems. The purple shaded region indicates the Late-AGB phase, which lasts for ⇠ 3 Myrs. Left : system in which the
inner companion’s periastron (blue line) never crosses V Hya’s Roche limit (green dashed line). The semi-major axis of the inner orbit (red line) increases substantially at ⇠ 1.146 Gyrs.
This is because at this time the star sheds most of its mass and becomes a white dwarf. Initial system parameters for this system are m1 = 0.001 M�, m2 = 0.01 M�, a2 = 400 AU, e2 =
0.3, i = 175 degrees. Middle: system in which the inner companion merges with V Hya during the L-AGB phase. Initial system parameters are m1 = 0.001 M�, m2 = 0.01 M�, a2 = 200
AU, e2 = 0.45 i = 70 degrees. Right : system in which strong EKL oscillations of the inner orbit’s periastron prompts the companion to merge with V Hya during the Main Sequence
phase. Initial system parameters are m1 = 0.01 M�, m2 = 0.3 M�, a2 = 200 AU, e2 = 0.6, i = 70 degrees.

Figure 2. Example orbital evolutions of “grazing” systems. The purple shaded region indicates the Late-AGB phase, which lasts for ⇠ 3 Myrs. Left : system in which the inner companion’s
periastron (blue line) crosses V Hya’s Roche limit (green dashed line, q = 2.7) during the L-AGB phase. Initial system parameters are m1 = 0.001 M�, m2 = 0.01 M�, a2 = 400 AU, e2
= 0.6, i = 105 degrees. Middle: system in which the inner companion’s periastron (blue line) crosses V Hya’s Roche limit (cyan dashed line, q = 1.66) during the L-AGB phase. Initial
system parameters are m1 = 5⇥105 M�, m2 = 0.01 M�, a2 = 200 AU, e2 = 0.6, i = 35 degrees. Right : system in which the inner companion’s orbit circularizes, and its semi-major axis
(red line) crosses the Roche limit of V Hya (green dashed line, q = 2.7). Initial system parameters are m1 = 0.6 M�, m2 = 0.6 M�, a2 = 1000 AU, e2 = 0.6, i = 70 degrees.
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Image credit: NASA, ESA, and A. Feild (STScI) e.g., Sahai et al. 2016 
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When I was 7 years old, I 
read a book about the so-
lar system. I was aston-
ished by what I learned, 
and my passion for sci-
ence, especially astro-
physics, started there. I 
grew up reading about 
stars, planets, galaxies, 
black holes, the birth and 
fate of the Universe. Also, 
when I was in High 
School, there was a docu-
mentary TV series called 
“The Universe” which 

featured interviews with 
experts in astrophysics. My 
favorite subject in the show 

was the supermassive black hole at the center of our gal-
axy, studied by Drs. Mark Morris and Andrea Ghez, pro-
fessors at the University of California – Los Angeles 
(UCLA).  
 
My desire of understanding how the Universe works led 
me to major in physics at TAMUK. Nevertheless, I knew 
that an undergraduate career was not enough; a graduate 
education was necessary for me to become a researcher in 
astrophysics. I was accepted to research internships at 
UCLA and the Massachusetts Institute of Technology 
(MIT) during my sophomore and junior years at TAMUK, 
respectively. I worked hard to polish my skills, so I could 
apply to graduate school.  
 
Today, I am a PhD student at UCLA, Dr. Mark Morris is 
my advisor, and I am part of the Galactic Center Group at 
UCLA. I am able to sit down at the same table as Dr. 
Morris and Dr. Ghez, and work with the people who once 
inspired me to pursue my goals. 
 
This may sound like a nice story, but I did not mention the 
many struggles and adversities I encountered over the 
years: language barriers, financial struggles, and not to 
mention that astrophysics is hardly an easy subject; there 
were times when I considered giving up. But my passion 
was so great that it kept me going through the hardest 
times.  When I was young I had a dream… today I am 
living that dream. Following your dreams is not easy, but 
your passion will not only allow you to keep going during 
hard times, but also, if you dedicate your life to do what 
you love, you will never have to work a day in your life. 
So, I ask again: What is your passion? 

