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    ! ! !
• Fluctuations in the near-IR background with Spitzer and Hubble, 

and CIBER 

• Spectral Line Intensity Mapping in near-IR
   (expanding the science case of WISH and WISHspec)

Outline
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Total IR EBL intensity uncertain by at least a x10 at 1-2 microns 
Instead of absolute EBL, study IR background anisotropies as a 
probe of faint galaxy populations.  
   (Cooray, Bock, Keating, Lange & Matsumoto 2004, ApJ)

High-z galaxies? Study IRB anisotropies.
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GOODS
CDF-S

COSMOS

What do we do?
Measure statistics of “empty” pixels.

If unresolved faint galaxies are hidden in 
noise, then there is a clustering excess 
above noise 

Challenges: > 10 million of pixels  (higher 
complexity than analyzing CMB data.)

We also mask > 50% of pixels (GOODS we 
masked 70% of pixels). 

Techniques to handle mask - borrowed from 
CMB analyses.  

IR Background Fluctuations Measurements
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Spitzer Background Fluctuations in SDWFS

Standard Spitzer software, MOPEX Our self-calibrated mosaic

Self-calibrated mosaics are aimed at preserving the background, unlike MOPEX and HST 
multi-drizzle for WFC3.   Based on works by Fixsen et al. 1998 & Arendt et al. 2010
(Our internal code is cross-checked against Rick Arendt’s routines).

Cooray et al. 2012, Nature, 490, 514
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MOSAIC MAP
Mask map. (Sextractor)
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Spitzer Background Fluctuations in SDWFS
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Mode-coupling due to masked sources

The Matrix itself.

Cooray et al. 2012, Nature, 490, 514
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,

Figure S 3: The cross power spectra of the sum of multi-epoch maps. The cross-correlation
power spectra of different epoch summed maps with 3.6 µm (top) and 4.5 µm (bottom) shown
separately. The average of the summed maps are taken to be the power spectrum. The notation
(a+b)× (c+d) indicates a cross correlation between the average of the a+b and the c+d epochs.

should not be the dominant systematic effect in the present analysis. The cross-correlations using
sum maps of epochs 1 to 4 are shown in Fig. S3.
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Figure S 3: The cross power spectra of the sum of multi-epoch maps. The cross-correlation
power spectra of different epoch summed maps with 3.6 µm (top) and 4.5 µm (bottom) shown
separately. The average of the summed maps are taken to be the power spectrum. The notation
(a+b)× (c+d) indicates a cross correlation between the average of the a+b and the c+d epochs.

should not be the dominant systematic effect in the present analysis. The cross-correlations using
sum maps of epochs 1 to 4 are shown in Fig. S3.
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Figure S 4: The cross power spectra of the difference of multi-epoch maps. The cross-
correlation power spectra of the difference of multi-epoch maps between epochs 1 to 4 with 3.6
µm (top) and 4.5 µm (bottom) shown separately. The cross-correlations are consistent with zero
and the variance between the different cross-correlations provide one part of the final error budget
associated with the power spectrum measurement.
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Figure S 4: The cross power spectra of the difference of multi-epoch maps. The cross-
correlation power spectra of the difference of multi-epoch maps between epochs 1 to 4 with 3.6
µm (top) and 4.5 µm (bottom) shown separately. The cross-correlations are consistent with zero
and the variance between the different cross-correlations provide one part of the final error budget
associated with the power spectrum measurement.
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Cooray et al. 2012, Nature, 490, 514Cooray et al. 2012, Nature, 490, 514
Spitzer Background Fluctuations in SDWFS
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Spitzer fluctuations are real! Not an instrumental systematic nor zodiacal light.     
Its extragalactic, repeatable, time-independent.

,

Figure S 11: The angular power spectrum of near-IR anisotropies. The angular power spectrum
of near-IR anisotropies measured with SDWFS at 3.6 and 4.5 µm. The 1 σ error bars include all
uncertainties we have discussed in the Supplement and the measurements are beam corrected.
We also compare our measurements to existing results12 where we find a general agreement on
clustering. The large-" difference between the two datasets reflect the depth of the point source
identification and removal in the mask.

17

Cooray et al. 2012, Nature, 490, 514Cooray et al. 2012, Nature, 490, 514

 
Kashlinsky et al.
SEDS data are
deeper than SDWFS
(so more point
sources are masked)

1 Degree 30 arcsec

Spitzer Background Fluctuations in SDWFS
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12

Measured shot-noise
agrees with prediction
for faint galaxies
below the detection
threshold
(Helgason et al. 2012)

Cooray et al. 2012, Nature, 490, 514Cooray et al. 2012, Nature, 490, 514

faint low-z 
galaxies

high-z galaxies

Argues against a new source  population to explain the observations

What is the origin of these IR fluctuations?

Spitzer Background Fluctuations in SDWFS



Asantha Cooray, UC Irvine                                                                                                                                          WISH September 2014
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Cooray et al. 2012, Nature, 490, 514
   Intra-halo light in galaxy-scale dark matter halos

z ~ 1 to 5 IHL fraction from 
IR fluctuations

(z=0 IHL and ICL 
predictions)

 
Intra-halo light

What is the origin of these IR fluctuations?

 
Intra-cluster light

   Intra-halo light 

 
Intrahalo light:
stars outside of the galactic
disks and in the outskirts
of dark matter halos
due to tidal stripping
and galaxy mergers.

