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'neople don’t understand us’

e \Why Clustering?
@ On large scales:

¢ relates galaxy formation to
structure formation

e find typical halo masses
which host galaxy
populations

® On small scales:

e distribution of galaxies
within halos

@ Link populations
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viero et al. 2009 : arXiv:0904.1200

Outline

* Measurements - maps vs. catalogues

@ Complications
® Maximizing information
e BLAST
® Clustering from correlations of background fluctuations
@ Physical Interpretation

e Implications for Future Work
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Measurements
BLAST
Implications

Complications
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Measurements
BLAST
Implications

Complications

e \While large scales well traced

) 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022
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Measurements
BLAST
Implications

Complications

e \While large scales well traced
e Small scales more difficult

@ What is a submm source?
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Measurements
BLAST
Implications

Complications

e \While large scales well traced

e Small scales more difficult

@ What is a submm source?

@ zone of avoidance
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Measurements
BLAST
Implications

Complications

e \While large scales well traced

e Small scales more difficult
@ What is a submm source”? [ Correlation function of Random Maps
@ zone of avoidance

® Random is not random

Star: RR/UU —*H
99 maps measured *
S/N cut : 3.00000
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Measurements
BLAST
Implications

Complications

e \While large scales well traced

e Small scales more difficult

RR/UL 1.
@ What is a submm source”? [ Correlation function of Random Maps
@zone of avoidance
@ Random is not random

* Wide redshift distribution dilutes R UL ™

. : 99 maps measured |
angular correlation signal S maps measured

e Areal coverage
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Measurements
BLAST
Implications

Complications

e \While large scales well traced

e Small scales more difficult

@ What is a submm source?

. 108F
@ zone of avoidance :

/N

® Random is not random =

N—

e Wide redshift distribution diluﬁe@f’-
angular correlation signal ~ °

e Areal coverage

@ confusion limits number of
sources / area, need more
area
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Implications

Clustering from Power Spectrum
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Measurements
BLAST
Implications

Clustering from Power Spectrum

e More familiar as a CMB technique
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Measurements
BLAST
Implications

Clustering from Power Spectrum

e More familiar as a CMB technique

e Correlation function is the Fourier transform

of the power spectrum
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Measurements
BLAST
Implications

Clustering from Power Spectrum

e More familiar as a CMB technique

e Correlation function is the Fourier transform
of the power spectrum

e By correlating brightnesses instead of
catalogue positions, don’t lose any
information

® ~ 20 sources arcmin=? from counts

® ~ 0.1 sources arcmin?resolved
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Mea

surements
BLAST
Implications

Clustering from Power Spectrum

e More familiar as a CMB technique

e Correlation function is the Fourier transform

of the power spectrum

e By correlating brightnesses instead of
catalogue positions, don’t lose any
information

® ~ 20 sources arcmin=? from counts
® ~ 0.1 sources arcmin?resolved

e First attempts to measure correlations in
the background include

@ Peacock et al. 2000 (850 um)
@ Lagache & Puget 2000 (170 um)

@ both failed to detect clustering signal
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Measurements
BLAST
Implications

Clustering from Power Spectrum

e More familiar as a CMB technique

e Correlation function is the Fourier transform
of the power spectrum

e By correlating brightnesses instead of 10°
catalogue positions, don’t lose any Cirrus
: . 103 Clustering ---=-=-=-~
information Poisson
: Total ———
@ ~ 20 sources arcmin™ from counts 107

'_.
-
-
.
-~
-
.

® ~ 0.1 sources arcmin?resolved

Pk (Jy’sr’)
80'

e First attempts to measure correlations in
the background include 10°

@ Peacock et al. 2000 (850 um)
® Lagache & Puget 2000 (170 um)

. . . 10° ya— A— ;
@ both failed to detect clustering signal N — — o
e First measurements of the power spectrum k (arcmin’)
from clustered galaxies from | agache+ 2007

® Lagache+ 2007 (Spitzer 160um)
® Grossan & Smoot 2007 (Spitzer 160um)
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Measurements
BLAST
Implications

BLAST: Making the Measurement
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Measurements
BLAST
Implications

BLAST: Making the Measurement

e Bolometers have 1/f drift
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Measurements
BLAST
Implications

BLAST: Making the Measurement

e Bolometers have 1/f drift

e Aggressive filtering removes ————————
large-scale signal

N5C12F_23_MDT.LP-P-C
NS5C12F_23_MDTLP_LP-P-C
N5C12C_23 MDT.LP_LP-P-C
N5C 12CALIB-P-C
N5C12_P1_CALIB_NCMR-P2-C

10°%

ASD [V/HZ"? ]

