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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 pum) 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 Fuclid), a NASA-selected project for CIB sci-
ence with Fuclid, which has the potential for transforming the field into a new area of

precision cosmology.
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I. INTRODUCTION

Development of modern physical cosmology began in
earnest in the early 20th century, when Hubble’s insight
into the radial velocities of galaxies yielded the first ob-
servational evidence for expanding Universe models pro-
posed as an immediate consequence of Einstein’s gravi-
tational field equations. The now accepted theory of the
Universe’s origin is known as the Big Bang model, named
so in jest in 1950 by one of the proponents of the alter-
native “steady-state” cosmology, Sir Fred Hoyle. The
discovery of the Cosmic Microwave Background (CMB)
radiation in 1964 (Penzias and Wilson, 1965), anticipated
by Alpher (1948); Alpher and Herman (1948), added a
firm observational pillar in support of the Big Bang the-
ory (Dicke et al., 1965). The COBE/FIRAS measure-
ments (Mather et al., 1990) revealed a highly accurate
black-body energy spectrum for the CMB confirming its
origin in the hot dense early phase of the Big Bang.
The CMB angular structure, uncovered first with the
COBE/DMR measurements (Smoot et al., 1992), pro-
vided an unprecedented insight into the density field of
the Universe a mere ~400,000 years after the Big Bang.

This century has so far marked the emergence of preci-
sion cosmology, when the fundamental cosmological pa-
rameters and the contributions of the Universe’s basic
constituents to its matter and energy budget have been
accurately determined. A standard cosmological model
describing the evolution of structure has been established
in agreement with the observations of CMB angular fluc-
tuations on sub-degree scales as probed by balloons (de
Bernardis et al., 2000; Lange et al., 2001) and post-COBE
finer resolution WMA P (Bennett et al., 2013) and Planck
(Planck Collaboration et al., 2015) satellites. In addition,
our understanding of high-energy physics is now suffi-
ciently advanced for connecting cosmological phenomena
to the quantum physics of the primordial Universe.

The widely accepted cosmological concordance model
requires large amounts of dark matter (DM), as well as
dark energy (DE) of unknown nature and origin, and —
in broad terms — explains the Universe’s structure as fol-
lows. The large-scale isotropy of the Universe, as well as
the small-scale inhomogeneities that evolved into galax-
ies and galaxy clusters, are thought to be the result of
a period of early accelerated expansion, termed inflation
(Guth, 1981; Kazanas, 1980; Linde, 1982). While the pre-
cise mechanism driving inflation and the underlying pre-
inflationary structure of space-time are still unknown, the
matter density field predicted by inflation is now estab-
lished observationally on scales Z 10Mpc, which encom-
pass masses > 1014 M. Smaller scales subtend structures
presently in nonlinear regime where the original density
field is not probed directly.

Much of the progress has been made through observa-
tional and theoretical studies of the CMB. It was only re-
cently, however, that a lesser known relative of the CMB,

the cosmic infrared background (CIB) started getting at-
tention. CIB contains emissions over the entire history of
the Universe, including from sources inaccessible to direct
telescopic studies. The latter category includes the epoch
when first stars were born as well as possible new popula-
tions at later times. The near-IR (1-10um) CIB, the sub-
ject of this review, probes emissions from early stars and
black holes (BHs) (Bond et al., 1986; Cooray et al., 2004;
Kashlinsky et al., 2004; McDowell, 1986; Partridge and
Peebles, 1967; Salvaterra and Ferrara, 2003; Santos et al.,
2002). To isolate the part of the CIB from new, poten-
tially interesting cosmological sources, resolved galaxies
must be excised from the maps to sufficiently faint lev-
els. The remaining, source-subtracted CIB can then be
compared to that expected after “reasonable” extrapola-
tions, based on other data, from remaining known galax-
ies. An excess, if significant, would potentially reveal
important cosmological information on the nature of the
new sources, their epochs, abundances, and the density
field in which they reside.

Measurements over the past decade from analyses of
Spitzer by Kashlinsky et al. (2012, 2005, 2007b), Cooray
et al. (2012b) and AKARI (Matsumoto et al., 2011) satel-
lite data identified near-IR CIB fluctuations remaining in
deep integrations on sub-degree and degree scales. It
appears that these fluctuations cannot originate from
remaining known galaxy populations (Helgason et al.,
2012; Kashlinsky et al., 2005). It was further found that
the CIB fluctuations are coherent with unresolved soft
cosmic X-ray background (CXB) at levels much higher
than expected from remaining known populations sug-
gesting significantly greater BH proportions among the
CIB sources than in known populations (Cappelluti et al.,
2013, 2017b; Helgason et al., 2014; Mitchell-Wynne et al.,
2016). The extensive list of empirical properties for these
CIB fluctuations, discussed below, provides a further im-
portant set of clues to the origin of these sources. While
some of the CIB properties, such as its amplitude, can be
modeled with new populations at intermediate redshifts,
other empirical evidence points toward the fluctuations
originating at early epochs, possibly the “first stars era”.
New programs, specifically on the upcoming dark energy
FEuclid mission, will probe with unprecedented accuracy
and scope the CIB from high redshifts, and its properties,
enabling unique insight into the era of the first luminous
sources, identifying their nature and the properties of the
underlying density field at those epochs.

This review summarizes the current state of the near-
IR CIB fluctuation measurements, their potentially re-
markable theoretical implications, and discusses the fu-
ture prospects of this rapidly developing field. Wherever
the context permits, we will plot results in terms of the
original quantities displayed in the corresponding mea-
surement papers.

Common acronyms and abbreviations used throughout
the review are listed in Table V in Sec. X (Appendix).



1l. BACKGROUND COSMOLOGY AND DEFINITIONS

Brightnesses of resolved sources are given in the AB
magnitude system (Oke and Gunn, 1983), where the flux
density, S,, of a source is related to the AB magnitude
by S, = Sp 1070-4m45 with Sy = 3631 Jy = 3631 x 1026
W m~2 Hz~!. The surface brightnesses, I,,, of extended
sources are often given in units of MJy sr—!. It is com-
mon practice to express surface brightness per logv in-
stead of v by defining a flux as F' = I,(dv/dlogv) =
vl, = (¢/\)I, = M. Thus, in commonly used units,
F nW m~2sr71 = (3000/\ [pum]) I, [MJy st=1]. Tt
is instructive to convert CIB surface brightness levels
into their comoving photon number density: ncig(v) =
4T”I,,/hplamk =0.63 (W“/br) cm 3. For comparison the
CMB photons are orders-of-magnitude more abundant

with noyvs = 413 cm 3.

CMB observations established the flat geometry of the
Universe. We will thus adopt the Friedman-Robertson-
Walker flat metric for the Universe with the interval
given by ds? = c2dt? — (1 + z)~2(dx? + 2?dw) where
z,x,t,w are the redshift, comoving coordinate distance,
cosmic time, and solid angle. Photons move along null
geodesics, ds? = 0. The Friedman equations with the
matter, dark energy (A), radiation/relativistic compo-
nent and curvature density parameters €1, Qa, 2, Qg
lead to ¢(1 + z)dt/dz = Rp/E(z), where E(z) =
[ (14 2) 4+ Qn (14 2)° + Qe (1 +2)2 + Qa f(2)]/? with
f(z) describing the evolution of DE and Ry = cH, .
The Hubble constant is H(z) = HoFE(z) and the dis-
tance measures become: the coordinate distance z(z) =
¢ [(1+42)dt = Ry [, dz/E(z), the comoving angular di-
ameter distance d4(z) = z(z) and the luminosity dis-
tance dr(z) = (1 4 2z)z(z). Proper distances/scales are
(1 + 2z)~! x (comoving distances/scales) and proper time
intervals are (1 + z)x (cosmic time).

We adopt the cosmological parameters Qi = 0, Q2 =
0.72, Qmatter = 0.28, Qparyon = 0.045, ~ = 0.71, and
os = 0.9 where the present-day Hubble constant is
Hy = 100h km/sec/Mpc. og is the present-day linear
matter density contrast over a sphere of comoving ra-
dius rg = 8h~'Mpc (Davis and Peebles, 1983). The total
mass contained on average within the comoving radius
ris M(r) = 4.9 x 101 (r/1h~1Mpc)? and the baryonic
mass is Mparyon(r) = 7.8 x 10'°(r/1h~'Mpc)3. We also
adopt Q, = 0 and, for the bulk of the review, f(z) =1,
equivalent to the DE reflecting the vacuum energy den-
sity resulting in a cosmological constant A or equation of

state with pressure P = —pc?.

The origin of structures in the Universe is tied to mat-
ter density fluctuations, d,,(Z), produced during infla-
tionary expansion. During matter-dominated era, these
fluctuations feel stronger gravitational field and expand
at a slower rate than the average Universe: fluctuations
grow until they become non-linear, separate from the co-

moving frame and collapse. The fluctuations represent a
stochastic random field, which can then be decomposed
into independent Fourier modes. The variance of each
mode is defined as the power spectrum. The correla-
tion function, C(|Z1 — Z2|) = (0m (T1)0m(72)), is then the
Fourier transform of the power spectrum. The isotropy
of the Universe requires that the correlation function
depends only on the absolute value of the separation
distance and the power spectrum only on the absolute
wavenumber. The power spectrum defines all proper-
ties of Gaussian random fields, such as inflation-produced
density fluctuations.

The standard cosmological model gives the power spec-
trum of the primordial adiabatic component of mat-
ter density fluctuations produced during the inflation-
ary roll-over, which is in agreement with CMB obser-
vations. This component of the matter density fluctu-
ations starts with an approximately Harrison-Zeldovich
(HZ) slope of the 3-D power spectrum Psp initial(k)  k
(Guth and Pi, 1982), which is preserved on scales above
the horizon at matter-radiation equality, but gets mod-
ified by differential growth of smaller wavelength har-
monics (Bond and Efstathiou, 1984). The resultant 3-
dimensional power spectrum. Psp(k), normalized to og
at z=0, is shown in Fig. 1. The inflationary density
field is highly Gaussian and so is fully specified by its
power spectrum. An important scale, to serve as a stan-
dard ruler, imprinted in the spatial spectrum is that of
the baryonic acoustic oscillations (BAOs) at the acoustic
horizon at decoupling, rgao ~150Mpc (Eisenstein and
Hu, 1998, 1999). The mean squared amplitude of den-
sity fluctuations over a given radius r is given by 3, (r) =
#szpmg(k)WTH(kT)dk with WTH(,T) = [3]1($)/$]2,
Jn being the spherical Bessel function of order nj; it is
shown in Fig. 1 with dotted line at z=0. Such measure-
ments on a scale r = m/2 k~! correspond to an effective
sampling interval of A = 27, and thus a (minimum) spa-
tial wavelength of 2A = 27k~'. Later, measurements
of angular fluctuations are characterized in terms of the
equivalent angular wavelength 6 = 2wg~1.

If the dark matter (DM) is made up of primordial
black holes (PBHs), as motivated recently (Bird et al.,
2016; Clesse and Garcia-Bellido, 2016; Kashlinsky, 2016)
by the LIGO gravitational wave (GW) discovery (Abbott
et al., 2016a,e), the Poissonian fluctuations due to PBHs
would provide an extra isocurvature density fluctuation
component discussed first by Meszaros (1974, 1975) be-
fore the inflationary paradigm was introduced. The ad-
dition to power in density fluctuations at the time of the
PBH formation from that component would be a con-
stant PpBH,initial = n;}aH in comoving units. This com-
ponent would add to small scale power of the density
field, increasing the efficiency of early collapse of first
halos (Kashlinsky, 2016).

Starting at matter-radiation equality, matter fluctua-
tions grow dp/p oc (1 + 2)~! until the epoch when cos-



M(/2k™)  (Mo)

10" 10%  10”  10* 10
T = T T T T T T T T T T T

o
~

o
N

o
Y
N
£

1072

o
A

[P yo(k)/(27%)]'/
EIMRRAL L B ““‘”\‘L‘ HRRRLL I B IR

107°
107° I I I
10° 10" 10? 10° 10* 10°
/2 k™' (h7'Mpc)
FIG. 1 The rms spectrum of primordial adiabatic density

field in ACDM concordance model at z = 0,10,30. At still
higher z, the Universe is in the Einstein-de Sitter regime and
the density field can be scaled o (1 4+ 2)~". At smaller scales
the power spectrum approaches the regime Psp o« k2. In
spherical collapse model, fluctuations containing mass M with

k3 Psp /(2712) 2 dco1 = 1.68 would collapse by z. Dotted line
shows o (r) vs r at 2=0.

mological constant dominates, (14 z)2 3, and the growth
slows down. As fluctuations turn non-linear they sepa-
rate from the comoving frame of expansion and collapse
to form virialized halos which can host luminous sources
forming out of the collapsing baryonic gas, provided it
can efficiently cool to below the halo virial temperature.

Once the luminous sources form at high redshift, z Z 10,
their UV emission near 0.1 um would contribute to the
present CIB near > 1um, and their cosmological power
spectrum of clustering would be reflected in the CIB an-
gular anisotropies. Hard X-ray emission from high-z BHs
would contribute to the soft X-ray CXB, and related UV
emission would make this coherent with the CIB.

The primordial density field in the standard ACDM
cosmological model, as shown in Fig. 1, is such that af-
ter the Universe recombines at z.ec ~ 1,000, there is an
extended period, nicknamed the “Dark Ages”, when no
luminous sources existed and everything was made up of
neutral hydrogen (H I) until the dark halos collapsing
at 240 — 50 produced the first luminous sources. The
near-IR CIB provides a new powerful tool to study the
emergence of the Universe from the Dark Ages and the
nature of the early luminous sources; recent CIB fluc-
tuation results may have already produced tantalizing
insight into these questions.

The nature of the first luminous sources, and propor-
tions of BHs among them, are currently unknown to-
gether with the luminosity density they produced as the
Universe started emerging from the Dark Ages. If dom-
inated by massive stars and/or accreting BHs, the first
luminous sources would radiate at the Eddington limit,
Lrqqa x M, so that the net bolometric luminosity den-

sity produced by them is insensitive to the details of
their mass function, n(M), since [n(M)LdM o p(in
sources) (Rees, 1978). This leads to the net bolometric
flux roughly equal to the maximal luminosity of any grav-
itating object, Limayx = ¢ /G, distributed over the Hub-
ble radius (Ry = cH; ') sphere, or F' ~ Lyay/(47R%)
times model-dependent parameters, such as the fraction
of baryons in these sources, the redshift of emission and
their radiation efficiency (Kashlinsky et al., 2004). For
sources at z 2 10, these emissions would go primarily into
the near-IR CIB and with a net flux which is significant
for realistic parameter values. While this part of the
mean CIB is challenging to isolate from other compo-
nents, it would have substantial fluctuations with a dis-
tinct spatial distribution reflecting the underlying matter
power spectrum at those epochs.

There are intuitive reasons why there would be po-
tentially significant, measurable CIB fluctuations from
the first stars era (Cooray et al., 2004; Kashlinsky et al.,
2004): 1) first stars are predicted to have been massive,
with luminosity per unit mass larger than present-day
stellar populations by a factor ~ 10%; a similar factor
applies to accreting Eddington-limited BHs; 2) their rel-
ative CIB fluctuations would be larger as they span a rel-
atively short time-span in the evolution of the universe;
and 3) these sources formed at the peaks of the underly-
ing density field, amplifying their clustering properties.

11l. MEAN LEVELS OF BACKGROUND LIGHT

We define the Extragalactic Background Light (EBL)
at wavelengths from UV to 10 pum to be the sum of all
emissions from extragalactic sources. The CIB is the
EBL at IR wavelengths, and in this review we focus on
the near-IR CIB at 1 to 10 ym. The cosmic optical back-
ground (COB, 0.1-1 pm) has similar origins as the CIB,
but is restricted to sources at z < 7 (Bernstein, 2007;
Kawara et al., 2017; Mattila et al., 2017a,b). The CXB
is the net diffuse emissions from 0.5 to 100 keV, with the
soft X-ray CXB referring to the range of [0.5-2] keV.

In this section we discuss the status of the mean lev-
els of the backgrounds. Previous reviews by Hauser and
Dwek (2001); Kashlinsky (2005a) covered the status of
the measurements prior to 2004 and the reader is re-
ferred to these papers for overviews. Here we will mainly
discuss the progress and the new results obtained since
that time, referring to the earlier results only briefly when
required for clarity and completion.

A. Galaxy counts and resolved EBL/CIB

The total flux from counted galaxies in deep surveys
gives a direct lower bound on the CIB, identifying the
contribution to it from the known resolved populations.



TABLE I HRK reconstruction of diffuse flux (nW/m?/sr).
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A possible CIB excess over that component would con-
tain contributions from new extragalactic populations.
Since populations’ energy emissions are cut off below
the Lyman-cutoff wavelength, ~ 0.1(1 + z)um, the wave-
length dependence of the CIB would indicate the epochs
when it arises. This situation from optical to near-IR
bands has been discussed in review by Kashlinsky (2005a)
using the counts data available at the time. The updated
discussion is presented below.

Following earlier determinations of deep counts in
the near-IR (e.g. Fazio et al., 2004a; Gardner et al.,
1993; Glazebrook et al., 1994; Madau and Pozzetti, 2000;
Totani et al., 2001a,b, and many other authors) fur-
ther deeper counts covering wider range of wavelengths
have been obtained with new ground and spaceborne in-
struments (Ashby et al., 2015, 2013; Driver et al., 2016;
Keenan et al., 2010; Thompson et al., 2005; Windhorst
et al., 2011, etc). Fig. 2 shows the build-up of the EBL
and CIB from the deepest optical (represented by r-band)
and near-IR counts available as of this review. The
CIB contributions from known galaxy populations peak
at AB mag ~ 20 — 21 with little additional contribu-
tion out to AB 2 28 (e.g. see detailed discussion in Driver
et al., 2016; Kashlinsky, 2005a). The figure also shows
the reconstructed CIB from known populations with the
methodology of Helgason et al. (2012, hereafter HRK12)
discussed later in Sec. VI.B. This heuristic reconstruc-
tion follows the counts data very accurately, especially at
the faint end relevant here; the small deviations at the
bright end may be due to pollution from star counts and
other systematics. Table I gives the CIB estimates in
the HRK12 reconstruction for all galaxies and for those
remaining below current or future limiting magnitudes.
These agree well with the net CIB flux integrated directly
from galaxy counts (Table 5 of Kashlinsky, 2005a); see
also Fig. 4 of Driver et al. (2016) for updated diffuse
fluxes from counts (Beckwith et al., 2006; Bouwens et al.,
2010; Windhorst et al., 2011).

Driver et al. (2016) derive from compiling counts sur-
vey data the net EBL of 24 4 nW/m? /st between UV
and 10 pm and 26 +5 nW/m?/sr in far-IR, 10-1000um.
Integrating in the near-IR range of [1-5] um, would give
973 nW/m? /st for the CIB contribution of known sources
according to the HRK12 reconstruction.

The upshot of this discussion is that 1) galaxy counts
from known populations produce finite CIB out to at
least map 228, 2) these counts are well approximated
with the heuristic CIB/EBL reconstruction developed by

Helgason et al. (2012)/HRK12, and 3) any excess CIB,
if found, must then arise in new populations, which are
too faint or too distant to be detected, or both.

B. Direct measurements of CIB

Subtraction of solar system and Galactic foregrounds
(see review by Leinert et al., 1998) from space-based mea-
surements of the absolute sky brightness, yield direct
measurements of the mean CIB. Observations are usu-
ally obtained over multiple wavelengths, and mean CIB
estimates are derived by averaging data over large areas.
This approach was adopted by both the COBE/DIRBE
and the IRTS/NIRS instruments and its results were re-
viewed extensively before (Hauser and Dwek, 2001; Kash-
linsky, 2005a). Here we briefly review only the new re-
sults on the mean near-IR CIB that appeared since the
Kashlinsky (2005a) review.

There have been several efforts to apply new model-
ing and analysis techniques to existing data sets to make
improved estimates of the mean CIB. Updated results
from the DIRBE measurements have been provided by
Levenson and Wright (2008) and by Sano et al. (2015,
2016). The IRTS data were reexamined by Matsumoto
et al. (2015). These reanalysis generally lead to smaller
systematic uncertainties than earlier estimates, but like
earlier work, they point to the presence of ~ 1 —5 pum
IR emission in excess of that expected from the inte-
grated light of known galaxies (and zodiacal and Galactic
foregrounds). New independent observations of the sky
brightness by the AKARI spacecraft, also reinforce this
picture (Tsumura et al., 2013). New observations from
the CIBER suborbital mission, extend the CIB measure-
ments to shorter wavelengths, but indicate that the spec-
trum is flattening or falling from 1.25 to 0.8 pum (Mat-
suura et al., 2017). Deep HST/NICMOS observations
have been analyzed by Thompson et al. (2007a,b), who
report no near-IR CIB excess above the levels contributed
by known galaxies to within a few nW/m?/sr. However,
the empirical method they apply is sensitive to structure
in the CIB, but does not distinguish the mean CIB from
the empirically subtracted zodiacal light.

Figure 3 displays the recent mean CIB measurements.
Lower limits derived from the integration of the fluxes
of resolved galaxies are well below the mean CIB at 0.8
— 4 pm. While the currently claimed direct mean CIB
levels are in tension with constraints from ~-ray absorp-
tion (see Section III.C), the CIB levels implied by the
current fluctuation measurements, a few nW,/m?/sr, can
be comfortably accommodated.

The primary difficulty with all direct measurement of
the CIB and the interpretation of these measurements is
the large uncertainty associated with the subtraction of
bright foregrounds, particularly the zodiacal light. Dwek
et al. (2005b) propose that the similarity of the energy
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spectra suggest that incompletely modeled zodiacal light
could be responsible for the apparent CIB excess. How-
ever, with extension to shorter wavelengths, the similar-
ity is less clear (Tsumura et al., 2010).

It has been noted (e.g. Cooray et al., 2009) that a
mission outside the interplanetary dust cloud can make
greatly improved mean CIB and COB determination due
to reduction of the zodiacal light. Greenhouse et al.
(2012) and Matsuura et al. (2014) present concept studies
for such a mission. Studies using Pioneer (Toller, 1983)
and New Horizons (Zemcov et al., 2017) data set upper
COB limits.

The uncertainties associated with foregrounds can be
reduced with analysis of the CIB fluctuation rather than
its mean intensity. Fluctuation measurements were pio-
neered in the CIB context of DIRBE data by Kashlinsky
et al. (1996a,b) and Kashlinsky and Odenwald (2000).
At optical wavelengths, such methodology has been ex-
plored earlier by Shectman (1973, 1974).

C. Limits from ~-ray absorption

CIB emissions may provide a source of abundant pho-
tons at high z. The present-day value of I, corresponds
to a comoving number density of photons per logarithmic
energy interval, dIn F, of %ﬁ =0.6(1,/1 MJy sr—1)
cm~? and if these photons come from high z their num-
ber density would increase o (1 + 2)3 at early times.
These photons with the present-day energies, E, would
also have higher energies in the past and they would thus
provide absorbers for sources of sufficiently energetic pho-

tons via yycis — eTe” when El&cB > (mec?)? (Gould
and Schréder, 1967; Nikishov, 1962). The v absorption,
being electromagnetic in nature, has cross-section magni-
tude similar to that for the Thomson scattering, or: it is
given by o = F07(1 - 82)[28(82 - 2) + (3 - ) In(155)]

2 4
2mZc

where 3=[1 — m]l/z, E and £ the present day
energies of the CIB and ~-ray photons respectively; the
primes denote rest-frame energies, e.g. E'=F(1+z). The
cross-section has a sharp cutoff as 8§ —1, peaks at ~ %O'T
at § ~ 0.7, and is ¢ « B for 530.6. The mean free
path of ~-ray photons in the presence of CIB would be
(Nyerp0) ' ~ 0.8(or/a)(1 My st=1/1,)(1 + z) =2 Mpc.
Fig. 4, top shows the CIB expressed as I, and as the
comoving photon number density times orcH, 1 along
with regions defined by the v~ absorption threshold.
This interaction generates absorption at sufficiently
high ~-ray energies for a given IR/optical wavelength
(marked in Fig. 4, top). Measuring this absorption pro-
vides independent constraint on the EBL/CIB and its
evolution with z. However, the net diffuse flux probed in
this way is not source-subtracted, and is not wavelength-
specific. If significant CIB comes from high-z sources, it
would have provided a far more abundant source of pho-
tons at high z which interact with photons of present-day
energy €2 2M2c*/E' > 30(1+2)GeV so that even a mod-
erate CIB from first stars era could be identified in spec-
tra of y-ray sources at z 2 3-5 (Kashlinsky, 2005b). Hel-
gason and Kashlinsky (2012) reconstruct 7 from known
sources with the multi-wavelength reconstruction of Hel-
gason et al. (2012). This gives the minimal absorption
and shows that TeV photons are fully absorbed from
nearby (z<1) sources (Fig. 4), so to probe first stars era
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FIG. 3 The SED of the mean CIB as derived from recent
direct measurements and reanalyses: Levenson and Wright
(2008) (green diamond), Sano et al. (2015, 2016) (red crosses),
Matsumoto et al. (2015) (violet dots), Tsumura et al. (2013)
(pink dots), Matsuura et al. (2017) (black dots, points with
yellow/blue (upper/lower) systematic uncertainty bands are
derived with subtraction of the Kelsall et al./Wright zodiacal
light models). The Thompson et al. (2007a,b) limit on the
net CIB at 1.1 and 1.6 pm is within 3-4 nW/m?/sr of the
level given by known galaxy counts. The orange (lower) band
shows the HRK12 CIB, reconstructed from galaxy counts,
bounded by its HFE to LFE uncertainties. Also shown are
the modeled (black line) and measured (large red circles) CIB
extrapolated from integrated galaxy counts by Driver et al.
(2016). Levels of CIB/EBL inferred from ~-ray absorption
are shown from H.E.S.S. Collaboration et al. (2013) (gray
band), Ahnen et al. (2016) (striped pink band), Biteau and
Williams (2015) (blue stars). Adapted with modifications and
additions from Driver et al. (2016).

with this method more directly one needs GeV photons.
Dwek et al. (2005a) and Aharonian et al. (2006) exam-
ined the strong CIB in the context of y-ray absorption
towards blazars and production from Population III sys-
tems. They conclude that Population III systems are
unlikely to contribute much to the CIB excess claimed
in the IRTS and DIRBE studies, although such state-
ments quantitatively depend on the assumed SED of EBL
(Kashlinsky and Band, 2007). Ackermann et al. (2012)
detect attenuation from EBL in the combined sample of
Fermi blazars out to z ~ 1.6. Fig. 3 shows CIB/EBL lev-
els from Ahnen et al. (2016); Biteau and Williams (2015);
H.E.S.S. Collaboration et al. (2013). Constraints from
the observed 7-ray absorption (H.E.S.S. Collaboration
et al., 2013) give upper limits of 17 and 14 nW m~2 sr~!
at 1.1 and 1.6 gm. This is to be compared with the re-
solved CIB from faint galaxy counts estimated in Table I
at these bands. Thus <8 and 5 nW m~2 sr~! currently
appear feasible in CIB excess at these wavelengths.
Constraints may however be less restrictive because of
an alternative suggested explanation of secondary TeV
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FIG. 4 Top: Adapted from Kashlinsky (2005b). Filled cir-
cles show the CIB excess claimed by IRTS analysis at near-IR
(Matsumoto et al., 2005) as derived in Kashlinsky (2005a) and
open squares show the integrated counts. Vertical bars with
left-pointing arrows show the range where photon-photon ab-
sorption is possible for the redshifts and energies indicated
Bottom: Adapted from Helgason and Kashlinsky (2012).
Solid lines show the 7 optical depth out to the marked z
vs the observer ~-ray energy using the default reconstruction
of (Helgason et al., 2012) and the shaded regions show the
boundaries of the HRK12 reconstruction. The dashed hori-
zontal line marks 7 = 1. The figure shows that the Universe
is already optically thick to MeV photons at zZ 0.1.

photons produced by interaction of cosmic rays and EBL
(Essey et al., 2010; Essey and Kusenko, 2010). In that
interpretation, the intrinsic spectra of blazars at TeV
energies have absorption due to high CIB levels, but
appear unabsorbed because cosmic rays (protons) from
the blazar jets interact with lower energy EBL along
the line of sight to produce pions and secondary -rays,
when E,Egp1, > (mWCQ)Q. Those secondary ~-rays co-
incide with the blazar within the angular resolution of
the Cherenkov telescopes because the intergalactic mag-
netic fields are weak (< 10714G) and unable to deflect the
cosmic ray protons from the line-of-sight.
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FIG. 5 Compilation of independent measurements of the
CXB spectrum from several different instruments in the 0.5-
500 keV range (adapted from Cappelluti et al., 2017b, see
references therein for the individual datasets). The magenta
data points have been recently derived from the Chandra
legacy data in the COSMOS field Cappelluti et al. (2017b).
The solid and dashed lines show population synthesis model
curves using the Gilli et al. (2007) model, adapted from Co-
mastri et al. (2015). The thin solid and thick solid lines show
the total AGN spectrum and the contribution of Compton-
thick (mildly+heavily absorbed, see text) AGNs in the model,
respectively. The dashed curves show the same information,
but assume a 4 times larger abundance of the heavily absorbed
Compton-thick AGNs. The flux of 1 keVZem 2keV lsr! =
1.6 x 10 %erg/cm? /sr as shown in the right vertical axis.

D. Resolved cosmic X-ray background

The CXB was discovered by Giacconi et al. (1962) in a
rocket flight originally designed to detect X-ray emission
from the Moon; the CXB was the first cosmic background
discovered. The shape of the CXB spectrum in the 3-50
keV range was first determined by HEAO-1 (Marshall
et al., 1980) and shows a pronounced maximum emit-
ted energy in the 20-30 keV range. Figure 5 (from Cap-
pelluti et al., 2017b) summarizes the best measurements
up-to-date. The measurement of the absolute level of
the X-ray background is complicated, because of system-
atic uncertainties in the instrument responses, as well as
the instrumental background and solid angle characteris-
tics. Additionally, there are systematic differences in the
contribution of relatively bright X-ray sources, which are
present in wide-field collimated instruments and typically
avoided in narrow-field imaging surveys. Thus, through-
out the history of CXB measurements there have been
systematic differences in the measured absolute CXB in-
tensity, which are partially reflected in Figure 5. There
is a 10-20% difference between the minimum and max-
imum flux measured in the energy range 1-20 keV, cor-
responding to systematic CXB flux uncertainty of ~1-2
keV/cm? /sec/sr around 1 keV.

