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POEMMA: study collaboration

50+ scientists from 24+ institutions (10 countries)
OWL, JEM-EUSO, Auger, TA, Veritas, CTA, Fermi, Theory
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NASA Probe Studies for 2020 Decadal Survey 
-	NASA	funding	10	Probe	Class		(below	1B$)	Mission	(18	mos)	Studies	in	

	PreparaAon	for	the	2020	Decadal	Survey		
-	PI	responsible	for	the	final	report	(due	NLT	Dec	2018)	
-	NASA	will	submit	these	studies	to	the	Decadal	Survey	
-	Decadal	Survey	CommiLee	will	have	the	opAon	to	prioriAze	any	of	these	mission	

	concepts,	or	recommend	a	competed	line	of	Probes	(similar	to	Explorers)	
-	SelecAon	based	on	Science	Merit	(cost,	schedule)	

POEMMA	



What are the sources of the Ultra-High Energy Cosmic Rays (UHECRs)? 

What are the sources of Astrophysical Neutrinos?

Astroparticle Physics Questions:

What is the physics and astrophysics at energies >> “ground-based” accelerators? 
Are there Extra-Dimensions, Supermassive Dark Matter, Topological Defects?

Measure Spectrum, Composition, Anisotropies E>1019 eV = 10 EeV

Multi-Messenger coincidence gamma-ray, gravitational waves, and neutrinos 
with E > 1016 eV = 10 PeV
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Cosmic Rays

Neutrinos

~ double the energy range for Astrophysics

Cosmic Particles 

Cosmic Rays = relativistic atomic nuclei: Hydrogen 
(protons), He, heavier elements

Gamma Rays



Cosmic Rays

Neutrinos

Multi-Messengers

~ triple the energy range for Astrophysics : 40 orders of magnitude

Gamma Rays
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p+g à p+p0

p+g à n+p+

Ethr=6.8 1019 eV

l=1/sr=6Mpc

GZK Cutoff

Cosmic rays with energy E> 7•1019 eV must have their sources within 50Mpc 

PROPAGATION DISTANCE (Mpc)
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Fluorescence emission 
300 – 400 nm



Leading Observatories of
Ultrahigh Energy Cosmic Rays 

Pierre Auger 
Observatory

Mendoza, Argentina
(19 country collaboration)

3,000 km2 array
4 fluorescence telescopes

Telescope Array
Utah, US
(5 country collaboration)

700 km2 array
3 fluorescence 
telescopes
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Astroparticle Physics  X

70 km

Auger Southern Site
Pampa Amarilla; Province of Mendoza 
3000 km2, 875 g/cm2, 1400 m
Lat.: 35.5° south LOMA AMARILLA

M. Bertaina



A. Castellina



AGASA: continuing spectrum

HiRes: GZK suppression @ 5σ level

THE IMPORTANCE OF AN HYBRID DETECTOR
Experimental situation in early 2000s



D. Ivanov - ICRC 201714



Y. Tsunesada - ICRC 201715

Perfectly compatible with GZK cutoff



M. Unger - ICRC 2017 16



Anisotropy hints
@ E > 40 EeV
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TA

Auger
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Batista et al, arXiv:1903.06714.pdf

Cosmogenic Messengers
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Energy Threshold and Range

Ackermann, et al, arXiv:1903.04333
Agarwalla et al, Snowmass2021, LOI, (M. Bustamante)

UHE Neutrinos





Pinfold, ICRC 2013



How many UHECRs > 60 EeV?
• Auger w/ 3,000 km2

• ~25 events > 60 EeV/ yr
• Telescope Array w/ 700 km2

• ~5 events > 60 EeV/ yr
• Auger + TA ~ 30 events/yr

• Earth  - surface ~ 5 108 km2

• ~3.4 106 events/yr
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5 o.o.m to go!
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Go to SPACE!

To look down on the 

Atmosphere!

20
25



How many UHECRs > 60 EeV?
• Auger + TA ~30 events/yr

• POEMMA
• ~300 events > 60 EeV/yr

• Earth  - surface ~ 5 108 km2

~3.4 106 events/yr
22

4 o.o.m to go!
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Y. Takahashi (1995): 
MASS: Maximum Energy 

Auger (Air Shower 
Satellite Italian Mission)

1979, An idea* of John Linsley
John Linsley in 1979  in the Field Committee 
Report of NASA “Call for Projects and Ideas in 
High Energy Astrophysics for the 1980s”

The concept to observe, by means of Space Based 
devices looking at Nadir during the night, the 
fluorescence light produced by an EAS proceeding 
in the atmosphere



