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Brown Dwarf
Background

● What are they?
● Formation
● Brown Dwarf Desert
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What is a Brown 
Dwarf?

❖ Substellar objects that occupy the gap 
between massive planets and low mass 
stars.
➢ Mass Range: 13MJup -  75MJup 

➢ Temperature Range: 1300K - 2100K

➢ Spectral Types: L, T, and Y

As they evolve and age, they will cool and 

migrate through the different spectral types
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Figure adapted from Burrows(1997), courtesy of Michael Cushing
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How do they form?
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Image created by Emma Softich

5



What is the Brown 
Dwarf Desert?
The Brown Dwarf Desert is an observed 
lack of detection.

❖ This does not mean that brown dwarf 
companions do not exist 

❖ We just need to look at further 
distances from the primaries 

❖ Data from radial velocity 
measurements around solar type 
stars → 
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High Angular 
Resolution 

Companion Search
Project #1

● Background
● Observation/Data reduction
● Results
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Background - Project #1
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Why we used 
Adaptive Optics

AO is used to correct for atmospheric 
interference

❖ Incoming wave is distorted
❖ Calculates the inverse of the 

incoming wavefront
❖ Deform mirror to counter 

incoming wavelength
❖ Output is the corrected image

Emma Softich - esoftich@asu.edu

Figure adapted from Davies and Kasper (2012)
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The Importance of B & A Type Stars
Properties:

❖ Hot
❖ Low absolute magnitude (Bright)
❖ Young (Short lifetime on MS)

How does that help?

❖ We can assume that companions 
formed around the same time as the 
primary star.

❖ Brown dwarfs cool and dim as they 
age, young brown dwarfs are 
brightest and easiest to see in 
images

Emma Softich - esoftich@asu.edu
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Previous Surveys
❖ Volume-limited A-STar (VAST) survey

➢ 440 A- type stars 
➢ Detecting  137 stellar companions 
➢ Not sensitive enough to detect any substellar objects.
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❖ Near Infrared Coronagraphic Imager (NICI)
➢ 70 young, nearby B and A type stars 
➢ Goal was to detect planets; it was unsuccessful 
➢  But did image a known brown dwarf companion: HIP 79797B

❖ Gemini Planet Imager Exoplanet Survey (GPIES)
➢ Statistical analysis of the first 300 stars observed
➢ Three brown dwarfs were found: PZ Tel B, HD 984 B, and HR 2562 B.
➢ This survey provided an occurrence rate for brown dwarf companions: only 0.8% of stars host 

a brown dwarf between ~13–80MJup  and ~10–100 AU



Observations and Data 
Reduction - Project #1
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Observations

Emma Softich - esoftich@asu.edu

We observed a sample size of 210 B and A type 
stars over the course of 4 nights.

Observations taken at Keck II with the NIRC2 
instrument

❖ 30 & 60 second exposures per star
❖ 5-10 images per star
❖ 1, 3, 10 second exposures (non saturated) 

For the timescale of this thesis I was only able to 
analysis post-KLIP images for one night of data - 
(2014 June 4)
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Data Reduction Pipeline
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Raw Science Image

Subtract the Dark Image

Divide this new image 
by the Flat

Adjust for any Pixel Errors

Correct for Distortion 
(credit: UCLA Galactic Center Group)

Centering & Smoothing
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Raw Image

Flat Image

Dark Image
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Data Reduction Pipeline
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Raw Science Image

Subtract the Dark Image

Divide this new image 
by the Flat

Adjust for any Pixel Errors

Correct for Distortion 
(credit: UCLA Galactic Center Group)

Centering & Smoothing

16



17



Data Reduction Pipeline
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Raw Science Image

Subtract the Dark Image

Divide this new image 
by the Flat

Adjust for any Pixel Errors

Correct for Distortion 
(credit: UCLA Galactic Center Group)

Centering & Smoothing
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PYKLIP

KLIP -  Karhunen-Loéve Image Projection

❖ An algorithm that is used to optimize 
point spread function subtraction 
(PSF).

❖ The science image is divided into 
subsections and annuli
➢ We found that the larger number of annuli 

and subsections allowed for a better 
processed image.
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Results - Project #1
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Looking for Candidate Companions

❖ From this night of data we found a total of 95 candidates.
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HIP 98146

HIP 95951

HIP 87813
HIP 90806
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Calculating Properties of the Candidate Companions

❖ Projected Distance

❖ Magnitude

                                                and 
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Calculating Properties: Mass
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Fixed Mass



Calculating Properties: Mass - Continued
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Fixed Age



Mass
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Stellar

Planetary 

Sub-Stellar

Companion Mass vs. Separation



Contrast Curves: For example stars
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Contrast Curves: All Stars w/ Candidates
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Contrast Curves: All Stars w/out Candidates
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What the Contrast Curve tells us
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❖ Looking at where the median 
curve begins to slope down (~1”) 
and where the line starts to 
flatted (~3.6”)

❖ This provides us with the median 
sensitivity:
ΔK = 12.6 at 1” 
ΔK = 15.1 at 3.6”

❖ Our survey should be able to 
detect objects with ΔMag above 
this median line.
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Wide Field 
Companion Search

Project #2

● Background
● Follow up Observations
● Results
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Background - Project #2
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Backyard Worlds

The Backyard Worlds: Planet 9 (BYW) 
citizen science project is a collaborative effort 
between professional astronomers and citizen 
scientists from around the world.

