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II, CC85, Place Eugène Bataillon, F-34095 Montpellier Cedex 5, France
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A significant fraction of the energy density of the interstellar
medium is in the form of high-energy charged particles (cosmic
rays)1. The origin of these particles remains uncertain. Although

it is generally accepted that the only sources capable of supplying
the energy required to accelerate the bulk of Galactic cosmic rays
are supernova explosions, and even though the mechanism of
particle acceleration in expanding supernova remnant (SNR)
shocks is thought to be well understood theoretically2,3, unequi-
vocal evidence for the production of high-energy particles in
supernova shells has proven remarkably hard to find. Here we
report on observations of the SNR RX J1713.723946
(G347.320.5), which was discovered by ROSAT4 in the X-ray
spectrum and later claimed as a source of high-energy g-rays5,6 of
TeVenergies (1 TeV 5 1012 eV). We present a TeV g-ray image of
the SNR: the spatially resolved remnant has a shell morphology
similar to that seen in X-rays, which demonstrates that very-
high-energy particles are accelerated there. The energy spectrum
indicates efficient acceleration of charged particles to energies
beyond 100 TeV, consistent with current ideas of particle
acceleration in young SNR shocks.
RX J1713.723946, together with several other southern hemi-

sphere SNRs, is a prime target for observations with the High
Energy Stereoscopic System (HESS), a new system of four imaging
atmospheric Cherenkov telescopes located in the Khomas Highland
of Namibia. HESS7,8 (we note that V. F. Hess discovered cosmic rays)
exploits themost effective detection technique for very-high-energy
g-rays, namely, the imaging of Cherenkov light from air showers.
This technique, whichwas pioneered by theWhipple collaboration9,
makes use of the fact that whenever a high-energy g-ray hits the
Earth’s atmosphere it is absorbed and initiates a cascade of inter-
actions with air atoms, leading to the formation of a shower of
secondary charged particles. Those travelling faster than the local
speed of light in air emit Cherenkov radiation, which results in a
brief flash of blue Cherenkov light detectable at ground level. By
using a telescope with sufficient mirror area to collect enough of the
faint light signal, and a fast camera with fine pixelation, one can
image the shower and reconstruct from this image the direction and
energy of the primary g-ray. Combined with the approach of
stereoscopic imaging of the cascade using a system of telescopes,
as pioneered by the HEGRA collaboration10, this yields a very
powerful technique for imaging and obtaining energy spectra of
astronomical sources at TeV energies.
The HESS experiment is such a stereoscopic system, consisting of

four 13-m-diameter telescopes11 spaced at the corners of a square of
side 120m, each equipped with a 960-phototube camera12 covering
a large field of view of diameter 58. Construction of the telescope
system started in 2001; the full array was completed in December
2003 with the commissioning of the fourth telescope. HESS has an
angular resolution of a few arc minutes, an effective energy range
from 100GeV to 10 TeV with energy resolution of 15–20% and a
flux sensitivity approaching 10213 erg cm22 s21. These character-
istics, together with its southern hemisphere location, make HESS
ideally suited for spectroscopic and morphological studies of
Galactic plane sources such as RX J1713.723946, which is now
the first SNR shell to be confirmed as a TeV source. TeVemission has
also been reported from the remnant of SN 1006 (ref. 13), a result
which our observations have not yet allowed us to confirm with
HESS14, and from Cassiopeia A15,16 (a classical core-collapse SNR
and the weakest TeV source yet reported) whose northern location
makes it inaccessible to HESS.
Here we present results from observations of RX J1713.723946

performed between May and August 2003 during two phases of the
construction and commissioning of HESS. In the first phase, two
telescopes were operated independently, with stereoscopic event
selection done offline using GPS time stamps to identify coincident
events. During the second phase, also using two telescopes, coinci-
dent events were selected in hardware using an array level trigger.
The total on-source observation time was 26 h; after run selection
and dead time correction a data set corresponding to 18.1 live hours
was used in this analysis. At the trigger level (for observation altitude

letters to nature

NATURE |VOL 432 | 4 NOVEMBER 2004 | www.nature.com/nature 75©  2004 Nature  Publishing Group

november 4th 2004

~18 h



164 h



164 h



to my knowledge, the first paper invoking Galactic supernovae as sources of CRs is Ter Haar 1950 

Why do we care?
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why remnants? —> radio observations —> particle acceleration at SNR shocks!
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Why just one object?
I asked google and…

more seriously: focus on the approach rather than 
the details of the object under examination 



Let’s start from the beginning…
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[Question 1] What is the 
distance to the object we 

want to study?
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* also internal absorption should be taken into account…

d ≈ 1 − 2 kpc extremely rough, but 
measuring distances is tough!



[Question 2] How old is 
the object we want to 

study?



[Inset 1] The life of

a supernova remnant
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Thermonuclear & core-collapse supernovae

~ 1 Msun >> 1 Msun

core-collapse

thermonuclear

Mej ⇠ 1.4M�

Mej ⇠ several M�

ESN ⇠ 1051erg

explosion energy



Astrophysical explosions
interstellar medium

massive star

density
pressure
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shock
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<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

supernova 
remnant

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

shock

Msw =
4⇡

3
R3

sh%

<latexit sha1_base64="Q13v8G+FNFnNWArXwrkxxvYB5uU="></latexit>
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<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

supernova 
remnant

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

shock

Msw =
4⇡

3
R3

sh%

<latexit sha1_base64="Q13v8G+FNFnNWArXwrkxxvYB5uU="></latexit>
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<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

Msw =
4⇡

3
R3

sh%

<latexit sha1_base64="Q13v8G+FNFnNWArXwrkxxvYB5uU="></latexit>

Mej � Msw

<latexit sha1_base64="s1xGVkYWoZAFuSxWzHfs2a4LF8M=">AAAB+3icbZDLSsNAFIYn9VZbL7Eu3QxWwVVJRFB3RTduhAr2Am0Ik+kkHTuZhJlJtYS8ihsXirjVF/AN3PkgunZ6WWjrDwMf/zmHc+b3YkalsqxPI7ewuLS8kl8tFNfWNzbNrVJDRonApI4jFomWhyRhlJO6ooqRViwICj1Gml7/fFRvDoiQNOLXahgTJ0QBpz7FSGnLNUuXbkpuMtgJAqhR3mbQNctWxRoLzoM9hXJ17+vtfVD8rrnmR6cb4SQkXGGGpGzbVqycFAlFMSNZoZNIEiPcRwFpa+QoJNJJx7dncF87XehHQj+u4Nj9PZGiUMph6OnOEKmenK2NzP9q7UT5J05KeZwowvFkkZ8wqCI4CgJ2qSBYsaEGhAXVt0LcQwJhpeMq6BDs2S/PQ+OwYh9VTq90GmdgojzYAbvgANjgGFTBBaiBOsDgDtyDR/BkZMaD8Wy8TFpzxnRmG/yR8foDBcyYOw==</latexit>
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<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

Msw =
4⇡

3
R3

sh%

<latexit sha1_base64="Q13v8G+FNFnNWArXwrkxxvYB5uU="></latexit>

✘✘Mej � Msw

<latexit sha1_base64="s1xGVkYWoZAFuSxWzHfs2a4LF8M=">AAAB+3icbZDLSsNAFIYn9VZbL7Eu3QxWwVVJRFB3RTduhAr2Am0Ik+kkHTuZhJlJtYS8ihsXirjVF/AN3PkgunZ6WWjrDwMf/zmHc+b3YkalsqxPI7ewuLS8kl8tFNfWNzbNrVJDRonApI4jFomWhyRhlJO6ooqRViwICj1Gml7/fFRvDoiQNOLXahgTJ0QBpz7FSGnLNUuXbkpuMtgJAqhR3mbQNctWxRoLzoM9hXJ17+vtfVD8rrnmR6cb4SQkXGGGpGzbVqycFAlFMSNZoZNIEiPcRwFpa+QoJNJJx7dncF87XehHQj+u4Nj9PZGiUMph6OnOEKmenK2NzP9q7UT5J05KeZwowvFkkZ8wqCI4CgJ2qSBYsaEGhAXVt0LcQwJhpeMq6BDs2S/PQ+OwYh9VTq90GmdgojzYAbvgANjgGFTBBaiBOsDgDtyDR/BkZMaD8Wy8TFpzxnRmG/yR8foDBcyYOw==</latexit>



Astrophysical explosions
interstellar medium

P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

Msw =
4⇡

3
R3

sh%

<latexit sha1_base64="Q13v8G+FNFnNWArXwrkxxvYB5uU="></latexit>

✘✘

ESN =
1

2
Mejv

2
sh

<latexit sha1_base64="j7fC+IQ0H1hLsCuCOvphGHiXasw=">AAACDXicbVC7SgNBFJ31GeMraiFiMxgFq7AbBGMhBEWwUSKaByRxmZ3MJmNmH8zMBsKwP2Djr9hYKGJrK3ba2PoZTh6FJh64cDjnXu69xwkZFdI0P4yJyanpmdnEXHJ+YXFpObWyWhJBxDEp4oAFvOIgQRj1SVFSyUgl5AR5DiNlp33c88sdwgUN/CvZDUndQ02fuhQjqSU7tX1iq8vzGB7CmssRVlassjE8sxW5iWHHVqIVX2 ftVNrMmH3AcWINSTqf+3pb//zeKNip91ojwJFHfIkZEqJqmaGsK8QlxYzEyVokSIhwGzVJVVMfeUTUVf+bGO5opQHdgOvyJeyrvycU8oToeo7u9JBsiVGvJ/7nVSPp5uqK+mEkiY8Hi9yIQRnAXjSwQTnBknU1QZhTfSvELaRTkTrApA7BGn15nJSyGWsvc3Ch0zgCAyTAJtgCu8AC+yAPTkEBFAEGt+AePIIn4854MJ6Nl0HrhDGcWQN/YLz+ALh2nyQ=</latexit>

free expansion

(constant speed)

Mej � Msw

<latexit sha1_base64="s1xGVkYWoZAFuSxWzHfs2a4LF8M=">AAAB+3icbZDLSsNAFIYn9VZbL7Eu3QxWwVVJRFB3RTduhAr2Am0Ik+kkHTuZhJlJtYS8ihsXirjVF/AN3PkgunZ6WWjrDwMf/zmHc+b3YkalsqxPI7ewuLS8kl8tFNfWNzbNrVJDRonApI4jFomWhyRhlJO6ooqRViwICj1Gml7/fFRvDoiQNOLXahgTJ0QBpz7FSGnLNUuXbkpuMtgJAqhR3mbQNctWxRoLzoM9hXJ17+vtfVD8rrnmR6cb4SQkXGGGpGzbVqycFAlFMSNZoZNIEiPcRwFpa+QoJNJJx7dncF87XehHQj+u4Nj9PZGiUMph6OnOEKmenK2NzP9q7UT5J05KeZwowvFkkZ8wqCI4CgJ2qSBYsaEGhAXVt0LcQwJhpeMq6BDs2S/PQ+OwYh9VTq90GmdgojzYAbvgANjgGFTBBaiBOsDgDtyDR/BkZMaD8Wy8TFpzxnRmG/yR8foDBcyYOw==</latexit>



Astrophysical explosions
interstellar medium

P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

Msw =
4⇡

3
R3

sh%

<latexit sha1_base64="Q13v8G+FNFnNWArXwrkxxvYB5uU="></latexit>

✘✘

�! vsh =

s
2ESN

Mej
⇠ 10000

✓
Mej

M�

◆�1/2

km/s

<latexit sha1_base64="NjpJe6OPP3PoNLAJoBw7CHV8W2w="></latexit>

ESN =
1

2
Mejv

2
sh

<latexit sha1_base64="j7fC+IQ0H1hLsCuCOvphGHiXasw=">AAACDXicbVC7SgNBFJ31GeMraiFiMxgFq7AbBGMhBEWwUSKaByRxmZ3MJmNmH8zMBsKwP2Djr9hYKGJrK3ba2PoZTh6FJh64cDjnXu69xwkZFdI0P4yJyanpmdnEXHJ+YXFpObWyWhJBxDEp4oAFvOIgQRj1SVFSyUgl5AR5DiNlp33c88sdwgUN/CvZDUndQ02fuhQjqSU7tX1iq8vzGB7CmssRVlassjE8sxW5iWHHVqIVX2 ftVNrMmH3AcWINSTqf+3pb//zeKNip91ojwJFHfIkZEqJqmaGsK8QlxYzEyVokSIhwGzVJVVMfeUTUVf+bGO5opQHdgOvyJeyrvycU8oToeo7u9JBsiVGvJ/7nVSPp5uqK+mEkiY8Hi9yIQRnAXjSwQTnBknU1QZhTfSvELaRTkTrApA7BGn15nJSyGWsvc3Ch0zgCAyTAJtgCu8AC+yAPTkEBFAEGt+AePIIn4854MJ6Nl0HrhDGcWQN/YLz+ALh2nyQ=</latexit>

free expansion

(constant speed)

Mej � Msw

<latexit sha1_base64="s1xGVkYWoZAFuSxWzHfs2a4LF8M=">AAAB+3icbZDLSsNAFIYn9VZbL7Eu3QxWwVVJRFB3RTduhAr2Am0Ik+kkHTuZhJlJtYS8ihsXirjVF/AN3PkgunZ6WWjrDwMf/zmHc+b3YkalsqxPI7ewuLS8kl8tFNfWNzbNrVJDRonApI4jFomWhyRhlJO6ooqRViwICj1Gml7/fFRvDoiQNOLXahgTJ0QBpz7FSGnLNUuXbkpuMtgJAqhR3mbQNctWxRoLzoM9hXJ17+vtfVD8rrnmR6cb4SQkXGGGpGzbVqycFAlFMSNZoZNIEiPcRwFpa+QoJNJJx7dncF87XehHQj+u4Nj9PZGiUMph6OnOEKmenK2NzP9q7UT5J05KeZwowvFkkZ8wqCI4CgJ2qSBYsaEGhAXVt0LcQwJhpeMq6BDs2S/PQ+OwYh9VTq90GmdgojzYAbvgANjgGFTBBaiBOsDgDtyDR/BkZMaD8Wy8TFpzxnRmG/yR8foDBcyYOw==</latexit>



