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Outline 

•  CIB and its near-IR anisotropies: link to 1st sources 

•  Source-subtracted CIB anisotropies in Spitzer deep data 
•  Their measured properties and excess over known pops 
•  Their connection to 1st sources 
•  Do they arise from LIGO-type PBHs making up DM? 

•  Future work: LIBRAE (Looking at Infrared Background 
 Radiation Anisotropies with Euclid) 

•  Summary 
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Why/what CIB and 1st stars and BHs? 

•  Galaxies are now found out to z ~ 6 
•  Star formation increases rapidly between z=0 and ~1 
•  Systems are metal rich early on 
•  Colours show ‘normal’ stellar populations 
•  Typical mass ~0.3-1 M๏ (and less than ~30 M๏) 
 
•  First stars era:  
•  What were they? (Stars/Black holes?) 
•  When did they form? 
•  How long has their era lasted? 
•  Can be detected perhaps through their 

unique imprint in 
     cosmic infrared background (CIB) 
•  LOOK FOR THESE OBJECTS IN CIB  
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Diffuse background from Pop 3 and BHs (Kashlinsky et al 2004) 
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Emissions are cut at λ > 0.1 (1+z) µm, or ~ 1µm for z~10  

If first objects were massive stars or BHs radiating at the Eddington limit they would CIB as follows: 
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Mean CIB is difficult to probe because of foregrounds 
but Zodi and Galactic Cirrus are smooth! 

G. cirrus Zodi CMB 
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Pop 3 c/should produce significant CIB fluctuations 

•  If massive, each unit of mass emits L/M~105L๏/M๏  
•  Pop 3 era spans a smaller volume (Δt<~0.5 Gyr), hence larger relative 

fluctuations 
•  Pop 3 systems form out of rare peaks on the underlying density field, 

hence their correlations are amplified	

Population 3 could leave a unique imprint in the CIB structure and measuring it would 
offer evidence of and a glimpse into  the Pop 3 era (Kashlinsky et al 2004) 

Peak is ~ horizon 
at matter radiation 
equality epoch 
projected to z* 
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CIB anisotropies contain two terms: 

•  Definitions: 1)  Mean squared flux is  δFλ2=q2Pλ(q)/(2π), 2) power  

 P=<|FFTFlux|2>, 3) scales defined via q(rad-1) = l (multipole) 

•  I. Shot  noise  

  from sources occasionally entering the beam δF/F ~ 1/Nbeam
½ 

  Specifically :   PSN = ∫ S2(m) dN/dm dm ~ S FCIB ~ n S2. 
  Dominates small scales near the beam. 

•  II. Clustered component 

 

Reflects clustering of the emitters, their epochs and how long their era lasted 
 
Evaluated using the Limber equation: depends on the underlying 3-d power 
spectrum (LCDM) and the rate of flux production integrated over the z-span 
of emitters 
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CIB fluctuations at 3-8 µm  
First  results on cosmic infrared background fluctuations from  

deep Spitzer images (cryogenic era) 
A. Kashlinsky, R. Arendt, J. Mather & H. Moseley 

(Nature, 2005, 438, 45;  ApJL, 2007, 654, L1; 654, L5; 666, L1 – KAMM1-4) 
R. Arendt, A. Kashlinsky, H. Moseley & J. Mather 

(2010, ApJS, 186,10 – AKMM) 
 
 

•  Source-subtracted IRAC images contain significant CIB fluctuations at 3.6 to 8µm. 
•  These fluctuations come from populations with significant clustering component but 
only low levels of the shot-noise component. 
•  There are no correlations between source-subtracted IRAC maps and ACS source 
catalog maps (< 0.9  µm). 
•  These imply that the CIB fluctuations originate in populations  in either 1) 1st 0.5 Gyr or 
z>6-7 (t<0.5 Gyr), or 2) very faint more local populations not yet observed. 
•  If at high z, these populations have projected number density of up to a few arcsec-2 
and are within the confusion noise of the present-day instruments. 
•  But so far there is no direct info on the epochs of these populations 

Results briefly: 
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Comparison of self-calibration w standard image assembly 

(Median across the array) From Arendt et al (2010) 
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 Results for GOODS (4 fields - color symbols) and 
QSO1700 field (black symbols) 

Fluctuations are made up of two components: 
1)  Remaining shot noise (scales < 20 arcsec) 
2)  Fluctuations arising from clustering (>0.5 arcmin) 
 
Remaining shot noise is :   PSN = ∫ S2(m) dN/dm dm 
Different datasets must be compared at the same PSN. 
 

Sources are removed to 
mAB~25-26 
 
Shot noise reached in QSO1700 
 
PSN (3.6µm) ≈ 6 x 10-11 nW2/m4/sr 
 
 
Shot noise reached in GOODS: 
HDFN-E1, HDFN-E2 
CDFS-E1, CFDS-E2 
 
PSN (3.6µm) ≈ 2 x 10-11 nW2/m4/sr 
 

Angular scale 

GOODS 
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ACS source maps. 
•    mAB>22 
♦   mAB> 24 
▲  mAB > 26 
■   mAB > 28 
◊   mAB > 24, no mask 
 
 
 
 
 
 
 
 
ACS vs KAMM sources 
(open symbols).  
ACS source maps 
vs source subtracted 
IRAC data (filled). 
 
Solid lines: ACS B,V,I,z, 
Dotted line: IRAC Ch 1 

No correlations with ACS maps out to ~0.9 micron (Kashlinsky et al 2007c) 

     Cross-correlation  
R(θ)=<δIRAC(x)δACS(x+θ)>/σIRACσACS 

A.  Kashlinsky                                                    CERN     May 2018   



  

Redshift

3.6μm

0.7

2.2μm

K

2

1.25μm

J

0.6μm

5

R

0.4μm

8

B

Probing the redshift cone

3.6μm/(1+z)
= 3.0μm

0.2

Rest-frame wavelength

Estimating contribution from remaining known galaxies 
 per Helgason, Ricotti, Kashlinsky (HRK12) 

A.  Kashlinsky                                                    CERN     May 2018   



  

   Luminosity Functions

M*

ϕ*

α

From HRK12 – currently  
updated to 340+ LF surveys 
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The Astrophysical Journal, 769:80 (27pp), 2013 May 20 Ashby et al.

Figure 34. Differential source counts for SEDS. Panel (a): symbols indicate the 3.6 µm counts in the five SEDS fields. The black lines indicate the counts after
correcting for incompleteness. The red line shows the incompleteness-corrected counts from Fazio et al. (2004a). Panel (b): as panel (a), but for the 4.5 µm counts.
Panel (c): the mean differential 3.6 µm source counts for all of SEDS, weighted by field area. The upper and lower dashed blue lines indicate respectively the
high-faint-end (HFE) and low-faint-end (LFE) count models from Helgason et al. (2012). The dashed blue line between these two models indicates the default
Helgason et al. (2012) model, which averages the HFE and LFE models. The black dotted line shows the area-weighted mean predicted Milky Way star counts based
on the DIRBE 3.5 µm Faint Source Model Counts (Arendt et al. 1998). Panel (d): as panel (c), but for the 4.5 µm counts and showing the DIRBE Faint Source Model
counts for Milky Way stars at 4.9 µm.
(A color version of this figure is available in the online journal.)

the slopes of the IRAC counts increased immediately below
26 AB mag to the Helgason high faint end case (0.22 in both
SEDS bands), the total contributions to the CIB from these
undetected sources would be only 0.16 and 0.14 nW m−2 sr−1

at 3.6 and 4.5 µm, respectively. Thus, discrete IRAC sources
appear unable to furnish more than about half of the estimated
CIB at 3.6 and 4.5 µm.

6.5. Other Applications of SEDS Data

SEDS is designed to maximize its impact in fields related
to cosmology and high-redshift science. It has already been
of some use in this regard. Kashlinsky et al. (2012) used
SEDS imaging from two fields (the UDS and EGS) to make
new measurements of fluctuations in the CIB; the SEDS data
permitted extraction of much fainter sources and analysis of
the CIB fluctuations over significantly larger scales than was
possible previously at these wavelengths.

SEDS will be of particular interest as a means to identify
distant galaxies. High-redshift galaxies have long been identified
on the basis of their red colors; historically this has been
accomplished in the optical-to-NIR regime (e.g., I − K or R − K)
to bracket galaxies’ 4000Å break and measure their redshifts
out to z ∼ 3 (Roche et al. 2003; Franx et al. 2003; Brown et al.
2005). With Spitzer/IRAC photometry this technique has been
extended out beyond z = 3 (e.g., Wang et al. 2009; Huang
et al. 2011; Wang et al. 2012). This has begun happening with

SEDS photometry as well. Aravena et al. 2010 incorporated
SEDS photometry into the spectral energy distribution of a rare
submm-selected galaxy in COSMOS to place it at z ∼ 4.8.
Caputi et al. (2012) identified and analyzed a sample of very rare,
very red objects (H − [4.5] > 4) galaxies in the UDS and found
that this color criterion was efficient for identifying sources at
3 < z < 5. At an even more extreme redshift, Capak et al.
(2011) used SEDS-COSMOS observations (along with a suite
of other data) to identify a massive protocluster at z ∼ 5.3. No
doubt the SEDS data will be put to other uses not yet anticipated
by the SEDS team, now that they are public.

