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Instrument	
  Comparisons	
  
Feature	
   JDEM/Omega	
   IDRM	
   WFIRST	
  DRM1	
   	
  WFIRST	
  2.4	
  

Mirror	
  Diameter	
   	
  	
  	
  1.5	
  m	
   	
  	
  	
  1.3	
  m	
  (unobs.)	
   	
  	
  	
  1.3	
  m	
  (unobs.)	
   	
  	
  	
  2.4	
  m	
  

Imager	
  

	
  	
  	
  Detectors	
   	
  	
  	
  24	
  H2RG	
   	
  	
  	
  28	
  H2RG	
  	
   	
  	
  	
  36	
  H2RG	
   	
  	
  	
  18	
  H4RG	
  

	
  	
  	
  Total	
  Pixels	
   	
  	
  	
  96	
  Mpix	
   	
  	
  	
  112	
  Mpix	
   	
  	
  	
  144	
  Mpix	
   	
  	
  	
  288	
  Mpix	
  

	
  	
  	
  Area	
  on	
  Sky	
   	
  	
  	
  0.25	
  sq	
  deg	
   	
  	
  	
  0.29	
  sq	
  deg	
   	
  	
  	
  0.36	
  sq	
  deg	
   	
  	
  	
  0.28	
  sq	
  deg	
  

	
  	
  	
  Plate	
  Scale	
   	
  	
  	
  0.18”/pix	
   	
  	
  	
  0.18”/pix	
   	
  	
  	
  0.18”/pix	
   	
  	
  	
  0.11”/pix	
  

	
  	
  	
  Wavelength	
   	
  	
  	
  0.4	
  –	
  2.0	
  μ	
   	
  	
  	
  0.6	
  –	
  2.0	
  μ	
   	
  	
  	
  0.6	
  –	
  2.4	
  μ	
   	
  0.6	
  –	
  2.0	
  (2.4)	
  
μ	
  

Spectrometer	
   	
  	
  	
  Slitless	
  Prism	
  
(2x6	
  H2RG	
  0.37”/pix)	
  

	
  	
  	
  Slitless	
  Prism	
  
(2x4	
  H2RG	
  0.45	
  “/pix)	
  

	
  	
  	
  Slitless	
  Prism	
   	
  GRISM	
  +	
  IFU	
  

Coronagraph	
   No	
   No	
   No	
   Yes	
  

WFIRST/AFTA	
  has	
  2.9x	
  larger	
  etendue	
  than	
  JDEM/Omega,	
  the	
  
version	
  of	
  WFIRST	
  proposed	
  to	
  the	
  decadal	
  survey	
  	
  



What	
  is	
  new	
  with	
  dark	
  energy?	
  
•  Beyond	
  FOM	
  

–  Devia7ons	
  from	
  GR	
  
–  Desire	
  to	
  measure	
  growth	
  rate	
  and	
  distance	
  as	
  a	
  func7on	
  of	
  
redshiP	
  using	
  many	
  techniques	
  

•  Experimental	
  improvements	
  
–  Planck,	
  BOSS	
  results	
  	
  
–  Intriguing	
  tensions	
  in	
  Planck	
  
–  Euclid	
  selected,	
  defined	
  	
  
–  LSST	
  moving	
  forward	
  with	
  NSF+DOE	
  support	
  
–  DESI	
  	
  likely	
  with	
  NSF/DOE	
  support	
  

•  By	
  2023,	
  precision	
  measurements	
  at	
  lower	
  redshiPs	
  are	
  
likely	
  well	
  underway	
  

IMPORTANCE	
  OF	
  MULTIPLE	
  TECHNIQUES	
  	
  AND	
  CONTROL	
  OF	
  SYSTEMATICS!	
  



Success	
  of	
  z<1	
  Ground-­‐Based	
  BAO	
  

Anderson	
  et	
  al.	
  1312.4877	
  (SDSS	
  III)	
  



Has	
  Planck	
  Ruled	
  Out	
  ΛCDM?	
  

•  Either	
  new	
  physics	
  or	
  a	
  reminder	
  of	
  the	
  importance	
  of	
  control	
  
of	
  systema7cs	
  
–  Need	
  to	
  use	
  only	
  cross-­‐correla7ons	
  in	
  Planck	
  maps	
  [dangers	
  
of	
  auto-­‐correla7ons	
  in	
  single	
  channel!]	
  

–  Need	
  to	
  beher	
  calibrate	
  cluster	
  masses	
  

Planck Collaboration: Cosmology from SZ clusters counts

Table 3. Constraints from clusters on �8(⌦m/0.27)0.3.

Experiment CPPPa MaxBCGb ACTc SPT Planck SZ

Reference Vikhlinin et al. Rozo et al. Hasselfield et al. Reichardt et al. This work
Number of clusters 49+37 70810 15 100 189
Redshift range [0.025,0.25] and [0.35,0.9] [0.1,0.3] [0.2,1.5] [0.3,1.35] [0.0,0.99]
Median mass (1014h�1Msol) 2.5 1.5 3.2 3.3 6.0
Probe N(z,M) N(M) N(z,M) N(z,YX) N(z)
S/N cut 5 (N200 > 11) 5 5 7
Scaling YX–TX , Mgas N200–M200 several LX–M, YX YSZ–YX
�8(⌦m/0.27)0.3 0.784 ± 0.027 0.806 ± 0.033 0.768 ± 0.025 0.767 ± 0.037 0.782 ± 0.010

a The degeneracy is �8(⌦m/0.27)0.47.
b The degeneracy is �8(⌦m/0.27)0.41.
c For ACT we choose the results assuming the universal pressure profile derived scaling law in this table (constraints with other scalings relations

are shown in Fig. 10).

the solid symbol and error bar. For SPT we show the “cluster-
only” constraints from Reichardt et al. (2012a). The two error
bars of the Planck SZ cluster red point indicate the statistical
and systematic (1 � b free in the range [0.7, 1.0]) error bars.
The figure thus shows good agreement amongst all cluster ob-
servations, whether in optical, X-rays, or SZ. Table 3 compares
the different data and assumptions of the different cluster-related
publications.

6.2. Consistency with the Planck y-map

In a companion paper (Planck Collaboration XXI 2013), we per-
formed an analysis of the SZ angular power spectrum derived
from the Planck y-map obtained with a dedicated component-
separation technique. For the first time, the power spectrum has
been measured at intermediate scales (50  `  1000). The
same modelling as in Sect. 2 and Taburet et al. (2009, 2010)
has been used to derive best-fit values of ⌦m and �8, assum-
ing the universal pressure profile (Arnaud et al. 2010b), a bias
1�b = 0.8, and the best-fit values for other cosmological param-
eters from Planck Collaboration XVI (2013). The best model ob-
tained, shown in Fig. 7 as a dashed line, confirms the consistency
between the Planck SZ number counts and the signal observed
in the y-map.

6.3. Comparison with Planck primary CMB constraints

We now compare the Planck SZ cluster constraints to those from
the analysis of the primary CMB temperature anisotropies given
in Planck Collaboration XVI (2013). In that analysis �8 is de-
rived from the standard six ⇤CDM parameters.

