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“Why is the night sky dark?”

21st century version:
What is the spectrum of the background light in the Universe?



The Extragalactic Background Light

The Extragalactic Background Light Spectrum

Figure from Dole et al 2006.
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Interesting wavelength range is 1 to 3 microns!!

Near-IR
Far-IR

Optical

(Dole et al. 2003)

Optical and IR EBL Spectrum



Why is the absolute optical/IR background uncertain?

Our viewpoint of 
the Universe is not 

typical
…Zodiacal light 
(ie dust in the 
solar system 

scattering sun 
light)……stars and 

starlight in the 
galaxy…

DIRBE EBL is 
sensitive to how 
foregrounds are 
accounted for!



• During transit, TeV photons are 
attenuated via pair production 
with IR photons

• Imprint of the IR photon density 
in the measured TeV spectra

• However, intrinsic spectrum is 
not measured!!!!

• (If IR EBL known exactly, study 
TeV source astrophysics)

e+
e-

γir

γTeV
EBL

Indirect Limits on IR EBL: 
Attenuation of GeV-TeV photons

Joel Primack’s talk 
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A New Era in Extragalactic Background Light

Measurements:
The Cosmic History of Accretion, Nucleosynthesis and

Reionization
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Understanding Galaxy Formation with EBL?
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10 Pozzetti & Madau

Figure 6. Evolution of the luminosity density at rest-frame wavelengths of
0.15 (dotted line), 0.28 (solid line), 0.44 (short-dashed line), 1.0 (long-dashed
line), and 2.2 (dot-dashed line) µm from Madau, Pozzetti & Dickinson (1998).
The data points with error bars are taken from Lilly et al. (1996) (filled dots
at 0.28, 0.44, and 1.0 µm), Connolly et al. (1997) (empty squares at 0.28 and
0.44 µm), Madau et al. (1996, 1998) (filled squares at 0.15 µm), Ellis et al.
(1996) (empty triangles at 0.44 µm), and Gardner et al. (1997) (empty dot
at 2.2 µm). The inset in the upper-right corner of the plot shows the SFR
density (M! yr−1 Mpc−3) versus redshift. Left panel: model (A). Right panel:
model (B) (see text for details).

Figure 7. Optical EBL produced by model (A) (left panel) and model
(B) (right panel) as a function of wavelength (solid lines) in different redshift
range: z < 1 (dotted lines) 1 < z < 2 (short-dashed lines) and z > 2 (long-
dashed lines).
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EBL as an independent probe of SF history of the Universe

Madau et al.
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Fig. 9.— EBL as a function of redshift for the models shown in the legend. The observa-

tionally allowed range at z = 0, equation (9), is indicated by the error bar.

– 35 –

Fig. 5.— Star formation rate density as a function of redshift. The curves represent the model
predictions specified in the legend. The data are taken from (from low to high redshift):

Heavens et al. (2004, 3 asterisks at z ∼ 0), Nakamura et al. (2004, open inverted triangle at
z = 0), Lilly et al. (1996, open circles), Norman et al. (2004, filled triangles), Cowie et al.

(1999, open diamonds), Gabasch et al. (2004, open squares), Reddy et al. (2005, cross at
z = 2), Barger et al. (2000, open pentagons at z = 2 and 4.5), Steidel et al. (1999, filled

pentagons at z = 3, 4), Ouchi et al. (2004a, filled circles at z = 4, 5), Giavalisco et al. (2004,
open triangles at z = 3 − 6), Bouwens et al. (2005, filled square at z = 6), and Thompson
et al. (2006, open stars without error bars). The data are converted to the values with the

Chabrier IMF and common values are assumed for dust extinction for the UV data. See text
for details.

EBL as an independent probe of SF history of the Universe

EBL from known galaxy populations at
 z > 4 is less than 3 nW m2 sr-1

EBL as an independent probe of SF history of the Universe

Nagamine et al.



The epoch of reionization and a spectral
signature in EBL



When did the reionization take place?

When? WMAP Polarization 

Data rejects instantaneous reionization at z~6-7                    
Process is likely extended over 6<z<20                                  
CMB studies do not pinpoint the responsible cosmic sources 

! = 0.17  ± 0.08  (WMAP1, 2003)     
! = 0.09  ± 0.03  (WMAP3, 2007)                  
! = 0.087± 0.017 (WMAP5, 2009)   
! = 0.088± 0.015 (WMAP7, 2010) 

WMAP5 

Instantaneous reionization 

Dunkley et al 2009 
Jarosik et al 2010 
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What Reionized the Universe?

