
DESpec:
the Dark Energy Spectrograph

• Spectroscopic follow-up to DES, mission scope & design.

• Powerful range of science drivers. WGL + LSS. 

• Systematics control, synergy with DES science.
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DES

Multi-probe approach
• Cluster Counts
• Weak Lensing
• Large Scale Structure
• Supernovae Ia

   8-band survey
    5000 deg2 grizY 
    300 million photometric redshifts
      + JHK from VHS (1700deg2 covered at half exposure time)
      +SPT SZ (550 clusters observed over 2500 sq deg)
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DES

NGC 1365 
in Fornax

Multi-probe approach
• Cluster Counts
• Weak Lensing
• Large Scale Structure
• Supernovae Ia

   8-band survey
    5000 deg2 grizY 
    300 million photometric redshifts
      + JHK from VHS (1700deg2 covered at half exposure time)
      +SPT SZ (550 clusters observed over 2500 sq deg)

First light 
12th September

2012!
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DESpec

• 4000 fibre spectrograph taking 10 million 
galaxy spectra on the DES footprint 
over ~350 nights, starting 2017-18.

• Blanco 4m telescope, CTIO, 3.8deg2 FoV
great seeing 0.65’’, many usable nights, 80% 
→ fast & cheap survey

• DES provides target list, infrastructure 
& much more. Build on the DES legacy, Stage III -> Stage IV

• Spectral range 600-1000nm, R=3300 (red end)

• Hemisphere synergy with LSST, extend to ~15,000 deg2

CTIO
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DESpec Practicalities
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The 
discovery 
of 
dark 
energy 
is 
arguably 
the 
m
ost 
im
portant 

cosm
ological discovery in the past thirty years.  N
ew
 insights into the 

nature of dark energy w
ill com
e soon from
 the Dark Energy Survey 

(DES), a deep, w
ide, m
ulti-band im
aging survey, spanning 525 nights 

over five years beginning in late 2012, that w
ill use the new
 570-

M
egapixel Dark Energy Cam
era (DECam
) on the 4 m
eter Blanco 

telescope at CTIO
.  

  As a result of the success to date of the DES project, w
e have 

conceived of a conceptual next-generation dark energy project. The 

observations w
ould be m
ade possible by a new
 m
ulti-fiber optical 

instrum
ent for the CTIO
 Blanco 4-m
eter telescope called the Dark 

Energy Spectrom
eter (DESpec).  DESpec w
ould provide a pow
erful 

spectroscopic 
follow
-up 
system
 
for 
the 
m
illions 
of 
Southern 

hem
isphere sources discovered by DES (and later LSST), greatly 

enhancing the scientific return of both of these large-scale surveys.  

A
b
stract 

 W
e 
describe 
the 
prelim
inary 
design 
of 
the 
Dark 
Energy 

Spectrom
eter 
(DESpec), 
a 
fiber-fed 
spectroscopic 
instrum
ent 

concept for the Blanco 4-m
eter telescope at Cerro Tololo Inter-

Am
erican O
bservatory (CTIO
). DESpec w
ould take advantage of the 

infrastructure 
recently 
deployed 
for 
the 
Dark 
Energy 
Cam
era 

(DECam
). DESpec w
ould be m
ounted in the new
 DECam
 prim
e 

focus cage, w
ould be interchangeable w
ith DECam
, w
ould share 

the DECam
 optical corrector, and w
ould feature a focal plane w
ith 

~4000 robotically positioned optical fibers feeding m
ultiple high-

throughput spectrom
eters. The instrum
ent w
ould have a field of 

view
 of 3.8 square degrees, a w
avelength range of approxim
ately 

500<λ<1000 nm
, and a spectral resolution of R~3000.  DESpec 

w
ould provide a pow
erful spectroscopic follow
-up system
 for 

sources in the Southern hem
isphere discovered by the Dark Energy 

Survey and LSST. O
p
tical C
o
rre
cto
r an
d
 A
D
C
 

 

The DESpec optical corrector w
ill benefit from
 previous experience 

w
ith the DECam
 optical corrector; in fact w
e plan to share m
ost of the 

elem
ents of the DECam
 optical corrector w
ith the DESpec instrum
ent. 

C1 through C4 w
ould rem
ain in the prim
e focus cage during an 

instrum
ent sw
ap of DECam
 w
ith DESpec. The assem
bled and aligned 

DECam
 corrector optics are now
 installed on the Blanco telescope.  
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A set of m
ultiple identical DESpec unit spectrographs w
ill produce and 

record spectra. The key elem
ents driving the optical design of the 

spectrographs 
are 
the 
w
avelength 
range, 
the 
required 
spectral 

resolution, and the diam
eter of the optical fibers carrying the light 

from
 the focal surface. To accom
m
odate 4000 fibers, each of 10 

spectrographs m
ust accept ~400 fibers. There are several options for 

the physical location of the spectrographs: they could be m
ounted off-

telescope or, if sufficiently sm
all and light-w
eight, they could be 

m
ounted near the top of the telescope and arrayed around its upper 

ring in order to m
inim
ize fiber length and thereby increase the 

throughput of the instrum
ent.  

