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Polycyclic aromatic hydrocarbons (FAH) are key probes for
investigating the evolution of galaxies.
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GEP Galaxy Evolution Probe

GEP is an exciting new mid and far-infrared NASA Astrophysics Probe
(<$1B) Concept. GEP will: (01) Map the history of galaxy growth by star
formation and accretion by super-massive black holes and characterize the
relation between those processes.

(02) Measure the evolution of the interstellar medium and the buildup of
life-enabling heavy elements, such as carbon, nitrogen, and oxygen, in the
hearts of galaxies over cosmic time.

GEP MISSION GEP IMAGER: GEP-I GEP PAYLOAD
PARAMETERS

Wavebands Telescope
Target Launch Date 23 Bands covering 10-400 pm 2.0m, 4K,

January 1, 2029 unobscured, SiC

R (WAMN)
8 (10-95 pm), 3.5 (95-400 pm) Detectors

Kinetic Inductance Detectors

Orbit

Sub-Earth L2
Surveys and Target Depths

(towards eliptic poles,
except for all-sky survey)
All Sky, ~1 mdy

Observing Mode GEP SPECTROMETER: GEP-S

Dedicated Surveys
Bands (um)

Duration 300 square degrees, ~50 pJdy 24-42, 40-70, 66-116, 110-193
4 Years 30 square degrees, ~20 pdy
3 square degrees, ~5 pdy R (WAN)
200
GEP: the primary mirror, Surveys

sunshields, spacecraft
bus, and solar panel
SKirt are prominent.

Selected galaxies,
1.5 and 100 square degrees
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Redshifted model spectrum of a star-forming galaxy and
GEP survey depths. GEP will measure the redshifts of a
million galaxies to o, = 0.1 using the prominent PAH
emission lines and distinguish their star-formation rates
and black hole accretion luminosities.
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GEP Technical Data

Parameter GEP Design
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Coldhead - Anticipated Bus Heritage Ball BCP2000
Assy 1
X Dry Mass (CBE+Contingency) 1320 kg
Max Power (CBE+Contingency) 1990 W
Stabilization Three axis (0.5 as/3 min)
non-spinnning
Primary Mirror Temperature 4 K design, 6 K allowable
Focal Plane Temperature 100 mK
Blpods Field of Regard +20.6°
. GEP-S y GEP-S
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| GEP-I KID Array & Bandpass Filters |

T

Bands 1-18: Bands 19-23:
Band: 10-95 um (13% Bandwidth) Band: 95-400 um (29% Bandwidth)
KID Arrays: 12 x 120 pixels KID Arrays: Varies, less than 12 x 120 pixels

| g— N .
— Focusing Focal Plane
Mirror Sensor

AGN Fraction

GEP Imager: GEP-I

GEP will detect millions of
star-forming galaxies, measure their
redshifts, and seperate their
star-formation and super-massive
black hole accretion (AGN)
luminosities. A simulation using
principle component analysis using
GEP-I's 23 bands is shown here.

GEP-I will be comprised of 23
spectral bands, totaling 25,735
kinetic inductance detectors (KIDs).

Left to Right: 10pm (Band 1) KID
absorber, absorber detail, and
micro lens array.

GEP Spectrometer: GEP-S

GEP-S covers 24 - 193 pm with four
modules and 24,640 KIDs.
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1 EXECUTIVE SUMMARY

Understanding the physical processes that drove the
evolution of galaxies is a key topic in modern
astrophysics and a principal goal of NASA’s space
science program. Building upon decades of
observational and theoretical work, we are within
reach of creating a self-consistent model for galaxy
evolution. That model must and will start from
cosmology, incorporate stellar dynamics and
evolution, and include interstellar processes, star-
formation, and supermassive black hole growth. But
critical questions remain: What was the role of
feedback from black holes and stars themselves in
regulating star-formation? How do a galaxy’s
external environment and internal contents
influence its evolutionary trajectory? Where and
when were the Universe’s heavy elements forged in
galaxies? Answering these questions requires
measurements in the mid and far infrared because
galaxies were permeated with dust through their
most active evolutionary stages. The Galaxy
Evolution Probe (GEP) is a NASA Astrophysics
Probe concept that capitalizes on new detector
capability to address these questions with a powerful
mid- and far-infrared toolset.

Thanks to ground-breaking prior infrared (IR)
observatories such as [RAS, Spitzer, ISO, and
Herschel, and dedicated ground-based (e.g.,
SCUBA and SPT) and space-based (e.g., Hubble)
ultraviolet and optical observing campaigns,
astronomers have deduced that the total star-
formation rate was more than an order of magnitude
higher at the Universe’s halfway point (z ~ 1) than it
is in the present-day. Why has star formation
declined so precipitously since that time? Feedback
is often invoked, and most galaxy evolution models
require feedback from active galactic nuclei (AGN)
and stars to explain the local stellar mass functions
of galaxies. Observationally we know that
supermassive black-hole masses are well correlated
with their host galaxy bulges, suggesting a close
connection in their respective growth histories.
Understanding the interplay between AGN and
stellar feedback and the formation of new stars is
central to understanding galaxy evolution.

Addressing these questions will require
panchromatic studies, and we are approaching a
special time in astronomy when this can come to
fruition. ALMA and JWST will simultaneously
enable high-resolution observations of galaxies, and

large near-IR and optical surveys by, e.g., WFIRST,
Euclid, and LSST, will measure the stellar masses of
large samples of galaxies, eROSITA will identify
AGN and measure X-ray luminosities, and SKA will
measure neutral atomic gas masses and probe star-
formation and AGN with continuum measurements.
An essential outstanding component, however, will
be measurements of star-formation rates and black
hole growth rates in galaxies unbiased by dust
extinction over a broad range of redshifts,
luminosities, and (halo) environments.

To make these measurements, large-scale mid-
and far-IR surveys that identify star-forming
galaxies and correlate their star-formation rates
(SFRs) with other physical properties are needed.
Sensitivity is required that will be sufficient to detect
Milky Way-type galaxies at z =2 (L*, ~10" Lo), at
the peak of cosmic star-formation, prior to when
most cosmic stellar mass has been assembled. SFRs
and supermassive black hole (SMBH) accretion
rates must be assessed over a full range of cosmic
environments, from isolated field galaxies, to
galaxies in groups and in massive clusters, including
those that are still forming. Determining the relative
importance of star-formation and AGN in powering
the dust emission and heating the gas in large
samples of galaxies will be required to understand
how stellar and SMBH growth are linked over
cosmic time. Spectral mapping capability is required
for unbiased ‘blind’ spatial-spectral surveys and line
mapping of nearby galaxies to measure gas column
densities, ionization parameters, and metallicities
with tracers unaffected by dust obscuration.
Crucially, the galaxies must have measured redshifts
so that their epochs and distances are known and so
that their X-ray, optical, near-IR, and radio
counterparts can be identified in large numbers for
panchromatic studies. These IR observations must
be made from space because the Earth’s atmosphere
is opaque to mid- and far-IR radiation.

GEP is a concept for a mid-IR/far-IR space
observatory purpose-designed to answer important
questions about the evolution of star-formation and
massive black holes in galaxies (Table 1). GEP will
measure star-formation rates and detect AGN even
under conditions of heavy extinction. It will measure
SMBH accretion rates to address the connection
between the masses of stellar populations and
supermassive black holes. The same observations
enable GEP to measure metallicities with extinction-
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Table 1. GEP payload parameters.

GEP Mission Parameters

Target Launch Date | January 2029
Orbit Sun-Earth L2
Observing Mode Dedicated Surveys
Duration 4 Years

GEP Payload

Telescope 2.0 m, 4 K, unobscured, SiC
Detectors Kinetic Inductance Detectors
GEP Imager (GEP-I)
Wavebands 23 bands covering 10-400 um
R (M AX) 8 (10-95 um), 3.5 (95-400 um)

All sky, ~1 mJy

300 square degrees, ~50 pJy
30 square degrees, ~20 uJy
3 square degrees, ~5 ply

EP Spectrometer (GEP-S)

Surveys and Target
Depths

Bands 24-42, 40-70, 66-116, 110-193 um
R (MAL) 200
Surveys Selected galaxies, 1.5 and 100 square degrees

free tracers to observe growth of metals over the last
2/3 of the Universe’s age. In nearby galaxies, GEP
will observe feedback between star-formation,
AGN, and the interstellar medium (ISM) to
understand the processes that regulate star-
formation. By mapping nearby galaxies and the
Galactic ISM, GEP will reveal the energy balance of
the ISM by measuring the total interstellar material
mass, ionization state, and the local radiation field
using fine-structure transitions of ions and
polycyclic aromatic hydrocarbon (PAH) molecules.

GEP will have a 2.0 m, 4 K telescope that will
enable sensitivity limited by astrophysical sources:
zodiacal dust emission and Galactic dust emission.
GEP will have one scientific instrument with two
modules: an imager, GEP-I, and a dispersive
spectrometer, GEP-S. GEP-I will have 23
photometric bands distributed on the focal plane: 18
resolution R = 8 bands from 10-95 um designed to
measure photometric redshifts with PAHs and five
resolution R = 3.5 bands from 95 to 400 pm to
measure dust spectral energy distributions (SEDs)
encompassing the SED peak to beyond z=2. GEP-S
will be comprised of four long-slit grating
spectrometers with spectral resolution R = 200 from
24 to 193 pm. Both modules will utilize arrays of
kinetic inductance detectors (KIDs) cooled to 100
mK by a multistage adiabatic demagnetization
refrigerator (ADR) backed by a hybrid Joule-
Thomson and Stirling cryocooler, which will also
cool the telescope and coupling optics.

GEP will achieve its goals with large, multi-
tiered surveys for galaxies detected by their mid/far-
IR emission from dust, PAHs, and atomic fine-
structure lines. GEP will conduct two types of
surveys: photometric with GEP-I and spectroscopic
with GEP-S. The photometric survey areas will be
3, 30, and 300 sq deg, and an all-sky survey. The
photometric redshift precision of galaxies will
typically be 6, <0.1. The spectral surveys will cover
a range of low- and high-ionization atomic fine-
structure lines. Spectral surveys will consist of
‘blind’ surveys utilizing a long-slit configuration
and follow-up, deep pointed observations of
galaxies identified in the photometric surveys, and
the regions of the Milky Way and nearby galaxies.

From mid/far-IR dust emission, PAHs, and
atomic fine-structure lines, SFRs and SMBH
accretion rates will be calculated, and the
abundances of metals in the atomic, molecular, and
solid (dust) phases of the interstellar medium will be
measured. Infrared luminosity functions of galaxies
will be assembled as a function of redshift probing
well below L* over large enough volumes to be
immune to the effects of cosmic sample variance
(hereafter sample variance) that often plague small-
area cosmological surveys. By correlating physical
properties as a function of redshift and environment,
GEP will address the compelling science questions
with unique data that cannot be obtained by any
other means. GEPs observations will be highly
complementary to current and future observatories
that target UV and optical emission from stars and
gas: it will probe properties of star-formation and the
star-forming ISM rather than stellar masses and
warm or hot ISM. More than 100 million galaxies
will be detected, with mid-IR/far-IR SEDs
measured, and redshifts obtained for more than 1
million galaxies. GEPs capability will be a major
step forward in studies of star-forming galaxies over
a significant fraction of cosmic time through a
unique combination of medium-band photometry
and spectroscopy that has never been used before in
an IR space observatory.

GEP shares common elements with two other
cryogenic far-IR space missions under study:
SPICA, an ESA-JAXA collaboration recently
selected as a candidate for the M5 mission in
Europe, and Origins Space Telescope, a NASA-led
Flagship-class study being prepared for the
Astro2020 Decadal Survey. SPICA features a 2.5 m,
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6-8 K telescope and a spectrometer using sensitive
bolometer arrays. It will be powerful for one-by-one
galaxy follow-up, but with its smaller array sizes
(e.g., 3600 pixels total for the far-IR spectrometer),
it cannot match the mapping speed of GEP in either
imaging or spectroscopy. Furthermore, it does not
have the 23-band, moderate spectral resolution
imaging that is central to GEP’s architecture, so it
cannot measure redshifis photometrically as GEP
will. Origins Space Telescope, with its 5.6 meter, 4.5
K telescope, will be very powerful. Its multi-billion-
dollar scope, however, puts its earliest possible
realization well into the 2030 decade. With its
simple, optimized implementation, GEP provides
excellent science value in this still relatively
unexplored spectral regime.

GEP launch is planned for January 1, 2029,
using a Falcon 9 rocket. It will have a mission
duration of four years. GEP will perform its
observations from the dark, quiet environment of
Earth-Sun L2. An available field of regard of + 21
degrees will provide constant access to the north and
south ecliptic poles, which have the minimum
average zodiacal emission in the sky. GEP has total
dry mass of 1,320 kg (CBE with contingency) with
a maximum power requirement of 1,990 W (CBE
with contingency).

The GEP mission utilizes a low-risk approach to
achieving large multi-tiered galaxy surveys within
the Probe-class cost cap through use of a single
instrument, a simple survey-based operations plan,
and high-heritage flight hardware. The GEP study
evaluated the cost of the mission to be $910-951M
FY18, including 30% Phase A—D reserves, based on
NASA JPL Team X and GEP team assessments.

Like Kepler and several other NASA missions,
GEP uses the Ball BCP2000 bus, capable of meeting
GEPs pointing, propulsion, and data requirements.
The GEP mission was designed to include
substantial pointing, thermal, and data margin with
redundancy of critical components, assuring a low-
risk mission by design.

No new technologies are required to fabricate
GEPs cryocoolers and optical assembly. GEPs
technology development plan provides a clear
pathway to KID detector and readout electronics
readiness, taking advantage of ongoing
developments funded by NASA and rapid progress
in industry, respectively. The detector TRL will be
raised by both laboratory demonstrations and a

pathfinder long-duration balloon (GEP-B), which
will perform precursor GEP science while also
demonstrating optics technology.

Buoyed by major discoveries about star-
formation and massive black holes in galaxies in the
previous decades, astronomers are ready to take the
next step in galaxy evolution by characterizing the
processes that drove  star-formation and
supermassive black hole growth. The GEP is a
NASA Astrophysics Probe concept study designed
to provide key data on these astrophysical processes
with large surveys orthogonal and complementary to
observational data expected over the next two
decades. GEP will have a major impact on
astronomers’ understanding of the star-formation in
galaxies within the $1B Probe cost cap, providing
NASA an opportunity for an affordable mission
with a lasting legacy.

2 GALAXY EVOLUTION PROBE SCIENCE
2.1

GEP addresses questions on the key physical
processes, which control the formation and
assembly of galaxies and their components across
cosmic history, identified in the NASA Astrophysics
Roadmap 2013: Enduring Quests, Daring Visions.

Science Goals and Objectives

Goal #1: Map the history of galaxy growth by star
formation and accretion by supermassive black holes
and characterize the relation between those processes.

Star formation began sometime in the first
billion years of the Universe, then rose to a peak or
broad plateau in the range 1 <z < 3, and declined
sharply in the last half of the Universe’s history
(Figure 1, fop). Substantial uncertainties in the
cosmic star-formation history persist, including:
SFRs derived from IR galaxy surveys of limited size
that do not probe low luminosities and are limited by
sample variance, uncertain redshifts of large
samples of far-IR continuum-detected galaxies, and
uncertain extinction in rest-frame UV observations.
Thus, GEP will address these concerns with large,
deep IR surveys for star-forming galaxies, with
redshifts, and meet its first objective: to measure
the coevolution of and discriminate between star
formation and SMBH growth in galaxies
(Objective 1a). GEP-I dust continuum, spectral
slope, and PAH/continuum measurements will yield
star-formation and SMBH accretion rates and
infrared luminosity functions for millions of
galaxies from 0 <z < 3, attaining a depth of L+ =102
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Figure 1. GEP provides a significant leap in our
understanding of the evolution of the cosmic history
of star-formation by measuring the star formation
rate density accurately across a wide range of
redshifts. Top: A recent study by [Driver et al. 2017]
compiling multiband deep data shows the
substantial uncertainties that persist with the
existing datasets. The principal source of
uncertainty is the limitation of the far-IR data, a
limitation that GEP will remove. Blue circles from
simulation (for 0 < z < 3 only) show expectations
from a combination of GEP full sky, 300, 30, and 3
square degree surveys, showing that GEP will
measure the star formation history with
unprecedented precision (in most cases error bars
are smaller than the symbols). Bottom: IR
observations are an essential probe of star formation
in galaxies. The compilation from [Madau and
Dickinson 2014], highlights the predominance of
the thermal IR in the history of star-formation
(extinction corrections have not been applied to UV
observations).

Lo at z =2, in a comprehensive range of

environments. Concurrently, the 23-band GEP-I
photometry of the mid-IR PAH features will yield
redshifts for the galaxies. PAHs have been detected
spectroscopically with Spitzer at high redshifts,
z=1.09 and 2.96 [Teplitz et al. 2007] and z = 4.055
[Riechers et al. 2014] in galaxies with and without
prominent AGN. GEP-S spectroscopy of high-
ionization atomic fine-structure lines, such as
[Ne V], will yield SMBH accretion rates.

GEP will access the earliest epochs of galaxy
growth (z > 3) by utilizing the brightening from
gravitational lensing. In their recent star-formation
history review [Madau and Dickinson 2014],
conclude that our knowledge of dust-obscured star-
formation from z = 2 to 8 leaves considerable
uncertainty about how much SFR density may be
missed in the UV census of that early phase of
galaxy evolution (Figure 1, bottom). Wide-area
GEP-I surveys taking advantage of the brightening
provided by gravitational lensing will address this
problem head-on with 10* lensed high-z galaxies.
These galaxies can then be followed-up with GEP-S.

Understanding the role of accreting SMBHs in
galaxy formation and evolution requires IR
observations since dusty disks or tori obscure black
hole growth. A principal objective of GEP is
therefore to identify obscured AGN in galaxies and
relate their accretion luminosities to their star-
formation rates. GEP will identify and quantify
luminosities of dust-obscured AGN via mid-IR
spectral signatures, including the continuum shape
with GEP-I and high-ionization fine-structure
atomic transitions with GEP-S. GEP complements
X-ray detection of AGN because X-ray observations
can miss Compton thick AGN or underestimate
accretion rates.

GEP will test a key hypothesis of some
evolutionary models using a census of obscured
AGN activity. Specifically, by identifying galactic
outflows from high-velocity spectral line wings such
as [Peeters et al.] to assess energy injection into the
ISM, GEP will determine whether feedback from
buried accreting black holes could have caused
the decline of luminosity density from star-
formation in the last half of the Universe's history
(Objective 1b). The masses of supermassive black
holes in the centers of modern-day galaxies are well
correlated with galaxies' bulge masses [Magorrian et
al. 1998; Marconi and Hunt 2003]. This has led to
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the hypothesis that some feedback loop exists in
which AGN activity governs the rate of star-
formation in galaxies, or at least in galactic bulges
[Silk and Rees 1998]. Theoretical models—for
example, [Bower et al. 2006; Croton et al. 2006;
Sijacki et al. 2007; Di Matteo et al. 2008]—invoke
AGN feedback as a primary mechanism to explain
the observed distribution of galaxy masses today.
Without AGN and feedback, models are unable to
explain the low ratio of galactic stellar mass to halo
mass at both high and low masses [Benson et al.
2003] (see Figure 2). Yet the efficiency of AGN
feedback for regulating star formation remains
controversial [Wagner et al. 2016; Silk 2013].

