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Quick summary of some key Herschel (cosmology/LSS
results)

2D anisotropies to 3D spectral line intensity mapping

Far-infrared probes of reionization
(especially molecular Hydrogen 6 < z < ~1J)

(Some mention of PIXIE - a 2-5 degree resolution all-
sky CMB/far-IR explorer concept between 60 microns
to 10 cm at 15 GHz spectral resolution with a FTS)

A cool review of dusty star-forming galaxies Casey+ arXiv.org:1402.1456

Outline
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http://arXiv.org
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The extragalactic background spectrum
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Of course: The remainder are the most interesting sources!
E.g. z > 3 galaxy populations

Resolving the extragalactic background spectrum
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Infrared Source Luminosities

2000

Star-Formation
200 Rate in solar
masses per year

pal

CALISTO
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2
redshift (z)

(i) ULIRGS/HyLIRGS typically have about ~10'° solar masses in stars

(ii) So the time scale for star-formation is [M-/(dM-/dt)] ~ 5 to 100 Million years
(star-bursting galaxies!)

What kind of galaxies do we detect with Herschel?
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In the local Universe ~100% of
, starbursts are driven by gas-
g v rich galaxy mergers.

23 sa

Ultraluminous Infrared Galaxies HST « WFPC2
NASA and K.Borne (Raytheon ITSS and NASA Goddard Space Flight
Center), H. Bushouse (STScl), L. Colina (Instituto de Fisica de Cantabria,
Spain) and R. Lucas (STScl)

il But at z ~ 1 to 2, observations show that
i some starburst galaxies are simple disks.

il Is there a different mechanism to trigger a

g starburst at high redshifts?

\¥/ (theorists: cold accretion mode)

S BN Tacconi, L. J. et al. 2008, ApJ, 680, 246
et Dekel, A. et al. 2009, ApJ, 703, 785

(a) What fraction of starbursts are mergers vs. cold flows?

(b) Do the mergers evolve differently from cold flows? what stops the starburst?

What are Dusty Star Forming Galaxies (DSFGs)?

LOCAL ULIRGS REVIEW: SANDERS, D. AND MIRABEL, I. 1996, ARAA, 34, 749
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< HerMES total counts

u Glenn et al. 2010

Intrinsic unlensed cou

Total counts

Intrinsic Source Count | | Magnification Cross Section | Lensed Source Count

Negrello et al. 2010 Science

Julie Wardlow et al. 2013, ApJ
’\ S

FOREGROUND
GALAXY

. /

LENSED IMAGES OF
DISTANT GALAXY

Lensing galaxy selection at sub-mm wavelengths > 95% efficient

The Nature of Brightest high-z Herschel Galaxies
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1200 deg?2 of Herschel should have 300 bright lensed galaxies.

[All of optical surveys (since late 1970s) have detected about 300 lensed galaxies.]

Extensive Ground-based Follow-up Observations
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Jae Calanog I 1
UCI PhD 2014 |, BootesO1 | NB.v1.293

We now have 60

images like Xl '.

these in total with *
Keck/LGS AO

I L 1 { I
XMM119 : NA.v1.489% HAO801 ECDFS103 [ ECDFS105

Keck LGS-AO Imaging (~20+ nights)
Fu et al. 2012; Bussmann et al. 2012; Fu et al. 2013; Calanog et al. 2014; Timmons et al. in prep
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H-ATLAS: 650 sq. degrees. ~2 lensed Planck CSC

- sources. One in HerMES over 370 sq. degrees.

600 500 400

v/kms~! (forz=1.676)
2500 0 —2500

Lensed |
g - \ -
optical arc = RO U
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Q
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Lensed Herschel-detected 4
source (starbursting 800 1000 1200 1400 1600

clump) . Vobs / GHz
-I n

3 - | z=1.68, z determined from the Herschel-SPIRE/FTS

B 1
I IStarlbursltinglknolt in ; : spectrum with the 158 micron Cll line
George et al. 2014

spiral galaxy. Disk is mostly
an old stellar population.

Herschel Lensed Sources
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H-ATLAS: 650 sq. degrees. ~2 lensed Planck CSC

| | |
Source reconstructed: SMA/JVLA (red)

and Keck/Hubble (green/blue)

sources. One in HerMES over 370 sq. degrees.

