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Is it a brown dwarf 
or is it a star?

Reasons for measuring dynamical masses.

Trent Dupuy (U. of Edinburgh)

Are evolutionary 
models accurate?

5 MJup

7 MJup

Are atmospheric 
models accurate?

log g = 5.00 → 4.25

30 MJup → 10 MJup

‘Dynamical’ → model-independent



Reasons for measuring dynamical masses.
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Is it a brown dwarf 
or is it a star?

Important when you care about the 
object’s past (e.g., habitability) or future.



Are evolutionary 
models accurate?

Reasons for measuring dynamical masses.

Trent Dupuy (U. of Edinburgh)

IMF Lithium 
depletion

TEIDE 1

Hot vs cold start 
planet formation

substellar 
boundary

Are evolutionary 
models accurate?

5 MJup

7 MJup



Reasons for measuring dynamical masses.
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Are atmospheric 
models accurate?

GRAVITY Collaboration, Nowak et al. 2020

 Pictoris b

GRAVITY data
model retrieval



Reasons for measuring dynamical masses.
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Are atmospheric 
models accurate?

Gliese 229 B

Marley et al. (1996)



Is it a brown dwarf 
or is it a star?

Reasons for measuring dynamical masses.
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Are evolutionary 
models accurate?

5 MJup

7 MJup

Are atmospheric 
models accurate?

log g = 5.00 → 4.25

30 MJup → 10 MJup
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Methods for measuring dynamical masses.

Wish List

➢ resolvable photometry

➢ resolvable spectra

➢ measurable radius

➢ known age

➢ known composition
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Methods for measuring dynamical masses.

Wish List

➢ resolvable photometry

➢ resolvable spectra

➢ measurable radius

➢ known coeval age

➢ known co-composition

Visual binaries



Crossfield et al. (2014)

Brown dwarf binaries are great!

Luhman 16 

Digitized Sky Survey

Trent Dupuy (U. of Edinburgh)
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Methods for measuring dynamical masses.

Wish List

➢ resolvable photometry

➢ resolvable spectra

➢ measurable radius

➢ known age

➢ known composition

Companions
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Methods for measuring dynamical masses.

Wish List

➢ resolvable photometry

➢ resolvable spectra

➢ measurable radius

➢ known age

➢ known composition

Transiting/Eclipsing
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Methods for measuring dynamical masses.

Wish List

➢ resolvable photometry

➢ resolvable spectra

➢ measurable radius

➢ known coeval age

➢ known co-composition RV binaries
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Methods for measuring dynamical masses.

➢ resolvable photometry

➢ resolvable spectra

➢ known* (coeval) age

➢ known (co-)composition

Visual binaries

Companions
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Methods for measuring dynamical masses.

Visual binaries Companions

r

GMmr -2 = Mr̈

r̈
M

m

G(M+m)/4π2 = a3/P2



‘absolute’ orbit

a1 a2

Mtot = (a1+a2)
3 /P 2

M1 = Mtot (a2 / a)   

M2 = Mtot (a1 / a)

‘relative’ orbit 

Mtot = a 3 /P 2a = a1 + a2

Visual binaries

Trent Dupuy (U. of Edinburgh)



wide-field imaging

Visual binaries



AO imaging

Visual binaries



aphot

=                 +
M1+M2

M2 aphot

a1+a2

f2

f1+f2

from adaptive optics

from seeing-limited
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Methods for measuring dynamical masses.

Visual binaries Companions

r

GMmr -2 = Mr̈

r̈
M

m

G(M+m)/4π2 = a3/P2
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Companions

r

GMmr -2 = Mr̈

r̈

m

ASSUMES r AND r̈ 

MEASURED 
SIMULTANEOUSLY

P = 34 yr
r

+

r̈



1991.25

2016.0

HG

H

G

For normal stars, these should all agree…

Trent Dupuy (U. of Edinburgh)



1991.25

2016.0

DH

DG

D → acceleration

Trent Dupuy (U. of Edinburgh)
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Companions

r

GMmr -2 = Mr̈

r̈

m

ASSUMES r AND r̈ 

MEASURED 
SIMULTANEOUSLY

P = 34 yr
r r ̈

Brandt et al. (2019)
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Companions

r

GMmr -2 = Mr̈

r̈

m

37.9 ± 1.5 MJup

Brandt et al. (2019)
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Challenges in measuring dynamical masses.