GEP will assess the role of feedback in distant
galaxies both via correlation analyses of the
AGN/star-formation partitioned samples and by
measuring aggregate line wings in high-ionization
gas via stacked spectra. In nearby galaxies, GEP
will obtain a spatially resolved view of feedback
and its effects with a detailed spectroscopic study
of galactic outflows and fountains in local

100 . .
: Supression by star-formation feedback?
101 Observations -
\ —— Weak AGN feedack ]
[ — Strong AGN feedack i
7,102 E
[}
S
T 10790 .
ap
]
E
S10-4p e
10-5¢ 4
— s 1 L n s Il
107 ~20 —25
M;—5logh
Figure 2. GEP offers multiple paths to

understanding the degree to which strong feedback
suppresses star-formation in massive galaxies.
Galaxy evolution models require strong AGN
feedback to explain galaxy masses. The K-band
luminosity function of galaxies from [Benson et al.
2003] is shown. Green points show observations.
The models shown by the blue and red lines
illustrate the effects of increasingly strong feedback
from AGN in a model of galaxy formation,
described by the fraction of the supermassive black
hole’s Eddington luminosity that is coupled into an
outflowing wind. At faint magnitudes feedback
from star formation is expected to suppress galaxy
formation.

galaxies in various atomic fine-structure emission
lines (Objective 1c). Species with bright lines
include [C II], [N II], and [O III].

With the star-formation history cataloged, GEP
will determine whether interstellar gas
conditions at star-formation sites in galaxies
changed as star formation declined (Objective
1d). Measurement of fine-structure lines including
[C II], [N II], and [O III] will be used to infer the
masses  of interstellar gas  components
(neutral/ionized), the hardness of the UV radiation
fields and its implications for the stellar initial mass
function, and the density of HII regions from which
the pressure in the ISM can be inferred. These
measurements will address physical properties of
the star-forming regions in galaxies and thus inform
theories and models of star-formation. Aggregate
spectra created by stacking on near-IR priors insure
high signal-to-noise ratio (SNR) studies of hundreds
of thousands of galaxies. Furthermore, GEP will
measure emission from PAHs in galaxies out to at
least z = 4. By modeling PAH properties, these
combined observations constrain the physical
conditions of the ISM and the consequences for star-
formation and dust grain physics. The resulting
relations between metallicity, star-formation rate,
and other galaxy properties will inform models of
galactic winds by placing constraints on the
presence of gas-phase metals at their source.

Goal #2: Measure the growth of metals and changing of
star-formation environments over cosmic time.

Metallicity represents the effects of star-
formation, inflow, and outflow of matter from
galaxies and can be used as a probe of how galaxies
are assembled. Measurements of metallicity as a
function of galaxy luminosity will constrain these
physical processes. Metallicities of galaxies have
not been measured beyond the local universe with
unbiased, extinction-free probes using far-IR atomic
fine-structure lines. GEP will measure metal
(heavy element) content and observe the buildup
of metals in galaxies over the peak epoch of star-
formation with spectroscopic surveys of metals in
atomic gas, PAHs, and dust (Objective 2). GEP will
measure the absolute metallicity in galaxies in the
last % of Universe's history, reaching down to

typical (L« = 10" Lo) galaxies at z = 2, using the

nitrogen to oxygen ratio. Relative metallicities will
be measured using the neon to sulfur ratio.




The Galaxy Evolution Probe Concept Study

2.2

GEP’s contribution to the science goals outlined above will have a lasting impact on the science community by addressing key aspects of the evolution of our cosmos. These goals are listed in the leftmost column of the science traceability matrix
(Science Traceability Matrix (STM), Figure 3). Read from left to right, the flow from column to column of the STM details how these goals will be achieved via measurements of physical parameters, survey requirements and observables, and

Science Traceability Matrix

ultimately payload requirements, mission functional requirements, and mission design. The payload projected performance and mission projected performance columns demonstrate that the observatory requirements are met.

Science Goals

Science Objectives

Scientific Measurement
Requirements: Physical Parameters

Survey Requirements

Scientific Measurement
Requirements: Observables

Payload Functional Requirements

Payload Projected
Performance

Mission Functional
Requirements

Mission
Specifications & Projected
Performance

Goal #1: Map the history of
galaxy growth by star
formation and accretion by
supermassive black holes
and characterize the relation
between those processes.
"Use telescopes as time
machines to map the full
history of galaxy formation
and assembly, “and
"characterize... the relation
between [this history and
that of] black holes."
(Enduring Quests and Daring
Visions, pp. 8 and 54.)

Objective #1a: Measure the

coevolution of and discriminate
between star formation and
supermassive black hole growth in
galaxies.

Measure: a) redshifts, b) luminosity from
star formation, and c) luminosity from
AGN accretion for representative galaxy
populations using coarse mid-IR
spectrophotometric surveys.

Epochs under study: 0 <z<2forL <
L* galaxies, higher z for L > L* and
lensed galaxies.

Reach to L*: 10" L@ atz=0.1 and 102
Leatz=2.

Photometric redshift precision: o, =
0.1, validated spectroscopically in sub-
samples.

Spectroscopic redshifts: precision 0z =
1% for >1000 galaxies to verify
photometric redshifts.

AGN power confirmed with
spectroscopic measurement of [OIV] (26
pm) transition in sub-sample.

Areas: Wide and deep surveys
should each comprise ~105
galaxies for sufficient luminosity
function resolution and not be
limited by cosmic variance: >100
and >10 sq deg.

Approach: Broadband spectra
for SFRs & LFs: 10 um (12 and

PAH emission lines for
photometric redshifts: 3.3, 6.2,
7.7, 8.6, 12, 13.5, 17 um rest
frame.

Depths: 10 depths of 10 pJy in 3
sq deg survey, 30 pJy in 30 sq
deg survey, 100 pJy in 300 sq
deg survey, and 1 mJy in all-sky

GEP-I (narrow-band imager)
Spectral coverage: 10 - 400 ym

Spectral resolution: R=8 for 10-95 uym

and R=3 for 95-400 ym

FWHM beam size: 2.6" for < 24 um (for
30 kpc resolution at z=2 to ID galaxies),

7.6" at 70 um, and 30" at 263 um (to

GEP-I
Spectral coverage: 10 - 400 ym
Spectral resolution: R=8

FWHM beam size: 2.6" for < 24
pm, 7.6" at 70 um, and 30" at 263
pm

Mapping speed: 10 sq

13.5 um PAH + continuum survey. minimize confusion). deg/mJy2/hr
baseline at z=0) to 400 um (dust Spectra of atomic fine-structure Mapping speed: 6.8 sq degimJyZhr

SED peak 0<z<2 for Tast<30 K lines for photometric redshifts:

galaxies). R = 8 for :=0.1. [Ne I1] 12.8, [Ne I11] 15.6, [Si Il]

Spectroscopic redshifts: sample [34.8, [0 [] 63.2, [0 11l] 88.4, [N II]

from surveys below. 122, and [C 1] 158 pum.

GEP Deep Spectral Survey 1.5 sq deg spatial-spectral data |GEP-S (spectrometer) GEP-S

(GEP-DSS)

Depth: 1.5x10"2 Lo galaxy at z=2
in [O 1V] 26 um (other lines will be
in spectrum); 3x10" L at z=1.

Area: 1.5 sq deg to minimize

cube. 1.5x10"2 L@ galaxy at z=2,
flux is 9.7x10-20 W/m2, 5g at 78 ym
in 3000 hours.

Spectral coverage: 25 - 78 ym
Spectral resolution: R = 150

Spectral-line mapping speed at 78
um: 1.5x107 sq degrees / hour / (10-1°
Wim2)2 (50)

Spectral coverage: 25-193 pym
Spectral resolution: R = 200

Spectral-line mapping speed: At
78 um 3.2x107 sq deg / hour / (10-
19 W/m2)2 (50)

(cosmic) sample variance.
Obijective #1b: Determine whether|1. Measure outflowing gas from AGN. |Stacked spectra from GEP-DSS. |Spectral Resolving Power: 200. [Spectral-line mapping speed: same as |Spectral Resolving Power: 200.
feedback from buried accreting  |Measure aggregate fluxes in line wings  Shift by redshift and stack Sensitivity: stacked spectrum  |above.

black holes could have caused the
decline of luminosity density from
star formation in the last half of the
Universe's history.

(+/- 500 km/s, after deconvolution).

2. Measure average fluxes of Hz lines
indicating shocked gas associated with
feedback processes.

spectrally in bins to reveal
average fluxes in Hz and in high-
velocity wings of key lines such as
[Ne V].

Require 5 redshift bins below
z=1.5.

should reach 1g flux uncertainty of
5x10-2 W/m2,

Spectral resolving power: at least 200.

Obijective #1c: Obtain a spatially
resolved view of feedback and its
effects in local galaxies with
spectroscopic study of galactic
outflows and fountains.

Outflows and fountains in local
galaxies: Maps of [C II], [O 1], [O IlI], [N
I1], other lines reaching below star-
formation threshold.

Map 400 nearby resolved
galaxies in key far-IR fine-
structure transitions. Map areas of
8' by 8' to include outskirts with
outflowing gas.

Line maps with surface
brightness sensitivity reaching
below the star-formation column
density threshold (see text). 1.5
hours per galaxy.

Beam: 20" FWHM at [C II] 158 ym

Sensitivity: Surface brightness
sensitivity, per channel, per pix: 1x10-10
Wim?Z/sr (10, 15 sec) at [N 1] 122 pm.

Slit length: >24 beams

GEP-S Beam: 20" at [C II]

Sensitivity: 5x10-"" W/m?2/sr per
pixel at 66 um and longer.
Slit: 40 - 70 beams

Obijective #1d: Determine whether
the interstellar gas conditions at
star-formation sites in galaxies
changed as star formation
declined.

Evolving ISM conditions in star
forming galaxies in the last 1/2 of the
Universe's history. Three basic
characteristics: mass of star-forming gas,
density of gas around young stars, stellar
effective temperature.

GEP wide spectral survey (GEP-
WSS). Overlapping with deep
Euclid and/or WFIRST near-IR
spectroscopic datasets. Form
100 high-SNR stacks for 0<z<1
with 250 galaxies in each stack.

Map area: =100 sq deg to
overcome cosmic variance and
Poisson errors.

Stack on 1/100 of the 400k
available galaxies should have
10=6x10-2' W/m2 at 78 um fiducial.

100 sq deg survey w/ 10 depth of 1.8 x
10-1* W/m? in Band 2.

Requires mapping speed of 1.6x10-7
deg¥s/ (1019 W/m2)2,

Coverage to 189 um for [O [] 63 um at
z=2.

GEP-S mapping speed in Band 2
= 3.2x107 deg?/s/ (10-1® W/m2)2,

Coverage to 193 pm.

Attitude Control:

Pointing Knowledge: 0.5 arcsec 10
Pointing Control: 1 arcmin/s
Survey Duration:

12,000 hrs

Data Volume:

126 TB (0.6 TB/week)

Field of Regard:

Constant availability of ecliptic
poles

Constant access +15° about
boresight normal to the Sun-Probe
line.

Mapping modes using steering
mirror and telescope slew to
raster.

Goal #2:

Measure the growth of
metals and changing star-
formation environments over
cosmic time, addressing
NASA Astrophysics
questions: "How does our
universe work?" and "How
did we get here?" (Enduring
Quests Daring Visions, p.
33).

Obijective #2: Measure the metal
(heavy element) content and
observe the buildup of metals in
galaxies over the peak epoch of
star formation.

Metallicity: Relative metallicity evolution
in galaxies from z = 3 to z = 1.5 using
neon to sulfur ratio indicator.

Pointed spectra: 300 galaxies (20
each in 15 redshift bins), z=1.2 -
3. Depth: 2x10"2 L galaxy at z=3

Line Flux: 2.8x10 X Lgalaxy. 2x102
L® galaxy at z=3 produces flux of
2.7x10-0 W/m2in the sulfur lines.
Coverage: 25-75 pm.

GEP-S Spectral resolution: R = 150

Sensitivity: 50, 4 hour line flux of
2.7x10-20W/mz2,

GEP-S Spectral resolution: R =
00

Sensitivity: 50, 4 hours line flux of
2.1x10-0W/m2.

Same as top row, plusPointed
mode with chopping on the
spectrometer slit.

Metallicity: Metallicities in galaxies in
last 8 billion years, using oxygen to
nitrogen ratio diagnostic. Reach to 1/2
dex below L* (L* =102 L@ atz=1.2).

Blindly detect > 500 galaxies in
each of 5 redshift x 2 luminosity
bins for 0<z<1.2in [N ll] 57, [O
1] 52 and 88 um. Most
challenging requirement is [N Il]
detection in faintest bin (3x10"!
Lo) at highest z: 1.2.

Depth: [N I1l] 57 um flux from
3x10" Le galaxy at z=1.2 is
5.5x10-0W/m2. Require 5 map
depth of this in GEP-S deep
survey.

Spectral Resolution: R=150

Use 1.5 sq deg GEP-DSS above.

Mapping speed =8.6x10-7 sq deg/ sec /
(10® W/m2)2 in band 4.

Spectra Coverage: 50 to 193 um
Spectral Resolving Power: R=100

GEP-S Band 4 mapping speed:
1.45x10-6 sq deg / sec / (10-1°
W/m2)2

Spectral Coverage: 24 to 193 um
Spectral Resolving Power: 200

Same as top row

Optics:

Type: SiC, unactuated Aperture:
20m

Thermal: Toptics < 4-5 K Trpa: 100
mK

ACS:

Type: 3x Star Tracker (+1 spare)

and IMU, telemetry fed directly to
payload electronics

Pointing Knowledge: 0.5 arcsec 10
Pointing Control: >>1 arcmin/s
Survey Duration:

4 year science mission Continuous
observation (35,000 hrs)

Data Volume:

354 TB

Downlink Performance: 1.8
TB/week (2.9X margin over
requirement)

Downlink Capability: 2.0 TB/week
(3.4X margin over requirement)
Field of Regard:

Constant availability of ecliptic
poles

Constant access +21° about
boresight normal to the Sun-Probe
line. (12° margin over requirement)

Figure 3. STM. Light green cells are crosscutting across the Science Objectives.
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2.3 Perceived Scientific Impact of the GEP Using  coarse  spectroscopy  (23-band
photometry) targeting the powerful and ubiquitous
mid-IR dust features (PAH emission and silicate
absorption), GEP will simultaneously measure
redshifts and star-formation rates of millions of
galaxies in blind multiband imaging surveys. The
technique is summarized in Figure 4.

GEP Science Objective 1a requires rest-frame mid-
IR and far-IR continuum observations and redshifts
of galaxies with GEP-I to measure luminosities and
star formation rates. The far-IR is the dominant
repository  of  star-formation energy, and
uncertainties in the star-formation history are
dominated by uncertainties in galaxies’ far-IR
properties. Recent  star-formation  history
compilations (Figure 1) show that factors of ~3
discrepancy still exist among the various measures
of star-formation history at its peak (‘cosmic noon’).
As [Driver et al. 2017] conclude, “Obvious
improvements ... include improved measurements
of far-IR fluxes.” A closely related problem is that
far-IR datasets are not always well linked to redshift
information; in particular, the vast majority of
galaxies discovered with Herschel do not have
redshift counterparts. GEP will overcome both of ; X i
these limitations with a novel and powerful fashion (§2.f1. 1), and the resglt Wlll be the first wide-
technique well suited to the 2 m aperture permitted field, dustjlmrpune, redshlﬂ—lnformed Survey of
by the Probe budget. star—formgtlon in last 2/3 of the Unlve.trse’s.hlstory.

Depths will reach below L* across this period, and

will enable us to redraw this portion of the ‘Madau

Redshifted 10'* L Model Galaxy Spectrum & GEP-Imager Bands
| T R e

The mid-IR dust spectrum, measured with GEPs
purpose-built array of R = 8 photometric bands,
provide a coarse spectrum with PAH fluxes and a
redshift estimate (o, = 0.1 accuracy). The PAH
fluxes themselves provide a good proxy for star-
formation rate, but the redshift also unlocks the
existing far-IR to millimeter-wave legacy datasets,
(e.g., those of Herschel SPIRE, but also
SCUBA/JICMT and soon TolTEC/LMT). With
redshifts in hand, these measured fluxes can be
converted into high-quality SEDs, fixing
unambiguously the star-formation rates in the
Kennicutt Liz-to-SFR formalism.

The surveys will be conducted in wedding-cake

ET T TTI I I
— | [ | — 2z=0.25
10—15 L : (! — z=1
E | — z=2
- — z=3
_ 10_16 z=4
C“l E = All Sky 50 depth
E — - TR R L R0 e N BT 300 sq deg 50 depth
; 10 17 = A - “ . v - - 30 sq deg 50 depth
= E | reFaleh g e 4 — 3 sqgdeg 50 depth
>< f—
=) 1018 E [\ 4 | el T ey e |
L E -
107 L ‘
= I
= |
-20 | | L 11
10
10 10° 10°

Wavelength (zm)

Figure 4. GEP will detect 10'* Lo galaxies (corresponding to L*) at z = 2 and higher luminosities at higher
redshifts, and will measure photometric redshifts to at least z = 4 (for bright or lensed galaxies). The spectra
(from models by [Dale et al. 2014]) display PAH emission lines, silicate absorption at 10 um, a rising mid-
IR continuum from warm dust, and an SED peak just longward of 100 pm from cold dust. The spectra are
binned into GEP-I’s wavebands, which are demarcated by dashed vertical lines. The bandwidths change
abruptly at 95 um from R = 8 to R = 3.5 because broad emission lines are not expected to be present for
redshift determination. Bright atomic fine-structure emission lines are not shown. Pink lines demark 50
survey depths.

10



The Galaxy Evolution Probe Concept Study

Plot,” with better than 0.1 dex uncertainty in enough
redshift bins to capture the detailed shape of the star
formation history.

GEP Science Objective 1a requires GEP-I infrared
observations of high-redshift (z > 3) galaxies.
Understanding the evolution of massive galaxies in
the Universe is intrinsically tied to being able to
study them at their inception. Dusty star-forming
galaxies are the progenitors of massive galaxies and
a substantial source of radiation in the universe
[Casey et al. 2014]. High-redshift, high star-
formation-rate galaxies serve as lenses into the most
extreme star-formation environments, and possibly
hold the keys to understanding the relationship
between supermassive black hole mass and bulge
mass [Magorrian et al. 1998; McConnell and Ma
2013]. Despite their luminosities, the origin of these
galaxies is unclear: they seem to be the product of
both mergers [Chapman et al. 2003] and the
manifestation of the extreme star-forming tail from
cold accretion [Dekel and Birnboim 2006]. Though

these objects exhibit extreme (L*~10" Lo)

luminosities, the majority of that radiation is
obscured. In order to detect and understand such
objects, IR observations are essential.

Gravitational lensing (in which the gravitational
potential of a foreground galaxy bends the light of a
background galaxy, thereby magnifying it) will
enable GEP-I to vastly increase the number of
known dusty high-redshift galaxies (Figure 5).
While the redshifts of the majority of lensed galaxies
that GEP will detect may be similar those detected
by the Herschel (<z> ~ 2.5, e.g., [Negrello et al.
2017]), the GEP will also detect an interesting
number of much higher redshift galaxies. Based on
the number of galaxies detected by the South Pole
Telescope (189 sources in 771 square degrees, all
believed to be gravitationally lensed—[Mocanu et
al. 2013]), GEP is expected to detect 10,000
gravitationally lensed galaxies with mean redshift of
z =2 and tail extending to z = 7. In the early 2030’s,
these galaxies will be prime targets for follow-up
with 30 m class telescopes in the near-IR and with
ALMA.

The relation of supermassive black hole mass to
stellar bulge mass in galaxies in the local Universe,
and the correspondence between the star-formation
rate and black hole accretion rate densities to z ~ 3
[Madau and Dickinson 2014], strongly suggest that
most galaxies at z > 1 will be composite sources—
galaxies with both stellar and accretion energy

Redshift Distribution
w

. .all:sky survey |

80% inclusive redshift
distribution for GEP all-
sky survey for lensed
galaxies

6F L S T T s — 3 T 6
2 : Lensed ® 1 =

5F i Unlensed--- 3---- 15

4t 3 14

o
70um Flux Limit [W m™]

107'®

2107 3107
250pm Flux Limit [W m2]

Figure 5. GEP will detect 10,000 gravitationally lensed galaxies with mean redshift of z = 2 and tail
extending to z = 7, with photometric redshifts, extending beyond the unlensed galaxy population.
Gravitational lensing extends GEPs redshift detection range by a median redshift boost of <4z> = 1. The
colors in these plots for GEP-I’s 70 and 250 um bands show the simulated 10, 20, 40, median, 60, 80 and
90 redshift distribution percentiles of lensed galaxies expected to be detected by GEP from models by
[Hezaveh and Holder 2011]. The dashed vertical line in the 70 pm panel shows the GEP-I all-sky survey
5o depth; ~50 lensed galaxies will also be discovered in the 300 sq deg survey.

