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A Few Basic Questions about the Origin(s) of 
Stars, Brown Dwarfs and Planets

How common are brown dwarfs relative to stars?

Does the low-mass IMF vary with environment?

How far down in mass does the stellar IMF 
extend?

Is there a large population of ‘rogue planets’?

Do the lowest-mass free-floating objects form ‘like 
stars’ or ‘like planets’?



SONYC = Substellar Objects in Nearby 
Young Clusters

~15 nights on 8m telescopes 

5 regions, ~50 confirmed objects

12th paper in preparation, extending to a massive 
star forming region

browndwarfs.org/sonyc
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How deep can we go?

For nearest star forming regions 
(d=150pc, Av=5):

5  Jupiter masses means J=18, K=17

→ about the limit for spectroscopy 
for 8-m class telescopes
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Needle in haystack
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Spectroscopy mandatory
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Stars vs. brown dwarfs



Scholz et al. (2012)
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Disks with ALMA

Ricci et al. 2012, 2014

grain growth + low disk masses = 
miniature planetary systems
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Rotation with K2

Scholz, Kostov, Jayawardhana, Muzic 2015

angular momentum 
conservation: 

no disk-locking in 
brown dwarfs
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Dense cluster = more BDs?

Scholz et al. 2013

IC348 (sparse):  
0.3-0.4 BD / star

N1333 (dense):
0.4-0.5 BD / star



Ejection from protostellar disks?

Stamatellos et al. (2007)

4 D. Stamatellos, D. A. Hubber & A. P. Whitworth

Figure 1. Radiative hydrodynamic simulation of the evolution of a 0.5M⊙ disc around a 0.7M⊙ star. Snapshots from 1000 to 5000 yr
every 500 yr (as marked on each frame). The disc is gravitationally unstable and can cool efficiently, hence it quickly fragments to form
11 objects: low-mass H-burning stars, BDs, and planetary-mass objects. These objects form at radii from ∼ 100 to ∼ 300 AU but due to
mutual interactions a large fraction (9/11) escape.

semi-major axis with decreasing primary mass); the system-
atic differences to be expected between the stellar IMF and
the observed core mass function (e.g. when account is taken
of failed prestellar cores and the variance in core lifetimes);
and the failure of observers to detect the predicted velocity
fields at the boundaries of prestellar cores.

Disc fragmentation appears to be a viable alternative
scenario for forming BDs:

• We have shown that massive, extended discs will some-
times form around Sun-like stars, and that these discs will
then fragment producing multiple low-mass companions,
principally BDs, but also planetary-mass objects and low-
mass H-burning stars. This result is demonstrated here by
means of numerical simulations, taking proper account of
the energy equation and associated radiative transfer effects.

It has also been derived analytically by Whitworth & Sta-
matellos (2006).

• BDs formed in this way are readily liberated into the
field by interactions amongst themselves. We use the term
‘liberated’ to emphasize that this is a more gentle process
than ‘ejection’.

• Close BD/BD binaries are quite a common outcome of
disc fragmentation, and some survive liberation.

• Liberated BDs frequently retain their own discs, with
sufficient mass to sustain accretion and outflows.

• The ratio of BDs to H-burning stars should be only
weakly dependent on environmental factors, since it is
largely controlled by the local physics of massive extended
circumstellar discs.

• The BDs formed here are not embryonic; they mop up
most of the matter in the outer disc before being liberated.

• Since one disc can spawn a large number of brown



Sumi et al. (2011)

Figure 3.— Likelihood contours for the planetary-mass function parameters. ΦPL indicates
the fraction of all objects in the planetary-mass population, not including the brown dwarfs
that have planetary mass in the tail of the log-normal mass function. MPL represents their
mass. The two sets of contours indicate the 68% and 95% confidence levels. The red and blue
curves indicate the power-law and log-normal mass functions, respectively, and ”+” indicates
the maximum likelihood points. The top axis scale is Jupiter masses, MJ = 9.5× 10−4M⊙,
while bottom axis scale is in Solar masses, M⊙. For the power-law model, the likelihoods
are evaluated in the (α3, MPL , ΦPL) space and projected into the (MPL, ΦPL) plane. The
Mc = 0.12 and σc = 0.76 parameters are fixed for the log-normal model. The median and 68%
confidence intervals of (MPL/M⊙, ΦPL) are (1.1+1.2

−0.6 × 10−3, 0.49+0.13
−0.13) and (0.83+0.96

−0.51 × 10−3,
0.46+0.17

−0.15) for the power-law and log-normal models, respectively. The results for two models
are consistent with each other. The power-law and log-normal models imply 1.9+1.3