Galactic SF Regions
Normal Galaxies
Starburst Nuclei
Local ULIRGs
HATLAS 1132427
LESS J033229.4
BR1202-0725
SMM J2135
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SDP.81
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z=1.68, determined from the Herschel-SPIRE/FTS

spectrum detecting the 158 micron Cll line
George et al. 2014

Herschel Lensed Sources
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Discovery in H-ATLAS during SDP:
Negrello et al. 2010 Science

2010 Keck+SMA

z=0.3 elliptical (Sloan LRG)

' 2=3.04
¥ DsrFG

2015 HST+ALMA

ALMA SV data Viahakis et al. 2015; Results so far in 6 papers + at least 2 more in prep

1.0, 1.3 and 2.0mm continuum; CO(5-4), 8-7, 10-9 and H20 (202-111) maps

total of 30 hours, on source 16 hours; 300+ GB of data

Ring of Fire: ALMA superstar, SDP.81

Asantha Cooray, UC Irvine
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Ring of Fire: ALMA superstar, SDP.81

Negrello et al. 2010; Viahakis et al. 2015; Dye et al. 2015; Swinbank et al. 2015;... (6 papers with ALMA)
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Thanks to lensing+ALMA 50 pc resolution at z of 3 in a star-

forming galaxy

Ring of Fire: ALMA superstar, SDP.81

Negrello et al. 2010; Viahakis et al. 2015; Dye et al. 2015; Swinbank et al. 2015;... (6 papers with ALMA)
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Toomre unstable gas disk Q~0.3 +/- 0.1; gas fraction 70-90%;
Jeans length of 130-200pc

Ring of Fire: ALMA superstar, SDP.81

Negrello et al. 2010; Viahakis et al. 2015; Dye et al. 2015; Swinbank et al. 2015;... (6 papers with ALMA)
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500 um peaked sources Saso < Szso < Sseo: z > 4?
*Confusion reduced S(500) — fS(250)

250 um 350 um 500 um | * HST WFC3+ACSO
: FLS3 z=6.34

Dowell et al. 2014 Apd technique IRAM 1.1mm

Z = 6.34 Dusty Starburst Galaxy in HerMES

Riechers, D. et al. Nature 2013; Cooray et al. 2014
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G1

z=2.1 o 0

HFLS3
2=6.3

5 1

Weakly lensed by two z=2.1

galaxies with magnification Lrg = 6X10'2 Lo Mpbust > 10° Mo

1.6 +/-0.3 SFR ~ 1300 Mo/yr  Mstars ~ 5X1010 Mo
Toust=5510K Magas ~ 1011 Mo

[G2 identification in R13 as
K-band ID of FLS3 incorrect] No evidence for a quasar/massive AGN!

Z = 6.34 Dusty Starburst Galaxy in HerMES

Riechers, D. et al. Nature 2013; Cooray et al. 2014
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z > 6 galaxies can be
discovered with just 100
to 600 micron coverage.

Need a survey area of
around 1000 deg2 for
statistically interesting
number of targets.

[How angular resolution improvement with CALISTO increases or
enhances identification of z > 5 galaxies with far-IR alone?]

“red” galaxies in Herschel

Asantha Cooray, UC Irvine
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Galaxy proto-clusters at z >2
(before clusters “virialized” and bright in X-rays and SZ)

2 Herschel and Planck proto-cluster candidates €:esa

{i’}? herschel




Galaxy proto-clusters at z >2

Casey et al. 2015: Herschel/SCUBA-2 + redshifts from Keck/MOSFIRE
z=2.47, 8 dusty, starbursting galaxies and 40+ Lyman-break galaxies + radio + AGNs
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Galaxy proto-clusters at z >2

CALISTO surveying over 1000 deg2 will find many 100s of these things -
no follow-up as automatic redshifts

Lookback Time [Gyr]
012345 6 7 8 9 10

Galaxies in the Field (Hopkins & Beacom 2006)
1 Galaxies in the Field (Gruppioni et al. 2013)
- - - — Best-fit to Massive z<1 Clusters (Webb et al. 2013)
Best-fit to Massive z<3 Structures (this work)
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z<1 Clusters (Webb et al. 2013) @

SMG-rich HDF Structure (Chapman et al. 2009) m
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3D Correlations or Power Spectrum
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The projected wavenumber provides a :

measurement of the ang diameter : 8o 80100
distance, which in return probes TR SR SRR PR
cosmology.

What’s next in far-IR in terms of cosmology?
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3D Correlations or Power Spectrum
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To-do: calculate al of these, parameters expected at z=1 to 3 with realistic survey
[But in 2030 1% cosmology distances to z of 2 could be old news]
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An Introduction to Fluctuations

* Whatis the large scale
structure of the universe?

* To find out, we could
identify individual sources
of emission.




An Introduction to Fluctuations

* Whatis the large scale
structure of the universe?

* To find out, we could
identify individual sources
of emission.

