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Goals of the Field

To understand Nature's High Energy Accelerators
To use Cosmic Particles to study HE interactions
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What is the easiest Astroparticle to detect?
Photon!

In what Energy range do we observe them?
10 eV to 104 eV (1 eV = 2.4 10 Hz)
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Photon-Photon Opacity

The table shows some important examples of combinations of =1 and =5. Photons wil
energies greater than those in the last column are expected to suffer some degree of

absorption when they traverse regions with high energy densities of photons with

energies listed in the first column.
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Starlight
X-ray

21(eV)  1(eV)

Microwave Background Radiation 6 x 10~% 4 x 10%%
2 1054

10 3x10°

The cross-section for this process for head-on colisions in the ultrarelativistic limit is

2w
o = 2 e [zm( )_1]

where w = (£129)1/2 and re is the classical electron radius.
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What is the easiest Astroparticle to detect?
Photon!

In what Energy range do we observe them?
10 eV to 104 eV (1 eV = 2.4 10 Hz)

How far can we observe them from?
z=1100 (E_,~ 107 eV); HEs: z=7 QSOs, 2z=9.4 GRBs
Galactic Sources (E ~ 100 TeV)
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What is the easiest Astroparticle to detect?
Photon!

In what Energy range do we observe them?
10 eV to 104 eV (1 eV = 2.4 10 Hz)

How far can we observe them from?
z=1100 (EcmbH 10-3 BV)
Galactic Sources (E ~ 100 TeV)

At HEs, how are they generated? Observed?
Electromagnetic & Hadronic (mm prod) processes
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Photon emission by accelerated charged particles

Photons emitted by Protons

Stars

Energy Flux
Dust / \

./ / Ii_ ! \5

67 MeV =0.5"m(r°) Energy

S. Funk CR2012




Photon emission by accelerated charged particles

Photons emitted by Protons
Energy Flux = v

\,.

Inverse Compton ||
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67 MeV =0.5"m(rt%) Energy

S. Funk CR2012

Synchrotron
(need B-field)




What is the easiest Astroparticle to detect?
Photon!

In what Energy range do we observe them?
10 eV to 104 eV (1 eV = 2.4 10 Hz)

How far can we observe them from?
r£3410]0 (EcmbH 10-3 BV)
Galactic Sources (E ~ 100 TeV)

At HEs, how are they generated? Observed?

Electromagnetic & Hadronic (mm prod) processes
Fermi Satellite & IACTs
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TeV 7 Catalog (IACT sky)
> 100 sources

Hoffman TeVPA(9



New Eyes
Gamma-Rays

Fermi GST
LAT:
20 MeV - >300 GeV
GBM

8 keV - 40 MeV




Credit NASA/DOE Fermi/LAT Collaboration




Supernova

What has Fermi found: The LAT two-year catalog
remnants Globular clusters,

/ Pué;ll'i 4% high-mass binaries,
\ / normal galaxies
Non-blazar \ anﬂ;um
active galaxies —,
1%

Blazars
57%

Unknown
31%

Credit: MASA/Goddard Space Flight Center



e origin of Cosmic rays - individual SNRs
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Can they be observed at UHES?



redshift
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redshift

Photon attenuation length

> 10 Mpc for E > 2 EeV

107°
1":']‘1 D'II.I 01}1 :D'I-l.1 0151 ﬂlﬁ.‘ D'I?,I ﬂll.l D'li.l D:‘U,I u:"l.l Dﬂ,‘ 02’,.' ﬂii-.l Dﬂ




Auer Pho’ron Limits ICRCII

upper limits 9% CL. --- SHDM
= : SHDM’

TD
Z-burst

GZK

—h

0

k.
<

.
=
iy

o
E

!
LL
A

LL
x
=

T

®
e
o
S
=

el
-
h

Illl

10" 10%
Energy[eV]

TA consistent (ICRCI1)




Cosmogenic (GZK) Neutrinos & Photons
and UHECR composition

1

: :; IJ—I_ }’['Hi‘h_} ‘d




GZK/Cosmogenic Photons

IR/OPT/UV Kneiske 2006 mixed composition IRFOPTIUY Kneicke 2008 -
at the sources E =£10" eV
=11 FEFTH‘I'LAT T ) Feml_LAT max
1077 Lay 1 10" 1=
l-.