  As w
e are currently continuing to develop the science and survey 

requirem
ents, w
e are considering tw
o spectrograph designs: a single-

arm
 spectrograph w
ith a w
avelength range 550< λ <950 nm
 and a 

tw
o-arm
 spectrograph in w
hich the blue side has w
avelength range 

480<λ<780 nm
 and the red side covers 750< λ <1050 nm
.  
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Fib
e
r d
iam
ete
r 

100 m
m
 (1.75 arcsec) 

W
ave
le
n
gth
 ran
ge
 (n
m
) 

550<λ<950 

C
C
D 

DECam
 2kx4k 

R
e
so
lu
tio
n
 (Δλ) 

0.263 nm
 

# p
ixe
ls/fib
e
r 

2.6 

Sp
e
ctral re
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tio
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R~2850 at 750 nm
 

C
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e
ra f/#  

f/1.3 

C
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e
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m
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C
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D 
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2kx4k 

DECam
 2kx4k 

R
e
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lu
tio
n
 (Δλ) 

0.228 nm
 

0.228 nm
 

# p
ixe
ls/fib
e
r 

3 

3 
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e
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R~2760 at 630 nm
 
R~3950 @
 900 nm
 

C
am
e
ra f/# 

f/1.5 

f/1.5 

C
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e
ra typ
e 

Refractive 

The new
 top end of the Blanco 4m
 telescope, during installation of the new
 prim
e focus cage to 

hold DECam
.   

The DECam
 cam
era installation fixture (schem
atic at left, in close-up at right) at Ferm
ilab. Right 

im
age show
s the installation fixture being used to m
ount the cam
era in the Prim
e Focus Cage 

(black, at right).  

A schem
atic draw
ing of a M
O
HAW
K-style fiber positioner positioned on top of the DESpec 

corrector optics, including the fiber bundles that w
ould feed potential DESpec spectrographs. 

In
te
rch
an
ge
ab
ility w
ith
 D
EC
am
 

 

To change from
 DECam
 to DESpec, one w
ould tilt the telescope to the 

northw
est platform
 and use the cam
era installation fixture to rem
ove 

DECam
. DECam
 is then stow
ed off of the telescope w
ith its Dew
ar 

w
indow, the cam
era’s final optical elem
ent (C5), in place. DESpec, 

w
hich w
ill have been stow
ed either off-telescope or on the telescope 

structure, is connected to a sim
ilar installation fixture for inserting into 

the cage.  

 

A potential optical design 

of 
the 
DESpec 
optical 

corrector. From
 right to 

left the optics are C1 to 

C3, the tw
o-com
ponent 

ADC, 
C4, 
C5’, 
and 
the 

field-flattener 
C6. 
The 

focal plane of fiber-ends 

w
ould be just to the left 

of the new
 C6. “C1” is 

about 
1m
 
in 
diam
eter. 

The optical train is 1.9m
 

long. C1, C2, C3, and C4 

are already installed on 

the telescope as part of 

DECam
. 

Right: 
The 
absolute 

quantum
 
efficiency 
of 

three 
typical 
CCDs 

produced for the Dark 

Energy 
Cam
era. 
 
The 

blue side of the tw
o-arm
 

spectrographs 

could 

also use DECam
 2kx4k 

CCDs.  
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The 
DESpec 
fiber 
positioner 
w
ould 
house~4000 
fibers 
at 
the 

telescope’s prim
e focus. The fiber positioner m
ust m
ove the tips of 

the optical fibers to predeterm
ined positions for each exposure and 

then hold them
 in place for the length of the exposure. It m
ust also 

gather the fibers into bundles that optically feed the spectrographs. 

Since DESpec w
ill reutilize the corrector optics of DECam
, the focal 

plane w
ill be about the sam
e size, i.e., a diam
eter D~450 cm
. This 

im
plies a separation betw
een fibers (i.e., the pitch) of ~7 m
m
. 

 W
e are currently investigating tw
o general classes of fiber positioners 

that could provide technical solutions for DESpec, show
n below
.  

Right: The “Cobra” fiber 

positioner designed for 

W
FM
O
S (left). The tip of 

the fiber is held at the 

bottom
 end of the unit 

positioner (right). 

Left: A draw
ing of a M
O
HAW
K 

fiber 
positioner 
w
ith 
DESpec 

specifications, 
i.e., 
4000 
fibers 

w
ith a 7m
m
 pitch, placed in a 

450m
m
 diam
eter focal plane. 

Right: The M
O
HAW
K unit fiber 

positioner. The spines pivot from
 

m
ounts 
at 
the 
base 
and 
are 

driven 

by 

piezo-electric 

actuators. 

DESpec w
ill use 2k x 4k backside-

illum
inated, 
red-sensitive 
CCDs 

designed by LBN
L, for either the 

one-arm
 spectrograph or for the 

red 
arm
 
of 
the 
tw
o-arm
 

spectrograph. These CCDs have 

high quantum
 efficiency (Q
E) at 

near infrared w
avelengths. They 

are 250 m
icrons thick and attain 

good 
(~5 
m
icron) 
dispersion 

characteristics 
from
 
a 
40V 

substrate 
bias. 
The 
4-side 

buttable CCD package is suitable, 

so 
existing 
spare, 
tested, 

packaged, science-grade DECam
 

CCDs can be used on DESpec, 

providing 
a 
significant 
cost 

savings.  

Above: The DECam
 focal plane populated 

w
ith 70 2kx4k CCDs.  DESpec w
ill m
ake use of 

the DECam
 spare CCD supply. 