11



The Galaxy Evolution Probe Concept Study

sources. Thus, to meet GEP Science Objective 1a,
GEP will use two techniques to identify buried AGN
and to measure their contribution to the total
luminosity: decomposition of the multi-band
spectrophotometric GEP-I data from the imaging
surveys, and GEP-S spectroscopic surveys targeting
the high-ionization mid-IR fine-structure lines.

The spectrophotometric distinction compares
the PAH features in emission with the rising
continuum spectrum generated by hot nuclear dust
at 500-1000 K around AGN. The ratio of the PAH
emission to the underlying continuum—the PAH
Equivalent Width (EQW)—therefore forms an
effective diagnostic of the presence of an AGN.
AGN have a much warmer dust spectrum than
starburst galaxies, with excess emission around
10 um (starbursts typically peak near at longer
wavelengths, near 100 um in the rest frame). The
EQW of the PAH features thus provides a ratio of
starburst to AGN power, with starbursts typically
having PAH EQW of the isolated 6.2 pm feature of
about 0.5-0.7 pm. AGN have much lower PAH
EQWs: < 0.1 um. The PAH EQW is often used in
concert with the atomic fine structure line ratios in a
diagnostic diagram to identify the power sources in
very dusty galaxies—for example, [Genzel et al.
1998; Armus et al. 2007].

As part of our study, the GEP Team has
developed a new approach which uses all of the
PAH features and continuum in a principal
component analysis (PCA). We assess the ability of
all 23 GEP-I photometric bands to separate these
fundamental components. The goals are: 1) to
identify  star-formation- or AGN-dominated
galaxies; and 2) to extract meaningful information
from composite objects where both types of dust

heating make significant contributions to the SED.
As Figure 6 (described in the sidebar) shows, the
strawman technique applied to model galaxies
works extremely well. At least in the framework of
this model, the scatter in AGN fraction is about 10%,
and this is without using additional legacy far-IR or
submillimeter data. With the AGN luminosity in
hand for each galaxy, GEP will provide the first
dust-immune estimate of black hole accretion
history in the last %5 of cosmic time.

The rest-frame mid-IR has a number of spectral-line
tracers of highly ionized gas, such as [S IV] 10.5,
[Ne V] 14.3, 243, and [O IV] 259 pm, with
ionization potentials of 35-97 eV (Table 2).

When ratioed with bright lines with much lower
ionization potential (e.g., [Ne II] 12.7 pum), it is
possible to determine the relative amount of heating
from young stars and AGN, since the latter provide
a much broader input spectrum and, in particular,
many more hard photons in the UV and X-ray that
raise the ionization state of the gas. [Ne V] emission
is seen in the spectra of individual Galactic planetary
nebulae [Bernard-Salas et al. 2001; Pottasch et al.
2001], but not in the integrated nuclear (many kpc)
spectrum of a galaxy unless an AGN is present. [O
IV] can be excited by OB stars, and this line can be
seen in starburst galaxies—for example, [Lutz et al.
1998; Smith et al. 2004; Devost et al. 2006], but
AGN produce extremely large [O IV]/[Ne II] line
flux ratios that are easily identified and used as a
extinction-free diagnostic of AGN power (e.g.,
[Genzel et al. 1998; Armus et al. 2007; Lutz et al.
2003]). The spectral signatures are unambiguous,
and while the samples will be smaller, the

b v ] '_' f, |
e | e

Principal Component 2

:': .
Feag © . L

Relative Weight

AGN Fraction

-0.5 0.0 0.5
Principal Component 3

-4 -2 0 2 4 -1.0
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1.0 10! 10°?
Wavelength (um)

Figure 6. GEP-Is multiband observations will enable the relative contributions of galaxy IR luminosities
from AGN and SF to be discriminated with 10% precision. Left: Outcome for analysis of the 3 sq deg
survey at redshift z = 1.0 + 0.1 when all GEP bands are detected, but results are similar for other survey
depths and subsets of GEP bands provided adequate detection rates. Right: Three principle components.
Together, they measure the AGN fraction and radiation field hardness (and redshift).
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Table 2. Large range of ionization potentials accessed by GEP.

Species Rest Wavelength z =2 Wavelength | lonization Potential Traces Luminosity
(um) (um) (eV) (SF denotes Star Relative to Lrir
Formation) (%1074
[S1V] 10.50 31.50 34.80 SF
PAH 11.25 33.75 N/A SF 10
Hz2 S(0) 12.00 36.00 N/A Ha
[Nell] 12.80 38.40 21.60 SF 3
[NeV] 14.30 42.90 97.10 AGN 2
[Ne Ill] 15.60 46.80 41.00 SF/AGN 1
Hz2 S(1) 17.00 51.00 N/A Ha 0.4
[S 1] 18.70 56.10 23.30 SF 2
[Ne V] 24.30 72.90 97.10 AGN 2
[0 V] 25.90 77.70 54.90 AGN/SF 5
Hz2 S(2) 28.00 84.00 N/A Ha
[S 1] 33.50 100.50 23.30 SF 3
[Sil 34.80 104.40 8.20 SF 4
[O 1] 51.80 155.40 35.10 SF & AGN 20
[O1] 63.20 189.60 N/A SF 10
[O 1] 88.40 > 193.00 35.10 SF 8
[N 1] 122.00 >193.00 14.50 SF 2
O] 145.50 > 193.00 N/A SF 3
[cm 158.00 >193.00 11.30 SF 20

Measuring AGN Fractions and Radiation Hardness with GEP-|

The PCA identifies the axes in a high-dimensional data
space (here, the 23 GEP-I photometric bands) that
minimize the variance in the data, making linear
combinations of the GEP-I bands that often correspond
to physical quantities. We applied a PCA to the
simulated catalog described in §2.4.2. Noise was added
to the synthetic observation in each band according to
the sensitivity of each of the four GEP-I surveys. Among
the objects that are detected at 50 in all bands or a
subset of the bands, we use the PCA to assess which
physical parameters can be recovered from galaxies that
occupy a given 10%-wide redshift bin. Typically, the first
principal component corresponds to the bolometric
luminosity of objects. The second and third components
are generally related to the dust temperature and the
AGN fraction of the bolometric luminosity (Figure 6). This
is true for most redshifts and survey depths,
demonstrating that one can use the GEP bands to
separate the AGN contribution from the star-formation
contribution to the IR luminosity of galaxies. This can be
done when all GEP bands are detected, when only a
subset (as few as five) are detected that span the GEP
wavelength coverage (e.g., when the PAH features and
the dust peak are both detected), and when only the
long-wavelength side of the GEP bands are detected
(the peak dust emission, A >~ 40 um).

spectroscopy will provide a check against
systematics in the photometric approach described
above. GEP will survey 1.5 sq deg with GEP-S,
targeting the [O IV] and [Ne II] transitions to depths
reaching L* at z < 2, measuring accretion rates in
thousands of galaxies.

With redshifts in hand from the bright lines in the
deep GEP-S spectral survey obtained for GEP
Science Objective 1b, spectra will be shifted and
stacked to measure galaxies’ aggregate properties
with high SNRs. The stacked spectra will enable
utilization of numerous spectral line diagnostics
(Table 2). Importantly, the spectra will reveal high
velocity (£500 km/s) wings of AGN lines, such as
[NeV] and [OIV] that measure the AGN-powered
mass outflow rate. With total line flux SNRs in
excess of 50 in the stacked spectra, fractional fluxes
in the wings (a proxy for mass fraction that is
outflowing) can be measured with an RMS of 5%
after deconvolution with the spectrometer R = 200
(1500 km/s) response function. The spectral stacks
will also reveal the lowest few (at z = 1) H» rotational
transitions that probe shocked gas associated with
stellar or AGN feedback.
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GEP-S will be used to study feedback in detail by
examining the impact of stellar energy sources on
the gas conditions in nearby galaxies (GEP Science
Objective 1c). GEP will provide a resolved

(beamsize £ = 150 pc (wzpc) 24 ym

galaxies have D < 10 Mpc) study of two key aspects
of the cycling of matter and energy between stars,
black holes and gas: 1) the mass and energetics of
interstellar gas involved in star-formation, which is
cooled primarily through the far-IR atomic fine-
structure transitions; and 2) outflows and fountains
driven by winds from massive stars, supernovae,
and active nuclei, pushing material to the outskirts
of galaxies and potentially regulating star-formation
activity. This census of ISM phase as a function of
local galactic environment will resolve whether ISM
conditions are set by hydrostatics and the local
stellar population [Wolfire et al. 2003; Ostriker et al.
2010] or by local feedback effects, e.g., [Walch et
al. 2015].

Star-forming interstellar gas cools principally
through the [C II] transition, and [C II], along with
the 122 pm [N II], transition provide a clean
discrimination between neutral atomic and ionized
material. The addition of the doubly ionized oxygen
transitions ([O III]) at 52 and 88 um, and the doubly
ionized nitrogen transition ([N III]) at 57 pum
provides: 1) a measure of the UV field hardness,
thus constraining the stellar mass function; and 2)
the density in the HII regions, thereby measuring the
ISM pressure. However, the existing nearby galaxy
measurements, from ISO, Herschel, and SOFIA,
suffer from small sample sizes and relatively poor
surface brightness sensitivity, which translates to a
column density threshold below which material is
simply not detected.

With its sensitive, long-slit spectrometers, GEP-
S offers both orders of magnitude improvement in
mapping speed and exquisite surface brightness
sensitivity. GEP-S will use [C II] as a tracer of very
low column density material, reaching 10—-100 times
below what can be done with a Jansky VLA deep HI
21 cm survey. This depth is important because it
enables a census of material below the star-

formation threshold of 1-10 Mo/pc* [Martin and

Kennicutt 2001; Schruba et al. 2011]. According to
current modeling, this low-surface brightness is
expected to lie in the outskirts of galaxies, propelled

. where ~10°

by massive star and supernova-driven winds.
Figure 7 shows an example simulation from the
model described in [Walch et al. 2015]. In it, a
bubble is forming in the star-forming atomic gas as
much of it is pushed above and below the Galactic
plane on a timescale of 70 million years.
Outstanding GEP-S  surface  brightness
sensitivity will also be used to map the ionized gas
density and photon flux (using the [N II] lines) and
hardness (using the [N III] and [O III lines]), even in
diffuse H II region material where [CII] is sub-
thermally excited. Additionally, GEP-S will map
molecular material with a powerful probe that is
unique to the far-IR: HD, a chemical analog of Ha.
Its rotational fundamental band at 112 pm will
provide a metallicity-independent molecular gas

mass estimate to a depth of ~30 Mo/pc’. While HD
has been detected in a few nearby protoplanetary
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Figure 7. Long-slit GEP-S observations of nearby
galaxies will detect extraplanar gas from interstellar
bubble formation and blowout. As this simulation of
gas erupting from a disk over 100 Myr in ten 10 Myr
intervals (from left to right) shows, gas reaches kpc
heights and emits in optically thin [CII]. GEP-S’s
beamwidth Bpeam 1s ~400 pc at a galaxy distance of
5 Mpc (about the distance of M8&3, ~1.5x the
distance of M82) for [cip = 158 pm; thus, the width
of each panel corresponds to approximately to the
slit width. GEP-S can detect even the faintest
emission in these simulated [CII] maps. This low-
surface brightness material is impossible to detect
with  SOFIA, or even optimized balloon
experiments, which would be limited to values on

order 107 erg/s/ster/cm” -- material restricted to the

plane and not the blowout. Simulations from S.
Walch (personal communication, see [Walch et al.
2015]).
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disks with Herschel, with GEP-S it will be
detectable in typical Galactic ISM sightlines.

To assess the evolving conditions in star-forming
galaxies since redshift z = 2 (GEP Science
Objective 1d), a wide-field spectroscopic survey
overlapping with the spectral fields of WFIRST
and/or Euclid will be used. The 3-D position priors
of thousands of galaxies per square degree provided
by the near-IR will enable spectral stacks of the GEP
mid- and far-IR spectra. The result will be high-SNR
aggregate spectra binned in redshift and luminosity
(survey details are in §2.5.1). These spectra will
carry a host of the diagnostics summarized in
Table 2, which in aggregate decode the properties of
the gas in galaxies regardless of their dust content.
The spectra will measure the mass of dense, photo-
dissociated atomic gas (via [O I]), the mass of
ionized gas (via [Ne II], [N II]), the stellar UV
radiation field hardness (via [N III}J/[N II], [O IV]/[O
II1]), the average accretion luminosity of AGN (via
[Ne V]) and the density of gas around young stars
(via the [O III] line pair.)

GEP’s Science Objective 2 is to measure the
growth of metallicities of galaxies. The chemical
complexity of the modern Universe, in particular the
presence of planets and life, are only possible with
the heavy elements, such as carbon, nitrogen,
oxygen, and iron. These elements are only formed in
stars, so the heavy element contents of the Universe
at any given epoch is closely related to the integrated
star-formation activity prior to that time. A complete
history of the Universe’s heavy element production
cannot rely solely on measurements of the
intergalactic gas (typically probed with UV
absorption spectroscopy, see [Tumlinson et al.
2017], but must also chart the metallicity within
galaxies, where the heavy elements are forged, then
distributed to the rest of the Universe with unknown
efficiencies.

The metallicity within galaxies, where stars,
planets and eventually life arise, is not reliably
measured with the presently used optica/UV
techniques. These short-wavelength diagnostics
suffer from two fundamental limitations: First, dust
obscuration means that UV/optical spectroscopy
does not penetrate the bulk of galaxies; they probes

only low-extinction regions, which represent only a
fraction of the total star-formation activity
(Figure 1). This may result in substantial
underestimates: [Santini et al. 2010] infer a
metallicity using far-IR dust measurements
(Herschel photometry) that is more than 10 times
higher than that inferred from optical nebular lines.
Second, while they produce consistent relative
metallicity measurements in local low-extinction
systems, the optical diagnostics have large
systematic uncertainties—for example [Fernandez-
Ontiveros et al. 2017; Kewley and Ellison 2008].
Additionally, because they are optical transitions,
many of the diagnostics are temperature sensitive
and electron temperatures in HII regions are hard to
measure and spatially variable.

The far-IR atomic fine-structure lines accessible
to GEP offer metallicity measurements that
overcome these limitations because they can access
both obscured and unobscured galaxy populations
through the bulk of cosmic time. Two diagnostics
will be employed. For the last half of the Universe,
GEP will use the O to N ratio as a measure of stellar
processing. While oxygen is a primary
nucleosynthesis product, nitrogen is a secondary
product—it results from both shell burning and core
burning. The O/N ratio thus decreases with
increased processing and provides a proxy for
metallicity for values above 0.2 solar [Groves et al.
2004]. As [Nagao et al. 2009] have shown
(Figure 8), the O/N ratio is measured cleanly in HII
region gas with the suite of two [O III] transitions
(52 and 88 pm) and one [N III] transition (57 pm).
These two ions have a very similar ionization
potential and the use of the two OIII transitions
removes the dependence on electron density. These
transitions are bright and will be detectable in
3x 10" Le galaxies for z < 1.2 with GEP-S.
Thousands of galaxies will be detected in the
100-square-deg blind spectroscopic survey. This
line ratio will also be clearly revealed in many of the
stacked spectra generated from the WFIRST near-
IR grism fields (§2.5.1 and §2.5.3).

For higher redshifts and lower metallicities,
GEP will chart the relative metallicity evolution
using the neon to sulphur ratio. This technique uses
the fact that neon is inert, so it remains unadulterated
in the gas phase with its abundance tracking
metallicity, while sulphur is partially depleted onto
grains as dust forms, so its abundance grows more
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Figure 8. Left: Cosmic metal abundance measurements, reprinted from [Madau and Dickinson 2014] with
annotations added. Heavy elements are forged in galaxies, and enrich the intergalactic material through
feedback processes that are poorly understood. Comparing the metallicity within galaxies’ interstellar
media to the absorption measurements reveals the timescale and degree to which the intergalactic is
enriched with high-metallicity gas. Optical metallicity indicators carry large uncertainties, in large part due
to de-weighting high-extinction regions. Right: GEP will access the IR [O III] and [N II] line triplet
metallicity diagnostic in thousands of galaxies for the last two-thirds of cosmic time, anchoring the
metallicity in the hearts of galaxies. Figure reprinted from [Nagao et al. 2009]. Prior to GEP, these lines
could only be accessed by low-redshift galaxies, such as M82 and the Antennae (NGC 4038/9).

slowly than linear with metallicity. The empirical
relation, calibrated carefully with Spitzer Infrared
Spectrograph measurements of 47 local-Universe
galaxies is [Fernandez-Ontiveros et al. 2016]:
i {([Ne 111115.6 + [Nell] 12.8)}

910 U ([SIv] 10.5 + [S I11] 18.7)

Z
=0.037 + (0.53 £ 0.32) Log,, (Z_)
o

With GEP-S, GEP will observe these transitions
in 300 directly targeted galaxies (20 each in 15
redshift bins) between z = 1.2 and 4. The highest-
redshift bins will require approximately 4-hours
integration per source.

The PAH spectra of galaxies can provide a
complementary probe of metallicity. As PAHs are
composed primarily of carbon and hydrogen, they
likely originate in outflows from C-rich AGB stars.
In this picture, a galaxy must have a substantial
AGB population, requiring a few 100 million years
of main sequence evolution, in order to host
appreciable PAH emission. Thus, a correlation is
expected between the age of the stellar population
and the abundance of PAHs [Galliano et al. 2008].
Since timescales for AGB evolution are longer than
that of Type II supernovae production, this may
manifest itself as a systematic evolution in the ratio

of PAH luminosity per IR luminosity with cosmic
time. GEP will determine this ratio for a large
number of galaxies to test this paradigm and
construct a quantitative picture of the lifecycle of
PAHs. For example, when in the evolution of a
galaxy the PAH emission becomes an appreciable
part of the total IR emission.

2.4  Perceived Scientific Impact of the GEP:

Additional GEP Science

Large-scale structure measurements reveal the
environments that galaxies occupy. Specifically, the
strength of clustering exhibited by a population of
galaxies on large scales is directly related to the
masses of the dark matter halos that they inhabit.
Previous IR surveys covered small volumes and
could not probe the correlation of large-scale
structure and star-formation over a comprehensive
range of environments.

By encoding 3-D positions for millions of star-
forming galaxies, GEP will provide high-SNR
measurements of the clustering of star-forming
galaxies in large enough volumes to overcome
sample variance from 0 <z <2, down to luminosities
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of L« = 10" Lo at z = 2 (and lower L at lower

redshift). This will reveal the masses of the dark
matter halos occupied by galaxies as a function of
luminosity, SFR, and redshift. The GEP surveys will
provide star-formation rates that will be
complementary to surveys of LSST, WFIRST, and
Euclid that select primarily based on stellar mass.

While the photometric redshifts obtained by
GEP-I will be insufficiently precise to measure 3-D
correlation functions of galaxies, they can be used to
measure projected correlation functions in several
redshift windows with Az ~ 0.2. Figure 9 shows
expectations for the clustering of GEP-selected
galaxies based on our mock catalogs. The top panel
shows the expected projected correlation functions
for samples selected by stellar mass and by SFR.

Figure 9 shows that, while clustering strength is
a strong function of stellar mass, it depends less
strongly on SFR. This is a clear, testable prediction
of galaxy formation models: samples selected by
SFR occupy a broad range of halo masses, so their
clustering does not exhibit a strong dependence on
the selection threshold. GEP will therefore be able
to test if bursts of star formation happen over a wide
range of halo mass as predicted by models, and test
how environment affects bursts of star formation.
This key prediction from models has previously not
been measured accurately: GEP will make these
measurements for the first time over a wide area.

