
Asantha Cooray, UC Irvine                                                                                                                                          CosPA October 2015

Infrared Background 

Asantha Cooray

 



Asantha Cooray, UC Irvine                                                                                                                                                 CosPA October 2015

•  Extragalactic Background Light/Cosmic Infrared 
Background 

• Spatial Fluctuations in the IR background 
• New results from HST/CANDELS
• SPHEREx 
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The extragalactic background spectrum
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Infrared  Background
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Why is the UV to IR EBL is 
hard to measure?
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74% of the sky brightness at 
2.2µm is zodiacal light

77% of the 2.2 µm EBL error 
budget is from zodiacal light

Extragalactic Background Light = 
Total sky brightness – Stars – Zodiacal light – ISM
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TeV absorption

(a) TeV photons are attenuated via pair 
production with IR photons
(b) Imprint of the IR photon density 
in the measured TeV spectra
(c) However, intrinsic spectrum is not 
measured!
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IR Background Fluctuations Measurements
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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
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   Intra-halo light

Intra-‐halo	   light	   (IHL):	  
s tars	   which	   have	  
been	   tidally	   stripped	  
from	   their	   parent	  
galaxies	  during	  galaxy	  
mergers	   and	   go	   onto	  
form	   an	   extended	  
diffuse	   sea	  of	   stars	   in	  
dark	  matter	  halos.
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   Intra-halo light
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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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Cooray et al. 2012,  
Nature, 490, 514

z ~ 1 to 5 IHL fraction from  
IR fluctuations

(z=0 IHL and ICL  
predictions)

\

Here, a key concept is epistasis, the term used 
to describe the context dependency of muta-
tion effects — in other words, that the genetic 
background on which a mutation occurs deter-
mines whether the mutation has any effect and, 
if so, whether it is beneficial or deleterious. A 
frequently observed manifestation of epistasis 
occurs between the sex-determining factors 
(in mammals, the X and Y chromosomes) 
and some disease risk factors. For instance, 
in men the ε3/ε2 genotype at the gene encod-
ing the protein ApoE leads to an earlier onset 
of coronary artery disease, compared to the  
ε3/ε3 genotype2. But in women, no such effect 
is observed. 

In evolutionary theory, however, epista-
sis has a curious status. One of the pillars  
of population genetics is the ‘fundamental 
theorem’ of natural selection, which says  
that the response to selection, and thus the 
process of adaptation, depends only on the 
context-independent (additive) genetic effects 
that exist in a population; according to this 
theory, although epistasis exists, it is simply 

noise in an other-
wise fairly deter-
ministic process3. 
This hypothesis 
is widely misun-
derstood, even by 
many population 
geneticists, as say-
ing that epistasis 
is insignificant. 
Breen and col-
leagues’ results 
provide a convin-
cing demonstra-

tion to the contrary, demonstrating that 
epistasis is the primary factor affecting the 
evolution of proteins.

The authors used an ingenious approach to 
test how epistatic interdependencies among 
the amino-acid residues of a protein contrib-
ute to the rate at which that protein evolves. 
They studied the amino-acid sequences of 
16 proteins for which sequence informa-
tion was available, in public databases, for at 
least 1,000 species. From this analysis they 
estimated that, on average, each position in 
a protein accepts around eight alternative 
amino-acid residues. They then reasoned 
that, if these alternative amino-acid residues 
are equally acceptable in the protein, regardless 
of the amino-acid composition of the rest of 
the protein — in other words, without epista-
sis — then the rate of amino-acid evolution 
should be about 60% of the neutral rate (the 
rate that would occur if all amino acids were 
acceptable). 

However, they found instead that the rate 
of protein evolution is only 5% of the neutral 
rate. After excluding several potential sources 
of error that could influence this statistic, they 
conclude that interdependency among dif-
ferent amino-acid residues in a protein is the 

major factor determining its rate of evolution. 
This means that, in the vast majority of cases, 
amino-acid substitutions will persist, on an 
evolutionarily relevant timescale, only when 
the ‘correct’ amino acid, or amino acids, are 
present elsewhere in the protein. 

