£ EIVESTand more TLEs at the Pierre
AUGER @hservatory

BRAZIL

Roberto Mussa
INFN Torino

(Pierre Auger Collaboration)
OBSERVATORY

-
Necochea

S0UTH
ATLANTIC
OCEAN

INFN

Torino
rRTIT

di Fis

& 13-15/7/2024

AtmoHEAD




AtmoHEAL zuz4, 1scuia ™

Altitude

Nivl, CL VLD dllu IIIU[C“ TLDb 111 AUJLIN

U1
(=]
=~
3
I

Temperature

 Electron-~ -~

g

“positron Beam -

lonosphere

Electron
density




iIon of ELVES at the Auger Observatory
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Double ELVES
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Triple ELVES
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Multiple ELVES in four storms

o
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- the fraction of events with multiple elves
is higher in April and December

— nature of multiple elves may be
related to the type of storm
- beside double elves, we see a
significant number of triple elves ...
- ... and halos (a different type of TLE)
- Auger published the first evidence of
triple ELVES, in this analysis we will

discuss more than 30 triple ELVES 0.0 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
' ' Month '

‘Multi-ELVES/Total
o o o
N LT =

o
e

November 10, 2018: 117 events December 20, 2019: 158 events April 27-28, 2020: 139 eventls March 14, 2021: 62 events

Triples

Doubles
Triples Halos : J Doubles
- Triples /' 13%
- 4% TSN Halos | Triples
: Singles Singles
Singles -

Storm with the most multi-elves
between 2014 and 2020
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What causes

Time gap and peak ratio give insights on
the source current.
The EMP source current is modeled as:
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Marshall,RA (2012) , J.Geophys.Res.,117(A3)
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ENTLN Network

—— R9VMD.607.32.48.38
~— SRNCH,489.78,-33.5
R9CHP,307.16,34.98
—— RIRDC,334.07,66.37
—— R9CPL,591.78,177.51
—— RICRS,742.74,57.59
—— R9JNN,699.9,100.58
—— R9COL,711.86.148.13
—— RI9ND|,721.83,108.37
—— ROVND,600.33,92.4
—— RIRSR,717.26,85.72
—— R9CRN,729.49,127.58
—— RIMRC, 5595.46,81.54
—— R9BHB,798.01,136.98
—— RIVDL,359.42,59.69
—— ROVRY,284.12,92.55
RISNT,761.68,32.29
—— R9CRT,391.35,62.48
—— R9JCH,377.58.-4.41
RIRJA,495.47,18.69

ENTLN sensors
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- >35 antennas in ARG
- installed in (austral) Summer 2018-2019
- bandwidth: 1 Hz — 1.2 Mhz

- time resolution <1 us Using Long-Lat of the source from ELVES reconstruction, time

delays are corrected and waveforms are aligned .

lonosphere

Sorting as functions of distance D from the source we can
identify the 3 components. The 1%t sky wave in the range
D=(300,400) km is used to determine waveform parameters.

Antenna

Lightning
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Multiple ELVES vs ENTLN
—— Correlated to single-ELVES
Waveforms ' —— Correlated to dOL?ble-ELVES

— Correlated to triple-ELVES

o
o3

As waveform signals often
saturate, calculation of risetimes
and fall times is altered, therefore
we use basetimes . In any case
the difference between single
and multiple elves is significant.
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Double and triple elves show

similar behavior. B ty; of single-ELVES @ T =(74 = 21) us
B ¢y, of double-ELVES @ o= (109 + 26) us
0 &y, of triple-ELVES i@ T =(112 + 19) us
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ELVES time gaps vs ENTLN waveform basetime
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Auger time resolution allows us to measure time gaps well below 40 us.
These are not correlated with waveform basetimes and seem to originate from a

different mechanism.
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eflection in multiple ELVES

The Time difference between flashes:
- is given from (S’E-SE)/c

- depends from Hy=hs

- decreases with ArcR = Res

200 300 400 500
ArcR (km)
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Time gaps from double and triple ELVES

Auger can see time gaps down to
10us but very few follow the ArcR
dependence expected from bounces.

In triple elves, one time gap is large,
the other is short.

B Multi-ELVES on November 10, 2018

e e B B

B Multi-ELVES on December 21, 2019

J—h——-_-—-—

B Multi-ELVES on April 27-28, 2020

=3 Multi-ELVES on March 14, 2021

I Multi-ELVES of all four storms
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Average time gap (us)

AtmoHEAD 2024, Ischia

AT of double ELVES from November 10, 2018
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AT of double ELVES from December 20, 2019
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AT of triple ELVES from December 20, 2019
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ELVES sources locations vs cloud height

Canal 13 - GOES16 Cloud Top Height - GOES16 Cloud Top Temperature - GOES16
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Comparing ELVES reconstructions with the GOES-16 satellite data on cloud tops, we
see that anyway ELVES sources are located high in the thunderstorms. This supports
the hypothesis of a causal connection between ELVES and TGFs.