-

0.1 1 10

Frequency [Hz]

Galaxy Clustering from CIB Correlations /
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Measurements
BLAST

Implications

BLAST: Making the Measurement

e Bolometers have 1/f drift

e Aggressive filtering removes
large-scale signal

®Use wide-only maps, with fast .-
scan rate (0.1 deg/sec) |

N5C12F_23_MDT.LP-P-C
N5C12F_23_MDTLP_LP-P-C
N5C12C_23 MDT.LP_LP-P-C
N5C 12CALIB-P-C
N5C12_P1_CALIB_NCMR-P2-C

ASD [V/HZ"? ]

-

10

0.1
Frequency [Hz]

Galaxy Clustering from CIB Correlations /
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Measurements
BLAST
Implications

BLAST: Making the Measurement

e Bolometers have 1/f drift

e Aggressive filtering removes ——————— ———————
large-scale signal

N5C12F_23 MDTLP-P-C

N5C12F_23_MDTLP_LP-P-C
N5C12C_23_MDT.LP_LP-P-C
N5C 12CALIB-P-C -
N5C12_P1_CALIB_NCMR-P2-C :

®Use wide-only maps, with fast .-
scan rate (0.1 deg/sec) |

@ Filter as little as possible, and

ASD [V/HZz? ]

-

0.1 1 10

Frequency [Hz]
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Measurements
BLAST
Implications

BLAST: Making the Measurement

e Bolometers have 1/f drift

e Aggressive filtering removes

large-scale signal , f
. \ 1 . 250 Mm ﬁﬁwﬁﬁwﬁﬁ.ﬁ?ﬁv‘l%w\%ﬁ
@ Use wide-only maps, with fast _ | —— 350 PR f
f_g L 500 um A ]
scan rate (0.1 deg/sec) £0° /
§ . /\J
. . . o B /N |

@ Filter as little as possible, and 3°° /

@recover the large scales with 224/ / -
MC-measured transfer = / :
function /

0.01 | T 0. 3

K, (ar%nlnin' Ly
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Measurements
BLAST
Implications

BLAST: Making the Measurement

e Bolometers have 1/f drift

e Aggressive filtering removes
large-scale signal

® Use wide-only maps, with fast
scan rate (0.1 deg/sec)

@ Filter as little as possible, and

@recover the large scales with
MC-measured transfer
function

e Divide data into four groups

@ make 4 maps (call them sub-
maps)

Galaxy Clustering from CIB Correlations /

marco viero / university of toronto
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Measurements
BLAST
Implications
BLAST: Making the Measurement
e Bolometers have 1/f drift i
SEe 250 um :
e Aggressive filtering removes . Thi il |
: ’ R S & T3
large-scale signal L RS St i1
®Use wide-only maps, with fast ol
scan rate (0.1 deg/sec) @ ;
@ Filter as little as possible, and ~ ,O,E\{ 350 pm i
_ S & |
@recover the large scales with ol TeplIfy 11 fﬂi}%}f
- e =I_177°F
MC-measured transfer 2 | g
function i
.. . 1835.. E
e Divide data into four groups ; .
ol 500 um :
@make 4 maps (call them sub-  p-- it |
10 Tl I :
ma pS) __________ I_ :I : f '.i'_“_;jj_i}:i f.I fz.gifﬁﬂiﬂﬁl:
@ power spectrum of cross- o
correlation of sub-maps o — —
0.03 0.05 0.1 0.25 0.3(

kg (arcmin™')
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Measurements
BLAST
Implications

BLAST Clustering Power Spectrum
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Measurements
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BLAST Clustering