1012 FR-
S
0
|
4
= -14 -
ﬁ 10 “Uniform o ] ‘ -
L n-prod only ;
E 19-15 B i 1D-15 ;d-'.F---.-"l
= uniform -
T 16 16 o
W 107" | 108 |

TS 107 | i

1G-1a | Ir'll -ID'1B

8 10 12 8§ 10

Decerprit & Allard 11



What are the most energetic Astroparticles?



What are the most energetic Astroparticles?
Ultra High Energy Cosmic Rays (UHECRS)
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What are the most energetic Astroparticles?
Ultra High Energy Cosmic Rays (UHECRS)
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What are the most energetic Astroparticles?
Ultra High Energy Cosmic Rays (UHECRS)

In what Energy range do we observe them?
from ~GeV to 0.3 ZeV - 10° to 10%° eV



Equivalent c.m. energy Vs, (GeV)

10° 10° 10° 10° 10"
1D15 llllf IT I ||l||l| f | lliilll T I ] lllllll | | IIIIIII
AHIC (p-p) Tevatron (p-p) 7 TeV 14 TeV ¥ HiFes-MlA
108 HERA (v-p) LHC (p-p) 4 HiRes |
4 HiRes
« Auger 2011
* TA 2011 (prelim.)

Scaled flux E*” J(E) (m”s'sr'eV')

107k w ‘:“3% ok
10"
107
E & aTC e KASCADE (QGSJET 01) . %
= = PROTON | KASCADE (SIBYLL 2.1) -
1ot - AUNJOB *  KASCADE-Grande 2008 ' it
E * Tibet ASq (SIBYLL 2.1) 1t
1D13

10" 10" 10" 10" 10"7 10" 10" 10
Energy (eV/particle)

R. Engel’s lectures



What are the most energetic Astroparticles?
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What are the most energetic Astroparticles?
Ultra High Energy Cosmic Rays (UHECRS)

In what Energy range do we observe them?
from ~GeV to 0.3 ZeV - 10° to 10% eV
How far can we observe them from?

z=3 (E ~ EeV =10!8 eV)
< 100 Mpc (E ~ 100 EeV)
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Propagation of UHECRs

Greisen-Zatsepin-Kuzmin (GZK)
pioneered the field in 1966

END TO THE COSMIC-RAY SPECTRUMY¢

Kenneth Greisen

Cornell University, Ithaca, New York
(Received 1 April 1966)

G. T. Zatsepin and V. A. Kuz'min
P. N. Lebedev Physics Institute, UES

B8R Academy of Sciences
Submitted 26 May 1966

ZhETF Pis'ma &4, No. 3, 114-117, 1 August 1966



Propagation of UHECRs

Greisen-Zatsepin-Kuzmin (GZK)
pioneered the field in 1966

END TO THE COSMIC-RAY SPECTRUMY

Kenneth Greisen
Cornell University, Ithaca, New York
{Received 1 April 1966)

One cannot save the day for super
ergy cosmic rays by calling
The threshold for photodisintegration against
photons of 7x10~* eV is only 5x10" eV /nu-
cleon, and at 10' eV /nucleon most of the

photons can excite the giant dipole resonance,
for which the eross section is on the nrder

3

g; G« T. Zatsepin and V. A. Kuz'min

P. N. Lebedev Physics Institute, USSR Academy of Seclences

Submitted 26 May 1066

ZhETF Pis'ma 4, No. 3, 114-117, 1 August 1966

Wotice should be taken of the disintegration

théy pass through metagalactic space. This ococurs at an c-particle energy someéwhat lowaer
than the proton energy at which the plon photoproductlion process beglins. Thée rather large
erose section of this process should lead to total disappearance of the muclei from the cosmic

rays at energies above 1012 av,



“Cosmologically Meaningful Termination”

Proton Horizon
~1020 eV

- -

e

GZK Cutoff
Greisen, Zatsepin, Kuzmin
1966
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Propagation of UHE nuclei

