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• 	
  Why	
  dark	
  energy?	
  And	
  the	
  next	
  two	
  factors	
  of	
  five	
  or	
  ten?	
  
• 	
  A	
  brief	
  introduc:on	
  to	
  MKIDs	
  (enough	
  to	
  set	
  the	
  stage)	
  
• 	
  Quick	
  survey	
  of	
  the	
  main	
  players	
  (DES,	
  MS-­‐DESI,	
  EUCLID,	
  LSST)	
  	
  
• 	
  MKIDs	
  as	
  a	
  low	
  resolu:on	
  spectrograph	
  in	
  the	
  LSST	
  era.	
  
• 	
  I	
  will	
  conclude	
  with	
  my	
  list	
  of	
  ques:ons.	
  

Mo:va:on	
  
(My	
  non-­‐expert	
  ques:ons	
  on	
  MKIDs	
  and	
  cosmology)	
  

Gaston	
  GuAerrez	
  
Fermilab	
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1.   There	
  are	
  plans	
  to	
  use	
  MKIDs	
  in	
  many	
  different	
  areas,	
  e.g.	
  dark	
  maQer,	
  
CMB,	
  x-­‐rays	
  detectors,	
  visible	
  astronomy,	
  dark	
  energy,	
  etc.	
  

2.   CMB	
  experiment	
  for	
  example	
  need	
  small	
  array	
  of	
  MKIDs	
  to	
  do	
  science	
  
and	
  they	
  are	
  on	
  their	
  way	
  to	
  do	
  just	
  that	
  in	
  the	
  next	
  few	
  years	
  (see	
  next	
  
two	
  transparencies	
  for	
  GroundBIRD)	
  

	
  

3.   I	
  will	
  only	
  address	
  during	
  this	
  talk	
  the	
  ques:ons	
  related	
  to	
  how	
  to	
  do	
  
science	
  with	
  MKIDs	
  in	
  rela:on	
  to	
  dark	
  energy.	
  	
  Given	
  Femilab’s	
  
involvement	
  in	
  DES	
  and	
  now	
  in	
  MS-­‐DESI	
  it	
  is	
  only	
  natural	
  to	
  try	
  to	
  
con:nue	
  on	
  the	
  Dark	
  Energy	
  path.	
  	
  	
  Also	
  as	
  a	
  DOE	
  Lab	
  we	
  can	
  do	
  
cosmology	
  but	
  not	
  astronomy.	
  

	
  

MKIDs	
  in	
  general	
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The	
  path	
  in	
  rela:on	
  to	
  the	
  ques:on	
  of	
  using	
  MKIDs	
  to	
  study	
  Dark	
  Energy	
  is	
  as	
  
follows:	
  

1.   	
  As	
  we	
  speak:	
  ARCONS	
  is	
  providing	
  a	
  demonstra:on	
  on	
  the	
  first	
  real	
  use	
  of	
  
an	
  arrays	
  of	
  about	
  2,000	
  MKIDs	
  for	
  astronomy.	
  

2.   The	
  next	
  5	
  years:	
  or	
  next	
  factor	
  of	
  5-­‐10	
  (10	
  -­‐20	
  thousand	
  resonators)	
  will	
  
be	
  the	
  installa:on	
  of	
  a	
  larger	
  MKIDs	
  arrays	
  in	
  the	
  Soar	
  telescope.	
  

3.   	
  The	
  2020-­‐2030	
  decade:	
  I	
  think	
  that	
  there	
  is	
  consensus	
  that	
  the	
  next	
  factor	
  
of	
  5-­‐10,	
  	
  or	
  100	
  thousand	
  resonators	
  in	
  the	
  form	
  of	
  a	
  low	
  resolu:on	
  
spectrograph,	
  will	
  be	
  the	
  first	
  instrument	
  capable	
  of	
  doing	
  Dark	
  Energy	
  
science.	
  

4.   (Of	
  course	
  several	
  orders	
  of	
  magnitude	
  later	
  we	
  can	
  have	
  large	
  imaging	
  
arrays)	
  

MKIDs	
  for	
  Dark	
  Energy	
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What	
  are	
  MKIDs	
  ?	
  	
  

Feedline
L Extension
Ground Straps

LEI 5.0kV X600 10pm WD 10.1 mm

Figure 1. Left: A photograph of the ARCONS 1024 pixel MKID array with microlenses mounted into a microwave package.

Right: Scanning electron microscope (SEM) images of the array highlighting the pixel design.

Previously deployed cryogenic superconducting detectors such as superconducting tunnel junctions (1; 2) and

transition edge sensors (3; 4) have had difficulties with large array size due to the challenge of wiring and multi-

plexing large numbers of detectors, although recently there have been proposals for larger TES multiplexers (5).

MKIDs (6) are an alternative cryogenic detector technology with sensitivity and ease of multiplexing initially

demonstrated at millimeter wavelengths (7; 8). Intrinsic frequency domain multiplexing allows thousands of

pixels to be read out over a single microwave cable (9). They can count individual photons with no false counts

and determine the energy and arrival time of every photon with good quantum efficiency (10). Their physical

pixel size and maximum count rate are well matched with large telescopes. These capabilities enable powerful

new astrophysical instruments usable from the ground and space. The MKIDs described here are sensitive to

0.1–5µm wavelength radiation (with cutoffs imposed by the sky count rate and the properties of the materials

being used) but are optimized for near infrared and optical (350–1350 nm) wavelengths.

The first optical/nIR MKID camera, the ARray Camera for Optical to Near-IR Spectrophotometry (AR-

CONS), was commissioned in July, 2011 at the Palomar 200 inch telescope over 4 nights (11; 12). During this

first run, several science targets were observed, including interacting binaries (AM Cvns, LMXBs, short period

eclipsing sources), QSOs (for low resolution redshift measurements), supernovae (Type Ia and Type II) and the

Crab pulsar, with data currently being analyzed. An image of the MKID array used in ARCONS is shown in

Figure 1. ARCONS is presently being upgraded to 2025 pixels, which will make it the largest optical/UV camera

based on low temperature detectors by over an order of magnitude.

The MKID technology is still very new, it is reasonable to expect that the energy resolution, R (= E/∆E), of

the devices, currently ≈ 20 at 254 nm and falling linearly with photon energy, will continue to improve towards

the theoretical limit of 150 over the next several years as designs and materials evolve. Furthermore, the parallel

technologies of infrared-blocking filters, broadband antireflection coatings, and MKID quantum efficiency will

continue to develop, increasing the performance of ARCONS and Giga-z.

3. THE GIGA-Z EXPERIMENT

In a conventional multi-object spectrograph, a mask is inserted at the focal plane so that light from the targets

may pass through the slits (or apertures), but background sky and other nearby source photons are blocked to

reduce sky noise and contamination. After passing through the mask, a dispersive element such as a diffraction

grating or prism is used to spread the light as a function of wavelength on a detector. In a SuperMOS, we use

the same mask-based approach to reduce sky background and contamination from other sources, but require

2
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1.  A	
  photon	
  strikes	
  the	
  superconductor	
  breaking	
  
a	
  few	
  thousand	
  Cooper	
  pairs.	
  