❖ The goal of the project is to create a more 
complete census of substellar members of 
the solar neighborhood.

❖ Zooniverse volunteers, examining WISE 
to look for moving objects

Emma Softich - esoftich@asu.edu 32

Figure from http://byw.tools/wiseview



Why “New” Surveys

❖ Majority of known brown dwarfs 
discovered using
➢ Wide-field Infrared Survey Explorer 

(WISE)
➢ 2-Meter All-Sky Survey (2MASS)

❖ Higher resolution surveys 
available
➢ Vista Hemisphere Survey (VHS)
➢ UKIRT Hemisphere Survey (UHS)
➢ Pan-STARRS
➢ Dark Energy Survey (DES)

Emma Softich - esoftich@asu.edu 33



Our Survey Methods

❖ Looking at newly discovered brown 
dwarfs for signs of binarity.

➢ Separation: Search radius of 5”

➢ Size: Candidates should be of comparable size

➢ Color: Candidates should be red-ish

❖ Out of 3000 targets I found 11 possible 
candidates for binarity.
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Most Promising Candidate: J0146

Emma Softich - esoftich@asu.edu
Figure from Softich(2022)
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Follow-up Observations
- Project #2
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Keck NIRES Spectra
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Figure from Softich(2022)
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Results - Project #2
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Proper Motion
It’s important to prove that the pair is a co-moving pair, not just an optical binary 

Figure from Softich(2022) 39
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Physical Properties
❖ Using relationships detailed in Kirkpatrick(2021) we found that:

J0146A is 37-42pc,  J0146 B is 39-45pc

Emma Softich - esoftich@asu.edu
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❖ Providing an estimated distance for the system of 41± 5 pc
❖ We find a projected separation of 129 au.   

❖ Using the spectral type vs. Teff relation depicted in Kirkpatrick(2021) and we find:

1720±150 K  for J0146A,   1340±140 K for J0146B
❖ We assume a conservative age range of 0.5–10 Gyr for this pair.
❖ We find masses of:

70±7 MJup for J0146A,    63±9 MJup for J0146B.



Binding Energy
❖ Using our measured separation 

and the masses each object we 
can calculate the binding energy 
of this system. 

We find a binding energy of 3.8
×1041 ergs.  

❖ This is one of the lowest 
binding energies found for field 
age brown dwarf binaries 
Faherty et al. (2020).  

Emma Softich - esoftich@asu.edu

Figure from Softich(2022)
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Review and Next 
Steps

What we found and where to go 
from here

● Project #1
● Project #2

Emma Softich - esoftich@asu.edu
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Project #1 Review
Our survey for brown dwarf companion to early- type B, A stars yielded a median 
sensitivity of ΔK = 12.6 at 1” and ΔK = 15.1 at 3.6”, and resulted in the discovery of 95 
candidate companions.

There are two paths moving forward

❖ Continue this analysis with the remaining 3 nights of data
❖ Now that we have identified candidate companions follow-up observations will 

be conducted in order to further classify the objects found.
➢ Confirm that the candidates are in fact co-moving companions
➢ Retrieve second measurement of their properties to more definitely classify them as stellar, 

substellar, or planetary in nature.

Emma Softich - esoftich@asu.edu

Next Steps
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Project #2 Review
Our survey for brown dwarf - brown dwarf binaries resulted in the discovery of 
J0146, the widest separated brown dwarf - brown dwarf binary found to date. 
For more information on the discovery visit https://doi.org/10.3847/2041-8213/ac51d8 for the 
complete publication.

There are two paths that we can take moving forward

❖  Conduct follow-up observations on the other 10 candidate binaries in order to 
determine their properties

❖ Apply this survey technique to all known and new brown dwarf discoveries to 
identify more binaries that may have been overlooked at time of discovery.

Emma Softich - esoftich@asu.edu

Next Steps
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https://doi.org/10.3847/2041-8213/ac51d8
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Sigma Clipping

47

❖ The contrast curves are made by making annuli, then getting the median and standard 
deviation within that ring. 

❖ To get rid of the companions, we need to sigma-clip in each annuli
➢ Removing(clipping) the data that differs from the median by a specified number of sigma, 

for example 10σ


