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 will have an imaging field more than 100 times larger than the Hubble Space Telescope.
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aper’ of these and other 
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-2.4
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)[image: ]EXECUTIVE SUMMARY
A 2.4-meter telescope equipped with a wide field camera would be a revolutionary telescope that would enable a wealth of astrophysics. The transfer of this asset to NASA is a boon to the US scientific community that should be utilized to produce transformative science.
For the WFIRST mission, a 2.4-meter telescope is significantly more capable than the 1.5-meter telescope originally envisioned for the mission or the smaller versions of WFIRST studied in previous SDTs. The National Academy of Sciences decadal survey for astronomy, “New Worlds/New Horizons” ranked WFIRST as the top priority for space-based astronomy for the coming decade. By utilizing large-array infrared detector, WFIRST would significantly advance a broad range of astrophysics through taking a census of extrasolar planets through gravitational microlensing, measurements of the history of cosmic acceleration using three distinct methods (supernova distances, gravitational weak lensing, and the use of the baryon acoustic oscillation feature in the large-scale structure of galaxies), and carry out a broad range of science through its general observer/archival research program. With a larger telescope that collects more than twice the amount of light and produces an image that is 1.7 times sharper, WFIRST with a 2.4 m aperture, herein called WFIRST-2.4, will be a significantly more powerful telescope for these areas. To fully take advantage of this larger telescope, the wide-field instrument uses higher performance infrared detectors that provide 4 times as many pixels in about the same size package as the current generation of detectors. The WFIRST-2.4 concept uses eighteen of these detectors in a single focal plane to cover 0.28 deg2 of sky in a single image at a pixel scale of 0.11 arcsec/pix, ~100x larger field than the Wide Field Camera 3 infrared channel along with finer sampling.	Comment by Melton, Mark E. (GSFC-5990): Placeholder to add some additional detail on the hardware.
The use of a 2.4 meter telescope will not only improve our ability to trace the effects of cosmic acceleration across cosmic time through enhancing the three basic techniques that were the focus of previous WFIRST mission studies, but also significantly improve the use of two other important techniques (cluster counts and redshift space distortions):

· WFIRST-2.4 would be able to not only use lines of hydrogen atoms in galaxies to trace the large-scale distribution of matter, but also lines of ionized oxygen in more distant galaxies. This added capability enables measurements of large-scale structure out to redshift of 2.95, just two billion years after the big bang.

· WFIRST-2.4’s added sensitivity would enable the detection of a higher density of galaxies in its spectroscopic survey. With this higher density of galaxies, we can then use redshift space distortions to measure the effects of cosmic acceleration on structure growth.

· With its ability to take high quality spectra of distant supernova, WFIRST-2.4 will be able to make much more precise distance measurements and reduce uncertainties associated with cosmic evolution. In 2011, the Nobel Prize committee awarded its physics prize to three American scientists who used observations of supernova provided the first convincing evidence for cosmic acceleration.

· WFIRST-2.4 will make deeper observations of galaxy lensing. These deeper observations will complement the wider and shallower observations by the Large Synoptic Space Telescope (LSST) and the European led Euclid telescope.  

· These deeper observations will also enable accurate determination of the masses of clusters. Cluster abundances could then be used as another complementary method to determine the effects of dark energy on the growth rate of large structure structure.

From its perch in geosynchronous orbit, WFIRST-2.4 will also greatly advance our understanding of the demographics of extrasolar planets:

· Over the past few years, Kepler has revealed that thousands of “hot” planets in tight orbits close to stars. Kepler is only now starting to provide insights into the frequency of planets in warm Earth-like orbits. While transiting observations will not detect cold planets at the distance of Mars and beyond, WFIRST-2.4’s gravitational microlensing observations should detect numerous cold planets. 

· WFIRST-2.4 will also be able to detect large number of orphan plants, planets ejected from their solar system, even those with masses smaller than the Earth. The abundance of these orphan planets is an important test of planet formation theories.

While the improvements in dark energy and microlensing science are important, the increased capability for the broader sweep of astronomical observations is even more dramatic. As part of this study, we have mapped the capabilities of the WFIRST-2.4 telescope into the 20 key science questions and 5 discovery areas identified by the decadal survey (see Table 1). We anticipate that the telescope will make important contributions towards at least 20 out of these 25 areas:

· WFIRST-2.4 will make an accurate three-dimensional map of the distribution of dark matter across over 2000 square degrees of sky. This map will likely reveal new insights into the nature of dark matter. When combined with WFIRST-2.4 tracing galaxies across cosmic time through its high-resolution images, this dark matter map could be a Rosetta stone for our understanding of the process of galaxy formation and evolution.

· In addition to these wide fields, WFIRST-2.4 will be able to make “Degree-Deep-Fields” almost 100 times larger. Their samples of millions of galaxies over billions of years will make fundamental contributions to understanding galaxy evolution. Especially because these WFIRST-2.4 observations will be made further into the near-IR, these studies of galaxy evolution will be more powerful with respect to the early universe than the Hubble Deep Fields.  Moreover, there are many vital research programs where the idea is not just to collect a large sample — in these cases the ‘subject’ extends over a degree or more over the sky, areas that cannot be covered with HST or JWST

· WFIRST-2.4 will determine the positions and motions of stars in our Galaxy to unprecedented precision. With its large collecting area, it would be able to study stars up to 100 times fainter than the soon-to-be-launched European GAIA telescope, a dedicated astrometric mission. Its larger aperture will enable WFIRST-2.4 to achieve the same astrometric (positional) precision for a faint star as a 1.5-meter version of WFIRST would in one-tenth of the time. These measurements should be able to trace the dark matter distribution not only in our Galaxy, but also in our poorly understood dwarf companions, an important laboratory for determining the mass and interaction properties of dark matter.

· WFIRST-2.4 wide field and superb imaging will make it the ideal telescope to find counterparts to the gravitational wave merger events that will likely be detected in large numbers by the upgraded LIGO experiment in Washington and Louisiana. More generally, WFIRST-2.4 will provide a newer deeper view of the transient universe.


·  (
This figure shows a simulated J band image of a CLASH cluster observed with the 
WFIRST-2.4
 telescope (left) and with the Euclid wide field survey (rig
ht).
 At infrared wavelengths, 
WFIRST-2.4
 survey will be 15 times more sensitive and will have 10 times finer pixels. Euclid’s images are best at optical wavelengths where nearby galaxies emit most of their light.
)[image: Macintosh HD:Users:davidnspergel:Desktop:afta_vs_euclid.jpg]WFIRST-2.4 will enable detailed studies of the properties of stars not only in our own Milky Way, but also in neighboring galaxies. These comparative studies will greatly inform our understanding of both stellar evolution and galaxy formation.

These science projects are just a handful of the programs that the astronomy community identified as potential programs in a series of TBD white papers in Appendix TBD. Historical experience with HST and other great observatories suggests that this list does not include many of the most important results that will achieved by WFIRST-2.4 as many of the visionaries who will use the telescope for novel applications in 2024 are still in high school!
WFIRST-2.4 could be equipped with a coronagraph that would enable the telescope to make significant contributions to our understanding of the formation of extrasolar planets and would characterize planets around the nearest stars. The growing realization that our Galaxy is filled not only with billions of stars, but also with billions of planets has been the most important astronomical discovery of the new millennium. If equipped with a coronagraph, WFIRST-2.4 would be able to make important contributions to our understanding of the diversity of planets in the universe and towards discovering habitable planets beyond our solar system:

· The coronagraph will be able to detect new planets around many of the nearest stars. Kepler studies suggest that there are roughly two planets per stars. These planets are a mix of hydrogen-envelope gas giants, rocky plants with radii up to 2 Earth radii, and icy Neptune and Saturn like planets. With our baseline contrast level, WFIRST-2.4 will be able to detect a substantial number of gas giants and icy planets. With an enhanced coronagraph, WFIRST-2.4 should be capable of detecting rocky, Earth-like, planets around the nearest stars.

· WFIRST-2.4 would be able to directly image many of the nearest planets discovered by the indirect method of radial velocity searches. This will be an important next step in characterizing the properties of these diverse planets.

· WFIRST-2.4 would be able to image many of the dust disks around young stars and let us see the process of planet formation “in action”.

· The development of a coronagraph for WFIRST-2.4 would be an important stepping-stone towards building a future telescope capable of searching nearby planets for signs of life.

If launched early in the JWST mission lifetime, WFIRST-2.4 would significantly enhance the science return from the James Webb Space Telescope (JWST). By surveying large areas of the sky, WFIRST-2.4 should be able to detect galaxies forming in the first few hundred million years after the big bang and could potentially even detect supernova explosion occurring in the early universe. JWST powerful spectroscopic capabilities will enable detailed study of these rare objects. WFIRST-2.4 will discover myriads of strongly lensed quasars and galaxies that will be exciting objects for JWST follow-up observations. This powerful combination of WFIRST-2.4 wide field survey finding rare, but important, objects for detailed JWST study should also yield important results in galactic and extragalactic astronomy.
The existence of a high quality optical telescope assembly (OTA) reduces both the cost and risk associated with this mission. While far more capable than a smaller version of WFIRST, our internal cost estimates suggest that the mission costs are very similar. The cost savings associated with using an existing OTA balances the additional cost of building a satellite for a large telescope. With the mirrors just requiring minor modifications, one of the long-lead items of any astronomical mission is complete and most of its associated risks are retired.	Comment by Melton, Mark E. (GSFC-5990): Do we really want to mention this in the Executive Summary?
The key technology for the WFIRST-2.4 concept is the development of H4RG detectors for the camera, which is on the critical path for the mission. A modest investment of $5 M in fiscal year 2014 could significantly reduce the mission risk and produce a significant cost savings over the lifetime of the mission.
Based on its initial study, the science definition team concludes that NASA could use the 2.4 meter telescope asset to build a far more capable version of the WFIRST mission at comparable cost to the previously studied 1.5 meter version of the telescope and with lower technical risk.
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Placeholder Tables from D. Spergel
[bookmark: _Ref223171607]Table 1: WFIRST-2.4 capabilities mapped into the 20 key science questions and 5 discovery areas identified in the New Worlds New Horizons decadal survey report.

BOLD improvement denotes unique WFIRST-2.4 capability
BOLD section denotes capability that requires joint JWST +WFIRST-2.4 operations

DISCOVERY SCIENCE
	
	Key Observation
	Improvement
	Section

	Identification and characterization of nearby habitable exoplanets
	Characterize tens of Jupiter-like planets around nearby stars. Potential to detect Earth-like planets around nearest stars
	Coronagraph
	2.5.2

	Gravitational wave astronomy
	Detect optical counterparts
	Three times fainter 
	GO.x

	Time-domain astronomy
	Repeated observations
	~3 times deeper, well matched to LSST
	GO:Strauss

	Astrometry
	Measure star’s positions and motions
	Achieve same level of accuracy 10 times faster
	2.3.3

	The epoch of reionization
	Detect early galaxies for JWST follow-up.
	~10 fold increase in JWST targets
	2.3.1, Coe



ORIGINS
	
	Key Observation
	Improvement
	Section

	How did the universe begin?
	Not Relevant
	
	

	What were the first objects to light up the universe, and when did they do it?
	Detect early galaxies and quasars for JWST follow-up.
	~10 fold increase in high redshift JWST target galaxies
 ~high z supernova
	2.3.1
GO: Teplitz
GO: Whalen
GO: Fan
Stiavelli

	How do cosmic structures form and evolve?
	Trace evolution of galaxy properties
	1.7 times smaller effective area improves galaxy images
	GO: Donahue
GO: Conselice
GO: MIhos

	What are the connections between dark and luminous matter?
	High resolution 2000 sq. deg map of dark matter distribution

Dark Matter distribution in dwarfs to rich clusters
	Double the number density of lensed galaxies per unit area

	GO: Schechter
GO: Merton
GO: Merton/Rhodes
GO: Natarajan
GO: Donahue/Voit
GO: Johnston
GO: Stern 2

	What is the fossil record of galaxy assembly from the first stars to the present?
	Map the motions and properties of stars in the Milky Way + its neighbors

Find faint dwarfs
	3 fold increase in photometric sensitivity + 10 fold increase in astrometric speed

JWST follow-up
	GO: Besla
GO: Johnston 1,2
GO: Geha
GO: van derMarel
GO: Dalcanton
GO: Lane
Kalirai

	How do stars form?
	Survey stellar pops across wide range of luminosities, ages and environments 
	IFU spectroscopy

3 fold increase in photometric sensitivity + 1.7 times smaller PSF 
	GO: Hillenbrandt
GO: Tanner
GO: Kalirai I,II
GO: Ardilla II
GO: Stauffer
Goudfooij
Boyer

	How do circumstellar disks evolve and form planetary systems?
	Image debris disks
	Coronagraph
	2.5.2



UNDERSTANDING THE COSMIC ORDER
	
	Key Observation
	Improvement
	Section

	How do baryons cycle in and out of galaxies, and what do they do while they are there?
	Discover the most extreme star forming galaxies and quasars
	
	2.3.4

	What are the flows of matter and energy in the circumgalactic medium?
	
	
	

	What controls the mass-energy-chemical cycles within galaxies?
	Study effects of black holes on environment
	IFU Spectroscopy
	GO: Appleton

	How do black holes grow, radiate, and influence their surroundings?
	Identify and characterize quasars and AGNs, black hole hosts

Use strong lensing to probe black hole disk structure
	Excellent match to LSST sensitivity

1.7 times smaller PSF 
	GO: Stern
GO: Strauss



GO: Fan

	How do rotation and magnetic fields affect stars?
	
	
	

	How do the lives of massive stars end?
	Microlensing census of black holes in the Milky Way 
	
	Sahu

	What are the progenitors of Type Ia supernovae and how do they explode?
	Study supernova Ia across cosmic time

Detect SN progenitors in nearby galaxies 
	IFU Spectroscopy
	


Long

	How diverse are planetary systems?
	Exoplanet census

Detects free-floating planets

Transit Spectroscopy (and JWST followup)

Joint lensing studies with JWST
	Double number of Earth size and smaller planets.

IFU
	2.5.1

GO: Ardilia
   

GO: Grillmair
McCollough
Perrin

Sahu

	Do habitable worlds exist around other stars, and can we identify the telltale signs of life on an exoplanet?
	Develop precursor coronagraph for TPF
	Coronagraph
	2.5.2



FRONTIERS OF KNOWLEDGE
	
	Key Observation
	Improvement
	Section

	Why is the universe accelerating?
	Use SN as standard candles


Use BAO to measure distance as a function of redshift
	~2 fold improvement in SN distance measurements
~2 fold improvement in redshift range through ability to observe OIII lines
	2.2

	What is dark matter?
	Characterize dark matter subhalos around the Milky Way

Characterize dark matter in clusters

Strong lenses
	~10 fold increase in astrometry speed

~1.7 smaller PSF

~JWST follow-up of strong lenses
	
GO:Johnston


2.3.2
GO:Voit
Treu

	What are the properties of neutrinos?
	Measure neutrino effects on growth rate of structure
	~2 fold increase in lensed galaxies per unit area
	

	What controls the mass, radius, and spin of compact stellar remnants?
	Not Relevant
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Section 1: Introduction
[bookmark: _Ref222997517]This report contains the findings of a NASA-appointed Science Definition Team (SDT) to study the Astrophysics Focused Telescope Assets (AFTA) implementation of the Wide Field Infra-Red Survey Telescope (WFIRST) mission. It follows the study of the previous SDT, chaired by J. Green and P. Schechter, of other implementations as described in their 2012 report.[endnoteRef:2] In October 2012, the Director of the Astrophysics Division of NASA's Science Mission Directorate charged the WFIRST-AFTA SDT to work with the GSFC-JPL WFIRST project office to produce a design reference mission (DRM) for WFIRST using an existing 2.4 m telescope, herein referred to as WFIRST-2.4, which is being made available to NASA. This existing hardware significantly reduces the development risk of the WFIRST-2.4 mission. This document fulfills that charge. [2:   Green, J., et al., “Wide-Field InfraRed Survey Telescope (WFIRST) Final Report”, arXiv 1208.4012 (2012)] 

The NRC's 2010 decadal survey of astronomy and astrophysics, “New Worlds, New Horizons” (henceforth NWNH) gave WFIRST the highest priority for a large space mission. The NWNH science goals for WFIRST are quite broad. They include: tiered infrared sky surveys of unprecedented scope and depth; a census of exoplanets using microlensing; measurements of the history of cosmic acceleration using three distinct but interlocking methods (weak lensing, baryon acoustic oscillations, supernova standard candles); and a general observer/archival research program. What brought these very different science goals together was the realization, across the astronomical community, that recent advances in infrared detector technology have, for the first time, made it possible to launch a wide field infrared telescope with a very large number of diffraction limited "effective pixels" in the focal plane. The telescope prescribed for WFIRST in the NWNH report had a primary mirror diameter of 1.5 m.
In addition to the science and payload envisioned for WFIRST by NWNH, NASA has charged the current SDT with considering an optional addition of a coronagraph instrument to the payload for direct imaging of exoplanets. The rationale for the addition is that the increase in the primary mirror size from 1.5 m to 2.4 m results in a finer angular resolution (smaller point spread function) that enables meaningful coronagraphy.
In October 2011 ESA selected Euclid as one of two Cosmic Vision medium class missions. Euclid is also a wide field telescope (1.2 m primary mirror), but the majority of its detectors (36 of 52) work at optical rather than infrared wavelengths. While its optical pixels properly sample diffraction-limited images, its infrared pixels are substantially bigger and do not take advantage of the angular resolution that is gained by going into space. The Euclid prime-mission science is more limited than WFIRST with emphasis on dark energy surveys using the weak lensing and baryon acoustic oscillations. In January 2012 the NRC's Committee on the Assessment of a Plan for US Participation in Euclid recommended a modest contribution to Euclid, saying "This investment should be made in the context of a strong U.S. commitment to move forward with the full implementation of WFIRST in order to fully realize the decadal science priorities of the NWNH report."
Also in October 2011, the Nobel Prize in Physics was awarded to Saul Perlmutter (a member of the SDT), Adam Riess and Brian Schmidt “for the discovery of the accelerating expansion of the Universe through observations of distant supernovae.” The mechanism of that acceleration is unknown. WFIRST-2.4 will make large advances in measuring the expansion history of the universe and growth of structure to greatly narrow the range of possible mechanisms.
For explonets, we are in the midst of a revolution in detections and understanding. The techniques of transit imaging and Doppler light curves have resulted in nearly a thousand firm detections, the majority from the Kepler mission, and an even larger number of candidates to be confirmed. The microlensing technique has detected free-floating planets with an indication that there are as many unbound planets as there are orbiting ones. WFIRST-2.4 will advance the field by greatly expanding the microlensing capabilities to produce a census of exoplanets. With the optional coronagraph it would make the first large sample of direct images of exoplanets.
Consistent with its charge, the SDT herein presents the WFIRST 2.4 DRM. Similar to Design Reference Mission 1 (DRM1) of the previous SDT study, the current design has a single focal plane array for imaging and spectroscopy. The spectroscopy is accomplished by rotating a grism into the field for slitless spectroscopy. Changes from DRM1 are as follows:
· On-axis telescope
· Larger primary mirror
· Slitless spectroscopy with a grism instead of prism
· Integral Field Spectrograph for supernova slit spectroscopy instead of a slitless prism
· Optional coronagraph instrument for direct imaging of exoplanets
· Usage of HgCdTe IR detectors with 4k x 4k pixels (H4RG) instead of the 2k x 2k H2RGs

The orbit baseline for the WFIRST-2.4 DRM is a geosynchronous orbit with a 28.5 degree inclination as compared to Sun-Earth L2 for DRM1.
The previous SDT also had a DRM2 version that had a smaller primary mirror (1.1 m), fewer detectors and fewer years of design lifetime than DRM1. The performance relative to DRM1 was improved by baselining H4RG detectors with more pixels. The design rationale for DRM2 was to reduce overlap with other observatories and to reduce cost. A comparison of DRM1, DRM2 and WFIRST-2.4 is given in Table 1‑1.
The choice of the more-advanced H4RG detectors for WFIRST-2.4 is based on the rapid state of advancement in detector manufacturing. Ground instruments are being built with 4k x 4k pixels. We have judged that H4RGs will be the state-of-the-art at the time of the WFIRST development. A vigorous program is underway to space qualify the devices in time for WFIRST.
The detector layout for WFIRST-2.4 is shown in Figure 1‑1. The size of the detectors is shown as a footprint on the sky to illustrate the wide field of view. The field of view is a factor of ~100 larger than the instruments on HST and JWST, enabling deep sky surveys of unprecedented size.
This report gives the science return from WFIRST-2.4 and comparison to other observatories in Section 2 and a detailed description of the mission in Section 3.


	WFIRST Version
	CATE
Date
	Primary Mirror
Diameter (m)
	Science Focal
Planes
	Science
Detectors
	Notes

	SDT #1: Interim DRM
	2011
	1.3
	3
	36 H2RG-18
	1 – 4x7 Imaging FPA
2 – 2x2 Spec FPAs

	SDT #1: DRM1
	N/A
	1.3
	1
	36 H2RG-18
	Imaging & Spec in single channel with GRS and SN dispersers in a wheel

	SDT #1: DRM2
	2012
	1.1
	1
	14 H4RG-10
	Imaging & Spec in single channel with GRS and SN dispersers in a wheel

	SDT #2: WFIRST-2.4
	2013
	2.4
	2 
	18-H4RG-10
1 H1RG-18
	Imaging & Spec in single channel with GRS disperser in a wheel.
IFU for SN spectra.
Optional coronagraph for exoplanet imaging.


[bookmark: _Ref223155727]Table 1‑1: Comparison of past WFIRST Design Reference Missions.
 (
Figure 
1
1
: WFIRST-2.4 instrument field layout for the wide field instrument (including the IFU) and the coronagraph, as compared to HST, JWST and the Moon. (will update with IFU and coronagraph).
)

[bookmark: _Toc223171860][bookmark: _Toc223172003][bookmark: _Ref325114995]The WFIRST-2.4 Science Program
[bookmark: _Toc223171861][bookmark: _Toc223172004]Science Overview
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)[image: ]The 2010 Decadal Survey, New Worlds, New Horizons, sought to advance two of the highest priority astrophysics missions — the quest to understand the acceleration of the universe, and the search for other worlds — in a way that would also substantially benefit the research of the larger community. Without a budget commensurate with such ambitious goals, the Survey found a novel solution that joined these science programs on the framework of a modest-sized telescope with two unique attributes: (1) the high sensitivity of near-IR observations achievable from space, (2) wide-field of view — together, these would provide science capability orders-of-magnitude beyond previous missions. In addition to the two core programs, there would be large surveys and a competitive guest observer program that would benefit a wide segment of the astronomical community.
By choosing a 1.5-m telescope, the minimum possible aperture to achieve mission goals, WFIRST — the Wide-Field Infrared Space Telescope, promised all this within a budget that could be provided during the 2011-2020 decade, although resources proved to be even more constrained than expected. A consequence of the small aperture, however, was that that no part of the program --- the dark energy (extragalactic survey) program, the microlensing planet search, or the guest observer program, could be supported at the desired level, as described by the Science Prioritization Panels of the Survey and the proposals made by the community. Although the Science Definition Team’s DRM1 design confirmed that an unobstructed, 1.3-m aperture WFIRST would be among the highest ‘science-per-dollar’ missions ever built, the science had already been “descoped” relative to community ambitions.
The unexpected availability of the 2.4-m telescope has the potential to restore the robustness and balance of these science programs, and more. As we show here in this Report, by dividing the time on WFIRST-2.4 equally between dark energy, microlensing, and guest observer observations, gains of 50-100% or more are expected for all. Furthermore, the 2.4-m makes possible new science at the limit of, and beyond, what was achievable with earlier WFIRST designs. Had the NWNH Decadal Survey been able to consider a 2.4-m version of WFIRST, they would have undoubtedly embraced the augmentation of this remarkable opportunity to pursue such a range of science goals, and the possibility of having, in effect, a second Hubble Space Telescope, this one capable of wide-field near-IR observations that are key to many of the frontier areas of astrophysics.
The 2.4-m aperture of WFIRST-2.4 collects almost 3 times as much light as the unobstructed 1.3-m SDT-DRM1 and offers a 60% improvement in spatial resolution (point spread function –- PSF), which itself provides another factor-of-two improvement in accomplishing many science programs. Compared to SDT-DRM1, the design presented in our report has a ~30% smaller field-of-view (FOV) that moderates these gains, but the higher spatial resolution takes the WFIRST program to the “next level” and sets it apart from DRM1 and — for the dark energy program specifically — the Euclid mission. In particular, having the greater speed of the larger aperture and the sharper PSF allows WFIRST-2.4 to reach a factor-of-two deeper per unit time over an unprecedentedly large field for a large space telescope, ~90 times bigger than the HST– ACS FOV, and ~200 times bigger than the IR channel of WFC3 that has been a tremendously successful scientific tool.
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Our closest neighbor galaxy is Andromeda, a giant spiral ga
l
axy 
much 
like our own Galaxy.
 
Studies comparing the two have shown many similarities, 
but also
 some notable diffe
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ences, in when 
generations of stars were born
 and how they enriched the abundances of chemical elements such as ca
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ground-based tele
scope
 shows, 
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 these are the remnants of small galaxies that have been 
captured by 
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 over
 the last few billion years.
 
Studying these features in detail 
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how the
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n
dromeda galaxy was assembled.
What ground-based telescopes have done for Andromeda, the wide field of 
WFIRST-2.4
 can do for as many as a hu
n
dred nearby galaxies, producing spectacular images of other galaxies with detail 
now 
only available for the nearest few.
 