The primary CMB constraints, in the (⌦m,�8) plane, dif-
fer significantly from our constraints, in favouring higher val-
ues of each parameter, as seen in Fig. 11. This leads to a larger
number of predicted clusters than actually observed (see Fig. 7).
There is therefore some tension between the results from this
analysis and our own. Figure 10 illustrates this with a compar-
ison of three CMB analyses5 (Planck Collaboration XVI 2013;
Story et al. 2012; Hinshaw et al. 2012) with cluster constraints
in terms of �8(⌦m/0.27)0.3.

5 For Planck CMB we derived the constraints from the chain corre-
sponding to column 1 of Table 2 of Planck Collaboration XVI (2013).
Note that the SPT results may be biased low by systematics, as dis-
cussed in the appendix of Planck Collaboration XVI (2013).

Fig. 11. 2D ⌦m–�8 likelihood contours for the analysis with
Planck CMB only (red); Planck SZ + BAO + BBN (blue); and
the combined Planck CMB + SZ analysis where the bias (1 � b)
is a free parameter (black).

It is possible that the tension results from a combination of
some residual systematics with a substantial statistical fluctu-
ation. Enough tests and comparisons have been made on the
Planck data sets that it is plausible that at least one discrepancy
at the two or three sigma level will arise by chance. Nevertheless,
it is worth considering the implications of the discrepancy being
real.

As we have discussed, the modelling of the cluster gas
physics is the most important uncertainty in our analysis, in
particular the mass bias (1 � b) between the hydrostatic and
true masses. While we have argued that the preferred value is
(1 � b) ' 0.8, with a plausible range from 0.7 to 1, a signifi-
cantly lower value would substantially alleviate the tension be-
tween CMB and SZ constraints. Performing a joint analysis us-
ing the CMB likelihood presented in Planck Collaboration XV
(2013) and the cluster likelihood of this paper, we find (1 � b) =
0.55± 0.06 and the black contours shown in Fig. 11 (in that case
(1 � b) was sampled in the range [0.1,1.5]). Such a large bias
is difficult to reconcile with numerical simulations, and cluster
masses estimated from X-rays and from weak lensing do not typ-
ically show such large offsets. Some systematic discrepancies
in the relevant scaling relations were, however, identified and
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Is	
  the	
  Big	
  Rip	
  Coming?	
  

Suyu	
  et	
  al.	
  1306.4732	
  

H0	
  tension	
  between	
  Planck	
  ,	
  
Cepheid	
  and	
  7me-­‐delay	
  
measurements	
  

Big	
  Rip!	
  
Systema7cs	
  or	
  New	
  Physics?	
  





Larger	
  aperture	
  and	
  IFU	
  allow	
  
major	
  improvements	
  over	
  DRM1	
  
and	
  IDRM:	
  
•  More	
  SNe	
  (2750	
  vs.	
  1500)	
  
•  More	
  even	
  redshiP	
  distribu7on	
  	
  
•  Lower	
  systema-cs:	
  Beher	
  photometry	
  

and	
  calibra7on,	
  no	
  K-­‐correc7ons,	
  
spectral	
  diagnos7cs	
  to	
  compare	
  
similar	
  high-­‐	
  and	
  low-­‐z	
  SNe	
  

Observing	
  strategy	
  can	
  be	
  tailored	
  to	
  
match	
  sta7s7cal	
  and	
  systema7c	
  
uncertain7es	
  in	
  each	
  redshiP	
  bin.	
  

Euclid	
  has	
  no	
  planned	
  SN	
  program	
  
SN	
  has	
  greatest	
  leverage	
  in	
  FoM	
  

	
  Supernova	
  Comparison	
  

Fr
ac
7o

na
l	
  D
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  E
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RedshiP	
  

IDRM	
  

AFTA	
  



Supernova	
  Survey	
  Comparisons	
  

Feature	
   IDRM	
   WFIRST2.4	
  
Total	
  no	
  of	
  SNe	
   	
  	
  	
  1200	
   	
  	
  	
  2750	
  
Z	
  Range	
   	
  	
  	
  	
  0.2	
  –	
  1.2	
   	
  	
  	
  0.2	
  –	
  1.7	
  
Lightcurves	
  from	
   	
  	
  	
  Filters	
   	
  	
  	
  IFU	
  Spectra	
  
Spectroscopy	
   	
  	
  	
  Prism	
   	
  	
  Integral	
  Field	
  Unit	
  
R(2	
  pixel)	
   	
  	
  	
  75	
   	
  	
  	
  75	
  
Peak	
  S/N	
  *	
   	
  	
  	
  15	
   	
  	
  	
  47	
  
	
  σ(dist)	
  at	
  best	
  z	
   	
  	
  	
  0.007-­‐0.010	
   	
  	
  	
  0.0045	
  
	
  FoM(AFTA)/FoM(IDRM)	
  **	
   	
  	
  	
  1.0	
   	
  	
  	
  2.3	
  –	
  3.4	
  



Signal-­‐‑to-­‐‑Noise  of  1  
SN  Ia  spectrum	




Signal-­‐‑to-­‐‑Noise  of  7      
SN  Ia  spectrum	


High	
  quality	
  SN	
  spectra	
  will	
  
also	
  produce	
  insights	
  into	
  SN	
  
progenitors	
  



SN	
  Twins	
   	
  Nearby	
  Supernova	
  Factory	
  



SN	
  Factory	
  

for  2µ cutoff 

0.08	





Comparison	
  to	
  DRM1	
  	
  
+Smaller	
  survey	
  area	
  (2000	
  deg2	
  vs.	
  2700	
  deg2)	
  but	
  higher	
  neff	
  (74	
  arcmin-­‐2	
  vs.	
  36	
  arcmin-­‐2	
  
when	
  stacked)	
  leads	
  to	
  1.5×	
  increase	
  in	
  galaxy	
  number,	
  corresponding	
  to	
  about	
  1.5×	
  
improvement	
  in	
  FoM	
  contribu7on.	
  
+	
  Higher	
  neff	
  makes	
  higher	
  order	
  sta7s7cs	
  much	
  more	
  powerful,	
  allows	
  detailed	
  dark	
  maher	
  
maps,	
  greater	
  gains	
  in	
  extended	
  survey	
  
+	
  STOP	
  analysis	
  shows	
  best	
  performance	
  of	
  all	
  designs	
  studied	
  (PSF	
  stability)	
  
Comparison	
  to	
  Euclid	
  
-­‐	
  Euclid	
  has	
  lower	
  neff	
  (20-­‐35	
  arcmin-­‐2)	
  but	
  larger	
  area	
  (15,000	
  deg2)	
  with	
  6	
  years	
  devoted	
  to	
  
dark	
  energy,	
  with	
  more	
  shape	
  measurements	
  and	
  thus	
  higher	
  sta7s7cal	
  precision	
  
+	
  AFTA-­‐WFIRST	
  has	
  much	
  -ghter	
  control	
  and	
  cross-­‐checks	
  of	
  systema-cs:	
  8-­‐9	
  exposures	
  in	
  3	
  
shape	
  measurement	
  filters	
  (allowing	
  6	
  auto/cross	
  correla7ons)	
  vs.	
  3-­‐4	
  exposures	
  in	
  a	
  single	
  
wide	
  op7cal	
  filter	
  

AFTA-­‐WFIRST	
  much	
  more	
  likely	
  to	
  achieve	
  sta7s7cs-­‐limited	
  accuracy	
  

	
  Weak	
  Lensing	
  Comparison	
  

WFIRST-­‐2.4	
  IFU	
  in	
  Parallel	
  Mode	
  will	
  provide	
  10-­‐25	
  K	
  spectroscopic	
  measurements.	
  
