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Cosmic Ray All-particle Spectrum

Equivalentc.m. energy vs_ = (GeV)

107 10° 10* 10° 10°
m’\ 1019§IIII | | IIIIIII 1T 11 III | | IIIIII| | | IIIIII|
- A bt
v —  RHIC (p-p) Tevatron (p-p) 7 TeV 14 TeV vy  HiRes-MIA
& 108~ HERA(-p) LHC (p-p) A HiRes|
‘_'{m = A HiRes |l
o~ ~ e Auger|CRC 2013
£ b | E *o% *  TASD 2013
M) -
N 10 Ga|aCtIC
L =
X _ :
é 15
107 - . 4
g F transition? mﬁﬁ
= =
© N
N gl % ATIC = KASCADE (SIBYLL 2.1) olirt
= & PROTON *  KASCADE-Grande 2012 extra 17
- o RUNJOB x  TibetASg (SIBYLL 2.1) _
108 = lceTop ICRC 2013 gaIaCtl ll
B | IIIIIII| | IIIIIIII | IIIIIII| ] IIIIIIII 11 IIIIII| | IIIIIIII ] IIIIIIII | IIIIIII| 1L 11011l
1013 1014 1015 1016 1017 1018 1019 1020 1021
G. Matthiae et al. New J. Phys 12 (2010) Energy (eV/particle)
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Cosmic-ray Energy & Composition

Galactic: SNR ?? Extragalactic: AGN ??
Hillas criterion:

Emax < ZeBr
Max Energy
Ere, max= 26 X Ep,max
10 g T T T T T T T )
me— knee  |ceCube Masterclass - Below 109 eV, can’t point
‘ directly to sources
107 E

- Use composition to understand
origin

J

1016

T IIIII|

light particles \

14 III | IIIlIIIl | IlIIIlII | IIIIIII| IIIIIIII| | IIIIIII| | 1111 |I HIINEIN
‘]014 1015 ‘]016 1017 1018 1019 ‘]020
Energy  (eV/particle)

- Transition to heavier composition
indicates the maximum source
energy is reached

1015

| lIlIIIII | llllllll | llllllll | IIlIlIlI L

Scaled flux E2* J(E) (m2sec? sr'eV'?)

A IIIIII|
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Composition: Measuring Xmax

Xmax is an observable that gives radio detection
information about composition | nearly 100% duty cycle
!\ good resolution
76409 ———— 11— calorimetric energy measure
proton i\ LOFAR, AERA, Tunka
6e+09 F @8N\ fron e E s‘/fﬂz:\ \
. i\
o 5e+09 = I\
+  4e+09 E 3 / NN Y
c  3e+09 | = e AL
3 ° / / B N
E 2e+09 | E i R
S F 3
1e+09 £ 4 17/ \
0 &2 \ 1 ! I s S <5 ! -
0 100 200 300 409 500 600 700_2800 900 10¢ - HEEE | ﬂuorescence ||ght
| atm_OSphe"c depth X g cm ] “ | dark nights (<15% duty cycle)
T. Huege. Physics Reports, 620:1-52,2016 good resolution
calorimetric energy measure
~ - Auger, TA
electron/muon ratio AN
particles on ground (snapshot) . i N S X8
Hadronic interaction models A | ;: ‘
Kascade Grande Ve ' Fiy's Epo win
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Radio Emission

Geomagnetic Charge excess
vxvxB vxvxB

300

Radiation Pattern:

£
- Direction “ 100]
» Magnetic Field 2
» Energy 2 soo]
* Xmax %—200—
« Atmosphere |

_40—0400 —300 —-200 -100 O 100 200 300 400

Position in ¥ xB-direction [m]

A. Nelles et al., Astropart. Phys. 60, 13 (2015).
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LOFAR Observatory

LLLLL

Internatlonal L DI

K
=
Tk

Birr

Baildy
Jiilich Borowiec
Effelsberg
_,. (e burq
k 4
4 Unterweilenbach
\
E : Nancay : |
& orar e ASTRON

Netheriands nstitute for Radio Astronoemy
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Radio Detection Experiments

CODALEMA-3 “
(57) . CODALEMA-2 s K

> (24)

I

v >
\4
v Y v A\ vvyy ‘Eb’>
v v v " v N C Sl e A A A A A
. [
8
v

| LOFAR 'vv A A - A A A A A A
L s @ (576) A A A A A A A
& ) A A A A A A A A
O%%Q AA A A A , A AA . A A
9 A A A
& A A A A A A A . A “‘ A A A A A
energy=1017 eV e
- :?}; A A A A A AA A A A * ‘ A A A
zenith=45 ey L RNC
LOPES A A A A A A A A A A A A A
« (30) )
Tunka-Rex ‘ A
(25) A A A A A
R I AERA
« PR (153)
) « < ) A A A A
o« ) SKA-low
(~60000)
T. Huege. Physics Reports, 620:1-52, 2016 . \ .

