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Message from the President

month, so I will simply say that he has 
set a paradigm with his high (and hu-
mane) standards in science, education 
and administration. A true gentleman. 
He will be sadly missed.

Well, life has to go on despite all and 
the present issue of Hipparchos is a 
testimony for that. It contains four 
very nice articles plus the usual con-
ference reports and short news. The 
article of Dr. Yannis Zouganelis (Euro-
pean Space Agency) provides a very in-
formative coverage of the Solar Orbit-
er mission, a joint ESA-NASA collab-
oration that was launched just a few 
months ago and hopefully will shed 
light to some of the Sun’s best kept se-
crets like the origin of the solar wind, 
the solar dynamo and particle ener-
gization. Dr. Zouganelis, who is the 
Deputy Project Scientist of Solar Or-
biter does not deal only with the sci-
ence part of the mission but gives also 
a very informative look at the payload 
and the technological challenges which 
are, as one can imagine, on the ex-
treme side as the satellite will get very 
close to the Sun. Overall the mission 
is an impressive achievement and I do 
hope that it will lead to some answers 
about our mysterious nearby star.

Prof. Lia Athanasoulla (Aix Marseille 
University) gives us a very personal re-
view on how far numerical simulations 
have gone into helping us understand 
the way galaxies form and evolve us-
ing as a guide her own research on ga-
lactic dynamics from the early GRAPEs 
days up to present. The author touches 
upon many topics about galaxy forma-
tion and evolution and I find it overall a 
very enjoyable read because it shows, in 
the best possible way, that excitement 
should always be a part of good scientif-
ic research. Yes, science can be fun and 
research should be mentally rewarding 
as we get deeper and deeper inside our 
respective fields! I think that this is one 

of the key messages that we have to con-
vey to the younger generations. 

The article of Dr. Mirella Harsoula (Re-
search Institute of Astronomy, Academy 
of Athens) is on a similar topic with the 
previous one dealing with the types of 
star orbits in spiral galaxies. This is rath-
er on the technical side, yet it is clear-
ly written and reviews nicely part of the 
substantial work performed on the topic 
by researchers in the Research Institute 
of Astronomy and their collaborators.

Last but not least Dr. Ioannis Myserlis 
(Instituto de Radioastronomía Milimé-
trica, Granada and MPIfR, Bonn) talks 
about linear and circular polarization in 
the jets of Active Galactic Nuclei. This 
is a rather difficult problem to tackle but 
the author does an excellent job as he 
starts from basic principles and then de-
scribes how a radiative transfer model 
that he built can help us decipher the 
observations and understand the phys-
ical conditions in the jets. 

So by the time that you will be read-
ing this I hope that everything will be 
moving back to normal and the elec-
tions will be very near. I also hope that 
the outgoing Governing Council has 
fulfilled its role at a time that not ev-
erything was business-as-usual. We 
had frequent and constructive meet-
ings and I would like to thank everyone 
for their help. The new Council that 
will be formed after the elections will 
be of the highest caliber as it consists of 
young colleagues who are, in every as-
pect, on top of their form. I anticipate 
a further strengthening of the Society 
and, also, a few good surprises down 
the road. At such strange times that we 
all live in, this is something to look for-
ward to. Stay safe.

One thing is for sure: This last year 
will be one to remember and not 

for the best of reasons. The “normal-
cy” of life disappeared within a mat-
ter of days and this full scale collapse 
affected the Society as well. Trying to 
organize the HelAS elections amidst 
the pandemic proved a non-trivial task 
as we had to chose between various 
(bad) options. The delay of the date of 
the elections for one month was finally 
favored in order to give our members 
enough time to cast their votes by mail 
as we had information that mailing ser-
vices were stalled and very few peo-
ple would have been able to send their 
votes on time. On the other hand, de-
lay of the elections until early autumn 
would have caused problems of bureau-
cratic nature. Therefore, once again, a 
middle road was taken. I think this is 
the first time that HelAS elections are 
delayed but “extreme situations require 
extreme measures” as the saying goes.

Another sobering event was the passing, 
after a long illness, of Prof. Yannis Sei-
radakis, who was the second President 
of our Society serving between 1998-
2002. We have an obituary inside the 
present issue of Hipparchos but I would 
like to stress once more here that his 
contribution to the establishment of 
HelAS was invaluable. Eyewitness testi-
monies of the people who played a role 
in those early days tend to agree that it 
was him who had the vision of bringing 
Greek astronomers together in a Soci-
ety. Not only that but he wrote the first 
draft of our statute and also made all 
the necessary contacts. As another past 
President, Prof. Paul Laskarides, wrote 
in a very informative note, Prof. Seirada-
kis was the θρυαλλίς of our Society but 
because of his modesty he never made 
this too obvious. I think that he suc-
ceeded thanks to his unique, nonchalant 
manner that made him so much liked by 
anyone who met him. Many things have 
been said and written during the last 

Apostolos Mastichiadis
President of Hel.A.S.
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With great sorrow we announce the passing of Prof. John 
Hugh Seiradakis, a respected and beloved colleague and pro-
fessor and a founding member of our Society. John Hugh Sei-
radakis was not only the second President of our Society for 
four years (1998-2002), but he also masterminded its estab-
lishment and wrote the first document that eventually led to 
our Society's statute. In this respect Hel.A.S. can be consid-
ered as his brain-child. 

John Hugh Seiradakis was born in Chania, Crete on March 5, 
1948. He obtained his degree in Physics at the University of 
Athens (1971) and he continued his education at the Victoria 
University of Manchester, where he obtained his M.S. (1973) 
and his Ph.D. (1975) on the subject of pulsars observations 
under the supervision of Dr. John G. Davies. 

He worked as a researcher at the Max-Plank Institut fuer 
Radioastronomie, Bonn, at the University of Hamburg and 
at the University of California, San Diego. In 1985 he was 
appointed Associate Professor at the Aristotle University 
of Thessaloniki and in 1996 he was promoted to full Pro-
fessor. In 2011 he was elected Director of the Laboratory 
of Astronomy of the Aristotle University, a position that 
he held until his retirement in 2015, after which he was ap-
pointed Professor Emeritus. His domain of expertise includ-
ed neutron stars, neutral hydrogen modeling in nearby gal-
axies, the center of our Galaxy, flare stars, Lunar Transient 
Phenomena and Archaeoastronomy. He has published more 
than 74 scientific papers in refereed journals and more than 
80 papers in conference proceedings and special volumes, 
as well as three University-level textbooks. He has repre-
sented Greece in large European networks (OPTICON, IL-
IAS, CRAF, etc).

In December 2005, the highest EU prize Descartes was 
awarded to the Neutron Stars research network, “PULSE”, 
in which he was one of the founding members.

He was very active in promoting Astronomy to high school 
students and, in collaboration with the Society for Astrono-
my and Space at Volos, brought the best students to the In-
ternational Olympiads of Astronomy and Astrophysics. He 
also promoted the science of Astronomy to the general pub-
lic through conferences and popularized articles. Many of our 
colleagues discovered their inclination in Astronomy because 
of his inspiring and good-tempered personality. He will al-
ways be remembered by us all for his generosity, his lead-
ership and for his selfless contribution to all things astro-
nomical.

John Hugh Seiradakis (1948-2020)

In memoriam

HIPPARCHOS | Volume 3, Issue 3
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1. Introduction
At present, a very large number of op-
portunities are open to astronomers 
wishing to understand how galaxies 
form and evolve. Supercomputers al-
low them to make realistic, high reso-
lution numerical simulations, including 
not only stars and dark matter, but also 
gas and its physics (star formation, dif-
ferent types of feedback, cooling, etc.), 
and chemical evolution, thus reaching 
full chemo-dynamics. On the observa-
tional side, a number of large surveys, 
of high resolution and sensitivity, pro-
vide data of unprecedented quality and 
quantity. The aim of this article is to 
'wet the appetite' of young astrono-
mers and incite them to work on the 
formation and evolution of galaxies, by 
providing as an example my own per-
sonal research experience in this field, 
and by describing how much fun such 
work can be. If I focus here on simula-
tions and on observations, it is not be-
cause I look down upon analytic work. 
I simply consider such work as a sine 
qua non, an absolute necessity for any 
astronomer or astrophysicist, indepen-
dent of the specific subject they work 
on. This was true in the past and con-
tinues to be true. I will here concen-
trate on the additional impact that the 
very strong recent advances in compu-
tational astrophysics can provide.

2.  Orbits and gas flows 
in barred galaxies

Spiral arms in a galaxy are like icing on 
a cake, and can be treated as perturba-
tions of the axisymmetric disc that hosts 
them. In my thesis work – done under 
the supervision and guidance of Profes-
sor George Contopoulos – I studied, 
mainly analytically, the spiral structure in 
the central parts of disc galaxies, intro-
ducing an extension of the density wave 
theory of Lin and Shu (1971), which at 
the time was a hot topic. 

 I obtained a job in France in the sec-
ond half of the 1970s, and started us-
ing computational tools, enabling me 
to tackle a wider set of problems, be-
yond the linear regime mainly accessi-
ble to analytical studies. My first goal 
with these tools, which were new to me 
then, was to understand galactic bars. 
Indeed, these are much stronger fea-
tures than spirals, and their dynamics is 
much more complex and challenging. I 
started by studying the motion of stars 
and gas in and around bars. For stars, 
considerable understanding was already 
available from periodic orbit studies (e.g. 
Contopoulos & Papayannopoulos 1980, 
Contopoulos & Grosbol 1989). I extend-
ed this work to potentials where the bar 
was described by a Ferrers model. For 
the gas flow, however, I needed an ad-
equate, high quality hydrodynamic code 
(Van Albada & Roberts 1981, Van Alba-
da, van Leer & Roberts 1982), with suffi-
cient linear resolution to describe prop-
erly the shocks in the gas. With such 
a code and resolution, I could connect 
the shock loci in my simulations with 
the dust lanes on the leading sides of 
observed bars, and to show that their 
shape depends on many parameters, of 
which the most important ones are four, 
namely the mass, axial ratio and pattern 
speed of the bar, as well as the mass 
concentration in the central region. 
 An in-depth study of this kind ne-
cessitated a quite extended explora-
tion of this four dimensional parameter 
space. Given the CPU speed of com-
puters available at the time, this pre-
sented a serious difficulty, since high 
quality hydrodynamic simulations are 
very CPU time consuming. I was then 
working in the observatory of Mar-
seille, which had a median sized com-
puter, shared by many astronomers. 
As my codes were well optimised, they 
slowed down all data analysis more than 
could be accepted, so I was allowed to 
run my simulations only at night. Since 
two nights were needed for each run, 

it took well over a year to obtain suf-
ficient results for a thorough analy-
sis. However, the preliminary analysis 
I would obtain every morning from the 
previous night's results was sufficient-
ly interesting to keep me going. Fur-
thermore, since I used the same poten-
tials for the orbital structure and the 
gas flow calculations, I could, at all stag-
es of this endeavour, make many useful 
comparisons so as to understand the 
link between the main periodic orbits 
and the gas flow patterns, and to pre-
dict when shocks would form and what 
their shape and loci would be. 
 Two of my results excited me most. 
The first was that I could witness in my 
simulations how and when the gas is 
pushed inwards by the bar in order to 
form a nuclear ring, or move yet further 
inwards to form a central mass con-

Studying galaxies with a computer: 
a brief overview

by E. (Lia) Athanassoula
Aix Marseille Univ, CNRS, CNES, LAM, Marseille, France

Corresponding member of the Academy of Athens, e-mail: lia@lam.fr
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Figure 1: Gray scale plot of the gaseous re-
sponse to a bar. Darker (lighter) shades cor-
respond to lower (higher) densities. The bar 
rotates clockwise and its major axis is located 
along the NorthEast to SouthWest diagonal. 
Note that gas is concentrated in the central 
region and also in the shock loci along the 
leading side of the bar, while two extended 
regions on either side of the centre and near, 
or on, the bar have very low gas density. (This 
f igure is reproduced from Fig. 10 in 'Unravel-
ling the mystery of the M31 bar', by E. Atha-
nassoula and R. Beaton 2006, Monthly No-
tices of the Royal Astronomical Society, 
vol. 370, Issue 3, p. 1499)
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here was first to find how different ha-
lo radial density profiles influence the 
merging rates and then to find a pro-
file for which the merging time is of the 
order of the Hubble time, thus provid-
ing a plausible solution to this problem. 
Except for this project, with our first 
GRAPEs we also modelled collision-
al rings such as in the Cartwheel gal-
axy, the formation of brightest cluster 
members and cD galaxies, the fate of 
bars during interactions and mergers, 
and the structure of cusps induced at 
the centre of elliptical galaxies by a su-
per-massive black hole. 
 But the main breakthrough came 
with the GRAPE-5 boards, five of which 
we could acquire thanks to support 
from our main national funding agen-
cy, as well as help from our University 
and a regional government agency. My 
main collaborators here were A. Bos-
ma and J. C. Lambert, but part of the 
initial work was also done by a bright 
Greek student, Angelos Misiriotis. 

4. Bars

In the seventies and eighties I had been 
impressed by two seminal papers. The 
first one was by Lynden-Bell and Kalna-
js (1972), who studied analytically the 
exchange of angular momentum with-
in a spiral galaxy, focusing on the reso-
nances and their role. The second one, 
about a decade later, was a paper by 
Tremaine and Weinberg (1984b, see al-
so Weinberg 1985), who, mainly analyt-
ically, focused on how a spheroidal sys-
tem, e.g. a halo, could absorb angular 
momentum at its resonances. 
 These two papers, together with 
the knowledge I had acquired on orbit-
al structure in bars, led me to apply our 
quite considerable, GRAPE-based, com-
puting capacity, to study in the nonlin-
ear regime the role of individual reso-
nances on bars and their evolution. This 
involved not only running fully self-con-
sistent N-body simulations with very 
high resolution both for the disc and for 
its spheroids (i.e. the halo and the clas-
sical bulge), but also following the or-
bits during the simulation and studying 
their properties. My first step was to 
test the importance of the angular mo-
mentum exchange for the evolution of 
galaxies. For this, I compared the evolu-
tion of two simulated galaxies with ini-
tially identical discs (i.e. disc particles 
with the same positions and velocities), 

was making to solve the N-body prob-
lem, namely building a computer board 
which they called GRAPE (short for 
GRAvity PipE; Sugimoto et al. 1990).
 Let me first give some necessary 
background, before describing what this 
board meant for us. In numerical simula-
tions such as those I wanted to do, each 
component is described by a number 
of massive particles, e.g. the disc parti-
cles, the halo particles etc., which inter-
act between them by gravitational forc-
es. Calculating these forces takes up the 
vast majority of the simulation comput-
er time. The idea behind the GRAPE is 
that these forces can be calculated by 
hardware, rather than software. Our 
Japanese colleagues built such a piece of 
hardware, which was linked to a front 
end computer sending it the particle po-
sitions. The board uses these positions 
to calculate the forces, and sends them 
back to the front end computer. I.e. the 
GRAPE board calculates only one thing, 
the forces between particles, but does 
this extremely fast because it has been 
specifically wired for it. This allowed 
one to have, albeit only for N-body sim-
ulations, a computing power equivalent 
to a Cray supercomputer, all to oneself 
and for little cost. Of course I wanted to 
have one on my desk! 
 The first GRAPE board we ac-
quired was wired by hand, with a sol-
dering iron, and thus had relatively lim-
ited capacities. Even so, plugged in-
to our SUN workstation, it allowed us 
to familiarize ourselves with GRAPEs 
and with the associated computer lan-
guage – as the software needed to op-
erate such boards was not trivial – par-
ticularly for software such as the tree 
code. We then continued with more 
advanced GRAPE models with cus-
tom-made chips (GRAPE-3AF and 
GRAPE-4). We could do good sci-
ence with these, while creating a small 
group around this project. The most in-
teresting work we did with these first 
boards was a study of Hickson compact 
groups, i.e. relatively isolated groups of 
typically four or five galaxies, in close 
proximity to one another. Simple cal-
culations, but also N-body simulations 
(e.g. Barnes 1989), had shown that the 
galaxies forming such groups should 
have already merged. The question we 
tackled is why in this case do we ob-
serve so many of them at low redshift. 
Why had the predicted mergers not oc-
curred? The contribution of our team 

centration and perhaps feed a central 
black hole. The second result was that 
my simulations set limits to the values 
of the bar pattern speed, a quantity dif-
ficult to obtain observationally. Within 
these limits, the shape of the shock lo-
ci reproduced well the shape of the ob-
served dust lanes, while outside them 
this shape was unrealistic. Using the 225 
simulations I had run, I could clearly say 
that the corotation radius, Rcr, had to be 
within the range (1.2 ± 0.2)a, where a 
is the length of the bar semi-major ax-
is. The lower limit of this region was a 
confirmation of the result found ear-
lier by Contopoulos (1980), relying on 
the structure of the periodic orbits, and 
of my own results on bar driven spirals. 
However, the crucial improvement that 
my gas flow calculations introduced was 
to set an upper limit to the corotation 
radius, i.e. a lower limit to the bar pat-
tern speed, thus bracketing the allow-
able region. Even now, nearly 30 years 
later, this range is still considered as the 
comparison range for all observation-
al and theoretical studies of bar pattern 
speeds (e.g. Cuomo et al. 2020, Guo et 
al. 2019, and references therein). 