Astrophysical explosions
interstellar medium

P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

Msw =
4⇡

3
R3

sh%

<latexit sha1_base64="Q13v8G+FNFnNWArXwrkxxvYB5uU="></latexit>

✘✘Mej = Msw

<latexit sha1_base64="rJqws3YMJLv5SWLm0+o8YVmJQ8I=">AAAB+XicbZC7SgNBFIbPxltMvKxa2gxGwSrsiqAWQtDGRohgLpAsy+xkNhkze2FmNhKWfRMbC0VsBV/AN7DzQbR2cik0+sPAx3/O4Zz5vZgzqSzrw8jNzS8sLuWXC8WV1bV1c2OzLqNEEFojEY9E08OSchbSmmKK02YsKA48Thte/3xUbwyokCwKr9Uwpk6AuyHzGcFKW65pXropvcnQKdIgbzPkmiWrbI2F/oI9hVJl9/P1bVD8qrrme7sTkSSgoSIcS9myrVg5KRaKEU6zQjuRNMakj7u0pTHEAZVOOr48Q3va6SA/EvqFCo3dnxMpDqQcBp7uDLDqydnayPyv1kqUf+ykLIwTRUMyWeQnHKkIjWJAHSYoUXyoARPB9K2I9LDAROmwCjoEe/bLf6F+ULYPyydXOo0zmCgP27AD+2DDEVTgAqpQAwIDuIMHeDRS4954Mp4nrTljOrMFv2S8fANGiZc6</latexit>
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<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

Msw =
4⇡

3
R3

sh%

<latexit sha1_base64="Q13v8G+FNFnNWArXwrkxxvYB5uU="></latexit>

✘✘Mej = Msw

<latexit sha1_base64="rJqws3YMJLv5SWLm0+o8YVmJQ8I=">AAAB+XicbZC7SgNBFIbPxltMvKxa2gxGwSrsiqAWQtDGRohgLpAsy+xkNhkze2FmNhKWfRMbC0VsBV/AN7DzQbR2cik0+sPAx3/O4Zz5vZgzqSzrw8jNzS8sLuWXC8WV1bV1c2OzLqNEEFojEY9E08OSchbSmmKK02YsKA48Thte/3xUbwyokCwKr9Uwpk6AuyHzGcFKW65pXropvcnQKdIgbzPkmiWrbI2F/oI9hVJl9/P1bVD8qrrme7sTkSSgoSIcS9myrVg5KRaKEU6zQjuRNMakj7u0pTHEAZVOOr48Q3va6SA/EvqFCo3dnxMpDqQcBp7uDLDqydnayPyv1kqUf+ykLIwTRUMyWeQnHKkIjWJAHSYoUXyoARPB9K2I9LDAROmwCjoEe/bLf6F+ULYPyydXOo0zmCgP27AD+2DDEVTgAqpQAwIDuIMHeDRS4954Mp4nrTljOrMFv2S8fANGiZc6</latexit>

R⇤ =

✓
3Mej

4⇡%

◆1/3

⇠ 2

✓
Mej

M�

◆1/3 ⇣ n

cm�3

⌘�1/3
pc

<latexit sha1_base64="ISiiP5BAOObgmQneFFkkKyrRw2w="></latexit>
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<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

Msw =
4⇡

3
R3

sh%

<latexit sha1_base64="Q13v8G+FNFnNWArXwrkxxvYB5uU="></latexit>

✘✘Mej = Msw

<latexit sha1_base64="rJqws3YMJLv5SWLm0+o8YVmJQ8I=">AAAB+XicbZC7SgNBFIbPxltMvKxa2gxGwSrsiqAWQtDGRohgLpAsy+xkNhkze2FmNhKWfRMbC0VsBV/AN7DzQbR2cik0+sPAx3/O4Zz5vZgzqSzrw8jNzS8sLuWXC8WV1bV1c2OzLqNEEFojEY9E08OSchbSmmKK02YsKA48Thte/3xUbwyokCwKr9Uwpk6AuyHzGcFKW65pXropvcnQKdIgbzPkmiWrbI2F/oI9hVJl9/P1bVD8qrrme7sTkSSgoSIcS9myrVg5KRaKEU6zQjuRNMakj7u0pTHEAZVOOr48Q3va6SA/EvqFCo3dnxMpDqQcBp7uDLDqydnayPyv1kqUf+ykLIwTRUMyWeQnHKkIjWJAHSYoUXyoARPB9K2I9LDAROmwCjoEe/bLf6F+ULYPyydXOo0zmCgP27AD+2DDEVTgAqpQAwIDuIMHeDRS4954Mp4nrTljOrMFv2S8fANGiZc6</latexit>

R⇤ =

✓
3Mej

4⇡%

◆1/3

⇠ 2

✓
Mej

M�

◆1/3 ⇣ n

cm�3

⌘�1/3
pc

<latexit sha1_base64="ISiiP5BAOObgmQneFFkkKyrRw2w="></latexit>

it takes few centuries 
to reach this moment
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P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

Mej ⌧ Msw

<latexit sha1_base64="xRLDsWh9lPLx11yoOpEhHlS4Nt4=">AAAB+3icbZC7SgNBFIZn4y0mXtZY2gxGwSrsiqB2QRsbIYK5QBKW2cnZZMzshZnZaFj2VWwsFLHVF/AN7HwQrZ1cCk38YeDjP+dwzvxuxJlUlvVpZBYWl5ZXsqu5/Nr6xqa5VajJMBYUqjTkoWi4RAJnAVQVUxwakQDiuxzqbv98VK8PQEgWBtdqGEHbJ92AeYwSpS3HLFw6CdykuMU51ihvU+yYRatkjYXnwZ5Csbz39fY+yH9XHPOj1Qlp7EOgKCdSNm0rUu2ECMUohzTXiiVEhPZJF5oaA+KDbCfj21O8r50O9kKhX6Dw2P09kRBfyqHv6k6fqJ6crY3M/2rNWHkn7YQFUawgoJNFXsyxCvEoCNxhAqjiQw2ECqZvxbRHBKFKx5XTIdizX56H2mHJPiqdXuk0ztBEWbSDdtEBstExKqMLVEFVRNEdukeP6MlIjQfj2XiZtGaM6cw2+iPj9QcVSZhF</latexit>



Astrophysical explosions
interstellar medium

P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

the shock begins to 
feel the presence of 
the ambient gas and 

decelerates

Mej ⌧ Msw

<latexit sha1_base64="xRLDsWh9lPLx11yoOpEhHlS4Nt4=">AAAB+3icbZC7SgNBFIZn4y0mXtZY2gxGwSrsiqB2QRsbIYK5QBKW2cnZZMzshZnZaFj2VWwsFLHVF/AN7HwQrZ1cCk38YeDjP+dwzvxuxJlUlvVpZBYWl5ZXsqu5/Nr6xqa5VajJMBYUqjTkoWi4RAJnAVQVUxwakQDiuxzqbv98VK8PQEgWBtdqGEHbJ92AeYwSpS3HLFw6CdykuMU51ihvU+yYRatkjYXnwZ5Csbz39fY+yH9XHPOj1Qlp7EOgKCdSNm0rUu2ECMUohzTXiiVEhPZJF5oaA+KDbCfj21O8r50O9kKhX6Dw2P09kRBfyqHv6k6fqJ6crY3M/2rNWHkn7YQFUawgoJNFXsyxCvEoCNxhAqjiQw2ECqZvxbRHBKFKx5XTIdizX56H2mHJPiqdXuk0ztBEWbSDdtEBstExKqMLVEFVRNEdukeP6MlIjQfj2XiZtGaM6cw2+iPj9QcVSZhF</latexit>



Astrophysical explosions
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P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

✘

the shock begins to 
feel the presence of 
the ambient gas and 

decelerates

Mej ⌧ Msw

<latexit sha1_base64="xRLDsWh9lPLx11yoOpEhHlS4Nt4=">AAAB+3icbZC7SgNBFIZn4y0mXtZY2gxGwSrsiqB2QRsbIYK5QBKW2cnZZMzshZnZaFj2VWwsFLHVF/AN7HwQrZ1cCk38YeDjP+dwzvxuxJlUlvVpZBYWl5ZXsqu5/Nr6xqa5VajJMBYUqjTkoWi4RAJnAVQVUxwakQDiuxzqbv98VK8PQEgWBtdqGEHbJ92AeYwSpS3HLFw6CdykuMU51ihvU+yYRatkjYXnwZ5Csbz39fY+yH9XHPOj1Qlp7EOgKCdSNm0rUu2ECMUohzTXiiVEhPZJF5oaA+KDbCfj21O8r50O9kKhX6Dw2P09kRBfyqHv6k6fqJ6crY3M/2rNWHkn7YQFUawgoJNFXsyxCvEoCNxhAqjiQw2ECqZvxbRHBKFKx5XTIdizX56H2mHJPiqdXuk0ztBEWbSDdtEBstExKqMLVEFVRNEdukeP6MlIjQfj2XiZtGaM6cw2+iPj9QcVSZhF</latexit>
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P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

✘

the shock begins to 
feel the presence of 
the ambient gas and 

decelerates

Mej ⌧ Msw

<latexit sha1_base64="xRLDsWh9lPLx11yoOpEhHlS4Nt4=">AAAB+3icbZC7SgNBFIZn4y0mXtZY2gxGwSrsiqB2QRsbIYK5QBKW2cnZZMzshZnZaFj2VWwsFLHVF/AN7HwQrZ1cCk38YeDjP+dwzvxuxJlUlvVpZBYWl5ZXsqu5/Nr6xqa5VajJMBYUqjTkoWi4RAJnAVQVUxwakQDiuxzqbv98VK8PQEgWBtdqGEHbJ92AeYwSpS3HLFw6CdykuMU51ihvU+yYRatkjYXnwZ5Csbz39fY+yH9XHPOj1Qlp7EOgKCdSNm0rUu2ECMUohzTXiiVEhPZJF5oaA+KDbCfj21O8r50O9kKhX6Dw2P09kRBfyqHv6k6fqJ6crY3M/2rNWHkn7YQFUawgoJNFXsyxCvEoCNxhAqjiQw2ECqZvxbRHBKFKx5XTIdizX56H2mHJPiqdXuk0ztBEWbSDdtEBstExKqMLVEFVRNEdukeP6MlIjQfj2XiZtGaM6cw2+iPj9QcVSZhF</latexit>

cs ⇡ 10 km/s

<latexit sha1_base64="LHMl4az2pW/N+xmJFsTjR96MLPY=">AAACAnicbVDLSgMxFM3UV62vUVfiJrQIglBnRFB3RTcuK9gHdIYhk6ZtaDIZkow4DNWNn+AvuHGhiFu/wl3/xvSx0NYDFw7n3Mu994Qxo0o7ztDKLSwuLa/kVwtr6xubW/b2Tl2JRGJSw4IJ2QyRIoxGpKapZqQZS4J4yEgj7F+N/MYdkYqK6FanMfE56ka0QzHSRgrsPRwo6KE4luIeug58gJ7ksM+PVWCXnLIzBpwn7pSUKkXv6HlYSauB/e21BU44iTRmSKmW68Taz5DUFDMyKHiJIjHCfdQlLUMjxInys/ELA3hglDbsCGkq0nCs/p7IEFcq5aHp5Ej31Kw3Ev/zWonunPsZjeJEkwhPFnUSBrWAozxgm0qCNUsNQVhScyvEPSQR1ia1ggnBnX15ntRPyu5p+eLGpHEJJsiDfVAEh8AFZ6ACrkEV1AAGj+AFvIF368l6tT6sz0lrzprO7II/sL5+AFdMmRs=</latexit>

strong shock
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P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

✘

the shock begins to 
feel the presence of 
the ambient gas and 

decelerates

Mej ⌧ Msw

<latexit sha1_base64="xRLDsWh9lPLx11yoOpEhHlS4Nt4=">AAAB+3icbZC7SgNBFIZn4y0mXtZY2gxGwSrsiqB2QRsbIYK5QBKW2cnZZMzshZnZaFj2VWwsFLHVF/AN7HwQrZ1cCk38YeDjP+dwzvxuxJlUlvVpZBYWl5ZXsqu5/Nr6xqa5VajJMBYUqjTkoWi4RAJnAVQVUxwakQDiuxzqbv98VK8PQEgWBtdqGEHbJ92AeYwSpS3HLFw6CdykuMU51ihvU+yYRatkjYXnwZ5Csbz39fY+yH9XHPOj1Qlp7EOgKCdSNm0rUu2ECMUohzTXiiVEhPZJF5oaA+KDbCfj21O8r50O9kKhX6Dw2P09kRBfyqHv6k6fqJ6crY3M/2rNWHkn7YQFUawgoJNFXsyxCvEoCNxhAqjiQw2ECqZvxbRHBKFKx5XTIdizX56H2mHJPiqdXuk0ztBEWbSDdtEBstExKqMLVEFVRNEdukeP6MlIjQfj2XiZtGaM6cw2+iPj9QcVSZhF</latexit>

cs ⇡ 10 km/s

<latexit sha1_base64="LHMl4az2pW/N+xmJFsTjR96MLPY=">AAACAnicbVDLSgMxFM3UV62vUVfiJrQIglBnRFB3RTcuK9gHdIYhk6ZtaDIZkow4DNWNn+AvuHGhiFu/wl3/xvSx0NYDFw7n3Mu994Qxo0o7ztDKLSwuLa/kVwtr6xubW/b2Tl2JRGJSw4IJ2QyRIoxGpKapZqQZS4J4yEgj7F+N/MYdkYqK6FanMfE56ka0QzHSRgrsPRwo6KE4luIeug58gJ7ksM+PVWCXnLIzBpwn7pSUKkXv6HlYSauB/e21BU44iTRmSKmW68Taz5DUFDMyKHiJIjHCfdQlLUMjxInys/ELA3hglDbsCGkq0nCs/p7IEFcq5aHp5Ej31Kw3Ev/zWonunPsZjeJEkwhPFnUSBrWAozxgm0qCNUsNQVhScyvEPSQR1ia1ggnBnX15ntRPyu5p+eLGpHEJJsiDfVAEh8AFZ6ACrkEV1AAGj+AFvIF368l6tT6sz0lrzprO7II/sL5+AFdMmRs=</latexit>

strong shock

✘
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<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