K. Mulrey IIHE Annual Meeting




Cosmic Ray Detection at LOFAR

- LOFAR Radboud Array

A C
« scintillator detectors
* provides trigger for
antenna readout
300 m | offline analysis
trigger - s
v 20+

Amplitude (ADU)
o

-20F

|- |
buffer‘ i

=X + RFI cleaning
oV - direction reconstruction
: - antenna pattern unfolding
- calibration

6 LBA stations (6 x 48 antennas)
+ stations outside Superterp P. Schellart et al., A&A 560, 98 (2013)
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Event Analysis

Monte Carlo
Simulation

Radiation from
track endpoints

CoREAS simulation

LOFAR data * no assumptions

- 200-450 antennas / about emission
event : * independent of

- Total power within | hadronic models
55 ns of peak - effort to develop
emission B P analytical code
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Composition Results

750

700

Xmax [ g/cm2 ]
(@)
%y
o

+ v . _e--| v HiRes/Mia
E _aan ® LOFAR (2016)
600 | - 1L ................. 0 LOFAR (2019)
e ' % Pierre Auger (2017)
Iron ® Yakutsk
P, : » Tunka
550 A. Corstgnje In prep.

17.0 17.2 17.4 171.6 171.8 18.0
IgE[eV]

Resolution < 20 g/cm2 * Best fit (2016): 80% light particles
(p+He) at 1017 -1017:5 eV

A. Corstanje et al, in prep.
S.Buitink. et al, Nature 531, 70 (2016)
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Composition Results

750

y 2010 ) AR

Xmax [ @/cm? ]
(e))
wn
o

} v -  _e--| v HiRes/Mia
T @ LOFAR (2016)

5 ® LOFAR (2019)
1 2 w Pierre Auger (2017)

Iron

| : @ Yakutsk
cco A. Corstanje in prep. ®  Tunka
17.0 17.2 17.4 17.6 17.8 18.0
IgE[eV]

e Expand energy range for Xmax measurements
* Reduce systematics on energy and Xmax

K. Mulrey IIHE Annual Meeting




Atmospheric Corrections

Incoming particles
¢ Reduce systematic uncertainties on

atmospheric conditions

Fitted Xmax = 670 g/cm? —¥— h=3.51km ] ] ]
® Previous: use density profile to do

Higher refractivity linear correction on Xmax

= = = = Normal refractivity

Actual Xmax = 687 g/cm?

= Move to realistic GDAS atm.

“Global Data Assimilation System”

15 1

\ - mean deviation
\\ = = standard deviations
— — 10 - \
A. Corstanje Astropart.Phys. 89 (2017) \ “ P. Mitra et al. In press 2019

ANreIative %

e GDAS provides specific profiles for
temperature, humidity, pressure

_10-

e Any location (1'x1°), time (3-hourly)

6 EIS 1'0 1'5 2'0 2'5
altitude(km)
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Atmospheric Corrections

- New: implement density and
refractivity directly into
CORSIKA/CoREAS simulations

- Available as a standard option
since CORSIKA 76300

- For extreme conditions,
can shift Xmax up to 15 g/cm?2

K. Mulrey

Mean AXmax [g/cm?]

50

40 A

30 A

20 A

10 -

B SetB - SetA
® SetC - SetA

. ¢ 0

b

P. Mitra et al. In press 2019

1005 1010 1015 1020 1025 1030

Ground pressure(hPa)

SetA: GDAS atmosphere
SetB: US Standard atmosphere
SetC: SetB + linear correction

995 1000
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Scintillator Array Extension

e Current cosmic-ray trigger is
based on 20 scintillators on the
superterp

e Expand by adding 20 scintillators
at neighboring stations

W Existing sc

" New scintillatc 600 -
© LOFAR Supertery
LOFAR Core static
400 -
P
T 2007
600 - :E aﬁi
0..
o]
400 - . £
Simulated core > ~200
= 200 - .y = 33'3'
: positions 400
> 200 ® Existing stations 000
~400 A . ExpanSiOn ~1000 —800 —600 —400 —200 O 200 400 600
X (east, m)
—600 A
Triggering outside superterp:

