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ABSTRACT

Equally as important as growing the body of human knowledge through scientific dis-

coveries and analysis is relaying this information to the general public in a digestible

manner to establish a scientifically literate society. This dissertation approaches the

multifaceted issue by combining an in-depth study of brown dwarf binary atmo-

spheres with an astronomy education component. Thus, the goal of this work is

twofold: to improve our current understanding of clouds in brown dwarf atmo-

spheres and to identify preconceptions non-science undergraduate students posses

about Earth’s place in time and space in the Universe.

The first portion of the dissertation seeks to constrain atmospheric and cloud

properties in a sample of well-known brown dwarf binaries. I answer this question

using spatially-resolved optical and near-infrared photometry from the Hubble Space

Telescope (HST) and the W. M. Keck Telescopes to explore cloud properties in

detail across a broad range of effective temperatures and surface gravities. New

grids of synthetic spectra were created using the PHOENIX atmosphere model code,

extending clouds to deeper pressures and smaller mean grain sizes. I report bulk

atmospheric properties with trends in cloud location and mean grain size for mid-L

through mid-T type brown dwarfs (Chapter 2). The results of this study led to a

detailed analysis in Chapter 3 of an individual triple system, HD 130948, containing

a solar analogue star and two brown dwarfs of similar mass, luminosity, and spectral

type. Moderate-resolution spectroscopy from the OSIRIS instrument on Keck was
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fit to synthetic spectra to determine the best-fitting atmosphere parameters of HD

130948B and HD 130948C for solar and stellar metallicity. I measure the C/O ratio

of each binary and confirm it is consistent with the host star.

In the second component (Chapter 4), I investigate students’ conceptions of time

in astronomy as it relates to Earth’s formation and location in the Universe. A set

of open-ended questions were developed and issued to a sample of students in an

astronomy course. Thematic analysis of the responses suggested students struggle

with fundamental topics in astronomy related to the origin and formation of the

Universe, planet formation, the age of the Universe and Earth, and the composition

and structure of the Universe. Incorporating explicit discussion and instruction

regarding time in astronomy can be a useful tool toward improving non-science

students’ grasp of difficult, abstract concepts in introductory astronomy courses.
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CHAPTER 1

Introduction

This dissertation contains two distinct fields of research: planetary science and as-

tronomy education. The chapters within reflect the author’s desire to pursue a doc-

torate with a hybrid format, gaining experience in research practices associated with

scientific study and supplementing this knowledge with an understanding of educa-

tional theory. Chapters 2 and 3 are the planetary science portion of this dissertation

and focus on constraining bulk properties of benchmark brown dwarf binary systems,

encompassing an in-depth study on clouds. Chapter 4 is the educational component,

which explores undergraduate students’ conceptions of cosmological time.

1.1 Brown Dwarfs

Stars form from the gravitational collapse of molecular clouds of gas and dust.

Generating thermal energy in their cores from nuclear fusion, stars sustain a ma-

jority of their lifetimes on the main sequence in hydrostatic equilibrium. Immense

stellar core temperatures (millions of Kelvin) are required to fuse hydrogen into he-

lium. Theoretical interior models suggest masses around ∼75 MJup (depending upon

metallicity) are required to reach these high temperatures (Chabrier and Baraffe,

1997, 2000). Kumar (1963) was the first to propose the star-forming process should

produce lower-mass objects below the hydrogen-burning limit. Today, we call these
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objects brown dwarfs—a class of substellar objects colloquially referred to as ‘failed

stars’. Brown dwarfs are not massive enough to sustain thermonuclear fusion like

their stellar counterparts but are perhaps too massive to be considered planets.

Thus, the lower mass limit for brown dwarfs is less defined and often cited as the

mass required for deuterium fusion (∼13 MJup). The existence of brown dwarfs was

theoretically predicted nearly 30 years before the first bonafide detection in 1995

(Nakajima et al., 1995; Oppenheimer et al., 1995).

Brown dwarfs remained elusive for so long because a majority of their energy

is emitted in the infrared portion of the spectrum making them difficult to detect.

They are hottest and brightest a few million years after formation. Unlike stars

which retain a constant radius and luminosity for billions of years, brown dwarfs

cool and contract as they age. As they evolve to an age of ≥ 1 Gyr, the radius of

a brown dwarf contracts to ∼1 RJup (Chabrier and Baraffe, 2000). Brown dwarfs

span an extensive range of temperatures from the lowest-mass stars to planet-like in

nature. The discovery of numerous substellar objects with unique spectral signatures

of their own required an extension to the existing stellar classification system. Three

new spectral types—L, T, and Y—were added to accommodate brown dwarfs cooler

than the latest M-type red dwarf stars (Kirkpatrick, 2005). The earliest spectral

types (M7 and later) have the warmest temperatures (Teff ∼ 2800 K) and the latest

Y types can be as cool as ≤ 500 K.

1.2 Detection and Characterization

Large astronomical surveys including the Two Micron All-Sky Survey (2MASS;

Skrutskie et al. (2006)), the Sloan Digital Sky Survey (SDSS; York et al. (2000)), and

the Deep Near-Infrared Survey of the Southern Sky (DENIS; Epchtein et al. (1997))

have been instrumental in discovering and characterizing brown dwarfs. Photo-

metric observations of thousands of L and T dwarfs have been used to establish

near-infrared color trends, providing insight into the atmospheric processes at work

(Kirkpatrick et al., 1999; Knapp et al., 2004; Golimowski et al., 2004). Near-infrared
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photometric JHK bands establish the color magnitude diagram of cool low-mass

objects. L dwarfs become progressively redder than M dwarfs, and T dwarfs become

significantly bluer (Burrows et al., 2006; Marley et al., 2002). Figure 1.1 shows the

location of different brown dwarf spectral types across the color-magnitude diagram.

Low-to-moderate resolution optical and infrared spectroscopy (∼0.6-14.5 µm)

and the establishment of large repositories of brown dwarf spectra—such as the SpeX

Prism Library (Burgasser, 2014)—has been essential in characterizing the evolution

of prominent atomic and molecular absorption features and defining subtypes of

brown dwarfs (i.e., L0, L1, L2, etc.) as a function of temperature (Stephens et al.,

2009; Cushing et al., 2008; Luhman et al., 2009; Kirkpatrick, 2005; Kirkpatrick et al.,

2008). Additional classification schemes from Martín et al. (1999) and Allers and

Liu (2013) built upon this foundation to characterize features of brown dwarfs into

categories based upon low, intermediate, and high surface gravities. Continuing

efforts focused on untangling the influence of gravity with other secondary effects

from age, metallicity, and clouds. For example, Mclean et al. (2007) used high-

resolution spectra (R ∼ 20,000) of late-M, L, and T dwarfs to identify weak spectral

features in the J-band to constrain chemical processes for various spectral types and

search for signs of pressure broadening as a consequence of gravity.

The L dwarfs (Teff ∼ 2200-1300 K) encompass both the lowest mass stars at the

edge of the main sequence and brown dwarfs. Dupuy and Liu (2017) determined a

model-independent substellar boundary at ∼L4 in spectral type (∼70 MJup). The

spectral energy distribution of brown dwarfs deviates significantly from a black-

body function, lacking the optical bands of TiO and VO characteristic of M dwarfs

(Jones and Tsuji, 1997) and show features of pressure-broadened alkali lines and

deep molecular absorption bands.

T dwarfs (500 ≤ Teff ≤ 1300), in addition to their bluer colors, are distinct from

L dwarfs due to the appearance of strong CH4 features in the H and K bands, show

little to no photospheric dust, and have pressure-broadened H2 absorption features

in near-infrared spectra (Burrows et al., 2001; Borysow et al., 1997). The rapid

infrared color evolution that occurs during the transition from L to T spectral types
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Figure 1.1: Color-magnitude diagram of field brown dwarfs (MKO photometry) color
coded by spectral types with current understanding of cloud types. M dwarfs are in red,
L dwarfs in dark red, T dwarfs in blue, and Y dwarfs in purple. Directly imaged planets
are shown in orange. Figure originally published in Gao et al. (2021). Data are from Best
et al. (2020b), Best et al. (2017), Dupuy and Liu (2012), Dupuy and Kraus (2013), Liu
et al. (2016).
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is an outstanding problem in substellar atmospheres (discussed in 1.4.1). Evidence

suggests clouds are to blame, including the emergence of holes in the clouds (Bur-

gasser et al., 2003), a sudden collapse of the cloud deck (Tsuji and Nakajima, 2003),

or an increase in the sedimentation efficiency of the clouds (Knapp et al., 2004).

Influences from surface gravity and metallicity are also believed to play an impor-

tant role in the width of the L and T dwarf regions on color magnitude diagrams

(Burrows et al., 2003; Knapp et al., 2004).

Y dwarfs are the most recent spectral class of brown dwarfs added and are

essentially an extension of the T dwarfs to even cooler temperatures (250 ≤ Teff ≤
500) (Cushing et al., 2011; Kirkpatrick et al., 2012, 2019, 2021). The Wide-Field

Infrared Survey Explorer (WISE; Wright et al. (2010)) extended photometric sky

surveys to longer wavelengths resulting in the detection of fainter and cooler brown

dwarfs. Y dwarfs are characterized by their strong water and methane absorption

features and, although there is not a clear spectral feature that defines the T/Y

transition, the width of the J band is often used to separate a Y dwarf from a late-T

dwarf (Cushing et al., 2011). Figure 1.2 shows the evolution of spectral features for

M through Y type brown dwarfs.

1.2.1 Benchmark Systems

Brown dwarfs differ fundamentally from stars due to their cooler temperatures, par-

tially degenerate interiors, and dominant molecular opacities; yet, they have similar

physical and chemical properties observed in giant planet atmospheres (Chabrier

and Baraffe, 2000). Decades of work show brown dwarfs are rather plentiful in the

local galactic neighborhood and typically brighter than directly imaged exoplanets

(Kirkpatrick, 2005), making them excellent candidates to study the physical prop-

erties that govern cool atmospheres and provide insight into the planetary-stellar

connection. Because multiple parameters affect the spectral energy distribution of

substellar objects, it is challenging to disentangle the influence from bulk properties,

atmospheric chemistry, and clouds.
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Figure 1.2: Evolution of spectral features for the warmest to coolest brown dwarfs. CH4

begins to dominate over CO as objects progress from late-L to T-type. Figure from Michael
Cushing (personal communication).



20

Benchmark systems are brown dwarfs whose properties (e.g., mass, age, dis-

tance) can be independently determined and used to constrain models. Precise,

individual measurements of distance, mass, luminosity, radius, and age are required

to construct a concise picture of brown dwarf evolution. Properties of luminos-

ity and temperature are degenerate for mass and age such that a young, low-mass

brown dwarf could have similar observational properties as an older, higher-mass

object. One approach to tackling brown dwarf degeneracies is by studying binary

systems to reduce the number of unknown variables. Photometric observations can

be combined with distance measurements derived from parallax to provide better

estimates of the effective temperature and luminosity (Dupuy and Kraus, 2013).

Constraints on dynamical mass are perhaps one of the most important parame-

ters for studying substellar objects because the initial mass at formation determines

how the object will evolve throughout its lifetime. An individual system with known

mass and age can greatly reduce the predicted range of temperature, gravity, and

luminosity. Furthermore, binary systems are assumed to be coeval, sharing the same

age and composition. Each object in a binary forms from the same molecular cloud,

thus they should have the same (or very similar) metallicity.

High angular resolution imaging surveys with the Hubble Space Telescope and

ground-based adaptive optics on the W. M. Keck Telescopes over the last decade

have been instrumental in studying visual binaries with spectral types of M7 and

later (e.g., Lane et al., 2002; Liu et al., 2008; Bouy et al., 2004; Konopacky et al.,

2010; Dupuy et al., 2009a; Burgasser et al., 2007). Through sufficient astrometric

monitoring, the orbital parameters can be obtained and used to derive the total sys-

tem mass and, in some cases, the individual masses. This process is time consuming

due to the lengthy orbital periods of many systems, often ranging between 10-30

years. To date, approximately two dozen ultracool dwarfs have fully determined or-

bits and constraints on individual masses spanning 30-115 MJup (Konopacky et al.,

2010; Dupuy and Liu, 2017). Binary systems with host star companions can be

particularly helpful by providing an additional constraint on the age of the system

via magnetic activity, elemental depletion, or gyrochronology (Dupuy et al., 2014).
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Absolute astrometry from Hipparcos and Gaia continue to provide mass constraints

for the coolest brown dwarfs (Brandt et al., 2020) and directly imaged exoplanets

(Brandt et al., 2021).

Mass and age can be determined by comparing observed physical properties to

those from evolutionary models; however, these comparisons rely on the accuracy of

atmosphere models. Benchmark brown dwarfs—objects with independently deter-

mined masses, luminosities, and ages—are extremely powerful and provide the most

robust tests of theoretical substellar atmosphere and evolution models. Early work

hinted at a luminosity problem where comparisons between dynamical masses and

masses predicted by evolutionary models differed significantly (Dupuy et al., 2009a;

Konopacky et al., 2010; Dupuy et al., 2014). The consistency between predicted

and measured masses has improved with continued astrometric monitoring (Dupuy

and Liu, 2017) and models that consider cloud clearing (Saumon and Marley, 2008;

Allers and Liu, 2013). A related problem exists for benchmark brown dwarfs when

comparing the effective temperatures and gravities predicted by evolution models to

those obtained by comparing model spectra to observed photometry or spectra. Dif-

ferences in temperature as large as several hundred Kelvin and differences in gravity

of an order of magnitude are not uncommon across the L/T transition (Cushing

et al., 2008). Including clouds can alleviate some of the discrepancy between evo-

lutionary and atmosphere model comparisons but does not eliminate the problem

completely (Wood et al., 2019). Some of the issues may be improved with very

broad wavelength coverage (Briesemeister et al., 2019). In addition to refined cloud

parameters, metallicity (Wood et al., 2019; Crepp et al., 2018), non-equilibrium

chemistry (Barman et al., 2011a; Zhang et al., 2020), or other missing physics in the

models (Charnay et al., 2018) (e.g., cloud microphysics) may be remaining sources

of tension.

Benchmark systems are rare compared to the total number of known brown

dwarfs (∼ 103; Smart et al. (2017)) and prior studies identified discrepancies between

benchmark systems and models, resulting in over/under predicted luminosities and

temperatures (Dupuy et al., 2009b; Konopacky et al., 2010; Dupuy et al., 2014). The
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lower temperatures of T dwarfs are expected to yield relatively low masses (∼30-50

MJup) with ages of other field dwarfs (1-5 Gyr) Liu et al. (2008). Recently, several T

dwarfs have measured dynamical masses that are larger than expected and possibly

at odds with evolutionary model predictions. This includes the T5.5 dwarf WISE

J0720-0846B with a mass of 66 ± 4 MJup (Dupuy et al., 2019), the T1.5 and T6

components of ϵ Indi BC with masses of 68-75 and 53-70 MJup (Kasper et al., 2009;

King et al., 2010; Dieterich et al., 2018), and a late T dwarf HD 4113C with a mass

of 66+5
−4 MJup (Cheetham et al., 2018).

The inconsistencies that arise are a multifaceted problem stemming from uncer-

tainties in observable quantities (e.g., distance and therefore mass) and sources of

tension in atmosphere and evolution models (e.g., incomplete molecular opacities

at low temperatures). Some discrepancies have been resolved with additional cov-

erage at longer wavelengths (Briesemeister et al., 2019), improving the treatment

of clouds (Wood et al., 2019), including non-equilibrium chemistry (Barman et al.,

2011a; Zhang et al., 2020), or considering non-solar metallicity (Crepp et al., 2018).

Hybrid evolutionary models that consider the break-up or apparent disappearance

of clouds across the L/T transition have also improved comparisons (Saumon and

Marley, 2008). It will be important to compare benchmark systems to the next gen-

eration of atmosphere and evolution models that expand the diversity of parameters,

such as the new Sonora Bobcat substellar models that include cooler temperatures

and a greater range of C/O abundances (Marley et al., 2021).

1.3 Theoretical Modelling

Interpreting photometric and spectroscopic observations of brown dwarfs requires

the use of substellar atmosphere and evolution models. The goal of these models

is to solve the radiative transfer equation and determine how energy is transported

from deep in the interior to the outer layers. Historically, studying atmospheres of

brown dwarfs has relied on self-consistent, one-dimensional models. Below, I briefly

describe the development and history of the first substellar models.
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1.3.1 Atmosphere and Evolutionary Models

The development of substellar atmosphere models capable of accurately describing

the spectral energy distribution of objects below the minimum mass for hydro-

gen burning was a long and complex process. Characteristics of the first brown

dwarfs detected showed spectral features inconsistent with existing stellar atmo-

sphere models for the coolest stars (Oppenheimer et al., 1998). The earliest interior

and evolution models were unable to reproduce observations at the bottom of the

main sequence nor able to accurately determine properties of mass, age, effective

temperature, or luminosity (Lunine et al., 1986; VandenBerg et al., 1983; Dorman

et al., 1989; Burrows et al., 1989). Early modelling efforts were challenged by how

convection was handled and incomplete molecular opacity databases (Allard et al.,

1997). The first models for cool M dwarfs (Teff = 4750-3000 K) were developed

by (Mould, 1975, 1976) and included opacities for TiO, H2O, and a mixing-length

treatment of convection (Tsuji et al., 1996; Auman, 1967).

Molecular absorption features of TiO and VO suddenly reduced in strength in

objects with spectral types later than M6 (Jones and Tsuji, 1997) and led Kirk-

patrick et al. (1999) to designate the L spectral type. Early L dwarfs have similar

photospheric compositions to M dwarfs with alkali lines (K, Na), metal hydrides

(FeH, CrH), oxides (TiO, VO), and water. Grids of synthetic spectra became pos-

sible below temperatures < 3000 K when opacities of hydrides (CaH, MgH, SiH,

OH, CH), VO, and CO were incorporated (Allard, 1990). Decreasing temperatures

combined with complex atmospheric reactions suggested models would need to in-

clude the onset of photospheric dust and (eventually) clouds to match the strong

absorption features present in brown dwarf spectra (Allard et al., 1998). Chemical

equilibrium models predicted the most important dust species were those of iron

(Fe), enstatite (MgSiO3), and corundum (Al2O3) (Tsuji et al., 1996). Models that

began to incorporate this dust were indeed better fits to the spectrum of the earliest

L dwarfs detected, such as Gliese 165B (Tinney, 1993). Several atmosphere models

were developed that provided a better match to the redder colors across late-M and
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L dwarfs including the NEXTGEN-DUSTY (Allard et al., 1998), DUSTY (Chabrier

and Baraffe, 2000), and AMES-DUSTY (Allard et al., 2001) models.

Self-consistent models could be used to create large grids of atmosphere models

that span across a range of predicted temperatures and gravities, typically for solar

metallicity. Fitting observations to synthetic spectra produced from grid models,

bulk atmospheric properties could be predicted for a range of brown dwarfs. The

DUSTY models matched spectra well in the temperature range of ∼2000-2500 K

(Allard et al., 1998; Chabrier and Baraffe, 2000; Allard et al., 2001). It soon became

clear that models appropriate for the warmer late-M and L dwarfs were not appro-

priate for cooler T dwarfs. Gliese 229B was one of the first discovered brown dwarfs

with a much cooler temperature (Teff ∼1000 K) (Nakajima et al., 1995; Oppen-

heimer et al., 1995) and helped to define the spectral class of T type brown dwarfs

(Kirkpatrick et al., 1999). Near-infrared CO bands strengthen for mid-L dwarfs, but

these bands weaken as methane begins to dominate in cooler T dwarfs. Work from

Allard et al. (2001) explored the opposite case of the DUSTY models where dust

disappears from the atmosphere by efficient gravitational settling. These COND,

or “cloud-free” models, were a much better match to substellar objects with Teff ≤
1000 K.

The development of models to describe brown dwarf evolution required appro-

priate input from atmosphere models. Without steady hydrogen fusion in their

core, brown dwarfs cool throughout time causing a mass-luminosity-age degeneracy.

Brown dwarfs lose energy, dim in luminosity, and their radius shrinks. Improvements

to interior physics aided in the development of the first substellar evolutionary mod-

els. Chabrier and Baraffe (1997) determined improved equations of state, treatment

of thermonucelar reactions, and appropriate treatment of boundary conditions. In

cooler atmospheres, the convection zone can reach the outermost photospheric layers

and evolutionary models depend critically on how this boundary is handled (Allard

et al., 1997). The first successful evolutionary models were developed by two groups

who coupled interior models with the new generation of atmosphere models and

are commonly referred to as the Lyon and Tucson evolutionary tracks (Baraffe and
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Chabrier, 1995; Chabrier and Baraffe, 1996; Allard and Hauschildt, 1995; Saumon

et al., 2012). Later evolutionary models were developed in order to improve the

treatment of clouds, such as the hybrid evolutionary models from Saumon and Mar-

ley (2008), and to provide an evolutionary sequence at cooler temperatures (Marley

et al., 2021).

1.4 Clouds in Brown Dwarf Atmospheres

One of the greatest challenges and uncertainties in the field of substellar astro-

physics is to model the clouds that form in ultracool atmospheres (Teff < 3000 K).

Molecules and condensate species present in the atmospheres of brown dwarfs vary

strongly with wavelength and cause spectra to deviate significantly from blackbody

values (Marley and Robinson, 2015; Kirkpatrick et al., 1999). Clouds redden near-

infrared emission spectra and reduce the depth of molecular absorption features.

They further impact the atmospheric structure and radiative balance in the upper

atmosphere via scattering and absorption of radiation. The formation of clouds

deplete the atmosphere of refractory elements as condensation and rainout occurs.

Thus, the temperature-pressure profile is highly dependent upon the structure and

location of clouds, making it a challenge to fit spectral energy distributions to global

stellar atmosphere models (e.g., DUSTY, COND).

Improvements to molecular opacity databases (Freedman et al., 2008; Sharp and

Burrows, 2007; Tennyson and Yurchenko, 2012), line broadening (Burrows et al.,

2001; Allard et al., 2001), and the chemistry of gas and condensates at cool tem-

peratures (Lodders and Fegley, 2002) in addition to incorporating parameterized

clouds into atmosphere models (Ackerman and Marley, 2001; Marley et al., 2002)

have significantly improved the interpretation of observational data. Developing

models that reduce uncertainties and accurately represent how atmospheric pro-

cesses change at spectral type transition regions—condensate cloud formation for

M-to-L types, cloud breakup/sinking across the L/T transition, and the appearance

of ammonia for T/Y dwarfs—is a key requirement going forward (Konopacky et al.,
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2010). In the following section, I discuss the region of cloud formation most rele-

vant to work in this dissertation—the L/T transition—in more detail. The work

in this dissertation is motivated by this problem and seeks to investigate if refin-

ing cloud properties for well-studied benchmark brown dwarf binary systems can

alleviate some of the previous tension between observations and theoretical models.

Furthermore, one of the goals of this work is to see if best-fitting atmosphere model

parameters can yield properties in line with evolutionary model derived properties.

1.4.1 L/T Transition

A region referred to as the L/T transition marks the rapid near-infrared color change

(see 1.1) in brown dwarfs from red to blue across a narrow range of effective tem-

peratures (∼200-300 K) near ∼1400 K and spectral types (L8-T3) (Fegley Jr. and

Lodders, 1996; Golimowski et al., 2004). The phase transition from CO to CH4 and

the onset of methane absorption (1-2.5 µm) that occurs in mid-to-late L dwarfs, re-

sulting in suppressed H- and K-band fluxes, is partly responsible for the color change

(Allard et al., 1997; Chabrier and Baraffe, 2000; Helling and Casewell, 2014). Other

evidence that marks the existence of the L/T transition includes brightening in the

J band, which is believed to be an intrinsic feature of brown dwarf evolution and

not caused by gravity or age differences (Burgasser et al., 2000; Leggett et al., 2000;

Burgasser et al., 2006).

Results from photometric and spectroscopic monitoring coupled with atmosphere

models have put forth several physical explanations for the mechanism(s) responsible

for the rapid color changes across the L/T transition. This includes a sudden collapse

of the cloud deck (Tsuji and Nakajima, 2003), changes in cloud thickness (Tsuji,

2005), patchy clouds or holes in the cloud deck (Burrows et al., 2003; Ackerman

and Marley, 2001; Marley et al., 2010; Saumon and Marley, 2008; Burgasser et al.,

2002), increase in sedimentation efficiency (Knapp et al., 2004), or thermochemical

instabilities (Tremblin et al., 2016).

In addition to cloud property changes, gravity, metallicity, and the presence of
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unresolved binaries contribute to the observed spread of brown dwarfs across the

cooling sequence (Saumon and Marley, 2008). After removing binaries, Best et al.