PAH lines carry several percent of the bolometric
luminosities of star-forming galaxies and are
ubiquitous in star-forming galaxies. PAHs are
molecules with tens or hundreds of atoms, arranged
with carbon atoms in a graphene-like planar
structure and hydrogen atoms on the peripheries at
incomplete bonds. PAHs are stochastically heated
by single UV photons, resulting in mid-IR line
emission that provides a direct measure of the UV
photon flux. In the rest frame, strong PAH emission
lines occur at 3.3 um (C-H stretching mode), 6.2 and
7.7 pm (C-C stretching modes), 8.6 um (C-H in-
plane bending mode), and 12 and 13.5 pm (C-H out-
of-plane bending modes). There is a complementary
silicate absorption feature at rest-frame 10 pm.
GEP-I’s R = 8 imaging bands are matched to the
PAH line widths to enable redshift measurements
from z = 0 to z > 5 (for very luminous and
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Figure 9. Top: Projected correlation functions from
our mock catalog for galaxies selected by
bolometric IR luminosity (solid lines) and stellar
mass (dashed lines) in a 1.0 <z < 1.2 redshift slice.
Bands indicate the expected uncertainties for the 30
square degree survey. (Galaxy mass correlates
strongly with halo mass, leading to a strong
dependence of clustering strength with mass.
Conversely, bolometric IR luminosity (which
indicates star-formation rate) is weakly correlated
with halo mass (even galaxies in low mass halos can
have occasional strong starbursts), leading to a weak
dependence of clustering strength on IR luminosity.
GEP will test this predicted difference in clustering
dependence on mass and star-formation rate.
Bottom: A compilation of measured correlation
lengths for dust-obscured (star-forming) galaxies
and QSOs from [Toba et al. 2017] showing that such
galaxies become more strongly clustered with
increasing redshift. GEP’s redshift reach will extend
well beyond Spitzer’s.

gravitationally lensed galaxies) as illustrated in
Figure 4.

PAHs are expected to be present in star-forming
galaxies wherever dense molecular ISM is present
and a first generation of massive metal-producing
stars has lived, similar to interstellar dust. Although
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JWST lacks of the field of view and slew rate to
observe large areas in depth, detailed JWST studies
of rest-frame mid-IR spectra of star-forming
galaxies will clarify PAH physics that will
maximize the scientific return of GEP.

GEP will provide a rich sample of PAH spectra
across a range of redshift, SFR, IR luminosity, and
metallicity. These spectra will be used to determine
how the PAH emission in high redshift galaxies
systematically evolves as a function of each.
Relative changes in the PAH spectrum, such as
trends in the various feature ratios, provide a
window into changes in the structure of PAHs and
their interstellar environments (see [Tielens 2008]
for a review). For example, one of the most robust
conclusions of detailed modeling of PAH emission
physics is the dependence of the 6.2 to 11.2 um ratio
on the PAH charge. In turn, this is a probe of the
intensity of radiation able to ionize PAHs and the
abundance of free electrons. Analysis of features of
the PAH spectra (GEP-I and GEP-S) in conjunction
with emission in various atomic lines (GEP-S), will
enable construction of a detailed statistical picture of
the chemistry and physical conditions in the ISM of
high redshift galaxies.

With the all-sky GEP-I survey, GEP will probe the
ISM conditions over a large range of interstellar
environments, from the Galactic Center, to the
Milky Way’s 4 kpc molecular ring and less
molecular gas-rich outer Galaxy, to the disks and
nuclei of nearby galaxies. Collectively the dust
spectral shapes, PAH features relative the
continuum, and far-IR atomic fine-structure lines
are sensitive interstellar mass, dust temperature, UV
radiation field, and density (Figure 10). While PAH
emission features vary little on galaxy-wide scales,
they do vary on small scales and source-to-source,
such as in protoplanetary disks and post-asymptotic
giant branch stars (e.g., [Peeters et al. 2002]). This
is because they are sensitive to variations in the
composition of the PAH molecular family, which
are driven by chemical evolution, and ultimately by
changing physical conditions. GEP-I’s observations
of the Milky Way will probe the chemical evolution
and physical conditions in Galactic regions on an
object-by-object basis.
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Figure 10. GEP-I will provide spatially resolved
SED mapping across the star-forming ISM over
107° lines of sight in the Milky Way and nearby
galaxies, providing a large data set to understand
how local environment establishes ISM conditions.
This figure shows how the dust emission from the
Aquila molecular cloud (top) would be mapped into
spatially resolved SEDs (bottom) over the GEP-I
bands with flux density estimates in 3" apertures.
The curves correspond to the expected signatures for
varying levels of molecular gas in a stellar
population with % = 300 Mo pc 2. Vertical lines
indicate GEP-I band edges. The horizontal lines
indicate the approximate 5¢ depths of the all-sky
survey (solid) and 300 sq deg survey (dashed).
Iconic star-forming regions in the Local Group are
significantly brighter: Orion, 30 Dor, and NGC 604
would all peak above the top of the figure.
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Objective GEP-| Surveys

| 1a | SF/BH Survey
[ 1b | BH Feedback

Table 3. GEP science objectives and surveys matrix (SF = star formation, BH = black hole).

GEP-S Surveys
100 Sq Deg

GEP-S
Pointed

GEP-S
Mapping

m Local Feedback

| 1d [ ISM Conditions

2 | Heavy Elements
Principal Dataset
Auxiliary Dataset

2.5 Science Yield: Observations and
Measurements with Science Yield

Estimates

GEP is designed to be a dedicated survey mission. It
will provide a legacy dataset with broad utility for
studying the evolution of star-formation and black
hole growth in galaxies, while maximizing the
science within the Probe cost cap. The surveys
enable multiple science objectives (Table 3).

GEP-I photometric survey program for Science
Objective 1a is optimized to sample a
comprehensive range of redshifts and galaxy
luminosities using multiple depths and areas
(Table 4). A combination of four depths and areas
will sample low redshift and bright, rare galaxies,
faint, high-redshift galaxies, and intermediate
redshift and luminosity galaxies. Sufficient numbers
of galaxies will be detected so that Poisson statistics

Table 4. GEP Galaxy Survey Yields.

will not be limiters and sufficient volumes will be
surveyed so that sample variance is not a limiter
(Figure 11, left panel). For Science Objective 1a, the
wide and deep surveys should be >100 and >10
square degrees, respectively. Figure 11 (right panel)
shows the depths each survey is projected to reach
as a function of wavelength for the GEP-I bands. All
of the surveys except the all-sky survey will be
centered on and divided between the north and south
ecliptic poles to minimize the photon backgrounds
from primarily zodiacal dust and secondarily
Galactic dust [ISRA 2018]. This will provide
overlap with Euclid surveys, which will provide
near-IR counterparts and stellar masses of galaxies
for combined studies, and ground-based
observatories in both hemispheres.

Three types of spectroscopic measurements
with GEP-S will complement GEP-I photometric
surveys: 1) Individual observations of specific
galaxies identified in the photometric surveys to
provide precise redshifts and to validate the
photometric techniques (Science Objectives 1a),

Instrument | Area or ‘ Depth ‘ Region ‘ Number of Galaxies ‘ Number of ‘ Science
Targets Redshifts Objectives
GEP-I 3 sq deg 10 pdy Ecliptic Poles 106 above confusion noise 10° 1a
GEP-I 30sqdeg |30 pdy Ecliptic Poles 108 above confusion noise 2x10° 1a
GEP-I 300sqdeg | 100 pdy Ecliptic Poles 107 above confusion noise 5x10° 1a
GEP-| All sky 1 mJy N/A 108 above confusion noise 108 1a
GEP-S 1.5sqdeg |7 x 102 W m=2 | Ecliptic Poles 2 x 104 galaxies betweenz=1and 2 |2x 104 1a, 1b, 2
(GEP-DSS) |at 100 um
GEP-S 100sqdeg [3.5x10-W | Overlap with Blind detections of ULIRG-class Several x 104+ | 1d
(GEP-WSS) | m2at 100 um | WFIRST/Euclid |galaxies z =1 - 2. Also use stacks via
grism fields near-IR priors: 4 x 10° galaxies.
Same, intensity mapping for | N/A N/A N/A 1a, 1b, 1d, 2
P(k), multiple z bins
GEP-S Galaxies 3x1020Wm2 |Distributed 300 N/A 2
from GEP-| across sky, up to
surveys at z 6 hrs / galaxy
=12-3
GEP-S Local galaxy | 1 x 10-10W m-2 | 8 x 8 regions in 400 galaxies, 15 sec integration / beam | N/A 1c
mapping ster at 122 ym
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Figure 11. Left: GEP-I’s ‘wedding-cake’ survey will not be cosmic sample variance limited in the goal
redshift ranges. It also will not be limited by Poisson statistics - the blue line shows the area needed such
that Poisson errors allow a 10% accurate measurement of the slope of the luminosity function at the faint
end. Right: With its 2.0 m, 4 K aperture, GEP-I’s surveys will reach unprecedented depths. GEPs band
edges are shown as vertical dashed lines and the 1o survey depths are shown with thick horizontal lines in
each band. With its small field of view and long slew times, JWST will be unable to do surveys of GEPs

magnitude.

and to obtain high SNR measurements of the full
suite of far-IR spectral features (Science Objective
2). 2) ‘Blind’ field-filling spectroscopic surveys
obtained by rastering GEP-S on the sky (Science
Objectives 1a, 1b, and 1d). 3) Spectral maps of
nearby galaxies (Science Objective 1c¢). As
summarized in Table 4, GEP-S will perform a deep
spectroscopic survey over 1.5 square degrees and a
wide spectroscopic survey over 100 square degrees.
With its long-slit spectrometers with 40-70 spatial
beams, GEP-S is more efficient in performing blind
spectral surveys than SPICA, which is limited to a
few beams in the slit.

The spectral survey datasets will be used in three
ways. First, they will detect galaxies by the
thousands and tens of thousands directly in the FIR
fine-structure transitions (and the continuum, when
binned). Second, the wide survey will be used to
stack on the WFIRST and/or Euclid grism sources
as described in §2.5.3 to provide high-SNR average
galaxy spectra in bins. Finally, both surveys will be
excellent datasets for line intensity mapping that
will measure the total cosmic luminosity density in
the various far-IR lines and ratios among line
intensities (§2.5.4).

In this subsection, GEP-I yields are summarized,
and then the techniques — simulations generating
images and mock catalogs — that were used to
estimate the yields are described. First, GEP-I’s
surveys will detect tens of millions of galaxies and
measure photometric redshifts for millions of them
(Figure 12). Second, GEP’s Science Objective 1a
requires luminosity functions of galaxies over a
range of redshifts. Integrated star-formation rates, as
shown in Figure 1, are insufficient to describe
galaxy evolution: the galaxy luminosity functions
should be characterized as a function of redshift to
observe the changes in galaxy formation and the
build-up of stellar mass over cosmic time. This will
relate star formation to the growth of cosmic
structure via dark matter gravitation. Specifically,
faint-end (below L*) mid- and far-IR luminosity
function slopes have not been measured above z =
0.5 and there is disagreement about the faint-end
slopes even at z ~ 0. With GEP-I surveys, faint-end
slopes below Logio (Lir/Le) =11 for z = 0.5, below
Logio (Lir/Le) = 11.5 at z = 1, and below Logio
(Lir/Le) = 12 at z = 2, will be measured. Figure 13
shows current observational determinations of the
IR bolometric luminosity function, and compares
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Figure 12. GEP will detect tens of millions of
galaxies, measure photometric redshifts for
millions of them, and measure their AGN fractions.
The plot shows the number of galaxies that will be
detected by GEP-I at greater than 3¢ significance in
each band independently.

these to a sample luminosity function derived from
our mock GEP catalogs. GEP will represent an
enormous step beyond the state of the art in
detections of large numbers of star-forming
galaxies, cosmological volumes probed, and
resolution of the SED:s.

Third, GEP-I requires photometric redshifts
with precision < 10% to z = 2, a requirement that is
achieved with margin. For the cases of strong PAH
features, the photometric redshift uncertainty is set
by the width of the GEP-I bands relative to the
widths of the PAH features.

Uncertainties in photometric redshifts were
estimated by adding noise to the [Dale et al. 2014]
model spectra according to each of the map depths
given the photon backgrounds. The spectra were
binned into the GEP-I bands and y,* were calculated
by comparison to the spectral model and comparison
to two other spectral models. Since the spectra of
galaxies will not be known a priori, the comparison
models were used to ascertain the uncertainty
incurred by having a spectrum different from the
model. Only the first ten GEP-I bands were used for
the photometric redshift measurements because the
steeply rising mid-IR dust spectra influences the
redshifts and the dust temperatures will not be
known a priori. The nominal model had strong PAH
emission features and the comparison models had:
1) strong PAH emission features but cooler dust
(hence a more slowly rising spectrum with
wavelength); and 2) hot dust that substantially
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Figure 13. Top: Current observational

determinations of the bolometric IR luminosity
function from [Madau and Dickinson 2014].
Bottom: GEP luminosity function for 1.0 <z < 1.2
derived from the Galacticus mock catalogs
assuming a o, = 0.1 uncertainty on galaxy redshifts.
Error bars are estimated assuming Poisson statistics
scaled from the 4 sq deg area of our mocks to 30 sq
deg. Blue points show the luminosity function in the
GEP-I band 7 (21.2 to 24.0 pm), while green points
show the bolometric IR luminosity function for
reference and comparison to the top panel. (The
bolometric luminosity function is not shown below

10° Lo because it becomes incomplete due to the

resolution of the simulation.) Blue line is 3o
detection limit. Faint points indicate the luminosity
function that would be obtained if spectroscopic
redshifts  were available; it is  almost
indistinguishable from that constructed using
photometric redshifts.
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overwhelmed the PAH features above 10 pm. The
results were as follows:

+  Photometric redshifts are obtainable for 10"
Leogalaxies to z =1 in the 3 sq deg survey and
to z= 0.5 in the 30 sq deg survey, with o. <
0.1.

Photometric redshifts are obtainable for 10"
Lo galaxies to z =2 in the 3 sq deg survey and
to z=1 in the 30 sq deg survey with c. < ~0.1,
and sometimes (depending on the spectrum) to
z=31inthe 3 sq deg survey to 1 0. < 0.15.
Photometric redshifts are attainable for 10" Lo
galaxies to z =4 in the 3 sq deg survey and to z
= 2 in the 300 sq deg survey to ¢ < ~0.1.

The photo-z uncertainties are a function of
redshift, galaxy luminosity, map depth, and
strength of the PAH features relative to the
continuum.

The photo-zs are only robust if the PAH
features stand out above the dust continuum.
Thus, in the case of very hot dust, which
represents an extreme case, the photo-zs have
large uncertainties. However, even in the case
of very hot dust, photo-zs become detectable at
z > 2 for deep surveys and luminous galaxies
because the dust continuum is not strong below

rest-frame 10 um, which is redshifted well into
the GEP-I bands.

There is a bias of photometric redshift to lower
values than the model by a few percent due to
the rapidly rising dust spectrum in the mid-IR.
This will be characterized and accounted for
with simulations.

There is significant of room for optimization in
the photometric redshift measurements, however,
lo. = 0.1 was adopted to be conservative. The
photometric redshift uncertainty estimations will be
refined further for a Phase A study.

To quantify the science yield of the GEP-I
survey program, a mock GEP-I survey was
constructed using a combination of the Millennium
N-body simulation [Springel et al. 2005], to provide
the distribution of large-scale structure, and the
Galacticus semi-analytic model [Benson 2012], to
populate that simulation with galaxies based on
physical models. For each dark matter halo in the
simulation volume, the star-formation rate and black
hole accretion rate of the galaxy was computed.
Bolometric IR luminosities due to star-formation

were estimated as Lir = 2.6 x 10* (SFR/Mo yr')
ergs/s [Calzetti 2013], and those due to AGN
activity as eMoc® (with & being the radiative

efficiency computed by Galacticus from the black
hole spin and accretion rate). IR spectra with the
corresponding AGN fraction were then assigned to
galaxies using the models of [Dale et al. 2014] and
normalized to give the computed total IR bolometric
luminosity. The dust temperatures were drawn from
a Gaussian distribution chosen to give the best
match to measured IR number counts. These spectra
were then used to compute broadband luminosities
for model galaxies in each GEP-I band. Finally, a
light cone from this synthetic catalog was extracted,
corresponding to a 4 square degree area, from z = 0
to 3, and determined observed fluxes in all GEP-I
bands for each galaxy.

The galaxy number counts estimated in this way
are lower limits because these (and other) galaxy
evolution models generically underpredict the

number of very high luminosity galaxies (~10"° Le;

for example, [Benson et al. 2003]). Although we
attempted to tune the Galacticus model number
counts to match observations from Spitzer and
Herschel by judiciously choosing from the [Dale et
al. 2014] spectral library, at high flux densities (i.e.,
> 1 mly at 160 pm) the model counts are almost an
order of magnitude too low compared to
observations. The agreement is much better at 24
and 70 pm, coming close to matching observations.
Some of the bright observed galaxies likely result
from gravitational lensing (§2.3.2), but lensing is
unlikely to account for the majority of the
discrepancy. We adopt our model predictions for the
detection rates with the understanding that they are
likely conservative.

Survey spectroscopy with GEP-S is a particular
strength of the GEP long-slit spectrometer
architecture (see Figure 14). Tens to hundreds of
thousands of galaxies will be detected blindly in the
GEP-S surveys (GEP-WSS and GEP-DSS), but
these surveys will be especially powerful when
combined with ancillary datasets. Specifically,
stacking on grism spectrometer datasets from Euclid
and WFIRST define the observations to accomplish
Science Objective 1d. The slitless grism modes on
Euclid and WFIRST will utilize the 1.2-1.8 pm
imaging cameras with the addition of dispersion at
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Figure 14. Spectral survey time to a given depth
(lower is faster) in the far-IR. The spectrometer
modules in GEP-S offer gains of 5-6 orders of
magnitude relative to the current state of the art
(Herschel and SOFIA). The GEP-S speed exceeds
that of SPICA because of the larger detector format
that enables true long-slit spectrometers.

moderate-resolution (R ~ few hundred) over large
fields. Observation at multiple telescope boresight
angles rotates the spectra with respect to the field
and enables extraction of object-by-object spectra.
The wavelength range corresponds to the Ha
redshifts of approximately z =1 to 2.

Various groups have offered preliminary
estimates of yields from the putative surveys; a
particularly good recent reference is [Merson et al.
2018], which estimates Ho luminosity functions
from the Galacticus model [Benson 2012]. These
expected yields enable estimates of the density of
detected galaxies for various GEP-S survey
parameters (Table 5). As the table shows, the survey
areas are large with tens of millions of Ha. detections
expected. GEP will use the near-IR 3-D positions as
templates to stack both spatially and spectrally to
provide high quality, aggregate far-IR spectra of

Table 5. GEP-S Stacking of IR Galaxy Datasets.

many bins in luminosity and redshift. Examples of
stacked far-IR spectra already exist. [Wilson et al.
2017] used all available data in the Herschel SPIRE
spectrometer archive — 197 galaxies covering rest
wavelengths of 200 to 650 um (most with redshifts
< 0.5) — and the ALMA spectrum presented in
[Spilker et al. 2014], generated with a stack of 22
distant millimeter-selected galaxies. Both studies
showed that the basic approach is sound and that
uncertainties integrate down as VN.

While the dust-obscured luminosity and line
fluxes of the Ho-emitting galaxies are not known,
an estimate of the GEP-S spectral stacking potential
can be made by linking the Ha-derived star-
formation to the expected mid- and far-IR line
emission. First, the Ho fluxes must be corrected for
extinction. [Merson et al. 2018] combine the
Galacticus output with Cloudy models, suggesting
that the typical extinction correction at Ha for these
systems will be 1.9. Then the extinction-corrected
Ho fluxes can be converted to star-formation rates,
and thus IR luminosities, using the [Kennicutt Jr
1998] relations, tabulated in the 6th and 7th columns
of Table 5.