-

Tal-1 F‘= -1;|.l-|
Tl B L [ - o
GDR: giant dipolar resons N H“«T‘I
. . N - [
3 QD: quasi-deuteron proce i \ . :H\\
E ! s = i o .
o T BR: baryonic resonances \ .
. % = b, e T T
| 1 oy " 0" | = g I_._ i
L PF: photo-fragmentation ' N B eI
- L i3 1__{
. " | L J_:. I, '|T j
Th 10 = i i i ‘ ] [ |- il
i 0™ 1 i o
Lowerir lacior, | E V)

Energy Loss
Length

e meun—Free—pﬂ’rh
CMB IRB interaction

|rﬁ = E* (10** L-'-.f"m"s gr')

1

L b

4

dip only for
protons

L il 18 185 20

Allard, Parizot, Khan, Goriely, AVO '05 log,_ E (sV)



E > 100 EeV ------------
E - El::l EE"u" —
E 5 il() ERV st s

-
M
QL
L
E
o
4
o
L™
o
=
e
0
-
2
.
-
=
]
O
L
[
o
E
o
-+
L
o
-
[F-

Allard, AVO, Parizot 07



= ~ E > 100 EeV ------------

LA [ st ~ E = EI::I E.E-".," e

QO B . E > 40 EeV — — —

c 0.8H T Wavelength [mm)]

O ' ~ 2 1 067 05

T

m '}

s - e FIRAS data 1

= L H - 2.725 K Blackbody
7¢]

S 0.6 SN W™
=,

i | = 200 |-

2 §
=

) = 100

£ 0.4

=

E," i

0 § frequency {1/cm) 3

EI He

c 0.2

RS .

© i

> :

G.G il I L | I " I J. " " | L | | |
0O 20 100 190 200

Allard, AVO, Parizot 07




Modern Propagation Codes

Public:
CRPropa
1.0 Armengaud et al '06
2.0 Kampert et al. 12
SimProp
Aloisio et al 12

Private:
Allard et al ‘04
Taylor '07
Ahlers '10
others...




Modern Propagation Codes

InterGal

Magnetic
Fields |

Interaction Cross Sections, z evolution

Background Fields: CMB, UV/Opt/IR

Primary, Secondary nuclei, nucleons,
gamma-rays, neutrinos,...




Source Model:
*injection spectrum:E-s
*injected composition
‘redshift distribution

| Propagation Codes
ol

= ..r;n';r;r;r;.

InterGal - .

Magnetic | &= |.
Fields L

_I

Interaction Cross Sections, z evolution
Background Fields: CMB, UV/Opt/IR
Primary, Secondary nuclei, nucleons,
e+e-, gamma-rays, neutrinos,...

Multi-messengers




What are the most energetic Astroparticles?
Ultra High Energy Cosmic Rays (UHECRS)

In what Energy range do we observe them?
from ~GeV to 0.3 ZeV - 10° to 10% eV

How far can we observe them from?
z=3 (E ~ EeV =10'8 eV)
< 100 Mpc (E ~ 100 EeV)

At UHEs, how are they Observed?



What are the most energetic Astroparticles?
Ultra High Energy Cosmic Rays (UHECRS)

In what Energy range do we observe them?
from ~GeV to 0.3 ZeV - 10° to 10% eV
How far can we observe them from?

z=3 (E ~ EeV =10!8 eV)
< 100 Mpc (E ~ 100 EeV)

At UHEs, how are they Observed?
Large detector Arrays (Auger and TA)



Ultrahigh Energy Cosmic Rays
Leading Observatories

Telescope Array
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Zc JETTR, Mendoza, Argentina

3 000 km? array
4 fluorescence sites



The Pierre Auger Observatory
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What are the most energetic Astroparticles?
Ultra High Energy Cosmic Rays (UHECRS)

In what Energy range do we observe them?
from ~GeV to 0.3 ZeV - 10° to 10% eV
How far can we observe them from?

z=3 (E ~ EeV =10!8 eV)
< 100 Mpc (E ~ 100 EeV)

At UHEs, how are they Observed?
Large detector Arrays (Auger and TA)

What are UHECRSs?



