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Several studies reported the correlation between the arrival directions of ultra-high-energy cosmic
rays (UHECRSs) and nearby starburst galaxies (SBGs). Auger collaboration (2018, 2022) reported
a ~ 4o significance correlation with SBGs, and the Telescope Array (TA) experiment also showed
consistent results (TA collaboration 2018). Considering the effects of the magnetic field on
UHECR flux would be mandatory to constrain the UHECR source population. We re-investigate
the correlation of UHECR arrival direction obtained by the TA and Auger experiments with
nearby SBGs. In the analysis, we changed the UHECR flux model from SBGs based on three
assumptions: (1) the same flux model as in the Auger collaboration (2022), (2) distance dependence
of scattering angle by a turbulent extra-galactic magnetic field, (3) deflection and scattering by
the galactic magnetic (GMF) field. For the estimation of the effects of the galactic magnetic
(GMF) field, we developed the method to calculate the log-likelihood with the GMF model
(Jansson and Farrar 2012ab) and mass composition model (global-spline fit, Dembinski et al.
2017). We confirmed less than 2 and 4 sigma global significance for TA and Auger experiments,
respectively. The assumption of scattering by a turbulent extra-galactic magnetic field does not
change the significance with order. The current result with GMF is sensitive to mass-composition
assumption. In this report, we report the current status of our analysis and discuss the model

dependence.
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1. Introduction

There are reported correlations between UHECR arrival directions and nearby SBGs [1, 4].
The Pierre Auger Observatory (Auger experiment) reported ~ 40 correlation [1] at 39 EeV energy
threshold. The Telescope Array (TA) experiment has conducted the same analysis and showed
consistent results from the Auger experiment [3]. The joint-analysis working group with the TA
and Auger experiments reports 4.70 significance with full-sky exposure [7].

The correlation studies have some uncertainties and questions, which need to be addressed to
constrain the source of UHECR. We focus on three items to be discussed. First, the test in TA
experiment [3] did not conduct a global scan and fixed the energy threshold as 43EeV, which is scaled
energy from 39 EeV in the Auger experiment. Because the distribution of source candidates and the
magnetic field structure are different in the northern and southern hemispheres, it is interesting to
compare independent global scans using the TA and Auger datasets. Second, the correlation studies
assume simple assumptions: the isotropic scattering by a turbulent magnetic field. The effect by
magnetic fields is approximated to be the isotropic scattering with an angular scale parameter 6
(scattering angle), which is fixed independently on the source distances. In physical realization, the
scattering angle should depend on source distances, described in Section 3.2. Lastly, we need to
care about coherent magnetic field deflections. When the effects of coherent magnetic field in the
Galaxy (GMF) are dominant, the result of correlation studies significantly changes in both TA and
Auger datasets [8].

In this study, we conduct three analyses. First, we describe the dataset and catalog in Section 2.
We briefly summarize the maximum log-likelihood method in [4] and our updates with magnetic
field models in Section 3. In Section 4.1, we test the global scan for the TA experiment dataset,
in the same manner as in Auger analysis [4]. In Section 4.2, we test the modified distance scaling,
changing the scattering angle with a physical assumption. In the last part (Section 4.3), we develop
a method to calculate correlation with the GMF model.

2. Datasets

We use a 14-year dataset obtained by the TA experiment and public dataset of Pierre Auger
Observatory[13]. Due to the difference in the energy spectrum between TA and Auger experiments,
we scale energies —4.5% for TA and +4.5% for Auger datasets. After the energy scaling the TA
(Auger) dataset includes 541 (2522) events above 34 EeV. We conduct the energy scan with an
energy threshold of 34 EeV to 100 EeV. Following [4], we adapt the SBG catalog in [11]. The
example of a flux map in equatorial coordinates can be seen in Figure 1.

