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AGN: M87

•Many observations 

•Event Horizon Telescope maps  
  shadow of the BH
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https://blackholecam.org/eht-m87-eso-messenger177/

The array has a nominal angular resolution of λ/L, where λ is the
observing wavelength and L is the maximum projected baseline
length between telescopes in the array (Thompson et al. 2017). In
this way, VLBI creates a virtual telescope that spans nearly the
full diameter of the Earth.

To measure interferometric visibilities, the widely separated
telescopes simultaneously sample and coherently record the
radiation field from the source. Synchronization using the
Global Positioning System typically achieves temporal align-
ment of these recordings within tens of nanoseconds. Each
station is equipped with a hydrogen maser frequency standard.
With the atmospheric conditions during our observations the
coherent integration time was typically 10 s (see Figure 2 in
Paper II). Use of hydrogen maser frequency standards at all
EHT sites ensures coherence across the array over this
timescale. After observations, recordings are staged at a central
location, aligned in time, and signals from each telescope-pair
are cross-correlated.

While VLBI is well established at centimeter and millimeter
wavelengths (Boccardi et al. 2017; Thompson et al. 2017) and
can be used to study the immediate environments of black holes
(Krichbaum et al. 1993; Doeleman et al. 2001), the extension of
VLBI to a wavelength of 1.3 mm has required long-term
technical developments. Challenges at shorter wavelengths
include increased noise in radio receiver electronics, higher
atmospheric opacity, increased phase fluctuations caused by
atmospheric turbulence, and decreased efficiency and size of
radio telescopes in the millimeter and submillimeter observing
bands. Started in 2009 (Doeleman et al. 2009a), the EHT began
a program to address these challenges by increasing array
sensitivity. Development and deployment of broadband VLBI
systems (Whitney et al. 2013; Vertatschitsch et al. 2015) led to
data recording rates that now exceed those of typical cm-VLBI
arrays by more than an order of magnitude. Parallel efforts to
support infrastructure upgrades at additional VLBI sites,
including the Atacama Large Millimeter/submillimeter Array
(ALMA; Matthews et al. 2018; Goddi et al. 2019) and the
Atacama Pathfinder Experiment telescope (APEX) in Chile
(Wagner et al. 2015), the Large Millimeter Telescope Alfonso
Serrano (LMT) in Mexico (Ortiz-León et al. 2016), the IRAM
30m telescope on Pico Veleta (PV) in Spain (Greve et al. 1995),
the Submillimeter Telescope Observatory in Arizona (SMT;
Baars et al. 1999), the James Clerk Maxwell Telescope (JCMT)
and the Submillimeter Array (SMA) in Hawai’i (Doeleman et al.
2008; Primiani et al. 2016; Young et al. 2016), and the South
Pole Telescope (SPT) in Antarctica (Kim et al. 2018a), extended
the range of EHT baselines and coverage, and the overall
collecting area of the array. These developments increased the
sensitivity of the EHT by a factor of ∼30 over early experiments
that confirmed horizon-scale structures in M87* and Sgr A*

(Doeleman et al. 2008, 2012; Akiyama et al. 2015; Johnson et al.
2015; Fish et al. 2016; Lu et al. 2018).

For the observations at a wavelength of 1.3 mm presented
here, the EHT collaboration fielded a global VLBI array of
eight stations over six geographical locations. Baseline lengths
ranged from 160 m to 10,700 km toward M87*, resulting in an
array with a theoretical diffraction-limit resolution of ∼25 μas
(see Figures 1 and 2, and Paper II).

4. Observations, Correlation, and Calibration

We observed M87* on 2017 April 5, 6, 10, and 11 with the
EHT. Weather was uniformly good to excellent with nightly

median zenith atmospheric opacities at 230 GHz ranging from
0.03 to 0.28 over the different locations. The observations were
scheduled as a series of scans of three to seven minutes in
duration, with M87* scans interleaved with those on the quasar
3C 279. The number of scans obtained on M87* per night
ranged from 7 (April 10) to 25 (April 6) as a result of different
observing schedules. A description of the M87* observations,
their correlation, calibration, and validated final data products is
presented in Paper III and briefly summarized here.
At each station, the astronomical signal in both polarizations

and two adjacent 2 GHz wide frequency bands centered at
227.1 and 229.1 GHz were converted to baseband using
standard heterodyne techniques, then digitized and recorded
at atotal rate of 32 Gbps. Correlation of the data was carried
out using a software correlator (Deller et al. 2007) at the MIT
Haystack Observatory and at the Max-Planck-Institut für
Radioastronomie, each handling one of the two frequency
bands. Differences between the two independent correlators
were shown to be negligible through the exchange of a few
identical scans for cross comparison. At correlation, signals
were aligned to a common time reference using an apriori
Earth geometry and clock model.
A subsequent fringe-fitting step identified detections in

