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Radio astronomy is bound to make transformational discoveries

• We observe extreme and energetic processes and objects
• We get lots of photons that are easy to copy and multiply
• We can build or synthesize huge telescopes
• We can probe the complete Universe, undisturbed from dust etc.
• We can get polarization (magnetic fields!) and dynamic information (pulses!)



A brief history

1870’s: James Clerk Maxwell predicts existence of electromagnetic radiation with any wavelength! 

1888: Heinrich Hertz demonstrates transmission and reception of radio waves 

Early pioneers: 

1932: Karl Jansky discovers cosmic radio waves from the galactic centre  

1937-1944:    Grote Reber’s First Surveys of the Radio Sky 
1942: Sun discovered to be a radio source by J.S. Hey 
1936-1945:    Development of radar before and during world war II e.g. Sir Bernard Lovell
1944:              Prediction by van der Hulst and Oort of neutral Hydrogen spectral line at 1.4GHz. 

1951:               Detection of neutral Hydrogen by Ewen & Purcell and van der Hulst & Oort 
1956/7:           Construction of the first large steerable telescopes 

1960s:             First radio interferometers constructed; Aperture Synthesis developed (Ryle) 



K. Jansky (1933)

G. Reber (1938) 

First radio map of galaxy

B. Lovell (1957)

Parkes (1961)



The first radio astronomer: Grote Reber – a new cosmic windowThe first radio astronomer (Grote Reber)

Built the first parabolic radio 
telescope:

- "Good" angular resolution

- Good visibility of the sky

- Detected Milky Way, Sun, Cas-A, 
Cyg-A, Cyg-X @ 160 & 480 MHz 
(ca. 1939-1947). 

- Published his results in ApJ

- Multi-frequency observations 

He built the first parabolic radio 

telescope: 

• "Good" angular resolution 

• Good visibility of the sky 

• Detected Milky Way, Sun, Cas-A, 

Cyg-A, Cyg-X @ 160 & 480 MHz 

(ca. 1939-1947).

• Published his results in ApJ

• Multi-frequency observations  

revealing non-thermal origin



Neutral hydrogen  – The Universe’s most abundant element

Henk van de Hulst

In the spring of 1944, Oort has an idea:  

We should have a colloquium on the paper 
by Reber; would you like to study it? And, by 
the way, radio astronomy can really become 
very important if there were at least one line 
in the radio spectrum.

van de Hulst & Oort

“We should have a colloquium on the paper by 
Reber; would you like to study it? And, by the 
way, radio astronomy can really become very 
important if there were at least one line in the 
radio spectrum.” (Oort 1944)

Based on Oorts suggestion, Henk van de 
Hulst (then a student) investigated various 
possibilities - his main result was that a 
spectral line associated with neutral 
hydrogen (just the most abundant element 
in the Universe!) at 21 cm might be 
observed! 

Oort was keen to try and detect the HI 
line but the technical expertise was not 
available in NL, and funding was scarce. 

Eventually Oort managed to arrange 
observations with a disused German radar 
antenna.

Based on Oorts suggestion, Henk van de Hulst 
(then a student) investigated various possibilities -
his main result was that a spectral line associated 
with neutral hydrogen at 21 cm might be 
observed! 

Oort was keen to try and detect the HI line but 
the technical expertise was not available in NL, 
and funding was scarce. 

Eventually Oort managed to arrange observations 
with a disused German radar antenna. 



Neutral hydrogen  – The Universe’s most abundant element
Meanwhile on the other side of the Atlantic, 
there was interest, resources and the right 
people. Purcell (left) and Ewen (right) built a radio 
antenna to search for HI. 

Ewen and Purcell detected HI in March1951 

6 weeks later Oort & Muller detected HI using the German 
radar telescope at Kootwijk
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The significance of HI

• Scale & Structure of the Milky Way

• The scale & dynamics of external galaxies

• Tracing dark matter well beyond optical extent of galaxies

• Cold HI in absorption - inflow and outflow around AGNs

• Revealing interaction of galaxies

• Probing the equation-of-state of dark energy via huge HI 
galaxy surveys

• Probing the dark ages: the Epoch of Reionisation 

Significance of HI today...

The scale & structure of the Milky Way... free of dust 
obscuration

The scale, and dynamics of external galaxies

Tracing dark 
matter in 
galaxies well 
beyonf the optical 
extent of a galaxy
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The significance of HI
• Epoch of Reionisation when the first 

starts and blackholes formed and 
neutral hydrogen became ionised

• Tracing the history of the Universe



The Cosmic Microwave Background

Cosmic Microwave Background detected -1965

The Cosmic Microwave Background: Nobel 
prize Penzias & Wilson (1978) and Mather & 
Smoot (1990). 

Like Jansky before them, Penzias & Wilson (also 
Bell labs) were trying to characterise sources 
of noise at cm wavelengths (for satellite coms). 

They measured a non-negligible source of noise that was present 
in all directions.  At first they thought it might be due to pigeons 
that frequented the antenna - set traps and cleaned the antenna:

Penzias & Wilson measured an excess temperature 
that would not go away. 

Robert Dickie at Princeton was predicting a 
background signal associated with the cooling of 
radiation from the big bang. 

Penzias & Wilson and Dicke et al. published their 
results side-by-side in Nature. P&W did not say much 
about the CMB - they were still a little sceptical that 
this was really the source of the background 
radiation.

In 1978 they alone received the Noble Prize for the 
CMB detection. 



The Cosmic Microwave Background – and its anisotropy

Nobel Prize for Mather & Smoot in 2006



CMB after Planck
Properties of the Universe:
Age of the universe:  13.75 ± 0.11 billion years      
 The Universe consists of only 4.56±0.16% baryons,
compared to   22.7±1.4%  "Dark Matter"
and     72.8±1.5% “Dark Energy"

We are clearly not the most important 

species, not even as baryons!



