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Motivation

• Extragalactic astronomy has to look through our 
own Milky Way. 

• If you are interested in z>6 galaxies (red, just 
resolved even with Hubble/WFIRST, and faint) 

• Brown Dwarfs in the Milky Way are extremely 
annoying! 

• Brown Dwarfs are also a contaminant in direct 
imaging efforts of exoplanets.
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One’s trash is another 
another’s treasure...

• HST/WFC3 (and WFIRST) imaging is a random 
sampling of sub-solar dwarfs of our Milky Way 
through all the different components: thin and thick 
disk as well as the halo. 

• Identify brown dwarfs and determine the                
shape of the Milky Way in these small                
stars.
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One man’s trash is another 
man’s treasure...

• HST imaging is a random sampling of sub-solar 
dwarfs of our Milky Way through all the different 
components; thin and thick disk as well as the halo. 

• Identify M-dwarfs and determine the                
shape of the Milky Way in these small                
stars.
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Counting Stars
• Counting stars is one of the oldest techniques to 

determine the shape of our Milky Way (e.g. Herschel 
1785, Kapteyn 1922). 

• Also the most fraught with issues (insufficient data, 
conceptual gaps). 

• Most times, counts relied on Giants or super-solar stars. 

• Recent interest shifted to sub-solar, small stars in which 
much of the stellar mass of the Milky Way resides.
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Bright Origin Reioniziation Galaxies (BoRG) Survey
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BoRG
• BoRG is a WFC3 pure-parallel survey: 

• COS is looking at a distant quasar. 

• at the same time, WFC3 images a part of the sky 
nearby. 

• high Galactic Latitude  

• three NIR filters.  

• one optical filter.

Random sampling is the 
way to beat (cosmic) 

variance!
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Bright Origin Reioniziation 
Galaxies (BoRG) Survey

Hubble Infrared Pure Parallel 
Imaging Survey (HIPPIES)

Actually there are two WFC3 parallel programs...

BoRG[z8]
BoRG[z9-10]

BoRG[z9-10] (cycle-25)
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Identifying Stars
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Identifying Brown Dwarfs

Ryan+ 2011, Holwerda+ 2014
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Subtype M-dwarfs?

Orange you glad you 
added this filter?
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• Typically find 0-5 M-dwarfs in a WFC3 field.  
• One field stands out with 22 (!) M-dwarfs. 

Holwerda+ 2014
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This one field puts a lot of those M-dwarfs at 25 kpc

Distance (kpc)
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No. 2, 2006 FIELD OF STREAMS L139

Fig. 3.—RGB composite of the SDSS stars as in Fig. 1, but now in Galactic coordinates (l, b). Note that in addition to the branches of the Sgr stream, a second
orphan stream is clearly visible at latitudes of and with longitudes satisfying . The Monoceros Ring is also discernible at low latitudes.b ≈ 50! 180! ! l ! 230!

TABLE 1
Locations of the On-Stream Fields

a, d

Field Number

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

a . . . . . . 215 210 205 200 195 190 185 180 175 170 165 160 155 150 145 140 135 130 125
dA . . . . . . 4 4 4 4 7 9.5 11.2 13 13.75 15 16 … … 18.4 19 19.4 19.5 19.5 19.5
dB . . . . . . … … 9 13 16 18.5 20.2 22 22.75 24 25.5 26.3 27.7 28.4 29 … … … …

Notes.—Shown are the locations of the on-stream fields along branch A (a, dA) and branch B (a, dB). The companion off-stream fields for branch A
have the same right ascension but are offset in declination by !20! for and by "12! otherwise. For branch B, the off-stream fields are offset bya 1 150!
!13! in declination.

same right ascension but is offset in declination as noted in
Table 1. The off-stream fields are larger, so that the background
is as smooth as possible.
Color-magnitude diagrams (CMDs; vs. i) are con-g" i

structed for each of the fields and then normalized by the num-
ber of stars. The difference between each on-stream field and
its companion off-stream field reveals the population of stars
belonging to the Sgr stream. An example for the field A7
is shown in the leftmost panel of Figure 4, together with a
one-dimensional slice at in the second panel.g" i p 0.55
The subgiant branch is clearly visible and its location can be
found to good accuracy. In fact, we fit a Gaussian to the one-
dimensional slice to obtain its i-band magnitude and uncer-
tainty. For the example in the leftmost panel of Figure 4, there
are two subgiant branches visible in the CMD, and two distinct
peaks in the luminosity functions in the second panel. These
correspond to two distinct structures at different distances, pos-
sibly different wraps of the Sgr stream. Although they could
correspond to different populations at the same distance, this
seems unlikely as the magnitude difference between the two
subgiant branches changes on moving along the stream.
The Sgr dSph is known to contain a variety of stellar pop-

ulations with different ages and metallicities. The most recent
study of this is by Bellazzini et al. (2006), who presented a
comprehensive CMD of the body of Sgr. Rather than attempting
to fit multiple theoretical isochrones to our CMDs, we show a
direct comparison between the CMD of Bellazzini et al. (2006)
and a composite CMD for the whole of the stream. The com-
posite CMD is created by using the subgiant branch location
to measure the magnitude offset. We use fields A4 to A16,
with A16 as the reference. The result, transformed to B" V
versus V (Smith et al. 2002), is shown as the black contours
in the third panel of Figure 4. This is overlaid on the colored
contours of the CMD of Bellazzini et al. (2006), corrected for
extinction in and V by "0.12 and "0.4 mag, respec-B" V
tively. The upper main sequence, turnoff, and subgiant branches
are all well-matched. The only significant difference occurs in
the sparsely populated upper red giant branch (dark blue con-