7. SUMMARY

The SEDS team has carried out a deep 3.6 and 4.5 µm survey
of five widely separated extragalactic fields, covering a total of
1.46 deg2 to a depth of 26 AB mag (3σ ) in both bands. The
images and catalogs being made publicly available with this
contribution therefore constitute a significant advance into a new
regime of depth-area survey parameter space, never previously
explored at these wavelengths.

SEDS has detected and photometered more than 300,000 dis-
tinct sources, of which the vast majority are galaxies. The galaxy
color–magnitude distribution is consistent with mostly z ! 1.3
galaxies at [3.6] < 21 and a mix of low- and high-redshift
galaxies at fainter magnitudes. Detailed number count models
will have to reproduce both the number counts themselves and

26

New deeper IRAC counts from Ashby et al (2013, 2015) confirm the Helgason et al  
reconstruction to a remarkable accuracy. 
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Shot-noise vs AB magnitude 
compared to Spitzer and AKARI 
levels. 

CIB fluctuations from ordinary 
(known) galaxy populations at 
observed shot-noise levels 
compared to measurements 
from 1.6 to 4.5 micron. Shaded 
region shows the spread due to 
high/low-faint end of LF data.  
 
The excess at scales > 20-30 
armin is obvious. 

From Helgason et al (2012). 
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Warm mission Spitzer CIB results (Kashlinsky et al 2012) 

Two regions, UDS and EGS, observed 
at 3 epochs (separated by 6 months) 
during Spitzer  warm mission. 
 
Integration ~ 12 hrs/pixel (total) 
 
UDS: square of 21’ on the side 
EGS: rectangle of 8’ x 1 deg 
 
PA+B  in black;  PA-B in red 
 

After 
subtracting 
noise: 
 
P=PA+B – PA-B 
 
Same signal  
appears in 
Ch1 and 2 ! 
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COMPARISON WITH EARLIER MEASUREMENTS 

The measured fluctuations appear isotropic over 7 different fields/locations. 
This by itself shows the sky signal to be of cosmological origin. 

7 fields in total: QSO1700, HDFN-E1, HDFN-E2, CDFS-E1, CDFS-E2, UDS, EGS 
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Clustering component does not yet decrease with shot-noise 
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From Kashlinsky et al (2012) 

Averaged over fields. Signal, inc the 3.6x4.5 µm cross-power,  is measured to ~ 1o 

•  Measurement is now extended  to ~ 1deg 
•  Shaded region is contribution of remiaining ordinary galaxies (low/high faint 

end of LF) 
•  CIB fluctuations continue to diverge to more than 10 X  of ordinary galaxies. 
•  Blue line correspond to toy-model of LCDM populations at  z>10 
•  Fits are reasonable by high-z populations coniciding with first stars epochs 
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Cross-correlating CIB with CXB (Cappelluti et al 2013) 

•  Have constructed 
unresolved CXB maps using 
Chandra Msec observations 
in the EGS/AEGIS filed and 
Spitzer/SEDS data 

•  There exists highly 
statistically significant cross-
power (>5-sigma) 

•  CXB-CIB coherence is  
        C=|PX-IR|2/PX/PIR >~0.04 
•  Indicates at least √C~ 20% 

of the CIB sources are 
correlated with accreting 
sources (BHs), proportion 
far higher than in the 
present-day populations. 

The Astrophysical Journal, 769:68 (14pp), 2013 May 20 Cappelluti et al.

Figure 4. Left and central panels: the 3.6 µm and 4.5 µm CIB fluctuations power spectra, respectively in the EGS field. Right: 3.6 µm vs. 4.5 µm fluctuations
cross-power spectrum in the EGS field. Green lines show CIB fluctuations evaluated after applying only the IR mask (instead of the IR+X-ray mask) to the data as in
Kashlinsky et al. (2012).
(A color version of this figure is available in the online journal.)

Figure 5. Top left: the fluctuations cross-power spectrum between IRAC 3.6 µm 1/2(A + B) and Chandra [0.5–2] keV. Top right: the fluctuations cross-power spectrum
between IRAC 3.6 µm 1/2(A − B) and Chandra [0.5–2] keV. The bottom row shows the same, but for IRAC 4.5 µm and Chandra [0.5–2] keV. The labels in the
plots list the average cross-power measured on the angular range 10′′–1000′′ in units of 10−20 erg cm2 s−1 nW m−2 sr−2. Open red circles and dashed red error bars
represent the absolute values of negative power points.
(A color version of this figure is available in the online journal.)

images are mapped onto axes in the Fourier representation.
So although the Fourier maps look reasonably clean, we also
evaluated the CIB versus CXB cross-power after masking the
axes in the Fourier domain. The results are consistent within
1σ with those reported in Table 2, although less significant

because of the reduced number of data points introduced by such
a masking.

The [2–4.5] keV and [4.5–7] keV bands do not show signif-
icant cross-correlation with IRAC band as shown in Table 2.
We tested if the observed cross-correlation could have been

8
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Observational motivation established with Spitzer, AKARI + 
Chandra data: 

•  Spitzer and AKARI 
 measurements uncovered  
source-subtracted CIB fluc- 
tuations significantly in  
excess of those by remaining 
known gals. Power consis- 
tent with high-z LCDM 

•  There exists CXB-CIB   
crosspower in Spitzer+ 
Chandra data exceeding 
at  >5σ significance the  
cross-power from known 
sources and indicating  
high BH proportion (>1:5)  
among the CIB sources. 

Two current models successfully explain the measurements: 1) direct-collapse-BHs (DCBHs,  
Yue et al 2013) and 2) primordial LIGO-type BHs making up dark matter (Kashlinsky 2016). 
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CIB at 2-5 micron: established key properties 

•  Two components: shot-noise at small scales and clustering component 
•  Shot noise is from remaining galaxies, but clustering component indicates new 

pops 

•  Large-scale component cannot be accounted for by remaining known galaxies 
•  SED consistent with λ-3 from hot Rayleigh-Jeans sources 
•  Angular spectrum to 1 deg consistent with high-z LCDM-distributed population 
•  Fluctuations are coherent with unresolved soft-X band (0.5-1keV)  CXB 

indicating at least ~15-25% of sources are accreting BHs 

•  No coherence between CIB and unresolved CXB at harder (>1 Kev) X-bands 
•  The measured coherence cannot be explained by remaining known populations 
•  The clustering component does yet appear to start decreasing as the shot noise 

is lowered from 7.8 hr/pix to > 21 hr/pix exposures  
•  Diffuse maps do not correlate with either removed sources or extended mask 
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Summary of current CIB measurements: 2-5 micron  (Spitzer and AKARI) 

AKARI Spitzer/IRAC1 Spitzer/IRAC2 

The integrated (“quasi-bolometric”) excess CIB flux fluctuation from data, w √Pλ∝ λ-3: 

the redshift cone with known galaxies across the required
wavelengths. The reconstructed populations are on average
described by the “default” model of HRK12 and are bracketed
by the high- and low-faint-end (HFE and LFE) extremes of the
LF extrapolation to very faint luminosities still consistent with
the LF surveys. The accuracy of the reconstruction is verified
by the remarkably good fits to the newly measured, and much
deeper than before, IRAC counts (Ashby et al. 2013, 2014). As
Figure 1 shows the galaxies remaining in the Spitzer and
AKARI data account well for the shot-noise term, but appear to
produce too little CIB to explain the large-scale clustering
component, which then must arise in new populations. This
reconstruction is adopted in our discussion below.