Jesus M. Salas 
Alumni Student 

P   L  U -
 

“Is Information Gained, 
Conserved, or Lost in a 
Quantum Observation?” 
is the title of a paper pre-
sented by Dr. Lionel D. 
Hewett, Chair of the 
Physics/Geosciences 
Department, at the 
Spring 2015 Joint Meet-
ing of the Texas Section 
of the American Physi-
cal Society, Texas Sec-
tion of the American As-
sociation of Physics 

Teachers, and Zone 13 of the Society of Physics Stu-
dents, held at Lamar University, Beaumont, TX, on 
March 2, 2016. In the presentation, Dr. Hewett dis-
cussed how certain information about the previous state 
of a quantum system is lost when it is observed, how 
other information is conserved, and how some new in-
formation is gained. Observation of the quantum world 
is truly a fascinating exercise. This is illustrated by the 
YouTube video Dr Quantum- Double Slit Experiment 
which shows how the information gained from experi-
mental observations challenges our understanding of 
the quantum realm. 

  
Rodolfo Gonza-
lez II, a double 
major in mathe-
matics and phys-
ics made an oral 
presentation sum-
marizing his 
physics senior 
research report 
entitled, “Orders 
of Infinity.” His 
written report was 

too extensive to present in its entirety as it provided a 
rigorous mathematical framework for a new branch of 
mathematics that involves orders of infinity and their 
applications in mathematics and physics. This new 
branch of mathematics involves hyperreal numbers 
(real numbers, infinitesimal numbers, and infinite num-
bers defined as the reciprocals of infinitesimals) catego-
rized as higher order infinities defined as reciprocals of 
higher order infinitesimals.  

Rodolfo Gonzalez II  
At Lamar University in Beaumont   

Dr. Quantum 
A YouTube Video Character 
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Figure 3. Illustration of how the end state of the system depends on the mass of the inner companion (m1). Left : Plot of Dmin (Equation
4) vs the eccentricity of the inner orbit (e1) at the time of minimum periastron distance to the primary’s Roche limit (tDmin, using q = 2.7).
We do not include any merger system in this panel. Green shaded region represents the Roche limit crossing. Right : Plot of outcomes
as a function of initial m1 vs and eccentricity of the inner orbit (e1) at the time of minimum periastron distance to the primary’s Roche
limit (tDmin, using q = 2.7). Stellar-mass (m1 > 0.1 M�, and a few planets) companions produce TCBs (blue dots), while planets (and
brown dwarfs, all with m1 < 0.1 M�) produce grazing systems (red stars). Neptune-mass objects achieve the highest eccentricities. Green
crosses (x) represent L-AGB mergers, and black dots (•) represent survivor systems (like those in the left panel of Figure 1).

Figure 4. Percentages of Neptune, Jupiter and brown dwarf systems (relative to total of grazing systems) for the values of m2, a2 and
e2. For example, in 33% out of 28 systems with a brown dwarf (i.e., 9 systems), the location of m2 is 200 AU.
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configurations because of the drag encountered inside the
Roche limit.

We show in Figure 3 how the mass of the inner compan-
ion (m1) a↵ects the evolution of the system. In the left panel
we illustrate the relationship between Dmin and eccentricity.
We define Dmin as:

Dmin = min[a1(1� e1)�RLV Hya], (4)

i.e., the minimum distance between the periastron of the in-
ner orbit and V Hya’s Roche limit (Dmin = 0 indicates Roche
limit crossing, using q = 2.7). On the x-axis, we show the
eccentricity at the time of Dmin (tDmin

, which occurs during
the L-AGB phase). It is clear that most surviving stellar
companions (m1 > 0.1 M�) circularized (reached final val-
ues of e1 ⇠ 0). Most surviving non-stellar companions (m1
< 0.1 M�) follow an expected linear relation between Dmin

and e1(tDmin
). There is also a subtle mass dependence, color

coded in the Figure: lower-mass objects reached higher ec-
centricities.