Without	
  large	
  spectroscopic	
  sample,	
  weak	
  lensing	
  FoM	
  is	
  reduced	
  significantly.	
  



Weak	
  Lensing	
  comparison	
  
Euclid	
   IDRM	
   AFTA	
  

Shape	
  bands	
   1	
  [Vis]	
   2	
  [J/H]	
   3	
  [J/H/F184]	
  

PSF	
  EE50	
   0.13”	
  [Vis]	
   0.16”	
  [J]	
   0.12”	
  [J]	
  

Galaxy	
  density	
  neff	
  (gal/am2)	
  
[Cuts:	
  Res>0.4,	
  S/N>18,	
  σe<0.2]	
  

35	
  
[21	
  with	
  Nexp≥3*]	
  

26/28	
  
[36	
  stacked]	
  

54/61/44	
  
[74	
  stacked]	
  

#	
  Exposures	
  per	
  galaxy	
   3—4	
   10	
   16	
  

#	
  Observing	
  passes	
  per	
  field§	
   1	
   4	
   6	
  

Sky	
  coverage	
  (deg2)	
   15,000	
  
[primary	
  mission]	
  

2,700	
  
[in	
  1	
  year]	
  

2,050	
  
[in	
  1.17	
  years]	
  

Stassscal	
  error	
  on	
  amplitude	
  
of	
  mater	
  fluctuasons	
  

0.08%	
   0.13%	
   0.10%	
  

Median	
  source	
  redshiw	
   0.8	
   1.0	
   1.2	
  

§	
  The	
  number	
  of	
  passes	
  differs	
  from	
  the	
  number	
  of	
  exposures	
  in	
  that	
  small-­‐step	
  dithers	
  are	
  not	
  
counted	
  as	
  separate.	
  This	
  determines	
  the	
  number	
  of	
  repeat	
  observa7ons	
  available	
  for	
  null	
  tests.	
  

*	
  Defined	
  as	
  3	
  exposures	
  with	
  no	
  cosmic	
  ray	
  within	
  3	
  pixels	
  of	
  the	
  galaxy	
  center	
  (the	
  same	
  cut	
  as	
  used	
  
in	
  the	
  WFIRST	
  forecasts).	
  



Comparison	
  to	
  IDRM	
  
•  Hα	
  redshiP	
  range	
  z	
  =	
  1-­‐2	
  (2.7)	
  instead	
  of	
  

z=0.7-­‐2	
  
•  Smaller	
  survey	
  area	
  (2000	
  deg2	
  vs.	
  2700	
  

deg2)	
  but	
  much	
  higher	
  galaxy	
  space	
  density	
  
•  FOM	
  ra7o	
  =	
  0.99	
  for	
  full	
  sample.	
  AFTA	
  is	
  a	
  

1.6x	
  improvements	
  for	
  z>	
  1	
  
•  [OIII]	
  emihers	
  provide	
  sparsely	
  sampled	
  

tracers	
  for	
  BAO	
  and	
  RSD	
  at	
  z=2-­‐3	
  
Comparison	
  to	
  Euclid	
  
•  Euclid	
  has	
  larger	
  area	
  but	
  10x	
  lower	
  space	
  

density.	
  	
  
•  DESI	
  numbers	
  

Forecast	
  aggregate	
  precision:	
  0.40%	
  in	
  DA,	
  0.72%	
  in	
  H,	
  at	
  z=1-­‐2	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1.3%	
  in	
  DA,	
  1.8%	
  in	
  H,	
  at	
  z=2-­‐3	
  ([OIII]	
  emihers)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1.2%	
  in	
  σm(z)f(z)	
  at	
  z=1-­‐2	
  (from	
  RSD)	
  
	
  

	
  RedshiP	
  Survey/BAO	
  Comparison	
  

2.4	
  µm	
  cutoff	
  

 0

 1

 2

 3

 4

 5

 6

 7

 8

 0  0.5  1  1.5  2  2.5  3

nP
(k

=0
.2

h/
M

pc
)

z

DESI ELG+LRG (14k deg2)
Euclid (15k deg2)

AFTA (2k deg2)
IDRM deep (2.7k deg2)
IDRM wide (11k deg2)



Yun Wang, January 2014 

DESI	
   Euclid	
   IDRM	
   AFTA	
  
2	
  µm	
  cutoff	
  

AFTA	
  
2.4µm	
  cutoff	
  

Redshiw	
  
range	
  

[OII],	
  [OIII]:	
  	
  
0.1<z<1.7	
  
LRG:	
  	
  
0.1<z<1	
  

Hα:	
  1<z<2	
  
	
  

Hα:	
  
0.7<z<2	
  

Hα:	
  
	
  1<z<2	
  
[OIII]:	
  
1.7<z<2.9	
  

Hα:	
  	
  
1<z<2.7	
  
[OIII]:	
  
1.7<z<3.8	
  

Main	
  gal.	
  
#	
  /(deg)2	
  

1,300	
   1,700	
   9,300	
   11,600	
   TBD	
  

2nd	
  gal.	
  	
  #	
  	
  
/(deg)2	
  

300	
   0	
   0	
   >	
  1,000	
  	
   TBD	
  

Survey	
  
sme	
  /
1000	
  
(deg)2	
  

~118	
  days	
   ~122	
  days	
   135	
  days	
  	
   118	
  days	
   TBD	
  

RedshiP	
  Survey	
  Comparison	
  



Compared	
  to	
  Euclid	
  and	
  DESI:	
  smaller	
  survey	
  area	
  but	
  much	
  denser	
  sampling.	
  	
  
Focused	
  on	
  redshiP	
  range	
  z>1	
  that	
  is	
  most	
  difficult	
  from	
  ground.	
  
Density	
  important	
  for	
  higher	
  order	
  clustering	
  measurements,	
  allows	
  splits	
  of	
  
sample	
  to	
  test	
  for	
  systema7cs	
  (should	
  get	
  same	
  cosmology	
  from	
  different	
  
galaxies).	
  

Simulated	
  slices	
  at	
  z=1.5.	
  	
  Circles	
  mark	
  clusters	
  of	
  5e13	
  and	
  1e14.	
  