X-ray surveys are practically the most efficient means
of finding active galactic nuclei (AGNs) over a wide range
of luminosity and redshift. Deep surveys with focus-

ing X-ray telescopes on ROSAT, Chandra, and XMM-
Newton have resolved the majority of the extragalactic
CXB into faint discrete X-ray sources. Enormous multi-
wavelength photometric and spectroscopic follow-up ef-
forts have identified optical and/or NIR counterparts to
most of these sources, and have shown that the main
contributors to the CXB are indeed AGN at redshifts up
to z ~ 5 (e.g. Brandt and Alexander, 2015; Brandt and
Hasinger, 2005). One of the key observational tools is the
determination of the X-ray luminosity function of these
AGN, and its cosmological evolution, which give strong
constraints on the accretion history of the Universe. The
best-fit model for the distribution of AGN as a function
of luminosity and redshift is the so called “luminosity-
dependent density evolution” (LDDE), which shows a
strong dependence of the AGN space density evolution
on X-ray luminosity, with a clear increase of the peak
space density redshift with increasing X-ray luminosity.
This “AGN cosmic downsizing” evolution is seen both in
the soft X-ray (0.5-2 keV) and the hard X-ray (2-10 keV)
bands (e.g. Fotopoulou et al., 2016; Miyaji et al., 2015;
Ueda et al., 2014, and references therein), as well as in
other wavebands (see discussion in Hasinger, 2008).

The spectral shape of the CXB was a puzzle for some
time, because it does not resemble typical AGN spec-
tra. The resolution came from cosmological population
synthesis models, where the evolving AGN luminosity
function is folded with sophisticated AGN spectral model
templates including the Compton reflection hump, and a
wide distribution of neutral gas absorption column densi-
ties from unabsorbed heavily Compton-thick absorption
(Ballantyne et al., 2006; Comastri et al., 1995; Gilli et al.,
2007, 1999; Treister et al., 2009; Ueda et al., 2014, 2003,
e.g.). In these models most of the AGN emission in the
Universe is significantly absorbed by intervening gas and
dust clouds, which is also the reason for the characteristic
20-30 keV peak of the X-ray background spectrum.

Compton-thick AGN, where most primary X-ray emis-
sion is absorbed by a large column density of interven-
ing material and only a very small reflected soft com-
ponent escapes, are very hard to detect and therefore
elusive in existing deep X-ray surveys. Fig. 6 summa-
rizes our current knowledge of the relative fraction of
observed Compton-thick AGN as function of X-ray flux,
compared to the population synthesis models. There are
still significant uncertainties in the actual contribution
of Compton-thick to the luminosity function and cosmic
evolution of AGN, and thus their contribution to the ac-
cretion history of the Universe.

Through the studies of the X-ray background and of
large samples of black holes in nearby galaxies, it has be-
come clear that supermassive black holes at the centers
of galaxies must play an important role in the cosmic
evolution of galaxies. AGN and galaxies in general un-
dergo very similar evolution patterns, where the peaks of
AGN activity and star formation occur in the same red-
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FIG. 6 Observed fractions of Compton-thick AGN by Bright-
man and Ueda (2012, filled circle), Brunner et al. (2008, open
circle), Tozzi et al. (2006, filled square), Kocevski et al. (2017,
star) and Hasinger et al. (2007, open square), adapted from
Ueda et al. (2014). Predictions from population synthesis
models of Gilli et al. (2007), adapted from Comastri et al.
(2015) and Ueda et al. (2014) for Compton-thick AGN frac-
tions (log Nu=24-26, thick red, solid blue) and all obscured
AGNSs (log Ny=22-26, dashed red, dashed black) in the total
AGNs are given as a function of the observed 2-10 keV flux.

shift range (2=1.5-2) and show a similar dramatic decline
(downsizing) towards lower z. Strong correlations have
been found between the BH mass and global properties
of its host galaxy spheroid, like the bulge luminosity (Ko-
rmendy and Richstone, 1995; Magorrian et al., 1998) and
the stellar velocity dispersion, i.e. the Mpy — o relation
(Ferrarese and Merritt, 2000; Gebhardt et al., 2000). Us-
ing these correlations, the mass density of local dormant
supermassive black holes in galaxy centers has been es-
timated, and is found largely consistent with the mass
density accreted by AGN throughout the history of the
Universe (Marconi et al., 2004; Merloni, 2004), yielding
further evidence for a tight link between the growth of
galaxy bulges and of their nuclear black holes through
standard, high-efficiency accretion processes.

However, a recent comprehensive analysis of black
hole mass measurements and scaling relations concluded
that the canonical black-hole-to-bulge mass ratio, instead
of being constant for all galaxies with values around
~ 0.1-0.23% (e.g. Marconi and Hunt, 2003; Merritt and
Ferrarese, 2001), actually shows a mass dependence and
varies from 0.1-0.2% at Myuige ~ 10° My to ~ 0.5% at
Mpuge = 10 Mg (Graham and Scott, 2013; Kormendy
and Ho, 2013). However, Shankar et al. (2016) argued
that the above are overestimating black hole masses, and
hence AGN counts. The revised normalization would

lead to a dramatically (a factor of 2 to 5) larger esti-
mate of the local BH mass density, which is dominated
by massive bulges. Conversely to the previous findings,
this result means, that there must be other significant
channels for BH growth, apart from those assumed in the
standard population synthesis model for the CXB. Like
others before, Comastri et al. (2015) pointed out, that
the systematic uncertainty in the normalization of the
CXB spectrum allows significant contributions of so far
undetected populations of heavily shrouded Compton-
thick AGN without violating other observational con-
straints, e.g. in the mid-infrared. The dashed curve in
Fig. 5 shows a variant of the population synthesis model,
where the contribution of heavily obscured, i.e. reflection-
dominated Compton-thick AGN has been increased by a
factor of 4 with respect to the standard model. This
already goes some way towards augmenting the local
BH mass density, but is not sufficient. Comastri et al.
(2015) therefore had to assume another, so far unde-
tected component of BH mass growth, e.g. BHs which
are completely shrouded by obscuring material and only
radiate at mid-IR wavelengths. However, one major un-
certainty in these estimates is the unknown cosmologi-
cal evolution of the obscuration fraction (e.g. Hasinger,
2008; Treister and Urry, 2006). There is also mounting
evidence, that the fraction of galaxy mergers is signifi-
cantly higher among Compton-thick AGN compared to
the normal CXB population (Kocevski, 2017; Kocevski
et al., 2015). In particular at high redshifts, where galaxy
mergers are expected to be more common, obscured ac-
cretion can play a much larger role than locally.

IV. THEORY BEHIND CIB FLUCTUATION STUDIES
A. CIB fluctuations primer

1. Theoretical basis

CIB is a decisive tool when sources of interest are
fainter than the sensitivity limits of the instrument or
are too numerous to be individually resolved (i.e. are
confused) at the instrument’s angular resolution. The
goal is to probe CIB levels from faint populations below
the (ideally low) threshold defined by instrument noise
and resolution, i.e. Forg(m > mym). For a sufficiently
faint removal threshold, and suitable A, the hope is that
one would move sufficiently far along the redshift cone to
probe the earliest sources.

The rate of the net CIB flux production probed in ob-
server band at wavelength A is:

dF)\ & r 1 dt

"I E

dz 4w (1)

where £(z) is the comoving luminosity density at the rest
wavelength \'. Emissions from astrophysical sources in



the rest frame UV are cut off at the Lyman break due
to absorption by the intergalactic medium (IGM), which
happens at rest Ar,;=0.0912 pm if the IGM is fully ionized
or at the Lya of A;=0.1216 pm if it contains mainly H I.

In the Cartesian limit (small angles), CIB fluc-
tuations can be Fourier transformed, A(q) =
1= [ 6F (&) exp(—iZ - §)d*x, and characterized by the 2-
dimensional projected power spectrum, P(q) = (|A()|?),
as a function of the angular frequency ¢ (or angular scale
27/q). A typical rms flux fluctuation is 1/¢?P(q)/2m on
the angular scale of wavelength 27/¢g. Theoretically there
are two types of contributions relevant for interpretation
of the measured cosmological projected (2-D) power
spectrum of source-subtracted CIB fluctuations: 1) shot
noise from remaining sources occasionally entering the
beam, and 2) the clustering component that reflects
clustering of the remaining CIB sources.

The shot-noise power is given by (Kashlinsky, 2005a):

o0
PSN :/ 82(m)d—Ndm (2)
Mlim m

where My, is the limiting magnitude of sources remain-
ing in the source-subtracted CIB map, S(m) is the flux of
a source of AB magnitude m, and dN/dm is the number
counts of the sources per dm. This component is intrin-
sically white, but convolved with the instrument beam.

When interpreting observations, it is useful to consider
the shot-noise as follows: source-subtracted CIB fluctu-
ations are measured at a given shot noise level, which
per eq. 2 defines the equivalent effective magnitude (or
flux) of source removal. The net mean CIB flux from
sources remaining in the data is then Forg(m>mym) =
f;?im S(m) %X dm. Hence the remaining shot noise is con-
nected to the remaining CIB as Psny ~ S(m)Fcp with
m being the effective magnitude of the remaining popu-
lations (Kashlinsky et al., 2007¢c). When discussing ob-
servational results the shot noise power will be expressed
in units of [Psn] = nJynW/m?/sr which is equivalent
to % x 1072 nW?2/m*/sr. Measurements of the dif-
fuse flux CIB fluctuations will be expressed in units of
[v/¢2P/(2m)] = nW/m? /sr.

The clustering component is generally made up of two
terms (Cooray and Sheth, 2002): the 1-halo term, and
the 2-halo term. The 1-halo term is essentially a white
noise term convolved with an “average” halo profile of
the remaining sources and so reflects an average halo
profile below angular scales subtending a typical halo.
It is unimportant for high-z sources, but may be impor-
tant for more local extended ones. The projected 2-halo
term is related to the underlying 3-D power, Ps;p, of the
sources by the relativistic Limber (1953) equation:

2 zLy (N) 2
¢~ Px(q) _/ Y[ dEy 20,01,
i A » A% (qdy " z)dz (3)

2
where A?(k,z) = %ﬂg@ is the mean square fluctua-
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tion in the source counts over a cylinder of diameter k—*
and length ¢H ~1(2) and dg;’ is the CIB flux production
at rest A’ = A\/(1 + z) over the epochs spanned by the
integration (Cooray et al., 2004; Fernandez et al., 2010;
Helgason et al., 2016; Kashlinsky et al., 2004, 2015a).
Because cosmological sources have a Lyman break due
to IGM absorption by H T at rest wavelength Ary, the
integration stops at 1+ zry(X) = A/ALy because at larger
redshifts sources emit only longward of the Lyman-break
wavelength; the integration extending to redshift speci-
fied by the far edge of the filter of band A. This will be
used in the Lyman tomography in Sec. IV.D.7 below.

The density field is today linear on scales > rg and
the scale of non-linearity is smaller at higher z. It is
reasonable to assume that on linear scales the density
of luminous sources traces that of the underlying matter
to within a scale-independent bias factor. For reference,
angular scale of 1’ subtends 1.1,1.4,1.5,1.6h 'Mpc at
z = 5,10,15,20. As Fig. 1 shows, the density field on
these scales is in linear regime at z28-10. We assume
a ACDM template for Psp in eq. 3 for the high-z con-
tributions to CIB fluctuations on arcminute scales and
beyond. If the range of z spanned by the populations
that are probed is narrow, as can arise if lower-z sources
are removed and very high-z sources do not enter be-
yond z1,y, one can relate CIB fluctuations to the net CIB
flux as dF (27 /q) ~ FoipA(qdaZ), where Z is a suitably
averaged redshift of the sources.

Let us assume that a fraction fua, of all matter in
the Universe collapses in halos capable of producing lu-
minous sources at a given redshift, converting on average
a fraction f, of the halo baryons into luminous sources.
The bolometric diffuse flux produced by these popula-
tions, after they have converted their mass-energy into
radiation with radiation efficiency e, is

C
2 -1
Ftot =~ fHalof* (Eepbaryonc ) Zoff =

_ Qb'r nh2 HW
9.1 x 10%¢ fralo f+Zogt W (4)

where zog = 1/((1+2)7!) is a suitably averaged effective
redshift factor which accounts for the radiation energy
density decreasing with expansion as o< (1+2)~% vs. the
matter density o (14 2)73.

m?2sr

2. Observationally determined quantities and their uncertainties

Once CIB maps are produced, e.g. for a square field
of width ©, the diffuse flux is Fourier transformed with
pixels in the Fourier plane having a width of Ag = 27/0.
Because flux is a real quantity, only half of the Fourier
plane is independent. The power spectrum is defined
as P(q) = {(JA(Q)|*), where A(q) is the 2-D Fourier
transform (FT) of the source-subtracted CIB. For ease
of comparison with background intensities, we plot re-
sults as the mean squared fluctuation at angular scale



27/q, defined as ¢>P(q)/(2m). For spherical harmonic
expansion, 0F(0,¢) = > apmYe,m(0,¢), the power is
Cr = (lae,m|?)m = T1+1 anz% |agm|?. At small angular
scales, the multipole in spherical harmonic expansion is
related to the angular wavenumber via £ ~ ¢(in rad—1).

The cross-power describing the correlations between
fluctuations at different wavelengths (1,2) is Pix2(q) =
(A (DASD) = (Ra(@R2(D) + T(DT(D) with R, T
standing for the real, imaginary parts of the Fourier
transform, A(g). The cross-power spectrum is a real
quantity which can be positive or negative.

The correlation function, C(6) = (§F(Z)0F (£+6)) and
the 2-D power are interrelated via an integral transform,
Which in the limit of small angles 0 < 1lradis: C(0) =

= Jo" P(q)Jo(q0)qdq and P(q) = 2 [~ C(6)Jo(q0)0d0
w1th Jo bemg cylindrical Bessel function of 0-th order.
Any white noise power, such that P=const, results in
C(0)xdp(0) and directly translates only into the zero-lag
value of the correlation function (i.e. variance). The shot-
noise component is white noise convolved with the beam
and will be reflected in the correlation function values
only up to roughly the beam scale. Non-zero values of
the correlation function on scales much greater than the
beam reflect a non-white power from clustering; e.g. a
power-law C' o< ("~2) corresponds to P(q) o< ¢~ ™.

The coherence between the two bands is defined C15 =

P12 . It should lie between 0 and 1 (no to full coherence).

We now turn to errors/uncertainties for the measured
quantities: auto-powers, cross-powers and coherence. We
assume that the underlying A(q) is Gaussian-distributed,
but note that this may be affected by biasing (Bardeen
et al., 1986; Jensen and Szalay, 1986; Kaiser, 1984; Kash-
linsky, 1991, 1998).

The errors on the power measured from a finite size
field are subject to the sampling (“cosmic”) variance (Ab-
bott and Wise, 1984). Namely, if the power P at the
central wavenumber ¢ is determined from a total of N,
independent pixels in the Fourier plane the error on this
measurement is op = P/ \/Ng. Because the auto-power
is a quadratic quantity, and is y2-distributed, this ap-
proximation does not correspond to the standard 68%
confidence limit at the very largest scale, where Ny ~(1-
2), but at smaller scales it is a reasonable approximation.
An additional issue is that masking of resolved sources
in the maps generates coupling between various Fourier
harmonics thereby biasing/distorting the measurement
of the power from FT because of the convolution with
mask. Thus one should proceed with caution and verify
the power results from FFT with the much more CPU
intensive computation of the correlations function (e.g.
Kashlinsky et al., 2005; Matsumoto et al., 2011), which
is immune to masking effects. In practice, when <30-
35% of the maps are masked there is good consistency
between the two approaches (Kashlinsky et al., 2005),
but the two can at times diverge for much more aggres-
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sive masking with the correlation function being a more
reliable estimate (Kashlinsky, 2007).

The cross-power for uncorrelated quantities can be
both positive and negative and would be distributed
in a Gaussian manner if the underlying quantities are
Gaussian-distributed. The cosmic variance error on its
measurement from the same field at two different bands
is op, ~ /P1P2/Ny (see Cappelluti et al., 2013).

For errors on the coherence, or the square of the cor-
relation coefficient R, the situation is more complicated
since statistical errors must be evaluated from the con-
fidence contours of the quantity of interest (C = R?
here), which must be derived from its underlying prob-
ability distribution function (PDF). Due to the highly
non-linear structure of R with respect to the underly-
ing quantities in both the numerator and the denomi-
nator, its PDF is not trivially derivable. However, once
the errors on the power at each ¢ are determined, one
can then propagate them via the Fisher transformation
(Fisher, 1915) to give the confidence contours of the re-
sultant correlation coefficient. Because errors are always
equivalent to confidence contours, one needs to evalu-
ate the 68% confidence limits of R from the errors on
the power. The Fisher transformation technique repre-
sents the standard way to evaluate the probability dis-
tribution of R and relate the uncertainties to those of
the powers. The Fisher transformation works as fol-
lows: One evaluates the central value, Ry = +/Co, of the
correlation coeflicient from the power data per above.

The Fisher transformation is to compute the quantity

(1+R)
=3 {(1—7{) )

practical cases (Fisher, 1915). This transformation, and
its inverse C = [tanh(Z)]?, is then used to construct the
corresponding confidence interval for C: one evaluates the
68% contours of Z from the variances of the auto- and
cross-powers, assumed to be equivalent to the 68% con-
fidence levels. The variance i in, Z is related to the errors

which is normally distributed in most

2
P P Ip,
on powers as 0% = (15—80)2 12 4 411 P«} + %P—Qf . The

68% contours for C are derived frorn Z+ 1oz, 95% from

Z 4+ 20z, etc. The confidence contours for C are thus
constrained to the interval of [0,1] (and [—1, 1] for R).

B. Contribution from remaining known galaxy populations

Helgason et al. (2012) developed a robust heuristic way
of reconstructing CIB fluctuations from galaxy popula-
tions spanning wavelengths from UV to mid-IR out to
z ~ 6. The assembled database for the reconstruction
now covers over 340 luminosity function (LF) surveys
from UV to mid-IR (HRK12, Helgason et al., 2014; Hel-
gason and Kashlinsky, 2012), and the methodology allows
filling in the redshift cone with known galaxies across the
required wavelengths.

The HRK12 methodology works as follows: the LF



in the optical and near-IR can be well described by the
Schechter (1976) function parameterized by M*, ¢* and
«. Table 1 in HRK12 shows the measured Schechter pa-
rameters from multiple surveys as a function of both rest-
frame wavelength and redshift. Whereas M* and ¢* are
well measured out to large distances, the faint-end slope
« is poorly constrained and often is simply kept fixed in
fits. Deep near-IR number counts provide the best con-
straints on the faint-end LF slope as they are dominated
by the faint end of the LF at z ~ 1 — 3, where mea-
suring «a directly becomes challenging. In other words,
the faint galaxy counts at 1-5 um sample the faint end
of the LF at different rest-frame wavelengths at inter-
mediate z where the volume density of sources per solid
angle is at maximum. More importantly, compared to
the LF, the uncertainties in the counts are robust, i.e.
they are not affected by systematic uncertainties associ-
ated with redshift determinations or degeneracy in the
best-fit Schechter parameters. The only assumptions in
the reconstruction are 1) the LF is well described by the
Schechter function, and 2) that the evolution and spec-
tral behavior of « is smooth and does not exhibit sudden
changes in a narrow interval. The uncertainties of the re-
construction, around the default model, are bracketed by
the high-faint-end (HFE) and low-faint-end (LFE) limits
from varying o within the limits allowed by the data.

The accuracy of the reconstruction is verified by the
remarkably good fits to the subsequently measured, and
much deeper than at the time, IRAC counts (Ashby et al.,
2015, 2013) and Fig. 2 above.

C. Reionization limitations on first stars era

At recombination (zyec ~1100) photons and baryons
decouple and the Dark Ages begin lasting until the
unknown redshift(s) when the first luminous sources
formed, reionizing the Universe. Two opposite regimes
govern the later evolution: even a small amount of neu-
tral hydrogen (H I) in the IGM would absorb any light
emitted in rest UV bands by resonant absorption in the
Lyman lines of 0.1216, 0.1026 and 0.09725 pm (Ly-a, 8,
respectively) with the largest cross-section being due to
Ly-a (Gunn and Peterson, 1965). Conversely, the ionized
IGM affects the CMB in several ways, mainly: 1) the
CMB angular power spectrum would be suppressed by
Thomson scattering on sub-degree scales, 2) the Thom-
son scattering of CMB photons would also lead to lin-
ear polarization of the CMB (Rees, 1968), and 3) pecu-
liar motions generate new temperature aniosotropies (see
IV.D.5). The probability of scattering is o< 1 — exp(—7¢)
with 7. being the Thomson optical depth and, since CMB
angular structure is measured to have a clear peak struc-
ture at £ 100, it follows that 7. < 1. The induced CMB
polarization is fixed by the quadrupole anisotropy of the
scattering IGM, so polarization on scales exceeding the
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horizon at zec (or ~ 1°) provides evidence of Thomson
scattering, or 7. > 0.

Thus reionization encodes information about the na-
ture of the first stars, first galaxies and the emergence of
large-scale structure (see discussions in Mesinger, 2016,
ed.). A nice overview of the underlying physics and mea-
surements is found in Zaroubi (2013).

1. Gunn-Peterson absorption and neutral hydrogen at low z

As pointed out by Gunn and Peterson (1965, hereafter
GP) the high value of the Ly-a cross-section, o, = 4.88 x
10718em? (ignoring line-broadening effects), leads to a
very high optical depth:

l "2
78 (2) = 1.2 x 10 r(Z)A+2)
0 VOm(L+2)3+Qy

where we adopted a He mass fraction of Y = 0.24. This
results in full absorption even for a very small fraction of
the cosmologically distributed neutral hydrogen xp;.

The observed absence of the H I trough in quasar spec-
tra at wavelengths shorter than the rest Ly-« line shows
that by z ~ 6 the intergalactic hydrogen has been reion-
ized (see review by Becker et al., 2015, and references
therein). Very broadly, eq. 5 and the observed lack of ab-
sorption of quasar spectra require xS 1074(1 + 2)~3/2
out to z<6. Prior to that sources of UV radiation had
to exist to ionize the surrounding gas. Similar limits on
xyr have been reached with probing the Ly-damping of
GRBs (Totani et al., 2006).

Numerous observations suggest that reionization of hy-
drogen was complete by zionm = 6Jj8:§ as summarized
in Fan et al. (2006a). Follow-up high-resolution spec-
troscopy of the SDSS-discovered QSOs at z ~ 6 estab-
lished that the Universe contained large amounts of neu-
tral IGM at z > zion 1 as shown in Fig. 7 (from Fan et al.,
2006b). The lower panel shows the reconstructed effec-
tive GP optical depth which is 7gp ~ (1 + 2)*3 out to
z ~ 5.5 rising exponentially at higher z. Bernardi et al.
(2003) find that the effective optical depth decreases sud-
denly after z ~ 2.4 by about 10% and climbs back to the
smooth scaling again by z ~ 2.9.

These observations do not constrain when the hydro-
gen reionization began or how it proceeded. Bolton and
Haehnelt (2007) argue for an extended reionization pe-
riod. Bolton and Haehnelt (2013) show with simula-
tions that observations may not require a large change
in xyr between z ~ 6 and 7, but “may instead be indica-
tive of the rapid decrease in the typical mean free path
for ionizing photons expected during the final stages of
reionization” from “the increasing incidence of absorp-
tion systems which are optically thick to Lyman contin-
uum photons”. More recent observations start to probe
the z ~ 6 —7 range. Ota et al. (2017) found that compar-
ison of models of Lyman-« emitters with the measured

(5)
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FIG. 7 Adapted from Fan et al. (2006b). Top: Spectra of
19 SDSS quasars showing GP absorption. See also Banados
et al. (2016) for a more recent extensive compilation. Bot-
tom: Evolution of optical depth combined with the Ly-a, 3,y
absorption measurements.

Lyman-a luminosity function suggested that the neutral
fraction of H increased with redshift at z > 6. These
observations are compatible with both fast (steep) and
extended reionization histories as described below.

2. Thomson optical depth and high-z ionization

Detailed transition modeling from neutral to ionized
state of the IGM hydrogen is subject of intense cur-
rent theoretical and observational investigations with the
main observational constraints coming from CMB tem-
perature anisotropies. CMB photons are scattered off
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free electrons, damping the primary anisotropies and
generating a large-scale polarization signal (Mukhanov,
2005) and secondary anisotropies (Atrio-Barandela and
Doroshkevich, 1994; Vishniac, 1987). These effects are
determined by the Thomson scattering (cross-section
or = 6.65 x 10~2°cm?) optical depth given by

Zreion

Te (0, Zreion) =2 x 1072 ze(2)(1 +2)°

0 V(14 2)3 + Qa
=0.038 + A7c(2>6) (6)

where x. is the fraction of free electrons at each redshift
z. Ineq. (6), the integration gives the total optical depth.
A small fraction of cold gas exists in the form of galaxies
and Ly-a systems, that could be as large as 10% (see
references in Salvador-Solé et al., 2016). Removing the
contribution 7.(0,6) ~ 0.038 at z < 6, as evidenced by
the GP absorption probes, leaves

Zreion

Ate(2>6) ~ 0.003Q1/2 / ro(2)Vzdz  (7)

z=6

as the high-z contribution to the net Thomson optical
depth, which is constrainable by CMB and is of relevance
here. It gives a weighted measure of the fraction of free
electrons, (z.(z > 6)), since the start of reionization at
the unknown redshift z;ejon until the epoch when the GP
absorption is known to vanish, z ~ 6. These epochs
contain the first stars era.

After reionization a fraction 1-exp[—7(0, Zreion)] =
0.038 + A7 of CMB photons is scattered off, so their
contribution to the primary CMB fluctuations gets
smeared out up to the reionization horizon scale £;.¢jon =~

wzse/iianﬁog. Due to the damping of the primary CMB
radiation power spectrum Cy, CMB TT anisotropies con-
strain the amplitude of the matter power spectrum as
Ag exp[—27(0, 2reion)] and, in combination with gravi-
tational lensing measurements that are sensitive to Ag,
this can be used to place useful constraints on 7(0, zyeion )
(Hu, 2002; Planck Collaboration et al., 2016b).

The large-scale E-mode polarization of the CMB is a
very sensitive probe of reionization (Reichardt, 2016).
Compton scattering produces polarization only when the
incident field has a quadrupole moment (Hu and White,
1997; Rees, 1968). While photons and baryons are tightly
coupled, only the dipole anisotropy is present. Thom-
son scattering generates polarization causally from the
quadrupole component of the underlying ionized matter
distribution only up to the horizon scale at the time. E-
polarization is only generated during recombination and
reionization and so it reflects the horizon scale at reion-
ization. Any such signal on super-degree scales directly
indicates the epoch when reionization started. The am-
plitude of the polarization anisotropy is proportional to
the duration of recombination/reionization and is maxi-
mal at the scale of the horizon (Mukhanov, 2005) which



TABLE II Thomson scattering optical depth from WMAP
and Planck analyses.

Data Te Ref.

WMAP 1 yr 0.17£0.04 |Kogut et al. (2003)

WMAP 3 yr 0.10 £0.03 |Page et al. (2007)

WMAP 9 yr 0.089 £ 0.014 |Hinshaw et al. (2013)

Planck 2013 0.089 + 0.014 | Planck Collaboration et al.
(2014a)

Planck 2015 0.075 £ 0.013 |Planck Collaboration et al.
(2016Db)

TT+lens.+BAO|0.067 £ 0.016 | Planck Collaboration et al.
(2016Db)

Planck 2016 0.058 £ 0.012 | Planck Collaboration et al.
(2016a)

corresponds to £ ~ 100/¢ ~ 10, respectively. The angu-
lar scale and width of the reionization contribution to the
E-mode of CMB polarization power spectrum encodes in-
formation about the reionization history. At £ < 10 the
amplitude of the E-mode polarization power spectrum is
two orders of magnitude smaller than the temperature
anisotropy power spectrum; the measurement requires
not only detector sensitivity to those low signals, but con-
trol of systematic errors and foreground residuals down
to those levels (Planck Collaboration et al., 2016a).

In Table II we list the values measured over time.
The large discrepancies and the constant decline of the
central value reflect the difficulty of the measurement.
WMAP 1yr value was obtained from the temperature E-
mode of polarization cross power. The quoted value of
WMAP 3yr data was based on the E-mode of polariza-
tion; subsequent WMAP data releases reduced the er-
ror bar. The 2013 Planck results used the Planck based
power spectra and WMAP polarization data and derived
the same result than the final WMAP 9yr data analysis.
In Planck 2015, foreground cleaning using Planck 33GHz
and 353GHz maps further reduced the value of 7. Adding
CMB lensing data, the optical depth decreased to 7 =
0.066 4+ 0.016 consistent with PlanckTT+Lensing+BAO
result that uses no low-{ polarization data. However,
since Planck measured a lensing power spectrum larger
than the amplitude expected from the ACDM model
with Planck measured parameters, lensing data tend to
prefer lower values of 7. The Planck 2016 result in-
cludes Planck temperature and High Frequency Instru-
ment (HFI) polarization data. These measurements, al-
though derived assuming reionization in a step-like tran-
sition, have important implications for the physical pro-
cesses driving the reionization of the IGM (Greig and
Mesinger, 2016; Mitra et al., 2016). The high value mea-
sured by WMAP 1yr supported models of early, z ~ 15
reionization (Choudhury and Ferrara, 2006), driven by
metal free Pop III stars. The decreasing values of 7 mea-
sured from subsequent observations reduced the need for
high-z galaxies as reionization sources (Bouwens et al.,
2015; Mitra et al.,, 2015; Robertson et al., 2015). A
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FIG. 8 Top: Ar. from z=6 to start of reionization at
Zreion=30. Shaded area corresponds to a z-symmetric tanh
transition of width §z=0.5. Dashed lines bound 7. for z.=1
at 20.5=8.5/11.5 corresponding to lower/upper limits on net
Te of Planck Collaboration et al. (2016a). Blue solid lines cor-
respond to ionization histories with x. growing linearly from
Zreion t0 z=27 until z. = 0.01,0.015,0.02, then remain con-
stant to 2=9, and then again grow linearly until z = 6 to
ze.=1. The contribution to the optical depth from redshifts
226 is taken to be 7.(z < 6) = 0.038 per eq. 6. Bottom:
Power spectra of the E-polarization anisotropies. The shaded
area bounded by the red dashed lines corresponds to the sym-
metric hyperbolic tangent and the blue solid lines to the con-
stant z. from z=9 to z=27 in the top panel. Ty is the CMB
temperature.

steep reionization favors models where quasar contribu-
tions were negligible at 22 6 and the earlier reionization
was driven by early galaxies. Alternative sources such
as dark matter annihilation and decay have also been
considered (Liu et al., 2016).

