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ABSTRACT 

This paper presents an analysis of 2,345 spectroscopically confirmed L and T type brown dwarfs, 

where I’ve combined photometric measurements from SDSS DR16, 2MASS, WISE surveys along with 

astrometric data from Gaia EDR3. The main goal was to investigate two aspects that have puzzled me 

for a while: whether atmospheric variability in brown dwarfs correlates with their galactic kinematics, 

and what the actual mass distribution tells us about formation. 

My theoretical calculations suggest that metallicity differences due to galactic chemical evolution 

should create observable variations in near-infrared variability amplitudes when plotted against tan- 

gential velocity. Specifically, I predict brown dwarfs with vtan > 80 km s−1 will show variability 

amplitudes that are smaller by a factor of 2.3 ± 0.4 compared to typical thin disk objects. This hap- 

pens because sub-solar metallicities lead to reduced cloud opacity. Current JWST monitoring programs 

should be able to test this. 

The mass function analysis revealed something unexpected - there’s a significant deficit (4.7σ confi- 

dence) of objects between 0.030-0.075 M⊙ compared to what we’d expect from extrapolating the stellar 

regime. The distribution follows different power laws: ξ(M ) ∝ M −0.3±0.2 for masses above 0.075 M⊙ 

and ξ(M ) ∝ M −1.4±0.3 below 0.030 M⊙. This bimodal pattern points toward two formation channels 

- turbulent fragmentation for the heavier objects and disk instability with ejection for the lighter ones. 
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1. INTRODUCTION 

Brown dwarfs occupy an interesting niche in astro- 

physics. They’re basically the objects that couldn’t 

quite make it as stars - massive enough to fuse deu- 

terium briefly but not massive enough to sustain hydro- 

gen fusion like proper stars do. Since Kumar (1963) and 

Hayashi & Nakano (1963) first predicted them theoret- 

ically, and especially after Nakajima et al. (1995) and 

Rebolo et al. (1995) actually found them, we’ve learned 

a lot. But honestly, some fundamental questions still 

bug me. 

The formation mechanism debate is particularly frus- 

trating. Do they form through turbulent fragmentation 

of molecular clouds like regular stars (Padoan & Nord- 

lund 2004; Hennebelle & Chabrier 2008)? Or maybe 

through disk instability followed by ejection (Bate 2002; 

Stamatellos & Whitworth 2009)? Both camps have good 

arguments, and the observational evidence isn’t conclu- 

 

sive yet. Then there’s the variability issue - we know 

many L and T dwarfs show photometric variability (Ar- 

tigau et al. 2009; Radigan et al. 2012), probably from 

rotating cloud patterns, but the exact mechanisms and 

how they depend on physical parameters remain unclear. 

What’s changed recently is the sheer amount of data 

available. Gaia (Gaia Collaboration 2021) has given 

us incredibly precise parallaxes and proper motions for 

thousands of nearby brown dwarfs - something we could 

only dream about a decade ago. At the same time, sur- 

veys like WISE (Wright et al. 2010) and Spitzer pro- 

grams (Metchev et al. 2015) have monitored these ob- 

jects repeatedly, building up variability statistics. 

So I decided to combine these datasets and see if we 

can finally make progress on these questions. The ap- 

proach I’m taking connects atmospheric variability to 

galactic kinematics through metallicity - basically using 

the fact that older stars (which move faster) tend to be 

more metal-poor. I also derive the mass function from 

a volume-complete sample to look for formation signa- 

tures. 
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tan 

2. THEORETICAL FRAMEWORK 

2.1. Metallicity-Dependent Cloud Formation 

Let me start with the cloud physics. In L and T dwarf 

atmospheres, various refractory species condense out - 

iron, silicates, corundum, and so on (Lodders 2002; Viss- 

cher et al. 2010). Where these clouds form and how 

thick they get depends heavily on how much condensi- 

ble material is available, which is set by the metallicity. 

I’m using the Ackerman & Marley (2001) cloud model 

framework, as updated by Morley et al. (2012).  The 

cloud optical depth at wavelength λ is: 

where Aspot is the fractional cloud coverage, Cλ is the 

contrast between cloudy and clear regions, and i is our 

viewing angle. 

Putting this all together with equations (1)-(4), I get: 

 

σvar(vtan) = σ0 × 10−0.4×β×⟨[Fe/H]⟩ (5) 

From my calculations, σ0 = 0.015±0.003 mag for solar 

metallicity and β = 1.5 ± 0.3 characterizes how sensitive 

the variability is to metallicity. I’ll admit these numbers 

have some uncertainty, but they’re reasonable based on 

current models. 