Simulation/theory predictions:
Purcell et al.  2007
Watson et al. 2012
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Figure 1. The redshift distribution of the entire LRG candidate
sample (black contour) overlaid with the cuts applied in this study
(red area). The mean value of the selected sample is z ∼0.34. The
resultant r-magnitude distribution is also shown, along with the
overall LRG r-magnitude distribution, in the top-right corner.

We selected galaxy images for this study from the
Sloan Digital Sky Survey (SDSS, Abazajian et al. 2009)
including all objects classified as Luminous Red Galax-
ies (LRG) that have a spectroscopic redshift measure-
ment. LRGs are intrinsically red and luminous objects
that were identified as such from their central surface
brightness and location on a rotated color-color diagram
(for full details see Eisenstein et al. 2001). This selec-
tion is aimed at finding the most luminous red galaxies
in the nearby Universe (L ≥ 3L!) out to a redshift of
z = 0.5. Being some of the most massive galaxies in
SDSS, LRGs occupy the high end of the stellar mass
spectrum between 1011M

!
and a few times 1012M

!
.

Roughly 90% of all LRGs are central halo galaxies and
they mainly reside in groups with a typical halo mass of a
few times 1013M

!
(Wake et al. 2008; Zheng et al. 2009;

Reid & Spergel 2009).
The seventh data release of SDSS (DR7) includes

188366 spectroscopic LRGs over a wide range of redshifts
and apparent magnitudes. The redshift distribution has
two main populations peaking at z ∼0.05 and z ∼0.34.
The lower redshift LRG candidates are predominantly
a contamination sub-sample of fainter, lower mass red
galaxies. In order to assure that our sample is indeed
composed of high mass, luminous red galaxies we selected
objects with a narrow distribution of redshifts around the
high-z peak. This selection also ensures that galaxies in
this distance and brightness ranges do not suffer from
significant size and mass evolution within the sample.
The main sample used in this study comprises 55650

galaxies in a redshift range 0.28≤z≤0.40 with mean red-
shift <z>=0.34, resulting in an apparent r-magnitude
range of 18.5±0.4 (figure 1). In fact, 99% of the
sample falls within the flux limit of cut I, as defined
by Eisenstein et al. (2001), making it approximately
volume-limited. From this master list we excluded 12750

Figure 2. Image preparation for stacking: thumbnails of size
200”x200” pixels were cut around each LRG while all other ob-
jects in the field were masked out. The stack in the top-left corner
was made using more than 42550 LRG images and can be traced
to a radius greater than 100 kpc.

galaxies (23%) where more than 75% of the central
5”×5” had to be masked out due to close proximity to
another object (masking details in subsection 2.2). In
addition, we excluded 293 (<1%) of the LRGs because
of varying sky levels in the frame caused by close proxim-
ity to a bright star in or just outside of the field. Finally,
we excluded 28 (<0.1%) images of galaxies with apparent
r-magnitude outside of the selected range (details in sub-
section 2.3). The final sample consists of 42579 galaxies.

2.2. Preparing the images for stacking

We acquired imaging data for the fields containing the
selected galaxies from the SDSS archive in all five bands:
u, g, r, i and z, corresponding to central wavelengths of
355.1nm, 468.6nm, 616.5nm, 748.1nm and 893.1nm, re-
spectively. For each selected object we cut out a square
region of roughly 200”×200” (950 kpc at z = 0.34), cen-
tered on the galaxy, from the five ugriz field images. We
then shifted the resulting thumbnails using cubic con-
volution interpolation to center the main galaxy on the
central pixel. Parts of the resulting thumbnails which
extended beyond the SDSS stripe edge where given zero
weight in the stacked images.
In order to detect and mask out any foreground and

background objects we created a masking template by
combining the thumbnails of three of the optical bands
(r, i and z). This increased the signal-to-noise ratio of the
template by a factor of roughly

√
3 compared to the in-

dividual frames, thus enabling us to unveil more sources
in the field. We then ran SExtractor (Bertin & Arnouts
1996) on the combined image and detected all the ob-
jects in the frame. We set the detection threshold to
a value of 1.4 times the standard deviation above the
background RMS level and used AUTO photometry to
extract Kron radii for the detected objects. Finally we
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Figure 9. A comparison between the light profiles of our LRG r-
band stack and the ICL profile from Zibetti et al. (2005). The ICL
profile departs from a single parameter Sérsic model at 50 kpc, or
double the departure radius of 100 kpc that is observed in the LRG
stack. This suggests a more significant population of intergalactic
stars in massive clusters than in groups.

describes the inner stellar body. Alternatively, this ex-
cess light may simply be the residual background in the
images, reflecting unresolved light from the group envi-
ronment in which LRGs typically reside.
Excess light was also observed by Z05, who studied

the ICL around brightest cluster galaxies from a stack of
683 SDSS images. Such galaxies typically live in dense
halos with total mass of 1014 to 1015M! and are inher-
ently different from LRGs whose group halos are a few
times 1013M! in mass. Z05 found that in clusters, this
“extra light” constitutes only a small fraction of the to-
tal cluster profile, accounting for less than 11% of the
light inside of 500 kpc. Nevertheless, the ICL profile de-
parts from a single parameter Sérsic model already at
r ∼ 50kpc, compared to the departure radius of 100 kpc
that is observed in our LRG stacks (figure 9). This sug-
gests that the massive clusters studied by Z05 may more
readily support a population of intergalactic stars than
the groups in which LRGs reside. In their paper Z05
correct their light profiles for unresolved cluster sources
using the luminosity function given by Mobasher et al.
(2003). We note that the PSF, which is not deconvolved
from the ICL+BCG profiles presented in Z05 may scat-
ter light at all radii and increase the errors of the Sérsic
model fit.
Unlike the outer parts of LRGs, the centers of these

