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WFIRST-2.4 Design Reference Mission Capabilities 
Imaging Capability 0.281 deg2 0.11 arcsec/pix 0.6 – 2.0 µm 
Filters Z087 Y106 J129 H158 F184 W149 

Wavelength (µm) 0.760-0.977 0.927-1.192 1.131-1.454 1.380-1.774 1.683-2.000 0.927-2.000 
PSF EE50 (arcsec) 0.11 0.12 0.12 0.14 0.14 0.13 

Spectroscopic 
Capability 

Grism (0.281 deg2) IFU (3.00 x 3.15 arcsec) 
1.35 – 1.95 µm, R = 550-800 0.6 – 2.0 µm, R = ~100 

Baseline Survey Characteristics 
Survey Bandpass Area (deg2) Depth Duration Cadence 
Exoplanet 
Microlensing 

Z, W 2.81 n/a 6 x 72 days 
 

W: 15 min 
Z: 12 hrs 

HLS Imaging Y, J, H, F184 2000 Y = 26.7, J = 26.9 
H = 26.7, F184 = 26.2 1.3 years n/a 

HLS 
Spectroscopy 

1.35 – 1.95 µm 2000 0.5x10-16 erg/s/cm2 
@ 1.65 µm 0.6 years n/a 

SN Survey    0.5 years 
(in a 2-yr interval) 

5 days 
Wide Y, J 27.44 Y = 27.1, J = 27.5 

Medium J, H 8.96 J = 27.6, H = 28.1 
Deep J, H 5.04 J = 29.3, H = 29.4 

IFU Spec 7 exposures with S/N=3/pix, 1 near peak with S/N=10/pix, 1 post-SN reference with S/N=6/pix 
Parallel imaging during deep tier IFU spectroscopy: Z, Y, J, H ~29.5, F184 ~29.0 

Guest Observer Capabilities 
1.4 years of the 5 year prime mission 

 Z087 Y106 J129 H158 F184 W149 
Imaging depth in 
1000 seconds (mAB) 

27.15 27.13 27.14 27.12 26.15 27.67 

texp for σread = σsky 
(secs) 

200 190 180 180 240 90 

Grism depth in 1000 
sec 

S/N=10 per R=~600 element at AB=20.4 (1.45 µm) or 20.5 (1.75 µm) 
texp for σread = σsky: 170 secs 

IFU depth in 1000 
sec 

S/N=10 per R~100 element at AB=24.2 (1.5 µm) 

Slew and settle time chip gap step: 13 sec, full field step: 61 sec, 10 deg step: 178 sec 
Optional Coronagraph Capabilities 

1 year in addition to the 5-year primary mission, interspersed, for a 6-year total mission 
Field of view Annular region around star, with 0.2 to 2.0 arcsec inner and outer radii 
Sensitivity Able to detect gas-giant planets and bright debris disks at the 1 ppb brightness level 
Wavelength range 400 to 1000 nm 
Image mode Images of full annular region with sequential 10% bandpass filters 
Spectroscopy mode Spectra of full annular region with spectral resolution of 70 
Polarization mode Imaging in 10% filters with full Stokes polarization 
Stretch goals 0.1 arcsec inner annulus radius, and super-Earth planets 

Table 1-2: WFIRST-2.4 design reference mission observing program. The quoted magnitude/flux limits are for point 
sources, 5σ  for imaging, 7σ  for HLS spectroscopy. 

Other stuff I’ll try to do as time permits: 
!
• Think about the guest observer program 

and how it relates to the baseline surveys. 

• Ponder the importance of the evil word 
synergy and timing with respect to JWST.  

• Generally try to understand where 
WFIRST fits into the experiment vs. facility 
models for doing astrophysics, and how 
one might best sell the project to an 
agency.



WFIRST-AFTA Surveys 

•  Multiple surveys: 
–  High Latitude Survey 

•  Imaging, spectroscopy, 
supernova monitoring 

–  Repeated Observations 
of Bulge Fields for 
microlensing 

–  25% Guest Observer 
Program 

–  Coronagraph 
Observations 

•  Flexibility to choose 
optimal approach 

04/30/2014 WFIRST-AFTA SDT Interim Report 11 

Near Infrared Surveys 
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A  P O M P O U S  A P P R O A C H  T O  W F I R S T  
“ B E Y O N D  T H E  L O C A L  G R O U P ”  S C I E N C E

• Thesis: It’s a well-defined physics experiment. A dark energy mission that is 
counting and photometering known things. We need to understand dark 
energy so this is a good thing. 

• Antithesis: No. It’s “Sloan in Space”. It allows proper statistical 
characterization of known things, from which tons of astrophysics emerges 
(including unknown relationships). Like SDSS, it will also discover new rare 
things.  SDSS is the most productive telescope in history, so this is another 
good thing. 

• Synthesis: Both are true. It’s a rare example of Sloan in Space emerging 
naturally from within the constraints of a physics experiment.  

• Irrelevant but true: it’s easier to predict the scientific return from WFIRST-
AFTA than it is to predict the scientific return from JWST.

WFIRST-AFTA Surveys 

•  Multiple surveys: 
–  High Latitude Survey 

•  Imaging, spectroscopy, 
supernova monitoring 

–  Repeated Observations 
of Bulge Fields for 
microlensing 

–  25% Guest Observer 
Program 

–  Coronagraph 
Observations 

•  Flexibility to choose 
optimal approach 
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Focus on the  “Sloan in Space” aspect.  There are two broad 
approaches opening up discovery space in this model: 
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Descriptions of Potential GO Science 
Programs in the 2013 SDT Report 

04/30/2014 WFIRST-AFTA SDT Interim Report 15 

Red on the left means 
the facility in the column 

cannot do it. So if a row is 
all red then it means it’s 

unique to WFIRST. 
!
!

Names are omitted. 
Text is intentionally 

illegible… don’t even 
try. Just look at the 

colours.

Green means it has 
that ‘X-factor’. For me, 

this was mainly how 
exciting it felt, and 

with bonus points for 
how synergistic it felt.

Green means it can be 
done as part of the 

high-latitude survey so 
guest observer time 
would be pointless.