The contribution to our understanding of the formation and evolution of galaxies will be 
enormous
. 
)[image: ]The following sections explain how this capability will be exploited for the core programs of dark energy and microlensing planet finding. In both cases, the surveys are shallow compared to WFIRST-2.4’s full capability. This is done in order to cover large areas of the sky for cosmological studies, and for repeating thousands of times a small number of fields to identify distant supernovae as a dark energy tool, and to search for microlensing events due to stars and their planets that intercept the lines of sight to hundreds of thousands of stars in the Galactic bulge. In this introduction to the science sections we provide some examples of making much deeper exposures with the WFIRST-2.4 wide field camera, to accomplish high-priority science objectives not possible with any other mission, and to provide EPO material bound to amaze and inspire.
Most of these types of programs will be pursued in the Guest Observer program, the part of WFIRST-2.4 that will offer broad support to many fields of astrophysics in the tradition of HST, no doubt with the same astonishing results of new, creative, field changing science. The NWNH Survey Committee concluded that, in the long run, the Guest Observer program would become the heart of the WFIRST mission. HST has demonstrated clearly that the combination of a powerful facility and peer-reviewed proposals has the greatest impact in pursuit of the extraordinarily broad field of astrophysics research.
Because of the giant FOV and high sensitivity, even the “deep field” science — accomplished by Hubble as an observatory project — will be within reach of Guest Observer proposals. The pioneering Hubble Deep Fields revolutionized our view of the young universe. WFIRST-2.4 will produce “Degree-Deep-Fields” almost 100 times larger. Their samples of millions of galaxies at redshifts 1<z<3 will make fundamental contributions to understanding galaxy evolution over this critical epoch of galaxy growth, and provide mural-sized views of the deep universe that will be gems for public engagement.
The deep fields will be invaluable because of their huge samples of distant galaxies, like the dark energy surveys described below, but much deeper. Especially because these WFIRST-2.4 observations will be made further into the near-IR, these studies of galaxy evolution will be more powerful with respect to the early universe than the Hubble Deep Fields. Moreover, there are many vital research programs where the idea is not just to collect a large sample — in these cases the `subject’ extends over a degree or more over the sky, areas that cannot be covered with HST or JWST.
For example, the wide and deep capability of WFIRST-2.4 will have remarkable application to studies of the nearby universe. Deep pictures of the Andromeda galaxy taken with ground-based telescopes have revealed a faint network of structure surrounding our nearest-neighbor that records how it was assembled. What ground-based resolution can do for Andromeda, WFIRST-2.4 will do for hundreds of our Galaxy’s other, more distant neighbors. Color-magnitude diagrams using far-red and infrared bands can constrain ages and metallicities for millions of stars and trace assembly histories for the main body of each galaxy as well as its faint stellar halo. With such observations, a context for the development of our own Galaxy will be within reach.
 (
The Taurus Star Forming Cloud (above) is the birthplace of thousands of 
new 
stars.
 The much bigger field of WFIRST-2.4 compared to Hubble or Webb means that its deep
,
 panoramic view will encompass all these newcomers, from the youngest, smallest stars 
— 
buried in dust, to free-floating Jupiter-sized planets 
—
 
fl
ung out of their ‘solar
 systems
’
.
 Finding these ejected planets is key to understanding the evolution of our own Solar System. 
Deep imaging of the richest star clusters in the Milky Way, like the 
‘
globular cluster
’ shown 
below 
(
left), and the rich star fields of our Galaxy (
right) will b
e treasure troves for understanding the history of 
the home galaxy back to
 ancient times.
)[image: ][image: ][image: ]Regions of star formation, for example, the Taurus association, stretch across many degrees of the sky. The near-IR sensitivity of WFIRST-2.4 will make possible a full census of stars in these systems to a depth far beyond what has been possible with ground-based and space-based telescopes. Panchromatic, wide-field imaging will provide our clearest picture to date of the star formation process and the shape of the initial mass function, and the dependence of these on the global environment. This will include brown dwarfs and even planets down to a few Jupiter masses that have been ejected from their parent systems — such information will be crucially important in understanding the evolution of our own solar system. High precision color-magnitude diagrams for Galactic globular clusters will exploit sharp features in the infrared color-magnitude relation of stars to determine much more accurate ages, metallicities, reddenings, and distances than have been possible with visible data alone. Selected swaths of the Milky Way’s disk will map star formation in our Galaxy over the last 6 billion years of cosmic history, a time when the `cosmic’ rate of star formation has been rapidly falling.	Comment by Melton, Mark E. (GSFC-5990): Need to update figure to replace AFTA-WFIRST with WFIRST-2.4
Looking further out into deep space, and further back in time, the principal epoch of galaxy growth will be well probed by the wide-and-deep imaging capability of WFIRST-2.4, complementing visible-light ground-based surveys made with the Large Synoptic Survey Telescope (LSST), and the small-field, but extraordinarily sensitive spectroscopic capability of the James Webb Space Telescope (JWST). A particular scientific focus of high priority is the linking of galaxy evolution with large-scale structure. For example, elliptical galaxies, with their prevalently old populations, prefer the denser regions of the universe. Ground-based telescopes can cover areas large enough to map large-scale structure on the required scale of tens of megaparsecs (~1 degree at z=1 — a few WFIRST-2.4 fields), but such images lack the resolution for accurate morphological classification, and the depth to probe to small galaxies. HST or JWST images over such a scale is, again, impractical. WFIRST-2.4 can do it all — cover large areas to map the large-scale structure, and obtain deep enough, and accurate enough photometry to identify and characterize the full mass-range of these young versions of older galaxies, investigating their structure and star-formation history in the first half of cosmic time. 
Even observing the birth of large-scale-structure during “cosmic dawn” is possible with WFIRST-2.4, using deep photometry to select Lyman-break galaxies from 6 < z < 10, tracing the rapid growth of denser environments and connecting this to the emergence of Lyman-alpha-emitters and Lyman-break systems in the birth phase of today’s galaxies.
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The ‘
teen
 years’ for galaxies began about 3
 billion years after t
he Big Bang and lasted about 3 billion years more. Only WFIRST-2.4 can tie the evol
u
ti
on of galaxies to the growth of ‘
large-scale structure
’, as the universe evolves from primal smoothness to a tapestry ranging from vast voids with few galaxies to 
clusters
 packed with galaxies
.
 The picture above shows a dense region coalescing when the universe was 3 billion years old, the time the most massive galaxies (called ‘ellipticals’) went through their growth spurt. A single WFIRST-2.4 field would cover an area 16 times larger, pr
o
viding a sample of thousands of early galaxies over a wide range of env
i
ronments. The bottom picture shows a theoretical model of even earlier large-scale structure, when the universe was only 1 billion years old 
—
 about the time the seeds for such galaxies were sown. Only WFIRST-2.4 can trace the growth of elliptical galaxies, and the slower-developing ‘spiral’ galaxies, in this changing environment. This picture covers an area of a si
n
gle WFIRST-2.4 field.
)[image: ][image: ]These are examples of the exciting science that WFIRST-2.4 will make possible, for the first time, but they are truly the tip of the iceberg. As optimistic as the creators of HST were, they never imagined how prolific it would be and how much it would change the field of astrophysics. In the following sections we will describe in detail some areas of science where the impact of WFIRST-2.4 can be accurately quantified. This includes dark energy program with its three-pronged campaign of baryon-accoustic-oscillations, weak lensing of galaxies, and Type-1a supernovae, to measure the evolution of space-time and the possible departures from gravitation as described by the theory of general relativity. This program will produce a vast extragalactic survey — a map for JWST to follow — that will inform a wide range of galaxy studies, including quasars, star formation histories, feedback, and rich clusters as telescopes for observing the earliest galaxies.
We describe the gains to be had with WFIRST-2.4 for the second core program, the microlensing search for thousands of planets down to below Earth mass, in orbit around F, G, K, and M stars and “beyond the snow line” — the much needed, and ideal complement to the Kepler mission. WFIRST-2.4 offers substantial advantage over previous WFIRST designs in determining absolute, not just relative, masses of these planets. We also investigate the exciting possibility of pushing ahead one of the Decadal Survey’s highest priority: not just finding, but characterizing planets, something that can be pursued by adding a extremely-high-contrast coronagraph to WFIRST-2.4. A game-changing advantage of this telescope is to provide the first platform to test this new and rapidly improving technology and take the first scientific steps in describing the properties of extrasolar planets, something that the last two Decadals have identified as one of, if not the, most important field in astrophysics in 2020 and beyond. Directly imaging planets around nearby stars is a step not possible with other versions of WFIRST, but it is one that resonates with the spirit of the mission as described in NWNH.
The potential for breakthroughs in the history of stellar populations — for our own Galaxy and those nearby — is particularly promising. The combination of wide-field, sharp PSF, and superior sensitivity is precisely the combination needed to make substantial progress in this foundational research that impacts much of astrophysics. We will show that WFIRST-2.4 is an enabling facility in this area, something important that was beyond the original conception of the WFIRST mission.
We will return to the all-important Guest Observer program and provide much more detail on exemplary programs. These suggest that, as NWNH believed, over the long term this could be the true legacy of the program. The idea that peer-review will eventually control the full utilization of WFIRST-2.4, including the possibility of additional observations for the core programs and the degree of dedication to the direct-imaging of planets, is really the defining characteristic of this novel mission that combines principal targets of research with the ability to reach far across the field — like WFIRST-2.4 itself, the ability to go wide and deep.
The relation and synergy with other major facilities in the 2020 and beyond time frame are explored. This and the science programs motivate the final section on the science requirements we have chosen for this first design-reference-mission of WFIRST-2.4. These science requirements are the foundation for the Observatory plan we present in Section 3.
[bookmark: _Ref223063166][bookmark: _Toc223171862][bookmark: _Toc223172005]Dark Energy & Fundamental Cosmology
Primary Dark Energy Science Objective: Determine the expansion history of the Universe and the growth history of its largest structures in order to test possible explanations of its apparent accelerating expansion including Dark Energy and modifications to Einstein's gravity.
The accelerating expansion of the universe is the most surprising cosmological discovery in many decades, with profound consequences for our understanding of fundamental physics and the mechanisms that govern the evolution of the cosmos. The two top-level questions of the field are:
1. Is cosmic acceleration caused by a new energy component or by the breakdown of General Relativity (GR) on cosmological scales?
2. If the cause is a new energy component, is its energy density constant in space and time, or has it evolved over the history of the universe?

A constant energy component, a.k.a. a “cosmological constant,” could arise from the gravitational effects of the quantum vacuum. An evolving energy component would imply a new type of dynamical field. Gravitational explanations could come from changing the action in Einstein’s GR equation, or from still more radical modifications such as extra spatial dimensions. Observationally, the route to addressing these questions is to measure the histories of cosmic expansion and growth of structure with the greatest achievable precision over the widest accessible redshift range. 
As defined by NWNH, one of WFIRST’s primary mission goals is to “settle fundamental questions about the nature of dark energy, the discovery of which was one of the greatest achievements of U.S. telescopes in recent years.” (Following common practice, we will use “dark energy” as a generic term that is intended to encompass modified gravity explanations of cosmic acceleration as well as new energy components.) It will do so using three distinct surveys that enable complementary measurements of the expansion history and structure growth. In each case, the larger collecting area and higher angular resolution of WFIRST-2.4 afford significant advantages relative to the DRM1 design. The measurement methods described below are discussed at somewhat greater length in the Green et al. report1, and comprehensively in the review article of Weinberg et al. (2013).	Comment by Melton, Mark E. (GSFC-5990): Need reference
 The WFIRST supernova (SN) survey has two components: multi-band imaging to discover supernovae and measure light curve shapes, and Integral Field Unit (IFU) spectroscopy to confirm the Type Ia classification, measure redshifts and spectral diagnostics, and perform the synthetic photometry used to measure luminosity distance. Our forecast for WFIRST-2.4 indicates that it will discover more than 2700 spectroscopically confirmed Type Ia supernovae out to redshift z = 1.7 in six months of observing time, spread over a 2-year interval. Space-based near-IR observations are the only feasible way to observe large samples of supernovae at z > 1, and at every redshift the use of near-IR wavelengths and a stable, space-based imaging platform with sharp PSF reduces the critical systematic uncertainties associated with dust extinction and photometric calibration. Relative to DRM1, the larger collecting area and sharper PSF of WFIRST-2.4 enables a survey with more supernovae, a more uniform redshift distribution, and the reduced systematics afforded by IFU spectroscopy.
The imaging component of the WFIRST-2.4 High Latitude Survey (HLS) will make weak lensing shape measurements of nearly 500 million galaxies over an area of 2000 deg2. Weak lensing directly probes the clustering of matter between the observer and the lensed source galaxies, so it measures the growth of structure without uncertainties associated with galaxy bias. The weak lensing signal also depends on distances to the sources and the lensing matter distribution, so it provides expansion history constraints that are competitive with those from other methods. However, away from massive clusters the typical distortion of source galaxy shapes is only about 1%. Measuring the lensing signal with high precision, in the face of intrinsic ellipticity variations that are ~ 0.4 rms, requires enormous galaxy samples and exquisite control of systematic errors. Space-based measurements offer potentially enormous advantages for weak lensing because of high angular resolution and stability of the observing platform, allowing accurate characterization of the instrumental point-spread function (PSF). The WFIRST HLS has been designed with control of systematics as a paramount consideration. The large aperture of WFIRST-2.4 yields a high surface density of lensed source galaxies, ~ 70 arcmin-2 in the HLS and potentially 200-300 arcmin-2 in longer, targeted observations, much higher than any other ground-based or space-based facilities equipped for large area surveys.
The abundance of rich galaxy clusters as a function of mass and redshift offers an alternative route to measuring the growth of structure. The key uncertainty in this approach is accurate calibration of the cluster mass scale, e.g., the average halo mass <M(O,z)> of clusters at redshift z as a function of a mass-correlated observable O, which must be known to sub-percent accuracy to exploit the statistical potential of cluster surveys. The HLS imaging survey is an ideal tool for carrying out this calibration through measurements of the average weak lensing profiles of large cluster samples. The clusters themselves can be identified in WFIRST imaging, together with optical imaging from LSST, or from X-ray surveys (the eROSITA mission in particular) or radio surveys that utilize the Sunyaev-Zel’dovich (SZ) effect.
The HLS spectroscopic survey will use grism observations to measure Hα emission line redshifts of more than 20 million galaxies in the redshift range 1.05 < z < 2.0, over the same 2000 deg2 area as the imaging survey. Higher redshifts can be probed using [OIII] emission lines; forecasts here are more uncertain, but current data suggests ~ 2 million galaxies can be mapped through [OIII] in the 2 < z < 2.9 redshift range. The galaxy redshift survey (GRS) allows measurement of the cosmic expansion history through the use of baryon acoustic oscillations (BAO). Sound waves that travel in the photon-baryon fluid of the pre-recombination universe imprint a characteristic scale on the clustering of matter, which is subsequently imprinted on the clustering of galaxies and intergalactic gas. The BAO method uses this scale as a standard ruler to measure the angular diameter distance DA(z) and the Hubble parameter H(z), from clustering in the transverse and line-of-sight directions, respectively. The BAO method complements the Type Ia supernova method in several respects: it measures distances against an absolute scale calibrated via CMB observations (instead of relative to the low-redshift Hubble flow), its precision increases towards high redshifts because of the larger comoving volume available for clustering measurements, and it can directly measure H(z), which is tied to the dark energy density through the Friedmann equation. Our current understanding of the BAO method suggests that it will be statistics-limited even for the largest foreseeable surveys; small corrections are required for the effects of non-linear gravitational evolution and non-linear galaxy bias, but these can be computed at the required level of accuracy using analytic and numerical techniques. The broad-band shape of the galaxy power spectrum P(k) provides a second “standard ruler” for geometrical measurements via the turnover scale imprinted by the transition from radiation to matter domination in the early universe, as well as a diagnostic for neutrino masses, extra radiation components, and the physics of inflation. The large aperture of WFIRST-2.4 enables a redshift survey that fully samples structure on the BAO scale over the full redshift range 1.05 < z < 2, and it enables the same survey to probe the z = 2-3 regime via [OIII] emission.
The galaxy redshift survey conducted for BAO also offers a probe of the growth of structure via redshift-space distortions (RSD), the apparent anisotropy of structure induced by galaxy peculiar velocities. RSD measurements (in the large scale regime described by linear perturbation theory) constrain the product of the matter clustering amplitude and the clustering growth rate (specifically, the logarithmic derivative of clustering amplitude with expansion factor), complementing weak lensing observations that measure the matter clustering amplitude in isolation. Comparison of weak lensing and RSD growth measurements can also test modified gravity theories in which the potential that governs space curvature can depart from the potential that governs “Newtonian” acceleration of non-relativistic tracers. 
We discuss these three surveys at greater length in the following subsections, but we begin with summary plots that illustrate the fundamental cosmological measurements they will enable. Figure 2‑1 focuses on measurements of the expansion history from the SN  (
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)survey and the GRS. The top panel plots the forecast errors on the luminosity distance measurement DL(z) from the SN survey, based on assumptions about statistical and systematic errors that are detailed in the following subsection. There are 16 bins, so one can roughly judge the aggregate precision of the data by taking the median error of ~0.8% and dividing by √Nbin; more precisely, the aggregate precision on a constant multiplicative offset of the luminosity distance scale is (i [ln DL(zi)]-2)-1/2 = 0.18%, provided that the systematic errors are (like the statistical errors) uncorrelated across redshift bins.	Comment by Melton, Mark E. (GSFC-5990): I should probably average successive bins in the z>2 regime, i.e., half as many bins with root-2 smaller errors.
The middle and bottom panels show forecast errors on the angular diameter distance DA(z) and Hubble parameter H(z) from the galaxy redshift survey. As discussed in §2.2.3 below, we assume use of the full power spectrum shape up to a maximum comoving wavenumber kmax = 0.2 h Mpc-1; errors for a BAO-only analysis would be larger by a typical factor ~ 1.4.These forecasts are based on Hα emitters at z < 2.0 and [OIII] emitters at z > 2.0. The aggregate precision in these two regimes is 0.56% and 1.3% for DA(z) and 0.79% and 1.7% for H(z). Errors on H(z) are larger than those for DA(z) because there is one line-of-sight direction vs. two transverse directions. However, H(z) measurements are more sensitive to the dark energy equation of state because they directly probe the total energy density, which is the sum of the matter, radiation, and dark energy densities. (Recall that the critical density is c(z) = 3H2(z)/8G.)  
As context for assessing these projected errors, curves in Figure 2‑1 show the fractional changes in the predicted DL(z), DA(z), and H(z) for several models relative to a model with a flat universe, a cosmological constant, and m = 0.267. Dotted and short-dashed curves show the effect of changing the dark energy equation-of-state parameter from w = -1 to w = -0.96 or w = -1.04, while maintaining a flat universe. Long-dashed and short-dashed curves show the effect of changing the space curvature to k = ± 0.002 while maintaining w = -1. Isolated changes to w or k with all other parameters held fixed tend to produce models that are easily ruled out by CMB data. Here we have followed the strategy of Weinberg et al. (2013), where for each change to w or k we adjust the values of m, b, and h in a way that keeps the CMB power spectrum almost perfectly fixed. Note that with Nbin=16, a model that skirted the top or bottom of all the error bars would be ruled out at 4 significance. However, there is a subtlety in interpreting the DL(z) panel of Figure 2‑1: a simultaneous change in H0 and the characteristic ab (
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Measurements of structure growth from the HLS imaging and spectroscopic surveys.  Error bars in the top panel show forecast fractional errors on 
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tometric redshift bins of the weak lensing survey.  Curves in each panel show the effect of changing the equation-of-state parameter w to -1.04 or -0.96 or the “beyond GR” growth parameter 
Δγ 
to ±0.05.   
)solute magnitude of Type Ia SNe would produce a constant offset in the predictions, so the information about dark energy and curvature resides in the slopes of the curves rather than their absolute levels (this is not true for the other panels). More generally, plots like these do not capture the ability of multiple probes to break parameter degeneracies in a high-dimensional space of theories.	Comment by Melton, Mark E. (GSFC-5990): Need reference
Figure 2‑2 presents corresponding precision forecasts for observables related to structure growth. The top panel shows forecast errors on 8m(z)f(z), the product of the matter fluctuation amplitude (specifically, the rms fluctuation in spheres of comoving radius 8 h-1 Mpc) and the logarithmic growth rate f(z) = dln8m(z)/dlna. These errors are computed by the methodology of Wang et al.[endnoteRef:3], again assuming that the redshift-space power spectrum can be modeled up to kmax = 0.2 h Mpc-1. The predicted aggregate error is 1.9% at z = 1-2 and 3.5% at z=2-3.   [3:   Wang, Y., "Robust constraints on dark energy and gravity from galaxy clustering data", MNRAS, 423, 3631 (2012)] 

Cluster abundances calibrated by weak lensing constrain a combination of parameters that is approximately Ωm0.4σ8m(z), where Ωm is the z=0 matter density in units of the critical density. For the middle panel of Figure 2‑2, we have used the approach of Weinberg et al. (2013) to compute expected errors on this quantity for the surface density and redshift distribution of weak lensing galaxies anticipated in the HLS imaging survey, assuming that clusters can be reliably identified down to a mass threshold of 1014 Msun. The per-bin error bar initially shrinks with increasing redshift, as the volume element grows yielding more clusters, then grows at high redshift as the space density of clusters declines and the surface density of background galaxies for weak lensing calibration drops. The predicted aggregate precision is 0.35%.TBD	Comment by Melton, Mark E. (GSFC-5990): Need reference	Comment by Melton, Mark E. (GSFC-5990): I have asked Eduardo Rozo to do these forecasts now that we have the WL numbers (and he’s agreed).  The current figure is from the review article and assumes a larger survey area but lower source density.  HLS forecast will be somewhat worse at most redshifts, but better at high z.  	Comment by Melton, Mark E. (GSFC-5990): A guess
It is difficult to abstract WL constraints into a form similar to the other panels of Figure 2‑1 and Figure 2‑2, with errors on an “observable” as a function of redshift. First, the WL signal depends on both the amplitude of structure and the distance-redshift relation: for sources at zs and lenses at zl, the quantities 8(zl), DA(zl), and DA(zs) all affect the shear. Second, the errors on the WL signal for two different bins of source redshift can be strongly correlated because matter in the foreground of both redshifts can lens the galaxies in both bins. For WL one obtains errors that are more nearly uncorrelated by considering different multipoles CL of the angular power spectrum. As an approximate illustration, the bottom panel of Figure 2‑2 shows forecast statistical errors on the weak lensing power spectrum for three of the ten photometric redshift bins considered in our full forecast. Note that in addition to measurements for the remaining seven bins, there are Nbin×(Nbin-1)/2 = 45 cross-correlation power spectra among different bins that provide additional cosmological constraints. As a representative aggregate precision, we have computed the error on 8 considered as a single parameter multiplying the amplitude of linear matter fluctuations at all redshifts. The predicted precision is TBD%, accounting for all error correlations and marginalizing over systematic measurement and modeling uncertainties as described in §2.2.2 below.
As context for interpreting these predicted errors, we again show in each panel the predicted impact of changing dark energy parameters away from those of a fiducial ΛCDM model. Dotted and short-dashed curves show the impact of maintaining GR but changing w to -0.96 or -1.04, which alters structure growth by changing the history of H(z). Long-dashed and dot-dashed curves show the effect of maintaining w = -1 but changing the index of the growth rate f(z) ≈ [m(z)] from its GR-predicted value of  ≈ 0.55, by  = ±0.05. This is a simple way of parameterizing the possible impact of modified gravity on structure growth, but other forms of GR modification could produce stronger growth deviations at high redshift, as could GR-based models with early dark energy.
TBD: A closing paragraph for this section.
[bookmark: _Toc223171863][bookmark: _Toc223172006]The Supernova Survey
For WFIRST-2.4, we adopt a supernova survey with a total of six months of observations spread over a two year interval. Supernova observations take place with a five-day cadence, with each interval of observations taking a total of 30 hours of imaging and spectroscopy. There are three tiers to the survey: a shallow survey over 27.44 deg2 for SNe at z < 0.4, a medium survey over 8.96 deg2 for SNe at z < 0.8, and a deep survey over 5.04 deg2 for SNe out to z = 1.7. This design is based on optimizing the dark energy Figure of Merit from SNe at fixed observing time, given our assumptions about statistical and systematic errors described below.
The survey uses the wide-field imager to discover supernovae in two filter bands: Y and J for the shallow, low redshift tier and J and H for the medium and deep tiers. However, the “photometric” measurements used for the cosmological analysis are derived from observations with the IFU spectrometer. Even though IFU observations are one object at a time, they prove more efficient than slitless spectroscopy over the 0.28 deg2 field of view because the exposure time can be chosen for each supernova individually instead of being driven by the faintest object in the field, and because IFU observations have dramatically lower sky noise per pixel, allowing much better isolation of the faint SN signal.[endnoteRef:4] Even more important, IFU spectrophotometry reduces systematic uncertainties by (a) removing the need for K-corrections, as the same rest-frame wavelength range can be chosen for SNe at different redshifts, (b) allowing better separation of SN and background galaxy light as a function of wavelength, (c) providing spectral diagnostics that can help distinguish intrinsic color variations from the effects of dust extinction[endnoteRef:5] and match high and low-z SNe with similar properties to suppress evolutionary effects in the mix of supernovae. Photometric calibration is a limiting systematic uncertainty in current ground-based SN surveys (e.g., Sullivan et al. 2011) and a critical consideration for a space-based survey; highly accurate calibration is much more straightforward for an IFU system than for a wide-field filter photometry system.  	Comment by Melton, Mark E. (GSFC-5990): Correct? 	Comment by Melton, Mark E. (GSFC-5990): Need reference	Comment by Melton, Mark E. (GSFC-5990): Maybe someone could phrase that more persuasively. [4:   A slitless spectrum includes contributions from the full sky in each spectra bin --- each pixel sees the whole wavelength range of 0.6 to 2.0 microns.  For example, where the IFU spectra see 0.017 counts/sec/pixel of zodiacal light, slitless spectra see 2.32 counts/sec/pixel.  For the target SN redshifts (0.1 < z < 1.7) and spatial and spectral resolution for which it is optimized, the IFU on WFIRST-2.4 has comparable or faster exposure times than the NIRSpec IFU on JWST, and vastly more efficient overheads.]  [5:   Chotard, N., et. al., “The reddening law of type Ia supernovae: separating intrinsic variability from dust using equivalent widths”, A&A, 529, 4 (2011)] 

For each supernova, we obtain seven IFU spectra on the light curve with a roughly 5-day rest-frame cadence, from -10 rest-frame days before peak to +25 rest-frame days past peak, with S/N = 3 per pixel (S/N = 15 per synthetic filter band). We also obtain one deep spectrum when the supernova is near its peak, with S/N = 10 per pixel, to provide one highly accurate photometric data point, identify supernova subtypes, and perhaps measure spectral diagnostics that can reduce statistical or systematic errors. Finally, we obtain one reference spectrum after the supernova has faded, for galaxy subtraction, with S/N = 6 per pixel. On average, in each set of observations roughly six hours is spent on imaging discovery, 11 hours on spectra for light curves, and 13 hours on the deep spectra and reference spectra.	Comment by Melton, Mark E. (GSFC-5990): This is not one of the seven, correct?  
Figure 2‑3 shows the number of SNe expected in each Δz = 0.1 bin of redshift. The drops at the redshift boundaries of the shallow and medium tiers are evident. In the deep tier we choose a fixed number N=136 in each redshift bin for IFU follow-up, from the larger number discovered in the imaging survey. The total number of predicted SNe is 2725, with a median redshift z = 0.7.	Comment by Melton, Mark E. (GSFC-5990): Accurate?
To guide the design and forecast the performance of the supernova survey, we have adopted the following  (
Figure 
2
3
: 
Expected number of Type Ia SNe in each Δz = 0.1 redshift bin
.
 
 For z > 0.6 there are, by design, 136 SNe followed up with spectroscopic observations in each bin.  The total number of SNe is 2725.
)error model. The photometric measurement error per supernova is meas = 8% based on seven IFU spectra with S/N=15 per filter band and one IFU spectrum with S/N=47 per filter band. We assume an intrinsic dispersion in Type Ia luminosities of int = 8% (after correction for light curve shape and spectral properties); this is at the low end of current estimates, but studies of nearby supernovae that use full spectral time series (which the IFU spectroscopy will provide) achieve values in this range. The other contribution to statistical errors is gravitational lensing magnification, which we model as lens = 0.07 × z. The overall statistical error in a z = 0.1 redshift bin is then	Comment by Melton, Mark E. (GSFC-5990): It would probably be clearer to quote everything in magnitudes here.  However, I’m not sure whether 8% means 0.08 magnitudes or whether its 0.08 * 2.5 / ln10 magnitudes.  
σstat = [(σmeas)2 + (σint)2 + (σmeas)2]1/2 / √NSN , 
where NSN is the number of SNe in the bin. We assume a systematic error per bin of 
sys = 0.01 (1+z) / 1.8 mag,
with no correlation of errors between redshift bins. This corresponds to the “optimistic” systematics case from the Green et al. report1 because we expect the IFU spectrophotometry to minimize systematics associated  (
Figure 
2
4
: Fractional errors in distance 
per Δz = 0.1 bin. 
Squares and crosses show the statistical and systematic contributions, respectively, and filled circles show the total error.
)with photometric calibration and K-corrections and to reduce evolutionary systematics.  
The total error for a bin is just the quadrature sum of the statistical and systematic errors. Filled circles in Figure 2‑4 show the total distance error (which is half the flux error) based on the WFIRST-2.4 design and the error model above; these are the same errors shown for luminosity distance in Figure 2‑1. By design, the statistical and systematic errors are comparable, except in the lowest redshift bin where the volume is small. In general, one gains by improving statistics in low redshift bins (where the exposure times are shorter) until one hits the systematics limit, and then one gains by going to higher redshifts, which continue to provide new information. (Our assumption that systematic errors are uncorrelated across redshift bins is important in this regard.) The total error is about 0.5% per bin near z = 0.5, then climbs to just over 1% at the highest redshifts because of the increased contribution of lensing to the statistical error and the assumed redshift behavior of the systematic error.  	Comment by Melton, Mark E. (GSFC-5990): The assumption is that measurement error does not increase with redshift, correct?  The statistical error growth is just from lensing?
Our error model is based on current empirical understanding of the supernova population, which is improving rapidly thanks to extensive surveys of nearby and moderate redshift SNe. The design and analysis of the WFIRST SN survey, including the optimal division of observing time among redshift tiers, will ultimately depend on lessons learned from ground-based surveys and HST/JWST observations between now and the launch of WFIRST. It is clear, however, that the near-IR coverage, sharp imaging, and large collecting area of WFIRST-2.4 will allow a supernova cosmology survey of extraordinary quality, far surpassing that of any other planned facility on the ground or in space.
The scientific goals of the WFIRST SN survey lead to the following requirements:

 (
Figure 
2
5
: 
Illustration of the
 rolled
 tiling strategy for DRM1 in the Y, H, and K band filters.
  The J-band observations have one additional exposure in one of the bandpasses.
)Survey Capability Requirements	Comment by Melton, Mark E. (GSFC-5990): For now I have left the requirements description below untouched.  If we are going to keep these descriptions in the new report, then we need to revise this based on the AFTA-WFIRST design.
1. >100 SNe-Ia per z=0.1 bin for most bins for 0.4 < z < 1.2, per dedicated 6 months
1. Observational noise contribution to distance modulus error  ≤ 0.02 per z=0.1 bin up to z = 1.7.
1. Redshift error  ≤ 0.005 per supernova
1. Relative instrumental bias ≤ 0.005 on photometric calibration across the wavelength range.

Data Set Requirements
1. Minimum monitoring time-span for an individual field: ~2 years with a sampling cadence ≤ 5 days 
1. Cross filter color calibration ≤ 0.005
1. Three filters, approximately J, H, K
1. Slitless prism spec (P130) 0.6-2 m,  ~75, 2-pixel (S/N  2 per pixel bin) for redshift/typing
1. Photometric S/N  15 at lightcurve maximum in each band at each redshift
1. Dither with 30 mas accuracy
1. Low Galactic dust, E(B-V) ≤ 0.02.