✘

the shock begins to 
feel the presence of 
the ambient gas and 

decelerates

Mej ⌧ Msw

<latexit sha1_base64="xRLDsWh9lPLx11yoOpEhHlS4Nt4=">AAAB+3icbZC7SgNBFIZn4y0mXtZY2gxGwSrsiqB2QRsbIYK5QBKW2cnZZMzshZnZaFj2VWwsFLHVF/AN7HwQrZ1cCk38YeDjP+dwzvxuxJlUlvVpZBYWl5ZXsqu5/Nr6xqa5VajJMBYUqjTkoWi4RAJnAVQVUxwakQDiuxzqbv98VK8PQEgWBtdqGEHbJ92AeYwSpS3HLFw6CdykuMU51ihvU+yYRatkjYXnwZ5Csbz39fY+yH9XHPOj1Qlp7EOgKCdSNm0rUu2ECMUohzTXiiVEhPZJF5oaA+KDbCfj21O8r50O9kKhX6Dw2P09kRBfyqHv6k6fqJ6crY3M/2rNWHkn7YQFUawgoJNFXsyxCvEoCNxhAqjiQw2ECqZvxbRHBKFKx5XTIdizX56H2mHJPiqdXuk0ztBEWbSDdtEBstExKqMLVEFVRNEdukeP6MlIjQfj2XiZtGaM6cw2+iPj9QcVSZhF</latexit>

cs ⇡ 10 km/s

<latexit sha1_base64="LHMl4az2pW/N+xmJFsTjR96MLPY=">AAACAnicbVDLSgMxFM3UV62vUVfiJrQIglBnRFB3RTcuK9gHdIYhk6ZtaDIZkow4DNWNn+AvuHGhiFu/wl3/xvSx0NYDFw7n3Mu994Qxo0o7ztDKLSwuLa/kVwtr6xubW/b2Tl2JRGJSw4IJ2QyRIoxGpKapZqQZS4J4yEgj7F+N/MYdkYqK6FanMfE56ka0QzHSRgrsPRwo6KE4luIeug58gJ7ksM+PVWCXnLIzBpwn7pSUKkXv6HlYSauB/e21BU44iTRmSKmW68Taz5DUFDMyKHiJIjHCfdQlLUMjxInys/ELA3hglDbsCGkq0nCs/p7IEFcq5aHp5Ej31Kw3Ev/zWonunPsZjeJEkwhPFnUSBrWAozxgm0qCNUsNQVhScyvEPSQR1ia1ggnBnX15ntRPyu5p+eLGpHEJJsiDfVAEh8AFZ6ACrkEV1AAGj+AFvIF368l6tT6sz0lrzprO7II/sL5+AFdMmRs=</latexit>

strong shock

✘

a =
% R5

sh

ESN t2

<latexit sha1_base64="i0iZR8Oatqy9DW2S6zgTZymBTxg="></latexit>

non-dimensional quantity:
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<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

✘

the shock begins to 
feel the presence of 
the ambient gas and 

decelerates

Mej ⌧ Msw

<latexit sha1_base64="xRLDsWh9lPLx11yoOpEhHlS4Nt4=">AAAB+3icbZC7SgNBFIZn4y0mXtZY2gxGwSrsiqB2QRsbIYK5QBKW2cnZZMzshZnZaFj2VWwsFLHVF/AN7HwQrZ1cCk38YeDjP+dwzvxuxJlUlvVpZBYWl5ZXsqu5/Nr6xqa5VajJMBYUqjTkoWi4RAJnAVQVUxwakQDiuxzqbv98VK8PQEgWBtdqGEHbJ92AeYwSpS3HLFw6CdykuMU51ihvU+yYRatkjYXnwZ5Csbz39fY+yH9XHPOj1Qlp7EOgKCdSNm0rUu2ECMUohzTXiiVEhPZJF5oaA+KDbCfj21O8r50O9kKhX6Dw2P09kRBfyqHv6k6fqJ6crY3M/2rNWHkn7YQFUawgoJNFXsyxCvEoCNxhAqjiQw2ECqZvxbRHBKFKx5XTIdizX56H2mHJPiqdXuk0ztBEWbSDdtEBstExKqMLVEFVRNEdukeP6MlIjQfj2XiZtGaM6cw2+iPj9QcVSZhF</latexit>

cs ⇡ 10 km/s

<latexit sha1_base64="LHMl4az2pW/N+xmJFsTjR96MLPY=">AAACAnicbVDLSgMxFM3UV62vUVfiJrQIglBnRFB3RTcuK9gHdIYhk6ZtaDIZkow4DNWNn+AvuHGhiFu/wl3/xvSx0NYDFw7n3Mu994Qxo0o7ztDKLSwuLa/kVwtr6xubW/b2Tl2JRGJSw4IJ2QyRIoxGpKapZqQZS4J4yEgj7F+N/MYdkYqK6FanMfE56ka0QzHSRgrsPRwo6KE4luIeug58gJ7ksM+PVWCXnLIzBpwn7pSUKkXv6HlYSauB/e21BU44iTRmSKmW68Taz5DUFDMyKHiJIjHCfdQlLUMjxInys/ELA3hglDbsCGkq0nCs/p7IEFcq5aHp5Ej31Kw3Ev/zWonunPsZjeJEkwhPFnUSBrWAozxgm0qCNUsNQVhScyvEPSQR1ia1ggnBnX15ntRPyu5p+eLGpHEJJsiDfVAEh8AFZ6ACrkEV1AAGj+AFvIF368l6tT6sz0lrzprO7II/sL5+AFdMmRs=</latexit>

strong shock

✘

a =
% R5

sh

ESN t2

<latexit sha1_base64="i0iZR8Oatqy9DW2S6zgTZymBTxg="></latexit>

non-dimensional quantity: �! Rsh = a

✓
ESN

%

◆1/5

t2/5

<latexit sha1_base64="o5jw2gz1aXPFHQuBXDdOlw3zs7c="></latexit>

order unity



Astrophysical explosions
interstellar medium

P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

✘Mej ⌧ Msw

<latexit sha1_base64="xRLDsWh9lPLx11yoOpEhHlS4Nt4=">AAAB+3icbZC7SgNBFIZn4y0mXtZY2gxGwSrsiqB2QRsbIYK5QBKW2cnZZMzshZnZaFj2VWwsFLHVF/AN7HwQrZ1cCk38YeDjP+dwzvxuxJlUlvVpZBYWl5ZXsqu5/Nr6xqa5VajJMBYUqjTkoWi4RAJnAVQVUxwakQDiuxzqbv98VK8PQEgWBtdqGEHbJ92AeYwSpS3HLFw6CdykuMU51ihvU+yYRatkjYXnwZ5Csbz39fY+yH9XHPOj1Qlp7EOgKCdSNm0rUu2ECMUohzTXiiVEhPZJF5oaA+KDbCfj21O8r50O9kKhX6Dw2P09kRBfyqHv6k6fqJ6crY3M/2rNWHkn7YQFUawgoJNFXsyxCvEoCNxhAqjiQw2ECqZvxbRHBKFKx5XTIdizX56H2mHJPiqdXuk0ztBEWbSDdtEBstExKqMLVEFVRNEdukeP6MlIjQfj2XiZtGaM6cw2+iPj9QcVSZhF</latexit>

✘

Rsh = a

✓
ESN

%

◆1/5

t2/5

<latexit sha1_base64="FkSrcfljyrG/SoM66Xq0AzcMGbQ="></latexit>

Sedov-Taylor solution

ush =
2

5

Rsh

t
/ t�3/5

<latexit sha1_base64="dpBEJZdQWVtSkc++DmJQ15/rdDw="></latexit>



Astrophysical explosions
interstellar medium

P

<latexit sha1_base64="AwgCU+Ysl1NelorvyR1o7hAHiCA=">AAAB6HicbVC7SgNBFL0bX3F9RS1tBoNgFXZFUAsxaGOZgHlAssjs5G4yZvbBzKwQlnyBjYUitvox9jbi3zh5FJp44MLhnHO5Dz8RXGnH+bZyC4tLyyv5VXttfWNzq7C9U1dxKhnWWCxi2fSpQsEjrGmuBTYTiTT0BTb8/tXIb9yjVDyObvQgQS+k3YgHnFFtpGrltlB0Ss4YZJ64U1K8+LDPk/cv2+Q/252YpSFGmgmqVMt1Eu1lVGrOBA7tdqowoaxPu9gyNKIhKi8bLzokB0bpkCCWpiJNxurvjoyGSg1C3yRDqntq1huJ/3mtVAenXsajJNUYscmgIBVEx2R0NelwiUyLgSGUSW52JaxHJWXa/MY2T3BnT54n9aOSe1w6qzrF8iVMkIc92IdDcOEEynANFagBA4QHeIJn6856tF6s10k0Z017duEPrLcfDQ+QHQ==</latexit>

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

✘Mej ⌧ Msw

<latexit sha1_base64="xRLDsWh9lPLx11yoOpEhHlS4Nt4=">AAAB+3icbZC7SgNBFIZn4y0mXtZY2gxGwSrsiqB2QRsbIYK5QBKW2cnZZMzshZnZaFj2VWwsFLHVF/AN7HwQrZ1cCk38YeDjP+dwzvxuxJlUlvVpZBYWl5ZXsqu5/Nr6xqa5VajJMBYUqjTkoWi4RAJnAVQVUxwakQDiuxzqbv98VK8PQEgWBtdqGEHbJ92AeYwSpS3HLFw6CdykuMU51ihvU+yYRatkjYXnwZ5Csbz39fY+yH9XHPOj1Qlp7EOgKCdSNm0rUu2ECMUohzTXiiVEhPZJF5oaA+KDbCfj21O8r50O9kKhX6Dw2P09kRBfyqHv6k6fqJ6crY3M/2rNWHkn7YQFUawgoJNFXsyxCvEoCNxhAqjiQw2ECqZvxbRHBKFKx5XTIdizX56H2mHJPiqdXuk0ztBEWbSDdtEBstExKqMLVEFVRNEdukeP6MlIjQfj2XiZtGaM6cw2+iPj9QcVSZhF</latexit>

✘

Rsh = a

✓
ESN

%

◆1/5

t2/5

<latexit sha1_base64="FkSrcfljyrG/SoM66Xq0AzcMGbQ="></latexit>

Sedov-Taylor solution

ush =
2

5

Rsh

t
/ t�3/5

<latexit sha1_base64="dpBEJZdQWVtSkc++DmJQ15/rdDw="></latexit>

This solution holds 
until t~104-105 yr, 
after that the SNR 
cools due to emission 

of X-ray photons



SNR shocks in one slide

ESN =
1

2
Mejv

2
sh

<latexit sha1_base64="j7fC+IQ0H1hLsCuCOvphGHiXasw=">AAACDXicbVC7SgNBFJ31GeMraiFiMxgFq7AbBGMhBEWwUSKaByRxmZ3MJmNmH8zMBsKwP2Djr9hYKGJrK3ba2PoZTh6FJh64cDjnXu69xwkZFdI0P4yJyanpmdnEXHJ+YXFpObWyWhJBxDEp4oAFvOIgQRj1SVFSyUgl5AR5DiNlp33c88sdwgUN/CvZDUndQ02fuhQjqSU7tX1iq8vzGB7CmssRVlassjE8sxW5iWHHVqIVX2 ftVNrMmH3AcWINSTqf+3pb//zeKNip91ojwJFHfIkZEqJqmaGsK8QlxYzEyVokSIhwGzVJVVMfeUTUVf+bGO5opQHdgOvyJeyrvycU8oToeo7u9JBsiVGvJ/7nVSPp5uqK+mEkiY8Hi9yIQRnAXjSwQTnBknU1QZhTfSvELaRTkTrApA7BGn15nJSyGWsvc3Ch0zgCAyTAJtgCu8AC+yAPTkEBFAEGt+AePIIn4854MJ6Nl0HrhDGcWQN/YLz+ALh2nyQ=</latexit>

�! vsh =

s
2ESN

Mej
⇠ 10000

✓
Mej

M�

◆�1/2

km/s

<latexit sha1_base64="NjpJe6OPP3PoNLAJoBw7CHV8W2w="></latexit>

stellar explosion of energy ESN = 1051 erg ejecting Mej solar masses 

Mej � Msw

<latexit sha1_base64="s1xGVkYWoZAFuSxWzHfs2a4LF8M=">AAAB+3icbZDLSsNAFIYn9VZbL7Eu3QxWwVVJRFB3RTduhAr2Am0Ik+kkHTuZhJlJtYS8ihsXirjVF/AN3PkgunZ6WWjrDwMf/zmHc+b3YkalsqxPI7ewuLS8kl8tFNfWNzbNrVJDRonApI4jFomWhyRhlJO6ooqRViwICj1Gml7/fFRvDoiQNOLXahgTJ0QBpz7FSGnLNUuXbkpuMtgJAqhR3mbQNctWxRoLzoM9hXJ17+vtfVD8rrnmR6cb4SQkXGGGpGzbVqycFAlFMSNZoZNIEiPcRwFpa+QoJNJJx7dncF87XehHQj+u4Nj9PZGiUMph6OnOEKmenK2NzP9q7UT5J05KeZwowvFkkZ8wqCI4CgJ2qSBYsaEGhAXVt0LcQwJhpeMq6BDs2S/PQ+OwYh9VTq90GmdgojzYAbvgANjgGFTBBaiBOsDgDtyDR/BkZMaD8Wy8TFpzxnRmG/yR8foDBcyYOw==</latexit>

early times —>

late times —>
solution must depend on ρ 
(ISM density) and not Mej!

