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i Gamma—Ray Bursts

W Cosmic rays (CR) bl Wh'at are the source of U'HECR's? .
t:\. Energtic particles pentrating g | |

the atmosphere * How are they accelerated? |
Primarily protons and atomic nuclei ate

h  Ultra-high energetlc |f E>1018ev
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48718, 41
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~ Air showers

% Particle cascades initiated
e by a UHECR

= Hadronic, muonic &

iy electromagnetlc components

. What is thelr particle composmon?

A surface detector (SD) statien ofithe Pierre Auger Observatory



Radio emission from cosmic-ray air showers

Electrons and
positrons of the
shower get
deflected by the
earth’s magnetic
field and emit
radiation
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Radio emission from cosmic-ray air showers

Electrons and
positrons of the
shower get
deflected by the
earth’s magnetic
field and emit
radiation
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Radio emission from cosmic-ray air showers

m
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Equ:ronS a][l?h - » Typical used frequency range:
positrons o e !

shower get
deflected by the
earth’s magnetic
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voltage [mV]

In antenna: ultra
short radio pulse
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—— channel NS time [ns] i

/Reconstruct properties of\
the shower and primary
particle:

* Energy E
* Arrival direction 6, ¢
* Particle type

- Y
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Radio emission from cosmic-ray air showers

r N 2

We can precisely simulate the radio Proper signal reconstruction methods
signals from air showers are being developed
- Talk by Nikos Karastathis tomorrow > Talk by Sara Martinelli on Wednesday

. 4 \_ __J
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,You probably have radio background.*
,Of course, let’s use it.”
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! 1) Map of

* High-level physics analyses require an A the sky in
absolute calibration of the antenna e

* Background (typically) dominated by the
Galactic radio emission

* New method: Galactic calibration

2) Simulated
Antenna Pattern

— Compare strength of measured noise
with predictions from sky models

= =21 —_— —_— ] — — — =) — - —3
VIHal? + |Hgl? (m] /
s e e e e o e e e . P
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Comparison of radio sky models

Reference maps/surveys

* 8 Models for predicting the radio sky:
* LFmap » Haslam (not considered in comparison)
* LFSM * GMOSS
. GSM2008 . SSM 38MHz 45MHz
» GSM2016 * ULSA

* Method: Inter-/extrapolate reference maps (spatially & in frequency)
— TSky(V§ l, b)

¥ ! Brightness temperature:

\
]
| The temperature, that a black body :
]

'\ with the same brightness would have Model output

< Evaluate level of agreement as estimator for prediction accuracy

10 max.buesken@kit.edu
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Radio sky background models

* Compare models by
average sky temperature

* Studied frequency range:
30 - 408 MHz

* Cane, TKY and Haslam are
simple parametrizations /
less sophisticated models

< not included in the
comparison

11 max.buesken@kit.edu
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- LFmap SSM
LFSM — ULSA

- GSM (2008) - Cane

- GSM (2016) TKY
GMOSS

Haslam
262 < B < -2.46
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“Radio sky background models

* Compare models by
average sky temperature

* Studied frequency range:
30 - 408 MHz

* Cane, TKY and Haslam are
simple parametrizations /
less sophisticated models

< not included in the
comparison

THusl;un.d

==
By el

Junsam A\KIT

LFmap
LFSM
GSM (2008)
GSM (2016)
GMOSS

SSM
ULSA
Cane
TKY

Haslam
262 < B <-246

s
4 4
1.0—

0.91

50 100 150 200 250 300 350 400
Frequency / MHz
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Model- -by-model agreement T =S

* Integrate over frequency
< Quantify direct comparison
between any 2 models

4.6% 0.7%

S 7.3% -1.8% -4.8%

-3.8%  -11.9% 2.7% -6.4% -9.3%

* Global agreement at 14.6% 81%  65%  -25%  -55%
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,What If there Is a thunderstorm
during an air shower?*



Karlsruhe Institute of Technology

* Largest ground-based observatory for ultra-
high energy cosmic rays (UHECRS)

— Study their origin, mass composition,

PIERRE acceleration mechanisms,...
i o | SGER | | o
N i * Hybrid detection of extensive air showers:
®m  Fluorescence Detectors (FD)
0 m  Water Cherenkov Detectors
e m  Scintillator Surface Detectors
/ = Underground Muon Detectors