[bookmark: _Ref223147205][bookmark: _Toc223171864][bookmark: _Toc223172007]The High Latitude Imaging Survey
The WFIRST-2.4 high latitude survey (HLS) will image 2000 deg2 in the four near-IR bands listed in Table 2‑4, which we will refer to as Y, J, H, and F184. The HLS will support an enormous range of science, as discussed at many places in this report. From the point of view of dark energy, the most important contribution of the HLS imaging survey is weak lensing (WL) measurements. At fixed total observing time, the statistical power of a weak lensing survey generally increases with larger survey area (and shallower images), until the exposures become short enough that detector read noise dominates over sky noise. We have chosen the exposure time for the HLS so that read noise and sky noise make roughly equal contributions. The survey area then follows from the total observing time devoted to the HLS imaging survey, which for WFIRST-2.4 is TBD years.  	Comment by Melton, Mark E. (GSFC-5990): (Accurate statement?  In all bands or in a particular band?)  
Figure 2‑5 illustrates the HLS tiling strategy, which consists of 4 exposures, each offset diagonally by slightly more than a chip gap. The sky is then tessellated with this pattern (i.e. it is repeated in both the X and Y directions spaced by the field size). This is considered to be 1 “pass” and achieves a depth of 2—4 exposures. A second pass at a different roll angle (but the same filter) achieves a depth of 4—8 exposures (90% fill at ≥5 exposures). The J band has 5 exposures instead of 4 in one pass since we are attempting WL shape measurement in this band and it has the tightest sampling requirements.  
With this strategy and the image combination algorithms of Rowe et al.[endnoteRef:6], the J, H, and F184 imaging fully samples the telescope PSF over 90% of the survey area, even in the presence of defects such as cosmic ray hits. The ≥5 exposures per filter are separated into two passes several months apart at different roll angles, facilitating photometric calibration embedded in the survey. Y-band images are not fully sampled and cannot be used for shape measurements, but they still make an important contribution to determining photometric redshifts of the source galaxies, in combination with the other bands and with ground-based optical imaging from LSST. The use of three filters for shape measurements allows multiple internal cross-checks: the WL signal is achromatic but many systematic errors may not be, so correlating shapes measured in different bands is a powerful test. Multiple filters are also important for addressing wavelength-dependent PSF issues in galaxy shape measurements[endnoteRef:7], (Cypriano et al. 2012); with a single shape measurement filter, the difference in PSF between galaxies and calibration stars can easily become a limiting systematic that is both difficult to detect and problematic to correct, especially in galaxies that have a radial color gradient.	Comment by Melton, Mark E. (GSFC-5990): Is this 2010 from last report or a new reference? [6:   Rowe, B., Hirata, C., Rhodes, J., “Optimal Linear Image Combination”, ApJ, 741, 46 (2011)]  [7:   Voigt, L.M., et al., “The impact of galaxy colour gradients on cosmic shear measurement”, arXiv:1105.5595 (2011)] 

Figure 2‑6 shows the imaging depth achieved by the WFIRST HLS, in comparison to LSST (after 10 years of operation) and Euclid. In an AB-magnitude sense, WFIRST imaging is well matched to the z-band depth of LSST. The AB magnitude limits for LSST in g, r, and i are fainter; however, a typical z>1 LSST weak lensing source galaxy has r-J or i-H color of about 1.2, so even here the WFIRST imaging depth remains fairly  (
Figure 
2
6
: 
Depth in AB magnitudes of the WFIRST (blue), Euclid (green), and LSST (red) imaging surveys.  Labels b
e
low each bar indicate the size of the PSF (specifically, the EE50 radius) in units of 0.01 arcsec
)well matched, and of course the angular resolution is much higher. The Euclid IR imaging is ~2.5 magnitudes shallower than WFIRST, and it is undersampled, so it cannot be used for galaxy shape measurements. The Euclid optical imaging depth is comparable to LSST, but in a single very wide filter rather than the ~5 optical bands necessary for photometric redshift determination. 
The statistical power of a WL survey depends mainly on the total number of galaxies with reliable shape measurements, which is the product of the survey area and the effective number density of usable source galaxies neff (i.e., the number density downweighted by the measurement noise in the ellipticity). For the WFIRST-2.4 HLS, after removing sources lost to CR hits, the total effective densities are 61, 55, and 43 galaxies arcmin-2 in the J, H, and F184 bands, respectively. The total number of unique objects in all bands is 70 arcmin-2. (TBD) Galaxies generally have higher S/N in the redder bands, which leads to the increase of neff between J and H, but the larger PSF size and narrower filter width in F184 leads to a drop in neff. The area of the HLS imaging survey is 2000 deg2, so with 70 galaxies arcmin-2 WFIRST-2.4 provides a total of 500 million WL shape measurements. The use of three shape measurement bands allows the construction of 6 auto- and cross-correlation shear power spectra, providing a great deal of redundancy. Comparison of these spectra will enable end-to-end consistency tests of the long chain of corrections that are necessary in any weak lensing analysis. Since they are based on (almost) the same set of galaxies, the differences of these spectra can diagnose even systematic errors that are well below the statistical error of the survey; the lensing signal itself should be achromatic, but many of the measurement systematics would not be. For some purposes (e.g., cluster-galaxy lensing, which is likely to have lower systematics than cosmic shear and therefore require less redundancy) it will be possible to measure shapes from the sum of the J and H-band images, for which we estimate neff = 75 arcmin-2.  
These effective surface densities are about a factor of two higher than the values for DRM1, thanks to the greater depth and higher angular resolution of the WFIRST-2.4 HLS. They are also about a factor of two above expectations for Euclid, which is a shallower survey with comparable angular resolution. A comparison to LSST is more difficult because it is uncertain what angular size one can work to with LSST imaging, but if we assume a similar cutoff in rgal/rPSF then the WFIRST-2.4 surface density is about TBD times higher. We also note that longer exposures with WFIRST-2.4 can achieve much higher neff, comparable to the 200-300 galaxies arcmin-2 in the deepest HST weak lensing surveys. Greater depth comes at the expense of survey area, but for interesting objects (e.g., clusters and superclusters) one can carry out long-exposure programs to obtain detailed dark matter maps.
 	Figure 2‑7 shows the predicted cosmic shear angular power spectrum for ten tomographic bins of source galaxy photometric redshift together with the projected statistical errors for the WFIRST-2.4 WL survey. For multipole L less than a few hundred, the statistical errors are dominated by sample variance in the lensing mass distribution within the survey volume, while for high L or the extreme redshift bins the errors are dominated by shape noise, i.e., the random orientations of the source galaxies that are available to measure the shear. For a given photo-z bin the statistical errors at different L are uncorrelated. Across photo-z bins, the errors at lower L are partly correlated because the same foreground structure contributes to the lensing of all galaxies at higher redshift; the errors decorrelate at high L when they become dominated by shape noise, which is independent for each set of sources. Comparison of these statistical errors to the impact of cosmological parameter changes was shown earlier in Figure 2‑2. While Figure 2‑7 displays the auto-spectra for the ten photo-z bins, there are also 10×9/2 = 45 cross-spectra that provide additional information.	Comment by Melton, Mark E. (GSFC-5990): Updated figure needed; this is from Green et al.
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: The predicted cosmic shear angular power spectrum and associated statistical errors for the DRM1 WL survey, for ten tomographic bins of source ph
o
tometric redshift as labeled.  L is the angular multipole, and L(L+1)C
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
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)Cosmic shear measures the correlation of galaxy ellipticities produced by the correlated weak lensing shear from a common foreground matter distribution, predominantly dark matter. An alternative use of WL data is to cross-correlate the galaxy shear map with a foreground cluster or galaxy distribution --- cluster-galaxy or galaxy-galaxy lensing. This is (nearly) equivalent to measuring the average tangential shear profile around the foreground objects, i.e., the average elongation of source galaxies perpendicular to the projected lens-source separation. These forms of lensing analysis bring in the additional information provided by the cluster or galaxy maps, which mark the expected locations (including photometric and in some cases spectroscopic redshifts) of dark matter overdensities. The measurement systematics of cluster-galaxy and galaxy-galaxy lensing are also likely to be smaller than those affecting cosmic shear analysis.  
As emphasized by Oguri & Takada (2011) and Weinberg et al. (2013), the combination of cluster abundances and cluster-galaxy lensing (which effectively calibrates the cluster mass-observable relation) can provide cosmological constraints that are competitive with and distinct from the cosmic shear constraints from the same WL survey. Clusters can be readily identified from the HLS galaxy maps, and the eROSITA mission will also provide a deep all-sky survey of X-ray selected clusters. In Figure 2‑2, we used the approach of Weinberg et al. (2013) to estimate the constraints from cluster-galaxy lensing in the WFIRST-2.4 HLS, assuming that clusters can be reliably identified down to 1014Msun. This estimate likely understates the power of this approach because it does not include the degeneracy breaking from measurements at multiple mass scales, nor does it utilize the independent information in the large scale cluster-galaxy signal (far beyond the virial radius). A Guest Observer program could target high mass clusters from eROSITA or other surveys outside of the HLS area, both to sharpen dark energy tests and to characterize the detailed distribution of dark matter within clusters.  	Comment by Melton, Mark E. (GSFC-5990): Need references	Comment by Melton, Mark E. (GSFC-5990): Need reference
Galaxy-galaxy lensing provides insight into the dark matter halo masses and extended environments of different classes of galaxies (e.g., Mandelbaum et al. 2005). In combination with galaxy clustering measurements, it can also be used to derive constraints on dark matter clustering. We have not included cosmological forecasts for galaxy-galaxy lensing because they depend on uncertain assumptions about how well one will be able to model the non-linear bias of galaxies with respect to dark matter. However, plausible forecasts suggest that constraints on structure growth from this approach will be competitive with and perhaps even more powerful than those from cosmic shear alone (Yoo & Seljak 2012).	Comment by Melton, Mark E. (GSFC-5990): Need reference	Comment by Melton, Mark E. (GSFC-5990): Need reference
The Green et al. report1 includes a more extensive discussion of WL systematics and the ways that the design of WFIRST is intended to mitigate them. We will not repeat all of this discussion here, but we note that the systematics considerations are essentially the same for WFIRST-2.4 and that our mitigation strategies are similar.  	Comment by Melton, Mark E. (GSFC-5990): Enough?  Something more about the main differences – e.g., higher angular resolution but more complicated PSF on AFTA-WFIRST, less stable thermal environment, wavefront sensing?	Comment by Melton, Mark E. (GSFC-5990): I recommend that we put in one table for this section, with columns for: Band, Exp Time, days per 1000 deg^2, point source depth, extended source depth, PSF EE50, and n_eff.

Survey Capability Requirements	Comment by Melton, Mark E. (GSFC-5990): I have left the survey requirements below unchanged; if we decide to retain them, we will need to think about how we revise them.  We would probably have to restore some of our previous language about systematics in order to retain a list similar to the current one.
· ≥ 1400 deg2 per dedicated observing year (combined HLS imaging and spectroscopy)
· Effective galaxy density ≥ 30 per arcmin2, shapes resolved plus photo-z’s
· Additive shear error ≤ 3x10-4
· Multiplicative shear error ≤ 1x10-3
· Photo-z error distribution width ≤ 0.04(1+z), catastrophic error rate <2%
· Systematic error in photo-z offsets ≤ 0.002(1+z)  

Data Set Requirements
· From Space: 3 shape/color filters (J, H, and K), and one color filter (Y; only for photo-z)
· S/N ≥ 18 (matched filter detection significance) per shape/color filter for galaxy reff = 250 mas and mag AB = 23.9
· PSF second moment (Ixx + Iyy) known to a relative error of ≤ 9.3x10-4 rms (shape/color filters only)
· PSF ellipticity (Ixx-Iyy, 2Ixy)/(Ixx + Iyy) known to ≤ 4.7x10-4 rms (shape/color filters only) 
· System PSF EE50 radius ≤ 166 (J band), 185 (H), or 214 (K) mas
· At least 5 (H,K) or 6 (J) random dithers required for shape/color bands and 4 for Y at same dither exposure time
· From Ground: ≥4 color filter bands ~0.4 ≤  ≤ ~0.92 m
· From Ground + Space combined: Complete an unbiased spectroscopic PZCS training data set containing  100,000 galaxies with ≤ mag AB = 23.9 (in JHK bands) and covering at least 4 uncorrelated fields; redshift accuracy required is z<0.01(1+z)
[bookmark: _Ref328397616][bookmark: _Toc223171865][bookmark: _Toc223172008]Galaxy Redshift Survey Cosmology with WFIRST-2.4


[bookmark: _Ref325115633][bookmark: _Toc223171866][bookmark: _Toc223172009]High Latitude Infrared Survey
Primary NIR Survey Science Objective: Produce a deep map of the sky at NIR wavelengths, enabling new and fundamental discoveries ranging from mapping the Galactic plane to probing the reionization epoch by finding bright quasars at z>10.	Comment by Melton, Mark E. (GSFC-5990): Primary objective from last report. If we keep these we’ll need to update this for AFTA-WFIRST.
The HLS will map ~2,600 square degrees of sky in four broad NIR passbands down to a 5-sigma limiting AB magnitude of ~26.8 and will include a slitless spectroscopic survey component that will obtain R=300 (TBR) spectra with a 7-sigma line flux sensitivity of 10-16 erg cm-2 sec-1 over the same region of sky (see Table TBD). While the primary science objective of the survey is to obtain constraints on the dark energy equation of state from weak lensing and BAO measurements, a remarkable amount of new astrophysical investigations will be enabled by the HLS data. We focus below on a few of the science cases that are especially well enabled by the access to a 2.4-meter wide-field survey telescope in space and that require no additional time other than that already allocated to the HLS.
[bookmark: _Ref223062630][bookmark: _Toc223171867][bookmark: _Toc223172010]Probing the Early Universe
Mapping the formation of cosmic structure in the first 1 billion years after the Big Bang is essential for achieving a comprehensive understanding of star and galaxy formation. Little is known about this critical epoch when the first galaxies formed. Determining the abundance and properties of such early objects is critical in order to understand (1) how the first galaxies were formed through a hierarchical merging process; (2) how the chemical elements were generated and redistributed through the galaxies; (3) how the central black holes exerted influence over the galaxy formation; and (4) how these objects contributed to the end of the “dark ages.” 
[bookmark: _Ref222989191]Finding candidate z > 7 galaxies has been pursued in two ways - from moderate area but very deep imaging surveys (e.g., UDF, Subaru Deep Field, CANDELS) and from images of strongly lensing clusters of galaxies.[endnoteRef:8],[endnoteRef:9] Recent observations have identified at least 3 candidate objects at z > 9.[endnoteRef:10],[endnoteRef:11],[endnoteRef:12] Two of these candidates were found in a survey of massive galaxy clusters. One of the lensed candidates is shown in Figure 2‑8. While unlensed sources at these redshifts are expected to be extremely faint, with total AB magnitudes greater than 28, lensed sources can be 10 – 30 times brighter. This enhancement is particularly important because it puts some of these sources within the reach of the spectrographs on the James Webb Space Telescope and from very large ground-based telescopes. Luminous z > 7 galaxies are extremely valuable as their spectra can be used to determine the epoch of the IGM reionization. Since only a tiny fraction of neutral hydrogen is needed to produce the high opacity of Ly observed at z ∼ 6, the damped Ly absorption profile that results from even a partially neutral IGM[endnoteRef:13] can be measured at low-spectral resolution. Furthermore, the early star formation rate (via Ly and H emission measurements[endnoteRef:14]) can be estimated from the spectra of bright high-z galaxies.  [8:   Bradley, L. D., Bouwens, R. J., Ford, H. C. et al., “Discovery of a Very Bright Strongly Lensed Galaxy Candidate at z  7.6”, ApJ, 678, 647 (2008)]  [9:   Postman, M., Coe, D., Benitez, N., et al., “The Cluster Lensing and Supernova Survey with Hubble: An Overview”, ApJS, 199, 25 (2012)]  [10:   Bouwens, R. J., Illingworth, G. D., Labbe, I., et al., “A candidate redshift z ~ 10 galaxy and rapid changes in that population at an age of 500 Myr”, Nature, 469, 504 (2011)]  [11:  Zheng, W., Postman, M., Zitrin A., et al., “A magnified young galaxy from about 500 million years after the Big Bang”, Nature, 489, 406 (2012)]  [12:  Coe, D., Zitrin, A., Carrasco, M., et al., “CLASH: Three Strongly Lensed Images of a Candidate z ~ 11 Galaxy”, ApJ submitted, arXiv:1211.3663 (2012)]  [13:  Miralda-Escude, J., “Reionization of the Intergalactic Medium and the Damping Wing of the Gunn-Peterson Trough”, ApJ, 501, 15 (1998)]  [14:  Iye, M., Ota, K., Kashikawa, N., et al., “A galaxy at a redshift z = 6.96”, Nature, 443, 186 (2006)] 
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Section 2: Science
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A candidate for a galaxy at z=9.6, magnified by a factor of ~15 by the foreground cluster MACS J1149+2223 (z = 0.54). The object was found in an HST survey using the WFC3IR camera (Zheng et al. 2012). This young object is seen when the universe is only about 500 mil
lion years old.
)
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: 
Cumulative number of high-z galaxies e
x
pected in the HLS.
)The high-latitude survey (HLS) performed by the WFIRST-2.4 telescope as part of its weak lensing program will be superb for finding and studying objects in the early universe. A key advantage that the 2.4-meter aperture provides is that, in the same amount of time, the WFIRST-2.4 HLS will reach ~0.9 magnitudes fainter than the corresponding DRM1 HLS. The final 5-sigma limiting depth of the WFIRST-2.4 HLS is estimated to be H = 26.9 AB mag. Figure 2‑9 shows the predicted cumulative number of objects that would be found at or higher than a given redshift for both gravitationally-lensed and unlensed regions in a 2,000 square degree survey. The predicted counts[endnoteRef:15] for z~8 are extrapolated to higher redshifts using the few known z>9 candidates and bounded by assuming both a pessimistic (dM*/dz = 1.06) and optimistic (dM*/dz = 0.36) evolution of the characteristic magnitude of galaxies. The lensed source count predictions assume ~1 strongly lensing cluster per square degree. The mass models were adopted from the CLASH Multi-cycle treasury program.8 The larger collecting area of the WFIRST-2.4 relative to DRM2 will yield, in some redshift ranges, as much as 25 times as many z > 8 galaxies, see Figure 2‑10. [15:  Bradley, L. D., Trenti, M., Oesch, P. A., et al., “The Brightest of Reionizing Galaxies Survey: Constraints on the Bright End of the z~8 Luminosity Function”, ApJ, 760, 108 (2012)] 


Having 10,000 or more luminous z > 8 galaxies will allow very stringent constraints to be placed on the early star formation rate density, on the amount of ionizing radiation per unit volume, and on the physical properties of early galactic structures. With its ~0.1 – 0.2 arcsecond resolution, combined with lens magnifications in the 10 – 30 range, the HLS images will allow us  (
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: 
The ratio of the cumulative number of high redshif
t galaxies detected with WFIRST-2.4
 to the nu
m
ber detected with a smaller DRM2 version of WFIRST. The 2.4
 
m aperture yields up to 25 times more high-z galaxies.
)to measure structures on scales of 20 to 50 parsecs, thanks to the boost in spatial resolution provided by the cluster lenses. The HLS will certainly herald a remarkable era in probing the first 1 billion years of cosmic history. 

[bookmark: _Ref223063292][bookmark: _Toc223171868][bookmark: _Toc223172011]Mapping Dark Matter on Intermediate and Large Scales
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. By its design, the HLS will be superbly suited to mapping weak lensing signatures. The signal-to-noise ratio of the shear signal is proportional 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 surface 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 already 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 better than any maps produced from the ground (even with 8 to 10 meter space telescopes) and at least 50% more robust than WL maps from Euclid (see Figure 2‑11). 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 intermediate redshift clusters expected in the HLS to those from numerically simulated clusters would give us unprecedented insight into the main mechanisms of structure formation.
An especially interesting class of clusters are those in the process of merging / colliding (see Figure 2‑12) where all mass components are interacting directly during the creation of cosmic structure. Multiple such mergers have been observed, with the Bullet Cluster being the most prominent example.[endnoteRef:16] Paired with follow-up numerical simulations, such systems gave important insight into the behavior of the baryonic component[endnoteRef:17] and set upper limits on the dark matter self-interacting cross section[endnoteRef:18], which is of great importance in the search for the nature of dark matter. Recently, more complicated merging systems have been identified[endnoteRef:19],[endnoteRef:20],[endnoteRef:21] offering a great opportunity to better characterize 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 information-rich merging systems. [16:  Clowe, D., et al., “A Direct Empirical Proof of the Existence of Dark Matter, ApJ Letters, 648, L109 (2006)]  [17:  Springel, V., & Farrar, G. R., “The speed of the ‘bullet’ in the merging galaxy cluster 1E0657-56”, MNRAS, 380, 911 (2007)]  [18:  Randall, S. W., et al., “Constraints on the Self-Interaction Cross Section of Dark Matter from Numerical Simulations of the Merging Galaxy Cluster 1E 0657-56”, ApJ, 679, 1173 (2008)]  [19:  Merten, J., et al., “Creation of cosmic structure in the complex galaxy cluster merger Abell 2744”, MNRAS, 417, 333 (2011)]  [20:  Clowe, D., et al., “On Dark Peaks and Missing Mass: A Weak-Lensing Mass Reconstruction of the Merging Cluster System A520”, ApJ, 758, 128 (2012)]  [21:  Dawson, W. A., et al., “Discovery of a Dissociative Galaxy Cluster Merger with Large Physical Separation”, ApJ Letters, 747, L42 (2012)] 

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 predominantly dark matter and thus can only be detected gravitationally. The WFIRST-2.4 HLS’s unique combination of spatial resolution, infrared observations and wide area will provide mass maps that have extremely high scientific impact. Mapping the large-scale distribution of dark matter can help identify and eliminate systematic effects: unexpected spatial variations in the mass distribution can hint at exciting new physics but could also indicate observational systematics not discoverable via a power spectrum measurement like the one that will be used to constrain dark energy via the HLS.
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M
ass density contours
 around the cluster MACS J1206.2-0848 derived
 from a ground-based 
weak lensing 
survey with Subaru (red) vs. 
a weak lensing study with
 HST/
ACS+
WFC3 (white). The 
10x
 higher su
r
face density of lensed galaxies achieved from space yields 
~3x
 high
er
 spatial resolution maps.
 The HST data shown here is representative of the WFIRST-2.4 HLS.
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: 
Dark matter and cluster gas distribution around the merging cluster Abell 2744. Such maps require wide-field imaging. To map the entire area above with HST would require 100 - 200 separate pointings. The same field is mapped with a single 
WFIRST-2.4
 pointing.
)



[bookmark: _Ref223062748][bookmark: _Toc223171869][bookmark: _Toc223172012]Kinematics of Stellar Streams in our Local Group of Galaxies
One of the important auxiliary science products that will result from the HLS is absolute proper motions for a very large number of field stars. The resolution and sensitivity of a WFIRST-2.4 type telescope make it ideal for measuring absolute proper motions for faint stars. From the ground, only bright galaxies and quasars can be used as high-precision absolute astrometric reference points. Unfortunately, their low density requires either very wide-field transformations or a bootstrapping approach that measures a target star relative to its local field population and larger field population relative to fixed reference points. WFIRST-2.4 will provide access to an enormous number of slightly resolved medium-brightness galaxies, and absolute motions can be measured directly within the field of each detector.
This local approach to measuring absolute motions has recently been used in the optical with HST to measure the absolute motions of the LMC, SMC, dwarf spheroidals and even M31, in addition to individual hyper-velocity and field stars. The strategy involves constructing a template for each galaxy so that a consistent position can be measured for it in exposures taken at different epochs. This template can be convolved with the PSF to account for any variations in focus or changes of the PSF with location on the detector. The same approach that worked with HST in the optical should work with WFIRST-2.4 in the IR. The WFIRST-2.4 detector pixel scale and sensitivity should be very similar to that of HST’s WFC3/IR detector pixel scale. HST images of the Ultra Deep Field through the F160W (1.6 micron) passband show that there should be about 30 galaxies per square arcminute for which WFIRST-2.4 could measure a position to better than 5 mas in a 360 second exposure (see Figure 2‑13). This gives us about 500 reference objects in each WFIRST-2.4 detector chip, enabling us to tie down the absolute frame to better than 0.5 mas in each exposure. With 10 exposures per epoch and a 5-year baseline, our absolute motions should be systematically accurate to about 50 as/year. There are about 10 stars in the ~5 square arc-minute FOV of the UDF that can be measured with this accuracy, implying about 25 million halo stars in the 3500 square-degree wide field.

 (
Figure 
2
13
: 
A stellar PSF (left most image) compared to 5 galaxy images from the Ultra Deep Field as seen with HST's WFC3/IR detector - an imager with similar resolution to the WFIRST imager. Each of these objects enables a position uncertainty good to 0.02 pixel (2 mas) in a 
single
 exposure.  
)


GAIA will overcome the sparse-galaxy issue by measuring positions across the entire sky in a single global solution, but it will not be nearly as sensitive as WFIRST-2.4. GAIA will achieve the above precision for G stars down to about V = 17, this allows the plentiful turnoff-star population to be probed out to about 2.5 kpc. WFIRST-2.4 will achieve the above precision for G stars down to V=20 and will allow turnoff stars to be probed out to about 10 kpc. There are about five times more stars within one magnitude of the turnoff than there are on the entire giant branch, and ten times more within two magnitudes of the turnoff, so WFIRST-2.4’s depth will allow us to probe well beyond the thin disk with very good statistics.
WFIRST-2.4 will be particularly sensitive to stellar streams. The typical dispersion of stars in the halo is ~150 km/s, but since stream stars were gently stripped from objects with low dispersion, they typically have motions that are coherent to better than 10 km/s. Such 225:1 concentrations in phase space are easy to detect. Current ground-based stream studies are focused on HB/RGB/SGB stars, but access to the much more plentiful stars below the turnoff will increase by more than an order of magnitude the number of stars we have access to and the distance out to which we can study streams. By comparing the physical locations of streams and the motions within them, we can tease out the structure of the Galactic potential.
[bookmark: _Ref223062972][bookmark: _Toc223171870][bookmark: _Toc223172013]Discovering the Most Extreme Star Forming Galaxies and Quasars




The notion that the growth of a galaxy is strongly regulated by a class of processes called AGN feedback stemmed from two major discoveries of the last decade: (1) The stunning correlation between the masses of supermassive black holes, the AGN, with the masses of their host galaxies over a wide range of galaxy masses and galaxy types (Gephardt / Ferrarere) and (2) that star formation in the most massive galaxies must be suppressed by processes more powerful than supernovae and stellar winds in order to simulate galaxies resembling to those we actually observe (REFS; e.g. Borgani, others). The most massive galaxies in the universe are the most affected by AGN feedback – they host the most massive black holes, and their star formation was truncated drastically about 10 billion years ago. The more massive the galaxy, the earlier this truncation happened, a trend unfortunately called “downsizing” (REF). With the HLS spectroscopic survey, we will be able to probe the epoch of downsizing of the most massive galaxies in the universe: z~2, which is the peak of the star formation density and near the peak of the quasar activity.	Comment by Melton, Mark E. (GSFC-5990): Need reference	Comment by Melton, Mark E. (GSFC-5990): Need reference	Comment by Melton, Mark E. (GSFC-5990): Need reference
The HLS spectroscopic survey will enable the largest census yet performed of powerful emission-line gal (
Figure 
2
14
: 
Velocity uncertainty of different comp
o
nents of the Galaxy’s stellar population as a function of distance from the Sun. These errors are typical of what WFIRST can achieve over a 5 year period.
)axies and quasars up to (and possibly beyond) lookback times of ~90% of the current age of the universe. It will enable us to better understand the relationship between the accretion of matter by active galactic nuclei and the star formation occurring in the most massive galaxies in the universe. Several key star formation indicators in the spectral range of the grism will be usable to track star formation rates (SFR) in galaxies over the range 1 < z < 4.2. The H-alpha line will probe SFR that are at least 10 – 20 solar masses per year over the range 1 < z < 2, a cosmic epoch that is particularly challenging to study from the ground. The estimated surface density of such galaxies is about 4900 per square degree, implying the total survey will produce H-alpha measurements for over 10 million galaxies. The OII[3727] line can be detected from star-forming galaxies lying between z = 2.6 and z = 4.2, but only for those systems with SFR in excess of ~200 solar masses per year. While such systems are less common, the WFIRST-2.4 HLS spectroscopic survey will allow us to accurately determine their space density over the key redshift range where the cosmic star formation rate has reached its highest value. At cosmic times from 200 – 600 million years since the Big Bang (8 < z < 15), Lyman-alpha emitting galaxies may be detectable if they have attenuated SFRs of at least 100 – 200 solar masses per year.
The HLS grism survey will discover 2600 z > 7 quasars with H magnitude < 26.5, with an estimated 20% of those quasars being at z > 8. These are the luminous quasars whose existence tracks the assembly of billion solar mass black holes a mere few hundred million years after the Big Bang, and whose light can potentially illuminate the transition of intergalactic gas in the universe from neutral to an ionized phase (Gunn-Peterson effect[endnoteRef:22]; Becker et al. 2001; Djorgovski et al. 2001; Fan et al 2003). Such quasars must be found before their visible red light can be studied at high spectral resolution with JWST and ground-based 10-30-m class telescopes. The fainter quasars are particularly important to find because their region of local influence is smaller.[endnoteRef:23] These are the same quasars that would be used to identify CIV in the IGM allowing the study of the chemical enrichment as a function of cosmic time. The HLS grism survey will also be a rich source of backlight targets for higher resolution spectroscopy with other facilities.	Comment by Melton, Mark E. (GSFC-5990): Need confirmation of this reference [22:  Gunn, J.E. & Peterson, B.A., "On the Density of Neutral Hydrogen in Intergalactic Space", ApJ, 142, 1633 (1965)]  [23:  Goto, T. et al., “A Gunn-Peterson test with a QSO at z = 6.4”, MNRAS, 415L (2011)] 



 (
Figure 
2
15
: 
The grism image (top) and the extracted spectrum of a z=1.77 star-forming galaxy. The 
WFIRST-2.4
 grism will allow us to detect thousands of such galaxies in the HLS area.
)

[bookmark: _Toc223171871][bookmark: _Toc223172014]Galactic Plane Survey

[bookmark: _Toc223171872][bookmark: _Toc223172015]Exoplanet Science with WFIRST-2.4
[bookmark: _Ref222992162]The first discovery of planetary companions to sun-like stars was, along with the discovery of dark energy, one of the greatest breakthroughs in modern astronomy.[endnoteRef:24],[endnoteRef:25],[endnoteRef:26] In the intervening years, nearly 900 exoplanets have been confirmed with five techniques, and another 2700 candidates have been detected by the Kepler space telescope.[endnoteRef:27] From the very first discovery, it has been clear that nature hosts an enormous and unexpected diversity of exoplanetary systems, containing planets with physical properties and orbital architectures that are radically different from our own solar system.  [24:  Latham, D.W., et al., “The unseen companion of HD114762 - A probable brown dwarf,” Nature, 339, 38 (1989)]  [25:  Mayor, M., & Queloz, D., “A Jupiter-Mass Companion to a Solar-Type Star”, Nature, 378, 355 (1995)]  [26:  Marcy, G.W. & Butler, R.P., “A Planetary Companion to 70 Virginis,” ApJ, 464, 147 (1996)]  [27:  Batalha, N.M. et al., “Planetary Candidates Observed by Kepler, III: Analysis of the First 16 Months of Data”, ApJS, 204, 24 (2013)] 

Since the very first discoveries, we have struggled to understand this diversity of exoplanets, and in particular how our solar system fits into this menagerie. Our efforts have generally proceeded along two fronts, which we describe in more detail below: determining the demographics of exoplanetary systems over broad regions of parameter space, and detailed characterization of the properties of a handful of individual exoplanets. Through its comprehensive statistical census of the outer regions of planetary systems using microlensing, and its characterization of dozens of ice and gas giants orbiting nearby stars, WFIRST-2.4 will dramatically advance our understanding of exoplanets along both these fronts, providing us with the most comprehensive view of the formation, evolution, and physical properties of planetary systems. In addition, information and experience gained from both surveys will enable WFIRST-2.4 to lay the foundation for, and provide first steps toward, the discovery and characterization of a “pale blue dot”: a habitable Earthlike planet orbiting a nearby star. It will do this by accomplishing the following two primary science objectives:

Exoplanet Science Objective #1: Complete the statistical census of planetary systems in the Galaxy, from the outer habitable zone to free floating planets, including analogs of all of the planets in our Solar System with the mass of Mars or greater.