Extensive Air-shower 
Fluorescence 
from SPACE

OWL
2002 
design

L. Scarsi

EUSO
2002 
design
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EECRｓ

EHE Neutrinos

Charged
Particles

Ultraviolet photons

Plasma Discahrge

Dust and Meteors, 
Space Debris,
Nuclearites

Night 
glow

Solar wind

The Earth

Atmosphere

Air show
er

Air shower

Atmosphere in JEM-EUSO FoV
O(103 km3 H2O equivalent)



Probe Of Extreme Multi-Messenger Astrophysics



POEMMA Design based on: 
OWL and JEM-EUSO studies, 
EUSO balloon experience, 

& CHANT concept 
+ Legacy in Fluorescence 

from Ground 

OWL
2002 
design JEM-EUSO:

Extreme Universe 
Space 

Observatory

EUSO-SPB1

POEMMA: Probe of Extreme Multi-
Messenger Astrophysics
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Cherenkov from 
Astrophysical 

Neutrinos 
Telescope



JEM-EUSO
program

EUSO-TA (2013- )

EUSO-Balloon (2014)

TUS (2016)

EUSO-SPB1 (2017)

Mini-EUSO (2019)

EUSO-SPB2 (2023)

K-EUSO (2024+)

POEMMA (2028+)

EUSO-SPB

20o
TUS  
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Mini-EUSO
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Mission Concept

Stereo Viewing of UHECRs E ≳ 20 EeV
via Fluoresence: 10’s of µsec timescale

Upward t-lepton EAS E ≳ 20 PeV
via Cherenkov: ~10 nsec timescale

POEMMA & Mission Description:
Summary of results presented in arXiv:2012.07945

POEMMA UHECR & UHE Neutrino Performance via air fluorescence measurements.
Summary of results presented in PhysRevD.101.023012

POEMMA VHE Neutrino Performance via optical Cherenkov measurements.
Summary of results presented in PhysRevD.100.063010 and PhysRevD.102.123013

nt
t
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POEMMA Operational Modes: UHECR Stereo versus Limb-viewing Neutrino

Stereo Viewing of UHECRs E ≳ 20 EeV
via Fluoresence: 10’s of µsec timescale

Upward t-lepton EAS E ≳ 20 PeV
via Cherenkov: ~10 nsec timescale

nt
t

Dark, quasi-moon less nights:
Fluorescence Duty Cycle: 11%

Cherenkov Duty Cycle: 20%

Optimized for 
UHECR and 

UHE 
neutrinos

Optimized for 
tau neutrino 
Cherenkov

UHECR



4/17/21 XIX Workshop Neutrino Telescopes 35

POEMMA: Instruments defined by weeklong IDL run at GSFC 

Imaging ~104 away from diffraction limit
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POEMMA: Hybrid Focal Plane

UV Fluorescence Detection 
using MAPMTs with BG3 filter 
(300 – 500 nm) developed by 
JEM-EUSO: 1 usec sampling

1.6 m

Elementary	Cell	 (EC)
SiPM (8x8)

PCB1
Si-Diode

PCB2
Interconnector

Cherenkov Detection 
with SiPMs (300 – 1000 nm): 

20 nsec sampling

30 SiPM focal 
surface units 
Total 15,360 pixels
512 pixels per FSU 
(64x4x2)
Si-Diode for LEO 
radiation 
backgrounds 
rejection

55 Photo Detector Modules 
(PDMs)= 126,720 pixels

1 PDM = 36 MAPMTs = 2,304 pixels 

9∘

XIX Workshop Neutrino Telescopes4/17/21
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Limb for Neutrinos & UHECRs 
Radius 2.6-3.7∙103 km

Observing Modes
Nadir for UHECR: 

Radius 200-400 km
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Scientific challenges:
» Energy threshold below GZK cutoff (a factor of 2 higher energies means very 

few statistics and no inter calibration with ground experiments).
» Light conditions continuously varying (ISS speed 7.5 km/s —> night/day 

change every 45 minutes).
» Atmospheric conditions (clear sky, clouds, lightning, cities and anthropic light) 

continuously changing.
» We need to test the capability of the instrument to adapt its working 

conditions to the different situations.
» We need to record and recognise the different atmospheric and 

anthropogenic conditions.