3. GRAPEs
My next aim was to study the forma-
tion and evolution of the bar compo-
nent itself using a fully self-consistent 
simulation, i.e. one in which I could fol-
low not only the evolution of the stel-
lar disc, but also that of the dark matter 
halo. This was clearly beyond the limit 
that our 1980s observatory computer 
could handle, so I applied for time on 
the French supercomputers and start-
ed working on this subject. However, it 
became soon clear to me that, although 
I could make some useful progress on 
the subject, I was depressingly far from 
reaching my initial goal. 
 The next step was actually due to 
pure luck. Albert Bosma and I received 
a letter from Piet Hut from Princeton, 
telling us that a young and very prom-
ising Japanese student was touring the 
world, visiting a number of institutes, 
in an attempt to get a global view of in-
ternational astronomy. Hut was asking 
us whether we could host this student 
for a few days. We were most happy to 
do so and a few weeks later Jun Makino 
was in Marseille. One of the things he 
talked about during his stay was a novel 
attempt his group in Tokyo University 

HIPPARCHOS | Volume 3, Issue 3
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keeps decreasing. Such strong changes 
are found not only for bar properties, 
but also for those of other components 
of a galaxy. 
 While emphasising the angular mo-
mentum redistribution, simulations al-
so established a further, even more im-
portant point. Namely, that barred gal-
axies must evolve continuously, and 
can never be stationary. Indeed, when 
a component or a region absorbs or 
emits angular momentum, its proper-
ties must change, both morphological-
ly and kinematically. Since it is the bar 
that drives the angular momentum ex-
change and redistribution, we can say 
that it is the bar that drives this evolu-
tion. Compared to the changes brought 
by interactions and mergers, this evolu-
tion is quite slow, and is thus called sec-
ular evolution. It lasts several Gyr, i.e. 
much longer than interactions, and can 
influence the properties of disc galaxies 
as much, or even more than the latter. 
 Real galaxies are observed at one 
single time, and can, therefore, be com-
pared only with specific snapshots in a 
numerical simulation sequence. Ob-
servations can thus produce only indi-
rect evidence for secular evolution by 
testing for the evolution results, and I 
was happy to participate in a number 
of such works (see also Sect. 9). Secu-
lar evolution has also a strong influence 
on theoretical work, since many major 
problems cannot be tackled by time-in-
dependent dynamics, but need to take 
evolution properly into account. 
 Note that all this is in no way real-
ly new, as it simply confirms what was 
already discussed more than two thou-
sand years ago by Heraclitus, as wit-
nessed in his famous sentence “Ta pan-
ta rei” (in greek Τα παντα ρει). 
 The next step was to find which 
galaxy properties, preferably observ-
able, may determine the amount of 
angular momentum exchanged. Even 
though I was to some extent expect-
ing it, I was and still am flabbergast-
ed by the complexity of this prob-
lem. Until then, the analytical or nu-
merical calculations had shown that in-
creasing the halo mass damped the bar 
strength in a model galaxy. It was thus 
thought that a halo is the worst enemy 
of a bar. Several papers discussed the 
amount of halo necessary to stop the 
bar from forming, or at least to slow 
it down sufficiently for no bar to form 
in less than a Hubble time (see e.g. the 

 The next steps were less straight-
forward, because they implied under-
standing how the various resonances 
– whether in the disc or in the halo – 
worked, how the bar properties were 
linked to the angular momentum ex-
changed, and how various properties 
of the galaxy influenced this exchange. 
Guided by the analytical work, I could 
easily see that angular momentum is 
emitted at the inner Lindblad resonance 
within the bar region, and absorbed 
partly by the resonances in the out-
er disc, but also, and indeed mainly, by 
the halo resonances. This implies a ma-
jor redistribution of angular momentum 
within the galaxy and a corresponding 
change of the bar, disc and halo proper-
ties with time. Thus, barred galaxies can 
never reach equilibrium, but keep evolv-
ing in time. The more angular momen-
tum is exchanged, the stronger and lon-
ger the bar gets, while its pattern speed 

and spherical haloes with the same den-
sity distribution. The only difference be-
tween the two simulations was that in 
one of the two the halo was rigid – i.e. 
represented by a spherically symmetric, 
rigid, non-evolving potential which is 
not able to emit or absorb angular mo-
mentum – while in the other it was live, 
i.e. described by particles responding to 
any change in the disc and participating 
in the angular momentum exchange and 
redistribution. The difference between 
the two is stupendous (see Figure 2). 
In the first case no bar formed and the 
disc stayed roughly axisymmetric (right-
most panels), while in the second a very 
strong bar formed (middle panels). Just a 
single glance makes it clear that angular 
momentum exchange plays a major role 
in bar evolution. Hence, results from all 
simulations with rigid haloes should be 
taken with a pinch of salt, or rather sim-
ply discarded.

Figure 2: The effect of the halo on bar formation and evolution. From top to bottom: Isodensity curves 
of the face-on view of the galactic disc at the end of the simulation (first row), of the side-on view (i.e. 
edge-on, with the line of sight along the bar minor axis; second row), of the end-on view (i.e. edge-
on, with the line of sight along the bar major axis; third row) and relative amplitude of the Fourier 
components m=2, 4, 6 and 8 of the density (with solid, dashed, dot-dashed and dotted lines, respec-
tively; bottom row). Each column corresponds to a different simulation. The rightmost and the middle 
ones correspond to the same case, except that for the former the halo potential is rigid, i.e. does not 
participate in the angular momentum redistribution, while in the latter it is live, i.e. does participate. 
The difference is astounding. The left-most column is an intermediate case where the halo is live, but 
has been built so as to be able to absorb considerably less angular momentum. These three columns 
together argue strongly about the effect of the halo on the bar formation and evolution. (The three 
simulations of which we show some properties here were initially run for "Bar-Halo Interaction and 
Bar Growth", by E. Athanassoula, 2002, The Astrophysical Journal, vol. 569, p. L83.)
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of software (e.g. Dehnen 2000, 2002). 
Thus the GRAPEs were gradually 
phased out. This became definite when 
it was realized that in order to under-
stand many aspects of secular evolution 
it was necessary to include the gaseous 
component and its physics in the simu-
lations. The behaviour of gas in galaxies 
is not easily described by a simple code 
which can be hardwired onto a com-
puter chip.

5.  Bars in yet more realistic 
models

In collaboration with R. Machado and 
S. Rodionov, I undertook two further 
steps which were necessary in the 
quest for realistic bar formation and 
evolution scenarios in simulations. The 
first one concerned the shape of the 
dark matter halo component, which 
had been, in most previous studies, 
considered as spherical, for simplicity. 
It was clear, however, that gravitational 
interactions with other galaxies could 
alter this shape, as is also shown by 
cosmological simulations. In cases with 
triaxial haloes, the galaxy will have two 
non-axisymmetric components, the 

eter space has many dimensions, it is 
exceedingly difficult, if at all possible, to 
use the strength or the pattern speed  
of the bar to set limits on the values of 
relevant parameters, such as the halo 
mass, or shape. 
 So far I have given only a 2D view 
of bar formation and evolution. But the 
formation of bars due to a disc instabil-
ity is only a beginning. A further insta-
bility occurs after a bar forms, because 
some of the bar orbits become vertically 
unstable. As a result, some simple, pla-
nar, elliptical-like bar orbits jump out of 
the galactic plane and take the shape of a 
smile, or a frown. Hence part of the bar 
thickens vertically and protrudes out of 
the galactic plane, taking the form of a 
box, or of a peanut, and becomes the 
so-called boxy/peanut bulge. The knowl-
edge of orbital structure now becomes 
indispensable, since it allows us to un-
derstand the complex shape of bars, 
based on the vertical stability or insta-
bility of families of periodic orbits.
 All the above results rely on a very 
large number of high resolution simu-
lations, i.e. required a lot of CPU time, 
which can be obtained only with par-
allel supercomputers and/or new types 

classical paper by Ostriker & Peebles 
1973). 
 I could, however, clearly see in my 
simulations that this is true only in the 
initial, linear stages of the simulation, 
while later on, after the bar has suffi-
ciently grown and the problem has be-
come strongly nonlinear, the halo will 
help the bar grow, as it absorbs the an-
gular momentum emitted by the bar. 
The more massive the halo, the more 
angular momentum it can absorb and 
the more the bar will grow. But the 
mass of the halo is not the only relevant 
quantity. Its central concentration, its 
mean rotation and its velocity disper-
sion also influence the amount of angu-
lar momentum the halo can absorb. To 
this, one must add quantities that affect 
the mass and the velocity distribution 
in the disc resonant regions, the exis-
tence and properties of the classical 
bulge, those of the thick disc, etc. etc. 
I will not bore the reader with discus-
sions of these numerous properties or 
quantities influencing bar formation and 
evolution, which have been the subject 
of many papers, while more are still to 
come. I will only mention that, as with 
all problems where the relevant param-

Figure 3: Viewing the stellar bar from various angles. The right column gives a near end-on (upper row) and a near side-on (lower row) view. The left 
column gives two viewings from intermediate angles, which can be estimated from the cartesian grid on the bar equatorial plane. All viewings show that 
the inner part of the bar is considerably thicker than the outer part, i.e. that not the whole of the bar is vertically thick, only its inner part, which is also 
known as the boxy/peanut bulge. (The lower right panel is taken from the upper panel of Fig. 1 in “Modelling the inner disc of the Milky Way with mani-
folds – I. a f irst step “, by M. Romero-Gomez, E. Athanassoula, T. Antoja and F. Figueras 2011, Monthly Notices of the Royal Astronomical Society, 
vol. 418, Issue 2, p. 1176.)
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stars, but to another galaxy, presumably 
of a different kind (Toomre & Toomre 
72, Toomre 77). Although this picture 
was initially heavily criticised1, it grad-
ually got adopted after both obser-

1. Gerard de Vaucouleurs once remarked that 
“after a collision a car is a wreck, not a new type 
of car!”

verse, and that their number increases 
strongly as we go further back in time. 
So I thought of trying to use these 
mergers to create disc galaxies. 
 In the seventies, Alar Toomre had 
presented mergers as a possible way of 
creating elliptical galaxies, thereby in-
troducing the notion that a merger does 
not necessarily lead to a messy heap of 

bar and the halo, both of which can ex-
ert torques, so that angular momentum 
can be redistributed within the galaxy.
 We found that the triaxiality of the 
halo has two different effects. In the 
early stages, when the bar just starts 
forming, a non-axisymmetric halo and 
its torque incite the bar to form earli-
er. At later stages, however, and, more 
specifically during the secular evolu-
tion phase, the halo non-axisymmetry 
in general damps bar growth. 
 These simulations are even more 
realistic because they include gas and 
its physics, i.e. star formation, feed-
back and cooling. They showed that, 
when all the remaining galactic prop-
erties are the same, a more massive 
gaseous component makes the stellar 
disc stay near-axisymmetric over lon-
ger times than a less massive gas com-
ponent. Furthermore, in such gas rich 
galaxies, when the bar starts to grow, 
it does so at a much slower rate. This 
predicts that bars should be in place 
earlier in massive red disc galaxies 
than in blue spirals, in good agreement 
with what has been observed (see 
Sect. 9).

6. Forming discs in mergers
In scientific research a question often 
leads to a result, which, in turn, leads 
to another question. So, after having 
spent several years on trying to under-
stand the formation and evolution of 
bars with the help of N-body simula-
tions, I found myself wondering wheth-
er the standard approach followed by 
dynamicists was the right one. The ini-
tial conditions in these numerical sim-
ulations are a disc in quasi-equilibri-
um in its host halo, so that, dynamical-
ly, the problem is well set. But is this 
how bars form in real galaxies? Does 
a disc form first in its halo, and then 
evolve to an axisymmetric equilibri-
um which is bar unstable, so that bar 
formation starts? Was the disc always 
bar-stable as it grew to an axisymmet-
ric equilibrium? Moreover, could it be 
that by starting in such a quiescent way, 
we bias our results? To try and answer 
such questions I had to take a step back 
and start thinking about how discs may 
have formed. 
 Obtaining an even simplified and 
schematic view about this is far from 
trivial. We know that there are a num-
ber of mergers even in the local Uni-

Figure 4: Face-on view of the stellar population in twelve simulations with different initial gas frac-
tions and dark matter halo shapes. From top to bottom, the various rows correspond to an initial gas 
fraction of 20%, 50%, 75% and 100%, respectively. From left to right the three columns correspond 
to spherical, somewhat triaxial, and strongly triaxial dark matter haloes. Rotation is counterclockwise. 
Colour represents projected density and the corresponding numerical values are given by the colour 
bars in the bottom of the f igure. The size of each square box corresponds to 40 kpc. (This f igure is 
part of Fig. 5 in 'Bar formation and evolution in disc galaxies with gas and a triaxial halo: morphol-
ogy, bar strength and halo properties', by E. Athanassoula, R. E. G. Machado and S. A. Rodionov, 
2013, Monthly Notices of the Royal Astronomical Society, vol. 429, Issue 3, p. 1949.)
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most cases is type II (i.e. downbending 
compared to the inner disc), although 
there are also type III profiles (i.e. up-
bending compared to the inner disc). 
The disc has two components, a thin 
and a thick one. A classical bulge, as 
well as a fair part of the thick disc, is 
formed from the stars born before the 
merging, so that at the end of the sim-
ulations, i.e. around redshift zero, the 
classical bulge and the thick disc con-
tain on average older stars than the 
thin disc. Boxy/Peanut bulges as well as 
discy pseudo-bulges and classical bulg-
es formed in many cases, sometimes 
all three in the same simulated galaxy. 
The properties of the bars and the spi-
rals that formed in these discs are also 
quite encouraging. 
 More recently, we coupled the 
chemical evolution code of N. Prantzos 
to the code we use to follow the dynam-
ical and hydrodynamical evolution, which 
opened yet further perspectives. In par-
ticular, it allows us to set tighter con-
straints on the models, using age, metal-
licity and alpha-element radial profiles. 
We showed that in the central region of 
the Galaxy, known as the bar/bulge re-
gion, cohabitate a number of compo-

 To understand this fully, S. Rodion-
ov and I ran two simulations, both start-
ing with a pair of two protogalaxies. In 
the first simulation, the two protogalax-
ies had a hot gaseous halo each, while in 
the second one this gas was replaced by 
dark matter particles (to keep the dynam-
ics of the two cases as similar as possi-
ble). The stellar component of the rem-
nant is shown in Fig. 5, with the first sim-
ulation to the right and the second to the 
left. The effect of the circumgalactic gas 
in disc formation became now quite clear 
at a glance. The merger remnant of the 
simulation with circumgalactic gas has an 
extended thin disc with realistic struc-
tures, such as a bar and spiral arms, while 
the one without this gas had a short, low 
mass disc with practically no structure. 
Viewed edge-on the former shows a re-
alistic bulge outline and an extended thin 
disc component, both of which are clear-
ly absent from the latter (see Fig.5). 
 Of course a lot of work was still 
necessary to show that the merger 
remnant can have properties that are 
in agreement with the main properties 
of observed disc galaxies. My collabora-
tors in this endeavour are S. Rodionov, 
A. Bosma, N. Peschken and J. C. Lam-
bert. We still have not completed all 
this, but we have found a lot of very en-
couraging results and, most important, 
a number of very good agreements with 
observations. Here is a partial list: The 
radial density profiles of the discs are 
exponential and have a break, which in 

vations and simulations came up with 
results that argued in its favour. Many 
of the simulations following this semi-
nal work included gas, and a number 
of them showed some disc formation. 
The resulting disc, however, is too small 
and insufficiently massive, much less so 
than the large and very massive classical 
bulge at the galaxy centre. Thus, such 
simulations never formed any prop-
er disc galaxy. There were strong hints 
that by increasing the gas fraction in the 
two colliding galaxies one got a better 
disc component, but even unrealistical-
ly high gas fractions proved insufficient. 
 I was about to give up this line of 
thought, when I saw some light at the 
end of the tunnel. I realised that the 
main problem was that, during the 
merging, the gas was pushed inwards to 
the innermost regions, where its densi-
ty reached high levels and triggered very 
strong bursts of star formation. Thus 
the gas was consumed and could not 
form a decent disc. This explained why 
all these trials with very gas-rich pro-
genitors could not form proper disc gal-
axies. Hence what was necessary was 
some gas that would escape this fate 
and rain in after the main star forma-
tion burst. If I was making this chain of 
thoughts today, it would be obvious how 
this gas would come in. But at that time 
relatively little was known about the cir-
cumgalactic medium, so I lost quite a bit 
of time pondering about whether this 
was a reasonable path to follow. 