PoOWer Spectrum

e Power Spectrum shows signal

In excess of Shot Noise and

marco Viero / university of toronto

10°
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Measurements
BLAST
Implications
BLAST Clustering Power Spectrum
10°
* Power Spectrum shows signal of g 250 pum
iIn excess of Shot Noise and Elpilpg PR
Cirrus on angular scales > 5\‘:\‘ et
163
— ’E 350 pm
O T S
“i , .: I\I‘f-fff :
2 2 o g________________:}. {_I_LI:II_ILEF{I{}};#
L B S
I L =
e
25 10’5 500 pm
~~~~~ _}\_\I E
w0 Tl 2
__________ I_ :I : f_i'_"}jj_i}:i {_I f;;;*.;ﬁﬁiﬂﬁlf
10° el -
108 " : : \
0.03 0.05 k(: 1(%rcmin") 0.25
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Measurements
BLAST
Implications

BLAST Clustering Power Spectrum

e Power Spectrum shows signal
iIn excess of Shot Noise and

Cirrus on angular scales > &’ 107
e After removal of Shot Noise B E{f |
and Cirrus, Normalized 107 e -
Clustering Signal closelly s L ¥
follows a power-law, with 300k x 20pm m I
a F % 3s0um [ e ]
slope = -2 L & 500 um :
3%s !
0.04 1
w2 0.03 M- =
0.01 .
0.03 0.05 0.10 0.25

kg (arecmin™)
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Measurements
BLAST
Implications

BLAST Clustering Power Str

e Power Spectrum shows signal
In excess of Shot Noise and
Cirrus on angular scales > 5’

e After removal of Shot Noise
and Cirrus, Normalized
Clustering Signal closely
follows a power-law, with
slope = -2
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Measurements
BLAST
Implications

BLAST Clustering Power Spectrum

e Power Spectrum shows signal
In excess of Shot Noise and
Cirrus on angular scales > 5’

* After removal of Shot Noise  "'FT"
and Cirrus, Normalized o

\
/

Clustering Signal closely 5 10°
follows a power-law, with = 1o
slope = -2 £ 108

e Data agrees much better with '’}

ao'r

- = " " ]\J 1 1_1_1;;1: ; L1 1 L1 1l L1l L L1 1 1 'n
Linear bias (solid black line, b 0.001 0.010 0.100  1.000 0.01  0.10  1.00 0.01 0.0  1.00
1

~ 4), than it does with the Halo ky (arcmin™) ke (aremin™) s (arcmin™)
Models (coloured lines)

L aaul L1l L1l 1
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Measurements
BLAST
Implications

BLAST Clustering Power Spectrum

e Power Spectrum shows signal
iIn excess of Shot Noise and

Cirrus on angular scales > 5 Ef\&f—\g\fﬁ "W :.|| ||||’,;" ’!!!I""
e After removal of Shot Noise e v s T | ' RE | i
and Cirrus, Normalized T e ! ' % f I‘
Clustering Signal closely i o N\, X 4 ‘ ""
follows a power-law, with o \I\I—I\Iq—\ﬂi\ﬂ/ﬁ\ P . ) ; T h'
slope = -2 R o\ A 3 i “"
e Data agrees much better with - ] | - ““ﬁii
Linear bias (solid black line, b |_ m
~ 4), than it does with the Halo C gt N ! JAI..!n MM}\H
Models (coloured lines) 3 " I |>“““m“m
e Further (ongoing) analysis with o AP —

K (arcmin™)

twice the data confirm this
behaviour on small scales
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Measurements
BLAST
Implications

Srietfly: Halo-Model
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Measurements
BLAST
Implications

Srietfly: Halo-Model

e Assume Halos are Biased
Tracers of the Dark Matter
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Measurements
BLAST
Implications

Srietfly: Halo-Model

e Assume Halos are Biased
Tracers of the Dark Matter

@i.e., it is the Peaks of the
DM density field that will
collapse into halos 6
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Measurements
BLAST
Implications

Srietfly: Halo-Model

e Assume Halos are Biased . .
Tracers of the Dark Matter .

@i.e., it is the Peaks of the
DM density field that will & A
collapse into halos

e Given X Galaxies and Y Halos b
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Measurements
BLAST
Implications

Brietly: Halo-Model

e Assume Halos are Biased
Tracers of the Dark Matter

@i.e., it is the Peaks of the
DM density field that will @
collapse into halos @
e Given X Galaxies and Y Halos
@ Populate Halos with @
Galaxies to best-fit

Clustering Signal
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Brietly: Halo-Model

e Assume Halos are Biased
Tracers of the Dark Matter

@i.e., it is the Peaks of the

DM density field that will
collapse into halos

e Given X Galaxies and Y Halos

@ Populate Halos with
Galaxies to best-fit
Clustering Signal

® Prescription for assigning
Galaxies to Halos as Function
of Mass (aka HON):

®N = (M/M1)*

marco Viero / university of toronto
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[ z=1.27
1000‘ r.o.=

cm_3xr'

10.05

01 L

101(;. 1011 1012 '013 1014
M (Mgun)
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Srietfly: Halo-Model