Mej ⌧ Msw

<latexit sha1_base64="xRLDsWh9lPLx11yoOpEhHlS4Nt4=">AAAB+3icbZC7SgNBFIZn4y0mXtZY2gxGwSrsiqB2QRsbIYK5QBKW2cnZZMzshZnZaFj2VWwsFLHVF/AN7HwQrZ1cCk38YeDjP+dwzvxuxJlUlvVpZBYWl5ZXsqu5/Nr6xqa5VajJMBYUqjTkoWi4RAJnAVQVUxwakQDiuxzqbv98VK8PQEgWBtdqGEHbJ92AeYwSpS3HLFw6CdykuMU51ihvU+yYRatkjYXnwZ5Csbz39fY+yH9XHPOj1Qlp7EOgKCdSNm0rUu2ECMUohzTXiiVEhPZJF5oaA+KDbCfj21O8r50O9kKhX6Dw2P09kRBfyqHv6k6fqJ6crY3M/2rNWHkn7YQFUawgoJNFXsyxCvEoCNxhAqjiQw2ECqZvxbRHBKFKx5XTIdizX56H2mHJPiqdXuk0ztBEWbSDdtEBstExKqMLVEFVRNEdukeP6MlIjQfj2XiZtGaM6cw2+iPj9QcVSZhF</latexit>

mass of the ISM swept up 
by the shock

Rsh ∼ ( ESN

ϱ )
1/5

t2/5

us ⇠ 2⇥ 103
✓

ESN

1051 erg

◆1/5 ⇣nISM

cm�3

⌘�1/5
✓

t

kyr

◆�3/5

km/s



[End of Inset 1]
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How old is RX J1713.7-3946 ?

source

observer

d
ϑ

R ∼ d × ϑ ∼ 10 ( d
kpc ) pc

R ∼ ( ESN

ϱ )
1/5

t2/5 ⟶ t ∼ ( ϱ
ESN )

1/2

R5/2 ∝ d5/2

uncertainty on d is 
catastrophic!

t ∼ 2 kyr → d ∼ 1 kpc

t ∼ 104 yr → d ∼ 2 kpc

—> early Sedov phase

—> late Sedov phase
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Multiwavelenght
Multi-alphabet astronomy

✘

Multimessenger

✘
Wang+ 1997

“Tài yuán shíbā nián èr yuè”

Tai Yuan 
reign period

2nd (lunar) month

"Kè xīng” guest star

“jiǔ yuè” 9th month

this corresponds to year 393, and the 
position in the sky also seems to match!

18th year



How distant & old is RXJ1713.7-3946?
d ~ 6 kpc was adopted for some time, based on a spatial association with a 
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How distant & old is RXJ1713.7-3946?

Fukui+ 2003

-11 to -3 km/s —> 0.5-1.6 kpc

X-rays/CO

d ~ 6 kpc was adopted for some time, based on a spatial association with a 
molecular cloud characterised by that distance (Slane+99) —> t >> 104 yr!

hole in CO distribution —> gas swept by 
the SNR or by the parent stellar wind?

high velocity tail in the distribution —> 
typical of SNR/cloud interactions

so let’s take 1 kpc as a fiducial distance, consistent with Wang's hypothesis 

—> t ~ 1600 yr 
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Γ = 2.06 ± 0.02 Ecut = 12.9 ± 1.1 TeV

F0 = (2.3 ± 0.1) × 10−11cm−2s−1TeV−1

S( > 1 TeV) = ∫
∞

1 TeV
dE F(E) E ∼ 7 × 10−11erg/cm2/s

L( > 1 TeV) = S( > 1 TeV) × (4πd2) ∼ 8 × 1033erg/s



[Question 3] How much 
energy we need to explain 

the TeV emission?



[Inset 2] Hadronic versus 
leptonic dichotomy in 
gamma-ray astronomy 
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p-p interactions

target: ambient gas

inverse Compton

target: CMB photons

Ep ∼ 10 (
Eγ

TeV ) TeV

need protons of energy Eγ ∼
4
3

γ2ϵCMB

Ee ∼ 20 (
Eγ

TeV )
1/2

TeV

need electrons 
of energy
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Synchrotron X-rays from RX J1713
Koyama+ 97 —> no line emission in X-ray spectrum (ASCA) —> non-thermal !

Tanaka+ 2008 (SUZAKU)

Ne ∝ E−3 → Fsyn ∝ E−2

leptonic scenario

Fγ ∝ E−2 → Ne ∝ E−3

we need a E-3 spectrum

Δ

E2
γ Fsyn(Eγ) ∼ Ne(E)

dE
dt

|syn
dE
dEγ

|syn Eγ

E2
γ FICS(Eγ) ∼ Ne(E)

dE
dt

|ICS
dE
dEγ

|ICS Eγ

ratio Δ =
ωB

ωCMB
≈ 10 → B ≈ 10 μG
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Synchrotron X-rays from RX J1713:

checking assumptions

we need to inject this, consistent with shock acceleration theory

cooling time —> τsyn ≈ 0.1 ( ωTOT

2.5 eV/cm3 )
−1

( E
TeV )

−1

Myr

τsyn ≈ τage ⟶ Ecool ≈ 60 TeV

Ee ∼ 20 (
Eγ

TeV )
1/2

TeV ⟶ Ecool
γ ≈ 10 TeV in gammas, the spectrum 

is cooled above 10 TeV
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Predicted leptonic gamma-ray spectrum

cooled (>10 TeV) —> Qe ∝ E−2 → Ne ∼ Qe × τsyn ∝ E−3 → Fγ ∝ E−2

uncooled (<10 TeV) —> Qe ∝ E−2 → Ne ∼ Qe × τage ∝ E−2 → Fγ ∝ E−1

some tension 
with data?

cutoff —> maximum energy 
of accelerated particles…
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Saving the leptonic model

Tanaka+ 2008

<— add (optical) radiation field

consistent with our 
rough estimate!

B = 14 μG
we estimated 10!

We ∼ 1.4 × 1047erg
sm

all 
!

add  another population —>

We ∼ 3.4 × 1047erg
sm

all 
!
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Hadronic model

Tanaka+ 2008

CR protons do not cool ! —> Qp ∝ E−2 → Np ∼ Qp × τage ∝ E−2 → Fγ ∝ E−2

to kill inverse Compton!
B = 200 μG n = 1 cm−3 Wp ∼ 2.7 × 1050erg

big !

if hadronic, O(10%) of the SN energy goes to CRs,

as required to explain all of them! 



[End of Inset 2]



Fermi spectrum

Abdo+ 2011

Fermi data are more consistent with leptonic models



Why do we see a cutoff?
what can we learn from the position off the cutoff?

how is the maximum energy of particles determined?

Ecut = 12.9 ± 1.1 TeV ⟶ Ep
max ∼ 130 TeV

⟶ Ee
max ∼ 70 TeV



[Inset 3] What is the 
maximum possible energy 

particles can get an a given 
source?


The Hillas criterion
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Charged particles and electromagnetic fields
cosmic rays are charged particles —> they are affected by electromagnetic fields

~E(~r, t) ~B(~r, t)

Simplifying assumption —> consider only constant fields

✘✘
A particle of charge q moving at a velocity u fill experience a force: 

~F =
d~p

dt
= q

✓
~E +

~u

c
⇥ ~B

◆

~p = �m~urelativistic momentum

Lorentz force

⏊ to velocity —>

doesn’t change 


the particle energy!
✘
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large charge
strong E field 

large 
accelerator

Emax
t = qEtc = qEL
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Can we keep a static and uniform electric 
field in an astrophysical plasma?

unfortunately, that’s quite difficult…

“…a basic property of plasma, its tendency towards electrical neutrality. If over a 
large volume the number of electrons per cubic centimeter deviates appreciably 
from the corresponding number of positive ions, the electrostatic forces resulting 
yield a potential energy per particle that is enormously greater than the mean 
thermal energy. Unless very special mechanisms are involved to support such large 
potentials, the charged particles will rapidly move in such a way as to reduce 
these potential difference, i.e., to restore electrical neutrality.”


                      (Lyman Spitzer “Physics of fully ionised gases”)

An excess of electrical charge is needed to maintain a static electric field. However we 
should remember…

So, the answer is no…
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Way-out: time varying B

We DO need electric fields to accelerate particles!

r ~E = 4⇡%

r⇥ ~E = �1

c

@ ~B

@t

r ~B = 0

r⇥ ~B =
4⇡

c
~j +

1

c

@ ~E

@t

Maxwell equations

= 0 —> plasma quasi-neutrality

A time varying magnetic field 
acts as a source of electric field!

Faraday law



An equivalent way: change rest frame

~u
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Consider a magnetised cloud of plasma moving at a (non relativistic) velocity u

~B0
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primed quantities —> cloud frame



An equivalent way: change rest frame

~u

<latexit sha1_base64="3lV+sdKVCwYtKtQTK7gQN5A2aYg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBlqWzfrniVt0FyDrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwVuqlGhPKxnSIXUsljVD72eLcGbmwyoCEsbIlDVmovycyGmk9jQLbGVEz0qveXPzP66YmvPEzLpPUoGTLRWEqiInJ/Hcy4AqZEVNLKFPc3krYiCrKjE2oZEPwVl9eJ62rqler3j7WKvW7PI4inME5XIIH11CHB2hAExiM4Rle4c1JnBfn3flYthacfOYU/sD5/AGxNI/T</latexit>

Consider a magnetised cloud of plasma moving at a (non relativistic) velocity u

~B0

<latexit sha1_base64="aZKltJ9x+gr1I8f3JPqyWGxNE/0=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkoN5KvXisYD+giWWznbRLd5OwuymUkH/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt1Xa2Nza3invVvb2Dw6P7OOTjopTSaFNYx7LXkAUcBZBWzPNoZdIICLg0A0md3O/OwWpWBw96lkCviCjiIWMEm2kgW17U6BZM3/KvEQyAfnArjo1ZwG8TtyCVFGB1sD+8oYxTQVEmnKiVN91Eu1nRGpGOeQVL1WQEDohI+gbGhEBys8Wl+f4wihDHMbSVKTxQv09kRGh1EwEplMQPVar3lz8z+unOrzxMxYlqYaILheFKcc6xvMY8JBJoJrPDCFUMnMrpmMiCdUmrIoJwV19eZ10rmpuvXb7UK82mkUcZXSGztElctE1aqB71EJtRNEUPaNX9GZl1ov1bn0sW0tWMXOK/sD6/AEW0JP6</latexit>

~E0

<latexit sha1_base64="nH5gbp73zdHOC7EcPI/wN29LjC8=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkoN6KInisYD+giWWznbRLN5uwuymUkH/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt1VaW9/Y3CpvV3Z29/YP7MOjtopTSaFFYx7LbkAUcCagpZnm0E0kkCjg0AnGtzO/MwGpWCwe9TQBPyJDwUJGiTZS37a9CdDsLn/KvESyCPK+XXVqzhx4lbgFqaICzb795Q1imkYgNOVEqZ7rJNrPiNSMcsgrXqogIXRMhtAzVJAIlJ/NL8/xmVEGOIylKaHxXP09kZFIqWkUmM6I6JFa9mbif14v1eGVnzGRpBoEXSwKU451jGcx4AGTQDWfGkKoZOZWTEdEEqpNWBUTgrv88ippX9Tceu36oV5t3BRxlNEJOkXnyEWXqIHuURO1EEUT9Ixe0ZuVWS/Wu/WxaC1Zxcwx+gPr8wcbepP9</latexit>

primed quantities —> cloud frame

~E0 = ~E +
~u

c
⇥ ~B

<latexit sha1_base64="8GfEr8NjEJettlDj8UiwgbEHmsE=">AAACJnicbVDLSsNAFJ3UV62vqEs3g0UQhJJIQV0USkVwWcE+oIllMp20QyeTMDMplJCvceOvuHFREXHnpzhNs9DWAwPnnnsud+7xIkalsqwvo7C2vrG5Vdwu7ezu7R+Yh0dtGcYCkxYOWSi6HpKEUU5aiipGupEgKPAY6Xjj23m/MyFC0pA/qmlE3AANOfUpRkpLfbPmTAhO7tKnxIkEDUgKazCX4AV0fIFwktVxmiY4hY7SJrmwNNK+WbYqVga4SuyclEGOZt+cOYMQxwHhCjMkZc+2IuUmSCiKGUlLTixJhPAYDUlPU470MjfJzkzhmVYG0A+FflzBTP09kaBAymngaWeA1Egu9+bif71erPxrN6E8ihXheLHIjxlUIZxnBgdUEKzYVBOEBdV/hXiEdDRKJ1vSIdjLJ6+S9mXFrlZuHqrleiOPowhOwCk4Bza4AnVwD5qgBTB4Bq9gBt6NF+PN+DA+F9aCkc8cgz8wvn8AaBGmYg==</latexit>

Lorentz transformation



An equivalent way: change rest frame

~u

<latexit sha1_base64="3lV+sdKVCwYtKtQTK7gQN5A2aYg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBlqWzfrniVt0FyDrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwVuqlGhPKxnSIXUsljVD72eLcGbmwyoCEsbIlDVmovycyGmk9jQLbGVEz0qveXPzP66YmvPEzLpPUoGTLRWEqiInJ/Hcy4AqZEVNLKFPc3krYiCrKjE2oZEPwVl9eJ62rqler3j7WKvW7PI4inME5XIIH11CHB2hAExiM4Rle4c1JnBfn3flYthacfOYU/sD5/AGxNI/T</latexit>

Consider a magnetised cloud of plasma moving at a (non relativistic) velocity u

~B0

<latexit sha1_base64="aZKltJ9x+gr1I8f3JPqyWGxNE/0=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkoN5KvXisYD+giWWznbRLd5OwuymUkH/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt1Xa2Nza3invVvb2Dw6P7OOTjopTSaFNYx7LXkAUcBZBWzPNoZdIICLg0A0md3O/OwWpWBw96lkCviCjiIWMEm2kgW17U6BZM3/KvEQyAfnArjo1ZwG8TtyCVFGB1sD+8oYxTQVEmnKiVN91Eu1nRGpGOeQVL1WQEDohI+gbGhEBys8Wl+f4wihDHMbSVKTxQv09kRGh1EwEplMQPVar3lz8z+unOrzxMxYlqYaILheFKcc6xvMY8JBJoJrPDCFUMnMrpmMiCdUmrIoJwV19eZ10rmpuvXb7UK82mkUcZXSGztElctE1aqB71EJtRNEUPaNX9GZl1ov1bn0sW0tWMXOK/sD6/AEW0JP6</latexit>