LUMINOSITY FUNCTION OF HIGH-Z GALAXIES

At high-z, this 
is who we got:

Who we need:

B O U W E N S  + 1 3

T E P L I T Z C A PA K M A L H O T R A R H O A D S

B O U W E N S  + 1 3

C O E PA N E L S  C R E D I T:  M O U S TA K A S
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ble era in probing the first 1 billion years of cosmic his-
tory.  

2.3.2 Mapping Dark Matter on Intermediate and 
Large Scales 

Clusters of galaxies are important tracers of cosmic 
structure formation. All of their mass components in-
cluding dark matter, ionized gas and stars are directly 
or indirectly observable. By its design, the HLS will be 
superbly suited to mapping weak lensing signatures. 
The signal-to-noise ratio of the shear signal is propor-
tional to the square root of the surface density on the 
sky of galaxies that can be used to map the lensing. 
The WFIRST-2.4 HLS will produce catalogs with sur-
face densities of 60 – 70 galaxies per square arcminute 
in a single passband and potentially as high as 80 – 
100 galaxies per square arcminute in co-added multi-
band images. Achieving such densities for weak lensing 
measurements has already been demonstrated with the 
WFC3/IR camera on the Hubble Space Telescope. The 
WFIRST-2.4 HLS will thus enable WL maps that are a 
factor 3 – 5 higher number density of galaxies than any 
maps produced from the ground (even with 8 to 10 me-
ter telescopes) as illustrated in Figure 2-12. The larger 
telescope and multiple band will produce much more 
robust and higher quality WL maps than Euclid (see 
Figure 2-3). On cluster scales (200 kpc – 2 Mpc), this 

higher galaxy density will allow the dark matter to be 
mapped to a spatial resolution of ~40 – 50 kpc. When 
combined with strong lensing interior to clustocentric 
radii of ~200 kpc, the central dark matter distribution 
can be mapped down to a resolution of 10 – 25 kpc. 
Comparing such maps around the hundreds of inter-
mediate redshift clusters expected in the HLS to those 
from numerically simulated clusters would give us un-
precedented insight into the main mechanisms of struc-
ture formation.  

An especially interesting class of clusters are those 
in the process of merging / colliding (see Figure 2-13) 
where all mass components are interacting directly dur-
ing the creation of cosmic structure. Multiple such mer-
gers have been observed, with the Bullet Cluster being 
the most prominent example.33 Paired with follow-up 
numerical simulations, such systems gave important 
insight into the behavior of the baryonic component34 
and set upper limits on the dark matter self-interacting 
cross section35, which is of great importance in the 
search for the nature of dark matter. Recently, more 
complicated merging systems have been identi-
fied36,37,38 offering a great opportunity to better charac-
terize the nature of cosmic dark matter. The HLS will be 
well suited to producing highly accurate strong and 
weak lensing mass maps in the environs of these in-
formation-rich merging systems.  

On the largest scales (>10 Mpc), the distribution of 
matter can best be measured via weak gravitational 
lensing, owing to the fact that the mass is predominant-

Figure 2-10: Cumulative number of high-z galaxies ex-
pected in the HLS. JWST will be able to follow-up on 
these high z galaxies and make detailed observations of 
their properties. For understanding the earliest galaxies, 
the synergy of a wide-field telescope that can discover 
luminous or highly magnified systems and a large aper-
ture telescope that can characterize them is essential; 
WFIRST-2.4 and JWST are much more powerful than 
either one alone. 

Figure 2-11: The ratio of the cumulative number of high 
redshift galaxies detected with WFIRST-2.4 to the num-
ber detected with a smaller DRM1 version of WFIRST. 
The 2.4 m aperture yields up to 20 times more high-z 
galaxies. 

Dan Coe 
(STScI) 

!
!

Appendix B, 
p. B-4 

SDT Final Report



At high-z, this 
is who we got:

Who we need:

Bouwens +13
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with redshift or be su�ciently luminosity-dependent so that at least 20% on average
of the photons escape a typical low luminosity z ' 7� 10 galaxy. Secondly, galaxies
must populate the luminosity function to absolute magnitudes below the limits of
the deepest current HST images at z ' 7 � 8 (MUV = �17). Finally, the galaxy
population must extend beyond a redshift z ' 10 to provide a sustained source
of ionizing radiation. Various combinations of these three requirements have been
discussed in the literature and presented alternatively as reasonable assumptions or
as critical shortfalls in the ionizing budget!

UDF12: New Constraints on Cosmic Reionization 5

FIG. 1.— Spectral properties of high-redshift galaxies and the corresponding properties of stellar populations. Dunlop et al. (2012b) used the new UDF12 HST
observations to measure the UV spectral slope � of z⇠ 7−9 galaxies as a function of luminosity (data points, left panel). As the data are consistent with a constant
� independent of luminosity, we have fit constant values of � at redshifts z⇠ 7−8 (maximum likelihood values of �(z⇠ 7) = −1.915 and �(z⇠ 8) = −1.970 shown
as red lines, inner 68% credibility intervals shown as grey shaded regions; at z⇠ 9 the line and shaded region reflect the best fit value of �(z⇠ 9) = −1.80±0.63).
The data are broadly consistent with � = −2 (indicated with grey band in right panel), independent of redshift and luminosity. To translate the UV spectral slope
to a ratio ⇠ion of ionizing photon production rate to UV luminosity, we use the Bruzual & Charlot (2003, BC03) stellar population synthesis models (right panel)
assuming a constant star formation rate (SFR). The constant SFR models evolve from a declining ⇠ion with increasing � at early times to a relatively flat ⇠ion at
late times (we plot the values of ⇠ion vs. � for population ages less than the age of the universe at z ⇠ 7, t = 7.8⇥ 108 yr). Three broad types of BC03 constant
SFR models are consistent with values of � = −2: mature (� 108 yr old), metal-rich, dust free stellar populations, mature, metal-rich stellar populations with
dust (AV ⇠ 0.1 calculated using the Charlot & Fall (2000) model), and young, metal-rich stellar populations with dust. Dust free models are plotted with solid
lines, while dusty models are shown as dashed lines. We assume the Chabrier (2003) initial mass function (IMF), but the Salpeter (1955) IMF produces similar
values of ⇠ion (dotted lines, dust-free case shown). Based on these models we optimistically assume log⇠ion = 25.2 log ergs−1 Hz, but this value is conservative
compared with assumptions widely used in the literature.

