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My IFS Background 

•  The concept of  using Integral Field Spectroscopy (IFS) for 
supernova cosmology originated with the first SuperNova 
Acceleration Probe (SNAP) proposed to DOE in 1999. 

•  The  Nearby SuperNova Factory (SNfactory) built the 
SuperNova Integral Field Spectrograph, which has been in 
use on Mauna Kea since 2004. 
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Thus, my primary focus here will be on the use of   
Integral Field Spectroscopy for SN cosmology 
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IFS for Space - Background 

•  Under the SNAP/JDEM aegis a R ~ 100 space-qualified 
prototype optical/NIR IFS was built. 

•  The JDEM ISWG considered a space SN cosmology 
program featuring an IFS triggered by detections from 
coarse-resolution wide-field cameras. 

•  The WFIRST SDT report also considers an IFS for the SN 
cosmology program. 
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Integral Field Spectroscopy 
Concept 

λ	
  

SN	
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IFS performance: 

  0.35-1.7 micron 

  < 12 kg 

  R of  70 – 200 

  Total thoughput w/ OTA 
  > 55% in optical 
  > 40% in NIR 

Calibration tests: 

  Straylight measured to be < 10-3 

  Wavelength calibration at the nm level 

  relative flux calibration better than 1 % 

NIR 2k x 2k 
Teledyne device 
integrated with 
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readout system   
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Orientation: Type Ia Supernova Spectrum 

8/15/12	
   PHYSPAG	
   6	
  

Foley et al 2012, ApJ 

Si	
  

Op;cal/NIR	
  ~	
  25x	
  in	
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Projections for Dark Energy Constraints: 
The Science Case for a 

Integral Field Spectrograph  
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WFIRST BAO 
(optimistic) 
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How are Type Ia Standardized 
with a Integral Field Spectrograph? 
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Standardization 

Each	
  point	
  is	
  a	
  SN	
  
before	
  any	
  correc+on	
  

Each	
  point	
  is	
  synthesized	
  
photometry	
  from	
  a	
  flux-­‐
calibrated	
  spectrum	
  

normal	
  
peculiar	
  
reddened	
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Lightcurve Standardization 

Each	
  point	
  is	
  synthesized	
  
photometry	
  from	
  a	
  flux-­‐
calibrated	
  spectrum	
  

Each	
  point	
  is	
  a	
  SN	
  
A-er	
  width-­‐color	
  correc+on	
  

σ(dL)	
  =	
  7.4%	
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Spectral Flux Ratio Standardization 

σ(dL)	
  =	
  5.9%	
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Training	
  sample	
  

Each	
  point	
  is	
  from	
  a	
  
single	
  at-­‐max	
  spectrum	
  

•  Bailey, et al., A&A (2009; SNfactory) 

•  Requires S/N ~ 15 @ R ~ 100 

•  Now tested on 2x larger sample! 
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EWSi, EWCa & Color 

Chotard et al 2011 (SNfactory) 

EW(SiII 4000) Standardization 
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How does an Integral Field Spectrograph 
Help in Controlling Systematics? 
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SN Uncertainty & Bias -  
Both Natural and Man-Made 

Type	
  Ia	
  ASTRO2010	
  arXiv:0903.1086	
  

22 Amanullah et al.

the global value of β from any of the other large sam-
ples shifts w by less than 0.02. We have accounted for
this systematic by assigning each sample a 0.02 magni-
tude covariance (giving a 0.03 error on w), which avoids
the problem of handling an error on elements of the co-
variance matrix. To study these details further, we look
forward to more data for z > 0.5, with improved calibra-
tion and light curve models.
We also perform one additional sanity check by sub-

dividing the data by x1 and c. There is evidence for
two populations of normal SN Ia, divided by light curve
width (see K08, and references therein). Star-forming
galaxies tend to host the population with broader light
curves, while SN hosted by passive galaxies tend to have
narrower light curves. As described below, we derive
consistent cosmology for these subdivisions as well.
We subdivide35 the full sample into two roughly equal

