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Abstract

In order to understand the relationship between planet multiplicity, mass, and composition, we present newly
measured masses of five planets in two planetary systems: Kepler-323 and Kepler-104. We used the HIRES
instrument at the W.M. Keck Observatory to collect 79 new radial velocity (RV) measurements for Kepler-323,
which we combined with 48 literature RVs from TNG/HARPS-N. We also conducted a reanalysis of the Kepler-
104 system, using 44 previously published RV measurements. Kepler-323 b and ¢ have masses of 2.0} M, and
6.5+1.6 My, respectively, whereas the three Kepler-104 planets are more massive (10.04-2.8 M, 7.173% M., and
5.574% M., for planets b, c, and d, respectively). The Kepler-104 planets have densities consistent with rocky cores
overlaid with gaseous envelopes (4.17]7 gcc™!, 29717 gcc™, and 1.6]3 gcc™' respectively), whereas the
Kepler-323 planets are consistent with having rocky compositions (4.573% gcc™' and 9.9737 g cc™ ). The Kepler-
104 system has among the lowest values for gap complexity (C =0.004) and mass partitioning (Q = 0.03);
whereas, the Kepler-323 planets have a mass partitioning similar to that of the Inner Solar System (Q = 0.28 and
Q = 0.24, respectively). For both exoplanet systems, the uncertainty in the mass partitioning is affected equally by
(1) individual mass errors of the planets and (2) the possible existence of undetected low-mass planets, meaning
that both improved mass characterization and improved sensitivity to low-mass planets in these systems would
better elucidate the mass distribution among the planets.

Unified Astronomy Thesaurus concepts: Exoplanets (498); Super Earths (1655); Mini Neptunes (1063); Extrasolar
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1. Introduction

Of the 190,000 stars observed as part of the Kepler Mission,
approximately 25% host multiple transiting planets with orbital
periods less than 100 days, suggesting 30%—80% of Kepler
stars host multiple planets (Mulders et al. 2018; Zhu et al.
2018). One intriguing finding is that the planets in Kepler’s
multiplanet systems tend to be similar in size and regularly
spaced, like “peas in a pod” (Weiss et al. 2018). Measuring the
masses of planets in peas-in-a-pod like systems allows us to
address several overarching questions about the nature of
multiplanet systems. (1) What are the masses and bulk
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compositions of the individual planets? (2) Are the masses
and radii of the planets typical for their orbital periods? (3)
Within a given system, what is the mass diversity and spacing
distribution of transiting planets? (4) How could the presence
of undetected, low-mass planets affect the statistics of the intra-
system size and mass uniformity?

A major advantage of characterizing transiting exoplanets is
that the planet radii and orbital periods are typically well
determined from transits, while the host star properties can be
characterized through spectroscopic, imaging, and astrometric
follow up. In this paper, we investigate two systems of multiple
transiting planets that were discovered as part of the NASA
Kepler Mission: Kepler-323 and Kepler-104. In terms of their
size and spacing, both Kepler-323 and Kepler-104 follow the
peas-in-a-pod pattern, making them ideal test-beds for the
questions posed above. However, a key physical property that
is not readily determined from photometry alone is the planet
masses. We selected Kepler-323 and Kepler-104 as part of a
multi-semester, magnitude-limited radial velocity (RV) survey
to measure planet masses in multiplanet systems. In this paper,
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we present new measurements of the Kepler-323 system and
conduct an analysis of the properties of the Kepler-323 and
Kepler-104 systems.

1.1. Kepler-323

Kepler-323 is a Sun-like star (0.95+0.03 M., 1.09+
0.29 R:). The system consists of two Earth-sized planets,
1.35 +0.04 R4, and 1.53 = 0.05 R, in short orbits of 1.67 days
and 3.55 days respectively (Fulton & Petigura 2018). Bonomo
et al. (2023) collected 48 RVs of Kepler-323 with the HARPS-
N spectrograph on the 3.6 m Telescopio Nazionale Galileo at
the Observatorio Roque de Los Muchachos in in La Plama,
Spain. In this work, we combine those RVs with 79 new RVs
from the HIRES spectrograph on the W. M. Keck Observatory
10 m telescope Keck I on Maunakea, Hawaii (Vogt et al. 1994)
to better characterize the Kepler-323.