Technological challenges:
» Low power consumption (<1kW for POEMMA single tel. - >105 pixels)
» Low mass (~1.5 tons for POEMMA single tel.))
» Low telemetry (1 GB/day for POEMMA single tel.)
» Radiation hard instrumentation
» Space-qualified instrumentation (need to increase TRL)



Auger  (1 FD site) EUSO-Balloons/TA JEM-EUSO

mirror size 6 x 11 m2 1 m2 lens 8.5 m2

FoV 6 x (30 x 30) deg2 11 x 11 deg2 4 x 4 deg2/PDM

Ang. resolution 1.5 deg/pixel 0.2 deg/pixel 0.084 deg/pixel
Pixel size 5x5 cm2 3x3 mm2 3x3 mm2

Camera size 6 x 440 pixels 2304 pixel 2304 pixel/PDM

EAS distance 40 km 1- 30 km 525 km

light intensity 
(@40km=1)

1 >1 0.006

time resolution 100 ns 2.5 μs 1 μs

signal acquisition charge integration photon counting photon counting

Comparing Auger FD and POEMMA telescopes

A significant difference in 
detectors, a technological 

challenge…
39Auger camera EUSO-SPB lens & camera

EUSO-SPB camera has ~100 times 
higher density of pixels 

~1.2 m2 ~1.0 m2

~0.03 m2
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JEM-EUSO Observation Principle

Auger

Δt ~ 50 - 150 μs

Energy: 1020 eV



POEMMA UHECRs
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significant increase in exposure 
good energy, angular, and shower maximum resolutions, 

Uniform sky coverage 
to guarantee the discovery of UHECR sources

Spectrum, Composition, Anisotropy E>50 EeV

POEMMA UHECRs & 𝝼s
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POEMMA: stereo reconstructed angular resolution: see PhysRevD.101.023012

4/17/21 XIX Workshop Neutrino Telescopes 42

Excellent angular resolution → accurate determination of slant depth of EAS starting 
point

50 EeV simulated 
event

azimuth

zenith

100 EeV UHECR protons
Prob(XSRT ≥ 2000 g/cm2)        

≈ 10-4

UHECR 100% proton 
assumption most 

conservative

https://www.mpi-hd.mpg.de/hfm/CosmicRay/ShowerDetection.html



Inelastic cross-section p - air
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Diffuse neutrino performance & SHDM

C. Guepin



Exposure for ToO Observations 

Long duration: 1 day Short duration: 1000s
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NEUTRINO: Target of Opportunity (ToO)

T. M. Venters,et al.,
POEMMA’s target of opportunity sensitivity to cosmic

neutrino transient sources
[arXiv:1906.07209 [astro-ph.HE]].



Prospects for macroscopic dark matter detection:
macro/nuclearites



JEM-EUSO
program

EUSO-TA (2013- )

EUSO-Balloon (2014)

TUS (2016)

EUSO-SPB1 (2017)

Mini-EUSO (2019)

EUSO-SPB2 (2023)

K-EUSO (2024+)

POEMMA (2028+)

EUSO-SPB

20o
TUS  
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Mini-EUSO



Fresnel lens L3
fixed/tight

Fresnel lens L1
adjustable

radiator

evacuation holes

Baffle &
“deceleration cylinder”

PDM

IR Camera

electronics (DP)
on "dry shelf"
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EUSO-TA

50

EUSO-SPB1
self-trigger

Instrument on its own
+ test platform for other pathfinders

Currently under upgrade with 
Zynq board and self trigger

RMS: 0.5°

For 34km distant
Vertical tracks

d= 100 km
E = 85 mJ

TA recon.
E = 1018 eV
Rp = 2.5 km

UHECRs

GLS laser
campaigns



August 2014 Timmins, Canada

1 night flight @ 38 km a.s.l. 
data: 256,000 events

51

EUSO Balloon

Timmins area Forests & Lakes

CR = clear sky 
CL =   clouds

CR

CR CR

CL

CL

51

afterpulse Xe flasher

LED
laser

Xe flasher



EUSO-SPB1 (2017)

Main improvements:
- Upgraded electronics: SPACIROC 3

- Complete autonomous scheme with trigger
- Solar panels for long duration flight

- Optics performance + stability

Angular resolution
better than 1°

Energy-equivalent
threshold measurement

Would-be showers
Eth ~ 2 Eev => ~1–2 showers expected per month

(unfortunately… 
leaking balloon!)