2.  The	
  broken	
  Cooper	
  pairs	
  change	
  the	
  
inductance	
  of	
  the	
  resonator.	
  

MKIDs	
  =	
  Microwave	
  KineAc	
  inductance	
  Detector	
  (or	
  a	
  superconducAng	
  resonator)	
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MKIDs	
  (superconducAng	
  resonators)	
  	
  

3.  The	
  resonance	
  frequency	
  and	
  phase	
  change	
  
due	
  to	
  the	
  change	
  in	
  inductance.	
  

4.  The	
  phase	
  change	
  is	
  measured	
  providing	
  a	
  
Ame	
  and	
  energy	
  measurement	
  for	
  each	
  
photon.	
  

5.  The	
  theoreAcal	
  energy	
  resoluAon	
  is	
  about	
  
R=λ/Δλ≈100	
  

6.  Up	
  to	
  about	
  2000	
  resonators	
  could	
  be	
  
coupled	
  to	
  the	
  same	
  feed	
  line.	
  



TheoreAcal	
  resoluAon	
  for	
  MKIDs	
  

The	
  limiAng	
  resoluAon	
  of	
  the	
  MKIDs	
  is	
  given	
  by	
  the	
  fluctuaAons	
  in	
  the	
  number	
  of	
  quasi-­‐
parAcles.	
  	
  In	
  other	
  words	
  it	
  will	
  be	
  proporAonal	
  to	
  the	
  square	
  root	
  of	
  the	
  number	
  of	
  
quasi-­‐parAcles.	
  	
  That	
  is	
  

R = E
!E(FWHM )

=
1

2.355
"h#
F!

Where	
  η=0.57	
  is	
  the	
  efficiency	
  for	
  producing	
  quasi-­‐parAcles,	
  hν	
  is	
  the	
  photon	
  energy,	
  	
  
Δ=1.72	
  kB	
  Tc	
  	
  	
  is	
  the	
  superconducAng	
  gap	
  (Tc	
  is	
  the	
  superconductor	
  criAcal	
  temperature),	
  
the	
  factor	
  2.355	
  converts	
  rms	
  to	
  FWHM	
  and	
  F≈0.2	
  is	
  the	
  Fano	
  factor	
  (*).	
  

(*)	
  For	
  example	
  for	
  a	
  binomial	
  system	
  where	
  η	
  is	
  the	
  probability	
  of	
  producing	
  quasi-­‐parAcles	
  
and	
  (1-­‐η)	
  the	
  probability	
  of	
  producing	
  phonons	
  the	
  rms	
  of	
  this	
  binomial	
  distribuAon	
  is	
  given	
  
by	
  σ2=Nqp	
  (1-­‐η).	
  Then	
  the	
  Fano	
  factor	
  is	
  1-­‐η=0.43.	
  	
  In	
  the	
  real	
  case	
  the	
  interacAon	
  between	
  
phonons	
  and	
  quasi-­‐parAcle	
  reduces	
  the	
  Fano	
  factor	
  to	
  about	
  0.2	
  



PRIMUS	
  

DES	
  

PAU	
  

MKIDS	
  TiNx	
  (Tc=0.8K)	
  

MKIDS	
  Al	
  (Tc=1.175K)	
  

MKIDS	
  Ta	
  (Tc=4.47K)	
  

R = E
!E(FWHM )

=
1

2.355
"h#
F!

= 65.6 / Tc$ (Tc	
  in	
  Kelvin	
  and	
  λ	
  in	
  μm)	
  

A	
  comparison	
  of	
  R	
  for	
  different	
  experiments	
  	
  



Transforming	
  R	
  into	
  δz:	
  the	
  PRIMUS	
  survey	
  

PRIMUS	
  is	
  a	
  survey	
  performed	
  with	
  the	
  Magellan	
  telescope.	
  	
  The	
  survey	
  uses	
  a	
  mask	
  
followed	
  by	
  a	
  prisms	
  to	
  spread	
  the	
  light	
  into	
  the	
  CCDs	
  to	
  obtain	
  spectroscopic	
  informaAon.	
  

A	
  24-­‐minute	
  IMACS	
  prism	
  exposure	
  of	
  a	
  slitmask	
  with	
  
~3000	
  objects	
  in	
  the	
  COSMOS	
  field.	
  	
  Areas	
  around	
  
bright	
  stars	
  are	
  masked	
  to	
  avoid	
  scaQered	
  light	
  and	
  
photometric	
  catalog	
  errors.	
  

A	
  close	
  up	
  of	
  a	
  small	
  por:on	
  of	
  a	
  single	
  exposure.	
  	
  
Each	
  object	
  has	
  4	
  traces;	
  we	
  drill	
  2	
  slits	
  for	
  each	
  object	
  
and	
  nod	
  the	
  telescope	
  between	
  them.	
  	
  The	
  other	
  2	
  
traces	
  are	
  sky.	
  	
  The	
  footprint	
  for	
  one	
  object	
  on	
  the	
  
detector	
  is	
  6.4”	
  x	
  28”.	
  

arXiv:1011.4307v2	
  [astro-­‐ph.CO]	
  11-­‐Aug-­‐2011	
  



Spectral	
  resoluAon	
  (or	
  R)	
  for	
  PRIMUS	
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Fig. 1.— Top: Resolution λ/∆λ for the prism, quoted per
pixel, per Gaussian FWHM (the standard deviation of the
dispersion function divided by 2.35), and per 5-pixel (1′′) slit.
Bottom: The dispersion in km s−1 per pixel. Both figures are
for the performance in the center of the field of view; there are
slight changes toward the edges, negligible for performance.

redshift measurements.

3. PRISM AND CAMERA CHARACTERISTICS

PRIMUS was conducted with the Inamori Magellan
Areal Camera and Spectrograph (IMACS, Bigelow &
Dressler 2003) operating on the Magellan I (Baade) Tele-
scope at Las Campanas Observatory. The IMACS f/2
camera delivers a 27.2′ square field of view with slight
vignetting, for an active area of 0.18 deg2. The pixel
scale is 0.2′′ per pixel, so our spectra are well-sampled.
The detector has eight 2k×4k×15 micron CCDs. The
chip gaps are 11.4′′ between the short sides of the CCDs
and 18.4′′ between the long sides. Using the fast readout
mode, the gain is ∼ 0.8 e−/adu and the read noise is ∼4
e−/pixel.
As with traditional spectroscopy programs, PRIMUS

