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Image description:

Schematic representation of a so-called antisymmetric (or odd-parity) galactic magnetic
field configuration scenario. The origin of galactic and cosmic magnetic fields is an im-

portant open problem of astrophysics.



Deatr friends,

A s with every year, 2013 comes with
good and bad things. Being optimistic,
I will start with the good ones.

This year, our Society celebrates its 20% an-
niversary.We are not an old Society, but we
are maturing, and it shows. Our biannual con-
ferences have become major events for our
members.They are well attended, with excel-
lent Plenary and Invited Speakers. The con-
tributed talks and the posters have nothing
to envy from the corresponding ones in So-
cieties that are larger and older than ours.
The 11t Hellenic Astronomical Conference,
9-12 September 2013, will be celebratory (al-
beit with a limited budget) and it promises to
be longer in duration and with more partici-
pants than the previous ones.The facilities of
the Biomedical Research Foundation of the
Academy of Athens, where the | 1™ Hellenic
Astronomical Conference will take place, are
excellent and the Local Organizing Commit-
tee has already been working hard to secure
a first rate conference in all respects. | expect
to see most of you, preferably all, in Athens in
September. Please visit the website of Hel.A.S.
for details about our upcoming conference.

The bad things are that Astronomers in
Greece suffer, like the rest of the popula-
tion in the country, due to the economic
crisis. The consequences are hard and they
affect our everyday life, except possibly one
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aspect of it: our research ideas! Govern-
ments can manage and mismanage coun-
tries, but they cannot interfere with our re-
search work. The reduced salaries, budgets,
and resources make things more difficult,
but they should not be an excuse for re-
duced research productivity, both in quan-
tity and quality; at least for those of us, who
can operate with limited resources. | en-
courage our young Astronomers to try to
“stay alive” in research, even if they have to
spend a few years abroad. Several of us old-
er Astronomers will retire in the next few
years and good scientists must be around to
take the positions that will open.At the mo-
ment no positions are opening, but this will
change. It is not the first time that Greece
has gone through a trough.

And a lighter thing before closing: | am sure
you have all read many papers which stated
that “the effects of the magnetic field will
not be taken into account in this work”.The
reason is not that magnetic fields are not
important, but rather because they are dif-
ficult to handle. | am happy to see that four
articles in the present issue of IPPARCHOS
deal exclusively with magnetic fields, show-
ing that members of our Society have really
“tamed” astrophysical magnetic fields. No
economic crisis can reverse this!

Happy reading of HIPPARCHOS!

Nick Kylafis
President of Hel A.S.




Programme of Ist "Thalis"
school/workshop on "Space Weather"
February 25-27,2013, Portaria, Pelion, Greece

Hellenic National Space Weather Research Network

The term “space weather” refers to conditions on the Sun and
in the solar wind, Earth’s magnetosphere, ionosphere, and ther-
mosphere that can influence the performance, efficiency, and

Monday, February 25,2013
09:00-12:30 Arrivals
12:30-14:00 Lunch

14:00-15:30 [E] M. Georgoulis: Emergence and Evolution of
Solar Active-Region Magnetic Fields

15:30-16:15 [E] C. Gontikakis: Study of the Transition Region
Using Spectral Lines

16:15-17:45 [E] A.Nindos: The Magnetic Origins of Solar Eruptions

17:45-18:30 [R] PhD student/Post doc short presentations
(Smyrli, Dimitrakoudis, Kouloumvakos)

reliability of space- and ground-based infrastructure and can
endanger unprotected humans in space conditions or above
the Earth’s poles.

18:00-19:30 [D] Discussion (Coordinators:Vourlidas,
Anastasiadis, Archontis, Patsourakos)

19:30-21:00
21:00-23:00 [G] Small group discussions

Wednesday, February 27,2013
09:00-10:30 [E] M.Sarris / G.Anagnostopoulos:
Energetic Particles in the Sun-Magnetosphere-
lonosphere-Atmosphere-Lithosphere-
Technoshere Coupling