2.3. Energy Requirements of the CIB Fluctuations
and New Populations

2.3.1. General Considerations

The bolometric flux produced by populations containing a
fraction f of the baryons in the universe after they have
converted their mass-energy into radiation with efficiency ϵ is
given by
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Power spectrum of CIB fluctuations from the new popula-
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used for such normalization in K12, as measured with Spitzer
and AKARI can be integrated to give the net integrated CIB flux
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expression we have taken the AKARI and Spitzer/IRAC filters
to have the integrated range of 2–5 μm as per Figure 5 and the
“nominal” central values of the filters were plugged into the
middle expression above. Populations at high z, which are
strongly biased and span a short period of cosmic time, are
expected to produce E% w � _a F F μ(2 5 m) 10%5 relative
CIB fluctuations on 5′ scales. Such populations would then
require producing about FCIB ∼ 1 nWm−2 sr−1 in the integrated
flux at near-IR wavelengths 2.4–4.5 μm (KAMM3). If

populations at lower redshifts and spanning longer cosmic
periods with less biasing were to explain the measurement, they
would require production of much larger CIB, which would be
comparable to the net CIB flux at 3.6 and 4.5 μm from all the
known galaxies out to 2m 26AB (Fazio et al. 2004a;
Kashlinsky 2005a; Ashby et al. 2013). If its λ−3 SED extends
to 1.6 μm , the integrated CIB fluctuation excess from the new
populations would be higher at E a _F (5 ) 0.3 nWm−2 sr−1 over
the 1.6–5 μm range leading to FCIB(1–5 μm)13 nWm−2 sr−1

still within the errors of the current conservative CIB
measurements of Thompson et al. (2007a).
The shot-noise power can also be written as
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flux from the remaining sources. Hence we express the shot
noise power in units of nJy·nW m−2 sr−1 such that a population
producing a mean CIB level of 1 nW m−2 sr−1 has typical flux
of S = PSN nJy. The measured levels of the shot-noise do not
currently reach the regime of attenuation of the large-scale
fluctuation from clustering; the point where this happens would
then probe the flux of the typical sources responsible for this
CIB component. The deepest current limits reached are

�P (26, 14)SN nJy·nWm−2 sr−1 at (3.6,4.5) μm. Since
_P SFSN CIB, these limits coupled with the above, imply the

upper limits on the typical fluxes of the sources producing them
(Kashlinsky et al. 2007b):
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This corresponds to AB magnitudes fainter than 2mAB 29–30
around 1 μm being in the range currently not accessible to
galaxy counts surveys.
A lower limit on the projected surface density, n2, of these

new sources can be estimated in a similar manner by writing
the shot-noise power from these sources as PSN

X ∼ FCIB
2 /n2

(KAMM3). Since the measured shot-noise at PSN ∼
10−11 nW2 m−4 sr−1 (KAMM2) represents an upper limit on
the shot-noise from the new populations, their number per
JWST beam of area XNIRCam, 2, can be bounded from below
as


X

�
�
���

¬
®
­­­

�

�
����

¬

®
­­­­

q

� � � � �

�

�

2 F P
0.1

1 nW m sr 10 nW m sr

10 sr
. (5)

X

2
CIB

2 1

2
SN

11 2 4 1

1

NIRCam
12

Confusion intervenes when there are less than 50 beams/source
(Condon 1974), so the above shows that the bulk, perhaps all,
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 What does this CIB 2-5 µm excess mean: 1. clustering component 

1.  At 3.6 mic the fluctuation is δF~ 0.1 nW/m2/sr at θ≥ 1 arcmin  
2.   At 20>z>5 angle θ=1` subtends between 2.2 and 3 Mpc 
3.   Limber equation requires: 
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4. Concordance CDM cosmology with reasonable biasing then requires  
 Δ of at most 5-10 % on arcmin scales 

5. Hence, the sources producing these CIB fluctuations should have FCIB ~ 1 nW/m2/sr 
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2. Shot noise: clues to where the signal comes from. 
 

PSN= ∫ S(m) dFCIB(m) = S(<m>) FCIB(m>mlim) 
 

     where S(m)=f010-0.4m and dF=S(m)dN(m). 
 
At 3.6,4.5 mic PSN<(1,2)x10-11 nW2/m4/sr and the level of clustered component of fluctuations 
indicates F> 1 nW/m2/sr. The fluctuations arise from population with relatively strong 
clustering component, which has only a weak shot-noise level. SO: 
 

1. For FCIB~1 nW/m2/sr, the SN levels indicates the sources  
contributing to fluctuation must have mAB>28-29. 
 
2. These sources must be abundant at n2~F2

CIB/PSN >~1011 /sr 
 
 

PSN=∫S2(m) dN(m)     and   FCIB=∫S(m) dN(m)     hence: 
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3. What are the populations producing the CIB fluctuations if at high z? 
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t(z=8)=0.6 Gyr; t(z=20)=0.2 Gyr, so Δt< 0.5-1Gyr 

This corresponds to Γ = M/L << (M/L)SUN in order to reproduce reasonable Ω*: 

This requires comoving luminosity density at ~0.6-0.8[(1+z)/6]µm: 

Ly-break being at > 0.9 mic today requires z>~7-8, so the time available to produce 
the CIB:  

Or in terms of density in *’s 

(Today Ω*~ 2x10-3) 

This means that these sources had to have very large L/M – may be P3 stars,  
but also may be BHs as well (or have an admixture of less massive *’s). 
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Can this CIB be produced by high-z sources? 
(Kashlinsky et al 2015, ApJ, 804, 99) 

•  The net CIB fluctuation integrated between 2 and  5 µm is δF2-5µm=0.1 nW/m2/sr 
•  The net “bolometric” flux produced by sources at high zeff emitting radiation at efficiency ε: 

 
•  If P3 then ε~0.007, if P2 then ε~0.0007, if BH then one can reach ε~0.2 
•  Hence to produce the measured δF2-5µm ~ 0.1 nW/m2/sr  with relative amplitude Δ5’~0.1 

around 5’ one needs:  
 

the redshift cone with known galaxies across the required
wavelengths. The reconstructed populations are on average
described by the “default” model of HRK12 and are bracketed
by the high- and low-faint-end (HFE and LFE) extremes of the
LF extrapolation to very faint luminosities still consistent with
the LF surveys. The accuracy of the reconstruction is verified
by the remarkably good fits to the newly measured, and much
deeper than before, IRAC counts (Ashby et al. 2013, 2014). As
Figure 1 shows the galaxies remaining in the Spitzer and
AKARI data account well for the shot-noise term, but appear to
produce too little CIB to explain the large-scale clustering
component, which then must arise in new populations. This
reconstruction is adopted in our discussion below.

2.3. Energy Requirements of the CIB Fluctuations
and New Populations

2.3.1. General Considerations

The bolometric flux produced by populations containing a
fraction f of the baryons in the universe after they have
converted their mass-energy into radiation with efficiency ϵ is
given by
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Power spectrum of CIB fluctuations from the new popula-
tions can be characterized with an amplitude at some fiducial
scale and a template. The CIB fluctuation at, say ∼5′ which was
used for such normalization in K12, as measured with Spitzer
and AKARI can be integrated to give the net integrated CIB flux
fluctuations over the wavelengths of the detections leading to
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to have the integrated range of 2–5 μm as per Figure 5 and the
“nominal” central values of the filters were plugged into the
middle expression above. Populations at high z, which are
strongly biased and span a short period of cosmic time, are
expected to produce E% w � _a F F μ(2 5 m) 10%5 relative
CIB fluctuations on 5′ scales. Such populations would then
require producing about FCIB ∼ 1 nWm−2 sr−1 in the integrated
flux at near-IR wavelengths 2.4–4.5 μm (KAMM3). If

populations at lower redshifts and spanning longer cosmic
periods with less biasing were to explain the measurement, they
would require production of much larger CIB, which would be
comparable to the net CIB flux at 3.6 and 4.5 μm from all the
known galaxies out to 2m 26AB (Fazio et al. 2004a;
Kashlinsky 2005a; Ashby et al. 2013). If its λ−3 SED extends
to 1.6 μm , the integrated CIB fluctuation excess from the new
populations would be higher at E a _F (5 ) 0.3 nWm−2 sr−1 over
the 1.6–5 μm range leading to FCIB(1–5 μm)13 nWm−2 sr−1

still within the errors of the current conservative CIB
measurements of Thompson et al. (2007a).
The shot-noise power can also be written as
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flux from the remaining sources. Hence we express the shot
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producing a mean CIB level of 1 nW m−2 sr−1 has typical flux
of S = PSN nJy. The measured levels of the shot-noise do not
currently reach the regime of attenuation of the large-scale
fluctuation from clustering; the point where this happens would
then probe the flux of the typical sources responsible for this
CIB component. The deepest current limits reached are

�P (26, 14)SN nJy·nWm−2 sr−1 at (3.6,4.5) μm. Since
_P SFSN CIB, these limits coupled with the above, imply the

upper limits on the typical fluxes of the sources producing them
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This corresponds to AB magnitudes fainter than 2mAB 29–30
around 1 μm being in the range currently not accessible to
galaxy counts surveys.
A lower limit on the projected surface density, n2, of these

new sources can be estimated in a similar manner by writing
the shot-noise power from these sources as PSN
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(KAMM3). Since the measured shot-noise at PSN ∼
10−11 nW2 m−4 sr−1 (KAMM2) represents an upper limit on
the shot-noise from the new populations, their number per
JWST beam of area XNIRCam, 2, can be bounded from below
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Confusion intervenes when there are less than 50 beams/source
(Condon 1974), so the above shows that the bulk, perhaps all,

6

The Astrophysical Journal, 804:99 (26pp), 2015 May 10 Kashlinsky et al.

the redshift cone with known galaxies across the required
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described by the “default” model of HRK12 and are bracketed
by the high- and low-faint-end (HFE and LFE) extremes of the
LF extrapolation to very faint luminosities still consistent with
the LF surveys. The accuracy of the reconstruction is verified
by the remarkably good fits to the newly measured, and much
deeper than before, IRAC counts (Ashby et al. 2013, 2014). As
Figure 1 shows the galaxies remaining in the Spitzer and
AKARI data account well for the shot-noise term, but appear to
produce too little CIB to explain the large-scale clustering
component, which then must arise in new populations. This
reconstruction is adopted in our discussion below.