1.2. Kepler-104

Kepler-104 is another Sun-like star (0.82 £0.01 M.,
1.05 £0.03 R). Its planetary system consists of three sub-
Neptunes, R,=2.38+0.06 R,, R.=2.36+0.08 R;, and
R,;=2.64+0.14 R, at orbital periods of 11.43, 23.67, and
51.76 days (Fulton & Petigura 2018). Kepler-104 has a stellar
companion reported in Lillo-Box et al. (2014) and Furlan &
Howell (2017), at an angular separation of approximately 1”8.
There is also a companion at an angular separation of 17”
identified based on GAIA data. (Mugrauer 2019). For an
angular separation of 178, a distance of 400pc (Gaia
Collaboration 2020) corresponds to a semimajor axis of
720 au and an orbital period of 20,000 yr, and so we do not
expect this companion to affect our analysis. We leverage 44
published RVs of Kepler-104 from Weiss et al. (2024) to
provide a detailed analysis of the mass diversity of the system.

2. New Observations

We collected 79 spectra of Kepler-323 using HIRES
between 2019 May 20 and 2021 October 17. To measure
RVs, we used the standard California Planet Search (CPS) data
reduction pipeline as described in Howard et al. (2010). This
method involves using a warm iodine cell mounted in front of
the slit to imprint absorption features at reference wavelengths
determined from a high-resolution atlas of iodine lines (Butler
et al. 1996). Since clouds and/or moonlight can contaminate
the spectra of stars with V> 10.5 (Marcy et al. 2014), we
gathered observations in a manner that enabled sky subtraction.
Specifically, observations were taken with a 14” slit, which is
large compared to the typical seeing-limited point-spread
function (PSF) of the star (~1”). Because the slit width is
comparable to the seeing-limited PSF, the HIRES PSF varies
over time with changes in seeing, weather, and aberrations of
the wave front. The CPS Doppler routine involves forward-
modeling the iodine-imprinted spectrum of a star as a
combination of a high-resolution iodine library spectrum and
an iodine-free, velocity-shifted, PSF-deconvolved template
spectrum of the target star. The deconvolved template spectrum
is obtained by observing rapidly-rotating B stars with the
iodine cell in the light path immediately before and after an
iodine-free observation of the star, which effectively samples
the PSF at the time of the template. The individual spectra with
iodine are then convolved with a PSF of HIRES that is
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determined for each observation. These new RVs are presented
in Table 1.

3. Orbit Analysis and Planet Properties

We used the open source python package Radvel (Fulton
et al. 2018) to model our RVs with a Keplerian orbit. We set
the periods and time of conjunctions for all five planets to the
values reported in Morton et al. (2016), which are presented in
Table 2. Because the RV semiamplitudes were small compared
to the per-measurement error, making it difficult to accurately
determine the eccentricities, we fixed the eccentricity of all
planets at zero. Our choice to fix the eccentricities at zero is
further motivated by the observation that most small planets in
multiplanet systems have small eccentricities (median e = 0.02,
Yee et al. 2021). Thus, our only free parameters were the RV
semiamplitudes, RV zero-point (), and RV jitter (o;) for each
instrument. We adopted priors ensuring that the RV semi-
amplitude and the jitter were positive. We performed a
maximum likelihood fit using Radvel. To determine the
uncertainties in our parameters, we used Radvel’s Markov
chain Monte Carlo (MCMC) method with 500 walkers and
100,000 steps. The maximum Gelman—Rubin value for the
convergence of our MCMC is < 1.001 for both Kepler-323 and
Kepler-104. The resulting confidence intervals for each
parameter are displayed in Table 2. The RVs and the best-fit
models are shown in Figures 1 and 2.

Our Keplerian orbital fit yields masses of 2.0712 M, and 6.5
+1.6 M, for Kepler-323 b and ¢ and masses of 10.0+2.8 M,
71738 M., and 5.57%% M. for Kepler-104 b, ¢, and d
(Figures 3 and 4, Table 3). We compare these to a sample of
known exoplanets, selected by the process described in
Appendix A, and objects from the Solar System. In Figures 3
and 4, we focused solely on planets with calculated densities;
we removed any planets with a mass derived from a mass—
radius relation. Figures 3 and 4 include lines of constant
composition and collisionally stripped planets (Marcus et al.
2010; Zeng et al. 2019).