galaxies are not well resolved in our stacks. Studies uti-
lizing high resolution HST images showed that the pro-
file at the inner parts of nearby ellipticals often departs
from the Sérsic model that traces their outskirts. More
specifically, the most massive ellipticals exhibit flattened
central light profiles (e.g., Lauer 1985; Kormendy et al.
1994; Lauer et al. 1995; Faber et al. 1997). Recently,
Kormendy et al. (2009) used a compilation of HST and

Figure 10. The radial stellar light fraction of the r-band stack
in four radius bins of 20,100,200 and 300 kpc. Note that a non-
negligible fraction of the light is detected in the extreme outskirts
of the stack.

ground based data to show that although well fitted by a
Sérsic model out to large radii, the most massive Virgo el-
lipticals exhibit 1 kpc scale cores. In our stacks we cannot
resolve such physical scales as 1 pixel in the SDSS data is
equivalent to 1.9 kpc at the stack mean redshift of 0.34.
We are nevertheless able to confirm the excellent fit of
massive elliptical galaxy profiles to a single Sérsic profile
out to a few effective radii that Kormendy et al. (2009)
found for individual Virgo galaxies (reaching ∆µλ ≥ 0.2
mag arcsec2 at rλ ≥ 100 kpc).

4.2. How much light is missed?

The deep stacks allow us to test how much light is
missed in typical studies of the profiles of individual
LRGs and derive a correction factor that can be applied
in such cases. To do so we first selected all the LRGs in a
single magnitude bin, 18.0≤mr<18.2, and used GALFIT
to produce a Sérsic model to each object individually. We
then excluded all fits with errors of more than 10% in ei-
ther the n parameter or the effective radius, resulting in
a mean effective radius value of 11.7 kpc. The difference
between this value and the one derived by GALFIT for
the stacked image (re =13.1 kpc) is then ∼10%. This
implies that surveys may underestimate the size of mas-
sive red galaxies by this amount. The total flux in the
stack, however, accounts for ∼20% more than the mean
value for the individually derived profiles, suggesting that
a non-negligible amount of light is typically missed and
that the total stellar mass is underestimated.

4.3. Minor mergers and the LRG color profile

It has long been known that the color profiles of
nearby massive ellipticals exhibit a relatively smooth gra-
dient toward bluer colors from the galaxy centers out-
ward. Line index measurements (e.g., Carollo et al. 1993;
Davies et al. 1993; Spolaor et al. 2010) and studies of

SDSS stack of 40,000 galaxies at z=0.3
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tion should rise from a very small value ! 1% in low-mass
galaxies to an appreciable fraction " 20% in cluster-sized
systems.

5. DISCUSSION

The main conclusions of our work may be summarized
as follows:

1. The IHL fraction in dark matter halos of mass M is
expected to increase dramatically from ∼ 0.5% to
∼ 20% as we examine systems from the size of small
spiral galaxies (M ∼ 1011M!) to galaxy groups
(M ∼ 1013M!). The IHL-mass relation becomes
flatter at a value of ∼ 20% for M " 1013M!, in-
creasing weakly thereafter to ∼ 30% for host halos
of mass M ∼ 1015M!. While varying the empirical
mapping between halo mass and galaxy luminosity
can produce a slightly higher cluster IHL fraction,
∼ 40%, the overall trends are very robust and are
governed by the well-known fact that galaxy for-
mation efficiency varies as a function of mass scale
while dark matter accretion processes are roughly
self-similar. Specifically, the subhalos that “build”
galaxy halos have much lower luminous mass frac-
tions than the subhalos that build galaxy groups.

2. The IHL component within galaxy halos is domi-
nated by the disruption of satellites of stellar mass
∼ 108.5M! while the IHL component in clusters is
built from more massive stellar systems ∼ 1011M!.
We expect that more massive galaxies will there-
fore be surrounded by more metal rich stellar ha-
los, as has been suggested by recent observations
(Mouhcine et al. 2005, although Ferguson 2007 dis-
putes this claim).

3. The variation in IHL fraction from system to sys-
tem at a fixed halo mass is driven by variations
in the accretion history. Systems with fewer sur-
viving satellites tend to have higher diffuse light
fractions. The scatter at fixed mass is larger in
galaxy-sized halos because the light tends to be
dominated by a small number of massive satellite
accretion events. As indicated by Figure 8, the
number of surviving satellite galaxies in a group is
expected to negatively correlate with that group’s
IHL fraction, providing an observational expecta-
tion which future surveys may potentially address.
This phenomenon may also provide insight regard-
ing the comparison of our results to observation, in
which Gonzalez et al. (2007) finds a slightly higher
IHL fraction than our model predicts for group-
scale hosts, possibly due to a selection effect in
which their sample systems are typically domi-
nated by their central galaxies, with relatively few
bright satellites and thus a systematically larger
IHL value.