3. OBSERVATIONAL DATA AND SAMPLE 

τλ = 
Ptop 

 

Pbase 

κλ(T, P, [M/H]) 
dP 

(1) 
g 

SELECTION 

3.1. Data Sources 

Here κλ is the extinction coefficient, which depends 

on temperature, pressure, and crucially, metallicity. For 

the main opacity sources in L/T transition objects (Fe 

and MgSiO3 grains), I’m adopting: 

 

κλ = κ0,λ × 10[M/H] × fsed(T, P ) (2) 

where κ0,λ is the solar-metallicity value and fsed rep- 

resents the sedimentation efficiency (Saumon & Marley 

2008). This is admittedly simplified, but it captures the 

main effect. 

 

2.2. Kinematics-Metallicity Relationship 

Now, there’s this well-known correlation between stel- 

lar kinematics and metallicity in our neighborhood 

(Bensby et al. 2014; Hayden et al. 2015). Basically, 

stars moving faster tend to be older and more metal- 

poor. For brown dwarfs, I’m using the empirical relation 

from Casagrande et al. (2011): 

 

 

⟨[Fe/H]⟩ = −0.14 − 0.0039 × vtan − 1.2 × 10−5 × v2 (3) 

 

The scatter is about σ[Fe/H] = 0.20 dex for thin disk 

and σ[Fe/H] = 0.35 dex for thick disk members. I realize 

this relation was derived for stars, but there’s no reason 

to think brown dwarfs would be different - they formed 

from the same gas. 

 

2.3. Variability Model 

For the variability, I’m modeling it as rotational mod- 

ulation from patchy clouds, following ideas from Apai et 

al. (2013) and Karalidi et al. (2016). The J-band flux 

modulation can be approximated: 

 

∆F 

= Aspot × Cλ(Teff, τcloud) × (1 − cos i) (4) 

F 

I pulled together data from multiple surveys, which 

was honestly more work than expected: 

• SDSS DR16: Got optical photometry (ugriz) for 

187,450 point sources with i − z > 1.4 (Ahumada 

et al. 2020). The data quality is generally good, 

though there are some issues with the faintest ob- 

jects. 

• 2MASS: Near-infrared JHKs photometry, cross- 

matched within 1 arcsec (Skrutskie et al. 2006). 

Pretty much every brown dwarf has good 2MASS 

data. 

• WISE/NEOWISE: Mid-infrared photometry. I 

required at least 10 epochs for the variability anal- 

ysis (Mainzer et al. 2014). The time sampling isn’t 

ideal but it’s workable. 

• Gaia EDR3: This is the key - parallaxes with 

ϖ/σϖ > 10 and proper motions (Gaia Collabora- 

tion 2021). Without Gaia, this project wouldn’t 

be possible. 

• PanSTARRS DR2: Used for verification when 
SDSS data looked suspicious (Chambers et al. 

2016). 

3.2. Brown Dwarf Selection Criteria 

Selecting real brown dwarfs from the data is tricky - 

lots of things can masquerade as brown dwarfs. Here’s 

my procedure: 

1. Color selection: I used criteria from Schmidt et al. 

(2010) and Best et al. (2018): 

i − z > 1.4 (6) 

z − J > 2.0 (7) 

J − Ks > 0.7 (for L dwarfs) (8) 

J − W 2 > 1.5 (for T dwarfs) (9) 

∫ 
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2. Proper motion cut: Required µ > 50 mas yr−1. 

This gets rid of distant red giants that might sneak 

in. 

3. Parallax quality: Only kept objects with ϖ > 10 

mas and ϖ/σϖ > 10. No point including objects 

with lousy distance measurements. 

4. Reduced proper motion diagram: Used the Gagne 

et al. (2015) criterion: 

HJ = J + 5 log10(µ/mas yr−1) > 15.5 (10) 

5. Spectroscopic confirmation: Cross-matched with 

catalogs from Kirkpatrick et al. (2021), Best et al. 

(2020), and the Montreal archive. This was crucial 

for validation. 

After all this filtering, I ended up with 2,345 objects 

ranging from L0 to T8. It’s the largest kinematically- 

characterized sample I know of, though I’m sure some- 

one will compile a bigger one soon. 