Left: param
eters for 

a potential one-arm
 

spectrograph design
 

Right: 
param
eters 

for a potential tw
o-

arm
 
spectrograph 

design
 

C
o
n
clu
sio
n
 

 W
e have described DESpec, a potential m
ulti-fiber instrum
ent for the 

CTIO
 Blanco 4m
 telescope.  The instrum
ent could be used to provide 

m
assive spectroscopic follow
-up of dark energy sources discovered in 

the DES and LSST im
aging surveys, and could be a CTIO
 facility 

instrum
ent to be used for m
ultiple science projects. The instrum
ent 

design w
ill continue to evolve along w
ith the science case for the 

project.  As a result, the instrum
ent design described here does not 

represent final technical choices; how
ever, it does represent feasible 

solutions that could be im
plem
ented at low
 risk and low
 cost w
ere the 

project to m
ove forw
ard.  

!
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Figure 4.1:  One option (DESpec-SK-3C) for the DESpec optics. From right to left they are C1 to 
C3, the two-component ADC, C4, C5’, and the field-flattener C6. The focal plane of fiber-ends 
would be just to the left of the new C6. “C1” is a little less than 1 meter in diameter. The optical 
train is 1.9 meters long. C1, C2, C3, and C4 are already in place for DECam. 

4.A.1 DESpec Optical Corrector 

DECam was required to deliver images that were comparable to the median site seeing. For 
DESpec, images are required to fall within a fiber diameter that is optimized for maximal S/N 
ratio of faint galaxies along with a minimum required spectral resolution. While the requirements 
on image sizes are similar, the impact of degradation in image size is different in the two cases.  
For DECam, a degradation of image size results in an inability to detect the smallest and faintest 
galaxies. For DESpec, a degradation of image size results in a reduced S/N ratio, but one can 
compensate (within limits) by increased observing time. DECam placed no constraint on the 
telecentricity of the beam incident on the focal plane, and the incoming beam is tilted up to 3.8 
degrees at the focal plane edge. For DESpec, the fibers are constrained to be perpendicular to the 
focal plane, and an inclined beam would cause focal ratio degradation at the exit of the fiber. 
Thus, the beam needs to be perpendicular to the focal plane (telecentric) at all locations. 

In addition, the DESpec corrector is required to produce a good image (though not as good as 
DECam) over the entire useful wavelength range. DESpec will reuse the 1st four elements of the 
DECam optical corrector (C1-C4). As noted above, C5 as well as the DECam filters would not be 
used for DESpec. For observations at high zenith angles, an Atmospheric Dispersion 
Compensator (ADC) can compensate for the natural prismatic effect of chromatic refraction in the 
atmosphere.  Because the maximum zenith angle of DESpec has not been finalized, we have 
developed options for corrector optics both with and without an ADC. Here we present the option 
with the ADC, and in the next subsection we describe the ADC. 

The single C5 lens in DECam is replaced with a pair of lenses C5’ and C6 in DESpec. Both are 
made of fused silica. Such a pair is needed in order to achieve proper focus and telecentricity 

• DESpec intergchangeable 
with DECam on existing 
Blanco infrastructure.

•Re-uses most of the DES 
optics & exploits ready 
supply of space CCDs.

•R&D continuing on fibre 
positioner etc. 
Estimated$40M instrument.

•Low cost/low risk project.
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DESpec White Paper
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Wide Range of Science Drivers

• Photo-z/spec: Better calibration (via cross-correlation).

• LSS: Redshift Space Distortions & Radial BAO- FoM x 3-6 

• Clusters: better redshifts & velocity dispersions, improve 
mass-observable calibraion, FoM x several

• WL: Spectroscopy allows calibration of Intrinsic Alignments

• WL+LSS: Powerful combination for DE & particularly MG

• SN 1a: spectra of host galaxies, control systematics & photo-z 
training, FoMx2

• Galaxy Evolution: Galaxy Properties & star-formation history.

• Strong Lensing: Improved cluster mass models.

Powerful cross-talk with the DES photo-z survey
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WGL & LSS

Transverse modes only, Nmodes ∝ l2

Directly tied to potential fluctuations

Redshift of fluctuations not directly observed

Distance-ratio factors appear in observables

No access to velocity field

Cosmic Shear Galaxy Density
Line of sight modes accessible, Nmodes ∝ l3

Biased & Stocahstic w.r.t. matter

Fluctuation redshift known

Distances require a priori spectrum model

“Contaminated” by velocity field

Combination gives: lowered sample variance, 
known fluctuation redshift & direct tie to matter

✔

✔

✔

✔

✔
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Figure 2.1: Forecast 68% CL constraints on dark energy (w0, wa) and structure growth (γ) 
parameters from DES weak lensing alone (blue), redshift space distortions alone (purple), the 
combination of the two without spatial overlap (red) and with spatial overlap (yellow, i.e., 
DES+DESpec). In the last case, the lensing measurements include shear-shear, galaxy-shear, and 
galaxy-magnification correlations. Each two-parameter combination is marginalized over the 
third parameter. We use Planck and Stage-II priors. From Gaztanaga, et al. (2011). 