Exoplanet Science Objective #2: Survey the outer regions of the TBD nearest stars, directly detecting and characterizing the debris disks and ice and gas giant planets in these systems.  
[bookmark: _Ref223063017][bookmark: _Toc223171873][bookmark: _Toc223172016]Completing the Census of Exoplanets with WFIRST-2.4
Understanding the Origins and Evolution of Planetary Systems
Canonical theories of planet formation and evolution, originally developed to explain our solar system[endnoteRef:28] did not anticipate the incredible panoply of planetary systems that have been observed. They have since been expanded and altered to better describe the variety of planetary systems that we see. For example, the discovery of gas giant planets orbiting at periods of only a few days, as well as evidence for the migration of the giant planets in our own solar system, have highlighted the fact that these theories must also account for the possibility of large-scale rearrangement of planet positions during and after the epoch of planet formation.[endnoteRef:29],[endnoteRef:30] Many of these theories also predict a substantial population of “free-floating” planets that have been ejected from their planetary systems through interactions with other planets.[endnoteRef:31],[endnoteRef:32] [28:  Lissauer, J. J., “Timescales for planetary accretion and the structure of the protoplanetary disk”, Icarus, 69, 249 (1987)]  [29:  Lin, D. N. C.; Bodenheimer, P.; Richardson, D. C., “Orbital migration of the planetary companion of 51 Pegasi to its present location”, Nature, 380, 606 (1996)]  [30:  Rasio, F., & Ford, E.B., “Dynamical instabilities and the formation of extrasolar planetary systems”, Science, 274, 954 (1996)]  [31:  Juric, M. & Tremaine, S., “Dynamical Origin of Extrasolar Planet Eccentricity Distribution”, ApJ, 686, 603 (2008)]  [32:  Chatterjee, S., et al., “Dynamical Outcomes of Planet-Planet Scattering”, ApJ, 686, 580 (2008)] 

[bookmark: _Ref222992037][bookmark: _Ref222992073]In the most general terms, these formation theories should describe all of the relevant physical processes by which micron-sized grains grow through 13-14 orders of magnitude in size and 38-41 orders of magnitude in mass to become the terrestrial and gas-giant planets we see today. These physical processes are ultimately imprinted on the architectures of exoplanetary systems: the distributions of frequencies, compositions, and orbits.[endnoteRef:33],[endnoteRef:34] Measuring these distributions, i.e., determining the demographics of large samples of exoplanets, is our best opportunity to gain insight into the physical processes that drive planet formation. [33:  Ida, S. & Lin, D. N. C., “Toward a Deterministic Model of Planetary Formation. I. A Desert in the Mass and Semimajor Axis Distributions of Extrasolar Planets,” ApJ, 604, 388 (2004)]  [34:  Mordasini, C.; et al., “Extrasolar planet population synthesis. II. Statistical comparison with observations," A&A, 501, 1161 (2009)] 

Nevertheless, after nearly two decades of exoplanet discovery, our statistical census of exoplanets, as well as our understanding of planet formation and evolution, remains largely incomplete. This is because the currently confirmed exoplanets occupy a limited region of parameter space that is largely disjoint from both the planets in our solar system, and from the three largest reservoirs of planets that are predicted by many planet formation theories.32,33
Kepler is partially ameliorating this problem by assaying the population of one of these reservoirs, namely small, hot planets.[endnoteRef:35],26 However, Kepler is blind to vast regions of parameter space. For example, Kepler is currently not sensitive to analogs of any of the planets in our solar system, and will only be sensitive to analogs of Earth and Venus by the end of the mission. More generally, Kepler will not be sensitive to planets in the cold, outer regions of planetary systems, and will not be sensitive to free-floating planets. These planets constitute the two other main reservoirs of planets predicted by theories, and thus a census of such planets acquired using a different method is needed to fully test and refine of these theories. [35:  Howard, A., et al., “Planet Occurrence within 0.25 AU of Solar-type Stars from Kepler”, ApJS,  201, 15 (2012)] 

Informing the Frequency and Habitability of Potentially Habitable Worlds
Obtaining a census of planetary systems is also an important first step in the larger goal of determining how common life is in the universe. Particularly essential is a measurement of frequency of potentially habitable worlds, commonly denoted . An accurate measurement of  provides a crucial piece of information that informs the design of direct imaging missions intended to search for biomarkers around nearby potentially habitable planet. Indeed, the primary goal of Kepler is to provide a robust measurement of . However, a robust measurement of  with Kepler will only be possible at the end of the full extended mission, and will likely be substantially uncertain if  ends up being low.  
Furthermore, Kepler’s measurement of  will only provide an estimate of the frequency of potential habitable planets. The factors that determine what makes a potentially habitable planet actually habitable are not entirely understood. Certainly, the suitability of a planet for life depends on the average surface temperature, which defines if the planet resides in the habitable zone. In addition, it is likely that the amount of water is likely a contributing factor. However, the water content of planets in the habitable zone must have been delivered from beyond the snow line, the location in the protoplanetary disk beyond which it is cold enough for water ice to exist in a vacuum. As a result, the number, masses, and orbits of planets beyond the snow line likely have a dramatic effect on the water content of planets in the habitable zone.[endnoteRef:36],[endnoteRef:37] Thus the habitability of planets in the habitable zone cannot be considered in isolation: an understanding of the frequency of habitable planets (as opposed to potentially habitable planets) necessitates an understanding of the demographics of planets beyond the snow line.  [36:  Raymond, S.N., et al., “Making Other Earths: Dynamical Simulations of Terrestrial Planet Formation and Water Delivery”, Icarus, 168, 1 (2004)]  [37:  Lissauer, J.J., “Planets Formed in Habitable Zones of M Dwarf Stars Probably Are Deficient in Volatiles”, ApJ, 660, L149 (2007)] 

A Microlensing Survey with WFIRST-2.4
 (
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The colored shaded regions show approx
i
mate regions of sensitivity for Kepler (blue) and 
WFIRST-2.4
 (grey).  Kepler is sensitive to the abundant, hot terre
s
trial planets, but is unable to detect planets with periods greater than about 1 AU, including analogs to all the S
o
lar System’s planets except for Mercury.  On the other hand, 
WFIRST-2.4
 is sensitive to Earth-mass planets with separations greater than 1 AU, as well as planets with the mass of M
ars and below at several AU.  WFIRST-2.4
 is also sensitive to unbound planets with masses as low as Mars. The points show simulated detections by 
WFIRST-2.4
; the number of such discoveries will be large with roughly 
3000
 bound and hundreds of free-floating planet discoveries.  
Thus, 
WFIRST-2.4
 and Kepler complement each other, and together they cover the entire planet di
s
covery space in mass and orbital separation and provide the comprehensive understanding of exoplanet dem
o
graphics necessary to fully understand the formation and evolution of planetary systems.  Furthermore, the large area of 
WFIRST-2.4
 discovery space combined with the large number of detections essentially guarantees a number of unexpected and surprising discoveries.
)A microlensing survey from space with WFIRST-2.4 is required to understand the origins, evolution, and demographics of planetary systems, improve Kepler’s constraints on the frequency of potentially habitable planets, and understand the habitability of such planets. WFIRST-2.4’s exoplanet microlensing survey is a perfect complement to Kepler’s survey, and indeed is the only way to discover the majority of the planets that are invisible to Kepler. Thus the sum of Kepler plus WFIRST-2.4’s exoplanet survey will yield a composite census of planets with planets the mass of Earth and greater on both sides of the habitable zone, overlapping at almost precisely that zone, allowing WFIRST-2.4 to “Complete the statistical census of planetary systems in the Galaxy, from the outer habitable zone to free floating planets, including analogs of all of the planets in our Solar System with the mass of Mars or greater.” 
In detail, WFIRST-2.4 will be uniquely sensitive to four particularly important, broad classes of planets: outer habitable zone planets, cold planets, free-floating planets, and very low-mass planets down to the mass of Mars. 

Outer Habitable Zone Planets: WFIRST-2.4 will improve the robustness of our estimate of  by measuring the frequency of terrestrial planets just outside the habitable zone, as well as the frequency super-Earths in the habitable zone. With this information, WFIRST-2.4 will be able to estimate  with only modest extrapolation. The combination of WFIRST-2.4 and Kepler data will make it possible to robustly interpolate into the habitable zone from regions just outside of it, even if the frequency of habitable planets turns out to be small. 

Cold planets: Kepler’s intrinsic ability to detect planets declines rapidly for planets with large separations. As a result, Kepler will be essentially insensitive to small planets with periods longer than one year. Simply put: Kepler is sensitive to “hot” and “warm” planets, but not to the “cold” planets in the outer regions of planetary systems. Thus Kepler is insensitive to analogs of all of the planets in our solar system from Mars outward. In contrast, the exoplanet survey on WFIRST-2.4 is sensitive to planets from roughly the outer habitable zone outwards, including rocky planets with the mass of Earth up to the largest gas giant planets, and analogs to the giant planets in our solar system. 

Free-Floating Planets: WFIRST-2.4’s microlensing survey can detect old, “free-floating” planets in numbers sufficient to test planet-formation theories. It will also extend the search for free-floating planets down to the mass of Earth and below, and task not possible with other techniques and not possible from the ground. This will allow it to address the question of whether ejection of planets from young systems is a phenomenon associated only with giant planet formation or also involves terrestrial planets. 

Mars-mass embryos: WFIRST-2.4 is the only way to detect planets with mass as small as the mass of Mars in significant numbers. This is because microlensing’s ability to detect planets is much less sensitive to planet mass than Kepler’s transit technique is to  (
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Characterization of Systems Discovered by WFIRST-2.4
Data from WFIRST-2.4 will likely allow estimates of the mass and distance to the host stars and planets to better than ~10% for the majority of the detected systems. In addition, spectroscopic fo
l
low-up with JWST will allow for the measurement of host star temperature and metallicities for a subset of the most massive hosts in the disk and bulge.
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Comparison to Euclid
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)planet size. Since Mars-mass bodies are thought to be the upper limit to the rapid growth of planetary “embryos”, determining the planetary mass function down to a tenth the mass of the Earth uniquely addresses a pressing problem in understanding the formation of terrestrial-type planets.

However, it is perhaps the unexpected and unpredictable returns of an exoplanet microlensing survey with WFIRST-2.4 that will prove to be the most enlightening for our understanding of the formation, evolution, and habitability of exoplanets. One of the most important lessons from the past two decades of exoplanet research is that there exists an enormous diversity of exoplanetary systems, generally far exceeding theoretical expectations. Indeed, one hallmark of the field is the fact that, whenever new regions of parameter space are explored, the subsequent discoveries necessitate revisions of our planet formation theories. Kepler is currently revolutionizing our understanding of the demographics of small, short-period planets. Because it will open up a similarly broad expanse of parameter space, and because the expected yields are similarly large, thus implying good sensitivity to rare systems, WFIRST-2.4 is essentially guaranteed to do the same. Furthermore, it will do so in a region of parameter space that is almost certainly critical for our understanding of planet formation and habitability.
In summary, WFIRST-2.4 will provide crucial empirical constraints on planetary systems that will allow us to address the three fundamental and interrelated questions: “How do planetary systems form and evolve?”, “What determines the habitability of Earthlike planets?”, and “What kinds of unexpected systems inhabit the cold, outer regions of planetary systems?” Without WFIRST-2.4’s survey, we will be left with an essential ignorance of the demographics of exoplanets in vast regions of parameter space, which include analogs of Mars, Saturn, Neptune, and Uranus. Without WFIRST-2.4, essential questions about the formation and evolution, as well as the habitability of exoplanets, will remain unanswerable.
Microlensing from Space is Required.
[bookmark: _Ref222994877][bookmark: _Ref222993428]The microlensing method is well developed and mature. Its capabilities have been amply demonstrated from the ground through several discoveries that have provided important new insights into the nature and diversity of planetary systems. These include the discovery of a substantial population of cold “Super-Earths”,[endnoteRef:38],[endnoteRef:39],[endnoteRef:40] the first discovery of a planetary system with an analog to our own Jupiter and Saturn,[endnoteRef:41],[endnoteRef:42] and the detection of a new population of Jupiter-mass planets loosely bound or unbound to any host star.[endnoteRef:43] Importantly, ground-based microlensing surveys have determined that cold and free-floating giant planets are ubiquitous: on average, every star in the Galaxy hosts a cold planet[endnoteRef:44] and “free-floating” giant planets may outnumber the stars in our galaxy by two to one.   [38:  Beaulieu, J.-P. et al., “Discovery of a Cool Planet of 5.5 Earth Masses Through Gravitational Microlensing”, Nature, 439, 437 (2006)]  [39:  Bennett, D.P., “A Low-Mass Planet with a Possible Sub-Stellar-Mass Host in Microlensing Event MOA-2007-BLG-192”, ApJ, 684, 663 (2008)]  [40:  Muraki, Y., et al., “Discovery and Mass Measurements of a Cold, 10 Earth Mass Planet and Its Host Star”, ApJ, 741, 22 (2011)]  [41:  Gaudi, B.S., et al., “Discovery of a Jupiter/Saturn Analog with Gravitational Microlensing”, Science, 319, 927 (2008)]  [42:  Bennett, D. P., et al. “Masses and Orbital Constraints for the OGLE-2006-BLG-109Lb,c Jupiter/Saturn Analog Planetary System,” ApJ, 713, 837 (2010a)]  [43:  Sumi, T., et al., “Unbound or Distant Planetary Mass Population Detected by Gravitational Microlensing”, Nature, 473, 349 (2011) ]  [44:  Cassan, A., et al., “One or more bound planets per Milky Way star from microlensing observations”, Nature, 481, 167 (2012)] 

While exoplanet microlensing from the ground has had well-documented successes, realizing the true potential of the microlensing method, and achieving the primary science goals outlined above, is only possible from space with an instrument like WFIRST-2.4. Microlensing requires monitoring a very large number of stars in very crowded, heavily reddened fields toward the Galactic bulge continuously for months at a time. Therefore, reaching the needed sensitivity and number of planet detections requires steady viewing in the near-infrared without interruptions for weeks at a time, as well as high angular resolution, stable images over very wide-area fields. In other words, it requires a wide-field infrared survey telescope in space. Without such a mission, we will not be sensitive to Mars-mass embryos, we will not determine the frequency of low-mass free-floating planets, and we will not complete the census of planets begun by Kepler.  
A Space-Based Microlensing Survey is a Key Component of NASA’s mission.
WFIRST-2.4’s survey goals directly address two of the science questions called out specifically by the Planet Systems and Star Formation (PSF) Science Frontiers Panel of the New World, New Horizons Decadal Survey. In particular, the broad picture of exoplanet demographics enabled by WFIRST-2.4 is needed to answer PSF Question #3 “How diverse are planetary systems?” and the insight WFIRST-2.4 will bring to bear on the frequency and habitability of potentially habitable worlds will provide an important input into the first part of PSF Question #4 “Do habitable worlds exist around other stars, and can we identify the telltale signs of life on an exoplanet?” 
The Decadal Survey for Astronomy and Astrophysics[endnoteRef:45] recognized the importance of WFIRST, placing space-based microlensing in a pivotal role in the Decadal Strategy for exoplanets. As evidenced by the wide range of parameter space it will explore (see Figure 2‑16) and the large number of expected discoveries (see Box 1), WFIRST-2.4 is the means to understanding the range of planetary system architectures (masses, orbital parameters) and to determining how many Earth-mass worlds inhabit the crucially important region from the outer portion of the classically defined habitable zone outward.  [45:  National Research Council. “New Worlds, New Horizons in Astronomy and Astrophysics”, The National Academies Press (2010)] 

Finally, the explosive and often surprising progress of the exoplanet field draws talented young researchers to careers in astronomy and planetary science, and thus the WFIRST-2.4 microlensing survey will also serve as a platform to develop and train the next generation of astronomers.
WFIRST-2.4 Exoplanet Data Requirements
Planetary companions to stars are detected via short-duration, relatively low-amplitude, planetary deviations from the longer timescale microlensing events caused by their host stars (see Figure 2‑20). Microlensing events require extremely precise alignments between a foreground lens star and a background source star, and are both rare and unpredictable. Furthermore, the probability that a planet orbiting the lens star in any given microlensing event will give rise to a detectable perturbation is generally much smaller than unity, ranging from a few tens of percent for a Jupiter-mass planet and a typical low-magnification event, to less than a percent for planets with mass less than that of the Earth. These planetary perturbations have amplitudes ranging from a few percent for the lowest-mass planets to many tens of percent for the largest perturbations, but are brief, ranging from a few days for Jupiter-mass planets to a few hours for Earth-mass planets (see Figure 2‑20). Also, the time of the perturbations with respect to the peak of the primary event is also unpredictable. Thus detecting a large number of exoplanets with microlensing requires monitoring of a very large number of stars continuously with relatively short cadences and good photometric precisions of a few percent. Practically, a sufficiently high density of source and lens stars, and thus a sufficiently high microlensing event rate, is only achieved in lines of sight towards the Galactic bulge. However, these fields are also crowded, and this high star density means that high resolution is needed to resolve out the individual stars in order to achieve the required photometric precisions and to identify the light from the lens stars. 
Because the source star density and event rate are strong functions of Galactic coordinates, and the detection probability of a planet with a given set of properties depends sensitively on the detailed properties of the event (host star mass and distance, event duration, angular source size, photometric precision, cadence), quantitative predictions for the yields of given realization of exoplanet survey dataset require sophisticated simulations that incorporate models for the Galactic distribution of lenses and sources to simulate and evaluate the detectability of events with realistic photometric precision. These simulations can then be used to determine the set of exoplanet survey data requirements necessary to meet a given survey yield, as listed below. 

Exoplanet Data Requirements:
· Monitor ~3 square degrees in the Galactic bulge for at least 250 total days.
· S/N of ≥100 per exposure for a J = 20.5 star.
· Photometric sampling cadence of ≤15 minutes.
· Better than 0.4" angular resolution to resolve the brightest main sequence stars.
· Monitor microlensing events continuously with a duty cycle of ≥80% for at least 60 days to measure basic light curve parameters.
· Sample light curves with wide filter with =0.927-2.0 m.
· Monitor fields with W106 filter, 1 exposure every 12 hours in order to measure the color of the microlensing source stars.  
· Separation of >2 years between first and last observing seasons to measure lens-source relative proper motion.

We can make rough estimates that allow us to understand the order of magnitude of these requirements. Consider, as a specific example, Earth-mass planets with separations of 2 AU, and assume that, if every star hosts such a planet, we would like to detect at least 200. The typical detection probability for a planet with Mp=M and a=2AU is ~1.5%, and thus ~200/0.015 ~ 104 microlensing events must be monitored to detect ~200 such planets. The average microlensing event rate in the DRM1 fields is ~510-5 events/year/star, and thus 104/510-5~200 million star-years must be monitored. The typical stellar density down to J=23 is ~108 stars per square degree, and thus at least ~2 square degrees must be monitored. As illustrated in Figure 2‑20, in order to detect, fully sample, and accurately characterize the perturbations due to such planets, which typically last a few hours and have amplitudes of several percent, photometric precisions of a few % and cadences of better than 15 minutes are needed. Finally, given the areal density of ~108 stars per square degree, an angular resolution of 10-4 degrees or 0.4 arcseconds is needed to resolve the faintest stars. The remaining three requirements above ensure the ability to accurately measure the parameters of the primary events, which typically last ~40 days, and allow one to infer the angular size of the source star from its color and magnitude, separate the light from the lens and source, and measure the relative lens-source proper motion, all three of which are required to measure the mass and distance to the primary lens (and thus measure the mass and separation of the detected planets) for the majority of events.[endnoteRef:46] In particular, the spacecraft must be able to point continuously or nearly continuously at the Galactic bulge for at least the duration of the typical primary microlensing events, or >40 days. In addition, a broad near-IR filter and a narrower bluer filter are required, the first for the primary science data to achieve the requisite signal-to-noise ratio on the target stars, and the second to obtain color information in order to characterize of the source stars.   [46:  Bennett, D.P., et al., “Characterization of Gravitational Microlensing Planetary Host Stars”, ApJ, 660, 781 (2007)] 

There are additional, secondary requirements that may bear on the WFIRST-2.4 design and its ability to carry out a microlensing mission. First, the storage capacity and downlink rate must be sufficient to reserve and transmit the ~700 full-frame image per day during the bulge pointings. Second, there are requirements on the pointing accuracy and slew-and-settle times. Third, observations in the second filter must be obtained every ~12 hours. This, in turn, leads to a requirement on the total number of filter changes during the microlensing experiment of >1000.


 (
Figure 
2
17
: 
Schematic illustration of how 
WFIRST-2.4
 discovers signals caused by planetary companions in primary micr
o
lensing events, and how planet parameters can be extracted from these signals.  The left panel shows a simul
a
tion primary microlensing event, containing a planetary deviation from an Earth-mass companion to the primary lens.  The offset of the deviation from the peak of the primary event, when combined with the
 primary event parameters, 
is related to the
 projected separation of the planet
.  The right panel shows a detail of the planetary perturbation.  The width and precise shape of the planetary deviation yield the mass of the companion relative to that of the primary host lens.
)
 (
Figure 
2
18
: Example simulated event light curves with detected planetary signals from simulations of a WFIRST-2.4 exoplanet survey.  The left panel shows a typical signal-to-noise ratio detection of an Earth-mass planet orbiting a 0.4 solar mass star with an intrinsic semi-major axis of 1.17 AU.  The right panel shows a simulated free-floating Earth-mass planet detection.
)



[bookmark: _Ref294881251]WFIRST-2.4 Exoplanet Yields: Methodology
[bookmark: _Ref222993627]We estimate the exoplanet yields for WFIRST-2.4 using the simulation methodology described in Penny et al.[endnoteRef:47] This simulation was also used to estimate the yields of the WFIRST-DRM1 and WFIRST-DRM2 designs, as well as Euclid. We expect the relative yields between different survey designs (given our assumptions) to be more robust than the absolute rates, for reasons described in 2.5.1.11. [47:  Penny, M., et al., “ExELS: an exoplanet legacy science proposal for the ESA Euclid mission I. Cold exoplanets”, MNRAS, submitted, arXiv:1206.5296 (2012)] 

To convert sensitivities to expected yields, we have adopted our best estimate of the planet distribution function from Cassan43, which has the form

dN/dlogMpdloga = f (Mp/95M)

where f = 0.24/dex2 and = -0.73. We assume that this power-law distribution saturates at a constant value of 2/dex2 for Mp<4.4 M. This is likely conservative, as 
Kepler has found several multi-planet systems that have more than 2 planets per decade in semi-major axis.[endnoteRef:48],[endnoteRef:49] Note that the exponent of this power-law distribution with planet mass is slightly steeper but of opposite sign to the exponent of the (roughly) power-law dependence of the detection efficiency on planet mass, and thus the number of expected planets is a relatively slowly rising function of decreasing mass in this model in the regime where we assume the exponent  holds. Note also that the cold planet frequency below ~10MEarth is very poorly constrained. This ignorance is, of course, one of the primary justifications for an exoplanet survey with WFIRST-2.4.   [48:  Lissauer, J.J., et al., “A closely packed system of low-mass, low-density planets transiting Kepler-11”, Nature, 470, 53 (2011)]  [49:  Gautier, T. N., III, et al., “Kepler-20: A Sun-like Star with Three Sub-Neptune Exoplanets and Two Earth-size Candidates”, ApJ, 749, 15 (2012)] 

These baseline yields were not fully optimized relative to the number, location, and cadence of the target fields for each design. As a result, the relative yields between the different designs primarily reflect the effects of the hardware and total amount of observing time. Further optimization would likely increase the relative yields. As a result, we expect these results to be conservative. 
[bookmark: _Ref330982506]WFIRST-2.4 Exoplanet Yields: Baseline Results
The basic results are summarized in Box 1, Table 2‑1, Table 2‑2, and illustrated in Figure 2‑16. In order to highly the intrinsic sensitivity of the survey, Figure 2‑16 shows the region of parameter space where WFIRST-2.4 is expected to detect at least TBD planets, assuming one planet per star. Table 2‑1 then reports the predicted yields for planets of a range of masses assuming the Cassan et al mass function, where we have averaged the yields for a given mass over a range of semi-major axes between 0.03-30 AU. The majority of these planets will be detected in regions near the peak sensitivity of WFIRST-2.4 near ~2 AU.	Comment by Melton, Mark E. (GSFC-5990): Missing some text
We also quote the expected yields for free-floating Earth-mass planets (Table 2‑2), assuming that there is one free-floating Earth-mass planet per star in the Galaxy. For free floating planets of mass Mp, the yields are expected to roughly scale as (Mp/M), with ~-0.5 to -0.7.46
For comparison, we show the results for the WFIRST-2.4 DRM1 and DRM2, as well as Euclid in Table 2‑1 and Table 2‑2. All three assume the same Cassan43 mass function. The yields for WFIRST DRM1 assume a total of 432 days observations, whereas the yields for DRM2 assume a total 266 days. For Euclid, we have assumed a 300 day survey. It is important to emphasize that microlensing is not one of the primary science components of Euclid, and therefore such a survey is not being currently planned. Furthermore, it is not clear if the final Euclid design will even allow a substantial microlensing component. However, we nevertheless include these yields in order to highlight the differences in intrinsic capability arising from the different hardware choices for the two missions.
In summary, we find that WFIRST-2.4 will detect roughly 3000 bound planets, comparable to the expected final yield of Kepler. Our best estimate is that of order 2900 bound planets will be detected with masses in the range of 0.1-10,000 M and semi-major axes in the range of 0.3-30 AU. As illustrated in Figure 2‑16, while massive planets can be detected over nearly this entire range of separations, lower-mass planets can only be detected over a narrower range of separations beyond the snow line. At least 15% of the detected bound planets will have mass less than three times the mass of the Earth and WFIRST-2.4 will have significant sensitivity down to Mars-mass planets. WFIRST-2.4 will measure the mass function of cold planets to ~3%-15% in 1-dex bins of planet mass down to the mass of Mars. If free-floating planets are common, WFIRST-2.4 will detect a large number of them with masses down to that of the Earth and below.  
[bookmark: _Ref329352545]Comparison Between WFIRST-DRM1 and WFIRST-2.4 
WFIRST-2.4 is intrinsically more capable than the previous WFIRST designs. This improvement is due to the net result of two competing effects. First, the larger aperture but somewhat smaller bandpass results in a net increase in the photon collection rate of ~ 2.28. The effect of the increased photon rate on the yields depends primarily on the form of the cumulative number of detections as a function of the minimum threshold for detection, which roughly follows a power law of the form N(>2) ∝(2)a, with the exponent a depending on the mass and separation of the planets of interest. Averaged over separations between 0.03-30 AU, the exponent varies from a =-1.2 for low-mass planets of ~0.1MEarth, to a =-0.3 for high-mass planets of mass >100 MEarth. Since 2 ∝ Nphot, this number of detections scales with the photon rate in the same way. Second, the smaller field of view implies that a smaller area of the bulge can be monitored at fixed exposure time, resulting in a smaller number of total microlensing events monitored above a fixed magnitude.
The net result of these two effects is a yield for WFIRST-2.4 that is a factor of ~1.6 times larger than that predicted for WFIRST DRM1 averaged over planet mass, ranging from a 50% increase for giant planets to a 280% increase for Mars-mass planets. The dramatic increase in the yields of the lowest-mass planets simply reflects the fact that these planets are near the edge of the mission sensitivity for DRM1. This further suggests that WFIRST-2.4 may have significant sensitivity to other classes of planets that were just beyond the region of peak sensitivity for DRM1, e.g., very small separation planets and massive habitable planets.