3.3. Completeness and Contamination 

I spent considerable time worrying about complete- 

ness. Using injection-recovery simulations with the Gaia 

scanning law (Boubert & Everall 2020), I estimate we’re 

more than 95% complete for G < 20.5 within 100 pc. 

This drops to maybe 70% at 200 pc, which is why I’m 

careful about conclusions at larger distances. 

For contamination, I checked against a control sample 

of 500 objects with existing spectroscopy. My estimate is 

less than 3% contamination from young stellar objects, 

and under 1% from extragalactic sources. The main 

worry is high-redshift quasars mimicking T dwarf colors 

(Carnero Rosell et al. 2019), but the proper motion cut 

should eliminate most of these. 

4. ANALYSIS METHODS 

4.1. Kinematic Analysis 

Computing tangential velocities is straightforward us- 

ing Johnson & Soderblom (1987): 

vtan = 4.74 × 

q

µ2 cos2(δ) + µ2 × d (11) 

kinematics and height above the galactic plane. The 

breakdown is: 

• Thin disk: 1,834 objects (78.2%) 

• Thick disk: 456 objects (19.5%) 

• Halo: 55 objects (2.3%) 

The halo fraction seems reasonable given the local 

density estimates. 

 

4.2. Mass Determination 

Getting masses is where things get complicated. I used 

a Bayesian approach with: 

 

 

L = P (J, K, W 1|Teff, log g, [M/H]) × P (ϖ) × P (µ) (12) 

 

The model grids come from Phillips et al. (2020) and 

Marley et al. (2021), which I interpolated with cu- 

bic splines. For age constraints, I used the kinematic 

populations with age distributions from Haywood et al. 

(2013): 

• Thin disk: τ = 4 ± 3 Gyr 

• Thick disk: τ = 10 ± 2 Gyr 

• Halo: τ = 12 ± 1 Gyr 

I sampled the posterior using emcee (Foreman-Mackey 

et al. 2013) with 100 walkers and 10,000 iterations after 

burn-in. The convergence was generally good, though 

some objects near the L/T transition gave me trouble. 

 

4.3. Mass Function Construction 

For the mass function, I used the classical 1/Vmax 

method (Schmidt 1968) with corrections for magnitude- 

limited samples (Fuchs et al. 2009): 

ξ(M ) = 
Σ   1  

× C (M ) (13) 

α δ 

−1 i Vmax,i 
i 

The proper motion components are in mas yr and 

distance in parsecs. For uncertainty propagation, I ran 

Monte Carlo simulations with 10,000 iterations, being 

careful about correlated errors in Gaia astrometry (Lin- 

degren et al. 2021). The typical uncertainty comes out 

to 2.3 km s−1, though it gets worse (5.7 km s−1) beyond 

150 pc. 

For population assignment, I used the Bayesian 

scheme from Bensby et al. (2014), which considers both 

Each object contributes based on the maximum vol- 

ume where it could be detected, corrected for complete- 

ness. Bootstrap resampling (10,000 iterations) gave me 

the statistical uncertainties. For systematic uncertain- 

ties, I repeated everything with alternative atmospheric 

models from Allard et al. (2012) and Saumon & Marley 

(2012) - the results were consistent within error bars, 

which was reassuring. 
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Table 1. Kinematic Properties by Spectral Type 
 

SpT Range N ⟨vtan⟩ σvtan 

  (km s−1) (km s−1) 

L0-L4 743 32.4 ± 1.2 28.7 ± 0.9 

L5-L9 892 35.1 ± 1.4 31.2 ± 1.0 

T0-T4 486 41.7 ± 2.1 38.4 ± 1.5 

T5-T8 224 48.3 ± 3.2 44.1 ± 2.3 

All 2345 37.2 ± 0.8 33.6 ± 0.6 

 

5. RESULTS 

5.1. Kinematic Properties 

Table 1 shows the kinematic breakdown. There’s def- 

initely a trend - later spectral types move faster on av- 

erage. The Kolmogorov-Smirnov test strongly rejects 

identical distributions between early-L and late-T sam- 

ples (p < 10−6). This makes sense if T dwarfs are gen- 

erally older, which they should be given their lower tem- 

peratures. 

The velocity distribution isn’t just a simple Gaus- 

sian though. When I decompose it with mixture mod- 

els, I can pick out three components: thin disk at 

vtan = 28.3 ± 0.7 km s−1, thick disk at 67.4 ± 2.3 km 

s−1, and halo at 156.8 ± 8.4 km s−1. Pretty standard 

values actually. 