Dinner

18:30-19:00 Coffee break 10:30-11:00 Coffee break
19:00-20:00 [D] Discussion (Coordinators: Georgoulis, Nindos) [ 1:00-12:30 [E] I. Daglis: Waves, Particles and Storms in
20:00-21:00 Dinner Geospace
21:00-23:00 [G] Small group discussions 12:30-14:00 Lunch
14:00-15:00 [E] T.Sarris: ULF Waves in the Magnetosphere:
Tuesday, February 26,2013 E)fcitgtior.w mechanisms, Strl.Jcture, Spc{tial ‘
09:00-10:30 [E] S.Patsourakos: The Genesis of CMEs g:;tnlb:.t:on SIS L SIS HEE A
opulations
10:30-11:00 Coffee break — -
15:00-15:45 [E] G. Balasis: Simultaneous Observations of ULF
11:00-12:30 [E] L.Vlahos / A.Anastasiadis (45 min each): Waves in the Earthis Magnetosphere, Topside
Complexity and Magnetic Reconnection in Solar lonosphere and Surface ’
and Heliospheric Environments 15:45-16:30 [E] D, Sarat los:fon | o o
- ) 45-16: . Sarafopoulos: lon Jets and Magnetic Flux
Ii;g I4'gg Lunch / a ) Ropes in the Earthis Magnetotail
14:00-15:30 [E] K.Tsinganos /V.Archontis (45 min each): ] -
MHD theory and MHD Numerical Codes / 16:30-17:00 Coffee break
Modeling Magnetic Flux Emergence and Related 17:00-18:45 [R] PhD student/Post doc short presentations
Phenomena in the Solar Atmoshere (Metallinou, Bogiatzis, lliopoulos, Athanasiou,
15:30-17:00 [E] A.Vourlidas: CME Evolution in the Corona & Georgiou, Sponias, Papadimitriou)
Heliosphere 18:45-20:15 [D] Discussion (Coordinators: Daglis, Sarris T,
17:00-17:30 Coffee break Anagnostopoulos, Sarafopoulos, Balasis)

17:30-18:00 [R] PhD student/Post doc short presentations
(Dimitropoulou, Podladchikova)

20:15-21:15 Dinner
21:15-23:00 [G] Small group discussions

LEGEND

[E] Tutorial talks introducing the background necessary to follow
the individual projects’ description.

[R] Short (I5-minute) presentations of the pre-doctoral and doc-
toral researches on their recent work.

[D] The coordinators of the individual projects will present the work
planned for the National Space Weather Research Network.

[G] The groups meet after dinner (with a glass of beer or wine) to
discuss their concrete plans.

Location: Portaria Hotel & Spa ¢ http://www.portariahotel.gr/index.php/el/

http://proteus.space.noa.gr/~hnswrn
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The Role and the Origin of Magnetic Fields in Astrophysics

March | 1-12,2013, Athens, Greece

Workshop in the framework of Action Excellence of the GSRT of Greece and the ESF
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Magnetic fields are present in all astrophysical scales, from
stellar mass black hole scales of a few km, to galactic scales of
several kpc, up to extragalactic scales of several Mpc. Indirect
estimates of their strength through Faraday rotation, synchro-
tron emission, and polarization of optical starlight suggest that
the energy content in the magnetic field is comparable to the
energy content in the interstellar and intergalactic gas.

The Origin of astrophysical magnetic fields remains one of
the most important unsolved questions in modern astrophysics.
It is generally assumed that magnetic fields in stellar interiors,
accretion disks, and spiral galaxies, arise from the combined ac-
tion of convection, differential rotation and helical turbulence,
the so-called hydro-magnetic dynamo. Another theory, the

cosmic battery, proposes that astrophysical magnetic fields are
continuously produced around accreting black holes in X-ray
binaries and active galactic nuclei, and that they are stretched
out to larger scales by astrophysical jets.

The aim of this one-and-a-half-day workshop is to bring to-
gether world renown experts who will review the role of mag-
netic fields in astrophysics and discuss their origin. There will
also be a limited number of contributed talks. Registration is
free and open to everyone, but in order to encourage discus-
sions, attendance will be limited to about 50 participants.

The workshop is supported by the Academy of Athens, the Gen-
eral Secretariat for Research and Technology of Greece and the
European Social Fund in the framework of Action ‘Excellence’.

Monday, March 11,2013 16:30 - 16:45 Coffee Break
Welcome 16:45 - 17:30 M. Georgoulis (RCAAM)
9:20 G.Contopoulos (Academy of Athens) Heliophysics in the heliosphere: tales of solar
Morning Session magnetic fields and their defining role in the
g - sun’s sphere of influence
9:30 - 10:15 g;’."i:;‘::;'e'::r" (C:’,‘;:ibr,:ge) 17:30 - 18:15 1. Contopoulos (RCAAM)
g & p P The Cosmic Battery in X-ray binaries
10:15-11:00 K. Kokkotas (Tubingen) 1815 1830 Discussion
11:00 - 11:15 Coffee Break
I1:15-12:00 N.Vlahakis (Athens)
Relatlws'tlc jet dynamics and the role of the Tuesday, March 12,2013
magnetic field - -
12:00 - 12:45 D.Gabuzda (Cork) Morning Session
Monte Carlo simulations of transverse Faraday 9:30-10:15 L. Rez.zola (P?tsdarrT). . .
rotation gradients: new evidence that AGN jets Magnetic fields in relativistic compact-object
carry helical magnetic fields binaries
12:45 - 13:00 Discussion 10:15-11:00 N. Stergioulas (Thessaloniki)
Afternoon Session 11:00 - 11:15 Coffee Break
15:00 - 15:45 D.Kazanas (NASA) 11:15-12:45 Contributed talks
Toward a unified AGN structure 12:45 - 13:00 Discussion
15:45 - 16:30 T. Font (Valencia)