CMB after Planck
Properties of the Universe:
Age of the universe:  13.75 ± 0.11 billion years      
 The Universe consists of only 4.56±0.16% baryons,
compared to   22.7±1.4%  "Dark Matter"
and     72.8±1.5% “Dark Energy"

We are clearly not the most important 

species, not even as baryons!

Actually measured....

You need to correct for foreground...



The 408-MHz survey by Haslam et al.



The way to Effelsberg



K. Jansky (1933)

G. Reber (1938) 

Lovell (1957)

What happened in Germany?Parkes (1961)
Dwingeloo (1956)



1956
Bonn University
Stockert  (BRD)

Heinrich-Hertz Institut

Berlin-Adlershof (DDR)

1959

Universität Kiel 1953

Meanwhile in Germany...



In 1962, the “Denkschrift" recommended the 
construction of a large radio astronomical facility

Two competing projects:

a) A lightweight 160-m dish for low radio frequencies (Dr. Sebastian von Hoerner)

b) An 80 to 90 m dish for high radio frequencies (Prof. Dr. Otto Hachenberg)

Both with applications to the Volkswagen Foundation.

selection falls on b) and allows the construction of a larger instrument.

The state of North Rhine-Westphalia is supporting the construction.



Selection criteria for the location:

• Valley location for protection

• Open to the south

* In NRW!!

• Im „Bonner Umland“

• Load-bearing ground

• In NRW



Effelsberg, Germany near Germany
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The dish should be larger than anything else before

Problem: The primary mirror deforms when tilted by the influence of gravity.

The mirror loses its defined parabolic shape and  the sensitivity of the telescope 

decreases sharply.



Principle of “homology” – Let it be move!

Otto Hachenberg

Sebastian von Hörner



Antenna design by Krupp

A patent to Ing. H. Altmann

in 1965 construction by MAN

Ingenious solution: the special design of the telescope 

introduces a parabolic shape into the telescope when 

tilted. 

When tilted, the focal point 

moves by approx. 10cm.

First plans for a large radio telescope:  1963

Foundation of the MPIfR    1 Sep. 1966

Start of earthworks in the Effelsberg Valley: spring 1968

Start of telescope construction:   autumn 1968

First light:       spring 1971



Images by H. Kärcher (MT Mechatronics) & MPIfR
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Images by H. Kärcher (MT Mechatronics) & MPIfR



Images by H. Kärcher (MT Mechatronics) & MPIfR



Specifications
Diameter of primary mirror:    (Paraboloid) 100 m
  
Secondary mirror diameter:    (Ellipsoid) 6.5 m
  
Weight:     3200 t

Diameter track:    64 m
Accuracy of track:   approx. 0.3 mm

Accuracy of the surface
  of the primary mirror: approx. 0.5 mm
  of the deflection mirror: approx. 0.06 
mm

Positioning accuracy of the telescope: 2 arc seconds ≅ 0.3mm



Optics des 100-Meter Telescope

"Gregorian Design": Parabolic primary mirror and elliptical deflection mirror.
EB: 21 receiving systems, wavelengths: 1m ... 3.5mm



Optics des 100-Meter Telescope

"Gregorian Design": Parabolic primary mirror and elliptical deflection mirror.
EB: 21 receiving systems, wavelengths: 1m ... 3.5mm

All receivers cooled to approx. 5K!

1 Jy = 0.00000000000000000000000001 W m-2 Hz-1



A large sail
The radio telescope 
Effelsberg has a 
Surface of 9058 m2.
That's more than that 
four times the total
sail area of the Gorch 
fork, the sailing school
ship of the Navy.

The Gorch Fock has a total of
a total of one sailing
area of 2037 m2 .



Malerarbeiten
The picture from 2007 shows 
painting work in the large 
"bowl".

The surface of the telescope 
covers about 9000 square 
meters, it is made up of 2352 
individual panels.

The complete painting of the 
mirror surface requires quite a 
bit of effort!



Painting work in the backing structure

Bilder: MPIfR/N. Junkes, 30.07.13

The pictures show painters'
work on the radio
telescope Effelsberg in 
lofty height.

In 2013, the s upport structure of 
the telescope' turn; the
Crane boom moves up to 
to a height of 80 m.

A complete cycle 
of the painting work 
over 15 years!



“Königszapfenraum”

Bild: Norbert Tacken/MPIfR

Exactly under the 
central point of the 
100 m radio telescope
the recipients
cable from the rotary area
into the stationary part.

There are 140 in total
Cables that connect with
– turning up to 480 degrees.



Receiver control room (previously)



Cable distribution (previously)



The Command Center

1974

From here, the 
Observations with the 
100 m radio telescope 
controlled.

To the (nocturnal) 
Crew at the telescope belong
astronomers and astronomers 
Operators.

The picture shows the tax
Console and the big 
Window with direct 
View of the 
100-m radio telescope.
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Topics & Results

https://www.mpifr-bonn.mpg.de/471056/discovery



Research topics

All areas of modern radio astronomy: from cosmology to comets! 

Especially:   

 Polarized radiation of cosmic electrons and cosmic magnetic fields.

 Observation of neutral hydrogen and the structure of the Milky Way nd the cosmos.

 Astrochemistry and spectroscopy with investigations of molecules.

 Super-massive black holes in active galactic nuclei.

 Gravitational physics, wave detection and tests of space. Theory of relativity

(Yun et al., Nature 1994)



The radio sky
One of the most famous images in radio astronomy: 408-MHz survey by Haslam et al.



With Effelsberg to the CMB maps

=

-



Magnetfeldmessungen aus kosmischer Entfernung

The measurement of linear polarization allows the determination 

the strength and direction of the magnetic field.



Magnetfeldmessungen aus kosmischer Entfernung

The measurement of linear polarization allows the determination 

the strength and direction of the magnetic field.

• Formation of structures, e.g. spiral arms

•  Origin and conservation of magnetic fields 

•  (Dynamo effect)



Andromeda-Galaxy M31

The Andromeda Galaxy, M31, is a 
twin of the Milky Way, the nearest 
large neighboring star system at a 
distance of 2.5 million light-years.