Leading candidates
• Star formation

  - high mass stars?
  - two bursts?

• Stellar remnants
  - aka ‘mini-quasars’

• Supernovae
  - PISN produce metals

• Exotic scenarios
   - Decaying dark matter

To date, the only direct observations of this epoch comes
from interaction of CMB photons with free electrons!



Searching for sources responsible for reionization
11

Fig. 6.— (left) Present determination of the stepwise UV LF at z ∼ 7 using deep wide-area NICMOS + ground-based observations (large
solid red circles: see §4). The z ∼ 7 UV LF is only redetermined here at luminosities where we can take advantage of the new ∼60-65
arcmin2 of NICMOS observations (see Table 1) to search for candidate z ! 7 galaxies. For comparison, we also show the z ∼ 7 LFs reported
by Bouwens et al. (2008: black crosses), Ouchi et al. (2009: black squares), Castellano et al. (2009: green squares), Oesch et al. (2010a:
red open circles), and McLure et al. (2010: blue squares). Constraints from Wilkins et al. (2010b) are similar, but not shown to reduce
confusion. The solid red line is the best-fit Schechter function presented in Oesch et al. (2010a). (right) Stepwise UV LF determined here
at z ∼ 7 (solid red circles) versus that derived at z ∼ 4 (blue), z ∼ 5 (green), and z ∼ 6 (cyan) by Bouwens et al. (2007). The open red
circles represent the z ∼ 7 LF determined by Oesch et al. (2010a). Also shown are our constraints on the LF at z∼9 from the present
J110-dropout search (black upper limits: see §4). Similar to the situation for our z ∼ 7 LF, the z ∼ 9 J110-dropout LF is only computed at
luminosities where we can take advantage of the new NICMOS data. The volume density of ∼L∗

z=3 (∼−21 AB mag) star-forming galaxies

at z ∼ 7 and z ∼ 9 is 17+10
−7 × and >15× lower, respectively, than at z ∼ 4.

TABLE 5
Stepwise Constraints on the

rest-frame UV LF at z ∼ 7 and
z ∼ 9 from Wide-Area NICMOS
+ Ground-Based Observations

(§4).a

MUV,AB
b φk (Mpc−3 mag−1)

z850-dropouts (z ∼ 7)
−21.40 0.000008+0.000011

−0.000005

−20.80 0.000069+0.000041
−0.000027

J-dropouts (z ∼ 9)
−21.70 < 0.000011c

−21.10 < 0.000022c

a The UV LFs are only redeter-
mined here at luminosities where
we can take advantage of the new
∼60-65 arcmin2 of NICMOS obser-
vations (see Table 1) to search for
candidate z ! 7 galaxies.
b The effective rest-frame wave-
length is ∼1900Å for our z850-
dropout selection and ∼1500Å for
our J110-dropout selection.
c Upper limits here are 1σ (68%
confidence).

Finally, the z ∼ 7 and z ∼ 9 LFs are only redetermined
here at luminosities where we can take advantage of the
new ∼60-65 arcmin2 of NICMOS observations (see Ta-
ble 1).
Our stepwise UV LF at z ∼ 7 is presented in Table 5

and in Figure 6 (left). For comparison, Figure 6 also in-
cludes the z ∼ 7 LFs of Bouwens et al. (2008), Oesch et
al. (2009), Ouchi et al. (2009), Castellano et al. (2010),
Oesch et al. (2010a), and McLure et al. (2010). The
present LF results are in reasonable agreement with pre-

vious determinations. In the right panel of Figure 6, the
present z ∼ 7 LF results are shown relative to the LFs at
z ∼ 4, z ∼ 5, z ∼ 6 (from Bouwens et al. 2007) to provide
a sense of the evolution from z ∼ 4. Also included on
this figure (black upper limits) are the constraints on the
UV LF at z ∼ 9 from the present J110-dropout search.
The UV LF is 17+10