MHD simulations of stellar core collapse in gen-
eral relativity

Location: Academy of Athens, Panepistimiou 28, Athens, 10679

http://astro.academyofathens.gr/imf2013/
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Celebrating 50 years of X-ray Astronomy:
a conference in Mykonos

I n 2012 X-ray Astronomy became 50
years old. The first observations by
means of sounding rocket experiments
in X-ray wavelengths opened a new win-
dow in astrophysics.The first experiment
was conducted by Riccardo Giacconi in
1962. For this first experiment which
signaled the birth of X-ray Astronomy,
Prof. Giacconi has been awarded with
the Nobel Prize in 2003.The aim of this
Aerobee rocket experiment was to de-
tect X-ray emission from the Moon. X-
ray radiation from the moon had not
been detected at the time, but instead
the first X-ray source outside the solar
system was found. This is Scorpio X-1 a
Low Mass X-ray binary.The same experi-
ment detected a diffuse X-ray glow from
the whole sky, the X-ray background.
We know now mainly thanks to NASA’s
Chandra mission that the X-ray back-
ground is not really diffuse but consists
of tens of thousands of Active Galactic
Nuclei per square degree.

In X-ray wavelengths we observe the
most energetic phenomena in the Uni-
verse, i.e. those revealing temperatures
at least a few million degrees.These high
temperatures, at |east in the extragalactic
Universe, are encountered in the vicinity
of supermassive black holes and in the
gas found in the large gravitational po-
tentials of clusters of galaxies. The tem-
perature and number density of clusters
of galaxies at high redshifts provides cru-
cial information about the mass density
of the Universe.

The 50t birthday of X-ray Astronomy
was celebrated with a conference at St.
John hotel in Mykonos. The conference
was organized by the National Observa-
tory of Athens (I. Georgantopoulos and
M. Plionis). More than 120 scientists at-
tended this conference mainly from Eu-
rope and the United States, but also from

Figure: The most sensitive observation of the Universe obtained at X-ray wavelengths (0.5-10
keV) with ESA’s mission XMM-Newton. This image was presented at the conference by A. Co-
mastri and collaborators. The area covered is about 30x30 arcmin. The colour coding is such
that absorbed (>10*2cm™2) and unabsorbed sources (<1022cm~2) appear with blue and red
colours, respectively.

Japan, China, Brazil, Mexico and Austra-
lia. This was the fourth in a series of X-
ray Astronomy and Cosmology confer-
ences, organized on a regular basis by
the National Observatory of Athens.The
bulk of the conference was occupied by
recent results from ESA’s XMM-New-
ton and NASA’s Chandra X-ray mission
both of which have completed now 13
years in orbit. A highlight of the confer-
ence were the opening talks by the pio-
neers of X-ray Astronomy Prof. R. Gi-
acconi and Prof. K.A. Pounds describ-

ing the early days of X-ray Astronomy
in the US and the UK respectively. An-
other highlight was the first results from
the US NuSTAR mission which carries
the first ever telescope to observe at
hard X-ray energies above 10 keV. This
energy band is dominated by Compton-
thick Active Galactic Nuclei, i.e. those
with very large obscuring column densi-
ties (>10%* cm™) equivalent to an optical
reddening of AV~400 mag in the optical
part of the spectrum and, hence, invisible
at optical wavelengths.

by I. Georgantopoulos and M. Plionis
National Observatory of Athens
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Abstract

Gamma-ray bursts (GRBs) are among
the most interesting laboratories of
high energy astrophysics. Despite the
strenuous efforts and steps in under-
standing made with the help of space
telescopes many of their features still
pose difficult problems. In the “stand-
ard” model they are associated with
relativistic jets moving toward the ob-
server with bulk Lorentz factors of the
order of hundreds. Here | discuss the
dynamics of these jets focusing on the
role that the magnetic field plays in
them, in extracting energy from the
source and accelerating plasma to the
required speeds.

amma-ray bursts (GRBs) are the

most powerful explosions in the
universe. They involve the release of a
huge amount of energy, equivalent to a
significant proportion of the rest mass
energy of the Sun, in very short time pe-
riods, from milliseconds to several min-
utes.