Kepler-323 ¢’s density of 9.9727 g cc™' is consistent with a
rocky composition. The 1o credible interval spans an Earth-like
composition or a more iron-rich planet. Kepler-323 b, however,
has a density of 4.573% g cc™!, which is lower than what we
would expect for a planet of pure silicates. One possible
interpretation of a low density is that the planet could have a
gaseous envelope of high mean molecular weight (such as has
been suggested for TOI-561 b in Brinkman et al. 2023).
However, the 1o confidence interval spans densities of purely
silicate and Earth-like compositions.

The architecture of the Kepler-323 system provides an
interesting example to test atmospheric mass-loss processes.
Planets b and c¢ have similar radii, but their masses appear to
differ by a factor of 3, with the outer planet being more
massive. The short orbital period of Kepler-323 ¢, combined
with a density consistent with a rocky composition, indicates
that it would be unlikely to retain a gaseous envelope in the
presence of intense stellar X-ray and ultraviolet radiation from
the star (Owen & Schlichting 2024). In addition, we would
expect Kepler-323 ¢ to lose its atmosphere through core-
powered mass loss due to the short orbital period and high
equilibrium temperature (Ginzburg et al. 2018). If we assume
that Kepler-323 ¢, which is rocky, lost its envelope, then
Kepler-323 b, which is closer to its star and (apparently) lower
mass, should also have lost its envelope. Follow-up
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Figure 1. Top: RVs for Kepler-323, from HIRES (yellow) over 80 nights between 2019 May and 2021 October combined with 48 RVs from HARPS-N (dark red;
Bonomo et al. 2023). The blue line represents the best-fit Keplerian orbits. The residuals are shown in panel (b). Bottom: phase folded RVs and the corresponding
best-fit Keplerian orbit for each individual planet. The red circles are the RVs binned in orbital phase.

observations of Kepler-323 b are needed to better constrain its
mass and composition.

The three Kepler-104 planets, with densities of 4.17]2,
291 7gcc™!, and 1.67]7 gcc™ ! respectively, are all consistent
with bulk compositions that include a gaseous envelope. Rocky
compositions are ruled out for all three planets with >30
confidence, which is not surprising given that their radii are all
>2 Rq, (Weiss & Marcy 2014; Rogers 2015; Fulton et al. 2017).

To explore the influence of orbital period on planet masses
and radii, in Figures 3 and 4 we split our sample of planets with
R <5Rg, into “short-period” (P < 8 days, purple circles) and
“long-period” (P > 8 days, blue triangles) groups.'’ For planets

17 This is an integer near the median orbital period of our sample: 7.97 days.

that are “short period,” 59 of 134, including Kepler-323, have a
best-fit density that is consistent with a rocky composition. For
the “long-period” group, 119 planets of 130, including Kepler-
104, have best-fit densities and radii that indicate a gaseous
envelope.

There are at least two plausible explanations for this pattern:
one astrophysical, and one related to selection bias. The
prevalence of gas envelopes at longer orbital periods versus
bare rocky planets at short periods is consistent with
predictions from atmospheric mass-loss models (Ginzburg
et al. 2018; Owen & Schlichting 2024). For photoevaporation,
planets at longer periods are less irradiated by stellar X-ray and
UV radiation, meaning they are less likely to lose their
envelopes. For core-powered mass loss, hotter equilibrium
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Figure 2. Same as Figure 1, but for Kepler-104
temperatures increases the odds of losing an atmosphere from selection bias. For instance, the masses of small planets
the cooling of the planet. A mass—radius—period relationship (R < 1.5R.) are typically only measured when the planet is
was developed in Mills & Mazeh (2017). In addition to these sufficiently close to the star to produce a detectable RV
astrophysical phenomenon, the relationship between planet amplitude, and so the masses of small planets at long orbital
mass, radius, and orbital period is sculpted, at least partially, by periods have rarely been measured. To further clarify the
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Figure 3. Planet densities vs. physical radii for Kepler-104 (dark blue), Kepler-323 (dark purple), solar system objects (red squares), and planets selected from the
NASA Exoplanet Archive according to Appendix A (translucent). The Solar System objects include Mercury, Venus, Earth, Mars, Uranus, Neptune, Pluto, and the
Moon. Non-solar-system objects are colored by their orbital period (see legend). The composition curves consistent with 100% Fe, 100% MgSiO3, and 67.5% MgSiO;
+ 32.5% Fe are taken from Zeng et al. (2019), while the maximal collisionally stripped composition curve is taken from Marcus et al. (2010).

relative impact of selection biases and atmospheric mass-loss
on sculpting this relationship, more observations of small
planets at long periods are required. Transit-timing variations
provide a viable method for measuring the masses of some
rocky planets at P > 8 days and will yield additional insights on
the relationship between planet mass, radius, and orbital period,
especially in multiplanet systems (e.g., Agol et al. 2021).