* Alternatively, we could
sum all the emission in
large areas and measure
fluctuations.

* Thisis called “Intensity
Mapping”.




Why Intensity Mapping?
1. Individual sources are difficult to detect (sources are
intrinsically faint, large instrument beam, etc),
2. We areinterested in the total power from all sources, or

3. Thereis truly diffuse emission,

Science Applications:

* Galaxy Evolution

» Dark Matter and Galaxy Formation
* Epoch of Reionization

* Baryon Acoustic Oscillations.

CMB is the canonical example of IM
(Planck Collaboration 2013).




Recent Intensity Mapping Results
Herschel-SPIRE: | SPIREXPOLARBEAR B-modes:

fStokes Q . Stokes U
2f 4
= g
o 0r 0
& <
a " 2
2 g 4
3 r 6
2 4 0 1 2 3 3 2 a4 0 1
ARA (deg.) ARA (deg.)
. polarization lensing x CIB
B i 5 ' T 20 T T T T T T T
> HerMES Lockman-SWIRE o)
10°H A HerMES GOODS-N % <
F| -+ BLAST 3 15 k :
=
'._A T Q N
» 2 > 10 i
a_ 3 o) =,
> R F ~
3 g z\) 5F -
—_F Q
SR X
x X
a =0
ok l 1
] - 200 400 600 800 1000 1200 1400
0.01 0.10 1.00 !
k [arcmin™]
KAmblard, Cooray et al. 2011, Nature POLARBEAR et al. 2014, PRL /




—£=21.600 Viero et al. 2012

2-halo

QHERMES 4
Combined 5 fields 3
over 70 deg® |

T -
¢ > o T - =

Poiss()n§
1-halo ]

Halo Model: see e.qg.,

Cooray & Sheth (2000),
- A AA Zehavi et al. (2005, 2008)

]A ) ' k\

\kzea(ar\Cmin*)

Smaller Scales

Asantha Cooray, UC Irvine

Cosmic Infrared Background Fluctuations with SPIRE

Viero et al. 2012; Thacker et al. 2013
Far-infrared June 2015



Cosmic Infrared Background Fluctuations = Dust Content

107°

Dust in Strong Mgl absorbers ]

H—ATLAS FIRB Power Spectra

® Menard et al. 2010, 2012
B Fukugita & Peebles 2004
H—ATLAS A Driver et al. 2007
Dust Mass ¢ Fukugita 2011
Function ® Dunne et al. 2011
mm This work

.0 0.2 1.0 1.9 2.0 2.9

Cameron Thacker redshift
UCI PhD 2015




3-D Intensity Mapping

Sky map at z Intensity map at z

* No need to resolve individual source
* Measure the from many sources
* Map large volume and faint sources at high z economically

For CALISTO:
[Clllatz=0and 3

[Ol] at z=1 and 7 - extend to reionization
[Olll] ... etc



[CII] ([OI] is more interesting for CALISTO)

Yan Gong
'UCI postdoc

* [CIl] serves as a tracer of star formation
* The clustering signal traces total luminosity
-> unlike a flux-limited galaxy survey
* Use [CII] to spatially trace SF during the reionization epoch

. . i
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Gong, Cooray et al. 2012, ApJ 745, 49G



Using 21 cm & [CIl] Together

Time after 10 million 100 million 250 million 500 million

Big Bang

[Years]

Redshift=160 80 40 g 15 14 13 12 11 10 9 8 7

[CII] and 21 cm Cross-Correlation
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Epoch of Reionization Science

e Detect [CII] clustering

e Detect [CII] Poisson fluctuations
» Discriminate between models

101 g

Pg, from SFR model (S/N=9.7)

1010 P, from Gong et al. (2012)
c P, from Silva et al. (2014)

Gong et al. [Cl]]. model
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kPgo,ga(k) (1K) (Mpc/h)?
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Ancillary Science
e CO clustering fluctuations
e Assess residual CO foreground

e Powerful kSZ instrument

Sargent et al. (2012)

Obreschkow et al. (2009)
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For CALISTO, similar sciences at z = 6-8 with Ol 63 microns.




Molecular Hydrogen tracing primordial cooling sites/halos
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Neutral Hydrogen

z ~ 30
# First stars form

&~ Ha dissociates

z ~ 16

* Stars form in more
massive halos

z ~ 10
# HIl regions overlap

% UV intensity rises

Outstanding problems at z > 6: billion to ten billion solar mass black-holes in

SDSS quasars, Universe at < 600 Myr.

One solution is massive Poplll clusters collapsing - seed blackholes.

Need formation in minihalos at z > 15.