served by Dunlop et al. (2012b) in the average value of � over
a range in galaxy luminosities may argue against a diverse
mixture young and mature stellar populations in the current
z' 7−8 samples. However, as Dunlop et al. (2012b) noted, a
larger intrinsic scatter could be present in the UV slope distri-
bution of the observed population but not yet detected. Simi-
larly, top heavy initial mass function stellar populations with
low metallicity, like the 1 − 100M� Salpeter IMF models of
Schaerer (2003) used by Bouwens et al. (2010) to explain the
earlier HUDF09 data, are disfavored owing to their blue spec-
tral slopes.
For reference, for conversion from UV luminosity spectral

density to SFR we note that for population ages t > 108 yr a
constant SFR BC03 model with a Chabrier (2003) IMF and
solar metallicity provides a 1500Å luminosity spectral density
of

LUV � 1.25⇥ 1028⇥ SFR
M� yr−1

ergs s−1 Hz−1, (13)

while, as noted byMadau et al. (1998), a comparable Salpeter
(1955) model provides 64% of this UV luminosity. A very
metal-poor population (Z = Z�/200) would provide 40%
more UV luminosity per unit SFR.

4. ULTRAVIOLET LUMINOSITY DENSITY
In addition to constraints on the spectral energy distri-

butions of high-redshift galaxies (Dunlop et al. 2012b), the
UDF12 observations provide a critical determination of the
luminosity function of star forming galaxies at redshifts 7 �
z � 9. As described in Section 2, when calculating the co-

moving production rate ṅion of hydrogen ionizing photons per
unit volume (Equation 4) the UV luminosity density ⇢UV pro-
vided by an integral of the galaxy luminosity function is re-
quired (Equation 5). An accurate estimate of the ⇢UV pro-
vided by galaxies down to observed limits requires a care-
ful analysis of star-forming galaxy samples at faint magni-
tudes. Using the UDF12 data, Schenker et al. (2012a) and
McLure et al. (2012) have produced separate estimates of
the z � 7 − 8 galaxy luminosity function for different sam-
ple selections (color-selected drop-out and spectral energy
distribution-fitted samples, respectively). As we demonstrate,
the UV luminosity densities computed from these separate lu-
minosity functions are consistent within 1−� at z � 7 and in
even closer agreement at z� 8. Further, McLure et al. (2012)
have provided the first luminosity function estimates at z� 9.
Combined, these star-forming galaxy luminosity function de-
termination provide the required constraints on ⇢UV in the
epoch z � 7 when, as we show below, the ionization fraction
of the IGM is likely changing rapidly.
Given the challenge of working at the limits of the ob-

servational capabilities of HST and the relatively small vol-
umes probed by the UDF (with expected cosmic variance of
� 30%− 40% at redshifts z � 7− 9, see Robertson 2010b,a;
Muñoz et al. 2010, and Section 4.2.3 of Schenker et al.
2012a), we anchor our constraints on the evolving UV lu-
minosity density with precision determinations of the galaxy
luminosity function at redshifts 4 � z � 6 by Bouwens et al.
(2007).
To utilize as much information as possible about the lu-

minosity function (LF) constraints at z � 4 − 9, we perform

The Astrophysical Journal, 768:71 (17pp), 2013 May 1 Robertson et al.

Figure 4. Joint constraints on the reionization history, assuming ionizing photon contributions from galaxies with MUV < −17 (maximum likelihood model shown
as dashed line in all panels), MUV < −10 (maximum likelihood model shown as dotted line in all panels), and MUV < −13 (maximum likelihood model shown as
white line in all panels; 68% credibility regions shown as colored areas). We use the posterior distributions for ρUV with redshift shown in Figure 3, extrapolated
stellar mass density constraints, and the posterior distribution on the electron scattering optical depth (Hinshaw et al. 2012) as likelihood functions to constrain the
simple parameterized model for the evolving UV luminosity density given by Equation (14) at redshifts z � 4. The constrained evolution of ρUV is shown in the
upper left panel (error bars indicate the ρUV constraints for MUV < −13, but each model uses the appropriate constraints). From ρUV(z), we can simply integrate with
redshift to determine the stellar mass densities (bottom left panel; data points with error bars indicate extrapolations of the Stark et al. (2013) stellar mass densities to
MUV < −13, but all models use the appropriate constraints). The models tend to exceed slightly the stellar mass densities at the highest redshifts (z ∼ 7), a result
driven by the constraint on the election scattering optical depth. By assuming the well-motivated values of the ratio of Lyman continuum photon production rate to
UV luminosity log ξion = 25.2 log erg−1 Hz for individual sources, an ionizing photon escape fraction fesc = 0.2, and an intergalactic medium clumping factor of
CH ii = 3, the reionization history QH ii calculated by integrating Equation (1) is shown in the upper right panel. Integrating the reionization history provides the
electron scattering optical depth (lower right panel, nine-year WMAP constraint indicated as the gray region).
(A color version of this figure is available in the online journal.)

(e.g., Robertson et al. 2010). However, too much additional star
formation beyond the MUV < −13 models shown in Figure 4
will begin to exceed the stellar mass density constraints, de-
pending on fesc. It is therefore interesting to know whether the
MUV < −13 models that satisfy the ρUV, ρ⋆, and τ constraints
also satisfy other external constraints on the reionization pro-
cess, and we now turn to such an analysis.

6. COMPARISON TO OTHER PROBES
OF THE IONIZED FRACTION

In this section, we will collect constraints on the IGM neutral
fraction from the literature and compare them to the evolution
of this quantity in our models based on the UDF12 data.
These constraints come from a wide variety of astrophysical

11

Fig. 4. Left: Degeneracies in inferring the ionizing photon production factor ⇠ion in terms of the
observed slope � of the ultraviolet continuum, the gray shaded area being that observed for z ' 7�8
galaxies42 . Time tracks are shown for stellar population synthesis models of varying dust content,
metallicity and the initial mass function30 . Right: One aspect of the UV ‘photon shortfall’ for
galaxies as agents of reionization given the abundance of galaxies in the UDF. Assuming a 20%
escape fraction and continuity in the declining star formation rate density beyond z ' 10, the
figure shows the need to extend the UV luminosity function lower than the current MUV = �17
detection limit to reproduce the optical depth of electron scattering in the WMAP data30 .

