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Motivations

} We want to characterize structure (spatial and spectral)
of high energy cosmic radiation.

} How to guantifystructures?
} How to determinesignificancef structures/anisotropy?

} Spatial recognitioof sources by correlating radiation
with known source structures.

+ ldentify or constrain the presence efcotic or
unpredicted sources.
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Techniques for Angular Power Spectrum

} The fundamental techniques | describe today can be applied t
any function of angular distribution.
} Kernels like spherical harmonic transforms or wavelet transforms.
}  N-point correlation functions.
}  Power spectrum, bispectrum, etc.

} The power spectrum is a natural first choice to develop.
} Itis a wellstudied observable in cosmological applications.

} Distant extragalactic sources (largealestructure) is approximately
Gaussian distributed.

Then power spectrum components of the sources are approximately
statistically independent and contain nearly all spatial information.

1 What about nhonGaussian distributions?
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Fundamental Questions

1. How much data (i.e., how many events) is required to make
robust spatialmeasurements?
} For a given distribution of sources?

2. How much is required to detect particular spectral features?
3. What 1 s an i deal ospatial

These require a statistical framework for uncertainty estimation.

}  Simulations/mocks provide robust estimations for individual
experiments, but are expensive for broad sensitivity studies.

} Is there noanalytic framework f or odi stri buti or
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Fundamental Questions

1. How much data (i.e., how many events) is required to make
robust spatialmeasurements?
} For a given distribution of sources?

2. How much is required to detect particular spectral features?
3. What 1 s an i deal ospatial

These require a statistical framework for uncertainty estimation.

}  Simulations/mocks provide robust estimations for individual
experiments, but are expensive for broad sensitivity studies.

} Is there noanalytic framework f or odi stri buti or
Good News | THERE IS!!
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Pioneering Approach: Fermi

_LAT (2012)

} Approximate analytic power spectrum uncertainties have

long existed (Knox 199%]ivor+ 2002).

A They were found accurate enough
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to be used with the WMAP9 —
analysis S, 4000

WMAP Collaboration, cﬁ 3000
Astrophys.J.SugpB (2013)20 o
& PTERO014 (2014) 6,06B102 =
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Nine-year angular power spectrum of the CMB temperature (adapted from [37]).

While we measure Cp at each £ in 2 < { < 1200, the points with error bars show the binned

values of C, for claritv. The error bars show the standard deviation of C; from instrumen-
tal noise, [2(2C,N; + N2)/(2( + 1),f:§k‘._(}l=”2. The shaded area shows the standard deviation

from the cosmic variance term, [2C7/(2( + 1)"52@_‘3}1/ 2 (except at very low ¢ where the

68% CL from the full non-Gaussian posterior probability is shown). The solid line shows

the theoretical curve of the hest-fit ACDM cosmological model.
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Pioneering Approach: Fermi  -LAT (2012)

} Approximate analytic power spectrum uncertainties have
long existed (Knox 199%]ivor+ 2002).

[Ul'b GU0On,

Uncorrelated  Gaussian

Information Noise Cosmic
Prefactor: Variance

Inverse # of Term
Angular Modes

Fig. 5 Nine-year angular power spectrum of the CMB temperature (adapted from [37]).
While we measure C'y at each £ in 2 < ¢ < 1200, the points with error bars show the binned
values of ) for claritv. The error bars show the standard deviation of C; from instrumen-
tal noise, [2(2C, N, + ;\'}2),-"(2! + 1)_f;:2k‘,_(}l=’f2. The shaded area shows the standard deviation
from the cosmic variance term, [2C7/(2(+ 1) fkv‘e]lf ? (except at very low ¢ where the
68% CL from the full non-Gaussian posterior prc;babi]jty is shown). The solid line shows
the theoretical curve of the hest-fit ACDM cosmological model.
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Pioneering Approach: Fermi  -LAT (2012)

} Application to] rays:
} Photon shot noise applies as
uncorrelated noise.

} Add effects to account for
t he 1T nstrument

resolution. .

} Increase signab-noise with: FermLAT Collaboration, PRD85 (2012) 083007
large foreground mask, e  DaTAx |
Lse10f DATA:CLEANED O ]

wide energy bars,
average over multipole range.
A Weighted average in each

IR

Cp /(1Y [s1]

energy bin shows significant of
power consistent with corot '
no energy modulation. : nerey (e
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Room for Improvements

1.  The analytic analysis is valid for a Gaussian source
distribution.

} What are the effects on the power spectrum measurement ofnon
Gaussianitiethat are in the data?