used custom-designed slitmasks, made with the laser
mask miller at Las Campanas. The bulk of the survey
used a slit size of 1.0′′ wide by 1.6′′ long. Details of the
mask design are given in Section 6. The innovative design
aspect of PRIMUS is to use a prism in the place of the
transmission gratings normally used with the f/2 camera.
The prism was designed and fabricated for our survey;
it was mounted in IMACS in January 2006 and was im-
mediately made available to general users. The prism is
made of three pieces of glass, one piece of PBM2Y glass
in between two pieces of FSL5Y glass (all i-line glasses
from O’Hara). The size is 190 mm in diameter by 84mm
depth at its thickest point. The total cost of the prism
and mounting was ∼ $20K.
As a dispersing element, a prism is ideal in that it has a

very broad transmission curve, extremely high through-
put, requires no order blocking filters, and does not ex-
hibit excessive scattered light compared to transmission
gratings. Additionally, because of the wide field of view
of the f/2 camera, grisms operating at 100 lines mm−1

and below will be strongly affected by zero-order di-
rect images of the slits. A prism does not suffer from
this effect. It also has no blaze condition and has a
higher throughput over a wider wavelength range com-
pared to gratings and grisms. The low-dispersion prism
designed for PRIMUS yields spectra from 3900Å to 1
µm that requires only 150 pixels in the spectral direc-
tion, a tiny fraction (2%) of the IMACS f/2 field of view.
We are therefore able to multiplex both spatially and
spectrally to observe ∼ 2500 galaxies at once. Figure 1
shows the wavelength-dependent spectral resolution (top
panel) and dispersion (bottom panel) of the prism, which
changes considerably from blue to red. The throughput
of the prism is ∼ 90%, and the overall throughput of the
prism plus camera, including the telescope but not the
atmosphere, peaks at 24% at 6900 Å, is 20% at 5200 and
7600 Å, and is 10% at 4450 and 8500 Å.

4. FIELDS

PRIMUS primarily targeted regions of the sky with
existing deep multi-wavelength imaging. Our goal was
to cover all of the southern SWIRE fields that had pre-
existing optical photometry from which we could design
slitmasks. In order to facilitate being able to observe
for full nights over roughly half of the year, we also ob-
served several non-SWIRE fields, some of which have
deep Spitzer data. All but one of our fields have GALEX
coverage and all but two have X-ray coverage from either
Chandra or XMM. These fields are designated as “science
fields.” We also targeted a small number of “calibration
fields” that have existing high-resolution spectroscopic
redshifts from other surveys, which we use to character-
ize our redshift accuracy and precision.
PRIMUS observed a total of ten independent fields,

seven science and three calibration fields. The science
fields include the Chandra Deep Field South-SWIRE
field (CDFS-SWIRE, which is not centered on the CDFS
proper, Giacconi et al. 2001), the 23hr and 02hr DEEP2
fields, the COSMOS field, the European Large Area ISO
Survey - South 1 field (ELAIS-S1, Oliver et al. 2000), the
XMM-Large Scale Structure Survey field (XMM-LSS,
Pierre et al. 2004), and the Deep Lens Survey (DLS,
Wittman et al. 2002) F5 field. Of these, SWIRE cov-
erage exists for the CDFS, ELAIS-S1, and XMM-LSS
fields, and S-COSMOS (Sanders et al. 2007) provides
deep Spitzer coverage of the COSMOS field. X-ray cov-
erage exists for both DEEP2 fields (Chandra), the XMM-
LSS field (XMM), and the COSMOS and ELAIS-S1 fields
(both Chandra and XMM). The total area with joint
PRIMUS and either Spitzer, GALEX or X-ray coverage
is 7.18 deg2, 7.47 deg2, and 5.51 deg2, respectively.
Details of the PRIMUS science fields are given in Ta-

ble 1. Listed are the approximate field centers as ob-
served by PRIMUS, the total area targeted, the number
of slitmasks observed, and the number of unique targets
and robust redshifts derived in each field, along with the
area of each field that contains multi-wavelength cover-
age. We separately list the number of stars versus galax-
ies and AGN that have robust redshifts. Robust redshifts
are defined as having a redshift confidence flag Q=3 or 4;
see Section 9 for details. The numbers listed for the pri-
mary sample include stars, galaxies, and AGN. The ar-
eas listed in Table 1 are the total area that has PRIMUS
targets and are conservative in that they do not include
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Fig. 8.— Comparison of PRIMUS redshifts versus high-resolution spectroscopic redshifts from either DEEP2, VVDS, or
zCOSMOS, for a sample of sources with 0 < z < 1.2 and magnitudes i < 22.5 (VVDS, zCOSMOS) or R < 22.8 (DEEP2).
Objects with a PRIMUS redshift confidence of Q=2, 3, and 4 are shown in the panels in the upper left, upper right, and
lower left, while objects with Q≥3 are shown in the lower right panel. Robust redshifts are defined as objects with Q=3 or
4. The insets show the distribution of ∆z/(1 + z) within 0.5% for each sample. Of the sources with ∆z/(1 + z) < 0.03, the
dispersion is σz/(1 + z)=0.0154 for Q=3, 0.0043 for Q=4, and 0.0051 for Q≥3. The outlier rate of objects in this sample with
∆z/(1 + z) > 0.03 is 26% for Q=3, 3% for Q=4, and 8% for Q≥3, while the outlier rate with ∆z/(1 + z) > 0.10 is 4% for
Q=3, 1% for Q=4, and 2% for Q≥3. The outlier rate varies slightly between fields, depending on the optical photometric bands
available. Details are given in Cool et al. (in preparation).

sample with a similar median redshift as our survey. We
use only the most robust redshifts from zCOSMOS and
VVDS (flag 3 and 4). For each redshift confidence flag,
Q, we list the fraction of sources with ∆z/(1 + z) > 0.03
and with ∆z/(1 + z) > 0.10, the redshift accuracy
σz/(1 + z), (where we quote the normalised median ab-
solute deviation, defined as 1.48 × median(|∆z|/(1+z)),
and the number of objects with each confidence flag.
Objects with a PRIMUS redshift confidence of Q=2
are shown in the upper left panel; these sources have
σz/(1 + z)=0.036 and we do not consider these sources
to have a “robust” redshift. Objects with Q=3 are shown

in the upper right; these sources have a robust redshift
but a higher dispersion than the Q=4 sources shown in
the lower left. For most science purposes we will use sam-
ples with Q≥3, shown in the lower right panel. The Q=4
sample is the purest, with the greatest redshift accuracy
and lowest outlier rate, while the Q≥3 sample is some-
what larger. The redshift accuracy of the Q=4 sample is
σz/(1+z)=0.0043, while the accuracy of the Q≥3 sample
is σz/(1 + z)=0.0051. The outlier rate of objects in this
sample with ∆z/(1 + z) > 0.03 is 8% for Q≥3 and 3%
for Q=4, while the outlier rate with ∆z/(1 + z) > 0.10
is 2% for Q≥3 and 1% for Q=4.



Transforming	
  redshiq	
  to	
  co-­‐moving	
  distance	
  

dc =
c
H0

dz
!m (1+ z)

3 +!k (1+ z)
2 +!"