−7 × lower at z ∼ 7 than at z ∼ 4 and
>15× lower (1σ) at z ∼ 9 than at z ∼ 4. The latter
constraint is the most stringent constraint yet available
on the volume density of ! L∗

z=3 galaxies at z ∼ 9.
Of course, the above LF determinations are subject to

uncertainties as a result of large-scale structure (“cosmic
variance”), and therefore to properly frame the above
results, it is helpful to estimate the size of these uncer-
tainties. For convenience, we utilize the Trenti & Sti-
avelli (2008) cosmic variance calculator to make this esti-
mate. Given that the approximate volume density of the
sources probed at z ∼ 7 and z ∼ 9 is ∼6×10−5 Mpc−3

and ∼2×10−5 Mpc−3, respectively, the approximate bias
parameters are 10 and 12, respectively (e.g., Somerville
et al. 2004; Trenti & Stiavelli et al. 2008). Given that
our NICMOS search data are fairly randomly scattered
over the two GOODS fields, we assume two independent
search fields of dimension 10′×16′ and adopt a width for
our redshift selection window ∆z ∼ 1.5 (e.g., see Figure
7 of Bouwens et al. 2008). Utilizing these inputs, we es-
timate that the large-scale structure uncertainties on our
LF results here are∼17% and∼20%, respectively. Large-
scale structure uncertainties are therefore much smaller
than those uncertainties estimated from the small num-
ber statistics (∼8 sources) and uncertain contamination
rates (§3.6).

5. SUMMARY

7

from this preselection.

3.3. z ∼ 7 z850-dropout Selection

We use the same selection criterion for identifying z ∼
7 z850-dropouts as we did in our previous work on the
HUDF and two GOODS fields (Bouwens et al. 2008).
Specifically, we require our z850-dropout candidates to
satisfy the criteria ((z850 − J110)AB) > 0.8) ∧ ((z850 −
J110)AB > 0.8+ 0.4(J110 −H160)AB) where ∧ represents
the logical AND symbol. In cases of a non-detection in
the dropout band, the flux in the dropout band is set to
its 1σ upper limit. This two-color selection is illustrated
in Figure 2 with the position of the z ! 7 candidates
from Table 2 included as the large blue squares.
z850-dropout candidates are required to be detected at

5σ in the H160 band (0.6′′-diameter aperture) to ensure
that they correspond to real sources. In addition, in-
cluded in the present search are also those sources from
the NICMOS observations from the H. Yan et al. (2010,
in prep) GO 11192 and Henry et al. (2009) GO 10872
programs.
In total, 7 sources from our new search fields satisfied

our z850-dropout criteria. All of these candidates were
found over the GOODS NICMOS Survey (C. Conselice
et al. 2010, in prep), and none from the Yan et al. (2010,
in prep) or Henry et al. (2009) fields. Postage stamps
of these candidates are shown in Figure 3. The sources
range in magnitude from H160,AB ∼ 25.5 to 26.7 AB
mag, with most of the sources being found at ∼26 mag.
The surface density of z850-dropout candidates in our
fields (∼60 arcmin2) brightward of 26.5 AB mag is ∼0.1
source arcmin−2, very similar to that found by Bouwens
et al. (2008).
Three of our new z850-dropout candidates (GNS-zD1,

GNS-zD6, GNS-zD7) are found over the upper region in
the CDF-South where deep wide-area WFC3/IR obser-
vations were recently taken as part of the Early Release
Science program (GO11359: PI O’Connell). Given that
these observations reach ∼0.7-1.0 mag deeper than the
NICMOS observations utilized in this study and extend
over three bands Y098, J125, and H160, they are useful
for characterizing the typical dropout candidates found
in this search.
What do these deeper data suggest about the candi-

dates in our selection? Photometry on the three afore-
mentioned z850-dropout candidates was performed us-
ing the new WFC3/IR observations (utilizing specifically
the Bouwens et al. (2010, in prep) reductions). The re-
sults are summarized in Table 3, and the conclusions
are mixed. GNS-zD6 is clearly a z ∼ 6 galaxy – though
from the measured colors its redshift is likely in the range
z∼6.2-6.5. The nature of GNS-zD1 is slightly less clear
from the data. Its measured z − J , Y − J colors are
consistent with its being either a z ∼ 6.5 galaxy or a
red z∼1-2 galaxy. The blue J −H ∼ 0.1 colors of GNS-
zD1 seem to slightly favor the case that it is a z ! 5
galaxy. Finally, GNS-zD7 seems most consistent with
being an intrinsically red z∼1-2 galaxy, having very red
J −H ∼ 0.6, Y − J ∼ 0.7 colors.
Overall, these results suggest that the present z850-

dropout selection is successful in identifying z ! 6.5
galaxies, albeit with a mean redshift somewhat lower
than the z ∼ 7.3 estimated in Bouwens et al. (2008).
The lower mean redshift for the sample is consistent with