Current observations place loose constraints on the
diffuse light fraction on every mass scale. By all in-
dications, IHL accounts for less than a few percent of
the total stellar mass in large galaxy-sized host ha-
los (see Siegel et al. 2002; Guhathakurta et al. 2005, for
discussions concerning the Galactic halo and that of
M31, respectively), while the diffuse stellar components

of cluster-sized hosts are typically about one order of
magnitude higher (Mihos et al. 2005; Zibetti et al. 2005;
Krick et al. 2006; Gonzalez et al. 2007). A pronounced
“break” in the diffuse light below the cluster scale is even
reported (Ciardullo et al. 2004). These results are in gen-
eral agreement with our expectations.

We predict that the diffuse component around small
spiral galaxies will contain a very small fraction of the
primary galaxy’s light on average, fIHL ! 1%. It is inter-
esting to consider the surface brightness limit that may
be required to observe such a diffuse component. In Fig-
ure 10 we investigate a simple example case where we
have distributed all of the diffuse light predicted for a
low-luminosity galaxy, Lc ∼ 4 × 109L!, into an NFW
halo density profile that mirrors that of the host halo.
Solid and dashed lines correspond to the median and 95
percentile predictions. Here, we have assumed a stel-
lar mass-to-light ratio of 1 in the R-band. For reference
we also plot the exponential surface brightness profile
(Kim et al. 2004) for the disk of a system of comparable
luminosity, the Sculptor group galaxy NGC 300, which
was shown by Bland-Hawthorn et al. (2005) to extend
∼ 15 kpc from the galaxy’s center without revealing any
underlying diffuse component. According to our analy-
sis, a survey reaching ∼ 17 kpc from the galaxy’s cen-
ter and achieving 32 magnitudes per square arcsecond
might be able to detect a stellar halo around NGC 300
if the diffuse component is comparatively bright, while
a more average IHL value for the system would require
an even deeper search. Similar analyses for Milky-Way-
sized stellar halos indicate that the IHL begins to sep-
arate itself from a (face-on) disk profile at roughly 29-
32 magnitudes per square arcsecond, which is in line
with the results of Irwin et al. (2005) for M31. This
provides some idea of the observational depth that will,
in the future, be required to identify remote stellar ha-
los around small spiral galaxies. It is worth pointing
out that some fraction of this light may be in the form
of recently-destroyed satellites, which should produce
higher-surface brightness features and will be more eas-

Fig. 10.— The R-band surface brightness profile as a function
of radius for the diffuse stellar component in a small host halo
(Lc ∼ 4 × 109L!), where the IHL is assumed to trace the back-
ground projected-NFW density profile. Shown are the stellar halo
profiles for the two values at either extreme of this host’s IHL 95%
distribution, as well as the median value of fIHL # 0.003. For com-
parison, we plot the surface brightness of the exponential disk of
a similar system, the Sculptor group member NGC 300, a galaxy
whose disk extends to at least 15 kpc without the detection of an
underlying diffuse component (Bland-Hawthorn et al. 2005). Our
results demonstrate that this is not unexpected.

PREDICTION
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Figure 9. A comparison between the light profiles of our LRG r-
band stack and the ICL profile from Zibetti et al. (2005). The ICL
profile departs from a single parameter Sérsic model at 50 kpc, or
double the departure radius of 100 kpc that is observed in the LRG
stack. This suggests a more significant population of intergalactic
stars in massive clusters than in groups.

describes the inner stellar body. Alternatively, this ex-
cess light may simply be the residual background in the
images, reflecting unresolved light from the group envi-
ronment in which LRGs typically reside.
Excess light was also observed by Z05, who studied

the ICL around brightest cluster galaxies from a stack of
683 SDSS images. Such galaxies typically live in dense
halos with total mass of 1014 to 1015M! and are inher-
ently different from LRGs whose group halos are a few
times 1013M! in mass. Z05 found that in clusters, this
“extra light” constitutes only a small fraction of the to-
tal cluster profile, accounting for less than 11% of the
light inside of 500 kpc. Nevertheless, the ICL profile de-
parts from a single parameter Sérsic model already at
r ∼ 50kpc, compared to the departure radius of 100 kpc
that is observed in our LRG stacks (figure 9). This sug-
gests that the massive clusters studied by Z05 may more
readily support a population of intergalactic stars than
the groups in which LRGs reside. In their paper Z05
correct their light profiles for unresolved cluster sources
using the luminosity function given by Mobasher et al.
(2003). We note that the PSF, which is not deconvolved
from the ICL+BCG profiles presented in Z05 may scat-
ter light at all radii and increase the errors of the Sérsic
model fit.
Unlike the outer parts of LRGs, the centers of these

galaxies are not well resolved in our stacks. Studies uti-
lizing high resolution HST images showed that the pro-
file at the inner parts of nearby ellipticals often departs
from the Sérsic model that traces their outskirts. More
specifically, the most massive ellipticals exhibit flattened
central light profiles (e.g., Lauer 1985; Kormendy et al.
1994; Lauer et al. 1995; Faber et al. 1997). Recently,
Kormendy et al. (2009) used a compilation of HST and

Figure 10. The radial stellar light fraction of the r-band stack
in four radius bins of 20,100,200 and 300 kpc. Note that a non-
negligible fraction of the light is detected in the extreme outskirts
of the stack.

ground based data to show that although well fitted by a
Sérsic model out to large radii, the most massive Virgo el-
lipticals exhibit 1 kpc scale cores. In our stacks we cannot
resolve such physical scales as 1 pixel in the SDSS data is
equivalent to 1.9 kpc at the stack mean redshift of 0.34.
We are nevertheless able to confirm the excellent fit of
massive elliptical galaxy profiles to a single Sérsic profile
out to a few effective radii that Kormendy et al. (2009)
found for individual Virgo galaxies (reaching ∆µλ ≥ 0.2
mag arcsec2 at rλ ≥ 100 kpc).

