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® Fluctuations in the near-IR background with Spitzer and Hubble
(will mention CIBER; but no results here; papers submitted)

® CIBER (happening now) and ZEBRA (wish it 1s happening)
® Fluctuations in the far-IR background with Herschel

® Intensity mapping of CII in sub-mm as a probe of reionization

(Twitter summaries for each section)

Outline
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Status of Cosmic IR Background Measurements
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Near-IR background Light is a probe of reionization

Even if faint sources are individually undetected, their presence
iIs visible in the absolute intensity of the near-IR background.
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e Calculation consistent with HST/WFC3 UV LFs and reionization histories.
e The predicted 7 > 6 background intensity ~ 0.1 to 0.3 nW/m2/sr between 1 to 3 microns.

e This 1s small and challenging to measure with absolute experiments at 1 AU; A small
instrument outside of the zodiacal light cloud > 5 AU i1s necessary.
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Instead of the absolute total IRB intensity, measure anisotropies or
fluctuations of the intensity (just like in CMB).

IRB anisotropies probe substantially below 0.1 nW/m2/sr intensity.
(Cooray, Bock, Keating, Lange & Matsumoto 2004, ApJ)

IR Background Fluctuations Measurements
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2754 What do we do?

GOODS
CDF-S

¥ im;;": Measure statistics of “empty” pixels.

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

4 above noise

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

COSMOS

i1 We also mask > 50% of pixels (GOODS we

masked 70% of pixels).

Techniques to handle mask - borrowed from
CMB analyses.

IR Background Fluctuations Measurements

Asantha Cooray, UC Irvine
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First Light after the Universe's "Dark Ages” Spitzer Space Telescope * IRAC

- First detection reported by Kashlinksy
et al. 2005, Nature with Spitzer at 3.5
and 4.5 um (also Kashlinsky et al. 2007,
2012)
Explained as z > 8 first-light galaxies

| with Poplll stars.

» Thompson et al. 2007 report HST/
NICMOS measurements, which are
argued to be inconsistent with
Kashlinsky interpretation for z> 8
sources

IR Background Fluctuations Measurements
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IRAC, 4-band

~10 deg?

4 epochs (2004-2009)
~250 hr w/ IRAC
~80,000 images

90 sec/epoch/pos’n
Pl: Dan Stern (JPL)

The IRAC Shallow Survey
(Eisenhardt et al. 2004)

SDWFES: Spitzer Deep Wide Field Survey

Chalonge July 2014 Paris
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Standard Spitzer software, MOPEX Our self-calibrated mosaic

Self-calibrated mosaics are aimed at preserving the background, unlike MOPEX and HST
multi-drizzle for WFC3. Based on works by Fixsen et al. 1998 & Arendt et al. 2010
(Our internal code is cross-checked against Rick Arendt’s routines).

Spitzer Background Fluctuations in SDWEFS

Cooray et al. 2012, Nature, 490, 514
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Mask map. (Sextractor) Cross-Correlate Coadded Epoch

Fourier
Transform

PSF BEAM TRANSFER FUNCTION
Jackknife For Noise Errors

S

Spitzer Background Fluctuations in SDWEFS

Cooray et al. 2012, Nature, 490, 514
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The Matrix itself.

Mode-coupling due to masked sources

Cooray et al. 2012, Nature, 490, 514
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Spitzer Background Fluctuations in SDWEFS

Cooray et al. 2012, Nature, 490, 514
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Spitzer fluctuations are real! Not an instrumental systematic nor zodiacal ligh:
Its extragalactic, repeatable, time-independent.

Kashlinsky et al.
SEDS data are
deeper than SDWFS
(so more point
sources are masked)

e SDWFS 3.6um
X Kashlinsky et al. 2012

102T 153 10* T 10°

1 Degree 30 arcsec

Spitzer Background Fluctuations in SDWEFS
Cooray et al. 2012, Nature, 490, 514
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What is the origin of these IR fluctuations?

arcmin

Measured shot-noise
agrees with prediction
for faint galaxies
below the detection
threshold

(Helgason et al. 2012)

Argues against a new source population to explain the observations

Spitzer Background Fluctuations in SDWEFS
Cooray et al. 2012, Nature, 490, 514
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What is the origin of these IR fluctuations?
o R Intra-halo light

Purcell et al. 2008  (z=0 IHL and ICL
predictions)

Purcell et al. 2007
Gonzalez et al. 2004

This study
Intrahalo light:
stars outside of the galactic
disks and in the outskirts
of dark matter halos
due to tidal stripping
and galaxy mergers.