subsamples, split first by color and then by x1. In total,
this makes four subsamples. We find that the cosmology
is close for all subsamples (as can be seen in Table 11) so
the difference from these subdivisions does not contribute
significantly to the systematic error on w.
It is interesting to note that α is substantially different

for the two samples split by light curve width. Likewise,
β is substantially different for the two samples split by
color. This might suggest that the relationships between
color and brightness and light curve width and brightness
are more complex than a simple linear relationship, or it
could be that the errors on x1 and c are not perfectly
understood. We also find that β is higher for the redder
SNe Ia which is similar to the results from Conley et al.
(2008) based on comparisons of U − B colors to B −

V , after correcting for the effect of stretch on the U -
band. At the same time it should be pointed out that
evidence of low RV values have also been found for a few
well-studied, and significantly reddened, nearby SNe Ia
Folatelli et al. (2010).

7.3.12. Summary of systematic errors

The effect of these systematic errors on w is given in
Table 9. The improvement in cosmology constraints over
the simple quadrature sum is also shown. Zeropoint and
Vega calibration dominate the systematics budget, but
understanding the color variations of SNe is also impor-
tant. The benefit from making a Malmquist bias correc-
tion can be seen; by doing so, KS09 reduce this system-
atic error by a factor of two.

8. RESULTS AND DISCUSSION

In the cosmology analysis presented here, the statisti-
cal errors on ΩM have decreased by a significant 24% over

35 Subdividing by x1 or c must be done carefully. When there
are errors in both the dependent and independent variables (in this
case, magnitude and x1 or c), the true values of the independent
variables must be explicitly solved for as part of the fit. Other-
wise, the subdividing will be biased. For example, suppose that
a supernova has a color that is poorly measured, and an uncor-
rected magnitude that is well-measured. If this supernova is faint
and blue, then a fit for the true color will give a redder color. A
color cut will place this supernova in the blue category, when the
supernova is actually more likely to be red. As mentioned in K08,
whenever one fits for α and β, the true values of x1 and c are only
implicitly solved for; equation (5) is derived by analytically mini-
mizing over the true x1 and c. K08 provides the equation with the
true values made explicit, we also include a discussion in Appendix
C.

Table 9
Effect on w errorbar (including BAO and CMB
constraints) for each of the systematic errors
included. The proper way to sum systematic
errors is to include each error in a covariance

matrix.

Source Error on w

Zero point 0.037
Vega 0.042
Galactic Extinction Normalization 0.012
Rest-Frame U -Band 0.010
Contamination 0.021
Malmquist Bias 0.026
Intergalactic Extinction 0.012
Light curve Shape 0.009
Color Correction 0.026
Quadrature Sum (not used) 0.073
Summed in Covariance Matrix 0.063

the K08 Union analysis, while the estimated systematic
errors have only improved by 13%. When combining the
SN results with BAO and CMB constraints, statistical
errors on w have improved by 16% over K08, though the
quoted systematic errors have increased 7%. Figure 10
shows a comparison between the constraints from K08
and this compilation in the (ΩM − w) plane. Even with
some improvement on the understanding of systematic
errors, it is clear that the dataset is dominated by sys-
tematic error (at least at low to mid-z).
The best fit cosmological parameters for the compi-

lation are presented in Table 10 with constraints from
CMB and BAO. The confidence regions in the (ΩM ,ΩΛ)
and (ΩM , w) planes for the last fit in the table are shown
in Figures 11 and 12 respectively.
For the CMB data we implement the constraints from

the 7 year data release of the Wilkinson Microwave
Anisotropy Probe (WMAP) as outlined in Komatsu et al.
(2010). We take their results on z! (the redshift of last
scattering), lA(z!), and R(z!), updating the central val-
ues for the cosmological model being considered. Here,
lA(z!) is given by

lA(z!) ≡ (1 + z!)
πDA(z!)

rs(z!)
,

where DA is the angular distance to z!, while

R(z!) ≡

√

ΩMH2
0

c
(1 + z!)DA(z!) .