0

z
#

The	
  co-­‐moving	
  distance	
  for	
  a	
  given	
  redshiq	
  z	
  is	
  given	
  by:	
  

For	
  a	
  flat	
  universe	
  (Ωk	
  =0),	
  a	
  photo-­‐z	
  error	
  δz=0.0035	
  (1+z)	
  and	
  a	
  Hubble	
  constant	
  
H0=100	
  h	
  (km/sec)/Mpc	
  we	
  have	
  	
  

!(dc ) =
3000
h

0.0035 (1+ z)
!m (1+ z)

3 +!"

Which	
  is	
  ploted	
  in	
  the	
  right	
  hand	
  plot	
  for	
  h=0.75,	
  
Ωm	
  =0.25,	
  and	
  ΩΛ	
  =0.75	
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Figure 3. One square degree is divided into 10” x 10” macropixels, delineated in yellow, with the Hubble UDF image used
for illustrative purposes here not to scale. Existing catalogs will be used to select a target for each macropixel, and a
corresponding ≈ 1” diameter hole drilled into a metal mask (red circle), with the diameter allowed to vary depending on
the object size. Source light passing through the mask will land on the corresponding MKID with the same plate scale as
the macropixel. Some subset of macropixels will be selected for each field and used to monitor the sky.

MKID located directly below.

Two potential drawbacks to this aperture masking technique are apparent: it requires ≈ 20,000 precut masks
each containing 100,000 precisely places holes, and it limits the galaxy sampling to a relatively uniform spacing,
making observations of galaxy clusters more difficult. However, a dedicated mask-making facility can address
the first issue, and careful survey design incorporating fields with multiple visits can ameliorate the second.

Adequate signal to noise (S/N) can be achieved in ≈ 15 minutes to determine the redshift of galaxies with
magnitudes < 25, as is shown in Section 5. With 15 minute integration per field and assuming 80% of the
macropixels contain a source, Giga-z would acquire ≈ 320,000 spectra per hour. Rapid (10 second) mask changes
can be performed with pre-loaded cartridges, and the photon counting nature of the MKIDs allows the mask to
be aligned using real time feedback from the science array. With 8 hours of observing per night, this equates
to approximately 2.5 million spectra per night. Assuming poor weather and issues with telescope or cryogenic
performance diminish the amount of useful data collected by one third, this still leaves about 625 million galaxy
spectra in one year. A three year survey will cover the entire LSST field.

Perhaps the hardest problem, especially when working into the near-IR, is sky subtraction. In a typical
observation we can expect 10–20% of the macropixels to map to known dark areas of the sky (selected from the
LSST imaging concurrent with galaxy target selection). Thus ∼ 10, 000 MKIDs will each collect ≈ 1000 photons
per second from the sky (based on the Gemini South model∗), with each photon individually time tagged to
within a microsecond. This sky background data can then be used to build up a map consisting of spectra as
a function of time at every point on the array, facilitating the subtraction of the sky background to the Poisson
limit over the entire spectral range of the detectors.

4. SIMULATED OBSERVATIONS

4.1 THE COSMOS MOCK CATALOG

Synthetic galaxy spectra from the COSMOS mock catalog (CMC) (14) can be combined with an instrument
throughput model to generate catalogs of simulated Giga-z observations. The CMC makes use of the latest
survey data gathered through deep extragalactic surveys. It was specifically designed to be used to forecast

∗www.gemini.edu/sciops/telescopes-and-sites/observing-condition-constraints

4

!"#$%&#'&(!)*&+#,%&-../&&-../012.

Figure 2. An artists rendering of Giga-z. Located at a Cassegrain or Naysmyth focus, the incoming is corrected for
atmospheric dispersion (if required), and reimaged to modify the plate scale and flatten the field (if required). An
aperture mask at the focal plane feeds preselected target light through reimaging optics (possibly a microlens array)
which focuses the image onto the corresponding MKID. Filters at 4K and 100mK block thermal infrared radiation.

no dispersive element, instead using the intrinsic spectral resolution of the MKID detectors. Since each MKID

pixel provides spectral resolution the focal plane is used much more efficiently, yielding a simple and compact

system. The simplest implementation of Giga-z, a SuperMOS we plan to build for follow-up observations of

LSST objects, is shown in Figures 2 and 3.

Giga-z is enabled both by the inherent energy resolution and especially by the large pixels counts possible

with the MKIDs. It is currently envisioned as an instrument for the Cassegrain or Naysmyth focus of a dedicated

4m class telescope. In order to cover the 20,000 square degrees and approximately 2 billion objects detected

with LSST in a reasonable amount of time a one square degree focal plane is necessary. This square degree field

of view is divided among the 100,000 detectors, each fed by a macropixel covering 10”×10” of the sky. Galaxy

number counts (13) ensure that most macropixels (80 - 100%) will contain a galaxy at each pointing. A mask

cut using pre-existing LSST (or earlier DES) imaging allows the light from one celestial source per macropixel

to fall onto a square microlens array (99% fill factor), focusing the light onto the corresponding large plate scale

3

!"#$%&#'&(!)*&+#,%&-../&&-../0123

Giga-­‐Z,	
  a	
  low	
  resoluAon	
  mulA-­‐object	
  spectrograph	
  	
  
(See	
  B.	
  Mazin	
  et	
  al.	
  in	
  the	
  SPIE	
  Proceedings,	
  July	
  2012)	
  

A	
  1”	
  mask	
  (red	
  circles)	
  in	
  each	
  of	
  the	
  
10”	
  pixels	
  is	
  superimposed	
  over	
  a	
  
Hubble	
  UDF	
  image.	
  

Galaxies	
  are	
  projected	
  on	
  an	
  array	
  of	
  100,000	
  
MKIDs+microlense	
  array	
  (~0.7	
  deg2).	
  	
  A	
  mask	
  
selects	
  a	
  galaxy	
  in	
  each	
  pixel.	
  	
  The	
  readout	
  
consists	
  of	
  about	
  100	
  feed-­‐lines.	
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Figure 2. Top-left panel shows the ξ (π , σ ) correlation in the Kaiser model with no photo-z error, i.e. σ z = 0 (from Gaztañaga et al. 2009a). The correlation
is clearly squashed in the radial direction with a region of negative correlation (in blue) between π = 50 and 100 Mpc h−1. Top-right panel shows the same
model but with a photo-z degradation of σ z = 0.003(1 + z), corresponding to the PAU survey. The difference is small and is mostly confined to small radial
scales. Bottom panels show how the results are degraded as we increase σ z to 0.006 (left-hand panel), 0.016 (centre) and 0.033 (right-hand panel). As the
photo-z increases the radial squashing disappears, turning instead into a radial elongation. Note also how the region of negative correlation vanishes as we
increase the photo-z error.

"100 Mpc h−1 (see Matsubara 2004; Gaztañaga, Cabré & Hui 2009)
and put constraints on DE equation of state (Gaztañaga, Miquel &
Sanchez 2009b).