2.3. Energy Requirements of the CIB Fluctuations
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middle expression above. Populations at high z, which are
strongly biased and span a short period of cosmic time, are
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CIB fluctuations on 5′ scales. Such populations would then
require producing about FCIB ∼ 1 nWm−2 sr−1 in the integrated
flux at near-IR wavelengths 2.4–4.5 μm (KAMM3). If

populations at lower redshifts and spanning longer cosmic
periods with less biasing were to explain the measurement, they
would require production of much larger CIB, which would be
comparable to the net CIB flux at 3.6 and 4.5 μm from all the
known galaxies out to 2m 26AB (Fazio et al. 2004a;
Kashlinsky 2005a; Ashby et al. 2013). If its λ−3 SED extends
to 1.6 μm , the integrated CIB fluctuation excess from the new
populations would be higher at E a _F (5 ) 0.3 nWm−2 sr−1 over
the 1.6–5 μm range leading to FCIB(1–5 μm)13 nWm−2 sr−1

still within the errors of the current conservative CIB
measurements of Thompson et al. (2007a).
The shot-noise power can also be written as

�O�P S m F m( ¯ ) ( )SN tot lim , where �F m( )tot lim is the net CIB
flux from the remaining sources. Hence we express the shot
noise power in units of nJy·nW m−2 sr−1 such that a population
producing a mean CIB level of 1 nW m−2 sr−1 has typical flux
of S = PSN nJy. The measured levels of the shot-noise do not
currently reach the regime of attenuation of the large-scale
fluctuation from clustering; the point where this happens would
then probe the flux of the typical sources responsible for this
CIB component. The deepest current limits reached are

�P (26, 14)SN nJy·nWm−2 sr−1 at (3.6,4.5) μm. Since
_P SFSN CIB, these limits coupled with the above, imply the

upper limits on the typical fluxes of the sources producing them
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around 1 μm being in the range currently not accessible to
galaxy counts surveys.
A lower limit on the projected surface density, n2, of these

new sources can be estimated in a similar manner by writing
the shot-noise power from these sources as PSN

X ∼ FCIB
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(KAMM3). Since the measured shot-noise at PSN ∼
10−11 nW2 m−4 sr−1 (KAMM2) represents an upper limit on
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of the new populations would be well within the confusion
noise of the NIRCam beam.

2.3.2. High-z: Emissions From First Star Epochs

The expectation is that at any given time the first collapsing
halos will contain a mixture of stellar populations: Pop III stars,
formed out of still pristine gas, and characterized by an initial
mass function (IMF) that is still very uncertain, but is thought
to be biased toward high masses (reviewed in Bromm 2013);
and Pop II stars, formed out of already metal-enriched material,
described by a normal, Salpeter-like IMF (e.g., Bromm &
Loeb 2006; Campisi et al. 2011). In addition to these stellar
sources, the production of H and He ionizing photons from
accreting BHs could play a major role in shaping the high-z
intergalactic matter (IGM; e.g., Mirabel et al. 2011; Jeon
et al. 2012, 2014). Such BH activity could originate in either
the relics of massive Pop III or Pop II stars, or in the direct
collapse of primordial gas clouds to _ :M105 massive BHs
(Bromm & Loeb 2003; Volonteri & Bellovary 2012). Accret-
ing BH populations would also contribute to the cosmic X-ray
background (CXB), due to their high-energy, non-thermal
spectral component (e.g., Ricotti et al. 2005; Yue et al. 2013b).
Cooray et al. (2012b) and Yue et al. (2013a) argue that
extrapolating the z ∼ 8 UV LF to much higher redshifts would
lead to fairly low levels of the CIB from the purely stellar
component. Yue et al. (2013b) ascribe the CIB fluctuations and
their coherence with the soft X-ray CXB (C13) to direct
collapse BHs, which with the right absorption properties (NH)
at 2z 15 can explain both the CIB fluctuations and the CIB-
CXB coherence.

We now provide a general constraint that the sources at high
z have to satisfy if they are to explain the CIB fluctuation
measurement. If the faint contributors to the source-subtracted
CIB fluctuations discussed above lie at the very early epochs
associated with the first stars, galaxies, and BHs, then they have
to contribute as follows:

1. Massive stars, such as hypothesized to dominate the first
stars era, are radiation-pressure dominated, and emit
nearly at the Eddington limit. In addition, they are close
to fully convective with the entire stellar mass taking part
in the hydrogen burning (Bromm et al. 2001;

Schaerer 2002). This leads to the high overall efficiency
of � �* 0.007. Hence, a fraction of
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or about 0.1% of the entire baryons, would have had to go
through very massive stars at high redshifts in order to
explain the flux level of ∼1 nW m−2 sr−1 implied by
Equations (1), (2), if the CIB fluctuations were produced
by these stars at high z. Note that this argument is
approximately independent of metallicity in as much as
the convection encompasses the entire star. If the excess
CIB extends to 1.6 μm with the M�3 SED, the fraction in
Equation (6) would rise to_0.6%, which is still an order
of magnitude below what Madau & Silk (2005) deemed
problematic.

2. For normal Pop II stars, described by a Salpeter IMF, the
effective efficiency is an order of magnitude lower since
only a small core burns hydrogen. This leads to the
overall efficiency being at least an order of magnitude
lower than that of massive stars requiring that if such
populations were to explain the flux level of ∼1 nW m−2

sr−1 in Equations (1), (2), they had to contribute
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If the excess CIB extends to 1.6 μm with the M�3 SED,
the fraction of normal stars required to explain such CIB
fluctuations would rise to 26%.

3. A qualitatively different contribution to the CIB arises
from the death in energetic SNe of massive Pop III and
Pop II stars at high z. Here, the kinetic energy of the
explosion, and that from the radioactive decay of the
newly synthesized Ni will be converted into radiation
(e.g., Ritter et al. 2012). However, the overall efficiency
for this conversion is extremely small. As a representative
example, if we assume a kinetic explosion energy of

_E 10SN
51 erg, and compare this with the rest energy of

a � :M M10SN progenitor, typical for standard core-
collapse SNe, we find an overall efficiency of
� �� 1E M c( ) 10SN SN SN

2 4. It is thus clear that SN
feedback will not be an important source of ionizing
radiation, compared with massive stars and BHs (see
below), and we are thus justified in neglecting their
contribution to the CIB.

4. In case of accreting black holes, �BH can be as high as 0.4
for maximally rotating Kerr-holes, and in any case is
much greater than that of H-burning. Thus, BHs can
contribute significantly even with much smaller fraction
than stars. Namely
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5. Dense stellar systems (DSS), where direct stellar
collisions may occur as a result of stellar dynamical
evolution in the early universe (Kashlinsky & Rees 1983)
releasing large amounts of energy would provide an
additional component to the net CIB balance. This

Figure 5. Transmission curves of the NIRCam W filters. Green shows the
AKARI 2.4 μm filter; red corresponds to IRAC 3.6 and 4.5 μm bands. CIBER
filters at 1.1 and 1.6 μm are shown in blue adopted from Bock et al. (2013).
The 2MASS (and NICMOS) filters are not plotted in this already crowded
figure; they are shown in, e.g., Figure 6 of Kashlinsky (2005a).
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of the new populations would be well within the confusion
noise of the NIRCam beam.

2.3.2. High-z: Emissions From First Star Epochs

The expectation is that at any given time the first collapsing
halos will contain a mixture of stellar populations: Pop III stars,
formed out of still pristine gas, and characterized by an initial
mass function (IMF) that is still very uncertain, but is thought
to be biased toward high masses (reviewed in Bromm 2013);
and Pop II stars, formed out of already metal-enriched material,
described by a normal, Salpeter-like IMF (e.g., Bromm &
Loeb 2006; Campisi et al. 2011). In addition to these stellar
sources, the production of H and He ionizing photons from
accreting BHs could play a major role in shaping the high-z
intergalactic matter (IGM; e.g., Mirabel et al. 2011; Jeon
et al. 2012, 2014). Such BH activity could originate in either
the relics of massive Pop III or Pop II stars, or in the direct
collapse of primordial gas clouds to _ :M105 massive BHs
(Bromm & Loeb 2003; Volonteri & Bellovary 2012). Accret-
ing BH populations would also contribute to the cosmic X-ray
background (CXB), due to their high-energy, non-thermal
spectral component (e.g., Ricotti et al. 2005; Yue et al. 2013b).
Cooray et al. (2012b) and Yue et al. (2013a) argue that
extrapolating the z ∼ 8 UV LF to much higher redshifts would
lead to fairly low levels of the CIB from the purely stellar
component. Yue et al. (2013b) ascribe the CIB fluctuations and
their coherence with the soft X-ray CXB (C13) to direct
collapse BHs, which with the right absorption properties (NH)
at 2z 15 can explain both the CIB fluctuations and the CIB-
CXB coherence.