It follows that internal constraints — not 
only internal to the organism but internal to 
each protein — are the dominant factor in 
determining the rate of protein evolution. 
If that is true at the level of individual pro-
teins, then it is likely also to be true at the 
level of the organism. Thus, Breen and col-
leagues have provided convincing evidence 

that epistasis should be considered alongside  
adaptation as a key player in evolution. ■

Günter P. Wagner is in the Department of 
Ecology and Evolutionary Biology, and at the 
Yale Systems Biology Institute, Yale University, 
New Haven, Connecticut 06477, USA. 
e-mail: gunter.wagner@yale.edu
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A N D R E A  F E R R A R A

Ever since the collective infrared light 
from cosmic sources was found1 to 
exceed the expected emissions from 

known galaxies, researchers have consid-
ered2–6 whether the excess might comprise 
radiation from distant stars and galaxies  
too faint to be detected individually. How-
ever, on page 514 of this issue, Cooray et al.7  
suggest instead that the excess signal could  
be provided largely by nearby stars that were 
stripped from the main body of their parent 

galaxies during collisions.
According to the standard Big Bang model, 

cosmic structures originated from tiny lumps 
of unseen dark matter in the early Universe 
that grew large enough to collect the normal 
(baryonic) matter from which stars eventu-
ally formed. On theoretical grounds8, it is 
believed that the first stars were 10–100 times 
more massive than the Sun, because their  
parent gas clumps would have been poor in 
metals (elements other than hydrogen and 
helium), enabling them to avoid fragmentation  
into smaller clumps.

C O S M O L O G Y

Infrared light from 
wandering stars
An explanation has been proposed for the observed excess of cosmic light at 
infrared wavelengths. It invokes stars that are cast into the dark-matter haloes  
of their parent galaxies during powerful galaxy collisions. SEE LETTER P.514

Figure 1 | Galaxy collision. Cooray et al.7 propose that the observed large-scale excess of cosmic infrared 
background radiation could be produced by stars that were thrown into the outer reaches of their parent 
galaxies during galaxy collisions such as the one shown here.

“Amino-acid 
substitutions 
will persist, on 
an evolutionarily 
relevant timescale, 
only when the 
‘correct’ amino 
acids are present 
elsewhere in the 
protein.”
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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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Fig. 7.— Left: The SFRD as a function of the redshift derived from Eq.(25) for three reionization histories τ = 0.077 (blue dashed line),
0.090 (blue solid line) and 0.099 (blue dotted line) which are obtained by setting f∗ = 0.02, 0.03 and 0.04, respectively. The red points are
the measurements from HUDF09+ERS+CANDELS observations (Bouwens et al. 2011b). Right: The estimated UV luminosity function
at z = 6, 7 and 8 with λres = 1600 Å. The central thick solid lines are derived from our model with f∗ = 0.03 at z = 6, 7 and 8, and the
thin dotted lines are for f∗ = 0.04 (upper) and 0.02 (lower) which can match the 1σ error of the data given in (Bouwens et al. 2011a). The
faint-end slope α at three values are also shown in black solid lines for comparison.

Fig. 8.— The effective galaxy bias vs. AB magnitude MAB at
z = 6, 7 and 8. We find the bias increases at higher redshifts and
lower MAB.

In the plot we show the beff as a function of MAB at
z =6, 7 and 8 for the MAB = −22 ∼ −17. We find that
the galaxy bias increases as the redshift increases and
decreases as the MAB increases. The reason is obvious
that the galaxy number density n̄gal defined by Eq. (38)
becomes smaller at higher redshift and bigger at larger
MAB (the larger MAB means smaller halo mass M).

7.3. Anisotropy Power Spectrum

In Fig. 9 we show the near-IR background anisotropy
angular power spectrum at λobs = 3.6 µm. The clus-

tering power spectra with non-linear power spectrum
from the HOD model are in solid lines. The left panel
shows the case with Mmin, the minimum mass to host
a galaxy, is changed from 106 to 109 M⊙. For com-
parison, we also plot the linear power spectrum which
has a turnover around ℓ = 103. When calculating the
clustering power spectrum, we set the parameters of
the HOD with Mmin values as listed in the figure with
Msat = 15Mmin. The corresponding values on the optical
depth to electron scattering are also listed in the figure.
We note that the shot-noise amplitude is larger for the
case withMmin = 109 M⊙ in comparison to the case with,
say, Mmin = 106 M⊙, though in those two cases the clus-
tering amplitude is higher with Mmin = 106 M⊙. This is
because the shot-noise amplitude is sensitive to the sec-
ond flux-moment of the number counts. By keeping the
minimum mass higher we force the overall counts to be
restricted to brighter sources than the case with a lower
minimum halo mass. On the other hand the clustering
power spectrum reflects the total background intensity.
With the minimum mass lowered, both the overall num-
ber density of galaxies and the background intensity are
increased.
The right panel of Fig. 9 shows the case where we vary