Figure 5: The effect of a hot gaseous halo in disc galaxy formation. Comparison of two simulations, 
one with (right panels) and the other without (left panels) a hot gaseous halo, both at time t=10 Gyr. 
The upper and lower panels show the face-on and edge-on views, respectively. The Cartesian grid 
included in the background has cells of 1×1 kpc size. (This f igure is part of Fig. 8 in “Forming Disk 
Galaxies in Wet Major Mergers. I. Three Fiducial Examples”, by E. Athanassoula, S. A. Rodionov, N. 
Peschken and J. C. Lambert, 2016, The Astrophysical Journal, vol. 821, article id 90.)

Figure 6: Bar/bulge region viewed side-on to 
the bar, separately for stellar groups of dif-
ferent metallicity. This increases from left to 
right and from top to bottom, and one can see 
it roughly as an age sequence. Note that the 
distribution of the oldest stars (top left panel) 
is roughly a triaxial ellipsoid, not reminiscent 
of the side-on shape of the bar. The second 
group (top right) shows clearly a peanut/X 
shape, but looking carefully one can see the 
ellipsoid of the older stars, as well as part 
of the disc. The latter has disappeared from 
the next group (bottom left), while the young-
est group (bottom right) must presumably be 
mainly the discy pseudo-bulge. (This f igure 
is reproduced from Fig. 3 in “Metallicity-de-
pendent kinematics and morphology of the 
Milky Way bulge”, by E. Athanassoula, S. Ro-
dionov and N. Prantzos 2017, Monthly No-
tices of the Royal Astronomical Society, 
vol. 467, Issue 1, p. L46.)
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ed by their manifolds and therefore able 
to outline structures. The correspond-
ing chaos is often referred to as 'con-
fined chaos'. Manifold theory is relative-
ly simple, relying on the dynamics of the 
Lagrangian points of the bar, and has had 
many successes. It can account both for 
spirals and for inner/outer rings, and the 
thus formed outer rings have the ob-
served R1, R'1, R2, R'2 and R1R2 mor-
phologies, as well as the dimples near 
the direction of the bar major axis. It al-
so explains why the vast majority of spi-
rals in barred galaxies are two armed 
and trailing, and naturally comes to the 
conclusion that stronger bars will create 
more elongated rings.

9. Observations
My husband is also an astronomer, 
doing observations at many different 
wavelengths. Thus, I learnt very early-
on that a theory which does not com-
pare reasonably well with observations, 
even if it is very elegant and mathemati-
cally correct, is of little use. 
 The first large scale collaboration 
that he and I were invited to join togeth-
er was the S4G (Spitzer Survey of Stel-
lar Structure in Galaxies, Sheth et al. 
2010). This is a survey comprising im-
ages of roughly 2400 galaxies taken by 
the Spitzer space telescope at 3.6µm and 
4.5µm, i.e. the wavelengths where main-
ly the older stars emit. Since these stars 
contribute the bulk of the baryonic mass 
in galaxies, they can provide information 
which is essential for understanding ga-
lactic dynamics and evolution. 
 The S4G group consisted of about 
three dozens astronomers, covering 
with their expertise all the necessary 
fields. Of major importance is the fact 
that this group found from the very 
start optimum ways of collaborating, 

used a cosmological simulation which in-
cludes baryons to study the dark mat-
ter direct detection signal. Although the 
results of all these attempts gave useful 
constraints, they are only a very minor 
step and much more effort is necessary 
before we have a definite solution to the 
dark matter problem.

8. Orbital structure
If one wants to build a house, one must 
first consider what bricks and other 
components to use. In the same way, 
in order to understand how a galaxy 
forms and evolves, one must first study 
the orbits of the stars that constitute 
it. This is a fascinating part of dynam-
ics, as it can reveal many interesting 
aspects of galaxies. Two questions at-
tracted me most: 
 The first question, on which I 
worked mainly in collaboration with 
P. Patsis and Ch. Skokos, is how orbits 
can get together to form the thin and 
the thick part of bars. Simple straight-
forward studies of periodic orbits can 
provide answers to crucial questions 
such as: what sets the limits to the ex-
tents of bars? Why are the inner parts 
of the bar thick, in contrast to the out-
er parts that are thin? Why don't we 
observe bars that, in their face-on view, 
have a major to minor axis ratio small-
er than a certain limit? What is the role 
of chaos in forming bars? etc. etc. 
 The second question, on which I 
worked mainly in collaboration with M. 
Romero-Gomez, is whether spirals in 
barred galaxies can be due to manifolds. 
At first sight this might seem incon-
gruous, as manifolds are linked to cha-
os, while spirals are thin, well defined 
structures with clear limits. This, how-
ever, is a too hasty conclusion, since the 
manifold driven orbits are spatially guid-

nents, such as the stellar halo, the var-
ious types of bulges (classical, discy, and 
boxy/peanut), the thin and the thick disc, 
and their corresponding bar compo-
nents. Each of these has its own mor-
phology, kinematics and dynamics. It is 
thus a very complex, but very interesting 
region to study, and the results can now 
be compared with detailed observations 
provided by Gaia, and related surveys of 
various types of stars in the Milky Way.

7. Dark matter halo
The dark matter halo can not be directly 
observed as it does not emit in any ob-
servable wavelength. Thus, our knowl-
edge of its properties is severely limit-
ed. We can, nevertheless, study it in-
directly from the effects it has on oth-
er components, which we can observe. 
Therefore, the main tool with which we 
can obtain information on this halo is 
galaxy dynamics. The basic approach is 
very easy to understand. The velocities 
of stars and/or gas can be observed as 
these are constituted by baryons. We 
can then use dynamics to calculate the 
part of these velocities that is due to the 
gravitational forces of the baryonic dis-
tribution. Whatever can not be account-
ed for by the baryons must come from 
the dark matter. In this way we can ob-
tain constraints on the amount and dis-
tribution of the dark matter mass as-
suming that the forces are Newtonian. 
More recently, other laws of gravity 
have started being explored.
 It is also possible to use more elab-
orate dynamics. For example, in an ear-
ly collaboration with A. Bosma and S. 
Papaioannou, I used constraints intro-
duced by the swing amplification the-
ory of spiral structure (Toomre 1981). 
Assuming that this theory can indeed 
explain the formation of spirals in ob-
served galaxies, we reached some use-
ful conclusions on the dark matter ha-
loes in nearby disc galaxies. 
 Given the importance of dark matter 
in all galactic dynamics, I also participated 
in a number of studies aiming to detect 
it. The first one considered the effect of 
the halo shape on the dark matter an-
nihilation signal expected from a weak-
ly interacting massive particle (WIMP) 
in the region of the Galactic centre. In 
a second study, we estimated the gam-
ma ray and neutrino fluxes coming from 
dark matter annihilation in a Milky Way 
framework using a Milky-Way-like, cos-
mological N-body simulation. We also 

Figure 7: Disc component in a simulation 
snapshot, on which are overlaid the locations 
(white f illed circles) and trajectories (white 
solid lines) of a representative set of par-
ticles. Note how the latter trace the spiral 
arm. (This f igure is the middle row, left col-
umn panel of Fig. 4 in ‘Manifold-driven spi-
rals in N-body barred galaxy simulations’, by 
E. Athanassoula, 2012, Monthly Notices 
of the Royal Astronomical Society, vol. 
426, p. L46.)
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interesting and yet unanswered ques-
tions, for which a lot of information is 
available and awaiting eager minds. 
 The second is that this is indeed a 
very good time to study galaxies. Ob-
servational data in many wavelengths, 
covering morphology, kinematics and 
photometry, are publicly available and 
awaiting to be modelled and under-
stood. Moreover, computer hardware, 
with several thousands of processors 
working in parallel, and coupled to the 
appropriate software, allows us now to 
explore questions which, not too long 
ago, would be only considered as in the 
realm of science fiction. So this is the 
moment to work on galaxies and if any 
young student is looking for an excit-
ing thesis subject, my advice to them 
would be to consider galaxies, their 
formation and evolution! 
 Last but not least, this is a subject 
for which it is very useful to have a rela-
tively broad view. The best is to repeat-
edly ask oneself how the specific thing 
one is concentrating on at the time fits 
in the general picture. This allows one 
to make links which had not been no-
ticed before and stops one from devot-
ing too much time to things which are 
secondary. Furthermore, it is a strong 
asset to be able to choose from a wide 
spectrum of 'tools' the ones that are 
most appropriate for tackling the prob-
lem at hand. Such 'tools' can range from 
theoretical techniques, to state-of-the-
art numerical simulations, to data from 
large available observational surveys 
and to data reduction and visualisation 
tools. It is always refreshing to try a 
new field or a new technique.
 Good luck in your quest for under-
standing galaxies. You will find it good 
fun, so be sure you enjoy every minute 
of it.

with a large team from several countries, 
we used MaNGA data and the Tremaine-
Weinberg method (1984a) to get esti-
mates of the bar pattern speed for a large 
number of barred spirals and compared 
them with those from simulations. Oth-
er collaborations focused on star forma-
tion in the centres of galaxies, trying to 
understand why this can be very strong 
in some cases, and very low in others, or 
trying to establish the role of bars and of 
interactions using data from CALIFA and 
EDGE. This list is far from complete, but 
gives some feeling of the many possibili-
ties that are now available. 
 In order to understand the forma-
tion and evolution of bars better, I al-
so participated in a few studies of gal-
axies at higher redshifts. I was a mem-
ber of a large team from various coun-
tries, headed by K. Sheth, which, using 
the 2 square degrees COSMOS data set 
(Sheth et al. 2008), found that the frac-
tion of spiral galaxies that have a bar 
component is a strongly declining func-
tion of redshift. We further found that 
the bar fraction depends also on the 
galaxy stellar mass, integrated colour 
and bulge prominence. In very mas-
sive, luminous spirals the fraction that 
is barred is roughly constant out to 
z ~ 0.84, while for the low-mass, blue 
spirals this fraction decreases consider-
ably with redshift beyond z = 0.3.

10. In way of a conclusion
It is usual to end such articles by some 
conclusions. I will not do that because 
this is a subject in which every end is 
just another beginning. But I can defi-
nitely bring up a few points.
 The first is that it is great fun to 
work on galaxies, their structure, dy-
namics, formation and evolution. In this 
field of research, there are so many very 

leading to a very large number of inter-
esting results, on a wide variety of sub-
jects such as the galaxy stellar mass, its 
morphology, the thick disc, bars, spi-
rals, rings, disc breaks, secular evolu-
tion, links with environment, studies of 
individual galaxies, etc. 
 The study of the structure of our 
Galaxy is now being revolutionized, 
thanks to the Gaia satellite, and the relat-
ed ground-based spectroscopic surveys. I 
was involved in a number of such works, 
and particularly in the ARGOS survey 
(Ness et al. 2013, and references therein) 
which gave us the kinematics, metallicity 
and alpha enhancements of about 28000 
stars in the bulge region and out into the 
thick disc. We first sought the origin of 
the split red clump in the Galactic centre 
and linked it to the boxy/peanut shape of 
the Galactic bar. This, together with our 
kinematics and metallicity results, dem-
onstrated that the Galactic bulge is most 
likely due to internal dynamical process-
es, rather than mergers. Using a sim-
ulation which includes the various stel-
lar populations in the bar/bulge region 
we reproduce very adequately the ob-
served velocity dispersion profiles with 
longitude and their variations with galac-
tic latitude and metallicity of the popula-
tions (see Sect. 6 for more information). 
 In extragalactic astronomy, the main 
new optical instruments are integral field 
spectrographs, and many surveys such as 
CALIFA, MaNGA and SAMI are already 
delivering 3D (2D spatial and 1D spec-
tral) kinematic information from the gas-
eous and stellar components. The pre-
cursors of the SKA (Square Kilometre 
Array) radiotelescope, doing 21-cm HI 
line imaging and kinematics, are just en-
tering this phase. Here also I am part of a 
number of collaborations, to which I con-
tribute mainly in the modelling and inter-
pretation of the data. In collaboration 
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II. Introduction
Before the foundation of the densi-
ty wave theory, the astronomers be-
lieved that the spiral arms of galax-
ies consisted of the same stars all the 
time. However the stars that are clos-
er to the center of the galaxy move 
faster than the stars that are at the 
edge of the galaxy and so with the 
passage of time the spiral arms would 
become tighter (Fig. 2). This is some-
thing that is not observed in real gal-
axies and it is known as the "wind-
ing problem". This problem made as-

tronomers finally understand that the 
spiral arms are areas of great density 
and do not consist continuously of the 
same material.
 The density wave theory was in-
troduced by Lindblad (1940, 1961), 
while later on Lin and Shu (1964) sug-
gested that the spiral arms are creat-
ed from density waves that survive for 
long enough time on the galactic disc. 
These spiral density waves have den-
sity perturbation up to 10-20% rela-
tive to the axisymmetric background 

The building blocks 
of spiral arms in galaxies

by Mirella Harsoula
Research Center for Astronomy, Academy of Athens

I. Abstract:
Spiral galaxies make up a very large pro-
portion of all the galaxies in the Universe. 
Hubble classif ied the galaxies, in 1926, 
into ellipticals and spirals and divided the 
latter into two subcategories (Figure 1). 
Morphologically, about two-thirds of spi-
ral galaxies present a bar in their center 
and are called barred spiral galaxies. The 
rest of the spiral galaxies have no bar 
and either they present well defined spi-
ral arms (called “grand design galaxies” 
which usually have two well defined spiral 
arms), or they present multi-arm and floc-
culent spirals which have subtler struc-
tural features.
 We investigate the types of the orbits of 
the stars that form the building blocks of 
the spiral arms in the case of the "grand 
design" galaxies as well as in the case of 
the barred spiral galaxies (like the Milky 
Way). In the case of the grand design gal-
axies with no bar, organised elliptical or-
bits can create a density wave in a spi-
ral form. We give such an example of an 
analytical galactic model and we investi-
gate the dependence of this spiral density 
wave on the amplitude of the pertubation 
of the model and the pattern speed of the 
spiral arms. On the other hand, in the 
case of spiral galaxies with bar, the densi-
ty perturbation of the bar, in relation with 
the axisymmetric backgroud, is so large 
that there exist no more organised orbits 
that can support the spiral arms. For this 
type of galaxies the dominant theory for 
the formation of the spiral structure, now-
adays, is the "manifold theory" introduced 
in 2006 according to which chaotic orbits 
with initial conditions along the unstable 
manifolds of unstable periodic orbits in 
the vicinity of the corotation, as well as 
sticky chaotic orbits close to the previous 
ones can support the spiral structure of 
the galaxy for long enough times before 
they go too far. We give such an example 
of a Milky-Way like barred spiral galaxy 
and we reconstruct the spiral structure 
using the chaotic orbits described above.

Figure 1: The morphological categorization of galaxies given by Edwin Hubble in 1926.

