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Overview

Review of properties of Galactic VHE sources detected at TeV 
energies

The number of associations between the VHE sources and pulsars 
has grown in recent years, making PWNe the dominant population

Supernova remnants (SNRs) and high-mass X-ray binaries (HMXBs) 
are the other two well-established classes of Galactic VHE sources

There is a number of VHE sources which remain to be identified, 
including a few “dark” sources which do not show plausible 
counterparts at any other wavelengths



Higher energies (GeV and TeV)
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Many extended TeV sources have 
been resolved

Terrier et al. 2011



Pulsars are neutron stars (NSs) with 
active magnetospheres populated by 
ultra-relativistic particles emitting    
non-thermal radiation (synchrotron, 
curvature, inverse Compton).

Power Source: NS rotation  -  Ė

Emitted fraction of  Ė

<0.001% - radio

∼0.01-10% - X-rays and gamma-rays

the rest is pulsar wind!

Pulsars

Local (NASA) artist 



Chandra images of PWNe



This cartoon assumes axisymmetric 
wind expansion which may not be the 
case due to the interaction with ISM

Fast moving pulsars are accompanied 
by bowshocks, others show jets and 
torii.

Pulsar-Wind Nebulae

If the SNR shock becomes asymmetric (due to the interaction with the 
environment) the reverse shock will also be asymmetric and can “crush” a  PWN 
pushing it to the side from the pulsar

Two distinct PWN parts:

“relic” PWN filled with aged pulsar wind particles (cold, faint X-ray, TeV 
emitters)

compact “fresh” PWN



Typical energies of the synchrotron or inverse Compton scattering 
(ICS) photons (Esyn and EICS) depend on the energy of emitting 
electrons, the magnetic field or the energy of seed photon

The synchrotron and ICS+synchrotron cooling times

The cooling times and the luminosities of X-ray and TeV PWNe also 
depend on other factors, such as the presence of local sources of 
IR photons, the size of the region from which luminosities are 
measured, and the validity of the Thomson regime approximation.

Cooling Times

⌧� ⇡ 100(1 + 0.144B2
�6)

�1(EICS/1TeV)�1/2 kyr
⌧X ⇡ 1.2 B�3/2

�5 (Esyn/1 keV)�1/2 kyr

Esyn ⇠ 0.18(EICS/1TeV)(B/10�5 G)(✏/6⇥ 10�4 eV)�1 keV

EICS ⇠ 1(Ee/20TeV)2(✏/6⇥ 10�4 eV) TeV
Esyn ⇠ 4(Ee/100TeV)2(B/10�5 G) keV



Pulsar-Wind Nebulae

91 known PWNe or PWNe candidates

For some PWNe no pulsar have been detected yet

Only 52 have (possible) VHE counterpart

Establishing association between VHE source and PWN/
pulsar is a complex task



X-ray PWNe ten d to be 
brighter around young pulsars

Old PWN may be seen only in 
TeV (the relic part) - no 
obvious correlation with age

Characteristic cooling time of 
“relic” PWNe (due to ICS of 
CMB photons) ∼100 kyr

The semi-circles correspond to X-ray (orange) and TeV (black) 
PWNe, their sizes are proportional to logarithms of the 
corresponding PWN luminosities. The small black dots denote the 
pulsars from the ATNF catalog.



Several energetic pulsars with 
prominent X-ray PWNe are not 
detected as TeV sources

X-ray and TeV PWNe have 
similar distributions over Ė

Other factors (background 
photon density and compression 
o f re v e r s e s h o ck) m o re 
important for the TeV PWNe 
than power output Ė Distribution of X-ray (red) and TeV (blue) PWN and PWN candidates 

over pulsar’s Ė.



X-ray luminosities show some 
correlation with Ė although 
with very large spread for 
pulsars with Ė > 1036 erg/s

LX-Ė distribution has fairly 
well defined upper bound

X-ray luminosities of PWNe and PWN candidates vs. pulsar’s Ė. TeV 
PWNe and TeV PWN candidates are shown in red. The dotted 
straight lines correspond to constant X-ray efficiencies; the upper 
bound, log LXCR = 1.51 log Ė−21.4, is shown by a dashed line. The 
PWNe detected in GeV by Fermi are marked by stars.



