
Fiber Integral Field Unit For 
Supernova Spectroscopy 

(FIZ)
Alex Kim (co-PI) LBNL, Claire Poppett (co-PI) UC Berkeley


G. Aldering, S. Perlmutter, P. Nugent (LBNL); P. Jelinsky (UCB); L. Galbany (U. Granada, Spain); 
M. Rigault, R. Graziani (LPC, France); A. Goobar (U. Stockholm Sweden); M. Kowalski, J. Nordin (Humboldt U. Germany)


  



Integral Field Unit and 
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in a single exposure

Essential to characterize 
spatially structured, 
sources e.g. supernova 
host galaxies

Three IFU 
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LDRD Goals
• Develop LBNL capability to build microlens fiber integral 

field units (IFUs)


• Research solutions for building a fiber IFU suited for 
supernova cosmology 
 
… or in hardware language … 
 
Identify microlens array, fiber technology, and mitigations 
that deliver a low-étendue beam with high and stable 
throughput
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Abstract:
High-multiplex and deep spectroscopic follow-up of upcoming panoramic deep-imaging surveys
like LSST, Euclid, and WFIRST is a widely recognized and increasingly urgent necessity. No cur-
rent or planned facility at a U.S. observatory meets the sensitivity, multiplex, and rapid-response
time needed to exploit these future datasets. FOBOS1, the Fiber-Optic Broadband Optical Spec-
trograph, is a near-term fiber-based facility that addresses these spectroscopic needs by optimizing
depth over area and exploiting the aperture advantage of the existing 10m Keck II Telescope.
The result is an instrument with a uniquely blue-sensitive wavelength range (0.31–1.0 µm) at
R ⇠ 3500, high-multiplex (1800 fibers), and a factor 1.7 greater survey speed and order-of-
magnitude greater sampling density than Subaru’s Prime Focus Spectrograph (PFS). In the era
of panoramic deep imaging, FOBOS will excel at building the deep, spectroscopic reference data
sets needed to interpret vast imaging data. At the same time, its flexible focal plane, including a
mode with 25 deployable integral-field units (IFUs) across a 20 arcmin diameter field, enables an
expansive range of scientific investigations. Its key programmatic areas include (1) nested stellar-
parameter training sets that enable studies of the Milky Way and M31 halo sub-structure, as well
as local group dwarf galaxies, (2) a comprehensive picture of galaxy formation thanks to detailed
mapping of the baryonic environment at z ⇠ 2 and statistical linking of evolving populations to
the present day, and (3) dramatic enhancements in cosmological constraints via precise photomet-
ric redshifts and determined redshift distributions. In combination with Keck I instrumentation,
FOBOS also provides instant access to medium-resolution spectroscopy for transient sources with
full coverage from the UV to the K-band.

1fobos.ucolick.org
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Abstract

We propose the construction of a new integral field spectrograph for the the CAHA 2.2m telescope,
and describe a survey project to be carried out during the next few years. The instrument, the Legacy
Andalusian Transient IFU Network Observatory (LATINO), would provide intermediate spectra resolu-
tion (R⇠1000) in the optical wavelength range (3500-10000Å) within a field-of-view of 12”⇥12”, and a
spatial resolution of 0.5⇥0.5 arcsec. The main science case of the survey is to classify and obtain dis-
tances of supernovae discovered by LSST and ZTF II out to z < 0.1. The peculiar velocities measured
from these supernovae are an excellent probe of the gravity responsible for large scale structure. This is
a very low-risk project with an instrument that is technologically simple that can be easily constructed,
and a project that would generate wide interest in the transient and cosmology communities.