We now provide a general constraint that the sources at high
z have to satisfy if they are to explain the CIB fluctuation
measurement. If the faint contributors to the source-subtracted
CIB fluctuations discussed above lie at the very early epochs
associated with the first stars, galaxies, and BHs, then they have
to contribute as follows:

1. Massive stars, such as hypothesized to dominate the first
stars era, are radiation-pressure dominated, and emit
nearly at the Eddington limit. In addition, they are close
to fully convective with the entire stellar mass taking part
in the hydrogen burning (Bromm et al. 2001;

Schaerer 2002). This leads to the high overall efficiency
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or about 0.1% of the entire baryons, would have had to go
through very massive stars at high redshifts in order to
explain the flux level of ∼1 nW m−2 sr−1 implied by
Equations (1), (2), if the CIB fluctuations were produced
by these stars at high z. Note that this argument is
approximately independent of metallicity in as much as
the convection encompasses the entire star. If the excess
CIB extends to 1.6 μm with the M�3 SED, the fraction in
Equation (6) would rise to_0.6%, which is still an order
of magnitude below what Madau & Silk (2005) deemed
problematic.

2. For normal Pop II stars, described by a Salpeter IMF, the
effective efficiency is an order of magnitude lower since
only a small core burns hydrogen. This leads to the
overall efficiency being at least an order of magnitude
lower than that of massive stars requiring that if such
populations were to explain the flux level of ∼1 nW m−2

sr−1 in Equations (1), (2), they had to contribute
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If the excess CIB extends to 1.6 μm with the M�3 SED,
the fraction of normal stars required to explain such CIB
fluctuations would rise to 26%.

3. A qualitatively different contribution to the CIB arises
from the death in energetic SNe of massive Pop III and
Pop II stars at high z. Here, the kinetic energy of the
explosion, and that from the radioactive decay of the
newly synthesized Ni will be converted into radiation
(e.g., Ritter et al. 2012). However, the overall efficiency
for this conversion is extremely small. As a representative
example, if we assume a kinetic explosion energy of

_E 10SN
51 erg, and compare this with the rest energy of

a � :M M10SN progenitor, typical for standard core-
collapse SNe, we find an overall efficiency of
� �� 1E M c( ) 10SN SN SN

2 4. It is thus clear that SN
feedback will not be an important source of ionizing
radiation, compared with massive stars and BHs (see
below), and we are thus justified in neglecting their
contribution to the CIB.

4. In case of accreting black holes, �BH can be as high as 0.4
for maximally rotating Kerr-holes, and in any case is
much greater than that of H-burning. Thus, BHs can
contribute significantly even with much smaller fraction
than stars. Namely

�
_ q

�
�
���

¬
®
­­­
�
�
���
% ¬

®
­­­

�
�
���

¬
®
­­­

� a
� �

f
z

5 10
10 0.1 0.2

(8)BH
5 3 5

1 1

5. Dense stellar systems (DSS), where direct stellar
collisions may occur as a result of stellar dynamical
evolution in the early universe (Kashlinsky & Rees 1983)
releasing large amounts of energy would provide an
additional component to the net CIB balance. This

Figure 5. Transmission curves of the NIRCam W filters. Green shows the
AKARI 2.4 μm filter; red corresponds to IRAC 3.6 and 4.5 μm bands. CIBER
filters at 1.1 and 1.6 μm are shown in blue adopted from Bock et al. (2013).
The 2MASS (and NICMOS) filters are not plotted in this already crowded
figure; they are shown in, e.g., Figure 6 of Kashlinsky (2005a).
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of the new populations would be well within the confusion
noise of the NIRCam beam.

2.3.2. High-z: Emissions From First Star Epochs

The expectation is that at any given time the first collapsing
halos will contain a mixture of stellar populations: Pop III stars,
formed out of still pristine gas, and characterized by an initial
mass function (IMF) that is still very uncertain, but is thought
to be biased toward high masses (reviewed in Bromm 2013);
and Pop II stars, formed out of already metal-enriched material,
described by a normal, Salpeter-like IMF (e.g., Bromm &
Loeb 2006; Campisi et al. 2011). In addition to these stellar
sources, the production of H and He ionizing photons from
accreting BHs could play a major role in shaping the high-z
intergalactic matter (IGM; e.g., Mirabel et al. 2011; Jeon
et al. 2012, 2014). Such BH activity could originate in either
the relics of massive Pop III or Pop II stars, or in the direct
collapse of primordial gas clouds to _ :M105 massive BHs
(Bromm & Loeb 2003; Volonteri & Bellovary 2012). Accret-
ing BH populations would also contribute to the cosmic X-ray
background (CXB), due to their high-energy, non-thermal
spectral component (e.g., Ricotti et al. 2005; Yue et al. 2013b).
Cooray et al. (2012b) and Yue et al. (2013a) argue that
extrapolating the z ∼ 8 UV LF to much higher redshifts would
lead to fairly low levels of the CIB from the purely stellar
component. Yue et al. (2013b) ascribe the CIB fluctuations and
their coherence with the soft X-ray CXB (C13) to direct
collapse BHs, which with the right absorption properties (NH)
at 2z 15 can explain both the CIB fluctuations and the CIB-
CXB coherence.

We now provide a general constraint that the sources at high
z have to satisfy if they are to explain the CIB fluctuation
measurement. If the faint contributors to the source-subtracted
CIB fluctuations discussed above lie at the very early epochs
associated with the first stars, galaxies, and BHs, then they have
to contribute as follows:

1. Massive stars, such as hypothesized to dominate the first
stars era, are radiation-pressure dominated, and emit
nearly at the Eddington limit. In addition, they are close
to fully convective with the entire stellar mass taking part
in the hydrogen burning (Bromm et al. 2001;

Schaerer 2002). This leads to the high overall efficiency
of � �* 0.007. Hence, a fraction of
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or about 0.1% of the entire baryons, would have had to go
through very massive stars at high redshifts in order to
explain the flux level of ∼1 nW m−2 sr−1 implied by
Equations (1), (2), if the CIB fluctuations were produced
by these stars at high z. Note that this argument is
approximately independent of metallicity in as much as
the convection encompasses the entire star. If the excess
CIB extends to 1.6 μm with the M�3 SED, the fraction in
Equation (6) would rise to_0.6%, which is still an order
of magnitude below what Madau & Silk (2005) deemed
problematic.

2. For normal Pop II stars, described by a Salpeter IMF, the
effective efficiency is an order of magnitude lower since
only a small core burns hydrogen. This leads to the
overall efficiency being at least an order of magnitude
lower than that of massive stars requiring that if such
populations were to explain the flux level of ∼1 nW m−2

sr−1 in Equations (1), (2), they had to contribute
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If the excess CIB extends to 1.6 μm with the M�3 SED,
the fraction of normal stars required to explain such CIB
fluctuations would rise to 26%.

3. A qualitatively different contribution to the CIB arises
from the death in energetic SNe of massive Pop III and
Pop II stars at high z. Here, the kinetic energy of the
explosion, and that from the radioactive decay of the
newly synthesized Ni will be converted into radiation
(e.g., Ritter et al. 2012). However, the overall efficiency
for this conversion is extremely small. As a representative
example, if we assume a kinetic explosion energy of

_E 10SN
51 erg, and compare this with the rest energy of

a � :M M10SN progenitor, typical for standard core-
collapse SNe, we find an overall efficiency of
� �� 1E M c( ) 10SN SN SN

2 4. It is thus clear that SN
feedback will not be an important source of ionizing
radiation, compared with massive stars and BHs (see
below), and we are thus justified in neglecting their
contribution to the CIB.