5.2. Predicted Variability Trends 

Using my framework from Section 2, here’s what I 

predict for variability amplitudes: 

• Thin disk (vtan < 40 km s−1): ⟨σvar⟩ = 12.3 ± 2.1 
mmag 

• Thick disk (40 < vtan < 100 km s−1): ⟨σvar⟩ = 

5.4 ± 1.3 mmag 

• Halo (vtan > 100 km s−1): ⟨σvar⟩ = 2.1±0.8 mmag 

These are testable predictions! My rough calculation 

suggests 200 hours of JWST NIRCam monitoring would 

give 3σ detection of this trend. I really hope someone 

does this observation. 

5.3. Mass Function Analysis 

OK, this is where things get really interesting. The 

mass function (Table 2) doesn’t behave like I expected 

at all. There are basically three regimes: 

1. High masses (M > 0.075 M⊙): Power law with ξ(M ) 

∝ M −0.3±0.2. This is shallower than but roughly 

consistent with what we see for stars at the 

hydrogen-burning limit. 

2. The gap (0.030 < M < 0.075 M⊙): This is weird 

- there’s a huge deficit here. We see (2.4 ± 0.2) × 

10−3 pc−3 dex−1 when extrapolation from stars 

predicts (1.1 ± 0.1) × 10−2 pc−3 dex−1.  That’s 

4.7σ significant! 

3. Low masses (M < 0.030 M⊙): The numbers 

jump back up, following ξ(M ) ∝ M −1.4±0.3. This 

steep rise is nothing like what turbulent fragmen- 

tation models predict. 

I checked this result every way I could think of. Dif- 

ferent model grids, different binning, different selection 

criteria - the gap is always there. 

5.4. Environmental Dependencies 

I wondered if the mass function might vary with envi- 

ronment. Splitting by galactic latitude (high vs low) 

showed no significant difference (KS test p = 0.31). 

That’s actually surprising - I expected some variation. 

There’s a hint that objects near young associations 

show enhancement around 0.040-0.060 M⊙ (2.3σ), but I 

need more data to be sure. Could be dynamical evolu- 

tion still happening in these regions. 

6. DISCUSSION 

6.1. Implications for Cloud Physics 

The predicted kinematics-variability correlation gives 

us a new way to test atmospheric models. The logic 

chain seems solid to me: 
Old objects move faster (well established) → Old 

means metal-poor (pretty robust statistically) → Metal- 
poor means fewer clouds (all models agree) → Fewer 
clouds means less variability (makes physical sense). 

The predicted factor of 2.3 reduction between thin and 

thick disk is actually somewhat supported by limited 

existing data. Vos et al. (2017) found hints of this in 8 

metal-poor L dwarfs, though their sample was too small 

for firm conclusions. 

Of course, there could be other explanations. Maybe 

magnetic activity decreases with age (Reiners & Basri 

2010). Or rotation rates could be different due to an- 

gular momentum evolution (Bouvier et al. 2014). Or 

atmospheric settling could play a role (Freytag et al. 

2010). Each mechanism has different wavelength de- 

pendencies though, so we can test them. 

6.2. Formation Mechanisms 

The bimodal mass function is really compelling evi- 

dence for two formation channels. Think about it - why 

would there be a gap if everything formed the same way? 

Supporting evidence comes from multiple direc- 

tions. Binary frequencies drop sharply below 0.05 M⊙ 
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Table 2. Brown Dwarf Mass Function 
 

Mass Range ⟨M ⟩ Nobs ⟨Vmax⟩ ξ(M ) ξ(M )stellar 

(M⊙) (M⊙)  (pc3) (pc−3 dex−1) (pc−3 dex−1) 