1 State of the art and scientific rationale

1.1 Main science case: Peculiar velocities

Luminosity distances derived from observations of Type Ia Supernovae (SNe Ia) were used to discover the
accelerating expansion of the Universe and remain a key tool to probe the expansion history. Within the
next 5 years, first the Zwicky Transient Facility (ZTF), its proposed next-generation survey (ZTF II), and
then the Legacy Survey of Space and Time (LSST) will discover tens of thousands of nearby SNe Ia over a
large fraction of the visible sky at low redshifts z < 0.2, thanks to large field-of-view (FoV) and fast cadences.
This opens a new avenue for SN Cosmology: the direct measurement of the growth rate of structures in the
local Universe.

If the Universe were homogeneous and isotropic, the observed redshift of a galaxy would be solely due
to the cosmological expansion. The Universe is neither homogeneous nor isotropic, but rather has small
fluctuations in energy density. Observed redshifts are thus due to a combination of the cosmological expan-
sion and “peculiar velocities” induced by the gravitational pulls of those density perturbations. Peculiar
velocities are thus sensitive to both the physics of dark energy (and somewhat dark matter) and the laws
of Gravity. Indeed from the Cosmic Microwave Background (CMB), we have a precision measurement of
the amplitude and spatial correlations of the density perturbations in the Universe at z ⇠ 1100. Given a
theory of gravity, one can calculate how those perturbations evolve into peculiar velocities at later times.
Observations of the amplitude and spatial correlations of peculiar velocities therefore probe gravity.

We briefly sketch the relevant physics while introducing some standard notation. In linear perturbation
theory, the dark-matter overdensity field can be decomposed into independent temporal and spatial compo-
nents, where the temporal component D(t) is known as the growth function. From the conservation of mass,
the peculiar velocity amplitude is then proportional to f�8, where f = d lnD/d ln a. Linder (2005); Linder
& Cahn (2007) find that f = ⌦M (a)� provides a highly accurate description of the growth of structure and
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1
, Rafael Garrido

7
, Santiago González-Gaitán
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spatial resolution of 0.5⇥0.5 arcsec. The main science case of the survey is to classify and obtain dis-
tances of supernovae discovered by LSST and ZTF II out to z < 0.1. The peculiar velocities measured
from these supernovae are an excellent probe of the gravity responsible for large scale structure. This is
a very low-risk project with an instrument that is technologically simple that can be easily constructed,
and a project that would generate wide interest in the transient and cosmology communities.

1 State of the art and scientific rationale

1.1 Main science case: Peculiar velocities

Luminosity distances derived from observations of Type Ia Supernovae (SNe Ia) were used to discover the
accelerating expansion of the Universe and remain a key tool to probe the expansion history. Within the
next 5 years, first the Zwicky Transient Facility (ZTF), its proposed next-generation survey (ZTF II), and
then the Legacy Survey of Space and Time (LSST) will discover tens of thousands of nearby SNe Ia over a
large fraction of the visible sky at low redshifts z < 0.2, thanks to large field-of-view (FoV) and fast cadences.
This opens a new avenue for SN Cosmology: the direct measurement of the growth rate of structures in the
local Universe.

If the Universe were homogeneous and isotropic, the observed redshift of a galaxy would be solely due
to the cosmological expansion. The Universe is neither homogeneous nor isotropic, but rather has small
fluctuations in energy density. Observed redshifts are thus due to a combination of the cosmological expan-
sion and “peculiar velocities” induced by the gravitational pulls of those density perturbations. Peculiar
velocities are thus sensitive to both the physics of dark energy (and somewhat dark matter) and the laws
of Gravity. Indeed from the Cosmic Microwave Background (CMB), we have a precision measurement of
the amplitude and spatial correlations of the density perturbations in the Universe at z ⇠ 1100. Given a
theory of gravity, one can calculate how those perturbations evolve into peculiar velocities at later times.
Observations of the amplitude and spatial correlations of peculiar velocities therefore probe gravity.