Simulation/theory predictions:
Purcell et al. 2007 10° 10 10! 10 10'8

Watson et al. 2012 z ~ 1to 5 IHL fraction from M/Mo
IR fluctuations

Intra-halo light in galaxy-scale dark matter halos
Cooray et al. 2012, Nature, 490, 514
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SDSS stack of 40,000 galaxies at z=0.3

Offset [kpc]

Individual ;

golaxies S : S SRAE
‘ 0

Offset [kpc]

.. NGC 300: ry=1.47 kpc r—band stack profile

n=5.5 model fit to stack

»

ICL+BCG profile (Zibetti 05) ]
n=4 fit to ICL+BCG profile

——— 1% HL
0.3% IHL

W
o

N

ue(r) (mag arcsec™?)

Surface brightness [mag arcsec™?)

stellar halos (Lgyg~4€9 Lo)

Tal and van Dokkum 2012 \“\\
5 10 15 20 ‘

r (kpc) 10 100
Radius [kpc]

a Cooray, UC Irvine UIIdIVIIYE July ZU 14 rdlisS




Twitter summary

Spitzer background fluctuations
explained with 0.5% intra-halo light
by @acooray #wdm14



.Reionization signal in IR fluctuations?
CANDELS, a mulfi-cycle pragrar with Hubble Space Telescope.
WEBSITE: CANDELS.UCOLICK.ORG

370
nvHme AT

s

Field Area

Program ID Dates

UDS 210 sq arcmins

12064 10-11/25/10
12064 10-01/10/11

EGS 90 sq arcmins

12063 11-04/08/11
12063 11-06/02/11

COSMOS 210 sq arcmins

12440 11-02/25/12
12440 12-04/16/12

COSMOS 1.8 sq degrees

, UG Irvine

9822 /10092 10/03-5/04
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Twitter summary

0.5 to 2 micron fluctuations w HST
lead to integrated UV lum density at
z > 6 #wdm14



State of NIR/Optical Extragalactic Background Measurements
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CIBER1:

First flight February 2009, second July 2010.
Third flight February 2012 (all from White
Sands, NM). Fourth June 2013.

Fourth flight was a non-recovery longer flight
from Wallops, VA; CIBER1 payload dumped in
Atlantic.

Upgrade to CIBER2 completed; pending four
additional flights with NASA now.



THE CASE FOR SPACE

Airglow Emission

« Atmosphere is 500 — 2500 times
brighter than the astrophysical sky
at 1-2 um

* Airglow fluctuations in a 1-
degree patch are 10 times
brighter than CIBER'’s sensitivity in
50 s

 Brightest airglow layer at an
altitude of 100 km... can’t even
use a balloon

H-BAND 9° X 9° IMAGE OVER 45 MINUTES FROM KITT PEAK
WIDE-FIELD AIRGLOW EXPERIMENT: HTTP://PEGASUS.PHAST.UMASS.EDU/2MASS/
TEAMINFO/AIRGLOW.HTML

CIBER

Cosmi« lnfl ared Bac l\(]l()llll(' Expe Rllm nt
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CIBER-1

G-10 Suspension

Vacuum T /

Door

LN, Cryostat 7 _ LR Spectrometer

< / NB Spectrometer

Wide Field Imagers

Dual Wide-Field Imagers Low-Resolution Spectrometer Narrow-Band Spectrometer
A=0.8um & 1.6 um A/AA =2 A =0.8—2.0 um MA\ ~ 20 A =0.8542 um WAL = 1000

2°x 2° FOV 77 pixels 4° x 4° FOV 60" pixels 8° x 8° FOV 120" pixels

- Search for Ly cutoff feature in | ©  Use Fraunhofer lines to
MBS (PO SRl Uil 0.8 — 1.2 um region measure absolute Zodiacal

7" to 2 degrees intensity

ApJ Supplement Special Issue on CIBER Instruments, September 2012, 5 papers
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CIBER Does eX|st', Recovery after flights
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Median photocurrent = 22 e-/s
Median read noise =12.6 e-

CIBER ™

Cosmic Infrared Background ExpeRiment
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LOW-RESOLUTION SPECTROMETER SCIENCE

SPECTROMETER
SENSITIVITY

| IRTS IRB

(NWm “sr

vF,

- -
4:4_@)(;43.—1'55’ “ee.

