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•  Extragalactic Background Light/Cosmic Infrared 

Background 
• Spatial Fluctuations in the IR background 
• New results from HST/CANDELS
• ZEBRA - a small instrument to the outer Solar system

Key coauthors/collaborators on research discussed today:   

Ketron Mitchell-Wynne (grad student), Yan Gong (postdoc)
Joseph Smidt (former grad student)
CIBER Science Team         
HST/CANDELS EBL Team
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The extragalactic background spectrum
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The extragalactic background spectrum
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Status of Cosmic IR Background Measurements

Absolute measurements are limited by Zodiacal light 
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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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(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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Instead of the absolute total IRB intensity, measure anisotropies or 
fluctuations of the intensity (just like in CMB).  
IRB anisotropies probe substantially below 0.1 nW/m2/sr  intensity.   
   (Cooray, Bock, Keating, Lange & Matsumoto 2004, ApJ)

High-z galaxies?  
Study IRB anisotropies.

IR Background Fluctuations Measurements
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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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   Intra-halo light
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MOSAIC MAP
Mask map. (Sextractor)

PSF BEAM TRANSFER FUNCTION

Epoch 
 1

Epoch 
 2

X

+

+
Epoch 

 3
Epoch 

 4

Cross-Correlate Coadded Epochs

Epoch 
 1

Epoch 
 2

Epoch 
 3

Epoch 
 4

-

-

X

Jackknife For Noise Errors

Fourier  
Transform
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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	
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   stripped	
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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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EBL should contain sources from reionization

Gilmore et al.

Even if faint sources are individually undetected, their presence 
is visible in the EBL

Two key features of the EBL reionization spectral signature:
(a) Amplitude of the spectral signature probes the integrated SFR during  
(b) Width of the spectral signature probes the  duration of reionization



Near-IR background Light is a probe of reionization
Even if faint sources are individually undetected, their presence 
is visible in the absolute intensity of the near-IR background.

• The predicted  z > 8 background intensity ~ 0.1 to 0.8 nW/m2/sr between 1 to 3 microns. 
• A small instrument outside of the zodiacal light cloud > 5 AU (ZEBRA)
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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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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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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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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).

4

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;
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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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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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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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Cooray+ 2012, Zemcov+ 2014
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Beam Correction

• Stacked sources across the 
map to get the PSFs in 
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beam transfer function 
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Fig. 4.— Auto- and cross-frequency power spectra of the sky (circles with error bars) before correcting for Galactic cirrus (dashed lines)
for all fields after masking sources with flux densities greater than 100mJy. Data points are shifted horizontally for clarity. Error bars
are derived for each field from Monte Carlo simulations, as described in § 3.2. All fields agree within the errors on scales where cirrus
contamination is not significant ( >

∼ 0.06 arcmin−1), and the variance in the shot noise levels is consistent with expectations derived from

simulations. Maps which are smaller or which were observed with slower scans are attenuated on smaller angular scales, which is a reflection
of the pattern also see in the transfer functions (Figure 2).

tures are faint with respect to the noise, and thus difficult
to regress with SPIRE maps.
We instead adopt an approach similar to that
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Amblard et al. (2011), with some additional modifica-
tions. Diffuse Galactic cirrus emits as a modified black-
body proportional to νβB(ν), where B(ν) is the Planck
function and β is the emissivity index. Typically, it has
a temperature of ∼ 18K and β ∼ 1.8 (e.g., Bracco et al.
2011) resulting in a SED which peaks at ∼ 170µm
(e.g., Martin et al. 2012). At 100µm, cirrus emission has
roughly the same amplitude as at 250µm, but unlike in
SMAP/SPIRE maps, the favorable large-scale properties
of the IRIS maps make it possible to accurately measure
the power spectra out to scales of ∼ 4◦. Thus, assuming
that the Galactic cirrus power spectrum is well described
by a power law (Roy et al. 2010), we use the 100µm
power spectra, calculated from IRIS maps with sizes
identical to their SPIRE counterparts, and with sources
above 500mJy masked, to estimate the best-fit to the cir-
rus spectra in each field. Note that although larger size
regions would better constrain the large-scale spectra, we
intentionally use the exact same regions because these
fields were chosen specifically because they were spe-
cial places in the sky with low Galactic cirrus, and thus