} How can we estimate the nefsaussianity

2. Cosmic variance Is not present for distribution

measurement, but Is necessary for parameter estimation of
source modeling.

} This is only an academic point because cosmic variance is negligible
for these shot noise dominated measurements.

} My results will not contain cosmic variance, though there is
consistent methodology for it when appropriate.

3. Theremust be statistical dependence between thg
} They are all estimated with the same finite point data.
} How can this be estimated? What are the effects?
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Arenot Al | These Eff e

} Alas, early sensitivity studies on signals with planned
future missions using this analytic error analysis give
Impossible results.

} Predictions of sensitivity to large power spectra with only few

events detected. GAMMA-400 (5o Significance)
Ny (yr™)
01 _10 100
E 0.01¢
0.001f
T AT
0.1 1 10 100
..l S
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Arenot Al | These Eff e

} Alas, early sensitivity studies on signals with planned
future missions using this analytic error analysis give
Impossible results.

} Predictions of sensitivity to large power spectra with only few
events detected. GAMMA-400 (50 Significance)

}  Catastrophic failure with
parameters within an
order-of-magnitude of
FermtL A T Weshad better
estimate the effecten the
FermtLAT measurement.
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Outline to Solution

1) A statistical framework for higkenergycosmic
observatio®

2) Analytic power spectrum estimation and covariance.

3) Detectablility/sensitivity analysis and correlated noise
effects.

4) Sensitivity tospectraleffect®a power spectrum line
search.
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Statistical Framework for Cosmic [ rays

} A slide fromEiichiroK 0 ma tali & the FtAnisotropic
Universe Workshop2.5years ago.

Have a PDF!!

® A powerful lesson | have learned from |2 years of
dealing with CMB data:

® Write down a PDF of your data before you
start doing anything on the data

® |s it a Gaussian? Poisson? Non-Gaussian but only weakly
non-Gaussian? Strongly non-Gaussian but with known
distribution (log-normal)? Strongly non-Gaussian
without any clue?
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The Spatial PDF of [ rays

} Itis determined by the distribution of theources
} Radiation events aresamplingf sources.

FranciseBhuKitauraet al., MNRAS 427, L35 (2012)

A skymap(catalog) of sources. Sample gammay events
observed from those sources.

Given N events, what can we infer about the fikiymap ?
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gray Observations as a
Statistical Point Process

} Only two reasonable assumptions used.:

>

1. The intensityskymaypof 2.The position of each event is
sourcesis stationary . statistically independent

Requires methods to identify and remove Event position PDF sourced by intensity
transient signals. ‘O and exposure mag ¥Qm
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1. The intensityskymaypof 2.The position of each event is

sourcesis stationary . statistically independent
Requires methods to identify and remove Event position PDF sourced by intensity
transient signals. ‘O and exposure mag ¥Qm
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gray Observations as a
Statistical Point Process

} Only two reasonable assumptions used

1. The intensityskymaypof 2.The position of each event is

sourcesis stationary . statistically independent
Requires methods to identify and remove Event position PDF sourced by intensity
transient signals. ‘O and exposure mag ¥Qm
. . O
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gray Observations as a
Statistical Point Process

} Only two reasonable assumptions used

1. The intensityskymaypof 2.The position of each event is

sourcesis stationary . statistically independent
Requires methods to identify and remove Event position PDF sourced by intensity
transient signals. ‘O and exposure mag ¥Qm
0(=) @)

Now any function of event positions can be statistically anal
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Ensemble Marginalization over Data

1 Data is simply a list of angular positiond» H f

} Marginalize any functic@= h B b ) over the data:

Fixedexposure statistics:

The number of events is a random statistic (typically Poisson
distributed) with PDR) (0 )8

(Q 3 QOQ EQ 0 (G)0(= )0« EO(E )Qs b Bh ®

Fixedcount statistics:

Useful if observable is independent of exposure
A e.g., Dimensionless Power Spectromwith uniform exposure data.

More convenient for sensitivity analyses.

Q0 > > EQ 0( )0« EO( )Q b BBH )
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Power Spectrum of a Masked Sky

} Instrument Response:

I Wis Legendre polynomial transform of the. e umw wo s
Instrument pointspreadfunction (PSF). il

} » Is angular diameter of PSF
} Analysis:

} "Q Is the fraction of unmasked sky. S

} Probe multipoles over the rangé /b /b .

