LOOKING BACK AT THE LAST 30 YEARS OF BROWN DWARF RESEARCH
AND
LOOKING FORWARD TO OPPORTUNITIES AHEAD
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Retrospective of brown dwarf discoveries

Recent surveys
Current understanding of properties/formation

Major outstanding questions



Do brown dwarfs existe
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We have discovered an infrared object located about 120 AU from
the white dwarf GD165. With the exception of the possible brown
dwarf companion to Giclas 29-38 which we reported last year',
the companion to GD165 is the coolest (2,100 K) dwarf star ever
reported and, according to some theoretical models, it should be
a sub-stellar brown dwarf with a mass between 0.06 and 0.08 solar
masses. These results, together with newly discovered low-mass
stellar companions to white dwarfs, change the investigation of
very low-mass stars from the study of a few chance objects to that
of a statistical distribution. In particular, it appears that very
low-mass stars and perhaps even brown dwarfs could be quite
common in our Galaxy.

We are currently conducting an infrared photometric survey
of about 200 white dwarf stars to search for orbiting low-mass
companion stars and brown dwarfs. A brown dwarf is a sub
stellar object of mass <0.08 M, which is unable to sustain
nuclear fusion reactions in its interior. Earlier studies in this
survey failed to detect any cool, low-mass companions to the

oung white dwarfs in the Hyades and Pleiades clusters®, but
later we observed excess infrared (IR) radiation from the white
dwarf G29-38 (ref. 1). We argued that the most natural source

Fig. 1 Infrared images of GD165 ¢
and GDI6SB obtained by K.
Hodapp, J. Rayner, D. Hall and one

of the authors (E.E.B.) on the UH
22:m telescope in August 1988
Infrared wavelengths are: a, 1.25 um

(J); b, 165 um (H); ¢, 22 um (K)

The images were obtained using a
new, very sensitive, Hg: Cd: Te array
detector developed by Honeywell
Electro-Optics Division in collabor-
ation with the Jet Propulsion labora.

tory and the University of Hawaii for

a second-generation infrared instru-
ment on the Hubble Space Telescope. Each image is the s

of this IR emission is a 1,200-K brown dwarf in orbit around
G29-38. Because its source is not yet spatially resolved, it is also
possible that the excess IR emission is not produced by a brown
dwarf but rather by a bizarre cloud of dust particles in orbit
around, and heated to 1,200 K by, G29-38.

The present study was initiated to shed light on the question®
of whether stars and brown dwarfs with masses less than
~0.2 M, are rather common. We will report elsewhere (B.Z
and E.E.B., manuscript in preparation) that, in addition to
G29-38 and GD165, we have discovered seven very-low-mass
(~0.1-Mo) stellar companions to white dwarfs. This represents
a significant rate of detection of such objects and suggests that
many objects of mass <0.1 My, are floating freely between the
stars. If a substantial quantity of dark unseen matter does exist
in the solar vicinity**, then our data suggest that brown dwarfs
and very | stars need to be seriously
as its carrier. Here we describe the rather unusual properties of
the companion to GD165.

Table 1 contains data on GD165 and other cool stars, obtained
in late July 1988 with the 3-m NASA Infrared Telescope Facility
(IRTF) at the Mauna Kea Observatory in Hawaii. Also shown
are data for some of the coolest known stars obtained by other
observers using other telescopes. We employed the standard
IRTF InSb photometric system with apertures of various angular
diameters in the telescope focal plane, although most of the
data in Table 1 were obtained with an aperture diameter of
3.5 arcsec (full width at half maximum power). The secondary
mirror was chopped by 15 or 20 arcsec at 7 Hz between an object
of interest and a reference position, while the telescope was
nodded every 10sec so that the object appeared first in one
beam and then in the other. The angular separation between
GDI165 and its companion GD165B (Table 1) was measured
with the single detector system on the IRTF. This separation

s exposures of the $ x8 co-added on a half-pixel grid. The scale

was 0.9 arcsec per pixel and the secing was ~1 arcsec. These conditions cause the images to appear to be asymmetric. The white dwarf GD165

is the northern object. North is up and east is to the left; each frame is

arcsec on a side.

stars come in pairs, with each body glowing bright trom 4 1 Ull. ZU 1 |
internal m reactions.
Even the Sun, it Is now postulated, may have a dim
a fully-developed star or a ‘brown




How do we explain the
L/T tfransitfion@e



e The L/T transition

The incredibly irritating

' Y 2MASS 0559-1404
R / Grains rain out of the
o P photosphere

Photosphere transitions
from dusty to cloud-free

Why does J-band
brighten so much@¢

2MASS 1404-3159AB I
X/ Looper et al. 2008 £
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My = 6526 My,
Mg = 5526 M,
(Dupuy & Liu 2017) J H KS
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Saumon & Marley 2008 state --

“Qualitatively, this effect is an inevitable consequence of the disappearance of
clouds at the L/T transition and is not d.e‘oenden on any particular mechanism or
model of the ‘cloud collapse’ responsible for the transition”.



