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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 Spectrum
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Figure from Dole et al 2006.
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Optical and IR EBL Spectrum
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Why is the.absolute optical./IR background uncertain?

Our viewpoint of
the Universe is not

typical M ...Zodiacal light
y ' . (ie dust in the

solar system
S| scattering sun

...stars and - Bemaved light)...
starlight in the ; .
galaxy...

Extragalactic
Background

DIRBE EBL is
sensitive to how
foregrounds are

accounted for!

Diffuse Infrared Background DIRBE
PRC98-01 « ST Scl OPO « January 9, 1998
M. Hauser (ST Scl) and NASA




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

. BLAZAR | -

= ; >'— = A._A; :; = = 7; A S = - measured =

Energy

- 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!!!! ' " hcton Enary (0w}

« (If IR EBL known exactly, study )
TeV source astrophysics) Joel Primack’s talk

Integral Flux (counts)




Is there a need for a new direct EBL measurement?

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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EBL as an

independent probe of SF history of the Universe

log p,(ergs s~ Hz™! Mpc9)

log uI, (nW m~ sr1)

26 -

1
log A(um)

log p,(ergs s~ Hz™' Mpc-3)

log vI, (nW m™2 sr1)

28

2 3
redshift

Madau et al.




EBL as an independent probe of SF history of the Universe
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EBL from known galaxy populations at
z > 4 is less than 3 nW m? sr-!




The epoch of reionization and a spectral
signature in EBL

Surface of First stars form T ..
Reionization Most visible

last scattering Reionization Toda
Origin of CMB begins

complete stars form
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LIGHTING UP THE COSMOS

Inthe beginning of the Dark Ages, electrically neutral When did the reionization take plac ?
hydrogen gas filled the universe. As stars formed, they

lonized the reglons immediately around them, creating

bubbles here and there. Eventually these bubbles merged p. \
together, and intergalactic gas became entirely iBnized \
/ "\ e
; \ e

Probability

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




Leading candidates

Star formation
- high mass stars?
- two bursts?

Stellar remnants
- aka ‘mini-quasars’

Supernovae
- PISN produce metals

Exotic scenarios
- Decaying dark matter

Neutral Hydrogen

Y

zZ-30

“First stars and mini-quasars form
via Hy Cooling.

*Hy destroyed by photons with
energies of 11.2-13.6eV.

zZ-15

“Massive objects cool and form
stars via atomic line emission at
Tyir 2 104 K.

z-8

“Expanding HIl regions overlap;
UV background rises sharply.

*Free electrons damp CMB
anisotropies.

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

. Tur< 104K

. Tur> 104 K
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Searching for sources responsible for re

Bouwens et al.




TIME Magazine cover sto

I.lght I:rom d How the universe grew from dark soup to twinkling galaxies

Looking for the beginning of time . 13.4 billion years later
Big  About 13.7 billion years ago, the universe burst into Albert Einstein suggested that gravity from a massive forergound object could distort and magnify background objects. By
P creating both space and time 100king thiough a cluster of galaxies, aStroNOMers have Now found the magnified images of much mora distant galaxie

Gravitational Present

Inflation
era

In the beginning
Half a million years after the Big
Bang, temperatures had fallen
50 low that the cosmos went
dark. Half a billion years later,
galaxies had b
shine. What happened in
between laid the foundations
for the modern universe

w
from

the
observatory

Ze

What they're
really seeing

~¢ Richard Ellis of Caltech
has found distant galaxies

9 warped into odd,
elongated shapes, as
though they were being

The

THE DARK AGES BEGIN 2) DARK MATTER

to about the temperature ordinary atoms, dark-matter
icles were spread The earliest stars were extremely large and The death of the megastars could ordinarily never be
dense, weighing in at 20 10 100 times the mass triggered the formation of glimpsed through existing
n, and more. The crushing pressures at normal stars, creating the telescopes
ores made them bur through their nuclear first normal-looking dwarf
5. T

When the cosmos is about 400,000 years Far more abundant than
as % 3 FIRST STARS END OF THE DARK AGES

f the surface of the Sun, allowing pai

subatomic particles to combine f unevenly through the

time into atoms. The last 2 cosmos; areas of higher of the 'Sun,
concentration drew in their c
hydrogen and helium gas, fuel in only a million years or so, and cau radiation in N
eradually forming knots them to spew out such intense radi wm burned through the S e

n space. 1y of those dense enough to burst into Kept other stars from forming. The first “g: remaining shrouds of
aves in 1964 confirmed the thermonuclear flame, may have consisted of clouds of hydrogen and hydrogen, bringing the dark
existence of the Big Bang forming the first stars helium surrounding just one mega-star ages 10 a close.




Need 1 photon to start reionization

A<912A photon

R = nonyy,apC s Mpc,

Sensitive to:

1. Clumpiness of the
gas

2. Temperature of the
gas

3. Co-moving electron
density

Need ~few photons to maintain ionized hydrogen

due to recombinations

~
D




Have we seen sources responsible for reionization?
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Reionization dominated by very faint, sub-dwarf galaxies!!!




Can we hide the sources?
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Large uncertainty in the faint end slope of the UVLF
the faint sources dominate the integrated light!




The UV photon luminosity density for reionization

10F — ~ ~ T~ ~ "~ — T * " "1

T °F

O E

o -

= C

3N

£ 8:

z !

— L

= F

2 7
6: ) ) ) ) ) ) ) ) ) .1
5 10 15 20 25

Redshift

reionization dominated by L ~0.001 L-or below




A minimum level of EBL from reionization
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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.
1t is safe to consider this EBL as a lower limit.




But, there could be more high-redshift star-formation
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Spectral Signature in EBL from Reionization
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Two key features of the EBL reionization spectral signature:

(2) Amplitude of the spectral signature probes the integrated SFR
during reionization

(b) Width of the spectral signature probes the redshift duration of

reionization

These are complimentary to information from CMB polarization and 2 I-cm background studies of neutral H




Will JWST see the faint reionizing sources?

(fraction of ionizing lum density detected)
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Myy Salvaterra et al. 2010
JWST: a deep |06 sec exposure LFs are steep (~-2), luminosity density is dominated
In)y detection in J-band by sources at the faint-end.
(equivalent to a HDF JWST is not the final answer to studying reionization!

with JWST)




Searching for faint sources hidden in noise!

COSMOS

GOODS
CDF-S

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!
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Background Light LS Foreground Objects -~ - . .

K-band
2.2um

L-band ____ c|ggR 1st flight sensitivity
----- CIBER-I sensitivity
- CIBER-Il sensitivity

- First-light Galaxie:

= z <6 Galaxies 3.6um

Universe's “Dark Ages” Spitzer Space Telescope * IRAC]
A Kashineky (GSFC) #5c2006-22|

» 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?

oo 1? oo Cooray et al. 2006; Chary et al. 2008 using
fluctuations and a stacking analysis; account for
Characteristic features (Cooray et al. 2003): ~50% of the fluctuations.

(a) bump around 1~103 (~50 Mpc clustering scale at z~10-12)
(b) non-linear corrections at I > 10* (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)




Cosmic Variance is a problem for fluctuation studies, so far
2 deg

31.25 Mpcih
S

A GOODS Field




We need fields that span couple of degrees, not small GOODS-like fields!
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IRAC-Bootes, 8.5 square degrees 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.
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Redshift

Neutral IGM

ionized

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 um 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!