correlated signal power while phase calibrating the data for
residual delays and atmospheric effects. Using ALMA as a highly
sensitive reference station enabled critical corrections for iono-
spheric and tropospheric distortions at the other sites. Fringe
fitting was performed with three independent automated pipelines,
each tailored to the specific characteristics of the EHT
observations, such as the wide bandwidth, susceptibility to
atmospheric turbulence, and array heterogeneity (Blackburn et al.
2019; Janssen et al. 2019, Paper III). The pipelines made use of
standard software for the processing of radio-interferometric data

Figure 1. Eight stations of the EHT 2017 campaign over six geographic
locations as viewed from the equatorial plane. Solid baselines represent mutual
visibility on M87* (+12° declination). The dashed baselines were used for the
calibration source 3C279 (see Papers III and IV).
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Stoßfront einer Flüssigkeit  
(neudeutsch: Schockfront)
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Supernovae-Überreste (SNR; SN remnants)

Beobachtete galaktische SN Explosionen:
1604 (Kepler) 
1572 (Tycho) 
1181 (Chinese astronomers) 
1054 (Crab nebula) 
1006 (Chinese and Arabian records)

Abschätzung der Gesamtrate:
~3 SN-Explosionen / 100 yrs 
Kinetische Energie der Ejekta: ~1051 erg

(1 erg = 0.1 µJ)

Allgemeine Energiebetrachtung:
<10% der kin. Energie in kosm. Strahlung 
Schockfronten für Beschleunigung
Elementzusammensetzung

SNR 1006
D = 2,2 kpc

20 pc

Röntgensatellit: Chandra
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Das galaktische Zentrum

• s
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Messung der Radioemission vom galaktischen Zentrum



Astrophysikalische Schockfronten
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Astrophysikalische Schockfronten

Figure 1.4: Two pictures of the remnant of Tycho’s supernova (AD 1572), a picture
in X-Rays (left) , made with the CHANDRA satellite, and a radio picture made with
the Very Large Array radio synthesis telescope (right). The X-ray picture shows the
hot (T ∼ 108 K) gas in the remnants interior in yellow. This is mostly line emission
from exited nuclei. The blue radiation at the outer rim of the remnant is synchrotron
continuum emission, caused by relativistic electrons moving in a weak magnetic field.
The radio emission is also synchrotron radiation. It is believed that these relativistic
electrons are accelerated at the outer shock.
This is a ‘classical’ remnant with a nearly perfect spherical shape. It is believed to be
entering the Sedov-Taylor phase. Note the sharp outer edge of the remnant, which is
believed to coincide with the position of the outer blast wave.
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Tychos SNR (AD 1572)
Figure 1.2: Picture of the Crab Nebula, showing the optical filaments and the diffuse glow
of optical synchrotron radiation due to relativistic electrons. This nebula is the remnant of the
supernova of AD 1054. The actual Sedov blast wave is much larger than the structure shown
here, but has as yet not been detected. This emission seen in this picture is largely powered
by the Crab pulsar, the first pulsar ever discovered. This rapidly rotating neutron star spinds
down slowly Apparently, most of the lost rotational energy is put into an ultra-relativistic wind.
Therefore the Crab Nebula is an example of a pulsar wind nebula.
Photo taken with the VLT, ESO, Chili
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Krebs-SNR (AD 1054, Pulsar-Wind)

This last equation implies that

Vs(Rs) ∝ M−1(Rs) ∝ R−3
s . (1.4.29)

This relation leads to an expansion law of the form

Rs(t) ∝ t1/4 . (1.4.30)

In the last stages of its life, the supernova remnant dissolves into the general interstellar
medium. The figure below shows such an old remnant.

Figure 1.5: The old supernova remnant S147, which is in the process of dissolving into the
general interstellar medium. Compressed filaments in the stellar ejecta radiate, mainly in the
Hα spectral line of Hydrogen, which explains the red color. Photo credit: Robert Gendler
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Alter SN-Überrest (S147)
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Stoßwellen
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N.B.: Cherenkov-Effekt beruht auf 
        Stoßwelleneffekt

Materie des Mediums nahe der Störungsquelle kann nicht 
schnell genug reagieren, um der Störung auszugleichen. 