Molecular Hydrogen tracing primordial cooling sites/halos

Gong et al. 2012, ApJ
arXiv:1212.2964

Z=.425




Molecular Hydrogen tracing primordial cooling sites/halos

Gong et al. 2012, ApJ
arXiv:1212.2964
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Molecular Hydrogen tracing primordial cooling sites/halos

Gong et al. 2012, ApJ
L o i arXiv:1212.2964
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B-Mode Fundamentals

Signal is faint
Foregrounds are bright
Everything is confusing

WMAP 23 GHz
Polarization

CMB TT

S 10p
N i
% 1 E ....................................................
Requirements for B-Mode Detection = )
« Sensitivity 2 o4l ]
* Foreground Subtraction Z '
« Systematic Error Control 2 oLk CMB BB i
S
0.001[ - L )
10 30 60 100 300

Frequency (GHz)



Foreground Subtraction

Spectral coverage spanning 7+ octaves

Wavelength
B;mcm 3 mm 300 pm 90 pym
10- SR —
1022

CMB
Unpolarized

1 0_26

<MB
PIXIE Sensitiva,_ _
P S i e | i P SR i

Intensity (W / m® / sr / Hz)

10 100 1000
Frequency (GHz)

Sensitivity plus broad frequency coverage
Foreground S/N > 100 in each pixel and freq bin
Spectral index uncertainty £0.001 in each pixel
Dust physics to inform foreground subtraction

—
:-
N
-

(Wm?sr'Hz")

y

Polarized Intensit
S

—
:-
N
w

10%

Polarized spectra from 30 GHz to 6 THz
400 channels to fit 15 free parameters
Foreground noise penalty only 2%

15 GHz spectral resolution;

1-3 degree beam on the sky

all-sky

—— Dust Model

—— Simulated PIXIE Data
Knowledge of the Dust physics is
effective long- well-constrained
wavelength spectral by PIXIE near the
index can be used to peak of the thermal
extract the C(MB spectrum
signal from the dust
foreground in
each pixel.

The PIXIE data constrains the effective
long-wavelength spectral index to 0.06%
for each pointing on the sky.

100 1000
Frequency (GHz) P12




PIXIE Nulling Polarimeter

Sky —— A Beam
- B Beam
- — =V Polarization
A Folding Flats B | e H Polarization
v \L
i i Measured Fringe Pattern
Primary Mirror

550 mm /1.7 Samples Frequency Spectrum
of Polarized Sky Emission

J \

Secondary Mirror

So0mm /7.5 Transfer 1
Polarizer A 125 mm f/2.4
BT N I Split Polarizations
..... == Rt 2 2 2 2
s fo || Transfer 2 E, +E E; - EAy)cos(za) /c) dw
\";-;_"_ Polarizer B _ .77 125 mm f/4.4
\““—", ~: Mix Beams 2 2 2 2
et ‘% e 2f<EAx +EBy)+(EBy —EAx)cos(za)/c) dw
—=* e Transfer 3
~ew, Dihedral Mirror ~0 125mm /4.4 ‘ ’
<j,| | T’Mg{gn Inject Phase Delay
.._.,.— 7 N -~_": Transfer 4 Stokes Q
o '*---?azer...__.-—"' 125mm /4.4
,_,—..-ﬂ*";--g__ Re-Combine Beams
e 4 RO TI
L ot Transfer 5
R . Polarizer D ...~ 125 mm f/4.4 - i . =
....... S Nulling Polarimeter: Zero = Zero
- Simee. Split polarizations
?‘-'—"'— "‘":§ Transfer 6
Somes at L R jé:‘—‘-" 125 mm /2.0
Measure Fringes Kogut et al. 2011, JCAP, 7, 025
Detectors Kogut et al. 2011, SPIE, 7731, 77311S



Antenna Temperature (UK, rms)

(AL INFLATION =

Solving the Foreground Puzzle

N;—-1

S, = Z S; exp(2mivk /Ny)
k=0
Phase delay L sets channel width

Av =c/L=15GHz

Number of samples sets frequency range
v; =15, 30, 45, ... (N/2)*Av

Fringe Brightness

Mirror Position z

Intensity

N
Frequency v
S; = /S,, exp(2miz; /c)dv
I
N
N |
-:\ ~ R =
100 E - h CMB Anisotropy 3
B RIS N - : .
: . 5 > | @ Example:
[ P ’5»0(\?%8%/% _i@’ 11 24 samples during fringe sweep
- ' ~N -
(S NSRS 12 channels 15 GHz to 180 GHz
~ = _ - |
10F ~~ _&- :
[ [ But why stop there?
1 [— Il 1 1 L 1 1 1 | o
20 40 60 80 100 200