We briefly sketch the relevant physics while introducing some standard notation. In linear perturbation
theory, the dark-matter overdensity field can be decomposed into independent temporal and spatial compo-
nents, where the temporal component D(t) is known as the growth function. From the conservation of mass,
the peculiar velocity amplitude is then proportional to f�8, where f = d lnD/d ln a. Linder (2005); Linder
& Cahn (2007) find that f = ⌦M (a)� provides a highly accurate description of the growth of structure and

1

Response to Calar Alto Observatory call 
for new instrumentation

ESO VLT Survey Telescope
Tokyo Atacama Observatory Telescope

LBL SN Group also exploring instruments 
with international colleagues for 



Goal 1 Motivation: Fiber IFUs 
in High Demand in Astronomy

Invited to propose for NSF Mid-Scale 
Innovations Program (MSIP) 

Astro2020 APC White Paper

FOBOS: A Next-Generation Spectroscopic Facility
Thematic Areas: Project Paper
Principal Author:
Name: Kevin Bundy
Institution: University of California Observatories
Email: kbundy@ucolick.org
Phone: 831-459-3539

Co-authors: K. Westfall (UCO), N. MacDonald (UCO), R. Kupke (UCO), M. Savage (UCO), C. Poppett (UCB/SSL),
A. Alabi (UCSC), G. Becker (UCR), J. Burchett (UCSC), P. Capak (Caltech), A. Coil (UCSD), M. Cooper (UCI),
D. Cowley (UCO), W. Deich (UCO), D. Dillon (UCO), J. Edelstein (LBNL), P. Guhathakurta (UCSC), J. Hen-
nawi (UCSB), M. Kassis (WMKO), K.-G. Lee (IPMU), D. Masters (JPL), T. Miller (UCB/SSL), J. Newman (Pitt),
J. O’Meara (WMKO), J. X. Prochaska (UCSC), M. Rau (CMU), J. Rhodes (JPL), R. M. Rich (UCLA), C. Rockosi
(UCSC), A. Romanowsky (SJSU/UCSC), C. Schafer (CMU), D. Schlegel (LBNL), A. Shapley (UCLA), B. Siana
(UCR), Y.-S. Ting (IAS), D. Weisz (UCB), M. White (UCB/LBNL), B. Williams (UW), G. Wilson (UCR), M. Wilson
(LBNL), & R. Yan (UK)

Abstract:
High-multiplex and deep spectroscopic follow-up of upcoming panoramic deep-imaging surveys
like LSST, Euclid, and WFIRST is a widely recognized and increasingly urgent necessity. No cur-
rent or planned facility at a U.S. observatory meets the sensitivity, multiplex, and rapid-response
time needed to exploit these future datasets. FOBOS1, the Fiber-Optic Broadband Optical Spec-
trograph, is a near-term fiber-based facility that addresses these spectroscopic needs by optimizing
depth over area and exploiting the aperture advantage of the existing 10m Keck II Telescope.
The result is an instrument with a uniquely blue-sensitive wavelength range (0.31–1.0 µm) at
R ⇠ 3500, high-multiplex (1800 fibers), and a factor 1.7 greater survey speed and order-of-
magnitude greater sampling density than Subaru’s Prime Focus Spectrograph (PFS). In the era
of panoramic deep imaging, FOBOS will excel at building the deep, spectroscopic reference data
sets needed to interpret vast imaging data. At the same time, its flexible focal plane, including a
mode with 25 deployable integral-field units (IFUs) across a 20 arcmin diameter field, enables an
expansive range of scientific investigations. Its key programmatic areas include (1) nested stellar-
parameter training sets that enable studies of the Milky Way and M31 halo sub-structure, as well
as local group dwarf galaxies, (2) a comprehensive picture of galaxy formation thanks to detailed
mapping of the baryonic environment at z ⇠ 2 and statistical linking of evolving populations to
the present day, and (3) dramatic enhancements in cosmological constraints via precise photomet-
ric redshifts and determined redshift distributions. In combination with Keck I instrumentation,
FOBOS also provides instant access to medium-resolution spectroscopy for transient sources with
full coverage from the UV to the K-band.
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5
, Romain