Fig. 4.— V606i775z850J110H160 images (3.5′′ × 3.5′′) of the 2
sources in our new wide-area NICMOS data that satisfy our z ∼ 9
J110-dropout criteria. However, we consider it unlikely that ei-
ther of the candidates identified here corresponds to a z∼9 galaxy.
GNS-JD1 appears to be detected at 1σ in both the V606 and i775
bands, not sufficient for us to rule it out as a z ∼ 9 J110-dropout
candidate but suggesting it may be a z∼1-2 galaxy. GNS-JD2,
by contrast, shows no evidence for being detected at wavelengths
other than 1.6µ (H-band). This may suggest it is a transient source
(SNe: see §3.4) or spurious (since it is close to the edge of the NIC3
field where it was found). However, we cannot rule out the pos-
sibility it corresponds to a z ∼ 9 galaxy (but we consider it very
unlikely). See Table 2 for the coordinates, magnitudes, colors, and
other properties of these candidates.

the expected bias based upon evolution across the z850-
dropout selection window (where more luminous galax-
ies are present e.g. at z ∼ 6.5 than at z ∼ 8: Muñoz &
Loeb 2008). The likely contamination of our selection by
one probable low-redshift source (GNS-zD7) is consistent
with the 24% contamination rates estimated in §3.6.
The principal reason we are finding modest levels of the

contamination over the GOODS fields is because of the
limited depth of the available ACS optical data over the
GOODS fields. This contamination is somewhat higher
than estimated over other z ∼ 7 z850-dropout selections
like the HUDF – where it was estimated to be∼12% (e.g.,
Bouwens et al. 2008). In order to reduce these contami-
nation levels, it would therefore be ideal if deeper optical
data – particularly in the F606W, F775W, and F814W
bands – could be obtained over the GOODS fields.

3.4. z ∼ 9 J110-Dropout Selection

Similar to our z ∼ 7 z850-dropout selection, we adopt
the same z ∼ 9 J110-dropout selection criteria as we
used in the ∼23 arcmin2 Bouwens et al. (2008) NICMOS
search. J110-dropout candidates in our selection are re-
quired to satisfy the criterion (J110 −H160)AB > 1.3 and
not show > 2σ detections in any of the optical bands
(or > 1.5σ in two bands). z ∼ 9 J110-dropout candi-
dates are also required to be detected at 6σ in the H160
band (0.6′′-diameter aperture) to ensure that most of the
sources are real. We use a 6σ detection criterion for our
J110-dropout selection (instead of a 5σ criterion) because
we only have one passband to evaluate the reality of the
candidates.
In total, we identified 2 sources that satisfied our z ∼ 9

J110-dropout criteria. Postage stamps of these candi-
dates are provided in Figure 4, and their photometry is
summarized in Table 2.
While both candidates formally satisfy our J110-

dropout selection criteria and therefore may correspond
to z∼9 galaxies, neither candidate is very compelling,
and there are reasons to suspect each candidate may be
a contaminant. For example, GNS-JD1 is formally de-

Bouwens et al.
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TIME Magazine cover story, 9/06 



λ<912Å photon

Need 1 photon to start reionization

Need ~few photons to maintain ionized hydrogen 
due to recombinations

Sensitive to:
1. Clumpiness of the 

gas
2. Temperature of the 

gas
3. Co-moving electron 

density
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Figure 4.   The luminosity density and star formation rate density of the universe. 

The luminosity densities are plotted down to a flux limit of –18.3 AB mag (0.07L*) 

to match the current z~7 z-dropout search limit. The current result from the 

contamination-corrected sample is shown at z ! 10 from the current J-dropout 

search, as is the upper limit if we assume no z~10 sources are detected.  The 

conversion from UV luminosity to SFR is performed assuming a Salpeter IMF.30  

Also included here are the recent SFR determinations at z ! 7 and z ! 8 from our 

HUDF09 WFC3/IR z-dropout and Y-dropout searches,3,8  and from the literature for 

z<7.11,22,31 The dust corrections at z ~ 4 are based on the estimated UV-continuum 

slopes ! and are already negligible by z ~ 7.12 

!"#$%#&'(#$%)*$+,-"*

.,$/$+(*)-$%*(,'#%(*

!"#$%&'%#()*+$,&-#.#/(+0&$+12($+3&4' , - 1

Have we seen sources responsible for reionization?