	M/M
	Euclid-Extended
(300 days)
	DRM1
(432 days)
	DRM2
(266 days)
	WFIRST-2.4

	0.1
	10
	30
	21
	58

	1
	66
	239
	176
	336

	10
	197
	794
	599
	1060

	100
	144
	630
	484
	781

	1000
	88
	367
	272
	453

	10,000
	41
	160
	121
	180

	Total
	546
	2221
	1676
	2868


[bookmark: _Ref222982173]Table 2‑1: Predicted “best estimate” yields for bound planets for various mission designs. We have adopted the planet distribution function for cold exoplanets as measured from ground-based microlensing surveys by Cassan43 and have used event rates extrapolated from observed rates for bright clump giant sources.

	Euclid-Extended
(300 days)
	DRM1
(432 days)
	DRM2
(266 days)
	WFIRST-2.4

	5
	33
	27
	TBD


[bookmark: _Ref330991733]Table 2‑2: Predicted yields for free-floating Earth-mass planets, assuming one free-floating Earth-mass planet per star in the Galaxy. 

Physical Parameters of the Detected Systems
In addition to a large yield of planets over a broad region of parameter space, the other dramatic improvement of a space-based microlensing mission over groud-based surveys is the ability to automatically estimate the masses of the majority of the planetary host stars and thus planetary companions. This qualitatively new capability is enabled by the small and stable point-spread functions (PSFs) afforded in space, which allow for many different types of measurements that are difficult or impossible from the ground. 
 
Measurement of the host star light: The PSFs of angular size <0.4" essentially resolve out most of the background stars, and thus allow one to isolate the time-variable flux of the microlensed source from any flux from the lens, or companions to the lens or source. Light from companions to the lens and source can be further distinguished from light from the lens based on observations taken over a very wide time baseline before or after the event, which will allow one to infer the relative lens-source proper motion when the source and lens are significantly displaced. This can be done either by measuring the elongation of the PSF, or by measuring the differential centroid shift of the PSF in two different passbands if they have substantially different colors. 

Measurement of Higher Order Effects in the Micolens Lightcurves: The small and stable PSFs in WFIRST-2.4 will result in precise and accurate photometry during the microlensing events, with substantially higher precision and smaller systematics than is possible from the ground. This will enable the measurement of subtle but information-rich “parallax” distortions in the microlens light curves due to the orbit of WFIRST-2.4 about the sun[endnoteRef:50] and in the baseline case of a geosychronous orbit, the orbit of WFIRST-2.4 about the Earth.[endnoteRef:51] When combined with information routinely obtained in planetary microlens lightcurves, measurement of these effects will allow one to measure the mass and distance to the host for a subset of detections. Because these effects are generally larger for less massive hosts, this subset is complementary to that for which measurement of the host star mass via lens light is possible. Subtle distortions in the microlens light curves due to the orbital motion of the planet about the host will also enable constraints on the period, inclination, and eccentricity of the orbit in a subset of cases. [50:  Gould, A., “Extending the MACHO search to about 10 exp 6 solar masses”, ApJ, 392, 442 (1992)]  [51:  Gould, A., “Geosynchronous Microlens Parallaxes”, ApJ, 763, L35 (2013)] 


Astrometric Shifts due to Microlens Image Motions: During a microlensing event, multiple images of the source are created whose positions and brightnesses vary as a function of time. While these images are typically separated by of order the Einstein ring radius E~1 mas and thus cannot be resolved, the changing fluxes and positions lead to a time-varying centroid shift of the unresolved source image, whose magnitude is proportional to E.[endnoteRef:52],[endnoteRef:53] Astrometric precisions of a few 100 as will allow the measurement of E for more massive and/or nearby host stars. When combined with the measurement of the host light, this will allow for a measurement of the distance and mass of host. This effect will also allow for the detection and mass measurement for a significant sample of isolated neutron stars and black holes, when combined with measurements of microlensing parallax.  [52:  Walker, A., “Microlensed Image Motions”, ApJ, 453, 37 (1995)]  [53:  Dominik, M., & Sahu, K., “Astrometric Microlensing of Stars”, ApJ, 534, 213 (2000)] 


A quantitative assessment of the potential of WFIRST-2.4 to measure the above effects and thus infer host star masses and distances requires detailed simulations, which have not yet been performed. However, using conservative assumptions, Bennett et al. 2007 demonstrated that a significantly less capable space-based microlensing mission would enable measurement of the host star and planet masses about 10% for the majority of the detected systems. We expect WFIRST-2.4 to perform significantly better in this regard.
Finally, it is worth noting that there is likely to be substantial synergy between WFIRST-2.4 and JWST. For example, preliminary estimates indicate that it should be possible to estimate temperatures and metallicities for hosts brighter KAB~20 using R~2700 spectra taken with NIRSpec. This would allow for the characterization of the turn-off hosts in the bulge, and well as even lower-mass hosts in the foreground disk. In addition, simultaneous observations of planetary signals from WFIRST-2.4 and JWST may allow for a measurement of microlens parallax, potentially enabling an estimate of the mass and distance to the host star.[endnoteRef:54] [54:  Gould, A., Gaudi, B.S., & Han, C. “Resolving the Microlens Mass Degeneracy for Earth-Mass Planets”, ApJ, 591, L53 (2003)] 

[bookmark: _Ref222983023]Uncertainties and Future Work
The basic input ingredients that are required for estimating the yield of a microlensing exoplanet survey are a (1) model for the population of source stars, (2) model for the space and kinematic distributions of the host lens, which are then used to estimate microlensing event rates and event parameter distributions, and (3) a model for the probability distribution of planets as a function of planet mass and semi-major axis, and host mass and distance.  
Unfortunately, for the regimes of interest for WFIRST-2.4, the properties of the populations of sources and host lenses are poorly constrained by empirical data, leading directly to relatively large uncertainties in the final yields. In particular, the magnitude distribution of source stars in the fields of interest has not been measured in the passbands and to the faint magnitudes that will be probed by WFIRST-2.4. Similarly, the microlensing event rates for some of the fields of interest have not been measured, as these fields typically suffer high optical extinction, and to date all microlensing surveys have been performed in the far optical.
The event rates and source stars densities adopted in this report were scaled to match published microlensing optical depth estimates[endnoteRef:55],[endnoteRef:56],[endnoteRef:57],[endnoteRef:58],[endnoteRef:59] and source star luminosity function[endnoteRef:60] from fields further from the plane than the preferred WFIRST-2.4 fields. The MOA team has recently performed a preliminary analysis of the 2006-2007 MOA-II data42 and used this to determine the optical depth and event rate toward each of the 22 MOA fields, each covering 2.2 deg2. Four of these fields, containing 215 microlensing events (45% of the total), overlap with or are very close to some of the proposed WFIRST-2.4 fields. These results indicate a significantly higher optical depth than assumed in this report, but because they are based on preliminary, unpublished MOA-II data and analysis, we will not use them for our baseline predictions. However, we note that they have much higher statistical weight than the published results, so if they are correct, our planet yields are significantly underestimated. [55:  Popowski, P., et al., “Microlensing Optical Depth Towards the Galactic Bulge Using Clump Giants from the MACHO Survey”, ApJ, 631, 879 (2005)]  [56:  Sumi, T., et al., “Microlensing Optical Depth Toward the Galactic Bulge Using Bright Sources from OGLE-II”, ApJ, 636, 240 (2006)]  [57:  Hamadache, C., et al., “Galactic Bulge Microlensing Optical Depth from EROS-2”, A&A, 454, 185 (2006)]  [58:  Alcock, C., et al., “The MACHO Project: Microlensing Optical Depth toward the Galactic Bulge from Difference Image Analysis”, ApJ, 541, 734 (2000)]  [59:  Sumi, T., et al., “Microlensing Optical Depth toward the Galactic Bulge from Microlensing Observations in Astrophysics Group Observations during 2000 with Difference Image Analysis”, ApJ, 591, 204 (2003)]  [60:  Holtzman, J. A., et al., “The Luminosity Function and Initial Mass Function in the Galactic Bulge”, AJ, 115, 1946 (1998)] 

 (
Figure 
2
19
: The baseline AFTA-WIFRST fields are laid out on top of the Nidiver et al. (TBD) bulge extinction map. 
)
Another, somewhat subtler, source of uncertainty in the planet yields that may significantly impact the choice of target fields is the relative frequency of planets in the Galactic bulge versus disk. The relative contribution of the bulge and disk lenses to the event rate varies as a function of Galactic latitude, with bulge lenses expected to dominate as at low |b|.[endnoteRef:61] If the Galactic bulge happens to be devoid of planets, e.g., because of an extreme radiation environment during a starburst-like bulge formation event,[endnoteRef:62] then it would likely be desirable to avoid such low latitude fields.   [61:  Gould, A., “K-band Microlensing of the Inner Galaxy”, ApJ, 446, 71 (1995)]  [62:  Thompson, T., “Gas Giants in Hot Water: Inhibiting Giant Planet Formation and Planet Habitability in Dense Star Clusters Through Cosmic Time”, ApJ submitted, arXiv:1212.2662 (2013)] 

These uncertainties suggest the necessity for several avenues of future work to prepare for the WFIRST-2.4 missions. First, measurements of the source luminosity function to faint magnitudes with HST should be performed in the potential target fields, preferably in the near infrared (1-2 microns). It is possible that archival data exist that would be suitable for this purpose. 
Second, a near-IR microlensing survey of the potential WFRIST fields should be performed from an excellent site, both to measure the microlensing event rate in these fields, and to estimate the relative bulge and disk contributions to the planet detection rates. The latter will also require follow-up observations with AO facilities and/or HST in order to measure or constrain the distances to the detected systems. 
Additional work is also needed in order to provide detailed and quantitative estimates of the ability to measure detailed properties of the detected planetary systems, including masses, distances, and orbital parameters from the WFIRST-2.4 data alone, and host star temperatures and metallicities from follow-up observations with JWST and/or future ELTs
Finally, the yields for planets near the edge of the sensitivity of WFIRST-2.4 suffer from additional uncertainties beyond those arising the sources discussed above. This is due to the relatively strong dependence of number of detections on2 in these regimes, which includes planets with very small or very large separations, and very low mass planets. As a result of the strong scaling with2, small differences in the assumptions and approximations needed to make these predictions result in large changes in the estimates of the number of detected planets. Predictions for the yield of habitable planets suffer from these uncertainties, but are also sensitive to additional assumptions, such as the mass-bolometric luminosity relationship for stars in the bulge and disk, the age and metallicity of the stars in the bulge and disk, and the precise definitions for the mass and semi-major axes boundaries of the habitable zone. Therefore, the yields of habitable planets are particularly uncertain. Substantially more work needs to be done to assess the sensitivity of WFIRST-2.4 to planets near the edge of the sensitivity, particularly for habitable planets.
[bookmark: _Ref223062305][bookmark: _Toc223171874][bookmark: _Toc223172017]Characterizing Nearby Worlds with WFIRST-2.4 with an Optional Coronagraph
Our understanding of the internal structure, atmospheres, and evolution of planets was original developed through models that were tuned to explain the detailed properties of the planets in our own solar system. Our surveys of exoplanetary systems have lead to the realization that there exists a diversity of worlds with very different properties and environments than those in our solar system, including gas giants under strong stellar irradiation, gas giants with massive heavy cores, water worlds, and “super-Earths” with masses intermediate to the rocky and the ice giants in our solar system. Subsequently, these models have had to be expanded and generalized to explain the properties of these new worlds, often including new and uncertain physics. Our understanding of these new worlds therefore remains primitive.
The best hope of understanding the physical properties of this diversity of worlds is through comparative planetology: detailed measurements of, and comparisons between, the properties of individual planets and their atmospheres. These measurements provide the primary empirical constraints on our models.  
Understanding the structure, atmospheres, and evolution of a diverse set of exoplanets is also an important step in the larger goal of assessing the habitability of Earthlike planets discovered in the habitable zones of nearby stars. It is unlikely that any such planets will have exactly the same size, mass, or atmosphere as our own Earth. A large sample of characterized systems with a range of properties will be necessary to understand which properties dictate habitability and to properly interpret these discoveries.
Detailed characterization is currently only possible for relatively rare transiting systems. Unfortunately, transiting planets are a relatively biased subset of systems. Those that are bright enough for significant follow-up tend to be discovered from the ground. Ground-based transit discoveries tend to be a biased subset of systems, mostly including giant planets at short orbital periods that are subject to strong stellar irradiation. Of course, Kepler has detected many smaller and longer period transiting planets, but these systems are far too faint for detailed characterization of the planets. Furthermore, atmospheric studies of transiting planets are only sensitive to very specific planet geometries and/or atmospheric pressures, therefore providing an incomplete view of the physical processes at work in the atmospheres of these systems.
Direct imaging surveys of planets orbiting nearby stellar systems offer a complementary and critical approach to studying the detailed properties of exoplanets. First, planets detected by direct imaging tend to be at longer orbital periods than those found by transits. Second, spectra of directly detected planets provide complementary and powerful diagnostic information about the structure and composition of the atmospheres. Finally, these planets are found around the closest stars, which tend to be the best characterized. While ground-based direct imaging surveys have made enormous strides in recent years, with new, much more capable surveys coming on line soon, such surveys are also ultimately limited in the kinds of planets they can study.  
Establishing a broad and diverse sample of characterized systems requires a high-contrast, coronagraphic space-based survey of the nearest stars. The WFIRST-2.4 mission provides a unique opportunity to do so, dramatically advancing our knowledge of exoplanets. The large aperture, high wavefront quality, expected stability, and available on-axis image make the telescope an excellent platform for direct imaging of exo planetary systems and debris disks.
This survey will discover and characterize dozens of exoplanets from small ice giants to large Jupiter size planets around the nearest few hundred bright stars. Spectra will be obtained from more than a dozen of the currently known radial velocity planets, a number likely to grow as new RV planets are discovered. Combined with demographics from Kepler and Microlensing, astrometric information from RV and Gaia, and size from a small number of transits, WFIRST-2.4 with a coronagraph will provide the most comprehensive comparative planetology yet obtained for planets outside the solar system. This new information will not only revolutionize exoplanet science, but it will also serve as an essential first practical demonstration of the technology needed for a mission that will achieve the ultimately goal of directly detecting a “pale blue dot” around a nearby star and searching for signatures of life on that planet. All attendees of the January 2013 Exoplanet Program Analysis Group meeting, a significant fraction of the US space exoplanet community, unanimously agreed that a coronagraphic imager and spectrograph on WFIRST-2.4 for high-contrast imaging is the number one priority for the coming decade.
In the remainder of this section we describe the potential performance of such a coronagraph and the science that can be expected. The key direct imaging targets fall in two categories: planets (both rocky and giant), and disks (zodical disk and Kuiper belt analogs). We will show that even with conservative assumptions on coronagraph performance, the advances in our knowledge of exoplanets and disks and the increase in our understanding of high-contrast imaging would be great. Should more advanced designs prove feasible, then the scientific accomplishments would be profound, including, potentially, the first images of rocky planets approaching Earth-size.
Coronagraphy for High-Contrast
Exoplanets are typically billions of times fainter than their parent stars. Imaging them thus requires a system to create high contrast. A coronagraph is such a set of optical elements that modifies the point spread function of the telescope to create a region around the stellar image where a dim companion can be extracted. Due to optical errors in any system, all coronagraphs must be designed together with wavefront control via one or more deformable mirrors (DMs). The combined coronagraph and wavefront control system is characterized by the contrast, inner working angle, and stability achieved. Contrast is the degree to which it can suppress scattered and diffracted starlight in order to reveal a faint companion. Inner Working Angle (IWA) is the smallest angle on the sky at which it can reach its designed contrast. This angle is typically only a few times larger than the theoretical diffraction limit of a telescope. The resulting residual stellar halo must also be stable over the time scale of an observation, so that the halo can be subtracted to reveal an exoplanet or disk. In principal, with a well characterized and stable PSF, various subtraction methods that have been developed and used on both ground and space images can be employed to average the background photon noise and extract faint planets that are below the raw contrast level. The limit of an observable planet is then determined only by the photon noise and the available integration time. In practice, there is a systematic limit to the contrast of a recoverable planet given by the stability of the telescope (how rapidly the background speckle pattern changes) and the structure of the exozodiacal light (a confusion limit set by clumping in a disk).
Much of the current research in coronagraphy and wavefront control is directed at extending the limits of contrast, IWA, and stability. Predicting the capability of the coronagraph instrument on a future WFIRST-2.4 observatory will also be partially determined by the orbital environment and resulting stability of the telescope. Nevertheless, the recent history of planet imaging shows that recovering planets with up to factors of 10 fainter contrast than the background is regularly accomplished, both on large ground telescopes and from the Hubble Space Telescope. (Examples?) In some cases, factors of 100 have been approached. It has thus become common to describe the performance of a coronagraph by its raw contrast, the level of the background stellar halo after wavefront control, and its post-processing contrast, the limiting magnitude of a recoverable planet relative to the star using data processing techniques.	Comment by Melton, Mark E. (GSFC-5990): Need examples
In Section 3.4 of this report we describe several potential coronagraph architectures, all employing wavefront control with one or two deformable mirrors (DMs). These differ in the details of the implementation and range from conservative assumptions about the level of contrast and IWA achievable to aggressive approaches at small IWA and very high contrast. For our baseline coronagraph design, we assume a conservative raw contrast of 10-8 with an IWA of 0.20 arcsec. We also assume that the telescope stability will allow recovery of an exoplanet up to a factor of 10 fainter (10-9 contrast) than the raw level. These are reasonable assumptions and arise from currently verifiable designs. In Section TBD we discuss the significant increase in science if technology developments show that a more aggressive coronagraph, reaching below 0.10 arcsec with contrasts down to 10-10, is possible.  
Exoplanet Discovery and Characterization
Only a very small number of exoplanets have been imaged to date from the ground. We have obtained spectra on an even smaller number. All of them are at great distances from their parent star and are very large. There is significant scientific value in discovering and characterizing Jovian size and smaller planets in the 3 to 10 AU range. The coronagraph on WFIRST-2.4 will detect at least a dozen new planets in this range and characterize over a dozen of the known RV planets. Figure 2‑20 is a scatter plot showing planets of all types distributed around the brightest TBD stars within 30 pc along with the contrast and inner working angle limits of increasingly aggressive coronagraphs. Planets are distributed consistent with the mass and semi-major axis distributions found from radial velocity surveys (Howard et al. and Cumming et al.) extrapolated to larger SMA and lower mass. There are thus 1.94 planets per star with a mix of hydrogen-envelope gas giants, rocky plants with radii up to 2 Earth radii, and icy Neptune and Saturn like planets. The plot shows a snapshot of the random selection of planets in their orbit as viewed from Earth. Even at the baseline contrast level, a substantial number of new gas and ice giants are accessible, thus increasing the number of known giant planets. Should further analysis and experiment show that 10-10 contrast is achievable, either raw or processed, then the number of possible planets to be discovered increases significantly, including a small number of Water planets and Super-Earths. In Section TBD we discuss the dramatic increase in science if very small inner-working-angle coronagraphs prove possible.
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Figure 
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20
: A snapshot of possible planets of different sizes, compositions, and resulting contrast assuming 1 planet of each type about TBD target stars within 30 pc.
)Also included in the figure are the known planets already discovered by radial velocity (RV). We know that each of these planets exists, and we know the orbital size and approximate mass for each; we can thus estimate the expected contrast and angular separation from the parent star at the brightest position in their orbits, with estimates of their contrast based on albedo assumptions. From the figure, it is clear that a handful are brighter than the threshold contrast of 10-8, and  (
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: Probability distributions of discovered planet of different sizes for coronagraphs with 10
-9
 contrast and 0.2 and 0.1 arcsec inner working angles.  Both assume 1 year of observations.
)more than a dozen are brighter than the goal contrast of 10-9, so there will be plenty of these targets available for study. In addition, the completeness of the radial velocity survey is expected to increase over the next decade as more planets at larger separations are confirmed, potentially increasing significantly the known planets for characterization reachable by WFIRST-2.4.
The science return from direct imaging of these RV systems will be large. For these planets themselves, we will learn how bright they really are, which gives us an estimate of their reflectivity (albedo), and this in turn will be compared to planets that we do understand well, like Jupiter, a first step in comparative planetology. The brightness also depends on the diameter of the planet, but most of these have masses that are roughly the same as Jupiter, and at that mass level a planet tends to have a fixed diameter (at least theoretically), however this is an area to be explored with real data from WFIRST-2.4! Direct imaging will allow the inclination angle of the orbit to be measured, presently not known from RV. Brightness (contrast) changes before and after the planet is at maximum elongation will tell us about clouds and gas in the atmosphere. If the coronagraph is equipped with polarizing filters (see Sec. TBD), additional information on clouds and gas in the atmosphere becomes available. If we measure brightness at different wavelengths, say green and red, we will know the color of the planet, and this is directly tied to the absorbing gases in the atmosphere; for example, Jupiter and the other outer planets are brighter in the green than in the red because methane absorbs a lot of red light. Here too, polarization filters can play a role.
Experience from Kepler says that multi-planet systems are common, so we can expect to find other planets in these RV systems that are beyond the reach of the RV technique, for example with longer periods, which means potentially at larger angular separations. This search will be a major element in imaging campaigns for these targets.
Figure 2‑21 shows the results of Monte Carlo simulations to predict the number of unknown planets that might be discovered and characterized by WFIRST-2.4 assuming a 10-9 contrast and the baseline inner working angle of 0.2 arcsec and a small inner working of 0.1 arcsec.
Direct imaging of exoplanets provides a new and unique dimension to the pool of scientific information about exoplanets. Simple photometry can provide clues to planet composition, size and type. Spectra can distinguish among planet types and provide information toward the relationship between stellar metallicity and planet atmosphere. Figure 2‑22 shows a sample spectra of a Jupiter size planet at different resolutions for a solar type star and one with higher metallicity. Even at the course resolution of R=70 it is possible to distinguish the two. Atmospheric spectra of smaller planets will begin to reveal the diversity of exoplanet type and approach the question of trace biomarkers such as oxygen and methane.



 (
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22
: 
Model exoplanet spectra (Cahoy et al 2009) for Jovian planet at 2.2 AU for solar (black) and 3 x solar (blue) metallicity
.
)

Exozodiacal Light and Disk Architecture
A star and its planetary system both form from the same circumstellar disk. As a cloud of gas and dust collapses, the embryonic system has some preferential axis of rotation. Material undergoes gravitational collapse along that axis but cannot collapse freely in the perpendicular direction; conservation of angular momentum prevents matter from falling inward. However eventually friction and energy loss slows the orbital motion and allows gravitation to take over, with matter collapsing inward to form a star, and locally in orbit, to form planets.
Sun-like stars accumulate their mass within a million years, and planets typically form within 10 million years. Small rocky planetesimals come together to become full-size planets. The smaller ones can become terrestrial planets, while the larger ones continue to gravitationally attract gas and become gas or ice giant planets.
Young solar systems are violent places, with many planetesimals, proto-planets, and planets crammed into a relatively tight space. Orbits are initially eccentric and these bodies interact dynamically with each other and their central stars, causing frequent collisions. These collisions produce debris, as evidenced by the material in the asteroid belt and Kuiper belt of our own solar system. We also see this debris in observations of nearby young stars; many stars in the solar neighborhood were observed by IRAS and Spitzer to have far-infrared excesses fluxes, indicative of reprocessing stellar radiation by small dust grains produced by collisions. Some  (
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: The brightness contrast of expected disks around nearby stars is illustrated here with the case of the solar sy
s
tem’s zodiacal dust disk and Kuiper belt, with scaling factors of 1, 10, and 100, for the sun at a typical distance of 10 pc.  Jupiter is located in the gap between these disks.
)of these debris disks have been resolved in reflected visible light with HST. WFIRST-2.4 will find many more such debris disks, and its data will provide significant clues to the natures of the planetary systems that produced them. Some of the questions that may be answered include:

1. What is the amount and location of circumstellar dust? The amount of debris seen in images will reveal the level of recent planetary activity. WFIRST-2.4 will be sensitive to several times the solar system's level of dust in the habitable zones and asteroid belts of nearby (~10 pc) sun-like stars.
2. What large-scale structures are present in disks? The high sensitivity and spatial resolution (0.05 arcsec is 0.5 AU at 10 pc) of WFIRST-2.4 images will reveal the presence of asteroid belts or gaps in disks due to unseen planets.
3. What are the sizes and compositions of the debris dust grains? Photometry at 2 well-separated wavelengths (e.g., 400 and 800 nm) provides constraints on dust grain size and composition, while polarimetry provides additional size information.
WFIRST-2.4 will be the most sensitive observatory yet for studying warm dust near the habitable zones of nearby stars, providing several times the sensitivity and the resolution of the LBT-I instrument.
In our solar system, the zodiacal light is sunlight reflected from the zodiacal dust disk in the inner solar system, believed to come from asteroid collisions in the asteroid belt. In the outer solar system, the Kuiper belt is a zone of ice particles from collisions among comets. Each of these disks is continually replenished by collisions, and the locations of the disks is controlled to a large extent by the planets. So our two disks are a sort of flashing red light around the sun, announcing that there are asteroids, comets, and planets in the system, and that these are all interacting by gravitation and collisions, without which the disks would disappear in a million years or so.
Likewise for other stars, their disks tell us that there are asteroids, comets, and planets active. Fortunately, many of these disks are expected to be bright enough to be seen with a coronagraph. We know that some are up to hundreds of times brighter than our own zodi and Kuiper belts. Figure 2‑23 shows the expected signatures. 
Polarization science
Those exoplanets that are not self-luminous shine in light reflected from their parent stars. The reflected radiation that strikes planetary surfaces and atmospheres becomes partially polarized while light from the central star of an exoplanetary system is unpolarized. Polarization measurements of the planet’s radiation in the presence of light scattered from the star therefore reveals the presence of exoplanetary objects and provides important information on their nature[endnoteRef:63]. [63:  Zubko, N., Baba, N., Morisaki, S., and Murakami, N., “Polarization degree analysis of objective spectrum in polarization differential stellar coronagraph”, Optics Express, 15, 12189 (2007)] 

Since the first report of the detection of polarized scattered light from an exoplanet (HD 189733b) atmosphere[endnoteRef:64], several theoretical models were developed to describe the observed polarization as a function of wavelength. The degree of polarization changes with wavelength across the UV, visible and near IR band-passes to reveal the structure of the exoplanet’s atmosphere[endnoteRef:65], climate[endnoteRef:66], the nature of its surface[endnoteRef:67], its orbital parameters[endnoteRef:68],[endnoteRef:69] (inclination, position angle of the ascending node and eccentricity) and, possibly bio-signatures[endnoteRef:70]. In addition, polarization measurements of the AU Microscopii debris disk[endnoteRef:71], shows the signature of primordial grain growth providing important clues to formation and evolution of exoplanetary systems. [64:  Berdyugina, S. V., Berdyugin, A. V., Fluri, D. M., and Piirola, V., “First Detection of Polarized Scattered Light from an Exoplanetary Atmosphere”, ApJ, 673, L83 (2008)]  [65:  de Kok, R. J., Stam, D. M., and Karalidi , T., “Characterizing exoplanetary atmospheres through infrared polarimetry”, ApJ, 741, 59 (2011)]  [66:  Karalidi, T., Stam, D. M., and Hovenier, J. W., “Flux and polarisation spectra of water clouds on exoplanets”, A&A, 530, A69 (2011)]  [67:  Karalidi, T. and Stam, D. M., “Modeled flux and polarization signals of horizontally inhomogeneous exoplanets applied to Earth-like planets”, A&A, 546, A56 (2012)]  [68:  Fluri, D. M. and Berdyugina, S. V., “Orbital parameters of extrasolar planets derived from polarimetry”, A&A, 512, A59 (2010)]  [69:  Madhusudhan, N., and Burrows, A., “Analytic models for albedos, phase curves and polarization of reflected light from exoplanets”, ApJ, 747, 25 (2012)]  [70:  Sterzik, M. F., Bagnulo, S., and Palle, E., “Biosignatures as revealed by spectropolarimetry of Earthshine”, Nature, 483, 64 (2012)]  [71:  Graham, J. R., Kalas, P. G., and Matthews, B. C., “The Signature of Primordial Grain Growth in the Polarized Light of the AU Microscopii Debris Disk”, ApJ, 654, 595 (2007)] 

A coronagraph on WFIRST-2.4 will observe Jupiter-like exo-planets. Analysis shows that these exo-planets will exhibit a degree of polarization as high as 60% at a planetary phase angle of 90-degrees. The flux F and degree of polarization P of starlight as a function of wavelength as reflected by three Jupiter-like exoplanets for phase angle 90 degrees is shown in Figure 2‑24 below[endnoteRef:72].  [72:  Stam, D. M., Hovenier, J. W., and Waters, L. B. F. M., “Using polarimetry to detect and characterize Jupiter-like extrasolar planets”, A&A, 428, 663 (2004)] 

A measurement of the degree of polarization will clearly provide important information for the study of those exoplanets accessible to a coronagraph on the WFIRST-2.4 telescope system. 
Telescope and instrument induced polarization will likely contribute to a decrease in the SNR for polarization measurements[endnoteRef:73]. However lossless polarization apodizers placed within the optical system may correct for most of the loss and thus enable precision polarization measurements using the low F# telescopes[endnoteRef:74] characteristic of large apertures. These polarization measurements of exoplanetary systems provide valuable information for exoplanet characterization that complements spectroscopy. Future coronagraphs will incorporate capabilities to analyze the polarization content of reflected light. [73:  Breckinridge, J. B. and Oppenheimer, B., “Polarization Effects in Reflecting Coronagraphs for White-Light Applications in Astronomy”, ApJ, 600, 1091 (2004)]  [74:  Clark, N. and Breckinridge, J. B., “Polarization compensation of Fresnel aberrations in telescopes”, Proc. SPIE 8146-24 (2011)] 
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The planetary model atmosphere 1 (solid lines) contains only molecules, model 2 (dashed lines) is similar to model 1 except for a tropospheric cloud layer and model 3 (dotted) is similar to model 2, except for a stratospheric haze layer.
)



Aggressive Science/Rocky Earths & Super-Earths	Guyon
The baseline coronagraph performance for WFIRST-2.4 described earlier corresponds to realistic expectations based on current technology status and performance already demonstrated in laboratory testbeds. In this section we describe the significant increase in science enabled should a higher performance coronagraph currently being studied prove feasible. The characteristics of this higher performance option are established from reasonable extrapolation of technology progress and our current understanding of “hard” limits imposed by physics (such as photon noise, stellar angular size). Neverthless, further technology development is needed to achieve the appropriate readiness level. Details of one possible design are given in Section 3.4.3.  