fesc to highlight the fact Cl amplitude is inversely pro-
portional to f2

esc. However, one cannot arbitrarily reduce
fesc to a small value since this results in a low optical
depth to electron scattering. If Mmin ∼ 108 to 109, such
that one does not need to be concerned of effects due to
feedback negatively impacting the formation of galaxies
in lower mass halos, then we find that fesc must be at
the level of 0.3 or more, under the assumptions related
to the IMFs for PopII and PopIII stars we use in this
paper.
In Fig. 10, we plot the Cℓ at different redshift bins. As

can be seen, the main contribution of the Cℓ comes from

15

Fig. 13.— The square root of the Cℓ at ℓ = 3× 103 and ℓ = 104 compared to the observational data at different wavelengths λobs = 1.6,
2.4, 3.6, and 4.5 µm. The blue solid, dashed and dotted line are the square root of the Cℓ with f∗ = 0.03 and fesc = 0.5, f∗ = 0.02 and
fesc = 0.9, and f∗ = 0.04 and fesc = 0.1, respectively. The data points are from the data sets shown in Fig. 12 around ℓ = 3 × 103 or
ℓ = 104.

tive origin of near-IR background anisotropies involving
galaxies present during reionization, contrary to sugges-
tions in the literature (Kashlinsky et al. 2012). In future
works, using additional measurements with Spitzer and
Hubble/WFC3, we plan to further discuss the near-IR
fluctuations and to explain if the origin is astrophysical
or whether it is associated with yet-unknown systematic

effect in the data.
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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).
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▪	  The	  Origin	  and	  History	  of	  Galaxies	  

▪	  The	  Origin	  of	  Water	  in	  Planetary	  Systems

The	  First	  All-‐Sky	  
Near-‐IR	  Spectral	  Survey	  
A	  Rich	  Legacy	  Archive	  for	  the	  

Astronomy	  Community	  with	  100s	  
of	  Millions	  of	  Stars	  and	  Galaxies

Low-‐Risk	  Implementation	  
▪	  Single	  Observing	  Mode	  

▪	  No	  Moving	  Parts	  
▪	  Large	  Technical	  &	  Scientific	  Margins



Time	  Since	  Big	  Bang

Time	  Since	  Big	  Bang

Stages	  of	  Star	  Formation

Map	   the	   large	   scale	   structure	   of	  
galaxies	   to	   study	   the	   process	   of	  
Inflation	   in	   the	   early	   universe,	  
addressing	   NASA’s	   objective	   to	  
Probe	   the	   origin	   and	   destiny	   of	  
the	  Universe.

Determine	  how	  interstellar	    
ices	  bring	  water	  and	  organics	  into	  
p ro to -‐ p l a n e t a r y	   s y s t ems ,	  	  
furthering	   NASA’s	   objective	   to	  
Explore	   whether	   planets	   around	  
other	  stars	  could	  harbor	  life.

SPHEREx	  Addresses	  Three	  Main	  Astrophysics	  Questions	  

Me a s u r e	   t h e	   t o t a l	   l i g h t	  
production	   from	   stars	   and	  
galaxies	   across	   cosmic	   history,	  
addressing	   NASA’s	   objective	   to	  
Explore	   the	   origin	   and	   evolution	  
of	  galaxies.



SPHEREx Team

 

  
Name Institution Role Responsibility Experience N/C* 
Jamie Bock Caltech/JPL PI Principal investigator, overall 

management 
US PI of Herschel/SPIRE and Planck./HFI;CIBER 
PI; BICEP2/Keck Co-PI 

N 

Matt Ashby CfA Co-I Pipeline development Spitzer/IRAC team N 
Peter Capak IPAC Co-I Galaxy spectral fitting modules PI of COSMOS survey N 
Asantha Cooray UC Irvine Co-I Galaxy Formation L4 lead CIBER, Spitzer, Herschel analysis N 
Olivier Doré JPL/Caltech PS Project scientist; 