®  Radio Detectors

..............
Los Leones

: — Auger Engineering Radio Array (AERA):
,  >150 antenna stations, 30-80 MHz
| 17 km2? array, >10 years operation

i
I
I
I

15 max.buesken@kit.edu
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“Radio detection during thunderstorms at AERA

& nodata heavily influence radio signals from air showers

20 * Atmospheric electric fields during thunderstorms
104°1 x  thunderstorm
T 4 data

k.3

» Affected events not interpretable

(S

(=]
-
¥=]

Solution:
* Monitor the electric field and thunderstorms (TS)

with Electric Field Mills (EFMs)

— Flag TS periods
"« Two EFMst at AERA running stable

& autonomously (10+ years)

AERA energy [eV]

[y

o
—
@

SD energy [eV]

|-) Event-by-event energy estimators from the
Radio Detector (AERA) vs. Surface Detector

Ei:qﬁ‘.w ey e | Y A b |
1 Campbell Scientific CS110

16 max.buesken@kit.edu
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AugerPrime: the new radio detector

* AugerPrime upgrade of the Pierre Auger Observatory ﬂ}'\

* A major part: new Radio Detector (RD) ‘

« "SALLA" on each surface detector station (1661) / \Z

e [
(short aperiodic loaded loop antenna) -t
I
* Will detect inclined air showers, i.e. 8>65° -
e CR mass discrimination 949 479 293 126 60 8 5 !
for hybrid detections with =2 ) : . Fe
the water-Cherenkov 3 . o
detectors expected —p % =0
S1s
98]
* Mass deployment started {10
this month i
- expect to finish by .
the end Of 2023 19.0 19.2 19.4 19.6 19.8 20.0

log,,(Ecr/eV)

17 max.buesken@kit.edu
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I | AugerPrime upgrade:
* new RD on > 3000 km? array
\ * Need E-field monitoring on larger scale

Goals:

| peEEmpEAEEEELT * Track thunderstorms
Sy Oy Sl s o « Smart flags based on shower direction and cloud
FRNGERG R movement
FEEENGEEEENEY - New network of Electric Field Mills (EFM)

...........................
.......
.............................
oooooooooooooooooooooooooooo

R R IR Ly * 5 new EFMs spread over the array

\ R e - Autonomous, remote operation for 10+ years
LL\ °°°°° ], - Absolute calibration of E-field measurement

O EFM station — requirements for station design

18 max.buesken@kit.edu
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Karlsruhe Institute of Technology
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Deployment

* First station installed in August 2022
by colleagues

* Successful deployment v

* First data looked fine v

,Bullet"
Radio

Charge
controller

Power-over-

,Moxa"“ Serial Ethernet

Device Server

)

LR 12V 170Ah

F1790 D wiice

19 max.buesken@kit.edu
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N Karlsruhe Institute of Technology

Other 4 stations deployed in
November 2022

Smooth deployment v

3 of 4 remote links functional

20 max.buesken@kit.edu
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E-field data
31/12/2022 S CTT oo mmmmmsmm-es K
K ( .. .
200001 CRS i Thunderstorm conditions :
_____ AERAWS N kV/m electric field l
PO ___ CLF . Large thunderstorm seen in all stations !
/
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Thunderstorms / clouds only seen in
single stations

— Variety in scale of thunderclouds

Difference of effective gain between
calibrated and uncalibrated EFMs

electric field [V/m]
I
— | —
: £ . E E

15000

15:00 15:30 16:00 16:30 17:00 17:30

06/01/2023
----- CRS
----- AERAWS
1/— CLF
= LL
+— LM
—— BATATA

S

max.buesken@kit.edu

electric field [V/m]
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5000 | 06/01/2023
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----- AERAWS
— LL
5000 - — LM
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04 ks
_5000-
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00

time

BATATA station with absolute calibration ]
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,What can you do with a radio detector

with an absolute calibration?*
(connecting to Chapter 1)
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Theoretical calculation

EM shower energy

first principles

. P
classical . ‘{,;h//
electrodynamics =7,

=471 1]