4. Planetary System Properties
4.1. Mass Partitioning

In addition to contextualizing the properties of the individual
planets, we can characterize these planetary systems with
metrics of their architectures. Mass partitioning and gap
complexity describe the mass diversity and spacing distribution
of a system, respectively. These metrics have been used to
evaluate both observed and synthetic planetary system
architectures (Gilbert & Fabrycky 2020).

The mass partitioning of a system is given by:

) Gl d) o

where

m* = m,/i mi. 2)

Here, N is the number of planets in a system and m; is the
mass of the ith planet (order does not matter). The normalizing

coefficient, (%), restricts Q to be from O to 1, where a value

of 0 indicates equal masses throughout the system and a value
that approaches 1 represents a system with a dominant giant
planet and N — 1 tiny planets. Note that mass partitioning is
agnostic to the ordering of the planets.

Figure 5 shows the planet radius (Rs) and orbital period
(days) for Kepler-323, Kepler-104, and other small exoplanets
selected from the NASA Exoplanet Archive (2019;
Appendix A). Each planet is colored by the mass partitioning
for its system, based on the masses of all the known planets in
that system. In order for a system to appear in Figure 5 in color,
it must have all planets survive the selection process outlined in
Appendix A and it must have a mass measurement for every
known planet in the system. Otherwise, the system is colored
gray; an example is Kepler-11 as Kepler-11 c’s mass error is
too large for our selection criteria and Kepler-11 g does not
have a measured mass.

We calculated the distribution of the possible mass
partitioning values for each system in our sample based on
the mass measurement values and errors. For each system we
selected planet masses from a normal distribution defined by
the masses and errors reported on the NASA Exoplanet
Archive. We used rejection sampling to discard any negative
mass draws. We iterated until each planet had 1000 draws from
our reconstructed mass posterior and calculated the mass
partitioning for each iteration. This resulted in 49,000 mass
partitioning values across 49 systems, the distribution of which
is shown in Figure 6. The median mass partitioning in this
sample is @ = 0.08.

Kepler-104, with a mass partitioning of Q = 0.03, is
consistent with many of the systems in our sample (median
Q = 0.06 for three-planet systems). Kepler-323, on the other
hand, has the twelfth highest mass partitioning in our 52 system
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outlined in Appendix A. In addition to our measurements for Kepler-323 and Kepler-104 (squares), LTT 1445 A, TOI-125, Kepler-30 and the Inner solar system are

highlighted for comparison.

sample (Q = 0.28), which is slightly larger than the inner solar
system (Q = 0.24) and is higher than typical (median
Q = 0.10 for two-planet systems).'® In order to probe the
relationship between the mass diversity and architecture of a

18 We define the inner solar system as Mercury, Venus, Earth, and Mars, the
region consistent with the <1 a.u. orbits typical of transiting exoplanets.

multiplanet system, we highlight LTT 1445 A (Winters et al.
2022; Pass et al. 2023) and TOI-125 (Nielsen et al. 2020) in
Figure 5 as systems with similar architectures to Kepler-323
and Kepler-104, respectively. TOI-125, which has three planets
of similar radii to Kepler-104 but with shorter orbital periods,
has a mass partitioning of Q = 0.04, similar to both Kepler-
104 and the median mass partitioning for three-planet systems
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(blue), Kepler-323 (purple), and the inner solar system (red). The shaded regions represent the 1o errors.

in our sample. LTT 1445 A, a two-planet system with smaller
radii and longer orbits than Kepler-323, has a mass partitioning
of Q@ = 0.11, which is typical for the two-planet systems and
lower than the mass partition of Kepler-323. While Kepler-323
has a higher mass partitioning than typical, it is not a strong
example of a high mass partitioning system; Kepler-30
(Sanchis-Ojeda et al. 2012), a system with two Neptune-mass
planets and one super-Jupiter, has a mass partitioning of
QO = 0.85. A more detailed treatment of the distribution of
mass partitioning in various planetary architectures would be
enlightening, but is beyond the scope of this paper.

