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Abstract:
Over the next decade, dedicated imaging campaigns will survey unprecedented volumes of the Universe,

enabling the use of multiple observational probes to study the effects of dark energy on its expansion history
and the development of large-scale structure. Accurate galaxy redshifts are key to these studies. Stage-IV
cosmology experiments rely on photometric redshifts (photo-zs), typically estimated from ∼5-10 broad-
band filters, because direct spectroscopic redshift measurements for all galaxies imaged by these surveys
is not feasible. Instead, specifically tailored spectroscopic samples optimized to improve photo-z training
can yield significant gains in the precision and accuracy of cosmological parameters derived from these
experiments. Unfortunately, no current U.S. facility is capable of obtaining the observations to the depths
required to capitalize on the ≈$4B U.S. investment in these projects. Here, we briefly introduce the Fiber-
Optic Broadband Optical Spectrograph (FOBOS) — a facility-class instrument currently in development for
the 10m Keck II telescope — and a key program proposal that meets the well-established spectroscopic need
for photo-z training. FOBOS observations would ultimately increase LSST’s dark energy figure-of-merit by
∼40%. FOBOS is nearing the end of its conceptual design phase and aims to achieve first light in 2028.
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Dark energy science benefits from improved photometric redshifts

Stage-IV cosmology missions — like the Vera C. Rubin Observatory Legacy Survey of Space and Time
(LSST), the ESA/NASA Euclid mission, and the NASA-led Nancy Grace Roman Space Telescope (Roman)
— will obtain multi-band imaging data with unprecedented depth and survey area. Current survey baselines
are that LSST will provide ugrizy optical imaging of ∼18,000 deg2 with a detection limit 1,000 fainter than
the Sloan Digital Sky Survey (SDSS), complemented by deep near-IR imaging by Roman for an overlapping
∼2000 deg2. Measurements drawn from these data of galaxy positions and gravitational shear as a function
of distance over vast cosmic volumes will be used to delineate cosmic expansion and the growth of large-
scale structure. Critically, the distances used for these measurements must be estimated by photometric
redshifts (photo-zs), given the infeasibility of obtaining spectroscopic redshifts (spec-zs) for the expected
magnitude distribution of the billions of sources imaged by these surveys (see Figure 1). This reliance on
photo-zs has led to significant effort devoted to understanding their influence on the derived cosmological
parameters3,6,13,18. The consensus of these studies is that improving galaxy photo-z estimates represents
one of the most significant gains to be made in the precision of the cosmological parameters.

Observations required to improve photo-zs are well-understood but currently impractical

Limiting uncertainties in photo-z estimates involves improving photo-z training and calibration13.
Training focuses on improving photo-zs by, e.g., ensuring that the underlying spectroscopic redshifts used
to establish the relationship between galaxy color and redshift sample the relevant parameter space4,10.
Photo-z calibration involves quantification of the accuracy and precision with which photo-zs map to spec-
zs for all galaxies used to measure dark-energy parameters of interest. Both pursuits are critical to improving
the constraining power of and minimizing the biases in the resulting cosmological parameters18.

A series of well-formulated observing programs have been developed that address photo-z training and
calibration, as summarized in a series of Astro2020 white papers5,8,12. However, each of these programs
involve significant investment and may require deployment of new instrumentation. In particular, Newman
et al. 12,13 outline an observing program that improves photo-z training via spectroscopy of thousands of
galaxies at very faint magnitudes (iAB . 25.3). The combination of sample size and magnitude distribution
make this program extremely difficult, if not impossible, with current instrumentation. Although significant
efforts are underway to fill in underpopulated regions in the color-redshift mapping with targeted Keck
spectroscopy to the anticipated Euclid depth11, a larger-scale effort is needed to reach the fainter galaxies
that will dominate the Rubin/Roman samples.

Keck-FOBOS is an ideal instrument for photo-z training

Table 1: Top-level FOBOS Specifications
Telescope 10-m Keck II
Patrol Field D = 20′

Total Number of Fibers 1800
Single-Fiber Aperture D = 0.8′′

Spectral Range 0.31–1µm
Spectral Resolution 3500
End-to-End Throughput &30%
Limiting Magnitude† r(AB)∼24.5

†To reach S/N∼1 in a 1hr integration.

More generally, the need for spectroscopic follow-up of
the upcoming vast imaging campaigns is obvious. Indeed,
the established and anticipated successes of the Sloan Digi-
tal Sky Survey17 (SDSS) and the Dark Energy Spectroscopic
Instrument7 (DESI) demonstrate the scientific value of cou-
pling panoramic imaging with intensive spectroscopic follow-up.
However, an SDSS-like spectroscopic program at LSST imaging
depths would require 300 years of observing on the largest tele-
scopes with current instrumentation! Thus, it has long been rec-
ognized that a new spectroscopic facility is needed to meet the
challenge presented by this new era15. Our instrument concept
— The Fiber-Optic Broadband Optical Spectrograph (FOBOS), Table 1 — is unique among similar
efforts aimed at meeting this need1,9,16.