The remaining panels display the same measurements done over
a distribution of objects with photometric redshifts of increasing
photo-z error (as labelled). The distortion pattern due to coher-
ent infall for the case of σ z = 0.003(1 + z) (top-right panel) is
remarkably similar to the one in the original redshift sample. More-
over, it is precisely this anisotropic signal that we will employ to
disentangle bias and growth of perturbations. For most purposes
σ z ∼ 0.003(1 + z) is almost equivalent to having a (spectroscopic)
redshift sample. This will be quantified better later. Notice how this
agreement degrades rather quickly with σ z.

In the large-scale linear regime and in the plane-parallel approx-
imation (where galaxies are taken to be sufficiently faraway from
the observer that the displacements induced by peculiar velocities
are effectively parallel), the distortion caused by coherent infall ve-
locities takes a particularly simple form in Fourier space (Kaiser
1987):

δs(k, µ) = (1 + f µ2)δ(k) (23)

where µ is the cosine of the angle between k and the line of sight, the
subscript s indicates redshift space and f (z) is given by equation (5).
If we assume that galaxy fluctuations are linearly biased by a factor
b relative to the underlying matter density δ (i.e. δg = b δ) but

velocities are unbiased, then

δg(k, µ) = (b + f µ2)δ(k), (24)

where δg are the measured galaxy fluctuations in redshift space.
However in practice what we measure is the rms value σ (b + µ2f ),
where σ is the rms amplitude of fluctuations at some scale. Hence
by fitting the µ dependence we can have independent measurements
of b σ and f σ as a function of redshift (or the ratio β = f /b, but we
cannot separate f from both σ or b). This means that f (z) cannot
be measured unless we fix the normalization of δ(z). Combining
RSD with WL (see below) or higher order correlations in the same
galaxy sample (e.g. see Gaztañaga et al. 2005; Sefusatti et al. 2006,
and references therein) we can break this degeneracy. Nonetheless
having an estimate for f (z)σ (z) (independent of bias) can be as
valuable as just having f , as both are ways to constrain D(z) and
therefore γ .

To implement RSD constraints on the growth rate f and bias we
follow the approach of White et al. (2009). First we write the cross-
power spectrum of galaxy samples A and B at the same redshift bin
i as

P
(i)
AB (k, µ) =

(
bA + f µ2) (

bB + f µ2) Gσz (k, µ) PL(k), (25)

where A and B are indices for different galaxy types and Gz

Gz(k, µ) = exp
[
−(1/2)k2µ2

(
σ 2

A + σ 2
B

)]
(26)

C© 2012 The Authors, MNRAS 422, 2904–2930
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Anisotropic clustering in CMASS galaxies 5
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Figure 3. Left panel: Two-dimensional correlation function of CMASS galaxies (color) compared with the best fit model described in Section 6.1 (black lines).
Contours of equal ξ are shown at [0.6, 0.2, 0.1, 0.05, 0.02, 0]. Right panel: Smaller-scale two-dimensional clustering. We show model contours at [0.14, 0.05,
0.01, 0]. The value of ξ0 at the minimum separation bin in our analysis is shown as the innermost contour. The µ ≈ 1 “finger-of-god” effects are small on the
scales we use in this analysis.

in Figure 4. The effective redshift of weighted pairs of galaxies in
our sample is z = 0.57, with negligible scale dependence for the
range of interest in this paper. For the purposes of constraining cos-
mological models, we will interpret our measurements as being at
z = 0.57.

3.2 Covariance Matrices

The matrix describing the expected covariance of our measure-
ments of ξ"(s) in bins of redshift space separation depends in linear
theory only on the underlying linear matter power spectrum, the
bias of the galaxies, the shot-noise (often assumed Poisson) and the
geometry of the survey. We use 600 mock galaxy catalogs, based
on Lagrangian perturbation theory (LPT) and described in detail in
Manera et al. (2012), to estimate the covariance matrix of our mea-
surements. We compute ξ"(si) for each mock in exactly the same
way as from the data (Sec. 3.1) and estimate the covariance matrix
as

C"1"2i j =
1
599

600∑

k=1

(
ξk"1 (si) − ξ̄"1 (si)

) (
ξk"2 (s j) − ξ̄"2 (s j)

)
, (7)

where ξk" (si) is the monopole (" = 0) or quadrupole (" = 2) correla-
tion function for pairs in the ith separation bin in the kth mock. ξ̄"(s)
is the mean value over all 600 mocks. The shape and amplitude of
the average two-dimensional correlation function computed from
the mocks is a good match to the measured correlation function
of the CMASS galaxies; see Manera et al. (2012) and Ross et al.
(2012) for more detailed comparisons. The square roots of the di-
agonal elements of our covariance matrix are shown as the error-
bars accompanying our measurements in Fig. 4. We will examine
the off-diagonal terms in the covariance matrix via the correlation

matrix, or “reduced covariance matrix”, defined as

C"1"2,redi j = C"1"2i j /
√
C"1"1ii C"2"2j j , (8)

where the division sign denotes a term by term division.
In Figure 5 we compare selected slices of our mock covari-

ance matrix (points) to a simplified prediction from linear theory
(solid lines) that assumes a constant number density n̄ = 3 × 10−4
(h−1 Mpc)−3 and neglects the effects of survey geometry (see, e.g.,
Tegmark 1997). Xu et al. (2012) performed a detailed compari-
son of linear theory predictions with measurements from the Las
Damas SDSS-II LRG mock catalogs (McBride et al. prep), and
showed that a modified version of the linear theory covariance with
a few extra parameters provides a good description of the N-body
based covariances for ξ0(s). The same seems to be true here as
well. The mock catalogs show a deviation from the naive linear
theory prediction for ξ2(s) on small scales; a direct consequence is
that our errors on quantities dependent on the quadrupole are larger
than a simple Fisher analysis would indicate. We verify that the
same qualitative behavior is seen for the diagonal elements of the
quadrupole covariance matrix in our smaller set of N-body simu-
lations used to calibrate the model correlation function. This com-
parison suggests that the LPT-based mocks are not underestimating
the errors on ξ2, though more N-body simulations (and an account-
ing of survey geometry) would be required for a detailed check of
the LPT-based mocks.

The lower panels of Figure 5 compare the reduced covari-
ance matrix to linear theory, where we have scaled the Credi j pre-
diction from linear theory down by a constant, ci. This compar-
ison demonstrates that the scale dependences of the off-diagonal
terms in the covariance matrix are described well by linear the-
ory, but that the nonlinear evolution captured by the LPT mocks
can be parametrized simply as an additional diagonal term. Finally,

c© 0000 RAS, MNRAS 000, 1–1

6 Reid et al.

Figure 4. ξ0(s) and ξ2(s) measured from BOSS CMASS galaxies. The er-
rorbars correspond to diagonal elements of the covariance matrix. The best-
fitting model described in Section 6.1 is shown as the solid curve. We use
23 logarithmically spaced bins and include pairs between 25 and 160 h−1
Mpc.

while not shown here, the reduced covariances between ξ0 and ξ2
are small.