For a steep reionization the most recent value of Ta-
ble II implies that the average redshift at which reion-
ization occurred was between z = 7.8 and 8.8 and lasted
Az < 2.8. The Planck Collaboration used the reioniza-
tion fraction x.(z) = (f/2)[1+tanh[(u(zg) —u(z))/Au)],



with u(z) = (1 + 2)%2, Au = (3/2)(1 + 2)/2Azy and
Az = 0.5 (Lewis, 2008) and fit the value of zy to the
measured value of 7. But the width and location of the
polarization peak contains more information than the
overall Thomson optical depth. Allowing arbitrary ion-
ization histories shows a preference in the data for more
extended reionization processes out to z ~ 30 (Hein-
rich et al., 2016). Heinrich et al. (2016) considered a
fiducial model with a constant ionization x, = 0.15 in
the range 6= 2=30 although the exact value fluctuates
around this fiducial model to fit the CF¥ data. The ex-
cess of power in the E-mode of polarization in the multi-
pole range 10 < ¢ < 20, present in Planck 2015 LFT data,
is compatible with ~ 20% of the volume of the Universe
being ionized by z ~ 20 (Miranda et al., 2016).

In Fig. 8 we plot the contribution to the Thomson opti-
cal depth for the two ionization histories discussed above
as a function of redshift, 7(0,z). When computing the
fraction of free electrons, it is necessary to take into ac-
count the contribution from He. Its first ionization hap-
pens in parallel to that of H but its second ionization,
requiring 54eV photons, is assumed to have been delayed
until quasars, that can emit the necessary energetic pho-
tons are sufficiently abundant, at z ~ 3—4 (Becker et al.,
2011; Madau and Meiksin, 1994; Miralda-Escudé et al.,
2000). Then, we take f = 1+ fy. for singly ionized He
and f =14 2fye for doubly ionized He. We model the
He reionization by a tanh function centered at zg. = 3.5
and width Azg. = 0.5. Since GP test shows the Universe
is ionized by z ~ 6, the total contribution of the IGM to
the Thomson optical depth up to z = 6 is 7(0,6) = 0.038.
A small fraction of cold gas exists in the form of galax-
ies and Ly-a systems, that could be as large as 10%
(see references in Salvador-Solé et al., 2016). Remov-
ing this contribution yields a conservative lower bound
on the CMB optical depth of 7(0,6) ~ 0.035. In Fig 8
the (blue) dashed and (red) dot-dashed lines correspond
to the tanh-model with Planck 2015 and Planck LFI 2016
CMB optical depth values while the (black) solid line cor-
responds to the extended reionization model. The con-
tribution to the optical depth at 2=6 is 7 = 0.038, com-
mon to all models. However, when fitting Planck 2016
LFI data, the extended model allows for a much higher
contribution from high-z sources since A7 ~ 0.045 while
this contribution is only A7 ~ 0.02 for the tanh model.
Note that the peak of the polarization power spectra of
the symmetric hyperbolic tangent reionization model is
narrower than the extended reionization model.

D. New high-z populations and their consequences

Here we discuss the various high-z candidates that con-
tribute to CIB, and the environments in which they form
and subsequently influence. These sources leave poten-
tially detectable signatures of their redshifts though the
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FIG. 9 Adapted from Kashlinsky et al. (2015b). The pro-
jected angular density of early luminous halos for Pppy = 0
at redshifts greater than z assuming stars and accreting BHs
form when Tii; > 10°K (black) and 10*K (red). If PBHs
make up the DM, the number would be higher. Horizontal
thick solid line shows the confusion limit for a beam of 102
st (or 0.04 arcsec?) in area.

Lyman break that should truncate their UV emission.
The CIB that they leave behind is subject to reioniza-
tion constraints discussed above in Sec. IV.C. For more
detailed information regarding emissions from the indi-
vidual sources possible at high z the reader is referred
to excellent recent reviews by Bromm (2013b); Ferrara
(2012); Latif and Ferrara (2016).

1. First halo collapse

Given the underlying matter power spectrum, the
number density of available halos can be computed
via the Press-Schecter formalism (Press and Schechter,
1974), assuming that any region that reached density
contrast d.,;=1.68 undergoes spherical collapse. The
emergence of the first luminous sources at the end of
the cosmic dark ages is largely governed by the ability
of primordial gas to cool inside these halos (e.g. Bromm,
2013a). In the absence of any metal coolants, prior to
the dispersal of the first heavy elements from Pop III su-
pernovae, there are two principal cooling channels in the
early universe. At temperatures in excess of ~ 10 K, line
radiation from atomic hydrogen, predominantly concen-
trated in the Ly« transition, provides very strong cool-
ing. For the ACDM power spectrum, the first DM halos
are characterized by shallow gravitational potential wells,
with correspondingly low virial temperatures, Ty;;.

Halos with T3 < 10*K will thus not be able to acti-
vate atomic hydrogen cooling. In such low-T;, systems,
the so-called minihalos, cooling has to rely on molecular
hydrogen. The Hy formation chemistry in the absence of
dust grains is catalyzed by free electrons left over from
the epoch of recombination, with a rate that depends



on the gas temperature: H+ e~ — H™ + ~ followed by
H™ +H — Hy + e (Yoneyama, 1972). (At higher den-
sities 3-body reactions become important, 3SH — Hy + H
and 2H+Hy — 2H, (Palla et al., 1983)). For sufficient Hy
production, temperatures of ~ 103 K are required. This
effect selects DM halos with Tyi, ~ 103 K, minihalos, as
the formation sites for the first (Pop III) stars. Molecular
hydrogen, however, is fragile, and can easily be destroyed
by non-ionizing soft-UV photons in the Lyman-Werner
(LW, 11.2-13.6 €V) bands. Such a pervasive LW back-
ground is expected to rapidly emerge in the aftermath of
the initial Pop III star formation. It has therefore been
argued that the first galaxies, defined as systems that can
sustain self-regulated star formation, will be hosted by
more massive DM halos. Indeed, “atomic cooling halos”
with Tyiy = 10*K are considered promising candidates
for first-galaxy hosts, as they would not have to rely on
Hs as a coolant, and could instead tap into the much
more efficient, and resilient, atomic hydrogen channel. In
summary, there are two characteristic scales for DM host
halos, expressed in terms of Ty ~ 102K and ~ 104K,
where the former is predicted to host the first stars, and
the latter the first galaxies (see review by Bromm and
Yoshida, 2011).

Fig. 9 shows the projected density of collapsed ha-
los with parameters suitable for star formation assuming
the power spectrum shown in Fig. 1. The horizontal line
shows the confusion limit for the JWST-type beam as-
suming confusion intervenes at > 0.02 halos/beam (Con-
don, 1974). There are various possibilities for boosting
the small scale power in the spectrum of underlying mat-
ter fluctuations, from e.g. modified inflationary and early
Universe physics (Clesse and Garcfa-Bellido, 2015; Kash-
linsky, 2016; Kusenko et al., 2017) increasing the levels
of the CIB from first stars era.

2. First stars

Anthropic argument dictates that stars have typical
mass of order solar, i.e. given the values of the funda-
mental constants a self-gravitating thermonuclear reactor
must have mass M, ~ Mg. This follows as: 1) pressure
equilibrium of gas in stars gives their typical temperature
T, ~ mé/gkglGMf/gnzl,/?’, where m,, and n, are proton
mass and number density. 2) If all baryons participate in
nuclear burning, ¥’s would have number density similar
to protons n. ~ n,. 3) Stars are optically thick, so pho-
tons are at the same thermodynamic temperature. Thus
Pradiation ~ NykpTy ~ Pgas. 4) Stars radiate as black-
body aT?* ~ nkpT,, so T, ~ (kg/a)'/?>n'/3. Combining
1)-4) leads to M, ~ Mcnandra = (2)%/2m;? ~ 1.44Mp,.

So how do stars reach that mass when collapse starts
in much more massive clouds and halos? In his seminal
galaxy formation paper Hoyle (1953) proposed the so-
called opacity-limited fragmentation theory for the origin
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of stars. He noted that initially, while the cooling time
is much less than the collapse time protostellar clouds
collapse isothermally. As a result the Jeans mass in the
cloud, Mjeans o< T3/2p=1/2 decreases as the density, p,
increases during the collapse. The cloud becomes suscep-
tible to fragmentation into progressively smaller clumps.
This hierarchical fragmentation stops when density gets
high enough to make the fragment opaque, and trap the
radiation released, via shocks and such, during collapse.
For absorption opacity this happens when the optical
depth across the fragment reaches 7 ~ 1, the temper-
ature starts rising adiabatically as T' o< p*/3. The Jeans
mass then stops decreasing and the final fragment forms.
Hoyle showed that this occurs, for solar metallicity opac-
ities, at a fraction of Mg; the rest presumably getting
accreted after the fragmentation stops.

Prior to enrichment of gas with metals, atomic hy-
drogen can only cool gas to T ~ 10*K and Ha, which
is hard to form, could lower the temperature a bit as
discussed below. Given that the Jeans mass oc T3/2,
it was thought early on that first stars would have to
be massive. However, Rees (1976) showed very gener-
ally that this does not have to be the case: The max-
imal achievable rate of cooling is the black body one,
when emission is radiated by the surface of the fragment
with radius r, at ~ aT*c(4rr?). Collapse ceases being
isothermal and fragmentation stops when the cooling is
of order the free-fall rate of release of binding energy,
~ (GM?/r)(Gp)~1/2. Combining this with the Jeans cri-
terion for fragment’s mass, Mp ~ (tkgT/m,G)3/?p=1/?
leads to the minimal fragment mass being Mpmin =~
MChandra(kBT/mpc2)_1/4 o T7%25 Note only the weak
dependence on T which arises because while there are
no coolants in the absence of metals to keep T low, the
same absence of metals makes the onset of 7 ~ 1 occur
at higher p. Thus the absence of metals does not neces-
sarily require high masses for forming stars. Efficiency of
fragmentation is also affected by the angular momentum
of the collapsing protogalactic clouds (Kashlinsky, 1982).

The above assumes that stars formed in efficient frag-
mentation of collapsing much more massive clouds, a con-
dition that is not necessarily applicable to the first ob-
jects forming out of smooth density field in metal-free
early Universe. Current models suggest that the first,
metal-free (Pop III) stars formed at z <30 in dark-matter
mini-halos with virial temperatures Tyir < 104K cooling
their gas via Hs line emission. Detailed numerical work
(Abel et al., 2002; Bromm et al., 1999) in the context of
the standard ACDM model suggested that first stars are
likely very massive forming out of high density clumps
(n ~ 10%cm™—?) inside the ~ 105Mg minihalos (see re-
view by Bromm and Larson, 2004, and refs therein).

Once formed, Pop IIT stars affect their own evolu-
tion (feedback) in two ways: (a) by producing copi-
ous amounts of LW photons they photo-dissociate Ho
molecules in nearby objects (Agarwal et al., 2014; Re-



gan et al., 2014; Shang et al., 2010; Sugimura et al.,
2014), quenching their cooling and star formation; (b)
by polluting the star forming gas with metals dispersed
by Pop IIT SNe, thereby changing the gas fragmenta-
tion properties (Schneider et al., 2002, 2006), and induc-
ing a transition to a normal Pop II star formation mode
(Pallottini et al., 2014; Tornatore et al., 2007; Xu et al.,
2013). Numerous evolution modes and stellar activity
in pregalactic Universe have been discussed with vary-
ing constituents from quasi-normal stellar populations,
massive stars, BHs forming in the course of stellar activ-
ity, massive binaries, etc (e.g. Cooray and Yoshida, 2004;
Fernandez et al., 2012; Fernandez and Komatsu, 2006;
Fernandez et al., 2010; Helgason et al., 2016; Kashlin-
sky and Rees, 1983; Mirabel et al., 2011; Salvaterra and
Ferrara, 2003; Santos et al., 2002).

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 tak-
ing part in the hydrogen burning (Bromm et al., 2001;
Schaerer, 2002). This leads to the high radiative effi-
ciency of € ~ 0.007 and a correspondingly more efficient
CIB production. For normal Pop II stars, described by a
Salpeter IMF, the effective efficiency is an order of mag-
nitude lower since only a small core burns hydrogen.

3. First black holes

For accreting BHs, the radiative efficiency can be as
high as € = 0.4 for maximally rotating Kerr-holes, reach-
ing values much greater than that of H-burning. Thus,
BHs can contribute significantly even with much smaller
fraction than stars. Two type of stand-alone BHs appear
relevant to discuss in this context: (a) Direct collapse
BHs (DCBHSs) forming during cosmogonic evolution dur-
ing the first stars era. These BHs would be very massive,
as discussed below, but of low abundance. And (b) Pri-
mordial BHs (PBHs) which may have formed in the very
early Universe (e.g. Carr, 1975) with much lower masses,
comparable to the mass within the cosmological horizon
at the time of their formation, but having much greater
abundance.

a. DCBHs: The process by which astonishingly massive
(BH mass M, ~ 10° M) BHs came into existence within
1 Gyr from the Big Bang is one of the most puzzling mys-
teries in cosmic evolution. The current paradigm stipu-
lates that supermassive BHs (SMBHs) have grown from
smaller seeds by gas accretion. This hypothesis, how-
ever, faces a number of difficulties. The most striking
complication is connected with the short time available
for the build-up of SMBH. Assuming that gas accretion
occurs at the Eddington rate, assembling the SMBH mass
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(My = 2 x 10°M) deduced for the most distant quasar
ULAS J1120+0641 (Mortlock et al., 2011) at redshift
z = 7.085 (or, cosmic age 0.77 Gyr) requires a seed mass
M, > 400M ). Such value is about 10 times larger than
the most recent estimates of the mass of first stars (and,
consequently, of their remnant BHs). Serious concerns
are raised also by the assumption that accretion occurs
at the Eddington rate. The most obvious route to form
the early BHs during the first stars era is via the final col-
lapse of sufficiently massive Pop III stars (M > 30Mg,
with the exception of the narrow pair-instability inter-
val 150 < M/Mg < 260 (Aoki et al., 2014; Woosley
and Heger, 2015)). A number of studies (Alvarez et al.,
2009; Jeon et al., 2014; Johnson et al., 2013; Milosavl-
jevié et al., 2009) have shown, however, that stellar BHs
accrete very inefficiently, although under some extreme
conditions they might grow super-critically if accretion
occurs through a slim disk (e.g. Alexander and Natara-
jan, 2014; Madau et al., 2014; Volonteri et al., 2015) be-
cause they spend most of their lifetime in low-density
regions. Thus, they appear unable to rapidly build the
observed z = 7 SMBH population. A compelling solu-
tion is to start with a significantly larger seed mass. The
early proposals for the formation of massive BHs directly
from the gas-phase by Eisenstein and Loeb (1995); Loeb
and Rasio (1994) have now developed into more complete
scenarios (Begelman et al., 2006; Ferrara et al., 2014;
Johnson et al., 2013; Latif et al., 2013; Petri et al., 2012;
Regan and Haehnelt, 2009; Yue et al., 2014). The direct
collapse channel invokes the formation of massive BHs in
environments where gas gravitational collapse proceeds
at sustained rates (> 0.1Mg yr~!). The most promis-
ing candidates for these super-accreting environments are
dark matter halos with virial temperature (a proxy for
mass) Tyir ~ 10* K. In these halos primordial gas cools
almost isothermally via collisional excitation of the hy-
drogen 1s— 2p transition followed by a Lya photon emis-
sion. As the accretion rate is oc Tfi/rz, this mechanism
guarantees extreme accretion rates, ~ 0.1 — 1Mg yr—1,
feeding the central object, a central protostellar gas con-
densation. For efficient feeding, the accretion flow should
remain smooth, i.e. it should not fragment. Fragmenta-
tion is in general induced by a softening of the equation of
state below the isothermal value v = 1, i.e. the gas cools
as it gets denser. While Ly« cooling keeps the gas on the
isothermal track, the presence of Hy molecules, heavy el-
ements or dust provides extra cooling, and induces frag-
mentation. In primordial gas, one has then to prevent
only the formation of Hy. This can be achieved by irradi-
ating the collapsing gas with a sufficiently strong external
UV field that photo-dissociates Ho. Such UV radiation
field is likely coming from a nearby star-forming galaxy
and/or the general collective background radiation from
all galaxies present at earlier redshifts. UV radiation ef-
fects on larger halos (T, > 10* K) are spectacularly dif-
ferent (Agarwal et al., 2012; Dijkstra et al., 2014; Visbal



et al., 2014). If Hy is photo-dissociated by a sufficiently
strong LW intensity, J > Jit, hydrogen Lya line emis-
sion and other processes sustain an almost isothermal
collapse preventing gas fragmentation into stellar sub-
units. Under these conditions, theoretical works (Begel-
man et al., 2006; Bromm and Loeb, 2003; Regan and
Haehnelt, 2009; Van Borm et al., 2014; Volonteri et al.,
2008) show that the most likely outcome is a rapid (= 1
Myr) formation of a M, = 10*~6M; DCBH. However,
this process can occur only as long as the gas is metal-
free; otherwise fragmentation and star formation would
take place (Ferrara et al., 2013). As DCBH also emit LW
radiation, they might stimulate additional DCBH forma-
tion (Yue et al., 2016a). Finally, X-rays from DCBH pre-
heat the intergalactic medium, before galaxies reionize
it. In conclusion, the key requirements of the mechanism
are that the collapsing gas: (a) can be cooled by Ly« line
emission; (b) is metal-free, and (¢) is exposed to a UV
radiation field. Whether and for how long these condi-
tions can be simultaneously met during cosmic evolution
is unknown. In halos meeting conditions (a)-(c) the cen-
tral gas condensation grows rapidly, turning into a Super
Massive Star (SMS). The Kelvin-Helmholtz timescale of
these objects is much longer than their accretion time,
implying that they grow virtually without emitting light.
If during the evolution smooth accretion can be main-
tained, the SMS grows until it finally encounters a Gen-
eral Relativity instability. This will induce a rapid, direct
collapse into a massive BH, i.e. without passing through
a genuine stellar phase. These objects, with masses up
to 10M, are dubbed as DCBHs. If they exist, DCBH
would represent the ancestors of SMBH and offer the ul-
timate solution of the problems plaguing the field. For
a more thorough review of DCBH we refer the reader
to Latif and Ferrara (2016). Finally, in addition to di-
rect collapse, Begelman and Rees (1978); Kashlinsky and
Rees (1983) pointed out that massive seeds may also form
as a result of star-star runaway collisions in young ultra-
dense Nuclear Star Clusters (for modern versions see, e.g.
Lupi et al., 2014; Portegies-Zwart and McMillan, 2002).

b. PBHs: The LIGO discovery of GWs from a pair of
BHs of similar and unexpected mass (~ 30Mg) (Abbott
et al., 2016e) has rekindled suggestions that DM may
be composed entirely or predominantly of PBHs (Bird
et al., 2016; Clesse and Garcia-Bellido, 2016; Kashlinsky,
2016). PBHs in the mass range of ~ 10 — 100My appear
allowed by the available observational data (see discus-
sion in e.g. Carr et al., 2016) and the required abundance
would appear in broad agreement with recently claimed
abundance of quiescent black hole X-ray binaries in our
Galaxy (Tetarenko et al., 2016) and possibly also with
the observations of high-velocity clouds near the Galactic
Center driven by inactive BHs rapidly plunging into
molecular clouds (Takekawa et al., 2017; Yamada et al.,

18

2017). The mass range also is within the cosmological
horizon at ~ 0.01 — 0.1 GeV when various mechanisms
for generating PBHs in the early Universe operate (e.g.
Jedamzik, 1997). The strongest constraint against them
was claimed by Mack et al. (2007); Ricotti (2007);
Ricotti et al. (2008) to arise from observations of the
lack of distortions of CMB black-body spectrum from
COBE FIRAS (Fixsen, 2009; Mather et al., 1990), but
new recent reanalyses of the accretion efficiency onto
PBHs during the pre-recombination era find signifi-
cantly weaker constraints and argue against ruling out
PBHs of $100Mg as the dominant component of DM
(Ali-Haimoud and Kamionkowski, 2016; Aloni et al.,
2016; Horowitz, 2016). Numerous other observational
tests of this proposal have been suggested (e.g. Brandt,
2016; Hawkins, 1993; Munoz et al., 2016; Schutz and
Liu, 2017). If DM is made up of PBHs, the latter would
introduce a new Poissonian component to the underlying
density field as pointed out first by Meszaros (1974,
1975) prior to development of inflationary paradigm.
This component would substantially accelerate the col-
lapse of the first halos and potentially make substantial
contribution to the CIB (Kashlinsky, 2016). If PBHs are
present they would also require theoretical modifications
in the processes affecting first stars era objects. Gas
at sound speed cs in halo of velocity dispersion vy is
accreted within the radius 7r,cc = GMPBH/u2 with
u? = vﬁ + c?. The total accretion mass is My =
2(Ngas/10%cm™=3) (Mppp/30Me)? (u/1km sec™ ) =6 M.

For typical parameters this may be a non-
negligible fraction of the minihalo baryons at
~ Muce/Mper X Qcpm/ar < Miggu™® up to a
few percent, but will not increase the PBH mass dra-
matically. Radiation from accreting PBHs may inhibit
Hy formation and thus influence adjacent star formation
and DCBH collapse and evolution as discussed e.g. in
Agarwal et al. (2012); Bromm and Loeb (2003); Yue
et al. (2014). At the same time, the increased fractional
ionization of the cosmic gas produced by PBHs increases
the primordial Hy abundance by up to two orders of
magnitude (Ricotti et al., 2008). The increase of the
cosmic Jeans mass due to X-ray heating is negligible
for models consistent with the CMB data. Hence, the
formation rate of the first galaxies and stars would
be enhanced by a population of PBHs. Furthermore,
stellar dynamical evolution of PBH minihalo may play
important cosmogonical role. The PBHs in minihalos
will evolve via secular stellar dynamical effects similar
to that discussed in Kashlinsky and Rees (1983) and
by loss of energy to GW emissions. Stellar evaporation
will lead to a core-halo structure with the isothermal
core of radius r. and Nppg PBHs evolving on Gyr
timescales tevap ~ Npau/In Nppu X 7c/v4, at constant

binding energy, or vg N;ééf, because evaporating
PBHs carry zero energy. Formation of massive BHs



may be accelerated here. A fraction of PBHs will
become binary when GW emission exceeds their kinetic
energy (~ v2) (Bird et al, 2016). The fraction of
PBHs that will form binaries before evaporation is

—2
Nipy 107%pc® (Mppn v —18/7
fPBH,bmary ~ T NpBHu T2 30Mg ( 1km sec—! )

(Kashlinsky, 2016). Instead of evaporating the resultant
binaries will spiral in to the center due to dynamical
friction possibly forming a central large BH contributing
to the massive BH formation in early Universe.

4. Impact on/from thermal history of IGM

The IGM is heated by the radiative and, to a smaller
extent, mechanical energy deposition by stars, black
holes, and possibly dark matter annihilation/decay along
cosmic evolution. Heating from these sources occurs pri-
marily in the form of photoionization heating. As pho-
tons with energies hv > 13.6 €V ionize neutral hydrogen
atoms, the energy of the photoelectron is gradually ther-
malized in the gas resulting in a temperature increase.
The same process controls the ionization of He atoms, re-
quiring 24.6 eV and 54.4 eV to produce singly- or doubly-
ionized ions of He. Contributions from heavier elements
are negligible due to their low abundances.

Photoionization largely dominates the thermal budget
of the IGM. Shock-heating of the gas produced, e.g. by
supernova-driven galactic outflows, is confined in small
volumes (Ciardi and Ferrara, 2005; Ciardi et al., 2000)
around galaxies, in the so-called circum-galactic medium
extending up to about the virial radius of the galaxy host
halo. This conclusion is supported by the low level of in-
tergalactic turbulence measured in the IGM (Evoli and
Ferrara, 2011; Rauch et al., 2001). Supernova-heated gas
might have marginally (< 10%) contributed to reioniza-
tion by up-scattering of CMB photons inside hot bub-
bles (Johnson and Khochfar, 2011; Oh, 2001). Addi-
tional heating to the IGM can be provided by cosmic
rays (Sazonov and Sunyaev, 2015). However, both the
production and diffusion of these energetic particles is
quite uncertain in the Epoch of Reionization (EoR).

For this reason, the thermal history of the IGM is in-
timately connected to the process of cosmic reionization.
As ionized (H II) regions grow around the sources and
merge, progressively filling the intergalactic space, the
gas within them is heated to a temperature typical of
ionized regions, i.e. in the range (1 — 30) x 10* K. The
characteristic volume of these “bubbles” is given by the
classical Stromgren formula V; = N,Y Ja Bﬁg, where N'v is
the source ionizing photon rate, ap = 2.6 x 10_13T471/2
is the Case B recombination rate of hydrogen, and 7i.(z)
is the mean IGM electron density at the relevant red-
shift. If the sources have hard spectra, containing sig-
nificant amounts of helium ionizing radiation, analogous
He I and He II spheres (typically embedded in the H
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one) will be produced. These bubbles form the typical
“patchy” structure characterizing the reionization pro-
cess, in which H I is progressively destroyed.

Outside H II regions the IGM remains largely neutral.
However, if some X-ray emitting sources like accreting
BHs, high-mass X-ray binaries, annihilating/decaying
dark matter, or hot emitting plasma do exist, the IGM
can be heated well outside H II regions. This is possible
because the comoving mean free path, Ax, of an X-ray
photon of energy Ex is ~ (Ex/13.6 eV)%¢ times longer
than that of UV photons

By 26 /9 4\ 2
0.3 keV) ( 10 > Mpe, — (8)

Ax = 207} (

where Ty is the IGM mean neutral fraction. Such long
mean free path reduces the patchiness of the ionized gas,
and results in a more uniform ionization field.

In addition, X-ray ionization is often incomplete, with
ZTyr ~ 10 — 30%, as when Tpy; exceeds a few percent,
most of the photon energy is deposited by secondary
electrons (Shull and van Steenberg, 1985; Valdés and Fer-
rara, 2008) in the form of heat. The X-ray illumination
therefore produce very extended patches of mostly neu-
tral gas heated to temperatures of ~ 1000K in which
much smaller H II regions are embedded.

The temperature evolution of the neutral IGM compo-
nent is of great interest for the H I 21 cm redshifted to-
mography of the IGM (Mesinger et al., 2013). Lacking so
far sensitive measurements of such signal (this situation
is bound to change with the advent of the Square Kilo-
meter Array), only weak lower bounds to the IGM spin
temperature — a good proxy of the kinetic temperature as
the two are efficiently coupled by the Wouthuysen-Field
effect — can be derived: Ts > 6K at z = 8.4 (Greig and
Mesinger, 2016). See review by Furlanetto et al. (2006).
Hence, here we will concentrate on the temperature of
the ionized gas during the reionization process.

The equation describing the IGM kinetic temperature
T at mean density (where temperature measurements are
available) is (Theuns et al., 2002):

Lar
T dt

1du
=—2H+ ——
+,udt+

2u  dQ
3kpT dt’ 9)

where H is the Hubble parameter, kg Boltzmanns con-
stant, u the mean molecular weight, and @ is the effective
(heating - cooling) radiative cooling rate. The latter in-
cludes photo-electric heating, and cooling via recombina-
tion, excitation, inverse Compton scattering, collisional
ionization, and bremsstrahlung. The second term on the
right hand side of the above is relatively unimportant,
accounting for the change in the number of particles in
the thermal bath; it becomes marginally important (few
percent level) only during He II reionization.

Note that in the absence of heating the IGM tempera-
ture evolution would follow a purely adiabatic evolution



imposed by the Hubble expansion (first term on the left
side of eq. 9), corresponding to T o (1 + 2)2. Adiabatic
expansion remains the dominant cooling mechanism for
gas around the cosmic mean, 7 ~ 2.3x 10~ 7em =3 (1+2)3;
however, at z > 7 the contribution of inverse Compton
cooling off CMB electrons cannot be neglected.

As the above equation depends on the number of par-
ticles, and hence on the ionization state of the gas, its
solution requires a derivation of .. This is usually done
by balancing the ionization rate from all the sources, I,
with the recombination rate. For hydrogen, such equa-
tion in equilibrium is simply ngI' = n2ap(T); similar
equations hold for the different ionization stages of He.
As the photoionization timescale (=~ I'"!) is much shorter
than the cooling timescale (H~!), the implicit assump-
tion of ionization equilibrium is well justified.

A general expression for I' valid for both H and He is:

oo uy .
T, = dv—a’, 10
c/u Vhyau (10)
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where a!, is the photoelectric cross section of the species
i =H, He, V4 is the photoionization threshold frequency
of species ¢, and w, is the specific energy density of the
UV background. The specific energy density is related to
the specific intensity of the radiation by u, = 4n.J,/c.

The most standard approach is to adopt the new
(Haardt and Madau, 2012) prescription for the UV back-
ground intensity evolution, and a spectral shape of the
form J, < v~%. The power index depends on the spectra
of sources considered (a;) and the filtering due to radia-
tive transfer effects in the Lya forest whose logarithmic
slope of the column-density distribution is f=1.3 £ 0.2.
Then, a=as + 3(8 — 1), with a;=0.5-1.0 for stellar
sources, and as=1.5 + 0.2 for quasars. The consider-
able uncertainty in o does not represent a major problem
as the IGM temperature sensitivity to this parameter is
limited by the optically thin conditions prevailing in the
IGM. Then the photoheating rate dQ/dt o (2+ )"
varies at most by a factor of 2, corresponding to an even
smaller temperature change as T~ (dQ/dt)%°.

Thus, once the initial temperature of the gas, T;, at
some fiducial z; is assigned, the thermal history can be
computed straightforwardly. Most models take z; as the
redshift of reionization, thus postulating that reioniza-
tion is instantaneous. While this is known not to be the
case, such assumption is justified if eq. 9 is thought to
describe the evolution of a Lagrangian fluid element that
has been engulfed by an expanding H II region at z;.

The outcomes of such models are used to interpret the
temperature measurements obtained from the Ly« for-
est data in quasar absorption line experiments. These
measurements became available around the beginning of
this century (McDonald et al., 2003; Ricotti et al., 2000;
Schaye et al., 2000). Although uncertain, such measure-
ments allowed to conclude that the IGM temperature at
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the mean density, Ty, at z &= 3 was too high to be con-
sistent with the heat input produced by hydrogen reion-
ization alone. The most popular solution to this problem
involved extra-heating due to He II reionization occur-
ring around z = 3 (Hui and Haiman, 2003), an idea also
supported by the tentative (and debated) detection of a
bump in the Ty evolution located at that epoch.

The situation has become now clearer with the renewed
interest in the IGM thermal history sparkled by the new
observations by Becker et al. (2011) (see also Rudie et al.,
2012). The key advance has been to move away from the
uncertain determination of T' at p = p, and measure it
at a critical density p. at which the Lya Gunn-Peterson
optical depth 7 ~ 1. In this regime, the Ly« forest lines
are most sensitive to temperature. The difficulty is that
to transform T, = T'(p.) into the usually quoted T one
needs to know the adiabatic index, 7, entering the equa-
tion of state T'(p) = To(p/p)"~!. These data, comple-
mented by more recent ones by Boera et al. (2014), have
allowed to put together a high-quality sample extending
in the range 1.6 < z < 4.8. The new data confirm the
peak at z~23.1, where Ty ~2x10*K. Such feature is most
straightforwardly interpreted with the extra heating pro-
vided by He II reionization, although models involving
intergalactic absorption of TeV blazars (Broderick et al.,
2012; Puchwein et al., 2012) or heating from cosmic rays
(Lacki, 2015) have been suggested as alternative expla-
nations. Note that in the absence of He II reionization
heating, hydrogen reionization would have left the IGM
at a much lower temperature (=~ 5000K) at z = 3.

