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What do we mean with.:
High, Very High and Ultra High
Energy Astrophysics?
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High-Ultra High Energy Astrophysics

High Energy Photons: X-rays and more

X —rays 0.1keV <hv<500keV
Ganymna - rays 500 keV <hv

— LE or MeV: 0.1-100MeV Open (But...)

— HE or GeV: 0.1-100GeV Open! (GLAST)
— VHE or TeV: 0.1-100TeV Open! (HESS +)
— PeV (105 eV) 2 EeV (108 eV) Unexplored

— at 1020-10%' ZeV Frontiers of the Universe!

15 Orders of Magnitudes!

Andrea Santangelo,
Kepler Center-Tii



Electromagnetic Radiation through the atmosphere
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Part I:
Let’s then focus on X-ray Astrophysics
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The Birth of modern High Energy
Astrophysics 1962

On June 18 1962, on an Airforce
Aerobee rocket an ASE-MIT
proportional counter was launched

by Rossi, Giacconi, Paolini e
Gursky
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background. (From Giacconi ct al 1962; redrawn for this work.)
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How does it work an X-ray telescope?

Kepler Center-Tii



XMM-Newton Chandra

Mirror area 0.4 m? Mirror area 0.08 m?
Spatial resolution 15" HEW Spatial resolution 0.5  HEW
Sensitivity: 101> erg cm? 5! Sensitivity: 1016 erg cm? 5!

Limited Performances for bright sources! (already a 100 mCrb)

Graduate Day in Tiibingen of the Eurograd and Andrea Santangelo,
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-

" . The XMM-Newion Deep Field,

B:4.5 - 10 keV




NGC 838, HCG-16
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NGC 833, HCG-16
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Key questions of X-ray astrophysics

e Contribution to Cosmology
- Co-evolution AGN and Galaxies
- Cosmic Hard X-ray Background
- Clusters of Galaxy as probe for Dark Energy
- Search for the missing Baryons
o Contribution to Physics
Probing Gravity around Black Holes and Neutron Star
Matter under extreme condition: EOS of Neutron Stars

The physics of accretion in both galactic and
extragalactic sources

- Understanding the acceleration mechanisms

Andrea Santangelo,
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What comes next (observational
requirements)?
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Requirement 1: Focusing at Hard X-ray

A pointed telescope with the XMM-Newton angular resolution
and sensitivity in the INTEGRAL/ISGRI energy range

30 degrees ) 30 arcmin

INTEGRAL, Coded Masks XMM, Focusing Optics

Kepler Center-Tii



Hard X—rays at “XMM ™ level
Hard X-rays Soft X-rays

IGR/ISGRI (2002, coded mask) UHURU (1970, collimator)

o 15 keV -1 MeV ®2-20kev

o sensitivity: ~ 0.3 mCrab o sensitivity : ~ 1 mCrab

e angular resol. (FWHM): 0.2 ° e angular resol. (FWHM) : 0.5 °
e catalogue of 421 sources e catalogue of 339 sources

XMM-Newton (1999, focusing)

©().1—-15keV

o sensitivity: ~ 1 (Crab

e angular resol. (FWHM): 6”

e catalogue of ~ 125,000 sources

Hard X- (2015, focusing)

°().5-80keV
o sensitivity: ~ 1 uCrab
e angular resol. (FWHM): 8”

Graduate Day in Tiibingen of the Eurograd and Andrea Santangelo,
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Requirement 2: Broad band (0.1-100 keV)

Many spectral features

Limited band of XMM and Chandra ; '

ke'\f/cm:2 s keV

Characteristic Seyfert 1 X-ray Spectrum
TRy G S TR SR
BeppoSAX spectra of 3C 273 and Mkn 3
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Active Galactic Nuclei

RATeWCInG Supermassive Black
egion - -
M=10°—10°M_,

Accretion Powered:

Broad Line
Region

Accretion
Disk
— Efficiency Accretion
/ . : rate
Obscuring M = L =~10M . / year
Torus 7702 Sun

Andrea Santangelo,
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Schematic: AGN Unified Source Model

ovv
BL Lac

¢

Radio koud
QSO

AGN Unification

(Diagram from Urry & Padovani 1995)
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Focusing and Broad Band
Two Core Science Objectives

Increasing by 3 orders of magnitude
the discovery space at E~10-70 keV

I — Census and Physics of Black Holes

Il - Particle Acceleration Mechanisms
(Not in this talk)

Andrea Santangelo,
Kepler Center-Tii



The Quest for Black Holes

Resolve > 50% of the Hard CXB , thus determining the fraction
and evolution of obscured sources and providing a more complete

censuSOfSMBH — -I T TTT] T T T T TTT] T T T T T TTT] T
L I SAX/PDS
0 |
- ool .. HEAO-1
[ il A4 LED
n HB
o - @T
About 50 % s Tadg.
resolved in >
sources inthe <
band St
m 1 L1 1 11 I 1 1 1 L1 1 11 I 1 1 1 L1 1 11 I 1 1 1
1 10 100

E [keV]

But less than a few % resolved
beyond 10 keV, at the emission peak!

Andrea Santangelo,
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tight correlation between Mg, and

SMBH and Galaxies: tight Correlation

bulge properties.

The low luminosity AGN peak recently
between (0.5-2 z) which is the golden
epoch of AGN and Galaxy Activity

0.001 |

0.0001 'y iges
< 2 y

10-8 b’
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107
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10-9 -—'i’

———
T L e——
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Hasinger +, 2005

10°

M, (Mg)
108

107

10°%
10°©

£ ol 1 ol L sl |':£' i [Tl 1 |
108 10° 10 10''50 100 200
Ly(bulge) /Ly 0, (km/s)

- most BH mass accreted during luminous AGN
phases! Most bulges passed a phase of activity:

Co-evolution of AGN and Galaxies

Complete SMBH census to understand
AGN evolution linked to galaxy
evolution

LAZIVAL Ve AGRLILERIIGLIVY
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Where are the obscured AGN?

