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Problems of simplest SNR shock 

model
• Expected shape of spectrum:

– Differential index !

 

~ 2.1 for 

diffusive shock acceleration

• !observed ~ 2.7"##!source ~2.1;  

$!

 

~ 0.6 ! %esc(E) ~ E-0.6 

• c %esc ! Tdisk ~100 TeV

• ! Isotropy problem 

• Emax ~ &shock Ze x B x Rshock

– ! Emax ~ Z x 100 TeV with 

exponential cutoff of each 

component

– But spectrum continues to 

higher energy:

• ! Emax problem

• Expect p + gas ! ' (TeV) for 
certain SNR

– Need nearby target as shown 
in picture from Nature (April 02)

– Some likely candidates (e.g. 
HESS J1745-290) but still no 
certain example

– ! Problem of elusive (0 '-rays

Beispiel: Gamma-Strahlung
(Neutrinos wären eindeutiger!)

Heraeus-400

11 Feb. 2008

Tom Gaisser 7

Chandra

Cassiopeia A

Chandra
SN 1006!"#$%&'($)*+,()-.(-)&+/0+12)$*+&%",,"/'+

/0+*/-'3+456,7
89":&'.&+0/)+$%;#"0".$("/'<+=+>+?@@+!A

=&)&BCD/EF/#D<+GA???

Filamente haben ca. 100 µG 
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Nachweis von Hadronen-
beschleunigung

E.G.Berezhko et al.: CR acceleration parameters of SN 1006 7

Fig. 6. Total (π0-decay + IC) (black lines), π0-decay (blue

lines), and IC (green lines) differential γ-ray energy fluxes as a
function of γ-ray energy, calculated for ISM hydrogen number

densitiesNH = 0.05 cm−3 (solid lines) andNH = 0.035 cm−3

(dashed lines) for the parameters η = 2.9 × 10−4, Kep =
4.1 × 10−4 and Bd = 150 µG, derived from the fit of the syn-
chrotron spectrum. The H.E.S.S. value (Naumann-Godo et al.

2009) is shown as well.

0.035 cm−3 it is already two thirds. Since the maximal pro-

ton energy, reached at some time during the evolution, is about

εmax ≈ 2 × 1015 eV, the corresponding π0-decay component

has a power law form dFγ/dεγ ∝ ε−γ
γ with γ ∼ 2 up to the

cutoff energy εγ ≈ 1014 eV. The cutoff energy is defined here

as that energy, where the spectral energy density has dropped

by a factor 1/e from its maximum value which given by log

ε2γdFγ/dεγ ≈ −0.8.
According to Fig. 6 the H.E.S.S. data are consistent with

an ISM number density from quite a narrow interval 0.035 ≤
NH ≤ 0.05 cm−3, since for the theoretically derived γ-
ray spectrum we have Φ = 2.1 × 10−12 erg/(cm2 s) and

Φ = 2.9 × 10−12 erg/(cm2 s) for NH = 0.035 cm−3 and

NH = 0.05 cm−3 respectively. It should be noted that the cor-

responding explosion energy Esn ≈ 1.7 × 1051 erg is close to

the upper end of the typical range of type Ia SN explosion en-

ergies that vary by a factor of about two (Gamezo et al. 2005;

Blinnikov et al. 2006).

Acero et al. (2007) find the value NH ≈ 0.05 cm−3 on the

basis of X-ray measurements. The above interval is consistent

with their result.

From Fig. 6 the γ-ray spectrum produced by the nuclear

CRs is very close to the IC emission spectrum produced by

CR electrons alone. Since the differential energy spectrum of

freshly accelerated nuclear particles and electrons is rather

close to a spectrum Ne ∝ ε−2, and since the electrons with

energies ε > εl ≈ 1 TeV subsequently undergo significant

synchrotron cooling in the interior, leading to the spectrum

Ne ∝ ε−3, not only the amplitude but also the shape of these

two components are very similar within the energy interval

1010 < εγ < 1013 eV. Therefore the VHE γ-ray spectrum

alone is not able to discriminate between the hadronic π0-

decay and the leptonic IC γ-ray components. However, it was
already shown by Ksenofontov et al. (2005) that such a low

VHE emission flux, with a highly depressed IC γ-ray flux, is
only possible if the nuclear CR component is efficiently pro-

duced with accompanying strong magnetic field amplification.