Figure 2: The “winding problem” of galaxies. Stars that are closer to the center of the galaxy 
move faster than the stars that are at the edge of the galaxy. So, if spirals were made of the 
same material all the time, they should become increasingly tighter.
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is given by the relation:
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where γ = 1.02. The mass inside the ra-
dius r is given by the relation:  
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with Mh(r) = 10.7 × 1010 M⊙ 

and yxr 2 2= + .

The potential of the spiral arms is given 
by a logarithmic relation that simulates 
the spirals of our galaxy and is intro-
duced by Cox and Gomez (2002):
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where C = 8/(3π),  
hz = 0.18 kpc r0 = 8 kpc,  Rs = 7 kpc, 
α = – 13° is the pitch angle of the spiral 
arms and ρ0 = 30 ×107 for model A and 
ρ0 = 15 ×107 for model B (is the density 
of the spiral arms). Moreover,   
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Considering a pattern speed Ωsp of the 
spiral density wave, the Hamiltonian of 
the galactic model in the rotating frame 
of reference can be expressed as:
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where pr is the radial velocity and pφ is 
the angular momentum, in the inertial 
frame of reference, of the stars.

The families of stable periodic orbits, 
having shapes of precessing ellipses and 
supporting the spiral structure, can be 
found on the phase space of Hamilto-
nian (9) and are the continuation of the 
circular orbits of the axisymmetric part 
of the potential in the region of 2:1 res-
onance. Nevertheless, it is very difficult 
to locate these orbits in the normal 
phase spaces (r, pr) or (φ, pφ). So, we 
introduce action-angle variables (q, p) 
where q must be an angle (so the Ham-

III.  Density waves in grand 
design spiral galaxies

In the paper of Contopoulos and Gros-
bol (1986) the authors mentioned the 
special importance of the “central fami-
ly” of periodic orbits in galactic models. 
These orbits emanate from the stable 
circular orbits in the case of an axisym-
metric galactic model. By adding a per-
turbation of a bar or a spiral potential, 
these orbits are deformed and they be-
come elliptical. This ellipticity can be-
come large enough if the non-axisym-
metric perturbation has a large value. 
Nevertheless, for a relatively small per-
turbation of the galactic potential, like 
in the case of grand design galaxies that 
possess no bar, these deformed ellipses 
are still stable orbits. This means that 
they can trap matter around them and 
thus they can support the galaxy mor-
phology. An example of such a 2-D an-
alytical galactic model that simulates a 
grand design spiral galaxy is given be-
low. This model consists of a galactic 
disc, a halo, a central spheroidal (bulge) 
and a logarithmic spiral potential. The 
total galactic potential is given by the 
relation:

 V = Vax + Vsp  (1)

where Vax is the axisymmetric potential: 

 Vax = Vd + Vb + Vh (2)

which consists of a disc potential Vd, a 
central spheroidal (bulge) potential Vb 
and a halo potential Vh. More analytical, 
the disc potential Vd is a Miyamoto-Na-
gai (Miyamoto and Nagai, 1975) poten-
tial given by the relation:
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where Md = 8.56×1010 M⊙ is the to-
tal mass of the disc ad = 5.3kpc and bd 
= 0.25kpc. In order to have a 2-D disc 
model we take z = 0. For the bulge we 
use a Plummer Potential Vb given by the 
relation:
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where Mb = 5×1010 M⊙ is the total mass 

of the bulge, yxr 2 2= +   and b = 2kpc. 

Finally, Vh is the halo potential intro-

duced by Allen and Santillan (1991) and 

and turn on star formation. Stars, gas 
and dust travel through these waves. 
Nevertheless, most of the stars do not 
have the same angular velocity with 
the wave. Stars that move inside coro-
tation (the radius where the stars and 
the density wave have the same angular 
velocity) have greater angular velocity 
than the speed of the wave while stars 
moving outside corotation have small-
er angular velocity than the one of the 
wave.
 The existence of elliptical period-
ic orbits is very important for the sup-
port of the bar in barred spiral galax-
ies as well as for the support of the 
spiral structure in the “grand design” 
galaxies. In the case of “grand design” 
galaxies (without a bar) the regions 
close to the apocenters of such ellip-
tical orbits, change with the energy in 
such a way that they can support spiral 
density waves to a large extend. These 
“precessing ellipses” were first de-
signed schematically by Kalnajs (1973) 
and form the orbital version of the 
original Lin and Shu density wave the-
ory. The change of the orientation of 
the elliptical orbits with the energy is 
explained by the perturbation theory 
in the case of the Inner Lindblad Res-
onance (ILR) (see Contopoulos 1975). 
Numerical examples of such precess-
ing ellipses have been done in self-con-
sistent models of spiral galaxies (Con-
topoulos and Grosbol, 1986, Patsis et 
al. 1991).
 While in the case of grand design 
spiral galaxies the non-axisymmetric 
perturbation is small, of the order of 
10% or even less (and therefore chaos 
is not important for the disc dynam-
ics), in the case of barred spiral gal-
axies the non-axisymmetric perturba-
tion can reach a value more than 50%. 
Therefore, in the latter case, chaos 
becomes very important and there are 
no more regular periodic orbit that 
can support the spiral structure. A 
new theory prevailed for this case, in-
troduced by two different groups (Vo-
glis et al., 2006 and Romero-Gomez 
et al., 2006), called “manifold theo-
ry”. According to this theory the spi-
ral arms of the barred spiral galaxies 
are supported by chaotic orbits hav-
ing initial conditions along the unsta-
ble asymptotic manifolds of the unsta-
ble periodic orbits around the Lagran-
gian points L1 and L2.
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Figure 3: Spiral density waves cre-
ated by the χ1 family of elliptical or-
bits, found by the Poincare sections 
described in the text.
(a) Model (A) has a density ρ0 = 
30 ×107 in equation (7). (b) Model (B) 
has a density ρ0 = 15 ×107 in equa-
tion (7). We observe that the den-
sity wave of the model (A) with the 
greater value of the perturbation is 
more intense and expands in larger 
distance from the center. Moreover, 
the elliptical orbits in model (A) have 
a more rectangular morphology near 
the end of the spiral arms. In both 
models the pattern speed of the den-
sity wave is Ωsp= 20 km.sec–1 . kpc –1.

Figure 4: On the left, model (C) 
with density ρ0 = 30 ×107 in equa-
tion (7). The pattern speed is Ωsp = 
30 km. sec–1 . kpc –1. The orbits of the 
χ1 family exist in a more limited area 
and create two pairs of spiral arms. 
On the right, the image of the grand 
design galaxy M100. This galaxy has 
clearly defined spiral arms and a well 
organised spiral structure. The pre-
cessing ellipses of Fig. 3 can well sup-
port the structure of such a galaxy.

iltonian should be periodic in q) and p is 
an action. According to this definition, 
the pair (φ, pφ) is already an action-an-
gle pair, while the pair (r, pr) is not. We 
therefore introduce a new action-angle 
pair (θr , Jr), via the canonical transfor-
mation (r, pr) → (θr , Jr), related to the ep-
icyclic oscillations:   
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where rc is the radius of the circular or-
bit and
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is the corresponding epicyclic frequen-
cy.

Moreover, we introduce the “slow” an-
gle ψ = θr –2θ, in order to locate the 
elliptical periodic orbits supporting the 
spirals, on the Poincaré section:              

 (12)

(see for details Efthymiopoulos, 2010).

These orbits belong to the χ1 family of 
orbits (see Contopoulos 1975).
 In Figure 3, the precessing ellipses 
are plotted on the configuration space 
(x, y) for different values of the energy.
 These ellipses are found from the 
Poincare section (ξ, pξ). For the model 
(A) (fig. 3a) the density is ρ0 = 30 ×107 and 
for the model (B) (fig. 3b) the density is  
ρ0 = 15 ×107 in equation (7). In both mod-
els the pattern speed of the spiral  arms is 
Ωsp = 20 km.sec –1

 kpc–1. We observe that 
in model (A), which has the greater value 
of the perturbation’s amplitude, the spi-

ral density wave is more intense and ex-
pands in a larger distance from the center. 
Moreover, the elliptical orbits in model 
(A) have a more rectangular morphology 
near the end of the spiral arms, because 
they approach to the 4:1 resonance. The 
spiral arms end at this resonance (Con-
topoulos and Grosbol, 1986).

If we increase more the value of the 
perturbation’s amplitude, chaos ap-
pears on the phase space and the re-
gions of stable periodic orbits of the χ1 
family are limited. Therefore, there is 
an upper limit of the amplitude of the 
spiral potential, above which no more 
regular elliptical orbits exist.
 Then we increase the value of the 
pattern speed to Ωsp = 30 km.sec –1

 kpc– 1 
in model (C) (Left figure of Fig. 4).
 The precessing ellipses of the χ1 
family are limited in this case and two 
pairs of spiral arms appear.
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where Mr = 6.25 × 1010 M⊙ is the total 
mass of the bar and:

 )(± ±T a x y b2 2 2= + +  (15)

with a and b the length of the semi-ma-
jor and semi-minor axis respectively 
and x = rcos(φ), y = rsin(φ) are the car-
tesian coordinates of the orbits.

Considering a pattern speed of the bar 
Ωbar the Hamiltonian of the bar model 
(without the spiral arms) in the rotat-
ing frame of the bar can be written (in 
polar coordinates) as:
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ture. Almost the whole percentage of 
the orbits outside corotation is chaot-
ic. Therefore, in this case a new theo-
ry, called “manifold theory” can explain 
the way chaotic orbits can support the 
spiral structure.
 In order to examine the “manifold 
theory”, in the case of barred spiral gal-
axies we have used a model proposed 
by Pettitt et al. (2013) which simulates 
our own Milky Way galaxy (Efthymio-
poulos et al., 2020). In reality we use 
the potential (1) introduced in the pre-
vious section and we add a potential for 
the bar:

 V = Vax + Vbar + Vsp (13)

The axisymmetric potential and the 
spiral potential are still given from re-
lations (2)-(8) and we now add the po-
tential of the bar given by Long and Mu-
rali (1992):

On the right of Fig. 4 we give the image 
of a grand design galaxy named M100. 
This galaxy has clearly defined spiral 
arms and a well organised spiral struc-
ture. The precessing ellipses of Fig. 3 
can well support the structure of such 
a galaxy.

IV.   Density waves 
in barred spiral galaxies

In the case where the spiral galaxy pos-
sess a bar (like in the case of the Milky 
Way galaxy) the density perturba-
tion with respect to the axisymmetric 
background is so large that it can reach 
values greater than 50%. As a conse-
quence, while the regular elliptical or-
bits can still support the bar structure, 
there exist no longer regular ellipti-
cal orbits outside the area of corota-
tion that can support the spiral struc-

Figure 5: (a) The apocen-
tric manifolds that emanate 
from the unstable Lagrang-
ian point L1 (black curves) 
and from the unstable La-
grangian point L2 (magenta 
curves) in the case of the bar 
bodel (16) and (b) in the case 
of the barred spiral model 
(17). The orbits are integrat-
ed for a small time interval.

Figure 6: The same with 
Fig. 5 but the orbits here are 
integrated for a much long-
er time. Spiral arms appear 
in the case of a barred gal-
axy (a) as well as in the case 
of a barred spiral galaxy (b). 
In (a) we observe also a ring 
perpendicular to the bar 
while in (b) there is no ring 
and the spiral arms emanate 
from the end of the bar.
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ing to the Lagrangian points L1 and L2 
(H > HL1 = f(rL1 , prL1 , φL1 , pφL1)), we con-
clude that appart from the regular sta-
ble orbits around the Lagrangian equi-
librium points L4 and L5, the rest of the 
phase space is totally chaotic. More-
over, N-body simulations have shown 
that particles avoid the area around L4 
and L5, so statistically after corotation 
there are almost no regular orbits at 
all. We then locate the unstable peri-
odic orbits P L1 P L2 (which are the con-
tinuation of L1 L2 for greater values of 
the energy HL1 ) and we plot the corre-
sponding apocentric manifolds. When 
we transport these apocentric man-
ifols on the configuration space (x, y) 
we obtain the spiral morphology for 
the case of a barred galaxy (Fig. 5a) and 
for the case of a barred spiral galaxy 
(Fig. 5b). Black curves correspond to 
the to the apocentric manifolds ema-
nating from the L1 Lagrangian point (or 
the coresponding P L1 orbit), while ma-
genta curves correspond to the apo-

The manifold theory that was intro-
duced by Voglis et al., 2006, claims 
that the apocenters of the chaotic or-
bits with initial conditions on the unsta-
ble manifolds of the unstable Lagrang-
ian points L1, L2 as well as of the un-
stable periodic orbits P L 1, P L2 (which 
are the continuation of the unstable 
Lagrangian points in greater values of 
energies) support the spiral structure 
in the case of barred spiral galaxies. In 
a series of papers, after the introduc-
tion of the manifold theory, this theo-
ry have been studied and established in 
cases of galactic models as well as N-
body simulations (Romero-Gomez et 
al. 2007, Tsoutsis et al. 2008, Tsoutsis 
et al. 2009, Athanassoula et al. 2009a,b, 
Romero-Gomez et al., 2011, Conto-
poulos and Harsoula 2012, Harsoula et 
al. 2016, Efthymiopoulos et al. 2019).
 By studying the phase space (φ, pφ) 
for pr = 0 (apocenters) for the Ham-
iltonians (16) and (17) and for ener-
gies greater that the one correspond-

while the Hamiltonian of the barred 
spiral model, in the rotating frame of 
the bar (considering that the bar and 
the spiral arms have the same pattern 
speed Ωbar), can be written (in polar co-
ordinates) as:  
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A typical value of the pattern speed of 
the bar of the Milky Way, estimated by 
observations is Ωbar = 40 km.sec –1kpc–1 

(see Gerhard, 2011).

The coordinates of the unstable equi-
librium Lagrangian points L1, L2 of this 
galactic model can be found from the 
equation below:       

 dt
dr

dt
dp

dt
d

dt

dp
0

φr φ
= = = =  (18) 

Figure 7: The image of a barred spiral galaxy named NGC 1365, one of the largest galaxies known to astronomers. Its spiral structure is supported by 
chaotic orbits as described in the text.
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centric manifolds emanating from the 
L2 Lagrangian point (or the corespond-
ing P L2 orbit). The orbits are integrat-
ed here only for a short time peri-
od. We observe that we can have well 
formed spiral arms even in the case of 
the barred model possessing no spiral 
arms (Fig. 5a). In this case a ring per-
pendicular to the bar is also created (a 
well know phenomenon in real galax-
ies). In the case of a barred spiral mod-
el (Fig. 5b) there is no ring but the spi-
ral arms emanate directly from the end 
of the bar. Fig. 6 is the same as Fig. 5 
but here the orbits are integrated for a 
much longer time interval. We see that 
the apocentric manifolds do not escape 
directly from the system but present a 
lot of recurrences and foldings before 
escaping from the galaxy and so they 
can support the spiral structure for 
long enough time comparing with the 
Hubble time.
 Fig. 7 shows the image of a barred 
spiral galaxy named NGC 1365, one 
of the largest galaxies known. Astron-
omers think that the Milky Way may 

look very similar to this galaxy, but at 
half the size. Its spiral structure is sup-
ported by chaotic orbits through the 
manifold theory as described above.
In a recent paper, we have confirmed 
that the manifold theory still applies 
in the case where the bar has a differ-
ent pattern speed than the spiral arms, 
which is a more realistic case for the 
barred spiral galaxies (Efthymiopoulos 
et al. 2020).