—-1000 —800 —-600 —400 -200 0 200 400 600
X (east, m)

Explore fringes of footprint
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Scintillator Array Extension

probability of detection

- |LORA 20

10°4 —— LORA 40
3
O
w
X
3
(=
©
e
8 1071 o/ .
o 45% increase in
= events with possible

radio signal
10° 107 108 10° 1010
log10(E/GeV)

K. Mulrey

100 1

80

60 -

LORA 20
LORA 40 )

5 10 15 20

minimum number of detectors triggered
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Energy Reconstruction

------ CORSIKA/CoREAS prediction, P
8
10 S EEEREE CORSIKA/CoREAS prediction, Fe — rzeraenag'8527
| == AERA PRL prediction 35 A P '
> 1 4 LOFAR events
o > 09
» 1074 = Preliminary
> ] .. Cor
© | Preliminary IRt 25 1
5 I - Ilrﬂ‘%rl
S 10°4 = 207
3 SO sois S 15 -
E o
< TR
w10 - AL 10 -
5 -
'...:'."—.—
104 ""17 j T """18 " 0 - T T T
10 10 -1.0 -0.5 0.0 0.5 1.0

LORA ic- , E V
cosmic-ray energy. Epart. (eV) 2 (Eflu. ‘Edir. scal. )/(Eflu. +Edir. scal. )

(energy fluence —» radiation energy — cosmic-ray energ@

7

’
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Energy Reconstruction

------ CORSIKA/CoREAS prediction, P
108_5 ------ CORSIKA/CoREAS zrediction, Fe — fhean 0.9

| == AERA PRL prediction 35 1 Spreac 9.27
% 1 @ LOFAR events X
= ] b 30 -
5107 = = A Preliminary
> ] .. S OB -
o Preliminary WA o o 2>
5 — = = 20 -
g 106': :a‘- =
s e 15
© — = )
© R st
o Ly
= 1054 =ALKER 10-
9 - _;' e 02e

>

."..':’._._
104 ——r—rt . ————— ' 0 T ! '
1017 1018 -1.0 —-0.5 0.0 0.5 1.0

LORA ic- , E V
cosmic-ray energy. Epart (eV) 2 (Eﬂu. 'Edir. scal. )/(Eflu. +Edir. scal. )

v Calorimetric energy measure (no hadronic models)
q/ Low systematics- calibration well understood

\/ Total radiation energy only depends on local magnetic field

C:'nergy measurements from differe@

experiments can be compared A. Aab et al. PRL 116 (2016
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~

Antenna

Solar

2 1x1m?2

50-350 MHz scintillators

Y~
I

Electronics &

communicationj

K panel

K. Mulrey

- Autonomous: self triggering, independent energy
measurement, no interference with main experiment

- Portable: can be deployed at different sites, spacing can

be adjusted to probe different energy regimes

- Deployment. 2020-2021 LOFAR, 2021-2022 Auger
« Result: Quantify systematic differences between

energy scales of the different experiments

Loma Amarilla____

MALARGUENNBA

trigger
radio
. i | .
2%’;';'3 . 29" Ensures a cosmic ray \/
| Strong radio signal

IIHE Annual Meeting




Calibration to go!

a2 ) - Autonomous: self triggering, independent energy
—. measurement, no interference with main experiment

- Portable: can be deployed at different sites, spacing can
Antenna 2 1x1m?2 be adjusted to probe different energy regimes

50-350 MHz scintillators

Y~
I

Solar Electronics &

k panel communication

Also to be used as
triggering array for radar
proof of concept

2 \
-t
N

m)
(MHz)

-200

depth (c

-400

| lIIlHI

-600

I
4
L

plasma frequency

-800 |8
-1000 [EHE
-1200 ¥

-140 10

-160

SRR A e Ot

-1800 .