We investigated how the errors on the planet masses
propagate to the mass partitioning of the system to determine
the accuracy of the calculated mass partitioning and our
confidence in the characterization of the mass diversity. We
selected 5000 possible mass combinations for Kepler-323 and
Kepler-104 from the masses defined by the mass and error for
each planet and used rejection sampling to ensure all masses
were positive. Formally, it would be better to draw from the
joint posterior distribution, but we see no covariance between
the planet masses (Figures 7, 8). For each combination of
planet masses, we calculated the mass partitioning. Figures 9
and 10 show histograms of these calculated possible mass
partitioning values for Kepler-323 and Kepler-104, respec-
tively. Each plot has a solid black line to indicate the calculated
median value of the credible interval.

The Kepler-323 mass partitioning posterior spans the full
range of zero to one as the error bars on the planet masses are
large. There is a peak in the posterior at a mass partitioning
near zero due to more cases where Kepler-323 b and Kepler-
323 ¢ have very similar masses than very different masses, as
seen in Figure 11.

It is possible that there could be additional, undetected
planets in a system. This produces another source of
uncertainty in our assessment of the mass partitioning because
a planet with significantly different mass from the detected

planets could strongly affect the mass partitioning. Figures 9
and 10 have lines that represent the mass partitioning for the
system if one (orange), two (gold), or three (brown) zero-mass
planets are undetected in the system. To explore the opposite
extreme (an undetected planet of similar mass to the known
planets), we added an extra planet and varied its mass to
minimize the mass partitioning. The mass of this extra planet is
5.5 M, for Kepler-323 and 8.0 M., for Kepler-104. The mass
partitioning for all of these possibilities are included in Table 4.
The presence of a Jupiter in either Kepler-323 or Kepler-104
would be intriguing as it would dramatically impact the mass
partitioning of the system. Based on a decade of RV
measurements of Kepler-323, we have no evidence of the
presence of a Jupiter out to 10 au and we find a 3o upper limit
of 1 M,. The presence of a Jupiter in Kepler-104 was ruled out
in Weiss et al. (2024).

For Kepler-104, 92% of the mass partitioning posterior is
below the mass partitioning of the inner solar system, 98% is
below the mass partitioning of the gaseous Solar System
(@ = 0.41), and 99% is below the mass partitioning of the full
Solar System (Q = 0.49). Even if Kepler-104 has three
undetected planets of zero mass, its mass partitioning is below
that of the inner solar system. We find that the Kepler-104 mass
partitioning, compared to Kepler-323, is well-constrained and
that there is low-mass diversity in this system.

4.2. Gap Complexity

Another metric we calculated to analyze the architectures of
multiplanet systems is the gap complexity (Gilbert &
Fabrycky 2020). Gap complexity characterizes the irregularity
of the orbital periods of planets in a single system:

C=-K (Z P,-*logp,-*) : (i(pi*%)z) )

i=1 i=1
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Figure 7. Posterior distributions for all derived parameters from the Keplerian best-fit orbit of Kepler-323. There is no strong covariance between the masses of planets

b and ¢

where K is a normalization constant, n is the number of gaps
between planets, P’ and P are the outer and inner periods of
pairs of adjacent planets, and pl.>I< are defined as the “pseudo-
probabilities” and are normalized to one:

= _loe(P'/P)
! log(Pmax/Pmin)

“)

where P,.x and P, are, respectively, defined as the maximum
period and the minimum period of any planet in the system.

Like mass partitioning, gap complexity ranges from zero
(evenly spaced planets) to one (maximum pl.* ~ % ).