 

In this calculation, the DESpec survey is assumed to obtain redshifts for 1000 galaxies per sq. 
deg. to limiting magnitude of iAB=22.5, with a mean redshift of about 0.6. RSD×WL 
(DES+DESpec) improves the (marginalized over γ) DETF FoM for w0, wa by a factor of about 4.6 
compared to DES weak lensing alone. The spatial overlap of RSD spectroscopy with WL 
photometry is found to improve the DETF FoM compared to non-overlapping surveys. The 
improvement is around a factor 5-10 when one combines weak lensing and galaxy clustering (see 
Gaztanaga, et al. 2011), but note that this target selection choice does not optimize the survey 
strategy. Figure 2.2 shows which redshift bins are most important for the constraints, which in 
turn informs the optimization of target selection. Later (Section 3), we will consider more 
elaborate methods of selecting galaxies to demonstrate how the FoM can be further enhanced. We 
will also show how we reach similar conclusions with different assumptions and observables.  
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Figure 2.1: Forecast 68% CL constraints on dark energy (w0, wa) and structure growth (γ) 
parameters from DES weak lensing alone (blue), redshift space distortions alone (purple), the 
combination of the two without spatial overlap (red) and with spatial overlap (yellow, i.e., 
DES+DESpec). In the last case, the lensing measurements include shear-shear, galaxy-shear, and 
galaxy-magnification correlations. Each two-parameter combination is marginalized over the 
third parameter. We use Planck and Stage-II priors. From Gaztanaga, et al. (2011). 

 

In this calculation, the DESpec survey is assumed to obtain redshifts for 1000 galaxies per sq. 
deg. to limiting magnitude of iAB=22.5, with a mean redshift of about 0.6. RSD×WL 
(DES+DESpec) improves the (marginalized over γ) DETF FoM for w0, wa by a factor of about 4.6 
compared to DES weak lensing alone. The spatial overlap of RSD spectroscopy with WL 
photometry is found to improve the DETF FoM compared to non-overlapping surveys. The 
improvement is around a factor 5-10 when one combines weak lensing and galaxy clustering (see 
Gaztanaga, et al. 2011), but note that this target selection choice does not optimize the survey 
strategy. Figure 2.2 shows which redshift bins are most important for the constraints, which in 
turn informs the optimization of target selection. Later (Section 3), we will consider more 
elaborate methods of selecting galaxies to demonstrate how the FoM can be further enhanced. We 
will also show how we reach similar conclusions with different assumptions and observables.  

WGL & LSS

• Combining cosmic shear & RSD 
from galaxy clustering →DE FoMx5

• 2 Surveys on same sky allows cross-
correlation: extra information, 
calibrate systematics, reduce cosmic 
variance- can be an order of 
magnitude improvement.

Same Sky: How Important?   

Gaztanaga et al.  

9
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Modified Gravity
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from DES+DESpec γγ + nn to DESxDESpec γγ + nγ + nn, i.e., from different skies to same sky, is 
a factor of 1.5 in the DETF FoM. This is understandable when we consider the extra control of 
galaxy biasing provided by the galaxy-shear cross-correlations. 

 

Figure 3.13:  95% confidence contours for DES cosmic shear (γγ) [blue lines], DESpec galaxy clustering 
(nn) [cyan lines], DES+DESpec γγ + nn (different sky) [green lines], and DESxDESpec γγ + nγ + nn 
(same sky) [black lines]. Top panel: Constraints on the equation of state of dark energy, w0 and wa, 
assuming standard GR. Bottom panel: Constraints on deviations from GR parameterized by Q0 and R0; all 
other cosmological parameters (e.g., w0 and wa) and nuisance parameters are marginalized over. In both 
cases, no Stage II or Planck priors are assumed. These results are initial findings and a full investigation 
will appear in Kirk, et al. (2012). 

 

4 Donnacha Kirk, Istvan Laszlo, Sarah Bridle, Rachel Bean

Table 1. Summary of the projected angular power spectra considered in this work.

Correlation 2D PS

Shear CGG
ij (l) =

∫ dχ
χ2 Wi(χ)Wj(χ)

[

Q(z) 1+R(z)
2

]2
Pδδ(k, z)

Intrinsic-shear CGI
ij (l) =

∫ dχ
χ2 Wi(χ)nj(χ)Q(z)Q(zf )R(zf )(1 + R(z)

2 )bI(k, z)rI(k, z)
√

Pδδ(k,zf )Pδδ(k,z)

D(zf )

Intrinsic CII
ij (l) =

∫ dχ
χ2 ni(χ)nj(χ)b2I(k, z)Q

2(zf )R2(zf )Pδδ(k, z)

Galaxy clustering Cgg
ij (l) =

∫ dχ
χ2 ni(χ)nj(χ)b2g(k, z)Pδδ(k, z)

Clustering-shear CgG
ij (l) =

∫ dχ
χ2 ni(χ)Wj(χ)Q(z) 1+R(z)

2 bg(k, z)rg(k, z)Pδδ(k, z)

Clustering-intrinsic CgI
ij (l) =

∫ dχ
χ2 ni(χ)nj(χ)Q(zf )R(zf )bg(k, z)bI(k, z)rg(k, z)rI(k, z)

√
Pδδ(k,zf )Pδδ(k,z)

D(zf )

Galaxy ellipticity (observable) Cεε
ij = CGG

ij + CII
ij + CGI

ij

Galaxy number density (observable) Cnn
ij = Cgg

ij

Number density-ellipticity (observable) Cnε
ij = CgI

ij + CgG
ij

2.4 Modified Gravity

There are a large number of modifications or extensions
of Einstein’s general theory of relativity on cosmic scales
which come under the general heading of Modified Grav-
ity theories. These can be motivated by the presence of
extra dimensions, as in DGP, or extra degrees of freedom
compared to the GR action equation, as in f(R), TeVeS
etc. (Dvali et al. 2000; Carroll et al. 2006; Skordis 2009;
Jain & Khoury 2010). As in LBKB, we do not assume a
particular modified theory of gravity but rather concentrate
on “trigger parameters” whose deviation from their GR val-
ues would indicate the presence of some physics beyond that
in the standard GR picture.