Most companions with m1 = 0.1 M� merged during or
before the L-AGB phase, as indicated in the right panel of
Figure 2. Most of the TCB systems contain a stellar mass
m1 > 0.1 M� companion, while brown dwarfs and planets
(m1 < 0.1 M�) produced mainly grazing systems.

Using the upper limit value of q = 2.7, our simulations
show that among all the objects that end up grazing the
primary’s Roche limit, there are more Neptune-mass objects
than any other, followed by Jupiter-mass and brown dwarf
companions.

We now turn to constrain the mass of the third, more
distant companion, as well as its eccentricity and semi-major
axis. Figure 4 shows the percentage of grazing systems (rel-
ative to the total number of grazing brown dwarfs, Jupiters
and Neptunes) which contain di↵erent values of m2, a2 and
e2. Our results indicate that most grazing Neptunes were
caused by far away (a2 ⇠ 800-1000 AU), sub-solar mass com-
panions (m2 > 0.1 M�). On the other hand, among grazing
brown dwarfs, there is a higher percentage of systems with
closer (a2 = 200 AU) outer companions than those that have
more distant (a2 � 400 AU) outer companions.
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Figure 1. Example of orbital evolutions of survivor and merger systems. The purple shaded region indicates the Late-AGB phase, which lasts for ⇠ 3 Myrs. Left : system in which the
inner companion’s periastron (blue line) never crosses V Hya’s Roche limit (green dashed line). The semi-major axis of the inner orbit (red line) increases substantially at ⇠ 1.146 Gyrs.
This is because at this time the star sheds most of its mass and becomes a white dwarf. Initial system parameters for this system are m1 = 0.001 M�, m2 = 0.01 M�, a2 = 400 AU, e2 =
0.3, i = 175 degrees. Middle: system in which the inner companion merges with V Hya during the L-AGB phase. Initial system parameters are m1 = 0.001 M�, m2 = 0.01 M�, a2 = 200
AU, e2 = 0.45 i = 70 degrees. Right : system in which strong EKL oscillations of the inner orbit’s periastron prompts the companion to merge with V Hya during the Main Sequence
phase. Initial system parameters are m1 = 0.01 M�, m2 = 0.3 M�, a2 = 200 AU, e2 = 0.6, i = 70 degrees.

Figure 2. Example orbital evolutions of “grazing” systems. The purple shaded region indicates the Late-AGB phase, which lasts for ⇠ 3 Myrs. Left : system in which the inner companion’s
periastron (blue line) crosses V Hya’s Roche limit (green dashed line, q = 2.7) during the L-AGB phase. Initial system parameters are m1 = 0.001 M�, m2 = 0.01 M�, a2 = 400 AU, e2
= 0.6, i = 105 degrees. Middle: system in which the inner companion’s periastron (blue line) crosses V Hya’s Roche limit (cyan dashed line, q = 1.66) during the L-AGB phase. Initial
system parameters are m1 = 5⇥105 M�, m2 = 0.01 M�, a2 = 200 AU, e2 = 0.6, i = 35 degrees. Right : system in which the inner companion’s orbit circularizes, and its semi-major axis
(red line) crosses the Roche limit of V Hya (green dashed line, q = 2.7). Initial system parameters are m1 = 0.6 M�, m2 = 0.6 M�, a2 = 1000 AU, e2 = 0.6, i = 70 degrees.
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read a book about the so-
lar system. I was aston-
ished by what I learned, 
and my passion for sci-
ence, especially astro-
physics, started there. I 
grew up reading about 
stars, planets, galaxies, 
black holes, the birth and 
fate of the Universe. Also, 
when I was in High 
School, there was a docu-
mentary TV series called 
“The Universe” which 

featured interviews with 
experts in astrophysics. My 
favorite subject in the show 

was the supermassive black hole at the center of our gal-
axy, studied by Drs. Mark Morris and Andrea Ghez, pro-
fessors at the University of California – Los Angeles 
(UCLA).  
 
My desire of understanding how the Universe works led 
me to major in physics at TAMUK. Nevertheless, I knew 
that an undergraduate career was not enough; a graduate 
education was necessary for me to become a researcher in 
astrophysics. I was accepted to research internships at 
UCLA and the Massachusetts Institute of Technology 
(MIT) during my sophomore and junior years at TAMUK, 
respectively. I worked hard to polish my skills, so I could 
apply to graduate school.  
 