Inflationary Cosmology L4 lead 
Planck, WMAP scientist, Euclid Science Team N 

Chris Hirata OSU Co-I Inflation and Cosmology studies Euclid Science Team N 
Woong-Seob Jeong KASI Co-I KASI PI NISS PI, MIRIS C 
Phil Korngut Caltech Co-I Deputy instrument scientist CIBER instrument development N 
Dae-Hee Lee KASI Co-I Ground test equipment CIBER, NISS, MIRIS development C 
Gary Melnick CfA Co-I Galactic Ice L4 lead SWAS PI N 
Roger Smith Caltech Co-I Detector array development H2RGs for diverse astronomy apps N 
Yong-Seon Song KASI Co-I Cosmology interpretation PI of KASI participation in DESI C 
Stephen Unwin JPL Co-I Galactic ice science SIM and TPF-I DPS; ExEP Dep Prog Scientist N 
Michael Werner JPL Co-I Legacy survey science Spitzer PS N 
Michael Zemcov Caltech Co-I Instrument scientist CIBER and QuAD instruments N 
* Funding Source: N=NASA C=Contributed 

  
Name Institution Responsibility 

Roland de Putter JPL L4 Cosmo parameter fitting 
Tim Eifler JPL Synergies with Euclid 
Nicolas Flagey IfA L4 Ice spectral catalog 
Yan Gong UC Irvine L4 Galaxy clustering theory 
Elisabeth Krause Stanford L4 Bispectrum simulations 
Daniel Masters Caltech Spectral redshift fitting 
Phil Mauskopf ASU Cluster catalog 
Bertrand Menneson JPL Ice catalog follow-up 
Hien Nguyen JPL Instrument characterization 
Karin Öberg CfA L4 Ice science interpretation 
Anthony Pullen CMU L4 Galaxy clustering theory 
Alvise Raccanelli JHU Cosmic magnification sims 
Volker Tolls CfA L4 Ice pipeline modules 
Salman Habib Argonne Galaxy catalog simulations 
Katrin Heitmann Argonne Galaxy catalog simulations 
Marco Viero Stanford Intensity mapping sims 

Science	  Team Collaborators

Competed	  in	  Dec	  2014	  SMEX;	  Selected	  by	  NASA	  for	  a	  Phase-‐A	  study	  in	  July	  2015.	  
Phase	  A	  report	  due	  in	  July	  2016.	  
Phase	  A	  down-‐selection	  ~	  December	  2016	  
Science	  team	  includes	  3	  Co-‐Is	  from	  KASI.



185 cm

BCP 100 
spacecraft

Wide-field 
telescope 
20 cm eff. 
aperture

Passive 
cooling 
system

High-throughput spectrometer 
uses a linear-variable filter in front 
of each detector array

Deployed 
Solar  
panels

Deployed 
thermal  
shields

	  Parameter 	  Value
	  Telescope	  Effective	  Aperture 	  20	  cm
	  Pixel	  Size 	  6.2"	  x	  6.2"
	  Field	  of	  View 	  2	  x	  (3.5°	  x	  7.0°);	  dichroic
	  Spectrometer 	  Linear-‐Variable	  Filters
	  Resolving	  Power	  and	  
	  Wavelength	  Coverage

	  R=41.5	  	  	  λ=0.75	  -‐	  4.1	  µm	  
	  R=150	  	  	  	  λ=4.1	  -‐	  4.8	  µm

	  Arrays
	  2	  x	  Hawaii-‐2RG	  2.5	  µm	  
	  2	  x	  Hawaii-‐2RG	  5.3	  µm

	  Point	  Source	  Sensitivity	  
	  (MEV	  Performance)

	  18.5	  AB	  mag	  (5σ)	  with	  
	  	  	  300%	  margin	  to	  req’t

	  Cooling 	  All-‐Passive
	  2.5	  µm	  Array	  and	  
	  	  	  Optics	  Temperature	  (Req’t)

	  80	  K	  with	  700%	  margin	  
	  	  	  on	  total	  heat	  load

	  5.3	  µm	  Array	  Temperature	  
	  	  	  	  (Req’t)

	  55	  K	  with	  450%	  margin	  	  
	  	  	  on	  total	  heat	  load

	  Payload	  Mass 	  68.1	  kg	  	  (CBE+31%	  Ctg)
	  Payload	  Power 	  27.8	  W	  	  (CBE+30%	  Ctg)

	  Parameter 	  Performance 	  	  Margin
	  Spacecraft 	  Ball	  BCP	  100 	  	  N/A
	  Science	  Data	  
	  	  	  Downlink