TeV blazar absorption
spectra set an upper limit

Spectrometer on.the EGB (Aharonian et.
sensitivity after; 3 al. 2005) 5

— . 50s ]
0.5 1

Wavelength [um]

Is the gap between IRTS/DIRBE and HST real?
CIBER would see it easily, without any Zodiacal subtraction

400 pixels, 15s Low-Resolution

Precisely measure Zodiacal color, link with narrow-band spectrometer
Low-resolution spectrometer sensitivity is 1-2 nW m-2 sr-"
NB Spectrometer Zodiacal zero pointis 3 nW m=2 sr' at 0.85 um
Controversy at J-band is ~30 nW m-2 sr-'

Cosmic Infrared Background ExpeRiment g '. - -
Asantha Cooray, UC Irvine Chalonge July 2014 Paris
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USING FRAUNHOFER LINES TO TRACE ZODIACAL INTENSITY

Zodiacal Light is just scattered sunlight

Features in the solar spectrum are
mimiced in Zodiacal light

The solar spectrum gives a precise
tracer of the absolute Zodiacal intensity

But reality is messy

Atmospheric scattering, emission,
and extinction

- scattered ZL

- scattered starlight

- airglow

- etc

Calibration on diffuse sources
FOR DETAILS SEE: DUBE ET AL. 1979

BERNSTEIN ET AL. 2002
MATILLA 2003

Cosmic Infrared Background ExpeRiment e

Chalonge July 2014 Paris



NARROW-BAND SPECTROMETER

N 2

f
S OR— LI, Ui | S S—

NIST calibration data
I(photo) ~ 30 e-/s

Solar Spectrum and Fraunhofer Lines
Az ()

Ao Ao
2 )

Science Goal:
Measure Fraunhofer
Call 854.2 nm line
EW to 1 % absolute

Intensity [arbs)

— Solar spectrum (measured)
Solar spectrum (model)

B T ———

259 5§ 453 5

J&. I
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How can a rocket experiment compete with these?

Instrument Bands FOV Sub- Etendue
] | e |
CIBER2 0.6,0.9, 85'x 85' 1
R el e
0
2.1
WEFC3 0.6, 1.0, 2'x 2 1500 0.01
R
Akari 23,32, | 12'x 12
4.1
- 5

Notes: Etendue = Area x QQ x Simultaneous Bands

Sub-fields = number of pointings to cover 2 sq. degrees
Asantha Cooray, UC Irvine UIIAIVIIYE JUly ZU 14 Fdils




Twitter summary

CIBER will resolve controversy
related to DIRBE and TeV EBL this
year #wdm14



Why measure EBL to 1%?

Towards a definite signature of reionization

Frequency v [GHz]

K
jﬂ o
2 s
E c
@
b <
10 <

1.0
5.3 arcminutes Wavelength A [um]

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

These are complimentary to information from CMB polarization and the 2 [-cm background



Why measure EBL to 1%?

And the reionization signal is measurable
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What do we need:
(a) A small aperture telescope with multi-wavelength coverage and observing

outside of 5 AU
(b) absolute photometry and deep galaxy survey catalogs




ZODIACAL DUST, EXTRAGALACTIC BACKGROUND AND REIONIZATION APPARATUS

A Science Enhancement Option for an QOuter

Planet Discovery Mission
B BN . s R




ZEBRA Z7EBRA

Platform: Outer planets mission to Saturn

Two Fundamental Science Goals in One Description of payload instrumentation: Optical to
Instrument to the Outer Planets near-infrared absolute photometer with 15 cm
telescope; Wide field optical camera with 3 cm
* Extragalactic Background Light telescope
- Measures galaxy history Mission duration: 5-year outer planets cruise-phase
- Epoch of reionization galaxies Temperature: 50 K

