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Chandra x-ray telescope

Launched 1999 by Columbia space shuttle
Orbit: 80000 km semi-major axis

L



Launched 2008
Orbit 7000 km semi-major axis




HESS gamma-ray telescope

2012
Namibia, Mt. Gamsberg




HAWC gamma-ray telescope

2015 Y
Sierra Ne# blcano, Puebla, Mexico at 4100m b -




Dlscovery of neutrlno 1956

into u—meson
: -

Y

‘ a.- Invisible neutrino
~ collides with proton

The NeutrinoEvent’ 7\ /G =
Nov. 13, 1970 — World's first - ‘ i

observatlon of a neutrino in a. Collision creates

. . hydrogen bubble chamber S eon




A neutrino telescope
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ICECUBE NEUTRINO OBSERVATORY

lceCube Lab

50 m

1450 m

2450 m
2820 m 9

lceTop

__—_ 81 Stations

324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

Amanda Il Array

/ (precursor to IceCube)
DeepCore

B strings-spacing optimized for lower energies
// 480 optical sensors

Eiffel Tower
324 m
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Bedrock









or a trillion tons of ice

a 1000 TeV neutrino
in a cubic kilometer
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HESE 4yr with Egep > 100 TeV (green) / Northern sky vy, +v7, 6yr with Ey; > 200 TeV (red)
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Discovery of cosmic rays: 1911
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A cosmic ray telescope

Mendoza, Argentina, 1400m altitude
2008
1600 tanks spread over 3000 sqﬁkm

P N Iy

~dy

ey
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Auge

Ultrahigh energy
cosmic ray air showers
1 per sq km per century



.LEAP = satellite

Proton - satellite

Yakustk - ground array
Haverah Park - ground array

Akeno - ground array

—
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AGASA - ground array
Fly's Eye - air fluocrescence

HiRes1 mono - air flucrescence

Flux (m? sr GeV sec)’
>
F-9

HiRes2 mono - air fluorescence
HiRes Stereo - air fluorescence

Auger - hybrid
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Exploding stars



A MASSIVE STAR EvoLVES
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CRAB spectral energy

Energy [eV]
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Pulsars
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Crab
Supernova
1054 AD

Radio, IR, optical, xr




XR image of crab




Cassiopeia A
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'Cygnus loop: Veil supernova rer.nn'a?-ft_- " \
“exploded 8000 yrs ago s -




alaxies




optical
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Gamma ray pulsars






Gamma ray bursts



Fermi GBM GRBs in first six years of operation
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Supermassive Black Holes



NGC 7052




NGC 4261




Imagine winding up an elastic band

Frame

B 8
Dragging  \ -

Punsly 2008






Jets from black holes



3C219




Hercules A




Pictor A




uIwdle 4




M87




Winds



Markarian 573




M82




galaxy clusters



Bullet cluster .

X-rays from hot gas ‘.
Dark matter "
3




Perseus cluster




The universe looks very different
outside the optical range!
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