The gap complexity of Kepler-104, along with a sample of
known multiplanet systems from the NASA Exoplanet
Archive (see Appendix A), is shown in Figure 12. In order
to calculate the gap complexity, there must be at least three
planets in the system. Any system with only two known
planets, such as Kepler-323 and LTT 1445 A, is colored gray.
In addition, any system that has a planet that was removed
from the dataset by the process described in Appendix A is



THE ASTRONOMICAL JOURNAL, 167:160 (15pp), 2024 April

Mpsini [Me] = 9.997278

v [gcm™3] = 4.061129
S
K

.

po[gcm™]
6\0

ap [ AU] = 0.09%3:89

i

ap [ AU]
o o
%. “0,
20, %
%

9
9. %05 °
%, .

o <

o

£

(sini [Mo] = 7.06+382

i

20, @
%

o
%

Mcsini [Me]
6 L %

@
e

Thomas et al.

[gcm™3] =2.94%}88

pclgem™3]
<,
K2 )'\5‘ 0‘0

-

\

@®

\

ac [ AU] = 0.15+3:33

o

O

o

X\ @

ac [ AU]

o
" s B% s
Z 'S S 3,
D s %

@

f
A

4sini [Me] = 5.50+4:89

o
5 %

Mgsini [Mg]
e Yo

®
®
®

ﬁHH
N

®)

[gecm™3] =165}

©

palgcm™]
[

I

@@@ o® ® ® N

@ ®

AN
OR))
OR)

A\ )

L aq [ AU] = 0.25+399
” © EING

©
BN
=
& o
&
o
&>

S T R A R Y S S S S NIRCEIRY S LI A e o S O
N

RS S SRR PR R, AR, L, AR PRI R S ) N A S B A

VN NS S S S A R I

Mpsini [Me] pp[gcm™3] ap [ AU] Mcsini [Me] pc[gem™3] ac [AU] Mgsini [Me] pa[gcm™] aq [ AU]

Figure 8. Same as Figure 7, but for Kepler-104.

also colored gray. Unlike Figure 5, we do not exclude planets
with a mass derived from a mass—radius relation. Kepler-104
(C = 0.004) and TOI-125 (C = 0.01) have low gap complex-
ities, indicating that they are almost perfectly evenly spaced.
In contrast, Kepler-167 (Chachan et al. 2022) has high gap
complexity (C = 0.80). Kepler-104’s low gap complexity,
which is the 6th lowest among the systems examined here (66
total systems), is consistent with the other exoplanet systems,
whereas systems with architectures like that of Kepler-
167 are rarely detected. The inner solar system has a gap
complexity of C = 0.13 and has been noted for its regular
spacing (Nieto 1970).

5. Conclusion

We conducted an analysis of 79 newly gathered RVs,
combined with 48 RVs from Bonomo et al. (2023), of Kepler-
323 and 44 RVs from Weiss et al. (2024) of Kepler-104 in
order to quantify the masses and densities of their planets.
Using these newly calculated masses, we computed the mass
diversity and period spacing of these systems and compared
those results to other multiplanet transiting systems. We also
compared the individual planet masses, radii, and period to
planets from other multiplanet transiting systems.

Based on the orbital periods and planet radii of the Kepler-
323 planets, we find that these planets are, mostly, as we would
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Figure 9. The posterior distribution of mass partitioning values for the Kepler-323 system, based on 5000 draws from the posteriors of the planet masses. The solid
black line represents the calculated mass partitioning from the maximum likelihood mass probabilities. The three dotted lines represent the mass partitioning value in
hypothetical scenarios where one (orange), two (gold), or three (brown) planets of zero mass are also present in the system. The green dashed line represents another
hypothetical scenario, where there is a third planet with a mass of 5.5 M, which minimizes the mass partitioning value. The peak in the posterior near zero is real.
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Figure 10. Same as Figure 9, but for Kepler-104
expect when compared to the general exoplanet population. In The calculated mass partitioning of Kepler-323 is 0.28"023,
addition, when looking at the relationship between orbital which is 0.04 larger than the inner solar system and is the
period and physical radius, 79% of planets in our sample with twelfth largest in our sample. Due to the errors on the
radii less than 1.8 R, have an orbital period less than 8 days. individual planet masses, the mass partitioning posterior for
This includes the Kepler-323 planets. Kepler-323 contains values from 0 to 1, which covers the entire
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range of possible values for mass partitioning. In addition, the
presence of undetected planets could also shift the calculated
mass partitioning value by a factor of two. Since we cannot
calculate a gap complexity for systems with only two planets,
we cannot comment on the spacing of the Kepler-323 system.