Circinus.{BeppasHX)-

Tiibingen November 19, 2010

Graduate Day in Tiibingen of the Eurograd and

Kepler Center Graduate schools

Flux (Crab Units)
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Evidences for missing SMBH

While the CXB energy density provides

Comastri, 2004

IIIIIII

a statistical estimate of SMBH growth, the
lack, so far, of focusing instrument above 10
keV (where the CXB energy density peaks),
frustrates our effort to obtain a
comprehensive picture of the SMBH

evolutionary properties.

Marconi 2004-2007
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Constrain physics of the accretion flow onto both Super
Massive BH and solar mass (tens of solar masses) BH

X-I‘ay SOU"C\ / « Secondary 4

_IIII[ I lIIIIII[ I IIIIIII| I lIIIIlll I IIIIIII_
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Going to lower Energies

Low Energy coverage is essential.:
a) Massive Outflows: connection SMBH - Galaxy
b) Iron Line (6.4 keV) studies = probe General Relativity

NGC 1365 SPECTRUM (5-20 keV, 50 ks) Eerr dink
, . Br-80m
1 ' | T T
ol ‘Non-spinning .
\ K [(Schwarzschilt)
— g . b - u
g Simbol-X MPD g -
b i > simulation : | 5 . . .
é % g g ‘ pINNING -
: ks 1.0 (Kerr)
2 ~ ou é sl I
° XMM EPIC pn (real) -
spectrum .
Risaliti et al. 2005
Energy (keV) 4 8 8
Absorption lines : massive outflows s
Graduate Day in Tiibingen of the Eurograd and Andrea Santangelo,
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Using the Fluorescence iron line to
probe fundamental physics

Requirement 3: Improve of a factor of 10
the sensitivity at the Iron line (6.4 keV)

Requirement 4: High Throughput
missions (High Time Resolution
Spectrometer, capability of processing 10°
events)



The Iron line comes from the disk...

Newtonian + Relativistic Doppler

Relativistic Boosting

Fe K
A
X-rays
‘ 6.4 keV Fe Kt line
M. é / X-ray Reflection

A
‘m~
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3
)
N
~




Complex Phenomenon...
Jag=2o [ 1 2GM Potential Well + Light Bending
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Black Hole rotation

Important diagnostic tool:

l,. [arbitrary units]

Inner radius

I 1 . .
: = Z | - Inclination angle
[ 8 8 [
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The Spin of Black Holes

e A

4
Energy (keV)

; + XMM observation of the iron line in
o ﬂ - MCG-6-30-15. The red wing extends

? H * \ to less than 4 keV, indicating an inner
| 4 1 radius of less than 6 G M / C?

data/model
1.1

, q %W LT‘ 1 J—+JF o )
R THMTH | Spinning black hole:

i — (a> 0.93)

Energy (keV)

Andrea Santangelo,
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Because the features are
variable in both flux and
energy the disk can be
mapped in the time-energy
plan

BLACK HOLE DISK Gravitationally

SIMULATION / lensed rear side

Approaching side Receding side

Effect of “Riverberation”: Rings and
Hot Spots are seen due to turbolence
and their emission is modulated with
the orbits

Andrea Santangelo,
Kepler Center-Tii
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eROSITA Telescope




Expected Sources

- 10° Clusters

- 107 Clusters at z>1
3x10°AGN

~ 700 AGN at 7>6

Performances
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Distribution and Mass of Clusters vs.
Cosmological Parameters

QM =025, QA =075, #=0.72 - L QM =025, 0 =0, £#=0.72

In X-rays we see clusters as
one continuous entity

Clusters of galaxies are the
largest gravitationally bound
entities in the universe

Most cosmological studies
involving galaxy clusters are
based on X-ray surveys

rd

‘" cOSMOS Field
_"' XMM-Ngwton

 from POSS and ROSAT-All Sky Survey






International X-ray Observatory (1XO)

Mission Life
5 years required, 10 years goal
Launch
December 2021
Atlas V 551 or Ariane 5
Max Liftoff Mass: 6425 kg

Launch in 2021 (?) °*

L2 800,000 km semi-major axis halo orbit




IXO Payload

o Flight Mirror Assembly (FMA)
— Highly nested grazing incidence optics
—3m? @ .25 keV witha 5” PSF
* Instruments
— X-ray Micro-calorimeter
Spectrometer (XMS)
2.5 eV with 5 arc min FOV
— X-ray Grating Spectrometer (XGS)
R = 3000 with 1,000 sq cm
— Wide Field Imager (WFI) and Hard
X-ray Imager (HXI)
18 arc min FOV with CCD-like resolution
0.3 to 40 keV

— X-ray Polarimeter (X-POL)
— High Time Resolution Spectrometer

Fluxes up to 10° events in the 0.3-10 keV
range (5 Crab) with 150 eV FWHM @6 keV

20m

Flight
Mirror
Assembly

-

' Representative
Gratings

1
/
4
.

YHTRS —» i@} &

XMS——

i m«—WFI/HXI
' A\

™~ Moveable Instrument
Platform (MIP)



(High Timing - 1
Resolution 4 (
Spectrometerg 9 X-ray

] ,a:f}'
Hard X-ray| & 52
Imager

o . X-ray.
X-ray LB S Polatimete . .
Microcalorimeter S —
Spectrometer Moveable Instrument F

e e e —— e
e

Figure 2-8. Photograph of 12 hexagonal Silicon
Drift Detectors (the 7 central SDDs are removed).

The layout/design is the same as for the HTRS detec-

tor.

Soft X-ray
“Semi-Transparent”
Active Pixel Sensor

Hard X-ray

‘.,f" ‘ Shield & Window

CdTe i i
Pixel BGO Active Shield
Detector

Figure 2-6. WFI/HXI Schematic: The WFI soft X-

ray Active Pixel Sensor (APS) is in front of the HXI
CdTe detector.

> 10.1m

Optics Module
(Flight Mirror Assy)

IXO Stowed



KEY PERFORMANCE REQUIREMENTS

\\\l\\\.