The final column in the table lists estimates of
the number of independent stacks that could be
generated from the GEP-S data cube. These were
obtained by comparing the far-IR spectral line depth
(50) obtained in the 3000-hour GEP-S wide spectral
survey (GEP-WSS) covering a subset of the near-IR
survey area (100 square degrees was adopted), with
the line flux expected from the median near-IR
selected galaxy. Detection of features with a line
luminosity to total IR luminosity ratio of 2 x 10™*
was required, ensuring that the stack will be
sufficiently sensitive to detect the key fine-structure
transitions, including [Ne V]. This comparison
yields the number of galaxies that would be required
to measure an aggregate spectrum; it is typically in
the few hundred. The 100 square degree dataset
should thus yield on order 1000 independent
spectral stacks, each a Rosetta stone for

Survey ‘ Redshift of Area ‘ Flux Depth ‘ Density ‘ Median SFR ‘ Lir ‘ Notal ‘ # Stacks
Ha
sq deg erg/s/cm? /sq deg Meolyr Lo
Euclid 0.9-1.8 15,000 2.4x10-16 4,000 33 1.9x10" 60 million 260
WFIRST 1-2 2,200 1.0x10-16 10,000 15 6.8x101 22 million 950
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understanding the aggregate activity in that galaxy

population.

The stacks will be naturally organized
hierarchically, with more galaxies in stacks for the
lower luminosity, higher-redshift bins and fewer for
the brighter galaxies. They will cover ranges such as
12 to 97 um (for z = 1) to 8 to 64 um (for z = 2).
Throughout, the stacks will contain:

*  The sequence of five neon fine-structure
transitions ranging from [Ne II] to [Ne V]
(ranging from 12.3 to 36 um). This sequence
probes the ionization state of the gas, and
thereby provides constraints on the stellar mass
function and (in the case of [Ne V]) provides
the rate of SMBH accretion (§ 2.3.3).

e [Si ] and [O I], which probe neutral gas mass
and density (§2.3.5).

e Far-IR [O III] and [N II] fine-structure
transitions which can be used to probe
metallicity per §2.3.6.

*  The low-lying rotational H> transitions that
probe cool/warm (few-hundred-Kelvin)
molecular gas, including shocked material
resulting from galaxy collisions and stellar
winds.

*  Absorption features of OH that reveal the
column density of molecular gas around active
star-forming regions.

A powerful emerging technique in long-wavelength
astronomy is line intensity mapping (LIM).
Introduced over 20 years ago, initially for studies of
21 cm radiation [Madau et al. 1997; Shaver et al.
1999], it was subsequently suggested for the far-IR
fine-structure lines [Suginohara et al. 1999]. In LIM,
the clustering of line-emitting galaxies is detected as
fluctuations in a 3-D spatial-spectral dataset in
which the line-of-sight dimension is encoded as
wavelength. A principal feature of LIM is that it is
sensitive to all sources of emission, not just the
individually detected galaxies. It is thus vital if much
of the luminosity function is below the detection
threshold. Another key feature of LIM is the ability
to measure cross-correlations among multiple
datasets, for example comparing far-IR fine-
structure transitions with one another and with HI 21
cm. Prospects for LIM in the far-IR/submillimeter
has been examined in several studies [Gong et al.

2011; Uzgil et al. 2014; Silva et al. 2015; Cheng et
al. 2016; Lidz and Taylor 2016; Serra et al. 2016].
Ground-based experiments are underway, making
first measurements of CO [Cleary et al. 2016, Bower
et al. 2015], and [CII] in the 1-mm atmospheric
window [Crites et al. 2014; Lagache 2017], and a
balloon experiment is now funded to target [CII] in
the 240 to 420 um band (STARFIRE)—see [Hailey-
Dunsheath et al. 2018].

GEP-S is extremely well suited to LIM because
it offers excellent surface brightness sensitivity.
Point-source sensitivity (which typically requires
large apertures) is not required. Sensitivity estimates
for a cryogenic far-IR mission have been presented
in [Uzgil et al. 2014]. Scaling from these results
indicates that GEP-S survey fields designed for the
galaxy surveys should readily detect the clustering
signal that encodes the total co-moving luminosity
density (piine) in the bright lines (particularly [O III]
88 um) at z = 1.5 (the epoch considered in
Uzgil + 14) with SNR of several hundred. For this
measurement, the 100-square degree dataset will be
the most powerful because it will have the lowest
sample variance; we expect the bright lines will be
sample variance limited with a clustering SNR of
more than 50. The 1.5-square-degree dataset will be
used to measure or set limits on the line emission at
higher redshifts. The SNR in the power spectrum,
P(k), scales as Pss(bpine /Di?)?, where Pss is the
underlying dark matter clustering power, b is the
luminosity weighted bias, and Dy, is the luminosity
distance. Even with piine fixed, this product drops off
rapidly with look-back time; however, GEP-S
should detect the clustering in the shorter-
wavelength fine-structure (e.g., [Si II] 34, [O I] 63
pm) lines out to z = 4 with SNR of several.
Detectability at higher redshifts will depend on the
luminosity density at that redshift, and will a subject
for detailed study in Phase A.

This experiment will be conducted with the
datasets obtained as part of the other surveys, but it
does demand high fidelity in the maps over large
scales (~1 degree), where the clustering signal
resides. This translates to requiring good detector
stability (1/f knee of at most 100 mHz) so that
sensitivity is preserved as the scan crosses the field.

Extragalactic source confusion arises when point
spread functions of galaxies overlap. It happens at
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far-IR wavelengths where diffraction-limited beams
can be 10" or larger. It can be difficult or impossible
to separate galaxy properties when they are
‘confused’, although there are well-developed
methods to make use of prior information to
deconvolve measurements. Confusion ‘noise’ is the
signal that arises from galaxy separations on the
order of the beam size. It forms a noise floor below
which an observation cannot integrate; however,
fruitful quantitative analysis can be done well into
the confusion noise floor. In this subsection,
estimates of the expected GEP-I confusion noise are
presented. In the next subsection, a method to
mitigate confusion is presented. In summary, GEP-I
observations likely will reach the confusion noise
level at approximately 70 um and longward in the
deepest two surveys (3 and 30 sq deg). GEP-S
spectral line observations will not be subject to
confusion because lines from multiple redshifts will
be distinguishable with R = 200.

We estimate the extragalactic confusion noise to
be expected for GEP-I observations by: 1)
considering confusion noise measurements from the
previous observatories, and 2) deriving an empirical
relationship for confusion noise as a function of
telescope aperture diameter to interpolate to GEP-
I’s bands. The confusion flux density was estimated
using Spitzer 70 and 160 um [MIPS 2011; Frayer et
al. 2009] and Herschel 70, 100, and 250 pm
[Magnelli et al. 2013; Berta et al. 2011; Herschel
Team 2014]. When the various confusion noise
measurements are scaled by our empirically derived
relationship between confusion and aperture
diameter (confusion noise flux density ~ D%
Figure 15), they are consistent. This validates the
scaling relation for interpolation to the GEP 2.0 m
aperture for estimation of confusion noise. It also
shows that aperture diameters below 2.0 m will be
increasingly susceptible to confusion.

We assess confusion noise for GEP-I by
comparison to estimated map depths (Figure 11) for
the four GEP-I surveys. The comparison yields the
following results:

1. At 24 um, GEP-I will not be confusion limited:
Spitzer was not with a 0.85 m, 4 K aperture
even in deep observations.

2. The 70 um, 16 RMS GEP-I map depths are
6 wly, 20 ply, 60 uly, and 6 mly for the 3, 30,
300 square degree, and all-sky surveys,
respectively. Scaling the Spitzer 300 ply,

4.0 Diffraction-Limited 70 um Map Depth at Confusion (15 Beams per Galaxy)
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Figure 15. GEP’s 2.0 m aperture is optimal: a
smaller aperture would suffer much worse
confusion noise and a larger aperture would not be
feasible with a Probe-class budget. The plot shows
the flux density at which a classical confusion of 15
beams per galaxy as a function of telescope aperture
diameter for a wavelength of 70 um. The number
counts are from [Béthermin et al. 2012]. The curves
are piecewise fits, which can be represented
approximately as confusion noise flux density

proportional to D72, where D is the aperture
diameter.

70 um confusion noise by the empirical D2
relation yields 50 uJy RMS. Thus, the noise in
the deepest two surveys will be dominated by
confusion noise at 70 um, the observational
noise will just reach the confusion noise in the
300 square degree survey, and the all-sky
survey will not be affected by confusion noise.

3. At 100 pm, scaling by the D™? relation,
Herschel’s observed confusion noise of
200 pJy RMS would be 600 pJy for GEP-I.
Thus, the all-sky survey, with a 16 map depth
of 600 pJy, would just reach the confusion
noise level.

4. All four surveys will likely reach the confusion
noise level at wavelengths longer than 100 pm.
However, observations must be made at these
wavelengths to measure total luminosities of
bright, low-z galaxies and lensed high-z
galaxies, of which GEP-1 will detect many
(Figure 12).

This analysis supports our conclusion that GEP-

I will likely have significant confusion noise at 70

um and longer, but not at shorter wavelengths. GEP-

I must integrate deeper than the 70 um confusion

noise in the two deepest surveys for PAH redshifts

of luminosity z < ~4 galaxies with the wavebands at
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50 um and below, which will not be limited by
confusion noise. Additionally, monochromatic
fluctuation ‘probability of deflection’ P(D)
analyses—for example, [Glenn et al. 2010] — show
that it is possible to constrain galaxy populations
meaningfully with observations deeper than the
confusion noise level. A polychromatic P(D)
analysis with GEP-I observations covering the
redshifted PAH features would be extremely
powerful: it would yield precise galaxy number
counts and redshifts statistically for the ensemble,
and therefore luminosity functions, and tightly
constrain galaxy evolution models.

Furthermore, using cross-identification with
counterparts at shorter wavelengths, galaxy
properties can be measured even when there is
source confusion (§2.5.7). For example, [Labbé et
al. 2015] showed that contamination by confusion
can be reduced a factor of six with short-wavelength
prior-based photometry. Additionally, because the
detector count in wavebands longer than 100 pm
(GEP-I band 19) is small (§3.2 and §3.4), the cost of
retaining them is clearly merited for measurements
of far-IR luminosities, nearby galaxy science, and
powerful P(D)-type fluctuation analyses.

GEP-I imaging likely will be susceptible to
confusion noise from around 70 pum onward,
corresponding to GEP-I bands 17 to 23. In this
section we investigate the current state of the art for
dealing with confusion and future developments that
will improve accuracy further.

The Next Generation (X)Cross Identification
(XID+) code was developed to estimate flux
densities accurately from confusion-limited
Herschel imaging [Hurley et al. 2016]. A key feature
of XID+ is that it exploits the prior information on
the positions of galaxies obtained from high-
resolution imaging at shorter wavelengths. With
confused data the flux density estimates are
inevitably correlated; thus, a second key feature of
XID+ is that it investigates the full posterior space
of flux densities to derive rigorous uncertainties,
taking into account confusion. The experience with
the Herschel Extragalactic Legacy Project (HELP),
[Hurley et al. 2016], shows that good priors are
crucial to extract flux densities accurately. For
Herschel, the most effective data for simple prior
source positions were from Spitzer/IRAC images,
which provided high spatial resolution and were
well correlated with far-IR flux densities. Long-
wavelength observations with GEP-1 will benefit
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Figure 16. Difference between XID+ fitted and true galaxy flux densities as a function of distance to the
nearest galaxy neighbor for three GEP-I long-wavelength bands: 17, 20, and 23 (with FWHM beam sizes
of 8.6, 16, and 38 arcseconds, respectively). For bands 17 and 20, the fractional error in the flux density is
small down to the beam size and clustered around zero. Red vertical lines show the beam width as measured
by the full width at half maximum. At the beam size and below the dispersion increases, although there is
no bias. For band 23, GEP-Is longest-wavelength band, the simulation data do not extend to great enough
separations to see that the difference changes at the beam size. In this band, there is a negative bias for some
galaxies—this will have to be addressed in the XID+ algorithm or quantified for statistical corrections.
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similarly from the short wavelengths, and we use
these as priors in out modeling of confusion. The
performance of XID+ also can be quantified by
measuring the difference between fitted and true
galaxy flux densities as a function of the distance to
the nearest galaxy neighbor. Figure 16 shows that
down to galaxy separations of the beam size—below
the classical confusion ‘limit’—galaxy flux
densities can be deblended with small fractional
errors and little or no bias in most cases.

A recent extension of XID+ has been the
inclusion of spectral energy distribution models to
fit multiple bands simultaneously. This has the
capacity to break degeneracies and significantly
reduce errors. Applying this method to all 23 GEP-I
bands is highly promising as a means to deblend the
confused bands. Utilizing the XID+ flux densities
from the standard wide-field single bands as priors,
this method can be used for highly blended galaxies
or galaxies of particular scientific interest. Work is
underway to apply it to large samples.

3 INSTRUMENT PAYLOAD

The GEP payload includes the optical telescope
assembly (OTA), GEP instrument comprised of one
imager module (GEP-I) and four spectrometer
modules (GEP-S), and a payload thermal subsystem
[Glenn et al. 2018]. Figure 17 shows the basic
optical configuration of GEP and layout of all major
components in the payload assembly. This section

includes: descriptions of the optical telescope
assembly (§3.1), the GEP imager (GEP-1, §3.2), the
GEP spectrometer (GEP-S, §3.3), the kinetic
inductance detectors (KIDs) that comprise all GEP
focal planes (§3.4), their readout electronics (§3.5),
and the payload thermal design (§3.6).

3.1 Optical Telescope Assembly

To meet the science objectives, the fundamental
optical design requirement is to collect light with the
2 m diameter primary mirror and to form an f/9 focus
at five interface planes. The unobscured three-
mirror astigmat (TMA) is an oft-used configuration
that is well suited to the first-order optical and
mechanical requirements of this system. The
powered mirrors are all conic shapes with parent
surfaces that have mutual tilts and decentrations to
reduce wavefront error (Figure 17).

The five instrument interface planes are nearly
coplanar at the common focal surface of the TMA,
with minor differences in final focus to minimize
wavefront error in each channel. Based on the sizes
of the Focal-Plane Array (FPA), spectrometer slits
and enclosures, the optimized field of view is 0.81°
% (0.88°. The centers of the spectrometer slits are in
the plane of symmetry of the TMA so that they can
be untilted with respect to the central ray to each
spectrometer. Stray light suppression is achieved
with a pupil stop and a field stop.
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Figure 17. Left: GEP optical configuration side view shows its simple TMA design. A field stop is located
between the secondary and tertiary mirrors and the fourth optic is a chopping mirror located at an image of
the primary mirror, forming a pupil stop. The GEP-I and GEP-S modules are in the lower right. Center:
Detail of GEP-I and the four GEP-S focal planes along with the ADR and 4 K cryogenic assembly. Right:
Detail of the 18 K assembly located near the focal plane assembly.
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To meet the extragalactic confusion
requirement, the primary mirror will be required to
be diffraction limited at 24 um. This also serves to
control cost because of the lower limit of KID pixel
sizes for a given readout bandwidth (§3.4 and §3.5).
However, the RMS wavefront error across the field
of view in the optical design is diffraction limited at
the minimum wavelength of 10 um. The 100%
encircled energy diameter is < 1.45", much less than
the 3.43" detector pixel size.

The baseline for the GEP primary, secondary,
and tertiary, and chopping mirrors is unactuated
silicon carbide (SiC), as was flown on Herschel and
Gaia. U.S. vendors are currently able to develop,
manufacture, and test a sintered 2 m primary mirror
from SiC. However, a technology that shows
promise for GEP and other far-IR telescopes is SiC
mirrors with distributed figure control actuators
(§6).

3.2 GEP Imager (GEP-I)

The GEP-I concept is designed to obtain repeated
measurements of each galaxy that is observed in
each of the 23 wavebands by continuously scanning
areas of sky. Each of the wavebands occupies the
same amount of focal plane area, 0.002 square
degrees, half of which is occupied by detectors and
half of which is allotted for filter mounting. As
shown in Figure 18, the shortest wavebands are in
the center, where the optical performance is the best,
and the longest wavebands are at the two edges.
Metal-mesh bandpass filters are placed over each
array. Bands 1-18 have spectral resolution R = 8,
whereas bands 19-23 are R = 3.5.

GEP-I will have 25,735 KIDs (§3.4). GEP-I’s
optical performance is diffraction limited at 10 um.
However, the primary mirror is specified to be
diffraction limited at 24 um, corresponding to ~3"
beam size (FWHM). The primary reason for this is
that the smallest KID pixel size we expect to be able
to fabricate without exceeding the readout
bandwidth is 300 um, which corresponds to 3.43".
Thus, bands 1-13 will not be Nyquist sampled while
bands 14-23 will be. Should greater bandwidth
become feasible through improvements in data
acquisition and computing speed (a very likely
development), the pixel sizes can be reduced,
recovering  Nyquist sampling at  shorter
wavelengths.

GEP-I KID Array & Bandpass Filters

TECCERFEEA e

Bands 1-18: Bands 19-23:
Band: 10-95 pm (13% Bandwidth) Band: 95-400 um (29% Bandwidth)
KID Arrays: 12 x 120 px KID Arrays: Varies, Less than 12 x 120 px

KIDs Detector

Figure 18. Top: Imager (GEP-I) focal plane layout
concept. The 50% active area allows for bandpass
filter mounts. Bands 1 (10.0-11.3 pm) through 15
(57.7-65.4 pm) have 1,440 KIDs (arrays of 12
horizontally in the top diagram by 120 vertically),
with 3.43" pixels (300 pm square). The longer-
wavelength bands have fewer, larger KIDs such that
the focal plane area occupied by each photometric
band is approximately the same. For example, Band
23 (300—400 pm) has 46 KIDs 1,560 pm square.
Bottom: Cross-section of GEP-I shows the simple
mounting structure for the KID arrays and the
bandpass filters.

3.3 GEP Spectrometer (GEP-S)

GEP’s spectrometer was designed to meet the
science requirements calling for observing mid- and
far-IR atomic fine-structure lines from galaxies over
a range of redshifts. Specifically, the 24.3 um [Ne
V] line starting at z = 0 (for AGN identification) and
the 63.2 pm [O I] line at z = 2. The entire bandwidth
should be available to identify spectral lines for
galaxies of unknown redshift. Sufficient spectral
resolution is required to achieve good sensitivity
(through dispersion of the astrophysical background
photons). Spectral resolution R = 200 meets these
requirements.

GEP-S is comprised of 24,640 KID detectors
(see §3.4) and is implemented with four
spectrometers, identified as bands 1-4 (Table 6).
The ray trace diagram and CAD model of band 4 is
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Table 6. The four bands of GEP-S perform spectral

mapping at R = 200.

| Bandpass (um) | KID Pixels |Slitlength(‘)

Band 1 2442 7840 3.8
Band 2 40-70 7840 6.4
Band 3 66-116 4480 6.0
Band 4 110-193 4480 10.0

shown in Figure 19. Each band, or spectrometer
module, is comprised of an enclosure, a slit, a
collimator, a diffraction grating (operated in first
order), a focusing mirror, and an array of KIDs. The
long slit lengths enable spectral mapping. As with
the imager, the shortest-wavelength bands 1 and 2
are placed nearest to the center of the field of view
where the optical performance is the best.
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Figure 19. GEP-S’s band 4 was designed to observe
from 110 to 193 pm. Top: A ray-trace analysis
verified optical performance. Bottom: Mechanical
design. GEP-S’s placement within the payload
assembly is shown in Figure 17.

3.4

New, deep mid- and far-IR observations require
large arrays of sensitive detectors. Over the past two
decades, the superconducting KID has emerged as a
powerful array technology applicable to a very
broad wavelength range that includes the 10-400 um
band needed for GEP [Day et al. 2003; Zmuidzinas
2012; Mauskopf 2018; Farrah et al. 2017]. KIDs are
baselined for GEP-I and GEP-S and will be a
competitive technology for the Origins Space
Telescope (OST) [Battersby et al. 2018], a 2030s
Flagship mission concept that also requires large
arrays of mid- and far-IR detectors. Figure 20
illustrates the landscape of far-IR detectors in terms
of sensitivity (expressed as noise equivalent power,
or NEP) and numbers of pixels in focal plane arrays.

