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Outline

time domain Data:
A powerful tool for studying low-mass stars

 Double-lined Eclipsing Binaries
Stellar Masses and Radii

 Statistical Properties of Binaries
Formation history



Synoptic Surveys:
Astronomy in the time Domain

Imaging:
10 TB/night of data

u,g,r,i,z,y filters
18,000 ☐°

200 visits/filter
r<24.5

Imaging:
2 TB/night of data

g,r,i,z,y filters
30,000 ☐°

10 visits/filter
r<22



Wide-Ranging Science

Solar System Objects
Active Galactic Nuclei
Gamma Ray Bursts
Supernovae
Micro, Weak, and Strong Lensing
Exotic Phenomena (we haven’t thought of yet!)
Stellar Variability

Recommended Research Program for 2012-2021
!e greatest strides in astronomical understanding have most often been the result of bold research ini-

tiatives. In recognition of this fact, the program proposed in this report is driven by a balance of medium 
scale and small-scale activities, along with ambitious large-scale e"orts, listed in the tables below:
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Stellar Variability

 Stellar Astrophysics:
 Activity, Pulsations, Binary Stars

 Accretion Physics and Compact Objects:
 Dwarf Novae, CVs

 Galactic Structure:
 RR Lyrae, Cepheids 

 Nearby Objects:
 Brown Dwarfs, White Dwarfs

 



Stellar Astrophysics
Binary systems enable direct measurements of the 

physical properties of stars
Spectroscopic Binary Astrometric Binary

Visual  Binary Eclipsing Binary
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Spectroscopic Binary Stars

Single-Lined (SB1): Mass function

P

K

Kepler’s law 

Double-Lined (SB2): Mass + Luminosity ratios

Momentum conservation
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Fig. 3.— Keck radial-velocity measurements of the two components of SDSS-MEB-1. The
radial velocities are derived following the methods outlined in Section 3. For this fit, the pe-
riod and epoch of primary eclipse estimated from the PAIRITEL photometry were assumed.

A barycentric correction has been applied to these radial velocities. The squares correspond
to the radial velocities of Star 2 and the circles correspond to the radial velocities of Star 1

(M1 > M2). Star 2 eclipses Star 1 at phase 0.0 resulting in the slightly deeper eclipse depth
seen at that phase in Figure 6.
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Fig. 5.— Top: PAIRITEL J-band differential light curve of SDSS-MEB-1. The best-fit

model from an EBOP analysis of the light curve is overplotted. Bottom: Residuals of the
model fit to the data.

Double-Lined Eclipsing Binaries

bedrock of stellar astrophysics!

Velocities of both stars Inclination and Radii

when Combined: Masses and Radii

Spectroscopy Photometry

Blake et al. 2008b Blake et al. 2008b PhasePhase
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Text
Chabrier 2007

Theoretical Expectations:
Missing Physics?

significant scatter in observed M-R relation

α: mixing 
 length

β: spot 
coverage



Synoptic Surveys to the Rescue

 Problem 1: Do stellar interactions bias radii?              

 Probability of eclipse ∝ 1/a
 If ∆R ∝1/an  → biased toward big stars

 Solution: Find long-period eclipsing Systems 

 Problem 2:  Small number of M and R measurements

 Solution: Monitor large number of stars! 

Surveys like LSST address both issues



SDSS Stripe 82 - A Testbed

D
. Bram

ich 2008

 250 square degrees
 up to 100 visits over 9 years

 Near-simultaneous u,g,r,i,z
 +/- 0.02 mag at r=18
 4 million objects

D
. Bram

ich 2008

See: Ivezić et al. (2007), Bramich et al. (2008), Sako et al. (2008)
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Big signals, Sparse Data

Windmiller et al. 2010

Eclipse Amplitude: 
    up to 0.75 mag

Eclipse Duty Cycle:
up to few 10s of %

candidates identifiable with just a few 
observations?

Typical Eclipsing Binary



Relative Photometry
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False Alarm Probability of Δi>0.2: ~10-3

Expected rate of eclipsing systems: 10-4

σ(i)=25 mmag at i=19 Non-Gaussian Tails

11,000 mid- to late-M stars



Eclipse Signals

 Eclipses are achromatic: Δz~Δi~Δr

FAP<10-9?