Where Is the bottom
of the IMF¢



How low does star formation goe

Young moving groups
b Pictoris 6.5 M yp
TW Hydrae 4-5 My

Nearby star forming regions
Taurus 5 Mo
o Orionis 4 Mo

Old populations
20-pc census <10 M,
Globular clusters <80 M,

Liu et al. 2013
Kellogg+ 2016,
Best+ 2017

Luhman+ 2009
Damian+2023

Kirkpatrick+ 2021

Gerasimov+ 2024,

Marino+ 2024
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Kirkpatrick+ 2024
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How low does star formation goe
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How do we explain the
diversity of Y dwarfse



L, T, and Y dwarfs within 20 pc of the Sun

, £l « CW +BYW
young objects _ F| o Subdwarfs

m subdwarfs Young BDs
. Binaries
multiples

1 2
W1 - W2 (mag) ch1 - ch2 (mag)




Neutral = Molecule - Solid/liquid Condensate
Exact sequence depends or(mixino} etc.

The dance of the
condensates

< Temperature

Time =



How has theory
advancede



Forward Modeling

(the traditional approach)

N-dimensional grid of model atmospheres
calculated with complete theoretical description.

A few vital physical parameters are varied to
simulate those likely to be encountered in real

atmospheres.

Real spectra are then compared to the grid to find
best-fit model.

Inverse Modeling

(aka “retrieval analysis”)

Strives to deduce physical parameters directly
from data.

Uses fewer assumptions than forward modeling.

Can discern physical processes missing from the
forward models (e.g., non-equilibrium chemistry),

... Or reveal poor assumptions made in those
models (e.g., solar elemental abundances).

deRegt+2024 AVaAN+2024
Lothringer+2024 FelnSrAZ,

Tolineraagn  SOsEs AU
Hsu+2024 Lew 2024




Kothari+2024: use 1-12 um Jwst

spectrum to show vigorous vertical
mixing in a YO.

mixing

Xuan+2024: use spectraof 8

companions (10-30 M) to find solar
C/0O and metdllicities, matching their
hosts, indicating (likely) star-like

formation. SrAatLO

'

deRegt+2024: rind depleted ':C

abundance in anisolated late-L dwarf,

lending credence to using this isotope to
distinguish formation. ,
ormation

i

Hsu+2024: Find solar /0 for

benchmark brown dwarf companion,
matching host. ,
formation

Lew+2024: use JWST spectrum of the
weird Y dwarf 1828+26 to measure C/O,
metallicity, and 2CO/"CO and compare
these to forward-model results.

techinique comparison
Lothringer+2024: study highly

iradiated brown dwarfs around white dwarf
hosts to probe dayside/nightside

differences. thermal tmwsport

Costes+2024: measure C/0 and

12CO/"CO in brown dwarf companion,
favoring a gravitational collapse formation

scenario. ,
ormatLown

i

FOherTy+2024: See discussion on later
slide: aurorae



Where have we been
surprised?¢



Cold objects have magnetic fields and aurorael

Q-branch CH,
1 1 H,0+NH
Cool, neutral atmospheres have magnetic fields. i .

04

ol || Faherty+2024

0 -
3250 3275 3.300 3.325 3350 3.375 3400 3425 3450

CH,

Kilogauss fields inferred from GHz radio emission
(electron-cyclotron maser instability).

Flux (erg A~' cm—2 s 1) < 108

Uil

Ha emission shown 1o be periodic at the period

measured by radio emission. =

Wavelength (um)

Brown dwarfs could have aurorae with
measurable Hj*.

Residuals

Methane emission (aurora) has been observed in

one Y dwarfs.
Wavelength (um)

wavelengn (pum)




Observations depend on
viewing anglel
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Vos+2017 measured the v sin(i) for ~20
variable L, T dwarfs with measured periods.

v =21R/P =i

Redder objects (for their type) tend to be
equator-on.