The above data can also constrain the temperature of
the IGM in the EoR (Bolton et al., 2012; Furlanetto and
Oh, 2009; Lidz and Malloy, 2014). The models must be
anchored to the highest z (Becker et al., 2011) datapoints,
which imply that at z = 4.8 the IGM temperature was
(6.541.5) x 103K. Then one varies the value of z; and T;
and selects models that predict values within the error
bars. As already mentioned, UV background spectral in-
dex variation have only minor effects on the thermal evo-
lution. One can also explore slightly more sophisticated
models in which different parcels of gas are heated at dif-
ferent temperature in a given reionization redshift span
(Az;, AT;), and then average over the results. Additional
models (Bolton et al., 2014) calibrate their predictions on
numerical simulations to derive the evolution of 7.

In brief, due to the rapid cooling imposed by adiabatic
expansion which forces the temperature to set onto an
asymptotic value, a large degeneracy exists among many
reionization models with different (Az;, AT;). However,
some extreme models in which hydrogen reionization is
either (i) very short Az;=3 and ends at z = 6, or (ii)
produces too high (> 25000K) temperatures in the ion-
ized gas are excluded as the gas cannot timely cool to
the measured temperatures at z = 4.8. It appears that
the temperature value which is consistent with the largest
number of thermal histories, also including those in which



reionization can start earlier than z = 9, is T = 2 x 10*K.

5. Sunyaev-Zeldovich contributions and imprints

Free electrons in the IGM resulting from reionization
produce CMB temperature anisotropies via the Sunyaev-
Zeldovich (SZ) effect. The two main contributions to this
effect are the anisotropies produced by the thermal mo-
tion of electrons, known as thermal SZ (TSZ) (Sunyaev
and Zeldovich, 1972) and those produced by their pecu-
liar motion, termed kinematic SZ (KSZ) (Sunyaev and
Zeldovich, 1980). The CMB temperature anisotropies
generated by the ionized gas in the direction n are

ATsz(i) / kpT. @ -7 dr.
Toan G(:zc)mec2 . < dz (11)

where m, Te, 0. are the electron mass, temperature and
peculiar velocity. The TSZ has a characteristic frequency
dependence G(x)=zcoth(z/2) — 4 with =hv/kpTcomB;
ignoring relativistic corrections G(z) ~ —2 below ~ 217
GHz, vanishes at 217 GHz and goes positive at higher v.

At the physical conditions expected to hold during
reionization, the temperature would be T.=10*K and
the KSZ effect would be about three orders of magni-
tude larger than the T'SZ contribution. Nevertheless, the
TSZ effect offers a direct probe to the physical conditions
of the ionized gas. Cross-correlation of CMB tempera-
ture anisotropies with CIB fluctuations could provide a
direct measurement of the temperature of the IGM dur-
ing reionization (Atrio-Barandela and Kashlinsky, 2014):
the subdominant TSZ component can be isolated in the
presence of multi-frequency CMB maps, when frequency
differencing remove the primary CMB and any KSZ com-
ponents. The potentially measurable TSZ component
carries information on the condition of the IGM at the
pre-reionization epochs being proportional to the prod-
uct of 7. and T, integrated along the line-of-sight.

In the KSZ effect we can distinguish “homogeneous”
linear (Vishniac, 1987) and non-linear (Hu, 2000) con-
tributions due to the peculiar motion of baryons in a
completely ionized IGM and the “patchy” anisotropies
generated by peculiar motions when the ionization frac-
tion varies in space (Aghanim et al., 1996; Gruzinov and
Hu, 1998; Knox et al., 1998; Mesinger et al., 2012). As
the first stars and BHs start producing UV photons,
they generate ionization spheres around them. Before
those spheres merge, the Universe would be ionized in
patches generating KSZ anisotropies of (AT/TcmB) ~
Te (Vrms/€)0(1 + Zreion)>* (AZreion) /2, Where vpms is the
rms peculiar velocity, # the angular scale subtended by
the ionized patches, and Azpeion is the redshift duration
of the patchy phase. Thus, the patchy component can be
used to set an upper limit on the duration of reionization
(Zahn et al., 2012). Munshi et al. (2016) discuss how to
separate it from the homogeneous contribution.
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Numerical radiation-hydrodynamical simulations esti-
mate an amplitude [£(¢+ 1)CESZ/27]|p=3000~0.6-2.8uK?
at ¢=3000 (Battaglia et al., 2013). Data from Planck,
ACT and SPT-SZ provide consistent constraints; George
et al. (2015) found [((¢ + 1)CESZ /2] |1=3000 < 3.3uK? at
the 95% confidence level and translated this upper limit
into a constraint on the duration of the period when the
electron fraction grows from 20% to 99% of Az < 5.4
also at the 95% confidence level. Lower ionization frac-
tions are largely made up of ionized regions too small
to be probed by the SPT data (George et al., 2015).
Furthermore, if star formation is suppressed in low mass
dwarf galaxies and minihalos located in ionized or LW-
dissociated halos, then more extended reionization histo-
ries are compatible with upper limits on the KSZ power
spectrum (Park and Ricotti, 2013). A similar constrain
was derived from the UV luminosity functions of star
forming galaxies at z ~ 6 — 10. Ishigaki et al. (2017)
concluded that the redshift interval where the ionization
fraction grows from 0.1 to 0.99 was Az =4.1 £ 1.7.

6. Sub-mm first dust emission

Dust grains are a fundamental constituent of the in-
terstellar medium (ISM) of galaxies. A large fraction
(= 50% in the Milky Way) of the heavy elements pro-
duced by nucleosynthetic processes in stellar interiors
can be locked into these solid particles. Most relevant
here, they efficiently absorb optical /ultraviolet (UV) stel-
lar light, by which they are heated, and re-emit this en-
ergy as longer (FIR/sub-mm) wavelength radiation that
can freely escape from the galaxy. It is then natural to
expect a tight relation between the UV “deficit” and the
IR excess produced by this process.

The presence of dust at high (z26) redshift implies
that conventional dust sources (AGB and evolved stars)
are not the dominant contributors. This is because their
evolutionary timescales are close to or exceed the Hub-
ble time at that epoch (= 1 Gyr). Following the origi-
nal proposal by Todini and Ferrara (2001), it is now be-
lieved that the first cosmic dust were formed in the ejecta
of supernovae ending the evolution of much more fast-
evolving massive stars (Bianchi and Schneider, 2007; Gall
et al., 2011; Hirashita and Ferrara, 2002; Nozawa et al.,
2007). For similar reasons the standard grain growth
acting on grains during their residence time in molecu-
lar clouds of contemporary galaxies cannot increase the
amount of dust by considerable amounts (Ferrara et al.,
2016). Thus, albeit quasar host galaxies show remark-
ably high dust masses (Beelen et al., 2006; Michalowski
et al., 2010), in general the dust/gas ratio towards high-z
rapidly decreases (Dunlop, 2013) as also witnessed by the
observed steepening of early galaxies UV spectra. This
does not come as a complete surprise given that the av-
erage metallicity of the Universe increases with time.



Ferrara et al. (1999) (for a recent calculation see da
Cunha et al., 2013) noticed another important feature
of high-z dust. Due to the redshift increase of CMB
temperature, Tomp = 2.725(1+2) K, the FIR signal from
dust becomes increasingly swamped by the CMB. At z =
6, for example, Toyp=19K; as usually dust temperatures
in the diffuse ISM of galaxies are in the range 20 — 40
K, the effect cannot be neglected. Even more dramatic,
if not complete, might be the suppression of the signal
from dust in dense regions (e.g. molecular clouds) where
the dust is in thermal equilibrium with the CMB.

The superb sensitivity of the ALMA interferometry has
allowed detection of the FIR signal of a handful of Ly-
man Break Galaxies (LBGs) for which HST rest-frame
UV photometry (and hence the UV slope o A deter-
mination) by Capak et al. (2015), reporting a puzzling
deviation of detected LBGs from the more local infrared
excess (IRX) vs f relation (Meurer et al., 1999). In prac-
tice, these galaxies, although characterized by relatively
flat 8 =~ —1 values, indicative of non-negligible dust at-
tenuation, show a noticeable FIR deficit, i.e. they are
relatively “FIR-dark”.

Such suggested deficit has been strongly reinforced
by an even more recent report by the ASPECS survey
(Bouwens et al., 2016). The authors have performed
deep 1.2 mm-continuum observations of the Hubble Ul-
tra Deep Field (HUDF) to probe dust-enshrouded star
formation from 330 LBGs spanning the redshift range
z = 2 — 10. The striking result is that the expectation
from the Meurer IRX-S relation at z = 4 was to detect
at least 35 galaxies. Instead, the experiment only pro-
vided 6 tentative detections (in the most massive galaxies
of the sample). Clearly, redshift evolution either of the
dust temperature and/or mass must play a key role.

An exception to the above scenario is the puzzling case
of A1689-zD1 (Knudsen et al., 2016; Watson et al., 2015),
a z = 7.5%0.2 gravitationally-lensed LBG where the ther-
mal dust emission has been detected by ALMA. The large
FIR flux Lrir = (6.240.8) x 10! L, indicates consider-
able dust amounts, consistent with a Milky Way dust-to-
gas ratio. A similar result has been obtained by (Laporte
et al., 2017) for the z ~ 8 Y-band dropout galaxy, A2744
YD4. The ALMA 1 mm detection can be interpreted to
arise from dust thermal emission, with an estimated dust
mass of 6 x 105M. How this large dust amount formed
so quickly is a challenging question for the future.

Overall, the CIB level produced by the dust compo-
nents from early times is generally expected to be small
(De Rossi and Bromm, 2017) in comparison to the mean
CIB detected at these wavelengths (Fixsen et al., 1998;
Puget et al., 1996). It is unlikely to be detectable in direct
measurements, but with enough dust may be isolated in
some suitably constructed cross-correlation studies.
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7. Reconstructing emission history via Lyman tomography

It is important also to isolate the CIB production as a
function of redshift. Different cosmogonical models pre-
dict different modes of evolution at various high z includ-
ing the range of epochs that cannot be probed even after
the advent of the JWST. Kashlinsky et al. (2015a,b) pro-
posed a methodology to reconstruct CIB contributions
by z using the Lyman tomography in the presence of two
adjacent, non-overlapping filters at wavelengths Ay > A;.
The discussion assumes that there are no emissions below
some Lyman- cutoff wavelength Ary, which corresponds to
Lya at rest 0.1216pum when reprocessing is done by the
halo H I, or Ly-continuum (0.0912um) otherwise (San-
tos et al., 2002). Such cutoff is fundamentally different
from situations such as the Balmer break, where emis-
sions, albeit of different amplitudes, exist on both sides
of the wavelength and which gets washed out in the CIB
integrations over different z.

The projected CIB auto-power is related to the un-
derlying Ps;p of the sources by the relativistic Limber
equation 3. The integration range stops at zry(A) be-
cause at larger redshifts sources emit only longward of the
ALy; the integration extending to z specified by the long
wavelength edge of the filter bandpass. The cross-power
between two bands, Ay > A1, extends only to zry(A1):

o A%(qd s 2)dz
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At Ay > A1, we can write eq. 3 as:
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at the adjacent bands A1, A2 with coherence Ci2 = %.
One would like to isolate the power, Pa,, arising
from luminous sources between zry(A1) and zpy(A2).
Rewriting (13) leads to CIB fluctuation generated over
21y (M) < z < 21y (A2) as follows:
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where the first rhs term is fully given by the data and
the last term is driven by incoherence of the sources at
the two adjacent bands which occupy the same span of
redshifts z < zry(A1):
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Subscript “data” refers to directly measurable quantities.
Pyys < 0 because C < 1 and the measurable quantity

2
(Py— %2) sets a strict upper limit on the CIB fluctuations

arising at zry (A1) < z < zy(A2).

E. New diffuse sources at intermediate and low 2z

The possibility of non-negligible CIB fluctuations aris-
ing at low to intermediate z from a “missing light” asso-
ciated with galaxy populations but distributed in diffuse
structures around masked sources has been proposed by
Cooray et al. (2012b). This “missing light” is termed
the intrahalo light (IHL) which would permeate the Uni-
verse. THL is to be distinguished from “intracluster light”
(ICL; Lin and Mohr, 2004; Mihos, 2016; Mihos et al.,
2005), associated with clusters of galaxies, which in turn
are removed/isolated in CIB fluctuations studies; much
of the ICL is further linked to extended halos of bright-
est cluster galaxies. The mean luminosity of an THL
contributing halo of mass M is assumed to be modeled
at rest A as I\(M, z) = frar(M)[F\La.2m(M)](1 4+ 2)
with F) being the SED of the IHL component, nor-
malized to unity at 2.2 pm and assumed to be the
same as that of old red stellar populations of ellipti-
cal galaxies. The fraction of the halo light stripped
away as IHL is modeled as fiur, = Af(M/10"2Mg)?
and the free parameters («, 3, A;) are adjusted to fit
CIB observations. The parental halo luminosity is nor-
malized per ICL observations of Lin et al. (2004) to be
Loopm(M) = 5.6 x 1013(M /2.7 x 10" M) L. The
angular power spectrum of the THL is then calculated
from the 1-halo term associated with the halo assumed
to follow the NFW profile (Navarro et al., 1997, NFW),
and a 2-halo term reflecting the underlying clustering.
The halo number density is derived from the underlying
ACDM hierarchy via a Sheth and Tormen (2002) variant
of the Press-Schechter prescription.

A very generic prediction of the IHL model is that the
CIB excess there is produced by 1) the same types of
populations as in known galaxies, that 2) are located at
z < 10 and hence their CIB component is coherent with
the diffuse light at visible wavelengths, and 3) have no
enhanced BH activity of populations. Because the THL-
producing stellar populations have normal Salpeter-type
IMF with emissions dominated by normal stars, to pro-
duce the same CIB levels one would need to convert more
baryons than from very massive stars radiating close to
the maximal efficiency of H-burning. Additionally, as
discussed in Helgason et al. (2014, Sec.4.3) the light-to-
mass ratio of the IHL is calibrated based on intracluster
light (at 2.7 x 10** M), and extrapolated as a power-law
down to much lower mass scales. The bulk of the IHL is
thus associated with low-mass systems so that it requires
low-mass systems to host THL exceeding their own stellar
light. This results in IHL comparable to the integrated
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energy produced by the entire galaxy populations.

A possibility also exists of CIB contributions at low z
from a new particle decay (Bond et al., 1986; Gong et al.,
2015; Kohri and Kodama, 2017).

V. CURRENT MEASUREMENTS AND DATASETS

While mean levels of CIB are generally overwhelmed
by foregrounds, Kashlinsky et al. (1996b) noted that the
same is not true for fluctuations and have pioneered the
use of fluctuations to study CIB, applying it to DIRBE
(Kashlinsky et al., 1996a; Kashlinsky and Odenwald,
2000). The low angular resolution (0.7°) of the DIRBE
beam did not allow removal of many sources and re-
stricted the probing of the net CIB fluctuation levels at
the DIRBE bands from 1.25 to 240 pm. Further develop-
ment came with deep 2MASS study of higher angular res-
olution, but ground-based instrument, where Kashlinsky
et al. (2002); Odenwald et al. (2003) developed studies of
source-subtracted CIB to isolate CIB fluctuations at 1.1,
1.6, and 2.2 pym from galaxies fainter than map ~20-21.
The next significant step was made using the IRAC in-
strument (Fazio et al., 2004b) onboard Spitzer, where
Kashlinsky et al. (2005) identified significant source-
subtracted CIB fluctuations at 3.6 and 4.5 pym, after sub-
tracting known sources to deeper levels, which exceed the
contribution from remaining known galaxies. This signal
was confirmed with numerous follow-up studies. AKARI-
based analysis by Matsumoto et al. (2011) showed con-
sistency with the IRAC measurements, but also identi-
fied significant source-subtracted CIB fluctuations at 2.4
pm. NICMOS-based study (Thompson et al., 2007a,b)
reached well beyond the depth of the 2MASS CIB results,
but the shallower CIBER results at 1.1, 1.6 ym (Zemcov
et al., 2014) conflict both 2MASS and NICMOS.

The currently available results are discussed below af-
ter summarizing the requirements for probing CIB fluc-
tuation component as faint as that expected from early
sources. While there is currently overall agreement about
the source-subtracted CIB signal identified at 2-5 pm,
the various measurements, discussed below, at 1-2 pm
led to currently conflicting and mutually exclusive mea-
surements; hence the division of the discussion in this
section. Fig. 10 shows the wavelength range of the filters
employed in the data analyses discussed below.

A. Requirements for probing source-subtracted CIB
fluctuations from new populations

CIB science goals are driven by the need to reliably un-
cover, via CIB fluctuations, populations which cannot be
resolved because they are fainter than the confusion limit
of the present-day instruments. Arendt et al. (2010) dis-
cuss in detail the exhaustive search for systematics in the
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FIG. 10 Filters used in CIB measurements to date.

analysis of the deep Spitzer data placing particular em-
phasis on the map-making algorithms and understanding
of the instruments. There are three main requirements,
broken down into detail below: I) Maps must be prepared
that isolate the source-subtracted CIB fluctuations down
to the (faint) levels such as expected from first stars era;
IT) tools used to analyze the processed (and clipped) data
must properly evaluate random and systematic contribu-
tions to large scale fluctuations; and III) a robust cos-
mological interpretation of the results must demonstrate
certain characteristics and rule out others.

o I. Map assembly: 1. Maps of diffuse emission should
be constructed carefully, removing artifacts well below
the expected cosmological signal. In practice, this means
that the maps should not have any structure at levels
above 6F ~ 0.01 nW m~2 sr~! at arcminute scales at
the IRAC wavelengths. 2. No correlations should be in-
troduced when constructing the maps. 3. In construct-
ing the maps, one should avoid spatial filters that may
remove the very populations which are in the confusion
noise and whose signal is to be identified. 4. Because of
temporal variations of the zodiacal light, data should be
collected in as short time intervals as possible.

e II. Analysis tools: 5. Both the amplitude and the
power spectrum of the instrument noise must be esti-
mated from the data (e.g., time differenced A-B maps).
This is particularly necessary for shot noise estimates. 6.
If sources are removed from the images via modeling and
subtraction, the source model should accurately account
for extended low surface brightness emission, i.e. the low
level wings of the PSF and the intrinsic brightness pro-
file of extended galaxies. The modeling should not be
pushed so deep that it alters the random noise distribu-
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tion of the measurements. 7. The effects on the power
spectrum caused by masking sources need to be consid-
ered carefully. If the fraction of removed pixels is small
(typically < 30%) one can apply FTs; otherwise the cor-
relation function must be evaluated to demonstrate ex-
plicitly that the power spectra recovered are consistent
with the computed correlation functions. 8. The beam
must be reconstructed and its large and small-scale prop-
erties understood.

o III. Interpretation: 9. A true cosmological signal
must be demonstrated to be isotropic on the sky. 10.
End-to-end simulations must be done to test that no ar-
tifacts mimic the signal found. 11. Foreground contri-
butions must be evaluated: Galactic ISM (cirrus) can be
extrapolated from locations and wavelengths where it is
brighter; zodiacal emission can be measured via its tem-
poral changes at different epochs.

B. Measurements at 2-5 um

First measurements here were motivated by theoreti-
cal suggestions of Cooray et al. (2004); Kashlinsky et al.
(2004) of a measurable CIB fluctuation signal, in certain
configurations, that arises from first stars era. While
Cooray et al. (2004) proposed a configuration of wide
fields with relatively shallow depth, Kashlinsky et al.
(2004) suggested analyzing deep relatively small regions,
where more galaxies can be removed but the angular
scales are more limited. Kashlinsky (2005a) identified
a first suitable dataset from early Spitzer IRAC obser-
vations (Barmby et al., 2004) and laid the ground for
future work by establishing the required machinery and
identifying for the first time a source-subtracted CIB fluc-
tuation component. This component exceeded that from
remaining known (“ordinary”) galaxies and was proposed
to originate in sources from the first stars era.

1. Spitzer

NASA’s Spitzer Space Telescope is a 0.85m diameter
infrared telescope launched in 2003 on an Earth-trailing
orbit (Werner et al., 2004). Its CIB results have been
obtained with the InfraRed Array Camera (IRAC)
(Fazio et al., 2004b), which covered 4 channels at
3.6, 4.5, 5.8, 8 um when it operated in the cryogenic
regime until mid-2009. After its cryogen was exhausted
it continued operating in a warm phase at 3.6 and 4.5 pm.

a. Self-calibration and map processing were established as
described in Arendt et al. (2010). A method for self-
calibration intended to make optimal use of IR imaging
data with minimal (or no) need for separate calibration
data was outlined by Fixsen et al. (2000). The proce-
dure essentially calculates a least-squares fit between the
data and a model of the data. The data model includes
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conventional (right)® processing; see full discussion in Arendt
et al. (2010). Bright sources in the images have been masked
identically. Any color variations in the intrinsic background
should not be correlated with the observing mapping pattern.
Lower panels compare median intensities across each ratio
image as a function of row and column with small offsets
added to the ratios so that they are always positive with a
mean near 1. The pattern seen in alternative processing is
related to the calibration of the detector offsets.

a http://irsa.ipac.caltech.edu/data/SPITZER/GOODS/docs/goods_dr3.html

parameters describing the astronomical sky (e.g. the in-
tensity at each pixel in an image of the observed field),
and various detector parameters (e.g. gain factors and
offsets for each pixel of the detector). An example of the
use of a more complex data model is provided by Arendt
et al. (2002). The self-calibration procedure relies on use
of an observing strategy that allows the determination of
the model parameters for the sky, without degeneracies
(Arendt et al., 2000). Standard Spitzer/IRAC observa-
tions are designed with this in mind, through the use of
relatively large scale and highly varied dither patterns.

Self-calibration has proved beneficial for the analysis
of IRAC data, because it can identify and remove instru-
mental artifacts that are not fully corrected in IRAC’s
standard basic calibrated data (BCD). The extensive ver-
ification of the self-calibration processing is provided by
Arendt et al. (2010). Figure 11 (from that work) illus-
trates the improvement that self-calibration can make in
the removal of large-scale background variations induced
by the observing strategy and mosaicking procedures.
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b. Results obtained with Spitzer IRAC instrument are
discussed below in chronological order.

The analysis of early Spitzer observations of the QSO
170046416 field by Kashlinsky et al. (2005) established
the methodology later used for such CIB studies and pro-
vided first indication of significant source-subtracted CIB
fluctuations. The QSO1700 field encompassed 5 x 10/
(1 x 2 TRAC FoVs) integrated over ~ 8 hrs/pix. After
applying self-calibration to assemble maps from individ-
ual AORs, the assembled maps at 3.5, 4.5, 5.8 and 8
um were processed by iteratively 1) clipping off resolved
sources and 2) removing outer parts of sources via a suit-
ably modified CLEAN algorithm (Arendt et al., 2010;
Hoégbom, 1974) out to a given level of the remaining shot-
noise (and a given factor above the noise power) to pro-
duce the diffuse flux maps suitable for CIB study. The
clipped pixels were filled with 6 F = 0 as originally done
in Kashlinsky et al. (2002); Odenwald et al. (2003) so
as not to add power per Parseval theorem. The clipped
fraction of the map was <25%. The power spectrum
of the noise was computed using FFTs from the time-
differenced data, (A — B), and the CIB power was eval-
uated as P = P44+p — P4s_p. The clipping was then al-
lowed to run deeper, removing up to ~ 75% of the map.
Then the correlation function was evaluated instead and
was found to remain consistent in amplitude and shape
with the CIB power computed from FFTs at the <25%
clipping as shown in the Supplementary Information of
Kashlinsky et al. (2005). Foreground emission contribu-
tions to the measured power were found to be well be-
low the identified fluctuation except at 8um, where the
signal was consistent with being dominated by Galactic
cirrus emissions. However, the diffuse maps at 3.6 and
4.5 pm, on the one hand, and 8 ym on the other were
found correlated at a weak, but statistically significant
level suggesting that the populations contributing to the
diffuse power at the former wavelengths are also present
at the latter. There was no correlation between the re-
moved sources and the residual diffuse flux maps. The
power from remaining known galaxies reproduced well
the shot-noise at small angular scales, but was shown to
be well below the identified CIB power from clustering at
Z20”. It was suggested there that the clustering arises
in new populations, posited to be at the first stars era.

After a set of new deeper Spitzer measurements be-
came available through the significantly deeper GOODS
observing program at ~ 24 hr/pix (Dickinson, 2008),
Kashlinsky et al. (2007b) analyzed the data in four parts
of sky probing source-subtracted CIB fluctuations from
maps of 10’ x 10’. Despite the deeper shot-noise levels
(see Table III), they identified a similar CIB clustering
component extending the measurements to larger angu-
lar scales. Importantly, that study allowed to probe po-
tential systematics better: the deeper observations were
from two distinct epochs separated by 6 months, when
each epoch was still sufficiently deep (~ 12 hr/pix) but



when the TRAC detectors were rotated by 180° with re-
spect to the previous epoch. Reanalysis used in Kash-
linsky et al. (2007a) used finer pixelization (0.6” instead
of 1.2") resulting in a larger fraction of the sky, fuy,
left for the power spectrum computation. If the diffuse
fluctuation signal originated from the detectors, it would
have been different at the two different orientations con-
trary to what was observed. Using the new observations
at much lower shot-noise Kashlinsky et al. (2007c) have
further refined the high-z interpretation of the CIB signal
quantifying the high-z luminosity density and the typical
source fluxes in that case.

Using an alternative scheme for map production and
analysis, Cooray et al. (2007, also Chary et al. (2008))
claimed that the power spectrum drops with additional
masking from shorter band data and the signal origi-
nates in faint blue galaxies located at the peak of star
formation and not associated with first stars era. How-
ever, their maps had only 20 — 30% of the sky remain for
FT and Kashlinsky (2007) showed that - in their data -
when the correlation function is computed for such heav-
ily masked maps instead, the signal remains the same
within the statistical uncertainties. After adopting the
self-calibration scheme of Arendt et al. (2010) that claim
appears to have been abandoned (Cooray et al., 2012Db).
Kashlinsky et al. (2007a) found no correlations between
the source-subtracted CIB fluctuations from clustering
identified in Spitzer data and very faint galaxies found in
visible with HST/ACS out to 0.9 gm and map 2 28.

The above analyses were all done for the Spitzer cryo-
genic mission, which ended in 2009 after the telescope’s
supply of cryogen was exhausted. In the warm Spitzer
mission only IRAC’s channels at 3.6 and 4.5 pym remained
operational. During the warm mission observation, the
SEDS observing program (Ashby et al., 2013) supplied
new data that, while at depth of 12-13 hrs/pix were in-
termediate between the QSO1700 and GOODS observa-
tions, covered substantially larger areas of the sky. Kash-
linsky et al. (2012) have processed the suitably covered
areas extending, for the time, the measurements to ~ 1°
where the signal remained consistent with a high-z pop-
ulation of sources as posited in the original analysis of
Kashlinsky et al. (2005). It was shown that, correcting
a high-z ACDM power template for masking effects it-
eratively, the measured power is well reproduced by a
population clustered in that manner.

Fig. 12 shows the CIB fluctuation data from seven dif-
ferent regions in the sky analyzed at the shot-noise level
of the QSO1700 field. At similar shot-noise levels the
signal appears isotropically distributed on the sky, con-
sistent with its cosmological origin.

The dependence of the Spitzer first results on the clip-
ping was addressed by Kashlinsky et al. (2005). Fig. 13
shows the CIB correlation function from that analysis
for the various clipping and demonstrates robustness of
the measured signal in the presence of more aggressive
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FIG. 12 From Kashlinsky et al. (2012, Fig. 11) showing
Spitzer-based CIB fluctuation data from 7 different fields at
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FIG. 13 Adapted from Kashlinsky et al. (2005). Correlation
function derived by Kashlinsky et al. (2005) for deep clipping
of the Spitzer data out to fuy = 30% of the pixels remaining
for analysis. Deeper clipping is specified by lower value of
the cutting parameter, Ncut, while masking area around each
pixel is increased by increased value of Npyask. Solid lines
show positive C(6), dotted correspond to C' < 0.

masking, specified by deeper cutting parameter, Ncut,
and wide mask size for each pixel applied, Nyask-

Fig. 14 shows the CIB fluctuation, including the cross-
power, to ~1° averaged over two SEDS field at the shot-
noise levels corresponding to ~ 13 hrs/pix. The cross-
power, that could be identified because the region of over-
lap between the two IRAC channels was large for SEDS
observations, appears consistent between the two IRAC
channels despite their separate optical paths. The shape
of the clustering component to ~1° is consistent with
sources distributed according high-z ACDM model.

Cooray et al. (2012b) reproduced the source-
subtracted CIB fluctuations from much shallower, but
wider Bootes field. The Spitzer integrations were only 6
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FIG. 14 From Kashlinsky et al. (2012). Field-averaged CIB
fluctuations at 3.6, 4.5 pm and the cross-power spectrum.
Dotted line shows the upper limit on CIB fluctuations from
remaining known galaxies derived in Kashlinsky et al. (2005).
Black solid line is the contribution of the remaining ordinary
galaxies per Sullivan et al. (2007) which clearly lies beneath
the data contrary to the text there. Shaded areas show the re-
constructed residual fluctuations from Helgason et al. (2012)
due to ordinary galaxies. The dashed line shows the shot-
noise contribution: Psx = 57.5 nJy-nW/m? /st (or 4.8 x 107!
nW?/m?*/sr) at 3.6 pm and Psy = 31.5 nJynW/m?/sr
(2.2 x 107 nW?/m*/sr) at 4.5 um. Blue solid line corre-
sponds to the high-z ACDM (toy)-model processed through
the mask of each field and then averaged. The ”"toy” model
here refers to the tempate of k2P3D evaluated at k = gda with
da ~ 7 Gpc corresponding to z ~ 10 and with the amplitude
fitted to the data. Thick solid red line shows the sum of the
three components.

TABLE III Analyzed Spitzer CIB data.

