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The Differential Speckle Survey 
Instrument (DSSI) 
�  Two	
  channel	
  EMCCD-­‐based	
  speckle	
  

camera,	
  completed	
  in	
  August,	
  2008	
  

�  Observe	
  two	
  colors	
  at	
  the	
  same	
  Bme	
  
(dichroic	
  beamspliDer	
  inside).	
  

�  DifferenBal	
  refracBon	
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DSSI@WIYN!



DSSI Result: A Binary Star (WIYN) 

10.05.2014 Lowell Speckle Workshop 

5 

(a) (b) (c) 

1 arcsec 

562 nm    Panchromatic 
Integrated Image 

692 nm 
Reconstructed Images 



Basic Data Reduction Steps 

�  Debias frames. 

�  Compute autocorrelation of each frame, sum these. 
Compute FT and take the square root.  

�  Divide this by same function computed for a point 
source. 

�  Compute 10 bispectral subplanes (5 each in two 
orthogonal image directions (x,y). This gives robust 
phase estimate. 

�  Combine modulus and phase estimates, filter and 
inverse-transform. 
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Data Reduction, Part 2 

�  Look for companions in reconstructed image. 
�  Visually look, using ds9 
�  Use a program to identify 5-sigma peaks in IDL: 

�  Look inside annuli centered on central star. 

�  Determine all local maxima in the annulus – “peaks” 
�  Compute average peak height. 

�  Source is considered a star if it is greater than 5*sigma above 
the average peak height. 

�  Express peak heights as magnitude differences from central 
star 

�  Plot 5-sigma detection limit as a function of separation. 
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WIYN Binary Discovery: A CoRoT 
Source 

�  We have done ground-based 
follow-up work for CoRoT 
and (mostly) Kepler. 

�  Kepler: about 10 nights of 
WIYN time per year. 

�  DSSI is helping to vet 
planetary candidates for 
binarity. 

�  Speckle image 
reeconstructions have 
appeared in a number of 
Kepler papers. 
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14.2-mag star shown to be binary  
at WIYN. 



Companion Detection at WIYN: 
Bright Sources 
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The Astronomical Journal, 141:45 (13pp), 2011 February Horch et al.

(a) (b)

(c) (d)

Figure 6. Detection limit analysis for HIP 65225 as described in the text. (a) The result in the 562 nm filter. (b) The result in the 692 nm filter. For comparison, the
detected double star HIP 45098 = YSC 37. (c) The result in the 562 nm filter. (d) The result in the 692 nm filter. Note that in both plots for this object, a secondary is
clearly detected below the 5σ curve (i.e., it is more than a 5σ result statistically) at a separation of approximately 0.26 arcsec.

Table 4
Measures of YR 6Aa, Ab

Date θ (◦) ρ (′′) ∆m λ ∆λ θ Res. (◦) ρ Res. (′′) Reference(s)
(O − C) (O − C)

1999.0146 288.9a 0.075 0.64 648 41 0.7 −0.001 Horch et al. (2002, 2004)
1999.8882 296.2 0.095 0.72 648 41 0.8 −0.002 Horch et al. (2002, 2004)
2000.6145 299.0a 0.117 0.82 648 41 −0.5 0.005 Horch et al. (2002, 2004)
2000.7674 298.4a 0.113 0.82 503 40 −1.8 −0.002 Horch et al. (2002, 2004)
2000.7674 300.2a 0.113 0.77 648 41 0.0 −0.002 Horch et al. (2002, 2004)
2005.5619 319.4 0.099 0.93 698 39 1.2 0.001 Horch et al. (2008)
2007.8228 131.4a,b 0.051 0.72 698 39 2.8 −0.001 Horch et al. (2010)
2010.0045 163.1a,b,c 0.0495c 0.87 562 40 −0.5 0.000 This paper
2010.0045 . . . . . . 0.70 692 40 . . . . . . This paper

Notes.
a Quadrant ambiguous.
b Quadrant has been flipped here from the published measure for the orbit calculation.
c Values obtained in both filters averaged to a single measure here (i.e., this observation and the following line).

mass sum of 4.3±0.8 M$, using the revised Hipparcos parallax
of 11.86 ± 0.68 mas (van Leeuwen 2007). Given the magnitude
difference, we estimate that this is approximately an A1V+A4V
pair, meaning that the total mass should be in the range of
4.5–5.0 solar masses, using a standard table of stellar masses
in the literature (Schmidt-Kaler 1982). Therefore, at this point,

the dynamical mass sum is consistent with the spectral type and
differential photometry.