In the framework of the interpretation developed in this pa-

per the most direct evidence for the energetic dominance of

a nuclear energetic particle component is the observed γ-ray
morphology. It corresponds to the theoretical prediction and is

consistent with all other measurements.

A last point concerns the radial extentRc of the contact dis-

continuity between ejected and swept-up mass relative to the

radius Rs of the SNR blast wave, cf. recent data presented and

discussed by Cassam-Chenaı̈ et al. (2008). The ratio Rs/Rc is

given as 1.04 ± 0.03 outside the synchrotron rims, and essen-
tially as 1 in the region within the synchrotron rims. In the case
of Tycho’s SNR we have discussed in quantitative detail (e.g.

Völk et al. 2008a) the reduction of this ratio compared to a pure

gas shock as a result of the considerable shock modification

produced by accelerated nuclear CRs, which leads to the in-

crease of the shock compression. Qualitatively such considera-

tions agree with the experiment for SN 1006: the ratioRs/Rc is

larger in the equatorial region, where CR injection/acceleration

is inefficient, and it is essentially smaller within the polar re-

gion, where CRs are efficiently produced. While for Tycho’s

SNR particle acceleration gives a good theoretical explanation

of the relatively small ratio within our model, this is clearly

impossible quantitatively for the above numbers in the case of

SN 1006. Cassam-Chenaı̈ et al. (2008) believe that the value

of the contact discontinuity radius Rc was somehow overesti-

mated ”... since our measurements are likely to be affected by

projection and other effects, ...”. On the other hand, very re-

cently Miceli et al. (2009) have found numbers Rs/Rc of the

order of 1.1 which are in the expected range. Future work will

have to resolve this difference.

3. Summary

Since the relevant astronomical parameters as well as the syn-

chrotron spectrum of SN 1006 are measured in impressive de-

tail it is possible to determine the values of the relevant physical

parameters with the appropriate accuracy for this SNR: proton

injection rate η = (2.9 ± 0.6) × 10−4, electron to proton ra-

tio Kep = (4.1 ± 0.3) × 10−4 and downstream magnetic field

strength Bd = (150± 15) µG.
As a result the flux of TeV emission detected by H.E.S.S.

is consistent with the ISM number density 0.035 ≤ NH ≤
0.05 cm−3. The corresponding hydrodynamic SN explosion

energy Esn = 1.7 × 1051 erg is close to the upper end Esn =
1.6 × 1051 erg of the typical range of type Ia SN explosion

energies that vary by a factor of about two. Also the magnetic

field amplification properties of this SNR are well understand-

able as the result of azimuthal variations of ion injection over

the projected SNR circumference and corresponding accelera-

tion which lead to a polar cap-type morphology for the X-ray

synchrotron as well as the γ-ray emission. As a consequence,
the recent H.E.S.S. measurement of a dipolar morphology also

H.E.S.S.
(High Energy
Sterescopic System,
Namibia)H.E.S.S.

(High Energy Sterescopic System, 
Namibia)
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Abstände

Parsec: 1 pc = 3.26 ly = 3.08 1018 cm 
Astronomische Einheit: 1AU = 1.496 1013 cm 
Lichtjahr: 1 ly = 0.3066 pc
Radius der Sonne: 6.961 1010 cm 
Masse der Sonne: 1.989 1033 g 
Luminosität der Sonne: 3.846 1033 erg/s

(1 erg = 0.1 μJ)

Unsere Galaxie: die Milchstraße

1 pc = 3.26 ly =  3.08 1016 m

Magnetfeld nicht gut bekannt,
B = 3 !G = 30 nT in der Nähe der Sonne
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Ablenkung im galaktischen Magnetfeld Isotrope Ankunftsrichtungsverteilung

(Andromeda, M31)



Typische Entfernungen & Luminosität

Sonne                               4.5 10-6 pc 
Alpha Centauri                       1.33 pc 
Galaktisches Zentrum             8.5 kpc 
Magellansche Wolken            48.7 kpc 
Centaurus A (am Südhimmel) 3.8 Mpc 
M87 (am Nordhimmel)         16.4 Mpc 
 
Entfernteste Galaxie UDFy-38135539  
z    = 8.55 
dlight travel time = 13.2 Gly 
dcomoving distance   = 30.3 Gly

5

NB: 1 pc = 3.26 ly

Rotverschiebung
0.004      16 Mpc
0.01        40 Mpc 
0.05      200 Mpc
0.1        415 Mpc 
1        4,750 Mpc 
4      22,000 Mpc
8.55  98,778 Mpc



Distanzen im Universum
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6 Chapter 1 Why Learn Astronomy?

