
Non-thermal emission from pulsars – 
experimental status and prospects
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TeV γ-ray astrophysics with VERITAS
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The charged cosmic radiation -
how it all began...

Discovery: Victor Hess (1912)
Characteristics

� Isotropic in-fall
� Nucleons (~98%), electrons (~2%)

(composition energy dependent)
� Energy spectrum: power-law

Origin: not finally understood
(shock acceleration, Fermi 1&2)
Problem: Direction of charged 
particles lost in magnetic fields
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TeV γ-ray astrophysics:
Study hadronic/leptonic particle accelerators

π.�→ γ
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TeV γ-ray astrophysics with Cherenkov telescopes

Gammas enter earth's atmosphere
and produce air showers & Cherenkov light
Imaging of Cherenkov light with telescopes: 
reconstruct direction & energy
Reject CR background: image properties
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The VERITAS Cherenkov Telescope Array
(Very Energetic Radiation Imaging Telescope Array System)

 

Each camera: 499 PMT pixels
Energy range: 0.1 - 30 TeV (∆E/E <20%)
Sensitivity: 0.1(0.01) Crab in 0.5h (26h)
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Introduction: TeV γ-ray astrophysics

Probe non-thermal universe
Observations per year: 700-800h (+200h moon data)
Dynamical field: 2000: handful of sources, 2011: >100 sources
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Galactic TeV sources
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The galactic plane at TeV energies
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Class1: Supernova Remnants (SNRs)
 

TeV emission from SNR:
- SN ejecta expand into interstellar medium
- shock acceleration (charged particles)
- TeV γ-rays (secondary reactions)

Open question: hadronic or leptonic?

MWL (morphology and SED):
particle population & emission mechanisms �2=..A
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http://www.mpi-hd.mpg.de/hfm/


Class1: Supernova Remnants (SNRs): RX J 1713
indications for lepton domination (Ellison, Fermi Symposium 20111)
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Class1b: SNR + molecular clouds
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Brogan et al. (2006)
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Class2:
Pulsar wind nebulae (PWN)

 

TeV emission from PWN:
- pulsar driven bubble of relativistic particles
- shock acceleration (SNR or ISM interaction)
- TeV γ-rays emission: inverse-Compton

Example 'Boomerang':
age: 10,000 years, dE/dt = 2.2 x 1037  erg/s
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Class3:
High mass X-ray binaries (LSI +61 303)
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Class4:
Unidentified TeV γ-ray sources

 

Unidentified TeV γ-ray sources:
- no counterpart at other wavelengths
- mostly extended
- emission mechanism unknown
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Can we see a pulsar at 0.1 TeV energies?



High-energy emission from pulsars:
polar cap vs. outer gap models
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What can be observed?
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High-energy emission from pulsars:
polar cap vs. outer gap models
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Pulsar light curves measured at different energies



High-energy emission from pulsars:
polar cap vs. outer gap models
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High-energy emission from pulsars:
polar cap vs. outer gap models
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High-energy emission from pulsars:
polar cap vs. outer gap models
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The Crab pulsar and nebula
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The Crab pulsar and nebula
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The Crab pulsar: seen above 100GeV
N.Otte, A.McCann, M.Schroedter
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High-energy emission from pulsars:
polar cap vs. outer gap models
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Polarized X-rays: missions/status
 

Stokes parameters:
- Describing linear (S

1
,S

2
) and circular (S

3
) polarization

- Components of the electric field [unit: flux density].