We did attempt to fit the data to an orbit without making any
quadrant flips, leading to a period of approximately 68 years
and semimajor axis of 0.27 arcsec. However, this orbit generates
substantially higher residuals than the orbit in Table 6 and leads
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Analytic Continuation 

�  Bright object on a 
black background = 
“finite support.” 

�  FT is analytic. 

�  In the absence of 
noise, a unique 
extrapolation to 
arbitrarily high 
spatial frequencies. 
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Standard Analysis 

ri                       Re[FT(ri)] 

ri                       Re[FT(ri)] 

AC Analysis 



Science: Orbits and Masses 
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HIP 17033 



Differential Photometry versus 
Hipparcos 
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The Astronomical Journal, 141:45 (13pp), 2011 February Horch et al.

(a) (b)

Figure 5. Comparison of the differential photometry presented in Table 1 with Hipparcos differential photometry. (a) The difference in ∆m between our measure at 562
nm and the ∆Hp value appearing in the Hipparcos Catalogue as a function of the parameter q ′ = seeing times separation discussed in the text. Stars with indications
of variability and/or no B − V value in the Hipparcos Catalogue are not considered. Filled circles indicate those systems with a B − V < 0.6 and an uncertainty in
the ∆Hp value of less than 0.10 mag. Open circles have no color cut, but have δ(∆Hp) < 0.3. (b) A plot of the ∆Hp value as a function of the magnitude difference
in Table 1 for those systems with B − V color less than +0.6 and δ(∆Hp) < 0.10 mag. In both plots, the error bars are the uncertainties appearing in the Hipparcos
Catalogue.

has therefore been relatively recently recalculated, our point is
off by nearly the same magnitude and in the same direction as
that of Mason et al. (2009). If this point is excluded (which
admittedly leaves only three other high-quality comparisons),
then the mean value shrinks to 0.37 ± 0.50 mas with a stan-
dard deviation of 0.86 ± 0.35 mas. This latter figure by itself
is smaller than the average uncertainty derived from the orbital
ephemerides (1.23 mas). While this is not yet a large enough
sample to draw any hard conclusions, there is no evidence at this
point for any significant deviations from published high-quality
orbits. Furthermore, a true measurement precision of between 1
and 2 mas would seem to be a reasonable guess given that the
orbits themselves contribute a significant portion of the errors
obtained here.

3.2. Photometric Accuracy and Precision

As this is the first large data set that we have obtained with
the two EMCCDs, it is our first opportunity to investigate the
photometric precision of these devices in the context of speckle
imaging. In previous papers (e.g., Horch et al. 2004), we have
discussed the utility of considering where the secondary star
lies within the isoplanatic patch of the primary star in order
to determine if the photometry derived from a given speckle
observation can be judged to be relatively free of speckle
decorrelation effects. To that end, one can compute the ratio

q = ρ

δω
∝ ρω, (1)

where ρ is the separation of the two stars in arcseconds, δω
is the size of the isoplanatic angle, and ω is the seeing. (The
isoplanatic angle is known to be inversely proportional to the
seeing.) This relationship determines the separation as a fraction
of the isoplanatic patch size. Defining q ′ = ρω in arcseconds
squared, we can then plot the difference between the observed
magnitude difference from our observations and the magnitude
difference appearing in the Hipparcos Catalogue as a function
of q ′. This is shown in Figure 5(a) for all observations in the
550 nm filter appearing in Table 1 and having an uncertainty
in the Hipparcos magnitude difference of less than 0.3 mag.
The graph shows the typical trend that we have observed at