4.2. How much light is missed?

The deep stacks allow us to test how much light is
missed in typical studies of the profiles of individual
LRGs and derive a correction factor that can be applied
in such cases. To do so we first selected all the LRGs in a
single magnitude bin, 18.0≤mr<18.2, and used GALFIT
to produce a Sérsic model to each object individually. We
then excluded all fits with errors of more than 10% in ei-
ther the n parameter or the effective radius, resulting in
a mean effective radius value of 11.7 kpc. The difference
between this value and the one derived by GALFIT for
the stacked image (re =13.1 kpc) is then ∼10%. This
implies that surveys may underestimate the size of mas-
sive red galaxies by this amount. The total flux in the
stack, however, accounts for ∼20% more than the mean
value for the individually derived profiles, suggesting that
a non-negligible amount of light is typically missed and
that the total stellar mass is underestimated.

4.3. Minor mergers and the LRG color profile

It has long been known that the color profiles of
nearby massive ellipticals exhibit a relatively smooth gra-
dient toward bluer colors from the galaxy centers out-
ward. Line index measurements (e.g., Carollo et al. 1993;
Davies et al. 1993; Spolaor et al. 2010) and studies of

Tal and van Dokkum 2012
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CANDELS, a multi-cycle program with Hubble Space Telescope.
WEBSITE: CANDELS.UCOLICK.ORG

Reionization signal in IR fluctuations?

Figure 1: A cut-out of WFC3/F125W CANDELS/GOODS. This is a self-calibrarted mosaic made by us (see Analysis

Plan) and not the Multi-Drizzle mosaic made for point-source studies. The self-calibration, however, uses astrometry, accurate
to milliarcsecond level, that was corrected as part of the Multi-Driizling process. The left is the original data. Middle panel
shows the case with detected source masked iteratively with a sigma-clipping algorithm (same as Kashlinsky et al. 2012;
Arendt et al. 2010). Fluctuation power spectra (next figure) are made in such maps. The right panel is, for illustration here
only and not used for fluctuation measurements, the left panel map with a crude filter applied to remove detector noise. This
illustrates the presence of large scale correlation fluctuations. A comparison of left and right panels show that such
fluctuations are correlated with the bright galaxies, ie. the argument for IHL presented in Cooray et al. (2012).

References
Amblard, A., et al. 2011, Nature, 470, 510 Kashlinsky, A., et al. 2004, ApJ, 608, 1
Arendt, R.G., et al. 2000, ApJs, 536, 500 Kashlinsky, A., et al. 2005, Nature, 438, 45
Arendt, R.G., et al. 2010, ApJS, 186, 10 Kashlinsky, A., et al. 2007, ApJ, 654, L5
Ashby, M.L.N., et al. 2009, ApJ, 701,428 Kashlinsky, A., et al. 2012, arXiv:1201.5617
Bernstein, A., et al. 2002, ApJ, 571, 85 Lin, Y., et al. 2004, ApJ 617, 879
Bouwens, R.J. et al. 2011, arXiv:1105.2038 Levenson, L.R., & Wright, E.L., 2008, ApJ, 683, 585
Cappelluti, N. et al. 2013, ApJ, 769, 68 Massey, R. et al. 2007, Nature, 445, 286
Carollo, D., et al. 2010, ApJ, 712, 692 Matsumoto, T. et al. 2011, ApJ, 742, 124
Conroy, C., et al. 2007, ApJ, 668, 826 Purcell, C. W., et al. 2007, ApJ, 666, 20
Cooray, A., et al. 2004, ApJ, 606, 611 Purcell, C. W., et a. 2008, MNRAS, 391, 550
Cooray, A., et al. 2012 Nature, 494, 514 Santos, M. R., et al. 2002, MNRAS, 336, 1082
Courteau, S., et al. 2011, ApJ. 739, 20 Salvaterra, R. & Ferrara, A. 2003, MNRAS, 339, 973
Fixsen, D.J., et al. 2000, ApJs, 128, 651 Thompson, R.I., et al. 2007, ApJ, 657, 669
Helgason, K. et al. 2012, ApJ, 752, 113 Wardlow, J.L., et al. 2012, ApJ, 762, 59
Hivon, E., et al. 2007, ApJ, 567, 2 Yue, B., et al. 2013, MNRAS, 433, 1556

Field Area Program ID Dates

UDS 210 sq arcmins 12064 11/08/10-11/25/10
12064 12/27/10-01/10/11

EGS 90 sq arcmins 12063 04/02/11-04/08/11
12063 05/22/11-06/02/11

COSMOS 210 sq arcmins 12440 12/06/11-02/25/12
12440 01/23/12-04/16/12

COSMOS 1.8 sq degrees 9822/10092 10/03-5/04

Table 1: Archival data to be used for fluctuation measurements. Last entry is COSMOS
ACS/F814W data that will be used for Goal (III).
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Figure 1: A cut-out of WFC3/F125W CANDELS/GOODS. This is a self-calibrarted mosaic made by us (see Analysis