	  73	  Gb/day 	  	  97%

	  Pointing	  Stability 	  2.1"	  (1σ)	  over	  200	  s 	  	  43%
	  Pointing	  
	  	  	  Control

	  22.7”	  (1σ) 	  	  164%

	  Pointing	  Agility 	  70º	  in	  116	  s	  (large	  slews)	  
	  8.8’	  in	  6	  s	  (small	  steps)

	  	  29%	  
	  	  233%

	  Observatory	  Mass 	  173.6	  kg	  (MEV) 	  	  53%
	  Observatory	  
	  	  	  Power

	  171.8	  W	  (MEV) 	  	  36%

	  Solar	  Array	  Power	  
	  	  	  Output	  (EOL)

	  234	  W 	  	  N/A

SPHEREx:	  	  Simple	  Instrument,	  Large	  Margins

Thermal ScienceMargins:



High-‐Throughput	  LVF	  Spectrometer

Focal	  Plane	  Assembly

Spectra	  obtained	  by	  stepping	  source	  over	  the	  
FOV	  in	  multiple	  images:	  	  no	  moving	  parts

Wavelength	  (µm)
1.6	  	  	  	  	  	  	  	  	  	  	  	  	  1.8	  	  	  	  	  	  	  	  	  	  	  	  	  2.0	  	  	  	  	  	  	  	  	  	  	  	  	  2.2	  	  	  	  	  	  	  	  	  	  	  	  2.4

I/
F

1.0

0.8

0.6

0.4

0.2

0.0

Methane	  on	  Pluto

Infrared	  Spectral	  Image

LVFs	  used	  on	  ISOCAM,	  HST-‐WFPC2,	  
New	  Horizons	  LEISA,	  &	  OSIRIX-‐Rex	  (2016	  launch)

Linear	  Variable	  Filter



Mapping	  the	  Full	  Sky	  with	  SPHEREx
All-‐Sky	  Coverage

Designed	  for	  uniform	  coverage	  
after	  25	  months	  of	  observations	  
with	  4	  independent	  surveys.

Deep	  Surveys	  at	  Poles

Except	  for	  two	  100	  sq.	  degree	  regions	  
At	  the	  poles	  with	  are	  ~30x	  deeper.	  
An	  opportunity	  for	  unique	  science

SPHEREx	  observes	  the	  sky	  simply	  by	  pointing	  the	  spacecraft	  
over	  multiple	  orbits	  to	  obtain	  complete	  spectra.



SPHEREx	  Creates	  an	  All-‐Sky	  Legacy	  Archive
Object	   #	  Sources Legacy	  Science Reference
Detected	  
galaxies

1.4	  billion Properties	  of	  distant	  and	  
heavily	  obscured	  galaxies

Simulation	  
based	  on	  
COSMOS	  and	  
Pan-‐STARRS

Galaxies	  
σ(z)/(1+z)	  
<	  0.03

120	  million Study	  (H,	  CO,	  O,	  S,	  H2O)	  line	  
and	  PAH	  emission	  by	  galaxy	  
type.	  Explore	  galaxy	  and	  
AGN	  life	  cycle

Galaxies	  σ(z)/
(1+z)	  
<	  0.003

9.8	  million Cross	  check	  of	  Euclid	  photo-‐z.	  
Measure	  dynamics	  of	  groups	  
and	  map	  filaments.

QSOs >	  1.5	  million Understand	  QSO	  lifecycle,	  
environment,	  and	  taxonomy

Ross	  et	  al.	  
(2013)	  plus	  
simulations

QSOs	  
at	  z	  >	  7

0-‐300 Determine	  if	  early	  QSOs	  exist.	  
Follow-‐up	  spectro-‐scopy	  
probes	  EOR	  through	  Lyα	  
forest

Clusters	  with	  ≥	  
5	  members

25,000 Redshifts	  for	  all	  eRosita	  
clusters.	  Viral	  masses	  and	  
merger	  dynamics

Geach	  et	  al.,	  
2011,	  SDSS	  
counts

Main	  
sequence	  stars

>100	  million Test	  uniformity	  of	  stellar	  
mass	  function	  within	  our	  
Galaxy	  as	  input	  to	  
extragalactic	  studies

2MASS	  catalogs

Mass-‐losing,	  
dust	  forming	  
stars

Over	  10,000	  
of	  all	  types

Spectra	  of	  M	  supergiants,	  
OH/IR	  stars,	  Carbon	  stars.	  
Stellar	  atmospheres,	  dust	  
return	  rates,	  and	  composition	  
of	  dust	  

Astro-‐physical	  
Quantities,	  4th	  
edition	  [ed.	  
A.Cox]	  p.	  527

Brown	  dwarfs >400,	  incl.	  
>40	  of	  types	  T	  
and	  Y

Atmospheric	  structure	  and	  
composition;	  search	  for	  
hazes.	  Informs	  studies	  of	  
giant	  exoplanets

dwarfarchives.o
rg	  and	  J.D.	  
Kirkpatrick,	  
priv.	  comm.