Mirror Effective
Area

3m? @ 1.25 keV
0.65 m? @ 6 keV with a goal of 1 m?2
150 cm? @ 30 keV with a goal of 350 cm?

d:esa

Black hole evolution, large scale structure,
cosmic feedback,

Strong gravity, EOS
Cosmic acceleration, strong gravity

Spectral
Resolution

(FWHM)

AE = 2.5 eV within 2 x 2 arc min (0.3 -7 keV) . AE =
10 eV within 5 x 5 arc min (0.3 - 7 keV)

AE =150 eV at 6 keV within 18 arc min diameter (0.1
- 15 keV)

E/AE = 3000 with an average area of 1,000 cm?
between 0.3 -1.0 keV and a goal of 3000 cm? for
point sources

AE = 1 keV within 8 x 8 arc min (10 — 40 keV)

Black Hole evolution,
Large scale structure

Missing baryons using tens of background
AGN

Angular Resolution

<5 arc sec HPD (0.1 -7 keV)
30 arc sec HPD (7 - 40 keV); goal of 5 arc sec

Large scale structure, cosmic feedback, black
hole evolution, missing baryons

Count Rate 1 Crab with >90% throughput. AE <150eV @ 6 Strong gravity, EOS
keV (0.1 — 15 keV)

Polarimetry 1% MDP on 1 mCrab in 100 ksec, 30, 2 - 6 keV,2.6 x | AGN geometry, strong gravity
2.6 arc min FOV with 7 arc sec HPD.

Astrometry 1 arcsec at 3o confidence Black hole evolution

Absolute Timing 100 psec Neutron star studies

Kepler Center-Tii



™ Stacked
detector
(LED+H
ED)
Simbol-X:
SVM

eRosita Framestore
CCD testing set

up



IXO-WFI lab setup at IAAT Courtesy of Chris Tenzer

Goal of this setup:
- operate a 64 X 64 Fixel prototype

- tes *\:{L'.L tronics components developed for
detector readout and evel 1L-pl cj,,/l'\_JLLUJJ.IL

Yacuum controls

Sequencer

Manipulators

o

Ll

T rErs e

Ferrormance measurements:

- energy resolution

- split event distribution

- noise and ofiset stability as a function
of temperature




ourtes ris lenzer

|AAT hardware contribution for I XO-HTRS

PPU masteroik | [ \ ]

PPU N
PCU CPU

HK ADC

. 4

Memory

FW + Drivers L |
Heater J

3Ix SDD
data —

Digital Data Processing Unit




Part 11:
The exploration from space
of the UHE Universe

(I know quite a jump...)
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Flux {m® sr s Gev)™

UHE = FE> (5-6) X10" eV (~10'° keV)
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'Their origin, nature and

even their route to Earth
presents an extraordinary

puzzle

Kepler Center-1u



Astrophysics: two problems
1. Cosmic Ray propagation in our Galaxy

Y[kpc]

10**18eV 10**19eV 10**20eV

10 e

Y[kpe]
Y[kpe]

\\\\\\\\

Yoy

= e
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...........
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...............

Largely unknown local extragalactic and galactic magnetic field
limits proton astronomy to higher energies

__Jmysin@ ( pc \sin@
ZeB Ze ) Bc

Andrea Santangelo,
Kepler Center-Tii
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2. The GZK Effekt

Greisen (1966) and,
independently
Zatsepin & Kuz’'min
(1966)

Kenneth Greisen George Zatsepin Vadim Kuzmin

@ TcmB

Cross section [mubarn]
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Attenuation length, a limited horizon

=~20%E,

A ~10Mac
Hor ~1(X)W

Nagano & Watson, Rev. Mod.
o Phys, Vol. 72, N 3 (2000)

A+ hv— (A- 1) + N Photodisintegration (Puget et al
A+ hv— (A-2) + 2V 1976) .’

A+ hy— A+ et+e Pair production (Blumenthal, 1970)

1022

Energy {eV)

10”1

1020

1pl®
10

L=}

E ~ 2#10% eV (nuclei) GZK effect ?




Viewed from a distance, an EAS appears
as a luminous disc moving at the
speed of light. Its luminosity increases
up to a maximum and gradually fades

The number of charged particles (mainly
e+ and e-) can be well parametrized by
the Gaisser-Hillas function

12 km

Nesz[ X-X, ]
X,

X, is the depth of the first
interaction
X

max IS the depth of the

maximum
X is the cumulate slant depth, in
g/cm? (thickness of air traversed)

X
70 ).
7,

erax :XO 5510g10 prim bk )

depth

700 |

1200 |

(g

shower size N,

XII]HX

1 —7
N . phot ~10"m

sea level

horizontal shower

sea level

zenith angle of 40 deg,

]
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The Pierre Auger Observatory (South...)
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A key result of Auger South and HiRes

The Auger Collaboration (2008a), Abbasi et al. (2008), Bergman (2008)

o e ¥ =3.26%0.04
= H 3
C I %l .
**,_w;w Ml %, =2.59%0.02
SRR P
L e n=43202

| L1l |
1018 1019 1020
Energy [eV]

Observation of a “flux suppression” in the spectrum:
GZK feature (? Or Sources running out of fuel)




Relevance of Auger's result:

e (Bad news for current observatories) it implies
a very low flux:

\particle/ km” | sr/century Ese¢x10°ev

\particle/km® | sr/millennium?  E>10"eV

 (Good news) It limits the horizon and gives us
the possibility to find local sources:

— Large angular separation
Sources?