7
& ransparent

to radio waves

radiation energy
per unit area

24 max.buesken@kit.edu
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Electromagnetic energy Een
All energy deposited by the
electromagnetic shower
component (e, e*y) in

the atmosphere

Radiation energy Sfrp
All energy from shower
emitted in form of

radio waves

- e s e e e e e e e e e En e e e o

\

- ean e e e e e e e e e e e o o e

" The cosmic-ray energy scale with AERA

P En e e e o o e e Er o e E Er o E E S o o EE e o o E e o = e

UNSAM A\K"

corrected radiation energy SﬁD [eV]

10]Ut ] T T T J T

|_ A 107V (Eem/10'8eV)B

_______________

107},
F
[
[}
[}

108

- - ——— -

U’Gau»‘ = 00217
o =0.035 ¢

107
100}

105 &

0.8 0.9 1.0 1.1 1.2
Eem(SRDl) / Eem

104

L |
1017 1018 1019
shower energy in electromagnetic cascade [eV]
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Measurement

||111{

e
—
—t

-

antenna and
‘ietector response

E-field

2-dim LDF mode\
LDF = Lateral Distribution Function

g Sl coincident measurement
T with other detectors

25 max.buesken@kit.edu

SD calorimetric energy Espca
All energy deposited in the
atmosphere

(el.mag., muons, hadrons)
measured by the SD

absolute calibration from FD
(14% uncertainty)

Radiation energy S*o
All energy from shower
emitted in form of

radio waves

- e e e e er o e e e o e e e o o e e =

- .
radiation energy
per unit area

-ean e Es en e o en on e e es e e e e =

corrected radiation energy S&, [eV]

s
—

0 ESD cal
SEL = Ax107eV =
10*°eV
9 — A 107eV(Ecr /10'%eV)?
107 < 3 -4 stations with signal
4 > 5 stations with signal -

108L

107}

106}

10°L

''''''

in hybrid by
SD and AERA

o ——————-

107

SD calorimetric shower energy [eV]

Junsam A\KIT

S e e En e e e e e E e E e e e e e E e e - e o e = e = =

Showers measured

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

1618 1019

~
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The cosmic-ray energy scale with AERA

unsam T

Karlsruhe Institute of Technology

EM shower energy

101“!: ; -

Measurement Theoretical calculation
= 3 £
g A 17eV(Ecr /10'eV)®, —— :— first principles
107+ < 3 -4 stations with signal

corrected radiation energy Sg', [eV]

10°

108}

107}

10

%= .
4 > 5stations with signal —— :: F—_ ClaSSIca]

antenna and
\1etector response

E-field

2-dim LDF mode;\

1617 1618 1019
SD calorimetric shower energy [eV] . -
E N coincident measurement
with other detectors
e e e e e e e e e e - en o o e o o e o o e = - E=n e

e

Allows to compare

from FD and radio

max.buesken@kit.edu

electrodynamics

'

|
/

per unit area

atmosphere transparent
to radio waves

E o |
SO — A x107eV [ =2} g1 CRenergy scales w— S20 = 1.639 x 107eV

—— A-107eV(Eem/10'8eV)B

10°F

1081

7
W0 OGauss =0.027 E

[0 =0.035 ¢

10°F

corrected radiation energy SﬁD [eV]

10°

08 09 10 11 12
i i Eem(SRQ) / Eem
1017 10]?& 10]9
shower energy in electromagnetic cascade [eV]

10*

by C. Glaser
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The cosmic-ray energy scale with AERA

* Previous measurements of the absolute radiation Measurement R e
energy had statistical limitations and needed F -
improvement in error estimates —

N
—

—

b =
p— ——
I o—

-
=
—

* New data analysis with
antenna and

* More data \ietector response

* Improved event reconstruction

* Galactic calibration
* Signal reconstruction

corrected radiation energy [eV]

E-field

* Comparison of radio and FD energy scales ,
2-dim LDF model

LDF = Lateral Distribution Function

s a— -
. coincident measurement

with other detectors

radiation energy
per unit area

max.buesken@kit.edu
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Summary & Outlook

* Absolute calibration of the Auger radio detectors using the Galactic emission
- Systematic uncertainty on predicted Galactic emission: \

14.6% on Ty — ~7% on reconstructed Ecr ' Pioneered for AERA

j applicable to new Auger

- . I Radio Detector later
* New network of Electric field mills deployed .