V. Discussion
There are two different Kinematic the-
ories that can explain the creation of 
the spiral density waves of the galaxies 
in the case of grand design galaxies as 
well as in the case of barred spiral gal-
axies. The existence of regular ellipti-
cal orbits that support the spiral den-
sity waves in grand design galaxies de-
pends on the amplitude of the pertur-
bation as well as the pattern speed of 
the wave. The amplitude of the spiral 
perturbation cannot exceed a certain 
value because then chaos appears and 

regular elliptical orbits no longer exist. 
This fact may explain why the density 
perturbation of the grand design galax-
ies on the sky cannot exceed the value 
of approximately 10%-15% with respect 
to the axisymmetric background (see 
for example Elmegreen et al., 2011). Re-
garding the pattern speed of the spiral 
density wave, the values of 

Ωsp=20-30km.sec –1kpc–1 

seems to be an upper limit for the ex-
istence of elliptical regular orbits that 
can support these spiral stuctures. This 
limit for the pattern speed of the spi-
ral arms of grand design galaxies seems 
to be confirmed also by the observa-
tions of the real galaxies (see for ex-
ample Sempere et al., 1995, Choi et al., 
2015). On the other hand, the apocen-
tric manifolds (consisting of chaotic or-
bits) can support the spiral structures 
in the case of barred spiral galaxies for 
long enough times and give a convinc-
ing alternative theory of the regular el-
liptical orbits.
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for the emission, absorption and prop-
agation of the polarized radiation with-
in the jets/outflows as well as in mag-
netized plasma regions along the line 
of sight. Finally, an example case for 
the low-velocity outflow of the edge-
on galaxy NGC 4845 is presented in 
Sect. 5.

2. Synchrotron polarization
Synchrotron emission is intrinsically el-
liptically polarized, i.e. it has both linear-
ly and circularly polarized components 
(e.g. Pacholczyk, 1970). As described 
below, the linear and circular polariza-
tion parameters depend on the physical 
conditions of the emitting medium, like 
its optical depth or plasma composition 
as well as the viewing angle.
 Under the assumption that an en-
semble of relativistic particles of a giv-
en type (e.g. e– or e+) are embedded in 
a uniform magnetic field B oriented at 
an angle θ with respect to our line of 
sight (Fig. 2, left), their energy distribu-
tion can be described by a power-law 
of the form:

 N (E)dE = κE–sdE. (1)

These particles will emit synchrotron 
radiation with a convex spectral ener-
gy distribution (Fig. 2, right, top panel). 
The location of the spectral peak (both 
in frequency and intensity) depends on 
the particle density and the magnetic 
field strength in the emitting region. At 
frequencies higher than the peak, the 
volume of particles is optically thin and 
the spectrum is described by a power-
law with index a = – (s – 1)/2 that is typ-
ically measured to be – 0.7. At frequen-
cies lower than the peak, the emission 
is (self-)absorbed within the volume 
of emitting particles and its spectrum 
is described by a power-law of index 
+2.5. This is called the optically thick 
regime. The linear and circular polar-
ization characteristics are very differ-

more frequently observed, in ~ 30%–
40% of AGN (e.g. Tombesi et al., 2012). 
Both types of outflows emit synchro-
tron radiation and hence it is expect-
ed that they contain relativistic – or 
mildly relativistic – particles and mag-
netic fields.
 Despite the fact that synchrotron 
radiation is intrinsically both linearly 
and circularly polarized (Sect. 2), the 
detection of polarized emission from 
AGN jets and outflows – especially in 
circular polarization – is very challeng-
ing due to the low polarization levels 
and possible depolarizing effects such 
as the complex source structure or a 
high level of disorder in the jets' mag-
netic fields. The net linear and circular 
polarization degree of AGN jets is on 
average ~ 3%– 5% and ~ 0.5%, respec-
tively, with the latter rarely reaching 
levels as high as 1%–2%, (e.g. Klein et 
al., 2003; Myserlis, 2015).
 Nevertheless, linear and circular 
polarization measurements are ex-
tremely valuable in the investigation 
of physical conditions in AGN jets and 
outflows. The polarization parame-
ters (linear and circular polarization 
degrees, circular polarization handed-
ness and polarization angle) carry in-
formation about the physical condi-
tions in the regions where the radia-
tion is generated and through which 
it propagates, such as the magnetic 
field strength and topology, the par-
ticle density and the plasma composi-
tion, both in the jet/outflow as well as 
any magnetized plasma regions along 
the line of sight (Sects. 2,3)
 This article presents a qualitative 
study of the physical conditions with-
in the jet that can be inferred from lin-
ear and circular polarization measure-
ments of AGN jets (Sects. 2,3). To fa-
cilitate such studies, we try to rec-
reate the observed polarization us-
ing full-Stokes (I, Q, U and V) radiative 
transfer models, like the one present-
ed in Sect. 4. Such models can account 

Abstract:
As synchrotron sources, the radiation 
of jets and outflows emerging from 
active galactic nuclei (AGN) is both 
linearly and circularly polarized. More-
over, their intrinsic polarization can be 
further modified when the radiation 
propagates through magnetized plas-
ma regions along the line of sight (e.g. 
through Faraday Rotation and Con-
version). Consequently, though diff i-
cult to measure, linear and circular 
polarization can trace several physi-
cal conditions, such as the magnetic 
f ield strength and topology, the par-
ticle density and the plasma composi-
tion, both in the jet/outflow as well as 
along the line of sight. In the following, 
the physical conditions that can be in-
vestigated using linear and circular po-
larization is presented in a qualitative 
discussion. To facilitate such studies 
and reproduce the observed polariza-
tion, we have developed a full-Stokes 
(I, Q, U and V) radiative transfer mod-
el. Finally, an example study case is 
presented for the low-velocity outflow 
of the edge-on galaxy NGC 4845. Us-
ing a recent upgrade of our model, we 
managed to reproduce its polarization 
behavior and constrain physical condi-
tions not only in the nuclear outflow 
but also its environment.

1. Introduction
Active galactic nuclei (AGN) can form 
jets and outflows that channel mass, 
momentum, energy and magnetic flux 
to the intergalactic medium (e.g. Bland-
ford et al., 2019). Roughly 10% of AGN 
have highly collimated jets (Fig. 1, left) 
that move away from their central re-
gions at relativistic velocities and can 
extend up to Mpc scales (e.g. Keller-
mann et al., 2016). However, lower ve-
locity outflows (104–105 km/s) with 
wider opening angles (Fig. 1, right) are 
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Figure 1: Left: The highly collimated, relativistic jet emerging from the core of the elliptical galaxy Hercules A (Credit: NASA, ESA, S. Baum and C. O’Dea 
(RIT), R. Perley and W. Cotton (NRAO/AUI/NSF), and the Hubble Heritage Team (STScI/AURA)). Right: The low velocity outflow emerging from the nu-
clear region of the starburst galaxy M 82 (Credit: X-ray: NASA/CXC/JHU/D.Strickland; Optical: NASA/ESA/STScI/AURA/The Hubble Heritage Team; IR: 
NASA/JPL-Caltech/Univ. of AZ/C. Engelbracht)

resolved using high angular resolution 
observing techniques, such as Very 
Long Baseline Interferometry (VLBI), 
individual regions within the jet can 
have ml much closer to the theoreti-
cal value (40-50%, e.g. Fig. 4).
 Another difference between the 
two spectral regions is the polarization 
angle χ = 0.5 arctan(U/Q). In the opti-

der in the magnetic field or the com-
plex source structure. In both cases, 
the integrated radiation can be consid-
ered as the superposition of N emit-
ting regions with different magnetic 
field orientations and hence the net 
ml drops as 1/  N  from the theoreti-
cal value. This view is also supported 
by the fact that when the sources are 

ent between the optically thick and thin 
regimes and provide additional informa-
tion about the emitting region.

2.1.  Intrinsic linear polarization
The linear polarization degree: 

/m Q U I1
2 2= +

in both spectral regions (optically thick 
and thin) depends on the index of the 
power-law energy distribution s in the 
following manner:

  
6 13
3

m s1, thick = +   (2)   

 
3

1
/m s

s
7,thin1 = +

+   . (3)  

For a typical value of s ~2.4 (a = 0.7), 
ml,thin ~ 72% and ml,thick ~ 11% (Fig. 2, 
right, middle panel). Moreover, as 
shown in Fig. 2, there is a minimization 
(nulling) of ml between the two spec-
tral regions.

The net linear polarization of AGN 
jets and outflows, however, is usually 
much lower than the above theoreti-
cal values. For example, Fig. 3 shows 
the distribution of the average ml 
for 73 AGN jets monitored over 4.5 
years with the 100-m Effelsberg ra-
dio telescope at 8.35 GHz as part of 
the F-GAMMA monitoring program 
(Myserlis, 2015; Angelakis et al., 2017, 
2019). The distribution has an average 
of 3.1%, i.e. much lower than the the-
oretical value. This discrepancy is usu-
ally attributed to a high level of disor-

Figure 2: Left: The spiral motion of a charged particle around a magnetic f ield line with pitch an-
gle α. Figure taken from Gardner & Whiteoak (1966). Right: The frequency dependence of f lux 
density S (top), linear polarization degree ml (middle) and circular polarization degree mc (bottom) 
for a synchrotron self-absorbed (SSA) source with a power-law energy distribution. ml and mc are 
normalized to 1.
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cally thin case, the polarization angle is 
oriented perpendicular to B⟘, the mag-
netic field component on the plane of 
the sky (Fig. 2, left), whereas the op-
tically thick polarization angle is paral-
lel to that direction. As a result, when 
the opacity τ of a source with a given 
magnetic field configuration decreas-
es (or increases), the angle can change 
by 90° as the medium becomes optical-
ly thin (or thick), without any change in 

the magnetic field (orientation). In con-
clusion, the intrinsic linear polarization 
can be used to trace B⟘ and the optical 
depth τ of the emitting region.

2.2.  Intrinsic 
circular polarization

As mentioned above, synchrotron ra-
diation is elliptically polarized, which 
means that it has also an intrinsic circu-
larly polarized component (Stokes V). 

For a single charged particle gyrating 
around a magnetic field line, the hand-
edness of its circular polarization de-
pends on the angle ψ = θ – α, where θ 
is the angle between the magnetic field 
and the line of sight and α is the angle 
between the magnetic field and the ve-
locity vector of the gyrating particle, or 
its pitch angle (Fig. 2, left).
 For high energy particles (large 
Lorentz factor γ), Stokes V contains 
only odd terms in ψ, being positive 
(right-handed) when ψ < 0 and nega-
tive (left-handed) when ψ > 0 (in the 
case of e– ). Therefore, for an ensemble 
of high energy particles with an isotro-
pic pitch angle distribution (equal num-
ber of positive and negative ψ), the net 
circular polarization is zero. However, 
for mildly relativistic plasmas (lower γ), 
Stokes V has both odd and even terms 
of ψ, and hence the net circular polar-
ization is small but nonzero, even for an 
isotropic pitch angle distribution.
 Furthermore, there is an inherent 
pitch angle (and therefore ψ) anisotro-
py for any non-uniform particle ener-
gy distribution, like the power-law as-
sumed in Eq. 1. The critical frequency 
of synchrotron emission, at which most 
energy is radiated, is:

 sinv aγ ωc g
2

\
–   (4)

where ωg is the gyrofrequency of the 
emitting particles. Therefore, for a 
steep energy (or γ, since E = γmc2) dis-
tribution, we observe more particles 
with smaller α at the critical frequency. 
This introduces a pitch angle anisotropy, 
giving rise to a net circular polarization. 
The net circular polarization degree for 
an ensemble of particles is of the or-
der of γ– 1 and it has a frequency depen-
dence of ν– 0.5 (Fig. 2, right, bottom pan-
el). Finally, the Stokes V sign (handed-
ness) depends on the orientation of B||, 
the magnetic field component along the 
line of sight (which is equivalent to the 
dependence on ψ described above) as 
well as the charge sign of the emitting 
particles. Moreover, as shown in Fig. 2 
(right, bottom panel), there is a smooth 
sign change of mc = V/I, going through a 
minimization (nulling) between the two 
spectral regions (optically thick and 
thin). In conclusion, the intrinsic circu-
lar polarization can be used to trace B||, 
the pitch angle distribution, the charge 
sign and the optical depth τ of the emit-
ting region.

Figure 3: The distribution of average ml for 73 AGN jets that were monitored over 4.5 years with 
the 100-m Effelsberg radio telescope at 8.35 GHz, as part of the F-GAMMA program.

Figure 4: The relativistic jet of the blazar 3C 120, observed with the Very Long Baseline Array (VLBA) 
at 15.4 GHz, as part of the MOJAVE monitoring program (Lister et al., 2018). In the top, the total 
flux density (Stokes I) contours are overlaid with the linear polarization degree ml according to the
color bar on the right. In the bottom, the linearly polarized flux density Q U2 + 2_ i   is shown with 
contours and the short bars indicate the polarization angle orientation. The lowest Stokes I contour 
appears around the bottom image to show registration.
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 It is important to to note that the 
polarization characteristics discussed 
above are computed in the rest frame 
of the emitting plasma. When analyzing 
polarimetric observations, especially in 
the case of AGN jets, we need to take 
into account the relativistic motion of 
the emitting region. For example, when 
we use the polarization angle to trace 
the magnetic field orientation, we need 
to consider that it can be significantly 
modified due to relativistic aberration 
(e.g. Blandford & Königl, 1979).

3.  Polarization  
propagation effects

The intrinsic polarization parameters 
described in Sect. 2 can be modified 
when the radiation propagates through 
magnetized plasma regions along the 
line of sight. The two main polarization 
propagation effects are Faraday Rota-
tion and Conversion.

3.1.  Faraday Rotation
Faraday Rotation is a birefringent effect 
that occurs when linearly polarized ra-
diation is propagated through a magne-
tized plasma region. The effect is max-
imized when the region contains low-
energy plasma and its magnetic field is 
parallel to the line of sight. In this case, 
the propagation modes are circular-
ly polarized. Therefore, when a linear-
ly polarized wave propagates through 
the region, its two circularly polarized 
components are traveling with differ-
ent velocities, introducing a phase dif-
ference between them. This phase dif-
ference is manifested as a wavelength-
dependent rotation of the polarization 
angle

( ) ( )
2

λ

λ
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e

n s B s ds
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Δ
π

X e
d

2 4

3

0
2

2=

= <= Gw
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where d is the size of the magnetized 
plasma region, ne is its particle densi-
ty and B|| is the magnetic field strength 
along the line of sight. The quantity in 
square brackets in Eq. 5 is called rota-
tion measure (RM) and its sign depends 
on the direction of B|| along the line of 
sight.
 Faraday Rotation can potentially 
decrease the amount of linear polar-
ization of the emitting region if (a) the 
energy distribution extends to (very) 

low γmin values or (b) it contains a sig-
nificant amount of cold plasma. In that 
case, the radiation generated at various 
depths within the emitting region un-
dergoes different amounts of rotation, 
thus decreasing the net linear polariza-
tion degree of the emerging radiation 
(depolarizaton). This variant of the ef-
fect is often referred to as internal Far-
aday Rotation. In conclusion, Faraday 
Rotation can be used to trace B|| (both 
strength and direction) and the densi-
ty of low-energy particles (ne) in mag-
netized plasma regions between the 
source and the observer (e.g. Burn, 
1966; Pacholczyk, 1977; Wardle & Ho-
man, 2003)

3.2.  Faraday  
Conversion/Pulsation

Faraday Conversion is another bire-
fringent effect that occurs when po-
larized radiation is propagated through 
a magnetized plasma region. The ef-
fect is maximized when the region con-
tains (mildly) relativistic plasma and its 
magnetic field is perpendicular to the 
line of sight. In this case, the propa-
gation modes are linearly polarized 
(or highly elliptical) and perpendicular 
to each other, with the ordinary one 
being parallel to the magnetic field of 
the region. Therefore, when a polar-
ized wave (linearly or circularly) prop-
agates through the region, its two lin-
early polarized components are travel-
ing with different velocities, introduc-
ing a phase difference between them. 
This phase difference is manifested as 
a (partial) inter-conversion between 
linear and circular polarization, keep-
ing the total polarization degree con-
stant. As the radiation propagates, 
Stokes U and V change in a cyclic pat-
tern: U → V → – U → – V → U → V . . . . 
Therefore, the effect has also been 
called Faraday Pulsation (e.g. Pacholc-
zyk, 1977).
 Faraday Conversion is maximized 
when there is a 45° difference between 
the polarization angle of the incident 
radiation and the magnetic field direc-
tion of the intervening plasma region. 
Therefore, Faraday Conversion is very 
low in a synchrotron emitting region 
since its linear polarization is either 
perpendicular or parallel to the mag-
netic field direction in the optically thin 
and thick regime, respectively. Never-
theless, the misalignment of the polar-
ization angle needed for Faraday Con-

version can arise from (a) internal Far-
aday Rotation, (b) a random magnet-
ic field component in the emitting re-
gion or (c) a large scale ordered mag-
netic field with different orientations 
between the front and the back side of 
the region, e.g. following a helical pat-
tern (e.g. Enßlin, 2003). Finally, Faraday 
Conversion shows also a frequency de-
pendence that is generally more steep 
than the intrinsic circular polarization 
with indices between – 1 and – 5 (War-
dle & Homan, 2003). In conclusion, Far-
aday Conversion can be used to trace 
B⟘ and the density of (mildly) relativ-
istic magnetized plasma between the 
emitting source and the observer.
 As shown by the above discussion, 
we can probe several physical condi-
tions in the regions where synchrotron 
radiation is emitted and propagates us-
ing polarization observations. If possi-
ble, it is essential to measure both lin-
ear and circular polarization simulta-
neously because they provide comple-
mentary information (e.g. B⟘ and B||) 
and hence we need both to draw the 
full picture.

