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Mul3wavelength	
  Astronomy
‣ Astronomy	
  using	
  TeV	
  radia3on	
  (wavelength	
  λ	
  =	
  10-­‐18	
  meters)

‣ Why	
  try	
  to	
  detect	
  gamma	
  rays?

• Learn	
  about	
  the	
  highest	
  energy	
  par3cles	
  in	
  the	
  universe

• Study	
  very	
  high	
  energy	
  accelera3on

• Probe	
  the	
  structure	
  of	
  the	
  universe	
  (cosmology)
2
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Op3cal	
  Astronomy
‣ The	
  op3cal	
  universe:	
  400	
  -­‐	
  750	
  nm,	
  or	
  1.5	
  -­‐	
  3	
  eV
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Op3cal	
  Astronomy
‣ The	
  op3cal	
  universe:	
  400	
  -­‐	
  750	
  nm,	
  or	
  1.5	
  -­‐	
  3	
  eV
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North
South
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GeV	
  Gamma-­‐Ray	
  Astronomy

4

‣ GeV	
  band:	
  100	
  MeV	
  -­‐	
  100	
  GeV,	
  or	
  10-­‐17	
  -­‐	
  10-­‐14	
  m
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‣ TeV	
  band:	
  100	
  GeV	
  -­‐	
  100	
  TeV,	
  or	
  10-­‐20	
  -­‐	
  10-­‐17	
  m

TeV	
  Gamma-­‐Ray	
  Astronomy
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Galac3c	
  Gamma-­‐Ray	
  Sources

6

Crab Nebula

Crab Nebula: Hubble

Crab Pulsar: Chandra
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Galac3c	
  Gamma-­‐Ray	
  Sources
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Crab Nebula

Crab Nebula: Hubble

Crab Pulsar: Chandra
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Extragalac3c	
  Source	
  (AGN)

7

Radio Jet

Radio Jet

Galactic Nucleus
(black hole)

Herc A: Hubble + VLA
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Extragalac3c	
  Source	
  (AGN)
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Radio Jet

Radio Jet

Galactic Nucleus
(black hole)

Herc A: Hubble + VLA

Shocks (Velocity Discontinuities)
- Charged particle acceleration
- Radio emission
- X-ray emission
- Gamma-ray emission
- Neutrino production (?)
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Extragalac3c	
  Source	
  (AGN)
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Radio Jet

Radio Jet

Galactic Nucleus
(black hole)

Herc A: Hubble + VLA

Shocks (Velocity Discontinuities)
- Charged particle acceleration
- Radio emission
- X-ray emission
- Gamma-ray emission
- Neutrino production (?)

300 kpc
(15x MW)
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Detec3ng	
  TeV	
  Gamma	
  Rays
‣ Flux	
  of	
  TeV	
  gamma	
  rays	
  at	
  Earth	
  is	
  1	
  par3cle/day	
  in	
  

1	
  m	
  x	
  1	
  m	
  area.	
  	
  Too	
  small	
  to	
  use	
  a	
  satellite!

‣ But,	
  the	
  atmosphere	
  is	
  opaque	
  to	
  TeV	
  gamma	
  rays

‣ They	
  produce	
  air	
  showers	
  which	
  we	
  can	
  observe

8
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Cosmic	
  Ray	
  Air	
  Shower	
  (Proton)

9
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Air	
  Shower	
  Development

10
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HAWC	
  Gamma-­‐Ray	
  Observatory
‣ The	
  High-­‐Al3tude	
  Water	
  Cherenkov	
  Observatory	
  is	
  under	
  

construc3on	
  near	
  Puebla,	
  Mexico

‣ Goals:	
  observe	
  gamma	
  rays	
  and	
  cosmic	
  rays	
  from	
  half	
  the	
  sky	
  
each	
  day

‣ Sta3s3cs:

• 4100	
  m	
  above	
  sea	
  level

• 19∘	
  N	
  la3tude

• 300	
  water	
  tanks

• 1/6th	
  of	
  sky	
  in	
  FOV

• Covers	
  100	
  GeV	
  to	
  100	
  TeV

11

Pico%de%Orizaba%
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HAWC	
  Observatory

12

Pico de Orizaba

4100 m = 13450 ft
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Water	
  Cherenkov	
  Detectors
‣ Array	
  of	
  300	
  water	
  tanks:	
  7.3	
  m	
  diameter,	
  5	
  m	
  height

‣ 200,000	
  L	
  water	
  per	
  tank,	
  4	
  phototubes	
  observe	
  
Cherenkov	
  light	
  from	
  shower	
  par3cles

13

Air$shower$par,cle$
(e.g.,$GeV$muon)$
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HAWC:	
  May	
  2014

14

250 water tanks out of 300
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HAWC:	
  May	
  2014