Percival et al. (2010) measures the position of the BAO
peak from the SDSS DR7 and 2dFGRS data, constrain-
ing dz ≡ rs(zd)/DV (0.275) to 0.1390 ± 0.0037, where
rz(zd) is the comoving sound horizon and DV (z) ≡
[

(1 + z)2D2
Acz/H(z)

]1/3
.

For the SNe + BAO fit in Table 10, we add an H0 mea-
surement of 74.2±3.6 km/s/Mpc from Riess et al. (2009),
creating a constraint without the CMB that is therefore
largely independent of the high-redshift behavior of dark
energy (as long as the dark energy density contribution
is negligible in the early universe). Note that the H0
constraint relies on most of the nearby supernovae used
in this compilation. However, the effect on w through
H0 from these supernovae is several times smaller than
the effect through the Hubble diagram. Alternatively,

Amanullah	
  et	
  al.	
  2010	
  (SCP)	
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IFS SN Cosmology Use Case: 
the Dust Extinction Law &  

Intrinsic SN Colors 
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Spectral indicator distinguishes  
dust reddening from intrinsic SN color  
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If  we assume that all the color variation is due 
to dust … 
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If  we assume that all the color variation is due 
to dust … we don’t get CCM reddening law: 
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This is not surprising – we already know that there are 
spectral features associated with the “stretch” of the 
lightcurve timescale. 
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Spectral 
variation 1st component 

This is not surprising – we already know that there are 
spectral features associated with the “stretch” of the SN 
lightcurve timescale. 

highly correlated with “stretch” 
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After removing 1st component 
of spectral variation 

1st component 
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Spectral 
variation 2nd component 
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Spectral 
variation 2nd component 
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After removing 1st  and 2nd components  
of spectral variation 
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After removing 1st  and 2nd components  
of spectral variation 

Chotard	
  et	
  al	
  (A&A,	
  2011)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Nearby	
  Supernova	
  Factory	
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SNe Ia do not all show the exact same spectral time 
series, so the K corrections are not identical. 

Distance measurements should therefore be based on 
matched low- and high-redshift SNe, with matching 
spectral time series. 

Average	
  error	
  on	
  K-­‐correc+on	
  
using	
  a	
  single-­‐parameter	
  model	
  for	
  	
  
spectral	
  +me	
  series	
  template	
  	
  

Dispersion	
  of	
  K-­‐correc+on	
  
using	
  a	
  single-­‐parameter	
  model	
  for	
  	
  
spectral	
  +me	
  series	
  template	
  	
   SNfactory	
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How will an Integral Field Spectrograph 
Address New Developments? 
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SN Twins 

SNfactory	
  8/15/12	
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Foley (2011) 

Velocity of  Si may pick out subpopulation  
with a specific absolute mag offset 



Restframe NIR 

Mandel	
  et	
  al	
  (2011)	
  

Problems: 

Restframe J is not as big an 
improvement as H. 

Restframe H not available with HST 
WFC3. 

WFIRST can only obtain H out to  
z = 0.12 (with 2.0 micron cutoff) or  
z = 0.30 (with 2.4 micron cutoff). 

Still need to correct for dust, so a 
higher scatter (e.g. optical) 
wavelength is still included. 

Another route to better standardization: Add restframe J and H to optical 
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•  NIRSPEC IFU likely to play a role for 
 special studies: 

•  Higher resolution options 
•  Redder restframe NIR coverage 

•  Can observe z >1 SNe at peak in a 
 reasonable amount of  time 

•  Wavelength coverage is not good for
  0.2 < z < 0.8 

•  Resolution too low over 1-2 microns 

•  Acquistion/ToO overhead may be 
 important 

•  Even 300 SNe may require 
 significant time (2 to 4 months) 