Today, I am a PhD student at UCLA, Dr. Mark Morris is 
my advisor, and I am part of the Galactic Center Group at 
UCLA. I am able to sit down at the same table as Dr. 
Morris and Dr. Ghez, and work with the people who once 
inspired me to pursue my goals. 
 
This may sound like a nice story, but I did not mention the 
many struggles and adversities I encountered over the 
years: language barriers, financial struggles, and not to 
mention that astrophysics is hardly an easy subject; there 
were times when I considered giving up. But my passion 
was so great that it kept me going through the hardest 
times.  When I was young I had a dream… today I am 
living that dream. Following your dreams is not easy, but 
your passion will not only allow you to keep going during 
hard times, but also, if you dedicate your life to do what 
you love, you will never have to work a day in your life. 
So, I ask again: What is your passion? 
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March 2, 2016. In the presentation, Dr. Hewett dis-
cussed how certain information about the previous state 
of a quantum system is lost when it is observed, how 
other information is conserved, and how some new in-
formation is gained. Observation of the quantum world 
is truly a fascinating exercise. This is illustrated by the 
YouTube video Dr Quantum- Double Slit Experiment 
which shows how the information gained from experi-
mental observations challenges our understanding of 
the quantum realm. 

  
Rodolfo Gonza-
lez II, a double 
major in mathe-
matics and phys-
ics made an oral 
presentation sum-
marizing his 
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research report 
entitled, “Orders 
of Infinity.” His 
written report was 

too extensive to present in its entirety as it provided a 
rigorous mathematical framework for a new branch of 
mathematics that involves orders of infinity and their 
applications in mathematics and physics. This new 
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rized as higher order infinities defined as reciprocals of 
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Figure 3. Illustration of how the end state of the system depends on the mass of the inner companion (m1). Left : Plot of Dmin (Equation
4) vs the eccentricity of the inner orbit (e1) at the time of minimum periastron distance to the primary’s Roche limit (tDmin, using q = 2.7).
We do not include any merger system in this panel. Green shaded region represents the Roche limit crossing. Right : Plot of outcomes
as a function of initial m1 vs and eccentricity of the inner orbit (e1) at the time of minimum periastron distance to the primary’s Roche
limit (tDmin, using q = 2.7). Stellar-mass (m1 > 0.1 M�, and a few planets) companions produce TCBs (blue dots), while planets (and
brown dwarfs, all with m1 < 0.1 M�) produce grazing systems (red stars). Neptune-mass objects achieve the highest eccentricities. Green
crosses (x) represent L-AGB mergers, and black dots (•) represent survivor systems (like those in the left panel of Figure 1).

Figure 4. Percentages of Neptune, Jupiter and brown dwarf systems (relative to total of grazing systems) for the values of m2, a2 and
e2. For example, in 33% out of 28 systems with a brown dwarf (i.e., 9 systems), the location of m2 is 200 AU.
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configurations because of the drag encountered inside the
Roche limit.

We show in Figure 3 how the mass of the inner compan-
ion (m1) a↵ects the evolution of the system. In the left panel
we illustrate the relationship between Dmin and eccentricity.
We define Dmin as:

Dmin = min[a1(1� e1)�RLV Hya], (4)

i.e., the minimum distance between the periastron of the in-
ner orbit and V Hya’s Roche limit (Dmin = 0 indicates Roche
limit crossing, using q = 2.7). On the x-axis, we show the
eccentricity at the time of Dmin (tDmin

, which occurs during
the L-AGB phase). It is clear that most surviving stellar
companions (m1 > 0.1 M�) circularized (reached final val-
ues of e1 ⇠ 0). Most surviving non-stellar companions (m1
< 0.1 M�) follow an expected linear relation between Dmin

and e1(tDmin
). There is also a subtle mass dependence, color

coded in the Figure: lower-mass objects reached higher ec-
centricities.