« Zodiacal Dust
- Structure and origin of solar
system dust
- Detect and map Kuiper belt dust

Pointing requirements: 0.5" stability over 500 s.
Data rate to ground (kbits/day): 0.5 Mbpd

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

EBL from
simulations
atz<5§

Reionization

Diffuse Slanel

Galactic

Light
Foreground
residual

ZEBRA is a high-TRL instrument with
minimum impact to host mission

* All key technologies demonstrated

» Well-defined interfaces

+ ZEBRA engineers offset to net mass

1.0
Wavelength A [um]




LEBRA

ZEBRA

cience and Hardware Implementation Scientific Analysis and Oversight

amie Bock
obin Bruno
arry Wade
ike Zemcov
oger Smith

EBRAPI

roject Manager
ystems Engineer
strument Scientist
IR Detectors
hristophe Sotin

evin Hand

ata Analysis and Archiving

anga Chary IPAC Data archiving

santha Cooray EBL science
U

ill Reach odiacal science

Ned Wright

Possible Observation Plan During Cruise

Log (sky brightness)

Dust Components in our Solar System

Oort Cloud 2

10,000 AU
Kuiper Belt

Asteroid Belt

o 5AU

Mark Dickinson

Carey Lisse

Reionization models
B

rian May

Amaya Moro-Martin  |SCIC Kuiper belt dust models
Spitzer PS experience for development

Chas Beichman JPL/IPAC Exo-Zodiacal systems
Caltech Kuiper Belt Objects

NOAO EBL & galaxy surveys

EBL and Zodi modelling
nst. Design; Spitzer/IRAC PI
EBL instrumentation; DIRBE Pl

HU/APL Zodi structure & composition
Imperial  |Zodi science and public outreach

UCLA

M Perf. Ver. [l Zodi structulill

odi and stellar FGs; WISE PI

Kuiper Belt maps EBL

Dust Around Nearby Star Formalhut

v W S
y 9 ""’\

'%"W“‘r | Fomalhaut b

Exo-planet . *
shepherding
Kalas et al, (2008) exo-dust cloud

2006
2004




Instrument Overview JPL

Fraunhofer Line Spectrometer

Wide-Field Camera

Absolute Photometer

3-stage Passive Kapton Radiation Shields (2) Support Struts
Cooling System




Twitter summary

A small instrument to outer solar
system is a must for a precise EBL
measurement #wdm14
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HerMES Lockman North Lacey, C. et al. 2010, MNRAS, 405, 2

test specific predictions of clustering properties of starbursting galaxies

Where are the Starbursting Galaxies in the Universe?

HALO MODEL REVIEW: COORAY, A. & SHETH, R. 2002, PHYSICS REPORTS, 372, 1

Asantha Cooray, UC Irvine
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Angular Correlation Function
Scott, S. et al. 2006, MNRAS, 370, 1057

~20 detection

Pre-Herschel sub-mm ¢
with SCUBA ~73 source

Halo Mass

« Dark matter halo hostinga S,;, >
30 mJy galaxy ~ 10126 M

* ~15% appear as satellites in more
massive halos ~ 10131 M

solar

solar
2 3

 Evolutionary path is z~2 S, ~ 30 Redshift

mdy Herschel source will evolve to - “e———

be (2-5)L lliotical aal t 2~0 Angular Scale (Arcmins)
e (2-5)Lstar elliptical galaxy at z~ TS

Where are the Starbursting Galaxies in the Universe?

HALO MODEL REVIEW: COORAY, A. & SHETH, R. 2002, PHYSICS REPORTS, 372, 1

Asantha Cooray, UC Irvine Chalonge July 2014 Paris
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Amblard et al. 2011, Nature; Thacker et al. 2013

Asantha Cooray, UC Irvine
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Cosmic Infrared Background Fluctuations with SPIRE

Amblard et al. 2011, Nature; Thacker et al. 2013
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QHERMES

over 70 deg?