tours). Hence, this stream is entirely consistent with being com-
posed of the same mix of populations as the Sgr dSph. The
0.6 mag offset between our composite CMD and that of Bel-
lazzini et al. is a direct measure of distance.
The rightmost panel of Figure 4 shows the i-band magnitude

of the subgiant branch versus right ascension of the fields. The
triangles and stars correspond to the two structures in the A
branch, the diamonds to the B branch. Only one sequence is
detected in the B fields. Although its distance offset is signif-
icant only at about the 1 j level, the B branch is systematically
brighter and hence probably slightly closer. Assuming that the
distance to the Sgr dSph is ∼25 kpc, the rightmost panel of
Figure 4 can be converted directly into heliocentric distance
versus right ascension, as shown on the right-hand axis. The
two distinct structures in the A fields are separated by distances
of up to ≈15 kpc. Note that there is no evidence for any part
of the Sgr stream passing close to the solar neighborhood, as
has sometimes been conjectured (Freese et al. 2004).
This structure of three branches—two close together and one

more distant—is understandable on comparison with the nu-
merical simulations. For example, the effect is clearly visible
in the bottom panel of Figure 3 of Helmi (2004), where there
are two close branches representing material stripped between
3 and 6.5 Gyr ago, and less than 3 Gyr ago. Branches A and
B are therefore probably tidal debris, torn off at different times.
The older material, stripped off more than 6.5 Gyr ago, lies
well behind the two close branches in Helmi’s simulations.
This earlier wrap of the orbit may correspond to the distant
structure seen behind the A branch.

4. CONCLUSIONS

We used a simple color cut to map out the distri-g" r ! 0.4
bution of stars in SDSS DR5. The “Field of Streams” is an RGB
composite image composed of magnitude slices of the stellar den-
sity of these stars. It reveals a superabundance of Galactic sub-
structure, including the leading arm of the Sgr stream, as well as
a number of sibling streams (some hitherto unknown).

It is right on the Sagittarius stream!  
Rediscovered in M-dwarfs. 

10x the contrast as SDSS stars.

Belokurov et al., 2006, ApJL, 642, L137
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Scale-height

Holwerda+ 2014
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•MCMC fit of full catalog and MW parameter space 
•disk only 
•disk+halo

van der Vlugt & van Vledder+ MNRAS, 2016
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Halo+disk fit HaloDisk+Halo
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• Z0 = 300 pc 

• A total of 58 
billion M-
dwarfs. 

• 7% in the 
halo.

van der Vlugt & van Vledder+ MNRAS, 2016
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MCMC Parameters

• Where are we? (position of the Sun: radius, height) 

• Scale-length of the disk. 

• Brown Dwarf Subtype 

• Thick disk? Bulge? Broken power law halo?

BoRG[z9] doubles BoRG[z8], cycle-25 will double 
the number of fields and lines-of-sight again. 
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Scale-height and Cooling

M0

Chen+ (2001)

Zeng+ (2001)

M5

Ryan+ (2005)

Pirzkal+ (2005)

Juric+ (2008)

Pirzkal+ (2009)

Ryan+ (2005)

Holwerda+ (2014)

van Vledder+ (2016)

L0 L5 T0 T5

Ryan+ 2017
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WFIRST



Wide Field Instrument Reference Information

WFC Filters

22June 14, 2017

Band Element 
name

Min (µm) Max (µm) Center 
(µm)

Width 
(µm)

R

R R062 0.48 0.76 0.620 0.280 2.2

Z Z087 0.76 0.977 0.869 0.217 4

Y Y106 0.927 1.192 1.060 0.265 4

J J129 1.131 1.454 1.293 0.323 4

H H158 1.380 1.774 1.577 0.394 4

F184 1.683 2.000 1.842 0.317 5.81

Wide W146 0.927 2.000 1.464 1.030 1.42

GRS G150 0.95* 1.90* 1.445 0.890 461λ(2pix)

* Grism bandpass is adjustable, up to λmax ≤ 2×λmin

{ K?
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WFIRST Brown Dwarfs
Y J H K?
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Sub-typing Brown Dwarfs

Holwerda+ in prep.
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Spitzer sub-typing

Holwerda+ in prep.
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Sub-typing 

Holwerda+ in prep. 



Astronomy 2020 - 6/27/2017 - B.W. Holwerda

SED fits?

Holwerda+ in prep. 
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WFIRST Applications
• NIR wide-field imaging surveys are happening.  

• not just deep fields (HLS, Microlensing, Bulge)  

• but snapshots, pure-parallels (coronograph)! 

• Find the stars (likely Brown Dwarfs) and type (M/L/T?) with broad colors.  

• Sub-type brown dwarfs either 

• as part of the MCMC model, 

• or using grism or narrow-band filter information. 

• or proper motion (Sanderson’s talk). 

• Milky Way disk thickness and (sub)type and compare to cooling models. 

• Estimate GIMF for different Milky Way components, disk, halo etc.
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Thank you!

@benneholwerda

benne.holwerda@gmail.com

mailto:benne.holwerda@gmail.com

