
Gaia  
& Ultra-Cool Dwarfs:  
What will we learn?

John Bochanski (Haverford College)	

Gaia & The Unseen: The Brown Dwarf Question	


March 25th, 2014



My original title:  
 1% astrometry +10 m/s velocities 

on 1000's of UCDs,  
what can we learn?



UCDs	  include	  all	  MLTY	  dwarfs	  for	  this	  talk.

M dwarf L dwarf T dwarf Y dwarf

< 3800 K < ~ 400 K< 2000 K < 1000 K



Gaia will observe hundreds of thousands of 
MLTY dwarfs within 300 pc with G < 20.

A&A 550, A44 (2013)

Table 1. Predicted number of counts assuming solar metallicy and auxiliary relations.

Spectral type MI,CBK08 MI,BT�Settl CountsCBK08 CountsBT�Settl Te↵ (GBP–GRP)
M3–4 V 9.07 10.24 1.6 ⇥ 107 5.7 ⇥ 106 3269 2.86
M4–5 V 10.14 10.86 5.4 ⇥ 106 2.4 ⇥ 106 3065 3.33
M5–6 V 11.91 11.39 3.4 ⇥ 105 7.0 ⇥ 105 2889 3.74
M6–7 V 12.90 11.92 4.3 ⇥ 104 1.7 ⇥ 105 2731 4.10
M7–8 V 14.16 12.47 3.0 ⇥ 103 3.0 ⇥ 104 2583 4.44
M8–9 V 14.68 13.05 1.0 ⇥ 103 9.4 ⇥ 103 2441 4.77

M9–L0 V 15.23 13.66 3.0 ⇥ 102 2.5 ⇥ 103 2303 5.03
L0–1 V 15.27 14.30 2.3 ⇥ 102 8.4 ⇥ 102 2166 5.07
L1–2 V 15.69 14.95 1.7 ⇥ 102 4.9 ⇥ 102 2032 5.10
L2–3 V 16.19 15.44 1.0 ⇥ 102 2.9 ⇥ 102 1902 5.62
L3–4 V 16.67 15.87 5.4 ⇥ 101 1.3 ⇥ 102 1777 5.35
L4–5 V 17.14 16.38 3.2 ⇥ 101 7.2 ⇥ 101 1660 5.15
L5–6 V 17.61 16.97 1.8 ⇥ 101 4.3 ⇥ 101 1554 8.02
L6–7 V 18.07 17.57 8.7 1.8 ⇥ 101 1460 9.05
L7–8 V 18.52 18.09 3.7 6.8 1381 9.85
L8–9 V 18.90 18.49 1.5 2.7 1318 10.38

L9–T0 V 18.95 18.78 9.4 ⇥ 10�1 1.1 1270 10.81
T0–1 V 19.01 18.97 6.1 ⇥ 10�1 6.1 ⇥ 10�1 1237 11.17
T1–2 V 19.04 19.10 6.4 ⇥ 10�1 5.5 ⇥ 10�1 1214 11.44
T2–3 V 19.04 19.19 1.1 8.0 ⇥ 10�1 1196 11.64
T3–4 V 19.07 19.29 2.0 1.3 1176 11.84
T4–5 V 19.22 19.44 2.9 1.9 1144 12.15
T5–6 V 19.61 19.68 2.6 2.1 1086 12.61
T6–7 V 20.35 20.05 1.2 1.8 986 12.99
T7–8 V 21.60 20.62 4.0 ⇥ 10�1 1.4 824 12.46
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Fig. 4. Predicted number of counts per spectral type
bin a) and per apparent G mag b), in logarith-
mic units. The black line in the left panel corre-
sponds to the derivation based on the relation be-
tween spectral type and I-band absolute magnitude
included in Caballero et al. (2008), while the blue
continuous line corresponds to the relation derived
from the BT-Settl model family and the SLC cali-
bration. The two horizontal (dashed) lines indicate
the levels of predicted counts equal to one and ten.
The right-hand side plot has been obtained assum-
ing the relation between e↵ective temperature and
I-band absolute magnitude derived from the BT-
Settl models and the SLC calibration.

BT-Settl models of solar metallicity. The expected number of
detections per apparent G magnitude is shown in Fig. 4b.

2.3. Selection criteria and contamination rates

In the Gaia processing pipeline a source will only be charac-
terised as an ultra-cool dwarf if the following conditions are met:

1. Its estimated distance is smaller than the maximum distance
at which an ultra-cool star can be detected. This is the dis-
tance at which the brightest ultra-cool star would have a Gaia
limiting magnitude of G = 20. We estimated the maximum
brightness of an ultra-cool star from the BT-Settl models, and
it corresponds to the hottest model with the lowest surface
gravity.