4. In case of accreting black holes, �BH can be as high as 0.4
for maximally rotating Kerr-holes, and in any case is
much greater than that of H-burning. Thus, BHs can
contribute significantly even with much smaller fraction
than stars. Namely
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5. Dense stellar systems (DSS), where direct stellar
collisions may occur as a result of stellar dynamical
evolution in the early universe (Kashlinsky & Rees 1983)
releasing large amounts of energy would provide an
additional component to the net CIB balance. This

Figure 5. Transmission curves of the NIRCam W filters. Green shows the
AKARI 2.4 μm filter; red corresponds to IRAC 3.6 and 4.5 μm bands. CIBER
filters at 1.1 and 1.6 μm are shown in blue adopted from Bock et al. (2013).
The 2MASS (and NICMOS) filters are not plotted in this already crowded
figure; they are shown in, e.g., Figure 6 of Kashlinsky (2005a).
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These small “reasonable” fractions possibly appear “unreasonable” in “standard” model  

Pop 3 (massive *s): 

Pop 2 (normal IMF *s): 

BH emissions: 
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Regimes of * formation in 1st metal-free halos at z>10 

Less massive/more numerous halos 

•  Tvir~1,000K 
•  H2 forms and cools gas  
•  Gas collapses isothermally 
•  Forms 1st stars at n~104 cm-3 
•  1st stars are massive 
•  Emit Lyman-Werner radiation 

at 11.2-13.6 eV 
•  LW photons dissociate H2 
•  * formation in the halo cannot 

be sustained and ceases 

More massive/less numerous halos 

•  Tvir>104K 
•  No H2 forms 
•  Ionized H provides cooling 
•  Gas collapses at T=104K 
•  Forms stars 
•  * formation can be ongoing as 

in “galaxies” 
•  These 1st galaxies would be 

very few in number for 
standard cosmology 
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Formation of 1st *s and CIB in “standard” DM cosmology 

the near-IR and could be responsible for the observed excess
near-IR in the CIB. If zf is large, the net bolometric flux from
Population III is smaller, but because of the redshift effects,
a larger fraction of the bolometric flux will be observed today
in the near-IR bands. Furthermore, the near-IR part of the
CIB emission from Population III would be increased because
much of the shorter wavelength emission gets absorbed and re-
emitted at these bands by Lyman and free-free emission from
the ionized nebulae around Population III stars (Santos et al.
2002). The thick dashed line in Figure 2 shows the total CIB
flux evaluated from the DIRBE 1.25–3.5 !m bands. Taken at
face value, that would imply that the first-star era lasted until
zf P15. However, Population III stars only contribute a frac-
tion of the observed CIB.

3. CIB ANISOTROPIES FROM POPULATION III

The contribution of Population III stars to the CIB will
possess a spatial structure that is related to that of density
fluctuations from which the stars formed. At particular spatial
scales and wavelengths it may prove easier to distinguish
the Population III contribution from the various foregrounds
through the spatial structure rather than the measurement of
the mean (isotropic) intensity.

In the limit of small angles, the two-dimensional angu-
lar power spectrum, P2(q), of the CIB fluctuations that arise
from clustering of Population III systems with the three-
dimensional power spectrum P3(k) is given by the modified
Limber equation (Kashlinsky & Odenwald 2000a)

P2(q) ¼
1

c

Z
dI" 0

dt

! "2
P3(qd

"1
A ; z)

d2A
dt; ð3Þ

where dA is the comoving angular diameter distance. The
power spectrum P3 is in turn related to the underlying !CDM-
model power spectrum and its evolution and growth. On larger
angular scales (# k a few arcminutes) the power spectrum is in
the linear regime, and we evaluate the growth rate of fluctu-
ations using linear theory for the !-dominated cosmology.

On sufficiently small scales the primordial power spectrum
of the density field will be modified by nonlinear gravitational
effects. Figure 3 shows the density field for the !CDM model

at various high redshifts. The linear power spectrum was taken
to be that of the !CDM for the WMAP cosmological param-
eters. The nonlinear evolution of the density field was modeled
analytically using the approximation from Peacock & Dodds
(1996). For reference, 10 subtends the comoving scale of % 1.5
h"1 Mpc at z between 6 and 15 for WMAP cosmological
parameters and a dark energy equation of state with w ¼ "1.
The dotted line in Figure 3 shows the linearly evolved density
field at z ¼ 15. On subarcminute scales the density field is in
the quasilinear to nonlinear regime (density contrast k0.2) for
the !CDM model. There the spectrum due to clustering evo-
lution was modified significantly, and the fluctuation amplitude
has increased from its primordial value, especially since the
effective spectral index on these scales for the !CDM model
was n P"2.
To within a factor of order unity, the square of the fractional

fluctuation of the CIB on the angular scale ’ $=q is

%2CIB ¼

D
(%I")

2
E

I 2"
’ I"2

" q2P2(q)

2$
:

The meaning of equation (3) can be demonstrated by assum-
ing dI" 0=dt to be constant during the Population III phase

Fig. 3.—!CDM density field at z ¼ 6, 10, and 15 (red, green, and blue
solid lines, respectively). The dotted line corresponds to a linearly evolving
density field at z ¼ 15.

Fig. 2.—Left: Number of standard deviations that correspond to Population III regions collapsing at z for a !CDM power spectrum of the primordial density field.
Triangles correspond to Tvir ¼ 400 K and asterisks to Tvir ¼ 2 ; 103 K. Right: cumulative bolometric flux by Population III stars forming at z& ¼ 20 and lasting until
zf shown on the horizontal axis. The solid line corresponds to Tvir ¼ 400 K, and the dotted line to Tvir ¼ 2 ; 103 K. The thick dashed line shows the total CIB flux
from DIRBE measurements at J, K, and L bands; the shaded region shows the uncertainty. The values adopted were 22:9 ' 7:0 kJy sr"1 in the J band (Cambrésy
et al. 2001) and 16:1 ' 4:4 and 13:4 ' 3:7 kJy sr"1 in the K and L bands, respectively (Wright 2004).
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model power spectrum and its evolution and growth. On larger
angular scales (# k a few arcminutes) the power spectrum is in
the linear regime, and we evaluate the growth rate of fluctu-
ations using linear theory for the !-dominated cosmology.

On sufficiently small scales the primordial power spectrum
of the density field will be modified by nonlinear gravitational
effects. Figure 3 shows the density field for the !CDM model

at various high redshifts. The linear power spectrum was taken
to be that of the !CDM for the WMAP cosmological param-
eters. The nonlinear evolution of the density field was modeled
analytically using the approximation from Peacock & Dodds
(1996). For reference, 10 subtends the comoving scale of % 1.5
h"1 Mpc at z between 6 and 15 for WMAP cosmological
parameters and a dark energy equation of state with w ¼ "1.
The dotted line in Figure 3 shows the linearly evolved density
field at z ¼ 15. On subarcminute scales the density field is in
the quasilinear to nonlinear regime (density contrast k0.2) for
the !CDM model. There the spectrum due to clustering evo-
lution was modified significantly, and the fluctuation amplitude
has increased from its primordial value, especially since the
effective spectral index on these scales for the !CDM model
was n P"2.
To within a factor of order unity, the square of the fractional
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ing dI" 0=dt to be constant during the Population III phase

Fig. 3.—!CDM density field at z ¼ 6, 10, and 15 (red, green, and blue
solid lines, respectively). The dotted line corresponds to a linearly evolving
density field at z ¼ 15.

Fig. 2.—Left: Number of standard deviations that correspond to Population III regions collapsing at z for a !CDM power spectrum of the primordial density field.
Triangles correspond to Tvir ¼ 400 K and asterisks to Tvir ¼ 2 ; 103 K. Right: cumulative bolometric flux by Population III stars forming at z& ¼ 20 and lasting until
zf shown on the horizontal axis. The solid line corresponds to Tvir ¼ 400 K, and the dotted line to Tvir ¼ 2 ; 103 K. The thick dashed line shows the total CIB flux
from DIRBE measurements at J, K, and L bands; the shaded region shows the uncertainty. The values adopted were 22:9 ' 7:0 kJy sr"1 in the J band (Cambrésy
et al. 2001) and 16:1 ' 4:4 and 13:4 ' 3:7 kJy sr"1 in the K and L bands, respectively (Wright 2004).
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“Standard” (particle CDM) P(k) RMS mass density fluctuations 

z=15 
z=10 
z=5 

# of standard deviations in  
collapsing halos w Tvir>103K 

Hence baryon fraction in collapsed halos:  

Z Tvir = 104K Tvir= 103K 
25 9x10-5 7x10-4 
20 10-3 5x10-3 
15 8x10-2 1.5x10-2 
10 3x10-2 7x10-2 

Needed to explain CIB 
fHalof*~10-3 (z/10) (ε/10-2) 
Whereas sims and 
“common sense” suggest 
f*<10% 

P ∝k-3 
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LIGO’s GW150914 
•  Two BHs: M1 = 36-4

+5 Msun and M2=29±4 Msun (w no spin) 
•  Detected w/n 1 week of operations and imply rate of 

(2-400) yr-1Gpc-3 

•  More BHs mergers are known by now (5+). 
•  While these remarkably similar and large masses 

somehow may be remnants of normal *, what if… 

•  These two were primordial BHs making up dark matter 
as suggested in Bird et al, Garcia-Bellido & Clesse and 
Kashlinsky in 2016 

•  This binary may have arisen in PBHs being captured by 
GW emissions in dense low-velocity environments at the 
observed rate (more-or-less) 

A.  Kashlinsky                                                    CERN     May 2018   



PBHs and extra fluctuation power 

•  If LIGO BHs were PBHs making up DM, there number density would 
be   

 
•  They would then be present before zeq and contribute  
•  Poissonian isocurvature component with the extra power at z: 
 

far single published event, can be made consistent with that
expected from the PBHs making up the DM such that their
comoving mean mass density, assumed constant since their
formation until at least their possible later evolution (discussed
in Section 4 and references therein), is given by
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Below we will assume, for simplicity, that all PBHs have
identical mass. The arguments that follow can be generalized to
a PBH mass distribution, such as in, e.g., Carr (1975) and
Choptuik (1993), with MPBH being the effective mass leading
to the overall nPBH comoving number density. We note that this
mass range is allowed by, although close to, the limits from the
MACHO microlensing surveys (Alcock et al. 2001). Ricotti
(2007) and Ricotti et al. (2008) have argued that if PBHs are of
this mass range, accretion onto them may violate COBE/
FIRAS constraints on the CMB blackbody energy spectrum,
but as Bird et al. (2016) discuss, such arguments are model-
dependent and subject to complex physics assumptions.
Afshordi et al. (2003) limit MPBH < 4 × 104Me from Lyα
forest data.