Die Zustandsgrößen des Mediums 
- Dichte, 
- Druck, 
- Temperatur, 
- Geschwindigkeit usw. 
verändern sich daher nahezu momentan, um sich der Störung 
anzupassen.

http://de.wikipedia.org/wiki/Dichte
http://de.wikipedia.org/wiki/Druck_%28Physik%29
http://de.wikipedia.org/wiki/Temperatur
http://de.wikipedia.org/wiki/Geschwindigkeit
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Schockfronten und Kontinuitätsbedingungen
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Betrachtung in verschiedenen Referenzsystemen
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Nicht-relativistischer Grenzfall: elastische Reflexion
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Energiegewinn pro Reflexion
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Energiespektrum der beschleunigten Teilchen
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Bemerkungen
• Schockfronten in fast allen astrophysikalischen Prozessen beobachtet
• Index des Potenzgesetzes stimmt numerisch ungefähr mit Erwartungen überein
• Index des Potenzgesetzes unabhängig von Parametern/Details der Schockfront
• Beschleunigung nur von magnetischen Rigidität abhängig (Impuls/Ladung)
• Näherung für Schockfront ohne Rückkopplung der Kosmischen Strahlung



Beschleunigungszeit
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Typische Zahlen für Supernova-Überrest
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Typische Zahlen für Supernova-Überrest

For a particle energy  E = 1 MeV   
electron  (rg ~  108  cm , v ~ 1010 cm/s)    tacc ~  102 s  
proton     (rg ~ 1011 cm , v ~ 109  cm/s)    tacc ~  104 s     ~ 0.1 day 

E = 1 GeV                       rg ~ 1012 cm , v ~ 1010  cm/s    tacc ~  106 s  
                                            ~ 0.1 AU                                    ~ 1 month 

E = 1 PeV (= 1015 eV)     rg ~ 1018 cm , v ~ 1010  cm/s      tacc ~  1012 s  
                                             ~ 1 pc                                          ~ 105 yr 

E= 1 EeV (=1018 eV)      rg ~ 1021 cm , v ~ 1010  cm/s      tacc ~  1015 s  
                                             ~ 1 kpc                                        ~ 108 yr 

B ~ 10 µG    ,     ! ~ rg    ,    u = 1000 km/s   (=108 cm/s)



Verschiedene Konfigurationen des Magnetfeldes
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Verschiedene Konfigurationen des Magnetfeldes
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(oblique)

parallel



Galaktische kosmische Strahlung
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1pc = 3.26ly = 3.08 1016 m

Ablenkung im galaktischen Magnetfeld          →        Isotrope Ankunftsrichtungsverteilung

RL ' 1 pc

✓
E

1015 eV

◆✓
1 µG
ZB

◆

Galaktische Kosmische Strahlung

1 pc = 3.26 ly =  3.08 1016 m

Magnetfeld nicht gut bekannt,
B = 3 µG = 30 nT in der Nähe der Sonne

disk

Galactic
Center

halo

15 kpc
300 pc

Sun

8.5 kpc2-4 kpc

RL ⇥ 1pc�
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E
1015 eV
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µG
ZB

⇥

Ablenkung im galaktischen Magnetfeld Isotrope Ankunftsrichtungsverteilung

Magnetfeld nicht gut bekannt,
B = 3 μG = 30 nT in der Nähe der Sonne



Diffusion geladener Teilchen im Magnetfeld
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Diffusion der geladenen Teilchen im Magnetfeld

1 pc = 3.26 ly =  3.08 1016 m

Magnetic field not well known,
B = 3 µG = 30 nT in der Nähe des Sonnensystems

Diffusion: zurückgelegte Entfernung ~ (Zeit)1/2 Quellen sind in unserer Galaxie

Geschichte Spektrum mögliche Quelle Zusammenfassung I Experimente Zusammenfassung II + Ausblick Literatur

galaktische Magnetfelder

SN als Quelle von KS verursacht ein Spektrum mit � =2
Diffusion der Teilchen aufgrund der Magnetfelder
kein Entweichen der Teilchen� kein Energieverlust�
quadratische Abhängigkeit auf der Erde messbar

RL ⇥ 1pc�
�

E
1015 eV

⇥�
µG
ZB

⇥
1pc=3.26ly= 3.08 1016 m

Magnetfeld nicht gut bekannt,
B = 3 μG = 30 nT in der Nähe der Sonne

RL ' 1 pc

✓
E
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Diffusion: zurückgelegte Entfernung ~ (Zeit)1/2       →      Quellen sind in unserer Galaxie



UHECR-Propagation in magnetischen Feldern
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UHECR propagationUHECR propagation Beck 2009Beck 2009