WIYN before: a difference that is relatively flat for low values
of q ′, under 0.6 arcsec squared, but a tendency for points to
lie above zero at larger values of q ′, meaning that the speckle
magnitude difference is larger than that of Hipparcos. This is
consistent with decorrelation between primary and secondary
speckle patterns. In addition, the effective field of view with
the EMCCDs is smaller than that of the CCDs previously
used (∼2.8 × 2.8 arcsec with the EMCCDs versus ∼3.7 × 3.7
arcsec with the CCDs), which means that it is possible that in
poor seeing and/or at large separations, image cropping will
cause some loss of light from the primary, secondary, or both.
Depending on the centering of the object within the detector
subarray, it is possible to obtain either a larger or a smaller
magnitude difference than that of the object due to this effect.
However, at low values of q ′, we expect that image cropping
is a small effect, as is speckle decorrelation. For these reasons,
we have not reported magnitude differences in Table 1 if the q ′

value for the observation is above 0.6 arcsec squared.
Another factor complicating the situation in Figure 5(a)

however is the color difference between the Hipparcos Hp
filter and the 562 nm filter of DSSI. Even though both filters
are reasonably close to the Johnson V-band filter in center
wavelength, the 562 nm filter is much narrower and slightly
redder than the Hp filter. To minimize these differences, we
consider a subsample of the data which has a B − V less
than +0.6 and also have an uncertainty in ∆Hp of less than
0.10 mag. In Figure 5(a), these are drawn as filled circles.
These points show a much tighter clustering in the figure. They
have a mean value of 0.03 ± 0.02 and the standard deviation
is 0.098 ± 0.012 mag. Given that the average uncertainty in
∆Hp for these points is 0.051 mag, we may subtract this
number in quadrature from the 0.098 mag result to arrive
at an estimate of the single-measurement precision for our
observations,

√
0.0982 − 0.0512 = 0.084 mag. This same

subset of objects is plotted in Figure 5(b) with the ∆Hp value as
a function of our measured ∆m at 562 nm. The mean line of the
data lies very close to the y = x line.

In Horch et al. (2010), a further data cut of 1.0 < ∆Hp < 4.0
was applied when comparing Hipparcos magnitude differ-
ences with speckle measures. The rationale for omitting large
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Cluster Binaries: Comparing M67 and 
M35 
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M67 

NOAO Proposal Page 3 This box blank.

Figure 1: Reconstructed images of an M35 binary obtained with the DSSI speckle camera at WIYN
in December of 2012. The frames are 2.8x2.8 arcseconds in scale; the separation of the components
is 0.46 arcsec. The left image is at 692 nm and the right at 880 nm. The data in both filters were
collected simultaneously, and the object has V magnitude 14.75. The faintest stars in the proposed
program have signal-to-noise ratio comparable to the above under good observing conditions.

Figure 2: The H-R diagram of M67 using the information in Yadav et al. (2008). The six stars
where we have discovered companions on our first run are shown as filled circles, and in two cases,
split into components using the speckle photometry. Note that in both of those cases, the primary
is a blue straggler.



Quick result from DCT 

�  M dwarf pair 

�  Mag = 15.2 

�  Separation: ~0.12 arcsec 

�  ~30 minutes of data, at 880 
nm. 

�  Investigators: 
�  Evgenya Shkolnik (Lowell) 
�  Ben Montet (CfA) 

10.05.2014 Lowell Speckle Workshop 

14 

1 arcsec 



Gemini-N 
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Used in July 2012, now here 
again this week for ~8 nights,  
5 different science projects. 

WIYN Gemini 



Image Reconstruction from Gemini 
Data 
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     Speckles                Integrated Image       Reconstructed Image 



Gemini-N: Bright Source 

10.05.2014 Lowell Speckle Workshop 

17 



Analytic Continuation… 
KOI 1422, Mag=15.92 
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Gemini-N:  
Extended Objects 

�  Pluto/Charon 

�  ~30 minutes of observing 
time 

�  See Howell et al. in PASP 
9/2012 issue. 

�  Measured radii. 

�  Working on better image 
reconstruction algorithms 
for future projects.  
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Companion Detection Simulations 

�  Use Raghavan 2010 binary/multiple star statistics from 
the field. 

�  Simple galaxy model, star with M.S. stars only, no 
reddening (yet). 

�  Look in Kepler field at the appropriate distance range. 

�  Add in background giants. 

�  Ask with what frequency DSSI would detect Kepler star 
with a companion. 
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Gemini: Kepler Stars with 
Companions 
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KOI 3255 



KOI 3255 
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So Far This Work Suggests that 
Most Sub-Arcsecond Companions 
of Kepler Exoplanet Candidate 
Host Stars are Gravitationally 
Bound. 
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