Nominally working 
instrument

10.6+2.36.3+0.9 ~1



Cherenkov Emission
from UHECRs
Tau Neutrino 
Background

Fluorescence 
from UHECRS

UHECRs

UHECRs

Tau Neutrino 

Tau
lepton

F
lu

o
r
es

c
en

c
e

Cherenkov

EUSO-SPB2

Cherenkov

EUSO-SPB2  (2023)
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EUSO-SPB2

Cherenkov 
camera
SiPMs

Fluorescence 
camera
MAPMs

Mirror Element



Mini-EUSO/UV-ATMOSPHERE
(flew to ISS on August 22nd 2019)
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FoV: + 22 deg.
(9 times TUS)

DATA with self trigger:
D1 : 2.5 μs res. (128 L1GTUs)
D2: 320 μs res. (128 L2GTUs)
D3: 40.96 ms res. (full movie)

Near 
Infrared 
Camera

Visible 
Camera

Front 
lens

Rear 
lens Focal 

surface

Front-end 
ASICs

Zynq 
boardCPU

simulation



Uv transparent window,
Zvezda module,

International Space Station
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https://www.youtube.com/watch?v=lX
edBGVHc4o&t=62s
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https://www.youtube.com/watch?v=lXedBGVHc4o&t=62s


Sampling rate: μs, 100μs AND ms scale

58
M. Casolino, L. Marcelli

S. Bacholle et al., “Mini-EUSO Mission to Study Earth UV Emissions on board the ISS”, The Astrophysical Journal 
Supplement Series, Vol. 253, pag. 36 (2021), https://doi.org/10.3847/1538-4365/abd93d

https://arxiv.org/abs/2010.01937

https://doi.org/10.3847/1538-4365/abd93d
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The same flasher triggered three different time. The event was located in a mountain 
region in China
Left: flat fielded focal plane view. Right: lightcurve of the most luminous pixel 

5980 frames 30 frames - too short

2x1022 eV p simulation
Mini-EUSO

M. Battisti, F. Bisconti, P. Klimov, F. Fenu, A. Golzio

Mini-EUSO - μs timescale trigger performances
Dead time (20-30%)

Significant correlation with lightning activity
(red dots ASIM data)



Lamezia Terme Event – Italy

April 14th, 2021 60

• These events have not been seen only over 
North America.

• A particular example is this event repeated 
several times with the same light curve on 

September 14th, 2020.
• With an in-depth analysis and the location of the 

ISS, it was possible to find the approximate 
geographic location of the event.

• The event with ETOS software and the DMSP
map were superimposed and it was possible to 
see that it’s clearly displayed around Lamezia
Terme International Airport (Calabria) in Italy.

repeated event visual event trigged in D1 visual event trigged in D3 ISS movement

Lamezia Terme

South Italy



UV Maps61

Paris

Turin

Rome
Naples

Bari

Geneva

L. Piotrowski, F. Bisconti



TLEs

2 Elves - simultaneous
detection with ASIM

ELVES:
1) 2019, Nov 7 
2) 2019, Dec 5 – n1
3) 2019, Dec 5 – n2 
4) 2019, Dec 30 
5) 2020, Mar 2 – n1
6) 2020, Mar 2 – n2
7) 2020, March 2 – n3
8) 2020, Mar 2 – n4
9) 2020, Aug 25 - n1
10) 2020, Aug 25 - n2
11) 2020, Aug 25 - n3

L. Marcelli, M. Casolino, 
M. Battisti, E. Arnone

49/51 ASIM 
UV lightnings have

Mini-EUSO counterpart

time(s)
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Meteors

Detail from session 06

• Most of the meteors are 
detected where the 
background is lower

• The false positives rate is 
higher over continents

With an efficiency of 8% the 
distribution peak is in a range of 
magnitude values of [+4.8,+5.3]

Current findings:
~1500 meteors

~1300 meteor cand.
in ~1900 min

Considering S06 and S11 (moon 2%):
• Total number of observed meteors: 

356 + 343 = 699
• Total number of meteor candidates:

201 + 109 = 310
• Total sessions duration: 

282 + 168 = 450 𝑚𝑖𝑛

Events rate:
1.5 events/min (only	M)
2.3	events/min	(M+M?)L. Piotrowski, D. Barghini, H. Miyamoto, S. Bertone & F. Reynaud

A. Cellino



Diffuse light

We see clouds:
which ones?

high middle low clouds

Clouds

PRELIMINARY
(using same approach as EUSO-Balloon)

K. Shinozaki, 
A. Golzio & M. Manfrin

Database 
under preparation



EUSO-SPB2

POEMMA + Mini-EUSO & EUSO-SPB2
Earth’s Atmosphere = Particle Observatory :

- Discover the Origin of the Highest Energy Cosmic Rays (E>1019 eV) 
and 

- Discover High energy Neutrino Emission (E>1016 eV ) from 
Astrophysical Events

- Study New Astro/Physics

Probe Of Extreme Multi-
Messenger Astrophysics

Extreme Universe Space Observatory 
on a Super Pressure Balloon

Mini-EUSO
Multiwavelength Imaging 

New Instrument for
Extreme Universe Space 

Observatory 
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