The two figures show optical light 
from the stars and radio waves of 6 
cm wavelength.

Most stars form in the spiral arms 
in the outer part of this galaxy.

Images: Lick, MPIfR (Beck & Gießübel 2010)

a) Visible light

b) Radio emission



Cosmic magnetic fields = Effelsberg

• As early as 1972, radio emission 

from M 31 at a wavelength of 11 

was detected and at other 

frequencies since.

• The intensity is concentrated in 

a broad ring with magnetic field 

lines following it.

• Confirmation of the theory of 

the galactic dynamo, which 

creates  galactic magnetic fields 

from gas motions, strong 

enough to support the 

formation of new stars and spiral 

arms. 

Polarisation observations established the existence of regular large-scale magnetic fields 

in galaxies beyond our own Milky Way.

Beck (2015)
Effelsberg 5 GHz

e.g. IC 342: The nearest spiral 
galaxy after M31 and M33



The sky in the light of the HI line

Survey of the Nothern Sky
with Effelsberg

Establishment of high-verlocity clouds

Winkel, Kerp et al.



More complex molecules

(Henkel et al., 2009)

Effelsberg discoveries, e.g.

Propargylimine (HC≡C–CH=NH)

Ethanolamine (NH₂CH₂CH₂OH)

Aminoacetonitrile (NH₂CH₂CN)

Cyanoallene (CH₂CCHCN)

Formic acid (CH2O2)

Methyldiacetylene (CH3C4H) 

Acetone ((CH₃)₂CO)

Ethyl cyanide (C₂H₅CN)

Henkel et al. (2009)



Molecules for fundamental physics

How constant are fundamental constants?

(Henkel et al., 2009)

HC3N in 1830-211 (z = 0.89) 
Measurement µ = me/mp :
Dµ/µ < 1.4×10-6

It is the same value in a 
several billion light years 
distant galaxy as here on 

of the Earth - and thus in the 
The past is the same as it is today!



Water

(Impellizzeri et al. 2008)

• Spectral line at 1.3cm (often occurs as amaser  or megamaser)

• Water discovered outside the Milky Way for the first time in 1976  

(with the 100-meter telescope in M33 – distance 3 million lyr)

•    

•  2002: Discovery of a water maser in 3C403 (light travel time: 

approx. 6 billion years)



Water

(Impellizzeri et al. 2008)

• Spectral line at 1.3cm (often occurs as amaser  or megamaser)

• Water discovered outside the Milky Way for the first time in 1976  

(with the 100-meter telescope in M33 – distance 3 million lyr)

•    

•  2002: Discovery of a water maser in 3C403 (light travel time: 

approx. 6 billion years)

• 2007: Discovery of water in MG0414+0534 (z = 2.64)

  light travel time > 11 billion years! Redshifted to 5cm

  Detected using a gravitational lens



Megamaser Cosmology Project

Water megamaser in the accretion disks of NGC4258 
and NGC6323. (Henkel et al., Braatz et al.)

Determination of the Hubble Constant by 
Precise Distance Measurement of Active 
Galaxies: Effelsberg with VLBA, GBT and 
Arecibo

Acceleration -> radius
VLBI -> angular distance
 Distance
 H0 = 67 ± 6 km/s/Mpc



Very Long Baseline Interferometry (VLBI)

(Institut für Geodäsie, Uni Bonn)

Resolution~ 
Wavelength/Antenna Distance

VLBI = Interferometry with long baselines

(Lavochkin Association)

Effelsberg backbone 
of EVN, GMVA and 
HSA



Space-VLBI

(Institut für Geodäsie, Uni Bonn)

Improvement of angular resolution: 
2.5 arcmin → ≈ 10-3 arcsec

VLBI = interferometry with very long baselines

(Lavochkin Association)

RadioAstron (Russian), 10-m telescope
Launched in July 2011
Orbit: 10,000-360,000 km
First fringes with Effelsberg

Resolution~ 
Wavelength/Antenna Distance



"Zoom" into the core (black hole!) of an active galaxy

VLBI is primarily used to study central regions of active galaxies

Effelsberg bei l = 7mm
         (U. Bach) 

Model eines AGN
(Padovani)



Apparent faster-than-light speeds

"only" a projection effect

"Jets" consist of plasma,
which moves in a highly relativistic way.

(M. Kadler et al.)

(J.-L. Gomez)

Radio galaxy 3C111, distance approx. 700M lyr 

Component speeds
approx. 3-6 x speed of light!?



Geodetic VLBI

RT Wettzell im Bayrischen Wald  (BKG)

2cm!

To study the movement of the continental plates:

J. Campbell et al. 2000
69

Distance: 457,481741 km ± 3mm



Beobachtungen mit TIRA/FHR und EB!

(Fraunhofer FHR)

Principle: both telescopes take fixed positions 
so that the observation areas overlap
"Beam Park Experiment"

TIRA: high transmission power (1.3MW)
EB: high sensitivity

Detection limit: approx. 1cm at 1000 km 
altitude

Search for Space Debris



The Galactic Centre

(Fraunhofer FHR)
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A new symmetrical polarization 
structure near the galactic centre 

J. H. Seiradakis*t, A. N. Lasenby*, F. Yusef-Zadeh§, 
R. Wielebinski* & U. Kleinll 

* Max-Planck-Institut fur Radioastronomie, Auf dem Hugel 69, 
0-5300 Bonn 1. FRG 
t Department of Astronomy, University of Thessaloniki, 
GR-54006 Thessaloniki, Greece 
:j: Mullard Radio Astronomy Observatory, Cavendish Laboratory, 
Madingley Road, Cambridge CB3 OHE, UK 
§ Department of Astronomy, Columbia University, New York, 
New York 10027, USA 
II Radioastronomisches Institut der Universitiit Bonn, 
Auf dem Hugel 71, 0-5300 Bonn 1, FRG 