A further constraint on the above is the requirement that the sum of the star
formation during the reionization era cannot exceed the stellar mass density ob-
served using the Spitzer satellite at the end of reionization, say z ' 5 � 6 ([43]).
This mid-infrared satellite is uniquely e↵ective in this regard given its infrared cam-
era, IRAC, surveys high redshift galaxies at rest-frame optical wavelengths where
longer-lived stars can be accounted for. Formally, this can be expressed:

⇢⇤(z = 6) = C

Z 1

z=6

Z
�(LUV , z)LUV dLdz

where ⇢⇤ is the required stellar mass density per comoving volume at the end of
reionization, and C represents the necessary factor to convert the observed redshift-
dependent UV luminosity function �(LUV ) and its associated luminosity density,

F I N D I N G  1 0 0 , 0 0 0 +  Z > 6  G A L A X I E S ,  W H I L E  S P E C TA C U L A R ,  D O E S N ’ T  
S O LV E  E V E R Y T H I N G .  N E E D  T O  I N V O K E  T H E  ’ S  W O R D ’ .

C R E D I T:  E L L I S  R E V I E W  O N  A S T R O - P H :  1 4 1 1 : 3 3 3 0
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Compare  
with  
JWST

WFIRST-AFTA Surveys 

•  Multiple surveys: 
–  High Latitude Survey 

•  Imaging, spectroscopy, 
supernova monitoring 

–  Repeated Observations 
of Bulge Fields for 
microlensing 

–  25% Guest Observer 
Program 

–  Coronagraph 
Observations 

•  Flexibility to choose 
optimal approach 
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J W S T  G E T S  Y O U  2 - 3  M A G S …  W H AT  I F  I T ’ S  N O T  
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!
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WFIRSTSAFTA!
15x!more!sensi1ve!

10x!sharper!

Euclid!

HST!WFC3/IR!CLASH!cluster,!simulated!to!WFIRSTSAFTA!
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Julian'Merten,'Jason'Rhodes'(JPL'/'Caltech),'jmerten@caltech.edu!
Mapping!the!Distribution!of!Matter!in!Galaxy!Clusters!
!
Background'
Clusters'of'galaxies'are'important'tracers'of'cosmic'structure'formation.'All'of'their'mass'components'including'
dark'matter,'ionized'gas'and'stars'are'directly'or'indirectly'observable.'Furthermore,'the'complicated'effects'of'
baryons'are'less'dominant,'although'not'negligible'(Duffy+10).'This'allows'us'to'directly'compare'numerically'
simulated'galaxy'clusters'with'real'observations.'This'comparison'is'usually'done'via'parametrized'1D'density'
profiles,'like'the'NFW'profile'(Navarro+96);'where'the'distribution'of'parameters'in'NFW'fits'to'simulated'halos'
(Bhattacharya+11)' and'observed'halos' (Fedeli+12)' are' compared.'However,' these' comparisons'do'not'make'
use'of'the'full'2D'density'distribution'as'can'be'inferred'from'gravitational'lensing,'XWray'or'SZ'observations'of'
clusters' and' which' show' that' individual' clusters' are' usually' nonWspherical' and' highly' subWstructured.' We'
therefore'propose'a'full'2D,'morphological'characterization'of''galaxy'clusters'by'means'of'e.g.'mathematical'
morphology' (Serra+65)' or' Minkowski' functionals' (Kratochvil' +12).' These' techniques' will' be' applied' to'
simulated' clusters' and' a' large' sample' of' clusters' observed'with'WFIRST.' A' comparison' of' the' two'will' give'
unprecedented'insight'into'the'main'mechanisms'of'structure'formation.'''
'
WFIRST'
Key' to' such' analysis' is' a' map' of' the' mass' distribution' in' galaxy' clusters' created' with' the' technique' of'
gravitational' lensing' (Bartelmann11).' Methods' which' combine' weak' and' strong' gravitational' lensing' are'
particular'successful'(Bradac+06,'Merten+10,'Merten+11,'Meneghetti+11)'and'only'spaceWbased'observations'
deliver'the'depth'and'resolution'needed'for'a'detailed'reconstruction'of'a'galaxy'cluster.'In'the'regime'of'weak'
gravitational' lensing,' spaceWbased'observations' result' in'a' ' four'or'more' times'higher'density'of'background'
galaxies,' which' can' be' used' to'map' the' distribution' of'matter' in' the' full' cluster' field.' This' high' density' of'
background'objects'is'key'for'a'reconstruction'on'high'spatial'resolution'(Massey+12).'In'the'regime'of'strong'
gravitational' lensing,' only' the' crisp' images' from' space' are' able' to' resolve' fine' structures' in' strongly' lensed'
galaxies'within'the'full'cluster'core.'These'structures'are'key'to'trace'substructure'in'gravitational'lens'systems'
(Postman+11).'In'the'figure'above,'we'highlight'all'these'requirements'with'the'example'of'the'complex'cluster'
Abell' 2744' (Merten+11).' The' reconstruction' in' panel' (1)' is' based' on' groundWbased'weak' lensing' and' shows'
only'low'S/N'encoded'by'the'color'scale.'When'adding'weak'lensing'from'space'in'panel'(2),'the'S/N'increases'
significantly'in'the'areas'where'these'observations'are'available'(indicated'by'the'white'frames).'Adding'spaceW
based'strong'lensing'in'the'panels'(3)'and'(4)'provides'the'resolution'needed'to'compare'to'a'simulation'on'the'
the' basis' of' 2D' morphology.' WFIRST' matches' all' the' requirements' above' and' provides' the' tremendous'
advantage' of' a' wide' FOV,' which' is' similar' to' the' best' groundWbased' telescopes,' but' combines' it' with' the'
advantages'of'a'spaceWbased'observatory.'
'
Key'Requirements'
FOV'–'to'cover'the'full'area'of'the'merger'scenario'
Depth'–'to'measure'shapes'of'a'large'number'of''
background'galaxies'(60W100'arcmin^W2)'
MultiWband'–'to'reliably'distinguish'foreground''
from'background'galaxies'through'photoWz'

W E A K  +  S T R O N G  L E N S I N G  
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Warm Dark Matter

Lovell et al. 2012Free streaming ~kev scale thermal relic
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Euclid/LSST will be great for 
discovery but not for cosmography 

Meng, TT et al. 2014 

Euclid 
590s 

LSST 
4500s  

>10% >10% 

WFIRST will be probably good 
enough for the brighter lenses 

Meng, TT et al. 2014 

WFIRST  
900s 

HST  
9000s 

2% 5% 

Meng, Treu + 14 
(in prep)

In addition to probing substructure, strong lenses used for 
time delay cosmology will be interesting.