— Thunderstorm monitor for the new radio detector on a large scale

- Setup designed with an absolute calibration of the EFMs

 Next: Absolute measurement of cosmic-ray energy scale with radio

max.buesken@kit.edu
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“Reference Maps

LFSM - 50 MHz

[

4.0 6.0 10.0
Temperature [kK]

* Overview of reference maps:
* relative scale uncertainty
< 20%
* zero level error (offset)
o)
< 12% of average T

* Models are correlated

30 max.buesken@kit.edu

Accuracy of the

temperature scale: Tirye = @+ Lobs + 0 [o7 0P L0V 08
< g | E 2
relative zero level
—— frequency co.verefi | iy zero level P
v/MHz declination T error/K ko imsstage %
1 10 —6°<d<74° 9* 2-10* 7.0
2 22 | —28° < < 80° 16 5-103 11.5
3 40 | —40° < 6 < 90° 20 10 0.1
1 45 | —90° < 0 < 65° 10/15 1251 1.5
N 5 50 | —40° < 0 < 90° 20 10 0.2
6 60 | —40° < 6 < 90° 20 10 0.2
7 70 | —40° < < 90° 20 10 0.3
8 80 | —40° < 6 < 90° 20 10 0.5
9 85 | —25° < 0 < 25° 120 6.7
10 150 | —25° < § < 25° 40 9.2
11 178 | —5° < < 88° 10 15 5.3
12.a || 408 (1982) | —90° < § < 90° 10/5 3 8.8
12.b || 408 (2003) | —90° < § < 90° 10/5 3 8.8
12.c || 408 (2015) | —90° < § < 90° 10/5 3 8.8
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“From Global Sky to Selected Radio Array -

UNSAM A\KIT

* Instead of the total sky use the local sky (15°-90° elevation) at the site a radio array
< average over LST

convert

* Compare based on the frequency band of the Auger radio detectors

< For Auger, models agree within 11.7%
< For other radio arrays, agreement between 15% and 22%

31 max.buesken@kit.edu
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Additional source of
radio emission in the sky

Relative influence on
average Tsy negligible
for Auger

Relevant for arrays at
higher frequencies

max.buesken@kit.edu

/%
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sky,average

Sun

15
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UNSAM A\KIT

—— ULSA

------- LFmap o
~~~~~~ LFSM 74

------- GSM (2008)
------- GSM (2016)
GMOSS
SSM

50 100 150 200 250 300 350 400
Frequency / MHz
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EFM Station Design

Receiver Comms \Qt

~
?\\\‘ﬁ -

E-Field Mill (CS110) - " W

1 Hz sampling rate FANSHIHERS QS G\XL

2m above ground HY —

—
/

Clear Area fg(l)%\l‘/ Panel :
1) ~7m radius clear Electronics Box:

Battery, charge
controller, network
adapter

of larger vegetation
2) No tall objects
nearby

Fence
Metallic
Keep animals away

— Station design
~2'5m steel il already calibrated by
grounding rod the EFM manufacturer

+ concrete grounding (4% accuracy)

33 max.buesken@kit.edu
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Deployment of first Station

= SmartSolar HQ21082GVQ8 o

* Power yield of solar panel looks good o
* Dust- and waterproof cable glands (IP66) yield

Solar

88w

% Spannung

® Strom

Batterie

4% Spannung

® Strom

| cable glands
(outside, schematics)

« Zustand

34 max.buesken@kit.edu
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First E-field data

* Typical fair-weather day (+100 V/m)

* Diurnal variation as described by the
,carnegie curve*

o

(D 7] L)

- N

| 2N
- / 3

I o o/
S = /
> / )
O / i
o J \

o 5 / ol

I I .

- \ h

) v
i 5o

o

O -

T T T T

0 6 12 18
hour UT

Harrison R G 2013 Surv Geophys 34 209-32
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E-field data

 Thunderstorms signatures seen in
multiple stations with a time shift

- Infer movement of the cloud

Loma Amarilla

oooooooooo
ooooooo
oooooooooooooooo

D A0 DRI

ooooooooooooooooooo

TSN —130

...........
oooooooooooo
---------

...... < —20

............ 10
........

el

\ O EFM station
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Karlsruhe Institute of Technology
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