Filamentary radio structures perpendicular to the plane of the 
Galaxy and - 30 pc away from the galactic centre (I = 0.2) have 
been observed I. Here we present results showing a new region of 
polarized emission aligned with this Continuum Arc·,2. The struc-
ture of this region has the form of a central component (core) 
with two jet-like outer lobes. The associated total intensity maps 
at 4.7S and 10.7 GHz show thatthe core and lobes lie symmetrically 
with respect to arched filamentary structures lying both above and 
below the galactic plane--only the arches above the plane had 
been seen previously. The remarkable symmetry of the region 
suggests the location of a new 'centre of activity' within the galactic 
centre region at the position of the polarized core; however, total 
intensity maps do not distinguish this region at all except at low 
frequencies. A possible model involves outflow from the galactic 
nucleus to the vicinity of this new centre, explaining the polariz-
ation and low-frequency structure in terms of a 'cocoon' of thermal 
material surrounding the linear filaments seen in higher resolution 
studies. The regions of polarized emission then correspond to areas 
in which the cocoon is thinnest or absent. 

The observations were performed using the 100-m radiotele-
scope at Effelsberg, near Bonn, between July and August 1983 
(4,75-0Hz data) and in July 1984 (to.7-0Hz data), Both 
receivers (parametric amplifiers with Tsys = 70 K at 4,750Hz 
and FET amplifiers with Tsys = 100 K at 10.70Hz) were used 
in single-horn mode and had a bandwidth of 500 MHz. The 
half-power beamwidths were 2.4 and 1.2 arc min respectively 
for the two frequencies_ The weather was excellent throughout 
the observations, enabling unswitched total power information 
to be used. The Stokes parameters I, U and Q were recorded 
simultaneously_ Several calibration sources were observed at 
different elevations, including 3C286, 3C48, 3C147 and 3C409, 
These data were used to estimate the receiver characteristics 
and atmospheric extinction, the latter being particularly impor-
tant at the higher frequency (10.7 OHz). 

Fig. 1 Total intensity radiograph (logarithmic scale) of a 60' x 68' 
region around the galactic centre at 10,7 GHz. The coordinates of 
the bottom left-hand corner are RA 17 h 45 min 28.4 s, Dec. 
-29°23'00". The half-power beam is shown as a filled circle at the 
upper right-hand corner. The position of zero galactic coordinates 
(I = b = 0) is marked by a circle on the diagonal line which indicates 
the b = 0 plane. The peak flux density of Sgr A is 26_8 Jy and that 
of Sgr B2, 17.6 Jy_ The Arc reaches 2.6 Jy and the first layer towards 
Sgr B2, 0.7 Jy_ The peak flux of the north-west arched filaments is 

2.1 Jy while that for the south-east arched filaments is 0.6 Jy_ 

At 4,750Hz we obtained three coverages scanned in right 
ascension (RA) and two in declination (Dec), covering a 40' x 40' 
field, but with the last RA coverage being extended to lOx 10

_ 

The galactic centre is visible from Effelsberg for -1.5 h daily, 
therefore for the higher resolution to,7-0Hz map the region 
was observed in eight independent strips, with appropriate over-
lap for the off-line processing and combination into one map_ 
Because of atmospheric extinction only scans in RA (corre-
sponding roughly to azimuth) were made. The region covered 
was lOx 1.1 0

, the northern extension being made to include all 
of Sgr B2_ At both frequencies the maps (made using the NOD2 
procedure3

) were calibrated absolutely using both calibration 
source information and existing lower resolution data covering 
a larger region. This was important for setting the edges of the 
maps to the correct absolute values, At 4,75 OHz we consulted 

Effelsberg 
10.5 GHz

(Seiradakis 
et al. 1989)

(1985)



The Galactic Centre – and the search for pulsars

(Fraunhofer FHR)
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Pulsars



Big telescopes are useful

All the energy that would be 

received by a pulsar with the 

Effelsberg 100-m telescope in the 

entire lifetime of the universe 

(about 13 billion years) is just 

enough to illuminate a flashlight 

for one second

(Adapted from Jocelyn Bell)



Selected pulsar highlights

First Effelsberg publication was on 

pulsars: record-breaking detection 

at 2.8 cm (10.5 GHz)

© 1972 Nature Publishing Group
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Selected pulsar highlights

First detection of pulsars above 

20 GHz, 30 GHz and 40 GHz:
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Kramer et al. (1996)
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OBSERVATIONS OF PULSARS AT 43 GHz 365

FIG. 1.ÈAligned proÐles of B0329]54 observed at 14.6, 23.05, and 43.0
GHz. The uppermost proÐle appears broadened due to an enhanced
smoothing of the data. The occurring mode switching is clearly seen.

formed at Ðve separate epochs : 1996 July 31 and 1997
January 17/18/19/22. During the July observations the
weather conditions were strongly variable, while during the
January observations they varied only little, from good to
excellent. Resulting system temperatures were about 90 K
for 14.6 and 23.05 GHz and 250 K for 43 GHz in 1996 July,
and about 70 K for 14.6 and 23.05 GHz and 150 K for 43
GHz in 1997 January. The half-power beamwidths at 14.6,
23.05, and 43 GHz are 53A, 34A, and 20A, respectively.
During regular pointing observations made approximately
every hour in each session, we determined pointing errors of

TABLE 1

RESULTS OF OBSERVATIONS

Frequency Time Flux Density
Pulsar (GHz) Pulses (minutes) (mJy)

B0329]54 . . . . . . 14.60 7340 87.4 0.5 ^ 0.1
23.05 2380 28.3 0.3 ^ 0.8
43.00 16520 196.7 0.15 ^ 0.06

B0355]54 . . . . . . 14.60 26030 67.8 2.0 ^ 0.5
23.05 28595 74.5 0.8 ^ 0.2
43.00 66690 173.7 0.5 ^ 0.1

B1929]10 . . . . . . 14.60 11418 43.1 1.1 ^ 0.1
23.05 5412 20.4 0.33 ^ 0.08
43.00 15774 60.0 0.18 ^ 0.05

B2021]51 . . . . . . 14.60 5600 49.4 1.3 ^ 0.1
23.05 8428 74.3 0.45 ^ 0.09
43.00 23688 208.8 0.25 ^ 0.03

FIG. 2.ÈPulse proÐles of B0355]54 (top) and B2021]51 (bottom)
observed at 43.0 GHz.

about 5A in 1996 July and typically 3A during the much
better conditions in 1997 January.