As pointed out by Afshordi et al. (2003), the DM from PBHs
will contain an extra (isocurvature) component due to
Poissonian fluctuations with the power component at the time
of the PBH formation being = -P nPBH, initial PBH

1 in comoving
units. From their formation to today (z = 0), these isocurvature
fluctuations would grow, at wavelengths below the horizon at
matter-radiation equality zeq, by a scale-independent factor of

( )+ z13
2 eq , so the extra power component at redshift z is given

by (Afshordi et al. 2003)
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where g(z) is the linear growth factor of fluctuations from z to
today, with g(0) = 1. Figure 1 shows the extra power
component for MPBH = 30Me compared to the ΛCDM power
spectrum from the purely adiabatic fluctuation component. The
power is plotted versus the mass contained in wavelength 2π/k,
which is ( ) ( ) := ´M r r M1.15 10 1 Mpc12 3 for the adopted
cosmological parameters. This extra power is ∝MPBH and for
MPBH > 1Me dominates the small scales relevant for collapse
of the first halos at z > 10. This isocurvature power component
dominates very small scales and has no impact on the observed
CMB anisotropies or baryonic-acoustic oscillations (Eisenstein
& Hu 1999) that appear in CIB fluctuations on arcminute scales
and can be probed with Lyman-tomography of CIB from the
upcoming Euclid survey (Kashlinsky et al. 2015a). Further-
more, unlike the part of the power from clustering, white-noise
power contributions to the angular CIB power spectrum are not
affected by the biasing amplification (Kashlinsky et al. 2004).
The net power spectrum would be given by
( ) ( ) ( )= +LP k z P k z P z, ,tot CDM PBH , which we use to evaluate

the rms density contrast at z over a sphere of comoving
radius rM containing mass M(rM) as ( )s =zM

( ) ( )òp
⎡⎣ ⎤⎦P k z W kr k dk, M

1
2 tot TH

2 1 2
2 after normalizing to σ8 over

8h−1 Mpc at z = 0. (WTH is the top-hat function.) Assuming
spherical collapse, masses with density contrast >δcol = 1.68 at
that epoch will have collapsed by z. In general, collapse and
subsequent formation of compact objects is driven by balance
between pressure and gravity, which in turn is determined by

Figure 1. Black solid line marks the CMBFAST-computed ΛCDM power spectrum at z = 20 vs. the mass contained within the comoving radius 2π/k for the
cosmological parameters adopted here. Black dashes show the PΛCDM ∝ k−3 extrapolation to scales inaccessible to CMBFAST, but relevant for the first halos’
collapse. Red horizontal solid line shows the Poissonian power from DM PBHs of MPBH = 30Me, which clearly dominates the scales relevant for halo collapse at this
epoch.
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far single published event, can be made consistent with that
expected from the PBHs making up the DM such that their
comoving mean mass density, assumed constant since their
formation until at least their possible later evolution (discussed
in Section 4 and references therein), is given by
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Below we will assume, for simplicity, that all PBHs have
identical mass. The arguments that follow can be generalized to
a PBH mass distribution, such as in, e.g., Carr (1975) and
Choptuik (1993), with MPBH being the effective mass leading
to the overall nPBH comoving number density. We note that this
mass range is allowed by, although close to, the limits from the
MACHO microlensing surveys (Alcock et al. 2001). Ricotti
(2007) and Ricotti et al. (2008) have argued that if PBHs are of
this mass range, accretion onto them may violate COBE/
FIRAS constraints on the CMB blackbody energy spectrum,
but as Bird et al. (2016) discuss, such arguments are model-
dependent and subject to complex physics assumptions.
Afshordi et al. (2003) limit MPBH < 4 × 104Me from Lyα
forest data.

As pointed out by Afshordi et al. (2003), the DM from PBHs
will contain an extra (isocurvature) component due to
Poissonian fluctuations with the power component at the time
of the PBH formation being = -P nPBH, initial PBH

1 in comoving
units. From their formation to today (z = 0), these isocurvature
fluctuations would grow, at wavelengths below the horizon at
matter-radiation equality zeq, by a scale-independent factor of
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2 eq , so the extra power component at redshift z is given
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where g(z) is the linear growth factor of fluctuations from z to
today, with g(0) = 1. Figure 1 shows the extra power
component for MPBH = 30Me compared to the ΛCDM power
spectrum from the purely adiabatic fluctuation component. The
power is plotted versus the mass contained in wavelength 2π/k,
which is ( ) ( ) := ´M r r M1.15 10 1 Mpc12 3 for the adopted
cosmological parameters. This extra power is ∝MPBH and for
MPBH > 1Me dominates the small scales relevant for collapse
of the first halos at z > 10. This isocurvature power component
dominates very small scales and has no impact on the observed
CMB anisotropies or baryonic-acoustic oscillations (Eisenstein
& Hu 1999) that appear in CIB fluctuations on arcminute scales
and can be probed with Lyman-tomography of CIB from the
upcoming Euclid survey (Kashlinsky et al. 2015a). Further-
more, unlike the part of the power from clustering, white-noise
power contributions to the angular CIB power spectrum are not
affected by the biasing amplification (Kashlinsky et al. 2004).
The net power spectrum would be given by
( ) ( ) ( )= +LP k z P k z P z, ,tot CDM PBH , which we use to evaluate

the rms density contrast at z over a sphere of comoving
radius rM containing mass M(rM) as ( )s =zM
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8h−1 Mpc at z = 0. (WTH is the top-hat function.) Assuming
spherical collapse, masses with density contrast >δcol = 1.68 at
that epoch will have collapsed by z. In general, collapse and
subsequent formation of compact objects is driven by balance
between pressure and gravity, which in turn is determined by

Figure 1. Black solid line marks the CMBFAST-computed ΛCDM power spectrum at z = 20 vs. the mass contained within the comoving radius 2π/k for the
cosmological parameters adopted here. Black dashes show the PΛCDM ∝ k−3 extrapolation to scales inaccessible to CMBFAST, but relevant for the first halos’
collapse. Red horizontal solid line shows the Poissonian power from DM PBHs of MPBH = 30Me, which clearly dominates the scales relevant for halo collapse at this
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far single published event, can be made consistent with that
expected from the PBHs making up the DM such that their
comoving mean mass density, assumed constant since their
formation until at least their possible later evolution (discussed
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Below we will assume, for simplicity, that all PBHs have
identical mass. The arguments that follow can be generalized to
a PBH mass distribution, such as in, e.g., Carr (1975) and
Choptuik (1993), with MPBH being the effective mass leading
to the overall nPBH comoving number density. We note that this
mass range is allowed by, although close to, the limits from the
MACHO microlensing surveys (Alcock et al. 2001). Ricotti
(2007) and Ricotti et al. (2008) have argued that if PBHs are of
this mass range, accretion onto them may violate COBE/
FIRAS constraints on the CMB blackbody energy spectrum,
but as Bird et al. (2016) discuss, such arguments are model-
dependent and subject to complex physics assumptions.
Afshordi et al. (2003) limit MPBH < 4 × 104Me from Lyα
forest data.