What are the most energetic Astroparticles?
Ultra High Energy Cosmic Rays (UHECRS)

In what Energy range do we observe them?
from ~GeV to 0.3 ZeV - 10° to 10% eV
How far can we observe them from?

z=3 (E ~ EeV =10!8 eV)
< 100 Mpc (E ~ 100 EeV)

At UHEs, how are they Observed?
Large detector Arrays (Auger and TA)

What are UHECRs? protons or nuclei or both.
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Just Below the Knee...
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What is the hardest Astroparticle to detect?
Dark Matter?

How abundant is it?
23% of the contents of the Universe

How are we trying to observe it?

Direct Detection - underground detectors
Indirect Detection
Accelerator Searches
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Dark Matter?
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What is the hardest Astroparticle to detect?
Dark Matter?

How abundant is it?
23% of the contents of the Universe

How are we trying to observe them?

Direct Detection - underground detectors
Indirect Detection
Accelerator Searches

What is used in Indirect Searches?

gamma-rays (Fermi Line?), neutrinos, positrons,
anti-nuclei (AMS)...
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back to the early Universe!



Strain (1/7Hz)

10

10

10

10

10

10

10

10

10

=10

12

14

)

18

1ﬂ15

Wavelength (m)

™,

=,

T

1D1D

H‘%r Timing  LISA

> -0 108410BBBH, 1 Gpc

_ - --o 107+10/BBH, 1 Gpc

=T
- L s

e 10°+10°BBH
SMBH background- ~ -\\‘ 5

Known binaries e=——=-

White dwart

galactic background

10+1F EMHI _

:'!'- a===» 10°+10PFBBH
L™

Advanced LIGO

10

A0

Frequency (Hertz)

10°



What is the 2 hardest Astroparticle to
detect?
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What is the 2 hardest Astroparticle to
detect?

Gravitons/ Gravitational Waves

How far can they travel from?
back to the early Universe!

How are we trying to observe GWSs?

Large interferometers on the ground (and
hopefully one day in space)

Pulsar timing Arrays
CMB polarization
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What is the 2 hardest Astroparticle to
detect?

Gravitons/ Gravitational Waves

How far can they travel from?
back to the early Universe!

How are we trying to observe GWSs?

Large interferometers on the ground (and
hopefully one day in space)

Pulsar timing Arrays
CMB polarization

Have we observed Gravitational Waves?



What is the 2 hardest Astroparticle to
detect?

Gravitons/ Gravitational Waves

How far can they travel from?
back to the early Universe!

How are we trying to observe GWSs?

Large interferometers on the ground (and
hopefully one day in space)

Pulsar timing Arrays
CMB polarization

Have we observed Gravitational Waves?
Not yeft...
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What is the 3™ hardest Astroparticle to
detect? Neutrinos

How abundant are they?
0.3% of the contents of the Universe

How far can can they travel?
back to the early Universe!

How are we trying to observe them?

Low Energies: underground detectors, reactors,
accelerators, CMB

High Energies: ice and water km3 detectors
Have we observed cosmic Neutrinos?
Solar, SN87A, ... and 2 PeV neutrinos??



Highest Energy Neutrino Observatories

IceCube




HE Neutrino Limits - thus far

IceCube Nature '12 - constraints on (some)
Gamma-ray Bursts (GRB) Fireball Models

Waxman & Bahcall
140 himit
IC40 Guetta et al.

IC40+59 Combined
limit

IC40+59 Guetta

at al.

10° 10°
Neutrino Energy (GeV)




Beginning of PeV Neutrino “Astronomy”?
Two events passed the selection criteria

2 events / 672.7 days - background (atm. p + conventional atm. v) expectation 0.14 events
preliminary p-value: 0.0094 (2.36c)

Run119316-Event36556705 Run118545-Event63733662
Jan 3™ 2012 August 9't 2011
NPE g.628x104 NPE 6.9928x104

Number of Optical Sensors 312 Number of Optic al Sensors 354

CC/NC interactions in the detector
f

v, (cascade) simulation

E. Resconi’s talks
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What other Astroparticles may we use?
Neutrons? Muons? (Monopoles?)