Using All Three Bands

Δi vs. Δz correlation

Eclipse Candidates



Candidate Selection

Simple Selection Criteria: Δz~Δi~Δr > 0.2 mag

0.4 mag

Blake et al. (2008b)

SDSS-MEB-1

See also Becker et al. (2008,2011); Bhatti et al. (2010)



Followup Challenge

Masses and Radii at i=18: 
Expensive photometry+spectroscopy 

 100 1% photometric points: 
 25 hours on 1-2 m telescope

 10 moderate-resolution spectra:
 10 hours on 8 meter telescope



 Former 2MASS telescope
 Mt. Hopkins, AZ
 1.3 m -  fully robotic
 Simultaneous JHK imaging
 PAIRITEL Automation Team:

 J. Bloom (PI)
 C. Blake 
 D. Starr
 W. Peters



MySQL Database

1000s of observations
100s of objects
10s of projects

airmass

weather

moon

priority

ephemeris

Scheduling 
Algorithm

Weather/clouds

GRB Alerts

Control PC

PAIRITEL

Data Reduction

Real-Time Scheduling



PAIRITEL Science
GRBs

L Dwarf Transit Search

Eclipsing Binaries
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Blake et al. (2008a)

Irwin et al. (2009)



PAIRITEL Photometry

 1000 individual observations over 30 days
 Period = 0.41 days

σ=0.06 mag

SDSS-MEB-1

Blake et al. (2008b)

Re
si

du
al

s



Radial Velocities

Blake et al. (2008b)

Resolving lines of both stars challenging

SDSS-MEB-1 Spectrum

Radial Velocities required to get masses



Radial Velocities

Hα lines: σ~10 km/s K1=108 km/s   K2=122 km/s
Known Period

 Keck+LRIS: 10 spectra at R~3500, 600s exposures
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SDSS-MEB-1

Blake et al. (2008b)

Two of the smallest stars with 
mass and radius measurements
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Fig. 7.— Properties of eclipsing binary systems detected in our Monte Carlo simulations of the

PS1 3π Survey, considering only stars within 100 pc. The dashed lines indicate the medians of

the distributions. A total of 260 systems are detected, and the spectral types of the primaries are

predominantly mid-M dwarfs (M3–M5, black line). The secondary components (red line) peak at

a similar spectral type, but they extend to much later spectral types. Thus, ∼10 late-M and ∼10 L

and T dwarfs are expected to be discovered in eclipsing binary systems by PS1, enabling the first

direct measurements of the radii of field brown dwarfs. Typical detected eclipse depths are large

(0.25 mag, S/Ntransit = 20), and the integrated magnitudes are sufficiently bright (r ≈ 15.8 mag)

to measure precision radial velocities in the optical. The typical orbital period of 0.4 days results

a large typical semi-amplitude of 80 km s−1.

Pan-STARRS Simulations
Dupuy and Liu (2009, ApJ, 704,1519)

Photometry: 3000 m2-hours of telescope time
Spectroscopy: 7000 m2-hours of telescope time

0.1<P<10 50<K<150 14<r<18

Prediction: ~200 EBs in Pan-STARRS “3π Survey”



SDSS Spectroscopy

R~2000
380 to 920 nm
84,000 M stars
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(e) A histogram of ∆t in the sample with 0 hr ≤
∆t ≤ 4 hr
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(f) A histogram of ∆t in the sample with 2 d ≤
∆t ≤ 30 d

Figure 1: Histograms of several different properties of stars for the sample.

The sample of objects with 0 hr ≤ ∆t ≤ 4 hr is a sample of observations that are not undergo-

ing RV variations. As stated above, even if the object is a binary star and thus has RV variations,

the change in the radial velocity in a period of 4 hours is small enough not to require consideration.
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Spectroscopic Binaries in 
SDSS

M Star M Star

a=0.2 AU

P~40 days
ΔRV~20 km/s

Detectable Even With Only Three Spectra?
The Close Binary Fraction of Dwarf M Stars

Benjamin M. Clark

Penn Manor High School, 100 East Cottage Avenue, Millersville, PA, 17551

Cullen H. Blake

Princeton University, Department of Astrophysical Sciences, Peyton Hall, Ivy Lane,

Princeton, NJ 08544

Gillian R. Knapp

Princeton University, Department of Astrophysical Sciences, Peyton Hall, Ivy Lane,