	
  Complementarity	
  in	
  RedshiP	
  Range	
  and	
  
Depth	
  enables	
  Richer	
  Science	
  

Dark	
  
Maher	
  

nP	
  =	
  0.3	
  
(Euclid)	
  

nP	
  =	
  4.0	
  
(AFTA)	
  



DETF-­‐FOM	
  Improvement	
  

Norm.	
  to	
  IDRM	
  

Supernova	
   2.3-­‐3.4	
  

BAO	
  (for	
  z	
  >	
  1)	
   1.6	
  	
  

Weak	
  lensing	
   1.5	
  	
  	
  (x	
  1-­‐1.7	
  for	
  IFU	
  redshiws)	
  

The	
  FoM	
  comparison	
  underes7mates	
  improvement	
  :	
  
•  Significantly	
  improved	
  control	
  of	
  systema7cs	
  (par7cularly	
  for	
  SN)	
  
•  Significantly	
  improved	
  higher	
  order	
  sta7s7cs	
  (WL)	
  
•  Improved	
  complementarity	
  to	
  other	
  surveys	
  (higher	
  median	
  
redshiP)	
  

•  Increased	
  flexibility	
  





BACKUP	
  SLIDES	
  

•  Supernova	
  
•  Increased	
  Flexibility	
  
•  Weak	
  Lensing	
  
•  IFU	
  
•  BAO	
  
•  Dark	
  Energy	
  
•  Planck	
  
•  Euclid	
  



FoM	
  =	
  [σ(wp)	
  ×	
  σ(wa)]-­‐1	
  for	
  baseline	
  case	
  is	
  7.5×	
  increase	
  over	
  “Stage	
  III”	
  forecast.	
  

This	
  represents	
  big	
  advance	
  in	
  ability	
  to	
  dis7nguish	
  physically	
  interes7ng	
  models.	
  

All	
  elements	
  of	
  program	
  contribute,	
  	
  as	
  one	
  sees	
  by	
  doubling	
  precision	
  of	
  any	
  one	
  
of	
  them;	
  such	
  doubling	
  might	
  be	
  achieved	
  by	
  further	
  7ghtening	
  systema7cs,	
  
increasing	
  survey	
  area	
  in	
  extended	
  mission,	
  beher	
  theore7cal	
  modeling.	
  	
  

Calcula7on	
  includes	
  AFTA-­‐WFIRST,	
  Planck,	
  local	
  SN	
  calibrators,	
  BOSS.	
  

Doesn’t	
  include	
  cluster-­‐galaxy	
  and	
  galaxy-­‐galaxy	
  lensing;	
  forecasts	
  for	
  these	
  are	
  
more	
  uncertain,	
  but	
  likely	
  to	
  improve	
  constraints	
  significantly.	
  



Major	
  advance	
  in	
  tes7ng	
  modified	
  gravity	
  explana7ons	
  of	
  cosmic	
  accelera7on,	
  
here	
  parameterized	
  by	
  devia7on	
  of	
  growth	
  index	
  γ.	
  

With	
  baseline	
  assump7ons,	
  WL	
  dominates	
  these	
  constraints;	
  cluster-­‐galaxy	
  and	
  
galaxy-­‐lensing	
  likely	
  to	
  improve	
  them	
  by	
  significant	
  factor.	
  

Comparison	
  of	
  WL	
  and	
  RSD	
  is	
  itself	
  an	
  important	
  test	
  of	
  modified	
  gravity	
  models;	
  
affected	
  by	
  different	
  gravita7onal	
  poten7als	
  that	
  are	
  equal	
  in	
  GR.	
  

AFTA-­‐WFIRST	
  RSD	
  also	
  probes	
  higher	
  redshiP.	
  

	
  



Why	
  did	
  the	
  IFU	
  become	
  baseline	
  in	
  AFTA-­‐WFIRST?	
  
Lower	
  systema-cs	
  
Beher	
  calibra7on:	
  

Each	
  pixel	
  on	
  detector	
  illuminated	
  by	
  light	
  of	
  fixed	
  wavelength	
  for	
  both	
  
source	
  and	
  backgrounds	
  
Total	
  #	
  of	
  pixels	
  to	
  calibrate	
  is	
  small;	
  feasible	
  to	
  scan	
  standard	
  star	
  
along	
  length	
  of	
  each	
  slice	
  in	
  IFU	
  

No	
  K-­‐correc7ons;	
  compare	
  SNe	
  at	
  fixed	
  rest-­‐frame	
  wavelength	
  (slitless	
  
spectra	
  have	
  much	
  higher	
  background	
  noise)	
  
Spectral	
  diagnos7cs	
  for	
  sub-­‐typing	
  SNe;	
  reduce	
  evolu7onary	
  systema7cs	
  
and	
  add	
  cross-­‐checks	
  by	
  comparing	
  like-­‐to-­‐like	
  across	
  redshiP.	
  

Be9er	
  sta-s-cs	
  
More	
  efficient	
  than	
  wide-­‐field	
  slitless	
  spectroscopy	
  because	
  exposure	
  7me	
  
tailored	
  to	
  each	
  individual	
  SN.	
  	
  More	
  SNe	
  measured.	
  
RedshiP	
  distribu7on	
  can	
  be	
  tailored	
  to	
  be	
  op7mal.	
  
This	
  gain	
  is	
  much	
  larger	
  for	
  the	
  2.4m	
  than	
  1.3m	
  aperture.	
  
	
  
See	
  Perlmu9er	
  slides	
  for	
  much	
  further	
  detail	
  and	
  addi-onal	
  benefits	
  of	
  IFU.	
  



SN	
  data	
  quality	
   “Clean”	
  SN	
  spectrum	
  now	
  available:	
  Host	
  galaxy	
  light	
  contamina7on	
  can	
  be	
  
removed	
  from	
  SN	
  spectrum	
  by	
  image-­‐subtrac7on	
  algorithm.	
  

Each	
  SN	
  observa7on	
  now	
  has	
  full	
  wavelength	
  range	
  of	
  WFIRST.	
  

Systemasc	
  
error	
  control	
  

K	
  correc7on	
  systema7c	
  error	
  now	
  removed:	
  each	
  observa7on	
  performed	
  with	
  
spectrophotometry.	
  

SN	
  evolu7on	
  (popula7on	
  driP)	
  can	
  now	
  be	
  controlled	
  by	
  matching	
  high-­‐S/N	
  
spectrum	
  to	
  low-­‐redshiP	
  SN	
  standards.	
  	
  Feasible	
  with	
  2.4m	
  telescope.	
  

Photometry	
  calibra7on	
  systema7c	
  errors	
  now	
  controlled	
  wavelength-­‐by-­‐
wavelength	
  at	
  R	
  ~	
  100.	
  	
  

Observing	
  
efficiency	
  

More	
  7me-­‐efficient	
  SN	
  follow-­‐up	
  strategy	
  now	
  available:	
  aPer	
  discovery,	
  faster	
  
to	
  follow	
  individual	
  SN	
  with	
  tuned	
  exposure	
  7mes.	
  