How far can we see with muons?
not far: E > 10! eV to make it from the Sun

E, =2.4 x 10" eV

How far can we see with neutrons?

with E > EeV they can come from the Galactic
Center

S ET o 1022
0T X 107CM 938 MeV = 9.13 x 10'7 eV

™ 3x10%cm/s x 881.5s







ARACIN: Inivedaetion 7?)

The Astrophysical Multimessenger
Observatory Network (AMON)

* Generalization of the good ideas being
used in a number of active follow-up
programs (e.g., SNEWS, IceCube-ROTSE):
— use global multilateral coincidence among (v,

Y, GW, n)

— use above- and sub-threshold data from
contributing observatories

— use unified approach to all datagrams,
anonymity, data access, data dissemination,
archived data, etc.

— enable all possible communication channels
before the first big multimessenger source
it M
POPS

Doug Cowen, Penn 5State




Definitions

* “Triggering” ‘5
i E observatories provide

sub- & above-threshold

o %
candidate events to “\‘
AMON archivally, then
in real time

* AMON: e
~~ ™~ — Actively aggregates events and seeks realt] e
coincidences in (t,)
* archival searches also foreseen

— Generates, broadcasts and archives alerts
— alerts will not indicate source detector

 “Follow-up” observatories:
— Respond in real time to alerts

— Will include numerous optical
telescopes around the globe

— (Triggering observatories can also do
follow-up)

ARICIN



AMON & Status Quoﬁ)

* Status quo:

numerous bilateral, uni-directional
arrangements

N2 pairings: lots of MoUs, lots of
wheel-reinvention, hard to maintain

misses many possible correlations

« AMON is a qualitative improvement

multilateral

omnidirectional

minimal latency

higher overall uptime fraction
unified approach

most efficient use of available data;
increasing aggregate sensitivity at
nominal added cost

permits previously ~impossible
archival searches

reduces anxiety: we're more likely to
be ready “in case everything goes

right”




Examp
Sub-Thresho

e Above and
d Potential Signals

* |ceCube

neutrino)

o Swift

Definition: Sub-Threshold ﬁ)

— neutrino triplet (sub-threshold: single

— 0.4 photons/cm?/s (sub-threshold: 0.1)

* Fermi (an educated guess)
— 5 photons (sub-threshold: 1)




Coincidence Search ﬁ)

ARICIN

Monitor each
observatory’s status,
sub-threshold event
rate

. Time filter: Events

occur within At
window

Position filter: Events
occur in same part
of sky

. Calculate False

Alarm Rate (FAR)

. Calculate best-fit

position, uncertainty

Distribute alert
based on FAR
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» Simulated 107 source locations throughout a year

* 7 event streams: IceCube Northern & Southern
hemispheres, Auger, Swift, Fermi, LIGO, HAWC

* Used Fermi and Swift 2010 pointing information
* Did not consider detector downtime

Number of co-pointing observatories for each source

= o
32.1% 32.0% mean: 3.45
g
E 20.2%
3
: 13.9%
5 -
o
€
M
o
1.8%
| | | | | __
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Summargj

*
-

iggering

Observatories

&

AMON Tr

Force Particle Status  FoV (sr) latency Rinorm)
R(sub-thr)
TBD
Auger strong |n, Y, v running 6.28 Sl TBD
TBD
10/yr
Fermi |EM Y running | 7.91 0.04° | _q4
100G ~0.1Hz
few
HAWC |EM Y AL ~2 <0.5° <10 s Al
2013 ~0.1Hz
: 6.28- <]o = ~0
lceCube | weak u running 19 56 1m 10/h
{25072)2 ~0
restart:
LIGO rav. 12.56 x(12 TBD
S ~2014 i ~0.1Hz
100/y
Swift EM Y running 1.4 larcmin | <90m
100/d

AMON




N\
Sgﬁtems ﬁ)

Technical Details

-)—* One server

'-l'-'l'ltE'E

Clustered database

System ‘:i '{\

monitoring)/
heartbeat

chttk}'sél

il il
gl 4 T8 w \

Dual servers and “clustered” database for redundancy

Systems physically and cyber-secure
Very high level of uptime

Data needs are modest:
— Traffic: 10 kB/sec (average), 1 MB/sec (peak)
— Storage: 2 TB (5 years)
— Processing: < 0.1 CPU

L

AMON
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