Plan) and not the Multi-Drizzle mosaic made for point-source studies. The self-calibration, however, uses astrometry, accurate
to milliarcsecond level, that was corrected as part of the Multi-Driizling process. The left is the original data. Middle panel
shows the case with detected source masked iteratively with a sigma-clipping algorithm (same as Kashlinsky et al. 2012;
Arendt et al. 2010). Fluctuation power spectra (next figure) are made in such maps. The right panel is, for illustration here
only and not used for fluctuation measurements, the left panel map with a crude filter applied to remove detector noise. This
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Figure 2: (a): Angular auto power spectra of HST fluctuations in ACS/F814W, WFC3/F125W and F160W in

CANDELS/GOODS. We were not able to use ACS/F606W due to lack of redundant coverage in the best overlapping region
of the other three bands that was used for fluctuation measurements. The lines show the current preliminary best-fit models
with IHL (dashed lines), low-z faint galaxies (dotted lines), and the 95% confidence level upper limit on the high-z Lyman
drop-put fluctuation signal (dot-dashed lines). (b): Angular cross-correlation power spectra of HST fluctuations between the
three bands; lines follow panel (a). (c): Intrahalo light fraction, relative to total luminosity of the halo, as a function of the
halo mass. The background cyan is theory expectation from Purcell et al. (2008). The red region is from IRAC study in
Cooray et al. (2012). The green smaller region is the HST constraint from data in Panels (a) and (b). Direct measurements at
galaxy cluster scales and Milky Way and M31 limits are shown from the literature. (d): UV luminosity density (and SFRD
right hand side) of the Universe as a function of the redshift. Our constraints from fluctuation measurements are shown in two
z-bins using the drop-out component in F160W and F125W from a joint fit with IHL model included. Dark and light regions
are 68%, 95% CL respectively. The shaded lines across the plot are C/fesc requirement to reionize the Universe and maintain
reionization. The data points are galaxy LF and GRB-based measurements in the literature. The solid line is the Hopkins &
Beacom (2006) model. In panels (a), and especially (b), note that we have to improve over our first modeling attempts. The
work is on-going and will be finalized this summer for a submission of paper reporting these results to publication.
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Figure 2: (a): Angular auto power spectra of HST fluctuations in ACS/F814W, WFC3/F125W and F160W in

CANDELS/GOODS. We were not able to use ACS/F606W due to lack of redundant coverage in the best overlapping region
of the other three bands that was used for fluctuation measurements. The lines show the current preliminary best-fit models
with IHL (dashed lines), low-z faint galaxies (dotted lines), and the 95% confidence level upper limit on the high-z Lyman
drop-put fluctuation signal (dot-dashed lines). (b): Angular cross-correlation power spectra of HST fluctuations between the
three bands; lines follow panel (a). (c): Intrahalo light fraction, relative to total luminosity of the halo, as a function of the
halo mass. The background cyan is theory expectation from Purcell et al. (2008). The red region is from IRAC study in
Cooray et al. (2012). The green smaller region is the HST constraint from data in Panels (a) and (b). Direct measurements at
galaxy cluster scales and Milky Way and M31 limits are shown from the literature. (d): UV luminosity density (and SFRD
right hand side) of the Universe as a function of the redshift. Our constraints from fluctuation measurements are shown in two
z-bins using the drop-out component in F160W and F125W from a joint fit with IHL model included. Dark and light regions
are 68%, 95% CL respectively. The shaded lines across the plot are C/fesc requirement to reionize the Universe and maintain
reionization. The data points are galaxy LF and GRB-based measurements in the literature. The solid line is the Hopkins &
Beacom (2006) model. In panels (a), and especially (b), note that we have to improve over our first modeling attempts. The
work is on-going and will be finalized this summer for a submission of paper reporting these results to publication.
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CIBER1:

First flight February 2009, second July 2010. 
Third flight February 2012 (all from White 
Sands, NM). Fourth June 2013.

Fourth flight was a non-recovery longer flight 
from Wallops, VA; CIBER1 payload dumped in 
Atlantic.

Upgrade to CIBER2 completed; pending four 
additional flights from NASA 2015-2020.

Results paper (Zemcov et al. 2014) in final 
review with Science
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THE CASE FOR SPACE

 H-BAND 9º X 9º IMAGE OVER 45 MINUTES FROM KITT PEAK
WIDE-FIELD AIRGLOW EXPERIMENT:  HTTP://PEGASUS.PHAST.UMASS.EDU/2MASS/

TEAMINFO/AIRGLOW.HTML

              Airglow Emission

•  Atmosphere is 500 – 2500 times 
brighter than the astrophysical sky 
at 1-2 µm

•  Airglow fluctuations in a 1-
degree patch are 106 times 
brighter than CIBER’s sensitivity in 
50 s

•  Brightest airglow layer at an 
altitude of 100 km… can’t even 
use a balloon



Asantha Cooray, UC Irvine                                                                                                                                          WISH September 2014

CIBER-1

Low-Resolution Spectrometer
! = 0.8 – 2.0 µm !/"! ~ 20

4° x 4° FOV  60” pixels   
•  Search for Ly cutoff feature in 

0.8 – 1.2 µm region

  Dual Wide-Field Imagers
 ! = 0.8 µm & 1.6 µm !/"! = 2

2° x 2° FOV  7” pixels

 Measure power spectrum from 
7” to 2 degrees

  Narrow-Band Spectrometer
! = 0.8542 µm        !/"! = 1000
8° x 8° FOV           120” pixels 

•  Use Fraunhofer lines to 
measure absolute Zodiacal 

intensity

ApJ Supplement Special Issue on CIBER Instruments, September 2012, 5 papers
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CIBER-1: before third flight



Title HereCIBER: Does exist! Recovery after flights
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0.9 µm Imager Data

Median photocurrent = 22 e-/s
Median read noise = 12.6 e-
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LOW-RESOLUTION SPECTROMETER SCIENCE
SPECTROMETER 

SENSITIVITY

??