(2020a) identified a significant 0.5 mag wide gap in J - K (MKO) colors in the L/T

transition suggesting rapid atmospheric evolution in contrast to the pile up identified

for the same colors from Saumon and Marley (2008). Similar work implies there is

a phase of rapid atmospheric evolution in brown dwarfs near 1300 K (Dupuy and

Liu, 2017). The implications are that brown dwarfs in the L/T transition are rare

(Best et al., 2020a).

A single, self-consistent model has not yet been able to describe the evolution of

brown dwarfs and match observations across the full color space of the L/T transition

(Burrows et al., 2006; Marley et al., 2010). Both atmosphere and evolutionary

models have difficulty reproducing observed effective temperatures and luminosities

for L/T transition objects with known masses and/or ages (Leggett et al., 2008;

Dupuy et al., 2015; Barman et al., 2011a; Bowler et al., 2010). Currently, the

Saumon and Marley (2008) hybrid evolutionary models are the only models that

agree with the mass-luminosity relationship of transition brown dwarfs (Dupuy et al.,

2015; Dupuy and Liu, 2017). These models assume cloudy atmospheres for Teff >

1400, clear atmospheres for objects with Teff < 1200, and an interpolation of the

two conditions for the L/T transition. Part of the reason mapping out brown dwarf

evolution across the L/T transition has moved rather slowly is due to the limited

availability of accurate, parallax-based luminosities for these spectral types (Best

et al., 2017).

1.4.2 Atmospheric Variability and Dynamics

One-dimensional models that incorporate clouds are essential to capture the average

properties across spectral trends using simplified modelling assumptions, but they

do not capture the atmospheric dynamics such as the effects of winds or horizontal

advection (Showman et al., 2018; Zhang and Showman, 2014; Tan and Showman,

2019). Atmospheric dynamics and global circulation likely plays a significant role
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in the formation of clouds in brown dwarf atmospheres. There is strong evidence

of variability on timescales much shorter than evolutionary timescales. Saumon

et al. (2006) predicted the chemical composition in brown dwarfs can deviate from

abundances expected from equilibirum chemistry, which suggests the dynamical

mixing timescale is shorter than the chemical reaction timescales. Brown dwarfs

exhibit temporal variability in broadband spectra as they rotate indicative of non-

uniform layers of heterogeneous clouds or variations in thickness (Radigan, 2014;

Apai et al., 2013; Manjavacas et al., 2017, 2019). Photometric variability is common

for L3-T8 dwarfs (Metchev et al., 2015) and evidence has suggested brown dwarfs

are variable in the L/T transition at higher amplitudes and with greater frequency

than field dwarfs of other spectral types (Radigan, 2014; Buenzli et al., 2014; Lew

et al., 2020). For example, Vos et al. (2020) found Spitzer IRAC observations of

young, low-gravity brown dwarfs have increased variability amplitudes for late L

dwarfs at 4.5 µm.

Brown dwarfs tend to rotate over periods of a few to tens of hours (Metchev

et al., 2015) and cloud structures are likely dominated by bands, jets, spots, and

storms similar to giant planets in our Solar System (Ackerman and Marley, 2001).

Temperature fluctuations alone are not able to account for observed color and spec-

tral variations of brown dwarfs, particularly near the L/T transition (Radigan, 2014;

Apai et al., 2013). Time series spectroscopy has been used to probe different at-

mospheric depths and constrain heterogeneous cloud structures (Lew et al., 2016,

2020). Futhermore, two and three-dimensional simulations suggest large-scale hor-

izontal winds and jets are possible in brown dwarf atmospheres, and gravity-wave

induced mixing can prevent dust grains from settling (Showman and Kaspi, 2013;

Showman et al., 2018; Freytag et al., 2010). Continued and future variability stud-

ies, such as with the James Webb Space Telescope, will be increasingly important in

order to properly constrain assumptions for multidimensional atmosphere models.
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1.5 Types of Cloud Models

Several one-dimensional models have been developed to describe the bulk properties

of clouds in L and T-type brown dwarf atmospheres. The models can be broadly

grouped into three categories: dusty, cloudy, cloud free. Estimates of condensate

cloud opacities are described by assumptions of the physical and chemical processes

in substellar atmospheres, including properties such as the vertical extent of the

cloud and particle size distributions. A major assumption of these models is that

the atmosphere is assumed to be in thermochemical equilibrium, where material is

removed from the gas phase as condensation occurs (Marley and Robinson, 2015).

The extreme limits of clouds are described by the DUSTY (Allard et al., 1998;

Chabrier and Baraffe, 2000) and COND (Burrows et al., 1997; Allard et al., 2001)

PHOENIX models. DUSTY models are governed by the assumption that conden-

sates (dust) remain dispersed throughout the atmospheric gas in chemical equilib-

rium and gravitational settling is negligible. The COND, or cloud-free models, on

the other hand assume the opposite—all condensates are removed from the photo-

sphere as they form via gravitational settling. These models explain early L and

late-T dwarfs well but are not able to reproduce observed properties of all brown

dwarfs, particularly for objects near the L/T transition (Faherty et al., 2012; Dupuy

and Liu, 2012; Leggett et al., 2002; Kirkpatrick, 2005). Newer PHOENIX models

that include an intermediate approach to clouds are discussed in the following sec-

tion.

Models that simulate clouds in-between the aforementioned limiting cases are

capable of describing a more accurate picture of spectra, colors, and chemical com-

positions of late-L and early-T dwarfs. Because the size of cloud particles can vary

strongly with effective temperature, surface gravity, and atmospheric height, these

models represent a more detailed example of condensate cloud formation. In the

well-known Ackerman and Marley (2001) cloud model, dust formation is parameter-

ized by fsed, where a greater value results in an optically thinner cloud with a larger

mean particle size. Tsuji and Nakajima (2003) use a critical temperature, Tcr, to
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parameterize dust formation. Burrows et al. (2006) developed models for L/T tran-

sition objects that use homogeneous forsterite grains at larger grain sizes (e.g., 3, 10,

30, 100 µm). Work from the Helling group incorporate a more complex treatment of

grain nucleation, growth, and evaporation by investigating the role of turbulence in

the process of dust formation (Helling and Woitke, 2006; Helling et al., 2008a,c,b).

Their work focuses on size-dependent heterogeneous dust particles. Models from

Charnay et al. (2018) were able to reproduce the spread of near-IR colors across the

L/T transition and those observed in reddened low-gravity objects by computing

cloud particle radii estimated from simple microphysics.

1.5.1 PHOENIX

In this dissertation, I use the PHOENIX 1-D atmosphere model for interpreting

observed photometric and spectroscopic properties of brown dwarf atmospheres.

PHOENIX is a well-tested and diverse atmosphere code capable of modeling a

range of phenomena including supernovae (Hauschildt and Starrfield, 1995), pro-

toplanetary disks (Hauschildt et al., 1997), brown dwarfs (Allard et al., 2001), and

planetary atmospheres (Barman et al., 2001; Barman, 2007). The radiative transfer

equation can be solved in PHOENIX using plane-parallel or spherically symmetric

geometry. Input parameters are provided, such as effective temperature and surface

gravity. The initial atmospheric structure and composition is then calculated under

the assumptions of hydrostatic and chemical equilibrium. In order to ensure flux is

conserved in the atmosphere, the model calculations are repeated by iteratively ad-

justing the temperature structure until radiative-convective equilibrium is reached.

Some of the first model atmospheres for cool dwarfs were developed in PHOENIX

(Allard and Hauschildt, 1995; Hauschildt et al., 1999). The benefits of PHOENIX

are that the opacity information is computed directly line-by-line for each run and

use a large opacity database including molecular lines from over 130 different species

(Fontenla et al., 2015) (e.g., H, H2, C, N, O, Na, Mg, Al, Si, S, etc.).

The basic structure of clouds in PHOENIX rely on the microphysical timescale
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arguments of Rossow (1978) and assume condensate cloud grains form in local ther-

mal equilibrium. The downward transport of cloud particles by sedimentation effi-

ciency is balanced with the upward mixing of condensates, defining the cloud loca-

tion and particle size. Convection timescales dominate over other growth timescales.

The cloud properties are governed by two free parameters—the cloud pressure (Pc)

and grain size (a0)—that jointly function similarly to the fsed parameter in the Ack-

erman and Marley (2001) with more flexibility. We are able to increase or decrease

the thickness of the cloud independent of grain size, but the grain size distribution

remains constant with cloud height and follows a log-normal particle size distribu-

tion. The base of the cloud is defined by the intersection between the condensation

curve with the temperature-pressure profile similar to other models, such as those

from Burrows et al. (2006).

1.5.2 Atmospheric Retrieval

Retrieval techniques are another way to interpret observations and characterize cool

atmospheres. Some of the earliest examples of retrievals were used to study Earth’s

atmosphere (Kaplan, 1959). The general framework of atmospheric retrievals is

to combine a forward atmosphere model with a statistical method (e.g., Monte

Carlo) to test different model parameters. The forward model is often based on

simplied assumptions, such as a plane-parallel atmosphere, and a synthetic spectrum

is generated. The benefits of the forward model are that they do not have to be self-

consistent, in other words, the model does not have to be in chemical or radiative

equilibrium like a majority of the models I previously discussed. Several variables

can be constrained from retrieval methods including the molecular abundances of

various molecules, effective temperature, surface gravity, thermal structure, radius,

and optical depth of clouds. Retrieval techniques have been used for several brown

dwarfs including L dwarfs (Burningham et al., 2017, 2021), T dwarfs (Line et al.,

2017), and Y dwarfs (Zalesky et al., 2019).
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1.6 Cosmological Time in Astronomy Education

The study presented in Chapter 4 shifts gears to the educational component. This

portion of the dissertation is part of an initiative to identify undergraduate students’

perceptions of Earth’s place in the Universe through an exploration of how students

construct their knowledge of causality and chronology from a cosmic evolutionary

perspective. In order for learners to develop scientifically accurate explanations

of astronomical phenomena, students are required to imagine events from different

perspectives and time frames, such as before Earth existed (e.g., Wilhelm, 2003;

Kikas, 2006; Black, 2005; Heyer et al., 2013; Slater, 2015). It has been shown there

is a key link in the conceptual understanding of time through its relationship with

spatial thinking (Chrysikou and Ramey, 2006; Friedman, 1989; Matlock et al., 2005).

Topics in astronomy education have become more diverse in the past several

decades and expanded beyond traditional concepts (e.g., lunar cycles, Earth-Sun-

Moon system, cosmology). Fundamental changes in students’ pre-instructional

knowledge may be occurring to incorporate topics that have become more common-

place in and out of the classroom such as the study of exoplanets and astrobiology.

It is important to understand how students are constructing their new understand-

ing of Earth’s place in time and space in the Universe in order to develop effective

curricula and instruction.

Research regarding how learners approach the concept of time is stretched across

science education, cognitive science, and psychology. The majority of work relevant

to this dissertation is within the geosciences literature. Studies on students’ under-

standing of geological time is closely related and has been conducted on students at

the elementary (Ault, 1982; Schoon, 1992), high school (Marques and Thompson,

1997; Schoon, 1992), and college levels (Delaughter and Stein, 1998; Libarkin and

Anderson, 2005). The age of the Earth has been a strong focus of many studies

and has unfortunately shown that learners of various ages are unable to quote the

correct order of magnitude estimate for the Earth’s age (Marques and Thompson,

1997; Libarkin et al., 2005, 2007).
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Although there are educational parallels between timescales in geology and as-

tronomy, research on the concept of time in astronomy has not been investigated

as thoroughly. Only a few of the geology papers described above included an astro-

nomical event, such as the Big Bang (Trend, 2001b; Delgado, 2013). Furthermore,

the formation of the Solar System and cosmology are two topics that were reported

to be lacking in the literature in terms of both student understanding and means of

assessment (Slater, 2015). Conceptualizing vast timescales in astronomy is essential

in order to understand the scientific concepts involved; yet, such magnitudes of time

lack a certain relatable human experience, leaving learners faced with challenges

when trying to grasp how long ago an astronomical event occurred (e.g., the Big

Bang), the duration of individual events (e.g., formation of the Solar System or

other planetary systems), and the amount of time between major events. Our work

was motivated by this gap in literature explicitly addressing students’ knowledge of

timescales in astronomy.

We investigated non-science undergraduate students’ pre-instructional views by

asking open-ended response questions that place the time of (and events prior to)

Earth’s formation within the larger context of the formation of the Universe. We

examined how students approached these “big idea” concepts within astronomy and

how students incorporated new information (e.g., exoplanets) into their pre-existing

knowledge. We thematically coded student-supplied responses for common themes,

ideas, and misconceptions. Additionally, we conducted an extensive literature review

across multiple disciplines to create a comprehensive source of information regarding

students’ understanding of time as it relates to astronomy education. This work

significantly expands upon existing time-related research and provides insight into

students’ pre-instructional ideas important for developing learner-centered curricula

and assessment instruments in the future.
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1.7 Summary of Dissertation

This dissertation seeks to add to the current understanding of two fields of research—

planetary science and astronomy education—described in the previous sections.

Chapter 2 is an in-depth study of the atmospheric properties of 12 brown dwarf

binary objects spanning from mid-L to mid-T in spectral type (Teff ≈ 1900-1000

K). Chapter 3 branches off from this study to focus on an individual benchmark

system HD 130948B+C, a pair of L4+L4 brown dwarfs orbiting a solar-type pri-

mary star, HD 130948A. Chapter 4 presents the education component where I focus

on analysis of four open-ended questions answered by undergraduate students. The

work in Chapter 4 was selected and published in a special astronomy education issue

of Physical Review Physics Education Research (PRPER) with an accompanying

invited talk to the 2019 American Astronomical Association (AAS) conference in

Seattle, Washington. Since publication, Chapter 4 has been updated and improved

upon for the sake of this dissertation. Chapter 5 wraps up the work presented here

with a summary of key findings and looks ahead to future work.
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CHAPTER 2

Cloud Properties of Brown Dwarf Bina-

ries Across the L/T Transition

The contents of this chapter were published in Brock et al. (2021)

2.1 Abstract

We present a new suite of atmosphere models with flexible cloud parameters to

investigate the effects of clouds on brown dwarfs across the L/T transition. We

fit these models to a sample of 13 objects with well-known masses, distances, and

spectral types spanning L3-T5. Our modelling is guided by spatially-resolved pho-

tometry from the Hubble Space Telescope and the W. M. Keck Telescopes covering

visible to near-infrared wavelengths. We find that, with appropriate cloud parame-

ters, the data can be fit well by atmospheric models with temperature and surface

gravity in agreement with the predictions of evolutionary models. We see a clear

trend in the cloud parameters with spectral type, with earlier-type objects exhibit-

ing higher-altitude clouds with smaller grains (0.25-0.50 µm) and later-type objects

being better fit with deeper clouds and larger grains (≥1 µm). Our results confirm

previous work that suggests L dwarfs are dominated by submicron particles, whereas

T dwarfs have larger particle sizes.
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2.2 Introduction

As important opacity sources, clouds play a major role in determining the atmo-

spheric structures, emergent spectra, and evolution of brown dwarfs. Clouds funda-

mentally impact the observational properties of color, magnitude, and spectra with

compositions that span a diverse mix of condensates dependent upon a wide range of

effective temperatures, gravities, metallicities, and pressures (Helling and Casewell,

2014; Marley and Robinson, 2015). The transition from L to T spectral types is

perhaps the most well-known impact of changes in cloud opacity with observations

of over 1000 field dwarfs highlighting the drastic shift in near-infrared colors from

red to blue that occurs around a narrow range of effective temperatures (≈1400 K)

(Faherty et al., 2012; Dupuy and Liu, 2012; Leggett et al., 2002; Kirkpatrick, 2005).

Atmospheres of L dwarfs are dominated by refractory materials condensing and

forming optically thick cloud layers (e.g., Tsuji et al., 1996; Allard et al., 2001;

Cushing et al., 2008; Marley et al., 2002). The common species include iron (Fe),

corundum (Al2O3), enstatite (MgSiO3), and forsterite (Mg2SiO4). T dwarfs mark

the disappearance of thick iron and silicate clouds from the photosphere and the

appearance of methane absorption (Kirkpatrick, 2005; Marley et al., 2010; Burgasser

et al., 2003). Matching observed colors and spectra of L dwarfs requires some type

of cloud layer in atmosphere models (Burrows et al., 2006). Mid-T dwarfs and cooler

types are often best approximated using cloud-free atmosphere models (Kirkpatrick,

2005); however, in some cases models with optically thin or inhomogeneous clouds

composed of low temperature condensates (Na2S, KCl, ZnS, MnS, Cr) can match

T-dwarf photometry (Morley et al., 2012; Charnay et al., 2018).

Self-consistent, one-dimensional atmosphere models have been the most widely

used to study brown dwarfs. While they do not capture the atmospheric dynam-

ics (e.g., Showman et al., 2018; Zhang and Showman, 2014; Tan and Showman,

2019, 2021; Charnay et al., 2018) they do an excellent job of capturing the average

properties and allow one to study the spectral trends across the brown dwarf pop-

ulation with a homogeneous set of modelling assumptions. The most recent model
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spectra have reached a high degree of realism through the development of molecu-

lar opacity databases (Freedman et al., 2008; Sharp and Burrows, 2007; Tennyson

and Yurchenko, 2012), the chemistry of gas and condensate species (Lodders and

Fegley, 2002), and resonance line broadening (Burrows et al., 2001; Allard et al.,

2001). Incorporating parameterized clouds into atmosphere models better facilitates

the interpretation of observational data, and these approaches have shown that L

dwarfs and early T dwarfs are better represented by cloudy models rather than pre-

vious cloud-free models (Marley et al., 2002; Ackerman and Marley, 2001; Allard

et al., 2001; Tsuji et al., 1996). In general, if appropriate input is provided, syn-

thetic photometry, spectra, and colors generated by models are able to reproduce

observational data quite well (Saumon and Marley, 2008).

Cloudy and cloud-free limits provide useful insight into the photometric and

spectroscopic trends across brown dwarf spectral types, but these limiting cases

do not accurately predict the scatter of colors within the L spectral type (Mar-

ley et al., 2010) and often fail to match individual brown dwarfs (Burrows et al.,

2006). Liu et al. (2016) confirmed that low-gravity objects occupy a distinct re-

gion of the color-magnitude diagram separate from field brown dwarfs of the same

spectral type. The complexities pose additional challenges in understanding how

brown dwarfs evolve through time, especially across the L/T transition(≈ L8-T4),

where major changes in atmospheric chemistry and dynamics occur. L dwarfs with

red near-infrared colors are associated with signs of youth (Kirkpatrick et al., 2008;

Cruz et al., 2009), low gravity, and/or high metallicity (McLean et al., 2003; Looper

et al., 2008b; Stephens et al., 2009); whereas bluer L dwarfs are typically associated

with an older age, higher gravity, and/or low metallicity (Schmidt et al., 2010; Bur-

gasser et al., 2010; Cushing et al., 2010). Secondary influences from clouds can cause

additional color dispersion, ranging from the thickness of the clouds to larger grain

sizes (Knapp et al., 2004; Burgasser et al., 2008b). Although models can reproduce

spectra of red L dwarfs with thick condensate clouds, there has been disagreement in

effective temperatures across models (Gizis et al., 2012). The challenge is develop-

ing comprehensive atmosphere models while disentangling the effects of local cloud



38

properties (e.g., thickness, grain size) within an atmosphere from global parameters

(e.g., surface gravity, metallicity). Recent advancements use rotational modula-

tion coupled with heterogeneous cloud models that include disequilibrium CO/CH4

chemistry to isolate differences between cloud-induced and gravity-induced features

(Lew et al., 2016, 2020).

Another approach to this problem is to investigate the properties of clouds in a

sample of well-studied brown dwarf binary systems with precisely measured proper-

ties. Resolved photometry and spectroscopy for field age binaries of known distance

and mass provide the clearest picture of the L-T spectral sequence as coevality

can be assumed for such systems. The two components often have similar compo-

sitions, surface gravities, relatively constant radii for their age (≥ 0.5 Gyr), and

tend to have nearly equal masses (Dupuy and Liu, 2012). Furthermore, individually

resolved brown dwarf binaires provide the most robust tests for atmospheric and

evolutionary models to-date through precisely measured dynamical masses. Mass is

one of the most fundamental parameters of brown dwarfs that can aid in unravel-

ling atmospheric complexities through its influence on surface gravity and evolution;

however, mass is often difficult to measure and observations are complicated by the

largely unknown span of ages for field objects due to degeneracies between mass and

age (Konopacky et al., 2010; Dupuy and Liu, 2017).

Testing and constraining substellar evolutionary models requires benchmark

brown dwarfs–objects with independently determined masses, luminosities, and

ages. Early work hinted at a luminosity problem where comparisons between dy-

namical masses and masses predicted by evolutionary models differed significantly

(Dupuy et al., 2009a; Konopacky et al., 2010; Dupuy et al., 2014). The consistency

between predicted and measured masses has improved with continued astrometric

monitoring (Dupuy and Liu, 2017) and models that consider cloud clearing (Saumon

and Marley, 2008; Allers and Liu, 2013). A related problem exists for benchmark

brown dwarfs when comparing the effective temperatures and gravities predicted by

evolution models to those obtained by comparing model spectra to observed pho-

tometry or spectra. Differences in temperature as large as several hundred Kelvin
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and differences in gravity of an order of magnitude are not uncommon across the

L/T transition (Cushing et al., 2008). Clouds can alleviate some of the discrepancy

between evolutionary and atmosphere model comparisons but does not eliminate

the problem completely (Wood et al., 2019). Some of the issues may be improved

with very broad wavelength coverage (Briesemeister et al., 2019). In addition to

refined cloud parameters, metallicity (Wood et al., 2019; Crepp et al., 2018), non-

equilibrium chemistry (Barman et al., 2011a; Zhang et al., 2020), or other missing

physics in the models (Charnay et al., 2018) (e.g., cloud microphysics) may be re-

maining sources of tension.

The importance of clouds shaping observed properties across the L/T transition

motivates our work to investigate cloud properties of individual brown dwarf bina-

ries. An increase in the number of binary systems with known distance and mass

across a broad range of temperatures allows us to explore the validity of previous

discrepancies between predictions of atmosphere and evolutionary models.

In this paper, we test whether cloudy atmosphere models can be produced that

match multi-band photometric observations to a reasonable degree. We focus on a

sample of seven brown dwarf binary systems that span mid-L to mid-T in spectral

type. By using a small sample size and a range of spectral types on either side of the

L/T transition, we are able to explore cloud properties in finer detail across a broad

range of temperature and gravity. In addition to studying the cloud properties,

we determine the effective temperatures for each binary component in the sample,

independent of spectral type. Near-infrared photometry can be used to estimate

Teff ; however, because Teff is a bolometric quantity, broad coverage of the spectral

energy distribution (SED), especially on both sides of λmax, is highly desirable. We

are able to determine a robust value of Teff for these binaries for the first time using

optical, spatially-resolved photometry provided by HST.



40

2.3 Brown Dwarf Binary Sample

2.3.1 Sample Selection

Approximately 68 visual, ultracool binaries (spectral type M7 or later) in the solar

neighborhood have been identified in the last decade using high angular resolution

imaging surveys conducted with the Hubble Space Telescope (HST) and ground-

based adaptive optics systems (e.g., Lane et al., 2002; Liu et al., 2008; Burgasser

et al., 2007). Over half of these binaries have been well-studied, undergoing extensive

astrometric monitoring to determine precisely measured total and individual masses

(30-115 MJup) and robust orbits have been determined for 23 systems (Konopacky

et al., 2010; Dupuy and Liu, 2017). For a discussion on the larger initial sample

selection, see Burgasser et al. (2007) and for more information regarding astrometric

monitoring see Konopacky et al. (2010) and Dupuy and Liu (2017).

We selected seven binary systems from the set reported in Konopacky et al.

(2010). These systems include 13 objects spanning spectral types from ≈L4-T5

and one late-M dwarf. Since the work published Konopacky et al. (2010), distance

and mass values have been updated for many objects in our sample. A summary

of properties from the literature and updated masses are provided in Table 2.1.

Distance uncertainties have been improved for all objects in our sample. Table 2.2

shows previously used parallaxes with updated distance calculations based on work

from Dupuy and Liu (2017) and the recent GAIA DR2 release (Brown et al., 2018).