(a)

(b)

1.25 seconds
Earth

Moon

(c)

8.3 minutes
EarthSun

Earth’s circumference
1/7 second

(e)

4.2 years

2.5 million years

100,000 years

Proxima Centauri,
the closest star

to our Sun

Sun

(f)

Milky Way Galaxy

Earth’s Sun

(g)

Milky Way
Galaxy

Radius of the observable universe

Andromeda
Galaxy

13.7 billion years

(h)

(d)

8.3 hours

Neptune

Sun

Times shown are
light-travel times.

Because of the vast distances in the 
universe, we’re not showing objects 
to scale here: they’d be much too small!

Comparing the size of the universe to the size of Earth is like comparing 
three times the age of the planet to a snap of your fingers.

Moving outward through the
universe at the speed of light,
going around Earth is like a
snap of your fingers,…

…the Moon is a little more
than a second away,…

…the Sun’s distance
is like a quick meal,…

…and the diameter of the
Solar System, based on the
orbit of the most distant planet,
Neptune, is a night’s sleep.

The distance to the nearest
star is like the time you
spend in high school,…

…the diameter of the
galaxy is like the age
of our species,…

…and the distance between
galaxies is like the time since
earliest human ancestors
walked on Earth.

The size of the universe is like
three times the age of Earth.

VISUAL ANALOGY FIGURE 
1.2 Thinking about the 
time it takes for light to 
travel between objects 
helps us to better 
comprehend the vast 
distances in the universe.

01 Astro3e 5PP.indd   6 11/19/09   12:18:11 PM
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Umgebung unserer Milchstraße

Number of large galaxies within 5 million light years = 3 
Number of dwarf galaxies within 5 million light years = 46  
Number of stars within 5 million light years = 700 billion



Virgo-Supercluster

9

Number of galaxy groups within 100 million light years = 200  
Number of large galaxies within 100 million light years = 2500  
Number of dwarf galaxies within 100 million light years = 50 000  
Number of stars within 100 million light years = 200 trillion



Benachbarte Supercluster
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Number of superclusters within 1 billion light years = 100  
Number of galaxy groups within 1 billion light years = 240 000  
Number of large galaxies within 1 billion light years = 3 million  
Number of dwarf galaxies within 1 billion light years = 60 million  
Number of stars within 1 billion light years = 250 000 trillion
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Number of superclusters in the visible universe = 10 million  
Number of galaxy groups in the visible universe = 25 billion  
Number of large galaxies in the visible universe = 350 billion  
Number of dwarf galaxies in the visible universe = 7 trillion  (d<22000 ly)
Number of stars in the visible universe = 30 billion trillion  (3x10²²)

Das sichtbare Universum 
innerhalb 14 Milliarden Lichtjahren



Fluss und Teilchendichte
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Wirkungsquerschnitt und Reaktionsrate
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Durchlaufene Materiesäule

14



Leuchtkraft L 
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SN1987a



Bsp: Evolution der Leuchtkraft von Blazern (FSRQs)
Fermi-LAT: 10 keV-100 GeV
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Fig. 14.— Luminosity density as a function of redshift produced by the Fermi FSRQs. The
gray band represents the 1σ statistical uncertainty around the best-fit LF model.

8.2. The Intrinsic Luminosity Function

Doppler boosting allows Fermi to detect many blazars when their jet emission is within a
few degrees from the line of sight. As shown first by Urry & Shafer (1984), Doppler boosting

is known to alter the shape of the luminosity function. In this paper, we adopted a formalism
that allowed us to recover the intrinsic de-beamed LF and to determine the distribution of

bulk Lorentz factors for the Fermi FSRQs.