Stars	  with	  hot	  
dust

>1000 Discover	  rare	  dust	  clouds	  
produced	  by	  cataclysmic	  
events	  like	  the	  collision	  which	  
produced	  the	  Earth’s	  moon

Kennedy	  &	  
Wyatt	  (2013)

Diffuse	  ISM Map	  of	  the	  
Galaxy

Study	  diffuse	  emission	  from	  
interstellar	  clouds	  and	  
nebulae;	  (H,	  CO,	  S,	  H2O	  and	  
PAH	  emission)

GLIMPSE	  survey	  
(Churchwell	  
et	  al.	  2009)

Notable	  Features	  of	  the	  SPHEREx	  All-‐Sky	  Survey	  
• High	  S/N	  spectrum	  for	  every	  2MASS	  source	  
• Solid	  detection	  of	  faintest	  WISE	  sources	  
• Catalogs	  ideal	  for	  JWST	  observations

New	  ideas	  recently	  brought	  to	  our	  attention	  
• Redshifts	  for	  the	  all-‐sky	  eRosita	  X-‐Ray	  survey	  
• Photo	  baselines	  for	  wide-‐field	  transient	  survey	  
• Mapping	  3D	  distribution	  of	  Galactic	  ices



SPHEREx	  Large	  Volume	  Galaxy	  Survey

σz/(1+z)

SPHEREx	  Large-‐Volume	  Redshift	  Catalog	  
• Largest	  effective	  volume	  of	  any	  survey,	  near	  cosmic	  limit	  
• Excels	  at	  z	  <	  	  1,	  complements	  dark	  energy	  missions	  (Euclid,	  WFIRST)	  targeting	  z	  ~	  2	  
• SPHEREx	  +	  Euclid	  measures	  gravitational	  lensing	  and	  calibrates	  Euclid	  photo-‐zs	  

Survey	  Designed	  for	  Two	  Tests	  of	  Non-‐Gaussianity	  
• Large	  scale	  power	  from	  power	  spectrum:	  	  large	  #	  of	  low-‐accuracy	  redshifts	  
• Modulation	  of	  fine-‐scale	  power	  from	  bispectrum:	  	  fewer	  high-‐accuracy	  redshifts	  

SPHEREx	  Surveys	  Maximum	  Cosmic	  Volume Catalog	  Split	  into	  Redshift	  Accuracy	  Bins



SPHEREx	  Tests	  Inflationary	  Non-‐Gaussianity

• Non-‐Gaussianity	  distinguishes	  between	  multi-‐	  and	  single-‐field	  models	  
• Projected	  SPHEREx	  sensitivity	  is	  δfNL	  <	  1	  (2σ)	  
	   -‐	  Two	  independent	  tests	  via	  power	  spectrum	  and	  bispectrum	  

• Competitively	  tests	  running	  of	  the	  spectral	  index	  
• SPHEREx	  low-‐redshift	  catalog	  is	  complementary	  for	  dark	  energy



SPHEREx	  Measures	  Cosmic	  Light	  Production
Two	  Ways	  to	  Measure	  Cosmic	  Light	  Production

1)	  Individual	  Galaxies	  &	  Redshifts	  
	  	  Large	  telescope	  for	  point	  source	  sensitivity
2)	  Large-‐Scale	  Patterns	  in	  the	  Background	  
	  	  Small	  telescope	  with	  fidelity	  on	  degree	  scales

→	  the	  amplitude	  of	  large-‐scale	  (clustering)	  
fluctuations	  proportional	  to	  total	  light	  production

What	  Constitutes	  Cosmic	  Light	  Production?