Our analysis uses the LPT mock-based covariance matrix,
which accurately accounts for both complexities of the survey ge-
ometry as well as nonlinear corrections to the growth of structure
on the relatively large scales of interest here, and this allows us to
accurately report uncertainties associated with both our measure-
ments and parameter fits.

Figure 5. Upper panels: Diagonal elements of the monopole and
quadrupole components of the covariance matrix computed from the LPT-
based mocks (points) compared with the linear theory prediction (solid
lines). Lower panels: Two slices through the reduced covariance matrices
C00,redi j and C22,redi j for separation bins of 33 and 103 h−1 Mpc. Linear theory
predictions for the reduced covariance matrices in the lower panels have
been scaled by a constant factor to produce good agreement between linear
theory and mock covariances for off-diagonal elements, demonstrating that
the scale dependence of the off-diagonal terms matches the mock covari-
ance matrix well, but that there is extra diagonal covariance in the mocks
compared with linear theory. Elements of C02 are small (not shown).

4 THEORY

4.1 Redshift Space Distortions: Linear Theory

The effects of redshift space distortions in the linear regime are
well-known (Kaiser 1987; Fisher 1995, see also Hamilton 1998 for
a comprehensive review). We briefly summarize them here. The
redshift-space position, s, of a galaxy differs from its real-space
position, x, due to its peculiar velocity,

s = x + vz(x) ẑ, (9)

where vz(x) ≡ uz(x)/(aH) is the change in the apparent LOS posi-
tion of a galaxy due to the contribution of the LOS peculiar veloc-
ity uz to the galaxy’s redshift. Since overdensities on large, linear
scales grow in a converging velocity field (∇ · v = − f δm), the effect
of peculiar velocities induces a coherent distortion in the measured
clustering of galaxies that allows us to measure the amplitude of
the peculiar velocity field. In linear theory, and with some approx-
imations, the anisotropic galaxy power spectrum becomes (Kaiser
1987)

Psg(k, µk) =
(
b + fµ2k

)2
Prm(k) = b2

(
1 + βµ2k

)2
Prm(k) (10)

where b is the linear galaxy bias, δg = bδm, f ≡ d lnσ8/d ln a is the
logarithmic growth rate of matter fluctuations, and µk is the cosine
of the angle between k and the LOS.

c© 0000 RAS, MNRAS 000, 1–1
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Then	
  for	
  Dark	
  Energy	
  studies	
  we	
  want	
  to	
  measure	
  the	
  following	
  objects	
  over	
  as	
  large	
  
a	
  volume	
  as	
  possible	
  (many	
  Gpc3):	
  
	
  
1.   Galaxy	
  shapes,	
  types,	
  angular	
  posi:on	
  and	
  redshies.	
  
	
  
2.   Supernovae	
  (SNe	
  Ia).	
  
	
  
3.   Angular	
  posi:on	
  and	
  spectrum	
  of	
  quasars.	
  	
  Mapping	
  of	
  hydrogen	
  clouds.	
  
	
  

Future	
  projects	
  that	
  will	
  do	
  that	
  on	
  a	
  large	
  scale	
  are:	
  
	
  
•  DES:	
  imager	
  with	
  5	
  filters.	
  In	
  5	
  years	
  will	
  cover	
  5000	
  square	
  degrees	
  to	
  magnitude	
  24	
  

and	
  z	
  up	
  to	
  ~1.5.	
  	
  Status:	
  running.	
  
•  MS-­‐DESI:	
  Spectrograph.	
  	
  Status:	
  start	
  in	
  2017?	
  
•  EUCLID:	
  Space	
  imager	
  and	
  spectrograph.	
  	
  Status:	
  launch	
  date	
  ~2019.	
  
•  LSST:	
  imager	
  with	
  6	
  filters.	
  	
  	
  Status:	
  scheduled	
  to	
  start	
  in	
  2021.	
  

So,	
  what	
  needs	
  to	
  be	
  measured	
  to	
  study	
  DE?	
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5 The BigBOSS Instrument

5.1 Overview

The BigBOSS instrument is composed of a set of telescope prime focus corrector optics, a

massively multiplexed, roboticized optical fiber focal plane, and a suite of fiber-fed medium

resolution spectrographs, all coordinated by a real-time control and data acquisition system.

The conceptual design achieves a wide-field, broad-band mulit-object spectrograph on the

Mayall 4-m telescope at KPNO.

Table 5.1 summarizes the key instrument parameters such as field of view, number

of fibers, fiber size and positioning accuracy, spectrograph partitioning, and integration

time, were derived from a blend of science requirements and technical boundaries. These

were derived from a confronting the science requirements for the Key Science Project with

realistic technical boundaries.

Figure 5.1: BigBOSS instrument installed at the Mayall 4-m telescope. A new corrector

lens assembly and robotic positioner fiber optic focal plane are at mounted at the prime

focus. The yellow trace is a fiber routing path from the focal plane to the spectrograph

room incorporating fiber spooling locations to accommodate the inclination and declinaton

motions of the telescope. The two stack-of-five spectrograph arrays are adjacent to the

telescope base at the end of the fiber runs.

The instrument wavelength span requirement of 340–1060 nm was determined by the

need to use galaxy [O II] doublet(3727Å and 3729Å) emission lines to measure the redshift

of Luminous Red Galaxies (0.2 < z < 1) and Emission Line Galaxies (0.7 < z < 1.7) and

Fiber Positioners 
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1.  4	
  m	
  telescope	
  
2.  5000	
  fiber,	
  3	
  arm	
  spectrograph,	
  R~4000	
  
3.  Spectra	
  for	
  1800	
  objects/deg2	
  (~10%	
  of	
  

available	
  galaxies)	
  	
  
4.  Magnitude	
  limit	
  ~22.5,	
  z~3.5	
  
5.  Will	
  cover	
  14,000	
  deg2	
  in	
  3	
  years	
  
6.  20	
  M	
  galaxies,	
  0.6	
  M	
  QSO	
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How	
  far	
  in	
  redshiq	
  will	
  MS-­‐DESI	
  go?	
  

N.G. Busca et al.: BAO in the Lyα forest of BOSS quasars

Table 2. Measurements of H(z)/(1 + z). The first seven mea-
surements use rs = 152.75 h−1Mpc as the standard of length.
The measurements of Blake et al. (2011b) use supernova data
and therefore measure H(z) relative to H0. We quote the results
they obtain without assuming a flat universe.

z H(z)/(1 + z) method reference
km s−1Mpc−1

2.3 66.5 ± 7.4 BAO this work
2.3 67.8 ± 2.4 BAO +WMAP7 this work
0.35 60.8 ± 3.6 BAO Chuang & Wang (2012)
0.35 62.5 ± 5.2 BAO Xu et al. (2012)
0.57 58.8 ± 2.9 BAO + AP Reid et al. (2012)
0.44 57.4 ± 5.4 BAO + AP Blake et al. (2012)
0.60 54.9 ± 3.8
0.73 56.2 ± 4.0

0.2 H0 × (1.11 ± 0.17) AP + SN Blake et al. (2011b)
0.4 H0 × (0.83 ± 0.13)
0.6 H0 × (0.81 ± 0.08)
0.8 H0 × (0.83 ± 0.10)

0 73.8 ± 2.5 Riess et al. (2011)

position to derive DV (z)/rs = ((1 + z)2D2
AczH

−1/rs. They then
studied the Alcock-Paczynski effect on the broadband galaxy
correlation function to determine DA(z)H(z). Combining the two
measurements yielded H(z)rs.