The intrinsic LF is compatible with a single steep power law with an index of 3.04±0.08

in the range of intrinsic luminosities 1040 erg s−1≤ L ≤ 1044 erg s−1. The break seen in
the beamed LF at redshift zero is thus produced by Doppler boosting. The data cannot be

explain by a single, averaged, Lorentz factor, but require a distribution of Lorentz factors.
This distribution is found to be compatible with a power law with an index of -2.03±0.70
in the 5≤γ≤40 range. This yields the result that the average FSRQ bulk Lorentz factor

is Γ = 11.7+3.3
−2.2, in good agreement with several studies (Ghisellini et al. 2009). Our model

is able to predict the distribution of viewing angles with respect to the jet axes of Fermi

FSRQs. It is found, see Fig. 13, that on average FSRQs are seen within an average angle of
∼2.3◦ from the jet and that most are seen within 5◦-6◦. A few Fermi FSRQ detections may

– 32 –
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Fig. 15.— Number density of LAT-detected FSRQs as a function of redshift. The gray band
represents the 1σ statistical uncertainty around the best-fit LF model.

be up to 15◦ off-axis (if these have low Doppler factors). Fermi-detected FSRQs represent

only ∼0.1% of the parent population for randomly pointed jets.

Monitoring observations with the Very Long Baseline Array (VLBA) established that

LAT detected blazars have, on average, significantly faster apparent jet speeds than non-LAT
detected blazars (Lister et al. 2009b; Savolainen et al. 2010). Their distribution of Lorentz

factors is in good agreement with the results of our analysis. Moreover, they report the
distribution of viewing angles with respect to the jet axis for FSRQs detected by LAT. From

their study the average viewing angle is 2.9◦ ± 0.3◦ and all the FSRQs in their sample have
θ ≤ 5◦. There is thus substantial agreement within the VLBA monitoring observations and
the results of our beaming model applied to γ-ray only data.

The space density of FR-II radio galaxies (i.e. the putative parent population of FSRQs)

is reported to be ∼1580Gpc−3 (at 15GHz) and ∼2200Gpc−3 (at 1.4GHz) by Cara & Lister
(2008) and Gendre et al. (2010) respectively. From our study we derive a space density of
FSRQ parents of ∼1500Gpc−3 in substantial agreement with the numbers above.

Future work may test whether the intrinsic properties of blazars (i.e. Lorentz factor,

https://arxiv.org/pdf/1110.3787.pdf

Fermi-LAT 9 year blazars

https://public.nrao.edu
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Bsp: Energiefluss des Krebsnebels
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6 Mart́ın, Torres, Rea

Figure 3. Spectrum of the Crab Nebula fitted by our model. The data points are obtained from Baldwin (1971) and Maćıas-Pérez
et al. (2010) for the radio band; Ney & Stein (1968), Grasdalen (1979), Geen et al. (2004) and Temim et al. (2006) for the infrared;
Veron-Cetty & Woltjer (1993) for the optical; Hennessy (1992) for the ultraviolet, Kuiper (2001) for the X-rays and soft γ-rays; and
Abdo et al. (2010), Aharonian et al. (2004), Aharonian et al. (2006), and Albert et al. (2008) and for the gamma-rays.

is considered (thus ignoring all other timescales) and Bohm
diffusion is used.

Table 2 shows the parameters for each of the models
needed to obtain a good fit of the Crab Nebula data at the
current age. The column labelled value are the parameters
of the complete model of §2 (the origin of each parameter is
commented in Table 1). The dots appear when no change is
needed from those values.

Given that the observational parameters such as the
age, the breaking index, the period, and the period deriva-
tive are fixed, they continue to determine τ0 and τc in all
models. For the TDE model, the break energy and the shock
radius fraction (and, in consequence, the maximum energy
at injection) have decreased. A smaller shock radius dimin-
ishes the number of VHE electrons, which is necessary due
to the lack of energy losses affecting the population, and
the smaller energy break corrects the lack of radio flux. The
initial spin-down luminosity is smaller because the lack of
losses makes electrons’ disappearance slower. The magnetic
field fraction is larger to power the SSC contribution, and
the energy break increases to compensate the lack of escap-
ing particles at low energies and correct the radio flux. In
the ADE-T case, we take the expansion velocity given by
Tanaka & Takahara (2010) of 1800 km s−1, which gives a
radius for the PWN of 1.7 pc. This means that the syn-
chrotron radiation is confined in a smaller volume, so the
synchrotron photon density is larger and the magnetic en-
ergy fraction needed to obtain the correct SSC contribution
is smaller than in our case. Note that the minimum and max-

Table 2. Comparison of the values used or obtained in the differ-
ent fits of the Crab Nebula today. Meaning and units of variables
are as in Table 1. We use dots for those parameters which have
the same values as in the complete model.

