Radio Detection of Cosmic
Rays w:th LOFAR

'iz

Heino Falcke

-------------

f: Radboud Umyers:ty Nl]megen :"

......

ASTRON, QJW/nge/oo
._& NIKHEF

.........................

Huege (KIT)



d-Ay

C)
®
e

LOFAR Memo

Radboud University Nijmegen

Detecting Radio Emission from Cosmic Ray Air Showers and
Neutrinos with a Software Radio Telescope

Heino Falcke' and Peter Gorham?

' Max-Planck-Institut fiir Radioastronomie, Auf dem Hiigel 69, 53121 Bonn, Germany
(hfalcke@Qmpifr-bonn.mpg.de)
“Dept. of Physics & Astronomy, Univ. of Hawaii at Manoa, 2505 Correa Rd., Honolulu, HI, 96822 USA
(gorham@phys.hawaii.edu)

Abstract

In this paper we discuss the possibilities to measure ultra-high energy cosmic rays and neutri-
nos with radio techniques. We review a few of the properties of radio emission from cosmic ray
air showers that have been found in the past. We show how these properties can be qualitatively
explained through coherent synchrotron emission from electron-positron pairs in the shower as they
move through the earth's magnetic field. A new generation of software telescopes makes it now pos-
sible to study this radio emission in greater detail. For example, the planned the Low-Frequency
Array LOFAR, operating at 10-200 MHz, will be a uniquely suited instrument to study extensive air
showers and even detect neutrino-induced showers on the moon. We discuss sensitivities, count rates
and possible detection algorithms for LOFAR which should also be applicable to other software radio
telescopes such as the Square-Kilometer-Array (SKA). We find that LOFAR is capable of detecting
air-shower radio emission from > 2- 10" eV to ~ 10%° eV. The technique could be easily extended
to include air shower arrayvs consisting of particle detectors, thus providing crucial additional infor-
mation for obtaining energy and chemical composition of cosmic rays and to extend the cosmic ray
search well bevond an_energy of 1021 eV Other issues that LOFAR_can address_are_to determine

1970ies — P.L. Biermann — Falcke & Gorham (2001, memo) — F&G (2003, Astropart. Phys.)
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Cosmic Ray Spectrum (XE3) V.
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Air showers: simulations -
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Proton 107 eV:

On ground:
106 particles
80% photons
18% el./positron
1.7% Muons
0.3% Hadrons

J. Horandel
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From Glaser et al. (2017)



Monte Carlo Simulation of Radiation

£ %
Processes: The Endpoint Formalism A
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e  discrete formulation for
arbitrarily complex motion

 radiation only from
endpoints

* Couple to CR Monte Carlo:
CORSIKA — CoREAS
(Huege et al.)

Y:R/ic
"""""""""""""" > 4+
endpoints: R
decelerate from g, to O
accelerate from 0 to B, antenna

James, Falcke, Huege, Ludwig (2011), Phys. Rev. E
see also Alvarez-Muniz, Vasquez, Zas 2000, Phys. Rev. D.



Coherent Geosynchrotron Radio
Atmosphere

Pulses in Earth,
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UHECRs produce particle
showers in atmosphere

Shower front is ~2-3 m
ItVIhIi-ICk ~ wavelength at 100
Z

e e* emit synchrotron in
geomagnetic field

e Emission from all e* (N,)
add up coherently

e Radio power grows
quadratically with N,

= EtotalzNe*Ee
= Power ocE_2 oc N2
= GJy flares on 20 ns scales

Falcke & Gorham (2003), Huege & Falcke (2004,2005),
Scholten et al. (2007-2011)
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Slide from (2003)
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LOPES @ Dwingeloo: Test-

Setup
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Detection of the sun in ,,cosmic ray mode"
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Building LOPES
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Radio-add ons
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The LOFAR "Superterp”

‘entral LOFAR area: 6/48 stations of LOFAR

.= . 1 station = 48 crossed dipoles
Superterp (2400 m): 6 stations = 300 dipoles

—Core area (22 km): 28 stations = 1300 di .
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peSsslEERadio, ﬁ'lggered by
LORA (LOFAR-Radboud Airshower array)
e 20 scintillator detectors (from KASCADE)
(Horandel, Thoudam et al)
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Footprint of an Air Shower %V
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Imaging through direct
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Wavefront — Radio Shower
Shape AV
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Emission for finite relativistic track:
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Precise shower front allows
directional accuracy of 0.1°

nanosecond
.|  precision!

close: cone (s1upersonic boom)

olr

: intermediate

arrival time [ns]
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Corstanje et al. (2014, Astropart. Phys.) distant: sphere (point source)
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Measurement Theoretical calculation
ry +* EM shower energy
__;-E e = first principles

E classical
electrodynamics

antenna and
\jetector response

atmosphere transparent
to radio waves

?}%

2-dim LDF mode\

coincident measurement
with other detectors

radiation energy
per unit area

Auger collaboration (Aab et al. 2016, Glaser et al. 2017)
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Using LOFAR parameterization from Nelles et al.