To demonstrate deceleration in the redshift range 0.5 < z <
2.3, we fit the BAO-based values of H(z) in table 2 to theΛCDM
form H(z) = H0(ΩΛ + ΩM(1 + z)3 + (1 − ΩΛ − ΩM)(1 + z)2)1/2.
Marginalizing overΩΛ and H0 we find

[H(z)/(1 + z)]z=2.3

[H(z)/(1 + z)]z=0.5
= 1.17 ± 0.05 , (29)

clearly indicating deceleration between z = 2.3 and z = 0.5.
This measurement is in good agreement with the fiducial value
of 1.146. We emphasize that this result is independent of rs.

To map the expansion rate for 0 < z < 2.3, we must adopt the
fiducial value of rs and compare the resulting H(z) with H0 and
with other BAO-free measurements. Besides the H0 measure-
ment of Riess et al. (2011), we use the WiggleZ analysis com-
bining their Alcock-Paczynski data with distant supernova data
from the Union-2 compilation (Amanullah et al., 2010). The su-
pernova analysis does not use the poorly known mean SNIa lu-
minosity, so the SNIa Hubble diagram gives the luminosity dis-
tance in units of H−1

0 , DL(z)H0. Combining this result with the
Alcock-Paczynski measurement of DA(z)H(z) yields H(z)/H0.
The values are given in table 2.

We fit all the data in table 2 to theΛCDM form of H(z). This
yields an estimate of the redshift of minimum H(z)/(1 + z)

zd−a = 0.82 ± 0.08 (30)

which compares well with the fiducial value: zd−a =
(2ΩΛ/ΩM)1/3 − 1 = 0.755

6. Conclusions
In this paper, we have presented the first observation of the BAO
peak using the Lyα forest. It represents both the first BAO de-
tection deep in the matter dominated epoch and the first to use a
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Fig. 20. Constraints on (DA/rs, rsH)z=2.3 within the frame-
work of OwOwaCDM models. The green contours are our 1σ
and 2σ constraints using method 2 and broadband (24). The
gray contours are the 1σ and 2σ constraints from WMAP7
(Komatsu et al., 2011). The red contours show the combined
constraints.
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Fig. 21. Measurements of H(z)/(1 + z) vs z demonstrating
the acceleration of the expansion for z < 0.8 and deceleration
for z > 0.8. The BAO-based measurements are our point at
z = 2.3 (red square), the SDSS DR7 BAO measurement at z =
0.35 [Xu et al. (2012); filled black square] and [Chuang & Wang
(2012); open black square], the BOSS BAO-Alcock-Paczynski
measurement at z = 0.57 [Reid et al. (2012), cyan square], and
the WiggleZ BAO-Alcock-Paczynski measurement [Blake et al.
(2012), green square]. The green circles are from WiggleZ
(Blake et al., 2011b) Alcock-Paczynski data combined with su-
pernova data yielding H(z)/H0 (without the flatness assumption)
plotted here assuming H0 = 70km s−1Mpc−1. The blue circle
is the H0 measurement of Riess et al. (2011). The line is the
ΛCDM prediction for (h,ΩM,ΩΛ) = (0.7, 0.27, 0, 73).

tracer of mass that is not galactic. The results are consistent with
concordance ΛCDM, and require, by themselves, the existence
of dark energy. Combined with CMB constraints, we deduce the
expansion rate at z = 2.3 and demonstrate directly the sequence
of deceleration and acceleration expected in dark-energy domi-
nated cosmologies.
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MS-­‐DESI	
  	
  BigBOSS Science Goals 

redshift 

~1% error on f 8 (growth rate) Sub-1% distance error  

Additional goals for H(z), P(k), spectral index, and total neutrino mass  
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7/8'-+#84:&-*(+#84*260%-*6#-2#@)@"@#(^)#A>#63(#*(/60-*4#:%22#-2#63(#2:%''(0#4>#63(2(#9422-&'(#4/684:(2#63(*#
63(# *(/60-*4# 3-(0%083;# 84/'+# %'24# &(# 84*260%-*(+)# $3(2(# %0(# 84*2(0I%6-I(# (26-:%6(2# &(8%/2(# 63(# (N9(86(+#
2-.*%'# >04:#5(%<# '(*2-*.#4># 63(#TUV#-62('># -2#*46# -*8'/+(+B#53-83#8%*#%'24#&(#/2(+# 64#9'%8(# '-:-62#4*# 63(#
*(/60-*4#:%22)##

0&89:'#!";<#=>'#'?4'%)'@#%1(/):5&()/#*:1A#B9%C&@#&(#)>'#@D(5A&%5C#@5:E#'(':8D#45:5A')':#/45%'"#F'#/>13#C'(/&(8#1(CD#
G8:''(HI#85C5?D#%C9/)':&(8#1(CD#G,C9'HI#5CC#)>'#B9%C&@#4:1,'/#GC'(/&(8J85C5?D#%C9/)':&(8J%C9/)':/JK$FL#1:5(8'H#5(@#5CC#
B9%C&@#3&)>#MC5(%E#N2O#%1(/):5&()/#G:'@H"#=>'#%:1//#/>13/#5#%1/A1C18&%5C#%1(/)5()#A1@'C"#P'*)#45('C<# )>'#'?4'%)'@#
QRS#%1(*&@'(%'#%1()19:/#&(#)>'#G34I#35H"#T&8>)#45('C<#)>'#U #%1(/):5&()/#1(#)>'#*9(%)&1(#3G6H#45:5A')':&/'@#,D#G34I#35H#
5/#5#*9(%)&1(#1*#:'@/>&*)#G8:''(VC'(/&(8#5C1('I#,C9'V85C5?D#%C9/)':&(8#5C1('I#1:5(8'V5CC#1*#)>'#B9%C&@#4:1,'/I#:'@VB9%C&@#
%1A,&('@#3&)>#MC5(%EH")
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LSST	
  	
  

1.  ~8	
  m	
  telescope	
  
2.  6	
  filter	
  for	
  visible	
  photometry	
  
3.  Reach	
  up	
  to	
  magnitude	
  ~27.5	
  
4.  Will	
  cover	
  20,000	
  deg2	
  in	
  10	
  years.	
  
5.  Will	
  measure	
  ~20	
  B	
  galaxies	
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LSST	
  	
  

Di	
  =	
  co-­‐moving	
  distance	
  
Gi	
  =	
  growth	
  rate	
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What	
  do	
  we	
  do	
  in	
  the	
  decade	
  2020-­‐2030?	
  