The digitized receiver signals were sampled every P/1024
s and accumulated synchronously with the calculated topo-
centric pulse period P, with independent recordings of the
LHC and RHC signals. Individual records of 15 s sub-
integrations were transferred to disk for further o†-line
analysis. In general, selected pulsars were Ðrst observed at
14 GHz, then switched to higher frequencies in less than 1
minute, allowing a quasi-simultaneous spectral study at
three frequencies.

The Ñux densities of the observed pulsars were deter-
mined and calibrated by switching an internal noise diode,
fed directly into the waveguide following the horns, during
the Ðrst 50 sampling intervals of the pulse period. The
amplitude of the calibration signal visible at the beginning
of a pulse window was compared to the pulse strength, and
additionally compared to observed Ñux densities of well-
known reference sources such as NGC 7027 or W3 OH (Ott
et al. These latter calibrations were regularly per-1994).
formed during the normal pointing observations. A detailed
description of the observing system and the adopted reliable
calibration procedure can be found in et al.Kramer (1996).

3. RESULTS

The aim of these observations was to gather data on the
four pulsars that are brightest at 32 GHz (9 mm), i.e., PSRs
B0329]54, B0355]54, B1929]10, and B2021]51. The
latter two sources were of particular interest since they were
reported to show anomalous spectral behavior at millimeter
wavelengths, i.e., an upturn or Ñattening in the spectrum

et al. All four pulsars were successfully(Kramer 1996).

Kramer et al. (1997)
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FIG. 4.ÈResulting spectra for B0329]54, B0355]54, B1929]10, and B2021]51. Low-frequency data have been taken from available literature (see
text).

GHz (a \ [2.3 ^ 0.2) gives s2 probability as large as 0.27,
strongly suggesting again that the spectrum is changing, i.e.,
Ñattening, at frequencies above 30 GHz.

Finally, we note that the observations presented here
triggered the observations of B0355]54 at 87 GHz (3 mm)
by et al. using the 30 m IRAM radio telescopeMorris (1997)
in Spain. For details we refer to their paper, but is inter-
esting that this pulsar was successfully detected with a Ñux
density of 0.5 ^ 0.2 mJyÈthe same Ñux density as at 43
GHz.

To summarize, we have observed four sources at the
highest radio frequency ever successfully used to study a
sample of pulsars. While we could detect the known mode
changing for B0329]54 at 43 GHz, all pulse widths (if
corrected for smoothing of data applied to increase the
signal-to-noise ratio) do not change between 10 and 43

GHz, conÐrming the results of et al. More-Xilouris 1996).
over, the measured Ñux densities strongly support the exis-
tence of unusual spectral behavior in some pulsars at
millimeter wavelengths, Ðrst reported by et al.Wielebinski

and et al. i.e., a Ñattening of the spec-(1993) Kramer (1996),
trum.

It is a pleasure to thank D. Lorimer, K. Xilouris, and A.V.
Hoensbroech for great help with the observations and
stimulating discussions. We are grateful to the receiver
group of the MPIR for making the observations possible.
This work was partly supported by the European Commis-
sion in context of the Pan European Pulsar Network
(EPN), HCM Research Network contract No. CHRX-
CT94-0622. O. D. acknowledges a fellowship of the Max-
Planck-Gesellschaft.
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Kramer et al. (2007)

First detailed polarisation study of 

magnetar and their single pulses

XTE J1810−197 

Kramer et al. (2007)
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Detection of radio magnetar in the 

Galactic Centre:

XTE J1810−197 

Kramer et al. (2007)

Distance of 1” to Galactic centre

Highest DM of any pulsar: DM = 1778±3 cm-3 pc 

Source is ~ 100% linearly polarized

Rotation Measure RM =  -66960±50 rad m-2

- largest in Galaxy (apart from  Sgr A*)
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A strong magnetic field around the supermassive
black hole at the centre of the Galaxy
R. P. Eatough1, H. Falcke1,2,3, R. Karuppusamy1, K. J. Lee1, D. J. Champion1, E. F. Keane4, G. Desvignes1, D. H. F. M. Schnitzeler1,
L. G. Spitler1, M. Kramer1,4, B. Klein1,5, C. Bassa4, G. C. Bower6, A. Brunthaler1, I. Cognard7,8, A. T. Deller3, P. B. Demorest9,
P. C. C. Freire1, A. Kraus1, A. G. Lyne4, A. Noutsos1, B. Stappers4 & N. Wex1

Earth’s nearest candidate supermassive black hole lies at the centre of
theMilkyWay1. Its electromagnetic emission is thought to be powered
by radiatively inefficient accretion of gas from its environment2, which
is a standard mode of energy supply for most galactic nuclei. X-ray
measurements have already resolved a tenuous hot gas component
from which the black hole can be fed3. The magnetization of the gas,
however, which is a crucial parameter determining the structure of the
accretion flow, remainsunknown.Strongmagnetic fields can influence
thedynamicsof accretion, removeangularmomentumfromthe infall-
ing gas4, expelmatter through relativistic jets5 and lead to synchrotron
emission such as that previously observed6–8. Here we report multi-
frequency radiomeasurementsof anewlydiscoveredpulsar close to the
Galactic Centre9–12 and show that the pulsar’s unusually large Faraday
rotation (the rotationof theplaneofpolarizationof the emission in the
presence of an externalmagnetic field) indicates that there is a dynam-
ically important magnetic field near the black hole. If this field is
accreted down to the event horizon it provides enough magnetic flux
to explain the observed emission—from radio to X-ray wavelengths—
from the black hole.
Linearly polarized radio waves that pass through a magnetized

medium experience Faraday rotation. The resulting rotation of the
polarization vector is given by Dw5RMl2, where the rotation mea-
sure, RM~e3