How to find the lenses
• Carry out large imaging survey.  
• QSO forecasts by Oguri & Marshall (2010) 

• DES (~1000 lensed QSOs, including 150 quads) 
• LSST (~8000 lensed QSOs, including 1000 quads) 

after 10 years to get enough depth. 
• Or: WFIRST (>10000 lensed QSOs, including >1000 

quads) from HLS. 

• Find lenses: 
• Different strategies for lensed QSOs and galaxies 

(Marshall+, Gavazzi+,Kubo+,Belokurov+,Kochanek
+,Faure+,Pawase+) and under development 
(Marshall, Treu, LSST collaboration) 

• Successfully demonstrated by Treu group

Slide credit: T. Treu
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Figure 2. Two-dimensional slitless WFC3/G141 spectrum of the UDS lens + arc system from 3D-HST. Top: the combined spectrum of the z = 0.656 lens galaxy and
the arc. The dispersion axis lies roughly along the arc resulting in a clean separation of the arc and lens but also in overlapping emission lines. Middle: the modeled
line+continuum two-dimensional spectrum. The G141 spectrum is cut off at the edge of the 3D-HST pointing; the pixelated structure at ∼1.45 µm is the result of
the dither pattern. Bottom: residuals of the lens + arc model fit. The small inset panel shows detections from an adjacent 3D-HST pointing of weak Hβ and [O iii]
emission lines for the lensed source “x” (Figure 1) at z = 2.29.

the arc. We determine a brightness ratio µ⋆ = 25 between the
integrated arc and the counter image. The magnification of the
counter image, µ′, is ∼1.4 given the lens model parameters of
Cooray et al. (2011). The counter image, which includes both
clumps resolved in the arc, has

√
µ′ · re = 1.4 pixel = 0.′′04 =

350 pc, re ∼ 300 pc in the ACS images.

3.2. Modeling the Grism Spectrum

In order to extract quantities from the grism spectrum, we
generate and fit a model of the two-dimensional (2D) spec-
trum that essentially convolves an arbitrary one-dimensional
spectrum with an assumed object morphology, given the grism
dispersion configuration files provided by STScI. To model the
contribution of the lens to the flux at the location of the arc, we
adopt as the lens morphology an analytical Sérsic profile with
parameters determined by running galfit (Peng et al. 2002) on
the 3D-HST F140W image. For the arc, we adopt the observed
(lens-subtracted) F140W morphology and a one-dimensional
spectrum that consists of a Z = 0.008 Bruzual & Charlot (2003)
single stellar population model for the continuum and individual
emission lines.

The model is fit to the observed spectrum with parameters
optimized by the emcee Markov chain Monte Carlo (MCMC)
sampler (Foreman-Mackey et al. 2012), where the free param-
eters are (1) a spatial shift and a spectral scaling to improve
the subtraction of the lens; (2) the redshift of the arc; (3) the
age, stellar mass, and reddening of the arc continuum following

a Calzetti et al. (2000) reddening law; and (4) individual
strengths of the arc emission lines [O iii] λ4959+5007, Hβ, Hγ ,
[O iii] λ4363, Hδ, Hϵ, and Ne iii λ3869. While the spectral res-
olution of the G141 grism (R ∼ 130) is insufficient to resolve
the Hγ and [O iii] λ4363 lines, the sum of these lines is well
constrained by the G141 spectrum.

The best-fit model of the 2D arc spectrum is shown in the
middle panel of Figure 2, and the residuals of the full lens+arc
model fit are shown in the bottom panel. The parameters of
the model, including the line strengths and observed-frame
equivalent widths, are summarized in Table 1. The uncertainties
on all parameters come from the full marginalized posterior
distribution function of the MCMC chain. The most robust fits
are for the λ4959+5007 and Hβ emission line strengths, with
rest-frame equivalent widths of 2000 ± 100 and 520 ± 40 Å,
respectively. We obtain a marginal detection of [O iii] λ4363 at
5 ± 3 × 10−17 erg s−1 cm−2 assuming an intrinsic Balmer line
ratio Hγ /Hβ = 0.468 and no reddening of the Balmer lines.
The [O iii] λ4363 flux will be higher for any non-zero Balmer
decrement.

3.3. Fundamental Quantities: Star Formation Rate,
Stellar Mass, and Metallicity

The luminosity of the Hβ line corresponds to a de-magnified
star formation rate of 11 M⊙ yr−1 (Hα/Hβ = 2.86; Dopita
& Sutherland 2003; Kennicutt 1998). The Hγ /Hβ ratio is
consistent with E(B − V ) = 0. The de-magnified stellar mass
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Figure 3. Comparison of the SL2SJ02176-0513 SED to local low-metallicity dwarf galaxies from the SDSS. The left panel shows the integrated photometry of the
arc (red symbols; circles space-based, triangles ground-based) and model spectra (gray) drawn from the fit to the photometry and HST grism spectrum. The scaled
UV–IR photometry (with factors as indicated) of the local analogs is shown by the squares. The IR SED of the local metal-poor galaxy SBS 0335-052E is shown in
brown, taken from the public 2MASS and WISE catalogs. The optical morphologies of the SDSS analogs are shown at right, and three-color WISE images are shown
in smaller insets. The thumbnails are all 1.′2 on a side; physical scales of 1 kpc are shown. The location of the SDSS fiber is shown in the cross; the photometry was
extracted from apertures drawn around the entire galaxy. The lower right panel shows the modeled SL2SJ02176-0513 spectrum (gray line) along with the scaled SDSS
spectra of the analogs shifted by 15, 30, and 45 Å. The analog spectra and SEDs are colored by object according to the thumbnail labels. The lines included in the
G141 model are labeled in black, while He lines observed in the analogs but too faint to be constrained by the grism spectrum are labeled in gray.
(A color version of this figure is available in the online journal.)