NO!

Reionization dominated by very faint, sub-dwarf galaxies!!!



Large uncertainty in the faint end slope of the UVLF
the faint sources dominate the integrated light!

Solid lines: Required for Reionization
Dashed lines: Measured

Data/fits from
Bouwens et al. 08

Can we hide the sources?



Slow

Fast

The UV photon luminosity density for reionization

reionization dominated  by L ~0.001 L* or below



(Chary & Cooray, in prep)

A minimum level of EBL from reionization

Calculation consistent with all existing data, including stellar mass density at z of 6 with 
Spitzer. If EBL is higher, more massive stars with end stage going to black holes.
It is safe to consider this EBL as a lower limit.
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Fig. 6. Co-moving PopIII SFR (left) and resulting EBL energy density (ZM: middle; LM: right). In each row one parameter of the

SFR parameterization is varied. As reference for the low redshift SFR the data collection from Hopkins & Beacom (2006) is given

(grey markers). Top: zpeak varies – SFR(x, 10, -2). Middle: α varies – SFR(10, x, -2). Bottom: β varies – SFR(10, 10, x).

a break in the EBL from UV to NIR could be interpreted as an

indication for massive ZM stars with short lifetimes (e.g. Santos

et al. 2002). Furthermore, the EBL from LM stars shows a differ-

ent redshift dependency (Fig. 5), which in principle will result in

a different absorption signature for high redshift VHE sources.

Detecting such a signature will be a difficult task: high precision

measurements of VHE spectra for high redshift are needed and

more important, the PopIII contribution to the EBL density has

to be in excess of the contribution from second generation of

stars (see Sec. 3.2 for a detailed discussion).

3.1. Initial mass function

The zero metallicity SPS from Tumlinson (2006) are calculated

for several different IMF cases shown in Fig. 1. Figure 7 shows

the EBL density resulting for the different IMFs TumA-E using

the same SFR(10, 10, -2). For the wavelength range of inter-

est (UV to NIR; � 4 µm), the differences are very small (or-

der � 10%). To differentiate between such subtle differences the

EBL density has to be resolved on the same level. As discussed

below (Sec. 3.2), current EBL limits constrain the EBL density

in this wavelength range in the order of � 50% at best, so for

further calculation we will only consider the TumA IMF case

(somewhat average EBL) for the ZM stars.

m) µ (!
-110 1 10

) 
-1

 s
r

-2
 (n

W
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" I
"

-110

1

10 TumA
TumB
TumC
TumD
TumE

Fig. 7. Resulting EBL energy density for different IMFs

(Tumlinson A, B, C, D, and E) for SFR(10, 10, -2). Given the

similarities between the EBL densities, with only small differ-

ences at longer wavelengths, we will use the TumA case for fur-

ther calculations.

But, there could be more high-redshift star-formation

Raue et al. 2009
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Fig. 6. Co-moving PopIII SFR (left) and resulting EBL energy density (ZM: middle; LM: right). In each row one parameter of the

SFR parameterization is varied. As reference for the low redshift SFR the data collection from Hopkins & Beacom (2006) is given

(grey markers). Top: zpeak varies – SFR(x, 10, -2). Middle: α varies – SFR(10, x, -2). Bottom: β varies – SFR(10, 10, x).

a break in the EBL from UV to NIR could be interpreted as an

indication for massive ZM stars with short lifetimes (e.g. Santos

et al. 2002). Furthermore, the EBL from LM stars shows a differ-

ent redshift dependency (Fig. 5), which in principle will result in

a different absorption signature for high redshift VHE sources.

Detecting such a signature will be a difficult task: high precision

measurements of VHE spectra for high redshift are needed and

more important, the PopIII contribution to the EBL density has

to be in excess of the contribution from second generation of

stars (see Sec. 3.2 for a detailed discussion).