Princeton, NJ 08544

ABSTRACT

We describe a search for close spectroscopic dwarf M star binaries using
data from the Sloan Digital Sky Survey (SDSS) to address the question of the
rate of occurrence of multiplicity in M dwarfs. We use a template fitting tech-
nique to measure radial velocities from 145,888 individual spectra obtained for
a magnitude-limited sample of 39,543 M dwarfs. Typically, the three or four
spectra observed for each star are separated in time by less than four hours, but
for ∼ 17% of the stars, the individual observations span more than two days.
In these cases we are sensitive to large amplitude radial velocity variations on
time scales comparable to the separation between the observations. We use a
control sample of objects having observations taken within a four hour period to
make an empirical estimate of the underlying radial velocity error distribution
and simulate our detection efficiency for a wide range of binary star systems. We
find the frequency of binaries among the dwarf M stars with a < 0.4 AU to be
2.9+0.6

−0.8%. Comparison with other samples of binary stars demonstrates that the
close binary fraction, like the total binary fraction, is a increasing function of
primary mass.

1. Introduction

The study of the orbital motions of stars in multiple systems has been an active area of
research for more than a century (e.g. Vogel 1901). The fraction of stars which lie in multiple

σ~4 km/s  ~8000 M stars



RV Control Sample
Time between observations: Δt<2 hours

7,000 M dwarfs (16<i<20.5; i-z > 0.3)

Spectra visually inspected

Empirical RV Error Distribution

Results - Radial Velocities

The rms of the ∆RV values for the 0 hr ≤ ∆t ≤ 4 hr

sample (average magnitude g = 19.27) is 4.1 km/s.

Compares very well with the rms velocity error reported

by the SDSS of 5.5 km/s at g = 18.5 and 12 km/s at

g = 19.5.

Histogram of ∆RV values for

the 0 hr ≤ ∆t ≤ 4 hr sample

Benjamin Clark The Close Binary Fraction

σ=4 km/s

P(
Δ

RV
)



Experimental Sample

Time between observations: 2<Δt<30 days

1,700 M dwarfs (16<i<20.5; i-z > 0.3)

Spectra visually inspected

Results - Radial Velocities

The rms of the ∆RV values for the 0 hr ≤ ∆t ≤ 4 hr

sample (average magnitude g = 19.27) is 4.1 km/s.

Compares very well with the rms velocity error reported

by the SDSS of 5.5 km/s at g = 18.5 and 12 km/s at

g = 19.5.

Histogram of ∆RV values for

the 0 hr ≤ ∆t ≤ 4 hr sample

Benjamin Clark The Close Binary Fraction

Binaries? Binaries?
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monte Carlo Simulations
What is N, the Binary Fraction at a<0.4 AU?

Experimental 
sample 

(6000 RVs)

Empirical Error 
Distribution

(control sample)

e=0
a: uniform

q: power-law
i: random

Binary 
Fraction

P(N) Given  RV and P(ΔRV)

 1. How many binaries detected given P(ΔRV) ?
  2. Given N, how many  binaries should be 
detected given the detection efficiency?

CPU Month



Close Binary Fraction
Results - The Close Binary Fraction

The posterior distribution P(N |D,B).

From the posterior distribution, it follows that the close
binary fraction (a < 0.4 AU) is 3.1+0.6

−0.9%.

Benjamin Clark The Close Binary Fraction
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Posterior Distribution for N N vs. Primary Mass

Binary Fraction: function of Stellar Mass
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Fig. 4.—: Values of the close binary fraction and total binary fraction given in Section 4 and shown in
tabular format in Table 4 along with best fit line for both the close binary fraction and total binary fraction.
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See also Fischer & Marcy (1992); Lada (2006); Raghavan et al. (2010)



Conclusions

Synoptic surveys: Rich with low-mass star science

 Eclipsing Binary Stars:
 Test models for bottom of main sequence

 Binary Statistics:
 Piece of the formation-history puzzle

Challenge: Heavy Burden on Followup Observations



Low-Mass Star Formation
Observed Binary Properties

Theoretical Predictions:
1. Mass Ratios~1 ✔
2. Binary Fraction~40% ✔

3. small a > large a   

10 D. Stamatellos & A. P. Whitworth

Table 2. Properties of low-mass binaries (i.e. those in which
both components have condensed out of the disc): mp, the
primary mass; ms, the secondary mass; q = ms/mp, the mass
ratio; a

BIN
, the semi-major axis of the low-mass binary orbit;

e
BIN

, the eccentricity of the low-mass binary orbit; a, the semi-
major axis of the orbit of the low-mass binary around the ur-
star (in those cases where the low-mass binary remains bound
to the ur-star, otherwise blank). The binaries are grouped into
four categories, according as the components are (i) both HBs,
(ii) an HB and a BD, (iii) both BDs, and (iv) a BD and a PM.