Most companions with m1 = 0.1 M� merged during or
before the L-AGB phase, as indicated in the right panel of
Figure 2. Most of the TCB systems contain a stellar mass
m1 > 0.1 M� companion, while brown dwarfs and planets
(m1 < 0.1 M�) produced mainly grazing systems.

Using the upper limit value of q = 2.7, our simulations
show that among all the objects that end up grazing the
primary’s Roche limit, there are more Neptune-mass objects
than any other, followed by Jupiter-mass and brown dwarf
companions.

We now turn to constrain the mass of the third, more
distant companion, as well as its eccentricity and semi-major
axis. Figure 4 shows the percentage of grazing systems (rel-
ative to the total number of grazing brown dwarfs, Jupiters
and Neptunes) which contain di↵erent values of m2, a2 and
e2. Our results indicate that most grazing Neptunes were
caused by far away (a2 ⇠ 800-1000 AU), sub-solar mass com-
panions (m2 > 0.1 M�). On the other hand, among grazing
brown dwarfs, there is a higher percentage of systems with
closer (a2 = 200 AU) outer companions than those that have
more distant (a2 � 400 AU) outer companions.
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Figure 1. Example of orbital evolutions of survivor and merger systems. The purple shaded region indicates the Late-AGB phase, which lasts for ⇠ 3 Myrs. Left : system in which the
inner companion’s periastron (blue line) never crosses V Hya’s Roche limit (green dashed line). The semi-major axis of the inner orbit (red line) increases substantially at ⇠ 1.146 Gyrs.
This is because at this time the star sheds most of its mass and becomes a white dwarf. Initial system parameters for this system are m1 = 0.001 M�, m2 = 0.01 M�, a2 = 400 AU, e2 =
0.3, i = 175 degrees. Middle: system in which the inner companion merges with V Hya during the L-AGB phase. Initial system parameters are m1 = 0.001 M�, m2 = 0.01 M�, a2 = 200
AU, e2 = 0.45 i = 70 degrees. Right : system in which strong EKL oscillations of the inner orbit’s periastron prompts the companion to merge with V Hya during the Main Sequence
phase. Initial system parameters are m1 = 0.01 M�, m2 = 0.3 M�, a2 = 200 AU, e2 = 0.6, i = 70 degrees.

Figure 2. Example orbital evolutions of “grazing” systems. The purple shaded region indicates the Late-AGB phase, which lasts for ⇠ 3 Myrs. Left : system in which the inner companion’s
periastron (blue line) crosses V Hya’s Roche limit (green dashed line, q = 2.7) during the L-AGB phase. Initial system parameters are m1 = 0.001 M�, m2 = 0.01 M�, a2 = 400 AU, e2
= 0.6, i = 105 degrees. Middle: system in which the inner companion’s periastron (blue line) crosses V Hya’s Roche limit (cyan dashed line, q = 1.66) during the L-AGB phase. Initial
system parameters are m1 = 5⇥105 M�, m2 = 0.01 M�, a2 = 200 AU, e2 = 0.6, i = 35 degrees. Right : system in which the inner companion’s orbit circularizes, and its semi-major axis
(red line) crosses the Roche limit of V Hya (green dashed line, q = 2.7). Initial system parameters are m1 = 0.6 M�, m2 = 0.6 M�, a2 = 1000 AU, e2 = 0.6, i = 70 degrees.
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Hidden planetary friends 4151

Figure 4. The parameter space of hidden friends for a few observed systems. Here, we consider the companion’s eccentricity e3 and separation a3 for five
Kepler systems. For each of the systems, we plot the stability criterion e3,c(fLL,min), for the different companion masses. Note that this time we have varied a3