In the conformal newtonian gauge the metric for a flat
FRW spacetime is written

ds2 = −a(τ)2 [1 + 2ψ(x, t)] dτ2 + a(τ)2 [1− 2φ(x, t)] dx2

(8)
where ψ and φ are the scalar potentials which describe per-
turbations to the time- and space-parts of the metric respec-
tively. We parameterise deviations from GR through two
parameters, Q and R. One alters the way the Newtonian
potential responds to mass via the Poisson equation,

k2ψ(x, t) = −4πGQρa2δ (9)

and the other modifies the ratio of the metric potentials

ψ(x, t) = Rφ(x, t) (10)

There are a variety of similar parameterisations in
the literature, we are following the formalism of
Bean & Tangmatitham (2010) which was also used in
I. Laszlo, R. Bean, D. Kirk and S. Bridle (2011).

Q and R are assumed to be scale-independent and vary
with redshift as

Q = (Q0 − 1)as (11)

R = (R0 − 1)as (12)

where a is the scale-factor and Q0,R0 are the free parame-
ters we vary for MG, and s = 3. We are interested in MG
theories which explain the acceleratin expansion of the Uni-
verse observed at late times. s = 3 allows any modification
to “turn-on” and late times and avoids violating early Uni-
verse constraints from the Cosmic Microwave Background
(CMB) and Big Bang Nucleosynthesis (BBN).

The modified gravity parameters enter the projected

Fiducial Survey Paramters

Parameter Stage III Stage IV

Area 5,000deg2 20,000deg2

ng 10 35
σγ 0.23 0.35
Nz 5 10
δz 0.07 0.05
fcat 0 0
∆z 1 1
zmedian 0.8 0.9
α 2 2
β 1.5 1.5

Table 2. Fiducial survey parameter values for the DES-like (stage
III) and Euclid-like (stage IV) surveys. Note that zmedian is re-
lated to z0 in eqn. 16 as z0 = zmedian/

√
2.

angular power spectra in different combinations, as shown
in Table 1, due to their different dependencies on the mater
density field. As well as modifying the angular power spec-
tra, Q and R enter the angular power spectrum integrals
via their response to the metric potentials through the
linear growth function. The potential for weak lensing to
constrain deviations from GR has previously been noted
in Bean & Tangmatitham (2010); Laszlo & Bean (2008);
Beynon et al. (2009).

The full projected angular power spectra, including IAs,
MG and bias parameters, is summarised in Table 1. Note
also that deviations from GR will also manifest in the growth
function which produces the matter power spectra in Ta-
ble 1. We include modifications to growth via a ratio of
MG/GR power spectra calculated using the modified ver-
sion of CAMB used for LBKB. For ease, LBKB also provide
a fitting function to compute this ratio over a range of Q0,
R0 and s values.

2.5 General Cosmology

Throughout this paper we assume a flat ΛCDM cosmological
model with fiducial parameter values equal to the WMAP7
best-fit values: Ωm = 0.262, Ωb = 0.0445, w0 = −1, wa = 0,
σ8 = 0.802, h = 0.714, ns = 0.969, Ων = 0. Where Ωm,Ωb

and Ων are the dimensionless matter, baryon and neutrino

c© 2009 RAS, MNRAS 000, 1–13

WGL (Φ+Ψ) & Galaxies (Ψ) respond differently 
to metric potentials.

Parameterise deviations from GR by a) modifying 
the Poisson equation, Q, and b) altering the 

potentials ratio, R.

Combination can break strong 
degeneracies when probing deviations 

from GR.

MG FoM x 7-10
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Intrinsic Alignments in WGL
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Intrinsic Alignments in WGL

• Galaxy Intrinsic Alignments (IAs)- 
a key systematic 
involve physically close galaxies.

• If a spectroscopic sample can 
provide a10% prior on IA model ... 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
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FoM x5-6 from WGL-alone!
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Target Selection

The depth & scale of DES 
tomography provides a perfect 
target selection list for DESpec.

Research continues on optimizing survey strategy & allocation of 
“community fibres” throughout a DESpec survey.

13

Jouvel & Abdalla, in prep.



Neutrinos

Total Neutrino Mass  
DES+Planck vs. KATRIN  

    Mν< 0.1 eV          Mν < 0.6 eV    

t 

Lahav, Kiakotou,  Abdalla and Blake (2010) 0910.4714 !

Expect DESpec+DES+Planck can reach the lower limit   
from Physics experiments (0.05 eV), i.e detection of neutrino mass 

14



Conclusions

• DESpec is a low cost/low risk mission, building on 
the infrastructure & science legacy of DES.

• 10 million spectra over ~350 nights on the DES 
footprint. With LSST targetting can extend to 
15,000deg2 with tens of millions of galaxies.

• Huge range of science drivers, from galaxy 
evolution to SNe.

• WGL & LSS boosts DE/MG FoM x10+

15



END
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Path Forward 

• DESpec a natural “upgrade” to the science capability of DES. Project could 
structurally follow the path blazed by DES: international collaboration with 
DOE+NSF support in the US, building on the successful DES collaboration, 
with opportunities for new partners. 

