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Cosmic Rays

Background Left: Figure 30.1 in [1]
g Right: Figure 30.2 in [1]

* The Earth is constantly bombarded by energetic nuclei = ~PDG-
* Mostly protons and helium, trace amounts of heavier ; & i
elements T
« Follows a power-law like spectrum with a few notable features -
* The knee 10"
« The second knee T
* The Ankle “sdcond knee”
. 107" 4

Diffusion in interstellar magnetic fields causes TeV cosmic rays
to lose directional information
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The Cosmic Ray Anisotropy

Background

* There is a well-known anisotropy in the arrival direction of TeV
cosmic rays

« It has been studied by a number of experiments*

« Milagro
 GRAPES-3
« ARGO-YBJ
« Tibet ASy
. LHAASO T Lo T e Equatorial
« HAWC _—
* lceCube -1.5 Relative Intensity [10°] 1.5
: . . - " : ... | Figure 4a.in [2]
« Quite small — maximum anisotropy of order 10-3 Quantified by a “Relative Intensity o
*This is not an
Data (Counts) Background h e li
 Has both large-scale and small-scale features T T exhaustive list
- Energy dependent (dipole flips at larger energies) R N — <N>
« Source of small-scale anisotropy remains active research topic (N) 3
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Cosmic Ray Anisotropy Reconstruction

Background

Many methods to reconstruct the cosmic ray anisotropy, but all have similar limitation:

» Measuring the anisotropy requires knowing your detector’s response to an isotropic cosmic ray flux
* Uncertainty in simulations tend to be larger than anisotropy

« Requires determining your detector’s response via the data itself

This results in being unable to reconstruct the anisotropy along Earth's rotation axis

* In other words, decomposing the anisotropy into spherical harmonics will artificially have the power in all m=0 terms be zero



Time Dependence?

Background

* Is there time dependence in the cosmic ray anisotropy (CRA)?
There's good reasons to think so:

* The Heliosphere changes over time due to the 11-year solar
cycle

» This effect has been seen in its effect on TeV cosmic rays via
analyses of the time-dependent cosmic ray sun shadow

 Interactions with the heliosphere is a likely cause of some
features in the cosmic ray anisotropy

« If the heliosphere changes over time, cosmic ray interactions
with the time-dependent heliosphere may cause the cosmic ray
anisotropy to have a time-dependence as well

Top: Figure 1. in [3]
Bottom: Figure 7. in [4]
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Prior Work on Time Variation

Background

» Prior work has been done looking at time dependence in the cosmic ray anisotropy
But generally, only focusing on the large-scale* anisotropy

« Find no time variation in the large-scale structure — but potential hints of time variation
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Figure 6. in [5]
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This Work

We Present a General Method to Study
Time Variation in the Cosmic Ray
Anisotropy at All Scales




lceCube Neutrino Observatory

Data

Operating in full 86-string layout since 2011

» Duty cycle of ~98% o
» Median cosmic ray energy of 20 TeV
« Cosmic ray FoV constrained to <-25° Declination
» Has recorded ~800 billion cosmic ray muons
1450 m

Our Sample:

« Use a burn sample of every January from 2012 — 2023

 Use in-ice muons 2450 m

2820 m
«  Minimizes effect of seasonal variation

» Binned using HEALPix sky pixelization
» Pixels ~0.9° across

IceCube Lab
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IceTop

/ 81 Stations

324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

DeepCore

8 strings-spacing optimized for lower energies
480 optical sensors

Eiffel Tower
324 m



s SouTH POLE NEUTRING OBSERVATORY

Example Relative Intensity Map
January 2012

Data

January 2012 Reconstructed Anisotropy  with 5° Top Hat Smoothing

360°

Data (Counts) Background

R:

T
N — (N}

(N) -0.0015 Relative Intensity 0.0015 9




s SouTH POLE NEUTRING OBSERVATORY

What Could Time Variation Look Like?