~E0

<latexit sha1_base64="nH5gbp73zdHOC7EcPI/wN29LjC8=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkoN6KInisYD+giWWznbRLN5uwuymUkH/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt1VaW9/Y3CpvV3Z29/YP7MOjtopTSaFFYx7LbkAUcCagpZnm0E0kkCjg0AnGtzO/MwGpWCwe9TQBPyJDwUJGiTZS37a9CdDsLn/KvESyCPK+XXVqzhx4lbgFqaICzb795Q1imkYgNOVEqZ7rJNrPiNSMcsgrXqogIXRMhtAzVJAIlJ/NL8/xmVEGOIylKaHxXP09kZFIqWkUmM6I6JFa9mbif14v1eGVnzGRpBoEXSwKU451jGcx4AGTQDWfGkKoZOZWTEdEEqpNWBUTgrv88ippX9Tceu36oV5t3BRxlNEJOkXnyEWXqIHuURO1EEUT9Ixe0ZuVWS/Wu/WxaC1Zxcwx+gPr8wcbepP9</latexit>

primed quantities —> cloud frame

~E0 = ~E +
~u

c
⇥ ~B

<latexit sha1_base64="8GfEr8NjEJettlDj8UiwgbEHmsE=">AAACJnicbVDLSsNAFJ3UV62vqEs3g0UQhJJIQV0USkVwWcE+oIllMp20QyeTMDMplJCvceOvuHFREXHnpzhNs9DWAwPnnnsud+7xIkalsqwvo7C2vrG5Vdwu7ezu7R+Yh0dtGcYCkxYOWSi6HpKEUU5aiipGupEgKPAY6Xjj23m/MyFC0pA/qmlE3AANOfUpRkpLfbPmTAhO7tKnxIkEDUgKazCX4AV0fIFwktVxmiY4hY7SJrmwNNK+WbYqVga4SuyclEGOZt+cOYMQxwHhCjMkZc+2IuUmSCiKGUlLTixJhPAYDUlPU470MjfJzkzhmVYG0A+FflzBTP09kaBAymngaWeA1Egu9+bif71erPxrN6E8ihXheLHIjxlUIZxnBgdUEKzYVBOEBdV/hXiEdDRKJ1vSIdjLJ6+S9mXFrlZuHqrleiOPowhOwCk4Bza4AnVwD5qgBTB4Bq9gBt6NF+PN+DA+F9aCkc8cgz8wvn8AaBGmYg==</latexit>

Lorentz transformation

✘

0 = ~E +
~u

c
⇥ ~B �! ~E = �~u

c
⇥ ~B

<latexit sha1_base64="GhQdEKtgezRIxpFxcFh9W3KxtLo="></latexit>



An equivalent way: change rest frame

~u

<latexit sha1_base64="3lV+sdKVCwYtKtQTK7gQN5A2aYg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBlqWzfrniVt0FyDrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwVuqlGhPKxnSIXUsljVD72eLcGbmwyoCEsbIlDVmovycyGmk9jQLbGVEz0qveXPzP66YmvPEzLpPUoGTLRWEqiInJ/Hcy4AqZEVNLKFPc3krYiCrKjE2oZEPwVl9eJ62rqler3j7WKvW7PI4inME5XIIH11CHB2hAExiM4Rle4c1JnBfn3flYthacfOYU/sD5/AGxNI/T</latexit>

Consider a magnetised cloud of plasma moving at a (non relativistic) velocity u

~B0

<latexit sha1_base64="aZKltJ9x+gr1I8f3JPqyWGxNE/0=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkoN5KvXisYD+giWWznbRLd5OwuymUkH/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt1Xa2Nza3invVvb2Dw6P7OOTjopTSaFNYx7LXkAUcBZBWzPNoZdIICLg0A0md3O/OwWpWBw96lkCviCjiIWMEm2kgW17U6BZM3/KvEQyAfnArjo1ZwG8TtyCVFGB1sD+8oYxTQVEmnKiVN91Eu1nRGpGOeQVL1WQEDohI+gbGhEBys8Wl+f4wihDHMbSVKTxQv09kRGh1EwEplMQPVar3lz8z+unOrzxMxYlqYaILheFKcc6xvMY8JBJoJrPDCFUMnMrpmMiCdUmrIoJwV19eZ10rmpuvXb7UK82mkUcZXSGztElctE1aqB71EJtRNEUPaNX9GZl1ov1bn0sW0tWMXOK/sD6/AEW0JP6</latexit>

~E0

<latexit sha1_base64="nH5gbp73zdHOC7EcPI/wN29LjC8=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkoN6KInisYD+giWWznbRLN5uwuymUkH/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt1VaW9/Y3CpvV3Z29/YP7MOjtopTSaFFYx7LbkAUcCagpZnm0E0kkCjg0AnGtzO/MwGpWCwe9TQBPyJDwUJGiTZS37a9CdDsLn/KvESyCPK+XXVqzhx4lbgFqaICzb795Q1imkYgNOVEqZ7rJNrPiNSMcsgrXqogIXRMhtAzVJAIlJ/NL8/xmVEGOIylKaHxXP09kZFIqWkUmM6I6JFa9mbif14v1eGVnzGRpBoEXSwKU451jGcx4AGTQDWfGkKoZOZWTEdEEqpNWBUTgrv88ippX9Tceu36oV5t3BRxlNEJOkXnyEWXqIHuURO1EEUT9Ixe0ZuVWS/Wu/WxaC1Zxcwx+gPr8wcbepP9</latexit>

primed quantities —> cloud frame

~E0 = ~E +
~u

c
⇥ ~B

<latexit sha1_base64="8GfEr8NjEJettlDj8UiwgbEHmsE=">AAACJnicbVDLSsNAFJ3UV62vqEs3g0UQhJJIQV0USkVwWcE+oIllMp20QyeTMDMplJCvceOvuHFREXHnpzhNs9DWAwPnnnsud+7xIkalsqwvo7C2vrG5Vdwu7ezu7R+Yh0dtGcYCkxYOWSi6HpKEUU5aiipGupEgKPAY6Xjj23m/MyFC0pA/qmlE3AANOfUpRkpLfbPmTAhO7tKnxIkEDUgKazCX4AV0fIFwktVxmiY4hY7SJrmwNNK+WbYqVga4SuyclEGOZt+cOYMQxwHhCjMkZc+2IuUmSCiKGUlLTixJhPAYDUlPU470MjfJzkzhmVYG0A+FflzBTP09kaBAymngaWeA1Egu9+bif71erPxrN6E8ihXheLHIjxlUIZxnBgdUEKzYVBOEBdV/hXiEdDRKJ1vSIdjLJ6+S9mXFrlZuHqrleiOPowhOwCk4Bza4AnVwD5qgBTB4Bq9gBt6NF+PN+DA+F9aCkc8cgz8wvn8AaBGmYg==</latexit>

Lorentz transformation

✘

0 = ~E +
~u

c
⇥ ~B �! ~E = �~u

c
⇥ ~B

<latexit sha1_base64="GhQdEKtgezRIxpFxcFh9W3KxtLo="></latexit>

an observer in the lab frame sees an electric field!



Order of magnitude estimates

of the induced electric field

time-varying B-field r⇥ ~E = �1

c

@ ~B

@t

<latexit sha1_base64="878WXQEaDDw8rmtgOflZaN1tKU0="></latexit>



Order of magnitude estimates

of the induced electric field

time-varying B-field r⇥ ~E = �1

c

@ ~B

@t

<latexit sha1_base64="878WXQEaDDw8rmtgOflZaN1tKU0="></latexit>

r⇥ ! 1

L
@

@t
! 1

T

<latexit sha1_base64="6g5yrvl3B3uoDhDFcdmGIJrJ7sM="></latexit>

characteristic length

characteristic time



Order of magnitude estimates

of the induced electric field

time-varying B-field r⇥ ~E = �1

c

@ ~B

@t

<latexit sha1_base64="878WXQEaDDw8rmtgOflZaN1tKU0="></latexit>

r⇥ ! 1

L
@

@t
! 1

T

<latexit sha1_base64="6g5yrvl3B3uoDhDFcdmGIJrJ7sM="></latexit>

characteristic length

characteristic time

E ⇡ L

T

B

c
⇡ U

c
B

<latexit sha1_base64="JGdfyEF3qV1n2UeJ31tzfcjAdYU=">AAACIHicbZDNSsNAFIUn9a/Wv6hLN4NFcFUSEaq7UhFcuKjQtIUmlMl00g6dTMLMRCwhj+LGV3HjQhHd6dM4TbPQ1gsDH+fcy517/JhRqSzryyitrK6tb5Q3K1vbO7t75v5BR0aJwMTBEYtEz0eSMMqJo6hipBcLgkKfka4/uZr53XsiJI14W01j4oVoxGlAMVJaGpj1a+iiOBbRA3QDgXB6m6XtrOBmluJswXdyrTkwq1bNygsug11AFRTVGpif7jDCSUi4wgxJ2betWHkpEopiRrKKm0gSIzxBI9LXyFFIpJfmB2bwRCtDGERCP65grv6eSFEo5TT0dWeI1FguejPxP6+fqODCSymPE0U4ni8KEgZVBGdpwSEVBCs21YCwoPqvEI+RzkHpTCs6BHvx5GXonNXs89rl3Xm10SziKIMjcAxOgQ3qoAFuQAs4AINH8AxewZvxZLwY78bHvLVkFDOH4E8Z3z9lraPF</latexit>

characteristic velocity



Order of magnitude estimates

of the induced electric field

time-varying B-field r⇥ ~E = �1

c

@ ~B

@t

<latexit sha1_base64="878WXQEaDDw8rmtgOflZaN1tKU0="></latexit>

r⇥ ! 1

L
@

@t
! 1

T

<latexit sha1_base64="6g5yrvl3B3uoDhDFcdmGIJrJ7sM="></latexit>

characteristic length

characteristic time

E ⇡ L

T

B

c
⇡ U

c
B

<latexit sha1_base64="JGdfyEF3qV1n2UeJ31tzfcjAdYU=">AAACIHicbZDNSsNAFIUn9a/Wv6hLN4NFcFUSEaq7UhFcuKjQtIUmlMl00g6dTMLMRCwhj+LGV3HjQhHd6dM4TbPQ1gsDH+fcy517/JhRqSzryyitrK6tb5Q3K1vbO7t75v5BR0aJwMTBEYtEz0eSMMqJo6hipBcLgkKfka4/uZr53XsiJI14W01j4oVoxGlAMVJaGpj1a+iiOBbRA3QDgXB6m6XtrOBmluJswXdyrTkwq1bNygsug11AFRTVGpif7jDCSUi4wgxJ2betWHkpEopiRrKKm0gSIzxBI9LXyFFIpJfmB2bwRCtDGERCP65grv6eSFEo5TT0dWeI1FguejPxP6+fqODCSymPE0U4ni8KEgZVBGdpwSEVBCs21YCwoPqvEI+RzkHpTCs6BHvx5GXonNXs89rl3Xm10SziKIMjcAxOgQ3qoAFuQAs4AINH8AxewZvxZLwY78bHvLVkFDOH4E8Z3z9lraPF</latexit>

characteristic velocity

Lorentz 
transformation

~E = �~u

c
⇥ ~B

<latexit sha1_base64="PIN4ek6Lb+z8G97pVda+3CkBrC0=">AAACFXicbZDLSsNAFIYnXmu9RV26GSyCCy2JFNSFUCqCywr2Ak0pk+lJO3RyYWZSKCEv4cZXceNCEbeCO9/GaZqFtv4w8POdczhzfjfiTCrL+jaWlldW19YLG8XNre2dXXNvvynDWFBo0JCHou0SCZwF0FBMcWhHAojvcmi5o5tpvTUGIVkYPKhJBF2fDALmMUqURj3z1BkDTW5TfI3PsOMJQpOMxGma0BQ7ivkgcYZqac8sWWUrE140dm5KKFe9Z345/ZDGPgSKciJlx7Yi1U2IUIxySItOLCEidEQG0NE2IHpZN8muSvGxJn3shUK/QOGM/p5IiC/lxHd1p0/UUM7XpvC/WidW3mU3YUEUKwjobJEXc6xCPI0I95kAqvhEG0IF03/FdEh0NEoHWdQh2PMnL5rmedmulK/uK6VqLY+jgA7RETpBNrpAVXSH6qiBKHpEz+gVvRlPxovxbnzMWpeMfOYA/ZHx+QNL7J70</latexit>

E ⇡ U

c
B

<latexit sha1_base64="m0q6cHI6yJCQ17KoiayXlRLXFFI=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoiBfVWKoLHCqYtNKFstpt26WY37G7EEuLFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuaFCaNKO863tbS8srq2Xtoob25t7+zae/stJVKJiYcFE7ITIkUY5cTTVDPSSSRBcchIOxxdTfz2PZGKCn6nxwkJYjTgNKIYaSP17MNr6KMkkeIBQj+SCGdenuEcNnp2xak6U8BF4hakAgo0e/aX3xc4jQnXmCGluq6T6CBDUlPMSF72U0UShEdoQLqGchQTFWTTD3J4YpQ+jIQ0xTWcqr8nMhQrNY5D0xkjPVTz3kT8z+umOroIMsqTVBOOZ4uilEEt4CQO2KeSYM3GhiAsqbkV4iEyOWgTWtmE4M6/vEhaZ1W3Vr28rVXqjSKOEjgCx+AUuOAc1MENaAIPYPAInsEreLOerBfr3fqYtS5ZxcwB+APr8wdvPZZE</latexit>



Hillas criterion
Let’s go back to the results obtained for the electrostatic accelerator

Emax
t = qEL

<latexit sha1_base64="vOT0sXrjPd+tnB5Vu625cifKB2s=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIoC6EohRcuKhgH9COQybNtKFJZkwyahn7KW5cKOLWL3Hn35i2s9DWAxcO59zLvfcEMaNKO863lVtYXFpeya8W1tY3Nrfs4nZDRYnEpI4jFslWgBRhVJC6ppqRViwJ4gEjzWBwMfab90QqGokbPYyJx1FP0JBipI3k28Wqr29Tjh5H8AzewSq88u2SU3YmgPPEzUgJZKj59lenG+GEE6ExQ0q1XSfWXoqkppiRUaGTKBIjPEA90jZUIE6Ul05OH8F9o3RhGElTQsOJ+nsiRVypIQ9MJ0e6r2a9sfif1050eOKlVMSJJgJPF4UJgzqC4xxgl0qCNRsagrCk5laI+0girE1aBROCO/vyPGkclt2j8un1UalynsWRB7tgDxwAFxyDCrgENVAHGDyAZ/AK3qwn68V6tz6mrTkrm9kBf2B9/gBvZZLU</latexit>

E ⇡ U

c
B

<latexit sha1_base64="m0q6cHI6yJCQ17KoiayXlRLXFFI=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoiBfVWKoLHCqYtNKFstpt26WY37G7EEuLFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuaFCaNKO863tbS8srq2Xtoob25t7+zae/stJVKJiYcFE7ITIkUY5cTTVDPSSSRBcchIOxxdTfz2PZGKCn6nxwkJYjTgNKIYaSP17MNr6KMkkeIBQj+SCGdenuEcNnp2xak6U8BF4hakAgo0e/aX3xc4jQnXmCGluq6T6CBDUlPMSF72U0UShEdoQLqGchQTFWTTD3J4YpQ+jIQ0xTWcqr8nMhQrNY5D0xkjPVTz3kT8z+umOroIMsqTVBOOZ4uilEEt4CQO2KeSYM3GhiAsqbkV4iEyOWgTWtmE4M6/vEhaZ1W3Vr28rVXqjSKOEjgCx+AUuOAc1MENaAIPYPAInsEreLOerBfr3fqYtS5ZxcwB+APr8wdvPZZE</latexit>
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up

this is the upstream field! 
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Summarising…

upEmax = 100 ( B
20 μG ) TeV

this applies to protons only! (we ignored energy losses…)

⟶ Bdown ∼ 4 × Bup ≲ 100 μG

more or less consistent 
with hadronic scenario

electrons cool, so the expression above is an optimistic figure

on the other hand, one needs a slightly smaller Emax, which helps a bit…
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(see also Katz&Waxman2008)

leptonic

gas density is not a crucial parameter so 
one can tune it not to violate X-ray 

constraints



RXJ1713: difficulties of one-zone 
leptonic models

two features in the electron spectrum:

acceleration time = synchrotron loss time -> acceleration cutoff at Emax

SNR age = synchrotron loss time -> cooling break at Ecool

ation and escape in SNRs. It should be noted that although the GeV
c-rays tell us only about low-energy particles, they in fact serve as
unique carriers of information about the sites of ‘‘ancient’’ PeVa-
trons. Generally, within the DSA paradigm, no TeV c-rays are ex-
pected from the shells of old and middle-aged SNRs. On the
other hand, this argument should not prevent us from future
searches for TeV c-rays from the shells of older SNRs. Although
so far the DSA mechanism seems to work without a major problem,
yet it remains a theoretical paradigm, therefore its predictions
should not be overestimated, in particular concerning the interpre-
tation of c-ray observations.