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Measurements
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Implications

Srietfly: Halo-Model

e Clustering Signal made up of two

regimes
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Measurements
BLAST
Implications
Srietfly: Halo-Model
e Clustering Signal made up of two
regimes
® 2-halo: Linear Regime
(large scales)
P —> &
; =y 2-halo term :
105;— “ .
:‘? 104;‘ \ N E
N e, 5
o _ \\\.
1000} i 3
Sk ~o01 ) :

K, (arcmin™)
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Measurements

BLAST
Implications
Srietfly: Halo-Model
e Clustering Signal made up of two
regimes
® 2-halo: Linear Regime
(large scales)
@ 1-halo: Non-Linear Regime @
(small scales)
106§ : ”
1-halo term
105;—
Ni 10 T R ST
1000;— |
100- !
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Measurements

BLAST
Implications
Brietly: Halo-Model
e Clustering Signal made up of two
regimes
® 2-halo: Linear Regime
(large scales)
@ 1-halo: Non-Linear Regime @
(small scales)
G —
@ Total the sum of both terms
106%; - =
r S 1-halo term
j 2-halo term ]
105k \ Total 1- and 2-halp t
=, 0% N T
1000 L .
; \
100 ——— ¥ 0
0.01 " |

K, (arcmin™)
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Measurements

BLAST
Implications
Brietly: Halo-Model
e Clustering Signal made up of two
regimes
® 2-halo: Linear Regime
(large scales)
@ 1-halo: Non-Linear Regime @
(small scales)
-— —> 8
@ Total the sum of both terms
* Therefore: ) e
10° 3
@ In order to account for all the é ~_ 1-halo term
. . [ R 2-halo term ]
galaxies (i.e., they have to go - e Total 1-and 2-halp t
somewherel), AND T N '
[ —
f@ 104? XH“H e o _
T \ TR
L \\ \_
1000 LN g
| b
100 T | Ll . .
0.01 k, (@arcmin™) 1
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Measurements
BLAST
Implications
Brietly: Halo-Model
e Clustering Signal made up of two
regimes
® 2-halo: Linear Regime
(large scales)
@ 1-halo: Non-Linear Regime @
(small scales)
-— —> 8
@ Total the sum of both terms
e Therefore: | L
10°F =y -
@ In order to account for all the é ~_ 1-halo term
. . [ R 2-halo term ]
galaxies (i.e., they have to go - e Total 1- and 2-halb t
somewhere!), AND o N '
@ To reproduce the large scale = 10% D
clustering signal (i.e., can’t = N o
just put them in smaller halos) 1000¢ Y
100 Ll Ll . .
0.01 k, (@arcmin™) 1
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Implications
Brietly: Halo-Model
e Clustering Signal made up of two
regimes 17 S—
. . o 250
® 2-halo: Linear Regime O T E
(large scales) 210 ]
= 10tk '
® 1-halo: Non-Linear Regime 2 .t  \
o fE — — l—halo \
(small scales) worf ——2hale N\
E total
10‘: R BTV BRI T B R RPNV BT WO B e et o NALG
@ TOtaI the sum Of bOth terms 0.001 0.010 0.100' 1.000 0.01 0.10 1.00 0.01 0.10 1.00
kg (aremin™) kg (arcmin™') ke (aremin™)
* Therefore: - )
10° r—“““‘“%\\ —
@ In order to account for all the é ~_ 1-halo term
. . [ e 2-halo term ]
galaxies (i.e., they have to go L5l Total 1- and 2-halb t
somewherel), AND T :
® To reproduce the large scale f 10 \\\\\ 3
clustering signal (i.e., can’t £ B \\\
just put them in smaller halos) 1000¢ \\ ;
@ Model Must have a Bump! o By

TR |
OO K, (arcmin™)

0 |
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low to Change Model to Fit Data?
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Implications

low to Change Model to Fit Data?

—

Change the Halos
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Measurements
BLAST
Implications

low to Change Model to Fit Data?

Change the Halos Change How Galaxies Trace Halos
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Implications

How to Change Model to Fit Data’?

Change the Halos Change How Galaxies Trace Halos

e Model assumes NFW halo
profile which extends to
infinity

¢ halos must be artificially
truncated: typically

Fcut = Fvir
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Measurements
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Implications

How to Change Model to Fit Data’?

Change the Halos Change How Galaxies Trace Halos

e Model assumes NFW halo
profile which extends to
infinity

¢ halos must be artificially
truncated: typically

Fcut = Fvir

e NFW not the best fit for a
number of observations

e Shallower Inner Slope
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Measurements
BLAST
Implications

How to Change Model to Fit Data’?

Change the Halos Change How Galaxies Trace Halos

e Model assumes NFW halo
profile which extends to
infinity

¢ halos must be artificially
truncated: typically

Feut = Fvir

e NFW not the best fit for a
number of observations