— Smaller magnetic deflections

Graduate Day in Tiibingen of the Eurograd and Andrea Santangelo,

Tibingen November 19,2010 Kepler Center Graduate schools Kepler Center-Tii



A second key result from Auger

- Ang. Sep. v <3.1° ,z<0.
The Auger Collaboration (2007) Mrlli ) ai% ]‘é’ : 53 p EeVZ <0.018 (75

Enables Particle
particles at E>5x10" eV (1%) Astrononty

Observation of anisotropy of UHE




Hague & PAO
collaboration, 2000 Auger South latest results

Igent :
0.9 — Ve : Data + 1o
SR A = 2004-2009
0.8 5 N ! 8- Data + 26
078 w 58 events for
O6E E> 55 EeV
n_% 0.5
04 5— :
g IO T O oo = o Cen A interesting
02 ; region
0.I-period II : period IlI
T 11 1 I | I | I [ LY I I I | I I I | I | I ] | I L1 1 1 I | I | l | N [
e 5 10 15 20 25 30 35 40
Total number of events (excluding exploratory scan)
P,,., =k/N binomial parameter P Auger09=0‘38 =+0.07
It indicates the degree of correlation More than 2c

For isotropy P, ,=0.21
And HiReS ? NO Clear eVidence... Andrea Santangelo,

Kepler Center-Tii



Abbasi et al. (2010) arXiv:1002.1444v1

HiRes no correlation

Black dots = 457 AGNs + 14 QSOs from the Veron Cetty catalogue for z < 0.018
red circles = 2 correlated events abov&'56 EeV within 3.1°, o

blue squares = 11 uncorrelated events

Andrea Santangelo,

Graduate Day in Tiibingen of the Eurograd and Kepler Center-Ti

Titbingen November 19, 2010 Kepler Center Graduate schools



Evidence for GZK suppression?

Auger: Yes HiRes: Yes |~ Protons

\ Protons

Evidence for Anysotropy/correlation, sources?

Auger: Yes HiRes: NO Nuclei?
N Protons and
‘l' strong
Protons, not deflections?

isotropizing deflection

Andrea Santangelo,
Kepler Center-Tii



Protons or Nuclei: Composition?

Mean X, . and RMS from 3754 events

Xmax RMS

Mean Xmax
p— — & E
§ P - qasuemr § ™E_ potn
=) - s SibylI2.1 B L 3 2 - :_-__‘__*_ -
A 800[ - -EPOSv1go =g X e Lt AkSAREg == T
~ [ 7} - * {
750 |- = 2 *
:,-f &= 40 { }
L ™ s0f } {
: B L.
esof- E = R -
™ - e aal i
- 10 10" 10"
E [eV] E [eV]
Auger: iron nuclei?
Graduate Day in Tiibingen of the Eurograd and Andrea Santangelo,

Tiibingen November 19, 2010 Kepler Center Graduate schools Kepler Center-Tii



Composition?

HiRes, 2010, mean X, and RMS

—~850 -
™ [ ] D t
e ° BEeEhe 55705
5800F — QGSJET- e £ 60; '
"""" SIBLL2A e S5 50F ot o oo ot oo v # +
5 408 ¢ ‘ot
S0F P S S
20F ® HiRes Stereo Data
- O QGSJET=Il Protons
10 QGSJET— Iron
800 “1as 165 1575 10 1oas 1d8 1078 98 78.25 185 18.75 19 19.25 19.5 19.75 2(
8 18.25 185 18.75 19 19.25 19.5 19.75 20 log(E(eV))

log(E(eV))

HiRes: Protons?
Abbasi et al., PRL (2010) Andrea Santangelo,

Kepler Center-Tii



Evidence for GZK suppression?

Auger: Yes

HiRes: Yes

\ Protons

—> | Protons

Evidence for Anysotropy/correlation, sources?

Auger: Yes

v

HiRes: NO

Protons, not isotropizing deflection

Composition...

Auger: Iron

=

Nuclei? Protons and
strong deflections?

HiRes: Protons

Andrea Santangelo,

Kepler Center-Tii




Nature cannot be contradictory...

Experiments can!
A crisis in UHE research?

The ways to go... try to understand what
are the reasons of the discrepancies!

Andrea Santangelo,
Kepler Center-Tii



The ways to go (2) ... Design and build
the next generation of UHE
observatories

Andrea Santangelo,
Kepler Center-Tii



The ways to go... Ground (Auger
North ) Vs. Space

>4000 Surface Detectors

~40 Fluorescence Telescopes
AGASA

T 2 & (3% |
e A ok : AAuger]\bﬁh ~2>< 104 ]qrf
Auger- |
South
- 2 ...: ;-'. 714??.k;“..-‘F;mr

Why fmm space” ?

How “from space”?

Andrea Santangelo,

Graduate Day in Tiibingen of the Eurograd and Kepler Center-Ti

Titbingen November 19, 2010 Kepler Center Graduate schools



Observational Technique

Tiibingen November 19, 2010

180

A. Bunner, 1967; Kakimoto et al., 1996
Nagano, 2009,

160-:
140-
120—-
100.-
80

60 =

Intensity (rel. units)

ik P

300

(Lo

20 4
] G2 (33)
0

320

00

340

Graduate Day in Tiibingen of the Eurograd and

Kepler Center Graduate schools

.1

(L2)

‘Dry Air" (80% N, 20% O,), 1 bar
Corrected for spectrometer response

(14) (0.3) (15) =

360 380 400 420 440

Wavelength (nm)

330-400 nm, UV

Andrea Santangelo,
Kepler Center-Tii



| Photon's types |

300

250

200

150

100

| Fluo : 5725

llll'llllllllllllllllllllllllllll

Dir. Cher. : 496
Bck. Cher. : 875

p, 10°%V, 60

deg

GTU time units

L 1 |

FAST SIGNAL

80 100 120

.|
140

a) Fluorescence

b) Scattered Cherenkovy

¢) Direct (diffusively
reflected Cherenkov)

1 GTU =2.5 usec

duration ~ 150 usec

Simulation of the light profile observed at the entrance

pupil of JEM-EUSQO, using the ESAF code

Andrea Santangelo,
Kepler Center-Tii




JEM-EUSO

The Extreme Universe Space Observatory (EUSO)
onboard the Japan Experiment Module (JEM) of

the International Space Station

The JEM-EUSO Collaboration, led by RIKEN-
Japan, brings together 170 scientists from 12