4.  Polarized radiative  
transfer model

In order to study the polarization char-
acteristics of AGN jets and outflows 
systematically and use them to con-
strain the physical conditions described 
in Sects. 2 and 3, we have developed a 
polarized radiative transfer model. The 
model emulates the emission of as-
trophysical plasma systems in all four 
Stokes parameters I, Q, U, and V, ac-
counting also for propagation effects, 
such as Faraday Rotation and Conver-
sion.
 In particular, we model an AGN 
outflow as an ensemble of cells orga-
nized in a three-dimensional shape (e.g. 
paraboloid or conical). Each cell con-
tains homogeneous relativistic plas-
ma with a power-law energy distribu-
tion and a uniform magnetic field (Fig. 
5). The emission of the modeled jet is 
calculated by solving the full-Stokes ra-
diative transfer problem for radiation 
emitted and propagated across the jet 
using the equations given in Jones & 
Odell (1977) and Hughes et al. (1989). 
Finally, we sum the Stokes parameters 
I, Q, U and V emerging from each slab 
and use this result to calculate the net 
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linear and circular polarization of the 
modeled jet/outflow. Given the low 
values of polarization degree that are 
usually observed, the model assumes a 
predominantly turbulent magnetic field 
configuration, as shown in Fig. 5.
The model contains also a physical 
mechanism to change the conditions in 
the simulated jet. Variability is induced 
via the downstream propagation of rel-
ativistic shock fronts which modify the 
local physical conditions (plasma densi-
ty, magnetic field strength and topolo-
gy, as well as particle energy distribu-
tion power-law index). These changes 
are imprinted on the emitted spectrum 
which follows the shock evolution (e.g. 
Marscher & Gear, 1985). A more de-
tailed description of the model can be 
found in Myserlis (2015); Myserlis et al. 
(2016).
 The radiative transfer model has 
been successfully tested from low- to 
high-energy plasma flows, where the 
Faraday effects become progressive-
ly suppressed. In the high-energy plas-
ma case of the blazar 3C 454.3 (My-
serlis et al., 2016), we reproduced the 
temporal evolution of all four Stokes 
parameters observed during a flaring 
event between MJD 55400 and 56500. 
The physical conditions that were con-
strained are the coherence length of 
the magnetic field (~ 9 pc), the shock 
compression factor (k ~ 0.8) as well as 

Figure 5: A model jet profile and some key parameters of the radiative transfer code. The density gradient along the jet axis is highlighted by the color 
shading of the cells. The orange arrows show the projection of magnetic f ield on the plane of the sky.

Figure 6: From top to bottom: The frequency dependence of Stokes I, linear polarization degree 
ml, polarization angle χ and circular polarization degree mc, as produced by our radiative transfer 
code to model the polarization behavior of the nuclear outflow in NGC 4845. ml and mc are nor-
malized to 1. The black circles and blue squares correspond to model realizations without and with 
a cold plasma "screen" around the outflow, respectively. The suppression of ml at 6 GHz with the 
cold plasma "screen" is clearly evident. See text for more details.

Figure 6: From top to bottom: The frequency dependence of Stokes I, linear polarization degree 
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6. Summary & Conclusions
Linear and circular polarimetry are ex-
tremely valuable tools in the study of 
AGN jets and outflows. Though diffi-
cult to measure, the linear and circular 
polarization parameters can be used to 
trace several physical conditions, such 
as the magnetic field strength and to-
pology, the particle density and the 
plasma composition, both in the jet/
outflow as well as any magnetized plas-
ma regions along the line of sight (Sects. 
2 and 3).
 To study the polarization of AGN 
jets and outflows systematically and 
constrain their physical conditions, we 
developed a polarized radiative trans-
fer model that accounts for the emis-
sion, absorption, and propagation of 
synchrotron radiation (Sects. 4). As an 
example study of low-energy plasma, 
we modeled the linear and circular po-
larization observed at the center of the 
edge-on galaxy NGC 4845 as a conical, 
adiabatically expanding outflow with a 
predominantly turbulent magnetic field 
configuration and significant population 
of low-energy particles (γmin ~ 10-100). 
To reproduce the observed behavior 
accurately, we recently upgraded the 
model and implemented a “screen” of 
cold plasma around the modeled out-
flow that suppresses the linear polar-
ization degree as a result of Faraday 
Rotation. 

aday Rotation, and increasing the net 
circular polarization as a result of Fara-
day Conversion (Fig. 6, black circles).
 However, as shown in Fig. 6 (black 
circles), this model can not explain 
the low linear polarization degree at 
6 GHz. It was speculated that this be-
havior could be explained by “an ex-
cess of low-energy magnetized plas-
ma within or around the flow may be 
causing depolarization through Fara-
day rotation” (Angelakis et al., 2017). 
To test for this effect, we upgraded our 
model to include an excess component 
of cold plasma. Cold plasma does not 
have a strong effect on the emission or 
absorption of synchrotron radiation, 
but it can have a significant contribu-
tion to the transformation of polariza-
tion (Faraday Rotation or Conversion). 
The propagation coefficients that we 
implemented are given in Jones & Odell 
(1977) (Eq. C12).
 As a result, the observations could 
be easily reproduced by propagating the 
emerging radiation through a cold plas-
ma “screen” of size equal to the mod-
eled outflow or larger. The suppression 
of linear polarization at 6 GHz can be 
achieved when the cold plasma densi-
ty in the screen is at least ~ 40-50% of 
the plasma density in the outflow (Fig. 
6, blue squares). As discussed in (Irwin 
et al., 2015), this screen could be a dy-
namic sheath of cold gas entrained with 
the nuclear outflow or a stationary sur-
rounding cloud.

its Doppler factor (D ~ 30). The low-
energy plasma case of NGC 4845 (An-
gelakis et al., 2017), along with a recent 
revision of the model, is presented in 
more detail in the following section.

5.   The case of NGC 4845
As a study of low-energy plasma, where 
the Faraday effects are expected to be 
enhanced, we focused on the linear 
and circular polarization of the nucle-
ar outflow observed in the edge-on gal-
axy NGC 4845 (Irwin et al., 2015). Ir-
win et al. (2015) observed the source 
using the Karl G. Jansky Very Large Ar-
ray (VLA) at two bands, 1.5 GHz and 6 
GHz (shaded frequency ranges in Fig. 6). 
Their findings suggest that the source 
has a synchrotron self-absorbed (SSA) 
spectrum with a peak at ~ 1.8 GHz, its 
linear polarization degree is very low in 
both bands (0.1%-0.5%) but – interest-
ingly – its circular polarization degree 
is extremely high at 1.5 GHz (~ 2%-3%) 
and zero at 6 GHz. As presented in An-
gelakis et al. (2017), we were able to 
reproduce most of the observed polar-
ization parameters by using our mod-
el to create a conical, adiabatically ex-
panding outflow with a predominant-
ly turbulent magnetic field configura-
tion and significant population of low-
energy particles (γmin ~ 10-100). The 
low-energy plasma enhances the Fara-
day effects at 1.5 GHz reducing the net 
linear polarization, due to internal Far-
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situ probe that was the first spacecraft 
to leave the plane of the ecliptic. Both 
have revolutionised the way we think of 
the Sun and the heliosphere. Solar Or-
biter is the conceptual combination of 
these two missions – an out-of-eclip-
tic in-situ exploratory probe bringing 
state-of-the-art telescopes closer to 
the Sun than ever before. In addition, 
joint observations with NASA's Parker 
Solar Probe, which approaches so close 
to the Sun that it could not carry tele-
scopes to observe the solar disk, will 
deliver new and potentially disruptive 
results.
 The supersonic solar wind, driven 
by dynamic plasma and magnetic pro-
cesses at the Sun's surface, expands to 
surround the planets of our solar sys-
tem, as well as the space far beyond 
them. In the solar interior, the solar 
dynamo drives magnetic fields whose 
buoyancy brings them to the sur-
face where they form huge arcades of 
loops, which store enormous amounts 
of magnetic energy. These magnet-
ic loops are stretched and sheared 
by the Sun's differential rotation and 

transient surface processes, eventual-
ly erupting in bright explosions, which 
eject magnetic structures and accel-
erate energetic particles that fly into 
the solar system, occasionally impact-
ing Earth and its magnetic shield with 
disruptive effects on space and terres-
trial systems. Understanding the com-
plex physical processes at work in this 
system is the central goal of heliophys-
ics. Since the Sun and presumably the 
heliosphere are typical of many late-
type main-sequence stars and their as-
trospheres, these studies are relevant 
to astrophysics, but are unique since 
the Sun alone is close enough for de-
tailed study.
 Although Earth's vantage point at 1 
au is close by astrophysical measures, 
it has long been known that much of 
the crucial physics in the formation and 
activity of the heliosphere takes place 
much closer to the Sun, and that by the 
time magnetic structures, shocks, ener-
getic particles and the solar wind pass 
by Earth, they have already evolved and 
in many cases mixed, blurring the sig-
natures of their origin. With the prov-

1. Introduction
More than four centuries have passed 
since the first observation of sunspots 
with a telescope and more than six de-
cades since the discovery of the solar 
wind. Yet the fundamental mysteries 
of our star and of its extended atmo-
sphere remain unsolved, with each new 
observation revealing complex phys-
ical phenomena that we strive to un-
derstand from inside the Sun’s sphere 
of influence, the heliosphere. Under-
standing the physics and the coupling 
between the Sun and the heliosphere is 
the main goal of Solar Orbiter, a space 
mission of international collaboration 
between ESA and NASA. Launched on 
10 February 2020, the Solar Orbiter 
spacecraft will study the Sun and the 
inner heliosphere with a unique com-
bination of six remote-sensing instru-
ments observing the Sun and solar co-
rona, and four in-situ instruments mea-
suring the properties of the solar plas-
ma around the spacecraft. Togeth-
er, the ten Solar Orbiter instruments 
will provide a complete description of 
the plasma making up the solar wind – 
its origin, transport and composition – 
vastly improving on the earlier Helios 
missions1, launched in 1974 and 1976, 
and complementing the new measure-
ments of NASA’s Parker Solar Probe 
mission2.

2.  Science goals 
and mission profile

Solar Orbiter is the first medium-class 
mission of ESA's “Cosmic Vision” pro-
gramme, developed by scientists and 
engineers from almost all European 
countries, and implemented togeth-
er with NASA. It builds on the success 
of previous collaboration between ESA 
and NASA on two major solar missions 
(see Fig. 2 for the whole list of solar 
missions since 1990): SOHO (launched 
in 1995), a mainly remote-sensing mis-
sion, and Ulysses (1990-2009), an in-

Solar Orbiter: 
Europe's new mission to the Sun

by Yannis Zouganelis
European Space Agency

Figure 1: Artist's impression of Solar Orbiter. Credit: ESA/ATG Medialab.
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Figure 2: Solar missions since 1990. Credit: ESA.
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3.1.  The in-situ instruments
EPD, the Energetic Particle Detector, 
will measure the energetic particles 
that flow past the spacecraft. It will 
look at their composition and variation 
over time. The data will help investigate 
the sources, acceleration mechanisms, 
and transport processes of these par-
ticles.
 The Magnetometer MAG has two 
elements that will measure the magnet-
ic field around the spacecraft with high 
precision. It will help determine how 
the Sun’s magnetic field links to the 
rest of the Solar System and changes 
with time. This will help us understand 
how the corona is heated and how en-
ergy is transported in the solar wind.
 The Radio and Plasma Waves 
(RPW) instrument will measure the 
variation of magnetic and electric fields 
using a number of sensors and anten-
nas. This will help to determine the 
characteristics of waves and fields in 
the solar wind. RPW is the only instru-
ment on Solar Orbiter that makes both 
in-situ and remote-sensing measure-
ments.
 The Solar Wind Analyser (SWA) 
consists of a suite of sensors that will 
measure the solar wind’s bulk proper-
ties, such as density, velocity and tem-
perature. It will also measure the com-
position of the solar wind. This will be 
done for the first time in the inner he-
liosphere.

3. Payload
To answer these challenging ques-
tions, it is essential to make in-situ 
measurements of the solar wind plas-
ma, fields, waves, and energetic parti-
cles close enough to the Sun that they 
are still relatively pristine and have not 
had their properties modified by subse-
quent transport and propagation pro-
cesses. This is one of the fundamental 
drivers for the Solar Orbiter mission 
and its unique trajectory. It will measure 
the solar wind and at the same time try 
to identify, using its comprehensive tele-
scopes package, the sources of the plas-
ma when it left the Sun. The in-situ in-
struments comprise a Solar Wind Analy-
ser (SWA; for measuring the properties 
of electrons, protons and heavy ions), a 
Magnetometer (MAG), a Radio and Plas-
ma Waves (RPW) experiment and the 
Energetic Particle Detector (EPD) suite. 
The remote-sensing payload consists of 
an extreme UV full-Sun and high-resolu-
tion imager (EUI), a coronagraph (Metis), 
a Polarimetric and Helioseismic Imager 
(PHI), a heliospheric Imager (SoloHI), 
an extreme UV spectral imager (SPICE), 
and an X-ray telescope and spectrome-
ter (STIX). In the following sections, we 
briefly describe the overarching goal of 
each instrument. A more detailed de-
scription can be found in the mission and 
instrument papers published in the 2020 
special issue of A&A*1on Solar Orbiter.

*  https://www.aanda.org/component/
toc/?task=topic&id=1082

en effectiveness of combined remote 
and in-situ studies, critical new advanc-
es are expected to be achieved by Solar 
Orbiter that takes this principle much 
closer to the Sun. 
 With Solar Orbiter's unique com-
bination of close distance to the Sun 
(minimum perihelion of 0.28 au), and 
out-of-ecliptic vantage points (reach-
ing over 33° of heliographic latitude), 
the sources on the surface of the Sun 
will be identified and studied accurately 
and combined with in-situ observations 
of solar wind, shocks, energetic parti-
cles, etc., before they have a chance to 
evolve significantly. Moreover, the high-
ly inclined orbit will allow a first-ever 
look at the solar poles, crucial to un-
derstand the solar interior and solar 
activity. 
 The design of the mission has been 
driven by the need to answer the fol-
lowing four interrelated top-level ques-
tions3:

–  What drives the solar wind and 
where does the coronal magnetic 
field originate?

–   How do solar transients drive he-
liospheric variability?

–   How do solar eruptions produce 
energetic particle radiation that fills 
the heliosphere?

–   How does the solar dynamo work 
and drive connections between the 
Sun and the heliosphere?