Symbol Value ADE-T TDE-Z

L(tage) 4.5 × 1038 . . . 2.5 × 1038

γmin(t) 1 102 . . .

γmax(t) 7.9 × 109 7 × 109 (fixed) 6.5 × 109

γb 7 × 105 7 × 105 9 × 105

α1 1.5 . . . . . .
α2 2.5 . . . . . .

ε 1/3 . . . . . .

L0 3.1 × 1039 . . . 1.7 × 1039

B(tage) 97 . . . 93
η 0.012 0.006 0.015
RPWN 2.1 1.7 1.9

TCMB 2.73 . . . . . .
wFIR 0.25 . . . . . .

TFIR 70 0 . . .
wFIR 0.5 0 . . .

TNIR 5000 0 . . .
wNIR 1 0 . . .
nH 1 0 . . .

imum energy at injection are also fixed in time, according
with the values used in Tanaka and Takahara (2010).

It is clear that at the current age, and particularly due
to the fact of the strong SSC domination of the Crab neb-
ula, one can find acceptable sets of parameters in both ap-

© 2012 RAS, MNRAS 000, 1–13

https://arxiv.org/pdf/1209.0300.pdf



Gamma-Strahlung des Krebsnebels
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Gamma-Strahlung vom Krebsnebel
ANRV385-AA47-13 ARI 22 July 2009 4:12
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Figure 11
The SED of the Crab Nebula and Pulsar, adapted from Hinton (2009).

4.3. Compact Object Binary Systems as γ-Ray Sources
The physical environment inside a close binary system (or an eccentric binary close to periastron)
is radically different from that of the diffuse ISM relevant to SNRs and PWN. This environment
is characterized by very high radiation densities O(1 erg cm−3) of rather high frequency photons
O(1 eV) and high magnetic fields (mG–G). The consequence of this environment for relativistic
electrons is that rapid cooling is inevitable. In the case where the radiation pressure dominates,
the cooling of TeV electrons will occur in the KN regime, with implications for the spectral shape
discussed in Section 2.2.

All relevant timescales in such a system are short in comparison to the length of observation
programs (typically years), for example, the acceleration and cooling time for relativistic electrons
and the orbital period. It is therefore expected that γ -ray emitting binaries will be variable point-
like objects if electrons dominate the γ -ray production. Hadron accelerating binaries may produce
steady and extended γ -ray emission if the protons and nuclei can escape the production region
without significant energy losses. If γ rays are produced inside the binary system, then the assump-
tion of free escape is normally invalid. In the presence of intense radiation fields, γ−γ interactions
produce e+/e− pairs that are likely to IC scatter, leading to electromagnetic cascades. This effect,
combined with KN IC cooling, can lead to γ -ray spectral shapes radically different from those
seen in diffuse sources (see, for example, Khangulyan, Aharonian & Bosch-Ramon 2008).

The most obvious energy source inside a binary system in which one member is a compact object
(neutron star or black hole) is accretion. Particle acceleration in jets produced by accretion onto a

546 Hinton · Hofmann
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Helligkeit, Intensität I (manchmal B)
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Relativistische Rechnung: Impuls & Energie
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Teilchenzoo und Zerfallskanäle
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Teilchenzoo und Zerfallskanäle
2.2 Particles and interactions

particle main decay mode life-time t1/2 range ct1/2

γ – ∞ ∞
e− – ∞ ∞
p – ∞ ∞
n n → p + e− + ν̄e 886s 2.65 × 1013 cm

µ− µ− → e− + ν̄e + νµ t1/2 ∼ 2.20 × 10−6s 659 m
π− π− → µ− + ν̄µ t1/2 ∼ 2.60 × 10−8 s 780 cm
π0 π0 → 2γ t1/2 ∼ 8.4 × 10−17 s 25.1 nm
ν – ∞ ∞

Table 2.1: The known particles around 1950 together with their main decay mode, their
life-time and range.