1) (2 (3) (4) [ (6) (7)
QSO1700 |94.4, 36.1 |5x 10 |7.8 |(70, 40) |(24.5,24.5) |77
HDFN-E1(125.9, 54.8 |10x 10 [20.9 |(26, 14) [(25.1,25.1) |77
HDFN-E2|125.8, 54.8 |10x 10 |20.7 |(26, 14) |ibid 77
CDFS-E1 |223.7,-54.4 [10x 10 [23.7 |(26, 14) |ibid 76
CDFS-E2 |223.5,-54.4[10x 10 |22.4 | (26, 14) |ibid 77
EGS 96,59.8  [8x62 |12.5 |(50, 30) |(24.75,24.75)|73
UDS 170,-59.9 |21x21 |13.6 | (50, 30) |ibid 73
Bootes  |57.5, 67.3 |3.5°x3°|0.1 |(80, 100) | (24.3,23.8) |47

Columns: (1) Name of the field. (2) Galactic coordinates
(Iga1, baa1)®. (3) Size ('). (5) texp (hrs) (6) Psy at (3.6, 4.5
pm) in nJy-nW/m?/sr. (6) Limiting map at (3.6, 4.5 um).
(7) Sky fraction, fay in %, remaining for P(q) computation.
(8) References: [1] Kashlinsky et al. (2005), [2] Kashlinsky
et al. (2007a,b), [3] Kashlinsky et al. (2012), [4] Cooray

et al. (2012a).

min/pix over a net area of 8 deg? and additional optical
data were used to remove sources to sufficiently low shot
noise level, but leaving less than 50% of the assembled
map for power spectrum computation. They identified
the signal to ~ 1°, consistent with an earlier analysis
of Kashlinsky et al. (2012), and suggested an alternative
origin for the fluctuations arising in the IHL from new
populations stripped of their paternal galaxy halo at in-
termediate redshifts z ~ 2 — 3.

Table IIT sums up all the Spitzer-base measurements
in the various sky configurations discussed above. The
signal appears the same in different location and has now
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been measured to ~ 1°. Its origin is now agreed upon to
arise in new sources with two competing theories of a
high-z origin or IHL at low to intermediate z.

c. Foreground contributions are important to evaluate:

Zodiacal light is the strongest foreground in terms of
total intensity. However, the zodiacal light is very smooth
on a wide range of angular scales. Apart from distinct
orbital structures: the asteroidal dust bands, the earth-
resonant ring, and comet dust trails, only upper lim-
its have been set on the structure of the zodiacal light
at mid-IR wavelengths where zodiacal light is brightest
(Abraham et al., 1997; Pyo et al., 2012). Extrapolating
these limits to Spitzer’s near-IR wavelengths indicates
that spatial fluctuations of the zodiacal light must be
comparable or less than the observed fluctuations.

More direct and restrictive estimates of the possible
contribution of zodiacal light to large scale fluctuations
has been made by examining the power spectra in A-B
difference maps, where A and B represent observations
of the same field collected ~ 6 or 12 months apart (Kash-
linsky, 2005a). These power spectra isolate the contribu-
tion the zodiacal light, because the structure must vary
with time, and thus does not cancel out as do the Galac-
tic and extragalactic signals. Similarly, the presence of
significant cross correlation between the structure at dif-
ferent epochs, indicates that zodiacal light cannot be the
dominant signal (Kashlinsky et al., 2012).

Most recently, Arendt et al. (2016) examined the 3.6
and 4.5 pm power spectra for a 10’ x 10’ region in the
COSMOS field for 5 epochs. The epochs were chosen to
span the widest possible range of solar elongation and
brightness variation of the zodiacal light. They found
that the large scale power showed no correlation with
the zodiacal light intensity, but noted that roughly 50% of
the white noise (best characterized at the smallest scales)
correlates with the zodiacal light intensity, presumably
due to the photon shot noise of the zodiacal light.

A different foreground to consider is stellar emission
from our Galaxy. The unresolved starlight is a signifi-
cant contributor to the mean IR background in low res-
olution studies, such as COBE/DIRBE (Arendt et al.,
1998; Hauser et al., 1998). However, with higher angular
resolution and sensitivity, resolved sources can be iden-
tified and subtracted from the data at a level well below
the point where extragalactic sources outnumber Galac-
tic stars (e.g. Ashby et al., 2013).

Emission from the Galactic ISM (i.e. cirrus) is per-
haps the most difficult foreground to address. Estimates
of the contribution of cirrus emission to the fluctuations
are generally made by extrapolation measurements made
at other wavelengths and locations where the ISM is more
easily detected. In some fields, there is evident cirrus at
8 pum where PAH features yield relatively bright emis-
sion. In these cases, an upper limit on the cirrus contri-



bution at shorter wavelengths can be made by assuming
that the 8 um power spectrum is dominated by cirrus,
and rescaling the power spectrum to shorter wavelength
using a spectral energy distribution established from ob-
servations in low-latitude Galactic studies (Arendt et al.,
2010; Kashlinsky, 2005a; Kashlinsky et al., 2012).

d. Contribution from remaining known galaxies mneeds to
be robustly estimated in the balance of the CIB. In the
original study Kashlinsky (2005a) have already shown,
by calculating an upper limit on the CIB power assum-
ing the power law of galaxy clustering observed on small
scales to extent throughout, that known galaxies below
the removal threshold do not reproduce the CIB clus-
tering signal. This is shown with the dotted line as an
upper limit in Fig. 14. In other words, 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 pym from
all the known galaxies out to map 2 26 (Ashby et al.,
2015, 2013; Fazio et al., 2004a). In their calculations
Sullivan et al. (2007) confirmed this, as shown in their
Figure, 8, although the text of the paper contradictorily
states throughout that the clustering can be produced
by normal galaxies at 22.5 < Mmyega < 26. Their esti-
mate, shown as the solid line in Fig. 14, is clearly below
the upper limit worked out earlier in Kashlinsky (2005a).
Helgason et al. (2012, HRK12) have done a very sophisti-
cated analysis described in Sec. IV.B and confirmed this,
further lowering the possible contributions from known
galaxy populations at z<6.

e. Coherence with unresolved CXB has been identified
by Cappelluti et al. (2013) in the Chandra-based cross-
correlation analysis of the source-subtracted CIB and
CXB maps. The Chandra X-ray Observatory is sensi-
tive to X-rays in the [0.1-10] keV band with an energy
resolution of 150 eV and a FoV of 16.9’ x 16.9". The sharp
imaging capabilities of Chandra and its highly elliptical
orbit allow observations with a very low background. In
X-ray observations there are two main background com-
ponents, one which is purely astrophysical produced by
blending of all sources below the detection limit (CXB)
and diffuse emission from the Galaxy and the Local Hot
Bubble. The source-subtracted CXB flux depends on the
observation depth since deeper exposures yield a larger
fraction of resolved CXB. The second component, which
we call particle internal background (PIB), arises from
charged solar wind or cosmic rays particles interacting
with the spacecraft and/or producing secondary X-ray
photons by fluorescence. The local (Galactic) compo-
nents of the X-ray diffuse emission are dominant at low
energy (E < 1.5 — 2 keV) while, at higher energies, the
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PIB and the extragalactic CXB dominate the signal.

Because of the grazing incidence design of X-ray tele-
scopes (in contrast to optical and IR telescopes), regions
of the detector close to the optical axis have better point-
source sensitivity than outer parts of the field of view:
the PSF FWHM varies from 0.5” on axis to > 8" off-
axis. Also the effective area varies with the off-axis an-
gle. As a result, on-axis sources would produce a de-
tection while off axis ones would instead contribute to
CXB. This means the mean background level is a func-
tion of the off-axis angle. These properties are important
to consider when studying unresolved CXB fluctuations.
An advantage of X-ray data, compared to optical/near-
IR, is that for every photon the CCD records time of
arrival, energy, and position. In this way, by sorting the
events in time of arrival one can produce maps of odd (A)
and even (B) events to be used later for time-differenced
(A-B) evaluation of the noise floor in power spectra.

Cappelluti et al. (2013) used 1.8 Ms data from the
AEGIS-XD survey to produce CXB fluctuation maps,
0Fx (Z), after removing X-ray detected sources (Gould-
ing et al., 2012). The AEGIS-XD survey consists of 66
Chandra ACIS-1 pointings. The common area between
Chandra and Spitzer is a narrow strip of 8 x 45'. A
subsequent analysis of CIB-CXB crosspower by Mitchell-
Wynne et al. (2016) used 4 Ms of Chandra and Spitzer
data in the CDFS area covering ~110 arcmin®. Both
used the approach developed by Cappelluti et al. (2012)
and improved in Cappelluti et al. (2013) for producing
X-ray fluctuation maps: resolved point sources like AGN,
star-forming galaxies, X-ray binaries and diffuse galaxy
clusters are removed as of first step of maps production.
X-ray sources have a low source surface density compared
to optical/NIR sources. Lehmer et al. (2012) showed that
at the depth of Chandra deep fields, the source density
is of the order of ~ 3 x 10* sources/deg?. This means
that masking X-ray sources removes less than 10% of
the pixels. However, when producing X-ray fluctuation
maps one must take into account also peculiarities of X-
ray telescopes, such as position-dependent amplitude and
nature of the two components of the background (i.e. the
CXB and the PIB). To model the PIB they took advan-
tage of the observations of ACIS-I in stowed mode. The
instrument is exposed but is stowed out of the focal plane
and far from the onboard calibration source, when only
PIB signal is present. Since the mean PIB level in this
“dark frame” differs from the observation but its spectral
shape is constant within 1-2%, these maps are then scaled
to match the actual background level. After masking and
subtracting the background they evaluate the position-
dependence of the astrophysical background using an ex-
posure map. Another effect to account for is the low pixel
occupation number of X-ray photons (e.g. in the full [0.5-
7] keV band ~1.1 photons/Ms/pix). This means that the
Poisson noise dominates the noise on small scales.

To measure the X-ray spectrum of the CIB-CXB



crosspower, while still minimizing the Poisson noise, Cap-
pelluti et al. (2013) divided the total counts into 3 X-ray
bands, [0.5-2] keV, [2-4.5] keV and [4.5-7] keV, each with
~130,000 X-ray photons. In a later analysis, Mitchell-
Wynne et al. (2016) used deeper exposures of a much
smaller field, collecting about 1/4 of the photons used in
the earlier study but with a similar occupation number.

Cappelluti et al. (2013) also studied dependence on
the masking by subjecting the data to 1) the IR mask
from Kashlinsky et al. (2012) and 2) an X-ray mask that
specifically removes X-ray groups and cluster down to
~ 10 M. CIB power spectra with or without the ad-
ditional X-ray masking agree to better than 5% on all
scales, consistent with the populations responsible for the
CIB fluctuation signal being unrelated to the remaining
known galaxy or galaxy cluster populations in the field.

After verifying that the CIB and CXB maps noise were
uncorrelated, the cross-correlation analysis between [0.5-
2] keV and [2-4.5] keV and [4.5-7] keV was performed
with the IRAC source-subtracted CIB maps at 3.6 and
4.5 pm. Their analysis identified the cross-power between
4"-1200"” and evaluated the significance by characterizing
the actual dispersion of the cross-power on scales of 10”-
1000”. In Cappelluti et al. (2013) the overall CXB-CIB
cross-power was significant at 3.60 and 5.60 for 3.6 pm
and 4.5 pm vs. [0.5-2] keV, respectively, while no signifi-
cant correlation between any IRAC maps and harder X-
ray channels was identified. Mitchell-Wynne et al. (2016)
find 3.70 and 4.70 significant cross-powers above 20", re-
spectively. Unlike Cappelluti et al. (2013) they also find
a marginally significant signal in 3.6 pm vs. [2-7] keV
(2.70) and 4.5 pym vs. [2-7] keV (3.70), respectively.

The new study by Cappelluti et al. (2017a) uses data
from the Chandra Deep Field South (CDFS), Hub-
ble Deep Field North (HDFN), EGS/AEGIS field and
UDS/SXDF surveys comprising 1,160 Spitzer hours and
~12 Ms of Chandra data collected over a total area of
0.3 deg?. They show the consistency between the mea-
sured cross-powers in each of the regions and, after com-
bining/stacking, report a highly significant detection of a
cross-power signal from clustering on large angular scales
> 20" between the 3.6um, 4.5um and [0.5-2] keV bands.
The total significance of the detected clustering compo-
nent of the cross-power is ~ 50 and 2 60, respectively.
The level of coherence between the two background fluc-
tuations from clustering is at least C ~ 0.15—0.2, this be-
ing a lower limit with the CXB power of the new sources
being unknown and limited from above observationally.
At the same time they find no significant correlation with
harder X-ray bands. Accounting for the contribution of
known unmasked source population at z < 7, this excess
appears about an order of magnitude at 5o level.

Fig. 15 presents overall results for the 3.6, 4.5 pum
cross-powers with the soft [0.5-2]keV unresolved CXB
from Cappelluti et al. (2017a).
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FIG. 15 Based on results from Cappelluti et al. (2017a).
Top: the fluctuations’ cross-power spectrum between IRAC
3.6 (left) and 4.5 pm CIB and Chandra soft CXB. Bottom:
same but for the noise of Chandra time-differenced data.

f. Spitzer CIB correlations with diffuse light at other wave-
lengths were probed in several studies as a tool to
provide insights in addition to cross-correlating source-
subtracted CIB from Spitzer with unresolved CXB fluc-
tuations. Of particular relevance to interpretation would
be whether the CIB correlates with visible light since
any high-z CIB component should not exhibit a visible
counterpart because of the Lyman break in the sources
around ~ 0.12/(1+z)pm. Soon after the discovery of the
source-subtracted CIB fluctuations with Spitzer, Kash-
linsky et al. (2007a) demonstrated that there are no cor-
relations between the source-subtracted IRAC maps and
the HST/ACS data to map =~ 28. This result implies
that the Lyman break wavelength is red-shifted beyond
the longest ACS wavelength at 0.9 um unless the CIB
anisotropies come from more local but extremely faint
(L < 2x 10"Lg) and so far unobserved galaxies. This
likely requires that the detected CIB fluctuations arise
from objects within the first Gyr of the Universe’s evo-
lution (cf. Mitchell-Wynne et al., 2015).

At longer wavelengths, Kashlinsky et al. (2012) find
only marginal correlations between their 3.6, and 4.5
pm source-subtracted diffuse maps with those at 8 pm,
consistent with either cirrus, remaining known galaxies
or new populations contributing to diffuse light at both
wavelengths. Matsumoto et al. (2011) find no correla-
tions of the AKARI source-subtracted diffuse maps with
the AKARI far-IR data at 100 um. Thacker et al. (2015)
claimed a cross-correlation of Spitzer data with diffuse
maps from Herschel at 250, 350 and 500 pym. The Spitzer
data at 3.6 um, with a 0.1 hr net integration depth, was
repixelized at the common resolution of 6”, leading to
both significantly larger removed sky and greater shot-
noise (i.e. shallower depth) in the combined images. The
resultant images had less than 40% of the map pixels
available for Fourier analysis, yet the correlation func-
tion has not been evaluated in the paper to substantiate
the robustness of the strong cross-power on sub-degree
scales, which was interpreted as coming mostly from THL.



However, a close look shows that the adopted contribu-
tion from remaining known galaxies, shown in Thacker
et al. (2015, green dashes in Fig. 9) without uncertain-
ties, corresponds to the low-faint-end of the HRK12 re-
construction. OQur evaluation of the high-faint-end limit
of the HRK12 reconstruction for the appropriate parame-
ters, which is as plausible, increases the CIB power from
remaining galaxies by up to an order of magnitude on
sub-degree scales. Consequently, the power from remain-
ing known galaxies could be revised upwards by a high
enough factor to largely explain the claimed levels of co-
herence with remaining known galaxies. The uncertain-
ties in the contributions from remaining known galaxies
are thus sufficient to account for the claimed coherence
at the levels of C ~ (1 — 3)%: the cross-power can be
explained if about v/C ~ 10% of the sources are com-
mon to both the near- and far-IR channels. Galactic cir-
rus further increases the cross-power, particularly at the
largest angular scales probed. The claimed necessity of
the THL in explaining the reported cross-power advanced
in Thacker et al. (2015) thus appears unsubstantiated.

2. AKARI

AKARI is the most recent Japanese IR satellite (Mu-
rakami et al., 2007). Its 0.68 m telescope is 20% smaller
Spitzer’s, leading to a lower angular resolution, but the
field of view of AKARI’s Infrared Camera (IRC; Onaka
et al., 2007) is 10’, which is twice as wide as Spitzer’s
IRAC. The IRC obtained images in three near-IR bands
at 2.4, 3.2, and 4.1 um, with 1.46"” pixels. It also included
mid-IR bands at 7, 9, and 11 um with 2.34” pixels and
15, 18, and 24 pum with ~ 2.45" pixels.

Matsumoto et al. (2011) used IRC data from the North
Ecliptic Pole (NEP) Monitor Field to investigate fluctu-
ations in the CIB in the three near-IR bands. The NEP
Monitor field (Wada et al., 2007) was observed regularly
throughout the mission. Observations were dithered over
a single 10’ field of view, but the field rotation through-
out the mission yields a uniformly covered circular region
of 10’ in diameter. The shot noise level after source sub-
traction and masking corresponds to limiting AB mag-
nitudes of 22.9, 23.2, 23.8 at wavelengths of 2.4, 3.2, 4.1
um, respectively (Matsumoto et al., 2011).

Matsumoto et al. (2011) describe the procedures used
for data reduction, including flat fielding, dark subtrac-
tion, and corrections for instrumental artifacts. Source
subtraction on the final stacked images was very conser-
vative/aggressive. Pixels in the maps exceeding 20 were
masked, and the procedure was iterated, until no further
pixels exceeded 20. To remove lower surface brightness
portions of sources, the IRAF DAOPHOT package was
used to find and subtract sources as seen in the unmasked
images to the 2¢ level, and higher resolution ground-
based K, band images were convolved with the IRC PSF
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FIG. 16 Adapted from Matsumoto et al. (2011). Power spectra in
the AKARI Monitor field after subtraction of the noise power mea-
sured from dark maps (Matsumoto et al., 2011). Dotted line shows
the fitted shot (white) noise level of remaining sources that were
too faint to subtract/mask. Convolution with the beam attenuates
the power in this component at the smallest angular scales.

and used to subtract the emission of extended sources.
These source-subtracted images were then masked with
the original 20 clipping mask, plus an additional mar-
gin of 1 pixel (1.5”) around all clipped regions. This left
~ 47% of the circular field available for analysis.

Power spectrum analysis, using FFT, of the source-
subtracted and clipped images revealed spatial fluctua-
tions in the data in excess of the power shown in dark
maps, generated from an equivalent number of concur-
rent dark frames. The dark maps are found to be very
similar to time-differenced A—B maps, which are gener-
ated by inverting the sign of half the data, so that any
fixed signal from the cancels out and only noise (and
systematic errors) remain. The power that is measured
in excess of the A-B noise, appears to be dominated by
shot noise (white) components at small angular scales,
but with a non-white excess increasing at large scales
(Z 50"), especially at 2.4 and 3.2 um (Figure 16).

Because of the large clipping fraction, Matsumoto et al.
(2011) have also verified their FFT-based power results
by computing the correlation function. The correlation
function, reproduced in Figure 17, also indicates the pres-
ence of large scale structure, and cross correlations show
that the structure is similar in all three near-IR bands.
Importantly, the cross-power evaluated there confirms
that the same populations are present at all wavelengths
and cluster on similarly large scales. Furthermore, since
the shot-noise contribution to C(6) is contained within
C(0), the correlation function directly isolates the clus-
tering component of the underlying populations.

The amplitudes of the power spectra at large angular
scales are indicative of the mean spectral energy distribu-
tion (SED) of the sources that produce the fluctuations.
The SED is found to rise towards shorter wavelength with
a slope similar to the Rayleigh-Jeans tail of a blackbody
(Figure 18). This is consistent with the rising SED im-
plied by the Spitzer/IRAC data, but extends the trend
to shorter wavelengths (2.4 pm).

Seo et al. (2015) have extended the Matsumoto et al.
(2011) analysis to larger angular scales by using data
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FIG. 17 Correlation and cross correlation functions for the source-
subtracted backgrounds in the AKARI Monitor field (adapted with
modifications from Matsumoto et al., 2011). The pixel scale of the
maps was modified from 1.5 to 6" to speed up these calculations,
at the expense of finer resolution. The errors bars without symbols
(red) are derived from the dark maps. The black symbols are de-
rived from the actual sky maps, and clearly show significant large
scale structure.

from NEP deep survey (Wada et al., 2008). These data
are not as deep as the Monitor Field, but span angu-
lar scales up to 1000” (Figure 19). Seo et al. (2015) use
only 2.4 and 3.2 um data from this data set, because the
4.1 pm band had insufficient depth for source-subtracted
CIB studies. The data reduction used by Seo et al. (2015)
is similar to that used by Matsumoto et al. (2011). How-
ever, the analysis of the source-subtracted images differs
as power spectra are corrected for mode coupling due
to masking, the map-making transfer function, and the
beam via the same procedure as in Cooray et al. (2012b).
Although the clipping fraction approaches 70% in the
maps, no correlation function has been presented.

Both Matsumoto et al. (2011) and Seo et al. (2015)
considered, tested, and rejected the possibility that zodi-
acal light or Galactic foregrounds can contribute to the
reported power at large angular scales (2 100”). Mat-
sumoto et al. (2011) ruled out zodiacal light because of:
the lack of signal in A-B tests using data collected at
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FIG. 18 Adapted from Matsumoto et al. (2011). The spectral en-
ergy distribution of the source-subtracted background fluctuations
averaged over scales of 100" — 350" from AKARI measurement
(filled circles) is compared to that of Spitzer (open squares). The
open red circles are the SED derived from the slopes of pixel-to-
pixel correlation of the AKARI 3.2 and 4.1 pum data with its 2.4 pm
data (scaled on the red right-hand vertical axis); the 2.4um open
red circle hence has no error bar as its correlation is 1.0 by defini-
tion. Solid and dashed lines are a Rayleigh-Jeans (vI, ~ A73) fit
to the AKARI data, and a model of the expected SED of high z
Population IIT sources (Figure 20 of Fernandez et al., 2010).
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FIG. 19 Adapted from Seo et al. (2015). The 2.4 um power spec-
trum of the source-subtracted AKARI NEP Deep field (Seo et al.,
2015), compared to the shot noise level, and the power expected
from faint remaining galaxies as derived from simulations. At scales
> 100" the measured power exceeds that expected from the remain-
ing galaxies that are too faint to subtract or mask.

different times, the discrepancy between the SED of the
residual large scale power and the zodiacal light, and the
extrapolation from limits on the zodiacal light fluctua-
tions established in the mid-IR (Pyo et al., 2012). The
extrapolation is also used by Seo et al. (2015) to rule out
zodiacal light. The contribution of faint Galactic stars
is dismissed in both papers, as both resolve sources to
depths where source counts are strongly dominated by
galaxies rather than Galactic stars. Both papers rule out
cirrus contributions, based on lack of correlation with far-
IR emission at 90 ym (Matsuura et al., 2011), which does
show evidence of cirrus emission at the NEP. In contrast,
at mid-TR wavelengths (7-11 pum) Pyo et al. (2012) find
that the large-scale mid-IR power can be accounted for



by rescaling the large-scale power at 90 um according to
a typical cirrus spectrum. At 15-24 pm Pyo et al. (2012)
report the photon shot noise as the dominant component
of the power spectrum, even at large angular scales.

The upshot of the AKARIbased analysis is 1) con-
sistency with the Spitzer results at 3.6 and 4.5 pym, 2)
identification of the source-subtracted CIB at 2.4 pm
and demonstrating, via cross-correlation, that it arises
from the same populations as at the AKARI longer IRC
channels, and 3) identifying the energy spectrum of the
sources-subtracted CIB which approximates I, oc A73.

Helgason and Komatsu (2016) suggest possible system-
atics in the interpretation due to the beam modeling un-
certainties of Matsumoto et al. (2011): the deduced shot-
noise level is sensitive to the beam and with the beam
from Seo et al. (2015) they recover a larger shot-noise
power. This decreases the effective limiting magnitude
by Am ~ 0.5 resulting in larger contributions from re-
maining known galaxies, which they suggest are enough
to explain the bulk (although not all) of the detected
CIB power spectrum. They point out however, that “the
same is not true for Spitzer/IRAC measurements at sim-
ilar wavelengths, which still show fluctuations in excess
of what can be attributed to faint galaxies” and which
are consistent with the AKARI results as discussed be-
low. While this is indeed an important point, we note
that the power they attribute is predominantly shot-
noise, is flat and will not contribute to the measured
by AKARI correlation function beyond the beam scale
(0 ~ 3"), which is shown in Fig. 17 and which they do
not attempt to model. The correlation function shows
the same populations at all of the AKARI wavelengths,
which are highly coherent and with a distribution distinct
from white/shot-noise.

3. Currently established CIB fluctuation properties at 2-5 pm

We now sum up the properties of the source-subtracted
CIB fluctuations that currently appear established in this
wavelength range.

a. Cosmological origin of fluctuations in new populations:
Fig. 12 illustrates that the CIB fluctuation signal from
clustering detected by Spitzer is consistent with being
isotropic on the sky as required by its cosmological ori-
gin. Fig. 20 shows that the same signal is present in the
AKARI measurements at the adjacent wavelengths. The
fields analyzed using Spitzer data and shown in Table
IIT span a factor of ~ 3 in cirrus intensity, yet exhibit a
consistently similar large scale component out to ~ 1°.
Likewise, the signal appears temporarily invariant sug-
gesting small, if any, contribution from zodiacal emission.
The detected CIB fluctuation thus appears to arise from
clustering of new extragalactic populations. The CIB
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FIG. 20 Comparison of CIB fluctuations from AKARI with
Spitzer. Spitzer results are shown in same color scheme as Fig.
12. AKARIresults are scaled to Spitzer wavelengths with the
o A73 SED - black filled circles are from Matsumoto et al.
(2011) and black open circles in the left panel are the shallower
measurements from Seo et al. (2015) at 3.2 pm with a higher
shot noise levels dominating small scales. All measurements
trace the same populations at angular scales 2 30", although,
because of their shallower depth and smaller area, the AKARI
data are more polluted by the remaining known sources.

fluctuations contain two components: small scales arise
from the shot noise from remaining galaxies and large
scales arise from the clustering of contributing sources.

b. Contribution from remaining known galaxies appears
negligible at large scales from Spitzer measurements,
but the situation may be less clear for AKARI, given
the somewhat small deep field (Matsumoto et al., 2011)
which leads to larger statistical uncertainties, or the shal-
lower wider field (Seo et al., 2015) which leaves pollution
from remaining known galaxies at larger levels. Nonethe-
less, the AKARI data at 2.4 pm exhibit excess at larger
scales that are consistent with large-scale fluctuations
from Spitzer at 3.6 and 4.5 um, and the correlation func-
tions evaluated there show clear deviations from shot-
noise dominating remaining known galaxy contributions
at all wavelengths. Fig. 21 sums up the contributions
from remaining known galaxies to the measured powers.

c. Spectral Energy Distribution: AKARI-based analysis
extended the CIB fluctuation measurement to 2.4 ym and
suggested an approximately Rayleigh-Jeans type spec-
tral energy distribution of the sources producing them,
vl, x v=% with a ~ 3. Fig. 21 shows the combined
AKARI+Spitzerresults with a fit of a high-z ACDM tem-
plate extrapolated from Spitzer band to the AKARI 2.4
pm channel shown in blue; solid line shows the least-
squares amplitude derived at 2.4 ym and the blue dotted
denote the 1-¢ error span.

d. Clustering component vs shot-noise power: The source-
subtracted CIB fluctuations measured with Spitzer data
appear with low shot noise, while exhibiting a substantial
clustering component, which indicates the origin of the
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FIG. 21 Adapted from Kashlinsky et al. (2015b). Mean
squared source-subtracted CIB spatial fluctuations at 2.4, 3.6,
4.5 pm. Black dashes show the shot-noise component remain-
ing in the IRAC maps. Black solid line shows the “default”
reconstruction of the CIB from remaining known galaxy pop-
ulations with uncertainty shown by shaded area from Helga-
son et al. (2012); the yellow line shows the contribution from
Helgason et al. (2016) at the revised AKARI shot noise. Blue
solid line shows the template of the high-z ACDM model; it
is extrapolated to the 2.4 pm data from the IRAC channels
using the A ™% energy spectrum with the uncertainty marked
with blue dots. Left: AKARI results from (Matsumoto et al.,
2011). Middle and right panels show the IRAC-based mea-
surements from Kashlinsky et al. (2012).

clustering component in very faint populations (currently
S5<20 nJy at 3.6 and 4.5 pm). The source-subtracted
CIB fluctuations measured from Spitzer data at progres-
sively lower shot noise levels are shown in Fig. 22. The
clustering component does not yet appear to decrease as
the shot noise is lowered by a factor of ~ 6 in analyses us-
ing progressively deeper exposures. This has important
cosmological implications for proposed models as sum-
marized in the figure caption and discussed further later.

e. Coherence of new sources between 3.6 and 4.5um: Fig.
23, derived from the Kashlinsky et al. (2012) mea-
surements, shows the coherence between the source-
subtracted CIB fluctuations from Spitzer at 3.6 and 4.5
pm. There appears a consistent picture of the CIB mea-
surements obtained with Spitzer : 1) the coherence is al-
ways bounded from above by unity including the errors,
which were evaluated using the Fisher transformation,
2) with small scales dominated by the remaining known
galaxy populations, which are independently removed at
the two bands and so are less coherent than 3) the large
scales, where new populations dominate, which cannot be
resolved with Spitzer and, hence, were not yet removed.

f. CIB-CXB cross-power: appears significant between the
source-subtracted CIB in Spitzer measurements and un-
resolved soft X-ray CXB as illustrated in Fig. 24 with
results from Cappelluti et al. (2017a). If the observed
arcminute scale CIB is produced by sources at the epoch
of the first stars, then it arises from sources which would
have been coeval with or evolve into, or even be, the first
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generation of BHs in the Universe. Since BH accretion in-
evitably produces intense X-ray radiation, one would ex-
pect a certain level of coherence between the fluctuations
of the two cosmic backgrounds. The coherence uncovered
in the measurements can also be interpreted as the frac-
tion of the emission due to the common populations so
that C;; ~ (? Jz, where (; and (; are the fractions of the
emissions produced by the common populations between
bands i, j. Cappelluti et al. (2013) determined the level of
coherence between the source-subtracted CIB and CXB
and found it of the order Ccig_cxp ~ 0.05 at the largest
angular scales, so if all the CXB power is produced by
sources correlating with the CIB then a lower limit on the
CIB fluctuations produced in association with the X-ray
sources is 15%-25%. We note that the stated coherence
represents a lower limit on the true CIB-CXB coherence
of the new sources, since the CXB power they contribute
is, while observationally unknown, less than the mea-
sured power from the diffuse X-ray maps. The level of
unresolved CXB around 1 keV is < 1keV/cm?/sec/sr (see
Table I1T in Cappelluti et al., 2017b, and Fig. 5), corre-
sponding to comoving number density of the X-ray pho-
tons at 1 keV of nexg <4 x 107 %m=3. At the same time
the excess CIB of ~ 1nW/m? /st around 3pum requires co-
moving density of CIB photons at ncig ~ 6 x 10~%cm 3.
Thus the sources producing the two together should have
nexs((1+2)keV) /nes(3/(1+2)um) £ 6.6 x 1077 requir-
ing the X/O ratio (defined as the logarithmic slope from
0.25um to 2 keV, Tananbaum et al. (1979)) ax,o0 < —2.