TeV luminosities do not show significant correlation with Ė

No correlation between LƔ and Ė1/2 ƬSD

Varying pair production, deviation from dipolar magnetic field, different 
environmental conditions, possible interaction with SNR reverse shock

TeV luminosities of PWNe and PWN candidates vs. pulsar’s Ė (left) Ė1/2 ƬSD (right). Thin error bars mark 
questionable associations. The PWNe undetected in X-rays are marked by circles. PWNe detected by Fermi 
are marked by stars.



 LƔ/LX is distance independent

The substantial scatter is not 
due to distance errors

The correlation is similar in 
shape to the simplistic one-
zone PWN model (de Jager et 
al. 2009), which may not be 
re levant fo r re lic PWNe 
(significantly displaced)

TeV-to-X-ray luminosity ratio vs. pulsar’s age for PWNe and PWN 
candidates. Limits are shown by arrows. The PWNe detected by 
Fermi are marked by stars. Uncertain detections are shown by thin 
lines. The dotted lines corresponds to LƔ = LX



In most cases TeV PWN spectra 
fit well with power-law model

Spectral cutoffs at > 10 TeV are 
seen in some cases

ΓƔ increases with LƔ up to LƔ 
∼a few x1035 erg/s, then the 
trend is reverse (more precise 
measurements are needed)

TeV PWN luminosity vs. photon index. PWNe detected by Fermi are 
marked by stars.



In “relic” PWNe particle escape 
via diffusion can be more 
important than advection

Bohm diffusion predict ion 
comparable to observed sizes 
of some VHE sources

Size of the TeV emission region (for firmly established TeV PWNe) as 
a function of pulsar’s spin-down age. The straight line represents 
the characteristic size, corresponding to diffusion with the Bohm 
diffusion coefficient D. Source 1 (marked with +) is located in the 
Large Magellanic Cloud. Source 47 (marked with *) may have its 
distance underestimated by a factor of 2.

for Bohm diffusion!



PWNe phenomenology

Very young PWNe powered by energetic pulsars

No significant offset of the X-ray PWNe from the pulsars

Ɣ-rays and X-rays likely emitted by same population of 
electrons

Older objects

TeV PWNe much larger than (and often strongly offset from) X-
ray PWNe

Compressed by SNR reverse shock and filled with aged 
electrons



 SNR shells and HMXBs detected in TeV

Most shells are resolved in TeV images

VHE emission associated with forward 
shock

None of the SNRs hosts a pulsar, but 
some host central compact object

The origin of VHE emission from SNR shells is still an open question. Both leptonic 
and hadronic mechanisms are still actively discussed

Two types: binaries where a rotation-powered pulsar interacts with the strong 
wind of the massive stellar companion (SS 2883/B1259–63 and, likely, HESS 
J0632+057) and microquasars (LS 5039 and LS I +61 303)



Unidentified and “dark” TeV sources





Pulsars with detected PWNe 
and PWNe without detected 
pulsars are shown with 
c ro s s e s an d d iamo n d s, 
respectively, in magenta. 
Shells and HMXBs are shown 
with green crosses and 
d iamon ds, re spect i ve ly. 
Un i dent ifie d an d “dark” 
sources are shown with blue 
c r o s s e s a n d d i am o n d s 
respectively.





Summary

Most extended TeV sources appear to be relic PWNe because they 
are coincident with young and middle-aged pulsars which have X-
ray PWNe. Chance coincidence is unlikely given the large number of 
cases.

The VHE emission mechanism is likely to be ICS by PWN electrons, 
however hadronic contribution is not yet completely ruled out

What are those “dark” UNIDed VHE sources? PWNe whose X-ray 
emission faded away? Plausible, but not established yet! 

The key to the identifications of “dark” TeV sources is a 
multiwavelengths follow-up and source classification.



Thank you!