Countries: Japan, Europe, US, Korea,

Mexico and Russia




The Mission

Graduate Day in Tiibingen of the Eurograd and Andrea Santangelo,

Tibingen November 19,2010 Kepler Center Graduate schools Kepler Center-Tii



‘h‘

vy -5 N L T——d

o apgflijlésé Experiment Module

*“Kibo” July 2009




Standard Payload: mass 500 kg,
envelope:1.85m X 1.0m X0.8m

Number of ports: ] 0
Power:120Vdc, Max10kW
Communication, low speed (MIL-
STD-1553B) medium speed (
Ethernet),High speed :FDDI)
Coolant, controlled temperature

| 20+4°C




Transfer to the ISS:
H-IIB Transfer Vehicle (HTV)

ARge MHEE/a-I
Solar Colls Propuision Mocx.:!e
. RAEI2-N
UL Avionics Module

‘ Navigation Light
ESEF+U7
Un-pressurized Carrier

l"._

5E¥vU7

Pressurized Camier

JEM-EUSO

Deploy Mechanism
(See Next Page)

Telescope

Successfull Launch of H Tt

EUSO Launch (Stowed) Configuration EUSO On-Orbit (Deployed) Configuration

4 m across, 10 m long || Folded config. _Expanded config. ’

EUSO Telescope Configuratio

$ 2175 |
1




Mission aspects have been successfully studies

by JAXA and RIKEN

« Time of launch:

« Operation Period:

« Launching Rocket :

« Transportation to ISS:

« Site to Attach:

« Height of the Orbit:

* |Inclination of the Orbit:
e Mass:

e Power:

« Data Transfer Rate:

Tiibingen November 19, 2010

Graduate Day in Tiibingen of the Eurograd and
Kepler Center Graduate schools

year 2015

3 years (+ 2 years)

H2B

un-pressurized Carrier of
H2 Transfer Vehicle (HTV)

Japanese Experiment Module/
Exposure Facility #2

~400km

51.64°

1983 kg

926 W (operative),
352 W (non-operative)
285 kpbs

Andrea Santangelo,
Kepler Center-Tii






JEM-EUSO Telescope on ISS

i “%\flﬁ

LES sq;«;, "H‘ -

Vertical Mode (2 years) Tilted Mde (3 ears )
Larger effective area ( X3) with ~35 ° tilt

Graduate Day in Tiibingen of the Eurograd and Andrea Santangelo,

Tiibingen November 19, 2010 Kepler Center Graduate schools Kepler Center-Tii



Field Of view (Nadir vs. tilting )

11 L1 I - I I ] I | I L1l L1l
10 15 20 25 30 35 40
tilt angle[°]

' Seveml times increase of
instantaneous observatzon area

B

Q - i \<ﬂ E A

! ) o W &
©2010 Tele Atlas 7,)” §

US Dept of State Geographer

& 20107 urqpa Technologles Py =l

. A US.N NGA, GEBCO
deg. tilting e

_—-/--__J_' __\-

38 30



ISS Orbit 2 Uniform Exposure

| JEM-EUSO |

http://www.nlsa.com/

Full-Sky Coverage

Andrea Santangelo,
Kepler Center-Tii



The Main Instrument
(... the UV Telescope)

Graduate Day in Tiibingen of the Eurograd and Andrea Santangelo,

Tibingen November 19,2010 Kepler Center Graduate schools Kepler Center-Tii



|l View of the
‘0 Telescope

*— Atmospheric monitoring

_/
Fodal surface detector
Focal Surface |
Fomm— (- 2000 | ——— Rear lens Focal surface
| Electoronics
Precision|fresnel lens
Iris
0
Tilt system
Lid Precision optics cancels
chromatic aberration Grapple fixture
system
Materials: PMMA + CYTOP

Connects to the JEM/EF EFU



The UV Telescope

Table 1. Main parameter of the JEM-EUSO instrument

Field of View +30°

Aperture Diameter 2.5m

Optical bandwidth 330 - 400nm

Angular granularity 0.1°

Pixel Size 4. 5mm

Number of Pixels ~20 X10°

Pixel Size at the ground 750m

Duty Cycle ~20 - 25%

Observational Area ~2 X 10° km?
FresnelLens #2 :- — EI?—CtI:nES

~

Precision Fresnel Lens ~ _ Focal Surface Support Structure

Iris

Focal Surface Detectors

Fresnel Lens #1 Andrea Santangelo,

Kepler Center-Ti



Recent progress in Optics

Manufacturing large
diameter Fresnel lens

i
f .
Y
J N
.J

E )RR V‘/X%E&Wgﬂﬁﬁj’ﬂmfﬁijft\%o

We obtained a cutting machine with a 3.4m dia. turn table to
Andrea Santangelo,

make a 2.65m dia. Fresnel Lens. Kepler Center-Tii



Elementary Cell
(2x2 PMTs = 256 pixels)

MAPMT

(8x8 pixels)

Photo-Detector Module
(3x3 ECs = 2,304 pixels)

Focal Surface detector
137 PDMs = 0.3M Pixels

Andrea Santangelo,
Kepler Center-Tii




Baseline: M64 (Hamamatsu),
lested last August, Excellent
Performances!

Advanced Options:
SiPM (Germany...)

y(mm)

10+

Alternative: SiPM (MPI-HLL)

1000 V
1pe=87.2x0.25pC
Gain =2.7 106

10°

105 113

10* L}
1000

1m ISP

M+ TR
1 H
0 50 200

100 150
channels

250
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JEM-EUSO DAQ — Data reduction block scheme

9.6 GB/s (FS) 47107 compression 103 compression

EEEEEEEEER EEEN &S E A EEEESEEEEEEEEE NN EEEEEEEEEEEEEEEEEEEEEEEDR
| SR | - - - ~m

R

PDM Control Cluster
Board Control Board

FPGA

Track Trigger | ~_

or Modules

200kch 160 Boards 20 Boards
1,476 EC

LVDS with SpaceWire (ECSS-E-50-12A)

297 kbps
3 Gbhyte/day

Storage on SSD will give
factor 3, up to 10 Gbyte/day
Return with Soyuz

FS Control
Board

MPU

Operation
Control

2 Boards




Proton Shower (60 deg, 10°%V)