Frequency (GHz)



Solving the Foreground Puzzle

Z i exp(2mivk/Ns)

Phase delay L sets channel width
Av =c/L =15 GHz

Number of samples sets frequency range
v; = 15, 30, 45, ... (N/2)*Av

Fringe Brightness

Intensity

Mirror Position z

Frequency v

S; = /SV exp(2miz;/c)dv

MY { 390 more channels to 6 THz

S N
G <

= N 1
g 100 E A Y N CMB Anisotrop 2
¢ E O - y P
j_ i 0\ \ \ - 11 :
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1 [— L 1 1 I 1 1 A 1 o
20 40 60 80 100 200

Frequency (GHz)

Sample more often: Get more frequency channels!




Blackbody Calibrator Adds Spectrum Science

Calibrator blocks “A” beam: Fringes measure Al + [Q,U]

SWre = 1AL Iy — I(¥)eat + Q(1)ey 082y + U 1)y sin 27 | ot Flip sign.
S@Wry = ALy = I(#)ent — Q0)aty €052 — U(0)agy sin 27 | el Ll
SWpe = 1/4[1(V)ca — I(V)Sky + Q(I/)sky cos 2y + U(V)Sky sin 27 |

S(Z/)Ly = 1/4[I(V)cal — I(V)Sky Q(V)sky cos 2y — U(u)sky sin 27 |

Calibrator stowed: Fringes measure [Q,U] only

SW)re = 1/2[+Q(V)sky cos2y + U (V)sky sin 2 |
SW)ry = 1/2[—=Q(V)sky €082y — U(V)sky sin 2 |
S(Wre = 1/2[+Q(V)sky c0s 2y + U(V)sky sin 27y |
SW)ry = 1/2[—=Q(V)sky €082y — U(V)sky sin 27 |

Partially-a'ssembled

Calibrator blocks/B” beam: Fringes measure -Al - [Q,U] blackbody calibrator

SWiee = /A[T(WV)cal — I(V)sky ot Q(V)siy €082y + U (v)siy Sin 27 |

SWiry = 1/4[1(V)ecat = I(V)sky 7 Q(V)sky €082y — U(¥)sky sin 27 | Flio sian:
SW)re = 1/A[1(V)sky — L(V)cal + Q(V)sky 08 2y + U (v)sky sin 27 | A VSpB bgea.m
Sy = AWy = (V)eatf QW)sky 0527 = U (¥)ssey sin 27 |

Blackbody Spectral Distortion!
1000 Times More Sensitive Than COBE/FIRAS




Wavelength
3 cm 3 mm 300 pym

-

Secondary Science: Cosmc Ifrred akgroun

1000 o

100 CMB

10

0.1

Intensity (MJy/sr)

0.01

0.001 T e l

10 100 1000
Frequency (GHz)

PIXIE noise is down here!

10000

-

-l -c .- -
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30' m

Thermal Dust Emission from z ~ 1--3
* Monopole: Galaxy Evolution
* Dipole: Bulk Motion

* Anisotropy: Matter power
spectrum

Broad frequency coverage over CIB
peak

» Complement Herschel, Planck

Knox et al. 2001
Fixsen & Kashlinsky 2011




Dust Continuum

Continuum Emission
* Synchrotron, Dust

Line Emission
«CO,C+,N+,0O, ...

Dust Physics
» Silicate vs carbonaceous dust
* Large-scale magnetic field

Diffuse ISM

» Temperature, Density
400 Spectral Maps « Energy Balance

Stokes |, Q, U « Metalicity
Av =15 GHz

Extremely Rich Data Set!

PIXIE is a great instrument for CMB sciences, cm and mm-wave polarization, all-sky
-> Galactic sciences. Improve EBL spectrum over FIRAS.

For extragalactic sciences lacks spatial and spectral resolution.
Even impossible to do “intensity mapping”.



Things to do and some science list

Wish list: 1000 deg2, 60-600 microns, 12 arcsec resolution at 250 um

Some interesting sciences:

(a) Molecular Hydrogen pre-reionization at z ~15 (especially in a
deep survey of galaxy clusters for example - Appleton talk
tomorrow). Or as intensity mapping.

(b)Ol at z > 6 to combine with mm-wave ClIl etc

(c) Galaxy clustering, 3D spectral line intensity fluctuations
centered around z of 2-3

(d) rare sources (lensed galaxies) with automatic redshifts

(e) galaxy proto-clusters at z > 2

Summary

Asantha Cooray, UC Irvine Far-infrared June 2015