!
2pm2

e c
4

" # Ð
B sð Þn sð Þds, depends on the line-of-sight

magnetic field, B; the free-electron density, n; the path length, s; the
electron charge, e, and mass, me; and the speed of light, c. The radio
emission associated with theGalactic Centre black hole, Sagittarius A*
(SgrA*), has RM5253 105 radm22, which is the highest known
RM of any source in the Galaxy, and is believed to be due to a column
of hot, magnetized gas from the accretion flow onto the black hole13,14.
The radio emission from SgrA*, however, probes only the inner-

most scales of accretion. Formost accretionmodels14, the termB(r)n(r)
decays much faster than r21, where r is the radial distance from the
black hole. Consequently, the Faraday rotation imprinted onto the
radio emission from SgrA*, which has to pass through the entire
column of accreting gas, is dominated by the smallest scales. Tomeasure
the magnetization of the accretion flow on the outermost scales, other
polarized radio sources, such as pulsars, are needed. A pulsar closely
orbiting SgrA*would also be anunparalleled tool for testing the space-
time structure around the black hole15. Despite predictions that there
are more than a thousand pulsars in the central parsec of the Galaxy16,
there has been a surprising lack of detections17, potentially owing to
severe interstellar dispersion and scattering in the inner Galaxy18.
Recently, the NASA Swift X-ray Telescope detected a bright X-ray

flare9 near Sgr A* (projected offset of ,305 0.12 pc (ref. 19) at a
Galactic Centre distance of d5 8.3 kpc). Subsequent X-ray observa-
tions by the NASA NuSTAR telescope resulted in the detection of
pulsations with a period of 3.76 s (ref. 10). This behaviour is indicative

of a magnetar, a highly magnetized pulsar, in outburst. During radio
follow-up observations at the MPIfR Effelsberg Radio Observatory on
28 April 2013, the first weak detection of pulsations, with spin para-
metersmatching those reported byNuSTAR, wasmade. Since then, the
pulsar, PSR J1745–2900, has been consistently detected at Effelsberg,
at the Paris Observatory-Nançay Radio Astronomy Facility, at the
NRAO Karl G. Jansky Very Large Array (VLA), tentatively at The
University of Manchester Jodrell Bank Observatory (Fig. 1) and with
the CSIROAustralia Telescope Compact Array12. Measurements of the
delay in the arrival times of pulses at lower frequencies (2.5GHz) with
respect to those at higher frequencies (8.35GHz) yield an integrated
column density of free electrons, the dispersion measure, of
DM5 1,7786 3 cm23 pc, which is the highest value measured for
any known pulsar. This is consistent with a source located within
,10 pc of the Galactic Centre, in the framework of the NE2001 free-
electron densitymodel of the Galaxy20. Including this source, only four
radio-emitting magnetars are known21 in the Milky Way, making a
chance alignment unlikely. If we consider a uniform source distri-
bution occupying a cylinder of radius 10 kpc and height 1 kpc, then
the fraction of sources present within an angular distance of ,30
around SgrA* is ,33 1029. Given the current population of radio
pulsars (,2,000) and radiomagnetars, the numbers present within the
same region by chancewill be,63 1026 and,13 1028, respectively.
The emission from the pulsar is highly linearly polarized12,22 (Fig. 2).

Using the RM synthesis method23 and measuring the Faraday rotation
in three frequencybands and at three different telescope sites,wederive
aRMof (26.6966 0.005)3 104 radm22 (Fig. 3). Thismeasurement is
consistent with that reported elsewhere12. The RM is the largest mea-
sured for anyGalactic object other than SgrA*13,14, and ismore than an
order of magnitude larger than all the other RMs measured to within
tens of parsecs of SgrA*24. The RM is also more than what can be
optimistically expected as foreground25. This constrains the magne-
tized plasma causing the Faraday rotation (the Faraday screen) to be
within some ten parsecs from the Galactic Centre.
A frequently used estimate of the magnetic field is B$RM/

0.81DMmG, which gives B$ 50mG (ref. 12). However, this is not a
stringent limit, because DM and RM are dominated by very different
scales. Hence, the extra information about the gas in the central 10 pc
must be used for a more robust estimate of the magnetic field.
Two ionized gas phases in the Galactic Centre interstellar medium

towards the line of sight of the pulsar could be associated with the
Faraday screen: a warm component from the northern arm of the gas
streamer SgrA West26, which passes behind SgrA*, and a diffuse hot
component seen in the X-ray emission3 with T5 2.23 107 K. The
warm gas in the northern arm has a width of.0.1 pc, electron densi-
ties of ,105 cm23 measured from radio recombination lines26, and a
magnetic field of,2mG (ref. 27). The inferred RMandDMvalues for

1Max-Planck-Institut für Radioastronomie, Auf demHügel 69, D-53121Bonn, Germany. 2Department of Astrophysics, Institute forMathematics, Astrophysics and Particle Physics, RadboudUniversity, PO
Box 9010, 6500 GL Nijmegen, The Netherlands. 3ASTRON, PO Box 2, 7990 AA Dwingeloo, The Netherlands. 4Jodrell Bank Centre for Astrophysics, School of Physics and Astronomy, The University of
Manchester, Manchester M13 9PL, UK. 5Bonn-Rhein-Sieg University of Applied Sciences, Grantham-Allee 20, D-53757 Sankt Augustin, Germany. 6Astronomy Department, B-20 Hearst Field Annex,
University of California, Berkeley, California 94720-3411, USA. 7LPC2E/CNRS - Université d’Orléans, 45071 Orléans, France. 8Nançay/Paris Observatory, 18330 Nançay, France. 9National Radio
Astronomy Observatory, 520 Edgemont Road, Charlottesville, Virginia 22903, USA.
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PTA observations in Effelsberg since 1996