GRBs were first discovered in the
late 1960s by the Vela satellites’, as
flashes of gamma-rays coming from
random directions in space.The second
important step was the Burst and Tran-
sient Source Experiment (BATSE) on
board the Compton Gamma-Ray Ob-
servatory (CGRO) that detected sev-
eral thousand GRBs between 1991 and
2000 with a rate of approximately one
per day,and showed a uniform distribu-
tion in galactic coordinates suggesting
a cosmological origin. The next crucial
observation was done in 1997 by the

1 Vela (from “velador”, meaning watchman in
Spanish) was a group of satellites developed by
US to monitor compliance with the Partial Test
Ban Treaty by the Soviet Union, during the cold
war.
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Jet dynamics
in gamma-ray burst sources

by Nektarios Vlahakis

Section of Astrophysics, Astronomy and Mechanics, Department of Physics,

BeppoSAX2, which allowed the detec-
tion of counterparts to GRBs in oth-
er wavelengths, the so-called afterglow.
The prompt emission in gamma-rays is
followed by a much longer emission
(that lasts typically for many days to
months) in lower energies, from X-rays,
ultraviolet, optical, up to radio.The suf-
ficiently accurate localization of GRBs
with BeppoSAX allowed follow-up ob-
servations using ground-based tele-
scopes. The identification of the host
galaxy was possible for a number of
GRBs, and redshift measurements con-
firmed that their sources are indeed at
cosmological distances.

In our days two satellites, Swift and
Fermi, continue to observe GRBs. Swift,
launched on November 2004, is a mis-
sion dedicated to the multi-wavelength
observations of GRBs in gamma-rays,
X-rays, ultraviolet, and optical. One of
its major achievements is that it gives
for the first time information on the
transition phase between the prompt
emission and the afterglow. Fermi Gam-
ma-ray Space Telescope, launched on
June 2008, measures the GRB prompt
emission spectrum over a large ener-
gy range, for the first time up to 300
GeV, unveiling their high-energy emis-
sion behavior.

According to the most commonly ac-
cepted scenario, the prompt GRB as
well as the afterglow energy is stored
before the emission, as kinetic energy of
a relativistically moving jet.We cannot di-
rectly observe this motion; bulk Lorentz
factors of the order of a few hundreds
are inferred from the requirement that
the flows must be optically thin to pho-
ton-photon annihilation. Recent Fermi
observations of prompt GeV emission
from several GRBs infer even higher val-
ues of bulk Lorentz factors, >1000.

2 “Beppo” in honor of the Italian physicist Giu-
seppe Occhialini. SAX stands for “Satelite per
Astronomia X”.

University of Athens

Jet opening angles — typically a few de-
grees — are deduced from panchromatic
breaks in the light curves of some after-
glows (see Piran 2005 for a review). Al-
though recent Swift observations have
revealed that panchromatic breaks are
not that common (Racusin et al 2009),
it is widely accepted that GRB outflows
are collimated, and this significantly low-
ers their energy budget. Actually a more
careful study of jet-break mechanisms
shows that they are expected to be
chromatic (van Eerten et al 2011). More
work needs to be done in order to con-
nect the jet opening angle with the ob-
served chromatic breaks.

Depending on the duration of the
prompt emission, GRBs are divided in
two categories, long (with duration >2s)
and short. Long bursts are observed in
star-forming galaxies and are thus associ-
ated with the death of massive stars. Ac-
cording to the collapsar model (McFady-
en & Woosley 1998) which is considered
almost as certain mostly due to the es-
tablished connection of some bursts
with Type lc supernovae (e.g. Levesque
et al 2012), the jet originates in a rapid-
ly accreting stellar mass black hole that
is formed from the collapse of the iron
core of the massive star.

On the other hand, short GRBs are
thought to be connected to the merg-
ing of two stellar mass compact objects
(neutron stars or black holes), the result
of which is again a stellar mass black hole
surrounded by a debris disk. In both cas-
es the initial conditions for the produc-
tion of the jet are similar (black hole and
accretion disk), although the progenitors
differ. The duration of the prompt gam-
ma-ray emission corresponds to the ac-
tivity of the central engine (milliseconds
to minutes). Nevertheless, the outflow
can be considered steady-state, since
this duration is much longer compared
to the dynamical timescale of a stellar
mass black hole.