Fig: S. de Kockere : o

_200?)1-( Wouood ) Ca g e vege TS s a5
-500 -400 -300 -200 -100 0 100 200 300 400 500

radius (cm)

1
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Cosmic Ray All-particle Spectrum

Equivalentc.m. energy vs_ = (GeV)

10° 10° 10* 10° 10°
19
10 Ellllf If | IIIIIII f | III*III ? | 1 ||||||| | | |||||||
L RHIC (p-p) Tevatron (p-p) 7 TeV 14 TeV v  HiRes-MIA
1018 _— HERA ( -p) LHC (p-p) Ao HiRes |
— A HiRes I
— e Auger|CRC 2013
10%7 [ *o% %  TASD 2013

1016—Ga|aCtic

1015

Scaled flux E*°J(E) (m?slsrlev’™)

transition? Mﬁﬁ*
1014 * ATIC = KASCADE (SIBYLL 2.1) ¢
= & PROTON *  KASCADE-Grande 2012 extrailt
— ¢ RUNJOB *  TibetASg (SIBYLL 2.1) _
13 n lceTop ICRC 2013
107 galactic|
B | IIIIIII| | IIIIIIII | IIIIIII| ] IIIIIIII 11 IIIIII| | IIIIIII| ] IIIIIIII | IIIIIII| 1 1 10hiil
1013 1014 1015 1016 1017 1018 1019 1020 1021
G. Matthiae et al. New J. Phys 12 (2010) Energy (eV/particle)
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NuMoon: Lunar Detection Mode

Goldstone
"/ .\
Westerbork
Lovell

ATCA
Kalyazin
LOFAR
Parkes

moon ~
10’ km?
detector area
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NuMoon: Lunar Detection Mode

e The moon provides large target to
detect rare, highest energy particles

e Use high band antennas (110-240 MHz)
to form beams on the moon

e Search for nanosecond pulses while
suppressing RFl

e Must trigger in real time (5 s buffer)
e Signal is dispersed in ionosphere

e Only have access to processed
signal

=02  =Di 0.0 0.1 0.2
T. Winchen
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NuMoon: Expected Sensitivity

108 Cosmic Rays - Neutrinos 1
— Telescope Array ~ ====* Bray 2016 . | GZK+ = Auger 2015 »
| B Auger === This Work n 1010 B Cosmic Strings ~ ====- Bray 2016 -
n % s SHDM === This Work
| - T — Anita2012 oo .. 100% Eff. |
» 100 - : » ‘ |
0 - 0 -
1
S ' S
i ‘\ i o
. \ 507 | = L
o .* C 4
A R T T e b
S 104 . Pl -
— S S
=) - 104 -
\ = El
, Preliminary o
10 — , S— |
1019 1021 1023 1019 1021 1023 1025

Energy [eV] Energy [eV]

T. Winchen

New sensitivity values:

¢ 5 HBA stations used, increased bandwidth
e Reduced trigger threshold

¢ Full detector simulation

200 hours observation

K. Mulrey

IIHE Annual Meeting



Summary

LOFAR measures cosmic rays with high precision,
Active IIHE group- working towards improvements on many fronts!

Arthur Hrshal o Katie Godwin
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extra slides
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Particle

Radio

Low Energy Extension: Hybrid Trigger

10!

T
- all events
good radio events

particle
signal

102 [~

=
o
w

trigger rate (Hz)

radio _
. signal .l
:'-:.'.m'.'w.t'csrg':\a-ﬁl Mﬂ'ﬁ%ﬁ}:ﬂ:— E * ~.
| = A

[
o
IS

5 10 15 20
minumum number of detectors triggered

- High rate with low trigger threshold Cosmic ray
- Composition bias at low energies +
+ Guaranteed cosmic ray good radio signal
+
RFI rejection
- Flooded with RFI — +
+ Ensures a usable CR signal Reduced trigger
threshold
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NuMoon: RFI rejection

Simulated pulse from moon

[ ]
1 1 L L Ll I "‘ 3?2 o 6
*%**mm* it i
, i K4 ‘
Al - " R ) gy ] N 3 ) ' L =" ‘2‘370 '
g .
I I . 'l |l|'l- 69| @& @
I'III" ﬂll* I4 : I'*'I I"I"' N
o 1 L& T I gy o b fon n SN BN ‘]1 " K3 1 [ 36.8
1 ) ) —1
*****W* o
1 111_4 4111:' " ﬂJJLL -‘All fLAL 14 e 4 366
a 1 1 8 g| - 896 897 898 899 900 901 902 903
*m*+.ruupm'h Aol
4 11Ld 111: e j1lLL | | jl " 1: I - RFI
| 1 | 1 374
w***n’n** 7 @ 0 0-0-Qu0
y 4 | S g Ny ) ] A - BRI 1 1 w TN nu .2/ A . 372 .‘.’ O . . ..
mmm**mn*h 11 O 0 @0 ©
1 < W : '
1 4 . 1 o IS g g 11 3 5 ~:—;'37.0 Q . . O O .‘
2 > ' [
m** 9| 0. @ @ O ® O @
| _ _ q'. q"l | b v 9@ 0 @ ©@ @@
ARRALAARAARALL AL LA ALY | ® OO0 @ 0

