ith LOFAR

‘Science at Low Frequencies II
3 December 20I5 AIbuquerque NM

Sl’ljn Bu_'

e 0
oT0 oe
-

.+‘

alls

=

» <y

- o aoe =
opea Reges ® a a a : ~ A0 00UC ~ .*'

), ST =
P o s ~© for the LOFAR Cosmic Ray KSP

=l = sl g A. Coréfanje, J.E. Enriquez, H. Falcke, J.R. Hérandel, M. Krause, A.Nelles,
.'.,.-1.*_:-,5 M Xt ;._-""T S. Thoudam, J.P. Rachen, L. Rossetto, P.Schellart, O.Scholten, G. Trinh, S. ter Veen.

e J N <
g L= S =y i =3 W e SRS



cosmic rakA



cosmic rakA



cosmic ray




source?

cosmic ray




source? source!

cosmic ray




source? source!

cosmic ray




How to measure the mass?
Atmospheric depth of shower maximum Xmax

fluorescence light
dark nights (<15% duty cycle)

Pierre Auger Observatory radio detection

nearly 100% duty cycle
LOFAR, AERA, Tunka
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Electron/Muon ratio

particles on ground,
sensitive to shower-to-shower fluctuations
Kascade Grande, IceTop



A short history

® |960s: First emission theory charge excess (Askaryan 1962) and
geomagnetic radiation (Kahn & Lerche 1967)

® |970s: Detections by multiple experiments. Efforts are
abandoned due to inadequate hardware & theoretical
uncertainties.

® 2002: Falcke & Gorham revisit theory (geosynchrotron
approach). New interest.

® 2003+: LOPES (LOFAR prototype station) detects air shower in
radio, other experiments follow

® Now: detailed understanding of radiation mechanism.
Large experiments: LOFAR, AERA (Auger), Tunka-rex

CODALEMA

Tunka-REX




Air shower detection with LOFAR
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superterp

event display

antennas grouped
in rings
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best fit out of 40 simulations

Lateral distribution radio signal
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1D LDFs don't fit !



Total power (a.u.)

g
o

o
o

—Q—

o
[

f%

g
o o

T T T T T T T T T T D 823124 D 82321543 1D 83645409 83803904
10 ID 48505509 ID 59449325 ID 59489572 ID 60403235 m %% ]
o1b: 4003l [ | '
4O Y il "1" 0 \034432712 D 86049608 | sa 22409 D 86129434 |
' ‘ ; “I : ) s 4 mseglszszaz D 87202232 | 87257076 1D 87321701
T Q. ® m
0 } } } } } } } } }
o3 N \ \‘

ID 63246671 ID 64021966

Total power (a.u.)
°
n

ID 62804598

ID 61280496

-
o o

D 99372529 |

|
0 f } f f
10l ID 64780823 1 ID 65214973 1 ID 65431099 ID 66187840 | 03 \ \\
0.5} 1 - T T B B
(O " (32X : - ° " Dlstanc;to shmower axis (m) - " "
0 x~‘ f f i f f f f f
10 ID 67362765 ID 67403390 ID 68960442 ID 70988116
® First sample:
0.5 + + + -
k >100 showers
0 f f f f f f f f f f f
ID 72094854 ID 72409848 ID 73407989 ID 74486916
1.0} 1 1 |® 200 - 450 antennas/event
0.5} + i : - .
I ® Fit
| } | | | | 009 - 2.6

" ID 80495081 " ID 80763503 ID 81147431 " ID 81409140

® Radiation mechanism
finally completely

0 ] ] ] ] ] ] ] 1 ! L d d'
S g 8 8 ° 8 8 8 °©° 8 8 8 ° 8 g8 8 understood:
— AN m — (gl m i (gl m i (gl m

Distance to shower axis (m)

LOFAR data CoREAS sim



Xmax Feconstruction

brotons penetrate deeper than iron nuclei

18

@ proton Y

B iron
16} °
Ll _ ® Reconstruct depth of shower
maximum: Xmax
12t ¢ .
° ® Jitter: other variations in shower

%5 10 : development
< °
C\IX .

® Correction for atmospheric
variations using GDAS

® Resolution < 20 g/cm= !
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(Xonax) ( 9lcm?)
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What does it mean?
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Already extragalactic component?
Secondary Galactic population?
Galactic evatron sources” Reacceleration in halo”
Same sources as lceCube neutrinos”?




Cosmic lightning

FOM project
KVI, CWI, VUB




300¢
200¢

100

Two layer model

< [m]

—100¢

Distance along ¢; ;

DN
N

—200¢

—300¢

Shower 300 -200 -100 O 100
. Distance along ¢; 3 [m]
axlIS E1 lea

200

300

3.5

w
o

D)

—L
N
9]

N
=)

=
U

N
total power (a.u.)

-
o

o
5

|||||

simulations: G. Trinh |

0.0 50 100 150 200

Schellart et al. PRL 114, 165001 (2105) distance (m

250

300



alr shower particles
ionize air

field enhancement at
tips of hydrometeors

emerging streamer

A.Dubinova, C. Rutjes, U. Ebert, S. Buitink, O. Scholten, and G. Trinh, PRL 115, 015002 (2015)



SKA: ultrahigh precision measurements
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Science:
- origin of CRs
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SKA: ultrahigh precision measurements
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SKA: ultrahigh precision measurements
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Conclusions

Air shower radio emission mechanism finally understood:
- intensity profiles

- wavefront shape

- polarisation

- Cherenkov rings at high frequency

LOFAR can measure CR mass composition
Xmax resolution of < 20 g/cm?
similar to fluorescence detection + higher duty cycle

First composition results based on 100+ high-res
reconstructions using full shape of Xax distribution
light mass component at 10'7 - 10!7> eV

Air showers in thunderstorm:
remote sensing of electric fields, thunderstorm physics

Future: ultra-high precision with SKA Thanks
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