•  Tight coordination necessary with 
 wide-field  imaging survey 

•  Overall cost per SN likely to be high 
 (but pre-paid!)  
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Technology Needs 
•  Detector critical – especially if  

aperture or throughput drops 

•  Simulations assume 6 e-, but can 
probably do better 

•  Need to worry about tiny offsets 
that add across many SNe 

–  For grism this could come from 
contaminating spectra, zodi spectral 
changes, flatfield or reference 

–  For IFS this could come from dark 
current or electronics 

•  Stable electronics important 

•  Stable darks important 

•  IFS requires just one, but very good, 
detector 
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IFS	
  Benefits	
  
•  Strong	
  science	
  case	
  
•  Photometric	
  (compared	
  to	
  slit	
  spectroscopy)	
  
•  High	
  S/N	
  (compared	
  to	
  grism	
  spectroscopy)	
  
•  Easier	
  calibra;on	
  (compared	
  to	
  imager	
  or	
  grism)	
  
•  SN	
  systema;cs	
  control	
  

–  No	
  SN	
  K-­‐	
  or	
  S-­‐correc;ons	
  (compared	
  to	
  imager)	
  
–  Less	
  contamina;on	
  (SN	
  subtype,	
  inc.	
  peculiar	
  Ia)	
  
–  SN	
  evolu;on	
  (e.g.	
  metallicty	
  affec;ng	
  SED)	
  
–  Dust	
  correc;on	
  (decoupling	
  SN	
  features/color	
  from	
  dust)	
  
–  Beeer	
  host	
  galaxy	
  subtrac;on	
  (rela;ve	
  to	
  grism	
  or	
  slit)	
  
–  Higher	
  redshif	
  reach	
  (rela;ve	
  to	
  grism)	
  

•  Opera;ons	
  ease	
  
–  Relaxed	
  poin;ng	
  or	
  repoin;ng	
  accuracy	
  requirements	
  
–  No	
  need	
  to	
  stay	
  on	
  a	
  given	
  field	
  to	
  get	
  full	
  lightcurve	
  

•  Risk	
  mi;ga;on	
  
–  Triggers	
  could	
  come	
  from	
  any	
  source	
  (inc.	
  ground)	
  
–  Adaptable	
  as	
  more	
  is	
  learned	
  about	
  SN	
  standardiza;on	
  
–  Adaptable	
  as	
  more	
  is	
  learned	
  about	
  Dark	
  Energy!	
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IFS	
  Discussion	
  Points	
  
•  Perceived	
  complexity	
  

–  1938	
  technology;	
  20	
  IFS	
  in	
  opera;on	
  world	
  wide;	
  SNAP	
  demonstrator	
  

•  Perceived	
  cost	
  	
  
–  now	
  acknowledged	
  to	
  be	
  low	
  wrt	
  WFIRST	
  budget	
  

•  Unfamiliar	
  SN	
  standardiza;on	
  
–  Could	
  obtain	
  classical	
  lightcurve	
  from	
  synthesized	
  photometry,	
  inc.	
  mul;plex	
  

•  No	
  mul;plex	
  advantage	
  
–  Regained	
  by	
  higher	
  S/N	
  wrt	
  grism	
  +	
  systema;cs/calibra;on	
  advantages	
  

•  Less	
  ancillary	
  science	
  
–  Not	
  the	
  same	
  ancillary	
  science,	
  but	
  unique	
  

•  JWST	
  IFS	
  could	
  suffice	
  
–  3x	
  lower	
  throughput	
  plus	
  overheads	
  would	
  make	
  cost	
  per	
  SN	
  higher	
  

–  Uncertain	
  whether	
  the	
  calibra;on	
  will	
  be	
  adequate	
  

•  Triggering	
  would	
  be	
  disrup;ve	
  
–  Lead	
  ;me	
  for	
  spectrum	
  at	
  peak	
  should	
  be	
  5-­‐10	
  days	
  

–  Could	
  concentrate	
  on	
  one	
  or	
  two	
  regions	
  of	
  sky	
  at	
  a	
  ;me	
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