The Kepler-104 planets, based on their radii and orbital
periods, are similar to the other exoplanets with an orbital
period of longer than 8 days have radii larger than 1.8 R
shown in Figures 3 and 4.

Kepler-104 has a low-mass partitioning of @ = 0.0375:53. If
there were three undetected (zero mass) planets in the Kepler-
104 system, the mass partitioning for Kepler-104 would remain
lower than that of the inner solar system. This indicates that
Kepler-104 has very little mass diversity between the planets.
The gap complexity of Kepler-104 is 0.004, which is the 6th
lowest of the 66 systems in our sample with three or more
planets and can have a calculated gap complexity. This further
reinforces Kepler-104 as a “peas-in-a-pod” system.

In this paper, we considered how the following questions
applied to the peas-in-a-pod systems of Kepler-323 and
Kepler-104. (1) What are the masses and bulk compositions
of the individual planets? (2) Are the masses and radii of the
planets typical for their orbital periods? (3) Within a given
system, what is the mass diversity and spacing distribution of
transiting planets? (4) How could the presence of undetected,
low-mass planets affect the statistics of the intra-system size
and mass uniformity? While Kepler-323 and Kepler-104 both
display radius uniformity, they do not share the same level of
mass uniformity as Kepler-104 appears to have much more
uniform masses. Applying these questions to a larger sample
of high multiplicity systems that exhibit radius uniformity or
diversity will provide valuable constraints for planet forma-
tion and will serve as a basis for future work.
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Appendix A
NASA Exoplanet Archive Sample Selection

In order to place the Kepler-323 and Kepler-104 planets into
the context of the general exoplanet population, we used a
curated sample of planets from the NASA Exoplanet Archive
Confirmed Planets Table as comparison:

1. We started with the largest possible sample by down-
loading all of the confirmed planets from the NASA
Exoplanet Archive, as of 2022 November 8. We included
all the rows from the database, which sometimes resulted
in multiple entries for a single planet.

2. We removed each row that did not include an entry for
the orbital period, planet physical radius, or planet
physical radius error.

3. We removed each row that had a nontransiting flag

(indicating a nontransiting planet).

. We removed each row that had a controversial flag.

. We removed each row that had a mass value but no mass
error, as these rows corresponded to mass upper limits.
6. We removed rows where the planet masses were

determined from Hadden & Lithwick (2014) because
the masses from that study were sometimes biased
(Hadden & Lithwick 2017).

7. Following these cuts, we sorted by the NASA Exoplanet
Archive’s default parameter. If a planet still had an entry
in our sample but the NASA Exoplanet Archive
determined ‘“default” row was already dropped, we sorted
by the date of update. We then removed any duplicate
row, keeping either the default parameter set or the most
recent data for each planet.

8. For rows that did not have an entry for planet mass, we
used the mass-radius relation from Weiss & Marcy
(2014) to estimate a mass. This was done to preserve the
system’s architectures when calculating gap complexity.

9. For rows that did not have an entry for planet density, we
computed the planet density.

10. We calculated the percent error for the radius, mass, and
density of each planet. We then removed planets with a
radius error >10%, a mass error >85%, or a density
error >104%. These figures were chosen based on the
calculated values and errors of Kepler-323 and Kepler-
104. We wanted to ensure that we selected planets with
as precise measurements as possible, while being sure
that our planets would not be excluded from this
population.

[ N

Appendix B
RV Table

Data tables are presented in the following order: collected
Kepler-323 HIRES RVs (Table 1), individual planet orbital
properties (Table 2), individual planet physical properties
(Table 3), and system mass partitioning values (Table 4).
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Table 1
HIRES RVs of Kepler-323