Science	
  results	
   Can	
  now	
  follow	
  >~150	
  SNe	
  in	
  each	
  redshiP	
  bin	
  (delta	
  z	
  =	
  0.1)	
  from	
  z	
  =	
  0.2	
  to	
  
1.7,	
  with	
  same	
  S/N,	
  yielding	
  sub-­‐percent	
  distances.	
  

Dark	
  Energy	
  Figure	
  of	
  Merit	
  (FoM=312	
  from	
  SN	
  alone)	
  now	
  3.4x	
  higher	
  than	
  
IDRM,	
  and	
  SN	
  is	
  now	
  the	
  single	
  most	
  important	
  contributor.	
  Combined	
  FoM	
  
with	
  BAO	
  (WFIRST	
  or	
  Euclid)	
  also	
  significantly	
  higher,	
  i.e.,	
  SN	
  is	
  complementary	
  
to	
  BAO	
  even	
  when	
  measuring	
  distances	
  at	
  the	
  same	
  redshiPs	
  .	
  

Weak	
  Lensing	
  
data	
  

Parallel	
  IFU	
  spectroscopy	
  during	
  imaging	
  surveys	
  yields	
  10K-­‐-­‐25K	
  galaxy	
  spectra	
  
out	
  to	
  z	
  ~4,	
  required	
  to	
  calibrate	
  photo-­‐z’s	
  for	
  WL.	
  

Science	
  results	
   DE	
  FoM	
  from	
  WL	
  could	
  be	
  1.6x	
  higher,	
  with	
  these	
  IFU	
  photo-­‐z	
  calibra7ons.	
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WFIRST	
  WFC	
  
calibra7on	
  

The	
  IFU	
  would	
  be	
  the	
  anchor	
  for	
  photometric	
  calibra7on	
  of	
  the	
  en7re	
  WFIRST	
  
Wide	
  Field	
  Camera.	
  	
  	
  



Comments	
  on	
  dark	
  energy	
  Figures	
  of	
  Merit	
  

Widely	
  used	
  measure	
  is	
  FoM	
  =	
  [σ(wp)	
  ×	
  σ(wa)]-­‐1	
  for	
  forecast	
  errors	
  on	
  a	
  
model	
  in	
  which	
  w(a)	
  =	
  wp	
  +	
  wa(ap-­‐a),	
  assuming	
  standard	
  maher	
  and	
  radia7on	
  
content	
  and	
  GR,	
  allowing	
  non-­‐zero	
  curvature.	
  	
  Typically	
  ap	
  ≈	
  0.7.	
  	
  
Useful	
  standard	
  of	
  comparison	
  and	
  op7miza7on,	
  but	
  doesn’t	
  account	
  for	
  
sensi7vity	
  to	
  GR	
  devia7ons	
  or	
  early	
  dark	
  energy.	
  
Assump7ons	
  about	
  systema7c	
  uncertain7es	
  have	
  big	
  impact	
  on	
  FoM.	
  
We	
  focus	
  on	
  FoM	
  of	
  combined	
  program	
  and	
  variants	
  around	
  it;	
  much	
  less	
  
sensi7ve	
  to	
  external	
  assump7ons	
  than	
  “single-­‐probe”	
  FoM.	
  
We	
  also	
  characterize	
  probes	
  by	
  the	
  aggregate	
  frac7onal	
  precision	
  with	
  which	
  
they	
  measure	
  their	
  primary	
  observable,	
  including	
  es7mate	
  of	
  systema7c	
  
error	
  contribu7on.	
  
More	
  model-­‐independent	
  than	
  FoM.	
  
Contribu7on	
  to	
  FoM	
  generally	
  scales	
  as	
  (σagg)-­‐2.	
  



Supernova	
  Survey	
  Comparison	
  
•  The	
  beher	
  instrument	
  enables	
  a	
  much	
  beher	
  
supernova	
  survey	
  

•  More	
  supernovae	
  over	
  a	
  broader	
  redshiP	
  range	
  with	
  
beher	
  signal	
  to	
  noise	
  at	
  supernova	
  peak	
  light,	
  which	
  
translates	
  into	
  a	
  beher	
  distance	
  measurement	
  
precision	
  and	
  a	
  beher	
  Figure	
  of	
  Merit.	
  	
  

•  The	
  high	
  signal	
  to	
  noise	
  spectra	
  enabled	
  by	
  the	
  Integral	
  
Field	
  Spectrometer	
  (IFU)	
  promises	
  reduced	
  and	
  beher	
  
control	
  	
  of	
  systema7c	
  errors	
  that	
  allow	
  AFTA-­‐
WFIRST2.4	
  to	
  fully	
  capitalize	
  on	
  the	
  improved	
  
sta7s7cal	
  errors	
  of	
  the	
  larger	
  sample	
  of	
  supernovae	
  
produced	
  by	
  the	
  larger	
  mirror.	
  



SN	
  data	
  quality	
   “Clean”	
  SN	
  spectrum	
  now	
  available:	
  Host	
  galaxy	
  light	
  contamina7on	
  can	
  be	
  
removed	
  from	
  SN	
  spectrum	
  by	
  image-­‐subtrac7on	
  algorithm.	
  

Each	
  SN	
  observa7on	
  now	
  has	
  full	
  wavelength	
  range	
  of	
  WFIRST.	
  

Much	
  higher	
  S/N	
  spectra	
  (slitless	
  spectra	
  had	
  much	
  higher	
  background	
  noise).	
  

Systemasc	
  
error	
  control	
  

K	
  correc7on	
  systema7c	
  error	
  now	
  removed:	
  each	
  observa7on	
  performed	
  with	
  
spectrophotometry.	
  

SN	
  evolu7on	
  (popula7on	
  driP)	
  can	
  now	
  be	
  controlled	
  by	
  matching	
  high-­‐S/N	
  
spectrum	
  to	
  low-­‐redshiP	
  SN	
  standards.	
  The	
  2.4-­‐m	
  &	
  IFU	
  make	
  this	
  possible.	
  

Photometry	
  calibra7on	
  systema7c	
  errors	
  now	
  controlled	
  wavelength-­‐by-­‐
wavelength	
  at	
  R	
  ~	
  100.	
  	
  Each	
  pixel	
  on	
  detector	
  illuminated	
  by	
  light	
  of	
  fixed	
  
wavelength	
  for	
  both	
  source	
  and	
  backgrounds,	
  and	
  total	
  #	
  of	
  pixels	
  to	
  calibrate	
  
is	
  small	
  enough	
  that	
  standard	
  stars	
  can	
  be	
  scanned	
  along	
  each	
  slice	
  of	
  IFU.	
  

Observing	
  
efficiency	
  

More	
  7me-­‐efficient	
  IFU-­‐follow-­‐up	
  strategy	
  now	
  available:	
  aPer	
  discovery,	
  faster	
  
to	
  follow	
  individual	
  SN	
  with	
  tuned	
  exposure	
  7mes	
  –	
  and	
  redshiP	
  distribu7on	
  
can	
  be	
  tailored	
  to	
  be	
  op7mal.	
  	
  This	
  gain	
  is	
  even	
  larger	
  for	
  AFTA	
  than	
  IDRM.	
  