GTU= 2.5 p1sec |ty




Result of end-to-end simulation

I (riniy
N
*\
o

200

150
100

-100
-150

Gtus 0-88 Hits on screen: 596

15

110

-50

-300

-200

-100 0 100 200

300

X [mm]

Kepler Center-Tii




Signal for a p shower (60 deg, 10°%¢V)

30

25

20

15

-
o

4]}

o

Photons vs GTU

|

INum nf Phntnne

1 1 1 I 1 1 1 I 1 1 1 I 1 1 L I 1 1

Mean 1.665e+06
RMS 2.048e+04
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Performances

Graduate Day in Tiibingen of the Eurograd and Andrea Santangelo,
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Large distance > 400 km

Large FOV 7'_|'3OC
A™ =6x10° knt' - sr

Nycte =10+25%0

A, ¥ =(6+9)x10" kn? - sr

Large Target Mass of the
atmosphere

=~ fewx 10" tons

Full sky coverage looking at
both North and South sky

47t coverage

Large Distance R but small
proximity effect

AR/ RinYc

Andrea Santangelo,
Kepler Center-Tii
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tilted




= Why JEM-EUSO?

= ey [ MLinsley JEM-£USO (Tilt)/”
71
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JEM-EUSO sky

2107 10 Mpc
210” [100 Ve Forecast in case of 1,000 events 2 ha® 1
= 10" ”H:| T T+TL
41 1 T T A
T T Brightness of particles X ray (AGN) 10F
40 :
| 198720 203204 30.6208 21 21,0214
16;8 ll() 20].2 20142()'»620..8 le 2II‘22Il.

logl(E) Ic-\f']
log10(E) [eV]

Takami 2008

- More than 1,000 events: E>7x10"eV

- We expect to discover several dozens of clusters

- Can observe the whole sky e



Exploratory Science Objectives:
- Neutrinos at UHE

- Photons at UHE
- Fundamental Physics

Graduate Day in Tiibingen of the Eurograd and Andrea Santangelo,

Tibingen November 19,2010 Kepler Center Graduate schools Kepler Center-Tii



Astrophysical Neutrinos... (at UHE)

Migneco, (2004)

&

Low energy protons
deflected

High energy gammas

10 Mpc

. _,
vs not affected by cosmic radiation
vs not bent by magnetic fields




Production: Decay chains of mesons

T I +V,(V,)

-|_- _ _
_ e +v,(v, )tV (v,)

PP T 2> uv,” e vy,

1: 1:1 (atearth) max.mixing

Other mesons like Kaons are also involved to
certain degree and all decay chains are very well
known =2 But HOW the mesons are produced ?

Andrea Santangelo,
Kepler Center-Tii



Sources of Neutrinos?  PY—"%

+0 py—pr’ Orr =0.01
p~+Nuclei —7" +... P

pPY—>prTTT

Accelerator

We have an accelerator of protons
< to generate a proton beam

Fermi mechanisms can accelerate protons

o

We need a gas (well nuclei) or

catager . i | — :
het ambient photons target
i |« Supernova ejecta e Jets in AGN
sbema]| ©  Accretion disks * Microquasars, Binaries
{neurino © Galactic disk « GRB
t

e Molecular clouds « CMB Andrea Santangelo,
. N Kepler Center-Tii

p.e



Bittermann, 2010

The Zoo of neutrino models

2 Magnetars (Murase 09)

3 Mannheim Limit “.‘ AICE™
(optically thin sourcesy,

[
10 2

D@

dN/AE_E*[eVsr' s em™]
=

E [eV]
poaoonnd oo vroml g sl s sl 31y V
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10



Neutrino shower simulation

D&

e Horizontally incident neutrinos
— Survival prob. to come in FOV
e Neutrino: ~exp(-0.001)
o Proton: ~exp(-1000) for 10°° eV

o« CONEX code used for
shower simulation in atmosphere




Position of EAS maximum measured in slant depth Xmax [g/em”2]

Discrimination of Neutrinos vs Protons

Rejection > 10
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I \[HIHI
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Andrea Santangelo,
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New Physics?

Graduate Day in Tiibingen of the Eurograd and Andrea Santangelo,
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Neutrino cross sections

Black Hole production

108g‘

108 |
E E

104 L
E 3
2 [ ]
LR ST AU O EPUT T T R B

106 108 1010 1012
E, (GeV)

Feng & Shapere, 2002

EW instanton effects

o,y (mb)

104 . —T
102 |
100 | ] i
10-8 BB |
10—6 | i ¢ )
108 1010 10l%
E, (GeV)

Han & Hooper, 2004

Tiibingen November 19, 2010

Graduate Day in Tiibingen of the Eurograd and
Kepler Center Graduate schools

Bezrukov et al.,
2003a, 2003b

Ringwald, 2003

p-brane production

1010
E, (GeV)

Anchordoqui, Feng and Goldberg, 2002

Exchange of KK modes
10 T T L R T T T A
P
1k -
//
0.1 "
0.01 /‘//‘
0.001 | ~
TN 1e-04 / -
cc «
105 A
1608 6Tev .15 TeV.-"30 Tev
1207 s
1e-08 -
1209, I il WLl . . .
17 17.5 18 18.5 19 195 20 205 21
log(E, /eV)

Kachelriess & Pliimacher, 2000

Andrea Santangelo,
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Bittermann, 2010

The Zoo of neutrino models

2 Magnetars (Murase 09)

3 Mannheim Limit “.‘ AICE™
(optically thin sourcesy,

[
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Scientific Requirements

Number of Events: > 1000 (at E> 7x10”eV)
Arrival direction: ~ <2.5° wm) Ppoint Source
Energy determination: < 30% mm) Energy spectrum
X nation: <12 g

max determination: < 120 g/cm —

Neutrino EAS

They have been confirmed by end to end simulations
performed with two independent Frameworks

(ESAF in Europe)

. Graduate Day in Tiibingen of the Eurograd and Andrea Santangelo,
Hittinan Mevaes L2, A0 Kepler Center Graduate schools Kepler Center-Tii



Conclusion (1)

HESS was right: we need a lot of
money for all these fascinating
projects!