Methodology If there is no time variation:
Measurement 3§ The ’Tr u%’ Anlsotropy / Measurement
During Time Period 1 NN S During Time Period 2
January 2012 Reconstructed Anisotropy

January 2012 Reconstructed Anisotropy

.

00015 Relative Intensity 0.0015 -0.0015 Relative Intensity 0.0015

If there is time variation:

\ The ”True Tlme Period 1 /

| » \ The ”True T|me Perlodz /
360° Anlsotropy |

N\ Anisotropy -

‘ “"‘Measurement
During Time Period 2

January 2012 Reconstructed Anisotropy

I O

Measurement
During Time Period1 |

January 2012 Reconstructed Anisotropy

The Goal:

Distinguish between these
two cases

L

-0.0015 Relative Intensity 0.0015 -0.0015 Relative Intensity 0.0015
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A Quantitative Time Variation Test

Methodology

To quantify, can use a two-sample y? test

Relative intensity during time

period 1,2 in pixel (

\
| \

, (Ri — Ry;)?
Xi = "5 2
l IRy T 9 Ry,

x* of \ }
pixel i Y
Uncertainty in relative

intensity during time period
1,2 in pixel {

Number of Pixels to
Sum Over

-

If pixels { through n are
statistically compatible, total y?
will be sampled from a x?
distribution with degrees of
freedomn - i

1

p-value

1

S =+v2erf 1(1— 2p)

1

Relative Intensity in pixels (
through n measured during
time period 1 and 2 are
statistically incompatible at
[X]o level

11
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Some Potential Applications

Methodology

* Thisis a very flexible methodology — potential studies include
* Global changes in anisotropy sky-maps
» Appearance/disappearance of excess/deficit regions
» Evolution of excess/deficit regions over time
« Stability of spherical harmonics

* etc.
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Month-wise Anisotropy Comparison

Methodology

A Simple test — compare every month in our sample

S =+v2erf (1 - 2p)

p-value

2 n
o (Bi — Ry) 2 2
TRy T TRy =0
One Sidereal Pixel
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0.006
0.004 ( )
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r 0.000 {-4---2------ . e e SN S S
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Sensitivity to Sudden Appearance o?

Reconstruct One Month of Data

Excess Region

ICECUBE

Methodology
\ ,Ag{tifi?;ia| :‘Anié_otr%gpy map wnthout 5|gnal / \ Art|f|C|aI Anlsotropy map W|th 5|gnal /

Two-Sample y? test

!

Repeat and take median to
get median y?

!

Calculate probability of
finding that median y?

14
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Sensitivity to Sudden Appearance o?
Excess Region

Methodology

We do not have a theoretical model for what a signal could be — but can use a simple phenomenological model
We would like to know IceCube’s response to a signal based on

* The signal’s spatial extent

* The signal’s strength

* The signal’s location on the sky

A Simple phenomenological model that satisfies this is a Gaussian signal

15



Sensitivity Contours

Results
70

* Most sensitive* to signal ~30° across

60 1

« With one month of data, sensitive to signals of
amplitude > 2 x 1073*

* Around maximum amplitude of anisotropy

» Low sensitivity for signals near zenith because m =0
terms unable to be reconstructed

Gaussian o (deg)
N
o

w
o
1

20 A

10
*For a full-sky analysis
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Sudden Appearance of an Excess Region

3|0mea| Sensitivity Contours - One Month
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Conclusions

There is a well-known anisotropy in the arrival direction of TeV cosmic rays
across a wide variety of angular scales

Previous studies have only studied the time variation of the large-scale
features of this anisotropy

We developed a flexible, model-independent method to study time variation
in the cosmic ray anisotropy across a variety of angular scales

We validated this methodology by:

1. Testing to see if there were global changes in anisotropy sky-maps for
every January from 2012 — 2023

2. Determined IceCube’s sensitivity to the sudden appearance of a gaussian
signal

Reference January

Gaussian o (deg)