Visual binaries Companions

r

GMmr -2 = Mr̈

r̈
M

m

G(M+m)/4π2 = a3/P2
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Visual binaries

G(M+m)/4π2 = a3/P2

BD binaries 
are rare.

Offner et al. (2023)
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Visual binaries

G(M+m)/4π2 = a3/P2
Need a in au not arcsec → 

precise parallax required.
[1% parallax → 3% mass]

Need >30% orbit coverage, but 
P ~ [(3 au)3/(0.07 M☉)]1/2 ~ 20 yr
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Visual binaries

G(M+m)/4π2 = a3/P2

Harder to 
monitor.

Harder to 
find.

Dupuy & Liu (2011)



Trent Dupuy (U. of Edinburgh)

Methods for measuring dynamical masses.

Visual binaries Companions

r

GMmr -2 = Mr̈

r̈
M

m

G(M+m)/4π2 = a3/P2

Gaia DR2 
→ 2018



Outline

Trent Dupuy (U. of Edinburgh)

Why? How? What?
What 

next?



Trent Dupuy (U. of Edinburgh)

Is it a brown dwarf 
or is it a star?

First dynamical masses of ultracool (brown?) dwarfs.

LHS 1070BC

Leinert et al. (2001)

→

M8+M9
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Is it a brown dwarf 
or is it a star?

First dynamical masses of ultracool (brown?) dwarfs.

Gliese 569 Bab

Lane et al. (2001)

→

M8.5+M9



Trent Dupuy (U. of Edinburgh)

Is it a brown dwarf 
or is it a star?

First dynamical masses of ultracool (brown?) dwarfs.

Gliese 569 Bab
Zapatero Osorio et al. (2004)

→
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Is it a brown dwarf 
or is it a star?

First dynamical masses of ultracool (brown?) dwarfs.

2MASSW J0746425+2000321AB

Bouy et al. (2004)

L0+L1.5
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Is it a brown dwarf 
or is it a star?

First dynamical masses of ultracool (brown?) dwarfs.

2MASS J15344984-2952274AB

T5+T5.5

Liu et al. (2008)

Mtot = 59 ± 3 MJup

→

Cardoso et al. (2009)
eps Ind Bab (T1+T6)

Mtot = 121 MJup
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Are atmospheric 
models accurate?

log g = 5.00 → 4.25

30 MJup → 10 MJup

Quantitative empirical tests.

2MASS J15344984-2952274AB

Liu et al. (2008)

→
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Are atmospheric 
models accurate?

log g = 5.00 → 4.25

30 MJup → 10 MJup

Quantitative empirical tests.

Liu et al. (2008)
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Aside: yes, we can reliably estimate Lbol 

Sanghi et al. (2023)

rms ~ 0.06 dex
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Quantitative empirical test: mass, Lbol, and age.

Are evolutionary 
models accurate?

5 MJup

7 MJup

→



M7−L2

L3−L9

T0−T4

T5−T9

5 AU

1 second 

= 2 years

Dupuy et al. (2015, 2016); Dupuy & Liu (2017)



Reasons for measuring dynamical masses.
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Are evolutionary 
models accurate?

5 MJup

7 MJup

IMF Lithium 
depletion

TEIDE 1

Hot vs cold start 
planet formation

substellar 
boundary
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)
brown dwarfs

≲ 70 MJup

Dupuy & Liu (2017)

Trent Dupuy (U. of Edinburgh)

Where is the end of the main sequence?
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Could the substellar boundary be higher?

Brandt et al. (2021)

Xuan et al. (2024)

Brandt et al. (2021)



What about clouds?

Trent Dupuy (U. of Edinburgh)

Are evolutionary 
models accurate?

5 MJup

7 MJup

L
u

m
in

o
s
it
y
 (
L


)

Age (yr)

cloudy (Chabrier et al. 2000)

cloud free (Baraffe et al. 2003)

10-4

10-5

108 109 1010

10-6

10-5

10-4

108 109 1010

10-6

10-5

10-4

108 109 1010

10-6

10-5

10-4

108

hybrid (Saumon & Marley 2008)

109 1010

20 MJup

40 MJup

60 MJup



Trent Dupuy (U. of Edinburgh)

Are evolutionary 
models accurate?

5 MJup

7 MJup

Binary test: components must be coeval!
Dupuy & Liu (2017)



L ∝ M2.5 – 3.0 L ∝ M5.3±0.3

Chen et al. (2022)

For masses also see: Cardoso (2012)

Trent Dupuy (U. of Edinburgh)

Binary test: components must be coeval!