Figure 3: 
Solar Orbiter 
orbits and mis-
sion timeline. 
Credit: ESA
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Enbio has developed a novel product 
called SolarBlack. SolarBlack is a cal-
cium phosphate preparation that has 
been applied to the outermost layer of 
Solar Orbiter’s heatshield (see Fig. 5). 
It is excellent at absorbing heat and will 
not decay by shedding layers, or gradu-
ally turn into gas, no matter how much 
infrared and ultraviolet radiation it ab-
sorbs. Behind this thin layer of Solar-
Black, the outer portion of the heat-
shield is made up of twenty wafer-thin 
layers of titanium, which can withstand 
temperatures of up to 500°C. Behind 
this is a gap, which guides the heat out 
to the sides and away from the space-
craft. The only bits of hardware that 
cross this gap are ten star-shaped 
brackets that attach the top layer of 
the heatshield to the base. The base it-
self is a 5 cm-thick aluminium honey-
comb that is covered by 30 layers of 
lower-temperature insulation. This can 
handle temperatures of up to 300°C. 
The entire heatshield is then fixed to 
the spacecraft by ten 1.5 mm-thin tita-
nium ‘blades’ to minimise the transfer 
of heat through the spacecraft’s super-
structure. 
 The heatshield is the critical tech-
nological component which makes 
this mission possible, as Solar Orbit-
er will be subjected to thirteen times 
the amount of solar heating that satel-
lites in Earth’s orbit experience. How-
ever, the remote-sensing instruments 
still have to look towards the Sun in 
order to make observations. Small 
sliding doors in the heatshield (Fig. 5) 
let sunlight into the internally-mount-
ed remote-sensing instruments. On 
most of these, special windows block 
out most of the heat to protect the in-

 The SPICE spectroimager (Spectral 
Imaging of the Coronal Environment) 
will reveal the properties of the solar 
transition region and corona by mea-
suring the extreme ultraviolet wave-
lengths given off by the plasma. This 
data will be matched to the solar wind 
properties that are subsequently de-
tected by the spacecraft’s in-situ in-
struments.
 The STIX X-ray Spectrometer/
Telescope will detect X-ray emission 
coming from the Sun. This could orig-
inate from hot plasma, often related 
to explosive magnetic activity such as 
solar flares. STIX will record the tim-
ing, location, intensity, and energy da-
ta for these events so that their effects 
on the solar wind can be better under-
stood.

4. Technological Challenges
Solar Orbiter must operate for years in 
one of the most hostile regions of the 
solar system. At closest approach, ap-
proximately 42 million kilometres from 
the Sun, it will be at just over a quarter 
of the distance between the star and 
our planet. Not even the scorched in-
ner planet Mercury gets this close to 
the Sun. The closest Mercury ever ap-
proaches is around 46 million kilome-
tres, but that’s still enough to heat its 
surface to around 430°C – more than 
hot enough to melt lead.
 To protect the 1.8 tonne spacecraft 
from such extremely high tempera-
tures, ESA and the spacecraft’s prime 
contractor, Airbus Defence and Space, 
have developed unique heatshield tech-
nologies with other industrial part-
ners. In particular, the Irish company 

3.2.   The remote-sensing 
instruments

The Extreme Ultraviolet Imager (EUI) 
will take images of the solar chromo-
sphere, transition region and coro-
na. This will allow us to investigate the 
mysterious heating processes that take 
effect in this region and will enable in-
situ measurements of the solar wind to 
be related back to their source regions 
on the Sun.
 The Metis coronagraph will take 
simultaneous images of the corona in 
visible and ultraviolet wavelengths. This 
will reveal the structure and dynamics 
of the solar atmosphere in unprece-
dented detail, stretching out from 1.7 
to 4.1 solar radii and offer us the op-
portunity to look for the link between 
the behaviour of these regions and 
space weather in the inner solar sys-
tem.
 The Polarimetric and Helioseismic 
Imager (PHI) will provide high-reso-
lution measurements of the magnetic 
field across the photosphere, and maps 
of its brightness at visible wavelengths. 
It will also produce velocity maps of the 
movement of the photosphere that will 
allow helioseismic investigations of the 
solar interior, in particular the convec-
tive zone.
 The Heliospheric Imager SoloHI 
will take images of the solar wind by 
capturing the light scattered by elec-
tron particles in the wind. This will al-
low the identification of transient dis-
turbances in the solar wind, such as the 
type triggered by a coronal mass ejec-
tion, in which a billion tonnes of cor-
onal gas can be ejected outwards into 
space.

Figure 4: 
Solar Orbiter spacecraft 

backside and payload. 
Credit: ESA
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orbit, however, the arrays can be ro-
tated face-on to provide enough pow-
er (see Fig. 5).

5. Summary
The Solar Orbiter spacecraft launched 
on 10 February 2020 (05:27 CET) on 
an Atlas V 411 launcher from Cape Ca-
naveral. After a short commissioning 
phase, the in-situ payload will be fully 
operational as of mid-June 2020, during 
Solar Orbiter's first perihelion at 0.51 
au. The nominal phase, with all 10 in-
struments operating, will start in No-
vember 2021 and run until the end of 
2025, with possible extensions up to 
2030. Following the open-data philos-
ophy of most solar missions, all sci-
ence data will be publicly available 

strument, though two have other ar-
rangements: the SPICE instrument al-
lows all the light in and internally filters 
out what it doesn’t want, and the wide-
field camera, SoloHI, peeks around the 
side of the sunshield but doesn’t look 
at the Sun directly. The in-situ instru-
ments measure the conditions around 
the spacecraft itself. Some can remain 
in the shadow of the heatshield; oth-
ers must look towards the Sun and so 
are equipped with their own mini heat-
shields or protection.
 Solar Orbiter relies on solar power 
to generate its electricity. It consists of 
solar panels that can be rotated, so that 
when the spacecraft is close to the Sun 
the panels can be angled away to pro-
tect them from getting too hot. When 
Solar Orbiter is in the outer parts of its 

three months after their reception on 
the ground, a period needed for cali-
bration and checking. The internation-
al solar and heliophysics community is 
now ready for an exciting and busy de-
cade, which will certainly transform 
our knowledge of the Sun. 
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Visit our website
http://www.helas.gr 
The above web server contains information, both in 
greek and english, about the Hellenic Astronomical 
Society (Hel.A.S.), the major organization of profes-
sional astronomers in Greece. The Society was estab-
lished in 1993, it has more than 250 members, and it 
follows the usual structure of most modern scientif-
ic societies. The web pages provide information and 
pointers to astronomy related material, useful to both 
professional and amateur astronomers in Greece. It 
contains a directory of all members of the Society, 
as well as an archive of all material published by the 
Society, including electronic newsletters, past issues 
of “Hipparchos”, and proceedings of Conferences of 
Hel.A.S. The server is currently hosted by the Univer-
sity of Thessaloniki.
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Astronomical Conferences & Schools
in Greece during 2019

This issue includes brief presentations of ten conferences and schools, which took place in Greece during 2019, as well as 
of one from 2018, which due to an oversight is missing from the previous “Hipparchos”. These meetings are:

•	  International Conference on Space Optics, Platanias, 9-12 October 2018. 

•	  Exploring the Infrared Universe: The Promise of SPICA, Crete, 20-23 May 2019.

•	  Supernova Remnants II: An Odyssey in Space after Stellar death, Chania, 3-8 June 2019.

•	  2019 Summer School for AstroStatistics in Crete, Heraklion, 18-21 June 2019.

•	  Supermassive Black Holes: Enviroment and Evolution, Corfu, 19-22 June 2019.

•	  Feedback and its Role in Galaxy Formation, Spetses, 25-29 June 2019.

•	  The 14th Conference of Hel.A.S., Volos, 8-11 July, 2019. 

•	  Workshop on Computational Intelligence in Remote Sensing and Astrophysics, FORTH, 17-19 July 2019.

•	  Galaxy Formation and Evolution in a Cosmological Context, Spetses, 28 August - 5 September 2019.

•	  Crete III: Through dark lanes to new stars, Hersonissos, 23-27 September 2019. 

•	  14th Geant4 Space Users Workshop, Xylokastro, 21-23 October 2019.
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Te International Conference on Space Optics (ICSO – 
www.icso2018.org) took place in Platanias village near 

Chania during the period 9-12 October 2018. ICSO is the 
largest meeting worldwide of experts working in all disci-
plines of Optical, Optoelectronic and Photonic Technolo-
gies for Space Applications. It is organised biannually by the 
European and the Frence Space Agencies (ESA/CNES). This 
was the second time Greece hosted ICSO following the one 
in Rodos in 2010. 
 The purpose of ICSO is to bring together the Space Op-
tics Community and exchange information and ideas on the 
Research, Development, Qualification and Flight Experience 
of using optical technologies for space missions. Technology 
experts meet Mission experts to address the lessons learnt 
from past developments and identify the next significant de-
velopments in employing lightwave technologies and tech-
niques used in all types of Space Missions.
 The conference attracted 450 attendees which is a new 
record for ICSO. Plenary Talks were delivered by Program/
Project managers from ESA, NASA, JAXA and the Russian 
Space Research Institute. All the main, present and future, 
Space Missions involving Optical Instruments were present-
ed as well as all the latest developments in optical technolo-

International Conference on Space Optics
9-12 October 2018, Platanias

1

HIPPARCHOS | Volume 3, Issue 3



31

Understanding in detail the origin and evolution of galaxies, 
stars, planets and life itself are fundamental objectives of 

astronomy. Although impressive advances have been made, our 
knowledge of how the first galaxies and stars 
formed, and how they evolve to into what we 
see around us today, is still far from complete. A 
major reason for this is that the birth and much of the growth 
of galaxies, stars and planets occurs in regions that are hidden 
by a thick blanket of dust – virtually inaccessible to the opti-
cal instruments that have been the tools of the trade since the 

invention of the telescope. A complete physical understanding 
of the processes that define our Universe is only possible with 
sensitive observations in the infrared, which can penetrate dust 

and reveal the inner workings of galaxies, star 
forming regions, and planet forming systems, 
over much of cosmic history.

 In May 2019, 164 experts from 21 countries, including 6 
from Greece, convened in the island of Crete to discuss on 
the scientific program and technical developments of SPICA, 
a space infrared telescope for cosmology and astrophysics, 

gies for Space. A highlight of the conference was the debrief-
ing on the first measurements taken by ESA’s “AEOLUS” mis-
sion which was launched on the 22nd August 2018. AEOLUS 
features as main Instrument a “Doppler wind LIDAR” to ac-
quire profiles of Earth’s wind on a global scale with near-real-
time observations:

 https://www.esa.int/Our_Activities/Observing_the_Earth/
Aeolus/Introducing_Aeolus

This is the first LIDAR mission “Made in Europe” and as such 
everyone was eagerly expecting to see how the instrument 
behaves. Fortunately the results were very good confirming 
that European Industry masters the technology of spaceborne 
active optical instrumentation. 
 Of special interest were the 2 Special Guest Plenary Talks 
delivered by leading Greek scientists on:

•	 	“The Voyager mission 41 years after: Limits of the Solar System 
and Echoes from the Galaxy” delivered by Stamatis Krim-
itzis, Chair of Science of Space at the Academy of Athens 
and Emeritus Head of the Space Exploration Sector of the 
Johns Hopkins Applied Physics Laboratory, and

•	 	“The Antikythera Mechanism: Decoding an astonishing 2000 
years old astronomical computer”, delivered by John H. Sei-
radakis, Professor Emeritus, Aristotle University

These two Special Guest Plenary Talks captivated the au-
dience offering a spectacular “Grand Finale” to the confer-
ence!

Nikos Karafolas

European Space Agency, 
European Space Reserach and Technology Center 

Noordwijk, The Netehrlands

https://www.spica2019.org

Exploring the Infrared Universe: The Promise of SPICA
20-23 May 2019, Crete, Greece 
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which is an M5 candidate mission for the Cosmic Vision pro-
gram of ESA. Thanks to its large 2.5 m active cooled mirror 
bellow 8K, combined with a new generation of ultra-sensi-
tive detectors, SPICA will offer the community a unique as-
tronomical facility, able to cover the spectral range from 12 
to 230 µm to unprecedented depths of a few 10–20 Wm–2 for 
spectroscopy (5σ) in 1 hour. This represents a gain in sensitiv-
ity of more than two orders of magnitude over both Spitzer 
and Herschel space telescopes, a gigantic leap in capabilities 
for exploring the Universe. As a consequence SPICA, if se-

lected in 2021, is expected to revolutionize our understand-
ing in all fields of astrophysics, from debris disks and plane-
tary systems, to magnetic fields, star formation, active galac-
tic nuclei and feedback, processes that shape galaxy evolution 
across cosmic time. Furthermore, it will complement current 
and upcoming facilities, such as JWST and ALMA.

All presentations of the conference are available online at:

https://spica-mission.org/?page_id=925

The international conference titled “Supernova Remnants 
II:  An Odyssey in Space after Stellar death” explored 

the exciting recent observational and theoretical progress in 
the structure, evolution and physics of SNe and SNRs. The 
Institute for Astronomy, Astrophysics, Space Applications and 
Remote Sensing of the National Observatory of Athens (NOA), 
organized this meeting between June 3-8, 2019, at the «Minoa 
Palace Hotel», in Crete, Greece, with great success. The 193 
distinguished scientists from 34 countries who participated in the 
conference truly exceeded our expectations, as they contributed 
presentations of a very high level and motivated many valuable 
scientific discussions. The goals of the meeting were understand-
ing the evolution of SNRs and their interaction with interstellar 
gas, elucidating the physical processes that govern shock waves 
and relativistic plasmas, and inferring characteristics of supernova 
explosions from SNR observations. New understanding of the 
nature of supernova remnants and processes that occur there of-
fers new insights into the role of SNRs in the structure and evo-
lution of galaxies and the nature of supernova explosions.

 Many new important results were presented such as (a) all 
the latest results about the famous Cassiopeia (Cas) A SNR (10 
contributed talks and many posters, Fig.1) with surprising re-
sults, i.e. the existence of a reverse shock (Optical, often sta-
tionary where present – Fesen et al.; X-ray, moving back in W 
region – Vink et al.) and (b) new 3-D models of SNRs (i.e. First 
morpho-kinemaical model of VRO SNR – Derlopa et al.) and 
Pulsar-Wind Nebulae (PWNe, I,e, modelling PWNe and their 
magnetic fields – Olmi et al.).
 Information about the scientific results can be found on the 
conference website: 

http://snr2019.astro.noa.gr 

under Program and Poster presentation.

Supernova Remnants II: 
An Odyssey in Space after Stellar death

Chania, 3-8 June 2019
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Panos Boumis (SOC & LOC) & Alceste Bonanos (LOC)

Co-chairs

Figure 1: Cas A images in different wavelengths and modelling pre-
sented by Fesen, Janka, Vink, Castro, Arias, Wongwathanarat, Holland-
Ashford, Picquenot, Koo, Weil. 

Figure 2: 3-D models of SNRs and PWNe presented by Derlopa, Olmi, 
Temim, Janka, Wongwathanarat, Orlado, Bochino, Milisavljevic etc. 
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The first Astrostatistics Summer 
School was held at the Physics De-

partment of the University of Crete 
(UoC, Heraklion), on June 18-21, 2019. 
Its goal was to guide advanced under-
graduates, masters and graduate stu-
dents, and early postdocs in the use of 
the latest statistical tools for the analy-
sis of a wide variety of data.

Over the course of the week, partici-
pants worked with cutting-edge tools 
for the arsenal of the modern-day as-
tronomer:

- Linear regression 

- Hypothesis testing

-  Bayesian statistics and Markov 
Chain Monte Carlo

-  Machine learning, including regres-
sion, classification and clustering

- Time series analysis

- Deep learning

All teaching material is publicly available 
in the official site of the school: 

http://astro.physics.uoc.gr/
Conferences/Astrostatistics_School_

Crete_2019/

The main highlight was the innova-
tive approach we followed to provide 
a hands-on experience tailored to As-
tronomy. Each session had a theoret-
ical introduction and was immediate-
ly followed by real-world applications 
through coding examples. The partic-
ipants (in pairs) solved problems ‘live’ 
on computers provided by the Phys-
ics Department. This hands-on meth-

od allowed participants to quickly build 
up coding abilities while simultaneously 
serving as a practical reference in their 
future work.
 Feedback suggests the school was 
both highly instructive and pragmat-
ic within today’s astronomical environ-
ment; the majority (92%) considered 
the sessions very/extremely useful, and 
of appropriate difficulty (70%). The at-
tendants judged there has been a good 
balance between theory and work-
shops, and that Python codes were 
convenient and clear. Finally – in a sur-
vey carried out about 10 months lat-
er – 80% confirmed that the present-
ed material and tools have been useful 
for their own research, while everyone 
reported the material aided with inter-
preting others’ work.
 The organizers plan to repeat the 
summer school in the coming years. 

Any questions should be directed to: 

astrostat@physics.uoc.gr

School instructors: Jeff Andrews (Univer-
sity of Copenhagen), Paolo Bonfini (Na-
tional Observatory of Athens), Konstan-
tinos Kovlakas (UoC), Grigorios Tsag-
katakis (UoC), Davide Martizzi (DARK 
- Niels Bohr Institute), and Grigoris Mar-
avelias (National Observatory of Athens). 
This school has received funding from the 
EU Horizon 2020 grant #691164 (AS-
TROSTAT).