In addition to gamma-ray emission from classical shell-type
SNRs, a few TeV galactic c-ray sources spatially coincide with the
so-called composite SNRs, objects with combined features of two
different source populations – the shell-type SNRs and pulsar wind
nebulae. In one case, the association of a TeV c-ray source with the
composite SNR G0.9+0.1 seems to be robustly established [47]. The
point-like c-ray image of this source indicates that TeV c-rays orig-
inate, most likely, in the plerionic core of the remnant, rather than
in the 40 radius shell.

3. TeV emission of young SNRs

Both the particle acceleration and radiation processes are very
sensitive to the initial conditions of SN explosions, as well as to
the parameters characterizing the surrounding environment. This
can explains the diversity in the multiwavelength radiation prop-
erties of young SNRs reported as TeV c-ray sources. So far, the most
unusual representative of this class of objects is RX J1713.7-3946.

3.1. RX J1713.7-3946 – an atypical SNR

While the synchrotron radio emission and thermal X-rays are
two distinct components of shell type SNRs in general, RX
J1713.7-3946 shows weak radio emission, and no thermal X-radi-
ation at all. On the other hand, this object is a powerful nonthermal
X-ray and TeV c-ray emitter. The X- and VHE c-ray images of this
remnant are shown in Fig. 3a. The overall shell type structure and
its correlation with the nonthermal X-ray image is clearly recog-
nizable, although the ‘c-X’ correlation is less evident on smaller
angular scales [48].

The broad-band c-ray spectrum of the entire remnant based on
the Fermi LAT [34] and HESS [49] measurements is shown in
Fig. 3b. It extends over five decades, from 1 GeV to 100 TeV. The

theoretical curves correspond to the leptonic (IC) and hadronic
(p0-decay) model-predictions; they are calculated within a simple
one-zone model, assuming that the GeV and TeV c-ray regions fully
overlap. It is seen that although both hadronic and leptonic models
do satisfactorily explain the spectral points above 1 TeV, the one-
zone leptonic model fails to explain the GeV fluxes reported by Fer-
mi. The problem here is related to the synchrotron cooling break in
the electron spectrum, and correspondingly to the position of the
Compton peak which in the spectral energy distribution (SED) ap-
pears above 1 TeV [50]. Thus, the reduction of the break energy
down to 200 GeV could in principle solve the problem. Since the
magnetic field in this model cannot significantly exceed 10 lG,
the only possibility to shift the Compton peak to sub-TeV energies
is to assume that the remnant is much older than 103 years, which
however is not supported by multiwavelength data. On the other
hand, the constraints on the strength of the magnetic field are less
robust, if the IC and synchrotron components of radiation are
formed in different zones [51]. Such a scenario in young SNRs is
not only possible, but, in fact, can be naturally realized in the for-
ward and inverse shocks in which the magnetic fields are essen-
tially different [15].

The agreement of the spectrum of hadronic c-rays with the
measurements over the entire GeV to TeV region can achieved
assuming a very hard spectrum of protons with power-law index
1:7 and an exponential cutoff at 25 TeV. Although this spectrum
is harder than the nominal E!2 type acceleration spectrum pre-
dicted by the models applied to this source [12–15], such a hard
proton distribution cannot be excluded. Moreover, in the case of
inhomogeneous distribution of gas in the shell, the proton spec-
trum in the densest regions, where the major fraction of c-rays is
produced, can significantly deviate, due to the propagation effects,
from the acceleration spectrum [52,15] (see below).

The total energetics in accelerated electrons and protons in the
relevant leptonic and hadronic models of c-rays can be estimated
by invoking minimum model parameters. For the given distance to
the source of about 1 kpc, the required budget in electrons is deter-
mined only by the reported c-ray fluxes, We ’ 3" 1047 erg, while
the total energy budget of protons in hadronic models depends
on the ambient gas density, Wp ’ 1050ðn=1cm!3Þ!1 erg [50]. The
lack of the thermal X-ray emission from this source requires gas
density as low as 0:1 cm!3 which makes the realization of standard
hadronic scenarios rather problematic [53,15,14]. Still, even in the
case of very low gas density of the shell, the contribution of hadro-
nic gamma-rays can be significant, if accelerated protons interact

Fig. 3. Spatial and spectral characteristics of RX J1713.7-3946. (a) (Left panel): The X- and VHE c-ray images of RX J1713.7-3946 obtained with the ASCA and HESS telescope
array, respectively (from Ref. [49]). (b) (Right panel): The spectral energy distribution of RX J1713.7-3946 based on the Fermi [34] and HESS [49] data. The theoretical
‘‘hadronic’’ and ‘‘leptonic’’ c-ray spectra calculated within a simple one-zone model are from Ref. [50]. The IC curve is obtained for the electron spectrum derived from the
synchrotron X-ray flux assuming for the strength of the magnetic field 14 lG. The ‘‘p0-decay’’ c-ray spectrum corresponds to the spectrum of protons with the power-law
index C ¼ 1:7 and exponential cutoff at 25 TeV.
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mi. The problem here is related to the synchrotron cooling break in
the electron spectrum, and correspondingly to the position of the
Compton peak which in the spectral energy distribution (SED) ap-
pears above 1 TeV [50]. Thus, the reduction of the break energy
down to 200 GeV could in principle solve the problem. Since the
magnetic field in this model cannot significantly exceed 10 lG,
the only possibility to shift the Compton peak to sub-TeV energies
is to assume that the remnant is much older than 103 years, which
however is not supported by multiwavelength data. On the other
hand, the constraints on the strength of the magnetic field are less
robust, if the IC and synchrotron components of radiation are
formed in different zones [51]. Such a scenario in young SNRs is
not only possible, but, in fact, can be naturally realized in the for-
ward and inverse shocks in which the magnetic fields are essen-
tially different [15].

The agreement of the spectrum of hadronic c-rays with the
measurements over the entire GeV to TeV region can achieved
assuming a very hard spectrum of protons with power-law index
1:7 and an exponential cutoff at 25 TeV. Although this spectrum
is harder than the nominal E!2 type acceleration spectrum pre-
dicted by the models applied to this source [12–15], such a hard
proton distribution cannot be excluded. Moreover, in the case of
inhomogeneous distribution of gas in the shell, the proton spec-
trum in the densest regions, where the major fraction of c-rays is
produced, can significantly deviate, due to the propagation effects,
from the acceleration spectrum [52,15] (see below).

The total energetics in accelerated electrons and protons in the
relevant leptonic and hadronic models of c-rays can be estimated
by invoking minimum model parameters. For the given distance to
the source of about 1 kpc, the required budget in electrons is deter-
mined only by the reported c-ray fluxes, We ’ 3" 1047 erg, while
the total energy budget of protons in hadronic models depends
on the ambient gas density, Wp ’ 1050ðn=1cm!3Þ!1 erg [50]. The
lack of the thermal X-ray emission from this source requires gas
density as low as 0:1 cm!3 which makes the realization of standard
hadronic scenarios rather problematic [53,15,14]. Still, even in the
case of very low gas density of the shell, the contribution of hadro-
nic gamma-rays can be significant, if accelerated protons interact

Fig. 3. Spatial and spectral characteristics of RX J1713.7-3946. (a) (Left panel): The X- and VHE c-ray images of RX J1713.7-3946 obtained with the ASCA and HESS telescope
array, respectively (from Ref. [49]). (b) (Right panel): The spectral energy distribution of RX J1713.7-3946 based on the Fermi [34] and HESS [49] data. The theoretical
‘‘hadronic’’ and ‘‘leptonic’’ c-ray spectra calculated within a simple one-zone model are from Ref. [50]. The IC curve is obtained for the electron spectrum derived from the
synchrotron X-ray flux assuming for the strength of the magnetic field 14 lG. The ‘‘p0-decay’’ c-ray spectrum corresponds to the spectrum of protons with the power-law
index C ¼ 1:7 and exponential cutoff at 25 TeV.
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ation and escape in SNRs. It should be noted that although the GeV
c-rays tell us only about low-energy particles, they in fact serve as
unique carriers of information about the sites of ‘‘ancient’’ PeVa-
trons. Generally, within the DSA paradigm, no TeV c-rays are ex-
pected from the shells of old and middle-aged SNRs. On the
other hand, this argument should not prevent us from future
searches for TeV c-rays from the shells of older SNRs. Although
so far the DSA mechanism seems to work without a major problem,
yet it remains a theoretical paradigm, therefore its predictions
should not be overestimated, in particular concerning the interpre-
tation of c-ray observations.

In addition to gamma-ray emission from classical shell-type
SNRs, a few TeV galactic c-ray sources spatially coincide with the
so-called composite SNRs, objects with combined features of two
different source populations – the shell-type SNRs and pulsar wind
nebulae. In one case, the association of a TeV c-ray source with the
composite SNR G0.9+0.1 seems to be robustly established [47]. The
point-like c-ray image of this source indicates that TeV c-rays orig-
inate, most likely, in the plerionic core of the remnant, rather than
in the 40 radius shell.

3. TeV emission of young SNRs

Both the particle acceleration and radiation processes are very
sensitive to the initial conditions of SN explosions, as well as to
the parameters characterizing the surrounding environment. This
can explains the diversity in the multiwavelength radiation prop-
erties of young SNRs reported as TeV c-ray sources. So far, the most
unusual representative of this class of objects is RX J1713.7-3946.

3.1. RX J1713.7-3946 – an atypical SNR

While the synchrotron radio emission and thermal X-rays are
two distinct components of shell type SNRs in general, RX
J1713.7-3946 shows weak radio emission, and no thermal X-radi-
ation at all. On the other hand, this object is a powerful nonthermal
X-ray and TeV c-ray emitter. The X- and VHE c-ray images of this
remnant are shown in Fig. 3a. The overall shell type structure and
its correlation with the nonthermal X-ray image is clearly recog-
nizable, although the ‘c-X’ correlation is less evident on smaller
angular scales [48].

The broad-band c-ray spectrum of the entire remnant based on
the Fermi LAT [34] and HESS [49] measurements is shown in
Fig. 3b. It extends over five decades, from 1 GeV to 100 TeV. The

theoretical curves correspond to the leptonic (IC) and hadronic
(p0-decay) model-predictions; they are calculated within a simple
one-zone model, assuming that the GeV and TeV c-ray regions fully
overlap. It is seen that although both hadronic and leptonic models
do satisfactorily explain the spectral points above 1 TeV, the one-
zone leptonic model fails to explain the GeV fluxes reported by Fer-
mi. The problem here is related to the synchrotron cooling break in
the electron spectrum, and correspondingly to the position of the
Compton peak which in the spectral energy distribution (SED) ap-
pears above 1 TeV [50]. Thus, the reduction of the break energy
down to 200 GeV could in principle solve the problem. Since the
magnetic field in this model cannot significantly exceed 10 lG,
the only possibility to shift the Compton peak to sub-TeV energies
is to assume that the remnant is much older than 103 years, which
however is not supported by multiwavelength data. On the other
hand, the constraints on the strength of the magnetic field are less
robust, if the IC and synchrotron components of radiation are
formed in different zones [51]. Such a scenario in young SNRs is
not only possible, but, in fact, can be naturally realized in the for-
ward and inverse shocks in which the magnetic fields are essen-
tially different [15].

The agreement of the spectrum of hadronic c-rays with the
measurements over the entire GeV to TeV region can achieved
assuming a very hard spectrum of protons with power-law index
1:7 and an exponential cutoff at 25 TeV. Although this spectrum
is harder than the nominal E!2 type acceleration spectrum pre-
dicted by the models applied to this source [12–15], such a hard
proton distribution cannot be excluded. Moreover, in the case of
inhomogeneous distribution of gas in the shell, the proton spec-
trum in the densest regions, where the major fraction of c-rays is
produced, can significantly deviate, due to the propagation effects,
from the acceleration spectrum [52,15] (see below).