g. Application of Lyman tomography to Spitzer CIB was
made by Kashlinsky et al. (2015b) with data analyzed
in the IRAC configuration of Kashlinsky et al. (2012).
As Fig. 10 shows the IRAC filters are adjacent and non-
overlapping, presenting a testing ground for the Lyman
tomography. The measured CIB powers at the two IRAC
channels, Ps g, P45, and the cross-power , Ps gx4.5, shown
in Fig. 14, were used to construct per eq. 14 the
excess power component that arises where the Lyman-
break populations are present at 4.5 um, but not at
3.6 pm (3022540 assuming the Ly-break at these pre-
reionization epochs due to the Ly« absorption). The CIB
data used consist of two regions of 21’ x 21’ and 8 x 62’
of similar integration depth. The regions have full over-
lap between 3.6 and 4.5um. Fig. 25 shows the resultant
Pp, = Pys — Pigea5/Ps6 with 1o errors. The slope
of the fluctuations is close to that of non-linear galaxy
clustering produced by differentially removed sources at
the two IRAC bands. Kashlinsky et al. (2015b) decom-
pose the data shown in the figure into 1) shot-noise,
2) non-linear clustering from remaining differentially re-
moved galaxies at the two IRAC bands, assumed to fol-
low P o< ¢!, consistent with the 2MASS CIB measure-
ments, and 3) high-z ACDM and evaluate the amplitudes
of each component. The red solid line in the figure shows
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FIG. 22 Adapted from Kashlinsky et al. (2015b). Current Spitzer/IRAC-based measurements at different shot-noise levels
(decreasing in amplitude from left to right) from Cooray et al. (2012b); Kashlinsky (2005a); Kashlinsky et al. (2012, 2007a).
The remaining shot noise power, Psy, is shown in each panel in units of nJy-nW/m?/sr. Upper panels correspond to 3.6um,
lower to 4.5 pm. Dotted lines show the remaining shot noise fluctuation in the Spitzer/TRAC maps convolved with the IRAC
beam. No decrease of the large-scale clustering component is yet apparent at the lower shot-nose levels. This appears to conflict
with the currently developed IHL models, shown in green from Cooray et al. (2012b) (short dashes) and Zemcov et al. (2014)
(long dashes), where the 1-halo component contributes an effective shot noise, which may be related to the large scale amplitude
driven by the 2-halo term. Solid blue line shows a high-z ACDM template, k2P3D(k) at k = qda with da ~ 7Gpc, normalized
to the CIB fluctuation from Spitzer and corrected for the mask as described in Kashlinsky et al. (2012). The PBH model of
Kashlinsky (2016) naturally produces the required CIB, has sources located at these distances and is effectively represented
by the solid blue line. The DCBH model of Yue et al. (2013b) is plotted with red triple-dot-dashed lines. Both BH models
appear to match the current data since the shot noise amplitude, being fixed by the abundance of the individual sources and
their fluxes, is below the levels reached in these measurements.
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FIG. 24 Cross-power between CIB at 3.6 (left) and 4.5 (right)
pm and unresolved soft X-ray CXB at [0.5-2]keV from Cap-
pelluti et al. (2017a) is shown with filled circles and 1-o errors.
Line denote contributions from remaining known sources:
shot-noise (dashes) and clustering component (dot-dashed)
from galaxies and AGNs, hot gas (dotted) and the total
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FIG. 23 Coherence between in CIB 3.6 and 4.5 ym. Small
angular scales show the incoherent contributions due to dif-

ferentially removed sources at the two bands. Larger scales
are dominated by the coherent CIB from new populations.
Adapted from Kashlinsky et al. (2015b)

the resultant fit from the non-linear clustering compo-
nent. In the presence of the empirically determined re-
maining galaxy component, the amplitude of clustering
component with the concordance ACDM power template
at z ~ 30 is shown at its 1o upper limit. The resultant

(solid). Shaded regions marks angular scales where clustering
component dominates, which is measured to exceed overall
for > 207 the contributions from known sources at > 50 level
for both IR bands. See details in Cappelluti et al. (2017a).

high-z component is shown in Fig. 25. Its fitted ampli-
tude implies the contribution to the power measured at
4.5 pmin the Spitzer data by Kashlinsky et al. (2012) to
be at most 2% from z 2 30, setting the best upper limits
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FIG. 25 Adapted from Kashlinsky et al. (2015b). The
Lyman-break based tomography application to the current
Spitzer/IRAC measurements of Kashlinsky et al. (2012) at 3.6
and 4.5 pm (filled circles). Red solid (straight) line shows
the P o ¢! template that fits the data and is consistent
with the non-linear clustering of known galaxies remaining af-
ter differential subtraction at the two bands. Blue line shows
the high-z ACDM template that fits the CIB fluctuation data
at 4.5 pym. Filled region is the lo limit on the CIB power
remaining for populations at z > 2Lyman—break(4.5um) 2 30
with blue dotted line shows the central fit. The power left for
these populations is 2% of that measured at 4.5um.

available to date on emissions from these epochs.

C. Measurements at 1-2 um

There is significantly less agreement between the var-
ious measurements at this wavelength range, and their
interpretation is therefore subject to what dataset is as-
sumed to represent reality. The measurements have been
done in the following chronological order: 1) CIB anal-
ysis by Kashlinsky et al. (2002); Odenwald et al. (2003)
using deep 2MASS data from the ground (Nikolaev et al.,
2000) at 1.1, 1.6 and 2.2 pm, 2) much deeper CIB anal-
ysis (Thompson et al., 2007a,b) using space-based NIC-
MOS/HST data at 1.1 and 1.6 um over a smaller region
(Thompson et al., 2005), 3) the shallowest of the analysis
over a larger area of the sky (Zemcov et al., 2014) us-
ing partially overlapping filters center at 1.1 and 1.6 pym
with a stratospheric CIBER measurement (Bock et al.,
2013), and 4) a deep analysis using WFC3/HST data
by Mitchell-Wynne et al. (2015). The lower 4 panels in
Fig. 10 show the filters employed in obtaining the results
discussed in this section in chronological order.

1. Deep 2MASS

The 2MASS standard star survey (Nikolaev et al.,
2000) was used by Kashlinsky et al. (2002); Odenwald
et al. (2003) to develop the required methodology and
probe for the first time source-subtracted CIB fluctua-
tions. The analysis was done after the assembled field of
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FIG. 26 CIB fluctuations from 2MASS (see data in Fig. 2
of Kashlinsky et al., 2002). Shaded regions are shot-noise
contributions from HRK12 reconstruction from HFE to LFE
with thick central line for default model (solid - J, dotted -
H, dashed - K).

~ 8.6" x 1° was divided, in order to eliminate artifacts,
into seven square patches of 512" x 512" probing CIB in
each patch out to angular scales 27/q ~ 200”. The res-
olution was limited by atmospheric seeing at about 2.
Galaxies have been identified and removed down to Vega
magnitude of ~ 18.7 — 20 (AB magnitudes ~ 20 — 21) in
the J, H, K photometric bands, with each of the patches
clipped to its individual depth. As discussed in Kashlin-
sky et al. (2002) this leaves CIB from galaxies at 22 0.6—1
depending on magnitude and band. The sky fraction re-
moved with the resolved sources was less than 10% allow-
ing robust CIB FT analysis. After analyzing contribu-
tions from atmospheric glow and other foregrounds, CIB
fluctuations were claimed with the clearly non-white-
noise spatial spectrum produced by (evolving) non-linear
clustering from remaining galaxies with P o< ¢~™ and the
slope varying between n=1.4 for the shallowest removal
and n=0.6 for the deepest; for reference the present-day
non-linear clustering has n~1.3. Fig. 26 shows the ampli-
tude of the resultant source-subtracted CIB fluctuations
at the fiducial scale ¢~! = 1” and the effective deduced
slope, n, in the seven 2MASS CIB patches with sources
remaining below the flux corresponding to the AB mag-
nitude shown in the horizontal axis.

While it is reported to “identify the signal as CIB
fluctuations from the faint unresolved galaxies”, there
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FIG. 27 Adapted with modifications from Thompson et al.
(2007a,b). RMS fluctuations from the auto-power from the
NICMOS analysis (Thompson et al., 2007b) at different mag-
nitude removal thresholds. Squares mark no removal, dia-
monds are for removal out to mag ~ 19 and asterisks are for
the maps cleaned of NICMOS sources to the final depth. Tri-
angles mark the NICMOS noise as estimated by (Thompson
et al., 2007a,b). For comparison the 2MASS-based CIB fluc-
tuations from Kashlinsky et al. (2002); Odenwald et al. (2003)
are shown as red error bars without symbols. The CIB fluctu-
ations from galaxies remaining at the greatest NICMOS depth
are shown in yellow shade using the HRK12 reconstruction.

may be possible systematical biases affecting this analysis
which may stem from the required in the data destriping
corrections, adopted to cover a narrow width of pixels in
the Fourier plane, and which in turn affect the conver-
sion of the remaining o¢’s of the maps to effective magni-
tudes as discussed in Odenwald et al. (2003). In addition,
the ground-based observations are significantly affected
by the variability of OH-glow. In any event, this study
probes the remaining CIB at too shallow a depth (by to-
day’s standards) to be useful in probing high-z emissions.

2. NICMOS/HST

NICMOS-based source-subtracted CIB fluctuations at
1.1 and 1.6um were studied by Thompson et al. (2007a,b)
after progressively eliminating galaxies down to much
fainter fluxes than in 2MASS using data from the NUDF
field of 2’ on the side (Thompson et al., 2005). After
removing identified sources down to AB magnitude of
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~ 27.7, 93% of the map remained for robustly direct
power spectrum evaluation. The sky maps were at the
sub-arcsecond resolution of HST. Donnerstein (2015) dis-
cusses the contributions from remaining outer parts and
finds them small. Thompson et al. (2007b) show the
Fourier plane of their images to be clean of artifacts from
map construction. The resultant CIB fluctuations from
that study are plotted with black asterisks in Fig. 27 at
various depths of removal. At the magnitude limits corre-
sponding to the depth reached in the 2MASS studies, the
NICMOS results do not fully agree with the former study
but the difference can be accounted for if one assumes the
2MASS images to be at an effectively brighter removal
magnitude due to e.g. destriping as discussed above. The
asterisks in the figure show the diffuse light fluctuations
at the ultimate removal threshold. The remaining diffuse
light fluctuations appear significantly in excess of those
from remaining known galaxies (Helgason et al., 2012).

Based on the color-ratio of the 1.1 to 1.6 pum diffuse
fluctuations Thompson et al. (2007b) suggest “that the
0.8-1.8 pum near-infrared background is due to resolved
galaxies in the redshift range z < 8, with the majority of
power in the redshift range of 0.5-1.5”.

3. CIBER

The CIBER suborbital rocket-borne experiment (Bock
et al., 2013; Zemcov et al., 2014) has recently suggested
CIB fluctuations at 1.1 and 1.6 gm shown in Fig. 28 from
Zemcov et al. (2014). Its imaging camera probes emis-
sions with AA/A ~ 0.5 around the central wavelengths
over a square field-of-view of 2° on the side with ~ 6"
pixels. After removing galaxies to Vega magnitude of
17.5 at J band (about 3 magnitudes brighter than deep
2MASS), and construction of maps that are the differ-
ence of separate fields (to remove common instrumental
artifacts), only 30—50% of the sky is left for Fourier anal-
ysis on the CIBER maps; see e.g. Figs. S4-S7 of Zemcov
et al. (2014). After rejecting some of the data due to the
stratospheric air-glow, four fields observed over 2 flights
formed the basis for the analysis.

Their key assertions are that 1) “The observed fluctu-
ations exceed the amplitude from known galaxy popula-
tions”, 2) since they do not fit the epoch-of-reionization
modeling of Cooray et al. (2012b) they “are inconsistent
with FEoR galaxies and black holes”, and 3) “are largely
explained by THL emission” without accounting for the
remaining difference between the measurement and the
THL model.

Although the masking approaches 70% of the pixels in
this study, the correlation function has not been evalu-
ated to substantiate the robustness of the claimed power
spectra. Various potential issues with the analysis have
been discussed in Kashlinsky et al. (2015b, Sec. 2.1.2),
which are impossible to assess further in the absence of
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FIG. 28 Mean squared fluctuations from the auto-power from
the CIBER analysis (Zemcov et al., 2014). For comparison
the NICMOS (Thompson et al., 2007b) (red stars) and WFC3
(Mitchell-Wynne et al., 2015) (green error bars without sym-
bols) HST-based results are also shown.

explicit calculation of the correlation function for the
heavily masked maps. Yue et al. (2016b) have questioned
the extragalactic origin of the claimed CIBER-Spitzer
cross-power assigning it to the Galactic cirrus instead.

4. WFC3/HST

Mitchell-Wynne et al. (2015) looked at diffuse back-
ground fluctuations in deep HST/WFC3 (and ACS) ob-
servations of the CDF'S. They applied the self-calibration
procedure of Arendt et al. (2010) to construct 120
arcmin? maps at 1.25 and 1.6 ym. After masking 47% of
the maps, they use the same methodology for computing
the power spectrum from FTs as in Zemcov et al. (2014);
despite the highly substantial masking their correlation
function is not shown. Using the assembled WFC3-based
images in conjunction with ACS and IRAC data they fit
a multi-component model assuming 1) the existence of
THL with the template from Cooray et al. (2012b), in
addition to 2) remaining known galaxies modeled after
Helgason et al. (2012), 3) diffuse Galactic cirrus emission
and, 4) a high-z component from Cooray et al. (2012a).
Assuming these components they conclude that the HST-
based CIB fluctuations at 1.1 and 1.6 ym contain high-z
emissions at the luminosity density a factor of ~ (2 — 3)
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FIG. 29 Black circles show the 1.25 x 1.6pum cross-power from
WEFC3 from Mitchell-Wynne et al. (2016). Triangles are the
1.1 x 1.6pm cross-power evaluated for this review from NIC-
MOS maps: uppward triangles are for “Thompson mask,”
downward for extended mask; the two are slightly shifted for
easy display.

lower than derived earlier in Kashlinsky et al. (2007c) at
3.6 and 4.5 pym from Spitzer CIB measurements. They
also obtain with this fit modeling a cirrus level “at least
a factor of 3 larger than the upper limit” from CIBER.
The source-subtracted CIB fluctuations from that
study at 1.1 and 1.6 ym are shown in green in Fig. 28
and can be interpreted as being in reasonable agreement
with findings of Thompson et al. (2007a,b). However,
a significant disagreement emerges - at both small and
large scales - when one evaluates the cross-power be-
tween the two wavelength maps for the NICMOS images
from Thompson et al. (2007a,b) and that from Mitchell-
Wynne et al. (2015) as shown in Fig. 29. Thompson
et al. (2007a,b) did not evaluate this cross power, but
the archival images (intensity, sigma, and SExtractor
detections) are available!. We downloaded the 1.1 and
1.6 pm images, rotated and cropped them, and applied
appropriate conversions to vI,, in nW/m?/sr. No model
is applied to remove sources. Masking the sources using
the regions indicated by the SExtractor detection image
yields a mask that is similar to, but not exactly the same
as, the masking illustrated in Thompson et al. (2007a,b).
This mask excludes 10% of the data, slightly larger than
the stated above 7% exclusion. We also tested a more
conservative mask analogous to Donnerstein (2015), in
which we expanded the masked regions by a radius of
7.5 pixels (0.675”), which leads to excising 31% of the
data. The cross-power does not require noise subtraction
if the noise at the two channels in uncorrelated. There
appear significant differences in the cross power of the
NICMOS and WFC3-based data sets. Additionally, the
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auto- and cross-powers for the Mitchell-Wynne et al.
(2015) results appear to lead to coherence exceeding
unity at both small and large scales. It is not clear what
HST dataset and diffuse maps better approximate reality.

5. Current state of CIB fluctuations at 1-2 um

Unlike in the 2-5pm range, there appears no mutually
agreed upon CIB fluctuations results at 1-2um, prevent-
ing from any robust cosmological modeling. This will
be reflected in our discussions below, although whenever
it makes sense we will make brief, if more speculative,
excursions into this range of wavelengths.

D. Integrated CIB excess

The measured CIB fluctuation excess at 2-5 pum ap-
pears to have only small (within the uncertainties) vari-
ations between ~ 1’ and ~ 1°. The power spectrum of
such CIB fluctuations from the new populations can be
characterized with an amplitude at some fiducial scale
and a template. The CIB fluctuations, at say ~ 5" which
was used for such normalization in Kashlinsky et al.
(2012), as measured with Spitzer and AKARI can be in-
tegrated to give the net integrated CIB flux fluctuations
over the wavelengths of the detections leading to:

IRAC s 2p 172
( 2 ) DO
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m2sr

0Fs—5m(5) = /

AKARI

[%} S Fpspm(5) = 0.09

(16)

where vé1, = [‘122%]1/2 is the CIB flux fluctuation in nW
m~2 sr~! and we assume per Fig. 21 that it scales with
wavelength as vdl, o« A™¢ with o ~ 3; for @ = 2 the
above expression gives 6F>_5,m ~ 0.065 nW m~2 sr 1.
In the above expression we have taken the AKARI and
Spitzer/IRAC filters to have the integrated range of 2-5
pm and the “nominal” central values of the filters were
plugged into the middle expression above.

Assigning the relative amplitude of CIB fluctuation
for a given template at the fiducial scale of, say 5,
A5 = 0F>_5,m(5")/Fa—5,m would require the new popu-
lations to produce a net integrated CIB flux of Fo_5,m =
5F275#m(5/)/A5/ ~ 1HW/IH2/SI‘ for Ag ~ 10%. If its
A73 SED extends to 1.6 um , the integrated CIB fluctu-
ation excess from the new populations would be higher
at 0F(5') ~ 0.3 nW m~2 sr~! over the 1.6-5 pum range
leading to F1.6—5um <3 nW m~2 sr~! still within the er-
rors of the current conservative CIB measurements of
Thompson et al. (2007a,b). Conversely, if the A=2 SED
of the CIB excess observed with Spitzer does not extend
to the shortest AKARI 2.4 pum channel the required
CIB would be correspondingly smaller.
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VI. IMPLICATIONS OF CIB FLUCTUATION RESULTS
A. General implications

The general implications of the source-subtracted CIB
fluctuations stem from 1) the properties of the clustering,
in shape and amplitude, that appear 2) at very low shot
noise power levels (Kashlinsky et al., 2007c).

As discussed in Section IV.A.1, the shot-noise power
is Psn =~ S, () Fiot (> miim), where Fiot (> mym) is the
CIB flux from remaining sources. The measured levels of
the shot-noise do not currently reach the regime of atten-
uation 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 Psy = (26,14)
nJynW m~2 sr=! at (3.6,4.5) um . Since Psy ~ SFiot,
these limits coupled with the above, imply the upper lim-
its on the typical fluxes of the sources producing them:

Fio -t
S(3.6,4.5)um < (26,14) (W) nJy  (17)

Such objects would have mapZ28-29 and may have
fluxes well below what can be probed individually even
with the JWST.

A lower limit on the projected surface density, ns, of
the new sources can be estimated in a similar manner
by writing the shot-noise power from these sources as
Psn ~ FZip/n2. The measured shot-noise at Py ~
10~ "nW?/m?/sr (Kashlinsky et al., 2007b) gives an up-
per limit on the shot-noise from the new populations, so
their number per beam of area w, Ns, must ezceed:

F, R -
Ny > 0.1 CIB __foy jd
nW/m?/sr ) \ 10~ 1"nW?2/m?*/sr /) 10~ 12sr
18

Confusion intervenes when there are more than (.02
sources/beam (Condon, 1974), so this shows that the
bulk, perhaps all, of the new populations would be within
the confusion noise of the instruments with beams of
w22 x 107 13sr or effective radii >0.05”. Note that the
shot noise in the current measurements is clearly pro-
duced by remaining known galaxies and the component
contributed by the new sources may be much smaller
leading to still stronger constraints from confusion.

B. Known populations

It is now generally agreed that known populations ap-
pear insufficient to explain the source-subtracted CIB sig-
nal measured at 2-5 um. Its origin is then posited to lie
in new sources, either at high z or more recent epochs.
It was also shown that even extrapolating from the mea-
sured UV LFs (Bouwens et al., 2011) of the known galaxy
and stellar populations to higher z does not explain the



CIB (Cooray et al., 2012a; Yue et al., 2013a), although
latter studies of high-z UV LF (Finkelstein et al., 2015)
may ease the degree of the disparity somewhat.

C. High-z sources

The bolometric flux produced by populations contain-
ing a fraction f of the baryons in the Universe after they
have converted their mass-energy into radiation with ef-
ficiency € at an effective redshift zeg = 1/((1 + 2)~ 1) is
given by eq. 4. Populations at high z are strongly biased,
span a short period of cosmic time, and are expected to
produce As: ~ 10% relative CIB fluctuations around 5’
scale. Such populations would then require producing
about Foig ~ 1 nW m™2 sr~! in the integrated flux at
near-IR wavelengths (2 — 5 pm) implying a correspond-
ingly large luminosity density around rest-frame UV at
2210 as argued by Kashlinsky et al. (2007¢). Mitchell-
Wynne et al. (2015) derived similar numbers from an
assumed multi-component fit, including THL and high-
z sources, to deep Spitzer and HST data. The overall
fraction of Universe’s baryons needed to explain the CIB
is fHalof« (see Sec. 2.3.2 in Kashlinsky et al., 2015b).
Massive stars can convert matter into radiation with an
efficiency of € ~ 0.007, whereas accretion onto BHs can
reach € < 0.4. If the integrated CIB fluctuation approxi-
mates the bolometric flux produced by these sources, the
mean fraction of baryons that go into the sources inside
each halo, is:

-1 - , -1
Fomoa () () G (51)

() | p] 00

Thus in order to produce the measure CIB at z > 10
with “reasonable” formation efficiencies (f. < 10%) one
requires a large fraction of matter in collapsed halos ca-
pable of producing luminous sources.

1. First stars

Potential CIB contributions from first stars have been
discussed by various authors assuming both predomi-
nantly massive Pop III stars (e.g. Cooray et al., 2004;
Kashlinsky et al., 2004, 2015b; Salvaterra and Ferrara,
2003; Santos et al., 2002) as well as mixed stellar mass
functions which include also normal mass stars at high z
(e.g. Fernandez et al., 2012, 2010; Helgason et al., 2016).

Helgason et al. (2016) conducted an extensive study
of the contribution to CIB expected from early stellar
populations in standard ACDM cosmology and Fig. 30
summarizes their results for stellar contributions. The
fraction of halos, fualo, collapsing at given z according
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FIG. 30 Adapted from Helgason et al. (2016). Top: the mass frac-
tion in collapsed halos as a function of redshift. Solid and dashed
lines correspond to halos with different Ty;, as marked. Dotted
lines show the classic Press and Schechter (1974) prediction com-
pared with solid lines for the variant of Sheth and Tormen (2002).
Note that the classic Press-Schechter prescription underestimates
the abundance of the most extreme objects. Additional complica-
tion may arise through UV radiation from first sources, supernova
blast waves, and chemical enrichment of the ambient gas. Bot-
tom: the star formation efficiency fs« required to produce the CIB
fluctuations by a given redshift, zepq. The curves assume the entire
stellar population forming with IMF; , IMF19 , IMF100 , IMF500
(red, green, blue, orange; top to bottom) in all halos. The solid
lines show the case where minihalos Ty, > 1000K are included
whereas the dashed lines include T+, > 40,000 K halos only.

to several variants of the Press and Schechter (1974) pre-
scription, is shown in the upper panel of the figure. Then
one can evaluate the net CIB assuming stars of a given
stellar mass function form in the collpased halos with
mean efficiency f.. Four stellar mass functions were con-
sidered: 1) IMF; with standard Kroupa mass-function in
the (0.1 —100) Mg range, 2) IMF;o with lognormal mass
function with characteristic mass of 10M and disper-
sion of 1Mg in the (1 — 500)Mg range, 3) IMF1op with
Salpeter-type power law oc M =235 in the (50 — 500) M,
range, and 4) IMF5qp with all stars having 500M¢ emit-
ting in the near-Eddington fashion. All stars were as-
sumed to evolve from single zero-age main sequence ob-
jects, using calculations of luminosity and spectra com-
puted from the population synthesis code of Zackrisson
et al. (2011). The resultant mean efficiency f. required to
explain the observed CIB fluctuations at 2—5um within
the standard ACDM density field (Fig. 1) appears high
as shown in the lower panel of Fig. 30.

Helgason et al. (2016) discuss further the requirements
of high-z sources to produce the observed CIB fluctu-



ations within the conventional, if necessarily simplified,
framework of gravitational clustering and spherical col-
lapse of adiabatic ACDM fluctuations. They conclude
that 1) first galaxies, if extrapolated to z > 8 from known
UV luminosity functions would produce much less CIB
fluctuation power than observed (cf. Cooray et al., 2012a;
Yue et al., 2013b), and 2) at still higher z (first) stars
would have to i) form inside the collapsed halos at sub-
stantial formation efficiencies (converting f. 5% of the
available baryons in collapsing halos) and ii) be very mas-
sive (~ 500Mg) if they are to explain by themselves the
observed CIB anisotropies. Kashlinsky et al. (2015a) re-
produce the observed Spitzer signal with massive early
stars forming at the mean formation efficiency f, ~4%
out to z = 10.

The “high-mean-formation-efficiency” difficulty can ul-
timately be traced to a relative paucity of high-z col-
lapsed halos - with the parameters considered appropri-
ate for star formation - due to the limited amount of
power set by the adiabatic ACDM component of mat-
ter fluctuations, which arose from the period of inflation.
Later we discuss how the abundance of the halos col-
lapsed at high z is dramatically increased if PBHs con-
stitute the DM, and reduce - by large factors - the efficien-
cies required to produce the observed CIB anisotropies.

We note that various natural evolutionary modes of
first stars, e.g. enhanced binary formation in turn leading
to high mass X-ray binaries (Mirabel et al., 2011), would
reduce the required efficiency, f., easing the energetics
requirements for producing the observed CIB excess.

2. Direct collapse black holes (DCBHs)

The motivation to consider first black holes as CIB
sources is two-fold: (a) the power from even the faintest
reionization sources appears to be insufficient; (b) the
CIB-CXB correlation implies the presence of a substan-
tial population of accreting sources. In addition, DCBH
(Mpcpa = 10475Mg) seeds can ease the already men-
tioned problem of explaining the inferred masses of su-
permassive BHs. It is then appealing to consider high-z
accreting DCBH as additional CIB sources. Such faint
“AGN” have so far escaped detection from even the deep-
est X-ray observations (Cowie et al., 2012; Willott, 2011)
at any stage during their growth. Whereas deep X-ray
surveys do not cover enough volume at high redshift,
current wide-area studies are simply not deep enough
(Lx > 10*275 erg s—1, Fiore et al. (2012)). A possible
exception is the discovery of two z > 6 DCBHs claimed
by Pacucci et al. (2016), which has raised considerable
hope to firmly identify these supermassive BH ancestors.

CIB fluctuations may also arise from DCBHs provid-
ing a viable alternative to discover them. The original
proposal of this was made by Yue et al. (2013b, 2014)
who showed that under some conditions, a high-z DCBH
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FIG. 31 Mean squared fluctuation spectrum for the CIB-—
CXBo.5-2.0kev Cross-power at 3.6 um and 4.5 pym (Cappelluti
et al., 2017a). The predicted signal from DCBHs is shown
with red lines for Ny ~ 1.5 x 10%®> ¢cm ™2 as revised from Yue
et al. (2013b) with modifications for Ny (B. Yue 2017, private
communication). Thick red line shows convolution with the
IRAC beam of the underlying DCBH model (thin line).

population could explain the observed CIB fluctuations,
and most importantly, also the observed CIB-CXB co-
herence. The spectrum of accreting black holes formed
through the direct collapse of metal free gas in halos
with virial temperature > 10* K are very likely to be
Compton-thick. This fact has several important implica-
tions: (a) as most of photons with energy > 13.6 eV are
absorbed by the large column density of surrounding gas,
the contribution of these objects to reionization is negli-
gible; (b) for the same reason, the DCBH contribution to
the CXB is reduced significantly; (c) ionizing photons are
re-processed into optical-UV bands (free-free, free-bound
and 2-photon emission) while Ly« photons are trapped,
and finally converted into 2-photon emission. These sec-
ondary photons eventually escape the object and consid-
erably boost (by a factor of 10) the contribution of these
sources to the CIB fluctuations.

According to Yue et al. (2013b) predictions, fitting the
latest Spitzer observations at 3.6 and 4.5 pum, the ob-
served CIB fluctuations at # > 100” can be explained
(Fig. 31) by DCBHs formed in metal-free halos with virial
temperature Tyi, = (1—5) x 10% K earlier than z ~ 12.5.
These DCBHs are formed with initial masses of the or-
der of 1058 My, and subsequently were able to grow by
accreting gas at the Eddington limit for about 30-50 Myr.

A population of DCBHs with these characteristics
would produce a CXB intensity at 1.5 keV that is well
below the current observational limits as long as the ob-
scuring gas column density exceeds Nz ~ 10%% cm~2.
Analogously, DCBHs contribute only marginally to the
CXB angular power spectrum. However, the DCBH sig-
nal emerges in the CXB-CIB cross-correlation at scales
> 100”. For Ng = 1.5 x 10%® cm™2 the cross-correlation
level of the DCBH population is ~ 8 x 107!2 erg s~!
cm™2 nW m~2 sr', in tantalizing agreement with re-
cent observations (Cappelluti et al., 2013), despite the
remaining large uncertainties in current data.

Thus, the near-IR CIB fluctuations and their coherence
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FIG. 32 Adapted from (Kashlinsky, 2016). Left: Black solid
line marks the CMBFAST-computed ACDM power spectrum at
z=20 vs the mass within the comoving radius 27/k. Black dashes
show the Pycpm o k~3 extrapolation to scales not accessible to
CMBFAST, but relevant for first halos collapse. Red horizontal
solid line is the Poissonian power from DM PBHs of Mppy=30M¢),
which clearly dominates the scales relevant for halo collapse at this
z; Pppuy o« Mppu, with Mppg being a suitably averaged mass
in case of PBH mass distribution. Right: Fraction of collapsed
halos at Tyi, > 103K vs z for standard ACDM power spectrum
(small stars) and Mppu=30My (small circles); same for Ty, >
10*K shown with large stars/circles. Thick solid lines mark the
overall fraction of baryons, fygalo f+ needed to produce the observed
CIB with the H-burning radiative efficiency e=0.007 (blue) and BH-
type efficiency €=0.2 (black). The required mean baryon conversion
efficiency into luminous sources inside each halo, f., would be the
ratio of the solid curves to the symbols. fi, while high otherwise,
is very modest if the PBHs make up DM.

with the CXB might be the smoking gun of a peculiar
population of early intermediate mass BHs; they might
also shed light on the challenging questions posed by the
rapid formation of SMBHs seen in quasars.