2.3.2 Photometry Measurements

The years of astrometric monitoring of the brown dwarf binary components in our

sample resulted in precise, spatially resolved J , H, and K broad-band flux mea-

surements. The majority of these near-infrared photometric measurements were

obtained at the Keck Observatory using the NIRC2 instrument behind adaptive op-

tics. Details on the observing and reduction procedure can be found in Konopacky

et al. (2010).
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Table 2.2: Distances of Sample

Target Distance [pc] Parallax [mas] Updated Distance [pc] ∆

HD 130948BC 18.18 ± 0.08 55.73 ± 0.80 17.94 ± 0.25 1%
2MASS 0920+35AB 24.3 ± 5.0 32.3 ± 0.6 31.0 ± 0.60 28%
2MASS 1728+39AB 24.1 ± 2.1 36.4 ± 0.6 27.5 ± 0.47 14%
2MASS 0850+10AB 38.1 ± 7.3 31.4 ± 0.6 31.8 ± 0.55 17%
LHS 2397aAB 14.3 ± 0.4 69.4903 ± 0.1760 14.3905 ± 0.0364 1%
SDSS 1021-03AB · · · 33.7 ± 1.2 29.7 ± 1.05 · · ·
2MASS 1534-29AB 13.59 ± 0.22 63.0 ± 1.1 15.9 ± 0.3 15%

We provide updated distances using the most recent parallax values from Brown et al. (2018) and
Dupuy and Liu (2017). A percent difference is calculated in column five to show improvement in
precision. Note, SDSS 1021-03AB was not included in Konopacky et al. (2010).

To obtain photometry and astrometry, we used the package StarFinder from

Diolaiti et al. (2000) (see Konopacky et al. 2010 for more details on the application

for this dataset). For photometry, StarFinder provides the ratio of the fluxes of

the binary components. We then use that ratio and the combined light magnitudes

from 2MASS (Cutri et al., 2003) to derive individual apparent magnitude values

for each component. Uncertainties are calculated by computing the RMS of the

photometry from all individual images, and then propagating those uncertainties

with those provided in the 2MASS catalog.

Additional photometric measurements were obtained from the Mikulski Archive

for Space Telescopes (MAST). Most of the archival data are from programs

10559/PI:Bouy and 9451/PI:Brandner using Advanced Camera for Surveys (ACS)

and filters F625W, F775W, F850LP. The archived data were supplemented

with more recent observations using the Wide Field Camera 3 (WFC3/UVIS),

11605/PI:Barman. The filters (F625W, F775W, and F850LP) were chosen to pro-

vide Sloan-equivalent r, i, and z-band photometric measurements.

Data were collected in 2010 for Program 11605. We observed each target four

times per filter. Both raw and calibrated data frames were retrieved post observa-

tion from MAST. Data are processed through the standard calibration pipeline for

WFC3, as described in the WFC3 Data Handbook (Gennaro et al., 2019), including

correction for geometric distortion.
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Photometric measurements were obtained in two ways. First, we used the

StarFinder algorithm to derive positions and fluxes of the components. We ran

this algorithm on the distortion-corrected images. Since StarFinder requires a PSF

estimate in the case of an uncrowded image like that of a binary star, we used

TinyTim to generate synthetic PSFs at the proper wavelengths. Based on this PSF,

StarFinder detected the components of the binary and returned a centroid and esti-

mated flux. Based on those fluxes, we used the WFC3/UVIS zeropoints to compute

the magnitudes of each source.

We also used the code written specifically for Hubble observations for photometry

and astrometry, img2xym (Anderson and King, 2006), modified for WFC3/UVIS.

It is designed to be used with the “FLT” images, on which distortion has not been

applied. It outputs the positions and fluxes of stars that it identifies based on an

isolation index which describes the allowed separation between sources. Running

this code on our frames provided positions and fluxes, which were converted to

magnitudes using the proper zeropoints.

Uncertainties in the WFC3/UVIS fluxes were determined as they were for NIRC2

data, by fitting all data frames individually and then looking at the RMS variation.

We found that StarFinder and img2xym returned consistent fluxes, and hence mag-

nitudes, for most cases. However, since a number of the binaries were very closely

separated in the epoch of observation (e.g., 2MASS 0920+35AB was separated by

<1.5 pixels), we opted to present here the results from the StarFinder analysis, as

the img2xym code warns about unreliable results for stars separated by <2 pixels.

A complete list of photometry for our sample is provided in Tables 2.3 and 2.4.

In cases where the photometry was previously published, we have adopted those

values here.

2.4 Spectral Type Classification

We derive spectral types for the nine objects in our sample using template fits to

the SEDs composed of resolved photometry for each object. We then compare our
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Table 2.4: Near-IR Photometric Observations

Target J H Ks

HD 130948B 12.53 ± 0.07 11.76 ± 0.10 10.98 ± 0.04
HD 130948C 12.84 ± 0.08 12.05 ± 0.11 11.18 ± 0.04
2MASS 0920+35A 13.89 ± 0.17 12.92 ± 0.07 12.12 ± 0.08
2MASS 0920+35B 13.94 ± 0.33 13.01 ± 0.09 12.44 ± 0.10
2MASS 1728+39A 14.27 ± 0.09 13.11 ± 0.08 12.20 ± 0.06
2MASS 1728+39B 14.58 ± 0.09 13.56 ± 0.08 12.80 ± 0.06
LHS 2397aA 11.18 ± 0.02 10.50 ± 0.03 10.02 ± 0.02
LHS 2397aB 14.65 ± 0.08 13.61 ± 0.08 12.79 ± 0.04
2MASS 0850+10A 14.24 ± 0.07 13.27 ± 0.11 12.56 ± 0.10
2MASS 0850+10B 14.70 ± 0.14 13.70 ± 0.14 12.91 ± 0.16
SDSS 1021-03A 14.22 ± 0.09 13.48 ± 0.09 13.27 ± 0.08
SDSS 1021-03B 14.33 ± 0.09 14.27 ± 0.11 14.25 ± 0.08
2MASS 1534-29A 14.57 ± 0.08 14.48 ± 0.07 14.46 ± 0.13
2MASS 1534-29B 14.73 ± 0.12 14.83 ± 0.10 14.73 ± 0.15

inferred spectral types to spectral types determined using spatially unresolved data

and reported in the literature (Dupuy and Liu, 2012, 2017).

We compiled a set of brown dwarf template spectra listed in Table 2.5 spanning

spectral types M7 to T9 to compare to the objects in our sample. Both optical

and near-IR spectral templates were used when available. Template spectra come

from the Spex Prism Library collected by and maintained by Burgasser (2014). Each

spectral template was absolute flux calibrated using 2MASS J-band photometry, and

an absolute magnitude was determined for each brown dwarf template for seven of

our band-pass filters for which there is complete spectral template coverage from

0.8-2.5 µm.

M = −2.5 log

∫
fλ S(λ) dλ∫

fVega S(λ) dλ
, (2.1)

where fλ and fVega are the photon flux densities of the template spectrum and Vega,

respectively, at 10 parsecs. S(λ) is the filter response function.

We used a χ2 approach to find the best match

χ2 =
n

Σ
i

(Mobs,i −MSpex,i + δMavg)
2

σ2
obs,i

, (2.2)

where n is the number of photometric measurements available for a given object,
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Table 2.5: Spex Spectral Standards

SpT Template (NIR) Template (OPT) References
M7 VB 8 · · · [1]
M8 VB 10 · · · [2]
M9 LHS 2924 · · · [3]
L0 2MASS J0345+2540 · · · [3]
L1 2MASSW J2130-0845 2MASSW J1439+1929 [2,4]
L2 2MASSI J04082-1450 · · · [12]
L3 2MASSW J1506+1321 2MASSW J1146+2230 [5,6]
L4 2MASS J21580457-1550098 · · · [4]
L5 SDSS J083506.16+195304.4 DENIS-P J1228.2-1547 [5,7]
L6 2MASSI J1010-0406 2MASSs J0850+1057 [5,8]
L7 2MASSI J0103+1935 DENIS-P J0205.4-1159 [5,9]
L8 2MASSW J1632+1904 · · · [6]
L9 DENIS-P J0255-4700 · · · [10]
T0 SDSS J120747.17+024424.8 · · · [11]
T1 SDSS J015141.69+124429.6 · · · [2]
T2 SDSSp J125453.90-012247.4 · · · [2]
T3 2MASS J1209-1004 · · · [2]
T4 2MASSI J2254188+312349 · · · [2]
T5 2MASS J15031961+2525196 · · · [2]
T6 SDSSp J162414.37+002915.6 · · · [10]
T7 2MASSI J0727+1710 · · · [10]
T8 2MASSI J0415-0935 · · · [2]
T9 UGPS J072227.51-054031.2 · · · [2]

A list of all brown dwarf templates used for spectral type determination obtained
from the Spex Library. All templates had complete coverage from 0.8-2.5 µm. Ad-
ditional optical spectral standards were included for a few L-types due to their
availability in the library.
References: [1] Burgasser et al. (2008a), [2] Burgasser et al. (2004), [3] Burgasser
and McElwain (2006), [4] Kirkpatrick et al. (2010), [5] Burgasser et al. (2010), [6]
Burgasser et al. (2007), [7] Chiu et al. (2006), [8] Reid et al. (2006), [9] Cruz et al.
(2004), [10] Burgasser et al. (2006), [11] Looper et al. (2008b), [12] Cruz et al. (2017)
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Table 2.6: Spectral Type Fitting

Target SpT Lit. Fit SpT Fit Name χ2

HD 130948B L4±1 L3±1 2MASSW J1146345+223053 3.3
HD 130948C L4±1 L5±1 SDSS J083506.16+195304.4 5.3
2MASS 0920+35A L5.5±1 L3±3 SDSS J083506.16+195304.4 4.5
2MASS 0920+35B L9 ±1.5 L4±3 DENIS-P J0205.4-1159 0.2
2MASS 1728+39A L5 ±1 L7±1 2MASS J0103320+193536 5.4
2MASS 1728+39B L7 ±1 L9±1 DENIS-P J0255-4700 5.4
LHS 2397aA M8±1 M8±1 VB 10 5.60
LHS 2397aB L7.5±1 L8±1 2MASSW J1632291+190441 2.1
2MASS 0850+10A L6.5±1 L5±2 SDSS J083506.16+195304.4 0.5
2MASS 0850+10B L8.5±1 L6±2 2MASSs J0850359+105716 3.1
SDSS 1021-03A T0 ±1 T2±1 SDSSp J125453.90-012247.4 5.2
SDSS 1021-03B T5 ±1 T8±1 2MASSI J0415195-093506 1.6
2MASS 1534-29A T4.5±1 T5±1 2MASS J15031961+2525196 5.4
2MASS 1534-29B T5±1 T6±1 SDSSp J162414.37+002915.6 6.6

Previously determined spectral types for objects in our sample are listed in column two (Dupuy
and Liu, 2017). Columns 3-4 provide the best-fitting brown dwarf template from Table 2.5. HD
130948B and 2MASS 0850+10B were both fit to optical templates for L3 and L6, respectively.

Mobs are our observations, MSpex are the Spex absolute magnitudes for each spectral

template, δMavg is the average offset between the observations and Spex magnitudes,

and σobs are the uncertainties for our observations. The results of our fitting and

resulting component spectral types are provided in Table 2.6.

A lack of brown dwarf spectral templates with broad coverage across optical and

near-infrared wavelengths limited our ability to use all of our HST data. However,

the majority of spectral types we determined from our template fitting were consis-

tent with previously reported types from the literature. Table 2.6 shows a summary

of our results. In a few cases for the coolest objects in our sample, we found a

slightly later classification by 1-2 spectral types than Dupuy and Liu (2017).

The 2MASS 0920+35AB system warrants further discussion. 2MASS 0920+35A

was fit to an earlier L3 ± 3 but was consistent with literature (L5.5 ± 1). 2MASS

0920+35B was fit to L4 ± 3 discrepant from the literature value by 0.5 (L9 ± 1.5). It

was difficult to determine a type for both components in this system due to similar

χ2 values for L3, L4, L5, L7 types. Dupuy and Liu (2017) suggest 2MASS 0920+35B

may be an unresolved binary partially due to a large individual mass of 116+7
−8 MJup.
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The trends in spectral type and local minima further strengthen the possibility that

2MASS 0920+35B is indeed composed of more than one object.

The consistency of our fitted spectral types to the types reported in the literature

gives us confidence that our data, taken over multiple epochs and using multiple

instruments, is sound. Given the large errors on some of our fitted spectral types;

however, we will defer to the more precise types reported by Dupuy and Liu (2017)

whenever a spectral type is necessary.

2.5 Model Atmospheres

To investigate the properties of the brown dwarfs in our sample further, we use the

model atmosphere code PHOENIX to produce grids of synthetic spectra and pho-

tometry to compare to our data. We use the one-dimensional version of PHOENIX

which self-consistently calculates the atmospheric structure and emergent spectrum

under the assumptions of hydrostatic, chemical, and radiative-convective equilib-

rium (Hauschildt et al., 1998). PHOENIX solves the radiative transfer line-by-line

and maintains a frequently updated database of molecular opacities (Tennyson and

Yurchenko, 2012). The atmosphere models were calculated with a sampling of 1 Å

between 0.9 and 5 µm. For the remaining wavelength ranges, the sampling varies

from 2 to 5 Å. For clarity, the model spectra have been convolved with a Gaussian

of FWHM ≈ 70 Å unless otherwise specified.

Solid and liquid particles suspended in an atmosphere (clouds) are arguably

the most complex process to include in brown dwarf and giant planet atmosphere

models. Atmospheres of substellar-mass objects span a large range of temperatures

and pressures that allow the formation of a complex mixture of condensate species.

Early works tackling the issues of cloud formation often focused on bracketing the

extreme limits of condensate opacities by exploring cloud-free and complete chemical

equilibrium clouds. Examples include the COND and DUSTY models of Allard

et al. (2001) and comparable models from Burrows et al. (2001). These early works

explained well the broad range of near-IR colors of brown dwarfs but were not
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intended to reproduce the observed properties of all objects, especially not those in

or near the L/T transition.

A number of cloud models with higher degrees of parameterization were devel-

oped to expand the applicability of atmosphere models for a greater variety of brown

dwarfs suspected of containing clouds. Such models have included a range of tun-

able parameters for solid particle growth, mixing, and sedimentation timescales as

well as mean grain size, particle size distributions, and explicit limits on position

and vertical extent of the cloud (see Marley et al. (2002) or Helling et al. (2008a)

for a comprehensive review). For this work we are interested in quantifying the

simplest set of cloud parameters capable of reproducing the SEDs of brown dwarfs

across the L/T transition. New atmosphere grids were developed specifically for

this study informed by previous exoplanet atmosphere grids (Barman et al., 2011a,

2015; Stone et al., 2020; Miles et al., 2020) and after extensive testing of various

cloud properties.

To that end we use the parameterized cloud model described in Barman et al.

(2011a). The model includes one cloud composed of multiple condensates, each

contributing to the total opacity based on their absorption and scattering cross-

sections and relative number densities. A multiplicative weighting function is applied

to the chemical equilibrium number densities where the value of the function is

one for Pgas > Pc and decreases exponentially for Pgas ≤ Pc (only a single Pc

value is used for each atmosphere model). This weighting function is similar to

the family of models described in Burrows et al. (2006); however, here the base of

the cloud is always set by the deepest model layer where the chemical equilibrium

condensate number density is non-zero. Figure 2.1 illustrates the basic structure

for a model where Pc is larger than Pgas at the cloud base. In such a situation,

the condensate number densities across the cloud layers are multiplied only by the

exponentially decaying part of the weighting function and, thus, are less than the

chemical equilibrium values across all cloud layers. For models where Pc is smaller

than Pgas at the cloud base, the condensate number densities will be equal to their

chemical equilibrium values for layers between Pc and the cloud base, then dropping
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off for Pgas < Pc. With this simple model, we can adjust the cloud’s vertical extent

and particle number density with a single parameter.

The cloud opacity is included self-consistently in the overall model calculation.

Each model starts from a previous model calculation that is the closest to the new

model across the various parameters. After each iteration, the gas and condensate

chemistry and associated opacities are recalculated based on a revised tempera-

ture structure. The process is repeated as the model converges toward radiative-

convective equilibrium. Figure 2.2 illustrates how cloud pressure influences the

spectrum and temperature-pressure profile.

For simplicity, grain size is assumed to be independent of height and governed

by an additional free parameter of mean particle size, a0. A log-normal distribution

of grain sizes is included based on work from Marley et al. (1999). The range of

mean particle sizes in our models span 0.25-10 µm. Model grains include those in

the PHOENIX database that are thermodynamically permissible and included in

the total cloud opacity (Ferguson et al., 2005). Figure 2.3 illustrates how grain size

influences the spectrum when Pc is held constant at 20 bars. At 1500 K adjustments

to grain size have little impact at the J band near 1.3 µm. However, as objects

approach the L/T transition and the temperature is decreased to 1300 K, changes

in J-band flux are more apparent and large differences in spectral shape can be seen

between the H and K bands when comparing cloudy versus cloud-free models.

2.6 Results

2.6.1 Grid Fitting

We fit resolved photometry to model grids to better understand the nature of clouds

in substellar atmospheres spanning the L/T transition. Table 2.7 summarizes the

grid properties and includes the new grids created specifically for this work, extend-

ing cloud properties across a broader range of pressures and incorporating models

with smaller mean grain sizes. All models in the grid are solar metallicity with effec-



51

Figure 2.1: Top panel: Temperature-Pressure profile for cloudy atmosphere model with
Pc=20 bars and a0=0.25 µm. Condensation curves for iron and enstatite are shown. The
star represents the location of the photosphere. Bottom panel: Dust-to-gas ratio for pure
equilibrium clouds (dotted line) and intermediate cloudy model (solid line).

tive temperatures ranging from 800-2000 K and surface gravities of log(g)=3.0-5.5.

The conservative range of our models is suitable for objects from early L through

early T dwarfs (Kirkpatrick, 2005).

We calculate synthetic photometry for all models using HST and 2MASS filter

transmission curves mentioned in Section 2.3. A best-fitting model is determined

for each object using a χ2 fitting approach. We take the scale factor as

s = (R/D)2, (2.3)

where R is the radius of the object to be fit, and D is 10 parsecs for absolute

magnitude.
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Figure 2.2: Comparison between model spectra and T-P profiles when cloud pressure, Pc,
is varied. A cloud-free model is provided in black. Spectra were normalized and convolved
with a Gaussian of FWHM≈12 Å for clarity. All parameters are held constant except for
cloud pressure.

Table 2.7: Model Parameter Ranges

Teff log(g) Pc a0 IncrementsK>K
[cm s−2] [bar] [µm]

800-2000 3.5-5.5 0.5, 1, 4 1 100 K; 0.5 in log(g)
800-2000 4.75, 5.0, 5.5 10, 20, 30 0.25, 0.5, 1 100 K
1700-2000 4.5-5.5 0.1, 0.5 0.25 100 K; 0.5 in log(g)
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Figure 2.3: Comparison between model spectra and T-P profiles when mean grain size
is varied. A cloud-free model is provided in black. Normalized spectra are shown for two
effective temperatures. Spectra are convolved with a Gaussian of FWHM≈12 Å for clarity.
All parameters held constant except for grain size in each panel.
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Table 2.8 shows the results of our model fitting. Models are allowed at the

68% confidence level by taking χ2 distributed with five degrees of freedom (the

four atmosphere model parameters in Table 2.7 and the object’s radius, which is

simultaneously fit). This includes all models with ∆χ2 < 11.3. Listed first is the

overall best-fitting model from the cloudy atmosphere grids. We then calculate the

weighted mean parameters by

m̄ =
ΣiWimi

ΣiWi

, (2.4)

where the weight Wi for each model mi is given by

Wi = Hie
−0.5χ2

, (2.5)

where Hi is a scaling factor that accounts for the uneven spacing of some atmospheric

parameters on the grid, down weighting regions of dense sampling and up weighting

regions of coarse sampling in proportion to the amount of parameter space covered.

We used the same approach as Stone et al. (2016) to calculate uncertainties using

sided variance estimates with

σm =
ΣiWi(mi − m̄)2

ΣiWi

, (2.6)

where the sum is calculated using parameters above (+) or below (-) the mean

values. In cases where the edge of the grid boundary was approached, we report an

upper/lower limit for our uncertainty.

The results of our analysis are shown in Figures 2.4 through 2.9 for our sample

of objects. We plot the best-fit and weighted mean grid models for each object from

Table 2.8. These fits highlight the role clouds play in the uncertainties of effective

temperature, gravity, and radius when fitting cloudy model grids to photometric

observations. Three objects, 2MASS 1728+39AB and LHS 2397aB, were fit well by

the grid and had properties consistent with evolutionary models shown in Figures

2.6 and 2.7.

Our fit of five parameters to HD 130948BC is not adequately constrained by

the three photometric points used here. To help guide our fitting in subsequent

sections and approach a unique solution for these objects, we applied a prior on
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radius (0.8-1.2 RJup) from evolutionary models for the weighted mean fits in Table

2.8. The unconstrained best-fit model and weighted fit are provided in Figure 2.4.

This shows how two atmosphere models with very different effective temperatures,

gravities, and cloud properties can match JHK photometric observations well. The

best fits plotted in purple are much cooler than expected for early L-type objects

and approach non-physical radii (≥ 1.5 RJup).

We note a few other objects where the grid fits present tension: 2MASS

0850+10AB, 2MASS 0920+35A, SDSS 1021-03AB, 2MASS 1534-29AB. Without

incorporating evolutionary constraints on radius for the aforementioned systems,

models allowed at 2-σ over or under-predict effective temperature expected for a

given spectral type (Leggett et al., 2002; Nakajima et al., 2004) and can result in

non-physical radii. We believe this may be influenced by an unresolved component

for some objects (e.g., 2MASS 0850+10A), and the cloud parameter space used in

our grids does not appear to be appropriate for early-to-mid T dwarfs (e.g., 2MASS

1534-29AB). Figures 2.5, 2.8, and 2.9 show the grid fits for 2MASS 0850+10AB,

SDSS 1021-03AB, and 2MASS 1534-29AB are warmer (Teff ≥ 1700 K) and ap-

proach smaller than expected radii (≤ 0.70 RJup) for objects of field age (Dupuy

and Liu, 2017). Conversely, the model fits for 2MASS 0920+35A shown in Figure

2.7 have radii larger than expected (≥ 1.4 RJup) for mid-L dwarfs (Leggett et al.,

2002; Nakajima et al., 2004).

2.7 Evolutionary Model Comparisons

The addition of cloud properties in atmosphere models can lead to further degen-

eracies in mass and radius resulting in good fits to photometric data but producing

non-physical properties given what we know of brown dwarf physics. An effective

way to evaluate the quality of atmosphere model fits is by comparing the results to

the bulk properties from evolutionary model predictions. We use bolometric lumi-

nosity constrained from our grid fits combined with the measured masses (Dupuy

and Liu, 2017; Konopacky et al., 2010) to derive evolutionary predictions. We derive
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Figure 2.4: Best-fit (purple) and weighted mean (cyan) atmosphere models from Table
2.8 for HD 130948B and C. We chose the closest available model from our grid to the
mean parameters. Corresponding synthetic photometry is plotted in same color as model
spectra. Surface gravity is in cm s−2. Spectral types included are from Dupuy and Liu
(2017)

Figure 2.5: Best-fit (purple) and weighted mean (cyan) atmosphere models from Table
2.8 for 2MASS 0850+10A and B. We chose the closest available model from our grid to the
mean parameters. Corresponding synthetic photometry is plotted in same color as model
spectra. Surface gravity is in cm s−2. Spectral types included are from Dupuy and Liu
(2017)
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Figure 2.6: Best-fit (purple) and weighted mean (cyan) atmosphere models from Table
2.8 for 2MASS 1728+39A and B. We chose the closest available model from our grid to the
mean parameters. Corresponding synthetic photometry is plotted in same color as model
spectra. Surface gravity is in cm s−2. Spectral types included are from Dupuy and Liu
(2017)

Figure 2.7: Best-fit (purple) and weighted mean (cyan) atmosphere models from Table
2.8 for 2MASS 0920+35A and LHS 2397aB. We chose the closest available model from our
grid to the mean parameters. Corresponding synthetic photometry is plotted in same color
as model spectra. Surface gravity is in cm s−2. Spectral types included are from Dupuy
and Liu (2017)
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Figure 2.8: Best-fit (purple) atmosphere models for SDSS 1021-03A and B. Weighted
mean parameters are not included because they are similar to the best-fit models. Corre-
sponding synthetic photometry is plotted in same color as model spectra. Surface gravity
is in cm s−2. Spectral types included are from Dupuy and Liu (2017)

Figure 2.9: Best-fit (purple) atmosphere models for 2MASS 1534-29A and B. Only best-
fit models are included because the mean weighted parameters are similar. Corresponding
synthetic photometry is plotted in same color as model spectra. Surface gravity is in cm
s−2. Spectral types included are from Dupuy and Liu (2017)
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evolutionary predictions using Saumon and Marley (2008) hybrid grids for mid-to-

late L dwarfs in our sample and use the COND grids from Baraffe et al. (2003) for

T dwarfs with Teff ∼ 1300 K. Evolutionary properties are given in Table 2.9 and

individual systems are discussed below.