SituaAon	
  aqer	
  DES,	
  MS-­‐DESI,	
  EUCLID,	
  Panstars	
  …	
  :	
  
	
  
•  About	
  15,000	
  deg2	
  of	
  the	
  sky	
  will	
  have	
  been	
  imaged	
  to	
  magnitude	
  of	
  24-­‐24.5.	
  	
  This	
  

will	
  give	
  about	
  1.5	
  billion	
  galaxies.	
  
•  High	
  resoluAon	
  spectroscopy	
  will	
  exists	
  for	
  about	
  25	
  million	
  galaxies	
  and	
  about	
  

0.5-­‐1.	
  M	
  QSO.	
  	
  Low	
  resoluAon	
  NIR	
  spectroscopy	
  will	
  exists	
  for	
  about	
  50	
  M	
  galaxies.	
  

SituaAon	
  during/aqer	
  LSST:	
  
	
  
•  Imaging	
  will	
  improve	
  by	
  an	
  order	
  of	
  magnitude.	
  	
  About	
  20,000	
  deg2	
  of	
  the	
  sky	
  will	
  

be	
  imaged	
  to	
  magnitude	
  of	
  about	
  27.5.	
  	
  This	
  will	
  give	
  about	
  10	
  billion	
  galaxies.	
  
•  But	
  no	
  big	
  improvement	
  in	
  spectroscopy	
  that	
  I	
  know	
  off.	
  

So	
  we	
  may	
  ask	
  the	
  quesAon:	
  can	
  we	
  get	
  high	
  or	
  low	
  spectroscopy	
  for	
  most	
  of	
  the	
  
LSST	
  galaxies	
  up	
  to	
  magnitude	
  ~24.5	
  ?	
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Can	
  we	
  scale	
  spectrographs	
  like	
  MS-­‐DESI?	
  

1.  Scaling	
  from	
  magnitude	
  22.5	
  to	
  24.5	
  requires	
  an	
  increase	
  in	
  the	
  number	
  of	
  
photons	
  by	
  a	
  factor	
  of	
  40.	
  	
  This	
  can	
  not	
  be	
  done	
  by	
  increasing	
  the	
  exposure	
  Ame.	
  	
  
Going	
  to	
  an	
  8	
  m	
  telescope	
  will	
  sAll	
  leaves	
  us	
  short	
  of	
  a	
  factor	
  of	
  10.	
  	
  Reducing	
  R	
  
may	
  help	
  but	
  not	
  by	
  much,	
  so	
  this	
  looks	
  difficult.	
  

2.  Right	
  now	
  with	
  4000-­‐5000	
  fibers	
  MS-­‐DESI	
  measure	
  1500-­‐1800	
  objects	
  per	
  deg2	
  
out	
  of	
  the	
  10,000	
  available.	
  

3.  At	
  magnitude	
  24.5	
  one	
  has	
  about	
  100,000	
  galaxies/deg2,	
  doing	
  spectroscopy	
  on	
  
half	
  of	
  them	
  will	
  require	
  30	
  Ames	
  the	
  number	
  of	
  fibers	
  and	
  2	
  mm	
  pitch	
  between	
  
fibers.	
  	
  To	
  me	
  that	
  kind	
  of	
  scaling	
  doesn’t	
  look	
  doable	
  with	
  current	
  technology.	
  

Can	
  MKIDs	
  provide	
  a	
  way	
  out	
  of	
  this	
  problem?	
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What	
  could	
  a	
  low	
  resolu:on	
  MKIDs	
  spectrograph	
  (e.g.	
  
Giga-­‐Z)	
  do	
  if	
  it	
  works	
  as	
  expected?	
  

1.  In	
  a	
  4	
  (8)	
  m	
  telescope	
  it	
  could	
  go	
  up	
  to	
  magnitude	
  24.5	
  (25.7),	
  covering	
  20,000	
  
square	
  degrees	
  in	
  3	
  years	
  (7	
  year	
  run).	
  

2.  It	
  could	
  provide	
  a	
  redshiq	
  resoluAon	
  equivalent	
  to	
  a	
  distance	
  resoluAon	
  of	
  ≈15	
  
Mpc,	
  good	
  enough	
  to	
  be	
  into	
  the	
  non-­‐linear	
  regime	
  of	
  GR.	
  

3.  It	
  will	
  cover	
  most	
  of	
  the	
  available	
  galaxies/deg2	
  up	
  to	
  magnitude	
  24.5.	
  	
  That	
  is	
  
about	
  100,000	
  galaxies	
  per	
  square	
  degree	
  for	
  a	
  total	
  of	
  about	
  2	
  (4)	
  billion	
  
galaxies.	
  

What	
  are	
  the	
  problems	
  that	
  need	
  to	
  be	
  solved?	
  

The	
  list	
  is	
  ambiAous	
  but	
  we	
  believe	
  doable:	
  
1.  R	
  has	
  to	
  get	
  closer	
  to	
  the	
  theoreAcal	
  limit.	
  
2.  The	
  packaging	
  need	
  to	
  be	
  greatly	
  improved.	
  
3.  The	
  RF	
  electronics	
  needs	
  improvement.	
  
4.  A	
  flat	
  RF	
  cable	
  suitable	
  to	
  work	
  at	
  100	
  mK	
  needs	
  to	
  be	
  developed.	
  
5.  It	
  will	
  help	
  to	
  improve	
  the	
  QE.	
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Some	
  quesAons	
  for	
  the	
  workshop?	
  

1.  Can	
  the	
  use	
  of	
  MKIDs	
  transform	
  LSST	
  from	
  a	
  Stage	
  IV	
  to	
  a	
  Stage	
  V	
  Dark	
  
Energy	
  experiment?	
  

2.  What	
  would	
  be	
  the	
  gain	
  of	
  doing	
  RSD	
  with	
  LSST+MKIDs?	
  

3.  Can	
  we	
  do	
  QSO?	
  Supernovae?	
  

4.  Is	
  there	
  any	
  gain	
  on	
  having	
  low	
  resoluAon	
  spectroscopy	
  over	
  the	
  same	
  
sky	
  as	
  opposed	
  to	
  different	
  skies?	
  

5.  During	
  the	
  LSST	
  era	
  what	
  would	
  be	
  the	
  advantage	
  of	
  having	
  a	
  low	
  
resoluAon	
  spectrograph	
  in	
  the	
  south	
  vs.,	
  for	
  example,	
  moving	
  MS-­‐DESI	
  to	
  
the	
  Blanco?	
  

6.  If	
  bias	
  can	
  be	
  measured	
  with	
  DES+SPT	
  first	
  and	
  LSST+SPT	
  later,	
  would	
  
that	
  help	
  the	
  MKIDs	
  case?	
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The End 