} An unbiased estimatod;; with <6n5 > oJ

; p "Q ; T 1] .[ uQ . t
Orp . 0] T Up" L=
'8 0 P wp '8 U LU P Wy
v
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Exact Statistical Covariance of O

. 1 b O
0 ¢
¢Jb pt
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New Spherical Tensors Non-Gaussianities
modify the signal
b b term.
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New Spherical Tensors
Unconnected part

/b /b of the trispectrum
Composite ¢Jb p (I'b Jb Jb . relevant only for
Power Spectrum ™'" T" n 1 T/ 'P large power.
/b 9b Jbs
- /b b
50) P ¢Jb p (I'b /b /b
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v ¢ |1 mimb ) 0,0
“ (P)I'bﬁmfbh] (t*) ¥ [ql‘fbb > O (ibu)fb]

. v () w
T Tmib O 9.1 OO

O b pt* 1 (1Y)

} New terms
} add corrections to the diagonal part
} provide the previously missing naliagonal components

1 Unbiased estimators for all these terms from the data hay
been determined.

} This provides a noparametric method for measuring
power spectra.
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Diagonal Corrections Can Be Important

1072
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}  Example uncertainty evolution b v TTwith 0, p T Sr.

} Unbiased estimators of these new spectra allowdoparametric
uncertainty estimation from the data without any source model.
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Instrument Response and Masking

yFor 1 nstrument sensitivit)
IS helpful to use source models.

+ To improveintuition,consider the simplest scenario:
} 0 is a white spectrum,
} 6L —L ph(okay forpL /BVIp )

} the bispectraare negligible for th&® ymeasurement.
assumes N is small enough that the shot term dominates thedmagonal.

} Theseassumptions are consistent with current measurements,
and are predicted by some source scenarios.
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Instrument Response and Masking

} To improveintuition,consider the simplest scenario:
} 0 is a white spectrum,

} 6L —L ph(okay forpL /BMp 1)

1 the bispectraare negligible for th® ymeasurement.
assumes N is small enough that the shot term dominates thedmagonal.

} These assumptions are consistent with current measurements
and are predicted by some source scenarios.

. C 1 s 0 1 ngo P
O (wfbwfb c/b p)T“ Q b p(p "Q)
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0 With Negligible Bispectrum

} The multipole covariance of white power spectrum
measurements:

| 2 Sheldon CampbéCorrelated Noise 4/12/2016
2nd Anisotropic Universe Workshop



Consequences of Correlated Noise

1 Explore sensitivity of experiments .

Take variancaveighted mean over a range b
/b

.~ P O]'b -

° 3 DA © n
b /b Jb
b

5 Ap@ 3
pp DA On

} For a white spectrum‘jF 0.
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Uncertainty of 6Fneglecting PSF and mask

, p -1 @pkOp,
DA - - ~
b]_ O DA (beDA 6/13
b/b b b

For our modelled scenario:

, (T ‘ P ‘O
DA 5] b Cfb (%) CC’T>° O
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Uncertainty of &: Mask and PSF Effects

The result has a simple prescription:
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Uncertainty of &: Mask and PSF Effects

10p -
r \ & 1
AR () e 8 <()e] -
x Al
The result has a simple prescription: o
O 800
1. Replaca“ with the shot parameter E (GeV)
I 1 "Q = C,
W, W,
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Uncertainty of

§: Mask and PSE Effects

The result has a simple prescription:

1. Replaca“ with the shot parameter

I T "Q

2. Replace the coefficient with thesolution parameter

I

Wp,  Wp

C
W, Wr,

P

Q Q wp, W

s
~ [ A h
0 Pl'b b

10F
8_
6_
b
4k
2_
01 AT | PRI | 1l
1 10 100 1000
E (GeV)
002 T T T
—
o 11
E 0.01 :'
o [ ]
£ 0.005} 0.5
T [ N~ 0
[0 |
3 0.002 02
< 0.001 0.

1 10 100
E (GeV)
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Uncertainty of &: Mask and PSF Eff

10F
DA B] (=) (b &) ()8 ¢
/b b P S ol
x i
The result has a simple prescription: ol
L O 800
1. Replaca“ with the shot parameter E (GeV)
0.02 < . .
. S c
I 1 "Q o o £ o001} 1
Jb b 2 0.005} s
A e &
.. i : & I {0.2
2. Replace the coefficient with thesolution parameter 92 ]
| ! % 0001
' ,  Wrp W, P [ A 5 C 110 100
T Q o, o, 0 b b o
3. We introduce thecovariance coupling E
¥ wl’b ool'b g 10
g 5
___________________________________________________ ver o8
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Instrument Design Lessons