1)	  Photon	  Production	  in	  Galaxies	  
	  	  	  	  Nucleosynthesis	  &	  black	  holes,	  peaks	  at	  z	  ~	  2	  
2)	  First	  Stars	  and	  Galaxies	  
	  	  	  	  Epoch	  of	  Reionization	  z	  >	  6	  
3)	  Intra-‐Halo	  Light	  
	  	  large	  telescope	  for	  point	  source	  sensitivity	  
4)	  Surprises?	  
	  	  	  	  E.g.	  Light	  from	  particle	  decay

First stars & galaxies 
~400 million years

Present universe 
~13.8 billion years

13+ billion years of galaxy 
collisions and mergers

Inflation 
fraction of a 
trillionth 
of a second

Cosmic microwave background 
~380,000 years

Diffuse emission between 
galaxies from tidally 

stripped stars
Moseley & Zemcov 
Science 2014



SPHEREx	  Measures	  Large-‐Scale	  Fluctuations

•Emission	  lines	  encode	  clustering	  signal	  
	  	  	  	  	  	  at	  each	  redshift	  over	  cosmic	  history	  
•Amplitude	  gives	  line	  light	  production	  
•Multiple	  lines	  trace	  star	  formation	  history	  
	  	  	  	  	  	  	  	  	  -‐	  High	  S/N	  in	  Hα	  for	  z	  <	  5;	  OIII	  and	  Hβ	  for	  z	  <	  3	  
	  	  	  	  	  	  	  	  	  -‐	  Lya	  probes	  EoR	  models	  for	  z	  >	  6	  
	  	  	  	  	  	  	  	  	  -‐	  Hα	  and	  Lyα	  crossover	  region	  5	  <	  z	  	  <	  6	  

Fluctuations	  in	  Continuum	  Bands

•SPHEREx	  has	  ideal	  wavelength	  coverage	  
	  	  	  	  	  and	  high	  sensitivity	  
•Multiple	  bands	  enable	  correlation	  tests	  
	  	  	  	  	  	  	  sensitive	  to	  redshift	  history	  
•Method	  demonstrated	  on	  Spitzer	  &	  CIBER

Fluctuations	  in	  Spectral	  Lines



SPHEREx	  Studies	  Reionization	  [with	  21-‐cm]12

Fig. 13.— The cross-correlation coefficient of the CII and 21-cm emission for 1m and 10m aperture at z = 6, z = 7 and z = 8. The error
bars of r are also shown (red solid), and the blue dashed ones are the contribution from the 21-cm emission with the LOFAR (left panel),
and with the SKA (right panel). We find the 21-cm noise dominates the errors at z=6 and 7.

7. OUTLINE OF A CII INTENSITY MAPPING
EXPERIMENT

We now discuss the requirements on an instrument de-
signed to measure the CII line intensity variations and
the power spectrum at z > 6. Here we provide a sketch
of a possible instrument design including calculated noise
requirements based on current technology; a detailed de-
sign study will be left to future work as our concept is
further developed.

An experiment designed to statistically measure the
CII transition at high redshift requires a combination of
a large survey area and low spectral resolution; because
of this, the use of an interferometer array such as the one
suggested in Gong et al. (2011) for CO seems impractical.
Instead we opt for a single aperture scanning experiment
employing a diffraction grating and bolometer array in
order to provide large throughput.

For proper sampling of the CII signal on cosmologi-
cal scales and cross-correlation with 21-cm experiments,
we would require at minimum a survey area of 16 deg2

and a free spectral range (FSR) of 20 GHz. At a red-
shift of z = 7, a box 4 degrees on a side and 20 GHz
deep corresponds to a rectangular box with a comoving
angular width of 443 Mpc/h and a depth along the line
of sight of 175 Mpc/h. However, since larger FSRs are
easily achieved with diffraction grating architectures and
would allow for better measurement of the reionization
signal and separation of its foregrounds, the instrumental
concept presented here covers the 220GHz atmospheric
window with an FSR of 125GHz. Concretely, covering
from 185 to 310 GHz with a spectral resolution of 0.4GHz
allows measurement of CII in the range 5.1 ≤ z ≤ 9.3
with a smallest redshift interval ∆z of 0.01.