Science	
  results	
   Can	
  now	
  follow	
  >~150	
  SNe	
  in	
  each	
  redshiP	
  bin	
  (delta	
  z	
  =	
  0.1)	
  from	
  z	
  =	
  0.2	
  to	
  
1.7,	
  with	
  same	
  S/N,	
  yielding	
  sub-­‐percent	
  distances.	
  

Dark	
  Energy	
  Figure	
  of	
  Merit	
  (FoM=312	
  from	
  SN	
  alone)	
  now	
  2.3-­‐-­‐3.4x	
  higher	
  
than	
  IDRM,	
  and	
  SN	
  is	
  now	
  the	
  single	
  most	
  important	
  contributor.	
  Combined	
  
FoM	
  with	
  BAO	
  (WFIRST	
  or	
  Euclid)	
  also	
  significantly	
  higher,	
  i.e.,	
  SN	
  is	
  
complementary	
  to	
  BAO	
  even	
  when	
  measuring	
  distances	
  at	
  the	
  same	
  redshiPs	
  .	
  

Weak	
  Lensing	
  
data	
  

Parallel	
  IFU	
  spectroscopy	
  during	
  imaging	
  surveys	
  yields	
  10K-­‐-­‐25K	
  galaxy	
  spectra	
  
out	
  to	
  z	
  ~4,	
  required	
  to	
  calibrate	
  photo-­‐z’s	
  for	
  WL.	
  	
  	
  This	
  will	
  feed	
  into	
  improved	
  
DE	
  FoM	
  from	
  WL.	
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Mission	
  Cost/Complexity	
   IFU	
  simplifies	
  poin7ng,	
  calibra7on,	
  and	
  stability	
  requirements.	
  



SN	
  data	
  quality	
   “Clean”	
  SN	
  spectrum	
  now	
  available:	
  Host	
  galaxy	
  light	
  contamina7on	
  can	
  be	
  
removed	
  from	
  SN	
  spectrum	
  by	
  image-­‐subtrac7on	
  algorithm.	
  

Each	
  SN	
  observa7on	
  now	
  has	
  full	
  wavelength	
  range	
  of	
  WFIRST.	
  

Much	
  higher	
  S/N	
  spectra	
  (slitless	
  spectra	
  had	
  much	
  higher	
  background	
  noise).	
  

Systemasc	
  
error	
  control	
  

K	
  correc7on	
  systema7c	
  error	
  now	
  removed:	
  each	
  observa7on	
  performed	
  with	
  
spectrophotometry.	
  

SN	
  evolu7on	
  (popula7on	
  driP)	
  can	
  now	
  be	
  controlled	
  by	
  matching	
  high-­‐S/N	
  
spectrum	
  to	
  low-­‐redshiP	
  SN	
  standards.	
  The	
  2.4-­‐m	
  &	
  IFU	
  make	
  this	
  possible.	
  

Photometry	
  calibra7on	
  systema7c	
  errors	
  now	
  controlled	
  wavelength-­‐by-­‐
wavelength	
  at	
  R	
  ~	
  100.	
  	
  Each	
  pixel	
  on	
  detector	
  illuminated	
  by	
  light	
  of	
  fixed	
  
wavelength	
  for	
  both	
  source	
  and	
  backgrounds,	
  and	
  total	
  #	
  of	
  pixels	
  to	
  calibrate	
  
is	
  small	
  enough	
  that	
  standard	
  stars	
  can	
  be	
  scanned	
  along	
  each	
  slice	
  of	
  IFU.	
  

Observing	
  
efficiency	
  

More	
  7me-­‐efficient	
  IFU-­‐follow-­‐up	
  strategy	
  now	
  available:	
  aPer	
  discovery,	
  faster	
  
to	
  follow	
  individual	
  SN	
  with	
  tuned	
  exposure	
  7mes	
  –	
  and	
  redshiP	
  distribu7on	
  
can	
  be	
  tailored	
  to	
  be	
  op7mal.	
  	
  	
  This	
  gain	
  is	
  even	
  larger	
  for	
  AFTA	
  than	
  IDRM.	
  

Science	
  results	
   Can	
  now	
  follow	
  >~150	
  SNe	
  in	
  each	
  redshiP	
  bin	
  (delta	
  z	
  =	
  0.1)	
  from	
  z	
  =	
  0.2	
  to	
  
1.7,	
  with	
  same	
  S/N,	
  yielding	
  sub-­‐percent	
  distances.	
  

Dark	
  Energy	
  Figure	
  of	
  Merit	
  (FoM=312	
  from	
  SN	
  alone)	
  now	
  2.3-­‐-­‐3.4x	
  higher	
  
than	
  IDRM,	
  and	
  SN	
  is	
  now	
  the	
  single	
  most	
  important	
  contributor.	
  Combined	
  
FoM	
  with	
  BAO	
  (WFIRST	
  or	
  Euclid)	
  also	
  significantly	
  higher,	
  i.e.,	
  SN	
  is	
  
complementary	
  to	
  BAO	
  even	
  when	
  measuring	
  distances	
  at	
  the	
  same	
  redshiPs	
  .	
  

Mission	
  Cost/Complexity	
   IFU	
  simplifies	
  SN	
  poin7ng,	
  calibra7on,	
  and	
  stability	
  requirements.	
  

WFIRST-­‐AFTA	
  Supernova	
  Program:	
  Improvements	
  over	
  IDRM	
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IFU	
  

Use the 0.28 sq 
degree Wide Field 
Imager (with 0.11” 
pixels) to discover 
supernovae in two 
filter bands. 
 



IFU	
  Bench,	
  including	
  
Relay,	
  Slicer	
  and	
  
Detector	
  

IFU	
  

Small,	
  compact	
  assembly:	
  
•  ~	
  6	
  to	
  7	
  kg	
  
•  30	
  x	
  50	
  x	
  12.5	
  cm	
  



Integral Field Spectroscopy 
Concept 

Row	
  of	
  Pupil	
  Mirrors	
  

Row	
  of	
  Slit	
  Mirrors	
  

λ	
  

SN	
  

Telescope	
  Focal	
  
Plane	
  

Telescope	
  
Slicer	
  

Mirror	
  	
  

Array	
  

Baseline: 
3" x 3" with 0.15” slits 
0.6 – 2.0 µm wavelengths 
R = ~ 75—100 
 



SN  Ia  spectrum	

Signal-­‐‑to-­‐‑Noise  of  7    	


Use IFU spectra to get 
SN light curves with 
roughly a 5 day ���
rest frame cadence.   ���
���
Example: 
•  7 spectra on lightcurve from ���

-10 rest frame days before peak  
to +25 rest frame days past 
peak, S/N = 3 per pixel  ���
(S/N = 15 per synthetic filter 
band) 

•  1 reference spectrum after 
supernova has faded, ���
for galaxy subtraction with ���
S/N = 6 per pixel 

•  1 deep spectrum near peak for 
subtyping, spectral feature ratios 
etc. with S/N = 10 per pixel 