Andrea Santangelo,
Kepler Center-Tii



Updated from
F. Halzen, 2002

Conclusion II: Serendipity or Vision?

The
« The Eye » User date Intended Use breakthrough
Optical Galileo 1608 Navigation Moons of Jupiter
. Expanding
Optical Hubble 1929 Nebulae .
Universe
Radio Jansky 1932 Noise Radio galaxies
. Penzias, . . . 3K cosmic
Micro-wave Wilson 1965 | Radio-galaxies, noise background
X-ray Glacco.n b 1965 Sun, moon neu.tron .stars.
Rossi accreting binaries
Radio Hewish, 1967 [onosphere Pulsars
Bell
- Thermonuclear Gamma ray
-rays 2
Vray military 1960 explosions bursts
UHECR  |JEM-EUSO ? | 20157 | VHE CRandy 2227
sources




What will be the impact of clouds in the efficiency of the mission?

e In rough numbers:
— 1/3 of the time the sky is clear,
— 1/3 of the time there are only low altitude clouds (<1 km), and
— 1/3 of the time there clouds at higher altitudes, interfering with
measurements.
e The cloud interference will be assessed by:
— IR 1magery calibrated by nadir-pointing LIDAR measurements

— Auto-detection using the forward directed Cherenkov emission from
the EAS events themselves.

Andrea Santangelo,
Kepler Center-Tii
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Atmospheric Monitoring System

1SS motion
JEM-EUSO l
q

‘IR Camera

Imaging observation of cloud temperature
inside FOV of JEM-EUSO

¢ “Lidar

Ranging observation using UV laser

JEM-EUSO “slow-data”

\\  Continuous background photon counting

* Cloud amount, cloud top altitude: (IR cam., Lidar, slow-data)
« Airglow : (slow-data)

= Calibration of telescope - (Lidar)

Andrea Santangelo,
Kepler Center-Tii



Calibration and Monitor by
Onboard LIDAR, Ground LIDAR & Xe flasher

8>~

R O/)0qrd LIDAR

g .

T

JEM-EUSO

50mJ Nd:YAG 3™

()

10~20 x LIDAR station

Xe Flasher

Andrea Santangelo,
Kepler Center-Tii



Atmospheric Luminous Phenomena

~300 km

~40 80 km
Elves

\“ Gigantic '
Jet

Columniform
Sprite

smwwm

Leonid meteor swarm in 2001 Various transient evenf§i e santangelo,
taken by Hivison camera Kepler Center-Tii

Carrot Sprite




Transient Luminous events

Gigantic
Jet

Blue Jet

<
3 5
—
=
<

Columniform
Sprite Carrot Sprite

Figure 2.2.5-2. Various transient luminous events associated with lightning.

From the JEM-EUSO phase A report



A naive science objective: exploration
of the Unknown!

Andrea Santangelo,
Kepler Center-Tii



Updated from
F. Halzen, 2002

Serendipity or Vision?

The
« The Eye » User date Intended Use breakthrough
Optical Galileo 1608 Navigation Moons of Jupiter
. Expanding
Optical Hubble 1929 Nebulae .
Universe
Radio Jansky 1932 Noise Radio galaxies
. Penzias, . . . 3K cosmic
Micro-wave Wilson 1965 | Radio-galaxies, noise background
X-ray Glacco.n b 1965 Sun, moon neu.tron .stars.
Rossi accreting binaries
Radio Hewish, 1967 [onosphere Pulsars
Bell
- Thermonuclear Gamma ray
-rays 2
Vray military 1960 explosions bursts
UHECR  |JEM-EUSO ? | 20157 | VHE CRandy 2227
sources




Back-up slides

Andrea Santangelo,
Kepler Center-Tii



science

Atmospheric Sciences

Lightning and TLEs by CR data

— Nadir Observation of Lightning and TLEs
— Global Survey of TLEs
— Narrow Bipolar Events

Night Grow, Plasma Bubbles by slow data

— Global Imaging of O, Hertzburg | night grow
— Formation Mechanism of Plasma Bubbles
— Energy, Momentum, and Material transfers in upper atmosphere

Clouds and atmospheric condition by Lidar and IR cam

— Global survey of cloud top height

— Aerosol distribution in troposphere and lower
stratosphere(<25km): Mie Lidar

— Density and temperature distribution (25-60 km): Rayleigh Lidar
Meteors by slow data

Kepler Center-Tii
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110 Gpe

10 Mpc

Absorption Mean Free Path

‘ 10 kpc
| QG (E=-1)_

9 12 15
Kifune 1997 log E (eV)

EHE yrays travel > Gpc only in Quantum Gavity or C-G vacuum
¢ E(Y) ~w «--- £(103K)
e 4¢E - & >4mc*

Andrea Santangelo,
Kepler Center-Tii



What is the expected background of the mission?

Dark Sky Background

— Estimated from balloon flight data collected by Italian and US balloon
experiments and from Russian satellite measurements (Tatiana). The additional
light seen from space was checked against upper atmosphere models for the
Hertzberg emission in the UV. Simulations show that the EAS signals an be
seen above this background.

The Moon

— We have used measurements of lunar emissions in the UV to determine the
addition of reflected moonlight to the dark sky background. Since the moon is
very non-Lambertian, it adds little below half-moon. Nearer full moon the
threshold must be raised to accommodate the background.

Background light from Cities

— This was measured by balloon flights and satellites. Extrapolations were made
to cities not measured, scaling by population. Avoiding cities results in a rather
small reduction in collection time.

Auroral light:

— This was estimated from satellite measurements and estimated from historical
patterns of auroral activity. Aurora will cause a small decrease in collection
time.

Other Sources:

— Lightening: We have found that all known forms of lightening longer duration
pulses of light. These should not be confused with the EAS signal.