3. Method

3.1 Maximum log-likelihood search in previous works

In general, we follow the equations in [4]. In [4] the log-likelihood ratio is written as:

TS =2x " In(Hy(ncr)/Ho(ncw)), (1)
CR
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where H; and Hj indicate the likelihood of the SBG model and isotropic model (null hypothesis),
respectively, for each event ncr. The likelihood of SBG and isotropic models can be written as

B (1 — @) - Fiso - w(ncgr) + @ - F(ncr) - w(ncr)
Hl (nCR) - Zpixel [(1 - a’) - Fiso - w(npixel) ta- F(npixel) : w(npixel)] (2)

and

w(ncR)

Ho(ncr) = Figo - =————~——,
O( CR) iso Zpixelw(npixel)

3)

where Fjg, is isotropic number density (Fiso = ﬁ), «a represents the anisotropic fraction and nyixe;
show the direction of each pixel. We calculate the exposure of each experiment w(m) following
[12]. The function F(n) represents the total CR flux from each source i:

F(npixel) = Z Wifi(npixel)7 4)

where w; and f; represent a relative contribution from each source i and CR flux in von-Mises
Fisher representation

fi(k,m) = kexp(k cosn; - n)/(4x sinh k), 5)

respectively. Following [4], we approximate the x as k = m with scattering angle 6. We
calculate 7'S in equation 1 and estimate the best-fit parameters («, #) which maximizes 7'S.
3.2 Analysis with distance scaling

In the actual propagation, the scattering angle 6 should be scaled depending on the source
distance d; (distance scaling). We rewrite the CR model flux as

6" = \[d; [ dnorm X 6, (©)

where we choose normalization distance dporm to be 3.61 Mpc (M82), which is closest SBG in the
catalog. Then the F(n) is calculated as

F(npixel) = Z Wifiscaling(npixel) (7

Lensed (JF12 regul

Figure 1: Examples of CR flux map from SBG catalog [11] in equatorial coordinates (scattering angle is
fixed to be 8 = 10deg). From left to right, we show the original flux map, flux map with distance scaling,
and GMF lensing, respectively.
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Figure 2: mass composition from GSF fit [6]. Each line represents the probability of charge Z at each energy
E

where

fiscaling (npixel) — Ksca]ing % eXp(Kscaling cosn; - n)/(47r sinh Kscaling) (8)

- 1
scaling _
) 2(1 - cos(@<ling)) ©

The calculation of likelihood analysis is the same as Equation 2. In the middle panel of Figure 1,
we show an example of the CR flux map with distance scaling. Due to the longer source distances,
the flux around NGC1068 and the supergalactic plane is weaker than the original flux map (left).

3.3 Analysis with GMF lensing

3.3.1 mass composition function with GSF fit

To calculate CR model flux with GMF effects, we need to assume the mass (charge) of each
CR event. We refer to the Global Spline Fit (GSF) of cosmic rays [6] in the 10 to 300 EeV range
(Figure 2). We adopt a mass composition function from the GSF p(E, Z): the probability of charge
Z when the CR event has an energy of E.

3.3.2 GMF lensing
We apply GMF lensing with JF12 model [9, 10] with CRPropa 3.2[5]. We call the GMF
lensing function Agmr(R, F(n)) and rewrite H; flux. The CR model flux F can be changed as:
FMY(E, Z,ncr) = Acur(R, F (ncr)) (10)
Then we can rewrite H; flux to be:
(1-a) - Fiy - w(ncgr) + @ - FSM (ncR) - w(ncr)
Ypixel [ (1 = @) - Fiso - @(Mpixel) + @ - FOMF(npixer) - w(Mpixer) ]

_ (1 =) - Fiso - w(ncr) + @ - Agmr(R, F(ncR)) - w(ncr)
Ypixel [(1 = @) - Figo - @(Mpixel) + @ - AGMF(R, F (pixer)) - @ (Mpixel) |

Hi(ncRr) = (11)

12)

We need to choose a charge Z for each event from mass composition function p(E, Z).
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Figure 3: The energy scan results of T'S (top), best-fit anisotropic fraction @ (middle) and scattering angle
6 (bottom). Blue (orange) circles and solid lines show the correlation between the TA (Auger) dataset and

the SBG catalog in [11]. Black crosses indicate the correlation between the TA (Auger) dataset and M82
(CenA).

4. Results

4.1 correlation with SBGs in TA and Auger datasets

Figure 3 shows the result of energy threshold scans on TA and Auger datasets. To test the
significance of the maximum values of T'S, we generate O(1000) MC datasets from the isotropic
model. From the T'S distribution of the MC datasets, we estimate the p-value and calculate the local
significance at each energy threshold. We confirm 4.50 local maximum significance for the Auger
dataset at 39 EeV (after energy scaling), consistent with [4]. The maximum local significance of
the TA dataset is 3.20 at 50 EeV. We conduct a global scan over 34-100 EeV energy thresholds. To
derive the global significance, we generate 10,000 MC datasets over 34-100 EeV energy thresholds,
and calculate 7'S values. After considering the penalty of the scan, we confirm 1.80 (3.807) global
significance for the TA (Auger) dataset. The previous report of Auger dataset [4] indicates double
peaks in 7'S (the maximum one is at ~ 40 EeV and another is at ~ 60 EeV.). We can also see another
TS peak around 70 EeV in the TA dataset.