−0.8 and
1.8+1.7

−0.8 times as many unbound or distant Jupiter-mass objects as the main sequence stars.
α3 is consistent with the values derived without planetary population indicating that brown
dwarfs are 0.7 ± 0.3 times as common as main sequence stars. The numerical values of the
models are summarized in supplementary Table 3.
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Figure 1.— Light curves of event MOA-ip-3 and MOA-ip-10. These have the highest signal
to noise ratio amongst the ten microlensing events with tE < 2 days (see Supplementary
Fig. 1 for the others). MOA data are in black and OGLE data are in red with error bars
indicating the s.e.m. The green lines represent the best-fit microlensing model light curves.
For each event, the upper panel shows the full two-year light curve, the middle panel is a
close-up of the light curve peak, and the bottom panel shows the residuals from the best-fit
model in units of magnification,∆A. u0 indicates the source-lens impact parameter in unit
of the Einstein radius. The second phase of MOA, MOA-II, carried out a very high cadence
photometric survey of 50 million stars in 22 bulge fields (of 2.2 deg2 each) with a 1.8m
telescope at Mt. John Observatory in New Zealand. MOA detects 500-600 microlensing
events with 8 months observation every year. In 2006-2007, MOA observed two central
bulge fields every 10 minutes, and other bulge fields with a 50 minutes cadence, which result
∼8250 and 1660-2980 images, respectively. This strategy enabled MOA to detect very short
events with tE < 2 days. Since 2002, the OGLE-III survey has monitored the bulge with
the 1.3-m Warsaw telescope at Las Campanas Observatory, Chile, with a smaller field-of-
view but better astronomical seeing than MOA. The OGLE-III observing cadence was 1-2
observations per night, but the OGLE photometry is usually more precise and fills gaps in
the MOA light curves due to the difference in longitude.
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A population of “rogue planets” from microlensing?

“…we report the discovery of a 
population of unbound or distant 
Jupiter-mass objects, which are 
almost twice (1.8+1.7) as 
common as main-sequence 
stars… An abrupt change in the 
mass function at about a Jupiter 
mass favours the idea that their 
formation process is different 
from that of stars and brown 
dwarfs. They may have formed in 
proto-planetary disks and 
subsequently scattered into 
unbound or very distant orbits.”



WFSS mode on NIRISS/JWST

Dressing et al. (2015)

NIRISS/JWST WFSS mode

Exposure Time Calculator results
Note: Official version will be out in January 2017; these results are from the preliminary version 
(September 2016)
https://devjwstetc.stsci.edu/

Input: Young L4 object, spectrum from Allers & Liu (2013);  re-normalized in K -band

Filter F200W: 1.7 - 2.2 microns
S/N values at 2 microns

Exposure time S/N @ K (mag) S/N @ K (mag)

2 x 245s 10 20.3 30 19.0

10 x 245 s 10 21.3 30 20.0

24 x 245 s (1e4s) 10 21.8 30 20.5

Filter F150W: 1.3 - 1.7 microns
S/N values at 1.6 microns

Exposure time S/N @ K (mag) S/N @ K (mag)

2 x 245s 10 20.5 30 19.5

10 x 245 s 10 21.5 30 20.5

24 x 245 s (1e4s) 10 22.0 30 21.0

NGC1333 planemos

BT-Settl model output for d=300 pc and Av=0

Mass J H Ks

0.015 MSun 16.1 15.6 15.2

0.005 MSun 18.3 17.6 17.0

0.001 MSun 22.4 21.4 21.2



NIRISS simulation by Kora Muzic, using Grizli tool by Gabriel Brammer



WFSS mode on NIRISS/JWST

Details of the simulation

Performed with the Grizli tool, by Gabriel Brammer (STScI)  

https://github.com/gbrammer/grizli

Filters: F150W and F220W

Exposure times: 1700s for F150W; 2500s for F200W (time to reach H=22 at S/N=10)

Description of the files:

FITS files:

(1) niriss_sim_F<#>_<filter>.fits: Simulation images for fields 01 to 10, for filters F150W and F200W

(2) sim_<filter>_large.fits: Simulations for the 10 files merged into a single image 

(3) n1333_center_Ks_long.fits: MOIRCS Ks-band image of the cluster center

 

   ds9 region files (useful for visualization): 

(1) fields.reg - Positions of the 10 simulated fields

(2) sonyc_census.reg - Low-mass census from Scholz+2012 paper 

(3) n1333_ks_long.calib.mag.reg - All the sources in the Ks-band catalog, with magnitudes, useful to 

understand how bright are the sources we see in the simulation 

(4) SONYC_JKs_PMOcandidates.reg - Objects from the JKs candidate catalog fainter than J=16

Total exposure time per field:

F150W: 1700 s + 10 min overhead = 38 min

F200W: 2500 s + 10 min overhead = 42 min

80 min per field, times 10 fields + 30 min slewing overhead = 13.8 hours
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NIRISS simulation by Kora Muzic, using Grizli tool by Gabriel Brammer



Dressing et al. (2015)

How far down in mass does the stellar IMF 
extend? At least to ~5MJupiter

Is there a large population of ‘rogue planets’?

Do the lowest-mass free-floating objects form 
‘like stars’ or ‘like planets’?