Absolute Calibration
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E30_gomuz = (15.8 £ 0.7(stat) + 6.7(sys)) MeV X (Sill e

ECR BEarth ) 2
1018eV 0.24G

source of uncertainty

experimental uncertainties
antenna response pattern 2°
analog signal chain
LDF model

theoretical uncertainties

environmental uncertainties
atmosphere

ground conditions 2°

invisible energy correction °

total absolute scale uncertainty

9.4%
9%
<1%
<2.5( 0

2%

1.6%
1.25%
1%
3.0%
10.2%

Glaser et al. (2017)
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Radio Emission Pattern %
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» * CoREAS simulation
E-field vectors E-field vectors
geomagnetic charge excess

* vector sum of geomagnetic and charge excess component
* relativistic beaming
* Cherenkov-like propagation effects (n#1)

All radiation effects covered in simulations automatically
by endpoint-method!



Emission Pattern at Low .
Frequencies: Theory & Observation %Y.
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Background color: simulation
Colored circles: LOFAR data.
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Polarization — Charge Excess
Radiation
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Fractional contribution of charge excess
radiation as function of distance
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Schellart et al. (2014, JCAP)
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Radio Lateral Distribution
Function (LDF)
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Analyzing the first LOFAR
Events

LOFAR data vs. CoREAS sim.

Total power (a.u.)
= o -

Buitink et al. (2014, in prep.)
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First sample: ~100
brightest events, no
thunderstorms.

200-450 antennas per
event.

All events reproduced
with reduced 2 from
0.9 - 2.6!

Radiation mechanism
finally completely
understood!



Linear & Circular
Polarization
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Emission Pattern at High '
Freguencies: Cherenkov-Like Ring %V
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Background color;

HBA 110-180 M|
Zenith angle: 43°
231 antennas
x2/ ndf = 1.9

NeIIes et aI ('2014), Astropart. Phys., subm.
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e Simulate 25 proton and 15
iron showers for same energy
— and direction

® proton Y

a iron | e Find best-fitting simulation for
radio & particle detectors

e Iterate core & energy

e Atmospheric variations

e sim-vs-best-fit sim for error
e Check for systematics:

— different hadronic models
(QGSIJETII, EPOS, SIBYLL)

— Different radio codes
| | (CoREAS, ZHAireS, EVA,
60? ‘700 | 800 Se Ifa S)

800 650 700 750 800 850 900 950 1000 1050

Xmax [9/cm?] = Resolution < 20 g/cm?!
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Buitink et al. (2014, PRD)



Radio comparison with other
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Unbinned Composition

Analysis
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_ Simulated distribution of
Calculate energy-independent iron and proton showers for
mass parameter a for each event. LOFAR resolution
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= High X, resolution allows
distinction between pure iron, pure
Buitink et al. (2014, PRD) proton, or mixed composition!
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LOFAR Xmax
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Cumulative distribution function
for 50 events
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We can already separate 2 mass components with only 50 showers!

1.0 e
— data | =
------ proton
ogl| - Fenuclei
- A=4.1
mix 62% p, 38% Fe Energy
~1017:6 eV

o
)]
T

Cumulative probability
o
~

Fe

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Buitink et al. (2014, in prep.)



Cumulative mass
distribution
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Best fit: 80% light particles (p+He) at 10’7 -107°> eV [ within 38% - 98% at 99% C.L. ]
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Buitink et al. (2016, Nature)
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Mean atomic mass
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All Particle Cosmic Ray
Spectrum :
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Conclusions %
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e LOFAR data & COREAS simulations agree in great detail:
intensity profile, polarisation (full Stokes), spectrum

e Auger, Tunka: Absolute energy calibration of CRs with
radio, confirmation of Xmax measurement

e LOFAR can measure cosmic ray mass composition
Xax Fesolution of < 20 g/cm? at least similar to
fluorescence detection + higher duty cycle

e LOFAR composition results based on 100+ events: light
mass component at 1017 - 1017:> eV (29 knee)

e Consistent with 2nd Galactic component (Wolf-Rayet
SN?)

e Factor 3 more data to be analyzed by end of this year.

e Hoping for SKA CR capability in the future!
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Fit for each simulation %

Radboud University Nijmegen

Minimize ? of radio and particle data simultaneously

| ( -~
| antennas |

ddl pd.sr(

- detectors

—\faP .srm(xcmt +-xoffayant +y0ff)

O'ant )
Xdet +x0ff ydet +yoff) :

odet | )

4 f t barameters:
core position
radio power scale factor
particle density scale factor



No. of simulations

Uncertainty on Xmax
Monte Carlo vs Monte Carlo method

reconstruct Xmax for many
simulations of the same event

construct region that contains 68%
of | Xreco = Xtrue |

Ometh = 12.7 g/cm?
oatm = 1 g/cm? (after correction)
o=13 g/cm?