rather than a2 to predict parameter spaces in which known inner systems can exist. Changing the dependent parameters for these cases yields a different shape
of the stability curve when compared to Fig. 2. In particular, we consider companion mass of (from top to bottom), 0.1, 0.5,1, 5, and 20 MJ, with line styles
indicated in the legend of the top left plot. The stable region exists below each curve and the instability region resides above each curve. (For Kepler-448, we
shaded both the stable and unstable regions below the curve corresponding to a 20 MJ companion and above the curve corresponding to a 0.1 MJ companion,
respectively.) For each system, we used the observed parameters in equation (12) to generate the contours. The observed parameters we used for the inner
planets are specified in Table 1. We note that a third companion was reported to Kepler-56, with a minimum mass of 5.6 MJ, which yields a 3.1 au separation
(Otor et al. 2016). This constrains the eccentricity of the companion to lie on a vertical line of a constant semimajor axis in the parameter space. As such, we
overplotted Kepler-56d on the top right panel (dashed line).
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et al. 2017; Masuda (2017)
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Planet 2: a=4.2 m=22MJ e=0.65 

Denham, Naoz et al (2019)   



Planet and stellar friends 

Planet Planet

?

a3

e3

Paul Denham

Hidden planetary friends 4151

Figure 4. The parameter space of hidden friends for a few observed systems. Here, we consider the companion’s eccentricity e3 and separation a3 for five
Kepler systems. For each of the systems, we plot the stability criterion e3,c(fLL,min), for the different companion masses. Note that this time we have varied a3

rather than a2 to predict parameter spaces in which known inner systems can exist. Changing the dependent parameters for these cases yields a different shape
of the stability curve when compared to Fig. 2. In particular, we consider companion mass of (from top to bottom), 0.1, 0.5,1, 5, and 20 MJ, with line styles
indicated in the legend of the top left plot. The stable region exists below each curve and the instability region resides above each curve. (For Kepler-448, we
shaded both the stable and unstable regions below the curve corresponding to a 20 MJ companion and above the curve corresponding to a 0.1 MJ companion,
respectively.) For each system, we used the observed parameters in equation (12) to generate the contours. The observed parameters we used for the inner
planets are specified in Table 1. We note that a third companion was reported to Kepler-56, with a minimum mass of 5.6 MJ, which yields a 3.1 au separation
(Otor et al. 2016). This constrains the eccentricity of the companion to lie on a vertical line of a constant semimajor axis in the parameter space. As such, we
overplotted Kepler-56d on the top right panel (dashed line).
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Figure 4. The parameter space of hidden friends for a few observed systems. Here, we consider the companion’s eccentricity e3 and separation a3 for five
Kepler systems. For each of the systems, we plot the stability criterion e3,c(fLL,min), for the different companion masses. Note that this time we have varied a3
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shaded both the stable and unstable regions below the curve corresponding to a 20 MJ companion and above the curve corresponding to a 0.1 MJ companion,
respectively.) For each system, we used the observed parameters in equation (12) to generate the contours. The observed parameters we used for the inner
planets are specified in Table 1. We note that a third companion was reported to Kepler-56, with a minimum mass of 5.6 MJ, which yields a 3.1 au separation
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Figure 1. Cumulative distribution function of ψ . This calculation is based on the observed parameters from Huber et al. (2013). We assume that the angle between
the stellar spin axis (ns ) and the normal to the innermost orbit (nin) in the azimuthal direction around the line of sight (i.e., α in the schematic to the left) is random
(taken from a uniform distribution). This enables us to produce a distribution function and not only a lower limit; see the text for more details. We show a schematic
of the geometry in the right panel. The solid curve corresponds to i⋆ls = 47◦ ± 6, and the dashed curve corresponds to i⋆ls = 133◦ ± 6 (due to the degeneracy in the
asteroseismology measurements).
(A color version of this figure is available in the online journal.)

et al. (2013) showed that the innermost planet (mb = 0.07 MJ ,
Rb = 0.65 RJ , hereafter planet “b”) has a period of 10.5 days,
and a period of 21.4 days for the other planet (mc = 0.57 MJ ,
Rc = 0.92 RJ , hereafter planet “c”). The mutual inclination
between these two planets is measured to be <5◦. Kepler-56
is an interesting system as it raises many questions regarding
its formation and future evolution. Most importantly, Huber
et al. (2013) measured the obliquity of the system using
asteroseismology and placed a lower limit on the true obliquity
of the two inner planets of ψ > 37◦. The dynamical analysis
of Huber et al. (2013) favors the scattering and later torquing
scenario.

