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cosmic-ray's journey

accelerator interstellar medium magnetic fields Earth's atmosphere dynamic target
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cosmic-ray experiments
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"Due to the small size of the anisotropies,
quantitative studies require careful separation
of detector effects from the observations."

NOowW tO measure anisotropy
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conseguences of measuring anisotropy

The data-driven detection acceptance estimation "scrambles the event’s R.A. but

not its declination, while keeping the events’ local coordinates constant.”

This makes the relative intensity average on R.A. equal to zero
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observed anisotropy
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https://iopscience.iop.org/article/10.3847/1538-4357/aad90c
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observed anisotropy

Energy ~ 100-1000 TeV

1.0015
— 1.001
130 TeV 128 TeV = 1.0005
130 TeV g 1
S  I— § 0.9995
Mgl . g e 0.999
360° = . § . A ’ 0° 750 200 0.9985
R s o Right Ascension [deg]

1.0015
1.001
1.0005

240 TeV 267 TeV

Declination [deg]

0.9995

0.999
0.9985

150 200
Right Ascension [deg]

470 TeV

IceCube LHAASO
ApJ 981182 (2025) PoS(ICRC2023)478

L — E—

1
-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1
o Relative Intensity [x 1073]
\ Paolo Desiati [0



https://pos.sissa.it/444/478/
https://doi.org/10.3847/1538-4357/adb1de

observed aniso
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https://pos.sissa.it/444/478/
https://doi.org/10.3847/1538-4357/adb1de

breaking down anisotropy

angular power spectrum
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https://doi.org/10.3847/1538-4357/adb1de

the dipole component
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large & small scale anisotropy
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large & small scale anisotropy

decomposing the relative intensity sky

map in Spherical Harmonics functions
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interstellar magnetic fields

Unger & Farrar (2024)
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Column density derived from submillimeter emission observed for a region in the Orion A molecular cloud using the )
Herschel Space Observatory overlaid with plane-of-sky magnetic field topology using the Planck 353 GHz polarization
observations.
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Blasi & Amato (2012)
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"the existence of a global CR dipole moment (Cho & Lazarian, 2002) small-scale anisotropy as turbulence
necessarily generates a spectrum of higher fingerprint
multipole moments in the local CR Injected dipole breaks down
distribution." - - : :
to small-scale anisotropy "The formation of the large-scale anisotropy

Is closely related to the surrounding

dipole energy dissipated to small , L . . .
saturation at the mean free magnetic field environment, in particular to

angular scales the shape of the local magnetic flux tube

path distance scale
containing the observer"
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TeV cosmic rays are affected by the Borovikov, Heerikhuisen, Pogorelov (2015)

heliospheric magnetic bubble
numerical model of solar wind interacting with ISM

solving plasma MHD equations coupled with kinetic transport of neutral atoms

Lazarian & PD (2010)

PD & Lazarian (2012) A dipole distribution injected in the ISM produces a complex anisotropy on Earth
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(A) Tibet-ASy relative intensity sky map from the at

4 TeV energy
Amenomori+ (2006)

(B) numerically computed trajectory distribution at Erth
after fit to Tibet-ASy data

(C) Inferred large-scale anisotropy in the ISM
without heliospheric influence
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how to make observations useful?

are anisotropy measurements good enough?

what about

experimental biases
instrumental resolutions

we need

multi-experiment observations
theorists - experimentalists collaboration




limited field of view

iterative maximum likelihood method

attenuation of large-scale structures exceeding

the size of the instantaneous field of view

when smaller than 24hr integrated field of view

) Paolo Desiati
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iteration step

HAWC measures 1/3 of dipole
amplitude with 1st iteration only

and other standard methods
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limited field of view

correlation between multipole modes

let's inject a this is the dipole seen
tilted dipole anisotropy on northern hemisphere

this is the
reconstructed dipole
on northern hemisphere

equatorial component

this is the dipole seen
on southern hemisphere

this is the
reconstructed dipole
on southern hemisphere

equatorial component

dipole dipole ~quadrupole

@
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limited field of view

correlation between multipole modes
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Multipole components are subject to correlations

caused by partial sky coverage since there is a degeneracy between different £-modes.

A pure dipole can result in an artificial quadrupole due to partial sky coverage.
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https://doi.org/10.3847/1538-4357/aaf5cc

limited field of view

full-sky olbservations mitigate FOV bias

5180° 45°

20° 10° D°

, 1 | HAWC+IceCube
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e | | 6 | 0 IceCube
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Full sky measurements are the only way to recover the real anisotropy

-1 Relative Intensity [107°] 1

loss of large-scale power leads to erroneous physical interpretations
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mass composition

and rigidity scaling

observed cosmic rays have mixed mass e

y Pogorelov+
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dipole component results from the combined mixed composition anisotropies
which depends on energy

does anisotropy scale with rigidity, or does each species have its peculiar
anisotropy?
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e Promote inter-experiment collaborations: not just stitching maps

e Encourage collaborations with theorists/modelers
+ how to understand and correctly use the observations

+ how to prepare observations for the most appropriate model comparisons

e Understand the role of the heliosphere <100s TV

+ develop models for interpreting cosmic rays

()