We take comparisons a step further by running additional atmosphere models

using a fixed value for effective temperature, gravity, and radius from evolutionary

predictions in Table 2.9. Holding evolutionary properties constant, we ran additional

models around the best-fitting cloud properties determined from our grid fits in

Section 2.6. The goal was to determine if our cloudy atmosphere models could fit

data well and remain consistent with substellar evolutionary model predictions.

Because we know the masses for these binary systems, distinguishing between

different atmospheric fits becomes more reliable. We are able to eliminate model

fits that may represent the data well yet result in implied masses that deviate from

empirical observations. Implied mass is calculated from surface gravity and radius

for a given atmosphere model. All model fits for individual systems are discussed

below.

2.7.1 HD 130948B+C

The best grid fit for the HD 130948B+C system does not match evolutionary-derived

properties. This is not surprising because previous work has shown discrepancies

between atmosphere grids and evolutionary properties (± 250 K) when only J , H,

and K photometry are used (Dupuy et al., 2009a). Barman et al. (2011a) and other

groups find similar issues for directly imaged planets. Additionally, limited SED

coverage for this system leads to several well-fit models given grid fits are formally

under-constrained. However, by fixing effective temperature, gravity, and radius

using evolutionary-derived values we can fit for two cloud parameters to arrive at a

more reliable solution that is formally allowed.

In Figure 2.10 we show our previous weighted mean grid fit compared to our

new evolutionary fit with fixed Teff , log(g), and RJup. A good fit to the data can
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Figure 2.10: New evolutionary fit atmosphere models (green) compared to weighted
mean grid fits (purple) for HD 130948B (top) and HD 130948C (bottom). Surface gravity
is in cm s−2.

be achieved for HD 130948B with a higher cloud and a0=0.25 µm grain size. The

fits are nearly identical, but the grid fit with lower surface gravity is inconsistent

with measured mass compared to the higher surface gravity model (MJup=14.08 and

58.68, respectively). HD 130948C is slightly cooler than the B component yet fit

well with the same type of cloud and grain size. Again, the lower surface gravity

model can be ruled out by implied mass (MJup=13.54). The new evolutionary fits

presented here for both objects are consistent with recent atmospheric properties

determined by Briesemeister et al. (2019) which included both J , H, and K pho-

tometry with additional ALES L-band spectra from 2.9–4.1 µm. Our updated fits

provide additional constraints on the cloud properties of early-to-mid L type dwarfs.
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2.7.2 2MASS 0850+10AB

We show our new evolutionary fits compared to our previous best-fitting grid

model in Figure 2.11 for 2MASS 0850+10A and B. The initial grid fits significantly

over-predicted temperature (≈ 250-500 K) and gravity (≈ 0.75 dex) while under-

predicting radius compared to evolutionary predictions. Weighted mean parameters

were consistent with evolutionary predictions for the secondary component but not

for the primary (Table 2.8). Table 2.9 shows evolutionary predictions for this system

have the lowest values of gravity (log(g) ≤ 4.75) for all the L dwarfs studied in this

sample.

2MASS 0850+10A is fit well when bulk properties are fixed to evolutionary values

and clouds include a 1 µm mean grain size. The warmer grid-based model (Teff=1800

K) can be ruled out by the larger implied mass (MJup=40.04) and non-physical

radius (0.56 RJup) inconsistent with evolutionary models. Figure 2.11 shows how

the grid fit for 2MASS 0850+10B compares to a cooler model with fixed evolutionary

parameters. We can rule out the warmer 1500 K model because the implied mass

(69.91 MJup) is higher than the total measured mass of the entire system (Mtot =

54 ± 8 MJup). For the Teff=1234 K model, the fit can be improved at J band if the

grain size is increased to 1 µm, but this results in a poor fit to HST photometry

near 0.75-1 µm. A deeper cloud can also improve the J-band fit but reddens the H

and K bands.

We believed the warmer, initial grid fit for this system, notably the primary, may

have been caused by the spacing of our grid since evolutionary-predicted gravities

for 2MASS 0850+10AB are near the edge of a boundary. To test this hypothesis

and determine if the issue was indeed lack of sufficient grid coverage, we extended

the segment of our grid that begins at log(g)=4.75 down to log(g)=4.5, including

the same range of temperatures and cloud properties given in row two of Table 2.7.

We then recalculated the grid fits for both A and B components. The best grid fit

for 2MASS 0850+10A did not change with the addition of new lower gravity grid

models. The weighted mean properties remained nearly identical to our previous
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findings and inconsistent with evolutionary predictions. The updated best grid

fit for 2MASS 0850+10B resulted in an unusually cool model with a non-physical

radius. Weighted mean parameters were again consistent with predictions from

evolutionary models within the uncertainties, but the average gravity was still higher

than expected (log(g)=5.25−0.77
+0.25).

Previous work has suggested 2MASS 0850+10A may be an unresolved binary.

Burgasser et al. (2011) pointed out the object had unusually bright J and K-band

absolute magnitudes for a late L dwarf. Dupuy and Liu (2012, 2017) later deter-

mined with an updated system distance absolute magnitudes were similar to other

L5-L7 dwarfs. Our HST photometry shows large differences in component bright-

nesses across multiple bands (∆F625W = 1.31 dex, ∆F775W = 1.16 dex, ∆F814W

= 1.47 dex, and ∆F850LP = 0.86 dex) hinting 2MASS 0850+10A might actually

be composed of more than one object after all. The small total system mass of 54

± 8 MJup implies 2MASS 0850+10A would be a pair of objects near the deuterium

burning limit (≈ 13.5 MJup) with lower gravity (log(g)=4.3, RJup=1.3) assuming

the primary is an equal mass binary, and the B component is a more massive single

object with higher gravity (log(g)=4.70, RJup=1.15). The effective temperature in

substellar evolutionary models can be quite flat for objects near 20 MJup at these

ages due to clouds, and low-mass objects of similar effective temperatures have

been known to look like mid-to-late L dwarfs (Barman et al., 2011b). Fitting the A

component as a binary would require more specialized atmosphere models.

2.7.3 2MASS 1728+39AB

The best grid fit for 2MASS 1728+39A is consistent with evolutionary predictions

in temperature and radius but gravity is over-predicted resulting in an implied mass

that is inconsistent with measured masses (MJup=115.22). By fixing Teff , log(g),

and RJup to evolutionary predictions from Table 2.9 and adjusting the depth of the

cloud, we are able to produce a good fit to the data shown in Figure 2.12. The 1536

K model has an implied mass consistent with measured mass (MJup=71.54).
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Figure 2.11: New evolutionary fit atmosphere models (green) compared to best grid fits
(purple) for 2MASS 0850+10A (top) and 2MASS 0850+10B (bottom). Surface gravity is
in cm s−2.
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Fitting 2MASS 1728+39B was not as straightforward as fitting the A compo-

nent. It was difficult to find a model fit that agreed reasonably well with the data

simultaneously in both the F814W and F1042W bands even with fixed Teff , log(g),

and RJup to evolutionary predictions. The F814W data point was fit best by models

with deeper clouds and 0.25 µm grains whereas the F1042W point preferred mod-

els with higher clouds and ≥ 1 µm grains. Figure 2.12 shows evolutionary model

fits with both cloud preferences compared to our initial grid fit. The lower gravity

1400 K model can be excluded because its implied mass of MJup=31.98 is less than

half of the measured mass. For the remainder of this paper, we use the model fit

that excludes the F814W photometric point as our preferred fit because it is more

consistent with the majority of the photometric bands.

2MASS 1728+39AB is a flux reversal binary system, which may explain some

of the difficulty finding an atmosphere model that fit in all bands. Several binary

systems have been discovered with a secondary component brighter than the primary

component in the 1.0-1.3 µm range (Gelino et al., 2014). In this system, the B

component is brighter in the F1042W band (∆A−B= 0.25 dex) but not in the J or

F814W bands. Looper et al. (2008a) explain the brightening could be the result of

a cryptobinary, but it is often an intrinsic property of the object due to weather,

unusual cloud properties, or changes in surface gravity. Surface gravity is unlikely to

be the culprit because widely varying gravities requires different ages not expected

for coeval binaries (Gelino et al., 2014). Our model fits suggest it may be due to

differences in cloud location and particle sizes.

2.7.4 2MASS 0920+35AB

Dupuy and Liu (2017) suggest 2MASS 0920+35AB is a triple brown dwarf system

given the large total mass of the system (187 ± 11 MJup) with over half of the total

system mass belonging to the fainter secondary (116+7
−8 MJup). In order to obtain

evolutionary predictions for the A component of this system, we follow the same

approach as Dupuy and Liu (2017) and assume 2MASS 0920+35B is composed of
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Figure 2.12: New evolutionary fit atmosphere models (green) compared to best grid
fits (purple) for 2MASS 1728+39A (top) and 2MASS 1728+39B (bottom). Two fits for
2MASS 1728+39B are provided: one excluding the F814W photometric point (green) and
one including it (gold). Surface gravity is in cm s−2.
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Figure 2.13: New evolutionary fit atmosphere model (green) compared to best grid fit
(purple) for 2MASS 0920+35A. Surface gravity is in s−2.

two equal-mass, equal-luminosity components. These predictions are given in Table

2.9.

Figure 2.13 compares our best grid-fit model of 2MASS 0920+35A from Section

2.6 to a new model with fixed Teff , log(g), and RJup from evolutionary predictions.

We are able to produce a good fit to the data and remain consistent with evolu-

tionary predictions if the B component is indeed a binary with two equal-mass,

equal-luminosity components. We derive a younger age of the system at 1.82+0.35
−0.18

Gyr using SM08 evolutionary models, but our results are consistent within the un-

certainties to the system age from Dupuy and Liu (2017) of 2.3+0.3
−0.4 Gyr.

2.7.5 LHS2397aAB

We only studied the L dwarf companion in this system because the A component is

a low-mass star and outside the temperature range of our grid fitting (≥ 2000 K).
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Figure 2.14: New evolutionary fit atmosphere model (green) compared to the best grid
fit (purple) for LHS 2397aB. Surface gravity is in cm s−2.

Although the best grid-fitting model for LHS 2397aB was consistent in temperature

and radius to evolutionary properties, the lower gravity resulted in an implied mass

that was too small (MJup=20.49). By fixing the bulk atmospheric properties of the

object to evolutionary-derived properties from Table 2.9, we are able to get a good

fit to the data with a new model show in Figure 2.14 that has an implied mass

consistent with observations (MJup=66.84).

2.7.6 SDSS 1021-03AB

It became apparent our cloudy atmosphere grids did not sample enough of the

parameter space in cloud pressure and grain size to accommodate early-to-mid T

dwarfs, particularly at lower values of surface gravity near log(g)=4.75. K-band

flux is sensitive to surface gravity (Saumon et al., 2012), and the cooler models in



70

our grid more appropriate for T dwarfs predicted an overly red H - K color. We

were able to obtain improved fits more appropriate for the SDSS 1021-03AB system

by testing models outside the grid with larger grain sizes and deeper clouds.

The cloudy model fits presented here help to provide an upper limit to the

location of clouds in T dwarf atmospheres, which are traditionally fit with cloud-

free models (Baraffe et al., 2003). Figure 2.15 provides a comparison of the best

grid models to new evolutionary-based models. The initial grid fits to the system

have lower values of χ2 but significantly over-predicted temperature (≥ 500 K) and

under-predicted radius (≤ 0.50 RJup). Although the J-band flux is under-predicted

by our evolutionary fit for SDSS 1021-03B, this model is still the preferred model

based on mass and radius. If we allow the radius to vary, the fit at J-band can be

improved using a model with a deeper cloud and larger grain size (Pc=100 bar, a0=5

µm) with a radius of 1.25 RJup; however, this results in a 35 MJup mass inconsistent

with observations of 23 ± 4 MJup.

2.7.7 2MASS 1534-29AB

Similar to the SDSS 1021-03AB system, the mid-T dwarfs in the 2MASS 1534-

29AB system were not fit well by our cloudy atmosphere grids. Grid fits resulted in

significantly over-predicted effective temperatures (≥ 500 K) and small, non-physical

radii (≤ 0.40 RJup) for both the A and B components.

Using cloud parameters informed from our evolutionary fits to the SDSS 1021-

03AB system, we were able to test additional models and find more realistic fits

for 2MASS 1534-29AB shown in Figure 2.16. The fits are greatly improved over

the original grid-based models and help to provide upper limits to the cloud over

cloud-free models.
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Figure 2.15: New evolutionary fit atmosphere models (green) compared to best grid fits
(purple) for SDSS 1021-03A (top) and SDSS 1021-03B (bottom). Plotted in orange is a
cloud-free model for comparison. Surface gravity is in cm s−2.
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Figure 2.16: New evolutionary fit atmosphere models (green) compared to best grid fits
(purple) for 2MASS 1534-29A (top) and 2MASS 1534-29B (bottom). Plotted in orange is
a cloud-free model for comparison. Surface gravity is in cm s−2.
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2.8 Cloud Properties

Here we discuss detailed cloud properties from our best-fitting atmosphere models.

For the remainder of the paper, we consider the best fits those constrained by

evolutionary models in the previous section. Model parameters are summarized in

Table 2.10. We also include the location of the photosphere, cloud location (top,

base), cloud thickness, and peak gas-to-dust ratio in the table for reference. We

adopt the approximate location of the spectrum-forming region (photosphere) where

the atmospheric temperature equals the effective temperature. This location is also

very close to where the Rosseland mean optical depth is ≈ 1.

The model cloud is composed of multiple layers of thermochemically permissi-

ble condensate species composed mostly of Fe and Mg-Si grains. Cloud opacity is

determined from a heterogeneous mixture of these grains along with a number of

minor contributors for which opacities are available rather than using a single grain

type as representative of all cloud particles. We report the most abundant conden-

sate species for each object in Table 2.11. While the table is representative of the

composition at the cloud top layer, a gradient of condensates is present within the

cloud.

Figure 2.17 illustrates how the cloud properties change in our sample for L to

mid T-type dwarfs for Teff ≈ 1900-1000 K. Cloud formation occurs higher in the at-

mosphere and shifts to deeper regions as effective temperature decreases. The peak

dust-to-gas ratio shifts to deeper regions within the cloud for cooler objects as well.

This trend emerges into two distinct clusters in the plot–one containing eight objects

(≈ L4-T5) and one containing four objects (≈ L6-T5)–signifying a similar trend for

high-gravity and low-gravity objects. It is worth noting all objects in our sample

near Teff ≤ 1400 K have detached convection zones from the radiative-convective

boundary with a convective flux greater than 50% of the total flux. Isolated convec-

tion zones can emerge as temperatures decrease. These detached convection zones

are a result of localized changes to the temperature gradient caused by the cloud

opacity. Similar zones, produced for the same reason, were discussed by Burrows
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et al. (2006). In addition to the effective temperature and gravity, the location and

vertical extent of these zones are sensitive to the detailed cloud properties (e.g., com-

position, particle size, and cloud morphology) that determine a cloud’s contribution

to the total opacity.

Sub-micron grains (0.25-0.50 µm) were the most appropriate for L4-L5.5 spectral

types with temperatures of ≈1900-1500 K and high surface gravities (log(g) ≥ 5.0)

and one lower gravity (log(g) ≤ 5.0) L8.5 dwarf. Previous work found comparable

grain sizes for L dwarfs using a single grain type such as 0.4-0.6 µm for corundum

and enstatite grains (Marocco et al., 2014), 0.15-0.3 µm for iron grains (Marocco

et al., 2014), and a mean grain size of 0.15-0.35 µm using forsterite grains (Hiranaka

et al., 2016). Rotational modulations have also suggested hazes present in L dwarf

atmospheres have characteristic grain sizes of ≈0.28-0.4 µm (Lew et al., 2016).

Larger grain sizes (≥ 1 µm) were required for most spectral types later than

L6.5-L7 with effective temperatures near 1400 K and cooler. The coolest and latest

type objects in our sample required the largest grain sizes (2-5 µm). Similarly, Zhou

et al. (2018) found characteristic condensate particle sizes grew for later L types (≥
L8) with larger mean grain sizes required to match observations (a0 ≥ 1.0 µm).

We compare our modelled objects to the cooling and color evolution of brown

dwarfs across the L/T transition using Saumon and Marley (2008) hybrid evolution

models in Figure 2.18. Objects redder than the track were best represented by

the smallest grain sizes, whereas objects bluer than the track where those that

required the largest grain sizes. Reddened L dwarfs in the L5-L7.5 range can be an

important indicator of youth in brown dwarfs, or the redder colors can be indicative

of excess dust and clouds in the photosphere (Kirkpatrick, 2005; Filippazzo et al.,

2015; Faherty et al., 2012). The reddest object in our sample, 2MASS 1728+39A,

is a mid-L dwarf slightly redder than average (J - Ks = 2.07), which we believe is

due to excess dust and a small cloud particle size.
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Figure 2.17: Summary of best-fit evolutionary model cloud progression organized by
decreasing effective temperature with the warmest objects at the top. The photosphere for
each model atmosphere is represented by a star. The cloud top and cloud base are denoted
by light grey lines. The peak dust-to-gas ratio is represented by a grey triangle. Regions
with a yellow line are indicative of convection with the right-most dash always indicating
the radiative-convective boundary. Yellow regions to the left of the this boundary highlight
a detached convection zone (Fconv/Ftot ≥ 50 %). Spectral type and the model’s mean grain
size in µm is included on the right-hand side of the plot for reference.
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Table 2.11: Most Abundant Condensates in Cloud Top Layer

Object Condensates
HD 130948B Fe (48%) | MgSiO3, Mg2SiO4, MgO, SiO2 (52%)
HD 130948C Fe (49%) | MgSiO3, MgO, Mg2SiO4, SiO2 (51%)
2MASS 0920+35A Fe (48%) | MgSiO3, Mg2SiO4, MgO, SiO2 (52%)
2MASS 1728+39A Fe (49%) | MgSiO3, MgO, Mg2SiO4, SiO2 (51%)
2MASS 1728+39B Fe (50%) | MgO, SiO2, Mg2SiO4, MgSiO3, MgAl2O4 (50%)
LHS2397aB Fe (45%) | MgSiO3, MgO, SiO2, Mg2SiO4 (55%)
2MASS 0850+10A Fe (49%) | MgSiO3, MgO, Mg2SiO4, SiO2 (51%)
2MASS 0850+10B Fe (48%) | MgSiO3, Mg2SiO4, MgO, SiO2 (52%)
SDSS 1021-03A Fe (47%) | MgSiO3, MgO, Mg2SiO4, SiO2 (53%)
2MASS 1534-29A Fe (45%) | SiO2, MgO, Mg2SiO4, MgSiO3, MgAl2O4 (55%)
2MASS 1534-29B Fe (46%) | SiO2, MgO, Mg2SiO4, MgSiO3, MgAl2O4 (54%)
SDSS 1021-03B Fe (47%) | MgSiO3, MgO, SiO2, Mg2SiO4 (53%)

The most abundant dust species are listed for each object at the cloud top layer. Individual
condensates species are in order from the most abundant to the least abundant and represent a
combination of both solid and liquid phases. Percentages shown are for total iron grains and Mg-Si
grains, respectively.

Figure 2.18: Color-magnitude diagrams in near-infrared and optical colors. Saumon and
Marley (2008) hybrid evolutionary tracks are overplotted in turquoise triangles. Purple
stars show the objects focused on in this paper. Filled light blue circles are low-mass field
objects from Faherty et al. (2012) (left) and low-mass objects from Konopacky et al. (2010)
(left and right). HST observations on right include both WFC3 and ACS filters.
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2.9 Summary and Conclusion

Discrepancies between atmosphere and evolutionary model predictions play a sig-

nificant role as different stages of condensate cloud evolution greatly influences the

overall spectral shape. Previous grid comparisons have led to disagreements between

atmosphere models and evolutionary predictions for substellar objects of known mass

(e.g., Chabrier and Baraffe, 2000; Dupuy et al., 2014). We are able to produce at-

mosphere models that match evolutionary predictions for a sample of brown dwarfs

(≈ L4-T5) by allowing enough flexibility within the cloud properties.

Determining the bulk properties (e.g., effective temperature and gravity) of stel-

lar and substellar mass objects is an important step along the way to making infer-

ences about more specific properties, such as metallicity, or the relative abundances

of key elements. These bulk properties are frequently estimated by comparing pho-

tometric or spectroscopic observations to model atmosphere predictions. For many

objects such comparisons yield properties consistent with those of interior and evo-

lution models that, at moderate to old ages, are considered reliable and less sensitive

to model assumptions (Baraffe et al., 2002). Significant inconsistencies, however, can

occur whenever condensate cloud formation greatly influences the overall spectral

shape. This situation occurs, for example, across the L/T transition (Cushing et al.,

2006) and for most young directly imaged companions (Metchev and Hillenbrand,

2006) where models with a range of temperatures, gravities, and cloud properties

are capable of matching a single object’s near-IR SED equally well (Barman et al.,

2011a). Such ambiguity can often hinder the study of cloudy objects where mass

and age are very uncertain.

In this paper we have studied a set of L/T transition (Teff ≈ 1900-1000 K) brown

dwarf binaries with measured masses, luminosities, and well-determined ages. For

these objects comparisons to evolutionary models yield very precise estimates of

the bulk properties. Overall, synthetic spectra from our cloudy atmosphere models

matched spatially-resolved visible to near-IR photometry of each binary component

reasonably well. The cloud parameters included in our grids appear to be most
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appropriate for L4-L8 field dwarfs with effective temperatures between 1900-1300 K

and log(g) ≥ 5.0. The grid fits for these objects were the most consistent with our

evolutionary-constrained atmosphere models.

With these atmosphere models we have determined a set of cloud properties

across the L/T transition. The warmest objects in the sample (≈1900-1500 K) were

fit best by particles with mean grain sizes of 0.25-0.50 µm, whereas objects cooler

than 1500 K required larger mean grain sizes 0.80-5 µm. Although the composition

at the cloud top remained relatively close to an equal split between Fe and Mg-Si

grains for the majority of objects, the overall location of the cloud top shifted to

deeper regions within the atmosphere as objects cooled in effective temperature.

Near 1400 K clouds began to disappear below the photosphere, which agrees with

previous findings (Saumon and Marley, 2008; Marley et al., 2010).

There was some disagreement between our grid-based atmosphere models and the

evolutionary-constrained atmosphere models for lower-gravity objects (log(g) ≤ 5.0)

and the latest T dwarfs included in the sample (T4.5-T5.5; Teff ≤ 1200 K). Our grid-

based models tended to over-predict temperature, gravity, and under-predict radius.

In addition to model-grid aspects (e.g., grid spacing and boundaries), unresolved

binarity might play a role in some systems. For example 2MASS 0850+10A may be

a pair of objects near the deuterium burning limit, rather than a single L-type brown

dwarf, due to the large difference in brightness between A and B components, low

total mass of the system, and mixed results from atmosphere model fitting. Giant

exoplanets overlap with the range of effective temperatures of brown dwarfs (Faherty

et al., 2016) and such objects (e.g., HR8799c) can resemble mid-L spectral types

(Marois et al., 2010; Barman et al., 2011b). Binarity is just one possibility and

further study, both observationally and modeling, is warranted for this system.

SDSS 1021-03A is the earliest T dwarf in the sample, and evolutionary-

constrained models preferred a deeper cloud (Pc=60 bar) and larger grain size (>

1 µm) slightly beyond the parameters in our atmosphere grids. Similarly, the later

T4-T5 dwarfs (SDSS 1021-03B, 2MASS 1534-29A, 2MASS 1534-29B) required even

deeper clouds (Pc=90-200 bar) and the largest grain sizes (3-5 µm). Evolutionary-
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derived fits for these objects suggest our grids should be extended to include a larger

range of cloud properties to accommodate early-to-mid T dwarfs and help constrain

the limits of homogeneous cloud models for the coolest objects. We observe that

condensate growth becomes more important near late-L types, leading to preferred

model fits with larger mean grain sizes for T dwarfs. Other work has successfully

reproduced T dwarf photometry using thin sulfide clouds (Morley et al., 2012) and

inhomogeneous cloud cover with low temperature condensates (Na2S, KCl) (Char-

nay et al., 2018). Near Teff ≈ 1000 K cloud-free models may be a better fit to our

data; however, this is the same regime in low-gravity objects where sulfide clouds

appear while iron and silicate clouds are simultaneous disappearing (Morley et al.,

2012; Charnay et al., 2018). A more diverse grid for these objects will be beneficial

in order to untangle the relationship between condensate growth, cloud composition,

and surface gravity.

Rapid color changes across the L/T transition have been interpreted as the re-

sult of patchy clouds or holes in the cloud deck (Burrows et al., 2003; Ackerman

and Marley, 2001; Marley et al., 2010), a sudden collapse of the cloud deck (Tsuji

and Nakajima, 2003), or an increase in sedimentation efficiency of clouds (Knapp

et al., 2004). By parameterizing the sedimentation efficiency of dust particles to

regulate the influence of cloud opacity on the model spectrum, one can reproduce

the L/T transition (Saumon and Marley, 2008; Stephens et al., 2009). We are able

to reproduce photometric changes across the L/T transition in a similar fashion by

parameterizing the vertical extent and mean grain size of a uniform cloud. However,

we cannot rule out the existence of patchy clouds in this sample of objects despite

our homogeneous cloudy model fits because the presence of cloud holes is very sub-

tle across the near-infrared part of the spectrum for L/T transition objects (Marley

et al., 2010; Apai et al., 2013).