mp/MJ ms/MJ q abin/AU ebin a/AU

96 86 0.90 0.3 0.4 20
98 89 0.91 1.4 0.5 140
176 82 0.47 1.5 0.8 230
88 83 0.94 0.3 0.7 -

89 59 0.66 1.0 0.9 7700
102 44 0.43 0.3 0.8 -
109 35 0.33 0.6 0.8 800
105 73 0.70 0.5 0.3 200

50 46 0.92 0.6 0.5 1500
28 24 0.86 235 0.7 4000
62 59 0.95 0.6 0.9 -
73 43 0.59 1.3 0.7 1350

53 11 0.21 112 0.6 -

should expect many of these to be liberated from the ur-
star by the tides of passing stars, and to retain their discs
(e.g. Whitworth & Stamatellos 2006; Goodwin & Whitworth
2007). Thus we infer that young BDs in the field should have
a significant disc fraction, and that young BDs orbiting Sun-
like stars at large radius should have an even higher disc
fraction.

The masses and radii of individual discs are plotted
against the masses of their host stars on Fig. 8. The disc
masses are generally ! 10MJ, but there are a couple of discs
with higher masses (a few tens of MJ). There seems to be
no correlation between the disc masses and the star masses.
The disc radii range up to 100 AU, but most of them are
! 70AU. Again there seems to be no correlation between
disc radius and star mass.

The individual discs around BDs and HBs are statisti-
cally indistinguishable. The distributions of mass and radius
for discs around BDs are shown in Fig. 9. Most BD discs
(∼ 80%) have masses below ∼ 5 MJ, but the mass can be
as high as ∼ 15MJ (Fig. 9, top). Most BD discs have radii
! 60 AU, but the radius can be as high as 100 AU (Fig. 9,
bottom). These disc masses and radii are consistent with
observations, which show discs to be very common around
BDs (Klein et al. 2003; Luhman 2004; Luhman et al. 2005a;
Scholz et al. 2006; Guieu et al. 2007; Riaz & Gizis 2007,
2008), even around very low-mass ones (e.g. Luhman et al.
2005b). The BD discs are massive enough to make the for-
mation of rocky planets with masses up to 5 M

⊕
around BDs

a plausible scenario, at least around some of them (Payne
& Lodato 2007).

Figure 10. The observed properties of very low-mass binaries:
projected separation (top) and mass ratio (bottom) distributions
(data are taken from http://www.vlmbinaries.org ; last updated
on 4 February 2008).

5.6 Low-mass binary properties

Here we discuss the statistical properties of the binary sys-
tems that exist at the end of the simulations. We confine the
discussion to binaries in which both components are stars
that have condensed out of the disc, and we refer to these as
low-mass binaries. There are also binary systems and higher
multiples in which one of the components is the ur-star; we
do not discuss these here.

Our simulations produce 13 low-mass binaries, of which
4 comprise two low-mass HBs, 4 comprise a low-mass HB
and a BD, 4 comprise two BDs, and one comprises a BD and
a PM. The main properties of these binaries are recorded in
Table 2. In total, 27% of the stars that form end up in binary
systems, corresponding to a binary fraction of 16%. This is
comparable with the low-mass binary fraction in Taurus-
Auriga (! 20%, Kraus et al. 2006), Chamaeleon I (11+9

−6%,
Ahmic et al. 2007), and the field (e.g. 15 ± 5%, Gizis et al.
2003). However, these are optical surveys and they are not
able to detect tight binaries with separation of a few AU. If
we consider only the 2 wide binaries then the binary frac-
tion we estimate is ∼ 2.5%, which is smaller than observed.
Very tight binaries can be probed by radial velocity surveys
(Joergens 2006a; Kurosawa et al. 2006; Maxted et al. 2008;
Joergens 2008). These surveys find a low-mass tight-binary
fraction of 10 − 30% which is consistent with our model.

11 of the 13 low-mass binaries have semi-major axes
a

BIN
< 2AU. Thus we predict that close low-mass binaries

should outnumber wide ones, and this seems to be what is
observed (e.g. Burgasser et al. 2007). In Fig. 10 (top) we plot
the projected separation distribution for the very low-mass
binaries from the http://www.vlmbinaries.org dataset. In
this dataset only ∼ 10% of the binaries have separations
> 20 AU, which is similar to the predictions of our model
(2/13 binaries, i.e. 15%). We note that in Table 2 we quote
the semi-major axis of the binary, whereas Fig. 10 refers to

Mass Ratio~1

~1%

?