Collaboration with Don Backer (UC Berkeley)

First light of the Effelsberg Berkeley Pulsar Processor (EBPP) – longest existing data set



PTA observations in Effelsberg since 1996
First light of the Effelsberg Berkeley Pulsar Processor (EBPP) – longest existing data set

EPTA Collaboration and InPTA Collaboration: A&A 678, A50 (2023)

Fig. 5. Binned overlap reduction function. Blue is for DR2full while orange is for DR2new. The left panel shows violins of the posterior of the
correlation coe�cients averaged at ten bins of angular separations with 30 pulsar pairs each. The black line is the HD curve based on theoretical
expectation of a GWB signal. The grey histogram is the arbitrarily normalised distribution of the number of pulsar pairs at di↵erent angular
separations. The right panel is the corresponding 2D posterior for the amplitude and spectral index of the common correlated signal, showing 1�,
2�, and 3� contours.

Fig. 6. Constraints on the overlap reduction function from the opti-
mal statistic. Blue and orange points indicate the results for DR2full
and DR2new, respectively. The correlation coe�cients for each pair
of pulsars are weighted and averaged following the description in
Allen & Romano (2023) and grouped in the same way as those in
Fig. 5 for comparison. The HD correlation is plotted as a black line for
reference.

the fifth, sixth, and ninth bins in the DR2full data set, making
the overall curve inconsistent with HD.

To quantify how likely the data set is actually showing
evidence for a GWB, we compute BFs comparing di↵erent
spatial correlations: HD correlations that arise from a GWB,
monopole correlations that could be produced by clock errors
(CLK), and dipole correlations that could be due to SSE sys-
tematics (EPH). Firstly, the presence of a common uncorrelated
red noise (CURN) is strongly favoured against a model that
includes only individual pulsar noises (PSRN). Compared to 3.3
from the 6PSR data set, the log10 BFs are ⇠5 for DR2full
and ⇠3 for DR2new. Our main comparison was thus against
the PSRN+CURN model, with respect to which we referred all
BFs. These are summarised in Table 5. Both the PSRN+CLK
and PSRN+EPH models are heavily disfavoured against the
PSRN+CURN model in both DR2full and DR2new (row IDs

3 and 4). The evidence for these two correlations as additional
processes to the CURN is inconclusive (row IDs 5 and 6). Con-
versely, while DR2full shows very little evidence for a GWB
compared to the CURN, DR2new has a significant BF in favour of
HD (row ID 2). Since this is a significant result, we have recom-
puted the BF using several alternative samplers and methods, as
described in Sect. 3.1, obtaining BFs of 66, 56, and 62. In this
data set, we also find that BFs for models including an additional
CLK or EPH or CURN are about a factor of two smaller com-
pared to the model including a GWB alone (row IDs 7, 8, and
9). On the contrary, the analogue BFs for DR2full are incon-
clusive with an indication for an additional monopole process
(row ID 8).

These BFs can be compared to the S/Ns from the OS in
Table 4 and Fig. 3. The DR2new data set yields a median S/N ⇡
3.5 for the HD correlation, while it is about 1.3 in DR2full.
These S/N estimates act as semi-independent confirmation of the
BFs from Table 5. Consistent with the slightly higher BF for an
additional monopole in DR2full the S/N is ⇡1.2. For DR2new
the S/N for a monopole drops to be consistent with zero. Lastly,
no significant signal for a dipole correlation is found in either of
the two data sets.

4.3. Significance tests

To quantitatively estimate the significance of the hypothesis that
a GWB signal with HD correlation is present in the data, the null
hypothesis distribution need to be constructed. Many repetitions
of an experiment need to be performed in order to define a strict
p-value. This is, unfortunately, not possible for PTAs. Thus, we
can only attempt to find a good proxy to estimate the true statis-
tical p-value for the null hypothesis. In the following, we refer
to the estimated value from our proxy methods as p-values for
simplicity. The respective distributions can be constructed in two
di↵erent ways, by introducing random phase shifts in the Fourier
basis of the common red noise process (Taylor et al. 2017) or
by moving the positions of the pulsars in the sky via a random
scramble (Cornish & Sampson 2016). The aim of both methods
is to e↵ectively destroy the distinctive cross-pulsar correlations,
unique to the GWB signal, while retaining the individual pulsar
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Spectral index vs amplitude
EPTA Collaboration and InPTA Collaboration: A&A 678, A50 (2023)

Fig. 1. Spectral properties of a CRS assuming HD correlation. The left panel shows the free spectrum, the independent measurement of common
power at each frequency bin, for the two versions of the EPTA-only data set. The right panel shows the 1�, 2�, and 3� contours of the 2D posterior
distribution of amplitude and spectral index, when modelling the spectrum with a power law. In both panels, results for DR2full are in blue, while
those of DR2new are in orange. The solid lines in the left panel are the power law best-fits to the GWB (see main text for the parameters of the fit),
while the vertical dashed line indicates the position of f = 1 yr�1. The vertical dashed line in the right panel denotes � = 13/3.

Table 2. 90% credible regions for the power law parameters constraints in the di↵erent Bayesian analyses with DE440 for both DR2full and
DR2new.