2 _

1-halo

T

Poisson]

Combined 5 fields 1

/7 7"',
/ \
| )

k/eo(arémin*)

Smaller Scales

—£=21.600 Viero et al. 2012

2-halo

-
@

L

Halo Model: see e.qg.,
Cooray & Sheth (2000),
Zehavi et al. (2005, 2008)

Cosmic Infrared Background Fluctuations with SPIRE
Amblard et al. 2011, Nature; Thacker et al. 2013
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Cosmic Infrared Background Fluctuations = Dust Content

I L I B R R R |
-5
10 N Intergalactic Dust in Strong Mgll absorbers ]
L Dust Dust i
- N
"~ Disks
- i H—ATLAS FIRB Power Spectra
E
S 107°F H@H _
- ® Menard et al. 2010, 2012 1
B ‘4 B Fukugita & Peebles 2004
- H-ATLAS A Driver et al. 2007 i
[ Dust Mass ¢ Fukugita 2011 ]
" Function ® Dunne et al. 2011 |
- mm This work .
10_7..|....|....|...|....|

0.0 0.2 1.0 1.9 2.0 2.9

| redshift |
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Twitter summary

Herschel anisotropies are

consistent with dust abundance
from SDSS QSO reddening #wdm14



LIGHTING UP THE COSMOS

CO probe based on
Yan Gong, Asantha Cooray, Marta Silva, Mario Santos, Philip Lubin
Probing Reionization with Intensity Mapping of Molecular and Fine

Structure Lines
Astrophysical Journal Letters, 728, L46-L51 (2011).
(see also Chris Carilli, arxiv.org:1102.0745; Lidz et al. arxiv.org:1104.4800)

CII probe based on
Yan Gong, Asantha Cooray, Marta Silva, Mario Santos, Jamie Bock, Matt Bradford, Mike

Zemcov
Intensity Mapping of the [CIl] Fine Structure Line During The Epoch of

Reionization
ApJ 2011, arxiv.org:1107.3553

Atomic and Molecular Lines as a Probe of Reionization

Chalonge July 2014 Paris
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21-cm Signal (Spin temperature)

Z» 6.2

Z»15 Z» 17

reionization

Z » 30

T (K)

mean T, (mK)

~—

Ts=Ty >> Tug (shock heating

and X-ray emission)

v
Star formation Ly,: T¢=T

Good for cosmology?...of interest to
next-generation 21-cm

10°%
10%

10 |
- X-ray
heating
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Adiabatic cooling

; .
— Radiative

I BT

Thermal Coupling R
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— Spin-changing collision

cmb

C

Z » 140 Z » 1000

IEquilibrium with
ICMB (Ts=Ty=Tcyp )=

buyd

Ts=T, (collisions), but T, < Tews

(adiabatic cooling) Good for

cosmology! (“theory dream land”) a probe of
primordial density perturbations better than CMB
(detection: ~SKA@Moon?)

Useful timescales: (say at z~15)

tog = TA Ty ~ 3x10% yrs
fc = 1/ny<o,,v>  ~3x10°yrs
t, = H' ~ 7x108 yrs

Spin temperature (with Lyo coupling X, ):
T +xT ' +x,T.'

9

l+x. +x,

_ traa _ Tia(009)(T3)

T

cmb

Ay (Mario Santos)



Experiments

*LOFAR (Low-frequency Array)
Netherlands

*PAPER (all sky with dipoles)
South Africa (US-led)

*MWA (Mileura Wide-Field Array)
Australia (joint US-Australia)

“SKA (Square Kilometer Array)

International collaboartion - site testing




C+ and fine- structure Ilnes in gaIaX|es

Photodissociation region

ol : N
[ 2 - -
Ay=15-2 L = 2 = E
T~1000K F o 2 ° .
, o o’ 0, = =& - ;
A=1520  © E
T~10-50K © ]
O N P R 3 ;
AV=4 E . N E
UV Radiation, Hil Region Photodissociation 7, 109 K Cool Cloud = ' F'JAHI 11| Circinus 1SO LWS+SWS E
Region (PDR) Interior e . e
[ A, g 10 100

Wavelength [zm]

* C+ionization potential 11.6 eV, so it exists in neutral gas where much
of the energy is input into the interstellar medium.