The lack of evidence of double elves from the bounce mechanism may be related to
the specific surface properties of the Argentinian pampas.
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What is a HALO?

Halos are created by the quasi static component [1] of the EM pulse which produce the ELVES, at heights
around 80 km. Halos are typically brighter than ELVES and have diameters around 80km. Halos are 10
times less frequent than ELVES, according to the ISUAL three years dataset from space [2]. Halos are

often followed by sprites, when the originating lightning leader has positive charge.

High
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video
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=
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[1] C.P.Barrington-Leigh, PhD Thesis, Stanford 2001
[2] A.B.Chen et al., JGR113 (2008) A08306
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ELVES+HALO
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Animation from FD point of view, without transit time correction
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ELVES+HALO

Traces from the ELVES and
the subsequent halo are
aligned by correcting for the
transit time between source
and FD, and sorted with arc
distance respect the vertical
of the lightning source.
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HALO between two elves

ELVES 2020-04-28 03:10:01.797 LL dt:797712 . sec
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Animation from FD point of view, without transit time correction
This complex event is made of a (double) ELVES, a halo, and another ELVES
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VES (high time resolution but
! elation with other TLEs such
o0 new instruments, in the
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AtmoHEAD 2024, Ischia RM, ELVES and more TLEs in AUGER 18



amera location

ance of 1.4 km SW of
oihueco FD site

Pointing towards NE, in the
region where the majority of
ELVES storms are observed

Data transfered via radio link
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Malargiie Department
Mendoza Province, Argentina
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Alignment

() Cordoba

The camera absolute alignment is done with brightest stars.
indicate the elevation of ELVES center vs distance
Yellow crosses indicate the elevation of a 15km cloud top vs distance
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AtmoHEAD 2024, Ischia

7artisans 5S0mm 1/0.95
(but operated at f/1.4)

Sigma 20mm f/1.4
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d ELVES on Jan.7 2024
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d ELVES on Jan.7 2024
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d ELVES on Jan.7 2024
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d ELVES on Jan.7 2024
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GPS 1388643594

ELVES 2024-01-07 06:19:36.288 dt:288287 |1 sec

Elev(degrees)

-20 -15
Azi(degrees)

AtmoHEAD 2024, Ischia RM, ELVES and more TLEs in AUGER 29




Diamante

;- HD 102509

sprite_1388643594.png

Diadem | |

7 Vindimlatix” T
1 1|

, FD Colhueco

AtmoHEAD 2024, Ischia

RM, ELVES and more TLEs in AUGER

30



s ELVES intensity
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TLE vs ELVES events in 2024

- SPRITES were observed on:
. (ELVES triggers in CO)
i (CO not working, ELVES
triggers in LL, but not in time)

- Feb.8,12 and storms had
many ELVES but no TLE were
observed in coincidence

The causal connection between
ELVES and SPRITES depends on
the type of thunderstorm?

AtmoHEAD 2024, Ischia

ELVES Triggers in Coihueco (C0O4,5,6)

Trigger in FOV vs t

Mono
Stereo
Triplet

Trigger in FOV vs t

Trigger in FOV vs t

RM, ELVES and more TLEs in AUGER
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Summary

In the last ten years, the Pierre Auger Observatory has exploited a dedicated trigger and
extended readout, and its very high time resolution, to record the world's largest sample of
multiple ELVES.

By comparing the time gaps between flashes with waveforms recorded by the antennas of the
ENTLN network, we observe the correlation expected by models for what concerns double
ELVES.

Using a large sample of triple ELVES, from four different thunderstorms, despite the GOES-16
images prove that most sources are locate on the top of high clouds (>10 km), we have very
few multiple ELVES events which can be explained by the ground reflection mechanism.

In the same data sample, we could observe another type of TLE, the halo, a few hundred
microseconds after some ELVES. This has motivated the installation, in December 2023, of
new TLE cameras, to complement the observations done with our Fluorescence Detector.

Preliminary results, including the first observation of SPRITES in Auger, show the potential of
the new TLE cameras for further studies on the correlation between TLEs in Auger.
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Sensor
Sensor Type BSI-CMOS

Main Features

Sensor Size Full frame e 24MP - Full frame BSI-CMOS Sensor
Sensor Dimensions 35.8 x 23.8 mm * |SO 100 - 51200( expands to 50 - 204800)
Sensor Area 852.04mm? 5-axis Sensor-shift Image Stabilization
Sensor Resolution 24 megapixels 3.00" Ti|ting Screen

Max Image Resolution 6000 x 4000 2360k dot Electronic viewfinder
Max Native 1SO 51,200

Max Boosted ISO 204800

10.0fps continuous shooting
4k at 30fps and FHD at 120fps Video Recording
Built-in Wireless

e 650g. 127 x 96 X 74 mm

e Weather-sealed Body

Min Native ISO 100
Min Boosted ISO 50
RAW Support v
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Read Noise Full well
1.2e 63700e
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