Other groups use a more complex treatment of grain nucleation, growth, evap-

oration, and/or drift. Work from Helling et al. (2008a,c) resulted in mean cloud

particle sizes that increased as a function of atmospheric depth, with small particles

(≈ 0.01 µm) in high atmospheric layers with a narrow grain size distribution that
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broadened to larger particle sizes (≈ 100 µm) and grain size distributions near the

cloud base. Charnay et al. (2018) was able to reproduce the spread of near-IR col-

ors across the L/T transition and those observed in reddened low-gravity objects by

computing cloud particle radii estimated from simple microphysics. Our models use

a constant grain size distribution with cloud height, but similar to more complex

treatment of grains, the peak dust-to-gas ratio sinks to deeper regions within the

atmosphere, eventually below observable layers.

It has been hinted at that grain size increases as objects cool across the L/T

transition (Zhou et al., 2018; Knapp et al., 2004). Burrows et al. (2006) used models

with homogeneous forsterite grains with sizes of 3, 10, 30, and 100 µm and identified

that atmospheres with larger particles resulted in stronger J-band fluxes near 1400-

1500 K due to the natural deepening of the cloud position in the model atmospheres.

We observe something similar in our grid models across a smaller range of particle

sizes (0.25-1 µm) for our heterogeneous grains. Figure 2.3 shows J-band flux is

greater for the largest grain sizes at 1300 K whereas J-band fluxes are similar at

1500 K regardless of grain size. A physical mechanism responsible for this trend in

increasing grain size is not well understood. At cooler effective temperatures, it has

been suggested that a larger supply of condensate vapor near the base of the cloud

could result in runaway particle growth for cooler objects (Gao et al., 2018).

Photometry has limited sensitivity; therefore, future steps will be to improve

atmospheric constraints with resolved spectroscopy. Cloud location, mean grain size,

surface gravity, and metallicity impact our understanding substellar atmospheres as

a function of temperature. Decoupling the degeneracies between these interwoven

features is essential to explain observations of objects, particularly across the L/T

transition. This work provides valuable insight into the complex evolution of cloud

opacity for a range of well-studied brown dwarf binaries. Ideally, the goal is to

be able to construct reliable atmosphere models that can account for the drastic

color change and physical properties of substellar objects without a reliance on

evolutionary models to infer the properties of individual objects. We plan to extend

our cloudy grids to both lower and higher cloud top pressures with additional grain
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sizes to accommodate the earliest and latest spectral types. Additional exploration

of cloud properties is warranted for the warmest and coolest objects for binaries

where our atmosphere grids lacked coverage.

Future work would greatly benefit from additional observations, especially at

the shortest wavelength portion of the SED. Photometric bands near 0.8-1 µm ap-

pear important when investigating flux reversal binary systems and provide insight

to differing grain size preferences at optical and near-infrared wavelengths. The

next generation of telescopes with higher sensitivity and wavelength coverage will

be essential in providing high-quality spectra required to fine tune cloud parameters

and address lingering inconsistencies, such as broad, continuous wavelength cov-

erage from the James Webb Space Telescope’s NIRSpec instrument (0.6-5.3 µm).

Furthermore, variability has been detected in brown dwarfs at the transition region

(Radigan, 2014) and will be an important factor for cloud formation and evolution

going forward. Rotation-modulated spectral variations will be a key approach to-

ward a more in-depth grasp of the evolving cloud structure in low-mass objects (Apai

et al., 2013, 2017). Understanding the relationship between grain size distribution

and effective temperature will require a multidimensional approach to grain kinetics

and growth connected to convective cloud structure. Atmospheric retrieval results

can be compared to those of self-consistent models to better understand the nature

of discrepancies (e.g., heterogeneous cloud layers, particle sizes, cloud composition,

haze layers). Relatively few brown dwarfs spanning the L/T transition have known

masses, and the release of future Gaia data will increase parallax precision by 30%

(Brown et al., 2018). Objects with independently constrained properties from dy-

namical mass and luminosity measurements are the strongest candidates for future

model comparisons.
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CHAPTER 3

Properties of the Substellar Bench-

mark HD 130948B+C with Moderate-

Resolution Spectroscopy

3.1 Introduction

The growing population of brown dwarfs over the past two decades has provided crit-

ical insight into the complex atmospheric processes that shape the spectral energy

distribution of low-mass objects. Photometric studies have established the foun-

dation of substellar evolution on the color-magnitude diagram, identifying trends

influenced by effective temperature (Faherty et al., 2012; Dupuy and Liu, 2012;

Leggett et al., 2002). Fundamental properties of brown dwarfs can be obtained by

fitting spectroscopy to synthetic spectra from atmosphere models and, coupled with

evolutionary models, mass and age can be inferred (Cruz et al., 2017; Saumon and

Marley, 2008). However, brown dwarfs lack fusion in their cores and cool throughout

time, resulting in a degeneracy in mass, age, and luminosity. Secondary parameters

beyond temperature including surface gravity, metallicity, cloud opacity, and non-

equilibrium chemistry are known to influence the color and spectral morphology of

brown dwarfs (Knapp et al., 2004; Lew et al., 2020). It is difficult to confidently
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constrain atmospheric properties from spectra alone and challenging to untangle the

relationship between multiple parameters for individual, isolated objects (Stephens

et al., 2009; Barman et al., 2015).

Brown dwarfs span a vast range of masses from ∼13-80 MJup in between giant

gaseous planets and low-mass stars (Burrows et al., 2001). Although the limits

depend upon chemical composition (Baraffe et al., 2002), the boundaries are roughly

defined by the mass required for deuterium fusion at the lower end of the spectrum

and hydrogen fusion at the upper end. Testing and refining substellar evolutionary

and atmosphere models requires a population of well-characterized objects due to the

diversity of brown dwarfs. One way to tackle degeneracies is to study brown dwarfs

in binary systems by obtaining precise dynamical mass measurements, which allow

powerful coevality assumptions about age and composition (Konopacky et al., 2010;

Dupuy and Liu, 2017). Several binary systems in the solar neighborhood have been

studied via extensive astrometric monitoring and high angular resolution imaging

surveys, resulting in total and individual masses for objects that span spectral types

M7-T5 (e.g., Lane et al., 2002; Liu et al., 2008; Burgasser, 2007; Konopacky et al.,

2010; Dupuy and Liu, 2017).

There appears to be a low occurrence rate (< 1%) of brown dwarfs around sun-

like stars compared to stars with planetary companions at close-in orbits (< 5 AU)

(Sahlmann et al., 2011; Ma and Ge, 2014; Díaz et al., 2016) commonly referred to

as the brown dwarf desert. A few binary systems with well-known masses orbit a

stellar companion. The properties of the host star can provide independent system

age estimates, metallicity, and help to constrain brown dwarf formation models. Ma

and Ge (2014) suggest brown dwarfs from 35-55 MJup are the most depleted and 42.5

MJup may be a transitional mass where objects below this threshold form similar to

giant planets via core accretion or disk instability (Pollack et al., 1996) and above

form like stars via gravitational cloud collapse (Hennebelle and Chabrier, 2008).

Both metal-rich and metal-poor stars have been detected with brown dwarf com-

panions (Sahlmann et al., 2011), but recent work suggests there are separate popu-

lations for lower and higher mass brown dwarfs based on metallicity and eccentricity



86

distributions (Maldonado and Villaver, 2017; Grieves et al., 2021). A study from

Maldonado and Villaver (2017) found massive brown dwarfs appear to have simi-

lar metallicities as stars, whereas low mass brown dwarfs have a higher metallicity

with greater abundances of Sc II, Mn I, and Ni. Model-independent characteriza-

tions of brown dwarf atmospheric properties are required to understand the link

between composition and different formation scenarios. Atmospheric chemistry in

brown dwarfs is greatly influenced by the ratio of carbon to oxygen (C/O) through

features of water vapor (H2O), carbon monoxide (CO), and methane (CH4). Com-

paring host star properties to brown dwarf companions, such as the C/O, is one

way to understand the formation history and evolution of substellar objects (Mad-

husudhan et al., 2011).

3.1.1 HD 130948 System

HD 130948 is a hierarchical triple system composed of a pair of L4+L4 brown dwarfs

discovered using the Gemini North Telescope separated by ≤ 10 mas in a wide orbit

around a Sun-like primary star (G2V) (Goto et al., 2002; Potter et al., 2002). Van

Leeuwen (2007) measured a precise distance of 18.17 ± 0.11 pc using astrometric

data from Hipparcos. The metallicity of the host star measured by Valenti and

Fischer (2005) was close to solar (Fe/H = 0.05). Dupuy et al. (2009a) determined a

total dynamical mass of 114 ± 3 MJup using a combination of telescope observations

totaling approximately 70% of HD 130948BC’s orbital period. The total measured

mass was updated in Dupuy and Liu (2017) to 115.4+2.2
−2.1 MJup consistent with results

from Konopacky et al. (2010).

The age of HD 130948A has been a point of contention since the age of indi-

vidual solar-type stars can be difficult to constrain. Early estimates characterizing

solar analog samples suggested HD 130948A is in the range of 0.2-0.8 Gyr (Gaidos,

1998). Mamajek and Hillenbrand (2008) estimated an age of 0.5 ± 0.3 Gyr from

chromospheric activity traced by Ca II HK emission. Dupuy et al. (2009a) argue

gyrochronology provides the most precise age estimate for HD 130948A and arrive
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at a mean age of 0.79+0.22
−0.15 Gyr whereas Barnes (2007) suggest the gyrochronology

age may be as young as ∼0.39 Gyr. Mullan and MacDonald (2010) found a simi-

lar, younger age of 0.28-0.39 Gyr using magnetic convection models. If the star is

indeed 0.79 Gyr, Dupuy et al. (2014) found the luminosity for HD 130948B and C

to be brighter than theoretical evolutionary model tracks by a factor of 2-3. Dis-

agreements between atmosphere and evolutionary models could be resolved with

extended wavelength coverage with L-band spectra (Briesemeister et al., 2019) or

with models that accounted for various cloud properties (Brock et al., 2021). These

cloudy model fits preferred a younger system age of 0.42-0.45 Gyr consistent with

gyrochronology measurements from Barnes (2007) and chromospheric activity from

Mamajek and Hillenbrand (2008).

Both brown dwarfs in the system are considered rapid rotators (v sin i > 10

km s−1) with the C component rotating at 30% of its break-up speed. Konopacky

et al. (2012) measured the projected rotational velocity (v sin i) of HD 130948B

and C as 64 ± 4 and 86 ± 6 km s−1, respectively, and explain the difference in

rotational velocity between components may be due to dynamical evolution torquing

the system into misalignment. It has been suggested magnetic activity could be

significant for these objects as well (Konopacky et al., 2012).

In this work, we present resolved, moderate-resolution spectroscopy (R ∼ 4000)

of HD 130948B and HD 130948C. We compare J and K-band spectroscopy to at-

mosphere model grids to determine the best-fit parameters of effective temperature,

surface gravity, metallicity, and cloud properties. We explore how sensitive these

bands and spectral features are to the various model parameters. We are able to

resolve spectral features of H2O and CO to determine their molecular abundances

and derive C/O ratios for our objects.

3.2 Observations

HD 130948B+C was observed on 2015 July 20 (UT) at the W. M. Keck Observatory

using natural guide star adaptive optics and the OH-Suppressing Infra-Red Imaging
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Table 3.1: OSIRIS Observations of HD 130948BC

Target Date Band Exposures Exposure Time (sec)
HD 130948B+C 2015-07-20 Jbb 4 300
HIP73087 2015-07-20 Jbb 3 2
HD 130948B+C 2015-07-20 Kbb 4 300
HIP73087 2015-07-20 Kbb 3 2

Spectrograph (OSIRIS) instrument (Larkin et al., 2006) on the Keck II telescope.

Broadband J and K spectra were obtained (1.18-1.42, 1.96–2.38 µm) over a 0”.32 x

1”.28 patch of the sky with a spaxel scale of 0”.02 spaxel−1 (where spaex refers to one

OSIRIS spatial resolution element). We also obtained appropriate dark, sky, and

A0 telluric standard star observations. A summary of the observations is provided

in Table 3.1 for reference.

Data were reduced using the standard OSIRIS data reduction pipeline (Krabbe

et al., 2004; Lockhart et al., 2019). We follow a similar procedure described in

Barman et al. (2011a) for producing basic calibrated data (BCD) cubes. Spectra

were obtained by fitting Gaussian point-spread functions (PSFs) to each binary

component for each monochromatic slice of the cube. The individual spectra were

median-combined, and the uncertainties were determined by calculating the rms

between the individual spectra at each wavelength. Images from the data cubes

are given in Figure 3.1 and show the separation between the binaries. We flux

calibrated our spectra such that the flux at each wavelength when integrated matches

the respective J and K-band 2MASS absolute magnitudes from Konopacky et al.

(2010). Figure 3.2 shows the flux-calibrated spectra for both B and C components.

3.3 Empirical Comparisons

HD130948 B and C are both L dwarfs (L4 ± 1) with similar bulk properties (Dupuy

and Liu, 2017). The B component is more massive (∼4 MJup), brighter (0.11 dex),

and warmer than the C component by ∼100 K. We calculated the average per-

cent difference between components using our OSIRIS data to see if any significant

spectral differences were driving the differences between the two brown dwarfs.
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Figure 3.1: Separation of the binary system HD 130948BC in the J (left) and K (right)
bands.
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Figure 3.2: Flux-calibrated OSIRIS spectra for HD 130948B and HD 130948C in J (left)
and K (right) bands.
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Table 3.2: Evolutionary-derived Model Properties

Property HD 130948B HD 130948B
SpT L4 ± 1

Dupuy and Liu (2017); Dupuy et al. (2014)
Mass [MJ ] 59.8+2.0

−2.1 55.6+2.0
−1.9

log(Lbol) [L⊙] -3.85 ± 0.06 -3.96 ± 0.06
Teff [K] 1920+70

−60 1800+50
−70

log(g) [cm s−2] 5.12 ± 0.03 5.10+0.03
−0.04

Radius [RJup] 1.05+0.02
−0.01 1.06+0.01

−0.02

Age [Gyr] 0.44 ± 0.04
Briesemeister et al. (2019)

Mass [MJ ] 59.8 ± 0.6 56.4 ± 0.6
log(Lbol) [L⊙] -3.87 ± 0.01 -3.96 ± 0.01
Teff [K] 1900 ± 20 1800 ± 20
log(g) [cm s−2] 5.14 ± 0.01 5.11 ± 0.01
Radius [RJup] 1.037 ± 0.002 1.037 ± 0.002
Age [Gyr] 0.45 ± 0.02

Brock et al. (2021)
Mass [MJ ] 59 ± 1 56+2

−1

log(Lbol) [L⊙] -3.85 ± 0.09 -3.91 ± 0.05
Teff [K] 1916+94

−90 1851+46
−45

log(g) [cm s−2] 5.12 ± 0.02 5.10+0.02
−0.03

Radius [RJup] 1.05 ± 0.02 1.05 ± 0.02
Age [Gyr] 0.42+0.06

−0.04

We first looked for any differences between the combined J and K-band data.

The average percent difference between B and C is ∼5%, which is slightly larger than

the average uncertainty for B and C (4 % and 3 %, respectively). By individual

band, there is an average difference of 8% between B and C in J band approximately

3% larger than the average uncertainties. The K differences are roughly equal to

the average uncertainties (∼2%). Figure 3.3 provides a comparison of the B and

C components for each band. The data show spectra are quite similar between the

two objects.

The spectra of HD 130948B+C are similar to other field L dwarfs (Figure 3.4).

FeH (1.20 µm) and K I alkali lines (1.25 µm) in the J band are the most prominent

features in our object and in L dwarfs of spectral types L0-L6 (Cushing et al., 2004).

FeH features tend to be strongest in L2-L3 dwarfs and decrease for types later than

L3 (Allers and Liu, 2013). The strength of FeH and K I are indicators of gravity

and youth. For objects with lower gravity, the photosphere is shifted to regions of
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Figure 3.3: Comparison between J and K-band spectra for HD 130948 B and C. Spectra
are flux calibrated and normalized.

lower pressure and weakens lines of FeH, Na I, and K I. K I lines are prominent in

our object suggesting a field gravity and age. Allers and Liu (2013) suggest signs of

weak gravity can also be apparent in the K-band continuum with a more positive

slope from 2.15-2.25 µm. There are no apparent spectral indicators in our data that

suggests our objects have low gravity or youth.

Because the spectra are quite similar, differences observed between HD 130948

B and C are likely driven by color variations in the J band. Figure 3.5 illustrates

HD 130948B is slightly bluer than HD 130948C and places the system in the context

of the field dwarf population. Figure 3.6 provides a closer look at color dispersal of

L3-L5 dwarfs including those classified as intermediate gravity (Cruz et al., 2009).

HD 130948 B and C both have an average J - K near-infrared color representative

of L3-L4 types and therefore do not show any signs of youth (Faherty et al., 2012).

3.4 Spectral Modeling

Our goal is to constrain the atmospheric properties of HD 130948B and C using

new spectral data presented in this paper. Additionally, we explore how sensitive
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Figure 3.4: An example of L dwarf spectra is shown from L1-L5 [1-4]. Moderate-
resolution spectra of HD 130948 B is smoothed with a Gaussian to a resolution of 200.
The J and K bands are plotted separately and normalized by the mean flux at 1.18-1.41
and 1.97-2.38 µm, respectively. 2M1726 and 2M1551 are classified as intermediate and
low gravity. References: [1] (Allers and Liu, 2013), [2] Kirkpatrick et al. (2010), [3] Cruz
et al. (2017), [4] Burgasser et al. (2007), [5] Burgasser et al. (2010)
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Figure 3.5: Near infrared color-magnitude diagram with field dwarfs from Faherty et al.
(2012) and the full sample of low mass binaries from Konopacky et al. (2010). HD
130948B+C are plotted as purple stars. Saumon and Marley (2008) hybrid evolution-
ary tracks are over-plotted in turquoise.
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Figure 3.6: Comparison of colors across a sample of L3-L5 dwarfs. Intermediate gravity
objects are plotted as square symbols for their respective spectral type. Data from Faherty
et al. (2016).
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Table 3.3: Model Parameters

Teff [K] log(g) [cm s−2] Pc [bar] a0 [µm] Increments
1700-2000 4.5-5.5 0.1, 0.5 0.25, 0.50, 1.0 100 K; 0.5 in log(g)

spectral features are to small changes in model parameters of temperature, gravity,

metallicity, and cloud properties.

In Brock et al. (2021) we created grids of synthetic spectra using the PHOENIX

1D model atmosphere code assuming radiative-convective equilibrium. Our models

included parameterized clouds composed of multiple condensates that contribute to

the total atmospheric opacity. Clouds are described by two parameters: the cloud

pressure, Pc, and the mean grain size, a0. A more detailed discussion of the model

can be found in Barman et al. (2011a). Models were calculated with an updated

line list from Tennyson and Yurchenko (2012) with a sampling of 1 Å between 0.9

and 5 µm.

First, we required model grids that spanned the expected values of our objects

(Table 3.3). We used a small grid from our previous work with a temperature

range of 1700-2000 K and log(g) from 4.5-5.5 dex that included two values for cloud

pressure (Pc=0.1, 0.50 bar) and three values for grain size (a0=0.25, 0.50, 1 µm).

Another grid was created with the same properties but using metallicity of the host

star, HD 130948A. Elemental abundances were obtained from the Hypatia Catalog

(Hinkel et al., 2014). Abundances for 25 elements were available and incorporated

into our PHOENIX models. The remaining elements were kept at their respective

solar values.

3.4.1 Model Atmosphere Fits

For each brown dwarf, we fit solely the J band, solely the K band, and a joint fit of

both near-infrared bands combined with H-band photometry. We determined the

best atmosphere model for each object using a χ2-fitting approach. Models are by

(R/D)2, where R is the radius of the object to be fit, and D is 10 parsecs to ensure

fluxes are at absolute values.
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The best-fitting atmosphere models and weighted mean values were determined

for both solar and stellar metallicity grids. Results from the grid fitting are provided

in Tables 3.4 and 3.5. We allowed models at the 68% confidence level (∆χ2 < 11.3)

taking χ2 distributed with five degrees of freedom. Parameters fit include those

listed in Table 3.3 and the object’s radius.

Weighted mean parameters were calculated using a similar approach to Stone

et al. (2016)

m̄ =
ΣiWimi

ΣiWi

, (3.1)

where the weight Wi for each model mi is given by

Wi = e−0.5χ2

, (3.2)

Uncertainties were calculated using sided variance estimates with

σm =
ΣiWi(mi − m̄)2

ΣiWi

, (3.3)

where the sum is calculated using parameters above (+) or below (-) the mean

values. In cases where the edge of the grid boundary was approached, we report an

upper/lower limit for our uncertainty.

A summary of the weighted mean grid fits are provided for HD130948 B in

Table3.4 and for HD130948 C in Table 3.5. In Figures 3.7 and 3.8, the joint JHK

best-fitting models are shown. The model parameters we arrived at for B and C were

identical to each other for both solar and stellar metallicity (Teff = 1900 K, Pc =

0.10 bar, a0 = 0.25 µm); however, the solar fit prefers a surface gravity of log(g)=5.0

whereas the stellar fit is greater by 0.5 dex. Although the model parameters are the

same, HD 130948B is brighter with a larger radius than the C component in both

solar and stellar cases. Overall, the shape of the H band appears to be the largest

diagnostic difference between these model fits.

Individual band fits for each object were consistent within the uncertainties

across solar and stellar metallicity grids in most cases. Weighted mean fits for solar

models preferred effective temperatures ∼1800-1900 K. Stellar metallicity fits were

similar. The surface gravity for K-band fits leaned toward lower values (log(g) ∼



98

4.90) for solar models compared to stellar models (log(g) ∼ 5.25), which occurred for

HD 130948B and C. We were unable to constrain surface gravity for stellar models

as well as we hoped; thus, for J-band and JHK fits we quote the uncertainty of

the lower grid boundary. Similarly, weighted mean cloud properties were difficult

to constrain for J-band and JHK fits. We plot the best-fitting model spectra

compared to the individual J and K-bands for added insight in Figure 3.9. The J

band prefers a smaller 0.25 µm mean grain size, and the K-band fits lean toward

grain sizes of approximately 0.45-0.60 µm both at a cloud pressure of 0.1 bar.

The results presented here are an overall improvement from our previous paper in

which grid fits for HD 130948B and HD 130948C could not be formally constrained

by resolved JHK photometry and required a prior on radius from evolutionary

models (Brock et al., 2021). However, the uncertainties do suggest our objects are

bumping up against the lower edge of our grid boundary. A combination of mod-

els with clouds at higher pressures and smaller grain sizes would be required to

test this further. Changes in metallicity that deviate from solar can also influence

the location of the cloud deck and radiative-convection boundary; therefore, addi-

tional exploration beyond the given parameter space would be beneficial and will

be discussed later in the paper.

J and K-band spectra and H-band photometry grid fits for HD 130948B are

shown for solar (purple) and stellar (cyan) metallicity compared to OSIRIS data

(black). In the bottom panel, we also include the H-band portion of the model fits

assuming a wavelength range from OSIRIS.

3.4.2 Evolutionary Model Properties

We derived evolutionary model-inferred properties using the weighted mean lumi-

nosity from our joint JHK atmosphere model fits and the total measured mass of the

B+C components. Only the evolutionary properties were determined for the solar

case because the luminosity derived from stellar metallicity was nearly identical and

well within the uncertainties. The results are provided in Table 3.6. HD 130948 B
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Figure 3.7: J and K-band spectra and H-band photometry grid fits for HD 130948B are
shown for solar (purple) and stellar (cyan) metallicity compared to OSIRIS data (black).
In the bottom panel, we also include the H-band portion of the model fits assuming a
wavelength range from OSIRIS.