2019 Summer School for AstroStatistics
Crete, Heraklion, 18-21 June 2019

4

HIPPARCHOS | Volume 3, Issue 3

http://astro.physics.uoc.gr/Conferences/Astrostatistics_School_Crete_2019/


34

The X-ray Astronomy group of the Institute of Astrono-
my Astrophysics Space Applications and Remote sensing 

(IAASARS)  has organised an Astronomy conference on Super-
massive Black Holes  in Corfu last June. The group regularly or-
ganises a series of conferences in X-ray Astronomy and Cos-
mology every four years with the first one organised 20 years 
ago. The conference has been organised by the X-ray Astrono-
mers of IAASARS I. Georgantopoulos, A. Georgakakis, E. Kou-
louridis and A. Akylas with the help of the director of IAASARS 
and the president of the National Observatory of Athens. The 
effort of many postdoctoral research associates and research 
students of our group  was a key factor in the success of the 
event. The conference took place in the historical building of 
the Rectory House of the Ionian University. The building hosted 
the first University in Hellas, the Ionian Academy that started 
its operations in 1824.
 The conference focused on the environment , the evolution 
of the supermassive black holes as well as their interaction with 
their surrounding galaxies and clusters of galaxies. The aim was 
to  discuss the most recent multi-wavelength observations  and 
compare them with simulations and observations. The discov-
ery space that opened up with current missions such as XMM 
, Chandra, Spitzer and Herschel but also with ground based fa-

cilities such as VLT, ALMA, has been thoroughly  explored in this 
conference. The new horizons that open up in the studies of su-
permassive black holes with the new missions eROSITA, XARM, 
JWST  and ATHENA were a primary part of this meeting. One 
of the many conference highlights included the talk by F. Nica-
stro (Rome Observatory) on the first detection of the warm-
hot intergalactic medium (WHIM). The warm–hot intergalactic 
medium refers to a sparse, warm-to-hot (105 to 107 K) plasma 
that  exists in the intergalactic space and contains about 40–
50% of the baryonic content of the Universe. The WHIM dis-
covery  only became possible with ESA’s XMM X-ray mission 
observing the light  of a distant quasar in absorption by this 
warm-hot diffuse gas.
 The conference has been attended by about 120 partic-
ipants from many countries around the world. Most partici-
pants came from Italy and then from the United Kingdom, Unit-
ed States, Chile and China. Among them more than 20 Greek 
astrophysicists, coming from Research Institutes and Universi-
ties both in Greece and abroad. This demonstrated the strong 
presence of Greek scientists in this exciting field of astrophys-
ics. 

Supermassive Black Holes: Enviroment and Evolution
Corfu, 19-22 June 2019
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I. Georgantopoulos

The conference photograph outside the historic Ionian Academy building under the flying lion of Venice
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On 25-29 June 2019 a hundred researchers working on 
feedback from supernovae and active galactic nuclei 

(AGN) met at the Anargyrios and Korgialenios School of 
Spetses (AKSS) for a conference on “Feedback and its Role in 
Galaxy Formation”. Cattaneo (2019, Nature Astronomy, vol. 
3, p. 896-897) has reported on the main new scientific results 
emerged during the meeting. Here are the main highlights.
 The conference started from the observational evidence 
for stellar and AGN feedback in the Milky Way and other 
nearby galaxies. The consensus that in massive spirals the ra-
tio of the outflow rate to the star-formation rate is never 
much larger than one to ten was not perceived as a challenge 
for galaxy formation models. The absence of detected out-
flows at lower masses (Alice Concas) is a potentially more se-
rious issue.
 The meeting continued with a long series of talks on hydro-
dynamic simulations from interstellar-medium scales (Chang-
Goo Kim, TIGRESS) to cosmological one (Joop Schaye, EA-
GLE). Thales Gutcke presented the first cosmological zoom 
simulations with individual supernovae. Benjamin Keller pro-
posed that outflows are entropy-driven (buoyant) rather than 
energy-driven. Lilian Garratt-Smithson showed that, once su-
pernovae carve low-density chimneys in the gas, stellar winds 
and high-mass X-ray binaries can keep them open and main-
tain the outflows active.
 Dylan Nelson (TNG50), Daniel Anglés-Alcazar (FIRE), Ed-
ouard Tollet (NIHAO) and Joop Schaye (EAGLE) showed that 
different groups are converging on a coherent picture. Neal 
Katz cautioned that none of these simulations are able to re-
solve the multiphase structure of galactic winds. Their results 
appear to converge simply because all groups have tuned their 
subgrid physics reproduce the same data. 
 A session on chemical evolution concluded the first half of 
the conference, mainly on stellar feedback. In the second half, 
where AGN feedback was the main topic. Kalliopi Dasyra 
talked about the excitation of the molecular gas in winds and 
its impact for wind detections and masses. Serena Perrot-
ta showed that extremely red quasars can be explained as 
a short-lived blow-out phase during which the pressure of 
trapped infrared radiation boosts galactic outflows. Asa Bluck 
reported that the mass of the central black hole is an excel-
lent predictor of quiescence, in agreement with the observa-
tion that the massive galaxies where feedback has failed to 
prevent star formation are all spirals (Lorenzo Posti).
 The conference ended with a series of talks on early-type 
galaxies and clusters. Luca Ciotti and Feng Yuan discussed 
episodic AGN feedback. Dong-Woo Kim remarked that the 

X-ray profiles of early-type galaxies are more complex than 
those of galaxy clusters because the effects of feedback are 
more pronounced. Julie Hlavecek-Larrondo presented new 
evidence that the intracluster medium is maintained in ther-
mal equilibrium by the balance of radiative cooling and AGN 
heating, but one of the meeting’s greatest novelties was the 
mounting consensus for a precipitation scenario in which the 
intracluster medium becomes multiphase when the cooling 
time becomes shorter than about ten freefall times (Mark 
Voit, Arif Babul, Megan Donahue).

Scientific Organising Committee: 
A Cattaneo, A Dekel, S M Faber, N Förster Schreiber, 
M Krumholz, A V Macciò, C Martin, J Silk

The talks can be found at: 

 http://feedback2019.obspm.fr/index.php/programme

International Conference 
Feedback and its Role in Galaxy Formation

25-29 June 2019, AKSS, Spetses, Greece
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The 14th Conference of the Hellenic 
Astronomical Society took place in 

Volos, from 8 to 11 July, 2019. Despite 
the fact that national elections were un-
expectedly announced and held just at 
the date initially planned for the opening 
of the conference, it has been attended 
by close to 100 registered participants. 
A total of 86 oral papers were delivered 
as well as a number of posters. We un-
derline the plenary talks that have been 
given by S. Antiochos, NASA/God-
dard Space Flight Center, MD, USA, E. 
Athanassoula, Aix Marseille Université, 
CNRS, LAM Laboratoire d' Astrophy-
sique de Marseille, Marseille, France, 
N. Stergioulas, Aristotle University of 
Thessaloniki, Greece and G. Gilmore, 
University of Cambridge, Institute of 
Astronomy, UK. The opening talk was 
given by N. Prantzos, Institut d' Astro-
physique de Paris, France, while three 
more talks for the broad public have 
been presented by Th. Economou, Uni-
versity of Chicago, USA, C. Gontikakis 
and P. Patsis, Research Center for As-
tronomy and Applied Mathematics of 
the Academy of Athens, in the frame 

of the celebrations of the 100th anniver-
sary of the International Astronomical 
Union (IAU). The conference has been 
supported by the University of Thes-
saly, the Academy of Athens and the 
National Observatory of Athens. The 
local organization of the conference has 

been managed by Hel.A.S. members, 
with a major contribution by members 
of the Society of Space and Astronomy, 
based in Volos, under the coordination 
of its president L. Zachilas.

The 14th Hellenic Astronomical Conference
8-11 July 2019, Volos
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International Workshop on Computational Intelligence 
in Remote Sensing and Astrophysics (CIRSA)

July 17-19, 2019, FORTH, Heraklion, Crete
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The objective of the International Workshop on Compu-
tational Intelligence in Remote Sensing and Astrophysics 

(CIRSA) was to bring together scientists from different disci-
plines including astronomy, environmental engineer, and com-
puter science for addressing the challenges associated with 
the analysis of the vast amount of observations acquired by 
modern instruments, both in Earth Observation as well as in 
deep space imaging. The core theme involves the use of cut-
ting computational intelligence tools including deep machine 
learning models, in order to address crucial scientific ques-
tions such as:

•  Machine learning in gravitational lensing cosmology

•  Automated characterization of supernova and galaxy mor-
phology

•  Advances in hyperspectral imaging and learning 

•  Deep learning in satellite image processing

•  Big Data from Space and intelligent decision making

The workshop was organized by Grigorios Tsagkatakis (ICS-
FORTH), Jean-Luc Starck (CEA), Vassilis Charmandaris (IA-
FORTH), and Panagiotis Tsakalides (ICS-FORTH) and took 
place at the premises of FORTH. 

The workshop featured numerous international speakers: Dr. 
Shirley Ho from the Center for Computational Astrophys-
ics in NY, Prof. Enrico Magli from the Politecnico di Torino, 
Dr. Athanasios Rontogiannis and Dr. Haris Kontoes, from the 

National Observatory of Athens, Dr. Nektarios Chrysoula-
kis and Dr. Kostas Tassis from FORTH, Dr. Georgios Vernar-
dos from the University of Groningen, and Prof. Konstantinos 
Karantzalos from NTUA, among others

The website of the conference is: 

http://spl.edu.gr/index.php/CIRSA

The 4th Summer School 
Galaxy Formation and Evolution in a Cosmological Context

28 August - 5 September 2019, AKSS, Spetses, Greece

The fourth Observatoire de Paris/
LAM Summer School “Galaxy For-

mation and Evolution in a Cosmological 
Context” took place at the Anargyri-
os and Korgialenios School of Spetses 
(AKSS) from 28 August to 5 September 
2019. The 42-hour school aims to as-
sist PhD students to bridge the gap be-
tween master courses and the knowl-
edge required to lead an autonomous 
research project. 

Andrea Cattaneo, currently at the 
Observatoire de Paris, organised the 
first summer school in 2013, when 
he was a lecturer at the Laboratoire 
d’Astrophysique de Marseille (LAM). 
The school is biennial and has been 
hosted by the AKSS since 2017. In 2019 
the school trained 24 PhD students, 1 
undergraduate and 1 postdoc from 10 
different countries. Their provenance 
included world-leading institutions 

such as Caltech, the University of Ox-
ford and the Max Planck Institute for 
Astrophysics.

The school has a core programme cen-
tred on four courses: 

1)  star formation and its implications for 
the spectral and chemical evolution 
of galaxies (Samuel Boissier, LAM), 

2)  galaxy evolution in deep surveys 
(Olivier Le Fèvre, LAM), 
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Crete III: Through dark lanes to new stars
Celebrating the career of Prof. Charles Lada

Crete, September 2019

The Crete NATO Advanced Study Institutes on Star For-
mation in 1990 and 1998 (Crete I and Crete II, respec-

tively), organized by Charles Lada and Nick Kylafis, were land-
marks in the development of the star- and planet-formation 
community. Many of the attendants of these schools are now 
well-established researchers across the world, pushing the 
boundaries of the field with a new generation of telescopes 
and simulations. It seemed appropriate to return to Crete in 
2019 to organize Crete III and celebrate the legendary Star 
Formation schools and the career of Prof. Charles Lada.
 The Crete III conference took place on the island of Crete 
in September 2019 and counted about 100 participants from 
across the world, including many star formation specialists as 
well as students. About 50 colleagues and collaborators of 
Prof. Lada, who could not be present, sent written and video 
messages with stories in what was one of the highlights of the 
meeting. Of all the 10 PhD students of Prof. Lada, from the 
early eighties to today, only one could not be present. The 

tone of the meeting was celebratory, with presentations from 
across several generations of astronomers on the main topics 
of research of Prof. Lada, namely:

– Molecular clouds

– Dense cores

– Disks and outflows

– YSO classification

– Embedded clusters

–  Star formation rates and efficiencies in the Milky Way and 
beyond

The promise to return to this enchanted island for Crete IV 
and organize Star and Planet Formation school in the 2020s is 
in the air. Stay tuned!
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3)  cosmological hydrodynamic simula-
tions (Julien Devriendt, Oxford), and 

4)  semianalytic models of galaxy for-
mation (Andrea Cattaneo). 

Unfortunately, serious illness prevent-
ed Olivier Le Fèvre from delivering his 
lectures personally at the fourth sum-
mer school. 

In addition to these recurrent topics, 
the school also develops a new theme 
each time. In 2017 it was the first stars 
and the epoch of cosmic reionization 
(Andrea Ferrara, Scuola Normale Su-
periore, Pisa, Italy). In 2019 it has been 
galaxy clusters with an emphasis on 
the exciting discovery of protoclusters 
at high redshift. The course on clusters 

and protoclusters has been taught by 
Gary Mamon (Institut d’Astrophysique 
de Paris) and Olga Cucciati (Istituto 
Nazionale di AstroFisica, Italy).

The slides of all lectures can be found 
at: 

 http://galaxyformationschool2019.
obspm.fr
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14th Geant4 Space Users' Workshop
Xylokastro, 20-23 October 2019

The 14th Geant4 Space Users' Workshop (G4SUW) was 
coorganized by the European Space Agency, Stanford/

SLAC and the University of Athens in Xylokastro, Greece, 
on 20-23 October 2019 (https://indico.esa.int/event/304/). As 
always, G4SUW focused on new results on space radiation 
interaction with components, sensors and shielding analysis, 
as well as on Geant4-based tools and developments applica-
ble to space missions.
 More than 40 scientists participated in this Workshop, 
to discuss recent developments in the usage of physics sim-
ulation toolkits for space applications, including not only 
GEANT4, the standard tool for such simulations, but several 
similar other software packages. 
 The workshop started with the status reports of various 
upcoming national/international projects, including European 
(ESA), American (JPL), Japanese (JAXA) and Chinese (CSA). 
For example, the intense Jovian radiation Environment is cur-
rently actively studied and simulated due to upcoming mis-
sions headed to our solar system’s giant, namely ESA’s Jupiter 
Icy moons Explorer (JUICE) and NASA’s Europa Clipper. 
 Further projects discussed include ESA Cosmic Vision L-
class mission ATHENA (Advanced Telescope for High Ener-
gy Astrophysics), NASA’s Star-Planet Activity Research Cube-
Sat (SPARCS) and Imaging X-ray Polarimetry Explorer (IXPE) 
and JAXA’s MMX (Martian Moons Exploration). The increas-
ing complexity of such scientific future missions results in in-
creasingly sophisticated tools (which were also presented), 
such as AREMBES (Athena Radiation Environment Models 
and x-ray Background Effects Simulator) – an ESA project that 

foresees the development of a software simulator based on 
Geant4, capable of addressing all the background issues that 
the ATHENA mission will experience during its lifetime.
 Another major theme of the workshop was the presen-
tation of new tools that can interface between the physicist 
and the engineer. Tools for the easy construction of geome-
tries, the python API of GEANT4, Geant4Py, the prediction 
of wear of electronics in space (TRADCARE) are some of 
the examples. Last but not least, ESA’s SPENVIS (Space EN-
Vironment Information System) is an online free interface to 
various Geant4-based tools that can be used for supporting 
scientific studies related to the characterisation of the space 
environment and its effects. It includes an implementation of 
GRAS (Geant4 Radiation Analysis for Space), a specialized 
tool developed by ESA. Such tools may support the predic-
tion of space environment impacts on human tissue, another 
fast-evolving topic.
 In this year’s G4SUW there was a particularly strong 
Greek component. First through the study of the MIDAS do-
simeter/radiation monitor, a highly miniaturized ASIC radia-
tion detector developed under contract for ESA. And also 
through the presentations of G4G, the “Geant4-based Par-
ticle Simulation Facility in Greece for Future Science Mission 
Support”, an ESA project implemented by a consortium in-
cluding IASA (University of Athens), NCSR “Demokritos”, 
National Technical University of Athens, and University of Io-
annina, which designs, develops and tests software and docu-
mentation within a framework provided by ESA. 
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