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Bottom line: a successful model of UHECR anisotropy

@ dipole only
dobs = 6.575:3%
dmodel - 66%

@ dipole and quadrupole
dobs = 5.4732%
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Ingredients: UHECR horizons

e ' ' @ UHECR horizons H: maximum linear distance
(not propagation distance) between source and
the Earth.

H(E, Z, Bya, )\Mpc) = min(\/ daift dioss» dloss)
(Globus, Piran 2017)

e Rigidity R=E/Z

. . Low R: H is limited by Hubble time

b B = High R: H is limited by energy loss distance

rigidity (EV)

o EGMF parameter range considered:
B =0.1-30 nG
A = 0.08-0.5 Mpc

1000

Figure: UHECR horizon in extragalactic
magnetic field of 0.6 nG with 0.2 Mpc
coherence length.
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@ Assume UHECR sources (many)
follow the large-scale structure (Globus,
Piran, Hoffman, Carlesi, & Pomarede 2019)

@ LSS density field reconstructed from
the CosmicFlows-2 catalog of peculiar
velocities
(Tully et al 2014, Hoffman et al 2018)
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Ingredients: Galactic Magnetic Field (GMF)

@ Jansson and Farrar 2012 (JF12)
@ 1.8 billion backtracking trajectories

(Farrar and Sutherland 2017)

@ Simulated additional trajectories in lower
rigidity down to log;o[R(V)] = 17.4in 0.1
binning

Figure: Trajectories of isotropically arriving CRs in
GMF. R = 3EV. A,c = 100. (Farrar et al. 2015)
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Ingredients: GMF coherence length and rigidity

Blue: L =30 pc. Red: L =100 pc. Parameter range considered: L = 30-100 pc

87 (2838, 74.5)
Rigidity=6 36V, I0gR=18.8
KRF6(100pc), cnt=2950, mag=0.77
spread=59.4, to_coherent=51.4
KRF10(30pc), cnt=1881, mag=0.49
* spread=58.5, to_coherent=2.5

Coherent, cnt=1530, mag=0.40
spread=56.2

M87 (283.8, 74.5)
Rigidity=3.2€V, logR=18.5
KRF6(100pc), cnt=4916, mag=1.28
spread=101.7, to_coherent=nan
KRF10(30pc), cnt=1202, mag=0.34

* spread=100.9, to_coherent=nan
Coherent, cnt=0, mag=0.00

TN

Galactic Galactic

(a) R=6EV (b) R=3EV

Figure: Trajectories starting from M87 direction. (Farrar and Sutherland 2017)
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Ingredients: Rigidity spectrum

o Rigidity distribution of all cosmic rays

>
: 8 Ee'V : >8 EeV, calculated from energy
03 F — Augerfit Sibyll 2.3 P

. spectrum and composition

' — Augerfit EPOS-LHC
0.2+ ]

' @ We test composition models Sibyll

E 2.3/EPOS-LHC, mixed/pure proton,
0.1r ] Auger fit/MUF.

MUF (Muzio, Unger, Farrar 2019) updates UFA
0.0t : . . : (Unger, Farrar, Anchordoqui 2015), a physically

16 17 18 19 20 21 motivated model of energy spectrum and

|Og [R (V)] composition.
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Output: Sky maps

(a) Nlumination map >8 EeV

5 < —— d=0.126
N e Q=0.190

- .25

(b) Arrival map >8 EeV

>8 EeV

ooy = 0.05475%

e d=0.060
Q.. = 0.032:5 .

Q=0.023

075 NN - . 125

IMPACT OF GMF IS CRUCIAL.
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Summary of parameters explored

e 6 6 o O

Parameters:

EGMF coherence length A = 0.08-0.5 Mpc

EGMF magnitude B = 0.1-30 nG

GMF coherence length L = 30-100 pc

composition models: Sibyll 2.3/EPOS-LHC, mixed/pure proton, Auger fit/MUF)
Notes:

Diffusion coefficient is what matters in propagation in EGMF.
X Epeyv ) ?
E
D~ 003 2MeeTEV ) -y g5 [ FEV ) hpe@Myrt
ZBnq ]

(Globus, Allard & Parizot 2008)
The second term dominates. D B;é)\ﬁ)c. Assume Ayipe = 0.2 for the rest of the talk.
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Results: Both EGMF and GMF play a role

<> source dipole direction

@ arrival dipole direction 0 3 T T
- [ Augerfit Sibyll 2.8
[ — LSS (with GMF) .
[ LSS (with GMF) K,,, method USTEEE
© [ LSS (no GMF
R :
= L
£
©
@ f _
S 01f g
Ao —
0.0t . .
0.1 1.0 10.0
Beowe(NG) 01 02 03 04 06 08 10 14 20 30 60 10 30 BEGMF (nG)

Figure: Sibyll, mixed composition.
Left panel: Hollow diamonds are dipole directions of illumination maps.
Solid dots are dipole directions of arrival maps.
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Results: Both Sibyll and EPOS compositions give similarly good fits

Mixed composition Mixed composition
& source dipole direction & source dipole direction
@ arrival dipole direction @ arrival dipole direction

Beour (NG) 01 02 03 04 06 08 10 14 20 30 60 10 30 Bewe(G) 01 02 03 04 06 08 10 14 20 30 60 10 30