The total energetics in accelerated electrons and protons in the
relevant leptonic and hadronic models of c-rays can be estimated
by invoking minimum model parameters. For the given distance to
the source of about 1 kpc, the required budget in electrons is deter-
mined only by the reported c-ray fluxes, We ’ 3" 1047 erg, while
the total energy budget of protons in hadronic models depends
on the ambient gas density, Wp ’ 1050ðn=1cm!3Þ!1 erg [50]. The
lack of the thermal X-ray emission from this source requires gas
density as low as 0:1 cm!3 which makes the realization of standard
hadronic scenarios rather problematic [53,15,14]. Still, even in the
case of very low gas density of the shell, the contribution of hadro-
nic gamma-rays can be significant, if accelerated protons interact

Fig. 3. Spatial and spectral characteristics of RX J1713.7-3946. (a) (Left panel): The X- and VHE c-ray images of RX J1713.7-3946 obtained with the ASCA and HESS telescope
array, respectively (from Ref. [49]). (b) (Right panel): The spectral energy distribution of RX J1713.7-3946 based on the Fermi [34] and HESS [49] data. The theoretical
‘‘hadronic’’ and ‘‘leptonic’’ c-ray spectra calculated within a simple one-zone model are from Ref. [50]. The IC curve is obtained for the electron spectrum derived from the
synchrotron X-ray flux assuming for the strength of the magnetic field 14 lG. The ‘‘p0-decay’’ c-ray spectrum corresponds to the spectrum of protons with the power-law
index C ¼ 1:7 and exponential cutoff at 25 TeV.
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ation and escape in SNRs. It should be noted that although the GeV
c-rays tell us only about low-energy particles, they in fact serve as
unique carriers of information about the sites of ‘‘ancient’’ PeVa-
trons. Generally, within the DSA paradigm, no TeV c-rays are ex-
pected from the shells of old and middle-aged SNRs. On the
other hand, this argument should not prevent us from future
searches for TeV c-rays from the shells of older SNRs. Although
so far the DSA mechanism seems to work without a major problem,
yet it remains a theoretical paradigm, therefore its predictions
should not be overestimated, in particular concerning the interpre-
tation of c-ray observations.

In addition to gamma-ray emission from classical shell-type
SNRs, a few TeV galactic c-ray sources spatially coincide with the
so-called composite SNRs, objects with combined features of two
different source populations – the shell-type SNRs and pulsar wind
nebulae. In one case, the association of a TeV c-ray source with the
composite SNR G0.9+0.1 seems to be robustly established [47]. The
point-like c-ray image of this source indicates that TeV c-rays orig-
inate, most likely, in the plerionic core of the remnant, rather than
in the 40 radius shell.

3. TeV emission of young SNRs

Both the particle acceleration and radiation processes are very
sensitive to the initial conditions of SN explosions, as well as to
the parameters characterizing the surrounding environment. This
can explains the diversity in the multiwavelength radiation prop-
erties of young SNRs reported as TeV c-ray sources. So far, the most
unusual representative of this class of objects is RX J1713.7-3946.

3.1. RX J1713.7-3946 – an atypical SNR

While the synchrotron radio emission and thermal X-rays are
two distinct components of shell type SNRs in general, RX
J1713.7-3946 shows weak radio emission, and no thermal X-radi-
ation at all. On the other hand, this object is a powerful nonthermal
X-ray and TeV c-ray emitter. The X- and VHE c-ray images of this
remnant are shown in Fig. 3a. The overall shell type structure and
its correlation with the nonthermal X-ray image is clearly recog-
nizable, although the ‘c-X’ correlation is less evident on smaller
angular scales [48].

The broad-band c-ray spectrum of the entire remnant based on
the Fermi LAT [34] and HESS [49] measurements is shown in
Fig. 3b. It extends over five decades, from 1 GeV to 100 TeV. The

theoretical curves correspond to the leptonic (IC) and hadronic
(p0-decay) model-predictions; they are calculated within a simple
one-zone model, assuming that the GeV and TeV c-ray regions fully
overlap. It is seen that although both hadronic and leptonic models
do satisfactorily explain the spectral points above 1 TeV, the one-
zone leptonic model fails to explain the GeV fluxes reported by Fer-
mi. The problem here is related to the synchrotron cooling break in
the electron spectrum, and correspondingly to the position of the
Compton peak which in the spectral energy distribution (SED) ap-
pears above 1 TeV [50]. Thus, the reduction of the break energy
down to 200 GeV could in principle solve the problem. Since the
magnetic field in this model cannot significantly exceed 10 lG,
the only possibility to shift the Compton peak to sub-TeV energies
is to assume that the remnant is much older than 103 years, which
however is not supported by multiwavelength data. On the other
hand, the constraints on the strength of the magnetic field are less
robust, if the IC and synchrotron components of radiation are
formed in different zones [51]. Such a scenario in young SNRs is
not only possible, but, in fact, can be naturally realized in the for-
ward and inverse shocks in which the magnetic fields are essen-
tially different [15].

The agreement of the spectrum of hadronic c-rays with the
measurements over the entire GeV to TeV region can achieved
assuming a very hard spectrum of protons with power-law index
1:7 and an exponential cutoff at 25 TeV. Although this spectrum
is harder than the nominal E!2 type acceleration spectrum pre-
dicted by the models applied to this source [12–15], such a hard
proton distribution cannot be excluded. Moreover, in the case of
inhomogeneous distribution of gas in the shell, the proton spec-
trum in the densest regions, where the major fraction of c-rays is
produced, can significantly deviate, due to the propagation effects,
from the acceleration spectrum [52,15] (see below).

The total energetics in accelerated electrons and protons in the
relevant leptonic and hadronic models of c-rays can be estimated
by invoking minimum model parameters. For the given distance to
the source of about 1 kpc, the required budget in electrons is deter-
mined only by the reported c-ray fluxes, We ’ 3" 1047 erg, while
the total energy budget of protons in hadronic models depends
on the ambient gas density, Wp ’ 1050ðn=1cm!3Þ!1 erg [50]. The
lack of the thermal X-ray emission from this source requires gas
density as low as 0:1 cm!3 which makes the realization of standard
hadronic scenarios rather problematic [53,15,14]. Still, even in the
case of very low gas density of the shell, the contribution of hadro-
nic gamma-rays can be significant, if accelerated protons interact

Fig. 3. Spatial and spectral characteristics of RX J1713.7-3946. (a) (Left panel): The X- and VHE c-ray images of RX J1713.7-3946 obtained with the ASCA and HESS telescope
array, respectively (from Ref. [49]). (b) (Right panel): The spectral energy distribution of RX J1713.7-3946 based on the Fermi [34] and HESS [49] data. The theoretical
‘‘hadronic’’ and ‘‘leptonic’’ c-ray spectra calculated within a simple one-zone model are from Ref. [50]. The IC curve is obtained for the electron spectrum derived from the
synchrotron X-ray flux assuming for the strength of the magnetic field 14 lG. The ‘‘p0-decay’’ c-ray spectrum corresponds to the spectrum of protons with the power-law
index C ¼ 1:7 and exponential cutoff at 25 TeV.
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ation and escape in SNRs. It should be noted that although the GeV
c-rays tell us only about low-energy particles, they in fact serve as
unique carriers of information about the sites of ‘‘ancient’’ PeVa-
trons. Generally, within the DSA paradigm, no TeV c-rays are ex-
pected from the shells of old and middle-aged SNRs. On the
other hand, this argument should not prevent us from future
searches for TeV c-rays from the shells of older SNRs. Although
so far the DSA mechanism seems to work without a major problem,
yet it remains a theoretical paradigm, therefore its predictions
should not be overestimated, in particular concerning the interpre-
tation of c-ray observations.

In addition to gamma-ray emission from classical shell-type
SNRs, a few TeV galactic c-ray sources spatially coincide with the
so-called composite SNRs, objects with combined features of two
different source populations – the shell-type SNRs and pulsar wind
nebulae. In one case, the association of a TeV c-ray source with the
composite SNR G0.9+0.1 seems to be robustly established [47]. The
point-like c-ray image of this source indicates that TeV c-rays orig-
inate, most likely, in the plerionic core of the remnant, rather than
in the 40 radius shell.

3. TeV emission of young SNRs

Both the particle acceleration and radiation processes are very
sensitive to the initial conditions of SN explosions, as well as to
the parameters characterizing the surrounding environment. This
can explains the diversity in the multiwavelength radiation prop-
erties of young SNRs reported as TeV c-ray sources. So far, the most
unusual representative of this class of objects is RX J1713.7-3946.

3.1. RX J1713.7-3946 – an atypical SNR

While the synchrotron radio emission and thermal X-rays are
two distinct components of shell type SNRs in general, RX
J1713.7-3946 shows weak radio emission, and no thermal X-radi-
ation at all. On the other hand, this object is a powerful nonthermal
X-ray and TeV c-ray emitter. The X- and VHE c-ray images of this
remnant are shown in Fig. 3a. The overall shell type structure and
its correlation with the nonthermal X-ray image is clearly recog-
nizable, although the ‘c-X’ correlation is less evident on smaller
angular scales [48].

The broad-band c-ray spectrum of the entire remnant based on
the Fermi LAT [34] and HESS [49] measurements is shown in
Fig. 3b. It extends over five decades, from 1 GeV to 100 TeV. The

theoretical curves correspond to the leptonic (IC) and hadronic
(p0-decay) model-predictions; they are calculated within a simple
one-zone model, assuming that the GeV and TeV c-ray regions fully
overlap. It is seen that although both hadronic and leptonic models
do satisfactorily explain the spectral points above 1 TeV, the one-
zone leptonic model fails to explain the GeV fluxes reported by Fer-
mi. The problem here is related to the synchrotron cooling break in
the electron spectrum, and correspondingly to the position of the
Compton peak which in the spectral energy distribution (SED) ap-
pears above 1 TeV [50]. Thus, the reduction of the break energy
down to 200 GeV could in principle solve the problem. Since the
magnetic field in this model cannot significantly exceed 10 lG,
the only possibility to shift the Compton peak to sub-TeV energies
is to assume that the remnant is much older than 103 years, which
however is not supported by multiwavelength data. On the other
hand, the constraints on the strength of the magnetic field are less
robust, if the IC and synchrotron components of radiation are
formed in different zones [51]. Such a scenario in young SNRs is
not only possible, but, in fact, can be naturally realized in the for-
ward and inverse shocks in which the magnetic fields are essen-
tially different [15].

The agreement of the spectrum of hadronic c-rays with the
measurements over the entire GeV to TeV region can achieved
assuming a very hard spectrum of protons with power-law index
1:7 and an exponential cutoff at 25 TeV. Although this spectrum
is harder than the nominal E!2 type acceleration spectrum pre-
dicted by the models applied to this source [12–15], such a hard
proton distribution cannot be excluded. Moreover, in the case of
inhomogeneous distribution of gas in the shell, the proton spec-
trum in the densest regions, where the major fraction of c-rays is
produced, can significantly deviate, due to the propagation effects,
from the acceleration spectrum [52,15] (see below).

The total energetics in accelerated electrons and protons in the
relevant leptonic and hadronic models of c-rays can be estimated
by invoking minimum model parameters. For the given distance to
the source of about 1 kpc, the required budget in electrons is deter-
mined only by the reported c-ray fluxes, We ’ 3" 1047 erg, while
the total energy budget of protons in hadronic models depends
on the ambient gas density, Wp ’ 1050ðn=1cm!3Þ!1 erg [50]. The
lack of the thermal X-ray emission from this source requires gas
density as low as 0:1 cm!3 which makes the realization of standard
hadronic scenarios rather problematic [53,15,14]. Still, even in the
case of very low gas density of the shell, the contribution of hadro-
nic gamma-rays can be significant, if accelerated protons interact

Fig. 3. Spatial and spectral characteristics of RX J1713.7-3946. (a) (Left panel): The X- and VHE c-ray images of RX J1713.7-3946 obtained with the ASCA and HESS telescope
array, respectively (from Ref. [49]). (b) (Right panel): The spectral energy distribution of RX J1713.7-3946 based on the Fermi [34] and HESS [49] data. The theoretical
‘‘hadronic’’ and ‘‘leptonic’’ c-ray spectra calculated within a simple one-zone model are from Ref. [50]. The IC curve is obtained for the electron spectrum derived from the
synchrotron X-ray flux assuming for the strength of the magnetic field 14 lG. The ‘‘p0-decay’’ c-ray spectrum corresponds to the spectrum of protons with the power-law
index C ¼ 1:7 and exponential cutoff at 25 TeV.
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ation and escape in SNRs. It should be noted that although the GeV
c-rays tell us only about low-energy particles, they in fact serve as
unique carriers of information about the sites of ‘‘ancient’’ PeVa-
trons. Generally, within the DSA paradigm, no TeV c-rays are ex-
pected from the shells of old and middle-aged SNRs. On the
other hand, this argument should not prevent us from future
searches for TeV c-rays from the shells of older SNRs. Although
so far the DSA mechanism seems to work without a major problem,
yet it remains a theoretical paradigm, therefore its predictions
should not be overestimated, in particular concerning the interpre-
tation of c-ray observations.

In addition to gamma-ray emission from classical shell-type
SNRs, a few TeV galactic c-ray sources spatially coincide with the
so-called composite SNRs, objects with combined features of two
different source populations – the shell-type SNRs and pulsar wind
nebulae. In one case, the association of a TeV c-ray source with the
composite SNR G0.9+0.1 seems to be robustly established [47]. The
point-like c-ray image of this source indicates that TeV c-rays orig-
inate, most likely, in the plerionic core of the remnant, rather than
in the 40 radius shell.

3. TeV emission of young SNRs

Both the particle acceleration and radiation processes are very
sensitive to the initial conditions of SN explosions, as well as to
the parameters characterizing the surrounding environment. This
can explains the diversity in the multiwavelength radiation prop-
erties of young SNRs reported as TeV c-ray sources. So far, the most
unusual representative of this class of objects is RX J1713.7-3946.

3.1. RX J1713.7-3946 – an atypical SNR

While the synchrotron radio emission and thermal X-rays are
two distinct components of shell type SNRs in general, RX
J1713.7-3946 shows weak radio emission, and no thermal X-radi-
ation at all. On the other hand, this object is a powerful nonthermal
X-ray and TeV c-ray emitter. The X- and VHE c-ray images of this
remnant are shown in Fig. 3a. The overall shell type structure and
its correlation with the nonthermal X-ray image is clearly recog-
nizable, although the ‘c-X’ correlation is less evident on smaller
angular scales [48].