Performance, and thus scientific yield, may be improved in several ways:

Improving the coronagraph efficiency (throughput) would reduce the observation time required to reach a given SNR. This is especially important for spectroscopy, where individual observations can be several days. Additionally, improved throughput allows faster wavefront sensing, and may therefore improve image contrast if the instrument contrast is limited by wavefront instabilities.

Improving the coronagraph image quality (PSF FWHM) reduces confusion between planet(s) and exozodiacal light structures, and, by better separating planet light against background light, improves SNR for both detection and spectroscopic characterization.

 (
Figure 
2
25
: Expected location, in angular separation/contrast space, of Earth analogs around stars within 20 pc. Each circle corresponds to a star. The color and radius of the circles indicate the star spectral type and di
s
tances respectively. This figure assumes that every star has one such planet, and an estimation of planet yield should include planet occurrence frequency. The baseline AFTA coronagraph can access the space in the upper right corner with a 3 

/D IWA. The enhanced option can reach, with similar contrast, into 1 

/D IWA (

 = 600 nm assumed). The thick white arrow indicates how larger super-Earths (2x Earth radius) would move in this plane.
)Reducing the coronagraph Inner Working Angle (IWA) increases the target sample, and more importantly, enables observation of planets in the habitable zones of a statistically significant number of stars. Provided that the system detection contrast limit and efficiency are sufficient, direct imaging and spectroscopic characterization of rocky planets may be possible.

Figure 2‑25 shows, for each star within 20pc, where an Earth analog (1 Earth radius planet located in the habitable zone, with stellar irradiance per unit of surface identical to solar irradiance on Earth) would fall in a angular separation vs. planet-to-star contrast 2D plane. The figure illustrates that access to Earth-like planet with WFIRST-2.4 requires either higher contrast or smaller IWA than the baseline design. The enhanced coronagraph design evaluated here does so mostly by reducing IWA, but also offers higher throughput and better image quality. A more detailed analysis, taking into account stellar angular diameter and sensitivity constraints reveals that:
1. There are about 20 stars around which an Earth-like planet could be imaged with WFIRST-2.4 with an efficient 1 /D IWA coronagraph.
2. The stellar angular size is a fundamental limit to the raw contrast that can be achieved with a small IWA coronagraph. The expected raw contrast in the 1 to 2 /D separation range is limited 1e-7, and must be calibrated to 1 to 10% to reach Earth-like planets at contrast between 1e-9 and 1e-8. 
[bookmark: _Toc223171875][bookmark: _Toc223172018]Guest Observer Program
The general observer (GO) science program of WFIRST-2.4 will have high impact over a broad range of modern astrophysics. Taking Hubble as a guide, the GO program of WFIRST-2.4 will be at least as important to the astronomical community and the interested public as the dark energy and planetary microlensing components. The very wide field, large aperture, deep near-IR reach, excellent spatial resolution, and spectroscopic capabilities of the observatory will ensure that a multitude of GOs pursue numerous programs requiring degree-sized fields in the statistical realm for the first time. Examples include studies of stellar population studies in the Milky Way and its neighbor galaxies and mapping large-scale structure through cosmic time. Many of these will be logical outgrowths of single object and small sample studies with HST, JWST, and other observatories, but they are likely to have outsized impacts just as SDSS, Kepler, and other wide field surveys already have.
Some capabilities of WFIRST-2.4 are unrivaled. For the foreseeable future, atmospheric seeing ensures that no ground-based facility will produce comparably sharp ultra-wide field images that compare to WFIRST-2.4. Likewise, the earth’s atmosphere is opaque between the near-IR atmospheric J, H, and K bands, and even where it is not opaque, OH airglow ensures that the background will be large and highly time-variable compared to space. Compared to other space-based facilities, WFIRST-2.4 has 288x as many pixels as Hubble/WFC-3, and 210x JWST/NIRCam’s field of view (FOV). WFIRST-2.4’s enormous FOV will enable science that is simply not possible with Hubble or JWST. Compared to Euclid, WFIRST-2.4 has approximately 4x the collecting area and about 2x the near-IR angular resolution. Euclid’s dark energy surveys will certainly be useful for numerous other astrophysics investigations, but at this point Euclid is not planning to have a dedicated program for conducting GO pointed observations.[endnoteRef:75] [75:  Laureijs, R., et al., "Euclid Definition Study Report", arXiv:1110.3193 (2011)] 

WFIRST-2.4 will be complementary to these other observatories, and their combined data will be invaluable for attacking numerous problems in modern astrophysics. In particular, the wide field and moderately deep reach of WFIRST-2.4 will be highly complementary to the narrow field, higher resolution, and deeper reach of JWST in their overlapping near-IR wavelength regions. Likewise, WFIRST-2.4 will provide complementary wavelength coverage with much better spatial resolution and depth to LSST while still being able to sample wide areas of sky.
Compared to previous, smaller-aperture concepts of WFIRST, the significantly increased sensitivity, and higher spatial resolution over a similar field of WFIRST-2.4 will substantially increase the potential and value of its GO program. This is true for both dedicated GO observations as well as for general investigator use of data sets produced for dark energy, galactic plane, and microlensing surveys. As for nearly all other missions, the astronomical community will be quite creative and will use WFIRST-2.4 for GO programs that the mission SDTs and SWGs will not conceive. If history is a guide, then these may prove to be among the highest impact programs executed with the telescope, rivaling or surpassing the results of the mission's primary dark energy and microlensing surveys. Anticipating this, the greater community was solicited for and has documented 40 GO ideas on a large variety of topics. These 1 page descriptions span a very broad range of topics including the solar system, exoplanets, stellar astrophysics, nearby galaxies, extragalactic astrophysics, and the complementarity / synergy of WFIRST-2.4 and other missions and surveys. These papers clearly illustrate that WFIRST-2.4 will truly be a 'Great Observatory' for the Twenty-first Century. These papers are included as an appendix to this report. 
We now discuss some illustrative GO observations that would take advantage of WFIRST-2.4's strengths. These have been culled from the much more detailed GO examples presented in the earlier WFIRST SDT report and the Princeton Workshop white paper, and many of these themes and programs are related to the community 1 page GO submissions.
Statistical studies of the stellar populations of the Milky Way and nearby galaxies may be one of the most obvious areas of WFIRST-2.4 GO science that will have outsized impacts. Some of these are described in S2.4 of the WFIRST SDT report, which describes a wide-field survey of the entire Galactic Plane. However, the higher resolution and speed of WFIRST-2.4 suggests a huge opportunity in deep studies of specific regions of the Milky Way disk. A prime example is the nature and origin of the initial mass function (IMF), particularly its extension to very high and very low masses. Surveys of the numerous low- to intermediate mass star forming regions within 1 kpc are still woefully incomplete. Ground-based near-IR surveys are either spatially complete with completely inadequate sensitivity (2MASS), or else they provide somewhat better but still inadequate sensitivity and resolution (e.g., UKIDSS now and VISTA in the future) over inadequate fields. WFIRST-2.4 surveys of the ~10 best studied young embedded clusters within 1 kpc to ~25 mag AB would reveal young brown dwarfs as well as some of the youngest Class 0 protostars in these nurseries. Combining WFIRST-2.4 and Spitzer mid-IR survey data will leverage these identifications and reveal much about the accretion properties of these stars early in their lives. Surveying more distant (D ~ 2–5 kpc) massive star forming regions will constrain high-mass star formation (numbers, luminosities) with only a single or a few deep WFIRST-2.4 fields in each near-IR broadband filter.  
Closest to home, the wide field and excellent near-IR sensitivity will allow for sensitive surveys of both nearby field and open cluster brown dwarfs. A puzzling discovery from WISE surveys is a severe deficiency of brown dwarfs within the local volume, D < 8 pc: 33 brown dwarfs versus 211 normal stars is far less than  (
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:
 
2MASS JHK mosaic of M31. These near-IR bands virtually eliminate dust lanes and reveal embe
d
ded and obscured stellar populations. The field is 1.4 x 1.4 degrees, and the approximate size of WFIRST-2.4 FOV is indicated by the dashed rectangle.
)typically predicted ratio of ~ 1:1.[endnoteRef:76] Cataloging the substellar populations of nearby young clusters with WFIRST-2.4 will reveal the brown dwarf fraction with age and location, giving insight to their dispersal into the field. Broadband 1 – 2.4 micron photometry with WFIRST-2.4 will locate brown dwarfs in color – color and color-magnitude diagrams; these diagrams will also shed light on the mystery of why the near-IR colors and spectra of field brown dwarfs and extrasolar planets differ. Field brown dwarfs have colors and spectra consistent with a clearing of clouds as effective temperatures decrease to ~900 K (the L-T spectral type transition), but cool giant exoplanets, like those around HR 8799, seem to keep their clouds at these low temperatures, perhaps due to their lower surface gravities.[endnoteRef:77] Surveying the brown dwarfs in a number of different young open clusters will revel the precise age-dependence of this effect. Progress in understanding the relations between brown dwarfs and giant planets will be crucial to interpreting WFIRST-2.4’s own coronagraphic exoplanet observations. [76:  Kirkpatrick, J.D., et al., “Further Defining Spectral Type “Y” and Exploring the Low-Mass End of the Field Brown Dwarf Mass Function”, ApJ, 753, 156 (2012)]  [77:  Marley, M., et al., “Masses, Radii, and Cloud Properties of the HR 8799 Planets”, ApJ, 754, 135 (2012)] 

[bookmark: _Ref222997469]Continuing out from the Galactic disk to its stellar halo, deep maps of the Milky Way halo will reveal the distribution and ages of the oldest stars in the galaxy as well as its dwarf satellites.[endnoteRef:78] WFIRST-2.4 will also be able to resolve individual stars in nearby galaxies, providing accurate studies of their stellar populations and star formation histories for the first time. Near-IR performance is an important feature for these studies; the ability of near-IR light to penetrate dust lanes (Figure 2‑26 of M31) and unique age-sensitive features in near-IR CMDs are key for these investigations. More details appear in S 5.4.1 of the Dressler et al. Princeton whitepaper[endnoteRef:79], Kalirai et al.,[endnoteRef:80] and the Belsa & van der Marel, Geha, and van der Marel & Kalirai 1 page GO papers. [78:  Kalirai, J., et al., “The Age of the Milky Way Inner Halo”, Nature, 486, 90 (2012)]  [79:  Dressler, A., et al., "Exploring the NRO Opportunity for a Hubble-sized Wide-field Near-IR Space Telescope – NEW WFIRST", arXiv:1210.7809 (2012)]  [80:  Kalirai, J., et al., “A Deep, Wide-Field, and Panchromatic View of 47 Tuc and the SMC with HST: Observations and Data Analysis Methods”, AJ, 143, 11 (2012)] 

Many of the ~450 galaxies within 12 Mpc[endnoteRef:81] have been studied with Spitzer, GALEX, and other missions / surveys, but few have been observed at high spatial resolution. WFIRST-2.4 images of these galaxies would provide CMDs that allow discerning their stellar populations and determining their ages. This would greatly leverage the existing data as well, providing a good look at the makeup of our local volume. Similarly, WFIRST-2.4 imaging data would probe the population and dynamical history of the core of the Virgo. These and related ideas appear in S 5.4.2 of Dressler et al. Princeton whitepaper78 as well as in the Dalcanton & Lane 1 page GO contribution. [81:  Karachentsev, I., et al., “A Catalog of Neighboring Galaxies”, AJ, 127, 2031 (2004)] 

The high latitude survey (HLS) will discover numerous galaxy clusters that can be followed up by WFIRST-2.4 itself with deeper fields. Likewise, medium – deep WFIRST-2.4 observations of LSST deep drilling fields will probe structure formation and lensing discoveries would tests CDM models. Numerous AGN will be detected in these and other surveys, and these data will allow for some study of their co-evolution with their host galaxies. Coronagraphic WFIRST-2.4 observations will allow more detailed study of individual AGN host galaxy morphologies and halos. These studies are presented in more detail in S2.6.3 and 2.6.5 of the Green et al. SDT report1, S5.5 of the Dressler et al. Princeton whitepaper78, and the Conselice, Merton & Rhodes, and Donahue 1 page GO papers.
WFIRST-2.4 data could also address the Cosmic Dawn theme of the NWNH Decadal Survey by characterizing the epoch, speed, and shape of cosmological reionozation and perhaps characterizing reionization sources. This would be done with the luminosity function of high redshift quasars (mostly from the HLS), the high redshift galaxy luminosity function (Lyman-break galaxies), and Ly  emitters. The details of this exploration are presented in S5.6 of the Dressler et al. Princeton whitepaper78, and related ideas appear in the Fan, Teplitz, and Whalen 1 page GO contributions.
We list a number of these and other potential GO programs in Table 2‑3 including rough estimates of their needed survey areas. We intend this list to be a representative but by no means complete list of GO program areas that will likely take good advantage of the observatory’s capabilities and have incredible scientific impact in the 2020 decade. WFIRST-2.4 will also be capable of conducting a large fraction of these programs given that it will have ~1 year dedicated to its GO program.


	Name	Comment by Melton, Mark E. (GSFC-5990): NOTE to editor: it would be useful to add approximate integration times to this table but beyond our ability right now.]
	FOV (sq deg)
	# Fields
	Comment

	Milky Way Census
	
	
	

	Low mass star formation < 1 kpc
	1 – 30 (Taurus)
	~10
	Search to BD masses

	Mass fn of 10-100 Myr clusters
	
	
	Search to BD masses

	High mass galactic star formation
	~ 0.3 (1 field)
	~15
	~1 kpc to Galactic Center: probe high mass end of IMF

	H-burning limit in globular clusters
	~ 0.3 (1 field)
	
	

	Stellar Pops of Galactic bulge, halo, satellites
	LOTS – 
	
	Possible to use HLS for some data?

	Mapping the core of Virgo Cluster
	
	
	

	AGN host galaxies
	arcseconds
	> 10
	Coronograph observations

	Galaxy cluster followup
	
	
	

	LSST Deep Drilling Fields
	
	
	

	QSOs as probes of cosmic dawn
	
	
	Can use the HLS data set


[bookmark: _Ref222907478]Table 2‑3: Sample GO programs.





	Science Program: The Power of the WFIRST-2.4 Mission

	Determine the expansion history of the Universe and the growth history its largest structures

	Perform a deep NIR survey of the Galactic and extra-Galactic sky

	Complete the statistical census of planetary systems in the Galaxy

	Execute a General Observer program

	Execute a coronagraph science program

	Characteristics of the Baseline Surveys

	Survey
	Filters/Dispersion
	Area (deg2)
	Depth1
	Required Time (yrs)
	Comments

	SN Imaging
	J129, H158, K184
	20/11/5
	Z=0.4,0.8,1.7
	0.6 yr over 2 yr interval
	

	SN Spectra
	IFU with R = 75
	
	
	
	

	HLS2
	Y106, J129, H158, K184
	2600

	26.8
	1.6 yr
	A

	HLS Spectra
	HLS Grism
	
	1.0 x 10-16
	0.8 yr
	

	Exoplanet
Microlensing
	Y106, W149
	2.81
	N/A
	1.2 years
(72 days x 6)
	

	Coronagraph
	
	
	
	
	

	Potential Guest Observer Surveys

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	


[bookmark: _Ref223149756]Table 2‑4: Characteristics of the WFIRST-2.4 science program

1 SN Survey Depth expressed as limiting redshift for three search tiers, each with increasing exposure time and decreasing area. SN spectroscopy: continuum AB at which S/N=1 per pixel. High Latitude Survey Imaging: 5 point source; F158 (1.380-1.774 m) AB magnitudes are listed, other bands are similar; Depths are cumulative over mission; High Latitude Survey Spectra: 7 minimum detectable line flux at 1.7 m erg/cm2/sec for a galaxy with reff = 300 mas
2 High Latitude Survey

Comments

A. The High Latitude Survey number density will be 75 galaxies/arcmin2 using F129 plus F158.


[bookmark: _Toc223171876][bookmark: _Toc223172019]Relation to Other Observatories
While WFIRST-2.4 will fly in an era rich with data from ambitious projects such as LSST, MS-DESI, Euclid, and JWST, the WFIRST-2.4 technical design and operations strategy is unique among planned space or ground observatories. WFIRST-2.4 will offer: resolution and deep infrared imaging and spectroscopy not achievable from the ground or smaller space telescopes such as Euclid as well as wide area surveys impossible with JWST. This combination of resolution, depth, and survey area will uniquely enable WFIRST-2.4 to address all of the science areas assigned to it in Astro2010 as well as opening new observational scenarios that were not envisioned before the availability of the 2.4 m telescope, and are not possible with any planned or existing observatory. Furthermore, WFIRST-2.4’s observational strategy, especially for dark energy, offers an unprecedented control of systematics and observational cross checks; such exquisite systematic control will be necessary to ensure that any deviation from General Relativity or CDM is real and not an observational artifact. Finally, WFIRST-2.4 is unique in planned wide field observatories in offering a robust Guest Observer program. The WFIRST-2.4 GO program will push the science output of WFIRST-2.4 beyond what can be envisioned now by ensuring that the most innovative observational strategies in the 2020s are pursued.
JASON NOTE: WE COULD EXPAND ON PREVIOUS PARAGRAPH WITH EXAMPLES, BUT THIS MIGHT BE REDUNDANT WITH OTHER AREAS OF THE REPORT] EXAMPLES:
· Microlensing is unique to WFIRST (part of Astro2010)
· SN are unique to WFIRST (part of Astro2010)
· Wide field high resolution mass maps are an addition possible due to WFIRST-2.4 (NOT mentioned in ASTRO2010) 
· Could mention possible example GO programs or refer to 1 pagers
WFIRST-2.4’s hardware is also unique in offering an IFU [JASON NOTE: NOT SURE IFU MENTION BELONGS HERE, BUT IF SO WE SHOULD EXPAND. IF NOT, MOVE SERVICABILITY TO PREVUIOUS PARAGRAPH]. SAME WITH CORONOGRAPH? WFIRST-2.4 is also unique among planned space telescopes in being serviceable. The design outlined here can be supplemented with new instruments, resupplied with additional consumables, and repaired to prolong its life. 
WFIRST-2.4 will, on its own, produce exciting science results that go beyond what was envisioned by Astro2010. However, taken in conjunction with other planned missions and observatories, WFIRST-2.4’s unique data set will be part of a rich legacy that attacks the most fundamental problems in astrophysics and cosmology.  

JWST. WFIRST-2.4 and JWST form a complementary set of instruments in terms of finding the rarest objects in the Universe. JWST’s small field of view will prevent it from surveying large chunks of the sky and finding rare objects, but it is ideally suited to following up such objects in detail once found. WFIRST-2.4’s unique wide, deep NIR surveys can find examples of the rarest and highest redshift objects in the Universe; many of these objects can only be effectively followed up from JWST.[REFER HERE TO REGULAR TEXT OR 1 PAGERS ON THIS?] This is strong impetus for pushing for an early WFIRST-2.4 start. In order to maximize the utility of both WFIRST-2.4 and JWST, having both telescopes operating simultaneously for at least part of their lifetimes is required. 

LSST. As recognized by Astro2010, LSST and WFIRST contain highly complementary survey capabilities. Neither WFIRST-2.4 nor LSST will be able to obtain the highest quality photometric redshifts without the complementary data from the other observatory. Spanning the full range of optical (LSST) and NIR (WFIRST-2.4) wavelengths is necessary in order to achieve photo-z errors small enough not to bias cosmological constraints from either telescope. Furthermore, WFIRST-2.4’s small, stable PSF makes it ideal for shape measurements needed for weak gravitational lensing. This, combined with the WFIRST-2.4 survey strategy of making multiple shape measurements in different filters ensures that the WFIRST-2.4 galaxy shape measurements will be the ‘truth set’ against which other observatories, including LSST, calibrate measured shapes. Thus, WFIRST-2.4 considerably enhances the science output from LSST.

Euclid. NASA’s investment in Euclid will help to make an early down payment on the dark energy goals outlined in the decadal survey. Even with the increased aperture of the 2.4 m telescope, the multiple demands on WFIRST-2.4’s observing time will prevent WFIRST-2.4 from achieving the most ambitious statistical goals for BAO and WL outlined in Astro2010’s panel reports. These statistical goals will be met by Euclid’s planned surveys. However, WFIRST-2.4 will make galaxy shape measurements using a different detector technology than Euclid, allowing for a cross check on any systematics arising from detectors. As mentioned above with respect to LSST, WFIRST-2.4’s multiple independent measurements (and greater survey depth) will provide the “gold standard of galaxy shape measurements. Likewise, WFIRST-2.4’s spectroscopic capabilities and depth will allow for important systematic cross-checks of Euclid data to be made. While the details of a microlensing or SN survey with Euclid (if any) remain to be developed, any such Euclid survey would inform complementary and significantly more powerful surveys done subsequently with WFIRST-2.4. Also, in the case of microlensing, there is some benefit to increasing the time baseline of measurements and a phased Euclid/WFIRST-2.4 approach would provide maximal science benefit.

[bookmark: _Toc223171877][bookmark: _Toc223172020]Science Requirements
The SDT and Project have developed a requirements flowdown matrix for the mission. The four top-level scientific objectives for WFIRST-2.4 are:

· Complete the statistical census of planetary systems in the Galaxy, from the outer habitable zone to free floating planets, including analogs of all of the planets in our Solar System with the mass of Mars or greater.

· Determine the expansion history of the Universe and the growth history of its largest structures in order to test explanations of its apparent accelerating expansion including Dark Energy and modifications to Einstein's gravity.

· Produce a deep map of the sky at NIR wavelengths, enabling new and fundamental discoveries ranging from mapping the Galactic plane to probing the reionization epoch by finding bright quasars at z>10.

· Provide a general observer program utilizing a minimum of 10% of the mission minimum lifetime.

These objectives then drive the requirements for the observatory capabilities and design. A top-level flow-down of the WFIRST-2.4 requirements is given in  (
Figure 
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ond resolution; Euclid at 0.6 

m, WFIRST-2.4 at 1.2 
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)Figure 2‑28. The Science Objectives above are the highest level science requirements and appear at the top of the page. The derived scientific survey capability requirements of the observatory are listed in the left-hand boxes and data set requirements in the middles boxes. The top-level Observatory design/operations parameters are listed in the right-hand boxes. The detailed discussion of the basis for the requirements is given in the preceding subsections.

 (
Dark Energy Surveys
Galaxy Redshift Survey
 (GRS)
≥140
0 deg
2
 
per dedicated observing year (combined HLS imaging and spectroscopy)
A comoving density of galaxy redshifts at z=2 of 
2
.9x10
-
4
 Mpc
-3
 
Redshift range 
1
.
3
 ≤ 
z
 ≤ 2
.7
Redshift errors 

z
≤0.001(1+
z
), equivalent to 300 km/s rms
Misidentified  lines  ≤
5
% per source type, ≤10% overall; contamin
a
ti
on fractions known to
 
2×10
-3
Supernova SN
-Ia Survey
>100 SNe-Ia per 

z=0.1 bin for most bins for  0.4 < z < 1.2, per dedicated 6 months
Observational noise contribution to d
istance modulus error 


 
≤0.02 per 

z=0.1 bin
 up to z = 1.7
Redshift error 

 ≤ 0.005 per supernova
Relative instrumental bias ≤0.005 on photometric calibration across the wavelength range
WL Galaxy Shape Survey
≥ 
140
0 deg
2
 
per dedicated observing year (combined HLS imaging and spectroscopy)
E
ffective galaxy density 
30/amin
2
, shapes resolved plus photo-
z’
s
Additive shear error ≤3x10
-4
Multiplicative shear error ≤1x10
-3
Photo-
z
 error distribution 
width 
≤0.04(1+
z
),
catastrophic
 error rate <2%
Systematic error in photo-z offsets ≤ 0.002(1+z
)
Exoplanet
 Microlensing Survey
Planet detection capability to ~0.1 Earth mass (
M
⊕
)
Detects 
 1500 bound cold
 planets 
in the mass range of 0.1-10,000 Earth masses, including 150 planets with mass <3 Earth masses
Detects 
 2
0 free floating 
Earth-mass 
planets 
Exoplanet Data Set Rqts
Monitor
 
 2.5
 square degrees in the Galactic Bulge 
for at least 250 total days
S/N 
100
 per exposure
 for
 a J=20.5 star
Photometric sampling 
cadence 
of ≤15 minutes
≤0.
4
" 
angular resolution to resolve the brightest main sequence stars
Monitor microlensing events continuously with a duty cycle of ≥80% for at least 60 days
Sample light curves wi
th W filter
Monitor fields with Y filter
, 1 exposure every 12 hours
Separation of 
>2
 years between first and last observing seasons
WFIRST
-2.4
 Science Objectives:
   
1)
Complete the statistical census of planetary systems in the Galaxy, from
 the outer
 habitable 
zone
 to free floating planets, including analogs of all of the planets in our Solar System 
with the mass of Mars or greater
.
2
)
Determine the expansion history of the Universe and 
the
 growth 
history 
of
 its largest
 structure
s
 
in order
 to test 
possible 
explanations of its apparent accelerating expa
n
sion including Dark Energy and modifications to Einstein's gravity.
3
)
Produce a deep map of the sky at NIR wavelengths, enabling new and fundamental discoveries ranging from mapping the Galactic plane to probing the reionization epoch by finding bright quasars at z>10.
4)
Provide a 
general
 ob
server program utilizing a mini
mum of 10% of the mission minimum lifetime
Dark Energy Data Sets
GRS 
Data Set Rqts
Slitless prism, spectrometer d
ispersion 
D

 

 1
5
0
 - 2
5
0 arcsec
S/N ≥7 for r
eff 
= 300 mas for H

 emission line flux at 2.0 

m  ≥1.1
x10
-16
 erg/cm
2
-s
Bandpass 1.5
 ≤

≤ 2.4
 

m 
Pixel scale ≤ 18
0 mas
System PSF EE50% radius 325
 mas at 2 µm
≥
3 dispersion 
directions required, two nearly opposed
Reach J
AB
=24.0 AND (H
AB
=23.5 OR K
AB
=23.1) for r
eff
=0.3 arcsec source at 10 sigma to achieve a zero order detection in 2 filters
Supernova Data Set Rqts
Minimum monitoring time-span for an individual field: ~2 years with a sampling cadence ≤5 days 
Cross filter color calibration ≤0.005
Three filters, approximately J, H, K
Slitless prism spec (P130) 0.6-2 

m
,
 




 ~75 (S/N 
 2 per pixel bin) for redshift/typing
Photometric
 S/N 
15 at 
lightcurve maximum in each band at 
each redshift
Dither with 30 
mas accuracy
Low Galactic dust,  E(B-V) ≤0.02
WL Data Set Rqts
From Space: 
3
 shape/color filter bands
 
(J,H, and K)
 and
 1 color filter band (Y; only for photo-z)
S/N ≥18 
(matched filter detection significance) 
per shape/color filter for galaxy r
eff
 = 250 mas and mag AB = 23.9
PSF second moment (I
xx
 + I
yy
)
 
 known to a relative error of ≤ 9.3x10
-4
 rms (shape/color filters only)
PSF ellipticity (I
xx
-I
yy
, 2*I
xy
)/ (I
xx
 + I
yy
) known to 
≤ 4.7x10
-4
 rms (shape/color filters only) 
System PSF EE50 radius ≤166 (J band), 185 (H), or 214 (K) mas
At least 
5 
(H,K) or 6 (J) 
random dithers required for shape/color bands, and 4 for
 Y 
at same dither exposure time
From Ground: 
≥
4 color filter bands ~0.4 ≤ 

 ≤ ~0.92 

m
From Ground + Space combined: Complete
 an u
nbiased spectroscopic 
PZCS training data set containing 
 