RV EstimationCalculation of Radial Velocity (RV)

Template spectra of
M6 star

χ2 vs. RV

Due to its radial velocity (RV),
the spectrum of the star is
Doppler shifted.

The RV can be calculated by
comparing the observed stellar
spectrum to template spectra
which are not Doppler shifted.

Each object is fit to a template
for each spectral class from M0
to L0 using χ2 fitting and the
best fit template is used.

Benjamin Clark The Close Binary Fraction

Calculation of Radial Velocity (RV)

Template spectra of
M6 star

χ2 vs. RV

Due to its radial velocity (RV),
the spectrum of the star is
Doppler shifted.

The RV can be calculated by
comparing the observed stellar
spectrum to template spectra
which are not Doppler shifted.

Each object is fit to a template
for each spectral class from M0
to L0 using χ2 fitting and the
best fit template is used.

Benjamin Clark The Close Binary Fraction

15-minute Spectrum

Spectral Template
From Bochanski 

Calculation of Radial Velocity (RV)

Template spectra of
M6 star

χ2 vs. RV

Due to its radial velocity (RV),
the spectrum of the star is
Doppler shifted.

The RV can be calculated by
comparing the observed stellar
spectrum to template spectra
which are not Doppler shifted.

Each object is fit to a template
for each spectral class from M0
to L0 using χ2 fitting and the
best fit template is used.

Benjamin Clark The Close Binary Fraction

ΔRV

χ2

Barycentric Motion

Cross Correlation 
✕

✕



Results of SPH Simulations
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S82 M Dwarf Light Curves

Photometric recalibration

11,000 M stars,  M4 and later,  i<20

New pipeline to generate relative photometry:
ensemble of nearby reference stars
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monte Carlo Simulations

What is N, the Binary Fraction at a<0.4 AU?

Posterior Distribution PriorSurvey Sensitivity

Experimental 
sample 

(6000 RVs)
Empirical Error 

Distribution
(control sample)

CPU Month Assumed Binary 
Properties

e=0
a: uniform

q: power-law
i: random

Binary 
Fraction



Stellar Activity: M Dwarfs

Batyrshinova (2001)

ΔU=11 mag!!

Goal: the overall statistical properties of flares

Foreground Fog for cosmological transients?



Stellar Flares

complex, poorly-understood phenomena

e-

Emission from radio to xray

Fl
ux

Hawley 2003

Fl
ux

Kowalski 2010



Δu=4 mag

Flares in Stripe 82

Quiet Flaring

 40,000 M stars, 1.6x106 observations

 More than 100 Δu>1.0 mag events



u Band Movies



Flare Duty Cycle

M1
M4
M6

D
ut

y 
C

yc
le

Overall Duty Cycle:
Δu>1.0 mag:

M1 ~ 5x10-5

M4 ~ 8x10-4

M6 ~ 1x10-2

 Redder stars: more and larger flares

 ~1 flare/hour/☐° in stripe 82 (u<21)
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Flare Energies and Rates

Kowalski et al. (2009) Hilton et al. (2010)

Flare Energy Flare Duty Cycle



Flare Rates

Flare rate decreases with stellar age

Kowalski et al. 2009



M1 u=19.0

M4 u=22

Lu=1029 erg/s

Δu=0.2 mag

Δu=2.2 mag

Flare Rates

Hα Activity Fraction

Flare Luminosity at d=200 pc

West et al. (2008)



Flare Colors
Flares are Very Blue

Important Caveats:

➔ u filter has red leak

➔ ~2 minutes between u and g (drift scan)
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SDSS Spectroscopy:
the time Domain

Hilton et al. (2010)

K
ru

se
 e

t a
l. 

(2
01

0)

Flare Spectra Line Flickering

RV Shifts

Be
nd

es
 e

t a
l. 

(2
00

9)



Low-mass Binaries

Low-mass Stars       G Stars

1] Mass ratios:          q~1                   q~0.3

2] Avg. Separation:   7 AU                 30 AU

3] a>50 AU systems:  No                    Yes

4] Total Fraction:    ~20%                60%

HST (~100 mas; Bouy 2003) LGSAO (~60 mas)
Siegler et al 2007



Low-mass Stars in the 
Time Domain

Cullen BlakeKoch Conference

Stellar Structure, Evolution, and Formation