— Xenon flash lamps on aircraft, tall towers, etc. These are too fast to satisfy the

EAS trigger criterion. Andrea Santangelo,
Kepler Center-Tii



alrglow (h ‘IOO km) 250—600 ph/mllns/sr

moon phases < 25% < IOO phlmzlns/sr 7

—

Kepler Ceter-T



How is JEM-EUSO calibrated?

e  Ground based calibration:

MAPMTs and front-end electronics are calibrated before integration in focal plane

Throughput of optics as a function of incident angle and wavelength is measured using a large
collimator (USA)

Spot-size as a function of incident angle and wavelength is measured using a large collimator
(USA)

Scattered light as a function of incident angle and wavelength is measured using a large
collimator (needed due to background sources in the FOV near candidate EAS events) (USA)

Performance test of fully integrated instrument (Japan)
Potentially a full performance test in the flight thermal/vacuum environment (Japan or USA)

*  On-orbit calibration/performance monitoring:

Electronics performance monitored with built-in testing capabilities

— MAPMT/EM performance monitored during day-light time with strategically placed LEDS

within the telescope volume or on the lid
Ground Light Sources (GLS)

e ~30 GLS units strategically placed around the world, candidate sites are remote areas with
little manmade background, over-flights occur once per day on average,

e GLS are calibrated before deployment, monitored during operations and re-
calibrated/replaced as warranted

* During over-flight, the GLS flashes repeatedly and triggers the telescope and the
atmospheric monitoring system (AMS).

e The captured image and AMS data are used to reconstruct the luminosity of the GLS signal
and compared with the known luminosity of the GLS. This validates the data analysis of the
EAS

e The GLS enables monitoring the spot-size of the optics because it is a point source

e The GLS includes an air-borne unit that is flown at different altitudes on a monthly basis

Altitudes will cover the range of shower maximum depths Andrea Santangelo,

Kepler Center-Tii



500 counts/ (ns sr m?

sjuno)

I Produced with VideoMach
www.videomach.com

ea Santangelo,
ler Center-Tii



2010-02-23 . =" Q
” §9:60-0 4 02

*

0 ZO{Jxrele tlas

US Dépt of State Gé‘ogr LGP
: 0 2010° Europa Technolog:es &
Dita SI0, NOAA%U)S. Navy, NGA, GEBCO.




Trigger probability

0.6

0.2

Trigger efficiency in the inner part:
important for Cross-Calibration

0.4

FULL FOV

|

10%°
Energy (eV)

3x10” < E<5x%10"
R, N~25%

R <200 kN ~ 32%
R<100 krmmN ~ 58%

Andrea Santangelo,
Kepler Center-Tii



Bottom-up: Acceleration Mechanisms ?

15t Order Fermi Shock Acceleration: Basic Ingredient Shocks!

Upst E N.?_\
ps ream enm

(Unshocked)

The fractional energy gain per shock
crossing depends on the velocity
jump at the shock. Spectrum E™ with
(i q > ) typically

When the gyroradius becomes
comparable to the region size,
the spectrum cuts off

~L,

Andrea Santangelo,
Kepler Center-Tii

Hillas’ limit E
1o accelerate a particle R

efficiently it must cross g &B
acc

the shocks several times.



Possible Sources:
Hillas plot

Emax ~ Bs'Z-B-L
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Kepler Center-Tii
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gauss)

log (Magnetic field,

Neutron
star

Protons
(100 EeV)

Protons
(1 ZeV)

Galactic

Ptytsina & Troitsky, 2008
| | | |

Hillas plot

All Astrophysical models
are limited to

E<10*'eV

3 6 IQ 12 T

1 au
log(size,

1 pec

15 'I 18 T 21

1l kpec 1 Mpc

km)

—, Gas Disk in Nucleus of
| Active Galaxy M87

Torres & Anchordoqui, 2004



‘ 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

., ;‘,:__: In 1995 Yoshi Takahashi of UHA
* rediscovered the original idea and
proposed the MASS program wich

later became a reality with the
OWL and EUSO studies

. . Andrea Santangelo,
John Linsley at Volcano Ranch in the 60’s Kepler Center-Tii



Neutrino Cross sections

Fargion et al., 1999

Bottai & Giurgola, 2003 Neutrino Cross Sections can be
measured from the ratio of

Horizonthal to Upward showers

Palomarez-Ruiz, Irimia
and Weiler, 2006

90° 74.6°
£6.8°

Fargion, 1997, 2002, 2004

Yoshida et al., 2004

F
/

UAS

;
N

HAS

-33 -32 =31 5 Andrea Santangelo,
10 10 10 o cm Kepler Center-Tii



Top-down models
Bhatacharjee & Sigl, 2000

Particles are produced from the top, from the decay of some

supermassive unstable particle | |
1.) particles released from topological defects,

left over from the cosmological phase
transitions (cosmic strings, magnetic

Berezinsly, Blasi, Vilenkin 1999 monopoles, domain walls...)

2.) long-lived massive free particles

X — q -+ q,m % > 1 012 GeV (“WIMPZILLA” dark matter, mirror matter)
|

The X particle decay into quarks that hadronize, generating
pions and a small fraction of protons and neutrons. At the
production most of UHE particles are y-rays and Neutrinos.

T +V(V,)

: ; Andrea Santangelo,
Kepler Center-Tii
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Extend Air Shower

<t Primary Cosmic Ray
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The primary interaction can be
hadronic. A number of Hadronic Cascade

secondaries mainly pions are  Charged pions>muons
generated. These give rise to
further hadronic interactions

Andrea Santangelo,
Kepler Center-Tii



Electromagnetic Component
in the Extend Air Shower

<@ Primary Cosmic Ray

___________ =7 At each step 1/3 of
g UV Ponecentphatens  tf1e energy is given
to neutral pions
which decay into
gamma photons

ic Ray

Photons produce e-pairs _
Two types of light are produced:

and Compton electrons — Fluorescence photons (isotropic)
which produce photons via — Cherenkov photons (beamed)

Andrea Santangelo,
bremsstrahlung Kepler Center-Tii