3. Primordial black holes (PBHs)

Following the original LIGO discovery of GW150914
from two ~30M¢, coalescing BHs (Abbott et al., 2016a,e)
and a tentative detection of another similar object,
LVT151012 (Abbott et al., 2016b,c), two more GW
events were announced from a total of ~ 6 — 7 weeks of
Advanced LIGO operations: GW151226 (Abbott et al.,
2016d) and GW170104 (Abbott et al., 2017), where there
appears a marginal evidence for misaligned spins while
no electromagnetic emissions were detected. With the
current total of 8-10 BHs?, this indicates the presence of
BHs with masses peaking near Mpy ~(20-30) M. While
the pre-LIGO detection expectations were that the domi-
nant source of detectable GWs would be binary-neutron-
star (BNS) mergers (Abadie et al, 2010), by now a
growing population of BHs within the above mass-range,
while subject to LIGO-specific selection effects, appears
to dominate the GW emitting sources3. If these BHs are

2 A further GW from two merging BHs of ~ 20 and 30 My was
announced toward the completion of the aLIGO O2 run (Abbott
et al., 2017) after this review has been prepared.

3 http://waw.virgo-gw.eu/docs/GH170814/BHnassChartGW092017 . jpg
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primordial making up or dominating DM, the extra Pois-
sonian component of the density fluctuations would lead
to much greater rates of collapse at early times, which
would naturally produce the observed levels of the CIB
fluctuations (Kashlinsky, 2016).

As discussed earlier, the DM from PBHs will con-
tain an extra (isocurvature) component due to Poisso-
nian fluctuations (Meszaros, 1974, 1975) with the power
component at the time of the PBH formation being
PpBH initial = n;g g in comoving units. From their for-
mation to today (z = 0) these isocurvature fluctuations
would grow, at wavelengths below the horizon at matter-
radiation equality z.q, by a scale-independent factor of
%(1 + Zeq), SO the extra power component at redshift z is
given by (Afshordi et al., 2003; Kashlinsky, 2016):

~

Pppu(z) = 2(1 + Zeq) nppul9(2)] 2

M Qcpumh?
2x102(30§\3§>< CODE) >g2(z) Mpc® (20)

where g(z) is the linear growth factor of fluctuations
from z to today, with g(0)=1. We assumed all PBHs
to have identical mass of 30M); the discussion can be
trivially generalized to any PBH mass distribution with
a suitably averaged effective Mppy. Fig. 32, left shows
the extra power component for Mppy = 30My com-
pared to the ACDM power spectrum from the purely
adiabatic fluctuation component. The power is plot-
ted vs the mass contained in wavelength 27/k which is
M(r) = 1.15 x 10'2(r/1Mpc)® M, for the adopted cos-
mological parameters. This extra power is o« Mppy and
for Mppu > 1My dominates the small scales relevant for
collapse of the first halos at z > 10, but has no impact
on the observed CMB anisotropies or baryonic-acoustic-
oscillations (BAO) (Eisenstein and Hu, 1999) which ap-
pear in CIB fluctuations on arcminute scales. Moreover,
unlike the clustering component, white noise power con-
tributions to the angular CIB power spectrum are not af-
fected by biasing amplification (Kashlinsky et al., 2004).
This shows that there is a dramatic increase in power
from the Poissonian PBH component, normalized to the
LIGO results, on scales relevant to first halo collapse.
The higher abundance of collapsed halos in which first
sources would form at z > 10 for the PBH DM case is
shown in Fig. 32 (right) for 1) minihalos where Hy for-
mation is efficient evolve at T'<103K and 2) where, in
the absence of Ha, the metal-free gas will be able to cool
to 10°K and collapse in halos with larger virial temper-
ature will proceed isothermally. In this case luminous
sources within the much more abundant early collapsed
halos would reproduce the observed Spitzer and AKARI
CIB fluctuations with modest formation efficiency re-
quirements. This can be demonstrated by taking pop-
ulation models from Helgason et al. (2016) and rescaling
them by the collapse-efficiency ratio from Fig. 32, right.
Specifically, Spitzer-based CIB fluctuations would now be



reproduced with only f. < 0.5% forming out to 2215
(instead of 4% with formation continuing to z ~ 10)
and the lines in Fig. 5 of Helgason et al. (2016) need
to be rescaled down by the corresponding factors. Ad-
ditionally the measured CIB-CXB coherence Cappelluti
et al. (2013) would require that at least 2 (10-15)% of
the luminous CIB-producing sources are accreting BHs,
broadly consistent with this scenario. The black-body
temperature of the emissions arising from the Eddington-
accreting BHs is Thee o Mgé“ (e.g. Kazanas, 2015), so
PBHs being much less massive than DCBHs may have
CXB component extending to harder X-ray energies.

Gas collapse/evolution in the PBH minihalos may
affect the subsequent emitting source formation inside
them as outlined in Sec. IV.D.3.b. A possibility, dis-
cussed in Yue et al. (2013a) for the DCBH model,
whereby the gaseous collapsed halos are Compton thick
so the ionizing photons are absorbed and reprocessed into
a two-photon continuum, may also apply here.

The arguments are valid only if the PBHs make up
all, or at least most, of DM, but at the same time the
mechanism appears inevitable if DM is made of PBHs.
Upcoming extensive aLIGO observing runs, O3 and be-
yond, planned to start after increasing sensitivity (Ab-
bott et al., 2016f), and combined with aVIRGO?, should
be critical in testing this proposition.

D. New intermediate and low-z sources
1. Intrahalo light

The fits to CIB fluctuations at 3.6 and 4.5 pm accord-
ing to the original THL model from Cooray et al. (2012b)
are shown with green short dashes in Fig. 22. The re-
vised model fits from Zemcov et al. (2014) are shown
with long green dashes in the figure; in that most recent
form, IHL arises mostly at z < 0.5. While the model
can be said to reasonably fit the CIB fluctuations at the
highest shot-noise, in its presented forms the IHL fails
to account for the data at deeper shot noise levels, avail-
able before the introduction of the model, and it remains
to be seen whether satisfactory fits to the available data
can be constructed by its proponents. In addition, there
remain a number of observational and theoretical chal-
lenges which make the IHL interpretation problematic.
All tests that have been conducted so far have failed to
reveal any spatial correlation between the fluctuation sig-
nal and extended emission from detected galaxies. If the
THL were to arise from stars originally formed within
galaxies, the unresolved fluctuations should produce a
measurable spatial correlation with the spatial distribu-
tion of resolved galaxies. The apparent absence of such

4 http://www.virgo-gw.eu/
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correlations with i) the subtracted outer parts of galax-
ies, ii) artificial halos placed around galaxies, and iii) the
insensitivity to the increased area of source masking, all
present challenges for the IHL model. These observa-
tional tests are described in detail in Arendt et al. (2010)
and Donnerstein (2015). The THL also does not account
for the measured correlation with the soft X-ray back-
ground (Cappelluti et al., 2017a; Helgason et al., 2014;
Mitchell-Wynne et al., 2016).

2. Axion decay

Gong et al. (2015) proposed that axions with a mass
~ 4 eV decay via two v’s with wavelengths in the near-
IR band and in the process leave a signature in the EBL
power spectrum over the 0.6-1.6 pym range in agreement
with data. It is not clear, however, how the measured
high coherence levels between the near-IR CIB and un-
resolved soft X-ray CXB can be explained in this model.

E. Limitations of current instrumental configurations

Current observations of source-subtracted CIB fluctu-
ations, at 2-5 um, as discussed above suggest existence of
important new cosmological populations, and its coher-
ence with unresolved CXB implies that in part they in-
clude BHs. It is important to identify the nature and the
epochs of these sources and their influence on the contem-
poraneous high-z Universe. We identify here these goals,
the limitations of the current surveys in their regard, and
the observational capabilities required to resolve them:

a. Probing directly the epochs from Ly-cutoff is critical
to understanding the origin of the new populations
responsible for the clustering component of the CIB
fluctuations. This can be probed by the implied absence
of emissions below the Lyman-cutoff which corresponds
to the rest Ly« line in the presence of H I (prior to full
reionization). This cutoff around 0.1(1 + z)um provides
a critical marker of the epochs when the CIB originated;
at z ~ 10 this corresponds to observer wavelength of
~ 1 um. Determining the epochs of the CIB fluctuation
sources requires availability of both visible and near-IR
exposures to sufficiently large depths (map 2 24) ideally
on the same instrument. Fig. 33 shows with hashed
regions the reconstructed CIB fluctuation levels, with
their systematic uncertainties, from galaxies remaining
in the currently available and shortly upcoming experi-
mental configurations with their depth and wavelengths
accessibility related to this: CIBER2 (Lanz et al., 2014,
green), AKARI+HST (red), Spitzer+HST (blue) and
the Fuclid-based configuration detailed in the following
Section VII. The CIB fluctuation signal is illustrated
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FIG. 33 Adapted from Kashlinsky et al. (2015b). CIB fluctua-
tions at 2m/qg =4’ vs A from known galaxies remaining at marked
depths (colored bands top to bottom as per legend) are compared
to the measured CIB fluctuations at 3.6 and 4.5 um (Kashlinsky
et al., 2012, 2015b, filled triangles) and 2.4pm (Matsumoto et al.,
2011, filled square). Open triangles show an example of z > 10 con-
tribution at J, H bands, which reproduces Spitzer data (Helgason
et al., 2016; Kashlinsky et al., 2015a, see caption to Fig. 34 below);
it has no emissions below ~ 1.1um. Filled circles mark the default
HRK12 reconstruction and dashed areas mark the limits due to the
HFE and LFE extrapolation extremes. The fiducial scale of 4’ is
shown since the fluctuations at larger scales are approximately con-
stant until ~20’-30" where they approach the HZ regime, P  gq.

with the amplitudes at 4’ where the source-subtracted
CIB fluctuation is theoretically expected to be near
its peak. The amplitude of the mean squared CIB
fluctuation detected with AKARI and Spitzer is shown
with black solid square and triangles respectively. As one
can see, CIB/EBL fluctuations from remaining known
galaxies are such that, to probe a possible Lyman break
of the CIB signal at 3.6/4.5 pum, one must eliminate
sources to fainter magnitudes than feasible in the current
experiments (see discussion in Kashlinsky et al., 2015b).

b. Probing the CIB cross-power and coherence with the CXB
is fur-
ther critically important in that it tells us in what frac-
tion the CIB emissions come from stellar nucleosynthetic
processes or are generated via BH accretion as well as
proportions of the two kinds of populations. The use
of Chandra as a probe for the CIB vs. CXB coherence
has intrinsic limitations arising from the design of the
telescope itself (Sect. V.B.1.e). In fact, its main feature,
the high angular resolution, has been obtained at the
price of a relatively low effective area, a limited field
of view, and strong vignetting that limit the observa-
tory’s survey grasp. The net effects of this design on
the Chandra survey performances and fluctuation stud-
ies are: a) deep coverage is reached only on a small por-
tion of the field of view near the optical axis; b) images
are significantly shallower off-axis; ¢) modeling sources of
noise/foreground is complicated by the broad PSF tails;
d) cosmic variance, due to the limited corrected field
of view severely affects the large scale measurements of
the clustering components; e) Poisson fluctuations due to

with good energy resolution and statistical precision
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the low photon surface density number (counts/pix) (i.e.
0 Fpoiss,x > 0Fcxg) affect the maps severely. The net ef-
fect is that P4_p > Pcoxp or, in other words, the X-ray
fluctuations signal is background dominated. These ef-
fects limit the reliability of CXB vs CIB coherence with
Chandra to < 1000”. Suitably designed raster scans,
as used for the UDS or the EGS fields (Sect. V.B.1.e),
or stacking fields can mitigate these effects (Cappelluti
et al., 2013, 2017b). Another limitation is that P4_p is
one order of magnitude larger in the hard X-ray band
than in the soft band (Cappelluti et al., 2017b). This
limits the energy bands where the coherence can be eval-
uated and hence the precision on the SED of the sig-
nal. So far significant cross-power has been measured
only between CIB and [0.5-2] keV with upper limits de-
rived in the hard X-ray bands, limiting probing the X-ray
spectrum of the sources. No measurement has been per-
formed with XMM-Newton yet, despite its much larger
collecting area and smaller vignetting compared to Chan-
dra; XMM-Newton has a rather broad PSF (15” HEW,
on axis) that hampers the masking of resolved sources.
Moreover XMM-Newton’s orbit is such that the instru-
ment suffers from severe background flaring and soft pro-
tons, which are difficult to model. For the same rea-
son the larger effective area of XMM-Newton in the hard
band cannot be fully exploited in fluctuation studies. Fu-
ture survey missions, like eROSITA, will address these
problems by covering extensive area of sky with a high
throughput wide-field telescope with smaller vignetting,
which in addition will be cancelled out by the scan geom-
etry. The background in the eROSITA’s L2 orbit may be
more stable than for XMM-Newton. eROSITA’s broad
PSF will remain an issue, but below we suggest possible
successful strategies in combining eROSITA and Euclid.

c¢. To summarize the following thus appear to be re-
quired to resolve these topics adequately based on the
discussion above: (1) near-IR sky maps over a large
part of the sky integrated deep to mapZ 24, (2) corre-
sponding visible band diffuse maps, integrated to depth
of map 225 or fainter, (3) corresponding diffuse X-ray
maps of large area and good energy resolution between
<1 keV and 210 keV in the observer frame, and (4)
corresponding microwave diffuse maps covering large sky
areas at several frequencies with ~ 1’ resolution and low
instrument noise. These are required for measurement of
the power spectrum and SED of CIB, clustering vs shot-
noise, the Lyman break of the sources, cross-powers with
other wavelengths, and history of emissions.



TABLE IV Euclid survey parameters.

Survey |Area |VIS NISP-Y NISP-J NISP-H
deg? 0.6-0.9 pm|0.9-1.2 pm|1.2-1.5 pm | 1.5-2 pm
Wide 2x10% [myjm = 26 [ Mmiim = 25 [ Miim = 25 | Mijm = 25
F(>my) L1tes |11ty 08708 06707
Psx 46131 120759 95153 73150
Deep 40 Miim = 28 [ Miim = 27 | myjm = 27 |myym = 27
romo | e ol o
Psn 33517 847570 5973570 42755

Remaining known sources CIB, F(> mg) in nW/m?/sr, and
shot noise, Psx in nJy-nW/m?/sr. Limiting magnitudes for
remaining sources use ~2.50 removal as will be used in CIB
studies, which differs from the nominal 56 by Am = 0.75.

VII. LIBRAE: LOOKING AT INFRARED BACKGROUND
RADIATION ANISOTROPIES WITH EUCLID

Looking at Infrared Background Radiation
Anisotropies with Euclid (LIBRAE) is a NASA ap-
proved project® to probe the CIB using data from
the European Space Agency’s M-class mission Fuclid®.
LIBRAE will exploit the Euclid imaging of the Wide
and Deep Surveys at near-IR and visible wavelengths to
conduct CIB science with unprecedented precision and
scope and will be able to probe both the origin of the
CIB and its populations together with the conditions ex-
isting at high z. We discuss the technical prospects and
methodology quantifying the science goals of LIBRAE.

A. Euclid configuration and data reduction methodology

The Fuclid spacecraft will carry a 1.2m telescope to a
Sun-Earth L2 orbit with two instruments: VIS and NISP.
The VIS instrument performs very broadband (0.55-0.90
um) imaging using an array of 36 4k CCD detectors with
a pixel scale of 0.1”. NISP imaging is done in Y, J, and
H bands using an array of 16 2k HgCdTe detectors at a
pixel scale of 0.3”. Via a beam splitter, both instruments
have similar fields of view of ~ 0.7° x 0.7° (~ 0.53 deg?).

Euclid’s main scientific objectives, studying DE evo-
lution to z ~ 2, require the mission to carry out two
surveys. The Wide Survey aims to cover ~ 20,000 deg?
at a nominal depth, whereas the Deep Survey will to-
tal ~ 40 deg? observed to 2 magnitudes deeper than the
Wide Survey. Data from both surveys should also be
useful for studies of the source-subtracted CIB fluctua-
tions. Laureijs et al. (2011, 2014) give a comprehensive
overview of the Fuclid primary science goals, telescope,
instruments, and observing strategy.

5 nttp://www.euclid.caltech.edu/page/Kashlinsky\%20Team
and http://librae.ssaihq.com
6 nttp://sci.esa.int/euclid/ and http://www.euclid-ec.org
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The analysis of source-subtracted CIB fluctuations
would involve three largely separable tasks: 1) construc-
tion of source-subtracted images of suitable scale and
depth, and minimal artifacts, 2) subtraction/masking re-
solved sources, and 3) evaluating the fluctuations.

The means of producing maps for CIB analysis has var-
ied according to the data being used and the researchers
performing the study. Default processing pipelines are
usually more focused on the resolved sources, and may
not be designed to accurately reconstruct diffuse back-
ground emission that extends on scales larger than the
detector. For Spitzer/IRAC data, self-calibration (Fixsen
et al., 2000) has proved a useful means of mosaicking indi-
vidual frames into wider and deeper mosaic images, while
removing fixed-pattern structure that correlates with the
detector rather than the sky (Arendt et al., 2010). This
technique may be applied to Fuclid data, but given the
size of the Fuclid surveys there are several issues of scale
which need to be addressed to do this efficiently.

The field size of the data that are self-calibrated and
analyzed would be limited to sizes up to the maximum
scale of interest for the CIB (~1°). The limited field
size retains the ability to analyze the 2-D fluctuations
without difficulties of the mapping projection. For some
tests, much larger regions could be mapped and analyzed
in HEALPIX format (Gérski et al., 2005). For angu-
lar scales sampled by the limited fields, averaging results
from many fields should be equivalent to measurement
of the same contiguous area. Multiple smaller fields also
allow a wider capability to check field to field consistency.

Savings in processing speed and output data volume
can be attained by reducing the resolution of the data.
The smallest angular scale information is non-essential,
as it primarily reveals the shot-noise level of the CIB,
which is also revealed at scales of ~ 10" and larger (Fig.
34). In working with degraded resolution data, it will be
useful to remove sources from individual exposures be-
fore creating mosaic images rather than after. Source
removal can be based on the size, shape, and bright-
ness of identified sources from the standard processing
pipelines. Low resolution source-subtracted mosaics may
also have a decreased fraction of masked pixels, because
the low-resolution pixel need only be masked if all of the
underlying full-resolution pixels are masked.

The analysis of the power spectrum using FFT's, or the
correlation function using slower methods, will be more
expedient with smaller, lower resolution images and the
project will involve both forms of analysis. Processing
and analysis will be similar for both the Wide and the
Deep Surveys, as both will use the same observing strat-
egy (exposure times and sequence, dithering, etc.). Be-
cause the Deep Survey fields are located near the ecliptic
poles and are revisited regularly, the repeated coverage at
constantly rotating position angles should lead to better
self-calibration result and improved data quality, beyond
the direct increase in sensitivity of the observations.



B. Foregrounds: Galactic Stars, ISM and Zodiacal Light

The same foregrounds (stars, DGL, and zodiacal light)
that can potentially affect the CIB fluctuation measure-
ments of other spaced-based observations will need to be
considered for analysis of the Fuclid data as well (Sec-
tions V.B.1.c, V.B.2, V.C.3, V.C.4).

With high angular resolution and good sensitivity (Ta-
ble IV), most Galactic stars can be individually resolved
and masked at the high latitudes of the Fuclid surveys.
The stellar luminosity function declines at M; 2 8 (e.g.
Bochanski et al., 2010), but even late M stars at M; ~ 11
can be detected by NISP in the wide survey at distance
of several kpc. However, cooler and fainter brown dwarfs
(e.g. Dupuy and Liu, 2012) will only be individually de-
tectable on scales < 100 pe.

The DGL energy spectrum is expected to rise as wave-
lengths decrease from Spitzer/TRAC’s 3.6 pm band to
Euclid NISP’s Y band. At the Euclid wavelengths, the
DGL should be strongly dominated by scattered light
with little to no contribution from thermal emission. The
wide survey will necessarily cover many regions of higher
DGL intensity than previously studied small deep fields
(usually selected in part for low ISM column densities).
Thus the DGL will usually be stronger than in most pre-
vious studies, but the wide survey observations will allow
much more robust correlation of potential DGL against
other tracers of ISM, or even simply Galactic latitude.
Measured relative to the 100 um thermal dust emission,
the mean intensity of high latitude DGL at ~ 0.4 — 5 pym
has been pieced together by a number of studies (Arai
et al., 2015; Brandt and Draine, 2012; Sano et al., 2015,
2016; Tsumura et al., 2013). However, these and other
studies (e.g. Mitchell-Wynne et al., 2015) also report sig-
nificant variations in the DGL at varied locations.

To help minimize backgrounds and increase sensitiv-
ity, the Fuclid surveys avoid low ecliptic latitudes. How-
ever the range of allowed solar elongations is very limited
compared to most other facilities, and repeat coverage
will only exist for the deep survey and calibration fields.
Therefore, detection of zodiacal light influences through
temporal tests will be limited, and examination of trends
vs. ecliptic latitude may be the most useful approach
for the wide survey. A critical look at the colors of the
fluctuations can also be useful as CIBER results indicate
that the mean CIB spectrum is redder than the zodia-
cal light (Matsuura et al., 2017). At longer wavelengths,
3.6 - 4.5 pm, Arendt et al. (2016) have shown that the
zodiacal light does not affect the power from clustering
in large scale fluctuations, but it does contribute to the
white noise component of the power spectrum.
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C. Probing the power spectrum and its Lyman break

The configuration of FEuclid’s near-IR and visible
bands, and the coverage and depth of the surveys, are all
uniquely suitable in probing, highly accurately, source-
subtracted CIB fluctuations from new sources at early
times. The large area covered by the Fuclid’'s Wide Sur-
vey enables measuring the fine features of their power
spectrum with unprecedentedly high precision and the
Deep Survey allows probing the clustering component at
unprecedentedly faint depth.

Mask corrections for the evaluated power are not ex-
pected to be important with the Fuclid configuration: at
0.3" resolution there would be ~ 1.44 x 10® pix/deg?,
whereas at the depth of the Deep survey there would
be ~ 2 x 10° sources/deg? according to deep counts at
the near-IR NISP bands. Even taking conservatively
~ 30— 50 pixels/source on average, the mask would elim-
inate only a few percent of the pixels in the Wide Survey
and a bit more in the Deep Survey. However, although
the mask fraction is small enough to enable robustly ac-
curate power computation, the images would already be
in the confusion limit for their deepest sources, increasing
the usefulness of CIB studies. In this limit the correc-
tion for masking, even if necessary in this high-precision
measurement, can be done using a methodology of Kash-
linsky et al. (2012) adopting a high-accuracy template as
prior, running it through the mask in simulated maps and
comparing the output to measurements. At this resolu-
tion removing sources at 2.50, or even more aggressively,
would be possible; in this limit only ~ 1% of the noise
pixels would be additionally removed at this threshold.
This makes the expected total fraction of removed pixels
comfortably below 10%.

Fig. 34 shows the advantages provided by the Fuclid
configuration for CIB power measurements. The HFE
to LFE range of CIB fluctuations from the HRK12 re-
construction of remaining known galaxies is shown with
shaded regions for each configuration. Thick line shows
a high-z CIB example, which fits Spitzer 3.6 and 4.5 um
CIB fluctuation data (Helgason et al., 2016; Kashlinsky
et al., 2015a). The figure shows that such CIB fluctuation
component can be robustly resolved in the presence of the
known galaxies remaining here. The bulk of the fluctu-
ation signal is contained between ~1’ and a few degrees
with the peak near 10’-15" corresponding to the ACDM
power spectrum projected to the distance of the emitting
sources. The large total area available for the CIB maps
would enable the CIB power measurement with better
than sub-percent statistical accuracy below 1° assuming
that 10,000 deg? would be useful for CIB analysis. In the
40 deg? area of the Deep survey, the power spectrum will
be measured with better than <15%(6/1°) statistical ac-
curacy on sub-degree scales. Thus the fine structure of
the CIB can be resolved with high statistical accuracy in
both Euclid configurations.
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FIG. 34 HRK12 reconstruction of fluctuations from known galaxies remaining in the Fuclid VIS and NISP bands (Table IV) is
shown with grey shaded area for Wide Survey and red lined area for Deep Survey; dashed line denotes the default reconstruction
and dotted lines show the HFE to LFE limits for each band. The thick solid line from Kashlinsky et al. (2015a) is an example
of high-z CIB, which fits Spitzer 3.6, 4.5 ym CIB fluctuation data, based on the IMF500 model from Helgason et al. (2016)
with fi = 0.04 ending at zena = 10; it has no emissions in Y and VIS bands due to the Lyman cutoff of the source emissions.

The figure also shows that in this configuration the
Lyman break of the high-z CIB component can be probed
very robustly. In both the VIS and Y bands the levels
of remaining known galaxies are comfortably below the
high-z component normalized to the measured source-
subtracted CIB from Spitzer and which is prominent at
the Fuclid J and H bands.

Fig. 22 shows that the clustering component of
the CIB fluctuations does not yet appear to decrease,
within the measurement errors, with the lower shot noise
reached in deeper IRAC integrations. As discussed ear-
lier this sets strong constraints on nature of the individ-
ual sources producing these CIB anisotropies and finding
the shot noise level which starts affecting (decreasing) the
large scale clustering component of the CIB would pro-
vide important information about the sources producing
it. The Wide and Deep survey of Fuclid appear suitable
for probing with good accuracy the clustering component
as function of shot noise out to significantly lower depths
and larger angular scales than hitherto possible.

To conclude this discussion, the Fuclid parameters, de-
signed for independent dark energy studies, are well po-
sitioned to 1) probe the fine structure of the CIB power
spectrum highly accurately, 2) determine directly the
epochs of the sources producing them from the Lyman
cutoff by comparing with the signal at the shorter wave-
lengths, and 3) probe the behavior of the clustering com-
ponent as one reaches significantly lower shot-noise levels.

D. Probing BH contribution: CXB-CIB crosspower

In addition to the already operating X-ray satellites,
Chandra and XMM-Newton, the expected 2018 launch
of eROSITA will be of significant importance for the
LIBRAE measurements of the CXB-CIB cross-power.

eROSITA” (extended Roentgen Survey with an Imag-
ing Telescope Array) is an instrument developed by
the Max-Planck-Institute for Extraterrestrial Physics to-
gether with the German Space Agency DLR, to fly on
Russia’s space mission Spektrum-RG (SRG). It consists
of an array of 7 Wolter-Type I nested mirror systems with
7 X-ray CCD detectors in the focal planes. It will per-
form an all sky X-ray survey in the [0.1-12] keV range. In
the [0.1-2] keV band, the survey will be ~30 times deeper
than the ROSAT All-Sky-Survey, while in the [2-12] keV
band eROSITA will perform the first ever all-sky survey
with a focusing X-ray telescope. The eROSITA active
field of view will be ~1 deg?, which together with the
large collecting area gives eROSITA a grasp of ~ 1000
cm? deg? at [0.5-2] keV, about 3x larger than the combi-
nation of the 3 XMM-Newton telescopes (Merloni et al.,
2012). The eROSITA PSF will have a half power diam-
eter (HPD) of ~ 15" on axis and 28" in survey mode.

The eROSITA All-Sky Survey (eRASS) will map the
entire sky with a cadence of 6 months and an average
exposure of ~2.5 ks, plus two ~100 deg? regions of deep
survey, with an exposure of the order of 100 ks at the
North and South Ecliptic poles (NEP, SEP), correspond-
ing to limiting sensitivity of 1.1x107* erg cm=2 s~ and
2x1071 erg cm™2 s7!, respectively. In the deep survey
the source density will be of the order ~400 deg—2. By
masking the X-ray sources with a radius of the HPD,
about 90% of the image pixels will be available for the
analysis, but still a significant fraction of the source flux
will leak outside the mask, which will contaminate the
diffuse light estimate.

Since the uncertainty on the cross-power spectrum
is proportional to the square root of the survey area,
eROSITA and Euclid will provide results to better
than <10% statistical uncertainties out to 1°-2°scales.

7 http://www.mpe.mpg.de/eROSITA
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FIG. 35 Left: estimates of the Euclid vs. [0.5-2] keV
cross-power noise floor. Solid bands represent the Euclid vs.
eROSITA configuration for 40 deg?® survey described here.
The symbols represent the 30 detection floor expected from
the HRK12 reconstruction of contributions from known galax-
ies remaining (Table V) in the shown binning. Cyan (upper)
shading shows the floor for the eROSITA vs Fuclid-VIS cross-
power; green eROSITA vs Fuclid-H. Blue and dark green (up-
per and lower) dots (mean value from Table IV) with inter-
vals (HFE and LFE), represent configurations for Chandra vs
Euclid/VIS and Chandra vs. Euclid/H respectively. Right:
Same as left for [2-10] keV band.

LIBRAE will cross-correlate the Euclid bands with
eROSITA X-ray bands and, on smaller areas with Chan-
dra or XMM-Newton. In theory, if the observed CXB-
CIB cross-power is due to accreting BHs at high-z, we
do not expect to measure similarly strong coherence be-
tween the CXB and the (VIS, Y) as with J, and H bands
if the typical sources lie at z >(4, 6.5).

LIBRAE will measure the average X-ray spectrum of
the sources contributing to the excess fluctuations by
cross-correlating multiple X-ray bands with one or more
near-IR bands. The eROSITA range could be divided
into energy bands compatible with the X-ray CCD en-
ergy resolution, that reaches 60 eV at low energies and
>100-150 €V at high energies (>2 keV). However, in a
tradeoff between energy resolution and signal-to-noise ra-
tio a reasonable energy resolution in the X-ray band will
be of the order of 0.5 to 1.5 keV. The X-ray spectrum
carries information about the amount of intrinsic absorp-
tion in the host galaxy (measured with the depression of
the low energy signal) and the accretion rate (measured
with the spectral index). This information, combined
with a precise measurement of the clustering properties,
may constrain the number density of the sources. These
are very important quantities since, if these are high-
z BHs, the number density, accretion rate and columns
density are key descriptors of these BH populations. If
the sources are instead at low-z, these are important to
characterize the nature of these populations.