• Revise and then release White Paper that lays out the science case, 
reference survey strategy & reference technical design motivated by science 
requirements. 

• Next few months: optimize target selection for key DE probes, confirm with 
more detailed simulations. Continue to elaborate science case, carry out 
technical R&D, and build collaboration. Aim for external review in the Fall. 

• R&D funding so far from STFC, expected from KICP, AAO 

• DOE forming a group to write a Dark Energy White Paper to explore 
intermediate timescale projects.  

17



Survey Strategy

• There are ~10,000 galaxies w/ mag. < 22.5 per sq. deg

Filipe, Huan, Jim, Rich, Stephanie and others

, g g p q g
• Assume SS is performed on the 5000 sq-deg DES footprint
• Target a mix of LRGs to z~1 and ELGs to z~1.7. Studies 

underway use COSMOS Mock Catalog
– Successful targeting of S/N = 5 for mag

21.5 LRGs in 30 minutes. Similar times for ELGs
ELGs with i<23.

– ~1200 ELG/sq-deg
– ~800 LRGs/sq-degq g

• Such a machine could measure the 
spectra of ~7M galaxies in 270 nights 

d 20M l i i 800 i ht
4

and 20M galaxies in ~800 nights.
• R&D will better define survey requirements 

and drive the hardware design.
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40 

Target selection pipeline: 
•  Production of a mock catalogue: 

•  Colours and spectra 
•  Production of sensitivity curves 
•  Production of redshift success rate from the 

spectrum for each simulated galaxy. 
•  Production of an algorythm for selection 

•  Investigation of impact of this algorythm 
•  Allocation efficiency from fiber positioner 
•  Allocation efficiency from a real pointing strategy 
•  Link with FOM for the given n(z) 
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“Strawman Surveys” 

•  Management Committee outlined a process by which 
the Collaboration can assess the science value of a 
“DES Upgrade”. They described 3 “strawman surveys” 
for the Science Working Groups to evaluate based on 
Darren’s estimates.   
1)  100% spectroscopic completeness of DES galaxies to r=21st 

magnitude with resolution 50 km/s. 
2)  Case 1 plus 50% completeness to r=22.5 magnitude evenly 

distributed over all redshift bins 
3)  ~300 km/s redshift precision with 100% completeness to 

r=22nd magnitude 
Q  Advice on what parameters give the most improvement on 

FoM and advice as to what new techniques are opened up. 

6 
All of the SWG and Task Forces responded. 
The DES Science Committee is producing a report summarizing the results. 

20
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DESpec: Spectroscopic follow up  
of DES  

•  Proposed Dark Energy Spectrometer (DESpec)  
•  4000–fibre $40M instrument for the 4m Blanco telescope 

in Chile, using DES optics and spare CCDs  
•  10 million galaxy spectra, target list from DES, powerful 

synergy of imaging and spectroscopy, starting 2017-18 
•  Spectral range approx 600 to 1000nm, R=3300 (red end) 
•  DES+DESpec can improve DE FoM by 3-6, 
    making it DETF Stage IV experiment 
•  DES+DESpec can distinguish DE from ModGrav 
•  Participants: current international DES collaboration 
   (incl 6 UK universities)  + new teams 

22
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Massive Spectroscopy of DES Targets 
Would enable: 

• Clusters: cluster spec. z’s and dynamical masses from 
velocity dispersions: improve mass-observable calibration 

• WL: Improve systematics from intrinsic alignments 

• WL+RSD: DESpec Redshift Space Distortions plus DES WL: 
powerful probe of DE and test of GR+DE vs Modified Gravity 

• LSS: radial BAO: H(z), and improved DA(z) 

• SNe, galaxy evolution: host-galaxy z’s and spectroscopic 
typing (metallicities, stellar masses) to control systematics 

• Enhance DES science reach: improved calibration of photo-z 
N(z) via angular cross-correlation improves all DE constraints 

DESpec: benefits per probe 
•  Photo-z/spec: better photo-z calibration (also via  cross-

correlation) 
•  LSS: RSD and radial BAO, FoM improved by several (3-6)  
•  Clusters: better redshifts and velocity dispersions, FoM up 

by several 
•  WL: little improvement for FoM (as projected mass), but 

helps with intrinsic alignments 
•  WL+LSS: offers a lot for both DE and for ModGrav 
•  SN Ia: spectra of host galaxies and for photo-z training, 

improving FoM by 2 
•  Galaxy Evolution: galaxy properties and star-formation 

history 
•  Strong Lensing: improved cluster mass models 

•    

 

23



# Fibers vs. # Nights  

•  There are roughly 50M mag < 22.5 galaxies in 5000 sq-
deg and there are ~2.5x that per magnitude.  

5 

eatherExp/NightNightsFibersObjects WNNNN =

•  It is technically possible to get 2000 to 4000 fiber 
positioners in an area the size of the DECam focal plane. 

•  For example: 1000 nights, 8 exposures per night, and 
W=1.0 yields 16M to 32M 1-hr spectra. 

•  In such a scenario, we observe on a given “tile” 4-5 hrs. 
•  Intelligent algorithms, which maximize the number of 

observed objects, result in an even better yield.  
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Total Neutrino Mass  
DES+Planck vs. KATRIN  

    Mν< 0.1 eV          Mν < 0.6 eV    

t 

Lahav, Kiakotou,  Abdalla and Blake (2010) 0910.4714 !