25 30

20

|Xru'u_ trurl
first 50 showers

first event sample:

O ranges from 7.5 to 37 g/cm?

No. of showers

mean value 17 g/cm?

SB et al. PRD 90 082003 (2014) % 5 10 15 20 25 30 35 40 a5

Uncertainty on Xmax
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Energy resolution ,
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14

12+
¢ Ereco = fp * Esim
if 5 is large: run new
simulation at Ereco until
convergence

10

consistency:
fr/f, should be constant!

| ® energy resolution: 40%

3.5 4.0 l 4.5
Iogl()(fr/fp) \ \ ‘
misreconstructed

core position



Pulse power (a.u.)

CoREAS

682 g/cm?

Selfas
777 glcm?

50 100 150 200
distance (m)

250

Pulse power (a.u.)

ZHaireS

50 100 150 200
distance (m)

668 g/cm?

0

100 150 200
distance (m)

50

250

EVA

50 100 150 200

690 g/cm?

250

QG'NI
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Simulation workshop
Nijmegen (february 2014)

simulation by all 4 codes for
|0 LOFAR events

Preliminary results:

Microscopic models
(CoREAS & ZHiaire$)
very similar

Macroscopic models are
close; parametrizations break

down near shower axis?



Position along v x (v x B) axis (m)
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large cirdfggs!ty Nijmegen

simulation

background color:
interpolation

small circles:
verification

-300

Position along v x B axis (m)

error < 2.5% of Pmax
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no bias due to multivariate fit
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Emission Pattern at High
Frequencies: Cherenkov-Like Ring  %V.

Radboud University Nijmegen
Patic . N TRE

e LOFAR data
= CoREAS simulation| |

é[vx vx B] (m)
total power (a.u.)

150 200
—200 ~100 0 100 distance (m)
é[vx B|] (m) I :

HBA 110-180'MHZ! «% Ky
Zenith angle: 43°
231 antennas
%2/ ndf = 1.9

" Nelles et al. (2014), Astropart. Phys., subm.



Xmax ~ 600 glcm2 Xmax ~ 650 g/Cm2 Xmax ~ 700 g

2
3
2
&

%
ine €
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ER shape depends
o
5 on Xmax
o
8 1.0}
63 0.8
0.6 f LOFAR:

200 - 400 antennas/event

0.4}

0.2

— fit full 2D pattern !

o'—0300 —200 —1b0 0 160 260 300
distance along v x B axis (m)
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) L .

6’«60 4" B-Field ®* UHECR initiates air shower
1 % '\ ~0.3G e Shower thickness: ~2-3 m
\“o"A ~ wavelength at 100 MHz

% %, e e* bent by magnetic field
Op

e Waves add up coherently
e Radio power grows

":":sy"cl?eo* quadratically with N,
« | "Ot,,o = Erora=Ne*Ee
< n = Power o«<cE_2 oc N2
coherent = GJy flares on 20 ns scales
E-Field = Experimental verification:

LOPES, Codalema, Auger,
TunkaRex, LOFAR ...

Kahn & Lerche (1966), Falcke & Gorham (2003), Huege &
Falcke (2004,2005), Scholten et al. (2007-2011)



Galactic - Extragalactic
Transition
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All Particle Cosmic Ray
Spectrum A2
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LOFAR Cosmic Rays
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Galactic neutrinos? ; eXtragalaCth
15 16 17 18 19 20

log,,(E/eV)



The International LOFAR
Telescope (ILT) AN
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Europe-wide radio interferometry array @ 10-270 MHz
Offers unprecedented resolution, sensitivity, and flexibility

at the lowest frequencies! P onsata

e, A DY
Dugel Sta??h s .\f;‘i/ Norderstedt
Chilbolton | é -

® 4 "] LOFAR Core (NL)

Potsdam

Borowiec

44 operational stations  Jiich

38 stations in NL ® Effelsberg
8 international stations (double size)

4 additional stations funded (D,

Unterweilenbach

®
- Nanca
\ cay

NN
XY LOFAR ASTRON

Netherlands Institute for Radio Astronomy




Low-Band Antennas (LBAs): 10-80 MHz High-Band Antennas (HBAs): 120-270 MHz

~2000 crossed dipoles in NL ~30.000 crossed dipoles in NL
~50 in D, UK, F, S ~15.000in D, UK, F, S

©ASTRON



. E 200 LORA (Scintillator)
LOFAR Analysis = | ] igh-Band
: +
o~
100
-200}—
LORA _300 _l PR SNTTRN HN NS TN T SR TN SO SRS N SO SR ST SN SN S ST S S N
LOFAR Radboud Array . 200 ~100 v 00 200 300
scintillator detectors trigger
60 pulse maximum ' Signal
— Envelope
aof -~ RMS

20f

Amplitude (ADU)
o

—-20}

offline analysis

Time (us)

Pim Schellart et al., A&A 560, 98 (2013)
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