FOBOS is a facility-class, high-multiplex, fiber-based optical spectrograph for the Keck II telescope
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at the W. M. Keck Observatory (WMKO), taking advantage of an existing telescope infrastructure with a
10m aperture. FOBOS’s 1800 fibers are positioned using the Starbugs technology2 over its 20′ field-of-
view, enabling it to observe objects with target densities an order-of-magnitude larger than instruments that
emphasize wider fields. Taking advantage of Keck’s site and mirror coatings, FOBOS is uniquely sensitive
toward the atmospheric limit in the UV and has no “redshift desert” — its blue wavelength coverage allows
redshift determination at 1.5 . z . 2.5 via Lyα and/or nearby UV absorption features, such that it reduces
the need for expensive, space-based near-IR spectroscopy of galaxies with z > 1.5. With Keck’s larger
aperture and FOBOS’s highly efficient design, FOBOS can build spectroscopic samples roughly 1.7 and >3
times faster than Subaru’s Prime Focus Spectrograph (PFS) and DESI, respectively. FOBOS builds from and
expands on WMKO’s traditional strengths by emphasizing deep, sensitive observations, with a calibration
system, short fiber run, and stable spectral format that enables ultra-deep integrations of &50 hours.

Deepest 
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Rubin/WFIRST

Required Spec-zs for 
Dark Energy

FOBOS

Figure 1: Magnitude distribution of spec-z samples
in existing deep fields from, e.g., DEEP2, VVDS,
VIPERS, C3R2, and zCOSMOS (green), compared
with the anticipated distribution of the LSST/Roman
weak-lensing sample derived in Hemmati et al. 4,
blue. Ultra-deep (50hr) exposures with FOBOS are
designed to obtain spec-zs for ∼15k faint galaxies in
the hatched region, representing roughly 50% of the
weak-lensing sample of these missions and weakly
constrained by current spec-z samples.

FOBOS will be well-suited to provide follow-up spec-
troscopy of Rubin, Euclid and Roman dark energy science
imaging data: FOBOS can obtain photo-z training data for
sources with spectral features too blue or fluxes too faint
for other instruments like PFS, but that dominate by number
(Fig. 1). FOBOS can efficiently build photo-z spectroscopic
samples by using Starbugs to dynamically reallocate fibers as
observations yield successful redshift measurements. FOBOS
can efficiently observe sources at declinations ≥ −30◦ (∼60%
of the current baseline LSST footprint) and will obtain first-
light just before the Rubin Observatory begins to reach the
LSST target 5σ point-source depth of i = 26.8 (AB) in 2029.

The suitability of FOBOS for these studies is purposeful,
as driven by instrument requirements drawn from our dark-
energy “design-reference” program that follows closely pro-
grams discussed by Newman et al. 12,13 . Our dark-energy pro-
gram calls for observations in 12 FOBOS pointings — ar-
ranged evenly in right ascension and chosen to overlap with
the LSST, Euclid, and Roman footprints — to meet its sample
size, field variance, and depth requirements. The observations would build an optimal photo-z training sam-
ple via ultra-deep, 50-hour integrations of ∼15,000 sources at 24 < iAB < 25.3. Targets will efficiently
sample10,11 the color-magnitude space of the majority of LSST/Roman weak-lensing galaxies, and can be
tailored to specific needs discovered (and in light of advancements made) in the first few years of LSST-
based cosmology studies. Accounting for FOBOS’s expected sensitivity and stability, our exposure-time
calculator estimates a continuum S/N∼3.5 (i-band) for the faintest sources at these depths, a level known to
be sufficient for > 75% redshift success11,14. This program can be achieved with 12.5 dark nights per year.

Additional FOBOS science drivers: As a facility-class instrument, FOBOS has broad science drivers,
beyond those described above. In fact, spectra collected for photo-z training also have enormous potential
for galaxy-evolution studies, enabling one to fully leverage photometry for billions of faint galaxies. To
probe dark matter, FOBOS can quickly obtain spectra for large samples of stars in the dense regions of dark-
matter-dominated dwarf galaxies around M31 and the Milky Way. This will enable the highest resolution
studies of their chemodynamical structure, including the form of their dark-matter density profiles. FOBOS
will also characterize the chemodynamical structure of the disks of M31 and M33. Two additional “design-
reference“ programs involve (1) IFU observations of the circumgalactic medium in emission at z ∼ 2 and (2)
spectroscopic follow-up of kilonovae candidates, transients identified by LSST, and transient host galaxies.
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