We also test the correlation between the datasets and most nearby sources in each exposure.
The dotted line in the left (right) panel in Figure 3 shows a correlation between the TA (Auger)
dataset and M82 (CenA). The correlations between M82 and the TA dataset show a single peak in
TS (at 55 EeV, which corresponds to 57 EeV: an energy threshold from "hotspot" report in [2]),
while correlations between the CenA and the Auger dataset show a double peak as in the original
report [4]. Although the single-source correlations in the TA and Auger datasets may indicate
information on source models (ex. difference of effects by the coherent GMF between the TA and
Auger experiments), we need confirmation before the discussion.



Correlation studies on UHECR arrival direction and source candidates with a convolution of magnetic field

and mass composition Ryo Higuchi for the TA collaboration
TA 14yr with distance scaling (energy -4.5%) Auger Phase One with distance scaling (energy +4.5%)
125 ol2e RS R 92 R ©— SBGs with scaling
10.0 X g 22 % X SBGs without scaling
% . Zst—2 Rg Pt
g | 2 SR
B sopeeeRs g X -1
' —e— SBGs with scaling 5 BB
5[ x- SBGs without scaling 559“9“:"‘-“
00 © 50 50 70 50 [ 50 &0 70 50

°

0 S %0,09%%sg
4, 29222929888,k R aggy 008008 0y

40 50 60 70 80

o
00

o 0,
2. 2299222208 80 8 XX xx 2ARRERREESR ., o oy BaB0e g

40 50 70 80 40 50 70 80

60 60
Eth [EeV] Eth [EeV]

Figure 4: Same as Figure 3, but with distance scaling. Blue (orange) circles and solid lines show the
correlation between the TA (Auger) dataset and the SBG catalog with distance scaling. Black crosses and
dotted lines indicate the correlation without distance scaling, the same as the solid line in Figure 3.

4.2 distance scaling

Figure 4 shows the result of energy scans on TA and Auger datasets with distance scaling. We
find 1.70(4.10) global significance for the TA (Auger) dataset. Although the maximum 7'S does
not change remarkably, we can see fluctuations in the best-fit parameter (a, 8). The second T'S peak
of the TA dataset described in Section 3.2 decreases. We are checking the uncertainty of best-fit
parameters.

4.3 GMF lensing (preliminary)

Figure 5 shows the result of energy scans on TA and Auger datasets with GMF lensing. Note
that we do not contain distance scaling described in Section 4.2. Current GSF and JF12 models do
not largely change results, due to the helium-dominant composition at 34-100 EeV scale (Figure
2). To see the dependence on mass composition, we test correlations with some single-mass
composition assumptions. In a single-nitrogen assumption, 7'S decreases, and peaks are weakened.
We are testing uncertainties of parameters and a composition-model dependence.

5. Summary and prospects

We test the correlation between UHECR arrival directions and SBGs using the TA and Auger
datasets with updated flux models. We confirm 1.80 (3.80") global significance in the TA (Auger)
dataset. Although the result with the TA dataset shows the feature of the double peak of 7S with
the TA dataset which is suggested in the previous report with the Auger dataset, we need further
statistical confirmation. We also need to check the single-source contribution by M82 (CenA) on
the TA (Auger) dataset, which may include some insights on source distribution and magnetic field
structure in each exposure.
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Figure 5: Same as Figure 3, but with GMF lensing of JF12 model [9, 10]. Blue (orange) circles and solid
lines show the correlation between the TA (Auger) dataset and SBGs with GMF lensing. Black crosses and
dotted lines indicate the correlation without the GMF model, the same as the solid line in Figure 3.

The assumption of scattering by a turbulent extra-galactic magnetic field does not largely
change the T'S in the correlation studies.

We develop the method to calculate the log-likelihood with the GMF model and mass com-
position model. We need to check the uncertainty of the maximum log-likelihood method and its
dependency on models in the next step.
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