3.1. Initial mass function

The zero metallicity SPS from Tumlinson (2006) are calculated

for several different IMF cases shown in Fig. 1. Figure 7 shows

the EBL density resulting for the different IMFs TumA-E using

the same SFR(10, 10, -2). For the wavelength range of inter-

est (UV to NIR; � 4 µm), the differences are very small (or-

der � 10%). To differentiate between such subtle differences the

EBL density has to be resolved on the same level. As discussed

below (Sec. 3.2), current EBL limits constrain the EBL density

in this wavelength range in the order of � 50% at best, so for

further calculation we will only consider the TumA IMF case

(somewhat average EBL) for the ZM stars.
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Fig. 7. Resulting EBL energy density for different IMFs

(Tumlinson A, B, C, D, and E) for SFR(10, 10, -2). Given the

similarities between the EBL densities, with only small differ-

ences at longer wavelengths, we will use the TumA case for fur-

ther calculations.
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Fig. 10. Optical depth for VHE γ-rays derived for the ZM model with SFR(7 - 14, 10, -2) (black solid lines) versus the optical depth
derived for a PopII EBL model (low model from Kneiske et al. 2002, 2004; red dashed line) for a source at redshift z = 1 (left) and
z = 2 (right).

at redshift z = 1 and z = 2.10 For redshift z = 1, the optical
depth resulting from the PopII EBL dominates over the PopIII
contribution (with ρ0 = 1, which is of order of the limit derived
in the previous section). For higher redshifts the situation is dif-
ferent: the PopII SFR rises steeply with redshift with a plateau
or peak expected in the redshift range z = 1 − 2, so the main
PopII EBL contribution is building up over the redshift range
z = 0 − 2. The PopIII will not add new photons to the EBL in
this redshift range, so the co-moving EBL density contribution
from PopIII stars is constant and just scales with the cosmolog-
ical expansion/contraction. Consequently, at redshift z � 2 the
optical depth resulting from PopIII EBL can dominate the total
attenuation at energies �30 GeV (Fig. 10 right). For a source at
redshift z ∼ 2 the optical depth resulting from the PopII EBL is
� 1, so to distinguish between PopIII and PopII contribution, one
would have to differentiate between optical depths of e.g. 1 and
10. Note that the PopII EBL model could underestimate the EBL
density in the UV-O range, since the contribution from AGN is
not included in the calculation. Thus the background resulting
from other contributors to the EBL could be even higher.

In case of the LM scenarios the resulting optical depth is
higher than for the ZM models, due to the higher EBL density
at λ < 0.5µm (Fig. 6), but this will not change the fundamental
challenge of determining the exact shape of a steep cut-off from
a low statistic measurement.

4. Discussion

Figure 11 shows the limit on the PopIII SFR derived in this paper
in comparison with other measurements and limits on the SFR.
As argued in Sec. 2.3, the direct measurements (from e.g. source
counts) are not directly comparable with the limits derived from
an integrated property like the EBL, since they most likely sam-
ple different contribution to the total SFR. In this respect, they
have to be considered lower limits on the total SFR. The direct

10 For details on the calculation of the optical depth see e.g. Mazin &
Raue 2007.
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Fig. 11. Limits on the co-moving SFR of PopIII stars derived in
this paper in comparison to other limits and measurements of the
star formation rate. The purple striped region indicates the range
given in FK06 (see text for details). Blue open markers are from
the data collection from Yüksel et al. (2008), while blue filled
markers at z = 4.5 and z = 6 are the data points derived in the
same paper from GRB measurements. As reference for the low
redshift SFR the data collection from Hopkins & Beacom (2006)
is given (grey markers).

measurements at z ∼ 7 lie two to three orders of magnitude be-
low our limits, while recent determination of the SFR at z = 3−6
give 0.1 M⊙Mpc−3 yr−1 (Yüksel et al. 2008). Henry et al. (2008)
reported a candidate for a Lyman break galaxy at z = 9. If con-
firmed, this could imply that the SFR at z ∼ 9 does not evolve
strongly and is roughly on the same level as at z = 3 (Henry et al.
2008), which would bring our limits in range (factor 5-10) of the
direct measurements.

Spectral Signature in EBL from Reionization

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

Raue et al. 2009

These are complimentary to information from CMB polarization and 21-cm background studies of neutral H



4 Salvaterra, Ferrara & Dayal

Figure 1. The UV LF of galaxies at the different redshifts shown in each panel. Observational data (and upper limits) from HUDF are
taken from Bouwens et al. (2007) for z = 5, 6, Oesch et al. (2010) for z = 7, Bouwens et al. (2010) for z = 8 and Bouwens et al. (2009) for
z = 10; they are shown as circles (arrows). The histograms show the simulated LF with error bars representing Poisson errors. Dotted
lines are the Schechter function fits to the LF; the vertical short(long)-dashed lines mark the sensitivity limit of JWST (HST/WFC3).