Software +Model DR2full DR2new

log10 ACRS �CRS log10 ACRS �CRS

ENTERPRISE + CURN �14.53+0.29
�0.44 4.13+0.80

�0.59 �14.00+0.28
�0.77 2.91+1.72

�0.87
FORTYTWO + CURN �14.52+0.30

�0.40 4.12+0.74
�0.60 �14.00+0.27

�0.66 2.91+1.51
�0.85

ENTERPRISE + GWB �14.54+0.28
�0.41 4.19+0.73

�0.63 �13.94+0.23
�0.48 2.71+1.18

�0.71
FORTYTWO + GWB �14.53+0.30

�0.40 4.16+0.74
�0.66 �13.94+0.24

�0.55 2.71+1.30
�0.75

ENTERPRISE + Binned ORF �14.47+0.27
�0.35 4.10+0.64

�0.56 �13.89+0.22
�0.32 2.63+0.86

�0.71
FORTYTWO + Binned ORF �14.49+0.29

�0.39 4.11+0.72
�0.62 �13.87+0.22

�0.37 2.58+0.98
�0.74

ENTERPRISE + Chebyshev ORF �14.50+0.32
�0.40 4.17+0.73

�0.72 �13.87+0.22
�0.31 2.57+0.86

�0.76
ENTERPRISE + Legendre ORF �14.51+0.30

�0.40 4.19+0.74
�0.63 �13.89+0.23

�0.35 2.59+0.98
�0.72

Notes. The analyses included the search for common uncorrelated red noise (CURN), gravitational wave background (GWB), and a common
correlated signal with overlap reduction function (ORF) modelled with di↵erent methods (binned ORF, Chebyshev ORF, and Legendre ORF).

parameter di↵erences, which can be integrated to obtain the
mean probability for the presence of parameter shifts (see Eq. (4)
in Raveri & Doux 2021). The resulting probability for a param-
eter shift can be converted into an e↵ective number of � using
the standard normal distribution. In short, the package produces
a score that can be interpreted as ‘within how many �’ two dis-
tributions are consistent (see also Raveri & Hu 2019, for more
details). The results of this analysis in Table 3 indicate that the
di↵erences are minimal when comparing posteriors between dif-
ferent analysis software packages (ENTERPRISE vs. FORTYTWO)
regardless of the data set (either DR2full or DR2new). However,
when comparing GWB posteriors between di↵erent data sets
(DR2full vs. DR2new), there are tensions of ⇠1� for CURN,
⇠1.4� for HD, and ⇠1.6� for Binned ORF, regardless of the
software package used.

Figure 2 shows, in the left panel, the two-dimensional
posterior di↵erence distribution between the ENTERPRISE and
FORTYTWO posteriors obtained for the DR2new data set, again
showing consistency of the results provided by the two inde-
pendent analysis packages. On the contrary, the corresponding
distribution for the di↵erence in the posteriors associated with

DR2full and DR2new, shown in the right panel, highlights the
significant di↵erence between the two data sets, more detailed
comparisons can be found online4.

The parameter constraints from the Bayesian pipelines can
be compared with the results of OS estimates. We first fixed the
spectral index to � = 13/3 and computed the OS amplitude and
S/N for a CRS with monopole, dipole, or HD correlation. A sum-
mary of our findings is given in Table 4, for the three correlation
patterns in the four di↵erent data sets. The best-fit amplitudes
for the HD correlation from the OS can be compared with the
Bayesian value found when slicing the posterior at � = 13/3,
which is A2

HD = 6.0+4.0
�3.0 ⇥ 10�30. We notice that this value sits

halfway between the OS amplitude estimate for the two data sets,
with A2

HD of 2.7+3.0
�2.5 ⇥ 10�30 for DR2full and 10.0+5.1

�4.9 ⇥10�30 for
DR2new. Both estimates overlap with the Bayesian value within
their 90% credible region. The median value for the OS S/N esti-
mate for a HD-correlated process increases from 1.3 in DR2full
to 3.5 for DR2new. The A2

CRS and S/N distributions of the corre-
lated processes as estimated by the OS are shown in Fig. 3, which
further highlight the HD correlated signal emerging in DR2new.
4 https://github.com/subhajitphy/Posterior_comparisons
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Spectra (with HD)

Effelsberg



Relativistic spin precession
Due to the curvature of space-time the proper reference frame of a freely falling object 

suffers “geodetic precession”

Experiments made in Solar 

System provide precise weak-

field tests and confirm it,  e.g. 

LLR or GRAVITY Probe-B

Effect predicted for pulsars by Damour & Ruffini (1974) immediately after the discovery of 

the Hulse-Taylor pulsar in 1974...

NASA
`Kram
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Relativistic spin precession in the Hulse-Taylor pulsar

\

First studies by Weisberg, Romani & Taylor (1989): 

No conclusive result:
amplitude was changing 
slowly with time
Expected change in width
was  not detected!
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Kramer (1998, 2012)

First clear evidence:

Relativistic spin precession in the Hulse-Taylor pulsar
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Relativistic spin precession in the Hulse-Taylor pulsar
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The amplitude ratio is not really increasing 

but flattening out – not as predicted by 

Kramer (2000)
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Arecibo, Effelsberg, FAST, Lovell combined!!
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Relativistic spin precession in the Hulse-Taylor pulsar - Update
But geometry from polarisation in complete 

agreement with modelling of Kramer (1998):  

" and # agree within 1 deg!

Spin axis misaligned to orbit 

by " = 21(2) deg.

Mystery solved: there was no pole crossing.

Good news: pulsar may not disappear, but 

that dependson extent of the pulsar beam 

- which is certainly not circularGraikou, Desvignes et al. (in prep.)

Graikou, Desvignes et al. (in prep.)



Constant improvements



Structure



Track



Surface

Deviations from the upper
area of the ideal shape
of a parabola at 70° 
Elevation.

These discrepancies 
are a result of the 
not quite perfect 
Homology of the main
Mirror.

They could be replaced by a 
active surface of the
secondary mirror
be compensated.







before           after

Active optics



Receivers and Backends

PAF

• Dense frequency coverage 

(with LOFAR to 10 MHz)

• First Broadband receiver 

(UBB)

• Signal path fully digital (EDD)

• First cryoPAF at 11cm

• Dark fiber to MPCDF

• Massive local compute power

• Possible connection to EU 

clock network



More discoveries to come!