[O iii] λ4363 is detected in all of the of the low-metallicity
analogs. The high-ionization He ii λ4686 line is detected in
the SDSS spectra but is too weak to be seen in the arc grism
spectrum. However, He ii λ1640 is detected in a Keck LRIS
spectrum of SL2SJ02176-0513 that was first used to measure
the redshift of the arc (Tu et al. 2009). Additional high-ionization
UV lines of C iv, O iii], N iii], and C iii] are detected in the arc,
prompting (Tu et al. 2009) to speculate that they are excited
by an AGN. These rest-UV lines have been detected in other
distant star-forming galaxies: an Hα emitter at z = 2.5 (Malkan
et al. 1996), the Lynx arc at z = 3.4 (Fosbury et al. 2003), and
a unique Lyman break galaxy at z = 2.3 (Erb et al. 2010). Erb
et al. (2010) argue that the low ratio (C iv/C iii]) ∼ 0.3 in that
galaxy (∼0.5 in the arc) disfavors a significant contribution of
an AGN to the ionizing flux (C iv/C iii] ∼ 1.2; Hainline et al.
2011).

4.3. Morphology

The optical morphologies of three of the SDSS analog
galaxies are shown in the thumbnails of Figure 3. All of the
analogs, like SL2SJ02176-0513, are dominated by multiple
bright blue clumps with sizes of a few hundred parsecs.
SBS 0335-052E is also composed of multiple “super star
clusters” with ages 3–15 Myr contained within a scale of 500 pc
(Thuan et al. 1997; Reines et al. 2008). Since all of the individual
clumps share the properties of young bursts, the star formation
must be somewhat synchronized across the entire galaxy.

In Figure 4 we take different combinations of the HST
ACS and WFC3 images of SL2SJ02176-0513 to compare the
properties of the two main clumps resolved in the arc. The ratio

F606W/F814W provides a rough map of the UV slope across
the arc, and we find that the source “b” is significantly redder
than source “a” (Figure 1, the color image itself shows this
difference). The redder source has an [O iii] equivalent width
∼50% higher than the bluer source in the ratio of the F160W
(line) and F814W (continuum) images, however, the F160W
([O iii]) to F125W (Balmer line) ratio is roughly constant
across the arc. The differences between the sources are most
apparent for the a1 and b1 components that are best separated
by the lens, though the other pairs of conjugate images show
roughly the same trends. The individual super star clusters in
SBS 0335-052E show differences in broadband colors and line
ratios comparable to those in Figure 4 (Thuan et al. 1997; Izotov
et al. 2009).

5. DISCUSSION AND SUMMARY

We take advantage of the unique combination of a natural
gravitational lens and high spatial resolution HST imaging
and near-IR spectroscopy to extract the detailed properties
of SL2SJ02176-0513. The near-IR spectrum is dominated by
extremely strong emission lines of Hγ , Hβ, and [O iii] at
z = 1.847. From the UV/optical spectrum and photometry,
we determine that the source of SL2SJ02176-0513 is a young
star-bursting (sSFR ∼ 100 Gyr−1) dwarf galaxy (M ∼ 1.3 ×
108 M⊙) with an extremely low gas-phase metallicity (12 +
log (O/H) ∼ 7.5). Even with so few metals, SL2SJ02176-0513
shows detectable hot dust emission observed at λobs = 24 µm.

We find the unique properties of SL2SJ02176-0513 to be re-
markably similar to those of nearby low-metallicity blue com-
pact dwarf galaxies selected to have similar [O iii] equivalent
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WFC3 Grism in Cycle 22 with HST : 
!

Requested ~1800 orbits (9% of total) 
Awarded ~400 orbits (12% of total) 

!

Strong demand for what is supposedly 
a “niche mode”.

N U M B E R S  F R O M :  N .  R E I D ,  S T S C I

M A L H O T R A

R H O A D S
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Wide-Field Slitless Spectroscopy with NIRISS: 
Simulations of MACS J0647+7015 
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Daniel'Whalen'(Los'Alamos'National'Laboratory),'dwhalen@lanl.gov'
Finding&the&First&Cosmic&Explosions&With&WFIRST&
'
Background'
Population' III' stars' ended' the' cosmic' Dark' Ages' at' z' ~' 25' and' began' the' reionization' and' chemical'
enrichment'of' the'early'universe' (Whalen'et' al' 2004;' Joggerst' et' al.' 2010).' They'also'determined' the'
luminosities' and' spectra' of' primitive' galaxies' at' 10' <' z' <' 15' and'may' be' the' origin' of' z' ~' 7' SMBHs'
(Mortlock' et' al' 2011).' ' Unfortunately,' despite' their' extreme' luminosities' individual' Pop' III' stars' and'
many'primeval' galaxies' lie'beyond' the'detection' limits'of' even'nextVgeneration'observatories' such'as'
JWST'and'30m'class' telescopes.' 'However,' their'masses'can'be'directly' inferred' from'their'supernova'
explosions,'which'can'be'100,000'times'more'luminous'than'the'stars'or'the'protogalaxies'in'which'they'
reside.''
'
WFIRST'
Recent'numerical'simulations'indicate'that'Pop'III'pairVinstability'supernovae'(PI'SNe)'at'z'~'15'–'20'will'
reach'AB'magnitudes'of'~'26'at'2.2'microns'(Whalen'et''
al'2012a,b),'as'shown'at'right'for'150,'175,'200,'225'and'
250' solar' mass' progenitors.' ' These' magnitudes' are'
within' the' proposed' NIR' detection' limits' for' WFIRST.''
This'epoch'may'be'optimal'for'detecting'PI'SNe'because'
of' the' rise' of' strong' LymanVWerner' UV' backgrounds'
from'the'first'generation'of'Pop'III'stars,'which'delayed'
subsequent' star' formation' in' cosmological' halos' until'
they' grew' to' larger'masses' by' accretion' and'mergers.''
The'larger'virial'temperatures'of'more'massive'halos'in'
this'era'likely'led'to'the'formation'of'more'massive'stars'
(O’Shea'&'Norman'2008)'that'died'as'PI'SNe.''Numerical'
simulations' of' Pop' III' star' formation' rates' through'
cosmic'time'suggest'SN'event'rates'of''~'1'sq.'deg.V1'yrV1''
at' 15' <' z' <' 20,' so' WFIRST' could' detect' hundreds' of'
these' transients' over' its' lifetime.' ' Detections' of' this'
volume'will'enable'WFIRST'to'build'up'the'the'reliable''
estimates'of' the'Pop' III' IMF.' ' The'discovery'of' SNe'by'
WFIRST' at' slightly' lower' redshifts,' z' ~' 10' –' 15,' will'
probe' star' formation' in' primeval' galaxies' and' reveal'
their' positions' on' the' sky' for' more' detailed'
spectroscopic'followup'by'JWST.''
!
Key'Requirements'
Sensitivity'VV>'AB'mag'27'
Field'of'View'VV>'WideVarea'surveys,'which'are'required'
for'collecting'large'numbers'of'transients'
Wavelength'Coverage'VV>'2'filters'to'cover'NIR'peaks'of'
Pop'III'PI'SNe'from'z'='10'–'20'(F200,'F277)'
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WFIRST-AFTA Surveys 