The broad-band c-ray spectrum of the entire remnant based on
the Fermi LAT [34] and HESS [49] measurements is shown in
Fig. 3b. It extends over five decades, from 1 GeV to 100 TeV. The

theoretical curves correspond to the leptonic (IC) and hadronic
(p0-decay) model-predictions; they are calculated within a simple
one-zone model, assuming that the GeV and TeV c-ray regions fully
overlap. It is seen that although both hadronic and leptonic models
do satisfactorily explain the spectral points above 1 TeV, the one-
zone leptonic model fails to explain the GeV fluxes reported by Fer-
mi. The problem here is related to the synchrotron cooling break in
the electron spectrum, and correspondingly to the position of the
Compton peak which in the spectral energy distribution (SED) ap-
pears above 1 TeV [50]. Thus, the reduction of the break energy
down to 200 GeV could in principle solve the problem. Since the
magnetic field in this model cannot significantly exceed 10 lG,
the only possibility to shift the Compton peak to sub-TeV energies
is to assume that the remnant is much older than 103 years, which
however is not supported by multiwavelength data. On the other
hand, the constraints on the strength of the magnetic field are less
robust, if the IC and synchrotron components of radiation are
formed in different zones [51]. Such a scenario in young SNRs is
not only possible, but, in fact, can be naturally realized in the for-
ward and inverse shocks in which the magnetic fields are essen-
tially different [15].

The agreement of the spectrum of hadronic c-rays with the
measurements over the entire GeV to TeV region can achieved
assuming a very hard spectrum of protons with power-law index
1:7 and an exponential cutoff at 25 TeV. Although this spectrum
is harder than the nominal E!2 type acceleration spectrum pre-
dicted by the models applied to this source [12–15], such a hard
proton distribution cannot be excluded. Moreover, in the case of
inhomogeneous distribution of gas in the shell, the proton spec-
trum in the densest regions, where the major fraction of c-rays is
produced, can significantly deviate, due to the propagation effects,
from the acceleration spectrum [52,15] (see below).

The total energetics in accelerated electrons and protons in the
relevant leptonic and hadronic models of c-rays can be estimated
by invoking minimum model parameters. For the given distance to
the source of about 1 kpc, the required budget in electrons is deter-
mined only by the reported c-ray fluxes, We ’ 3" 1047 erg, while
the total energy budget of protons in hadronic models depends
on the ambient gas density, Wp ’ 1050ðn=1cm!3Þ!1 erg [50]. The
lack of the thermal X-ray emission from this source requires gas
density as low as 0:1 cm!3 which makes the realization of standard
hadronic scenarios rather problematic [53,15,14]. Still, even in the
case of very low gas density of the shell, the contribution of hadro-
nic gamma-rays can be significant, if accelerated protons interact

Fig. 3. Spatial and spectral characteristics of RX J1713.7-3946. (a) (Left panel): The X- and VHE c-ray images of RX J1713.7-3946 obtained with the ASCA and HESS telescope
array, respectively (from Ref. [49]). (b) (Right panel): The spectral energy distribution of RX J1713.7-3946 based on the Fermi [34] and HESS [49] data. The theoretical
‘‘hadronic’’ and ‘‘leptonic’’ c-ray spectra calculated within a simple one-zone model are from Ref. [50]. The IC curve is obtained for the electron spectrum derived from the
synchrotron X-ray flux assuming for the strength of the magnetic field 14 lG. The ‘‘p0-decay’’ c-ray spectrum corresponds to the spectrum of protons with the power-law
index C ¼ 1:7 and exponential cutoff at 25 TeV.
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Table 2
RX J1713.7−3946 Model Parameters

Parameter Symbol Model 1 (baseline) Model 2 Model 3 Model 4 Model 5

Blast energy (erg) E 1.6 × 1051 1.6 × 1051 1.6 × 1051 1.6 × 1051 1.6 × 1051

Initial mass (M#) M0 1.6 1.6 1.6 6.4 0.4
Initial velocity (cm s−1) v0 1.0 × 109 1.0 × 109 1.0 × 109 5 × 108 2.0 × 109

ICM density (cm−3) nICM 0.2 0.2 0.2 0.2 0.2
Sedov time (yr) ts 420 420 420 1300 132

Magnetic field (µG) B 12 60 2.4 12 12
Cooling constant (s−1) ν 2.2 × 10−19 4.7 × 10−18 3.7 × 10−20 2.2 × 10−19 2.2 × 10−19

Cooling electron Lorentz factor (νt)−1 9.1 × 107 4.2 × 106 5.4 × 108 9.1 × 107 9.1 × 107

Low energy electron cutoff γ1 10 10 10 10 10
High energy electron cutoff γ2 3.1 × 108 3.1 × 108 3.1 × 108 3.1 × 108 3.1 × 108

Injection spectral index q 2.1 2.1 2.1 2.1 2.1
Electron acceleration efficiency ηe 5.0 × 10−5 5.0 × 10−5 5.0 × 10−5 5.0 × 10−5 5.0 × 10−5
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Figure 10. Multi-zone model fit to RX J1713.7−3946. Curves show the total
emission from the knots and overall shock combined (black solid curve) as well
as synchrotron emission (dot-dashed curves), Compton-scattered CMB (dashed
curves), Compton-scattered IIRF (dotted curves), and SSC (double dot-dashed
curves) from the overall shock and knots.
(A color version of this figure is available in the online journal.)

themselves could contribute a significant amount to the γ -ray
emission from the source.

Smaller knots emitting synchrotron, SSC, and Comptonized
CMB and IIRF radiation were added to Model 1, as seen in
Figure 10. The much smaller volume of these knots results in
large synchrotron energy densities in the knots, with strong SSC
emission at GeV energies. This fit has the number of zones taken
to be Nknots = 100, with each zone having Bknots = 16 µG,
radii Rknot = 1 mpc, and an electron distribution that spans
from γknot,1 = 10 to γknot,2 = 1.4 × 108 with a break at
γknot,brk = 4.7 × 107 with Ne,knot(γ ) ∝ γ −2.3 for γ < γknot,brk
and Ne,knot(γ ) ∝ γ −3.3 for γ > γknot,brk. As can be seen in
Figure 10, this reproduces the SED well and makes interesting
predictions.

The synchrotron component is dominated by the large first
zone that effectively represents the entire remnant, which also
makes the bulk of the TeV radiation. Emission !1 TeV is
dominated by the Compton-scattered CMB of the remnant as
a whole, while in the range of the joint LAT/HESS window at
"1 TeV the γ -rays arise from the SSC component in the knots.
The angular resolution of the LAT is generally worse than 0.◦1.
At a distance of 1 kpc, the 1 mpc knots will have an angular
radius of 0.′′2 and thus cannot be resolved with LAT. CTA will

have an angular resolution of ∼1′ (Actis et al. 2011) and will
also not be able to distinguish the variable and non-variable
X-ray knots seen by Uchiyama et al. (2007) either, even if they
radiate in γ -rays. However, if the low- and high-energy γ -rays
come from different components, maps of RX J1713.7−3946
made with CTA may be different at lower ("1 TeV) and higher
(!1 TeV) energies, with the higher energy maps being in closer
agreement with X-ray ones. This may allow this multi-zone
model to be tested.

The knots contribute ∼10% to the X-ray emission of the
remnant, consistent with observations from Uchiyama et al.
(2003). They are also much lower than the values inferred from
variability by Uchiyama et al. (2007). However, there seem to
be many knots that are not variable, which could reflect a lower
magnetic field.

4. DISCUSSION AND CONCLUSIONS

The SNR RX J1713.7−3946 occupies an important place
in γ -ray studies of SNRs. Its TeV emission was first detected
with the CANGAROO experiment (Muraishi et al. 2000). Based
on further CANGAROO observations, Enomoto et al. (2002)
claimed that a standard leptonic synchrotron/EC-CMB model
did not fit these data, including the EGRET upper limit. Reimer
& Pohl (2002) argued that EGRET upper limits rule out a
hadronic origin, but diffusion of high-energy particles upstream
of the shock can harden nuclear emission (Malkov & Diamond
2006). Aharonian et al. (2004) produced the first resolved γ -ray
image of an SNR by HESS. Further HESS observations found
that the X-ray and VHE γ -rays were spatially well correlated
(Aharonian et al. 2006). Porter et al. (2006) found, however, that
Compton-scattered Galactic background photons, in addition to
CMB photons, could help to explain the RX J1713.7−3946
VHE emission in leptonic models. Still further HESS observa-
tions detected the remnant out to ∼100 TeV (Aharonian et al.
2007). Li et al. (2011) provide a good fit to the full SED including
the LAT spectrum with a model similar to Porter et al. (2006),
including Compton scattering of interstellar infrared photons.
As discussed above in Section 3.1, they assumed that the source
was at a distance of 6 kpc from us, closer to the Galactic cen-
ter where the IIRF is much more intense. However, we think
the molecular cloud and X-ray absorption evidence points to
RX J1713.7−3946 most likely being at d = 1 kpc. This empha-
sizes the crucial importance of an accurate distance measure-
ment to SNR modeling.
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5.3 Resolving the gamma-ray emission

The deep morphological and spectroscopic studies of SNRs are
among the highest priority scientific goals of the forthcoming
Cherenkov telescope Array (CTA) (Actis et al. 2011; Acero et al.
2017). Despite its great potential, CTA will be not able to resolve
the gamma-ray emission from individual clumps. For a SNR at a
distance of 1 kpc, the angular extension of a clump with a typical
size of ≥ 0.1 pc does not exceed 20 arcsec, which is one order
of magnitude smaller than the angular resolution of CTA. Never-
theless, the component related to the superposition of gamma-ray
emission of several clumps on the line of sight in principle could be
resolved. Hence, we estimate the number of clumps dNp/dfl which
overlap along the line of sight l, when observing the annular region
extending from a distance fl =

Ô
r2 ≠ l2 up to fl + dfl, with re-

spect to the center of the SNR. Assuming a uniform distribution of
clumps, as described in § 4, and integrating it along the line of sight
(Morlino & Caprioli 2012), we obtain

dNp

dfl
(fl) = 2n0

1
R2

s ≠ fl2 ≠ max[0,


R2
cd ≠ fl2]

2
(43)

where the emission is assumed to come from the shocked ISM
located between the contact discontinuity and the forward shock.
Considering a uniform map of the whole remnant by CTA, we
compute the gamma-ray flux from several circular regions cen-
tered at a given fl and with radius equal to ‡CTA = 0.037 deg 1 (at
E“ = 10 TeV) (Acharya et al. 2017). We considered fl spanning
from 0 to Rs. Moreover, we should take into account the differ-
ent ages of clumps, since they produce gamma rays with different
spectral shapes, as shown in § 3.3. These fluxes are represented in
Fig. 9, where also shown is the sensitivity curve of the CTA South-
ern array, for a 50 hr observation of a point-like source centered
in the instrument field of view (FoV). The predicted flux clearly
shows that CTA will be able to resolve the gamma-ray emission
from clumps contained in a circle of radius equal to its high-energy
PSF over about one decade in energy. However, the gamma-ray
fluxes expected at different pointing regions strongly reflect the
number of overlapping clumps, which represent the main contrib-
utors to the emission. Such a number is maximum in correspon-
dence of fl = Rcd, where Np = 2.6. Given the limited number of
overlapping clumps in each pointing region, large fluctuations are
expected, according to the Poissonian statistics. Therefore, the de-
tection of such fluctuations constitutes a characteristic signature of
the presence of clumps. The amount of the fluctuations depends on
the clump density n0 in the CSM. In fact, once the mass of the tar-
get gas is fixed, more massive clumps with nc = 104 cm≠3 would
require a lower clump density and therefore would produce much
stronger fluctuations on the scale of ‡CTA. Such kind of morpho-
logical studies are hence crucial to derive constraints on the number
density of clumps in the remnant region. Large fluctuations on the
scale of ‡CTA are not expected if the SNR is expanding into a uni-
form medium or into a medium where the density contrast is such
that the clump evaporates soon after the shock crossing, namely if
·ev π TSNR. The latter condition can be rearranged using Eqs. (4)
and (5) to give an upper limit for the density contrast which reads
‰ π (TSNRvs/2Rc)2 ƒ 103(Rc/0.1 pc)≠2. Such a small density
contrast also implies a smaller amplified magnetic field and, as a
consequence, a flattening of the gamma-ray spectrum.

1 http://www.cta-observatory.org/science/
cta-performance/
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Figure 9. CTA Southern array sensitivity curve for point-like sources lo-
cated in the FoV center (zenith ◊ = 20 deg, pointing average) for an obser-
vation time equal to 50 hr (black solid line). Also shown are the gamma-ray
fluxes due to the overlapping clumps (indicated in the legend) in different
circular sky regions of radius ‡CTA, located at a distance fl from the SNR
center.

6 CONCLUSIONS

The presence of inhomogeneities in the CSM, in the form of dense
molecular clumps where a shock propagates, strongly affects the
plasma properties, in such a way that MHD instabilities develop
and amplify the large scale magnetic field around the clumps. As a
consequence, the propagation of particles accelerated at the shock
proceeds in such a way that low-energy particles needs more time
to penetrate the clump compared to high-energy ones. The result-
ing energy spectrum of particles inside the clump is significantly
harder than the spectrum accelerated at the shock through DSA.
Such a scenario is very common in the case of core-collapse SNe,
where the remnant typically expands in a region populated by dense
molecular clouds. It is then necessary to account for the inhomoge-
neous CSM to correctly predict the “-ray spectrum from the SNRs.
In this work we numerically solved the propagation of accelerated
particles in the shock region at the presence of clumps, taking into
account the amplification of magnetic filed produced by MHD in-
stabilities and its effect on the particle diffusion. The most impor-
tant parameter in this scenario is the density contrast between the
diffuse CSM and the clumps. Using MHD simulation we showed
that the magnetic amplification is effective only when the density
contrast is larger than 103.

Given that clumps contain most of the target gas, the gamma-
ray spectrum produced in hadronic collisions of accelerated par-
ticles appears to be much harder than the parent spectrum. We
demonstrate this effect for the brightest SNR in gamma rays, RX
J1713.7-3946. The cumulative contribution of clumps embedded
between the contact discontinuity and the current shock position
is able to reproduce the observed GeV hardening, though some
degeneracy in the parameter space of the model is present. Re-
markably, for the gas density inside the clump assumed here (nc =
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Small clumps are there!

Sano+ 2020
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 Most of the history of astronomy can be probably described as an ethereal 

struggle to measure distances of far away bodies —> first question for any 

problem si: how distant is this phenomenon taking place?


 Use photons of all possible wavelengths, particles of any possible kind, and also 

read old stuff in any language!


 You will invariably end up with more solutions for a given problem —> Always ask 

“how much it costs?” (in terms of energy)


 Most important: NEVER do sophisticated calculations before having guessed the 

solution with simple order of magnitude estimates

Conclusions