Low-Resolution
Spectrometer 

sensitivity after 
50s

TeV blazar absorption 
spectra set an upper limit 

on the EGB (Aharonian et. 
al. 2005)

Is the gap between IRTS/DIRBE and HST real?
 CIBER would see it easily, without any Zodiacal subtraction

Precisely measure Zodiacal color, link with narrow-band spectrometer
 Low-resolution spectrometer sensitivity is 1-2 nW m-2 sr-1 
 NB Spectrometer Zodiacal zero point is 3 nW m-2 sr-1 at 0.85 µm
 Controversy at J-band is ~30 nW m-2 sr-1
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USING FRAUNHOFER LINES TO TRACE ZODIACAL INTENSITY
Zodiacal Light is just scattered sunlight

Features in the solar spectrum are
mimiced in Zodiacal light

The solar spectrum gives a precise
tracer of the absolute Zodiacal intensity

But reality is messy

Atmospheric scattering, emission,
and extinction
        - scattered ZL
        - scattered starlight
        - airglow
        - etc
Calibration on diffuse sources

FOR DETAILS SEE:  DUBE ET AL. 1979
           BERNSTEIN ET AL. 2002
                          MATILLA 2003

DUST
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NARROW-BAND SPECTROMETER

NIST calibration data
I(photo) ~ 30 e-/s

Science Goal:
Measure Fraunhofer
Ca II 854.2 nm line
EW to 1 % absolute
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INSTRUMENT RESPONSE TO 8542 Å CA II LINE

Instrumental Simulation
Actual 
Measurement
from third flight
(we see line shift
due to atmospheric
refraction)
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How can a rocket experiment compete with these?

IRTS

AKARI

HST

SPITZER
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Figure 13. CIBER NBS measurements of the CaII 
Fraunhofer line in ZL.  (Left): High resolution 
measurements of the CaII solar absorption line in ZL at 
various ecliptic latitudes.  In all fields, the mean below 
853nm has been subtracted and the best fit model of the 
solar spectrum convolved with the instrument response 
function is shown.  (Right): The NBS measured line 
depth as a function of (Kelsall) model intensity.  Once 
absolute calibration and Galactic foreground 
systematics are fully understood, the slope and offset of 
this line provides a stringent independent test of the ZL 
foreground model. 
 

We show in Fig. 13 Ca II spectra 
measured by the NBS towards fields at 
selected ecliptic latitudes. The line depth is 
clearly highly correlated with the ZL intensity.  
We are carefully modelling the systematic 
contribution caused by absolute calibration 
and Galactic sources of diffuse CaII in the 
DGL and ISL.  With a projected sensitivity of 
21 nW m-2 sr-1 in a single field, the NBS will 
independently constrain the ZL models, 
originally developed using spatial 
morphology. 
 
4.  The Cosmic Infrared Background 
Experiment-2 

The CIBER-2 instrument67 is optimized for 
intensity fluctuations measurements with large 
etendue and sensitivity to surface brightness in 
multiple broad bands extending to optical 
wavelengths, which will enable new studies of 

the EOR and IHL contributions to the 
extragalactic background.  In comparison with 
space-borne telescopes such as HST, Spitzer, 
and JWST, CIBER-2 measures fluctuations on 
large angular scales that are best suited for 
distinguishing the first-light signal from local 
galaxies. Furthermore, the cross correlation 
between CIBER-2 and other instruments 
provides a new tool to extract the redshift 
history of IHL and EOR fluctuations.  The 
cross-correlation depends on the degree of 
common emission, which varies with redshift 
by wavelength. 
 

 
 
Figure 14. The depth reached  by proposed CIBER-2 
fluctuation measurements in six bands between 0.5 and 
2 
multipole space between 500 < ! < 1500 (green bands 
from the top). We show two scenarios: in a single flight 
using one field (light green) and the total data after four 
flights assuming a conservative gain of a factor of 3 
from multiple flight and field combinations (dark 
greens). For reference, we show the level of IHL (blue 
band) and EOR signals at z > 6, >8 and > 10, in blue, 
orange and red lines, respectively. The two boxes 
labeled CIBER-1 are the depths achieved in CIBER-I 
second and third flights1. 
 
4.1 Science with CIBER-2 
4.1.1 EBL Fluctuations 

CIBER-2 is designed to first extend the 
CIBER-1 fluctuation measurements out into 
the optical, where EOR and IHL models are 
readily distinguished.  CIBER-2’s high 
sensitivity and multi-wavelength coverage can 
then separate the IHL and EOR components.  