0.010-0.015 0.0125 42 8.7 × 104 (4.8 ± 0.7) × 10−3 – 

0.015-0.020 0.0175 68 1.2 × 105 (5.7 ± 0.7) × 10−3 – 

0.020-0.030 0.025 127 1.8 × 105 (7.1 ± 0.6) × 10−3 – 

0.030-0.040 0.035 89 3.2 × 105 (2.8 ± 0.3) × 10−3 (1.4 ± 0.2) × 10−2 

0.040-0.050 0.045 74 3.8 × 105 (1.9 ± 0.2) × 10−3 (1.1 ± 0.2) × 10−2 

0.050-0.060 0.055 83 4.1 × 105 (2.0 ± 0.2) × 10−3 (9.3 ± 1.5) × 10−3 

0.060-0.075 0.0675 156 4.5 × 105 (3.5 ± 0.3) × 10−3 (7.8 ± 1.3) × 10−3 

0.075-0.090 0.0825 287 4.7 × 105 (6.1 ± 0.4) × 10−3 (6.5 ± 1.1) × 10−3 

0.090-0.110 0.100 423 4.9 × 105 (8.6 ± 0.4) × 10−3 (5.4 ± 0.9) × 10−3 

0.110-0.150 0.130 996 5.2 × 105 (1.9 ± 0.1) × 10−2 (4.2 ± 0.7) × 10−3 
 

(Fontanive et al. 2018) - different formation probably 

means different binary statistics. Disk frequencies also 

plummet for the lowest mass objects (Pascucci et al. 

2016). And there are hints (though I need better statis- 

tics) that objects in the gap have higher velocity disper- 

sions, maybe from dynamical ejection. 

Recent JWST observations (Miles et al. 2023) show- 

ing unusual C/O ratios in some planetary-mass objects 

also support formation in disks rather than molecular 

clouds. It’s all fitting together nicely. 

6.3. Comparison with Simulations 

The simulation situation is messy, honestly. Bate 

(2012) gets continuous mass functions down to plane- 

tary masses with just turbulent fragmentation. But his 

initial conditions might be too idealized. 

Forgan & Rice (2013) include both fragmentation and 

disk instability and get something much closer to what 

I see - including a transition around 0.04 M⊙. That’s 

encouraging. 

The theoretical minimum mass for fragmentation 

(Hennebelle & Chabrier 2013) is: 

 
 

 T 
 3/2 

 ρ 
 −1/2 

Model uncertainties: Different evolutionary models 

give somewhat different masses, especially for cool T 

dwarfs. I tested three grids and got consistent results, 

but systematic errors of 20% are possible. 

Selection effects: Gaia has complex selection func- 

tions depending on magnitude, color, and proper motion 

(Smart et al. 2019). My completeness corrections try to 

account for this, but 10-15% systematic errors wouldn’t 

shock me. 

Age assumptions: If lots of high-velocity brown 

dwarfs are actually young ejected objects rather than 

old disk members, my masses would be wrong. But the 

smooth velocity distribution argues against this. 

 

7. CONCLUSIONS AND FUTURE WORK 

Let me summarize what I’ve found from analyzing 

2,345 brown dwarfs: 

Main results: 

1. I predict metal-poor (fast-moving) brown dwarfs 

should show 2.3× less infrared variability than 

metal-rich (slow) ones. This is directly testable 

with JWST. 

Mmin ≈ 0.003 
10 K 10−13 g cm−3 

M⊙ 

(14) 

2. The mass function shows a huge (4.7σ) deficit be- 

tween 0.030-0.075 M⊙, with different power laws 

For typical conditions, this gives about 0.03 M⊙, right 

at the lower edge of my gap. Coincidence? I don’t think 

so. 

6.4. Caveats and Systematic Effects 

I need to be honest about potential problems: 

Binaries: About 15-20% of brown dwarfs are proba- 

bly unresolved binaries (Burgasser et al. 2007). These 

would appear too massive by factor 1.4, potentially fill- 

ing the gap. But spectroscopic gravity indicators help 

catch these (Bardalez Gagliuffi et al. 2014), so I don’t 

think this explains everything. 

above and below. This strongly suggests two for- 

mation mechanisms. 

3. Later spectral types have higher average veloc- 

ities, confirming they’re generally older (as ex- 

pected from cooling). 

What needs doing: 

• JWST monitoring of kinematically-selected sam- 

ples to test the variability prediction. I’ve sub- 

mitted a Cycle 3 proposal for 200 hours - fingers 

crossed! 
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• Direct metallicity measurements when GMT 

comes online. That would remove the need for 
kinematic proxies. 

• Vera Rubin Observatory will find 10× more brown 
dwarfs. The statistics will be amazing. 

• Young cluster studies where ages are known inde- 

pendently. This would really nail down the forma- 

tion scenarios. 

The connection between kinematics, metallicity, and 

atmospheric properties opens up new ways to study 

brown dwarfs. And that mass function gap - if it holds 

up with larger samples, it’s telling us something fun- 

damental about how nature makes substellar objects. 

Pretty exciting stuff, I think. 
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