e Shallower Inner Slope

e Model Halos are Spherical,
whereas simulations show
they are fact tri-axial
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How to Change Model to Fit Data’?

Change How Galaxies Trace Halos
® From Models:

e In Halos w/ M > 10'2 Mgun, virial
shock (at virial radius) quenches
SF (Birnboim and Dekel 2003)
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How to Change Model to Fit Data’?

Change How Galaxies Trace Halos

® From Models:

T e In Halos w/ M > 10'2 Mgun, virial
J shock (at virial radius) quenches
-13.94 1 _ _
~ _ SF (Birnboim and Dekel 2003)
® ]
s ¢ ] ® From Observations:
° -13.98 1
-14.00-— -1
14'07—. 2 [ 1 . L o oA, P . l'
28.22 28.20 28.18 28.16 28.14 28.12
a (2000)

Marcillac et al. 2007
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How to Change Model to Fit Data’?

Change How Galaxies Trace Halos

® From Models:

] e In Halos w/ M > 10'2 Mgun, virial
‘ shock (at virial radius) quenches
SF (Birnboim and Dekel 2003)

] ® From Observations:

-13.94

] e 7 ~ 0.8 Clusters show SF confined
] to LIRGS on outskirts,

-14.00

1 )
28.12

28.14

4,
107.l 1 : 1 A

28.20 28.18  28.16
a (2000)

|

28.22

Marcillac et al. 2007
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How to Change Model to Fit Data’?

Change How Galaxies Trace Halos

® From Models:

] e In Halos w/ M > 10'2 Mgun, virial
* shock (at virial radius) quenches
SF (Birnboim and Dekel 2003)

] ® From Observations:

-13.94

] e 7 ~ 0.8 Clusters show SF confined
] to LIRGS on outskirts,

_ .o ] e they suggest infalling may be
ool ‘. source of burst (as Filiberto

1 1 s 1 A | |

28.22  28.20 28.14  28.12 SaW)

-14.00

28.18 28.16

a (2000)

Marcillac et al. 2007
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How to Change Model to Fit Data’?

Change How Galaxies Trace Halos

® From Models:

] e In Halos w/ M > 102 Mgun, virial
‘ shock (at virial radius) quenches
SF (Birnboim and Dekel 2003)

] ® From Observations:

-13.94

-13.96 -

& (2000)

] e 7 ~ 0.8 Clusters show SF confined
] to LIRGS on outskirts,

_ .o ] e they suggest infalling may be
eo2f 1 ‘. source of burst (as Filiberto

1 1 4 % 1 A | |
28.22 28.20

-14.00

28.18 28.16 28.14

28.12
a (2000) SaW)

e |t may be that the environment
influences where Star Formation
takes place!

Marcillac et al. 2007
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Clustering in Context
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Clustering in Context

* Clustering Properties 20 T T T
@ BLAST, BX/BM and LBGs [ ehussrmn | A |
all seem to have similar 5 N i
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Clustering in Context
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Measurements
BLAST
Implications
¢ This measurement will be improved
with upcoming observations
@ extend to larger and smaller
scales N
@ resolve features g~ S :‘:f -
\\
® multi-wavelength measurements 7 \
/ Y HEK
/ scuba 2 \\_\_
PLANCK o~
'f/'\*\
o N_)
/(.J\\ \ \\
O \\\\\Jﬁ
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Implications

¢ This measurement will be improved
with upcoming observations

@ extend to larger and smaller
scales /%
® resolve features - ’;'__‘_}f’_ :‘f_‘;(,i
@ multi-wavelength measurements \\
e Source identification from confused P-tubo 2 \\

maps will make measuring the
correlation function on small scales
difficult

@ SCUBA 2 at 450 um will
complement Herschel/SPIRE in
resolving sources
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Implications

¢ This measurement will be improved
with upcoming observations

@ extend to larger and smaller
scales

N :
® resolve features Bt f},’_ “_“;Cz RIS
@ multi-wavelength measurements \ \ \ \
. e W\ HERSCHEL Y\ LJA
* Source identification from confused P-tubo 2 \\ @

maps will make measuring the
correlation function on small scales
difficult

@ SCUBA 2 at 450 um will
complement Herschel/SPIRE in
resolving sources

PLANCK

e Power spectrum a natural way to Eoo
approach clustering measurements
with all these large-beam
experiments
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TAKE HOME

e Power Spectrum a natural way to measure
galaxy clustering in confused maps
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TAKE HOME

e Power Spectrum a natural way to measure
galaxy clustering in confused maps

e BLAST clustering on small scales may indicate
dusty star-forming galaxies do not trace halos
In a simple way

@ Possibly due to environmental effects in
large halos, (much like Filiberto sees)
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