Paolo Desiati



21-24 MARCH 2025
HONG KONG, CHINA

DEPARTMENT OF PHYSICS ( /
THE CHINESE UNIVERSITY OF HONG KONG ANSO




additional slides

()
W) Paolo Desiati 32




cosmic-ray anisotropy

THE
PHYSICAL REVIEW

A Journal of Experimental and Theoretical Physics

SECOND SERIES

VoL. 47, No. 11 JUNE 1, 1935

An Apparent Effect of Galactic Rr*ation on the Intensity of Cosmic Rays
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Figure 27: Sensitivity of cosmic-ray anisotropy measurements with lceCube-Gen2 with 10 years worth of data.
The expected three and five sigma sensitivities to the equatorial plane component of the dipole anisotropy are
shown. IceCube-Gen2 will be far the most sensitive detector for the PeV energy range, extending lceCube’s
energy range of anisotropies by more than an order of magnitude in energy. In particular, statistically non-
significant measurements of the dipole amplitude by KASCADE-Grande [327], if true, can be confirmed at
five sigma level. Note that KASCADE-Grande and Auger [328] results are shown with measurements (full
symbols) and 90% CL upper limits (empty symbols) [327-341]].
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conseguences of measuring anisotropy

HAWC .
ApJ 865 57 (2018) effect of the north-south blindness
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Measuring the dipole component

ApJ 981182 (2025)

relative intensity expanded in

spherical harmonic functions

with partial sky coverage the Y¢m are correlated

except for the m = £ terms

we use these functions for a 2D fit of sky maps

to be compared with the standard 1D dipole fits

o0 1
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Measuring the dipole component

ApJ 981182 (2025)

02
for the dipole component this 1D functionis  F(q,;) = A1 /COSZ 6 cos (o + ¢1)dd

01

Omin — Omax + COS Omin SIN Omin — COS Omax SIN Orax
— A 7;
2(8in dpin — Sin dpmax) 1 008 (@i + ¢1)

~

= A; cos (o + ¢1)

. 2(sin dpnin — Sin dmax) ~

Aq

with geometric correction factor equal to A = 5 G T eoSd SO — oS0 —Sind
min max min min max max

that depends on experiment's field of view in Dec.
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Kuhlen, Phan, Mertsch (2022)
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0

propagation effects on anisotropic spectrum of

Goldreich-Sridhar type Alfvén waves
isotropic distribution of fast magnetosonic modes
with a power spectrum compatible with

Cho & Lazarian (2002)

Isotropic diffusion (in QLT) generates a dipole

anisotropy and cannot explain observations
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Lépez Barquero + PD+ (2017)

directions of recorded particles (1 TV)
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forward propagation
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our magnetic backyard
iNnfluence of the heliosphere

Schwadron, PD+ (2014)

Observed Interstellar Conditions from IBEX

7 W

‘ﬁ“"[ Downwind
lm!! ..&nfield

360° J '
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Relative intensity

AN/(N)

Fig. 2. TeV cosmic-ray anisotropies compared with predictions. Comparison between observed
(left) and modeled (right) cosmic-ray relative intensities across the sky (J2000 coordinates). Black
curves show the magnetic equator with a magnetic field direction derived from the center of the IBEX
ribbon. On the left, the region below 25°S latitude 1s the anisotropy map from IceCube with a median
energy of 20 TeV (18) and above 20°S latitude is the anisotropy map from ASy with 5-TeV median energy
(15). Similarly, the modeled map (right) at 20 TeV is shown below 25°S latitude and at 5 TeV above 20°S
latitude. Both portions of the maps are smoothed over 3° to 5°. Labels indicate upwind and downwind
directions (2), the current locations of Voyager 1 (V1), and Voyager 2 (V2) directions, and the “upfield”
and “downfield” directions. Downfield is along the LISM magnetic field determined by IBEX in the
direction closest to the interstellar velocity, and upfield is in the opposite direction. Plots are 1in equatorial
coordinates with O hours at the right and increasing longitudes toward the left.
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local interstellar magnetic field

Abeysekara et al., ApJ (2019) 871 96 Local Interstellar Magnetic Field
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Flgure 12. X distribution map for circular fit to boundary Figure 13. Circular fit to boundary between large-scale ex-

between large-scale excess and deficit regions shown in J2000 cess and deficit regions shown in J2000 equatorial coordinates
equatorial coordinates. The black point corresponds to the along with published magnetic field measurements by Fun-

L o ) sten et al. (2013) inferred from the emission of energetic neu-
minimum x“ for the center of the circle and the black curve tral atoms (ENA) originating from the outer heliosphere by
is the fitted circle. The grey points are the selected pixels the Interstellar Boundary Explorer (IBEX) (Zirnstein et al.
for the fit. The best fit has a value of x2/ndof _ 585/579 2016), and Frisch et al. (2015) obtained from the polariza-

tion of stars within 40 pc.
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draping of interstellar magnetic field magnetic mirror

Paolo Desiati

10 TV particles can be trapped

residence time can reach ~20 years

strong heliospheric influence

cosmic rays distribution re-shaped when passing
through the heliosphere

Diaz Vélez & PD
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The heliosphere

backward propagation
assume dipole pitch-angle distribution in the ISM
(isotropic diffusion)

strong heliospheric influence

~ )
observed distribution compatible with mostly

dipolar CR density gradient in the ISM

Isotropic pitch-angle diffusion

different distribution than the ISM
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The heliosphere
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backward propagation
assume dipole pitch-angle distribution in the ISM

(isotropic diffusion) IceCube (2018)
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Figure 27: Sensitivity of cosmic-ray anisotropy measurements with lceCube-Gen2 with 10 years worth of data.
The expected three and five sigma sensitivities to the equatorial plane component of the dipole anisotropy are
shown. IceCube-Gen2 will be far the most sensitive detector for the PeV energy range, extending lceCube’s
energy range of anisotropies by more than an order of magnitude in energy. In particular, statistically non-
significant measurements of the dipole amplitude by KASCADE-Grande [327], if true, can be confirmed at
five sigma level. Note that KASCADE-Grande and Auger [328] results are shown with measurements (full
symbols) and 90% CL upper limits (empty symbols) [327-341]].
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