Graziani
4
, Ramon Miquel

8
, Peter Nugent

2
, Antonella Palmese

9
, Saul Perlmutter

2
,

Maximilian Stritzinger
10
, Juan Carlos Suárez
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8Institut de F́ısica d’Altes Energies, Spain

9Fermi National Accelerator Laboratory, USA
10Aarhus University, Denmark

11University of Southampton, UK

Abstract

We propose the construction of a new integral field spectrograph for the the CAHA 2.2m telescope,
and describe a survey project to be carried out during the next few years. The instrument, the Legacy
Andalusian Transient IFU Network Observatory (LATINO), would provide intermediate spectra resolu-
tion (R⇠1000) in the optical wavelength range (3500-10000Å) within a field-of-view of 12”⇥12”, and a
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and a project that would generate wide interest in the transient and cosmology communities.

1 State of the art and scientific rationale

1.1 Main science case: Peculiar velocities

Luminosity distances derived from observations of Type Ia Supernovae (SNe Ia) were used to discover the
accelerating expansion of the Universe and remain a key tool to probe the expansion history. Within the
next 5 years, first the Zwicky Transient Facility (ZTF), its proposed next-generation survey (ZTF II), and
then the Legacy Survey of Space and Time (LSST) will discover tens of thousands of nearby SNe Ia over a
large fraction of the visible sky at low redshifts z < 0.2, thanks to large field-of-view (FoV) and fast cadences.
This opens a new avenue for SN Cosmology: the direct measurement of the growth rate of structures in the
local Universe.

If the Universe were homogeneous and isotropic, the observed redshift of a galaxy would be solely due
to the cosmological expansion. The Universe is neither homogeneous nor isotropic, but rather has small
fluctuations in energy density. Observed redshifts are thus due to a combination of the cosmological expan-
sion and “peculiar velocities” induced by the gravitational pulls of those density perturbations. Peculiar
velocities are thus sensitive to both the physics of dark energy (and somewhat dark matter) and the laws
of Gravity. Indeed from the Cosmic Microwave Background (CMB), we have a precision measurement of
the amplitude and spatial correlations of the density perturbations in the Universe at z ⇠ 1100. Given a
theory of gravity, one can calculate how those perturbations evolve into peculiar velocities at later times.
Observations of the amplitude and spatial correlations of peculiar velocities therefore probe gravity.

We briefly sketch the relevant physics while introducing some standard notation. In linear perturbation
theory, the dark-matter overdensity field can be decomposed into independent temporal and spatial compo-
nents, where the temporal component D(t) is known as the growth function. From the conservation of mass,
the peculiar velocity amplitude is then proportional to f�8, where f = d lnD/d ln a. Linder (2005); Linder
& Cahn (2007) find that f = ⌦M (a)� provides a highly accurate description of the growth of structure and
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Transient Survey

LATINO @ Calar Alto 2.2m 

LATINO SNe Ia@z=0.08

Testing laws of Gravity

Spectro-photometric 
3D PSF extraction

x1700/year

Trigger Nearby Universe 
velocity & density fields

Goal 2 Motivation: Design a System Specific for 
Observing SN Ia to Probe Dark Energy, Gravity

Extending the SN Ia Hubble 
diagram

LSST



The Problem: Science Case

We care about the structured 
background (host galaxy) AND 
the point source (supernova) 

We require fine spatial resolution

What distinguishes our 
science case from 

other IFU use cases?