SN	
  Factory	
  

for	
  	
  2µ	
  cutoff	
  

0.08	
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3011	
  Supernovae	
  Total	
  2725	
  Supernova	
  Total	
  

Numbers	
  of	
  Supernovae	
  

For	
  an	
  example:	
  3	
  7er	
  survey,	
  scanning	
  different	
  areas	
  of	
  sky	
  for	
  different	
  
redshiP	
  ranges	
  	
  -­‐-­‐	
  	
  for	
  6	
  months	
  spread	
  over	
  2	
  years	
  calendar	
  7me	
  –	
  yields	
  
	
  
	
  



Error	
  on	
  SN	
  Distance	
  Measurement	
  

IDRM	
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Figures	
  of	
  Merit	
  

•  For	
  the	
  Supernova	
  Survey	
  only	
  	
  	
  	
  	
  	
  FoM	
  =	
  312	
  
•  Supernova	
  with	
  Stage	
  III	
  prior	
  	
  	
  	
  	
  	
  	
  	
  FoM	
  =	
  582	
  

SN 

BAO 
& LSS 

WL 



LSST  &  WFIRST  Weak  Lensing  DETF  FoM  is  >1.6x  
larger  if  can  train  at  z>2  with  IFU	


A  bigger  issue  for  WFIRST  WL:  H-­‐‑limited  sample  skews  to  higher  z!	


Subaru/PFS: 
equivalent # of 
spectra, 20-nights 
depth, 90%/85% 
success rate if can/
can’t resolve [OII] 
doublet !

99% of LSST Gold Sample!

WFIRST IFU: 
10-25k spectra 
over 3000 deg2!

Figure: C. Cunha


nread=76	
  

nread=773	
  



Internal	
  Inconsistencies	
  in	
  Planck	
  
Planck Collaboration: HFI data processing
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Figure 29. (Survey 2 � Survey 1)/2 consistency test result from the ds1 ⇥ ds2 cross spectra at 100, 143, and 217 GHz with the
fsky ' 0.30 mask derived from that used in the primary cosmological analysis (see the text). Left: the residual signal in each
bandpower up to the highest multipole used in the likelihood code (Planck Collaboration XV 2013). For clarity, the bins used in the
likelihood analysis are grouped four-by-four for ` > 60 and eight-by-eight for ` > 1250 in the plots above. We show in each bin
the variance of the C` distribution from the simulations. Note that the amplitude of the residual signal is under the binned sample
variance envelope expected for the fsky ' 0.30 mask (shown in black) up to ` ⇠ 1000 at all three frequencies. Right: zoom-in on the
low-` part of the spectrum, showing that although the di↵erence test failures are highly significant at these scales, their amplitudes
at all three CMB frequencies are less than or of the order of 0.5 µK2 for all multipoles up to ` = 200, which is a tiny fraction of the
binned sample variance at these scales.

The nominal mission survey di↵erence test results are shown in
Fig. 29, while Fig. 30 shows the outcome of a suite of di↵erence
map consistency tests at 217 GHz.

In Fig. 29, the angular power spectrum of the residual signal
is obtained by taking the cross spectrum between detector sets
ds1 and ds2 at each frequency (see Table 3) after application
of the fsky = 0.48 mask used in the primary cosmological ana-
lysis (Planck Collaboration XV 2013) combined with a mask of
the regions not seen by either the first or the second survey and
a mask of the point sources included in the input PSM maps.
The resulting sky fraction is 0.30 at 100 GHz, and 0.29 at both
143 GHz and 217 GHz. Results are then binned according to the
likelihood binning. For clarity, bins at multipoles higher than
` = 60 are grouped four-by-four, whereas those at ` > 1250
are grouped eight-by-eight. The plot at left shows the residual
signal over the whole range of multipoles used in the likelihood
analysis. At right, the same results are shown with a low-` zoom
(` < 200). In both cases, we report the variance of the C` distri-
bution in each bin as computed from the simulations.

At all three CMB frequencies, the ` < 200 residuals are strik-
ingly small, never exceeding about 0.5 µK2. Excluding a single
bin in each case, residuals actually remain below or at the level
of 0.2 µK2 over this range of multipoles. Although these non-
zero di↵erences are detected with very high statistical signific-
ance, they are many orders of magnitude smaller than the binned
sample variance (shown in black in Fig. 29) at these scales.
In particular, they cannot a↵ect the cosmological analysis. This
stays true all the way up to ` ⇠ 1000, at which point residuals
become higher than binned sample variance at 100 and 217 GHz.
At 143 GHz, this does not happen until ` reaches 1500.

In the multipole range from 1000 to 2500, although the amp-
litude of the residuals is almost always greater than the binned
sample variance, the variance in the simulation results is signi-
ficantly larger than in the ` < 1000 regime. As a result, the 100
and 143 GHz residuals for that range of multipoles are fully com-

patible with zero. However, the 217 GHz residuals in the same
multipole range are not, as can be directly inferred from the plot,
where a significant oscillatory feature starts at ` = 1000.

This survey-di↵erence test has been performed at each fre-
quency for all combinations of the input maps used in the like-
lihood analysis (two at 100 GHz, five at 143 GHz, and six at
217 GHz), and for two survey di↵erences: Survey 1 � Survey 2
and Survey 1 � Survey 3. In addition to the 217-ds1 ⇥ 217-ds2
cross spectrum shown in Fig. 29, only two other cross-spectra
fail this test, namely 217-1 ⇥ 217-ds2 and 217-1 ⇥ 217-3. In the
likelihood analysis (Planck Collaboration XV 2013), we have
checked that the determination of the cosmological parameters is
not a↵ected by the inclusion, or not, of these three cross-spectra.

7.2.1. ADC non-linearity impact

We check the impact of including the e↵ect of ADC non-
linearity by the comparison of data and simulations of the two
PSB pairs at 143 GHz. Note that this e↵ect had been suspected
to be significant, but was neither corrected for in the nominal
mission products, nor included in the corresponding Yardstick
simulation, since the relevant modelling information was only
obtained after the end of the HFI cryogenic phase through dedic-
ated data gathering during the warm phase. Figure 31 shows that
the inclusion of this e↵ect leads to similar ` <⇠ 100 deviations
from the Yardstick compared to those observed in the survey
di↵erence consistency test of the 143 GHz data. The inclusion
of this e↵ect makes little di↵erence at higher values of `.

7.2.2. Noise estimation bias from half-ring maps

A detailed comparison of the power spectra of the sum and dif-
ference of half-ring maps shows a constant o↵set of a few per-
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measurements	
  and	
  
cross-­‐checks	
  





PSF	
  Issues	
  for	
  WL	
  –	
  Part	
  I	
  
•  Key	
  parameters	
  for	
  WL	
  are	
  PSF	
  size	
  and	
  stability.	
  

–  Size	
  –	
  PSF	
  contribu7on	
  to	
  final	
  ellip7city	
  scales	
  as	
  ~(θpsf/θgal)2;	
  
exponent	
  is	
  4	
  in	
  the	
  PSF	
  ellip7city	
  power	
  spectrum!	
  