14

250 water tanks out of 300

Counting House
(electronics)



IceCube MasterClassMay 21, 2014,

HAWC:	
  May	
  2014

14

250 water tanks out of 300

Counting House
(electronics)

HAWC Utility
Building
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HAWC	
  Site

15

Pico de Orizaba
(Citlatepetl)

5600 m = 18000 ft

NASA Earth Observatory
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HAWC	
  Site

15

Pico de Orizaba
(Citlatepetl)

5636 m = 18491 ft
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Going	
  Up	
  the	
  Mountain
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Going	
  Up	
  the	
  Mountain
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Life	
  Near	
  the	
  Site

17
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Life	
  Near	
  the	
  Site
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Background	
  Rejec3on:	
  Proton	
  Tagging
‣ Look	
  for	
  large	
  hits	
  far	
  from	
  shower	
  core	
  (99%	
  

rejec3on	
  at	
  10	
  TeV)

18

Cosmic'ray'

π0'

γ'γ'

e+'e-'

νμ&νe&

e-'

e-'

e-'
γ'

μ+'

νμ&

γ'

νμ&

N2'

_'

_'



IceCube MasterClassMay 21, 2014,

Signal:	
  Gamma-­‐Ray	
  Tagging
‣ No	
  large	
  hits	
  far	
  from	
  core:	
  probably	
  a	
  gamma-­‐ray

19
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Data:	
  Galac3c	
  Survey

20

‣ 5	
  months	
  of	
  HAWC-­‐95+111	
  data	
  (June-­‐Nov	
  2013)
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Data:	
  Galac3c	
  Survey

20

‣ 5	
  months	
  of	
  HAWC-­‐95+111	
  data	
  (June-­‐Nov	
  2013)
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Data:	
  Galac3c	
  Survey

20

Crab Nebula

Markarian 421
Markarian 501

‣ 5	
  months	
  of	
  HAWC-­‐95+111	
  data	
  (June-­‐Nov	
  2013)
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Other	
  Weird	
  Things
We	
  Can	
  Do	
  with	
  HAWC

21
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Data:	
  Moon	
  Shadow
‣ Cosmic	
  rays	
  are	
  blocked	
  by	
  the	
  moon

‣ We	
  can	
  see	
  a	
  “shadow”	
  in	
  direc3on	
  of	
  moon;	
  use	
  
this	
  to	
  calibrate	
  detector	
  

22

Cosmic'Rays'

D. Fiorino, ICRC 2013
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Cosmic	
  Ray	
  Anisotropy
‣ Galac3c	
  cosmic	
  rays	
  (H	
  +	
  He)	
  are	
  slightly	
  anisotropic	
  

when	
  they	
  arrive	
  at	
  Earth.	
  	
  Effect	
  is	
  small:	
  0.1%

23



IceCube MasterClassMay 21, 2014,

Cosmology:	
  IR	
  Background
‣ TeV	
  gamma	
  rays	
  are	
  absorbed	
  by	
  the	
  cosmic	
  

infrared	
  background

‣ This	
  is	
  redshiled	
  light	
  from	
  the	
  first	
  stars;	
  very	
  
important	
  for	
  models	
  of	
  evolu3on	
  of	
  universe

24

Cosmic'Accelerator'
(other'side'of'the'Universe)'

Cosmic'
Infrared'
Background'

TeV'Gamma'Rays'
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Detec3ng	
  the	
  IR	
  Background
‣ Due	
  to	
  absorp3on,	
  energy	
  spectra	
  of	
  distant	
  sources	
  

“cut	
  off”	
  more	
  than	
  they	
  would	
  w/o	
  IR	
  background

‣ Try	
  to	
  “de-­‐absorb”	
  spectra	
  and	
  es3mate	
  IR	
  flux

25
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Dark	
  Maoer	
  Detec3on
‣ Dark	
  maoer:	
  unknown	
  gravita3onally-­‐bound,	
  non-­‐

baryonic	
  component	
  of	
  the	
  universe

‣ Could	
  be	
  massive	
  par3cles	
  which	
  decay	
  to	
  gamma	
  rays

‣ Strategy:	
  look	
  for	
  astrophysical	
  objects	
  with	
  low	
  
luminosity,	
  look	
  for	
  anomalous	
  gamma-­‐ray	
  emission

26

Bullet Cluster (Hubble + Chandra) 
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Lorentz	
  Invariance	
  Viola3on
‣ Is	
  the	
  speed	
  of	
  

light	
  constant?

‣ Or	
  does	
  it	
  change	
  
as	
  photon	
  energy	
  
increases?

‣ Search	
  transient	
  
signals	
  in	
  X-­‐rays,	
  
gamma	
  rays,	
  etc.

‣ See	
  if	
  signals	
  
align	
  in	
  3me
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