Here we use Kepler-56’s current observations to compute
the probability distribution for its obliquity. (The Huber et al.
2013 reported observations already give enough information to
calculate such a distribution.) This enables us to also put strong
constraints on the probability distribution of the outer planet’s
inclination with respect to the innermost two. Furthermore, we
estimate that the two inner planets will be engulfed in ∼129 Myr
and !155 Myr, respectively. The engulfment of the inner planets
is consistent with the deficit in short period planets around
retired A stars (e.g., Johnson et al. 2007; Sato et al. 2008; Bowler
et al. 2010; Schlaufman & Winn 2013).

The paper is structured as follows. We calculate the obliq-
uity distribution function from observations, and show that the
current observations give more information than just a lower
limit (Section 2). We then discuss the current obliquity preces-
sion as a function of the system initial conditions (Section 3.2)
and show that combining the physical understanding and the
observed distribution, we can infer the outermost planet orbital
inclination with respect to the innermost two as a function of
the initial configuration (Section 3.3). We also calculate the or-
bit and obliquity future evolution as the star further ascends
the giant branch (Section 4). We finally offer our discussion
(Section 5).

2. THE OBLIQUITY DISTRIBUTION FUNCTION

Huber et al. (2013) analyzed the stellar oscillations observed
in the Kepler photometry and used the splitting of the observed
oscillation frequencies to measure the inclination between the
stellar spin axis and the line of sight, finding i⋆ls = 47◦ ±6. With

the transit photometry, Huber et al. also measured the inclination
of the inner planet’s orbit with respect to the line of sight, finding
ibls = 83.◦84+0.26

−0.25. Together, these angles place a lower limit on
the three-dimensional angle between the stellar spin axis and
planetary orbital plane of ψ > 37◦.

The angle between the normal of the orbit and the stellar spin
is not simply ibls + i⋆ls since, for example, the angle ibls can have
different values on the sky plane (different values of α as shown
in Figure 1).

In this simple geometrical configuration (see Figure 1, left
panel) and defining Lin and S as the angular momentum of the
innermost orbit and stellar spin, respectively, the obliquity is
defined by the scalar product between the three-dimensional
spin axis unit vector ns = S/S = (sin i⋆ls, 0, cos i⋆ls) and the
three-dimensional normal to the innermost orbit nin = Lin/L =
(sin ibls, 0, cos ibls), in random orientation with each other:

cos ψ = ns · Rlsnin. (1)

Here

Rls(α) =
(cos α − sin α 0

sin α cos α 0
0 0 1

)

(2)

is the rotation matrix in the azimuthal direction around the line
of sight. We assume that α, the angle between the stellar spin
and the orbital angular momentum in the azimuthal direction
around the line of sight, is uniformly distributed. It is suffi-
cient to multiply only once by the rotation matrix, with the
random angle. Therefore, from Equation (1) we can estimate
the cumulative distribution function of ψ . As shown in the right
panel of Figure 1, the lower limit on ψ is of course the same
one found by Huber et al. (2013), i.e., ψ > 37◦, but an up-
per limit of 131◦ also exists and both these values have the
same probability, which is larger than the probability of the an-
gles in the range of 37◦ < ψ < 131◦. We use ψobs to denote
the observationally constrained value of ψ . Note that due to
the degeneracy in the asteroseismology measurements, i⋆ls could
also be 133◦ ± 6. Setting i⋆ls = 133◦, ψobs is in the range of
49◦ < ψ < 143◦ (see the dashed line in Figure 1). Therefore,
adding these two pieces together, the distribution of ψobs is sym-
metric over 37◦ < ψ < 143◦. This distorts ψobs only slightly,
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where

= W+ + ( )L I . 8f s p s p

In this case, the total angular momentum of the system is the
star’s spin rate W +s p, where s+p denotes the final star and
planet object. We solve Equation (7) for W +s p. Note that the
angular momentum of the perturber should not have changed
during the high-eccentricity migration. Moreover, even if a
scattering took place and a far away planet was lost from the
system, the angular momentum associated with it is orders of
magnitude smaller than the ones in Equation (3), and thus do
not affect the above analysis. For m=M we find that IsΩs is
larger or comparable to Lorb, and thus W ~+ Const.s p L,

