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The puzzle: what makes UHECR? 

•  Ultra-high-energy cosmic rays: E>1019 eV,  > 106 x LHC Energy 
highest energy particles known  

•  Astrophysical? Exotic? 
zero sources detected 

•  CMB opaque  
have to come from nearby 
D < tens of Mpc 

•  Extreme requirements  
for astrophysical accelerators 
no obvious source candidate 
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PSF (B-field) 
Set by nature BUT  

can measure and correct! 
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So where is the catch? 

•  Need TOMOGRAPHIC MEASUREMENT of B-field 
with independent, Gaussian uncertainties in  
magnitude, direction 

•  Have MODEL OPTIMIZATIONS of B-field 
with unknowable, systematic uncertainties in 
magnitude, direction 



3-d Magnetic Tomography  

Tassis & Pavlidou 2015 

•  Use stars of known distances  
as lamp posts 

•  Measure stellar polarization 
   get B at different distances 

•  Possible for the first time: 
 
GAIA distances       PHAESTOS massive   

 109 stars         polarimetric survey 

powered by WALOP 



★ NEW SKINAKAS POLARIMETER 

Wide-Area Linear Optical Polarimeter  
(WALOP)  
•  Funded by Stavros Niarchos Foundation  

Under construction now at IUCAA, ready in 2019 
•  Extends RoboPol technology to  

4x wider field  
•  Increases sensitivity x2  (4 CCD design ) 
•  Can cover the Telescope Array Excess area  

in only 20 nights  

(a) (b)

Figure 1: (a) Section view through the optical axis of the RoboPol instrument. It has no moving parts: each
spot on the sky simultaneously forms four spots on the CCD, thereby avoiding errors due to a varying atmosphere.
(b) Output of the data reduction pipeline on a simulated data frame in a crowded field; a focal plane mask prevents
overlap by photons from neighboring sky and sources. The pipeline accurately recovers the input parameters to the
simulation.

A large amount of time and a specialized instrument at an ideal site. We have built an
optical/near-IR polarimeter for the 1.3 m Telescope at the Skinakas Observatory in Crete, to
be commissioned at the start of the 2013 observing season. Our polarimeter has a novel design
which achieves high observing efficiency with no rotating parts and a fast-readout CCD (see Fig-
ure 1). The Skinakas Observatory1 is an ideal choice for this project: it has excellent seeing and
usable observing time (median < 1” [11]), low light pollution, and its mid-latitude (+35�) pro-
vides access to much of the sky at reasonable airmass. Furthermore, we will have at least 4 nights
a week on the telescope for all 8 months of the observing season, which is limited by snowfall in
the winter.

A large sample. The relative brightness and high polarization fraction of blazars at optical
wavelengths make it possible to use a relatively small telescope to measure their polarization
properties. Using the geometrical properties and site characteristics of the Skinakas 1.3 m tele-
scope and reasonable assumptions about the performance of the polarimeter, we expect to be able
to measure the optical linear polarization fraction of ⇠ 40 �-ray loud blazars every night with a
signal-to-noise ratio of 10:1 in the polarization fraction. Our sample will be a predefined selec-
tion of > 100 bright and highly polarized �-ray blazars. Our pool of candidate sources is a �-ray
flux-limited sample from the 2FGL catalog [1]. We are performing an extensive series of prelimi-
nary photometric and polarimetric observations of the candidate sample using the Skinakas 1.3 m
telescope and the Girawali Observatory 2 m telescope2 as part of the sample selection process.
We will apply optical magnitude cuts (taken from the USNO-B catalog or from our own prepara-
tory observations) and visibility cuts to the pool of candidate sources to arrive at a statistically
complete sample.

Dynamical Scheduling. We will implement a dual-purpose dynamical scheduling of observa-
tions. First, we will ensure high observing efficiency by automatically adjusting the integration

1
http://skinakas.physics.uoc.gr/

2
http://www.iucaa.ernet.in/

⇠
itp/
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RoboPol 
 
•  no moving parts = low systematics 
•  13’x13’ field of view 
•  @ Skinakas 1.3m since 2013 
 



The Astrophysical Journal Letters, 790:L21 (5pp), 2014 August 1 Abbasi et al.
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Figure 1. Aitoff projection of the UHECR maps in equatorial coordinates. The solid curves indicate the galactic plane (GP) and supergalactic plane (SGP). Our FoV
is defined as the region above the dashed curve at decl. = −10◦. (a) The points show the directions of the UHECRs E > 57 EeV observed by the TA SD array,
and the closed and open stars indicate the Galactic center (GC) and the anti-Galactic center (Anti-GC), respectively; (b) color contours show the number of observed
cosmic-ray events summed over a 20◦ radius circle; (c) number of background events from the geometrical exposure summed over a 20◦ radius circle (the same color
scale as (b) is used for comparison); (d) significance map calculated from (b) and (c) using Equation (1).