As pointed out by Afshordi et al. (2003), the DM from PBHs
will contain an extra (isocurvature) component due to
Poissonian fluctuations with the power component at the time
of the PBH formation being = -P nPBH, initial PBH

1 in comoving
units. From their formation to today (z = 0), these isocurvature
fluctuations would grow, at wavelengths below the horizon at
matter-radiation equality zeq, by a scale-independent factor of
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where g(z) is the linear growth factor of fluctuations from z to
today, with g(0) = 1. Figure 1 shows the extra power
component for MPBH = 30Me compared to the ΛCDM power
spectrum from the purely adiabatic fluctuation component. The
power is plotted versus the mass contained in wavelength 2π/k,
which is ( ) ( ) := ´M r r M1.15 10 1 Mpc12 3 for the adopted
cosmological parameters. This extra power is ∝MPBH and for
MPBH > 1Me dominates the small scales relevant for collapse
of the first halos at z > 10. This isocurvature power component
dominates very small scales and has no impact on the observed
CMB anisotropies or baryonic-acoustic oscillations (Eisenstein
& Hu 1999) that appear in CIB fluctuations on arcminute scales
and can be probed with Lyman-tomography of CIB from the
upcoming Euclid survey (Kashlinsky et al. 2015a). Further-
more, unlike the part of the power from clustering, white-noise
power contributions to the angular CIB power spectrum are not
affected by the biasing amplification (Kashlinsky et al. 2004).
The net power spectrum would be given by
( ) ( ) ( )= +LP k z P k z P z, ,tot CDM PBH , which we use to evaluate

the rms density contrast at z over a sphere of comoving
radius rM containing mass M(rM) as ( )s =zM

( ) ( )òp
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2 after normalizing to σ8 over

8h−1 Mpc at z = 0. (WTH is the top-hat function.) Assuming
spherical collapse, masses with density contrast >δcol = 1.68 at
that epoch will have collapsed by z. In general, collapse and
subsequent formation of compact objects is driven by balance
between pressure and gravity, which in turn is determined by

Figure 1. Black solid line marks the CMBFAST-computed ΛCDM power spectrum at z = 20 vs. the mass contained within the comoving radius 2π/k for the
cosmological parameters adopted here. Black dashes show the PΛCDM ∝ k−3 extrapolation to scales inaccessible to CMBFAST, but relevant for the first halos’
collapse. Red horizontal solid line shows the Poissonian power from DM PBHs of MPBH = 30Me, which clearly dominates the scales relevant for halo collapse at this
epoch.
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far single published event, can be made consistent with that
expected from the PBHs making up the DM such that their
comoving mean mass density, assumed constant since their
formation until at least their possible later evolution (discussed
in Section 4 and references therein), is given by
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Below we will assume, for simplicity, that all PBHs have
identical mass. The arguments that follow can be generalized to
a PBH mass distribution, such as in, e.g., Carr (1975) and
Choptuik (1993), with MPBH being the effective mass leading
to the overall nPBH comoving number density. We note that this
mass range is allowed by, although close to, the limits from the
MACHO microlensing surveys (Alcock et al. 2001). Ricotti
(2007) and Ricotti et al. (2008) have argued that if PBHs are of
this mass range, accretion onto them may violate COBE/
FIRAS constraints on the CMB blackbody energy spectrum,
but as Bird et al. (2016) discuss, such arguments are model-
dependent and subject to complex physics assumptions.
Afshordi et al. (2003) limit MPBH < 4 × 104Me from Lyα
forest data.

As pointed out by Afshordi et al. (2003), the DM from PBHs
will contain an extra (isocurvature) component due to
Poissonian fluctuations with the power component at the time
of the PBH formation being = -P nPBH, initial PBH

1 in comoving
units. From their formation to today (z = 0), these isocurvature
fluctuations would grow, at wavelengths below the horizon at
matter-radiation equality zeq, by a scale-independent factor of
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•  This extra power will 
dominate the small  
scales responsible for 
collapse of 1st minihaloes 
where 1st sources form! 
The resultant CIB  
would change dramatically. 
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1st minihalo collapse in presence of DM PBHs 

cooling in the collapsing gas. Two modes of halo collapse are
relevant here: if enough H2 forms, the gas will have T ; 103 K,
and in the absence of metals, the H cooling will in any event
keep the gas at T ; 104 K (see the review by Bromm &
Larson 2004). Figure 2 shows the resultant rms density
fluctuation versus mass at various z relevant here forMPBH = (0,
15, 30) Me with the vertical lines demarcating where the halo
virial temperatures exceed these limits. The strong increase in

the rms density contrast, over that in the absence of the PBHs,
at masses of the first halos capable of producing luminous
objects, is obvious. This increase will lead to substantially more
collapsed halos capable of forming luminous sources at z > 10.
We use the Press–Schechter formalism (Press & Schechter

1974) to compute the fraction of collapsed halos as the
probability of a density field region with virial temperature Tvir
having overdensity > δcol. For Gaussian-distributed density

Figure 2. Curves show the rms density contrast over the halo mass forMPBH = 0 (thin), 15 (thick), and 30 (thickest) andMe at z = 30 (red), 20 (green), 15 (blue), and
10 (black). Black horizontal line shows δcol, so halos with density contrast > δcol collapse at that z. Vertical dashes with same color notation mark halo mass where
Tvir > 104 K and vertical dashed–dotted lines show the same for Tvir > 103 K (at z > 15 they are to the left of the box).

Figure 3. Fraction of collapsed halos (Equation (4)) at Tvir > 104 K (left) and Tvir > 103 K (right) vs. z for standard ΛCDM power spectrum (red filled circles), DM
PBHs with MPBH = 15Me (open black circles) and MPBH = 30Me (filled black circles). Thick solid curves mark the overall fraction of baryons (effectively f* fHalo)
needed to produce the observed CIB per Equation (1) with fHalo = 1 with the H-burning radiation efficiency ò = 0.007 (blue) and BH-type efficiency ò = 0.2 (black).
The mean efficiency of the required conversion of baryons into luminous sources inside each halo would be the ratio of the solid curves to the circles. While f* is high
(even higher than, or comparable to, 100% at z  20), it remains very modest if the PBHs make up the DM.
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Formation of 1st sources in presence of DM PBHs 

•  I. Inevitable to produce 
•  Observed CIB 
•  Observed CIB-CXB coherence 

•  II. Factors to be worked out 
•  PBH accretion: may increase PBH mass by <10% 
•  PBH cluster evolution: evaporation – will affect later evolution 
•  PBH GW merger: dynamical friction + sinking leading to massive BH 

•  III. Need to study: 
•  LW radiation from accreting PBHs and formation of H2 & 1st stars 
•  Radiation from accreting PBHs and distortions in CMB from 

upcoming missions. 
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LIBRAE – Looking at Infrared Background Radiation Anisotropies with  Euclid 

A NASA-selected cosmic infrared background (CIB) study to measure what were the 1st 
sources - Pop 3 stars, BHs, and in what proportions, when and how many - as well as 

probe IGM and BAOs at 10<z<20. The planned science is below: 

A.  Kashlinsky                                                    CERN     May 2018   

https://www.euclid.caltech.edu/page/Kashlinsky%20Team 
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LIBRAE has 7 US-based scientists and a similarly sized contingent in Europe.  
   PI – A. Kashlinsky 



Euclid holds substantial and unique promise for this science: 
•  Review on CIB for Review of Modern Physics gives details (Sec. VII) 

•  Goal 1: Determining source-subtracted CIB power spectrum to better than 
1% statistical accuracy w NISP all-sky survey. 

•  Goal 2: Determining epochs (Lyman-break) of the contributing sources 
from NISP-VIS cross-power. 

•  Goal 3: Determining history of emissions and BAOs at 10<z<20 w Lyman 
tomography. Probing cosmological parameters at those epochs from 
BAOs. 

•  Goal 4: Probing CIB-CXB cross-power and BH proportions amongst the 
sources from Euclid+eROSITA. 

•  Goal 5: Probing condition of IGM at 10<z<20 from CIB-CMB cross-power 
with Euclid CIB and next stage CMB maps (AdvACTPol and CMB-S4 as 
well as Planck). 

Looking at cosmic near-infrared background radiation anisotropies

A. Kashlinsky,∗ R. G. Arendt,† F. Atrio-Barandela,‡ N. Cappelluti,§ A. Ferrara,¶ and G. Hasinger∗∗

The cosmic infrared background (CIB) contains emissions accumulated over the entire
history of the Universe, including from objects inaccessible to individual telescopic stud-
ies. The near-IR (∼ 1− 10 µm) part of the CIB, and its fluctuations, reflects emissions
from nucleosynthetic sources and gravitationally accreting black holes (BHs). If known
galaxies are removed to sufficient depths the source-subtracted CIB fluctuations at near-
IR can reveal sources present in the first-stars-era and possibly new stellar populations
at more recent times. This review discusses the recent progress in this newly emerg-
ing field which identified, with new data and methodology, significant source-subtracted
CIB fluctuations substantially in excess of what can be produced by remaining known
galaxies. The CIB fluctuations further appear coherent with unresolved cosmic X-ray
background (CXB) indicating a very high fraction of BHs among the new sources pro-
ducing the CIB fluctuations. These observations have led to intensive theoretical efforts
to explain the measurements and their properties. While current experimental configu-
rations have limitations in decisively probing these theories, their potentially remarkable
implications will be tested in the upcoming CIB measurements with the ESA’s Euclid
dark energy mission. We describe the goals and methodologies of LIBRAE (Looking
at Infrared Background Radiation with Euclid), a NASA-selected project for CIB sci-
ence with Euclid, which has the potential for transforming the field into a new area of
precision cosmology.
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SUMMARY 
•  If PBHs of the LIGO type are DM the outlined 

mechanism is inevitable 
•  If PBHs are not DM, this is irrelevant 
•  Could be that the same population detected 

by LIGO was seen in our CIB signal 
•  Fully testable and future LIGO observations over 

the next 1-2 (?) yrs will close the story. 
•  LIBRAE (Looking at Infrared Background 

Anisotropies w Euclid) will resolve the CIB 
anisotropies and their CXB coherence w sub-
percent accuracy. 
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