Expect DESpec+DES+Planck can reach the lower limit   
from Physics experiments (0.05 eV), i.e detection of neutrino mass 
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Lensing + redshift surveys

Lensing Convergence Galaxy Density
Tranverse modes only, Nmodes∝l2 Line of sight modes accessible Nmodes∝l3

Directly tied to potential fluctuations Biased and stochastic w.r.t. matter

Redshift of fluctuation not directly observed Fluctuation redshift known

Distance-ratio factors appear in observables Distances require a priori spectrum model

No access to velocity field “contaminated” by velocity field

Combining these observables gives lowered or 
vanishing sample variance, known fluctuation 

redshift, and direct tie to matter!

✔

✔

✔

✔

✔
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DESpec Concept 
• Multi-fiber spectrographs:~4000 fiber system for the Blanco 4-m at CTIO, 
interchangeable with DECam, feeding ~10 high-throughput spectrographs 
using spare DECam CCDs 

• FOV: 3.8 sq. deg. (delivered by DECam optics) 

• Nominal wavelength coverage: 600 to 1000 nm (blue limit set by optics) 

• Resolution: R~3300 at 1000 nm 

• Optics: Use DECam optics except C5 (dewar window) and add ADC plus 
small optical element(s) 

• Spectrographs: design based on cost-effective HETDEX VIRUS 

• Robotic fiber positioner: Echidna and Cobra systems have demonstrated 
requisite fiber pitch (spacing) 

• Tom’s talk will cover technical design issues. 

27



The Dark Energy Survey 
First Light in September 2012    

•  4-probe approach 
    Cluster Counts 
      Weak Lensing 
      Large Scale Structure 
      Supernovae Ia 
 

•   8-band imaging 
   5000 deg2 grizY  
     300 million photometric redshifts 
     + JHK from VHS (1300 sq deg      

covered at half exposure time) 
      +SPT SZ (550 clusters observed over  

2500 sq deg) 

      

Blanco 4-meter at CTIO 

VISTA 

CTIO 
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Rationales for Blanco Spectroscopy 

• Uniform, deep imaging catalogs from DES+VHS for targeting:    
     enable powerful new science beyond what redshifts or  
     imaging alone provide  
• Maximally enhance science reach of DES: improve all the DE  
     methods+enable new methods (RSD, radial BAO) 
• Hemispheric synergy with LSST: part of a broader eventual   
      strategy for LSST follow-up: extend to ~15,000 sq deg 
• Excellent site: 0.65” seeing (0.9” Mosaic), high number of  
      useable nights (80%) yield fast (hence cheap) survey 
• Low cost & schedule risks by reusing/capitalizing on many  
      DECam components: optics, CCDs, cage, hexapod, shutter 
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Introduction 
 

The discovery of dark energy is arguably the most important 
cosmological discovery in the past thirty years.  New insights into the 
nature of dark energy will come soon from the Dark Energy Survey 
(DES), a deep, wide, multi-band imaging survey, spanning 525 nights 
over five years beginning in late 2012, that will use the new 570-
Megapixel Dark Energy Camera (DECam) on the 4 meter Blanco 
telescope at CTIO.  
  

As a result of the success to date of the DES project, we have 
conceived of a conceptual next-generation dark energy project. The 
observations would be made possible by a new multi-fiber optical 
instrument for the CTIO Blanco 4-meter telescope called the Dark 
Energy Spectrometer (DESpec).  DESpec would provide a powerful 
spectroscopic follow-up system for the millions of Southern 
hemisphere sources discovered by DES (and later LSST), greatly 
enhancing the scientific return of both of these large-scale surveys.  

Abstract 
 
We describe the preliminary design of the Dark Energy 
Spectrometer (DESpec), a fiber-fed spectroscopic instrument 
concept for the Blanco 4-meter telescope at Cerro Tololo Inter-
American Observatory (CTIO). DESpec would take advantage of the 
infrastructure recently deployed for the Dark Energy Camera 
(DECam). DESpec would be mounted in the new DECam prime 
focus cage, would be interchangeable with DECam, would share 
the DECam optical corrector, and would feature a focal plane with 
~4000 robotically positioned optical fibers feeding multiple high-
throughput spectrometers. The instrument would have a field of 
view of 3.8 square degrees, a wavelength range of approximately 
500<λ<1000 nm, and a spectral resolution of R~3000.  DESpec 
would provide a powerful spectroscopic follow-up system for 
sources in the Southern hemisphere discovered by the Dark Energy 
Survey and LSST. 

Optical Corrector and ADC 
 

The DESpec optical corrector will benefit from previous experience 
with the DECam optical corrector; in fact we plan to share most of the 
elements of the DECam optical corrector with the DESpec instrument. 
C1 through C4 would remain in the prime focus cage during an 
instrument swap of DECam with DESpec. The assembled and aligned 
DECam corrector optics are now installed on the Blanco telescope.  

Unit Spectrographs 
 

A set of multiple identical DESpec unit spectrographs will produce and 
record spectra. The key elements driving the optical design of the 
spectrographs are the wavelength range, the required spectral 
resolution, and the diameter of the optical fibers carrying the light 
from the focal surface. To accommodate 4000 fibers, each of 10 
spectrographs must accept ~400 fibers. There are several options for 
the physical location of the spectrographs: they could be mounted off-
telescope or, if sufficiently small and light-weight, they could be 
mounted near the top of the telescope and arrayed around its upper 
ring in order to minimize fiber length and thereby increase the 
throughput of the instrument.  
  