the spectra inside and the spectra surrounding the field
are unlikely to be the same. Uncertainties in the power
spectra are estimated analytically following Fowler et al.
(2010). To distinguish between the power originating
from cirrus and that from clustered galaxies, we include
an estimate of the linear power (i.e., 2-halo) term con-
strained by the measured galaxy spectra of Pénin et al.
(2012b). Also, we adopt the Béthermin et al. (2011)
model to fix the Poisson level, which is unconstrained
by data because of the 4′ IRAS beam, although we note
that on these angular scales the exact choice for the Pois-
son level has a negligible effect on the fit.
Next, assuming that the linear power spectrum from

clustered DSFGs is independent of field, and after mask-
ing all sources above 300mJy in the SPIRE bands, we
estimate the contribution to the SPIRE spectra from cir-
rus by fitting the 100µm and SPIRE auto-power spectra
of all five fields simultaneously with: a Poisson term; a
1- and 2-halo clustered galaxy terms; and a temperature
(with fixed β = 1.8) which sets the band-to-band ampli-
tudes, P0.
Lastly, uncertainties are estimated with a Monte Carlo

simulation where the slope and amplitudes of the best-
fit power law at 100µm are perturbed by an amount
dictated by their errors, and the cirrus estimate pipeline
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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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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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Robertson et al. 2015

Assuming Planck optical depth of 0.066 from early this year. 
Two  weeks ago optical depth increased to 0.077.

Implications for reionization (especially given 
low Planck optical depth)
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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
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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Robertson et al. 2015
Upper limit on the z > 10 
SFRD to be consistent with 
Planck (Robertson+ 2015)
assuming fesc=0.2

Fluctuations implied SFRD
is 1sigma higher.

Solutions:
C/fesc large (need fesc   < 0.05)
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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
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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Future (…. HST ….)
Fill existing HST gap between 0.85 and 1.25 microns with F098M and 
F105W filters. This will separate 6 < z < 11 to two bands 6 < z< 8, 
8 < z < 11
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A Science Enhancement Option for an Outer  
Planet Discovery Mission 



ZEBRA

• Platform:  Outer planets mission to Saturn 
• Description of payload instrumentation:  Optical to 

near-infrared absolute photometer with 15 cm 
telescope; Wide field optical camera with 3 cm 
telescope 

• Mission duration:  5-year outer planets cruise-phase 
• Temperature: 50 K 
• Pointing requirements:  0.5″ stability over 500 s. 
• Data rate to ground (kbits/day):  0.5 Mbpd 

Two Fundamental Science Goals in One 
Instrument to the Outer Planets 

• Extragalactic Background Light 
     - Measures galaxy history 
     - Epoch of reionization galaxies 
•  Zodiacal Dust 
     - Structure and origin of solar 
             system dust 
     - Detect and map Kuiper belt dust

Optics: 15 cm & 3 cm off-axis 
Wavelengths:  0.4 – 5 µm 
Cooling:  Passive to 50 K

ZEBRA is a high-TRL instrument with 
minimum impact to host mission  
• All key technologies demonstrated 
• Well-defined interfaces 
• ZEBRA engineers offset to net mass

0.1 1.0 10.0
Wavelength λ

   1

10

100

nW
 m

 -2
 sr

-1
λ 

I  λ

EBL from 
simulations
at z < 5

Diffuse
Galactic
Light

IPD
at 10 AU

Reionization
signal

Foreground 
residual



Summary

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

From Spitzer fluctuations at 3.6 microns, a 0.1 to 0.5% 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 mid 2017. 

From Hubble/CANDELS, a measure of total UV luminosity density of 
the Universe at z > 8 with fluctuations. 

An instrument like ZEBRA observing from outer Solar system 
needed to precisely measure the EBL at optical and infrared 
wavelengths. 