•  Multiple surveys: 
–  High Latitude Survey 

•  Imaging, spectroscopy, 
supernova monitoring 

–  Repeated Observations 
of Bulge Fields for 
microlensing 

–  25% Guest Observer 
Program 

–  Coronagraph 
Observations 

•  Flexibility to choose 
optimal approach 
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Near Infrared Surveys 

M A S S I M O  S T I AV E L L I D A N  W H A L E N

Huge variation in predicted rate:  
4/deg2/yr at z~15 

(Weinmann & Lilly 05)

It is important to note that, in theHeger et al. (2002)models, the
duration of the time above a given brightness threshold, set rel-
ative to the maximum brightness, !tvis, increases quite strongly
with wavelength (see Fig. 3). At a threshold 1 mag below max-
imum, the rest-frame visibility period is only about 1.7 days at rest
1600 8, 4.2 days at rest 2400 Å, and 20 days at rest 5000 8, i.e.,
increasing as roughly k2. The resulting increase in the number of
PISNe per image at longer wavelengths implied by equation (7)
more than compensates (at least for a detector with flat AB sen-
sitivity) for the roughly 0.5 mag decrease in peak brightness over
this same wavelength interval. Lowering the detection threshold
further will also increase!tvis, but the gain in!tvis varies as less
than the square of the limiting flux (Fig. 2), so the number of SNe
discovered is maximized by aiming to detect them within a mag-
nitude or so of maximum, in as many fields as possible. Likewise,
themass-luminosity relation for PISNe is apparently so steep (see,
e.g., Wise & Abel 2003) that it is better, in terms of the simple
number of SNe to be detected, to aim for the brightest objects near
the upper mass cutoff in the largest possible area of sky, rather
than to try to probe further down themass function in fewer fields.

The step in JWST sensitivity across 5 !m (going from
NIRCam to MIRI) of about 2 mag and the reduction of the field
of view by a factor of 4 (Wright et al. 2003) produces a decrease
in survey efficiency of a factor of 25 for constant AB magni-
tude. In other words, the most attractive wavelength for PISN
searches with JWST is probably at the long end of the NIRCam
range, i.e., 3.5–4.5 !m.

We show in Figure 4 the number of PISNe expected at different
redshifts for deep imaging surveys carried out at different wave-
lengths below 5 !m, assuming that each survey reaches 1 mag
below the brightness of maximum light, as computed for that
redshift and observing wavelength. We assume an SFR given
by the thick curve in Figure 1. Numbers for other star formation
histories or other choices of N vis are straightforwardly calcu-
lable, while those for deeper surveys can be computed using the
visibility curves in Figure 3.

At 3.5–4.5 !m, we would expect to have to observe an
average of the order of 1 deg2 to detect one PISN at z>15 in a
blind search reaching to roughly 27th magnitude, equivalent to
500 NIRCam images. This could be built up through serendip-
itous surveys or, since the required exposure time is relatively
short, under 1000 s (Rieke et al. 2003) through an optimized
search program requiring of the order of 4 ; 105 s per SN. For
maximum detection efficiency images of the same field would
have to be separated bymore than 90 days for z ! 15. Only about
200 NIRCam images (0.4 deg2) would be required if the depth
were increased by 2 mag, with an optimum separation between
images of 8 months or more, but would require much longer ex-
posures to gain the extra depth.

At higher redshifts, the reduction in fIII (and !tvis;0 at fixed
observed k) leads to a rapid increase in area thatmust be surveyed,
for example, to of the order of 35 deg2 PISN"1 at z > 25, i.e., one
per 16,000 images (with images separated by at least 50 days) for
SNe within 1 mag of maximum. We note that this estimate is
probably larger than the total number of NIRCam images to be
obtained in the entire JWST lifetime.

Thus, unless our ideas about the early universe are com-
pletely wrong, it is likely that JWST’s reach in redshift space
through stand-alone SN surveys will be limited to somewhere
in the 15 < z < 25 range by the rareness of the transient events,
rather than by their faintness. ‘‘All-sky’’ or at least ‘‘wide-field’’
searches for transients at other wavelengths, such as gamma-ray
bursts (GRBs), followed by prompt follow-up with the JWST

Fig. 3.—Variation of rest-frame visibility time!tvis with the detection thresh-
old (in magnitudes below maximum light) at different rest wavelengths (adapted
from Heger et al. 2002). The increase in!tvis with wavelength means that more
PISNe are detected in a given area at longer wavelengths, more than outweighing
their slightly decreased brightness. The optimum wavelength for searches with
JWST is thus likely to be at the long end of the NIRCam spectral range, around
4–5 !m.