As we are currently continuing to develop the science and survey 
requirements, we are considering two spectrograph designs: a single-
arm spectrograph with a wavelength range 550< λ <950 nm and a 
two-arm spectrograph in which the blue side has wavelength range 
480<λ<780 nm and the red side covers 750< λ <1050 nm.  
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Parameter Single-Arm Spectrograph 
  

Fiber diameter 100 mm (1.75 arcsec) 
Wavelength range (nm) 550<λ<950 
CCD DECam 2kx4k 
Resolution (Δλ) 0.263 nm 
# pixels/fiber 2.6 
Spectral resolution R~2850 at 750 nm 
Camera f/#  f/1.3 
Camera type Reflective 

Parameter Blue Arm Red Arm 
Fiber diameter 100 mm (1.75 arcsec) 
Wavelength range (nm) 480<λ<780 750<λ<1050 
CCD Blue-sensitive 

2kx4k 
DECam 2kx4k 

Resolution (Δλ) 0.228 nm 0.228 nm 
# pixels/fiber 3 3 
Spectral resolution  R~2760 at 630 nm R~3950 @ 900 nm 
Camera f/# f/1.5 f/1.5 
Camera type Refractive 

The new top end of the Blanco 4m telescope, during installation of the new prime focus cage to 
hold DECam.   

The DECam camera installation fixture (schematic at left, in close-up at right) at Fermilab. Right 
image shows the installation fixture being used to mount the camera in the Prime Focus Cage 
(black, at right).  

A schematic drawing of a MOHAWK-style fiber positioner positioned on top of the DESpec 
corrector optics, including the fiber bundles that would feed potential DESpec spectrographs. 

Interchangeability with DECam 
 

To change from DECam to DESpec, one would tilt the telescope to the 
northwest platform and use the camera installation fixture to remove 
DECam. DECam is then stowed off of the telescope with its Dewar 
window, the camera’s final optical element (C5), in place. DESpec, 
which will have been stowed either off-telescope or on the telescope 
structure, is connected to a similar installation fixture for inserting into 
the cage.  
 

A potential optical design 
of the DESpec optical 
corrector. From right to 
left the optics are C1 to 
C3, the two-component 
ADC, C4, C5’, and the 
field-flattener C6. The 
focal plane of fiber-ends 
would be just to the left 
of the new C6. “C1” is 
about 1m in diameter. 
The optical train is 1.9m 
long. C1, C2, C3, and C4 
are already installed on 
the telescope as part of 
DECam. 

Right: The absolute 
quantum efficiency of 
three typical CCDs 
produced for the Dark 
Energy Camera.  The 
blue side of the two-arm 
spectrographs could 
also use DECam 2kx4k 
CCDs.  

Detectors 

Fiber Positioner 
 

The DESpec fiber positioner would house~4000 fibers at the 
telescope’s prime focus. The fiber positioner must move the tips of 
the optical fibers to predetermined positions for each exposure and 
then hold them in place for the length of the exposure. It must also 
gather the fibers into bundles that optically feed the spectrographs. 
Since DESpec will reutilize the corrector optics of DECam, the focal 
plane will be about the same size, i.e., a diameter D~450 cm. This 
implies a separation between fibers (i.e., the pitch) of ~7 mm. 
 

We are currently investigating two general classes of fiber positioners 
that could provide technical solutions for DESpec, shown below.  

Right: The “Cobra” fiber 
positioner designed for 
WFMOS (left). The tip of 
the fiber is held at the 
bottom end of the unit 
positioner (right). 

Left: A drawing of a MOHAWK 
fiber positioner with DESpec 
specifications, i.e., 4000 fibers 
with a 7mm pitch, placed in a 
450mm diameter focal plane. 

Right: The MOHAWK unit fiber 
positioner. The spines pivot from 
mounts at the base and are 
driven by piezo-electric 
actuators. 

DESpec will use 2k x 4k backside-
illuminated, red-sensitive CCDs 
designed by LBNL, for either the 
one-arm spectrograph or for the 
red arm of the two-arm 
spectrograph. These CCDs have 
high quantum efficiency (QE) at 
near infrared wavelengths. They 
are 250 microns thick and attain 
good (~5 micron) dispersion 
characteristics from a 40V 
substrate bias. The 4-side 
buttable CCD package is suitable, 
so existing spare, tested, 
packaged, science-grade DECam 
CCDs can be used on DESpec, 
providing a significant cost 
savings.  

Above: The DECam focal plane populated 
with 70 2kx4k CCDs.  DESpec will make use of 
the DECam spare CCD supply. 

Left: parameters for 
a potential one-arm 
spectrograph design 

Right: parameters 
for a potential two-
arm spectrograph 
design 

Conclusion 
 

We have described DESpec, a potential multi-fiber instrument for the 
CTIO Blanco 4m telescope.  The instrument could be used to provide 
massive spectroscopic follow-up of dark energy sources discovered in 
the DES and LSST imaging surveys, and could be a CTIO facility 
instrument to be used for multiple science projects. The instrument 
design will continue to evolve along with the science case for the 
project.  As a result, the instrument design described here does not 
represent final technical choices; however, it does represent feasible 
solutions that could be implemented at low risk and low cost were the 
project to move forward.  
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Fiber Alternative Decision Tree 

M. Seiffert (JPL) presentation at P.U. 11/09 34 
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