2. The source is fainter (in the G band) than the brightests
model placed at the same distance as estimated by Gaia.

3. The BP-RP colour index is higher (redder) than the mini-
mum (bluest) colour index found in the model libraries.

4. The celestial coordinates and proper motions are not consis-
tent with solar system Keplerian motions.

Sources that fulfil these criteria (within some margin that de-
pends on the measurement uncertainties) are subsequently pro-
cessed to estimate their e↵ective temperature and surface gravity
as described in Sect. 3. Objects not detected in the BP band (but
fulfilling all other criteria) will nevertheless be selected because
the non-detection is itself an indication of a red spectrum. This
could imply a potential contamination of the UCD sample by
faint, nearby objects close to the Gaia limiting magnitude and
colour indices that are positive (thus excluding white dwarfs),
but bluer than the bluest UCD. The software that implements the
analysis of ultra-cool dwarfs distinguishes between the selection
module that decides whether to process a given Gaia source, and
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github.com/agabrown/PyGaia

Where will GAIA deliver 1% astrometry?

http://github.com/agabrown/PyGaia
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Where will GAIA deliver 1% astrometry?

Planets



Gaia will be the first efficient 
astrometric giant planet detector.

Sozzetti et al., 2013



Gaia’s 
observations 
of planets 
around M 
dwarfs could 
fill in some 
gaps in 
discovery 
phase space.

Casertano et al., 2008



Where will GAIA deliver 1% astrometry?

Planets

Solar  
Neighborhood



Surveys 
(i.e., 
SDSS and 
RAVE) 
have 
paved the 
way for 
GAIA.



The Solar 
Neighborhood 

is ideal for 
parallax and 

detailed 
kinematic 
studies.

Reid et al.

Nearby  
parallaxes



M dwarf and 
subdwarf 
statistical 

parallaxes have 
revealed a 

complex relation 
between color, 

absolute 
magnitude, 
activity, and 
metallicity.

Bochanski et al., 2013

M subdwarf  
statistical  
parallaxes



Brown dwarf parallaxes have revealed significant 
scatter in absolute magnitude for each spectral type.

Faherty et al., 2012 Dupuy et al.



CURRENT NUMBER 
WITH PARALLAXES

PROJECTED 
NUMBER AFTER 

GAIA

EARLY M
~1000 (Henry, Reid, Lepine, 
Golimowski, Upgren, Dahn, 

Tinney, Gizis, Vrba et al.)
1,000,000s

MID TO LATE M ~1500 (Dittman et al.) 100,000s

L & T DWARFS

~ 400 (Faherty, Beichman, 
Smart, Manjavacas, Marocco, 

Dupuy, Shkolnik, Marsh, 
Dahn, Tinney, Vrba et al.)

~1,000



Precise 
distances 
from Gaia 
will permit 
the mapping 
of the MW 
from 
deeper 
photometry.

Juric et al., 2008



Yanny & Gardner, 2013



Gaia 
parallaxes 
will  
lead to the 
definitive 
measure of 
the Milky 
Way LF & 
IMF.
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Fig. 7.— One dimensional plots of dispersions as a function of absolute distance from the plane.
Analysis in VR (left), VZ (center), VΦ (right). Diamond symbol corresponds to the dispersion, σ1
of the kinematically colder component (thin disk). Square symbol corresponds to the dispersion,
σ2 of the kinematically hotter component (thick disk). Data points are plotted at center of 100 pc
bins.
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Using	  SDSS,	  low-‐mass	  stars	  
have	  been	  used	  to	  map	  out	  
kinematic	  structure	  to	  ~	  1	  kpc.

Thick Disk

Thin Disk

Pineda et al, in prep

Fuchs et al., 2009



This kinematic work has informed our 
knowledge of intrinsic stellar properties, such as 
chromospheric activity.

West et al., 2008



Kinematic 
studies of 
brown 
dwarfs 
have also 
revealed 
intrinsic 
differences.

Schmidt et al, 2010, Faherty et al.,  2009 

Blue Red
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Gaia will record 6D phase space  
for millions of MLTY dwarfs…  

 
What can we do?

• Measure kinematic substructure	

• Measure the local mass density	

• and much, much more!



The “Galactic 
neighborhood” 
should contain 
100s of nearby 
stellar streams.  	

 
Robustly 
identifying them 
will allow us to 
determine how 
energy and angular 
momentum are 
transferred in the 
Galaxy.

Helmi & Spaghetti Project Survey



Different disk 
evolution 
mechanisms 
(heating from 
molecular clouds, 
spiral arm 
resonances, and 
minor mergers)  
all have different 
age-velocity 
relations.

Helmi & de Zeeuw, 2000



Gaia will 
robustly 
identify 
groups and 
determine 
which 
mechanism(s) 
are the most 
important.



Kinematic substructure has been known 
in the solar neighborhood for ~50 years.

Dehnen 1998
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Figure 3. Similar to Figure 2, except that the vΦ vs. vR velocity distribution is plotted for a range of Z. The top row shows the vΦ vs. vR diagrams for ∼60,000 red
(g − r > 0.6) stars at Z = 100–700 pc and observed toward the North Galactic Pole. Each panel corresponds to a narrow range in Z, given above each panel. The
measurement errors vary from ∼3 km s−1 in the closest bin to ∼12 km s−1 in the most distant bin. Note the complex multi-modal substructure in the top-left panel.
The bottom three panels are analogous, and show the vΦ vs. vR diagrams for ∼7000 blue (0.2 < g − r < 0.4) stars with high metallicity ([Fe/H] > −0.9). The
measurement errors vary from ∼20 km s−1 in the closest bin to ∼35 km s−1 in the most distant bin. Note that the median vΦ approaches zero as Z increases.
(A color version of this figure is available in the online journal.)