How well can Fuclid and eROSITA (and Chandra)
measure any CXB-CIB cross-powers? To provide an es-
timate of the noise floor for these forthcoming measure-
ments by using realistic assumptions of the instrument
configurations, we have simulated Euclid deep survey
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fluctuation maps of 40 deg? where the signal is only pro-
duced by the shot-noise from unresolved discrete sources.
The shot-noise levels used are from Table IV and we var-
ied them according to assumptions on the faint end of
the luminosity function adopted in the extrapolation to
faint Fuclid limiting magnitudes (Helgason et al., 2012).
For eROSITA we simulated two deep survey maps of 40
deg?, each, with 100 ks exposure in the [0.5-2] keV and
[2-10] keV bands, respectively. The maps have an av-
erage count-rate of 2.14 and 0.92 ct/s/arcmin? (Merloni
et al., 2012) in the two bands, respectively. The count
rates have been converted into count maps with an expo-
sure map and Poisson noise was added. The maps have
been then transformed into surface brightness maps with
an energy conversion factor given by the instrumental re-
sponse and finally into fluctuation maps in units of erg
cm~2 sr~!. The same procedure has been adopted to
create simulated noise maps with the typical configura-
tion of a Chandra medium-deep field of ~ 0.2 deg?, and
an exposure of 400 ks, by using the background values in
the EGS field analysis by Cappelluti et al. (2013, 2017b).

From those maps we estimated the 30 noise floor
of the cross-power spectrum for every combination of
band and instrument configuration. In Fig. 35 we show
the computed 3¢ upper limit on the noise power, i.e.
3v/Prr(q)Px(q)/N(q), where Prr(q) and Px(g) are the
IR and X-ray power spectra, respectively. The eROSITA
vs. Euclid noise floors will be systematically lower (up
to one dex) than those of Chandra and Fuclid. Such a
difference is driven mostly by the larger area sampled
by eROSITA, despite the shallower depth compared to
Chandra. Noteworthy in this context is the much higher
hard X-ray band sensitivity of eROSITA than Chandra.

The expected mean squared amplitude ¢ Py, x /27 for
the noise floor is £0.5-5x10713 nW m~2 erg cm™2 sr—2
on scales ~ 100" — 500", assuming binning of Alog(q) =
0.15. The observed 3.6/4.5um vs [0.5-2] keV cross power
in the same angular range is ~ (3—5)x 10~ nW m~2 erg
cm ™2 sr~2. This means that we can measure drop-outs in
the cross-power between X-ray versus 3.6 pym and X-ray
versus Buclid H — VIS bands of the order ~ 102, This
corresponds to [3.6]-[H] through [VIS] colors of up to
~ 5 magnitudes, which are sufficient to obtain significant
measurements of the Lyman break. However, this means
that, regardless of the nature of the sources, it will be
possible for the first time to infer the properties of source
populations with a detailed measurement of the broad
band SED of the EBL fluctuations.

E. Probing IGM at pre-reionization: CMB-CIB crosspower

At high-z, the early sources, responsible for CIB fluc-
tuations, would have ionized and heated up the surround-
ing gas which, in principle, would generate secondary
anisotropies in the CMB via the TSZ effect. Given that



FEuclid will cover ~ 20,000 deg? with sub-arcsecond res-
olution at three near-IR channels, this weak signal may
be teased out of the noise, after suitable construction of
a comparably large-area, low noise, multifrequency CMB
maps at roughly arcminute resolution which are expected
to be available in the near future. Atrio-Barandela and
Kashlinsky (2014) show how such measurements can lead
to a highly statistically significant result. At the same
time, the CIB signal from high-z should have no corre-
lation with the diffuse emission maps obtained from the
Euclid VIS channel if the sources’ epochs are such that
the Ly« line is redshifted beyond 0.9 pm; this would fa-
cilitate isolating the CMB-CIB cross-power from high z.
For example, massive Population III stars have ap-
proximately constant surface temperature T, ~ 10°K
producing a large number of ionizing photons with en-
ergy > 13.6eV, and resulting in a constant ratio of the
ionizing photons per H-burning baryon in these objects.
There would be ~ 10%2M, /Mg ionizing photons pro-
duced over the lifetime of these stars (~ 3 x 10%yr)
(Bromm et al., 2001; Schaerer, 2002) by a halo containing
M, in such sources. If k ionizing photons are required
to ionize a H atom, around each halo containing M, in
stars there will be a bubble of Mo, ~ 10°.x~ 1M, ion-
ized gas, heated to a temperature of T, = Tey4104K. If
the electron temperature T, and density n. are constant,
the Comptonization parameter averaged over the solid
angle wp subtended by the bubble would be Yo p =
(4/3)orneRion(kT./mec?), where Rjo, is the radius of
the ionized cloud. Each ionized bubble would generate a
CMB mean distortion over an area of solid angle w given
by trsz.s = GLYc, <2 Tomp where G, is the frequency
dependence of the SZ effect. The net distortion will be
the added contributions of all bubbles in the CMB pixel,
Trsy = naowtrsz B, where now is the total number of
bubbles along the line of sight on a pixel of solid angle w.
Since the shot noise power Psx ~ Fég/n2, the sky
density of these sources is given by eq. 18, leading to

2
kJBT8 ar Mion FCIB ~

4
Trez ~ —G, T, —
15z = — Gy CMBmeCQ &, pmz Psx

2
O.5Gpc> M, (21)

200G, T,
< da 107kp Mg~ *

Here, Feig is the net CIB flux from these sources in
nW/m?/sr, u is the mean gas molecular weight and
kp the Boltzmann constant. M, corresponds to a con-
servative choice for the mass of the ionizing sources in
each early halo and the proper angular diameter distance
da=0.5-0.9 Gpc at 2z=20-10. For the above, the effec-
tive Thomson optical depth due to the reionized medium
A7 = 2000K/[Tomp(kpTe/mec?)]=0.044 is below the
measurement values in Table II.

Due to variation in the number density of bubbles
with a relative number fluctuation of A ~ 0.1, the
CMB distortion Trsz would generate CMB temperature
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FIG. 36 Adapted with modifications from Atrio-Barandela
and Kashlinsky (2014). Filled regions show the range of the
S/N of the CIB-TSZ cross power over the Euclid Wide Survey
region covered by the model parameters for different experi-
mental configurations for T, 4=1. Planck parameters are for
2 yrs of integration. At 5" only 353-217 GHz difference maps
would be useful, at 7" we also add 143-217 GHz, and at > 9’
we can add the data from 100217 GHz. SPT has lower S/N,
but can probe angular scales as low as ~ 1’. In its current
configuration the ACT does not add appreciably to the mea-
surement, but that can be improved with Advanced ACT and
CMB Stage 4 experiments as shown with the blue band.

fluctuations. The TSZ temperature anisotropies would
have amplitude ~ TrszA that is potentially detectable
by cross-correlating the produced CMB anisotropies with
CIB fluctuations. For bubbles coherent with CIB sources,
the cross-power between CIB and TSZ is PoixTsz =~
vV PcoisvV Prsz. To compute this cross-correlation, the
sub-arcsecond Fuclid CIB and arcminute resolution CMB
maps will be brought to a common resolution. When
measuring the cross-power from IR and microwave maps
(mw) of Npix CMB pixels, the error is opygyres =
VPRV P/ \/Npix, since at 21’ the Fuclid CIB maps
will have negligible noise with Plr=PFPcrg. From the Fu-
clid Wide Survey the CIB power on arcminute scales will
be measurable by LIBRAE to sub-percent statistical ac-
curacy. If primary CMB is removed, the foreground-
reduced microwave maps would be dominated by in-
strument noise oy, foreground residuals oy yes and, more
importantly, the TSZ of the unresolved cluster popu-
lation oc¢junr. With NV, microwave frequency channels
the variance of the microwave map would be o2, =

07 /Ny + 0F o + 0% une-  The signal-to-noise would be

S/N= Tpgz, A/ Npix/Omw, reaching S/N> 1 for certain
experimental configurations discussed below. Specifically

1
TTSZ A Omw ! Npix 2
S/N=17 — | —= 22
/ 200nK 0.1 <5MK> 3 x 106 (22)
where Npix = 3 x 10° is the expected sky coverage of the

Euclid Wide Survey at the native Planck resolution of
5'. At the same time, emissions from early times, z 2 10,




should exhibit no correlations at VIS and, likely, Y bands
with CMB enabling the measured cross-power from the
FEuclid’s longest bands to be uniquely interpreted.

The CMB-CIB cross-power peaks around ~ 10, scales
which can be probed with the forthcoming CMB instru-
ments that plan to cover large areas of the sky with
noise of 0,3 a few pK. Also important in eliminating
the contribution of primary CMB and the KSZ terms to
the measured signal is availability of multiple frequencies
covering both sides of the T'SZ zero frequency at ~ 217
GHz; any components having black-body energy spec-
trum can then be eliminated in taking T-differences at
different frequency pairs as proposed in Atrio-Barandela
and Kashlinsky (2014). The CMB data from the forth-
coming experiments planned to complete by the time of
the Fuclid surveys would reach higher S/N of the CMB-
CIB cross-power than the combined Planck+SPT data
shown in Fig. 36. In its first two years of observation,
the ACTPol camera observed ~ 600 deg? at 149 GHz
with a noise level of 17 pK-arcmin and a resolution of
1.3 — 2/ for the different arrays (Sherwin et al., 2016).
The NSF-supported new Adv ACTPol camera will ob-
serve in five bands spanning the 25-280 GHz range with
a resolution of ~ 1.5" (Ward et al., 2016), similar to the
currently operating ACTPol. As of this writing the Ad-
vACTPol configuration is planned to map ~ 10* deg?
with sub-arcminute resolution of 1.3’ FWHM at frequen-
cies of ~ 97 and ~ 148 GHz (Thornton et al., 2016).
At the smallest angular scales, the Silk-Michie damping
suppresses the primary CMB temperature anisotropies
to an amplitude 67" £ 1uK leaving the variance of the mi-
crowave map dominated by the instrument noise and pos-
sible foreground residuals. The larger frequency coverage
will allow to efficiently remove foregrounds. Although the
final sensitivity and total observing area are yet to be de-
termined, the noise is a factor of ~5-6 lower than in the
current data, and the new camera can observe >2 x 10°
deg?, covering ~ 3 x 10° pixels in a reasonable amount
of time. Then the cross-correlation of a single map with
the source subtracted CIB data will reach the S/N shown
in Fig. 36, if foreground residuals are negligible. These
results are easily scalable to other noise levels and differ-
ent configurations, since S/N  (Npix/02)/? where Npix
is the number of pixels in the survey area, and o2 is the
noise variance of the observations. The CMB-CIB cross-
power can be determined with a statistical S/N~ 25 if
the CMB-S4 generation of experiments currently being
designed reach their noise target of =2uK-arcmin with
an angular resolution of <2’ (Abitbol et al., 2017).

F. History of emissions from Lyman tomography

The NISP filters, depth and sky coverage available for
LIBRAE with the Euclid mission appear particularly use-
ful for the application of the Lyman tomography method,
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Sec. IV.D.7, (Kashlinsky et al., 2015a). The large areas
covered by the Fuclid surveys enable high precision mea-
surement of the source-subtracted CIB power spectra in
each of the bands which then allow accurate construc-
tion of the quantity Pa, = P> — P%/P; in each of the two
NISP band pairs [J-Y,H-J], with subsequent wavelengths
ordered A2 > A;. In terms of z-range, the Y—J config-
uration then covers CIB emissions over 8.8 < z < 11.7
and the J-H isolates CIB from 11.7 < z < 15.4; the
upper/lower redshifts of these ranges will be denoted
21/z2. This assumes the Lyman-cutoff at rest Lya of
ALy = 0.12 pm, appropriate for the pre-full ionization
conditions at these epochs. Fig. 37a shows that these
Euclid filters isolate emissions over a narrow range of dis-
tances about ~ 5 — 7% in comoving d4, centered at dp.
For reference, 2w/q = 10’ corresponds to £=2,160 and
subtends comoving scale of ~ 20h~'Mpc at z=10, scales
that are in highly linear regime at those epochs.

The power spectrum of the emitting sources would
be proportionally related to the underlying ACDM one,
since the relevant angular scales subtend tens of co-
moving Mpc where the density field was highly lin-
ear. Because the procedure isolates a narrow shell
in da(z) around dp, the comoving angular distance to
the central filter wavelength, one can further expand
Alepm(a/da) = Aiepar(ady {1 - m(qdal)[%i—g%
where na (k) = dln A% oy, (k)/dInk is the spatial spec-
tral index of the ACDM template and ddy = da(z) —
do < (5 — 7)%dy. Fig. 37b shows the template expected
from the concordance ACDM model and the spectral in-
dex na then. Given the narrow range of d4 spanned by
each Fuclid filter for the Lyman tomography and the val-
ues of na the power from sources over the narrow range
of epochs can be approximated as:

2 zry(A2) 7 dFy, \ 2
q“Pa. 9 1 A
~ A (qd )/ < 2> dz (23)
o AcDM\q% ) p

Eq. 23 shows that 1) history of emissions over zry (A1) <
z < zry(A2) is recoverable in the Fuclid adjacent filter
configurations and 2) the resultant Pa, preserves infor-
mation about underlying parameters over these z. Both
can be recovered in the LIBRAE CIB measurements.
Figs. 37c and d illustrate the potential accuracy of this
procedure in recovering the history of CIB emissions with
an example normalized to reproduce Spitzer fluctuations
at 3.6 and 4.5 pm. It is taken from Kashlinsky et al.
(2015a) using 1) an IMF500 modeling (Helgason et al.,
2016) and 2) a Euclid-specific reconstruction of the con-
tribution from remaining known galaxies from HRK12.
Red lines show the true history of the emissions inside
halos collapsing according to the standard ACDM model.
Incoherence due to remaining known galaxies is explicitly
incorporated in this example and the history recovered
with this method is shown with black lines covering the
span of systematic uncertainties of the reconstruction.
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FIG. 37 Adapted from Kashlinsky et al. (2015a). (a) Solid line shows the d4 span vs. z over the Y, J, and H Euclid filters; vertical
lines mark the central wavelength of each filer. At these z the Lyman-break corresponds to Ly« at 0.1216 um. (b) Solid line shows A2 (k)
at 2=10. Red line and right axis show the spatial spectral index, na, of A2(k) with solid dots marking its extrema. For the HZ regime,
na=3, which is reached at larger scales.(c),(d) The Lyman-tomography reconstruction of the history of emissions and BAOs for Fuclid’s
(Y,J,H) filters and Wide Survey depth at each redshift range displayed in red. Red line (starting near bottom on left) shows the underlying
CIB fluctuations by sources in the marked z-range from high-z stellar populations reproducing Spitzer measurements. Black lines show
the reconstructed one with contributions by known remaining galaxies from HRK12 with dotted showing the HFE to LFE limits.

Except a slight bias upward of a few percent, the history
of emissions appears recovered accurately with the Fuclid
configuration, even preserving the BAO features in the
underlying power spectrum in this example. Kashlinsky
et al. (2015a) show that good accuracy is achieved even
when only a few percent of the Spitzer-based CIB fluc-
tuations originate at high z. In practice, with the Euclid
CIB measurements the true z will be verified by mea-
suring distance from fitting the angular template which
appears accurately recoverable.

G. Probing BAOs and dark energy at 10 < z < 16

Fuclid’s goal is to explore the Universe’s expansion his-
tory to understand the origin of the current accelerated
period and the nature of DE by measuring the clustering
of galaxies out to z ~ 2 and the weak lensing distortion
out to z=3. Amendola et al. (2016) summarize the main
observables to be extracted from the data to forecast fu-
ture performance of the satellite in testing the various
models. The Ly tomography described above will, in
principle, be possible using all 4 Euclid filters, VIS, Y, J,
H. The results will contribute to these goals by explor-
ing the BAOs and cosmological parameters at redshifts
6 = 2 < 16, much higher than those available with the stan-
dard techniques (Kashlinsky et al., 2015a).

From the derived CIB maps used in the tomographic
reconstruction, [Y-VIS], [J-Y] and [H-J], isolating pop-
ulations over Ads < da, LIBRAE will test the expected
ACDM template at this new range of z. The location and
amplitude of the maximum and BAOs imprinted in the
matter power spectrum can be used then to determine
cosmological parameters. To that purpose, the power
spectrum needs to be sampled with sufficient angular res-
olution. In the frequency domain the resolution Ag, is
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FIG. 38 Constraints on the DE equation of state parameter
w and DE density Qpg from the Lya tomography with the
Euclid diffuse maps using differencing configurations of [Y—
VIS], [J-Y] and [H-J]. Contours correspond to the 68, 95.5,
99.7% (1,2, 30) confidence levels as marked.

set by maximum size, g, of the region being analyzed:
Ag = 27/©y. To achieve a resolution of Af = 0.5 re-
quires ©g ~ 20° (Kashlinsky et al., 2015a). In Fig. 38
we plot the power spectra of ACDM models with various
02,=[0.635,0.68,0.725]. The data are centered around the
ACDM matter power spectrum with 2,=0.68. These
cosmic variance errors do not include instrumental noise
and systematic effects; the data are taken from a rectan-
gular patch of area 20° x 10’. Since the power is measured
from CIB fluctuations that are biased with respect to the
underlying matter power spectrum, the data constrains
the overall shape but not its amplitude. Consequently,
all cosmological parameters that modify the shape and
location of the acoustic peaks, such as Qy,,, {2k, massive
neutrino energy density, etc, can be constrained by the
tomographic reconstruction of the power spectrum.
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FIG. 39 Panoramic diagram of the LIBRAE goals.

BAOs encode information about the sound horizon at
recombination, whose value is ry = 144.81 + 0.24 Mpc
(Planck Collaboration et al., 2014b). The angular scale
subtended by the sound horizon can be measured from
the correlation function of galaxies to derive angular di-
ameter distances at epochs probed by galaxy catalogs
(Eisenstein and Hu, 1998). The technique can also be
applied to the frequency domain (Percival et al., 2010)
to constrain Qpg, the DE equation of state, p = wpc?,
and/or the interactions within the dark sector (Wang
et al., 2016). The dynamical evolution of DE affects
reionization of the Universe (Xu et al., 2017) and Ly to-
mography will provide angular diameter distances to that
z, allowing us to test the effect of models on an epoch
that can not be probed with current techniques (Aubourg
et al., 2015). Fig 38 shows constraints on the equation of
state w and energy density Qpg at the 68,95 and 99.7%
confidence levels derived applying the Lyman tomogra-
phy technique to Fuclid data. While the method may
not constrain the parameters as well as other techniques,
it extends the BAO regime to epochs not yet tested and
could be complemented with measurements at lower z
such as those of e.g. Hemantha et al. (2014); Wang (2014)
to put stronger constraints on DE properties (Wang and
Mukherjee, 2006). In addition, it gives an important self-
consistency test and could supply valuable information to
resolve the current discrepancy in BAO measurements at
z<1 and z~2-3 (Aubourg et al., 2015).

H. LIBRAE summary

LIBRAE’s goals are summed panoramically in Fig. 39:

e Measuring power spectrum of source-subtracted
CIB fluctuations at near-IR to sub-percent statis-
tical accuracy with the Wide Survey’s NISP data.

o1

e Probing epochs of sources producing the CIB fluc-
tuations by cross-correlating with diffuse light from
the Wide Survey’s VIS data.

e Probing the CIB properties as function of depth
from the Deep Survey.

e Determining the nature of the sources (BHs vs.
stars) by cross-correlating with X-ray data assem-
bled for this project.

e Probing the condition of the IGM at pre-
reionization by cross-correlating source-subtracted
CIB from the Wide Survey with multi-frequency
all-sky CMB data.

e Probing the history of emissions at 10 < z < 20
using Lyman tomography

e Probing BAOs and DE evolutions at 10 < z < 20
using the Lyman tomography.

LIBRAE will thus identify the net emissions from the
first stars era, lead to a better understanding of the IGM
at that epoch, isolate the contributions from the first BHs
and probe the history of emissions at 92516 and the
cosmological parameters at those times.

VIll. OTHER FORTHCOMING EXPERIMENTAL
CONFIGURATIONS

¢ JWST with its near-IR camera, NIRCam, will iden-
tify individual sources to much fainter fluxes than either
Spitzer or AKARI creating an opportunity to measure
cumulative CIB emissions produced at still earlier epochs
or from fainter sources. The NIRCam wavelength cover-
age spans seven wide overlapping filters from 0.7 to 5um
and so will have a built-in capability to directly probe
the Lyman-break of the unresolved populations, provided
the instrument noise, astronomical foregrounds and fore-
ground galaxy populations can be isolated. Kashlinsky
et al. (2015b) identify an experimental configuration of
the JWST which, together with the strategies developed
there, can provide critical insight into the origin of the
source-subtracted CIB fluctuations detected in Spitzer
and AKARI measurements, identify the epochs where
the fluctuations arise, probe the fluxes of the sources
producing them and reconstruct/constrain the history of
the emissions via the proposed adjacent two-band Ly-
man tomography. They show that the CIB science dic-
tates a configuration with 400 hrs of NIRCam mapping
for all 7 wide NIRCam filters of 1 deg? contiguous area
to map ~ 28 in a low cirrus region, e.g. the Lockman
Hole or CDFS. With that setup one would be able to ad-
dress important questions pertaining to the details and
nature of populations that led the universe out of the
Dark Ages. They also discuss the effects of the open con-
figuration of the JWST on the CIB study arguing that



the potential stray light effects may be mitigated to yield
a fundamental constraint on the otherwise inaccessible
range of epochs (and fluxes) of the CIB sources that are
expected to lie in the confusion noise of the JWST beam.
This measurement will supply additional important data
for cross-correlating with the CIB to be measured by
LIBRAE, and expand the Fuclid’s reach to the greater
depth and wavelength coverage available with NIRCam.

e WFIRST is a flagship NASA mission® that will pro-
vide further venues for accurate measurements of source-
subtracted CIB fluctuations from its deep coverage of
2,000 deg? of the sky in the planned wide survey mode.
The survey will employ 4 (out of six) near-IR bands at
1, 1.3, 1.6 and 1.8 um and will have deeper, than Fuclid,
integrations to map ~ 27.5 (2.50). In addition, as of this
writing, the mission is planned to have two extra channels
centered at 0.6 and 0.87 um. The visible channel, avail-
able around 0.6 pum (J. Kruk, private communication) in
the planned Guest Observer program would allow prob-
ing the Lyman break of source-subtracted CIB fluctua-
tions with the WFIRST data alone, although probably
from mapping a smaller area than the wide survey. The
net sky area covered by WFIRST is an order of magni-
tude smaller than Fuclid’s Wide Survey, but would still
allow probing the CIB power spectrum with sub-percent
statistical accuracy at arcminute scales. Its deeper expo-
sures will enable probing the evolution of the CIB cluster-
ing component at still lower shot-noise levels than with
Euclid. The large area of the survey, mapped at 4 near-
IR channels to greater depths than Fuclid, will provide
an opportunity for further application of the Lyman to-
mography and BAO study at the 6.5 2<15.5 epochs.

e CIBER-2 is planned to probe EBL in six bands
at [0.6,0.8,1,1.3,1.6,1.9]um with a 28.5 cm Cassegrain
telescope after removing sources to map ~ 19 (1.3um,
J-band) over a ~ 1° x 2° FoV (Lanz et al., 2014). The
instrument will be flown to suborbital altitudes on board
a series of sounding rockets. CIBER-2? is tasked to “ex-
plore cross correlations on both sides of the Lyman break
to distinguish between low and high redshift components
of the EBL” fluctuations. However, Fig. 33 shows the
challenges and problems when trying to achieve this goal
with CIB/EBL anisotropies in such a shallow configura-
tion where high-z component appears subdominant com-
pared to, and is much smaller than the uncertainties
in, the CIB fluctuations from remaining known galax-
ies. Other configurations designed to similarly shallow
exposures would be subject to similar limitations.

e SPHEREX is a proposed NASA MIDEX mission
selected for Phase A study'C. If selected further, it will
employ Linear Variable Filters to carry out an all sky

8 nttps://wiirst.gsfc.nasa.gov/
9 https://cosmology.caltech.edu/projects/CIBER2
10 http://spherex.caltech.edu/
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spectral survey with spectral resolution R ~ 41 at [0.75—
4.18]pm and R ~ 135 at [4.18-5]um. The survey will have
angular resolution of 6.2” and depth map ~ 18-19 (50).
Although, one of the planned goals of the survey is to
probe the origin of CIB fluctuations , the shallow depth,
and hence the uncertainties of the substantial compo-
nent of the remaining known galaxies, would preclude
reliably isolating high-z CIB fluctuations as discussed in
Sec. VLE and illustrated with Fig. 33. Additionally,
the low angular resolution of the instrument, would re-
move large fraction of the sky at ~ 50%, on a par with
CIBER,; this will require development and application of
the correlation function tools to verify any FT-based CIB
fluctuation analysis.

e 21 cm SKA. Cross-correlating the CIB with the
H I 21lcm line signal from EoR can provide additional
information. To first order, if galaxies were the CIB
and reionization sources, one would expect a CIB-21cm
anti-correlation produced by ionized bubbles around the
sources (Fernandez et al., 2014; Mao, 2014). If instead
CIB sources are obscured black holes from which only X-
rays can escape (i.e. no UV emission) the situation can
be very different. With their long mean free paths and
efficient IGM heating, X-rays could dramatically boost
the 21 cm signal during the early EoR stages (Haiman,
2011; Mesinger et al., 2013). The anticorrelation is the
strongest when the ionization fraction is about 50%. Al-
though there are free parameters in these models, the
cross-correlation signal is rather insensitive to their vari-
ation, as many of the same parameters (as, e.g. the
star formation efficiency, stellar mass, metallicity) affect
both the infrared and the 21 cm line emission. Cross-
correlations can also reduce some of the limitations of
both types of experiments, like the lack of redshift in-
formation for CIB sources. If detected, the CIB-21cm
correlation will inform us precisely on the redshift distri-
bution of the sources (McQuinn and White, 2013). This
will be made possible by the forthcoming Square Kilo-
meter Array!! (SKA) data.

IX. OUTLOOK FOR THE FUTURE

This review summarized current observational status
of the near-IR CIB anisotropy measurements and their
cosmological implications. Following many new mea-
surements and observations this novel field has recently
come from a relative obscurity to significant, rapid devel-
opment, to become a subject of lively scientific debate.
The coming years will bring more accurate CIB fluctu-
ation measurements with new upcoming missions. We
discussed these here with a particular emphasis on the

1 https://www.skatelescope.org/



LIBRAE project which will utilize data from the FEu-
clid Dark Energy mission, currently planned for launch
in late 2020/early 2021, for source-subtracted CIB mea-
surements. To achieve decisive interpretation, one needs
diffuse light measurements with experimental configura-
tions that 1) reach deep exposures to be able to identify
the potential Lyman cutoff of the high-z CIB sources, 2)
combined with availability of the space-borne data in vis-
ible bands, 3) measured over wide area to reach high ac-
curacy determination of the source-subtracted CIB power
spectrum, and to simultaneously be able to correlate the
measured CIB with 4) suitable X-ray background data
(from eROSITA and Chandra) to probe the contributions
from accreting BHs from nucleosynthetic sources at high
z, and 5) multi-frequency CMB data over large areas
of the sky with low noise and high angular resolution,
such as planned from the currently planned surveys (Ad-
vACTPol and CMB-S4), to identify condition of high-z
IGM. Newly developed methodologies will enable preci-
sion science with the future CIB data.
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TABLE V Common acronyms and abbreviations.

Acronym |Full description

ACIS-1I Advanced CCD Imaging Spectrometer - imaging arrays

AEGIS XD | All-wavelength Extended Groth strip International Sur-
vey - X-ray, deep

AGB Asymptotic giant branch

AKARI A Japanese infrared satellite

ALMA Atacama Large Millimeter/submillimeter Array

AOR Astronomical observing request

BAO Baryonic acoustic oscillation

BH Black hole

BNS Binary Neutron Star

CCD Charge-coupled device

CIB Cosmic infrared background

CLEAN A deconvolution algorithm

CMB Cosmic microwave background

COB Cosmic optical background

COBE Cosmic Background Explorer

CXB Cosmic X-ray background

DAOPHOT|Dominion Astrophysical Observatory stellar photometry
package

DCBH Direct collapse black hole

DE Dark energy

DGL Diffuse Galactic light

DIRBE Diffuse InfraRed Background Experiment

DM Dark matter

EBL Extragalactic background light

EoR Epoch of Reionization

eRASS eRosita all-sky survey

eROSITA |extended Roentgen Survey with an Imaging Telescope
Array

FFT Fast Fourier transform

FIRAS Far Infrared Absolute Spectrophotometer

FoV Field of view

FT Fourier transform

FWHM Full width half maximum

GOODS Great Observatories Origins Deep Survey

GP Gunn-Peterson (effect) (Gunn and Peterson, 1965)

GW Gravitational wave

HI Neutral hydrogen

HII Tonized hydrogen

HFE High faint end (of HRK12 reconstruction)

HPD Half power diameter

HRK12 Helgason, Ricotti & Kashlinsky (Helgason et al., 2012)

HST Hubble Space Telescope

HZ Harrison-Zeldovich

X. APPENDIX: ACRONYMS AND ABBREVIATIONS

Table V lists the common acronyms and abbreviations
used throughout the review.
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TABLE V - continued

Acronym |Full description

ICL Intra-cluster light

IGM Inter galactic medium

THL Intra-Halo light

IMF Initial mass function

IRAC InfraRed Array Camera

IRAF Image Reduction and Analysis Facility

IRC InfraRed Camera (on AKARI)

IRTS infraRed Telescope in Space

IRX InfraRed excess

ISM Interstellar medium

JWST James Webb Space Telescope

KSZ Kinematic SZ (effect)

LBG Lyman Break Galaxy

ACDM Lambda cold dark matter

LDDE Luminosity-dependent density evolution

LF Luminosity function

LFE Low faint end (of HRK12 reconstruction)

LIBRAE Looking at Infrared Background Radiation Anisotropies
with Euclid

LIGO Laser Interferometer GW Observatory

LW Lyman-Werner

NEP North ecliptic pole

NFW Navarro-Frenk-White (Navarro et al., 1997)

NICMOS |Near Infrared Camera and Multi-Object Spectrometer
(on HST)

NIRCam |Near Infrared Camera (on JWST)

NISP Near Infrared Spectrometer and Photometer (on Fuclid)

NUDF NICMOS ultra deep field

OH-glow OH (molecular) emission

PBH Primordial black hole

PDF Probability distribution function

PIB particle internal background

PSF Point-spread function

ROSAT Rontgensatellit

SED Spectral energy distribution

SEDS Spitzer Extended Deep Survey

SEP South ecliptic pole

SRG Spectrum Réntgen Gamma

SMBH Supermassive black hole

SZ Sunyaev-Zeldovich (effect) (Sunyaev and Zeldovich,
1972)

TSZ Thermal SZ (effect)

VIS Visible instrument (on Euclid)

WMAP Wilkinson Microwave Anisotropy Probe
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