 

Processes resulting in polarized radiation:
- Synchrotron radiation (linear)
- Curvature radiation (circular)
- Thomson scattering & Bremsstrahlung
- Compton scattering off polarized photon field
 

X-ray polarimetry: Status
 J Only one dedicated X-ray polarimetry mission so far: OSO-8:

    2.6/5.2 keV polarization of the Crab (20%, 30o relative to jet) [ApJ, 220, L117, 1978]
 INTEGRAL: Crab polarization (0.1-1MeV): ~46% J [Science, 321, 1183, 2008]
 J Main difficulty: Need high statistics to determine Stokes parameters

 

X-ray polarimetry: Future missions:
 J Gravity and Extreme Magnetism SMEX (GEMS): 2-10 keV (100 x OSO-8) [Swank]
 Astro-H: E>10 keV, Compton Polarimetry (systematics) J [SPIE, 7732, 34, 2010]



Polarized X-rays: physics motivation (pulsars)
 

Neutron stars, pulsars, PWN & Magnetars:
 J Radiation transfer in strongly magnetized plasmas:

  polarization (curvature and/or synchrotron emission), phase & energy dependent.
 Magnetars, strong magnetic fields (soft J γ-ray repeaters): cyclotron features

Constrain magnetic field and particle populations



X-Calibur: Design
 

General idea:
Compton scattering angle (linear polarized X-rays): more likely ⊥ to E field vector

1: low-Z Compton scatterer (Az dependence)
2: high-Z material to photo-absorb
3: Signature in distribution of scattering angles
 

X-Calibur polarimeter design:
 J Scintillator slab (low-Z Compton scatterer) 
 Detect scattered X-rays: high-Z CZT crystalsJ

 Operate polarimeter in X-ray telescopeJ

High fraction of

unambiguously identified 

Compton scatter events



X-Calibur: Design drawings
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Rotation mechanism:
Reduce systematic effects



X-Calibur: Design (prototype in the lab)
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X-Calibur: First measurement 1/3
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X-Calibur: First measurement 2/3
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Calibrate X-Calibur:
 J Calibrate CZT detectors with Eu157  source

     (4.1 keV FWHM @ 40keV and 5.0 keV FWHM @ 122keV)
 Azimuthal acceptance: unpolarized EuJ 157  beam

 

Measure polarized beam:
 J Scatter Cs137  source (662 keV) off lead brig
 Collimator: only allow 90deg scattering angleJ

 Entering X-Calibur: 288 keV polarized beamJ



X-Calibur: First measurement (results)
 

Azimuthal scattering distribution:
 J Incoming beam: 288keV, 55% polarized, µ=0.4
 Only PMT/CZT coincidence (Compton) eventsJ

 Correct for azimuthal angle coveredJ

 Correct for azimuthal detector acceptanceJ
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 Measurements in  agreement 
with expectations



X-Calibur: Operate in InFOCuS X-ray telescope
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InFOCuS X-ray telescope:
 J Grazing incidence Wolter X-ray mirror

     (changes polarization by <1%, Katsuta et al. 2009)
 Already flown successfully (Tueller et al.)J

 Weight: 1.4t, focal length: ~8mJ

 Benefit of X-Calibur/InFOCuS:
1: High detection efficiency (80% of photons)
2: low background (focusing, low CZT volume)
3: control & reduction of systematics (rotation)
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X-Calibur: Design (scatterer and absorber)
 

Low-Z Compton scatterer:
 J Scintillator rod (EJ-200, 16cm, ρ~1g/cm3)
 80keV X-rays Compton-scatter (p>90%)J

 scintillator read by PMT (Hamamatsu R7600U)J
 

High-Z photo absorber:
 J 2x2 cm2 CZT crystals (8x8 pixel anode)

     Endicott Interconect, Quikpak/Redlen, Creative Electron
 Bonded to ceramic chip carrierJ

 Read by ASIC (G. DeGeronimo & E. Wulf)J
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X-Calibur: Simulations
 

Simulate X-Calibur performance:
 J Use Geant4 package with Livermore model

     (http://geant4.cern.ch)
 Assume X-Calibur/InFOCuS flight (5.6hrs)J

 Assume Crab-like source:J
     energy-dependent polarization degree and angle
     ApJ, 220, L117 (1978) and Science, 321, 1183 (2008)
 

Compare to competing designs:
 J See Guo et al: arXiv 1101.0595 (2010)

X-Calibur:
detection efficiency > 80%
modulation factur µ~0.5
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