Figure 3.8: J and K-band spectra and H-band photometry grid fits for HD 130948C are
shown for solar (purple) and stellar (cyan) metallicity compared to OSIRIS data (black).
In the bottom panel, we also include the H-band portion of the model fits assuming a
wavelength range from OSIRIS.
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Table 3.4: HD 130948B: Atmosphere Model Inferred Properties

Property J K JHK JHK best fit
Solar Metallicity

Teff [K] 1900+100
−92 1885+69

−117 1900+100
−200 1900

log(g) [cm s−2] 4.53+0.47
−0.03 4.96+0.04

−0.46 5.01+0.49
−0.01 5.0

Radius [RJ] 1.14+0.30
−0.15 1.18+0.09

−0.10 1.11+0.02
−0.01 1.11

log(Lbol) [L⊙] -3.81+0.09
−0.05 -3.78+0.03

−0.05 -3.81+0.02
−0.01 -3.82

Pc [bar] ≤0.50 0.23+0.27
−0.13 0.11+0.39

−0.01 0.10
ao [µm] ≤1 0.46 ± 0.21 ≤ 1 0.25

Stellar Metallicity
Teff [K] 1797+3

−97 1916+84
−127 1900+100

−200 1900
log(g) [cm s−2] ≥4.5 5.27+0.23

−0.45 ≥ 4.5 5.5
Radius [RJ] 1.40+0.31

−0.01 1.19+0.19
−0.11 · · · 1.13

log(Lbol) [L⊙] -3.71+0.08
−0.01 -3.75+0.02

−0.05 · · · -3.80
Pc [bar] 0.11+0.39

−0.01 0.19+0.31
−0.09 ≤ 0.50 0.10

ao [µm] ≤1 0.60+0.40
−0.21 ≤ 1 0.25

Weighted mean grid fits for HD130948 B with 2-σ uncertainties are provided for fits to J-band
spectra, K-band spectra, and a joint fit of both near-infrared bands plus H-band photometry.

Only one model was within 2-σ for the JHK stellar metallicity fit; therefore, we report
upper/lower limits for model parameters constrained by the grid where possible.

Table 3.5: HD 130948C: Atmosphere Model Inferred Properties

Property J K JHK JHK best fit
Solar Metallicity

Teff [K] ≤ 2000 1818+113
−67 1900+100

−200 1900
log(g) [cm s−2] 5.49+0.01

−0.49 4.89+0.13
−0.39 5.17+0.33

−0.17 5.0
Radius [RJ] 1.59 ± 0.06 1.16+0.12

−0.10 1.02 ± 0.01 1.01
log(Lbol) [L⊙] -3.70 ± 0.03 -3.86+0.03

−0.04 -3.89 ± 0.01 -3.90
Pc [bar] 0.12+0.38

−0.02 0.17+0.33
−0.07 ≤ 0.50 0.10

ao [µm] ≤ 1 0.45+0.23
−0.20 ≤ 1 0.25

Stellar Metallicity
Teff [K] 1800 ± 100 1897+84

−148 1900+100
−200 1900

log(g) [cm s−2] ≥ 4.5 5.25+0.25
−0.43 ≥ 4.5 5.5

Radius [RJ] 1.25+0.30
−0.01 1.12+0.17

−0.12 · · · 1.02
log(Lbol) [L⊙] -3.81+0.09

−0.01 -3.82+0.02
−0.05 · · · -3.89

Pc [bar] ≤ 0.50 0.15+0.36
−0.04 ≤ 0.50 0.10

ao [µm] ≤ 1 0.63+0.37
−0.20 ≤ 1 0.25

Weighted mean grid fits for HD130948 C with 2-σ uncertainties are provided for fits to J-band
spectra, K-band spectra, and a joint fit of both near-infrared bands plus H-band photometry.

Only one model was within 2-σ for the JHK stellar metallicity fit, so we again report
upper/lower limits for model parameters constrained by the grid where possible.
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Figure 3.9: The best-fitting models to the individual J and K-bands are shown for solar
(purple) and stellar (cyan) metallicity compared to OSIRIS data (black) for HD 130948B
(left) and HD 130948C (right).
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Table 3.6: Evolutionary Derived Model Properties

Property HD 130948B HD 130948C
Mass [MJup] 59.2 ± 1.2 56.2 ± 1.2
log(Lbol) [L⊙] -3.81 ± 0.02 -3.89 ± 0.01
Teff [K] 1957+26

−25 1868 /pm 13
log(g) [cm s−2] 5.12 ± 0.01 5.10+0.01

−0.02

Radius [RJup] 1.05 ± 0.01 1.05 ± 0.01
Age [Gyr] 0.40 ± 0.03

Evolutionary parameters were derived using SM08 hybrid models. Input
parameters include a total measured mass of 115.4 ± 2.1 MJup and the weighted

mean luminosity determined from atmospheric grid fitting for JHK data.

and C have similar bulk properties with C being slightly cooler and fainter compared

to B. Our overall findings are consistent with previous work, which is summarized

in Table 3.2.

3.4.3 Cloud Condensates

The process of cloud formation removes gases from the atmosphere as condensa-

tion occurs, introducing solid or liquid cloud particles. Optical and infrared spectra

of substellar objects thus depends strongly on the presence and distribution of at-

mospheric condensates. A large variety of materials can condense; L dwarfs like

HD 130948B+C tend to have thick clouds composed of rock-forming elements such

as iron, magnesium, and silicon which condense in substellar atmospheres as iron

metal (Fe), forsterite (Mg2SiO4), and enstatite (MgSiO3) (Allard et al., 2001; Marley

et al., 2002; Cushing et al., 2008; Visscher et al., 2010). The exact composition and

structure of these clouds, however, are often model dependent and remain among

one of the greatest uncertainties in the field (Marley and Robinson, 2015). Being

able to identify the dominant mineral species can greatly improve interpretations of

observed spectra and provide empirical constraints on the substellar condensation

sequence. Determining which oxygen-bearing species is more abundant is needed to

constrain derived C/O ratios from atmosphere models and test planetary formation

mechanisms.
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The way clouds are implemented in our PHOENIX models is a straight-forward

approach that assumes the atmosphere is in thermochemical equilibrium. Cloud

opacity is determined from a heterogeneous mixture of grains at a specified dis-

tribution of particle sizes. The resulting cloud is composed of multiple layers of

permissible condensate species composed of mostly Fe and Mg-Si grains as expected

for L dwarfs with Teff = 1800-1900 K. The approach of equilibrium clouds has been

called into question recently due to differing nucleation and sedimentation timescales

(Gao et al., 2020). Furthermore, recent atmospheric retrieval results have suggested

optically thick clouds composed of iron and corundum particles, or perhaps just

iron, were responsible for the spectrum of two L dwarfs (1700-1800 K, log(g)=5.2-

5.3) and an unusually red L4.5 dwarf preferred cloud particles of enstatite and quartz

at shallow pressures with a deep iron cloud deck (Burningham et al., 2017, 2021).

We explored how varying the type of cloud used in our models impacted spectral

morphology by recalculating our best-fit models with several different combinations

of condensate species (Table 3.7), including those described above. Model parame-

ters were held constant with stellar metallicity to generate synthetic spectra. Fig-

ure 3.10 shows how the spectra of various cloud types compare to our heterogeneous

clouds. Overall, the greatest differences in flux are observed in the J-band portion of

the spectrum with each new cloud model deviating from the model that includes all

condensates. The largest differences in the SED occur for cloud types with grains

composed of enstatite, iron/corundum, and enstatite/quartz/iron. These models

have the greatest flux in the 0.8-1.3 µm wavelength region and a stronger H-band

flux but a reduced K-band flux. Clouds composed of individual forsterite or corun-

dum grains deviate the least from the heterogeneous cloud model in all bands. Figure

3.11 provides temperature-pressure profiles for each cloud type model.

3.4.4 Mole Fractions of H2O and CO

The resolution of OSIRIS (R ∼ 4000) allows us to resolve important spectral features

in the atmospheres of HD 130948B and C. The K I doublet becomes a prominent
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Table 3.7: Cloud Condensate Type

Condensate Photosphere [bar] Cloud Base [bar] Cloud Top [bar] Peak Dust [bar]
All Condensates 0.51 0.96 0.04 0.11
Iron 4.75 8.61 0.30 0.60
Enstatite 6.02 10.04 0.27 1.41
Forsterite 0.95 1.67 0.17 0.35
Iron + Corundum 1.36 3.39 0.22 0.58
Quartz 6.09 10.14 0.27 1.43
Corundum 1.42 3.46 0.24 0.62
Enstatite + Quartz + Iron 4.75 8.61 0.30 0.60

Figure 3.10: Comparison of near-infrared synthetic spectra for various cloud types. Orig-
inal best-fit model with heterogeneous clouds plotted in purple. All parameters were held
constant with Pc=0.50 bar and a0=0.25 µm.
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Figure 3.11: Temperature-pressure profiles for each cloud type model. Heterogeneous
clouds shown in purple. The cloud base and cloud bottom are shown as individual bars.
The photosphere is labeled with a black star.

feature in early-to-mid L dwarfs and decays for later spectral types. These features

are clearly visible in J band near 1.24 and 1.25 µm and are deeper for HD 130948B

compared to the C component (Figure 3.12). The line depth can show considerable

scatter for objects of the same spectral type (Mclean et al., 2007). FeH features

reach a peak line depth for L3-L4 spectral types around 1.20 µm (Cushing et al.,

2004; Mclean et al., 2000). Updated FeH line lists have improved comparisons be-

tween observations and synthetic spectra, but reproducing observed FeH absorption

features remains a lingering challenge for atmosphere models (Rice et al., 2010).

Perhaps the most important absorption features are molecules of H2O and CO

in the J and K bands, which can be used to constrain the carbon-to-oxygen (C/O)

ratio. The CO line is prominent in the K band at 2.29 µm. We used the best-

fit values of effective temperature (Teff = 1900 K), surface gravity (log(g) = 5.5),

and cloud properties (Pc= 0.10 bar, ao= 0.25 µm) from our stellar metallicity grid

fitting to derive abundances of H2O and CO. The above model parameters were fixed
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Table 3.8: Mole Fractions

Molecule Band Stellar HD 130948B HD 130948C
H2O J -3.26 -3.26 -3.04
H2O K -3.26 -3.26 -3.26
CO K -3.38 -3.16 -3.16

and used to generate a grid of synthetic spectra with scaled molecular abundances

similar to work from Barman et al. (2015) and Wilcomb et al. (2020). The molecular

abundances of H2O and CO were scaled relative to their initial stellar values using

uniform logarithmic sampling. The mole fractions can be determined by comparing

the synthetic spectra to observations with the continuum removed.

The mole fraction of H2O was determined first, holding CO constant at the

stellar value. Comparisons were first made with the J-band spectrum and repeated

for the K band. Next, we held H2O constant at the stellar value and fit for the mole

fraction of CO using the K-band spectrum. This exercise was done for both HD

130948B and HD 130948C. The abundance of CH4 was held constant at the stellar

value throughout this process because significant amounts of CH4 are not expected

to be present in objects with such warm temperatures.

The χ2 distributions for all H2O and CO mole fraction comparisons is shown in

Figure 3.15. The K band clearly provides a tighter constraint on the abundance of

water than the J band. The true minimum implies a slightly higher abundance for

CO than the stellar value from K-band spectra for HD 130948B and HD 130948C.

Figures 3.12 and 3.13 show the best H2O abundance models for our objects at J and

K band, respectively. At J band HD 130948B was best fit to a stellar abundance

and HD 130948C preferred a value greater than the stellar abundance by 1.66. The

water abundance at K band was identical to the stellar value for both objects. In

Figure 3.14 we show the best-fitting models for the CO abundance in K band. Each

object resulted in a fit with stellar abundances.
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3.4.5 C/O Ratio

Elemental abundances are an important tracer of formation history in giant plan-

ets and brown dwarfs. Brown dwarfs in binary systems are thought to form from

gravitational instability, and it is expected each object will inherit the bulk com-

position from the molecular cloud. The same should be true for a pair of brown

dwarfs within the presence of a host star. One way to test this assumption is by

constraining the abundances of the dominant carbon and oxygen-bearing molecules

and deriving the carbon-to-oxygen (C/O) ratio, which can provide insight into the

formation mechanism of substellar objects.

We calculated the C/O ratio for each brown dwarf component using the atmo-

spheric mole fractions (N) determined in Section 3.4.4. The mole fraction of CH4 is

small and negligible because the temperature of our objects are near ∼ 1900 K and

methane becomes important when Teff ≤ 1100 K (Zahnle and Marley, 2014). The

following equation was used:

C

O
=

NCH4 +NCO

NH2O +NCO

. (3.4)

Valenti and Fischer (2005) determined the carbon-to-oxygen ratio of the host

star, HD 130948A, was C/O=0.43. The abundances and C/O values we determined

in the previous section are provided in Table 3.8 and consistent within 1 σ uncer-

tainties to the stellar value. The C/O ratios derived from our models fit to the H2O

abundance in J band between B and C were not statistically different.

Atmospheric retrieval is another technique to directly determine molecular abun-

dances and C/O ratios for brown dwarfs but unlike our approach differs in that it

does not rely on equilibrium chemistry. Some papers have determined abundances

and C/O ratios through this method that deviate from the stellar population, re-

sulting in a large spread of C/O values even at solar metallicity (Line et al., 2017).

For example, Burningham et al. (2017) found much higher CO abundances than

expected in a small sample of L dwarfs and Zalesky et al. (2019) arrived at slightly

enhanced metallicities for Y dwarfs that were only broadly consistent with the FGK
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Figure 3.12: Continuum-subtracted J-band spectra for HD 130948B (top) and HD
130948C (bottom) in black compared to best-fitting H2O abundance models (purple). HD
130948B preferred a stellar value and HD 130948C preferred a slightly larger abundance
by a factor of 1.66.

stellar population. Field brown dwarfs often have unknown metallicities and ages,

which can make it quite a challenge to constrain abundances. In our case, we

measured the abundances of two L4 dwarfs using medium-resolution spectra and

compare the results to the host star with known metallicity and do not find any

significant differences.

3.5 Conclusion

We obtained resolved moderate-resolution (R ∼ 4000) J and K-band spectra of

HD 130948B+C, a system of L4+L4 brown dwarf binaries orbiting a solar type

star. We modelled the atmospheres of these objects using stellar metallicity and

find bulk properties consistent with the Saumon and Marley (2008) evolutionary

models and previous work (Dupuy and Liu, 2017; Briesemeister et al., 2019). We

were able to resolve spectral features and determine molecular abundances of H2O

and CO in both components. The C/O ratios we derived are similar to the host

star’s metallicity (C/O=0.43). This is different from some atmospheric retrieval

results that find abundances and C/O ratios that deviate from the stellar population
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Figure 3.13: Continuum-subtracted K-band spectra for HD 130948B (top) and HD
130948C (bottom) in black compared to best-fitting H2O abundance models (purple).
Both brown dwarfs preferred a water abundance equal to the stellar value.

Figure 3.14: Continuum-subtracted K-band spectra for HD 130948B (top) and HD
130948C (bottom) in black compared to best-fitting CO abundance models (purple). Both
components preferred an abundance greater than the stellar value by a factor of 1.66.
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Figure 3.15: Summary of χ2 distributions for H2O and CO mole fractions when fitting
model spectra. Both J and K bands are shown. The stellar mole fractions are indicated
by a vertical dotted line. HD 130948B and HD 130948C prefer abundances very close to
the stellar value.
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(Line et al., 2017; Burningham et al., 2017; Zalesky et al., 2019). Going forward,

comparisons between the results of self-consistent models like those presented here

with those of retrievals will be increasingly important to identify where atmosphere

and evolutionary models succeed and fail, particular for benchmark systems with

measured properties.

Future observations with JWST will provide additional data to help constrain

cloud composition and particle sizes for brown dwarfs. Characterizing clouds will

be particularly important for L/T dwarfs to separate cloud evolution in the color-

magnitude diagram from important secondary influences of gravity and metallicity

(Burrows et al., 2001; Knapp et al., 2004).
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CHAPTER 4

Finding The Time: Exploring A New

Perspective on Students’ Perceptions of

Cosmological Time and Efforts to Im-

prove Temporal Frameworks in Astron-

omy

Some of the contents of this chapter were published in Brock et al. (2018)

4.1 Introduction

Understanding time is a cross-disciplinary endeavor uniting the disciplines of as-

tronomy, cosmology, geology, evolutionary biology, and natural history. The ability

to comprehend and synthesize temporally related events has been cited as a signifi-

cant component of scientific and numerical literacy, as well as a critical component

of science education standards from kindergarten through the collegiate level. As

humans, we are only able to experience and perceive time in short anthropomorphic

forms of measurement, such as days or years; however, the perception of cosmic evo-
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lutionary time—from the origin of the Universe 13.8 billion years ago to the present

day—remains intangible and abstract. Grasping (and accepting) such enormous

scales of time as beings who live relatively short lifetimes in comparison is a unique

cognitive challenge.

Integrating such macroevolutionary timescales into one’s framework is essen-

tial in order to learn astronomy. Astronomy can be a challenging discipline to

teach and learn—it deals with unimaginably large objects separated by vast, un-

traveled distances that form and evolve on immense timescales much longer than

human lifetimes. Researchers have investigated how students of all ages construct

their knowledge of astronomical phenomena for over a century (Piaget, 1929; Pi-

aget and Gabain, 1930; Piaget, 1969). Astronomy education reviews cite students’

conceptions of observational topics including objects in the sky, motions within the

Earth-Moon-Sun system (e.g., lunar phases, eclipses, day-night cycle), gravity, and

the cause of seasons (Bailey and Slater, 2003; Lelliott and Rollnick, 2010). Though

these aforementioned topics are among the most commonly taught in introductory

astronomy courses (Slater et al., 2001), contemporary work includes research be-

yond Solar System topics such as students’ ideas about stars (Bailey et al., 2009),

cosmology (Wallace et al., 2012), planet formation, and exoplanets (Simon et al.,

2018). Missing from the literature is how students conceive cosmological and ge-

ological time in an astronomical context. Acquiring knowledge of such timescales

requires students to develop and apply temporal and spatial reasoning skills, which

ultimately shapes a perception of Earth and its place in space and time in the

Universe.

Astronomical research continues to demonstrate that Earth is only one of po-

tentially billions of planets in our galaxy alone. Exoplanets, planets in other solar

systems, are being discovered at a rapid rate, and the question of whether we are

alone in the Universe has finally come into focus. This current era of astronomical

research has led to the inclusion of new topics within astronomy. Astrobiology–—a

relatively new interdisciplinary field of science studying the origin, evolution, and

distribution of life in the Universe— has made its way into both high school and
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college science classrooms. Implementing astrobiology courses has recently been

viewed as an ideal way to engage students and adults in science due to the subject’s

multidisciplinary nature and appeal (Fergusson et al., 2012; Oliver and Fergusson,

2007; Staley, 2003). Our understanding of the origin, formation, and evolution of

the Universe has increased drastically over the past few decades as well, and cosmol-

ogy has become more widely incorporated into existing astronomy courses (Wallace

et al., 2012). Further, more disciplines are including the event that formed our

Universe, the big bang, even outside the context of astronomy courses (Delgado,

2013).

Incorporating new astronomical topics into the classroom are not without chal-

lenges. Deeper investigations have shown that students often describe the Big Bang

in a manner that is not consistent with the modern cosmological model instead de-

scribing it as a phenomenon organizing preexisting matter (e.g., subatomic particles,

molecules, stars, or planets). Students also conflate the Big Bang with later plan-

etary formation events (Wallace et al., 2012; Plummer et al., 2015; Prather et al.,

2002; Simon et al., 2018), which are fundamentally different physical processes.

In this generation in the classroom, students’ pre-instructional knowledge upon

entering introductory astronomy courses may be beginning to shift to incorporate

topics that have recently become more commonplace—–astrobiology, cosmology, and

exoplanets. Students are now faced with a larger pool of information to comprehend

when discussing Earth’s place in space and time in the Universe in the astronomy

classroom. Instructors are equally challenged, tasked with deciding what content to

teach and how to most effectively convey the information. This new framing of as-

tronomy establishes a new trajectory for research in science education. Thus, it is of

critical importance to investigate how learners are constructing knowledge of Earth

and its relationship to the Universe to develop effective curricula and instruction in

astronomy courses at all levels.
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4.2 Framing The Research

Before we investigate any prior research findings, it is important to establish the

framework of our work. This research is informed by a constructivist learning

perspective. Constructivism suggests that learners develop their understanding

of the physical world through personal experiences, observations, and the inte-

gration of new concepts and information (Bransford, 2004). We briefly highlight

three facets of constructivism—–mental models, phenomenological primitives, and

resource framing—–that most appropriately guide our agenda.

Collective factors that shape one’s representation and understanding of the phys-

ical world have been referred to as “mental models” (Gentner and Stevens, 1983;

Vosniadou and Brewer, 1992; Johnson-Laird, 1983). Vosniadou and Brewer (1992)

explain mental models are generated from and constrained by students’ underlying

conceptual structures and are used to provide causal explanations of scientific phe-

nomena. As we look toward our research, we will see students constructing mental

models influenced by their underlying assumptions of cosmic events prior to Earth’s

formation.

Students do not always form coherent representations of Earth nor the events

that took place prior to Earth’s formation and often use their fragmented scien-

tific knowledge to explain astronomical phenomena. DiSessa (1988) developed phe-

nomenological primitives, or p-prims, as a means to explain how students also rely

on more abstract or intuitive knowledge structures. This can be observed when

students use the p-prim of “closer means more” to explain Earth’s seasons (i.e., the

naive concept that it is Earth’s distance to the Sun that is the cause of seasons)

(Hammer, 1996).

In order for students to consider when Earth formed in relation to the formation

of the Universe, they must be able to apply knowledge from multiple disciplines—

astronomy, chemistry, physics, and biology, for example—and extrapolate back

through cosmological time. Hammer et al. (2004) explored how students apply

what they know from one scientific context to another based on an activation of
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resources. Hammer’s approach, called resource framing, views learning as a state

rather than the acquisition of a specific set of scientifically correct ideas. In other

words, this approach focuses less about whether students have misconceptions or

not and more on how students integrate their knowledge into future learning. The

idea of misconceptions are framed in positive light as a step to grasp complex topics

and may be able to help frame the ideas of Earth’s place in cosmological time, an

abstract concept that cannot be physically experienced.

As we look toward our research, we will see the aforementioned facets of con-

structivist learning being used. Our new research agenda incorporates an approach

to astronomy education from both a philosophical and literal perspective of Earth’s

place in time and space in the Universe. When we talk about Earth’s place in time,

we are referring to cosmic events that occurred before and after Earth’s formation.

Place here refers to Earth’s physical location in the Universe (i.e., Earth orbits the

Sun in the Solar System, which is part of the Milky Way Galaxy, Local Group, and

Local Supercluster) but also the significance of Earth and humanity in this new era

of exoplanet detection and discovery. Thus, the work presented here is guided by

the following research questions:

1. What are students’ ideas when asked questions related to Earth’s place in

space and time?

2. What are students’ conceptions about the formation of the Universe and its

relationship to the formation of Earth and the Solar System?

In order to explore our research questions, we must first place it in the context

of prior work. Results from past studies informed the direction of our work, which

ultimately sets a new course for investigating students’ ideas related to how Earth

fits into the scale of cosmological time. After a literature review, I will discuss the

methodology and results from our study. Finally, I will wrap up with a discussion

and recommendations for future work.
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4.3 Unpacking Prior Research About Earth, Space, and

Time

Studies regarding temporal knowledge of learners within Earth and space sciences

span multiple research areas including cognitive science, psychology, and science

education. This section will first highlight the motivation for our research and

summarize past work relevant to our research agenda. We first consider work that

illustrates how learners in general think about the ideas of time and Earth without

applying them to the idea of the Universe. We then consider research which examines

learners’ ideas related to how time and Earth are connected to the larger concept

of the Universe. For clarity, we use the word time or temporal to refer to the

essence of time, or more concretely, the existence of both cosmological and geological

timescales. The use of the word space or spatial describes both physical location

and an awareness of Earth from a space-based frame of reference.

4.3.1 Motivation For Research: The Missing Link

At the heart of appreciating Earth’s relationship with the Universe is the concept

of time. All physical science disciplines require their learners to possess some grasp

of time—be it the time required for an event to happen, or for change to occur (Lee

et al., 2011). Time is inherent in order to grasp Darwin’s theory of evolution, piece

together Earth’s geological history, approach the concept of climate change, predict

the eventual death of our Sun, or observe a chemical reaction. Time is a central and

fundamental component of describing how a system functions, but its importance

stretches far beyond science. Cervato and Frodeman (2012) highlight the cultural,

economic, religious, and political relevance of time in addressing the looming envi-

ronmental crises that require a perspective and appreciation of immense timescales.

Temporal knowledge has been cited as a significant component of scientific literacy

(Catley and Novick, 2009; Dodick and Orion, 2003b) and listed in science educa-

tion standards from K-12 (American Association for the Advancement of Science
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(AAAS), 1993; Schweingruber et al., 2007; States, 2013) through the collegiate level

(College Board, 2009); yet, it is often overlooked in the classroom, or expected to

become obvious within the context of the scientific content being taught.