36.6
896 897 898 899 900 901 92 903

Real time RFI rejection is possible! 8 [deg
T. Winchen
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Stokes Parameters

100 —
Geomagnetic Charge Excess 0 = F ‘
El Mgl T
vxvxB VXVXB = o - .:: = ]
= Sd T
1 & 50/ I |
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——p> m—> vxB _—t  — = SO e =X
t vxB £ o150 RS 3N T
I —200 gy TR |
=22%60-150-100 -50 0 50 100 150

Distance along €7 [m)]
Pim Schellart et al., JCAP 10 14 (2014)

1
o o data

1.0
o o data
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O. Scholten et al., PRD 94 1030101 (2016)

K. Mulrey IIHE Annual Meeting




Stokes Parameters
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o o data
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K. Mulrey
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Event Analysis

400 » T prowon aofe=13
ID 160198915 Y iron ¢}
300 Sim E = 2.86e+17 eV 161 ® 3sl
200 il 3.0}
_ 100 il . ~2.5
E « 10 §
§ 0 5 ° ' 2.0
¥ 100 | NG b st
—200 al :: 15 1.0}4
300 i "\-u"..? Lo 700 800 -
~400,00-300-200-100 0 100 200 300 40u 00 0 70 750 J\,85°(g/§32,_,)9"’° o w100 0556700 150 200 250 300 350
vxB (m) Distance (m)
- Simulate proton and iron shc 750
- Power scales with energy?
700+
- Calculate reduced X2for each =
- . £
simulation < 50
- Parabola fit determines event Xmax R, FiResMia
600 LOFAR (2016)
. - LOFAR (2019
¢ RGSO'UtIOﬂ < 20 g/cm2 : : Pierre Afuger 22017)
l Yakutsk
- Best fit (2016): 80% light particles 550 o e
17.0 17.2 17.4 17.6 17.8 18.0

(p+He) at 1017 -1017:5 eV gE[eV]
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Radiation Energy

Radiation Energy < Electromagnetic Energy?2

10 o — L 2 —
10'Y g . e e : — 1.0 f(r) — 8OCAI E (r’l‘l)
A - 107€V (Eem/10'%eV)B, A = 1.683 +0.004, B = 2.006 & 0.001 |1 Z
: z | f : 09 l
1000 | F.
F 0.8

108

Erag = /O Md‘i’ /O wdrrf (r,0)

corrected radiation energy SﬁD [eV]

o 0s 2
[ 0.4
106?_ 0.3 SRD — Erad
- . (al2 + (1 —alz))Sinza((szT“gﬂb)l-S
10°L #
0 0.1

08 09 10 L1 12

1 | B
111017' JIJJH 11018 T 1019 ll L 7
shower energy in electromagnetic cascade [eV] SRD o A X 10 CV ( 1018€V)

104 L~

C. Glaser, et al. JCAP, 1609(09):024, 2016
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Antenna Calibration

Systematic Uncertainty Percentage

antenna model 2.5 CRREAS
Sky model 11 | s—tr—t—t—t—t—t—t—t—t—aA A A k—A—d—a—a—
electronic noise < 77 MHz 0.5 102
electronic noise > 77 MHz 20 Galaxy
total < 77 MHz 13 , - . .
Wﬂw’ﬁwﬂ%
le—-5 | * -

(]
o
i

== = Ref. Source Cal. 1
74 === Ref. Source Cal. 2
m— Galaxy

Ref. Source Cal. 1

| X x Vo W
: X

normalized power spectral density

o
—
- -2
CE 10
S
l'\l_ 4
1% ] Ref. Source Cal. 2
‘E | i
]| bt +
E Tt $H+ '+ + & + i
¥ Ao +++ i -
= 102 - —— + +
U I I U I 1 1
30 40 50 60 70 80
frequency (MHz)

K. Mulrey et al. Astropart.Phys 111 (2019) 1-11.

frequency (MHz)
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