The event selection criteria above are somewhat looser
than those of our previous analyses of cosmic-ray anisotropy
(Fukushima et al. 2013) to increase the observed cosmic-ray
statistics. In our previous analyses, the largest signal counter
is surrounded by four working counters that are its nearest
neighbors to maintain the quality of the energy resolution and
angular resolution. Only 52 events survived those tighter cuts.
When the edge cut is abolished from the analysis (presented
here) to keep more cosmic-ray events, 20 events with E >
57 EeV are recovered compared with the tighter cut analysis.
A full Monte Carlo (MC) simulation, which includes detailed
detector responses (Abu-Zayyad et al. 2013a), predicted a 13.2
event increase in the number of events. The chance probability of
the data increment being 20 as compared to the MC prediction
of 13.2 is estimated to be 5%, which is within the range of
statistical fluctuations. The angular resolution of array boundary
events deteriorates to 1.◦7, compared to 1.◦0 for the well contained
events. The energy resolution of array boundary events also
deteriorates to ∼20%, where that of the inner array events is
∼15%. These resolutions are still good enough to search for
intermediate-scale cosmic-ray anisotropy. One final check is that
when we calculate the cosmic-ray spectrum using the loose cuts
analysis, the result is consistent with our published spectrum.

4. RESULTS

Figure 1(a) shows a sky map in equatorial coordinates of
the 72 cosmic-ray events with energy E > 57 EeV observed
by the TA SD array. A cluster of events appears in this
map centered near right ascension ∼150◦, and declination
∼40◦, with a diameter of ∼30◦–40◦. In order to determine the
characteristics of the cluster, and estimate the significance of
this effect, we choose to apply elements of an analysis that
was developed by the AGASA collaboration to search for large-

size anisotropy (Hayashida et al. 1999a, 1999b), namely to use
oversampling with a 20◦ radius. Being mindful that scanning
the parameter space of the analysis causes a large increase in
chance corrections, we have not varied this radius. The TA
and HiRes collaborations used this method previously (Kawata
et al. 2013; Ivanov et al. 2007) to test the AGASA intermediate-
scale anisotropy results with their data in the 1018 eV range.
The present letter reports on an extension of this method with
application to the E > 57 EeV energy region.

In our analysis, at each point in the sky map, cosmic-
ray events are summed over a 20◦ radius circle as shown in
Figure 1(b). The centers of tested directions are on a 0.◦1 × 0.◦1
grid from 0◦ to 360◦ in right ascension (R.A.) and −10◦–90◦ in
declination (decl.). We found that the maximum of Non, the
number of observed events in a circle of 20◦ radius is 19
within the TA FoV. To estimate the number of background
events under the signal in Non, we generated 100,000 events
assuming an isotropic flux. We used a geometrical exposure
g(θ ) = sin θcos θ as a function of zenith angle (θ ) because
the detection efficiency above 57 EeV is ∼100%. The zenith
angle distribution deduced from the geometrical exposure is
consistent with that found in a full MC simulation. The MC
generated events are summed over each 20◦ radius circle in the
same manner as the data analysis, and the number of events in
each circle is defined as Noff . Figure 1(c) shows the number of
background events Nbg = ηNoff , where η = 72/100,000 is the
normalization factor.

We calculated the statistical significance of the excess of
events compared to the background events at each grid point of
sky using the following equation (Li & Ma 1983):

SLM =
√

2
[
Nonln

(
(1 + η)Non

η(Non + Noff)

)
+ Noff ln

(
(1 + η)Noff

Non + Noff

)]1/2

.

(1)

3

The first PHAESTOS surcey 

source: Abbasi et al. 2014  

The Survey:  
ü  20 nights, 300 deg2 

ü  Rmag ≤ 15, ~90,000 stars  
ü  measure p of 0.6% at 3σ 
ü  B-field tomography at ≤ 20° accuracy, |B|~ factor of 2 



What about the South? 

•  Partnership with  
South African Astronomical  
Observatory 

•  WALOP for SAAO 1.0m  
telescope currently in  
development for PASIPHAE project 
(optopolarimetric control of CMB B-mode foregrounds: 
U. Crete + SAAO + Caltech + IUCAA + U. Oslo) 

•  Skinakas/SAAO will also collaborate on PHAESTOS project 

•  Skinakas + SAAO WALOPs can deliver:  
>250k stellar polarization measurements / year 
(x 1000 improvement in state of the art) 
polarization systematics control at 0.1% accuracy 
 



Conclusions 

•  GAIA parallaxes + advances in optopolarimetry: 
Galactic B-field tomography possible for the first time 

•  Can use to de-propagate UHECRs through Galactic B-field 

•  UHECR astronomy possible with photon-sky statistical 
tools! 

•  PHAESTOS surveys to begin with new, efficient WALOP 
polarimeters in 2019 in north + south 