Time as a teaching and learning topic has continued to elude students and in-

structors. Available literature demonstrates students’ conceptual difficulties with

time at the elementary (Ault, 1982; Trend, 1998), high school (Dodick, 2007; Trend,

2001b), and college levels (Delaughter and Stein, 1998; Libarkin et al., 2007, 2005;

Libarkin and Anderson, 2005; Schoon, 1992). Students’ knowledge of geological

time has been widely explored and equally so have children’s perspectives of Earth

(Vosniadou and Brewer, 1992, 1994). Students commonly struggle with absolute

and/or relative timescales and distinguishing between orders of magnitude for both

large and small numbers (e.g., millions vs. billions).

The missing link in the research is studies exploring students’ understanding

of time in an astronomical context, which are lacking, as well as investigations

on more interdisciplinary topics regarding Earth’s place in time and space in the

Universe (Lelliott and Rollnick, 2010). Investigations on students’ perceptions of

Earth’s place in time and space in the Universe may help to break down disciplinary

borders within Earth and space sciences through efforts that consider how both

Earth and humanity fit into the cosmic landscape. Students and the general public

must develop causal, chronological frameworks that more closely mirror scientific

understandings of the relationship between cosmological and geological time—–as

well as knowledge of Earth’s place in the Universe—–to become both quantitative

and scientifically literate citizens able to deal with global issues of the future.

4.3.2 Earth as an Astronomical Body

All people encounter Earth and space science phenomena prior to any formal

instruction—observing the Sun, Moon, and stars; experiencing weather, the chang-

ing seasons. This leads to initial ideas and beliefs of the larger picture of how Earth

fits into the cosmic landscape. Time is a related but rather abstract concept, espe-
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cially across large timescales central to the disciplines of Earth and space sciences.

While scientists’ knowledge of Earth’s age and the age of the Universe was first

developing, some of the earliest studies by psychologists and cognitive scientists

investigated the acquisition of spatially related knowledge in astronomy (Piaget,

1929; Piaget and Gabain, 1930). Piaget’s work suggests young children construct

explanations that resemble scientific theories based on studies that use open-ended

questions. Children’s perspectives of Earth as both a physical and astronomical

object were explored by Nussbaum and Novak (1976); Nussbaum (1979). They

found children have many different conceptions of Earth as a cosmic body that

often begin with the concept of a flat Earth and progress to more science-like expla-

nations with variations on a spherical Earth. These early studies probing student-

constructed knowledge of astronomy helped to shape the constructivist learning

movement (Bransford, 2004), leading conceptual change researchers to form theoret-

ical approaches to explain how humans learn. Two of these approaches, colloquially

known as “knowledge as theory” and “knowledge as elements” or “pieces,” explain

how learners might progress from naive to scientific understandings of phenomena

(Johnson-Laird, 1983; DiSessa, 1988; Özdemir and Clark, 2007; Gentner, 2001).

Notable work was conducted by Nussbaum and Novak (1976) and Vosniadou

and Brewer (1994) who argued students construct mental models, or theory-like

structures, to explain scientific phenomena. Individual mental models spanned a

spectrum from scientifically accurate to inaccurate. This approach has been used to

examine children’s conceptions of Earth’s shape, the day-night cycle, and gravity.

The studies found that young children’s initial perceptions of Earth, its place in the

Solar System, and its position in space closely resembled that of Ancient Greek’s

geocentric perspectives. For example, elementary school-aged children were more

likely to conceptualize a flat, un-moving Earth reminiscent of a pre-Aristotelian view

(Vosniadou and Brewer, 1992). Children aged 10 to 11 years were more likely to

acknowledge Earth is both spherical and rotating, suggesting that some scientific

explanations of astronomical phenomena had been acquired by this age (Vosniadou

and Brewer, 1992). A more detailed discussion of work on Earth’s shape and related
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topics—–including articles not discussed here–—can be found in the review paper

by Bailey and Slater (2003) and is also summarized in more recent work by Jelinek

(2021).

Since the aforementioned review was published, additional work has expanded

upon the efforts of Vosniadou and colleagues. Straatemeier et al. (2008) investigated

how young children in Netherlands constructed mental models of Earth utilizing

mental models from Vosniadou and Brewer (1992) and found conflicting results. In

their work, Straatemeier and colleagues evaluated a larger sample size of children

and concluded children’s presuppositions are not strong enough to suggest children

actually do construct mental models, rather the children’s knowledge is more frag-

mented and inconsistent. A longitudinal study by Hannust and Kikas (2010) used

open-ended questions and drawing tasks similar to Vosniadou and Brewer to exam-

ine two and three year old children’s knowledge of Earth over four years. Hannust

and Kikas (2010) concluded, much like Straatemeier et al. (2008), that there were

few indications to suggest children did form mental models of Earth at this age.

More recent work from Jelinek (2021) with Polish children aged 5-10 found consis-

tent results with Vosniadou but highlighted that cultural influences could pose a

significant difference. In summary, collective findings suggest some novice learners

may draw from mental models while others may only have fragmented ideas of a

phenomenon. When we examine how learners might perceive Earth’s place in time

and space in the Universe, it is important to consider these aforementioned studies.

However, it is important to note the population in many of these studies is younger

children from different countries and cannot be generalized to our population.

Other work has explored spatial thinking through students’ views of Earth-based

and space-based frames of reference. Plummer and colleagues (Plummer, 2014;

Plummer et al., 2016; Plummer, 2011) have investigated children’s perceptions of

the daily apparent motion of the Sun, Moon, and stars. Plummer (2011) found that

children often explained that the Sun moved across the sky rather than Earth rotat-

ing, which was also similar to studies by Vosniadou and colleagues. However, it was

observed that even children that could explain the Sun’s apparent motion correctly
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often could not apply the knowledge of Earth’s rotation to account for the motion of

the stars. The researchers concluded, “knowing the scientific description of both an

Earth-based phenomenon and how objects move in space does not necessarily lead

to an understanding why motion in one frame of reference causes the appearance of

motion in the other” (Plummer, 2011).

4.3.3 Conceptualizing Time and Spatial Reasoning

It is critical for the work we are pursuing to consider past research in psychology

and cognitive science on how time is viewed metaphorically. Chrysikou and Ramey

(2006)’s work on language related to time provides some interesting results that may

be relevant to our research on time in the context of science. Participants’ responses

to ambiguous questions related to the rescheduling of events were evaluated, and

the researchers observed biases in responses based on the attractiveness of the event.

Chrysikou and Ramey argued time perception is complicated by the interaction of

many variables and suggest subjective factors can control a person’s perception of

time. Kurby and Zacks (2011) explain how people without intentionally meaning to

hierarchically break down events to build mental representations and remember what

happened, such as separating the act of making a sandwich into discrete events (e.g.,

collecting ingredients, assembling the sandwich, and clean-up). Therefore, in order

to understand the hierarchical structure of an event, one must be able to separate

the event into smaller, more meaningful segments (Kurby and Zacks, 2011).

Researchers in psychology have also demonstrated a key link in the conceptual

understanding of time through its relationship with spatial thinking. Levin (1992)

found that preschool children shape their sense of time by temporally sequencing

familiar events into the space of their day, such as snack time or recess time. Cogni-

tive studies show the abstract perception of time is acquired through metaphorical

mappings in language from the domain of space; these conceptualizations of time

often vary for different cultures and languages. In English, time is commonly per-

ceived through ego-moving or time-moving metaphors. Gentner (2001) explains the
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ego-moving metaphor as a mapping where the observer progresses along a time-

line toward the future. Most English speakers tend to conceptualize ego-moving

metaphors, by placing time on a horizontal axis and expressing they are looking

ahead to the future or back into the past (Boroditsky, 2000). The time-moving

metaphor is a projection where events move from the future to the past via a river

or conveyor belt (Gentner, 2001). Time-moving metaphors focus on placing events

on a timeline with regards to when the event occurred or will occur rather than how

the event occurred in relation to an individual’s location.

Work on time perception shows a link between temporal and spatial association

related to the concepts of scale and environment. Grondin (2010) found recalling

past events requires location-based associations to determine how recent an event

is, as well as a distance-based association to determine how much time has elapsed

between a past and present event. Radvansky and Zacks (2011) further explain

how spatio-temporal location is a major organizing factor in memory for events

and serves as the basis for the representation of a real-world event. For example,

these “event models” can be dependent on a particular perspective in which the

information was learned such as experiencing a space from a bird’s eye view or a first

person perspective (Radvansky and Zacks, 2011). Hegarty and Waller (2004) found

a correlation with being in a memorized environment and people’s self-reported sense

of direction. In other words, the more familiar a person is with their environment,

the more likely a person is able to succeed at large-scale spatial cognition tasks (e.g.,

planning or navigating a route), which requires the individual to imagine themselves

in a particular place or orientation and determine the direction of travel from one

location to another in the given environment. It is clear how this can be problematic

when asking students to consider a timeline prior to Earth’s existence or a time after

Earth has formed but from a location requiring a space-based perspective as these

perspectives in time and space cannot be experienced directly. Surprisingly, Hegarty

and Waller (2004)’s work showed that successful planning or navigation could occur

whether the situation was viewed or imagined, which is promising for our agenda

related to Earth’s place in time or space.
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Research on spatial thinking in the science education community may provide a

meaningful pathway toward incorporating more research and instruction on spatio-

temporal location. Spatial reasoning skills have previously predicted achievement

in science, technology, engineering, and mathematics (STEM) fields; however, these

skills seem to be infrequently taught or opportunities to practice honing these skills

in the classroom are lacking (Uttal et al., 2012). The likelihood that children and

college-aged students will construct scientifically accurate astronomical explanations

related to Earth’s location in time and space requires the spatial skills of mental

rotation, spatial perception, and spatial visualization (Kikas, 2006; Black, 2005;

Heyer et al., 2013; Wilhelm, 2003); in other words, students must possess or learn

the ability to extrapolate in three dimensions. Black (2005) found a possible rela-

tionship between poor spatial abilities in college students—–most specifically men-

tal rotation—– and Earth science misconceptions. Similarly, Heyer et al. (2013)

measured spatial thinking abilities in undergraduate non-science majors and found

results which suggested the relationship between spatial reasoning and astronomical

reasoning ability can explain roughly 25% of variation in student achievement. Thus,

fostering spatial reasoning skills at all grade levels may help to improve conceptual

difficulties related to Earth’s location in time and space.

Eriksson et al. (2014) suggest the ability to perceive the Universe in multiple di-

mensions calls for more than is provided in traditional instruction and often requires

the use of hands-on experiences, computer simulations, and other virtual tools to

enhance astronomical learning. In their work, Eriksson et al. (2014) explored stu-

dents’ abilities to discern the multidimensional structure of the Universe and found

this ability was relatively rare for undergraduate students. Visual representations of

the Universe in new and different ways has been particularly promising to help stu-

dents grasp the 3D structure and hierarchy of the Universe. For example, Schneps

et al. (2014) provided high school students with virtual astronomy simulations on

iPads to see if immersive, hands-on technology could help students to learn spa-

tial scales. The students engaged in brief interactions with 3D simulations with a

pinch-to-zoom interface, and these simulations helped students to develop spatial
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skills with minimal instructional support. These studies highlight how improving

knowledge and awareness on relative sizes and distances in the Universe are limited

when only using two dimensions.

It should be cautioned that technology alone does not rectify students’ difficul-

ties with spatial reasoning. Eriksson et al. (2014) warn that without providing an

opportunity to experience motions of parallax, for example, students may not be

successful when attempting to extrapolate from 2D to 3D representations of the

Universe, even with the use of computer simulations. Schneps et al. (2014) reported

that unstructured 3D simulations did not help students overcome their naive ideas

about the seasons, and the presence of misconceptions would require scaffolding

specifically designed to address the implications of such naive ideas. Mental rota-

tion, such as a spatial transformation of an object and the ability to take in a scene

from a different viewpoint (i.e., perspective taking), are simultaneously required in

astronomy courses. Incorporating new technologies into the astronomy classroom

may be helpful to aid students in developing spatial awareness but must be ac-

companied by effective teaching strategies to aid students in constructing accurate

scientific representations of the Universe.

4.3.4 Geological, Biological, and Cosmological Time

In this section we discuss research into learners’ conceptions of geological and bi-

ological time. It should first be noted that there is some disparity regarding the

definition of the term geological time within the literature. We use geological time

to refer to the time period from Earth’s formation to the present day, encompassing

all of Earth’s ∼4.5 billion year geological and biological history. We use the term

cosmological time to refer to the much larger span of time stretching back approxi-

mately 13.8 billion years (to the age of the known Universe) to present day. Some

researchers use geological time interchangeably with the term deep time, though the

beginning point in time varies from either the origin of the Universe or the forma-

tion of Earth. Clearly, a rather vast span of time exists between these two origin
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events. This nomenclature may not have implications for researchers who focus on

a starting point and proceed to investigate students’ knowledge of time restricted

to post-Earth formation and related events; however, it is important to clarify ter-

minology for future studies attempting to incorporate students’ understanding of

cosmological time into the existing literature. For clarity, we refrain from using the

term deep time but feel it most appropriately encompasses both cosmological and

geological timescales.

Studies exploring geological time have been both qualitative and quantitative,

asking subjects to respond to open-ended questions, recall certain events or dates,

select an appropriate age range, or organize events or dates in chronological order.

Studies of this nature help to gather information regarding learners’ knowledge of

absolute ages and their relative relationships within a time frame. A great deal of

research on geological time identifies that learners struggle to provide the age of

Earth as well as place Earth events from formation to present day in appropriate

timescales within a timeline.

A study from Trend (2001b) determined in-service teachers of 7 to 11 year old

children developed their own individual chronological order of key events and dates,

which greatly differed from a scientific acceptance. Another study from Trend

(2001a) found similar results for children aged 10 to 11 years old. Trend’s work

shows these aforementioned groups often favor qualitative terms to describe time

such as ancient, less ancient, or recent (Trend, 1998, 2001b,a). When asked about

Earth’s age, Marques and Thompson (1997) found younger students 10-11 years

old typically provided estimates of hundreds or thousands of years, whereas older

students 14-15 years old typically responded with millions, billions, or sometimes

even trillions.

Studies with college-aged students show similar difficulties reporting absolute

ages and organizing events in time. Libarkin and Anderson (2005) analyzed 265

questionnaires and conducted 105 interviews with college students enrolled in intro-

ductory science courses and concluded that fewer than 50% of all students in the

study believed that Earth was 4–5 billion years old and, at some institutions, this
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was less than 10%. Another study from Libarkin et al. (2007) of college students

across 43 institutions found that the majority of students could not create time-

lines of geological events that were ordered correctly, nor did they have scientifically

accurate time-spacings for events.

Students’ conceptions of how time functions in an evolutionary biology context is

related to geological time, and knowledge of these individual topics has been shown

to impact each other. If one does not believe or understand that Earth is billions of

years old, the same disparity could be applied to the subsequent age of life and its

evolution on Earth. Students’ knowledge of the first appearance of various life forms

on Earth (e.g., dinosaurs) has been investigated at different grade levels. Marques

and Thompson (1997) found students in secondary school often perceived life arising

concurrently with the formation of Earth. In a study of 149 college students in an

introductory Earth science course, Delaughter and Stein (1998) found approximately

25% of students reported dinosaurs died out long before life even began on Earth.

Another study by Catley and Novick (2009) evaluated college students’ knowledge

of seven key macroevolutionary events related to life on Earth (e.g., first appearance

of prokaryotic life, eukaryotic life, dinosaurs, hominid lineage). Results showed that

students provided extreme variability in their estimates of ages with a tendency to

provide dates closer to the present and struggled to differentiate between orders

of magnitudes, such as millions or billions. Another interesting finding from this

study was students with a greater biology background, even those who had taken

a prior course on evolution, did not fare better with ordering and appropriately

spacing biological events in time. Furthermore, related work from Cotner et al.

(2010) demonstrated that college students’ beliefs of the age of Earth also impacted

their ability to accept evolution. Collective findings reveal a disconnect between the

relative relationships of the age of Earth, the time and characteristics of life’s first

appearance on Earth, and the subsequent evolution of life on Earth (Catley and

Novick, 2009; Delaughter and Stein, 1998; Libarkin and Anderson, 2005; Marques

and Thompson, 1997).

Dodick and Orion (Dodick and Orion, 2003b; Dodick, 2007; Dodick and Orion,
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2003a,c, 2006) have dedicated significant research efforts exploring how students’

perceive geological time cognitively. Dodick and Orion (2003b) and Dodick and

Orion (2003a) examined how 343 Israeli middle and high school students recon-

structed geological transformations over time. They focused on the strategies stu-

dents in grades 7-9 and 9-12 used when faced with temporal problems and what fac-

tors might interfere with the process, notably students’ prior geological knowledge

and spatial visualization. They found students have the most success reconstructing

geological phenomena when they are able to use diachronic thinking, in other words,

the ability to situate an event or physical object within a temporal dimension and

grasp how the event/object changes throughout time (Montangero, 1985).

The quantitative aspect of large numbers required to understand geological

events can be problematic and cause further difficulties. Work by (Cheek, 2012)

and Cheek (2013) with 35 students aged 13-24 identified how large numbers can

place limits on a student’s ability to understand associated geological processes.

Landy et al. (2013) investigated how difficulty with large numbers interferes with

an understanding of concepts that require their use. Their work shows that peo-

ple tend to treat thousands, millions, billions, and trillions as a uniformly spaced

list in magnitude on a number line. The outcome is that any associated scientific

events that occur on timescales using such numbers become misrepresented. Lee

et al. (2011) also found that students tended to overestimate durations of time for

large temporal magnitude categories; however, students also tended to overestimate

durations of time smaller than one millisecond. In related work, Tretter et al. (2006)

explored students’ conceptions of spatial scales and noticed students had difficulty

providing accurate sizes of objects at the microscopic scale. This research suggests

both temporal and spatial magnitude scales outside of the human experience range—

both large and small—can pose challenges for learners.

The formation of Earth and its subsequent evolution is arguably at the transition

between astronomical and geological timescales. A handful of geologically-focused

studies included cosmological events. Work from Trend (2001b) asked 51 in-service

teachers of 7-11 year old children to rank events in time and included the formation
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of Earth’s Moon, Earth, the formation of the Sun, and the formation of the Universe

(e.g., the Big Bang). Results showed that the majority of teachers did not see the

formation of the Sun and the Big Bang as separate events in time, with 82% of

teachers reporting the Sun’s formation as the first event rather than the Big Bang.

Delgado (2013) evaluated 66 undergraduate students’ abilities to estimate events in

time related to major cosmological, geological, and historical events. Delgado was

able to show that college-aged students could successfully provide the approximate

time estimates for the Big Bang and the age of Earth.

Related work regarding the Big Bang and our Universe, though not directly fo-

cused on cosmological time, has shown that students possess a variety of nonscientific

ideas about the origin of the Universe that likely influence students’ conceptions of

time or vice versa. In a study exploring nearly 1000 students’ ideas about the Big

Bang from middle school through college, Prather et al. (2002) found that 70% of

students responded that matter existed prior to the Big Bang. In this study as

well as others (Bailey and Slater, 2003; Wallace et al., 2012; Plummer et al., 2015;

Simon et al., 2018), it is commonly observed that students describe the Big Bang

as a process that formed Earth or our Solar System in a variety of different ways.

We now move from reviewing the literature to talking about our own research.

4.4 Research Background and Methods

4.4.1 Pilot Studies

The work presented in this dissertation chapter is informed from two pilot stud-

ies. The first pilot study is a museum exhibit and accompanying curriculum that

focused on connecting spatial and temporal scales as part of my master’s thesis

(Brock, 2015). The exhibition centered on a “walking timeline” of Earth’s biological

and geological history in which visitors would view Earth from a space-based per-

spective at different distances, and thus, points in time throughout the history of the

Universe. The curriculum component was developed by asking undergraduate stu-
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dents astronomy questions related to time, distance, and scale. Students were asked

to respond to a mix of multiple choice and open-ended questions approximately once

per week throughout the semester. All data were collected anonymously and with-

out any personal identifiers. The students were enrolled in a three credit First Year

Learning Initiative (FLYI) course at Northern Arizona University in Flagstaff, Ari-

zona. FYLI courses are typically taken by first-year college students with a variety

of majors. Enrollment at the start of the course was 23 students, which fluctuated

at times due to absences. From analysis of responses to the multiple-choice and

open-ended questions, we learned that students struggled to explain how the Solar

System formed and were unsure of the age of the Universe.

The second pilot study was conducted at The University of Arizona, a public

university located in Tucson, Arizona. A total of 52 undergraduate students enrolled

in an eight-week preceptor workshop responded to the two questions provided below.

In general preceptors are undergraduate teaching assistants that are selected to help

out in large enrollment introductory courses after previously performing well in the

course. Students were not graded on their responses to the questions and all data

were collected anonymously. From prior research, we learned it was important not to

use the term Big Bang when inquiring about the origin or formation of the Universe

as it may bias student responses. These questions were developed with distinctly

different content focus to ensure that we would elicit students’ ideas about ‘how’ the

Solar System and Earth formed—independently from their thinking about ‘when’

Earth formed—relative to the formation of the Universe. Preceptors were asked to

respond to the following open-ended questions:

1. Describe how you think the Solar System, including Earth, formed.

2. Do you think the Earth formed before, during, or after the Universe formed?

Explain your reasoning.

The responses from students to question two often involved convoluted and contra-

dictory information. Students seemed to struggle to unpack their ideas in a coherent

manner. This led us to design our final research questions in a set that separated
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“before, during, and after the Universe formed” by focusing their attention on what

needed to exist and what events needed to happen before Earth formed. These

results informed the next phase of our research that constitutes the bulk portion of

the dissertation and is described in the next section.

4.4.2 Question Development and Participants

The overarching goal of this research was to inform our research questions:

1. What are students’ ideas when asked questions related to Earth’s place in

space and time?

2. What are students’ conceptions about the formation of the Universe and its

relationship to the formation of Earth and the Solar System?

We developed questions that gave learners the opportunity to share their ideas about

when Earth formed, what existed before Earth formed, and how Earth relates to

other planets (exoplanets) in the Universe. The four questions developed were:

1. When do you think the Earth formed in relation to the formation of the

Universe?

2. Which events had to occur before the Earth formed?

3. Which materials had to exist before the Earth formed?

4. Did all planets in the Universe form at the same time as Earth? Explain why

or why not.

The questions were issued to a total of 170 students enrolled at The University

of Arizona. All participants in the study were undergraduate students enrolled in

an introductory astronomy course. The questions were administered to students

prior to instruction on these topics. Students enrolled in these courses are typically

non-science majors fulfilling their general education requirements. Students were

told they were not being graded on their responses and were encouraged to provide



131

thoughtful responses when answering questions even if they felt they did not have

a correct or robust idea of the topic. Any personal identifiers were removed prior

to analysis of the responses. Students were asked to respond to one of the four

questions above rather than all four questions for the sake of class time and to help

ensure students would respond as thorough as possible. The survey questions were

distributed roughly evenly among all participants to ensure we got the same sample

size of responses for each question.

4.4.3 Data Analysis

Student-supplied responses to all four questions were analyzed using grounded the-

ory (Glaser and Strauss, 1967). Although the questions touch on similar concepts,

all four questions were analyzed separately from each other. Each student response

was read and common themes and ideas were recorded. This progressed in an it-

erative fashion assigning each theme a specific code until no new codes emerged.

Multiple themes, or codes, could result from a single student response and were ar-

ranged into main and sub-codes for clarity if needed. Another education researcher

conducted an independent check of the data to ensure its validity before progressing

to the next step. A summary and discussion of the responses are broken down by

question in the next section.

4.5 Results

4.5.1 Question 1: When do you think the Earth formed in relation to

the formation of the Universe?

A scientifically accurate response to the question of when Earth formed in relation

to the formation of the Universe would include the Earth forming billions of years

after the Universe forms in two unrelated (and different) physical processes. An

ideal response would include the absolute age of the Universe (∼ 14 billion years)
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and/or the age of the Earth (∼ 4.5 billion years). There were 44 students who

responded to the question. Of these students, three did not address when Earth

formed and instead described a formation mechanism. The remaining 41 students

did provide some type of description of time. Students’ responses were analyzed and

coded to characterize if they described Earth as forming before, during, or after the

Universe formed. A sub-category regarding the duration of time was incorporated

to summarize responses that stated Earth formed after the Universe formed in more

detail. The results are summarized in Table 4.1.

Two students were able to answer this question with a scientific response. The

first student stated that the Universe was 14.5 billion years old, Earth was 4 billion

years old, and Earth formed 10.5 billion years after the universe. Although this

student slightly over and underestimated the ages respectively, there was a clear

awareness of the span of time between the two events. The second student provided

the correct age of the Earth and stated the Big Bang happened billions of years be-

fore this. Providing absolute timeframes in response to this question was extremely

rare; only three students did so—the two described above and one other student

who provided a completely incorrect number.