100,000 galaxies ≤ mag AB = 23.9
 
(in JHK bands) 
and covering at least 4 uncorrelated fields; redshift accuracy required is 

z
<0.01(1+
z)
Near Infrared Survey
Identify 
100 quasars at redshift 
z
 
7
Extend studies of galaxy formation and evolution to 
z
 > 1 by making sensitive, wide-field images of the extragalactic sky at near-infrared wavelengths, thereby obtaining broad-band spectral energy distrib
u
tions of  
 1
x10
9
 galaxies at z>1
Map the structure of the Galaxy using red giant clump stars as tra
c
ers
Near Infrared Data Set Rqts
Image 
 2500 deg
2
 of high latitude sky in three near-infrared filters to minimum depths of mag AB = 25 at S/N=5.  Fields must also have deep (ground-based) optical imaging
 Image 
 1500 deg
2
 of the Galactic plane in three near-infrared filters
WFIRST
-2.4
 Survey Capability Rqts
WFIRST
-2.4
 Data Set Rqts
)
















































 (
Figure 
2
28
: WFIRST-2.4 requirements flowdown overview
) (
Key WFIRST
-2.4
 Observatory Design Parameters
2.4 
m diameter telescope aperture
270
 K telescope optical surfaces
Bandpass 0.6 – 2.0 

m
Poin
ting jitter ≤20 mas rms/axis (p/y), ≤2 as rms (roll)
Coarse Pointing Accuracy <~3 arcsec rms/axis
Fine (Relative/Revisit) Pointing 
Accuracy <10 mas rms/axis (p/y), ≤1 as rms (roll)
ACS telemetry downlinked for pointing history reconstruction
Imaging Mode:
Pupil Mask temperature: ~17
0 K
Effective Area
 (avg over bandpass): TBD
 m
2
6 band parfocal filter set on element wheel, driven by microlensing
, SNe, WL
, plus open and blank positions
FPA: 6
x
3 HgCdTe 4k x 4
k SCAs, 2.
1

m, ≤120K, 11
0 mas/pix
FOV (active area) = ~0.281
 deg
2
; Bandpass 0.6 – 2.
0
 

m
Fine guiding using guiding windows in each SCA
 
in the FPA control Pitch/Yaw during imaging mode
WF
E is diffraction limited at 1

m
1 nm 
rms wavefront stability 
during the HLS imaging mode (requires 0.3 K thermal stability)
Spectroscopy Mode
:
IFU: R=100
 (2-pix) 
GRS grism:
 
D

 = 120-180
 arcsec
, parfocal, zero deviation g
rism
GRS Prism 
Effective 
Area 
(avg over bandpass: TBD
 m
2
 (
1.
35-1.95 

m
)
K
ey WFIRST-2.4 Operations Concept Parameters and Constraints
5-year mission life, but consumables required for 10 yrs
Science Field of Regard (FOR): 54˚ to 126˚ pitch off the Sun, 360˚ yaw
Roll
 about line of sight ±15˚
Gimbaled antenna allows observing during downlinks
Slew/settle times: ~16 s for dithers, ~38 s for ~0.7˚ slews 
SNe-Ia Survey (6.48
 deg
2
 
monitored 
to 
z
 = 0.8, 1.8
 deg
2
 monitored
 to 
z
 = 1.
7, ~6 months total
)
A sample 2-tiered survey capability (given
 ~
6 months dedicated time) is shown, each tier optimized for a different 
z 
range
Tier 1 (to 
z
=0.8):18 “shallow fields” total  6
.
48
 deg
2
; J134
, 
H168
, 
K211
 (300 s @), P130 (1
8
00 s)
Tier 2 (to 
z
=1.7): 5 “deep” fields total 1.80
 deg
2
, J134
, 
H168
, 
K211
 
(15
00 s @), P130 (
9
500 s)
SNe dedicated time is distributed in a 5-day cadence over ~
1.8
 years to provide suitable light curve tracking and accurate host galaxy references (3
3
 hrs of SNe field monitoring would be done every 5 days for ~
1.8
 years)
SNe fields a
re monitored from end of one exoplanet microlensing
 Galactic Bulge season until the start of the 4
th
 following 
exoplanet microlensing
 season (~1.8 yrs)
Fields located in low dust regions ≤20˚ off an ecliptic pole (N and S fields not required)
Sub-pixel d
ithers, accurate 
to ~25 mas
, performed at each pointing
Galaxy Shape + Galaxy Redshift
 Survey (~
1
,
4
00 deg
2
/yr
, 3,400 deg
2
 total
) 
2 imaging passes in each of JHK (shape) and Y (photo-z) filters
Each imaging pass with the same filter is rotated from the other by 
~5˚
, and includes 4 exposures (150 sec each), with 5 exposures for each J band pass
90% of imaging field see ≥5 randomly dithered exposures (≥750 sec total) in YHK bands, ≥6 exposures (≥900 sec total) in J band
2 spectrometr
y
 passe
s 
in each of 2 oppositely dispersed GRS prisms
Each spectrometry pass with the same prism is rotated from the other by 
~5˚
, and includes 2 exposures (530 sec each)
90% of spectroscopy field sees ≥6 randomly dithered exposures (≥3180 sec total)
Zero order galaxy detection to GRS data set requirements provided in JH or JK bands by WL imaging passes
Exoplanet Microlensing Survey (~2.62
 deg
2
 monitored every 15 min, 144 days/yr
, 1.2 yrs total
)
The Galactic Bulge is observable for two 72-day seasons each year
The short revisit cadence impacts other observing modes while exoplanet data sets are being acquired. This, in combination with the field monitoring time span r
e
quired for SN and the 
≥60 days required for microlensing
, limits the max number of Galactic Bulge seasons useable for exoplanet  observations to 
six
 (over 5 yrs)
In each season 9
 fields are revisited on a 15 min cadence, 
viewing in filter W166,
 for light curve tracking except for 
one exposure
 every 12 hours
 
that uses
 the Y107 
filter
 
for color
Fields are revisited to an accuracy of 1 pixel rms; no precise dithers
Galactic Plane Survey (~6 months total)
Uses the same survey strategy (both exposure times and tiling) as the imaging portion of the HLS
Survey area (TBD),assumed to be
 the 1
240 deg
2
 region with |b|<1.72°for scheduling purposes
W
FIRST-2.4 
Design/Operations Overview
Name
 
Bandpasses (

m)
Z087
0.760 – 0.977
Y106
0.927 – 1.192
J129
1.131 – 1.454
H158
1.380 – 1.774
K184
1.683 – 2.000
W149
0.9
27
 – 2.
0
00
GRS Grism
1.350 –1.950
)










































WFIRST-AFTA


[bookmark: _Toc223171878][bookmark: _Toc223172021]wfirst-2.4 Design Reference Mission
[bookmark: _Toc223171879][bookmark: _Toc223172022]Overview
The WFIRST-2.4 Design Reference Mission (DRM) observatory uses conventional telescope, instrument, and spacecraft architectures and hardware to meet the WFIRST-2.4 science requirements. The WFIRST-2.4 DRM payload (instrument and telescope) configuration provides the wide-field imaging and slitless spectroscopy capability required to perform the Dark Energy, Exoplanet Microlensing, and NIR surveys and an optional coronagraph supports the Exoplanet Coronagraphy science (see Figure 3‑1 for an optical path block diagram and Figure 3‑2 for a fields of view layout).
The payload features a 2.4 m aperture telescope, which feeds two different instrument volumes containing a wide-field instrument and an optional coronagraph. The telescope hardware was built by ITT/Exelis under contract to another agency and is being made available NASA. This existing hardware significantly reduces the development risk of the WFIRST-2.4 payload.
The wide-field instrument includes two channels, a wide-field channel and an integral field unit (IFU) spectrograph. The wide field channel includes three mirrors (two folds and a tertiary) and a filter/grism wheel to provide an imaging mode covering 0.76 – 2.0 m and a spectroscopy mode covering 1.35 – 1.95 m. The wide field focal plane uses 2.0 m long-wavelength cutoff 4k x 4k HgCdTe detectors. The HgCdTe detectors are arranged in a 6x3 array, providing an active area of 0.281 deg2. The IFU channel uses an image slicer and spectrograph to provide 21 individual spectra covering the 0.6 – 2.0 m spectral range over a 3.1 x 3.1 arcsec field. The instrument provides a high quality point spread function, precision photometry, and stable observations for implementing the WFIRST science.
The coronagraph instrument includes an imaging mode, an integral field spectrograph, and a low order wavefront sensor to perform exoplanet detection and characterization. The coronagraph covers a spectral range of 0.4 – 1.0 m, providing a contrast of 10-9.
The SDT considered both geosynchronous and Sun-Earth L2 orbit options and selected a 28.5 inclined, geosynchronous orbit as the baseline for this study. The primary factor that drove the selection of this orbit is the ability to continuously downlink data to the ground and obtain a much higher science data rate. The SDT weighed these benefits against the higher radiation environment and slightly less stable thermal environment versus the Sun-Earth L2 orbit chosen by the previous WFIRST SDT. Preliminary radiation analysis was performed during this study to assess the impact of the electron flux environment on the HgCdTe detectors. The analysis shows that ~1 cm of graphite epoxy shielding with an additional TBD mm of lead should provide sufficient shielding from the electron flux environment. The 1 cm of graphite epoxy shielding includes shielding directly around the focal plane as well as the optical bench, instrument module, and other support structure enclosing the focal plane. As is typical for all spacecraft in GEO, additional shielding is required on both the spacecraft and payload electronics for the higher total dose radiation environment. Preliminary thermal analysis shows that the FPA can be held passively at 120K while meeting the thermal stability requirements in the selected orbit.
The single fault tolerant spacecraft uses mature technology to support payload operations. It provides a fixed solar array/sunshield that allows operations over the full field of regard. A Falcon 9 TBD (or Atlas V) launch vehicle will inject the observatory into a geosynchronous transfer orbit. Using a bi-propellant propulsion system, the observatory will circularize at the 28.5 inclined, geosynchronous orbit. The mission life is 5 years (6 years with the optional coronagraph) with consumables sized to allow an extension for a total of 10 years. 
The SDT charter specified the WFIRST-2.4 observatory be serviceable. For this study, it was decided to provide servicing at a module level, i.e. an entire instrument or a spacecraft module containing multiple electronics boxes. The modularity will also be a benefit during I&T. On the payload side, an instrument carrier was designed to interface to the existing telescope metering structure interfaces and provides volumes for two instrument modules. The instrument carrier provides mechanical latches to interface the instrument modules to the carrier, contains harness to route power and data between the spacecraft and the instrument modules, and provides thermal isolation between the two instrument volumes. 
High-accuracyQuality pointing accuracy, knowledge, and stability are all required to resolve galaxy shapes and precisely revisit both the microlensing and SN fields and support coronagraphy. Pointing to between 54˚ and 126˚ off the Sun enables the observation of microlensing fields for up to 72 continuous days during each of the twice yearly Galactic Bulge viewing seasons. 
The microlensing survey requires large light gathering power (effective area times field of view) for precise photometric observations of the Galactic Bulge to detect star + planet microlensing events. Multiple fields are observed repeatedly to monitor lightcurves of the relatively frequent stellar microlensing events and the much rarer events that involve lensing by both a star and a planet. In the latter case the planetary signal is briefly superposed on the stellar signal. Microlensing monitoring observations are performed in a wide filter spanning 0.93 – 2.0 m, interspersed ~twice/day with brief observations in a narrower filter for stellar type identification.
The GRS measurement requires NIR spectroscopy to centroid H emission lines and NIR imaging to locate the position of the galaxy image. Dispersion at R ~1300 (2 pixels) enables centroiding the H emission lines to a precision consistent with the redshift accuracy requirement. To address completeness and confusion issues, grism observations over at least 3 roll angles, two of which are approximately opposed, are performed over ~90% of the mapped sky. The bandpass range of 1.35 – 2.0 m provides the required redshift range for H emitters.
The SN measurement also requires large light gathering power to perform the visible and NIR deep imaging and spectroscopy needed to classify and determine the redshift of large numbers of Type Ia SN. Precise sampling (S/N ~of 15) of the light curve every five days meets the photometric accuracy requirement,  (
Figure 
3
1
: WFIRST-2.4 instrument optical block diagram (will update to include the coronagraph).
)and the use of three NIR bands allows measurements of SNe in the range of 0.4 < z < 1.7, providing better control of systematic errorss at low z than can be achieved by the ground and extending the measurements beyond the z ~ 0.8 ground limit. 
The WL measurement requires an imaging and photometric redshift (photo-z) survey of galaxies to mag AB ~23.9. A pixel scale of 0.11 arcseconds balances the need for a large field of view with the sampling needed to resolve galaxy shapes. Observations in three NIR filters, with 5 random dithers in each filter, are made to perform the required shape measurements to determine the shear due to lensing, while observations in an additional NIR filter are combined with color data from the shape bands and the ground to provide the required photo-z determinations. The GRS grism, along with overlapping ground observations, are used to perform the photo-z calibration survey (PZCS) needed to meet the WL redshift accuracy requirement.
The coronagraph measurements require imaging and spectroscopy to detect and characterize exoplanets. The coronagraph requires high thermal stability of both the telescope and instrument prior to observations. The relatively short initial observations focus on discovery of planets near the target star, while longer observations are required for planet characterization once a planet is found.

WFIRST-AFTA

72
Section 3: WFIRST-2.4 DRM



 (
Figure 
3
2
: WFIRST-2.4 instrument field layout for the wide field instrument (including the IFU) and the coronagraph, as compared to HST, JWST and the Moon. (will update with IFU and coronagraph).
)
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[bookmark: _Toc223171881][bookmark: _Toc223172024]Wide-Field Instrument
The WFIRST wide field instrument is divided into a wide field channel, with both imaging and spectroscopy modes, and an integral field unit. The key instrument parameters are shown in Table 3‑1. The imaging mode is designed to a diffraction limit of 1.2 m as required for WL galaxy imaging and SN  S/N requirements for supernovae observations..
The instrument is kinematically mounted to and thermally isolated from the instrument carrier, which is the load path between the telescope and the instrument structure. The instrument carrier also contains latches and attachment points, providing a capability to service or replace instruments. 
[bookmark: _Toc223171882][bookmark: _Toc223172025]Wide Field Channel
The wide field channel consists of a pair of fold mirrors, a tertiary mirror, a cold pupil mask, element wheel, and the HgCdTe focal plane array (FPA). The FPA uses 4k x 4k pixel (H4RG) HgCdTe detector arrays, with 10 m pixels and a detector wavelength cutoff of 2.1 m (optical cutoff is 2.0 m). The FPA is arranged in a 6x3 layout with a pixel scale of 0.11 arcseconds/pixel. An 8-position element wheel provides 6 filters, a dark position (for calibration) and a grism assembly for the GRS. The 4-element GRS grism consists of 2 CaF2 elements, and BaF2 and FK3 correctors. The GRS grism has a spectral range of 1.35-1.95 m. The equivalent point-source resolution R=, is obtained by dividing by the angular size of a 2-pixel resolution element. Thus, for a value of D=150 arcsec, the corresponding value of R is 150/0.11=1313. A description of the element wheel complement is shown in Table 3‑2.


	[bookmark: _Ref294104273]Mode
	Wavelength Range (m)
	Sky Coverage
(active area; deg2)
	Pixel Scale
(arcsec/pixel)
	Dispersion
	FPA
Temperature (K)

	Imaging
	0.6 – 2.0
	0.281
	0.11
	N/A
	120

	GRS
Spectroscopy
	1.35 – 1.95
	0.281
	0.11
	120-180 (D; slitless in element wheel)
	120

	SN Ia
Spectroscopy
	0.6 – 2.0
	3.15x3.15 arcsec
	0.18
	R=100 (2-pixel; Integral Field Unit)
	115 tbr

	Fine 
Guiding
	0.6 – 2.0
	0.281
	0.25
	Guide off wide field focal plane using windowing function of H4RG
	120


[bookmark: _Ref222554209]Table 3‑1: Key Instrument Parameters


	Band
	Element Name
	Min
	Max
	Center
	Width
	Dispersion

	Element Wheel

	Z
	Z087
	0.760
	0.977
	0.869
	0.217
	4

	Y
	Y106
	0.927
	1.192
	1.060
	0.265
	4

	J
	J129
	1.131
	1.454
	1.293
	0.323
	4

	H
	H158
	1.380
	1.774
	1.577
	0.394
	4

	K
	K184
	1.683
	2.000
	1.842
	0.317
	5.81

	Wide
	W149
	0.927
	2.000
	1.485
	1.030
	1.44

	GRS
	GRS
	1.35
	1.95
	1.65
	0.6
	D= ~150


[bookmark: _Ref294104322]Table 3‑2: Filter and prism descriptions; Wavelengths are in m. GRS prism dispersion is in units of arcsec with D=  where  is sky angle.


The wide- field- instrument optics are maintained at 170 K via radiation off of an instrument radiator. The detectors/Sensor Chip Assemblies (SCAs) on the instrument focal plane are cooled to 120 K via a dedicated radiator. The Sensor Cold Electronics (SCEs) that power and readout the SCAs are mounted close to, but thermally isolated from, the SCAs as they can be held at a warmer temperature. The SCEs are cooled to ~170 K. Panels on the side of the solar array are used as sunshields to protect the instrument and lower telescope structure from solar illumination.
The use of CMOS-multiplexer (readout integrated circuit) based hybrids with non-destructive readouts support noise reduction and permit electronic shuttering, eliminating the need for a shutter mechanism. Sample Up The Ramp (SUTR) processing[endnoteRef:82] is used during all observations with the raw frames that are generated every ~5.2 sec being combined during the course of the integration period, but several intermediate images are downloaded, with a baseline of every fourth read (20.8 sec TBR). All detectors in the wide field channel are identical, simplifying the detector production and sparing. However the IFU focal plane (see below) requires < 1Mpix and is instrumented with a single, 1k x 1k H1R sensor. [82:  Offenberg, J.D.; Fixsen, D.J.; Mather, J.C., “Memory-Efficient Up-the-Ramp Processing with Cosmic-Ray Rejection”, PASP, 117, 94 (2005)] 

The instrument module includes three (TBD) mechanical latches, based on the HST radial instrument latches, which can be robotically engaged and disengaged to mechanically interface to the instrument carrier structure. Guide rails on the instrument carrier structure align the instrument module with the instrument carrier latches. Similar to the spacecraft, connectors on the instrument module are arranged to allow a blind mate to harness in the instrument carrier. To facilitate the replacement of an instrument module, a second marman interface is included on the instrument carrier (TBD) to provide access to remove either instrument.
[bookmark: _Toc223171883][bookmark: _Toc223172026]Integral Field Unit Channel
The integral field unit is a separate instrument channel contained with the Wide Field instrument. It uses a small field of view (3.1 x 3.1 arcsec) aperture to limit the sky background entering the instrument channel. An optical relay reimages this small field onto an image slicer and spectrograph covering the 0.6-2.0 m spectral range, resulting in a detector format wherein 21 slices, 3.1 x 0.15 arcsec each, are imaged onto separate pixel sections of an 18 m detector (H1R, 1024 x 1024 x 18 m). The slicer is based on the commercially available reflective image slicer from TBD, a version of which has been through space environmental testing. While there are a substantial number of elements, they are small (a maximum 5 cm) and work in a slow optical beam with relaxed stability tolerances.
The pixel scale at the focal plane is 0.075 arcsec TBR. The resolving power is flattened by the use of a compound prism of materials Infrasil and TBD to a typical value of 100 (2 pixels).
The elements are packaged in a separate optical bench that is installed into the wide field instrument housing. The opto-mechanical assembly is held at the same instrument temperature (170 K) as the rest of the wide field instrument. The focal plane assembly includes a cryogenic heat pipe to maintain a temperature of 115 K at the focal plane and provide good thermal stability, so as to control the dark current and read noise that limits the signal to noise at each end of the spectral range.
While primarily designed around the need to observe high redshift type IA SNe, this observing mode would be of use in a GO program, to observe objects of interest, as the data product is a data cube (imagex, imagey, spectral position) with good stability and high S/N.
Fig. TBD shows a block diagram of the IFU, while Fig. TBD shows an optomechanical view of the elements packaged alongside the wide field of view elements. Figure TBD shows the variation in resolving power over the bandpass.
[bookmark: _Toc223171884][bookmark: _Toc223172027]Calibration
The WFIRST strategy is to use ground calibration methods to the maximum extent possible, reserving on-orbit calibration to verification of the ground results and extending the calibrations where ground calibration may not be effective. To maintain the calibration requirements over the entire mission, not only are the calibrations important, but so are measurements of calibration stability. The latter will determine the need for and frequency of on-orbit calibrations. The WFIRST calibration program will place strong emphasis not only on the areas requiring calibration, but also on the verification of these calibrations, either on the ground or in orbit, using multiple techniques as cross-checks. The SN and Exoplanet fields are observed repeatedly over the lifetime of the mission, providing excellent opportunities to develop and use sky calibration standards.
All optical and detector components will be calibrated at the component, subsystem, and instrument levels. These data will be used to feed an integrated instrument calibration model that will be verified using an end-to-end payload-level thermal vacuum test. This test will involve a full-aperture (2.36 meter) diameter collimated beam that will test for optical wavefront error as well as photometry.
The exoplanet program imposes some constraints on photometric calibration, but also provides a unique opportunity to meet these calibration requirements. Proper measurements of the stellar and planetary light curves require stable relative calibration to 0.1% (relative to nearby stars in the same detector) over the course of the event. These observations use mainly a single filter. Over the course of the mission, the fields are sampled many tens of thousands of times with a random dither. Most of these observations will be of stars without microlensing events. If the star is not a variable star, then the relative calibration will be monitored during the extensive number of observations to establish stability. Slow variations across the field-of-view and over time can thus be monitored and corrected for. The absolute calibration and occasional color measurements using the bluer color filter have less stringent calibration requirements (1%) that will be met by the more stringent calibration requirements for Dark Energy that are described below.
The Dark Energy observational methods have different calibration demands on instrument parameters and their accuracy. The SN Survey places the most stringent demands on absolute and inter-band photometric calibration. White Dwarfs and other suitable sky calibration targets will be used to calibrate the absolute flux as well as linearity of the imager over several orders of magnitude. This linearity will be tested on the ground, and verified with an on-orbit relative flux calibration system (if necessary). Observations of astronomical flux standards will be extended across the detector by means of the “self-calibration’ techniques described by Fixsen, Mosely, and Arendt[endnoteRef:83] and employed for calibration of Spitzer/IRAC.[endnoteRef:84] Similar techniques achieved ~1% relative calibration accuracy for the SDSS imaging data[endnoteRef:85] despite the difficulties posed by variable atmospheric absorption. The intra-pixel response function (quantum efficiency variations within a pixel) will be fully characterized by ground testing.  [83:  Fixsen, D.J., Moseley, S.H., Arendt, R.G. “Calibrating Array Detectors”, ApJS, 128, 651 (2000)]  [84:  Arendt, R.G., et al., “Cosmic Infrared Background Fluctuations in Deep Spitzer Infrared Array Camera Images: Data Processing and Analysis”, ApJS, 186, 10 (2010)]  [85:  Padmanabhan, N. et al., "An Improved Photometric Calibration of the Sloan Digital Sky Survey Imaging Data",
ApJ, 674, 1217 (2008)] 

For the WL Survey, the requirement for galaxy ellipticity accuracy places significant demands on both the optical and detector subsystems. The uniformity and stability of the point spread function (PSF) needs to be strictly controlled and monitored to ensure a successful mission. This drives the need to characterize the detector intra-pixel response and the inter-pixel response (capacitive cross-coupling with nearest neighbors) for both magnitude as well as spatial and temporal variations. It is likely that the combined PSF effects, including spacecraft jitter, will have some variability on time scales of a single exposure. These residual effects will be continuously monitored with the observatory attitude control system and field stars[endnoteRef:86] and downlinked to provide ancillary information for the scientific data analysis pipeline. [86:  Jurling, A., Content, D., “Wavefront sensing for WFIRST with a linear optical model”, Proc. SPIE 8442-33 (2012)] 

The GRS relies primarily on the GRS grism, which does not drive the calibration requirements for the mission. Established calibration techniques used for other space missions should be adequate to meet the relatively loose photometric and wavelength calibration requirements. Since the GRS uses the same focal plane as the more demanding imaging surveys, the small-scale flat field, nonlinearity, dark current, IPC, and intra-pixel response calibration for these surveys should be adequate for the GRS.
[bookmark: _Ref222892189][bookmark: _Toc223171885][bookmark: _Toc223172028][bookmark: _Ref327430274]Coronagraph
[bookmark: _Toc223171886][bookmark: _Toc223172029]Coronagraph Design and Performance
The coronagraph instrument design is based on the highly successful High Contrast Imaging Testbed (HCIT), with modifications to accommodate the telescope design, serviceability, volume constraints, and the addition of an Integral Field Spectrograph (IFS). The key characteristics are given in Table 3‑3. Figure 3‑3 shows the instrument layout. The snout on the left side of the volume serves to transfer the beam into the main body while avoiding interference with the surrounding wide-field instrument and fine guiding fields of regard. All of the optics shown are mounted on a stiff, athermalized, planar optical bench that is mounted near one side of the volume. A fixed pickoff mirror feeds the light to a pair of relay optics. The anamorphic first relay optic compensates for the aspheric primary and tilted secondary mirrors of the baseline telescope design. It is crucial that the beam remain stable to the micron level across the surface of this optic. Following the relay, an off-axis parabola (OAP) forms a pupil image where a microelectromechanical systems (MEMS) deformable mirror (DM) is placed. The mirror is on a tip-tilt stage and serves as the fine steering mirror. Along with a second DM, the two DMs form a sequential wavefront control system (WFCS) that compensates for both phase and amplitude errors in the telescope and coronagraph optics. Just downstream from the second DM, a filter wheel holds the shaped pupil (SP) apodizers that control diffraction for the baseline SP coronagraph. The first downstream image plane is where a second filter wheel holds the Complex Lyot masks as well as simple hard-edge masks for the SP. The core image light reflects off the image plane masks to a low order wavefront sensor (LOWFS). The LOWFS provides feedback for fine guiding as well as low-order aberration measurements for the wavefront control system. This is a crucial element of the system that relaxes the temporal-thermal requirements on the primary mirror and secondary mirror position.	Comment by Melton, Mark E. (GSFC-5990): (need an oblique view instead of the face on view)

	Bandpass
	400-1000 nm
	Measured sequentially in five 18% bands

	Inner Working Angle
	100 mas
	at 400 nm, 3/D driven by challenging pupil

	
	250 mas
	at 1 m

	Outer Working Angle
	1 arcsec
	at 400 nm, limited by 64x64 DM

	
	2.5 arcsec
	at 1 m

	Detection
Limit
	Contrast=10-9
	Cold Jupiters, not exo-earths. Deeper contrast looks unlikely due to pupil shape and extreme stability requirements.

	Spectral
Resolution
	70
	With IFS, ~70 across the spectrum.

	IFS Spatial Sampling
	17 mas
	This is Nyquist for 400 nm


[bookmark: _Ref222547722]Table 3‑3: Key coronagraph instrument characteristics

The crucial part of the optical train is between the pickoff mirror and the image plane mask. These 8 optics must be maintained at a cleanliness level of CL100 to ensure that background scatter is well below the exozodiacal background light level. Because the mask removes most of the starlight, the downstream optics are not as critical. Following the optical train we come to the Lyot plane where diffracted light is stripped off, and then the bandpass filter wheels that select either 4.6% bands for wavefront sensing, or an 18% band for planet detection and characterization. A polarizer wheel may also be included in this branch for exoplanet polarimetry studies.
The design includes a direct imaging detector and the lenslet-based IFS. Direct imaging is a 1k x 1k format detector fed by a flip-in mirror. This branch also aids the WFCS with a pupil imaging lens for focus diversity estimation. The IFS arm has a 140x140 lenslet array that samples the image plane every 17 milli-arcsec. It has a nominally constant dispersion across the full 0.4 – 1 m spectral range, with a free spectral range of 18%. The detector is 2k x 2k format with ultra-

low  noise. 
Figure 3‑4 shows the coronagraph observation concept. After pointing at a chosen target, the telescope will require a thermal settling time of perhaps six hours before adequate stability is reached. The initial observations will focus on discover discovery of planets near the target star, summing IFS channels into an 18% spectral band to achieve adequate signal-to-noise ratios in relatively short time periods. When a planet is found, additional observations will be made for longer time periods with full spectral resolution for planet characterization.