Reasons for measuring dynamical masses.
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Are evolutionary 
models accurate?

5 MJup

7 MJup

IMF Lithium 
depletion

TEIDE 1

Hot vs cold start 
planet formation

substellar 
boundary



Models from Spiegel & Burrows (2012)

dotted lines are 3x solar metallicity

5 MJup

10 MJup

5 MJup

10 MJup

t < tKH



51 Eri b

Given Lbol, age, initial entropy 
→ model mass

Dupuy, Brandt & Brandt (2021)Trent Dupuy (U. of Edinburgh)



51 Eri b

Given Lbol, age, initial entropy 
→ model mass

Dupuy, Brandt & Brandt (2021)Trent Dupuy (U. of Edinburgh)



51 Eri b

Given Lbol, age, initial entropy 
→ model mass

Dupuy, Brandt & Brandt (2021)Trent Dupuy (U. of Edinburgh)
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Why? How? What?
What 

next?

Credit: NASA JPL / R. Hurt
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How massive is it?

• late-T & Y 

dwarfs

• improved 

substellar 

boundary

What’s next for dynamical masses?

Trent Dupuy (U. of Edinburgh)

Are evolutionary 
models accurate?

• high-precision 

Lbol (JWST)

• open cluster / 

YMG binaries

• asteroseismic 

ages (old BDs)

Are atmospheric 
models accurate?

• resolved HST / 

JWST spectra 

for binaries

• benchmark 
retrievals: logg, 

∆[M/H]=0
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Konopacky et al. (2012)
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Lithium 
depletion

TEIDE 1



30 Baruteau, Bai, Mordasini & Molli ère

Mgas

.

Shock

Core Accretion

Gravitational

Instability

Subcritical

Shock

Supercritical 

Shock

Low Mcore High Mcore

Cold Start Hot StartWarm Start

MPl ≫ Mini

Accretion before

second collapse

Accretion after 

second collapse

MPl = Mini

Subcritical

Shock

Supercritical 

Shock

Fig. 6 Summary of the various pathways to giant planet formation leading to different post-formation entropies (Mordasini et al. 2012a).
Thegassurfacedensity plot in theupper-right corner illustrating gravitational instability is taken from Boley (2009). Mini denotes the initial
mass of the clump formed by gravitational instability. Note that several pathways have to date not been simulated quantitatively.

nor inefficient will lead to warm starts (Spiegel and Burrows 2012). Furthermore, and some-
what surprisingly, the formation of amassivesolid core increases thepost-formation entropy
(Mordasini 2013; Bodenheimer et al. 2013). The requirement for this is an increased solid
surface density (Ss) in the protoplanetary disk, which results in a higher solid accretion lu-
minosity within the planet and a higher final core mass. Planets forming in disks with a high
Ss will go into runaway gas accretion earlier, as the core also forms more rapidly. Therefore,
gas is accreted onto a protoplanet with a larger radius, as the planet has had less time to cool
and ismorestrongly stabilized against contraction owing to the increased planetesimal accre-
tion luminosity. A larger radius means a weaker shock, therefore less gravitational potential
energy released by the gas before it is accreted onto the planet. The gas is then incorporated
into theplanet at a larger entropy, also leading to warm starts (Mordasini 2013; Bodenheimer
et al. 2013).

(ii) Disk gravitational instability – Another pathway to the formation of gaseous planets
isgravitational instability (GI) in theouter partsof protoplanetary disks (typically beyond 50
to 100 AU; see, e.g., Boley et al. 2010). The possibility that GI occurs, the location where
fragmentation setsin, and thesubsequent internal and orbital evolutionsof theclumpsdepend
on the disk’s mass, its structure and, critically, its cooling time scale (see, e.g., the reviews
by Helled et al. 2014 and Kratter and Lodato 2016). Analytical arguments based on the

Baruteau et al. (2016)

e.g., 

Pollack+96

Hubickyj+05

Marley+07

Fortney+08
Mordasini+13,17

Marleau+14,19

e.g., 

Boss+97,00

Gammie+01

Rafikov+05

Boley+09
Stamatellos & 

Whitworth 09

Kratter+10

Initial Entropy (Sinit)

Trent Dupuy (U. of Edinburgh)



Mann, Dupuy, et al. (2019)

Mass−Magnitude−Metallicity Relation

Trent Dupuy (U. of Edinburgh)



Gaia Is Transforming “2nd Eon” Model Tests, Too.

Brandt, Dupuy et al. (2021)

Trent Dupuy (U. of Edinburgh)
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