Many students (25%, n=11) believed that the Earth formed during the formation

of the Universe. Although students do not always provide numerically accurate

responses of the timescales involved, they do appear to be clear on a more conceptual

grasp of the subject. The majority (66%, n=29) of students described the Earth

forming after the Universe formed. It was clear that some students had conceptual

difficulties with the time between these two formation events, often conflating when

the Earth formed with a description of how the Earth formed. Of the 29 students

who described the Earth forming after the Universe, 28% of responses included

a vague description of time such as “a long time after“ or “much later“. When

students did describe an order of magnitude estimate, the most common response

was millions, which was observed in 25% of the responses.

Within the description of a formation mechanism, several students described

Earth forming at the same time of the Universe or shortly after. For example, one
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Table 4.1: Student responses to the question When do you think the Earth formed in
relation to the formation of the Universe?

Response Number
Before Universe formed 1
During formation of Universe 11
After Universe formed 29

years 2
millions 7
millions to billions 3
billions 4
vague description 8
other 5

Did not address time 3
Total N=44

student stated that Earth formed “toward the end of the formation of the Universe”

but did not specify a timeframe. It appears that at least some of the students answer-

ing this survey question are unsure of how long the formation of the Universe lasted

and if Earth’s formation is or is not related to this. We also frequently observed stu-

dents conflating planetary formation processes with the process of the Big Bang in

their responses to this question. Some students chose not to include descriptions of

time in their responses, avoiding it in favor of describing a formation mechanism. It

should also be noted that the student with the most scientifically accurate response

to this question did not discuss a formation mechanism whatsoever.

4.5.2 Question 2: Which events had to occur before the Earth

formed?

A scientifically accurate response to the question of which events had to occur before

the Earth formed could include a variety of events such as the formation of the

Universe or the Big Bang, the first stars, the first galaxies, the formation of the

Sun, or even the formation of other planetary systems. Out of 40 students who

responded to this question, one student’s response stood out and is the most in-line
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with a scientific response. In this response, the student specifically mentioned the

fact that the Universe needed to expand, cool, and stars needed to form and is much

more advanced than the other responses to this question. The student stated:

Big bang, Universe expanded and cooled, stars formed from gas, nuclear

fusion created new elements, finally after billions of years tiny pieces of

matter from exploded stars collected and snowballed into planets. Earth

was one of those planets.

Responses from the remainder of the students were not this complete or coherent.

It was more common for a student to describe the formation of the Universe and

then jump to Earth’s formation, leaving out several important events in between.

However, students were often capable of incorporating at least one component of a

scientifically accurate response even if their overall response was incoherent. Stu-

dent responses to this question provide interesting insight into how undergraduate

students think about astronomical events that occur prior to Earth’s formation. Fu-

ture questions will likely need to be more explicit or ask students to order events

to gauge a better understanding. A summary of all responses to this question is

provided in Table 4.2 in more detail.

The two most commonly cited events were the formation of the Sun and the Big

Bang. Several students (38%) cited that the Sun had to form first, and over half of

the responses (60%) explicitly mentioned the Big Bang as an event that occurred

previously. Fewer responses (18%) mentioned that the Universe formed first, but

these did not always explicitly name the Big Bang. This suggests that many students

are familiar with some type of event in which the Universe formed. However, of the

students who mentioned the Big Bang (n=24), 25% described Earth forming from

this event. This was similarly observed in the first survey question. Furthermore,

students who provided the Big Bang as an event did not always explain it correctly.

It was commonly described as a mechanism to form planets, which is consistent with

other literature (Simon et al., 2018). Other responses to this question provided a

description of some type of event or process rather than explicitly naming one. For
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Table 4.2: Student responses to the question Which events had to occur before the Earth
formed?

Response Number
Earth has always existed 10
Universe formed first 7
Mentioned Big Bang 24

Earth formed during Big Bang 6
Sun forms first 15
Description of materials

macro 17
micro 9

Description of processes
collisions 12
explosion 9
gravity 5
orbits 4
religious 4
expansion 2
magnetic 2

Total N=40

example, many students described explosions, collisions, or the inception of gravity.

Although the question specifically asked for an event that occurred before Earth

formed to be named, approximately 25% of students described an event or process

that required a Earth to already exist. These Earth-centric descriptions of events in-

cluded scientifically inaccurate descriptions of Earth being formed. These responses

were generally religious in nature or described Earth undergoing an interaction of

some sort in a preformed state.

4.5.3 Question 3: Which materials had to exist before the Earth

formed?

A scientifically accurate response to the question of which materials had to exist

before Earth formed would include abundant elements in the Universe such as hy-

drogen, helium, carbon, oxygen, nitrogen. Ideally we would like students to be able
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to expand on this further and discuss the creation of heavy elements from stars

(e.g., iron) as one of the key ingredients required to form a rocky planet like Earth.

When analyzing these responses, students were less likely to describe a formation

mechanism compared to the previous two survey questions. The responses to this

question were helpful in uncovering what students’ understood regarding materi-

als within the Universe. A total of 43 students responded to this question and a

summary of responses is provided in Table 4.3.

The most common response (33%) provided was the element hydrogen. Surpris-

ingly, helium was mentioned far less often with only 7% of the responses including

this element, whereas more students answered carbon (19%) or nitrogen (12%).

Many students (23%) provided oxygen as an element that existed before Earth.

Some students mentioned water (19%), carbon dioxide (7%), or ozone (5%). Dis-

cussion of heavy elements was only observed in 9% of the responses–three students

specifically mentioned iron whereas one student said “heavy elements”.

Some students included formation mechanisms in their descriptions, with 12% of

students discussing the Big Bang or a type of explosion and 19% of students talking

about gravity or some kind of interaction of material. It is unclear if this is because

students were unsure what is considered a material or if they see gravity as a type of

material. Many student responses discussed what we classified as micromaterial. For

example, 23% of responses discussed matter at the atomic level, while others (21%)

said dust or provided vague descriptions of ‘particles’. Other responses included

much larger materials, which were referred to as macromaterials such as responses

that mentioned the Sun (21%), stars or galaxies (28%), asteroids/planets/moons

(14%), or vague descriptions of rocky materials (21%).

A handful of students (16%) said that organic materials like dirt or life existed

before Earth formed. It is unclear from the responses if students mean the ingredi-

ents for life existed or if they specifically mean life evolved before Earth was formed.

It would be worthwhile in the future to tease this out more to get a better idea of

what students are thinking.
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Table 4.3: Student responses to the question Which materials had to exist before the
Earth formed?

Response Number
Elements

hydrogen 14
helium 3
carbon 8
nitrogen 5
oxygen 10
sulfur/phosphorus 1
"heavy elements“ 1
iron 3

Molecules
H2O 8
CO2 3
O3 2

Micro materials
matter/atoms 10
dust/particles 9

Macro materials
rocky materials 9
organic (e.g., dirt, life) 7
asteroids/planets/moons 6
Sun 9
stars 6
galaxies 6

Formation Mechanisms
Big Bang/explosion 5
Gravity/interactions 8

Total 43
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Table 4.4: Student responses to the question Did all planets in the Universe form at the
same time as Earth? Explain why or why not.

Response Number
No 31
Yes 12

Total 43

4.5.4 Question 4: Did all planets in the Universe form at the same

time as Earth? Explain why or why not.

The final survey question asks students to consider the age of the Universe, the

age of Earth and the Solar System, as well as the ages of exoplanetary systems.

The correct response to this question is ‘no’ and students could explain why with a

few different approaches. In order to answer this question correctly, students have

to recognize that the formation of the Universe and planet formation are entirely

different physical processes, ideally citing the age differences between these events.

Another approach is to discuss the evidence of exoplanets detected around stars of

different ages than our Sun. Even though the question appears simple, the question

asks students to unpack a lot of concepts and synthesize them together. At its core,

this question investigates students’ ideas related to cosmological time as well as how

planet formation is or is not connected to the Big Bang.

A total of 43 students responded to this question (Table 4.4). The majority of

students (72%) correctly responded ‘no’ but could not back up their choice with a

scientific explanation of why or contradicted their choice in the explanation. For

example, one student said “No, because they were part of how earth was formed”

and another student said “No, because they were part of how earth was formed.”

Incoherent responses and contradictions made it difficult to identify whether stu-

dents truly meant no. Similar to their responses to the other questions, students

favored vague explanations of collisions, explosions, or material drifting around the

Universe.

Approximately 28% (n=12) of students responded ‘yes’ incorrectly. The majority
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(67%) explained that all planets (including Earth) formed during the Big Bang. One

student backed up their choice with a religious explanation, and the remaining three

students provided incoherent explanations that could not be coded in more detail.

This student who responded ‘yes’ to the question contradicted their choice in the

second part of their response:

Yes because when the Big Bang happened in our solar system, all the

planets were created from the debris (which all occured [sic] at once).

Other planets in the universe were formed at different times because

stars are always dying and being reborn.

The wording of this question was specifically chosen to avoid the term exoplanet

to reduce confusion or bias in student responses. In other words, we did not want

students’ to possess an incorrect definition of what an exoplanet is and bring it

into their response. It is possible that students were still confused with what we

meant by “other planets” in this context, or perhaps students are unclear about

the differences between solar systems, galaxies, and the Universe. However, our

findings presented here are similar to results from previous studies and suggest the

issue is students’ misconceptions regarding the Big Bang and not the wording of

our question. Previous work highlights that undergraduate students often describe

the Big Bang as an explosion of pre-existing matter (Prather et al., 2002; Wallace

et al., 2012; Simon et al., 2018). The misconceptions students posses about the Big

Bang seem to make it more difficult for students to provide a scientific explanation

for our question about when exoplanets formed in relation to Earth’s formation.

4.6 Time in the Future: Recommendations for Research

and Instruction

It would be naive to make the assumption that students come to our classrooms es-

sentially as blank slates when it comes to the idea of Earth’s place in space and time
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in the Universe. Rather, in looking at how students respond to questions in the pre-

vious section, it appears that many students do possess adequate building blocks to

reach a more scientific understanding with proper, targeted instruction. The above

results highlight the potential power of time-related knowledge in astronomy and

further support the notion that interdisciplinary instruction connecting astronomy

with chemistry, geology, and physics in the classroom is worthy of more research.

Many students even at the college level with prior astronomy coursework appear to

be unclear how Earth fits into the cosmic landscape. This content area has largely

remained a focus in the literature on younger age groups, but our research suggests

explorations of student perceptions on Earth’s place in time and space in the Uni-

verse may be pertinent to investigate for older populations of students and is worthy

of more research as well.

New research strategies that target curricula and instruction related to Earth’s

place in time and space in the Universe are essential in order to improve how stu-

dents construct temporal knowledge in an astronomical context. Topics such as

astrobiology and the ongoing search for and study of exoplanets already exist in

the astronomical realm and provide excellent pathways for incorporating education

related to temporal and spatial scales. Astrobiology inherently includes the large

temporal scales required to describe how life first arose and evolved on Earth nearly

4 billion years ago, as well as discussion of spatial scales at the microscopic level in

order to become familiar with Earth’s first life at the cellular level. Furthermore,

both astrobiology and exoplanetary science require a grasp of the large orders of

magnitude in distance to bodies in our Solar System and beyond.

One way to improve students’ fragmented and incorrect knowledge is through the

use of learning progressions. Plummer et al. (2015) developed a hypothetical learn-

ing progression as a first step that could lead students to explain the formation of our

Solar System through a big idea approach. A big idea approach connects multiple

scientific concepts together and would inherently be connected to an understand-

ing of cosmological time. In other words, this learning strategy provides a map

of the fundamental astronomical and physical concepts involved in the planetary
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formation process—–such as gravitational cloud collapse and angular momentum in

the disk–—that can guide students and teachers of different levels and backgrounds

throughout the learning process, focusing on the big ideas of the topics rather than

specific details. This is a new approach for astronomy courses, and explicitly incor-

porating components of cosmological time into learning progressions may help to tie

big ideas in astronomy together in the future.

Despite general difficulties with concepts related to Earth’s place in time and

space in the Universe, students were clearly able to activate the resources they pos-

sessed in the context of questions asked. Introducing Hammer’s notion of resource

framing into classrooms may help students highlight their existing astronomical

knowledge (Hammer et al., 2004), and explicitly dedicating classroom time to learn-

ing about new space-based frames of reference and non-geocentric perspectives of

time may provide means for students to continue to build upon their existing knowl-

edge resources.

Extrapolating data from studies on geological time provides reasonable evidence

to support the fact that students of all ages, teachers, as well as the general public

struggle to grasp the span of immense timescales—–such as Earth’s age or the age of

the Universe—–in both absolute and relative timescales. Catley and Novick (2009)

eloquently highlighted some of the common overarching complications observed from

temporal reasoning: (1) subjects provided time frames that spanned unimaginably

large periods of time (e.g., trillions), (2) the ability to discriminate between very

large numbers was rare (e.g., millions vs billions), (3) the frequency of time estimates

to the correct order of magnitude was rare, and (4) it was a common misconception

among school children and college students that life arose concurrently with the

formation of Earth. These findings are easily extended to time in astronomy from

our work and recent literature, with both children and college students: defining

the origin event that formed the Universe as an event that formed Earth and/or

our Solar System, and underestimating/overestimating the age of the Universe by

millions or billions of years.

Timescales of this size are not easy to comprehend or relate to admittedly, and
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are far outside the range of human experience as Landy et al. (2013) point out, which

may explain why the majority of people fail to provide sufficient knowledge of these

scales and their associated events. Yet, the ability to construct scientifically accurate

temporal frameworks remains necessary for learning about and truly understanding

astronomy at its core, and effectively building these knowledge structures may help

students to grasp astronomical concepts more concretely. Learners’ perceptions of

cosmological time or geological time depend not only on scientific content knowledge

and quantitative reasoning skills, but also individual feelings and motivations toward

the subject, interest in learning it, and concern for its importance in the scale of

their personal lives. We have observed behavior representative of these hierarchical

arrangements in our pilot research, notably when we asked undergraduate students

to respond to an open-ended question and temporally relate the formation of the

Universe to the formation of Earth. Students frequently unify these two formation

events in their responses, describing that Earth and the Universe came into existence

at the same time. Students who did provide numerical estimates and separated

the formation events, however, commonly responded “millions or billions of years

apart,“ seemingly unaware of the three order of magnitude difference between these

numbers. Yet, the students knew in the context of their personal lives millions or

billions of years were both large numbers.

An approach toward improving students’ grasp of the geological timescale and its

relationship to cosmological time might require initially removing the quantitative

aspect of time, instead focusing on the connection between past and present events.

By making the sequence and order of events that occur on large timescales more

concrete, large scales of time can become a more approachable concept for students.

Furthermore, providing relevant, qualitative points of interest in time—such as the

fact there is more time between Tyrannosaurus rex and Stegosaurus than human’s

entire existence on Earth—is perhaps far more profound and relatable to students

than a memorization of dates on a timeline.

Suggestions from the literature have been provided from all facets of Earth and

space science community. In evolutionary biology, Catley and Novick (2009) used
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an instructional strategy that also incorporated visualizations of large evolutionary

events through the use of phylogenetic trees, or trees which showed evolutionary

relationships. They explain these trees serve as markers that may help incorpo-

rate instruction on spacing and make it relatable to evolutionary time. Similarly,

Delgado (2013) suggested time landmarks to function as pinpoints across learning

disciplines so students can orient themselves to specific points in time. Conversely,

Trend (2001b) said timelines may be appropriate for historical events but not for

cosmological and geological events, as the scale cannot be conceptualized onto a

single timeline if ongoing and consistent change is to be expressed.

Prior research has illustrated that learners have a difficult time accounting for

motions of the night sky appropriately using Earth as a moving reference frame

(Plummer, 2009, 2014). Hegarty and Waller (2004) highlight a dissociation be-

tween spatial abilities that require both mental rotation and the ability to take on

a different visual perspective that might explain why spatial reasoning difficulties

often occur in astronomy. Approaches toward developing students’ abilities to con-

struct representations of Earth’s place in time and space will require attention to

both mental rotation and perspective taking. Plummer and colleagues have ded-

icated significant efforts with perspective taking that connect the view of Earth

from the Sun in both Earth- and space-based reference frames (Plummer et al.,

2016; Liben and Downs, 1993). For example, students must be able to comprehend

why our Earth-based perspective of the Sun’s motion around Earth is opposite in

a space-based reference frame. Future work will require an extension to perspective

taking that incorporates Earth’s location in both time and space in the Universe.

Adding the fourth dimension of time increases the complexity of mental rotation

and perspective taking, but coupling temporal and spatial awarenesses can be used

to introduce students to different points in time throughout cosmological history.

Time often influences how an event is perceived and stored into memory (Radvan-

sky and Zacks, 2011), such as the case when students conflate Earth forming at

the same time as the Universe, which suggests students’ temporal perspectives in-

fluence the relative orientation and hierarchy of astronomical events in the past,
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present, and future. We believe it is worthwhile to investigate perspective taking

that incorporates a temporal point of view.

We encourage future work that helps students build an understanding of sci-

entific evidence explaining the causality related to major astronomical events in

cosmological time so students may make more robust connections of concepts (e.g.,

when and where the ingredients come from for rocky planets to form and how do we

know this). Past work suggests that finding ways to connect large points in time to

students’ personal lives rather than memorization of ages, dates, or a list of events

can be beneficial when learning about large timescales (Delgado, 2013; Chaisson,

2011, 2014a,b). We have synthesized the following take-away guidelines as recom-

mendations for future research and instruction related to time at the undergraduate

level:

• Explicit instruction through visualizations and guided active learning strate-

gies that explore the relationship between cosmological and geological spatio-

temporal scales (i.e., the age of the Universe versus the age of Earth; the sizes

of Earth and the Solar System versus the sizes of galaxies and the Universe)

and how the age of Earth and the Universe were determined.

• Unpacking and connecting cosmic events including the Big Bang and after,

leading up to Earth’s formation (e.g., cosmic microwave background, formation

of first stars, expansion of space-time, the formation of elements including

heavy elements needed for rocky planets).

• Instruction on the composition of the Universe and visualizations of the large-

scale hierarchical structure of planets, stars, solar systems, and galaxies.

• Increased instructional attention on processes of stellar nucleosynthesis includ-

ing where, when, and how the elements on the periodic table arose and how

this is related to astronomy and Earth’s composition.

• Increased attention on the interdisciplinary knowledge related to physics, par-

ticularly gravity and its influence on processes across large spatial scales (e.g.,
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expansion of the Universe, planet formation) and how this is related to time.

• Building connections to other findings in astrobiology, the study of exoplanets,

and geology to help build bridges between topics such as the origin of life on

Earth and how scientists search for life elsewhere in the Solar System.

Our results suggest developing effective curricula and instruction that helps pro-

duces temporally literate learners in astronomy may further help students to con-

struct accurate scientific representations of astronomical phenomena. Those in the

astronomy and physics education communities, as well as others in the broad com-

munity of the physical sciences, are encouraged to pursue study related to our new

research agenda described in this paper. We appreciate the incorporation of time-

related research and instruction into teaching and look forward to reports on suc-

cessful methodologies that investigate temporal perceptions as related to the larger

picture of Earth’s place in time and space in the Universe.
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CHAPTER 5

Conclusions and Future Work

Here I summarize the major results of this dissertation. First, I provide the key

points from my research on brown dwarf atmospheres followed by a summary of key

points from my educational work.

1. Chapter 2: It is possible to produce atmosphere models that match

substellar evolutionary model predictions if enough flexibility is al-

lowed within the cloud properties. I reported the atmospheric properties

of 12 brown dwarf binary objects spanning from mid-L to mid-T in spectral

type (Teff ≈ 1900-1000 K). Clouds with sub-micron particles (≤ 1 µm) can

describe the spectral energy distribution of dusty L dwarfs, but larger particle

sizes and deeper clouds are needed for T dwarfs.

2. Chapter 3: I derive bulk atmospheric properties for HD

130948B+C, a L4+L4 benchmark brown dwarf binary system or-

biting a solar-type host star, and find C/O ratios consistent with a

stellar metallicity. I am able to fit cloudy atmosphere models to moderate-

resolution J and K-band spectroscopy of HD 130948B and HD 130948C that

are consistent with evolutionary-model predictions.

A major goal of this work was to explore cloud properties in detail across

a broad range of temperatures, surface gravities, and cloud parameters. I
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use spatially-resolved photometry in optical and near-infrared wavelengths and

moderate-resolution J and K-band spectroscopy coupled with theoretical models

to characterize the atmospheric properties of benchmark brown dwarf binary sys-

tems. I created new atmosphere model grids in PHOENIX extending clouds to

deeper regions with smaller mean grain sizes (≤ 1 µm). The results from my work

show these grids were best suited for L dwarfs (∼ L3-L8) but can also be used to

fit L-band observations from directly-imaged substellar objects like κ Andromedae

b (Stone et al., 2020). Bolometric luminosity constraints from grid fits were used

with measured dynamical masses to derive predictions from evolutionary models

including hybrid grids from Saumon and Marley (2008) for mid-to-late L dwarfs

and the COND grids from Baraffe et al. (2003) for T dwarfs with Teff < 1300 K. A

combination of appropriate cloud properties and metallicity can further be used to

constrain benchmark systems that have a stellar companion. Molecular abundances

for H2O and CO can be used to derive C/O ratios and confirm coeval assumptions

for binary systems.

In Chapter 4, we presented an analysis of student-supplied response questions

related to astronomy education. We identified a range of conceptions learners pos-

sess that will help inform future research-based curricula. We ended the chapter

with a discussion on how future teaching and instructional efforts could improve

how learners construct temporal and spatial frameworks in introductory astronomy

courses. The key points are summarized below.

1. Chapter 4: Our results showed that students posses a variety of non-

scientific ideas about Earth’s place in space and time in the Universe.

Students struggled to separate astronomical events in time (e.g., the Big Bang

versus the formation of our Solar System) and often could not recognize the

different hierarchies in space (e.g., a solar system, galaxy, the Universe). The

following reasoning difficulties stood out in the data the most: (1) difficulties

grasping absolute and relative timescales related to events in cosmological

history; (2) difference in orders of magnitude (thousands, millions, billions),

(3) relationship in time between formation of the Universe, first galaxies/stars,
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the Sun, and Earth; (4) materials and conditions required for stars, planets,

and life to form.

Similarly, as with scientific reasearch, educating undergraduate students on top-

ics related to astronomy is an ever-changing field. Updated materials and methods

are required that reflect students’ conceptions as they enter the classroom. The

results from my educational work can be utilized to develop effective materials that

can easily be implemented into undergraduate classrooms.

5.1 Looking Ahead

Clouds in brown dwarf atmospheres are challenging to model and, although the

work presented in this dissertation contributes significantly to the field of study,

there remains several lingering questions. Below I discuss a few of these questions.

Continued astrometric monitoring of binary systems will provide orbital constraints

and dynamical masses for new systems, and the next Gaia data release will pro-

vide precise parallaxes, both of which will increase the number of brown dwarfs

with independently measured masses and distances. Future observations will ex-

tend wavelength coverage, such as with the upcoming launch of the James Webb

Space Telescope. Below a few of these questions are discussed.

5.1.1 How does the cloud particle size distribution change for late-L

through early-to-mid T dwarfs?

In Brock et al. (2021) I explored how the location and grain size of clouds varied for

L through T spectral types. Evolutionary-constrained atmosphere models preferred

larger grain sizes for T dwarfs (≥ 1 µm) than L dwarfs. The later mid-T dwarfs in my

sample required even larger grain size models (≥ 3 µm) and deeper clouds. The trend

that emerged suggested cooler dwarfs with later spectral types grow in mean grain

size. It will be important to test the results from this photometric study on resolved

spectroscopy of benchmark T dwarf systems. Recent work has found dynamical
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masses for T dwarfs that are in conflict with evolutionary parameters (Kasper et al.,

2009; King et al., 2010; Cheetham et al., 2018). Extending atmosphere grids to more

diverse properties may help reduce this tension as well as comparing T dwarfs to

the newest generation of evolutionary models (Marley et al., 2021).

5.1.2 How can observations be used to constrain the precise con-

densate cloud compositions?

Luna and Morley (2021) explain the compositions of condensate clouds are depen-

dent upon the modelling framework used and have not been empirically constrained.

Models with heterogeneous grains based on the assumptions of chemical equilib-

rium have been successfully used to model brown dwarf (Brock et al., 2021) and

exoplanet atmospheres (Stone et al., 2020). However, atmospheric retrieval results

have suggested optically thick clouds might be composed of only a select few types

of grains, such as combinations of deep iron or iron/corundum cloud decks with

shallow pressure enstatite/quartz clouds (Burningham et al., 2017, 2021). This calls

the approach of equilibrium clouds into question (Gao et al., 2020). Future work will

benefit from comparing the results from self-consistent atmosphere models to those

from atmospheric retrievals for the same objects. This is especially important for

benchmark systems with well known properties of distance, mass, and luminosity.

Furthermore, additional observations with longer wavelength coverage from JWST

will help to constrian bulk atmospheric properties.
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