Kinetic Inductance Detectors

Back-illuminated, lumped-element, microlens-
coupled aluminum KIDs (Figure 21) operating at
100 mK will meet the requirements on GEP-I and
GEP-S. Each KID pixel is a superconducting thin-
film microresonator, consisting of an absorbing
meander inductor and an interdigitated capacitor
deposited on a silicon substrate. Light incident on a
KID pixel is concentrated onto the inductor by the
microlens. The geometry of the inductor controls the
absorption characteristics as a function of
wavelength and polarization. Absorption of photons
changes the inductance, producing a small shift in
the resonant frequency (DF). The interdigitated
capacitors are unique for each pixel, allowing
different resonant frequencies and therefore
frequency-multiplexed  readout. KIDs  with
sensitivity  sufficient for GEP-I have been
demonstrated [Baselmans et al. 2017] while modest
improvement is needed for GEP-S.

Our report baselines KIDs for GEP-I and GEP-S
because, at present, this technology offers the most
straightforward path to meeting the science
requirements; a 2023 GEP Pre-Phase A trade study
would provide an opportunity to confirm the
detector technology that is most mature and easiest
to integrate with the spacecraft. Current alternatives
include Si:As IBCs as used in JWSTs MIRI, and
superconducting transition-edge sensor (TES)
bolometers. Si:As IBCs are technologically mature
and were considered in detail for GEP, but are
unusable beyond 28 pm and so KIDs would still be
needed for longer wavelengths. However, the pixel
pitch and operating temperature requirements for
IBCs (7 K) and KIDs (100 mK) are very different,
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Figure 20. Far-IR detector technology has made considerable progress toward larger, more sensitive arrays
over the past decade. BLAST-TNG: [Lourie et al. 2018]; CIT/JPL/CU APRA: [Hailey-Dunsheath 2018];
FIFI+LS: [Looney 2018]; GEP-I and GEP-S: this report; HIRMES: [Nikola et al. 2018]; MAKO: [Swenson
et al. 2012; McKenney et al. 2012]; NIKA2: [Adam et al. 2018]; OLIMPO: [Paiella et al. 2018]; OST-OSS:
[Bradford et al. 2018]; PACS: [Poglitsch et al. 2010]; SAFARI-p: [Hijmering et al. 2016]; SAFARI: [de
Lange et al. 2018]; SCUBAZ2: [Holland et al. 2013]; SPACEKIDs: [Baselmans et al. 2017]; SPIRE: [Griffin
et al. 2010]; SSPEC: [Wheeler et al. 2018]; STARFIRE-p: [Barlis et al. 2018; Hailey-Dunsheath et al.
2018]; STARFIRE: [Aguirre and Collaboration 2018]; and TolTEC: [Wilson et al. 2018].

and the diverging optical and cryogenic designs
would effectively necessitate two instruments each
for GEP-I and GEP-S and therefore drive GEP
above the cost cap. Furthermore, Si:As IBC array
fabrication is currently in hiatus and would need to
be restarted for GEP, with clear implications for cost

reached comparable multiplexing density and
require complex hybridization with SQUID
readouts, with attendant risks to performance and
cost. Further technical details of KIDs and a plan to
develop and demonstrate this technology to the level
needed for GEP is described in §6.1.

and risk. Meanwhile, TES bolometers can span the
required wavelength range and could potentially
achieve the required sensitivity, but have not

All elements of the GEP KID focal planes are
passive. The active components of the detector

Il
| absorbers
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Figure 21. KID designs suitable for the GEP-I and GEP-S wavebands. (4) This A > 100 um design
[Swenson et al. 2012; McKenney et al. 2012; Stacey et al. 2014] uses a meandered inductor that acts as an
efficient single-polarization absorber. A microlens focuses the far-IR radiation onto the absorber. Dual-
polarization designs have also been demonstrated. An interdigitated capacitor (partially shown) completes
the resonant circuit and sets the radio-frequency (RF) readout frequency. (B) This modified
absorber/inductor design provides high absorption efficiency at A = 10 pm, and is shown in close-up in (C).
(D) Illustrates prototype silicon microlenses produced at JPL/MDL [Lee et al. 2013]; adopting hexagonal
close packing increases the optical fill factor to 91%. Over 5,000 such microlenses have been produced on
a 100 mm diameter silicon wafer.
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readout chain are low-noise amplifiers at 4 K and 18
K and warm readout electronics.

3.5 Detector Readout Electronics

The GEP-I and GEP-S modules will share the same
set of readout electronics: they have separate (non-
simultaneous) observing modes. Their use of the
same electronics is diagramed in Figure 22.
Microwave switches on the readout lines will enable
selection of GEP-S or GEP-I for readout. There are
24 parallel readout channels available from three RF
readout boards with eight channels each. Of the 24
channels, 23 are utilized corresponding to the
number of GEP-I wavebands and detector modules.
The four GEP-S spectrometers will have their
readouts distributed over these 23 modules. The
eight-channel RF readout cards share a payload
electronics chassis with a chopping mirror driver
card and two clock, processor, memory, and power
cards for dual-string redundancy. The total
estimated power consumption for the readout
electronics is 484 W CBE.

For all GEP focal planes, KIDs are organized
into groups of ~1,500 detectors that are spread

across a 0.6-1.6 GHz band and read out using
electronics as illustrated in Figure 22. The choice of
a 1.1 GHz center frequency resulted from a trade
study in which smaller pixels were favored by the
optical design but larger pixels reduced the readout
frequency and bandwidth, and thus power
dissipation. The readout electronics generates an
analog waveform using RF-DACs that is transmitted
to the cold focal plane, exciting all 1,500 resonators.
The 1 GHz bandwidth return signal from all 1,500
KIDs is digitized with RF-ADCs and digitally
channelized with sufficient resolution to separate the
individual KID frequencies. Resulting digitized data
are low-pass filtered, recorded, and ultimately
downlinked to Earth. This basic processing scheme,
initially demonstrated in 2006 [Mazin et al. 2006],
has now been implemented in various forms for
ground-based and balloon-borne instruments [ Yates
et al. 2009; Duan et al. 2010; Duan 2015; McHugh
et al. 2012; Swenson et al. 2012; Strader 2016;
Bourrion et al. 2016; van Rantwijk et al. 2016;
Gordon et al. 2016; Henderson et al. 2018]. GEP
will process data on-board, including cosmic ray
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2 commercial or ASIC < Redundant
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RF | RF system on chip, [ Fe
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Figure 22. Readout system for the GEP KID arrays. All electronics are room temperature except the
amplifiers at 4 K and 18 K (and the KIDs themselves at 0.1 K). The power consumption is conservatively
estimated at 25 W per readout circuit. GEP-I uses 23 readout channels, GEP-S Box 1 & 2 use six readout
channels each, and GEP-S Box 3 & 4 use thee readout channels each.

31



The Galaxy Evolution Probe Concept Study

removal, basis change from in-phase/quadrature to
frequency-shift space, and merge IMU attitude data
with each science data frame.

In §6.2, the remaining aspects of readout
electronics technology development are described
and a plan with milestones leading to TRL 6 by 2025
is defined. Industry trends indicate that a solution
with commercial off-the-shelf (COTS) components
may be available as FPGA development works to
meet the needs of other customers of GHz
microwave electronics. Should a COTS option not
be available by 2023, a dedicated ASIC will be
developed, which JPL has already done for
GHz-bandwidth spectrometers. Our GEP study
adopts a conservative power consumption of 24.4 W
per 1 GHz readout channel, within reach of current
commercial technology.

3.6 Payload Thermal

The thermal system for GEP employs multiple
passive and active stages to meet the temperature
intercept requirements of the instruments and optical
assembly. Figure 23 from Moore et al. 2018 shows
all active and passive components in a block

GEP-I Cold
Structure & Optics

GEP-S Cold
Structures & Optics

GEP-S
FPAs

)\A
4 K Shield ]
VVV

Remote
Coldhead Assy

Coax
Amplifiers

Active Shield

V Groove #3

V Groove #2

Precooler
Coldhead

V Groove #1

GEP Bus

Figure 23. GEPs thermal accommodation uses
active and passive cooling to maintain 100 mK
required by the focal planes, 4 — 6 K for the optical
assembly, and 18 K for the cryogenic amplifiers.
Figure from [Moore et al. 2018]. Physical layout of
major active components is shown in Figure 17.

18K Non-Cryo

diagram. The chopping mirror (see Figure 17)
operates at 4 K. A continuous multi-stage adiabatic
demagnetization refrigerator (ADR) provides
cooling for the detectors at 100 mK, with a 1 K
thermal intercept to reduce thermal noise and
parasitic loads. As discussed in the §5.3, NASA
GSFC has extensive experience producing flight
ADRs and the proposed system utilizes high
heritage subcomponents from previous missions.

A hybrid Joule-Thomson/Stirling cryocooler
intercepts heat at 4 K, from the ADR, cryogenic
amplifiers, and parasitic loads. The hybrid cooler
has an 18 K intercept to cool a second stage of
amplifiers for the detector signal and an active
shield. As discussed in §5.3, multiple vendors,
including NASA GSFC and Ball Aerospace, offer
high TRL cryocoolers capable of meeting GEP heat-
lift requirements. The sunshield assembly consists
of three reflective shields with a total area of 33 m?,
and a 9.77 m’ active shield located above the
sunshield under the focal plane boxes. The substrate
of all four shields is an internally self-supporting 1
mm thick M55J laminate with an areal density of
29.5 kg/m®. The reflective coating on the three
warmer, passively cooled sunshields consists of a
thin (.005”) layer of aluminized Kapton adhered to
the surface. The bottom surface of the actively
cooled sunshield is also aluminized Kapton,
however the top surface is a | mm thick high purity
Aluminum thermal spreader layer. Fiberglass
composite struts provide intershield supports at the
perimeter to accept launch loads.

The sunshields are passively cooled. They
intercept conducted loads from the bipods and
harnesses and radiative loads from the Sun. With
these non-deployable sunshields, the spacecraft can
tilt £20.6°, maintaining all cryogenic components in
the shadow cone and thus preserve thermal system
operability. The cooler and ADR electronics
dissipate heat at ‘room’ temperature (~300 K), along
with all bus components, which is radiated by 10.5
m? of radiators mounted on the bus behind the solar
panels.

4 DESIGN REFERENCE MISSION

The GEP flight system is designed as a Class B
mission with significant science and engineering
margins. It utilizes a combination of high-heritage
designs and new components from trusted vendors,
resulting in a low-risk mission below the Probe class
cost cap. The GEP flight system is based on the Ball
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Aerospace BCP2000 reference bus, of Kepler
heritage, that is customized to meet the science and
mission requirements of GEP. Following a one-
month transit to an L2 halo orbit, a four-year survey
program is divided into an imaging campaign and a
spectroscopy campaign, where over 350 TB of
observational data will be downlinked. Table 7
summarizes high-level GEP mission parameters
while Table 8 outlines the system-level mass
equipment list (MEL).

Table 7. GEP mission parameters.

Parameter | GEP’s Design |

Launch Date January 1, 2029

Destination Sun-Earth L2

Mission Duration 4 years

Bus Design Life 5 years

Mission Class B, dual string (hot/cold
redundancy)

Anticipated Bus Heritage Ball BCP2000 (e.g., Kepler)

Dry Mass (CBE + Contingency) 1320 kg

Max Power (CBE + Contingency) | 1990 W

Stabilization Three axis (0.5 as/3 min),
non-spinning

Primary Mirror Temperature 4 K design, 6 K allowable

Focal Plane Temperature 100 mK

Field of Regard +20.6°

Total Mission Science Data >350 TB

Table 8. GEP system-level mass equipment list
(MEL).

CBE Mass | CBE + Contingency
[kg] [kg]
Payload 376 488
Spacecraft Bus 669 831
ACS 52 58
C&DH 27 29
Power 59 71
Propulsion 55 58
Mechanical 351 457
S/C-Side Adapter 12 16
Cabling 43 56
Telecom 27 31
Thermal 43 55
Total Dry Mass 1045 1319
Propellant Mass 234
L/V-Side Adapter 36
Predicted Wet Mass at 1315 1589
Launch
Allowable Wet Mass at 3023
Launch

4.1

The GEP mission is divided into four phases: launch
& transit, science checkout, GEP-I science, and
GEP-S science. There are no critical events
following launch. GEP will conduct its science
mission from L2. L2 was selected owing to its
available field of regard and favorable thermal
environment compared to Earth orbit. Moreover,
because GEP has no consumables, there is potential
for an extended mission.

Mission Design & Phases

The GEP mission is notionally scheduled to
launch onboard a Falcon 9 on January 1, 2029 and
transit to an Earth-Sun L2 halo orbit. The 30 day
transit to L2 will require three trajectory correct
maneuvers (TCMs) for a total of 150 m/s required
AV. During transit, GEP will remain warm as a part
of the decontamination period described in §5.2.

Following all required TCMs and the
decontamination period, GEP will cool down its
payload. Once the payload is at its operating
temperature, a science checkout phase will evaluate
the function of all aspects of the payload. Beginning
with science checkout, orbit maintenance will be
required for the remainder of the mission, requiring
10 m/s AV over 16 maneuvers that can be scheduled
flexibly.

Following science checkout, the two-year GEP-
I science phase will begin. GEP will continuously
observe while rotating or rastering about the Sun-
Probe axis. GEP-I’s survey areas will be defined in
advance of launch. For two years, no further
modification to this pre-defined survey schedule
will be required to meet the science objectives.
Moreover, during the GEP-I science phase, GEP-S
will not be used. GEP-I will observe at all times,
including during downlink, wunless otherwise
restricted by desaturation events or other health and
safety operations. As GEP-I survey data are
downlinked, the science team will discover targets
(galaxies) for the pointed observations during the
GEP-S science phase.

The GEP-S science phase will begin by
switching the microwave switches to point to
GEP-S. This is the only time they are used following
science checkout. During the GEP-S science phase,
the plan for observing pre-defined fields and targets
defined during the GEP-I science phase is executed.
There will be no opportunities for guest-observer
programs in Phase E, which limits operations
complexity and minimizes science team budget.
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4.2

The orthogonal positioning of GEP’s passive
sunshield enables GEP’s robust deep scan strategy.
With a maximum Sun-Earth-Probe angle of 15°, the
field of regard is £21.6° about its boresight. During
the surveys defined in Table 4, GEP rolls about Sun-
Probe axis, thereby allowing it to observe the north
and south ecliptic pole fields at all times throughout
the mission. Owing to the static high gain antenna’s
pointing requirement tolerance, surveys will also be
conducted during downlink when the boresight rolls
about the Earth-Probe axis. Given the location of the
halo orbit, the Earth, and the Sun, there is 6° of
margin in pointing off the Earth-Probe line
(Figure 24).

Survey Operations
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Figure 24. The GEP mission design enables GEP to
observe with near 100% observational efficiency.
The maximum Sun-Probe-Earth angle is 15°. GEPs
sunshields afford a 42° field of regard, illustrated as
allowable Sun angle in shaded blue, resulting in a 6°
pointing margin about the Probe-Earth line and 21°
about the Probe-Sun line. Figure is not to scale.

GEP-S science observations include surveys
and targeted observations, only some of which will
be at the ecliptic poles. GEP-S fields and targets that
are at lower equatorial latitudes will be scheduled in
advance so that GEP field-of-regard restrictions can
be respected. With this restriction comes the benefit
of reduced planning complexity and the resulting
potential for Phase E cost growth.

The GEP-I and GEP-S instrument modules
observe one at a time and use the same readout
electronics. They share a scan survey observing
mode, where mapping is performed as the spacecraft
slews at approximately 60"/s. The scan survey mode
is used for all the GEP-I surveys, for GEP-S’s 1.5
and 100 square degree surveys, and for mapping of
nearby galaxies. GEP-S also has a pointed

observation mode in which a chopping mirror, with
a total throw of £0.2°, modulates the signal for 1/f
noise mitigation and for background subtraction.

Notably, GEP’s survey operations are resilient
to pointing control failure. Reaction Wheel
Assemblies (RWA) failure, as recently experienced
on Kepler and Dawn, has the ability to limit
observations and reduce mission duration. The first
strategy employed by GEP to reduce the impact of
RWA failure is by incorporating four reaction
wheels, with one being redundant, to meet Class B
requirements and to improve survivability.

GEP also is also resilient to pointing faults with
safe slewing operations that naturally respect
thermal constraints, with sufficient thermal margin
to limit noise at maximum nominal off-pointing. In
the event of a missed desaturation, RWA total
momentum storage is approximately twice the
desaturation threshold. The GEP survey strategy
requires the spacecraft to slew radially about the
Sun-Probe axis or within a 15° offset. With this
configuration, solar pressure offers little torque to
rotate the spacecraft beyond its maximum off-
pointing angle, increasing any associated times-to-
criticality.

Table 9. GEP has been designed to perform

beyond a field of regard set by 15 deg pointing
off the Sun-Probe axis. This table shows GEPs
resilience to thermal loads beyond the requirement,

at £20 deg.
Spacecraft Tilt
20 degrees

26.5mW 27.8 mW

27.3mW

Total unmargined
load at 4 K (parasitic
+ instrument)

Total unmargined
load at 18K (parasitic
+ instrument)
Telescope
temperature range
(including 4 K
structure)

Active shield average
temperature
Sunshield 3 average
temperature
Sunshield 2 average
temperature
Sunshield 1 average
temperature

Bus radiator panel
average temperature

156.8 mW 98.8mW | 128.4 mW

45t053K | 45t053K | 45t05.6K

20K 19K 19.5K

42K 40K 47K

94.5K 88 K 92K

229K 223K 229K

211K 265K 2711.5K
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4.3

A simple monopropellant hydrazine blowdown
system using heritage components was selected. A
single 22 N, Aerojet MR-106L main thruster
provides thrust for halo orbit insertion while four 4
N, Aerojet MR-111C thrusters are used to desaturate
GEPs reaction wheels once per day. A total of 234
kg of Hydrazine is held to support the total AV
budget of GEP is 160 m/s and daily desaturations.

4.4 Attitude Control Subsystem (ACS)

GEP’s ACS subsystem is sized to meet the pointing
stability requirement of GEP-S’s pointed-observing
mode, requiring 0.5” (10) stability for 300 s and 0.5"”
pointing knowledge. The pointing knowledge is
provided by three low-cost, high-accuracy star
trackers (either Sodern Hydra or Ball CT2020), with
a fourth carried for redundancy [Ball Aerospace
2018]. Star tracker telemetry is used by the bus for
spacecraft pointing and to update a Northrop
Grumman SIRU, generating high refresh-rate
pointing knowledge piped to payload electronics for
recording in observational metadata. Three Adcole
2-axis Sun sensors are flown to provide redundant
pointing knowledge during safe mode. Three-axis
stabilization for the bus and payload is provided by
four high-heritage Honeywell 25 RWA. The RWA
momentum capacity is 25 N m s, while the
requirement is 10 N m s.

4.5 Command & Data Handling

Two high-heritage RAD750 flight computers are
flown in a dual-string configuration. Four storage
cards are used to provide 760 GB of available
storage, three times the daily generated data. This
allows data to be sent on the same day of
observation, retransmitted on the following day if
data are missed, and confirmed for retransmission or
deletion on the second day after observation.

Propulsion

GEP produces three types of data products on-
board: In-phase/Quadrature 1QO0, 1QI, and delta
frequency (Af), with their processing defined by the
flow in Figure 25. All data processing for these
products is performed by payload electronics. For
GEP-I, 1QO0 data represents KID raw data after Fast
Fourier Transform (FFT) with pointing and timing
information inserted into the metadata. GEP-S 1Q0
data products have an additional processing step to
demodulate the action of the chopping mirror. The
IQ1 data product has a processing step to remove
cosmic ray events. Further on-board processing

changes the basis of the data from 1Q to frequency-
space, allowing a reduction in data volume by a
factor of two.