Figure 2. Maps showing the distribution of galaxies with an observed flux larger than the JWST sensitivity limit of 1 nJy in the J-band
(left panel) and H-band (right). The maps are a 2D cut of a 3D image produced by stacking simulation snapshots between z ∼ 7.6−11.6.
The vertical color bar gives the redshift of the object, the size of the galaxies scales with their flux in the range 1 nJy < F < 24.4 nJy.

c© 0000 RAS, MNRAS 000, 000–000

Will JWST see the faint reionizing sources?

Launch date: 2014 

Mirror diameter: 6.5 
meter 

Material: beryllium 

18 segments 

Wavelength coverage: 
0.6-28 micron 

L2 orbit 

Hubble Ultradeep Field 
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(fraction of ionizing lum density detected)

(22%)(35%)

Salvaterra et al. 2010

JWST: a deep106 sec exposure 
1nJy detection in J-band
(equivalent to a HDF
with JWST)

LFs are steep (~-2), luminosity density is dominated 
by sources at the faint-end.
 JWST is not the final answer to studying reionization!



GOODS
CDF-S

COSMOS

What is done?
Measure statistics of “empty” pixels.

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

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

Mask > 50% of pixels (GOODS we masked 
70% of pixels), but techniques to handle 
mask well developed for CMB analyses. 
(e.g., MASTER algorithm from Hivon et al.)

Searching for faint sources hidden in noise!



Title Here

•  Kashlinksy et al. 2005.  Interpreted as evidence 
for a z > 8 first-light   component responsible for 
reionization
   
•  Some uncertainty with undetected dwarf 
galaxies at moderate redshifts of 1 to 3?
    Cooray et al. 2006; Chary et al. 2008 using 
fluctuations and a stacking analysis; account for 
~50% of the fluctuations.
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Characteristic features (Cooray et al. 2003): 
(a) bump around l~103 (~50 Mpc clustering scale at z~10-12)
(b) non-linear corrections at l > 104 (seen in numerical simulations)

The full spectrum over a few degree angular scales cannot be reproduced by low redshift populations!
(at z < 1 to 2, diffuse intra-cluster light can, but amplitude is small given existing measurements)

Searching for faint sources hidden in noise!



2 deg

A GOODS Field

Cosmic Variance is a problem for fluctuation studies, so far



Title HereWe need fields that span couple of degrees, not small GOODS-like fields!

IRAC-Bootes, 8.5 square degrees                

– 33 –

Fig. 4.— Total SDWFS IRAC 3.6µm coverage map (four coadded epochs) illustrating the
uniformity of depth over the Boötes field. The coverage ranges from a maximum of 19×30 s

(black) in the interior to no coverage (white), at the edge. The total area observed with
at least one 30 s exposure is 10.6 square degrees. The total area covered by the other three
IRAC bands is nearly identical, but the coverage differs in detail at the edges of the field

because the 3.6/5.8µm and 4.5/8.0µm fields of view are offset from each other.

– 32 –

Fig. 3.— Total SDWFS IRAC 3.6µm coadd (four coadded epochs) of the Boötes field. Challenges: Deconvolve the coverage map!!       

Other opportunities: Akari, SEDS w/IRAC (>2 microns),
                                 WFC3/MCT (Ferguson-Faber program)
                                 CIBER,  and in near horizon JDEM



Fluctuations vs. Mean Intensity

Fluctuations alone cannot establish the integrated SFR during 
reionization - degeneracies between various model parameters from 
mass scale of reionization, mean redshift of reionization, duration of 
reionization etc.

Sources in more massive dark matter halos at a lower redshift can be tuned 
to produce the same level of fluctuations as sources in less massive halos at 
a higher redshift.

However, the two scenarios will have two different EBL amplitudes.

Thus, a precise EBL spectrum must be combined with fluctuations to properly 
constrain the astrophysics of of reionization.



Text



Summary

Infrared background is cosmologically important, a spectral signature 
from sources present during reionization.

The optical to IR extragalactic background light is highly uncertain

More precise measurements are wanted in near-IR
    - absolute spectroscopy of sky from 0.8 – 3.0 µm with an ability to account 
for zodiacal light properly.
    - fluctuation studies extending to 2 degrees or more with multi-wavelength 
 coverage for cross-correlations    
    - in combination, establish reionization history, mass scale, duration!

Redshift

z < zi

z ≈ zi

z > zi

.

Neutral IGM

ionized