The integration time per beam on the sky required to
survey a fixed area depends on a number of parameters
including the size of the aperture, the number of inde-

pendent spatial pixels in the spectrometer, and the band-
width of each spectral element. Changing the survey area
or bandwidth will affect the minimum k values probed in
the 3-d power spectrum as well as the number of modes
used in the error calculation. To generate concrete exam-
ples in this discussion, we concentrate on calculating the
CII power spectrum at z = 6, 7 and 8 and assume that
we will make use of 20 GHz effective bandwidths at fre-
quencies centered at these redshfits; such effective bands
are readily achieved by summing neighbouring high res-
olution spectral bins. At z = 7, for example, a 20 GHz
bandwidth corresponds to a ∆z = 0.62. Averaging over
a larger spectral window to reduce noise will make the
cosmological evolution along the observational window
non-negligible.

To understand the effect of spatial resolution on this
measurement we consider three possible primary aper-
ture sizes of 1, 3 and 10 m; the resulting instrumental
parameters are listed in Table 1. These apertures cor-
respond yield beams of 4.4, 1.5, and 0.4 arcmin and co-
moving spatial resolutions of 8.3, 2.8, 0.8 Mpc/h at an
observing frequency of 238 GHz (z = 7), respectively.
These apertures probe the linear scales (k < 1.0 h/Mpc)
and are well matched to 21-cm experiments. In this ex-
perimental setup light from the aperture is coupled to a
imaging grating dispersive element illuminating a focal
plane of bolometers, similar to the Z-Spec spectrometer
but with an imaging axis (Naylor et al. 2003; Bradford
et al. 2009).

We assume a fixed spectral resolution of ∼ 500 km/s
(= 0.4GHz as discussed above) in each of the three cases
giving a spatial resolution of 3.5 Mpc/h and a maximum
k mode of k ≈ 0.91 h/Mpc. Current technology can al-
low fabrication of ∼ 20, 000 bolometers in a single focal
plane; for the instrument concept we freeze the number
of detectors at this value. The spectrometric sensitivity

(a)	  SPHEREx	  will	  map	  Lyα	  emission	  during	  	  
reionization	  over	  the	  whole	  sky.	  
(b)	  Apart	  from	  z~6,	  SPHEREx	  alone	  will	  not	  
have	  sensitivity	  for	  a	  detection	  of	  the	  
power	  spectrum	  [for	  Hopkins	  &	  Beacom	  
SFRD].

	  Lyα

	  Hα

(a) SPHEREx	  Lyα	  intensity	  maps	  ideal	  for	  
cross-‐correlation	  with	  21-‐cm	  
fluctuations	  (from	  SKA-‐low/HERA)	  

(b) Correlation	  coefficient	  negative	  at	  large	  
scales	  to	  positive	  at	  small	  scales.	  

(c) Direct	  measure	  of	  bubble	  sizes!



NASA	  Small	  Explorer	  in	  Phase-‐A	  Study	  

All-‐sky	  near-‐IR	  spectral	  survey	  

• Unprecedented	  measurements	  of	  the	  Non-‐
Gaussian	  signature	  from	  Inflation	  

• Survey	  of	  the	  role	  of	  organic	  ices	  in	  molecular	  
clouds	  and	  young	  stellar	  systems	  

• Probing	  galaxy	  formation	  through	  precise	  
measurements	  of	  extragalactic	  background	  
light	  anisotropy	  

• Rich	  spectral	  catalog	  for	  the	  astronomy	  
community

Summary	  paper:	  Doré	  et	  al.	  arXiv	  1412.4872

What	  can	  you	  do?	  
Perform	  theory	  predictions	  and	  write	  papers	  on	  your	  sciences	  with	  SPHEREx.	  
Provide	  input	  to	  the	  SPHEREx	  Science	  Team	  on	  data	  requirements	  and	  tools	  for	  your	  sciences	  
with	  SPHEREx	  data

Details	  soon	  at	  http://spherex.caltech.edu



Summary

Infrared background is a probe of high-z galaxies and low-z intra-
halo light. 

From Spitzer fluctuations at 3.6 microns, ~0.1 % of IHL fraction in 
z~1 to 5 Milky Way-like galaxies. CIBERI has extended fluctuations 
to 1.1 microns, with strong evidence for IHL; CIBERII upgrade in 
progress, flights from late 2016. 

From Hubble/CANDELS, a measure of total UV luminosity density of 
the Universe at z > 6 with fluctuations. 

SPHEREx, selected for Phase-A by NASA, will study fluctuations to 
precisely quantify the EoR signal. 

Contact me: acooray@uci.edu   fmd us at http://herschel.uci.edu 

mailto:acooray@uci.edu
http://herschel.uci.edu