 (
Figure 
3
3
: Coronagraph layout within the robotically serviceable module (radiators not shown).
)

 (
Figure 
3
4
: Placeholder for coronagraph observational timeline.
)
[bookmark: _Toc223171887][bookmark: _Toc223172030][bookmark: _Ref329031645] (
Figure 
3
5
: Coronagraph electronics block diagram.
)Coronagraph Implementation
High contrast coronagraphy requires extreme stability of the optical system over the observation time period. Optics internal to the coronagraph must have 0.25 m relative stability during an observation. The coronagraph optical bench (shown in grey in Figure 3‑3) must be positioned to within 1 mm with respect to the telescope, and this relative position must be stable to 0.5 m during an observation period. (Note that this time period is TBD as we investigate different coronagraph designs.) Three latches on the back of the optical bench will secure the coronagraph to the instrument carrier. The aluminum optical bench is thermally stabilized to 10 mK. The instrument carrier must be thermally stable enough to support the required dimensional stability, and a metrology and fine positioning system may be added to the design.
The coronagraph optical bench assembly will be maintained at 290 K to ensure that the DM are flat when unpowered. The LOWFS will be cooled to ≈250K with a Peltier cooler. The coronagraph imaging detector 

and IFS detector will be cooled to ≈150K by the radiators shown in Figure 3‑3. The coronagraph will have thermal isolation at its three mechanical contacts to the instrument carrier (latches). Blanketing will isolate the coronagraph radiatively from the 220 K instrument carrier. Coronagraph temperature will be maintained with its electronics power dissipation in addition to heaters with PID control.
Figure 3‑5 shows the coronagraph electronics block diagram. The spacecraft will supply redundant power at ≈29V. Redundant DC-DC converters will correspond to the redundant spacecraft powder feeds. A redundant 1553 interface will handle commands and housekeeping, while redundant SpaceWire interfaces will be used for science data. Control and data handling will be performed by a RAD750 flight computer and a field-programmable gate array (FPGA). This capability will not be redundant, as its reliability has been shown to be very high. The two DMs will be driven by separate power supplies and electronics. If one DM or driver completely fails, the second DM will still allow much of the planned science. Individual DM elements or the drive electronics for an individual DM element can fail with minimal effect to DM performance. All actuators will have redundant windings, with redundant drive electronics (only one powered). Detector drive electronics will also be redundant (TBC). It is assumed that the spacecraft will read a limited number of internal coronagraph temperature sensors for thermal monitoring while the coronagraph is off.
The coronagraph image plane and IFS detectors must have extremely low noise. Dark current noise must be no more than 1 e- over a thousand to several thousand seconds, while read noise must be no more than 1 e- for the sum of 100-1000 reads. Silicon detectors can provide this low dark-current noise when cooled to ≈150 K. Very low read noise is more difficult to obtain. Two detector options are under consideration. The e2v electron-multiplying charge-coupled devices (EMCCDs) have demonstrated the required read noise. 1kx1k devices are already commercially available, and 4kx4k devices should be available by 2014 or 2015. However, radiation damage can increase the read noise considerably. Work is needed to determine whether proper operating conditions can mitigate the radiation-induced read noise. A second promising technology is Geiger-mode avalanche photodiodes, being developed by the University of Rochester and MIT Lincoln Laboratories. Further work will be needed to demonstrate arrays of sufficient size for this application.
Current best estimates of coronagraph mass, power and data rate are listed in Table 3‑4. The data rate depends strongly on how disruptive radiation hits are to the detector signals.

	Mass
	199 (kg)

	Power
	90 W

	Data Volume
	30 Gbits/day


[bookmark: _Ref222550148]Table 3‑4: Current best estimates for coronagraph mass, power, and data volume.
[bookmark: _Ref222892986][bookmark: _Toc223171888][bookmark: _Toc223172031]Coronagraph Technology Development
Both the DMs and detectors needed for this coronagraph require further development to reach TRL 6. All are currently being advanced within the SBIR and TDEM programs as well as industry funding.
Coronagraphs for unobscured telescopes have been demonstrated in HCIT to a contrast level better than 1e-9 in 10% bandpass, and approaching 1e-9 in 20% bandpass. This demonstrates that the WFCS is adequate for controlling the light to the required levels for the WFIRST-2.4 mission. However, the coronagraph elements (SP, image plane masks, LOWFS) change significantly for obscured apertures and require further laboratory testing. Alternative designs such as PIAA-CMC (ref. Guyon) and the vector vortex coronagraph may significantly improve the throughput and search space compared to the SP, but require further laboratory testing. The LOWFS has been used to perform 0.01 /D tip-tilt estimation, more than adequate for WFIRST-2.4. But it has not been used at the 1e-9 contrast level to estimate aberrations other than tip-tilt.  	Comment by Melton, Mark E. (GSFC-5990): Need reference	Comment by Melton, Mark E. (GSFC-5990): (Note: we will baseline one if it works on paper.)
[bookmark: _Toc223171889][bookmark: _Toc223172032]Fine Guidance System (FGS)
The WFIRST-2.4 surveys each have unique science requirements that drive the observatory pointing requirements. The absolute pointing accuracy requirements of <10 milli-arcseconds for pitch and yaw and 1 arcsecond for roll are driven by SN requirements for returning precisely to previously observed objects. WL drives the pointing stability of <20 milli-arcseconds pitch and yaw and 2 arcseconds for roll over an exposure. The FGS uses the guiding window function implemented on the H4RG SCA to meet these precise pointing requirements. One bright star in each of the 18 SCAs in the wide field focal plane is used for guiding. This guiding mode is used in all wide field channel observations, as well as IFU observations. During GRS spectroscopy, different guide software will be used, as the pitch and roll are controlled by looking at the stability in the cross dispersion position of the spectral of bright stars, and the yaw is controlled using the zero order images that also fall on the focal plane. The window data processing (centroid history of guide stars) is performed in the instrument electronics and is sent to the spacecraft for attitude control updates.
[bookmark: _Toc223171890][bookmark: _Toc223172033]Spacecraft
The WFIRST spacecraft has been designed to provide all the resources necessary to support the payload in geosynchronous orbit using mature and proven technology. The design is based on the Solar Dynamics Observatory (SDO) spacecraft, which was designed, manufactured, integrated, tested, and qualified at GSFC and is currently operating in geosynchronous orbit. The spacecraft bus design provides cross strapping and/or redundancy for a single-fault tolerant design. Structures and Thermal: The spacecraft bus design features three decks stiffened by six gussets and faced with module support plates all composed of aluminum honeycomb panels with M55J composite facesheets and sized to meet minimum launch vehicle frequency requirements while minimizing the spacecraft structure mass. The spacecraft bus provides the interfaces to the payload and the launch vehicle, transferring payload loads through the telescope struts, through the spacecraft gussets and into the payload attach fitting (PAF). The spacecraft top plate provides shear support of the bus, while also resisting bending. The propulsion subsystem is supported inside the bus on the prop support plate while the bottom deck provides the interface from the gussets to the PAF. The spacecraft design features 6 serviceable modules containing spacecraft, instrument, or telescope electronics with the electronics arranged in functional subsystems. The six modules are an electrical power module, a spacecraft C&DH module, a wide field instrument electronics module, a telescope electronics module, an attitude control subsystem module, and a communications subsystem module. These modules are designed to be robotically serviceable, enabling refurbishment or upgrades to the observatory by replacing individual modules. Each of the spacecraft modules include a kinematic Module Restraint System (MRS) based on the Multimission Modular Spacecraft (MMS) design, which was proven during the on-orbit module change out of the Solar Maximum Repair Mission. This MRS includes a beam interfacing to kinematic constraints on the top of each module and the accompanying floating nut/ACME threaded fastener on the bottom of each module. These module interfaces can be robotically engaged and disengaged, providing a simple, repeatable mechanical interface to the spacecraft structure. The modules also include a grapple fixture to enable removal of the modules. The expected docking interface with the robotic servicer is a standard marman band interface. Docking to the existing launch vehicle payload adapter fitting allows sufficient reach for the robotic servicer to remove and replace the spacecraft modules. Each module contains a set of connectors with alignment features to allow “blind mating” of the module harness connectors to connectors on the harness internal to the spacecraft bus connecting between modules and to the payload. This electrical interface has been demonstrated on the HST radial instruments. The electronics are mounted on the outboard panel of each of the modules with doublers used as needed for thermal conductivity. The spacecraft thermal design passively maintains the spacecraft and payload electronics within their operational limits system using surface coatings, heaters and radiators. The bus also supports a multi-panel fixed solar array/sunshield to prevent the Sun from illuminating instrument radiators during science observations at roll angles up to 15 (see Figure TBD). Electrical Power: Three (TBD) fixed, body-mounted solar array panels (TBD m2) provide the observatory power. Triple-junction, gallium arsenide solar array cells operate with 28% efficiency and provide TBD W of output power (at 0° roll and pitch) for an average orbit usage of ~TBD W. The solar array is sized to provide full observatory power at end of life with 2 strings failed at the worst case observing angles. The baselined geosynchronous orbit has two eclipse seasons of ~23 days per year with a maximum eclipse period of 72 minutes. An 80 (TBR) A-hr battery is sized to accommodate all observatory loads during eclipses. An internally redundant power supply electronics box controls the distribution of power, providing unregulated 28 Vdc power to the spacecraft and payload, provides solar array power management, and controls battery charging. Communications: The communication subsystem design leverages the SDO design to provide high reliability, continuous data downlink from the geosynchronous orbit. The communications subsystem uses S-band transponders to receive ground commands and to send real-time housekeeping telemetry to the ground via 2 omni-directional antennae. The high rate science downlink is based on the SDO design and uses two dedicated Ka-band transmitters, each with a 0.75 m gimbaled antenna, to downlink science data at a rate of 400 Mbps (TBD) without interrupting science operations. The SDO Ka-band tranmitters were designed to be scaled up from the SDO baseline of 150 Mbps to the the 400 Mbs rate needed by WFIRST-2.44 rate of 400 Mbps. Command & Data Handling: The internally redundant command and data handling (C&DH) subsystem hosts the spacecraft flight software, provides onboard real time and stored commanding, receives payload and spacecraft housekeeping data, and provides fault management for the spacecraft health and safety as well as being able to safe the payload when necessary. The observatory uses a MIL-STD-1553B command/telemetry bus and uses SpaceWire for the high rate science data. The C&DH provides the interface between the instrument high rate science data and the Ka-band system and formats and encodes the instrument science data for downlink. With both the wide field and coronagraph instruments operating, the C&DH will interleave this data onto the Ka-band downlink. Due to the direct, continuous science data downlink, no science data recorder is required for WFIRST-2.4. Control of the high gain antenna gimbal is also provided by the C&DH. The C&DH also provides the interface to the S-band transponders, performing command decoding and distribution as well as encoding for S-band downlink. Propulsion: The propulsion subsystem is a bi-propellant design using MMH/MON-3 as the fuel and oxidizer. The design is based on the successful SDO bi-propellant system developed by GSFC and currently operating in geosynchronous orbit. A 450 N (100 lbf) main engine provides the thrust required for orbit circularization from the geosynchronous transfer orbit provided by the launch vehicle. Eight 22 N (5 lbf) attitude control subsystem (ACS) thrusters are used for east-west stationkeeping and for momentum dumping from the reaction wheels throughout the duration of the mission. Three fuel and three oxidizer tanks (each 28” in diameter and 48” tall) are mounted on the prop deck internal to the spacecraft, which also supports two small helium pressurant tanks for this subsystem. The propellant load provides a total delta V of ~1520 m/s (TBD) (~1490 m/s (TBD) for orbit circularization and ~30 m/s for stationkeeping and momentum management) and covers 3 variations in launch vehicle performance, propulsion system performance, and flight dynamics errors. The propulsion subsystem control and safety inhibit electronics are contained in the Attitude Control Electronics box. Attitude Control: The spacecraft is three-axis stabilized and uses data from the inertial reference unit, star trackers, and the payload FGS to meet, respectively (?), the coarse pointing control of 3 arcsec, the fine relative pointing control of 10 mas pitch/yaw and 1 arcsec roll, and stability of 20 mas pitch/yaw and 2 arcsec roll (all values RMS per axis). The internally redundant inertial reference unit provides precise rate measurements to support slew and settle operations. The star trackers (3 for 2 redundant) are mounted on the telescope aft metering structure (TBD) so they are directly related to the telescope pointing. The star trackers are used for coarsely pointing to within 3 arcsec RMS per axis of a target. After that, the FGS takes over to meet the fine pointing requirements for revisits and relative offsets. A set of 4 reaction wheels is used for slewing as well as momentum storage. The wheels are mounted to and passively isolated from the prop support plate to allow stable pointing at frequencies higher than the FGS control band. The wheels can accumulate momentum for at least 7 days between dumps and the ACS thrusters are used to desaturate the wheels to manage momentum buildup. The internally redundant Attitude Control Electronics (ACE) control the attitude control subsystem and provide an independent safe hold capability using coarse sun sensors and reaction wheels, which keeps the observatory thermally-safe, power-positive and protect the instrument from direct sunlight. The ACE also contains the fine guidance electronics which control the fine pointing of the observatory based on the guide star centroids provided by the wide field instrument C&DH. 
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[bookmark: _Ref329328865]Table 3‑5: Observatory mass breakdown

[bookmark: _Toc223171891][bookmark: _Toc223172034]Optical Communications
The WFIRST-2.4 study team assessed the use of optical (laser) communications as a means of transmitting the science data to the ground during this study. NASA is currently working on the Lunar Laser Communications Demonstration (LLCD), an optical communications demonstration on the LADEE mission, currently scheduled to launch in mid 2013. LLCD will demonstrate optical communications from lunar orbit at rates of 311 Mbps with pulse position modulation over ~16 hours in ~1 month of operations. NASA is also currently developing the Laser Communications Relay Demonstration (LCRD) as a hosted payload on a commercial communications satellite in geosynchronous orbit. The expected data rate from geosynchronous orbit using DPSK modulation is 1.2 Gbps, but even higher data rates are expected.
The current WFIRST-2.4 Ka-band system downlinks data at a rate of 400 Mbps and is sufficient for the current DRM. The WFIRST-2.4 study team will continue to monitor the progress of the LCRD optical terminal as well as a 1.2 Gbps Ka-band transmitter that is currently in development at GSFC and is expected to reach TRL 6 in 2013. Should requirements change as the DRM matures necessitating a higher data rate, the WFIRST-2.4 study team would perform a trade study assessing the cost, risk and technical performance of the 1.2 Gbps LCRD optical terminal and the 1.2 Gpbs Ka-band transmitter.
[bookmark: _Toc223171892][bookmark: _Toc223172035]Ground System
The WFIRST-2.4 Mission Operations Ground System is comprised of three main elements: 1) the facilities used for space/ground communications and orbit determination, 2) the Mission Operations Center (MOC) and 3) the facilities for science and instrument operations and ground data processing, archiving, and science observation planning. For each element, existing facilities and infrastructure will be leveraged to provide the maximum possible cost savings and operational efficiencies. The functions to be performed by the ground system and the associated terminology are shown in Figure 3‑6.
Two (TBD) dedicated 18 m dual Ka and S-band antennae located in White Sands, NM are used for spacecraft tracking, commanding and data receipt. that The antennae are separated by ~3 miles to minimize the chance of weather events interrupting the downlink. The two (TBD) ground stations are within the beam width of the Ka-band antenna on the spacecraft so both receive the downlinked data simultaneously. Three 18 m antennae ground stations are currently in use at White Sands, one is dedicated to the Lunar Reconnaissance Orbiter (LRO) and two are dedicated to SDO. The two SDO antennae may be available for WFIRST-2.4, depending on how long beyond 2015, the end of the baseline 5-year mission, SDO operates. The antenna dedicated to LRO is expected to be available for WFIRST-2.4 as LRO is currently in its extended mission phase. The WFIRST-2.4 development cost assumes the LRO ground stations is available and includes the development of another copy of the existing ground station (TBD). The White Sands ground stations interface with the MOC for all commanding and telemetry. Tracking data is sent to the GSFC Flight Dynamics Facility.
The MOC performs spacecraft, telescope and instrument health & safety monitoring, real-time and stored command load generation, spacecraft subsystem trending & analysis, spacecraft anomaly resolution, safemode recovery, level 0 data processing, and transmission of science and engineering data to the science and instrument facilities. The MOC performs Mission-level Planning and Scheduling. With continuous downlink access, operations and communication scheduling complexity is reduced including the elimination of DSN operations.
The science and instrument facilities maintain instrument test beds, perform instrument & telescope calibrations, assist in the resolution of instrument anomalies, perform instrument flight software maintenance, and generate instrument command loads.
These facilities are also responsible for science  (
Figure 
3
6
: 
WFIRST Ground System functions and associated terminology
)planning & scheduling, supporting mission planning activities carried out by the MOC, running the Archival Research (AR) and General Observer (GO) Programs, providing Science Team, AR, and GO support, and performing EPO activities for the public and the astronomical community. Data handling involves ingesting Level 

0 science and engineering data from the MOC and performing Level 1-3 data processing for the Science Teams and GO community and transmitting these calibrated data to the data archive. All data will be archived. Data search and access tools are provided to the science community that enable efficient searches and delivery of archival data that ensure interoperability with NASA data archives and the Virtual Astronomical Observatory.
Several dedicated Science Teams will be funded over the prime phase of the mission to execute the primary dark energy, exoplanet, galactic plane and NIR survey observing programs. In this period, the GO/AR program provides funding for analysis of public data and for pointed observations selected competitively. Operations costs and grants for the GO/AR program in  the primary mission are fully included in the lifecycle costs.




[bookmark: _Toc223171893][bookmark: _Toc223172036]Enabling Technology 
[bookmark: _Toc223171894][bookmark: _Toc223172037][bookmark: _Ref329263839]Comparison to DRM1 and DRM2
[bookmark: _Toc223171895][bookmark: _Toc223172038]Concept of Operations	Comment by Melton, Mark E. (GSFC-5990): The strategy and numbers in this section are subject to change, I am trying to get the basic structure intact. The coronagraph portion will be filled in after the 2/20/13 telecon and completion of related work. This is currently too long – some of this material may be moved to other sections of the report. – C.H. 2/17/13
Several elements of the WFIRST-2.4 mission are tightly constrained,  with is a tightly constrained mission: each of the WFIRST science objectives that requirehas unique constraints involving the field of regard, cadence, and S/C roll angles. Moreover, observations in GEO are subject to viewing constraints on daily (motion around the Earth), monthly (Moon avoidance), yearly (Sun aspect angle), and secular (orbital precession) timescales. We have therefore constructed an existence proof of a possible observing plan in order to assess the compatibility of the planned programs. This is only an existence proof: the actual observing plan will be updated depending on the needs of the dark energy and exoplanet communities and the highest-ranked GO programs.
The “existence proof” observing plan was built according to the following constraints:

· Mission duration: The science phase of the primary mission is taken to last 5 years (6 years including the coronagraph).
· Orbit: The initial orbit is a circular GEO with initial inclination of 28°, RA of ascending node 175°, and centered at longitude 105°W, and is integrated including perturbations from the Sun, Moon, and non-spherical Earth. The initial RAAN was chosen to allow microlensing observations without daily interruptions throughout the primary mission despite the significant (−7°/yr) orbital precession. A larger value of initial RAAN would provide adequate visibility of the Galactic bulge but would have increased thermal loading from the Earth on the WFI radiator.
· Viewing constraints: The angle ε between the line-of-sight and the Sun is constrained to 54—126°. The S/C roll angle relative to the Sun is constrained to ±15° (for 90<ε<110°) or ±10° (otherwise). The LOS cannot point within 30° of the limb of the Earth or Moon. During normal survey operations the WFI radiator normal is required to be kept at least 47.5° away from the Earth (an exception is made for the microlensing program, where the radiator angle is allowed to be as low as 28° but only with a specific thermal load vs. time profile). Overheads between any two observations are computed based on the RW torque, angular momentum capacity, and settling and detector reset time.
· High latitude survey: The HLS provides 2 passes over the survey footprint in each of the 4 imaging filters and 4 passes with the grism, all at different roll angles and with small steps to cover chip gaps. The footprint is in regions of high Galactic latitude (to suppress extinction and confusion) and is contained within the planned LSST footprint. The grism has 2 “leading” passes (looking forward in Earth’s orbit) and 2 trailing passes to enable the single grism to rotate relative to the sky and provide counter-dispersion; the imaging mode has a leading and trailing pass in each filter. Imaging observations to be used for weak lensing may not be taken during passage through the penumbra or umbra of the Earth or Moon, or up to 8 hours after re-emergence into full sunlight.
· Microlensing: The microlensing program observes 6 fields in the Galactic bulge for continuous 72-day seasons, interrupted only by monthly lunar avoidance cutouts. The plan includes 6 seasons, including the first and last available season.
· Supernovae: The Type Ia supernova survey is carried out over 2 years; the duty cycle for actual observations (not including overheads) is 27%. The IFU observations, unlike the DRM1/2 slitless prism approach, do not have any roll angle constraints.
· Galactic plane survey: A notional 4-filter survey of 880 deg2 along the Galactic plane (using the HLS F184 imaging tiling strategy but with reduced 94 s exposures) was included.
· Guest observer program: The GO program by definition cannot be “allocated” at this stage in the project. Moreover, in practice the planning of HLS observations will be re-organized based on the content of the GO program. For the purposes of the existence proof exercise, we have simply required that the time not used for other programs be ≥1 year, and that all portions of the sky are visible in multiple years during otherwise-unallocated time. In computing the unallocated time, we subtract the penalty for a 90° slew from the beginning and end of each unallocated window.
· Coronagraph: TBD.

[bookmark: _Toc223171896][bookmark: _Toc223172039]Observing plan without a coronagraph
The sample observing plan is shown in Figure 3‑7, and the footprint on the sky is shown in Figure 3‑8. The time breakdown, including overheads, is as follows – 0.97 years for the microlensing; 0.66 years for the supernovae; 1.91 years for the high latitude survey (imaging+spectroscopy); and 0.30 years for the Galactic Plane. The unallocated time is 1.09 years. [XXX: Need to check downtime estimate: for IDRM the 5/18/11 spreadsheet from Cliff had 3.3% or 60 days total.]
The HLS imaging and spectroscopy depth forecasts assume a reference zodiacal sky brightness of 1.3 times the annual average at the pole. The example observing plan has 87% of the observations below the reference sky brightness, and 99% below 1.11 times the reference brightness. The large field of regard of WFIRST will allow the GO program to target any point in the sky with multiple revisits even without moving the large survey programs, as shown in Figure 3‑9. The ability to reschedule the non-time-critical HLS and Galactic Plane observations taking into account the distribution of GO programs will endow WFIRST with even more flexibility.
The plan presented here is only one possible example of what WFIRST might do, but it demonstrates that the strategic programs are all compatible, even given the complex constraints of a GEO mission.

 (
Figure 
3
7
: 
The 
example WFIRST-2.4 observing sequence. Each column indicates a 5-day interval, with the programs color-coded. The row at top shows Earth eclipse seasons (solid rectangles) and passages through the lunar penu
m
bra (vertical lines). The microlensing seasons (magenta) are visible with the lunar cutouts removed. The supernova program (blue) is spread over 2 years: observations are scheduled every 5 days, but are broken into chunks due to Earth viewing and radiator angle cutouts. The HLS and Galactic Plane survey fill in much of the remaining time. Note that Earth eclipse seasons occur during the microlensing campaigns, limiting their effect on the scheduling of weak lensing observations. Unallocated time is shown in black: it is anticipated that this will be devoted to the GO program.
)









 (
Figure 
3
8
: 
The footprint of the 
WFIRST-2.4
 observations. The red/yellow region shows the HLS, the green shows the notional Galactic Plane survey, the blue shows the supernova survey, and the m
a
genta spot shows the microlensing survey. The footprint areas are 2032 deg
2
 (HLS) and 881 deg
2
 (G
a
lactic Plane).
)

 (
Figure 
3
9
: 
The amount of time during the
 5-year primary
 mission during which each field would be accessible 
by the GO program, with no re-scheduling of other observations, as determined by a Monte Carlo analysis. Fields within 36° of the ecliptic poles are available for the great majority of this time since they always satisfy the Sun angle constraint, with only occasional cutouts due to the Earth. Fields near the Ecliptic are available only part of the year. The Galactic bulge region near RA=270°, Dec=
−
30° has the lowest availability because most of the time when it is accessible is used by the microlensing program. Nevertheless it still satisfies the requirement of being available in mu
l
tiple years.
)


[XXX – FINAL VERSION SHOULD HAVE MORE MONTE CARLO SAMPLES FOR PRESENTATION]


[bookmark: _Toc223171897][bookmark: _Toc223172040]Observing plan including a coronagraph

[XXX – NEED TO WRITE THIS SECTION AFTER WE COMPLETE THIS WORK]


[bookmark: _Ref296715595][bookmark: _Toc223171898][bookmark: _Toc223172041]Cost & Schedule 

[bookmark: _Toc223171899][bookmark: _Toc223172042]Conclusion and Path forward
[bookmark: _GoBack]This report describes the work of the WFIRST-AFTA Science Definition Team and Project Office defining the WFIRST-2.4 mission.  
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Section 4: Conclusion
[bookmark: _Ref328392814]One Page Science Ideas
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2MASS	2 Micron All Sky Survey
A&A	Astronomy and Astrophysics 
ACS	Advanced Camera for Surveys
ACS	Attitude Control System
AJ	Astronomical Journal
ANGST	ACS Nearby Galaxies Survey Treasury
AO	Announcement of Opportunity
ApJ	Astrophysical Journal
ApJL	Astrophysical Journal Letters
ApJS	Astrophysical Journal Supplement Series
ASIC	Application Specific Integrated Circuit
AU	Astronomical Unit
BAO	Baryon Acoustic Oscillations
BEPAC	Beyond Einstein Program Assessment Committee
BigBOSS	Big Baryon Oscillation Spectroscopic Survey
C&DH	Command and Data Handling
CaF2	Calcium Fluoride
CCD	Charged Coupled Device
CDR	Critical Design Review
CFHTLS	Canada – France – Hawaii Telescope Legacy Survey
CMB	Cosmic Microwave Background
CMOS	Complementary Metal Oxide Simi-conductor
COBE	Cosmic Background Explorer
DE	Dark Energy
DES	Dark Energy Survey
DETF	Dark Energy Task Force
DOF	Degree of Freedom
DRM	Design Reference Mission
DRM1	Design Reference Mission #1
DRM2	Design Reference Mission #2
DSN	Deep Space Network
DTAP	Detector Technology Advancement Program
E(B-V)	Extinction (B-V)
EDU	Engineering Development Unit
EE	Encircled Energy
EELV	Evolved Expendable Launch Vehicle
ELG	Emission Line Galaxy
EOL	End of Life
EOS	Electromagnetic Observations from Space
EPO	Education and Public Outreach
ESA	European Space Agency
FGS	Fine Guidance Sensor
FoM	Figure of Merit
FoMSWG	Figure of Merit Science Working Group
FOR	Field-of-Regard
FOV	Field-of-View
FPA	Focal Plane Array
FSW	Flight Software
FY	Fiscal Year
GHz	Gigahertz 
GLIMPSE	Galactic Legacy Infrared Mid-Plane Survey Extraordinaire
GNC	Guidance Navigation and Control
GO	General Observer
GP	Galactic Plane
GRS	Galaxy Redshift Survey (includes BAO & RSD)
GSFC	Goddard Space Flight Center
HgCdTe	Mercury Cadmium Telluride
HLS	High Latitude Survey
HST	Hubble Space Telescope
I&T	Integration and Test
IA	Intrinsic Alignment
ICE	Independent Cost Estimate
IDRM	Interim Design Reference Mission
IFU	Integral Field Unit
IMF	Initial Mass Function
IR	Infrared
IRAS	Infrared Astronomical Satellite
JCL	Joint Confidence Level
JDEM	Joint Dark Energy Mission
JWST		James Webb Space Telescope
KDP	Key Decision Point
KSC	Kennedy Space Center
L2	Sun-Earth 2nd Lagrangian Point
LCCE	Lifecycle Cost Estimate
LRD	Launch Readiness Date
LRG	Luminous Red Galaxy
LSST	Large Synoptic Survey Telescope
mas	Milli-Arc-Seconds
Mbps	Megabits per Second
MCR	Mission Concept Review
MEL	Master Equipment List
MNRAS	Monthly Notices of the Royal Astronomical Society
Mpc	Megaparsec
MOC	Mission Operations Center
MPF	Microlensing Planet Finder
NASA	National Aeronautics and Space Administration
NIR	Near Infrared
NIRSS	Near-Infrared Sky Surveyor
NRC	National Research Council
NWNH	New Worlds, New Horizons in Astronomy and Astrophysics
OTA	Optical Telescope Assembly
PASP	Publication of the Astronomical Society of the Pacific
PDR	Preliminary Design Review
Photo-z	Photometric Redshift
PSF	Point Spread Function
PSR	Pre-Ship Review
PZCS	Photo-Z Calibration Survey
QE	Quantum Efficiency
QLF	Quasar Luminosity Function
QSO	Quasi-Stellar Object (Quasar)
RCG	Red Clump Giant
RFI	Request for Information
RMS	Root Mean Square
RSD	Redshift Space Distortion
S/C	Spacecraft
S/N	Signal/Noise
SCA	Sensor Chip Assembly
SCE	Sensor Cold Electronics
SCG	Science Coordination Group
SDO	Solar Dynamics Observatory
SDT	Science Definition Team
SDSS	Sloan Digital Sky Survey
SED	Spectral Energy Distribution
SiC	Silicon Carbide
SIM	Space Interferometry Mission
SIR	Systems Integration Review
SINGS	Spitzer Infrared Nearby Galaxies Survey
SN	Supernova
SNe	Supernovae
SNR	Signal to Noise Ratio
SRR	System Requirements Review
SSR	Solid State Recorder
SUTR	Sample Up The Ramp
TBD	To Be Determined
Tbits	Terabits
TBR	To Be Resolved
TMA	Three Mirror Anastigmat
TRMD	Transition from Radiation to Matter Domination
UKIDSS	UKIRT Infrared Deep Sky Survey
ULE	Ultra Low Expansion Fused Silica
US	United States
vDC	Volts Direct Current
VISTA	Visible and Infrared Survey Telescope for Astronomy
WFIRST	Wide-Field Infrared Survey Telescope
WISE	Wide-field Infrared Survey Telescope
WL	Weak Lensing
WMAP	Wilkinson Microwave Anisotropy Probe
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