2.2 Particles and interactions

2.2.1 Our particle inventory

The particles known around 1950 are shown in Table 2.1 together with their main decay mode
and their life-time t1/2 and range ct1/2. Some immediate consequences of the life-times given
are:

• Neutrons with Γ = E/mn >∼ 109 or E >∼ 1018 eV are stable on galactic scales (∼ 10 kpc).
A source of neutrons with E >∼ 1018 eV in our galaxy would provide neutral, strong
interacting primaries, while at lower energies it would be visible as a ν̄e source from
neutron decay on the flight.

• In the atmosphere, only low energy charged pions will decay and produce neutrinos,
whilst at high energies charged pions mainly scatter. Similarly, most high energy muons
do not decay within the extension of the atmosphere, ∼ 15 km. Thus the neutrino flux
produced by cosmic rays in the atmosphere should be a steeper function of energy
than the cosmic ray flux. This opens the possibility to perform high energy neutrino
astronomy at energies E % TeV, for which the background of atmospheric neutrinos
becomes negligible.

• The long muon range can be used to enlarge the effective volume of a neutrino detector,
observing also muons produced outside the proper detector volume.

2.2.2 Comparison of electromagnetic, weak and strong interactions

The energy-time uncertainty relation ∆E∆t >∼ 1 restricts the emission of a heavy particle
with mass M by a lighter one to times ∆t <∼ 1/M . Thus the range ∆t of an interaction over
which a massive particle can be exchanged should be limited by 1/M .

This idea leads to the generalization of the Coulomb potential to the Yukawa potential,

V (r) = g2 exp(−Mr)

r
→

g2

r
for M → 0 . (2.11)

In non-relativistic quantum mechanics, the connection between the cross section σ and the
potential V is given via the scattering amplitude f(ϑ),

σ =
∫

dΩ
dσ

dΩ
=

∫

dΩ |f(ϑ)|2 . (2.12)

11
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1. PHYSICAL CONSTANTS
Table 1.1. Reviewed 2010 by P.J. Mohr (NIST). Mainly from the “CODATA Recommended Values of the Fundamental Physical Constants:
2006” by P.J. Mohr, B.N. Taylor, and D.B. Newell in Rev. Mod. Phys. 80 (2008) 633. The last group of constants (beginning with the Fermi
coupling constant) comes from the Particle Data Group. The figures in parentheses after the values give the 1-standard-deviation uncertainties
in the last digits; the corresponding fractional uncertainties in parts per 109 (ppb) are given in the last column. This set of constants (aside
from the last group) is recommended for international use by CODATA (the Committee on Data for Science and Technology). The full 2006
CODATA set of constants may be found at http://physics.nist.gov/constants. See also P.J. Mohr and D.B. Newell, “Resource Letter
FC-1: The Physics of Fundamental Constants,” Am. J. Phys, 78 (2010) 338.

Quantity Symbol, equation Value Uncertainty (ppb)

speed of light in vacuum c 299 792 458 m s−1 exact∗
Planck constant h 6.626 068 96(33)×10−34 J s 50
Planck constant, reduced ! ≡ h/2π 1.054 571 628(53)×10−34 J s 50

= 6.582 118 99(16)×10−22 MeV s 25
electron charge magnitude e 1.602 176 487(40)×10−19 C = 4.803 204 27(12)×10−10 esu 25, 25
conversion constant !c 197.326 9631(49) MeV fm 25
conversion constant (!c)2 0.389 379 304(19) GeV2 mbarn 50

electron mass me 0.510 998 910(13) MeV/c2 = 9.109 382 15(45)×10−31 kg 25, 50
proton mass mp 938.272 013(23) MeV/c2 = 1.672 621 637(83)×10−27 kg 25, 50