3|0mea| Sensitivity Contours - One Month
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Thank You!
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Backup
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Cosmic Ray Anisotropy Reconstruction

Methodology

«  We use a maximum likelihood estimation method
* Described in Ahlers et al. 2016 [6]

v

E(nu,N’ A) [ H (uﬂ,)nﬂe—ﬂﬂ‘

. ;!
Ti Tl

« If we bin cosmic ray counts (in local coordinates) into sky pixels (i)
and sidereal time bins (r), each measurement 1 ;
is sampled from a Poisson distribution with mean fir; i

v

We maximize the likelihood ratio:
B L(n|I,N,A)
~ L(n|IO, N A0)

Detector Response to Isotropic Flux

M = Iﬂ'MAi — Acceptance at local pixel i

\ Norm - Total counts in sidereal time bin
0 0 0 .
T assuming no anisotropy IO A A©) MLE of I, N, A assuming

no anisotropy (i.e. I = 1)

Anisotropy in local pixel
and sidereal time bin t

Has several benefits compared to other methods:
* Fast computation time 21
« Simple to incorporate multiple detectors



u (counts)

Methodology

Maximum Likelihood Estimated Counts vs. Measured Counts
January 2012
- -
S
N
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0.0
500 1000 1500 2000 2500 3000 $ '0«,
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January 2012 Reconstructed Anisotropy

-0.0015 Relative Intensity

B L(n|I,N,A)
~ L(n|I0), N0 A0)

LN, A) = [[ Lr7e

!
Ti Mri:
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Cosmic Ray Anisotropy Reconstruction

22



1 (counts)
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Cosmic Ray Anisotropy Reconstruction

Methodology

Maximum Likelihood Estimated Counts vs. Measured Counts
Single Sidereal Pixel (252° RA, -45° Dec)
January 2012

‘IceCube Prellimi'nary
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0.00014

0.00012

0.00010

0.00006

0.00002

0.00000

0.00008 |

0.00004 |

3'

January 2012 Reconstructed Anisotropy

-0.0015 Relative Intensity 0.0015

PR |

L(n|I,N,A)
T L@mIO,NO, A0)

LN, A) = [[ Lr7e

600 700 800 900 1000 1100

Data (counts) [N}

Ti nTi! 2 3




ICECUBE

Sensitivity to Sudden Appearance o?
Excess Region

Methodology

General Question:

» If we measure a relative intensity of R one month and R + s the next month, at what point can we claim a detection
of signal s?

» In other words, what signals s are we sensitive to?

To obtain this sensitivity:

1. Define a known signal s

2. Inject it into artificial local sky-map

3. Run anisotropy reconstruction

4. Do a Two-Sample y? test against a “reference” map reconstructed without signal

5. Repeat many time for many different signals s to get median significance of signal 24



Lln N, A) = JT W i v a)

Steps to make artificial local sky-maps:

a SouTH POLE NEUTRING OBSERVATORY

Sudden Appearance of an Excess Region

If we inject a signal R = R + s how does this manifest in terms of counts?
» Recall we want to inject the signal into a local sky-map

po(I+s)NA - NA=B W — p+sB

We maximize the likelihood ratio:

- Mri! T LI, N© A0)

1.

2.

3.

4,

Reconstruct one month of data from burn sample (arbitrarily January 2012)

Determine MLE p and MLE background B

©w— p+ sB

Poisson fluctuate to get artificial local-sky maps

25
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Sudden Appearance of an Excess Region

Reconstruct One Month of Data

!

0

A 4

Poisson fluctuation Poisson fluctuation
“Measurement” and “Measurement” and
Reconstruction Reconstruction

! | !

\ Art|f|C|aI ,Aénisotr;ogy map / \Ar_tiﬁciél Ani%otroy map W|th /
without signal’ -~~~ —> Two-Sample x? test . .signal . "

~Ssian\ | L T

Repeat and take median to Calculate probability of
get median y? finding that median y2 26
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