— Easily thermalized with a critical density of 3e3 H, cm3 or ~50 e cm3

— Dense photo-dissociation regions: regions, C-ionizing photon density is set
by dust extinction

* C+ carries a large fraction of the gas cooling (30-50%, (of the 1% of the total))

— Among the most luminous spectral line in the spectra of galaxies.
* ->|ess dust to gas means more C+.

e Also traces diffuse ionized gas.
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r FLS3 (z=6.3369) 0[}(:11]| [o1]
[ Arp 220 (z=0.0181)

[ unlabeled lines — Hp0 J i

FLS3: 890um contours on 2.€um iréi’ége
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J:l G1B (z=2,092)
@ FLS3 (2=6.337)
L]

N e
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Cr

0

QSMA 890um: 0.36'"x0.29" (VEX configurotion).
Keck/NIRC2 2.2um: 0.15" (c'lglcuptive optics)

* Highest redshift Cll 158 micron detection to-date.

* Cll intensity mapping experiment will be sensitive to fainter galaxies like
these.

Z = 6.34 Dusty Starburst Galaxy in HerMES

Riechers, D., Cooray et al. 2013 Nature

Asantha Cooray, UC Irvine Chalonge July 2014 Paris



Mean CIl intensity as a function of redshift

10° F -« TE=10*K,n, = 10%m 3, Ts ~639x10° [ Lines analytical with
o — T =10*K,n = 10%m 3, Ts ~ 154x10° || Z~ 1002
10°F - = T¢ =10°K,n, = 10%cm 3, Ts ~ 8.13 x 102 1 and 30% of gas in
107 E — TF—10°K, m, = 10%m 3, Ts ~ 33 x 102 u galax.ies above critical
] b T = 102K, n, = 103cm ™3, Ts ~ 9.94 x 10" _: density
10° ¢ T¢ = 102K, n, = 10%cm ™3, Ts ~ 9.4 x 10’ . _
ok 1 Independent estimates
- 1 agree at the level of a
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Integrated signal dominated by low-luminosity galaxies
not ULIRG-type galaxies.
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Cll intensity fluctuations

109

E T llll”ll T lll””l/l LI EE T llll”ll T llll”ll/l T T EE T llll”ll T llll”ll T lll”_
10° E =
107 e 3
10% 3 [/
: £/ ) J
oo | L
: s I
- Y (=
Y -
104 E =+ E= ' =
- : / =/ // LA/
T 4/ I ARY:AEK
10° g = 5 1 E
' 748 oy
- . ; __/ @
102 | 3 //g E
. ¥ :zi :
PR
€1 :Z
100 1 llllllll 1 llllllll 1 1 1111l NN INR NN 101l ll 1 1 111l 111 aiin 1 lllll 11 111l
10-=  10-' 10°  10' 10-'  10°  10'  10-'  10°  1O!
k (h/Mpc) k (h/Mpc) k (h/Mpc)

Cll galaxies trace the
large-scale structure

Red line our semi-
analytic simulation with
green lines showing
uncertainty.

Blue and purple lines
scale CO fluctuations to
Cll under assumptions
on luminosity ratio.

Errors from a concept
experiment.



CIll - 21cm cross-correlation
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The cross-correlation allows: (a) measurement of x; - ionized fraction, (b) the ionized
bubble size, (c) the number of Cll galaxies in each ionization bubble, all as a
function of redshift.

These cannot be obtained with 21-cm data alone.



Flux in line [W m™]
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Pov [10%° erg s™ Hz™' Mpc™]

TIME: Tomographic lonized-Carbon Mapping Experiment
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Twitter summary

TIME to start observations @ JCMT
from 2017 if funded by NSF this
year. #wdm14
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Infrared light from
wandering stars

An explanation has been proposed for the observed excess of cosmic
infrared wavelengths. It invokes stars that are castinto the dz
ofthelr parent galaxies during powerful galaxy coll
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Infrared background is a probe of high-z
galaxies and low-z intra-halo light.

From Spitzer fluctuations, a 0.1 to 0.5% of IHL
fraction in z~1 to 5 Milky Way-like galaxies

From Hubble fluctuations, a measure of total
SFRD of the Universe for the first time.

An instrument for Cll fluctuations from
reionization under construction to JCMT

See general intro to the subject
Andrea Ferrara, Nature, News &

Views, 490,494 (Oct 25 2012)