The GEP study assumes no on-board
compression. However future study may verify the
usability of lossless compression resulting in
reduced DSN costs, relaxed telecommunications
requirements, and/or improved margins.

4.6 Telecommunications

Over its mission, GEP downlinks over 350 TB of
data by utilizing the DSN’s evolving Ka-band
capability. GEP uses Ka-band downlink for science
data and S-band for command and telemetry. A
0.65 m static HGA is baselined to reduce cost and
vibration. It enables 132 Mbps science data
downlink with 7.9 dB to the DSNs 34 m beam
waveguide (BWG) ground stations. GEP carries two
Ka-band TWTAs for redundancy should one fail.
Furthermore, if DSN enables dual-polarization
Ka-band downlink, GEP can downlink at 300 Mbps,
reducing operations costs without any additional
hardware. For persistent access, commanding, and
telemetry, two low-gain S-band antennas offer
4 1 steradian coverage.

4.7 Mission Operations

The GEP science operations impose a limited set of
commanding requirements, allowing for simple
operations. In addition to verifying spacecraft
functionality, health, and beginning payload thermal
operations, early observations of reference targets
will be recorded in IQ0 and IQ1 data types. Ground
processing of these reference target data will be used
to optimize calibration, cosmic ray removal, and
drift removal processing on-board such that Af data
will be transmitted during science operations (see
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Figure 25. The onboard processing of GEP-I data is
straightforward. The limited processing adds
pointing information and reduces the stored data
volume by performing a basis transformation.
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Figure 25). During science operations, background
sequences defining surveying, data downlink, and
spacecraft health and safety maintenance can be
uploaded weekly or less frequently. As survey-mode
observations continue, one five-hour DSN pass per
day is required to downlink 0.24 TB, the average
daily data volume.

GEP Phase E science operations were designed
with significant margin to the requirements in the
STM. The survey depth and field requirements
outlined in the STM require a 12,000 hour survey.
However, the spacecraft has been designed and
costed, along with required DSN time, to support a
17,500 hour survey - resulting in a 46% margin on
observational efficiency. Additionally, GEP
maintains data storage margin to permit for missed
DSN passes in the event of poor weather at the
ground station.

For this study, the GEP Team has assumed that
mission operations are conducted from NASA JPL.
However, pre-proposal study will select either
NASA JPL or University of Colorado (CU)
Boulder’s Laboratory for Atmospheric and Space
Physics (LASP), which operated the Kepler
spacecraft.

5 CoST, RISK, AND HERITAGE ASSESSMENT
5.1

This study has generated two cost estimates for the
GEP mission. The GEP Team and JPL Team X
(JPL’s concurrent design facility) have estimated
GEP’s lifecycle cost to be $910M and $951M FY'18,
respectively, as detailed in Table 10. Both estimates
assume 30% development reserve on Phases A—D
and 15% on operational reserves in Phase E,
excluding WBS 7.03, as is standard practice. The
Team X evaluation costed all aspects of the mission.
The GEP Team cost was compiled based on
estimates from Ball Aerospace and Team X.
The costs presented in this report are ROM
estimates; they are not point estimates
or cost commitments. It is possible that each
estimate could range from as much as 20% percent
higher to 10% lower. The costs presented are based
on Pre-Phase A design information, which is subject
to change.

Two different approaches were used to cost the
flight system. The JPL Team X flight system
estimated WBS 6 to be $232M, assuming an
in-house build, resulting in a more conservative

Cost Assessment

estimate. The Ball Aerospace combined estimate of
WBS 6 and 10 is $200M and was derived from cost
regression as a function of bus mass based on data
from historical Class B missions using the BCP2000
bus. The Ball estimate includes an estimate of JPL
institutional overhead.

GEP-I, GEP-S, associated payload electronics,
optical assembly, and all active cooler components
are costed as a part of the GEP payload. GEP-I and
GEP-S were costed as a single instrument using
NICM Version 8 as a passive RF instrument owing
to the nature of their readout electronics and their
identical operating temperatures. The NICM
subsystem cost, reported by Team X, is $59M. In
order to account for the design and integration of
multiple focal planes, the GEP team estimated a cost
of $84M for all the modules. This estimate was
made by assuming that GEP would have a similar

Table 10. Both JPL Team X and the GEP Team
estimated the cost of GEP. Both estimates are
under the Probe cost cap, with substantial reserves
available to mitigate cost growth. Note that the
GEP Team estimate for WBS 6 Flight System
includes WBS 10 ATLO.

Work Breakdown Structure ‘ GEP Estimate Team X
(WBS) Elements Estimate
Development Cost (Phase A-D) $661M $702M
1.0, 2.0, & 3.0 Management,
Systems Engineering, and Mission $54M $54M
Assurance
4.0 Science $16M $16M
5.0 Payload System $195M $168M
5.01, 5.02 Payload Mgmt, SE $6M $6M
5.1 GEP-I
52 GEP-S $91M $64M
5.3 Active Cooling $71M $71M
54 OTA $27TM $27TM
6.0 Flight System $200M $232M
7.0 Mission Op Preparation $17M $17M
9.0 Ground Data Systems $22M $22M
*Included in
10.0 ATLO WBS 6 $26M
[1)2.0' Mission and Navigation $5M $5M
esign
Development Reserves (30%) $152M $162M
Operations Cost (Phase E) $99M $99M
1.0 Management $4M $4M
4.0 Science $44M $44M
7.0 Mission Operations $30M $30M
9.0 Ground Data Systems $OM $OM
Operations Reserves (15%) $12M $12M
Launch Vehicle (LV) $150M $150M
Total Cost (including LV) $910M $951M
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ratio of non-sensor/sensor costs as Spitzer MIPS
cost actuals, while fixing the sensor costs to the
NICM 8 output. In both cases, the cost of focal plane
integration is carried within this WBS line, while
payload integration is carried in WBS 10 ATLO.

The cost of active cooling includes the ADR and
cryocooler and is carried in WBS 5.3. The ADR cost
for this study is an estimate from NASA Goddard
Space Flight Center (GSFC). It assumes the
provision of both a flight model and an engineering
model. GSFC has produced ADRs for multiple
spaceflight missions. The 4 K cryocooler cost for
this study is based on the NICM VIII CER
Cryocooler model, assuming a commercial build.
GEP benefits from recent and ongoing investment
by commercial suppliers of 4 K coolers as described
in §5.3.

The optical assembly was costed using the Stahl
model for a 24 um-diffraction limited, 4 K, 2.0 m
primary mirror, resulting in $27M.

Operations costs were estimated by Team X and
adopted by the GEP Team. Additional study was
performed to estimate the cost of operations at CU
Boulder LASP. LASP cost estimates were generated
for WBSs 7.0, 7.03, 9.0A, and 9.0B, and were found
to be similar to the cost of conducting operations
from NASA JPL. Thus, conducting operations from
LASP remains an opportunity for future study.

The science effort, described by WBS 4, was
generated by the GEP team and based on experience
developing the software pipeline for Herschel
SPIRE, delivery and archiving of SPIRE GTO data
products, and GTO data analysis. This cost was
passed through Team X and was accepted as a part
of their estimate.

All other WBS elements were costed using the
JPL Institutional Cost Model assuming a Class B
mission with spacecraft built by a subcontractor.
Team X estimates are generally model based, and
were generated after a series of instrument and
mission-level  studies. = Their accuracy is
commensurate with the level of understanding
typical to Pre-Phase-A concept development. They
do not constitute an implementation or cost
commitment on the part of JPL or Caltech.

GEP is able to perform transformative science under
the Probe cost cap due to advances in detectors and
RF electronics, its usage of a single detector

technology and FPA temperature, integration of
GEP-I and GEP-S payload electronics, and
advances is SiC mirror and technology.

Several trades remain for future study that can
provide additional opportunity to reduce cost. First,
investigation into the compressibility of KID's data
stream output could reduce telecom requirements.
Following this compressibility study, cost
optimization trades evaluating operations location,
downlink frequency, data rate, and telecom
electronics remain for future study. Additionally, the
propulsion system can be further simplified by
evaluating upper stage performance to perform HOI,
removing the need for GEP’s main engine. Finally,
expanding options for commercially available
cryocooler in the following years may provide
additional opportunities to reduce GEP cost.

5.2 Risk Assessment

The GEP mission architecture was based on a
strategy of defining appropriate contingencies and
margins and utilization of design strategies that
mitigate potential mission risks. In this section, the
risks to the GEP mission having the highest impact
and likelihood are discussed. Future work will
further quantify the impact and likelihood of these
risks.

GEP is expected to be the first space observatory
using KID technology. Therefore, the GEP team
will prepare multiple strategies to mitigate the
development risk owing to their fabrication,
integration, and test.

The first strategy is to begin detector
development early in the project lifecycle and
toreach TRL 6 quickly. The KID technology
development plan in §6.1 anticipates achieving TRL
5 with all required new technologies by 2023, two
years before the TRL 6 technology cutoff in 2025,
at the end of Phase B.

The second strategy is used to reduce the risk of
delayed down-selection of FPGA or ASIC readout
technologies. A GEP Team key decision point in
2022, prior to project start, will be to evaluate the
flight readiness of FGPA signal chain electronics,
described in §6.2. If the FPGA option cannot be
flight qualified in advance of a GEP proposal, its
logic can be designed as an ASIC. By placing this
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decision early in the GEP lifecycle, development
cost and schedule risk are reduced.

The third strategy is to leverage the physically
independent but very similar design of the focal
planes. Because none of the GEP-S module boxes
are coupled together and GEP-S and GEP-I are only
physically connected at the microwave switch, each
focal plane can be fabricated in parallel and unit
tested extensively prior to integration, thereby
mitigating potential schedule risk. We expect that
focal planes will be built and unit tested at JPL, with
final integration at the spacecraft vendor.

A possible cost risk mitigation strategy is to
maintain an option to select an adaptive SiC primary
mirror should the technology become sufficiently
mature by the project start. If this technology,
described in §6.3, becomes available, it has the
potential to reduce payload and systems I&T
duration and cost by reducing iterations of OTA
testing.

Following selection, GEP will begin developing a
payload thermal design that meet Class B
requirements. Design requirements will define
down-selection criteria for available cryocooler
options, as laid out in §5.3.

Hardware development and test of detector
payload and active payload thermal components will
be done independently. Final integration and test
will occur at the spacecraft vendor.

The GEP team will implement approaches in
mission development and operations to mitigate the
impact from cosmic rays. The KID readout
electronics will be designedto mitigate the
likelihood and impact of single-event upsets (SEUs)
that would reduce instrument availability. Radiation
testing will be a part of technology development and
will quantify the impact of SEUs and the mitigation
strategies. The microwave switches will also be
tested to evaluate their susceptibility to radiation,
although they are expected to be robust.

The strategy to minimize KID cosmic ray
susceptibility is two-fold. First, the impacts of
cosmic ray strikes to detector arrays will be limited
to a small number of detectors by deposition of
titanium on the semiconductor substrate. This has
been shown to localize cosmic-ray-induced phonons

to nearest-neighbor detectors [Monfardini et al.
2016].

The second strategy is to reduce the impact of
cosmic ray events, which will have unique and
repeatable (exponential) time signatures, by
performing on-board cosmic ray event removal. The
removal algorithm will be similar to those
successfully used by Herschel and Planck. During
early GEP observations, observations will be
performed and recorded as 1QO data products. These
data will be evaluated to optimize filtering methods
that can be uploaded to the GEP spacecraft to create
cosmic-ray-removed IQ1 and DF data products from
1QO0 data.

Although the flight validation process will assure
the reliability of payload electronics components,
the potential impact of their failure necessitates
response to mitigate identifiable failure modes.

By design, GEP-I and GEP-S are resilient to
failure. The payload electronics processor, memory,
clock, and power cards are dual-string redundant in
a hot/cold configuration. The highest-impact risk
would be the failure of a signal chain card, where
eight readout channels would be lost. To mitigate
this impact, consecutively bands will not be read out
on the same signal chain card. For example, GEP-I
bands 16 and 17, covering 65-74 and 74-84 um,
respectively, will not be read out by the same card.
Thus a large range of spectral data would not be lost
with the failure of a single card. As of this study, no
other payload electronics failure will jeopardize
GEP’s ability to meet its science measurement
requirements.

The second-highest impact risk is single readout
circuit failure. In such an event, a single GEP-I band
and portion of a GEP-S band is lost, limiting its
impact to a narrow range of spectrum.

The third-highest impact risk is microwave
switch failure. GEP reduces the likelihood of this
risk by minimizing the use of the microwave
switches to only once in the mission following
checkout. The impact itself is constrained to only
one GEP-I band and portion of a GEP-S band,
therefore limiting the science impact to a narrow
range in spectrum.

If the chopping mirror fails, GEP-I (which does
not use it) will operate normally, as will the GEP-S
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Figure 26. Left, Center: NGAS results for a 2-stage JT system showing 100% margin on GEP thermal
loads, for both modeled and measured performance [Raab et al. 2013]. Right: Predicted Ball cooler
performance for a point design supporting a mission with similar thermal requirements to GEP,
demonstrating 100% margin at 4.5 K relative to GEP requirements.

spectral mapping mode. The GEP-S pointed spectral
mode will suffer from 1/f noise and have reduced
sensitivity. Therefore, most of the mission
objectives—all but the first part of Objective 2—
will still be possible.

In this study, GEP has acknowledged the risk of
contamination that can impact telescope
performance. The GEP mission does not use a
telescope barrel or cover to limit dust and particle
contamination during the final stages of ATLO.
Given the size of dust, the GEP waveband, and
requirements that can be levied upon the launch
vehicle fairing, there is a small likelihood of dust
contamination impacting optical quality or
throughput to impact observations. In order to limit
deposition of outgassed volatiles upon optics after
launch, GEP will remain warm until outgassing is
completed, similar to [Planck Team 2013].

5.3 Heritage Assessment

GEP has two active cooling technologies: a hybrid
cryocooler for cooling to 18 K and 4 K, and an ADR
for cooling to 1 K and 100 mK. All technology
development has been completed for both the hybrid
cooler and the ADR. The only remaining work to be
done is in engineering implementation specific to
GEP requirements.

The GEP ADR requires no new additional
technology development to meet required
performance. GSFC has a well-established program
for ADR development [Shirron et al. 2000; Shirron
and Pirro 2005], with most individual components
at TRL 9. A continuous ADR design with five salt
pills and four cooling stages has been proposed by

Shirron that utilizes these high TRL components to
provide significant margin to GEP requirements at
both 1 K and 100 mK.

There are multiple approaches to implementing
the hybrid cooler, with one option from Ball and
another from Northrop Grumman Aerospace
Systems (NGAS). An approach proposed by Ball
Aerospace as a point design for a mission with
similar requirements utilizes the existing TIRS-2
mechanical Stirling cryocooler with an optimized
regenerator for lower-temperature operation. This
optimization is a well understood and common
modification in cryocoolers and does not qualify as
technology development. The JT cooling system
uses the same compressor as the TIRS-2 Stirling
Cryocooler with valving to circulate the *He
working fluid.

Additionally, the Ball cooler uses warm bypass
valves for precooling the system. This eliminates the
need for cold wvalves, which proved to be a
development challenge in the construction of the
MIRI cooler. Ball generated a point design for
another mission with similar requirements to GEP
and 100% margin above GEP loads (Figure 26).
Ball showed good results for a similar cooler during
Advanced Cryocooler Technology Development
Program (ACTDP) development [Glaister et al.
2005]. Ball is also assessing multistage JT coolers to
increase the compression ratio and improve
efficiency.

NGAS implemented the ACTDP to support
JWST, which resulted in the development of the 6 K
flight cooler for the MIRI instrument. This cooler
uses an acoustic pulse-tube Stirling cooler as the
precooler and a *“He JT cooler for 6 K heat lift. Using
the existing MIRI JT compressor with *He as the
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system working fluid could give improved
performance at 4.5 K. Scaling from existing
performance data indicates that it could meet the
thermal requirements of GEP with >100% margin.
This would only drive minor engineering work, such
as optimizing the *He performance of heat
exchangers. Additionally, NGAS has been
developing a multistage compressor for the JT
cooling loop that would allow very high
compression ratios suitable for high-efficiency
operation with “He at 4.5 K [Raab et al. 2013]. With
high compression ratios, “He is more efficient than
3He at this temperature. This design is expected to
be fully developed well before GEP mission
implementation. NGAS has already collected data
and models showing performance with ~100%
margin above GEP requirements (Figure 26).

GEP does not baseline any specific spacecraft bus
design, but was evaluated using the Ball
Configurable Platform (BCP) spacecraft that has
successfully supported 12 missions on orbit, with
five more in development. The GEP spacecraft
design draws directly from this extensive history by
using the same flight-qualified components and
designs. The legacy BCP modular spacecraft design
provides flexibility in I&T flow and enhances
schedule assurance via parallel manufacturing and
integration of the spacecratft.

GEP is baselining non-actuated SiC optics, with a
braze-joined primary mirror. This process was used
for the Herschel primary mirror and is currently
used by several domestic contractors.

The GEP operations are expected to be performed
either at NASA JPL or CU LASP, with both having
extensive experience in operating and maintaining
space observatories.

6 TECHNOLOGY MATURATION PLAN

With a launch in 2029, all technologies required for
the GEP mission must be at or above TRL 6 in 2025.
As detailed in this section, The GEP Team plans to
achieve TRL 6 technologies in advance of 2025.

6.1

GEP will leverage existing KIDs technology
development and planned future work to mature

Kinetic Inductance Detectors

KIDs technology in advance of a GEP proposal. Of
the existing demonstrations shown in Figure 20, the
European SPACEKIDs results [Baselmans et al.
2017] are the closest to meeting the GEP
requirements, which are listed in Table 11. By
comparing the capability gap between GEP KID
focal plane requirements and SPACEKIDs
performance, specific advances required to achieve
TRL 6 by 2025 can be identified:

Wavelength range: To support GEPs
wavebands, absorber-coupled detectors are
required (Figure 21), which represents an
improvement over the antenna-coupled A = 350
um SPACEKIDs design. Additionally, a
modified absorber design is needed at shorter
wavelengths (A = 10 pm).

Sensitivity: GEP-S requires at least a 3
improvement in NEP over SPACEKIDs. This
can be achieved through reducing the detector
active volume (thereby increasing the
quasiparticle density, and hence responsivity)
below the ~100 um® used by SPACEKIDs
[Hailey-Dunsheath 2018].

Multiplexing: The minimum detector-
multiplexing factor for GEP is 1,500 pixels per
GHz of readout bandwidth. This 6% increase in
multiplex factor relative to SPACEKIDs is
based on a 6x reduction in readout frequency,
from 6 GHz to 1 GHz (band center). Multiplex
factors of 6,500 per GHz have been
demonstrated at 200 MHz readout frequency
[Swenson et al. 2012]. Further improvements
are likely using post-fabrication resonator
trimming methods [Liu et al. 2017; Shu et al.
2018].

Pitch: The baseline pixel pitch of GEP-I is 300
um from wavelengths of 10 to 60 um to
provide 3.43 arcsecond resolution. For GEP-S,
the pixel pitch is 300 x 600 pm to meet the
spectral resolution requirement. Both are
smaller than the 1,600 pum SPACEKIDs pitch,
which was driven by their optics/antenna
design. The GEP requirements can be met with
area-efficient resonator designs and deep-UV
lithography [JPL/MDL 2018]. Smaller pixels
generally have higher readout frequency, which
presents an engineering design trade space of
pitch versus readout frequency.
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Table 11. Detector requirements for GEP versus results achieved for SPACEKIDs [Baselmans et al.