Fig. 2.—Observed peak brightness of 250M# PISNe as a function of redshift
in the spectral region around Ly" assuming both no significant extinction and
the ‘‘worst case’’ extinction for the Ly" region shown in Fig. 5 (adapted from
Heger et al. 2002). At wavelengths longward of Ly", the peak brightness de-
clines by only 0.5 mag to rest-frame 0.5 !m wavelength. Note that these peak
brightnesses are well within the detectability levels of JWST at all redshifts of
interest. A 200M# PISN is expected to be fainter by 1.7mag and a 175M# PISN
by 3.5 mag.

Fig. 4.—Surface density of PISNe on the sky per unit redshift as a function of
redshift for four different observing wavelengths ( labeled in !m), assuming that
survey images reach 1 mag below maximum light (see Fig. 3). These curves
show the gain in the number of detected SNe as the wavelength increases due to
the increase in!tvis, as well as the truncation in redshift due to disappearance of
the SNe below Ly". The curves are normalized to N vis ¼ 4:4 ; 10"4 M"1

# , as
described in the text.

POPULATION III SNe AT HIGH REDSHIFTS 529No. 2, 2005



H O W  D O E S  O N  D O  T H E ” B E Y O N D  
T H E  L O C A L  G R O U P ”  S C I E N C E  M O S T  
E F F I C I E N T LY ?



Credit: N. Reid (STScI) for STUC:  8 May 2014

C O M M U N I T Y  I M PA C T

▪ Analysis of publications from HST programs (Apai et al, 2010, 
PASP) shows that 
▪ Small programs produce more papers per orbit, but individual 

papers have relatively low impact. 
▪ Large programs produce fewer papers/orbit, but more papers per 

program, and generally have a higher impact (more citations/
paper). 

▪ Programs on different scales tackle different scale science 
questions . 

▪ Treasury programs have more publications than Large programs. 
▪ Multi-cycle Treasury programs have the prospect of being more 

productive that Treasury programs (to be tested).



P R O D U C T I V I T Y O F  B I G  P R O G R A M S
P ROGRAM TY P E C YC L E S C I ENC E 	
   FOCU S ORB I T S PUB L I C AT I ON S NOT E S

H D F D D 5 G A L A X Y  E V O L U T I O N 1 5 0 2 0 1 I M A G I N G

PA N S L A R G E 1 1 H I G H - Z  S U P E R N O VA E 4 2 0 4 1 I M A G I N G

G O O D S T R E A S U R Y 1 1 G A L A X Y  E V O L U T I O N 3 9 8 5 8 4 I M A G I N G

U D F D D 1 2 G A L A X Y  E V O L U T I O N 4 0 0 1 2 6 I M A G I N G

C O S M O S T R E A S U R Y 1 3 G A L A X Y  E V O L U T I O N 5 9 0 2 3 2 I M A G I N G

P E A R S T R E A S U R Y 1 4 G A L A X Y  E V O L U T I O N 2 0 0 3 7 G R I S M  S P E C T R A

U V  U D F L A R G E 1 4 G A L A X Y  E V O L U T I O N 2 0 4 2 1 I M A G I N G

D E C _ D U S T- F R E E L A R G E 1 4 H I G H - Z  S U P E R N O VA E 2 1 9 3 2 I M A G I N G

A N G S T T R E A S U R Y 1 5 S T E L L A R  P O P U L AT I O N S 2 1 8 5 8 I M A G I N G

S H O E S L A R G E 1 5 H I G H - Z  S U P E R N O VA E 2 0 8 7 I M A G I N G

W F C 3  E R S D D 1 7 S TA R  F O R M AT I O N 2 1 4 1 2 8 I M A G I N G ,  G R I S M  S P E C T R A

U D F 0 9 T R E A S U R Y 1 7 G A L A X Y  E V O L U T I O N 1 9 3 9 1 I M A G I N G

3 D - H S T T R E A S U R Y 1 8 G A L A X Y  E V O L U T I O N 2 4 8 3 8 G R I S M  S P E C T R A

P H AT M C T 1 8 - 2 0 S T E L L A R  P O P U L AT I O N S 8 3 4 2 8 I M A G I N G

C A N D E L S M C T 1 8 - 2 0
G A L A X Y  E V O L U T I O N ,  

S N E
9 0 2 1 5 8 I M A G I N G

C L A S H M C T 1 8 - 2 0 G A L A X Y  C L U S T E R S ,  S N E 5 2 4 4 5 I M A G I N G

F R O N T I E R  F I E L D S D D 2 0 - 2 1  ( 2 2 ? )
G A L A X Y  C L U S T E R S ,  

G A L A X Y  E V O L U T I O N
5 6 0 - 8 4 0 3 7 I M A G I N G

S P E C T R A L  L I B R A R Y T R E A S U R Y 2 1 H O T  S TA R S 2 0 0 0 S P E C T R A

< C Y C L E  1 4 > L A R G E 1 4 6  P R O G R A M S < 2 4 5 >  ( 8 7 4 ) < 1 4 >  ( 8 5 ) I M A G I N G

< C Y C L E  1 4 > T R E A S U R Y 1 4 2  P R O G R A M S < 1 6 7 >  ( 3 3 4 ) < 7 2 >  ( 1 4 4 ) I M A G I N G



T H E  H S T  P R O P O S A L  VA L L E Y  O F  D E AT H

Cycle 20

Cycle 21

JSTAC, 22 November, 2013
Credit: Neill Reid (STScI)
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RED is good GREEN is good
Community Members that Submitted 1-page 

Descriptions of Potential GO Science 
Programs in the 2013 SDT Report 
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Red on the left means 
the facility in the column 

cannot do it. So if a row is 
all red then it means it’s 

unique to WFIRST. 
!
!

Names are omitted. 
Text is intentionally 

illegible… don’t even 
try. Just look at the 

colours.

Green means it has 
that ‘X-factor’

Green means it can be 
done as part of the 

high-latitude survey so 
guest observer time 
would be pointless.



C O N C L U S I O N  

• #WFIRST is Sloan in Space 
disguised as a dark energy mission. 