As can be seen from the above equations, the key parameter
in determining the final spin rate for a given star is the planet’s
size. This is depicted in Figure 1, where we explore a large
range of companion planets’ masses from 10−3MJ up to 10MJ,
where MJ is the mass of Jupiter. We adopt the following mass–
radius relation for the planet:

=
Å Å

⎛
⎝⎜

⎞
⎠⎟ ( )m

M
r

R
9

2.06

(e.g., Lissauer et al. 2011), where subscript ⊕ denotes Earth’s
value. We also test a simple relation for which m∼3r (e.g.,
Weiss & Marcy 2014), and we find consistent results.

In Figure 1, as a proof of concept, we initially consider three
representative stellar masses, 0.8, 1, and 1.2Me (red, blue, and
green lines, respectively, in Figure 1). We evolve their spin
period and let each star consume a planet. We consider two
merger times, one is after 100Myr and the other is after
600Myr. In Figure 1, we show the fractional change of the spin
period, specifically, -W W W( )P P Pi f i, , , . Note that >W WP Pi f, , ,
and we show the absolute magnitude in the figure for
illustrative purposes. As depicted in Figure 1, a more massive
planet is more likely to spin up the star. For example, a Jupiter-
mass planet can cause a spin up of about 70% compared to the
spin pre-merger for a 1Me star. For a 1.2Me, the change in
spin is 20%, which is much less than the smaller mass star. On
the other hand, an Earth-mass planet yields an insignificant

change to the spin period for any star from 0.8 to 1.2Me after
100 and 600Myr. Below, we will examine a mass range
between 0.6 and 1.8Me.

2.3. Energy Arguments

In some cases, planets that plunge into their star may be
completely consumed by their star without any heat or radiation
loss for the system (unlike systems for which a dusty disk is
formed, e.g., Metzger et al. 2017; or increase their luminosity
due to the engulfment of a planet, e.g., Metzger et al. 2012;
MacLeod et al. 2018). In this case, we can assume total energy
conservation, and thus before the merger it can be written as

~ - - - + W + W ( )E
GMm

a
GM

R
Gm

r
I I

2
1
2

1
2

. 10i s s i p p i

2 2

,
2

,
2

Note that numerical factors at the order of unity that arise from
the star’s and planet’s density profiles in internal energies are
neglected from the above equation for simplicity.
Energy conservation yields that the energy after the planet

has been consumed by the star can be written as

= ( )E E , 11i f

where Ef is the energy post-merger, with the subscript “f ”
denoting the final (post-consumption) state. The final energy
state can be written as

= -
+

+ W+ +
( ) ( )E

G M m
R

I
1
2

. 12f s p s p

2
2

In this case, the total energy of the orbit consists of the potential
energy and the star’s new rotational kinetic energy, which is
denoted as W +s p to indicate that it is after the star consumed the
planet. We then solve for the post-merger spin period
PΩ,f=2π / Ωs+p .
As implied from Equation (10), the planet’s orbital energy is

much smaller than the star’s internal energy, and thus it can be
neglected. We adopt a high-eccentricity migration, which often
results in near radial planetary orbits, and set the planet’s initial
semimajor axis to be 5au. However, from the mentioned
orbital energy arguments, the calculation below is valid for a

Figure 1. Spin period absolute percentage change, defined as -W W W∣ ∣P P Pi f i, , , , as a function of the planet mass. The solid lines depict a merger that took place after
100 Myr, while the dashed lines represent a merger after 600 Myr of stellar evolution. The planet was assumed to plunge in from a distance of 5au (as noted above,
the actual initial distance does not significantly change the results). We consider three representative stellar masses of 0.8, 1, and 1.2 Me, shown in green, blue, and
red, respectively. In the inset, the ratio of the post-spin for angular momentum over conservation of energy is plotted vs. the mass of the planet in terms ofMJ for 1 Me
for a collision at 100 Myr.
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