Equator = cloudier (or larger grains)
Poles = clearer (or smaller grains)

Amplitude

- Viewing angle affects colors and
spectra observed.

0.0
(J-Kg) Colour Anomaly
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There is no late-T/Y
spec’rrcl sequence
at 5 um!
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How do we tackle the
Impending onslaught
of datae



IRSA’s largest dataset
NEOWISE Single Exposure Source Table
(~200 billion rows)

Future data sets will be much larger
e.g., Rubin/LSST

Al (and ML specifically) can
« Characterize data
« Narrow # of objects needing human scrutiny

Many young researchers are eager to
test their programming and Al chops
on these gigantic data setfs.

New Population of Asteroids Discovered!
Rapidly Finding and Tracking Faint Near-Earth Asteroids Using

an Accurate Deep Learning Based Process
Gauri Todur

Over 98% of 250,000 predicted near-Earth objects/asteroids smallel
remain undiscovered, with current detection methods generating appro
false detections nightly, necessitating tedious manual inspection. The pu
research is to create an automated deep learning trained pipeline to acc
small, faint, near-Earth asteroids. | trained a Convolutional Neural Netwc
on a CPU with synthetic dim asteroid images uniquely generated from 2!
function distributions. The CNN was deployed on a 16-degree sky area fe
data. Positive predictions were input into an asteroid linkage algorithm, &

discovered asteroids are many times dimmer and faster than known ast

NASA. My method outperforms current discovery methods, enabling the
asteroids on a large scale.

i)

A Computational Pipeline to Extract
Variable-Flux Candidates from WISE W
Data using a Novel Sub-Millisec: =
Wavelet/Fourier-based Modé

Abstract -
The WISE Space Telescope has been surveying the universe in infrared for over a dec -
opportunity for time-domain astronomy on particularly cool/dim objects. Currently |I|B
base holds a massive ~200 billion apparitions. However, there has be} =
ble-flux objects, some of the mog

vel algorithm for Fourier feature ¢
r is implemented so that training
ry F1 score of 0.94 and
nd up to hundreds of thouss
e degrees

highly anomalous sources. These methods prove exciting .m\ promising for M O -I- -I-e P QZ

Matteo Paz
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wrard Worlds
citizen scientists
who were
co-authors on
Kirkpatrick+2024.

Citizen science:

Share your love of
astronomy with like-
minded folks.

Help educate on
current cutting-
edge research.

Receive fast results
on large data sets
scrutinized in
diverse ways.



Do we sometimes
hamper our own
flelde



'Failed star' is the coldest radio wave source
ever discovered

Ask Ethan: Can Failed Stars
Eventually Succeed?

Rogue Failed Star Is One of Smallest Ever
Seen

“FAILED STARS™ ARE BEING USED T0 UNDERSTAND
EXOPLANETS

Weird ‘failed star’ seen blasting off its
outer layers for first time

Unique 'Failed Star' Is Like Nothing
Else in the Milky Way, Study Finds

Alien Lifeforms Could Exist in the
Clouds of Brown Dwarfs, Cold

“Failed” Stars

Hubble Space Telescope discovers 'failed
stars' are bad at relationships too

Argument:
We need to educate the public what a brown
dwarf is — hence, the term “failed star”.

Complaint 1:
This term is too terse and too inaccurate.

Use a longer, more accurate
definition (see slide to comel).



Complaint 2:

Using the term “failed” isn't doing our field any favors.

Who works on failed starse
Failed researchers?¢

Is this field a failuree

Avoid the word “failed”.

We have no control on what the
press at large does, but we can
(largely) conftrol the wording of our
press releases.

Rare failed star found circling sun-like

star

The Milky Way is home to 100 billion
‘failed stars'

James Webb's Astonishing Discovery - 'A Failed Star' That
Shouldn't Exist

'Failed Stars Of Universe'

New Kind of Planet or a Failed Star?

Astronomers Discover Clouds of Sand
In The Atmosphere of A Failed Star

Weird ‘failed star’ seen blasting off its
outer layers for first time




“Brown dwarfs” “Planets”

Kant 1755
Originall: Kumar 1963 Originall: Laplace 1796

The lowest mass products of star formation Products formed from a circumstellar disk around a
young star

Modern: Modern:
Objects w/ masses 13 - 75 M, Objects w/ masses below 13 My,

“This system is challenging our
understanding of the planetary

formation process.”




Thank you |
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