Conservation of Etendue
Whatever optical gymnastics you do, photons satisfy Hamiltonian mechanics 
(Liouville’s Theorem)

Telescope collects light 
of a solid angle of sky 
on its mirror surface

Fiber collects 
light of an 
incoming beam 
with focal ratio F

Telescope diameter X angular resolution element

Fiber core diameter / Focal Ratio
… EQUALS …

Etendue = Surface Area x Beam Solid Angle

Exit pupil

1/F



Problem & Solutions: Small Etendue 
versus Transmission and Stability

Etendue =
Fiber Core Diameter

Focal Ratio
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In astronomy the standard is NA=0.22 fibers fed by F~4 beams


[Numerical aperture (NA) is the quadratic difference between core and 
clad indices of refraction]


For a 2.5m telescope, 0.5” sky resolution, F=4 calls for 21 μm fiber core, 
which has small light collection surface area, poor transmission

Small cores have poor transmission

Large F degrades optical stability

SOLUTIONS

• Use fibers with better transmission for small core size


• Test and mitigate fiber stability for large focal ratios

A small telescope and high angular resolution means small étendue 
Has pesky implications for fibers

Fiber collects 
light of an 
incoming beam 
with focal ratio F

Exit pupil

1/F



Solution: Thin Cores and Slow 
Input Beams with High NA Fibers
• High NA Fibers available 

but yet unexplored for 
astronomy


• Astronomical 
instruments use 
NA=0.22 but fibers up 
to NA=0.66 available


• High NA gives good 
transmission (# of 
supported modes) for 
small core size


• No showstoppers 
identified



Characterize and Mitigate Fiber 
and Microlens Performance

• For small-core high-NA 
fibers: measure 
throughput


• For different input focal 
ratios and fibers: 
Measure and mitigate 
stability


• For microlens arrays: 
measure energy 
distribution (PSF)

LED injection via 
500um fiber

collimator
20° diffusor

baffle
Main 
mirror 

Secondary mirror 
with iris (f/3.9) and 
scaled obscuration

Mocked up spine 
(x/y/z/pitch/yaw)

Fiber tip

Test rig at SSL 
used for DESI 
used to measure 
fiber transmission

Stability issue as demonstrated by in-house measurements 
Tilting fiber to different positions changes the near field intensity distribution

2.2° off axis

Build on infrastructure 
and expertise 
developed for DESI



The Solution: Mitigate Fiber 
Stability

• DESI mitigated stability issue with appropriate choice of fiber 
positioner technology

-2.24
°

-1.9° -1.57
°

x=-7, y=7   x=0, y=7   x=7, y=7

x=-7, y=0   x=0, y=0   x=7, y=0

x=-7, y=- 7  x=0, y=-7  x=7, y=-7

x x x

x x x

x x x

DESI tests demonstrated that 
on-axis fiber positioners provide 
stable intensity distribution when 
a fiber is moved to different 
positions



Conclusions

• Research and develop capabilities for Fiber IFUs in demand by 
the astronomical community AND for supernova cosmology


• There are as-of-yet uncharacterized fibers that look well-suited for 
SN requirements


• Leverage existing fiber expertise and facilities that contributed to 
the success of DESI



Backups



Example IFS: SNfactory’s 
SNIFS at UH-88”

A single exposure produces spectrophotometry


Efficient for observing SN time series

SN 2011 fe

Pereira et al. (2013)



Integral Field Unit and 
Integral Field Spectroscopy

3-dimensional information 
in a single exposure

Essential to characterize 
spatially structured, 
sources e.g. supernova 
host galaxies

FIZ

SNIFS

SNAP/
JDEM



Pros of Fiber IFS

IFU

Spectrograph

… decoupled …

• Single technology applies to many telescopes - cost savings 
and design flexibility


• IFU geometry customized for each focal plane


• Spectrograph


• Optics not tailored to telescope, single design applied to 
many telescopes


• Put anywhere, not necessarily mounted on telescope

Science calls for a network of telescopes / IFS



Possible Sources of 
Subsequent Funding

• $450,000, Calar Alto Observatory (through a grant from 
the European Regional Development Fund)


• FOBOS $900,000 for fibers in NSF MIPS, more if built


• TAO Telescope >= $450,000, Tokyo Atacama Observatory



Communication with Fiber 
Vendor