Figure 4. Similar to the top-left panel in Figure 3, except that stars are selected
from a distance bin that corresponds to HIPPARCOS sample (Z = 50–100 pc).
The positions of Eggen’s moving groups (Eggen 1996) are marked by circles,
according to the legend in the bottom-right corner. The horizontal line at
vφ = −225 km s−1 corresponds to vanishing heliocentric motion in the
rotational direction.
(A color version of this figure is available in the online journal.)

range can be described by

⟨vφ⟩ = −205 + 19.2
!!!!

Z

kpc

!!!!
1.25

km s−1. (17)

The measured rotational-velocity dispersion of disk stars in-
creases with Z faster than can be attributed to measurement
errors. Using a functional form σ = a + b|Z|c, we obtain an
intrinsic velocity dispersion fit of

σD
φ = 30 + 3.0

!!!!
Z

kpc

!!!!
2.0

km s−1. (18)

This function and the best-fit rotational velocity for halo stars
are shown as dotted lines in the bottom-right panel of Figure 5
(see Table 1 for a summary of all best-fit parameters). I08 fit a
linear model to vφ versus Z, but the difference between this result
and their Equation (15) never exceeds 5 km s−1 for Z < 3 kpc.
The errors on the power-law exponents of Equations (17)
and (18) are ∼0.1 and ∼0.2, respectively.

However, a description of the velocity distribution based
solely on the first and second moments (Equations (17)
and (18)) does not fully capture the detailed behavior of our data.
As already discussed by I08, the rotational-velocity distribution
for disk stars is strongly non-Gaussian (see their Figure 13). It
can be formally described by a sum of two Gaussians, with a
fixed normalization ratio and a fixed offset of their mean values

SDSS and RAVE studies have recovered complex 
substructure in the Solar Neighborhood.
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Figure 4. Similar to the top-left panel in Figure 3, except that stars are selected
from a distance bin that corresponds to HIPPARCOS sample (Z = 50–100 pc).
The positions of Eggen’s moving groups (Eggen 1996) are marked by circles,
according to the legend in the bottom-right corner. The horizontal line at
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range can be described by

⟨vφ⟩ = −205 + 19.2
!!!!

Z

kpc

!!!!
1.25

km s−1. (17)

The measured rotational-velocity dispersion of disk stars in-
creases with Z faster than can be attributed to measurement
errors. Using a functional form σ = a + b|Z|c, we obtain an
intrinsic velocity dispersion fit of

σD
φ = 30 + 3.0

!!!!
Z

kpc

!!!!
2.0

km s−1. (18)

This function and the best-fit rotational velocity for halo stars
are shown as dotted lines in the bottom-right panel of Figure 5
(see Table 1 for a summary of all best-fit parameters). I08 fit a
linear model to vφ versus Z, but the difference between this result
and their Equation (15) never exceeds 5 km s−1 for Z < 3 kpc.
The errors on the power-law exponents of Equations (17)
and (18) are ∼0.1 and ∼0.2, respectively.

However, a description of the velocity distribution based
solely on the first and second moments (Equations (17)
and (18)) does not fully capture the detailed behavior of our data.
As already discussed by I08, the rotational-velocity distribution
for disk stars is strongly non-Gaussian (see their Figure 13). It
can be formally described by a sum of two Gaussians, with a
fixed normalization ratio and a fixed offset of their mean values

Eggen, 1959; Bond et al., 2010



Our analysis must be optimal for the data 
(drawing circles is no longer good enough!)

Antoja et al., 2012



Soon we will 
have precise 
6D motions 
for multiple 
locations in 
the Galaxy!

Antoja et al., 2012



The local 
mass density 
is directly 
related to 
the 
velocities 
and 
distances of 
nearby stars.

Zhang et al., 2012



SDSS/SEGUE observations have revealed that 
different disk populations have different kinematic 
and structural properties. 

Zhang et al., 2012



The disk scale length and amount of dark matter 
near the Sun both influence the local mass density.

Zhang et al., 2012



Gaia will 
discover 
thousands 
of wide 
binaries, 
which are 
testbeds 
for stellar 
and 
Galactic 
evolution.

Dhital et al, 2010



Gaia will provide an unprecedented view of 
our low-mass stars in our Galaxy, including :

The	  distribution	  of	  Jupiters	  around	  low-‐mass	  
stars	  
Structure	  and	  kinematics	  of	  the	  Milky	  Way’s	  
disk	  
Intrinsic	  stellar	  properties	  
Fundamentals:	  IMF	  and	  gravitational	  potential	  
Binaries,	  open	  clusters,	  and	  so	  much	  more!



GAIA Thank You!