2017].
Tile Size A NEP MUX Pitch Tdet | Min. | Dynamic | Crosstalk | 1/f Cosmic
(pixels) | (um) | (WHz"2) | (pix/GHz) (mm) (ms) | Yield | Range (dB) knee Ray
(Hz) | Deadtime
SPACEKIDs 961 350 3x10-1 240 1600 1.5 | 83% 108 =30 0.2 <5%
GEP-I 1,440 | 10-400 | 7 x 10" 1,500 300 <4 | 80% 5,000 =17 <1 <2%
GEP-S 980 | 24-193 | 1x10° 1,500 | 300x600 | <4 | 80% 1,000 -17 <1 <2%

Notes: Minimum tile sizes for GEP-I/GEP-S shown; actual arrays could be multiples thereof. Tiles with 12 x 120 = 1,440 pixel format are
envisioned for GEP-I bands 1-18. GEP-S bands 1 & 2 assume arrays with 112 x 70 format, which could consist of tiles with 28 x 35 = 980
pixels. The dynamic range is specified for a 1 Jy calibration source, e.g., an asteroid [Miller et al. 2014; Baselmans et al. 2017]. Techniques to
mitigate electrical and optical crosstalk, and cosmic ray susceptibility, have been demonstrated [Noroozian et al. 2012; Baselmans et al. 2017;

Yates et al. 2017].

Recent, ongoing, and future key technology
demonstrations that lead to GEP’s (and OST’s)
requirements are listed in Table 12 and overviewed
in Figure 27. All of the table rows below
SPACEKIDs are, or are expected to be, NASA
funded. Cumulatively, the table presents a
pathway from state-of-the-art (SPACEKIDs and
STARFIRE-p) wavebands, detector counts, and
sensitivities through to GEP and OST
requirements.

A newly selected 3-year CIT/JPL/CU NASA
APRA program will demonstrate kilopixel-scale
KID arrays meeting our KIDs requirements
[Hailey-Dunsheath et al. 2018]. A small KID array
has already flown on the Italian OLIMPO balloon
payload [Paiella et al. 2018] and the BLAST-TNG
3.3 kilopixel KID focal plane is scheduled for an
Antarctic balloon flight in December 2018 [Lourie
et al. 2018]. Kilopixel-scale, far-infrared
aluminum KID arrays can also be fully
demonstrated using the newly-selected STARFIRE
NASA balloon payload [Aguirre and Collaboration
2018] and/or through the proposed KID upgrade for
the FIFI-LS SOFIA instrument [Looney 2018].

A planned GEP balloon precursor (GEP-B)
would enable absorber-coupled GEP-prototype mid-
and far-infrared KID arrays to be demonstrated. A
three-year, $8M, 6 FTE/year focused technology
development program (GEP-TD) would be needed
following the 2020 Decadal survey (assuming a
NASA Astrophysics Probe class is endorsed),
leading to demonstration of GEP prototype arrays at
the TRL-5 level by mid-CY23. A subsequent
technology maturation program (GEP-TM) that
included space qualification activities would reach
TRL-6 by 2025.

Table 12. Major detector technology
demonstrations leading to GEP and beyond.

Project Date | Type |Detectory, NEP |Wavelength

Count | (W Hz12) (um)
(pixels)

SPACEKIDs |2014—-17| Lab 1,000 | 3x10-%° 350

STARFIRE-p|2017—-18| Lab 45 4x10-18 350

APRA 2019-22| Lab | 1,000 | 1x107" | 10-350

FIFI+LS 2018-22| SOFIA | 9,856 <1.5x 51-206

10-17
STARFIRE |2019-23| Balloon | 3,600 | <1x10-"" | 240-420
GEP-TD 2020-23| Pre- | 1,440 | 1x10-" | 10-400
phase A

GEP-B 2020-24| Balloon | 3,000 | <5x 10" | 10-400

GEP-TM  |2023—25|Phase A| 1,440 | 1x10-" | 10-400

GEP-I 2025+ | Probe | 25,735 | 1x10-" | 10-400

GEP-S 2025+ | Probe | 24,640 | 1x10-"° | 24-193

OST-OSS | 2030+ |Flagship| 60,000 | 2x 1070 | 25-589

Notes: The SPACEKIDs [Baselmans et al. 2017] and STARFIRE-p
[Barlis et al. 2018] programs are already completed. The APRA
[Hailey-Dunsheath 2018] and STARFIRE [Aguirre and Collaboration
2018] programs were selected for funding by NASA, and FIFI+LS
[Looney 2018] has been proposed.

6.2 Detector Readout Electronics

Because GEP will have a potential option to use
either FPGA or ASIC technology for its detector
readout electronics, we plan to utilize cost-effective
FPGA options over the course of the development
outlined in §5.1 and to downselect from the two
technologies in 2022. This will provide sufficient
time to mature and flight validate, if needed, the
selected technology in advance of 2025.

To date, all KID instrument readout systems use
field-programmable ~ gate  arrays  (FPGAs)
[Trimberger 2015] for the digital channelization.
This channelization is conceptually equivalent to an
FFT, and sometimes implemented as such [Yates et
al. 2009; van Rantwijk et al. 2016]. Table 12 lists the
characteristics of selected Xilinx FPGAs spanning
several generations of CMOS technology, from the
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Figure 27. GEP has developed a robust plan to mature KIDs and payload electronics technologies in advance
of a Probe-class proposal through laboratory (shaded in red), SOFIA and balloon-borne experiments (green),
and system-level demonstrations (blue) starting in 2019. Their key parameters are listed in Table 12. In the
top of the figure, feasibility of GEP readout electronics is illustrated using the evolution of Xilinx FPGA
capability over time. Specific devices are plotted as points labeled by the part number, with data sheets listed
in the references. The horizontal axis gives the introduction date, and the vertical axis is a composite
performance metric that combines the number of logic gates and DSP cells, memory, and 10 capability. The
dashed blue line indicates the approximate minimum capability required for meeting the GEP baseline power
dissipation of 25 W per 1 GHz readout channel. Color is used to indicate the CMOS technology node while
font size indicates suitability for use in the space radiation environment. The XQRKUO060, which Xilinx
plans to release as a space-grade part in 2020, is a strong candidate for GEP. All work by the GEP Team
will feed forward to TRL 6 validation of all hardware required for GEP’s payload by 2025.

65 nm Virtex-5 family to the latest 16 nm FinFET
Ultrascale+ family [Xilinx 2015a]. First-generation
KID readouts [Duan et al. 2010; Duan 2015;
McHugh et al. 2012; Swenson et al. 2012] typically
used Virtex-5 [ROACH-1 2008] hardware to
process a 500 MHz bandwidth using about 50 W,
across which up to 4,000 KIDs could be multiplexed
[Swenson et al. 2012]. Similarly, the CORE mission
study [De Bernardis et al. 2018] concluded that a 1
GHz bandwidth could be read with 50 W using
existing space-grade, TRL-9 Virtex-5 FPGAs
[Elftmann 2018].

Newer-generation  FPGAs  could allow
10x lower power as illustrated in Table 13 [Xilinx
2015b]. Given the very strong interest in the use of

advanced FPGAs in space [Wirthlin 2013; Swift
2017; SEE 2018; SEFUW 2018; Le Mauft 2018;
Wang et al. 2018], one can expect additional options
than the Virtex-5 to be available by the time GEP
would enter Phase A. Thus, the laboratory figure of
50 W per 1 GHz channel is conservative.

Radiation test results on late-generation FPGAs
obtained at Sandia, JPL, and elsewhere [Lee et al.
2015; Lee 2017; Elftmann 2018; Allen and
Vartanian 2018] have been positive. As a result,
Xilinx has formally announced that the 20 nm
KU060 FPGA (used in the SMURF readout
electronics developed at SLAC) [Henderson et al.
2018] will be available as a space-rated product by
late 2020 [Elftmann 2018]. This bodes well for even

Table 13. Field programmable gate arrays for detector readout. Data sheets are listed in references.

Device | Node (nm) | Logic Cells | DSP Slices | BlockRAM | PLL | Transceivers | I/O Pins | Notes
XC5VSX95T 65 94 k 640 8.8 Mb 6 16 (3.75 Gb/s) 640 ROACH-1
XQR5VFX130 65 131k 320 10.7 Mb 6 18 (4.25 Gb/s) 836 TRL 9
10CX220 20 220 k 192 12.5 Mb 10 16 (12.5 Gb/s 284 Radiation tested
XC6VSX475T 40 476 k 2,016 38.3 Mb 18 | 36 (6.60 Gb/s) 840 ROACH-2
XCKU040 20 530 k 1,920 21.1 Mb 10 |16(12.5Gb/s)| 468 Radiation tested
XQRKU060 20 726 k 2,760 38Mb |12x2|32(12.5Gb/s)| 516 | Space-qualified 12/2020
XCZU27DR 16 930 k 4,272 38 Mb 8x2 | 16 (16.3 Gb/s) 299 RFSoC; FinFET
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more advanced options such as the new 16 nm
FinFET Xilinx RF-system on chip (RFSoC) which
integrates eight ADCs, eight DACs, and
considerable FPGA logic into a single chip
(Table 12); the entire GEP readout could potentially
be reduced to 1 or 2 such chips. A board with this
chip has been released [Abaco 2018]; initial power
dissipation estimates are well below our
conservative assumption of 25 W per 1 GHz
channel. Alternatively, mixed-signal application-
specific integrated circuits (ASICs) that integrate
ADC:s and signal processing have been developed at
JPL for similar applications [Hsiao et al. 2015].

Concurrent with the GEP-TD focused detector
technology effort described in §6.1, a parallel 3-
year, 3-FTE, $3M effort to define and develop a
readout electronics solution for GEP will start in
2020. This effort would explore hardware and
algorithm options using commercially available
components and tools, evaluate the options for flight
hardware taking into account FPGA radiation test
results and industry announcements.

In 2022, the GEP team will downselect from the
available FPGA technologies or begin development
on an ASIC based on the FPGA logic used in
technology work discussed in this section. A low-
power ASIC implementation of the chosen
algorithm/logic could be undertaken if the FPGA
solution is not projected to reach the required TRL
before the technology cut-off date.

6.3 Telescope Optics

GEP is baselining a 2 m non-actuated, SiC primary
mirror (PM) and does not require any new
technology development. Herschel’s 3.5 m diameter
SiC primary mirror, the largest developed for a
space telescope, was developed by Astrium
Aerospace in collaboration with Boostec Industries.
SiC was chosen due to its high specific stiffness, low
thermal diffusivity, and suitability for cryogenic
temperatures. Facility limitations restrict the size of
monolithic parts to approximately 1.7 m X 1.2 m.
The Herschel primary mirror was manufactured by
joining together 12 individual wedge-like segments
using a non-reactive, high-temperature brazing
process. The process developed produces thin joints,
with material properties matching that of the parent
SiC material. Once brazed, subsequent polishing
steps can occur on traditional large aperture

polishing machines with final surface roughness
values in the 1-5 nm RMS regime. The Herschel
primary mirror was extremely lightweight, with a
total mass of 210 kg (22 kg/m?) while achieving high
stiffness (50 Hz first mode) [Sein et al. 2003].

The process developed by Astrium/Boostec has
been repeated for other space missions including
GAIA (1.45 m x 0.5 m) [Bougoin and Lavenac
2011] and AEOLUS/ALADIN (1.5 m dia.) [Logut
et al. 2005]. Several other manufacturers developed
their own SiC processes. Notably, AOA Xinetics
has developed a slip-cast process to produce
lightweight (< 10 kg/m?) mirrors. Larger mirrors
like the 2.0 m GEP primary can be produced through
brazing techniques (reactive or non-reactive) or
through a slip-bonding process. Monolithic parts
have been demonstrated in the 1.5 m diameter range,
which will be used for GEPs secondary and tertiary
mirrors.

Although GEP baselines a non-actuated mirror,
GEP development and integration costs may be
reduced by using an active primary mirror with
distributed figure control actuators. In a technique
developed AOA Xinetics in partnership with JPL,
piezoelectric actuators are embedded into the
backside of a lightweight SiC mirror substrate
[Hickey et al. 2010]. These actuators provide in-situ
wavefront correction capabilities and can be used to
correct thermally induced figure distortions, gravity
sag, and long-term material creep. As a result, cost
and complexity may be reduced Dbecause
manufacturing tolerances can be relaxed as a result
of the embedded figure control. More savings can be
realized during telescope I&T as on-orbit
performance specifications are achieved under a
variety of test conditions (i.e., room/cryogenic
temperatures, zero/l g). A significant amount of
work has been performed in this area for room
temperature, visible-wavelength applications.

No new technology development is required for
passive SiC optics. Activities are underway at JPL
to extend the capabilities of active SiC mirrors to
cryogenic, far-infrared applications with a full-scale
demonstration expected to be complete in the 2021
timeframe [Steeves et al. 2018]. A 1.2 m deformable
primary mirror is planned for the GEP-B balloon to
demonstrate this technology.
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7 MANAGEMENT PLAN

For the purpose of developing a GEP mission
concept of sufficient maturity for costing, the GEP
study made the following assumptions. The study
evaluated GEP as being led by PI Prof. Jason Glenn
(CU Boulder). He will be responsible for the success
of the investigation and its execution within the
project’s cost and schedule. NASA JPL will manage
and oversee all aspects of technical work, including
coordination with a spacecraft vendor should the
flight system be subcontracted. Either NASA JPL or
CU Boulder LASP will manage spaceflight
operations.

Prior to Phase A, the technology development
plan will prepare key technologies for GEP and
build the collaborative structure, with participation
by JPL, CU, a subcontractor, and scientists at
various institutions. As detailed in the previous
section, technology development work is expected
to meet TRL 6 prior to 2023, over two years before
Phase B.

Figure 28 outlines the high-level project
schedule for GEP, with critical milestones and phase
durations similar to other Class B NASA missions.
At the latest, the beginning of Phase C will see the
development of focal planes, payload electronics,
optics, and cryogenics at different locations. JPL
will be responsible for development of focal-plane
and payload electronics while subcontracting
telescope and cryocooler development. JPL or a
spacecraft vendor will be responsible for integrating
the bus and payload. An instrument scientist (JPL)
and a deputy instrument scientist (CU) will be
appointed to oversee instrument unit build/test and
payload 1&T.

Either NASA JPL or CU LASP will manage
mission operations. Science will be coordinated
between JPL and CU, along with domestic and

international collaborating scientists and their

institutions.
8 CONCLUSIONS

The 2010 Decadal Survey called upon the
astronomical community to “Use telescopes as time
machines to map the full history of galaxy formation
and assembly, from the birth of the first stars
through the turbulent epoch of rapid growth, to the
galaxies we see today.” Because much of this
transformation and cycling of gas into collapsed
structures has occurred in deeply embedded regions
of galaxies, long-wavelength measurements are
essential.

GEP is a mid-IR and far-IR observatory
optimized for sensitivity to star formation to answer
this call. GEP will trace the history of star formation
in galaxies from high redshifts, by utilizing the
power of gravitational lensing, through the epoch of
rapid growth with deep and wide surveys, to the
local universe with spectral line mapping of nearby
galaxies and the Milky Way. GEP will achieve this
under the Probe $1B cost cap with a mission
optimized for dedicated surveys that simplify
instrument design and operations, and thereby
minimize cost. The surveys will produce a powerful
legacy data set for use in conjunction with
complementary facilities of the next two decades,
including: WFIRST, Euclid, eROSITA, ALMA, and
ultimately OST and LUVOIR.

As a Class B mission, GEP takes advantage of
high-heritage technologies for the majority of its
subsystems, such as the bus, ACS, and cryogenics.
GEPs science and Probe-class cost are enabled by
new detector technology—KIDs—that came on the
scene less than two decades ago and has already
been implemented in numerous astronomical
observatories. GEPs technology development will
bring the detector and readout technology to TRL 6
and demonstrate system-level performance of
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Figure 28. The GEP project schedule is in-class with other Class B NASA missions. With a five-year
design life, GEP will have the option for an extended science mission following the baselined four years of

operations.
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optics, detectors, and readout on a pathfinder
balloon, GEP-B. This GEP concept study has shown
the powerful science that can be accomplished on a
Probe budget, enabling NASA Astrophysics to have
multiple major missions per decade for a broad
science portfolio that will engage a large part of the
astronomical community.
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APPENDIX A - ACRONYMS

ACS
ACTDP
ADR
AGN
ALMA
ASIC
BCP
BWG
C8DH
CBE
COTS
cu
DF
EQW
ESA
FFT
FPA
FPGA
GEP
GEP-DSS
GEP-|
GEP-S
GEP-WSS
HELP
HGA
18T

JAXA
JWST
KID
LASP
LIM
LSST
LUVOR
Lv
MO&DS
NEP
NGAS
OST
OTA
PAH

Attitude Control Subsystem

Advanced Cryocooler Technology Development Program
Adiabatic Demagnetization Refrigerator

Active Galactic Nuclei

Atacama Large Millimeter Array
Application-Specific Integrated Circuit

Ball Configurable Platform

Beam Waveguide

Command and Data Handling

Current Best Estimate

Commercial, Off-The-Shelf

University of Colorado Boulder

Delta Frequency: KID resonator frequency shift, also written Af
Equivalent Width

European Space Agency

Fast Fourier Transform

Focal Plane Array

Field-Programmable Gate Array

Galaxy Evolution Probe

Galaxy Evolution Probe — Deep Spectral Survey
Galaxy Evolution Probe — Imager

Galaxy Evolution Probe — Spectrometer
Galaxy Evolution Probe — Wide Spectral Survey
Herschel Extragalactic Legacy Project
High-Gain Antenna

Integration and Test

Intensity-Quadrature

Infrared

Infrared Astronomical Satellite

Interstellar Medium

Infrared Space Observatory

Japanese Aerospace Exploration Agency
James West Space Telescope

Kinetic Inductance Detector

Laboratory for Atmospheric and Space Physics
Line Intensity Mapping

Large Synoptic Survey Telescope

Large Ultraviolet Optical Infrared Surveyor
Launch Vehicle

Mission Operations & Data Systems

Noise Equivalent Power

Northrop Grumman Aerospace Systems
Origins Space Telescope

Optical Telescope Assembly

Polycyclic Aromatic Hydrocarbon
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PCA
PM

RF
RFSoC
ROM
RWA
SCUBA
SED
SEU
SFR
SiC
SKA
SMBH
SNR
SPICA
SPT
ST™
TCM
TES
T™MA
uv
WFIRST
XID+

Principal Component Analysis
Primary Mirror

Radio-Frequency

RF-System on Chip

Rough Order of Magnitude

Reaction Wheel Assembly
Submillimeter Common User Bolometer Array
Spectral Energy Distribution

Single Event Upsets

Star Formation Rate

Silicon Carbide

Square Kilometer Array
Supermassive Black Hole
Signal-to-Noise Ratio

Space Infrared telescope for Cosmology and Astrophysics
South Pole Telescope

Science Traceability Matrix
Trajectory Correction Maneuver
Transition-Edge Sensor

Three-Mirror Astigmat

Ultraviolet

Wide Field Infrared Survey Telescope
Cross IDentification Code
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Cost Estimate Based On: Final Master Equipment List
PROJECT PHASE COST [FY18 SM]
Phase A (See Note 1)

Mgmt, SE, MA $54

Science S16

Telescope S27

Instrument 1 (Detectors) S64

Instrument 2 (Payload Thermal) S71

Phases B-D Instrument 3 (Wraps) $6
Spacecraft, including ATLO $258

MOS/GDS $44

Launch Vehicle and Services $150

Reserves $162
Total Cost Phases A-D 5852

Operations S87

Phase E-F Reserves $12
Total Cost Phases E-F $99
TOTAL LIFECYCLE COST $951

Notes:

1. Team X estimates costs for Phase A-D. A break out of Phase A cost is not available. In this table, Phase A
costs are included in Phase B-D.

2. This parametric cost estimate is based on the Probe's Master Equipment List derived from the Final
Engineering Concept Definition Package that accurately reflects the mission described in the Probe's Final
Report. This estimate is to be used only for non-binding rough order of magnitude planning purposes.

3. Team X estimates are generally model-based, and were generated after a series of instrument and
mission level studies. Their accuracy is commensurate with the level of understanding typical to Pre-Phase-
A concept development. They do not constitute an implementation or cost commitment on the part of JPL
or Caltech.
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