CIBER-2
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Figure 15.  Solid model of the CIBER2 camera.  A 28.5 cm Cassegrain telescope reflects light to beam splitters, 
which sort the light into 3 broad color bands.  Each color is then imaged onto a focal plane by refracting camera 
optics.  Each focal plane has a dual “window pane” filter, providing two colors per array and 6 bands in total.  In 
addition, each focal plane incorporates a linear variable filter covering a small area of the array.  A liquid nitrogen 
cryostat, copied from CIBER-1 instrument, cools the optics and detectors.  A cryogenic pop up baffle and 
radiatively-cooled door liner are used to prevent thermal emission from the skin from scattering into the optics 
during observations.  Warm readout electronics and a star tracker are mounted to the forward end of the section on a 
vacuum bulkhead. 
 

Table 1.  CIBER2 imager sensitivity in a nominal single 35 s observation 
Parameter CIBER2 Units 
Aperture 28.5 cm 
Pixel size 4 arcseconds 
Array HgCdTe           
Format 20482 pixels 
FOV 1.1 x 2.2 for imager bands, 0.4 for LVF degrees 
Dark current <0.05 e-/s 
RN (CDS) 12 e- 
Band 1 2 3 4 5 6  

600 800  1030 1280 1550  1850 nm 
0.33 0.25 0.24 0.20 0.20 0.16  

Array QE 0.90 0.80 0.83 0.81 0.82 0.82  
Optics QE 0.75 0.73 0.81 0.85 0.87 0.87  
Photo current 9.5 6.8 8.1 7.8 7.7 3.8 e-/s 

I  525 450 400 380 320 224 nW m-2 sr-1 
 I (1 /pix)  38.0 44.8 33.9 30.6 25.0 23.0 

F  (3 ) 21.5 21.1 21.0 21.0 21.0 20.9 AB mag 
 

2 

 
 

2 
 

correlation.  CIBER-2 is uniquely designed to 
separate multiple EBL components using the 
multi-wavelength correlation analysis, with the 
sensitivity to detect EOR fluctuations to very 
low levels predicted by minimum reionization 
models. 

We propose to fly and analyze data from 
the CIBER-2 instrument, currently under 
construction and on schedule for completion 
under our current 2009-2014 APRA.  We will 
complete two flights in the current instrument 
configuration.   We will then adjust the field 
selection and modify the spectral band 
coverage for two additional flights optimized 
for measuring the IHL history.  This approach 
takes full advantage of the existing optics, 
cryogenics, arrays, and readout electronics. 

 
1.1  Relevance to NASA 

CIBER-2 supports the NASA 2010 
Science Plan by addressing the Astrophysics 
Science Question “How did the universe 
originate and evolve to produce the galaxies, 
stars, and planets we see today?”, and the 
Science Area Objective “Understand the many 
phenomena and processes associated with 
galaxy, stellar, and planetary system formation 
and evolution from the earliest epochs to 
today”. 

CIBER-2 complements the future NASA 
space missions JWST, Euclid and WFIRST.  
CIBER-2 will probe the ensemble properties 
of the first-light galaxies JWST seeks to detect 
and characterize individually.  Euclid will 
make very deep and wide multi-band 
fluctuations measurements developed by a US 
science team.  The CIBER program pioneers 
unique methods with a small telescope that 
will be useful to studies with Euclid, and may 
lead to a future SMEX opportunity. 

 
2 Scientific Justification 
     Sometime between 200 Myr and 1 Gyr 
after the Big Bang (redshifts 6-20), the first 
collapsed objects formed in dark matter halos 
and eventually produced enough Lyman 

continuum photons to reionize all of the 
surrounding hydrogen gas8-10. This EOR 
marked the end of the dark ages, and is the 
first chapter in the history of galaxies and 
heavy elements11. Existing multi-wavelength 
observations suggest a complex reionization 
history, with a strong possibility for an 
extended and highly inhomogeneous 
reionization process9.  
 

 
Figure 1. Star-formation rate density (SFRD) of the 
universe as a function of the redshift. The plotted points 
are SFRD measurements derived from galaxy counts, 
including UV luminosity functions of detected galaxies 
in deep HST surveys14 at z > 4. The three hatched lines 
show the requirement on the SRFD for minimum 
reionization in terms of the ratio C/fesc, the gas clumping 
to escape-fraction ratio. From top to bottom, the curves 
have C/fesc = 100, 30 and 10, respectively. The green 
boxes show the resulting constraint on the SRFD in four 
redshift bins using fluctuation measurements from 
CIBER-2. 
 
A combination of first metal-free stars12, the 
subsequent generations of stars, and accretion 
onto remnant black holes13 (mini-quasars) 
contributed to reionize the Universe. Given the 
existing estimates of the UV luminosity 
functions at z > 6(14) the bulk of the UV 
intensity responsible for reionization must 
originate from dwarf galaxies with stellar 
masses at the level of 107

 Mo. With 
luminosities well below 109

 L*, a large fraction 
of the reionizing galaxies will be below the 
individual point-source detection level of even 

4 flights
starting late 
2015



Expanding the WISH, WISH-spec 
science case
(a) Multi-band IR background anisotropies in WISH imaging data - 
especially deep survey - can separate IHL from a high-z 
reionization component. (CIBER2 -> WISH natural transition)

(b) 2D Galaxy clustering in photometry data + 3D clustering in 
spectroscopy data 

- can WISHspec be used to calibrate photo-z’s of faint galaxies 
below Euclid grism detection threshold (?)

(c) WISHspec IFU allows spectral line intensity mapping, especially 
Halpha over 1000 sq. degrees; and Ly-alpha during reionization