Time RV RV Error
(BJD-2450000) (ms™h (ms™h
8624.079912 2.69 2.80
8652.076300 8.57 2.79
8679.936895 —4.56 2.09
8714.811564 2.57 2.25
8724.815753 6.04 2.28
8774.870351 —1.78 2.92
8787.831759 0.75 343
8797.796716 5.63 3.35
8919.108473 3.66 2.98
9003.034178 3.07 2.46
9003.943462 0.94 2.73
9006.929700 2.32 2.82
9007.965294 5.97 2.68
9010.977440 9.39 2.50
9011.964465 3.06 2.52
9012.940900 —9.46 2.80
9013.914590 0.47 2.54
9016.896354 -3.01 2.74
9024.905287 3.46 2.51
9025.987166 5.80 2.76
9027.872397 —2.96 2.28
9028.839619 4.50 2.67
9029.901252 —1.64 2.32
9030.934017 1.31 2.70
9031.878713 —0.15 2.62
9034.919478 0.42 242
9035.940978 —-5.07 2.73
9036.819639 5.98 2.58
9038.913723 —2.15 2.48
9039.908818 0.23 2.95
9041.058788 —10.17 3.19
9041.854713 —2.08 2.69
9042.981926 —2.69 5.08
9057.995943 —4.91 3.75
9072.969537 —-5.76 2.80
9077.945189 3.14 2.54
9078.961976 —0.20 3.03
9086.924455 —7.42 3.86
9088.943940 4.70 3.37
9089.937189 0.53 2.52
9090.875231 —1.63 2.43
9091.831883 —6.28 2.82
9092.896238 —-0.61 2.41
9094.904686 —18.34 2.99
9099.855638 —4.06 2.97
9101.846391 3.78 241
9114.782555 2.55 2.80
9115.894902 —6.32 2.83
9117.798061 —0.99 2.49
9118.789695 7.57 2.82
9119.808424 —1.43 3.14
9120.799605 9.92 2.61
9121.829744 —1.28 2.72
9122.828842 7.92 2.64
9123.756542 3.83 2.42
9153.731898 —2.53 2.78
9377.958508 4.03 2.50
9379.032190 —2.76 2.51
9379.985243 2.96 2.44
9384.046876 —-0.91 2.60
9386.055153 —3.60 2.55
9387.978216 5.34 3.45
9396.017499 —11.21 2.76
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Table 1
(Continued)
Time RV RV Error
(BJD-2450000) ms™h (ms™")
9399.979627 0.88 2.59
9406.054052 -3.32 2.70
9409.077191 4.38 2.95
9414.024875 0.23 3.56
9420.991303 —20.42 3.72
9449.967276 7.55 2.95
9455.879048 1.56 2.73
9469.855090 3.90 275
9478.887201 —5.90 3.55
9481.833186 —8.02 2.67
9482.889332 —2.07 2.90
9484.799051 —3.52 2.43
9497.827107 —4.62 3.82
9502.837147 —0.81 2.72
9503.815084 —5.29 3.20
9504.824258 5.03 3.68
Note. These values come from the HIRES data alone and are presented before any gamma offset or jitter have been applied. Times are in BJD-TDB.
Table 2
Planet Orbital Properties
Planet Name P (days) T. (BIJD) K(ms™

Kepler-323 b

1.67832545 + 0.000002

2454969.052935 £ 0.0009

1371523

Kepler-323 ¢

3.553829671 =+ 0.000005

2454967.64145 £ 0.001

278 £0.74

Kepler-104 b

11.427545631 = 0.000009

2454970.613679 £ 0.0006

sy

Kepler-104 ¢

23.66836427 + 0.00003

2454965.71366 + 0.001

1797538

Kepler-104 d

51.75529576 + 0.00008

2455104.08787 £ 0.001

1.07757?

Note. The eccentricities and arguments of periastron were taken as zero for each planet. The + and jitter for Kepler-104 are —0.88,
respectively. For Kepler-323, the  and jitter from HIRES are —0.36 + 0.58 ms ™' and 4.26™

—1
21718 ms™.

Table 3
Planet Physical Properties

0.53
0.48

ms ' and 3.733%/' ms™!
ms ' and the  and jitter from HARPS-N are —2.8%3%, and

Planet Name Msini (Mg) Radius (R) Density (g cch
Kepler-323 b 2,012 1.348 + 0.042 45728
Kepler-323 ¢ 65+1.6 1.533 4+ 0.050 9.9721
Kepler-104 b 100 +2.8 2.380 + 0.060 4112
Kepler-104 ¢ 71738 2.360 £ 0.077 291411
Kepler-104 d 5514 2.635 + 0.144 1.6513

Values of Mass Partitioning

Table 4

System Name Best Fit Minimized w/Extra Planet One Massless Planet Two Massless Planets Three Massless Planets
Kepler-323 0.28%0% 0.09 0.46 0.52 0.55
Kepler-104 0.03*5483 0.02 0.14 0.19 0.22
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