•  Other	
  aspects,	
  such	
  as	
  sta7s7cal	
  error	
  on	
  the	
  ellip7city,	
  are	
  similarly	
  
affected,	
  albeit	
  with	
  slightly	
  different	
  scalings.	
  

•  For	
  trades	
  between	
  PSFs	
  of	
  different	
  morphologies,	
  have	
  used	
  ½-­‐light	
  
radius	
  for	
  “size”	
  (see	
  next	
  chart)	
  –	
  this	
  beher	
  matches	
  more	
  detailed	
  
calcula7ons	
  than	
  e.g.	
  FWHM.	
  

–  Stability	
  –	
  PSF	
  must	
  be	
  measurable	
  from	
  stars	
  before	
  it	
  changes.	
  
•  Requires	
  detailed	
  analysis.	
  Note	
  that	
  obstructed	
  vs.	
  unobstructed	
  designs	
  
have	
  different	
  aberra7on	
  paherns	
  (e.g.	
  dominant	
  aberra7on	
  from	
  SM	
  
decenter	
  is	
  coma	
  vs.	
  as7gma7sm).	
  

•  AFTA	
  STOP	
  and	
  RWA-­‐induced	
  vibra7on	
  analysis	
  meets	
  preliminary	
  
stability	
  requirements	
  with	
  large	
  margins,	
  even	
  in	
  GEO.	
  These	
  analyses	
  
are	
  more	
  advanced	
  than	
  for	
  previous	
  versions	
  of	
  WFIRST.	
  



PSF	
  Issues	
  for	
  WL	
  –	
  Part	
  II	
  

•  See	
  expressions	
  for	
  WL	
  
biases	
  (addi7ve	
  and	
  
mul7plica7ve).	
  
–  Massey	
  et	
  al.	
  paper	
  is	
  an	
  

update	
  of	
  the	
  formalism	
  that	
  
underlies	
  error	
  budge7ng	
  for	
  
weak	
  lensing	
  programs.	
  

–  PSF	
  size	
  (RPSF)	
  and	
  
determina7on	
  errors	
  (terms	
  
with	
  δ)	
  are	
  key.	
   Massey	
  et	
  al.	
  2013	
  (MNRAS	
  429,	
  661)	
  

•  A	
  simpler	
  PSF	
  (off-­‐axis)	
  is	
  helpful	
  and	
  may	
  simplify	
  the	
  book-­‐
keeping	
  for	
  the	
  error	
  budget,	
  but	
  would	
  not	
  be	
  chosen	
  at	
  the	
  
expense	
  of	
  size	
  or	
  stability.	
  



Obstruc7on	
  Effect	
  on	
  PSF	
  
•  On-­‐axis	
  telescope	
  leads	
  to	
  

greater	
  complexity:	
  
–  More	
  power	
  in	
  diffrac7on	
  rings.	
  
–  12	
  spikes;	
  complex	
  features	
  in	
  inner	
  

few	
  λ/D	
  as	
  spikes	
  interfere	
  with	
  
rings	
  (see	
  figure	
  at	
  right).	
  

•  Power	
  sprayed	
  into	
  rings	
  leads	
  
to	
  worse	
  performance	
  than	
  an	
  
unobstructed	
  mirror	
  of	
  the	
  
same	
  outer	
  diameter.	
  

•  AFTA	
  ½-­‐light	
  radius	
  is	
  
equivalent	
  to	
  a	
  1.74	
  m	
  
unobstructed	
  entrance	
  pupil	
  
(both	
  in	
  J	
  band,	
  same	
  WFE).	
  

Obstructed	
  PSF	
  on	
  log10	
  intensity	
  scale,	
  with	
  
90	
  nm	
  aberra7ons;	
  grid	
  is	
  in	
  units	
  of	
  pixels.	
  



Why	
  the	
  PSF	
  half	
  light	
  radius,	
  reff?	
  
ü  WL	
  shape	
  measurement	
  depends	
  on	
  the	
  

SNR	
  of	
  a	
  galaxy	
  and	
  a	
  “penalty	
  factor”	
  for	
  
PSF	
  smearing	
  and	
  non-­‐Gaussian	
  profile.	
  

ü  The	
  plot	
  on	
  the	
  right	
  shows	
  a	
  comparison	
  
of	
  WL	
  shape	
  measurement	
  penalty	
  factor	
  
for	
  DRM2	
  and	
  2.4	
  m	
  on-­‐axis	
  (computed	
  
by	
  the	
  Fisher	
  matrix	
  integral	
  over	
  spa7al	
  
frequencies),	
  for	
  an	
  exponen7al	
  profile	
  
galaxy	
  in	
  H	
  band.	
  [NOTE:	
  This	
  comparison	
  
is	
  for	
  an	
  old	
  pupil	
  with	
  bigger	
  obstruc7on	
  
–	
  0%	
  and	
  40%	
  are	
  bounding	
  cases.]	
  

ü  In	
  comparing	
  off-­‐	
  and	
  on-­‐axis	
  telescopes,	
  
scaling	
  by	
  the	
  half-­‐light	
  radius	
  is	
  an	
  
excellent	
  indicator	
  of	
  the	
  amount	
  of	
  
degradason.	
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WL	
  Summary	
  for	
  Obstructed	
  Telescope	
  
•  Obstructed	
  pupil	
  reduces	
  AFTA	
  performance	
  rela-ve	
  to	
  an	
  off-­‐

axis	
  telescope	
  of	
  the	
  same	
  aperture.	
  
–  Larger	
  PSF	
  (by	
  any	
  metric).	
  
–  Longer	
  exposure	
  7mes	
  (even	
  the	
  effect	
  of	
  the	
  spider	
  is	
  significant,	
  up	
  to	
  

18%	
  in	
  background	
  limited	
  mode	
  –	
  this	
  is	
  taken	
  into	
  account	
  in	
  the	
  ETC).	
  
•  Wavefront	
  stability	
  is	
  essen7al	
  in	
  any	
  case,	
  and	
  the	
  top	
  Zernike	
  

modes	
  are	
  different	
  for	
  the	
  two	
  cases.	
  
–  There	
  is	
  no	
  strong	
  driver	
  to	
  “prefer”	
  one	
  aberra7on	
  pahern	
  over	
  another	
  –	
  

only	
  to	
  make	
  wavefront	
  driP	
  small	
  and	
  confined	
  to	
  a	
  finite	
  set	
  of	
  degrees	
  
of	
  freedom.	
  

•  Bohom	
  Line:	
  obstructed	
  telescopes	
  are	
  at	
  a	
  disadvantage,	
  but	
  
going	
  up	
  to	
  a	
  2.4	
  m	
  mirror	
  much	
  more	
  than	
  offsets	
  these	
  losses.	
  
–  The	
  off-­‐axis	
  IDRM	
  was	
  a	
  solu7on	
  to	
  a	
  problem:	
  improve	
  the	
  PSF	
  without	
  

increasing	
  the	
  mirror	
  size.	
  This	
  is	
  no	
  longer	
  the	
  problem	
  at	
  hand.	
  