Resolution Limited Angular Band Limited Signal Limited

Gains from improving Gains from increasing No further gains from

angular resolution. multipole range. access to additional
angular modes.
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Instrument Design Lessons

Number of events to detecb to 0 significance:

0

I
6 [, "
—— (/P ¥6) p p Tk

P ¥O Fundamental Experiment
Resolution Scale

Example backf-envelope estimate: in diagonal covariance aagelL p,

"‘rﬁ‘er
O <1 R T 1op

Design the resolution so that L p, then design exposure so thatm U
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Spectral Signals: Linein  "CO vs.0 O

Ng,LahaSC, et al., arXiv:1310.1915 , SC,CETUP 2013

I T I 10_ E 1 1 L rrrri I 1 1 T rrrri I 1 E
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C\I]U: I } ™ . : :
= ™~ T 1073 n
5) ‘1\ . 3 I E
7 — - -
% 107 F {\‘ <\ - 2 C 1 .
(D Ly A E 'S | l I i
oy Abdo 2010 +——+— ,r\\ RSO 107 (N =
= Abdo 2010 fit == = = = - 1 c 3
E Ackermann 2012 j' : E I I E
'_‘P‘ Murase 2012 I =y | I l ]

o - DM LOW o I 5 In
mv DDI HIGH _____ l : 10_3 E_ ------- I- - - - - - - - - _E
-8 L Total LOW ! \ _ e I i 3
107 F Total HIGH — — — — - A ! ] C ]
i I ] - .

[ LLL |I I L "l L I ’ l I L L L L LAl |- L L 1 | RN I L | L L L L1y I |
107! 10° 10! 10° 10° 10° 10’ 10°
E,[ GeV ] £ [GeV]

} If relative brightness of line sources is low, but structure is significant, they power
spectrum can be more sensitive.

}  Uncertainty ofomeasurements is crucial to understand sensitivity.
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Diffuse Background & Line Slgnal Models

} Dark Matter Model

}

Consider a signal dominated by
annihilation in the&salactic halo

Anisotropy of the signal is produced by
halo substructure

Smooth componenof Galactic dark
matter halo providedluxs and no AquaiusHalo
small scale structure at high latitudes. i

Substructureprovides alux boost
and distributionpower spectrum

B B 0 B
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Line Strengths

1 Recall thaD has a complicated 5 5 8 B
dependence o® ando . kN 5 ok
Simpler in terms ofine strengths | °© (?) 0 ( 5 ) °

+ Flux StrengthY — 6 —.

} Anisotropy StrengthlY 6 P ( )

} In terms of these observables,
B B p Y hé 6

( )
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E° @, [107"GeV-ecm ™5 "-sr7]

Highly Clustered Dim Lines Probed by 0

(V4

1 Example:3 GeV line withy 1@t pY p m

A Expected background statistical
uncertainty for 10 yeargvetime

A Line height is expected height of
energy bin logentered at that
energy with width of 68% line
containment.

1000

10 : . !
1_
3.4 - .
3.3
3.2
0.1 34
3.0 . .
2.6 28 30 32 34 36
0.1 1' 10 100
- E [GeV] 10_3
Expected flux line
significance is 1,6 107*
: : E 107°
Expected anisotropy line O
significance is 13.8 106
(ButforY ponlyl5.) :
10‘5 1

1 10 100 1000
E [GeV]



Condition to Observe Anisotropy Line

} The line is observed t0 sensitivity if:
6 6 | 0, 8

+ The number of events needed to observe a line of given
strength with anisotropy Is:

I o Fundamentabignal
§ - p ¥0 Resolution Scale
5
T " Tk Y Y ¢ Y
T (b ¥6) p p Y
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Condition to Observe Anisotropy Line

} The line is observed t0 sensitivity if:
6 6 | 0, 8

+ The number of events needed to observe a line of given
strength with anisotropy Is:

P ¥O

Fundamentabignal
Resolution Scale

||
-

1 o Y Yqg Y
V(—1 )(p ¥8) pop |T K—F

WhenY Y ¢ Y ,the excess line radiation does not modify the power spectrum

V4

5

Y No line anisotropy condition.

WhenY Y ¢ Y ,the line washes out structuréY Line dip feature.
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Signal Resolution Parameter Space

+ Narrow blue region:line is
* unobservable in power
spectrum.

} Aboveblue region: power
spectrumbump signals

} Belowblue region: power
spectrumdip signals

} The red star indicates our
earlier line example.
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