(a) Sibyll 2.3, mixed composition (b) EPOS-LHC, mixed composition
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Results: Both Sibyll and EPOS compositions give similarly good fits

dipole amplitude

Chen Ding, Noémie Globus, Glennys R. Farrar (NYU)

0-3 F Augerfit Sibyll 2.3 "
E LSS (with GMF)
[ — LSS (with GMF) K,, method ~ ....o-"
[ ... LSS (no GMF)

o2

0.1 1.0 10.0
Beawr (NG)

(a) Sibyll 2.3, mixed composition.

dipole amplitude

On the Origin of the UHECR anisotropy

Augerfit EPOS-LHC

— LSS (with GMF)

— LSS (with GMF) K;,, method
... LSS (no GMF)

0.1 1.0 10.0
Beaur (NG)

(b) EPOS-LHC, mixed composition
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Results: Pure proton does not work for our model

<> source dipole direction
@ arrival dipole direction

0.3¢ pure proton

[ — LSS (with GMF)

... LSS (no GMH) ]
0.2f E

dipole amplitude

Bewr(MG) 01 02 03 04 06 08 10 14 20 30 60 10 30 0.1 1.0 ? 10.0
Beawr (NG)

CAN'T SIMULTANEOUSLY EXPLAIN MAGNITUDE AND DIRECTION
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Results: >8 EeV

(a) MNlumination map >8 EeV

; < —— d=0.126
N e Q=0.190

- .25

(b) Arrival map >8 EeV

>8 EeV

Aops = 0.05455

. d=0.060
Q.. = 0.032%5¢ .

Q=0.023

075 NN - . 125

BOTH EGMF AND GMF PLAY ESSENTIAL ROLE.
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Results: lllumination maps for different energies

(b) 16-32 EeV (c) 8-16 EeV

16-32) EeV [6-16] EeV

d=0.152 h > d=0.152 3 d=0.117
W Q=0.198 : Q=0.199 o Q=0.201
0.75 I I 1.25 075 I I 125 0.75 I 125

ILLUMINATION DIPOLE weakly dependent on E
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Results: Arrival maps for different energies

(a) >32 EeV (b) 16-32 EeV (c) 8-16 EeV

>32 EeV [16-32) EeV. (816 EeV

o ( o O

gy = 01125 : d=0.088 = 0105 6=0.085 0,0, =0.05952 ¢=0.052
i Q=0.034 i Q=0032 il Q=0.023
0.75 I I .25 0.75 I I .25 0.75 I I 125

ARRIVAL DIPOLE weakly dependent on E
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Subtleties: impact of exposure on the observed dipole

@ According to our model, the dipole
reconstructed with Auger exposure (pink
dot) is very close to true one (black dot).

@ Pink vs black circles show sensitivity of ~
. dcbs=0.054;f§§.1 === d=0.060
Auger reconstruction to method used. Ques = 0,082 Q=0023
0.85 T 115
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We've built a physically motivated, LSS-based model for the UHECR anisotropy >8 EeV.
o Consistent with Auger dipole & quadrupole observations >8 EeV
@ Dipole direction only weakly dependent on energy from 8 to 32 EeV

@ Both EGMF and GMF play crucial role.
Best-fit parameters: EGMF B =~ 0.6 nG, A =~ 0.2 Mpc; GMF L., =~ 75 pc

e Insensitive to hadronic interaction models (Sibyll 2.3/EPOS-LHC)
@ Pure proton cannot fit both dipole amplitude and direction.

Future work: TA/Auger hotspots, Individual sources, GMF variations, interpretation of energy
dependence (if established)

Thank you.
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Bottom line: a successful model of UHECR anisotropy

@ dipole only
dobs = 6.575:3%
dmodel - 66%

@ dipole and quadrupole
dobs = 5.4732%

------ - Sl """""" dmodel = 6.0%
e : . Qube = 0.032 + 0.014
dype = 0. 05425 5 ' - S d=0.060 QmOdel - 0023
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Back-up slides
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Groundbreaking discovery by Pierre Auger Observatory

0.46
=~
3\
0.42 g” ° 6.5'_%:3 percent
< dipole >8 EeV
© e 5.20 significance
0.38

Figure: Science 2017, The Pierre Auger Collaboration
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Observation and Our Model

Gype = 0.05425 - w= d=0.060
a = 6.032% > o Q=0.023

075 IR - . .25

(a) Science 2017, The Pierre Auger Collaboration (b) Prediction of our model
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Figure: PoS(ICRC2017)506
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c E p N Fe = EPOS-LHC

i) = - == Sibyll2.3

c 08—

© [
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Figure: from arXiv:1903.06714. The composition fraction of N and Fe indicates the existence of
galactic cosmic rays <3 EeV
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y spectrum and composition

colors: rigidity (V)
1019 1020

: ' e In UFA/MUF model, >8 EeV
 Auger 1) cosmic rays are ~ 100%
extragalactic.

1017
1103

8x10%

6x10 @ Rigidity increases slowly over a
large energy range, reflecting the
Peters Cycle.

UFA (2015) is a physically motivated

4x10%

EdN/dE (eVZkm2yrisr?)

2x10%

model which gives good fit to energy
= S = ) spectrum and Xmax data. MUF (20109,
1017 1018 1019 1020
energy (eV) Muzio, Unger, Farrar) succeeds UFA.

r

Figure: MUF model. Sibyll 2.3c
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