= 1.007 276 466 77(10) u = 1836.152 672 47(80) me 0.10, 0.43
deuteron mass md 1875.612 793(47) MeV/c2 25
unified atomic mass unit (u) (mass 12C atom)/12 = (1 g)/(NA mol) 931.494 028(23) MeV/c2 = 1.660 538 782(83)×10−27 kg 25, 50

permittivity of free space ε0 = 1/µ0c2 8.854 187 817 . . . ×10−12 F m−1 exact
permeability of free space µ0 4π × 10−7 N A−2 = 12.566 370 614 . . . ×10−7 N A−2 exact

fine-structure constant α = e2/4πε0!c 7.297 352 5376(50)×10−3 = 1/137.035 999 679(94)† 0.68, 0.68
classical electron radius re = e2/4πε0mec2 2.817 940 2894(58)×10−15 m 2.1
(e− Compton wavelength)/2π −λe = !/mec = reα−1 3.861 592 6459(53)×10−13 m 1.4
Bohr radius (mnucleus = ∞) a∞ = 4πε0!2/mee2 = reα−2 0.529 177 208 59(36)×10−10 m 0.68
wavelength of 1 eV/c particle hc/(1 eV) 1.239 841 875(31)×10−6 m 25
Rydberg energy hcR∞ = mee4/2(4πε0)2!2 = mec2α2/2 13.605 691 93(34) eV 25
Thomson cross section σT = 8πr2

e/3 0.665 245 8558(27) barn 4.1

Bohr magneton µB = e!/2me 5.788 381 7555(79)×10−11 MeV T−1 1.4
nuclear magneton µN = e!/2mp 3.152 451 2326(45)×10−14 MeV T−1 1.4
electron cyclotron freq./field ωe

cycl/B = e/me 1.758 820 150(44)×1011 rad s−1 T−1 25
proton cyclotron freq./field ωp

cycl/B = e/mp 9.578 833 92(24)×107 rad s−1 T−1 25

gravitational constant‡ GN 6.674 28(67)×10−11 m3 kg−1 s−2 1.0 × 105

= 6.708 81(67)×10−39 !c (GeV/c2)−2 1.0 × 105

standard gravitational accel. gN 9.806 65 m s−2 exact

Avogadro constant NA 6.022 141 79(30)×1023 mol−1 50
Boltzmann constant k 1.380 6504(24)×10−23 J K−1 1700

= 8.617 343(15)×10−5 eV K−1 1700
molar volume, ideal gas at STP NAk(273.15 K)/(101 325 Pa) 22.413 996(39)×10−3 m3 mol−1 1700
Wien displacement law constant b = λmaxT 2.897 7685(51)×10−3 m K 1700
Stefan-Boltzmann constant σ = π2k4/60!3c2 5.670 400(40)×10−8 W m−2 K−4 7000

Fermi coupling constant∗∗ GF /(!c)3 1.166 37(1)×10−5 GeV−2 9000

weak-mixing angle sin2 θ̂(MZ) (MS) 0.231 16(13)†† 5.6 × 105

W± boson mass mW 80.399(23) GeV/c2 2.9 × 105

Z0 boson mass mZ 91.1876(21) GeV/c2 2.3 × 104

strong coupling constant αs(mZ) 0.1184(7) 5.9 × 106

π = 3.141 592 653 589 793 238 e = 2.718 281 828 459 045 235 γ = 0.577 215 664 901 532 861

1 in ≡ 0.0254 m

1 Å ≡ 0.1 nm

1 barn ≡ 10−28 m2

1 G ≡ 10−4 T

1 dyne ≡ 10−5 N

1 erg ≡ 10−7 J

1 eV = 1.602 176 487(40)× 10−19 J

1 eV/c2 = 1.782 661 758(44)× 10−36 kg

2.997 924 58 × 109 esu = 1 C

kT at 300 K = [38.681 685(68)]−1 eV
0 ◦C ≡ 273.15 K

1 atmosphere ≡ 760 Torr ≡ 101 325 Pa

∗ The meter is the length of the path traveled by light in vacuum during a time interval of 1/299 792 458 of a second.
† At Q2 = 0. At Q2 ≈ m2

W the value is ∼ 1/128.
‡ Absolute lab measurements of GN have been made only on scales of about 1 cm to 1 m.
∗∗ See the discussion in Sec. 10, “Electroweak model and constraints on new physics.”
†† The corresponding sin2 θ for the effective angle is 0.23146(12).

http://pdg.lbl.gov
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Schrödingergleichung:



26



27

Wellengleichung:
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Elektrische Arbeit:

Traditionell: CGS-Einheiten (cm, g, s)