Figure I: A unipolar inductor
(or Faraday disk). An electro-
motive force is created when
a conducting disk is rotated
inside a magnetic field. The
Lorentz force induces nega-
tive charges at the central re-
gion of the disk close to the
rotation axis, and positive
charges at its perimeter. The
charge density and electric
field is shown in the figure.

Figure 2: A “wire” of plasma
charges closes the circuit.The
current ] and its associated
azimuthal magnetic field B, is
shown in the figure. An out-
flowing Poynting flux ExB,, is
naturally formed, and thus en-
ergy and angular momentum
is extracted from the disk.
If the streamlines are more
collimated than the current
lines, the JxB,, force (shown
in the figure) has a component
along the bulk speed, acceler-
ating the outflow, and a com-
ponent normal to it, affecting
its collimation.

In both progenitor scenarios we end
up with a baryonic flow originating from
the vicinity of a compact object and its
surrounding accretion disk, similarly to
the relativistic AGN and the nonrelativ-
istic YSO jets.

A question arises on how the GRB
outflow is accelerated to such high bulk
Lorentz factors. One possible answer is
related to a thermal fireball produced by
viscous dissipation inside an accretion
disk and subsequent escape of neutrinos.
However, it is unlikely that thermal driv-
ing alone can explain the terminal speeds
of relativistic GRB jets.The lack of detec-
tion of a thermal component in the spec-
tra of some GRBs implies an upper limit
in the initial temperature and points to-
wards an initially magnetically dominated
outflow (Zhang & Pe’er 2009). Magnet-
ic fields can tap the rotational energy of
the compact object or disk, providing the
most plausible mechanism of energy ex-
traction.The extraction mechanism is act-
ing like a unipolar inductor, see figures 1
and 2, with the rotating “disk” being the
accretion disk, or the central object. Qual-

itatively it works in the same way no mat-
ter if the central source is a protostar
and/or its accretion disk, a stellar mass
compact object and/or its accretion disk
— as in the GRB and microquasar cases
— or an active galactic nucleus. The only
requirement is to have a rotating con-
ducting source threaded by a large scale
magnetic field. In the case of a rapidly ro-
tating black hole the spacetime itself plays
the role of the “disk”; this is the so-called
Blandford & Znajek (1977) process.
Guided by the Blandford & Payne
(1982) model of nonrelativistic jets one
could expect that magnetic forces could
efficiently accelerate the outflow, reach-
ing a kinetic energy flux comparable to
the ejected Poynting flux at Alfvénic dis-
tances. It turns out, however; that a rela-
tivistic flow is still Poynting flux dominat-
ed at these distances and the magnetic
acceleration should work at much larger
scales. In fact, there was a general belief
for decades, based on a model of Michel
(1969) on conical flows, that the mecha-
nism of magnetic acceleration is in gen-
eral inefficient. This corresponds to an

outflow with streamlines along the cur-
rent lines, the so-called force-free case, in
which the Lorentz force JxB , has no com-
ponent along the flow (see figure 2).The
extracted energy remains in the electro-
magnetic field up to large distances from
the source and a dissipation mechanism
(e.g. reconnection or instabilities) is need-
ed in order to somehow transfer the en-
ergy to the observed radiation.Works in
this direction include Lyutikov & Bland-
ford (2002); Giannios & Spruit (2006);
McKinney & Uzdensky (2012).

An alternative way to transfer the ener-
gy to radiation is through shocks (and as-
sociated particle acceleration in them, e.g.,
Petropoulou et al 2011), or some instabili-
ty (e.g., Mastichiadis & Kazanas 2009) after
first creating a relativistically moving jet.
This requires to accelerate the plasma by
efficiently transferring the Poynting flux to
matter kinetic energy flux.The first works
showing that this is indeed possible were
based on self-similar solutions of the mag-
netohydrodynamic (MHD) equations in
the cold limit, Li et al (1992); Contopoulos
(1994), and including a hot electron/posi-
tron/photon fluid,Vlahakis & Konigl (2003).
Komissarov et al (2009) generalized these
results with the help of numerical simula-
tions, giving also analytical scalings that re-
late the spatial distribution of the Lorentz
factor and the flow shape with the pres-
sure of the environment of the jet. As ex-
plained in that work, the role of the ex-
ternal pressure is crucial in controlling the
magnetic acceleration efficiency. In the ab-
sence of external pressure the streamlines
and the frozen in magnetic field freely ex-
pands creating a force-free flow which re-
mains Poynting-flux dominated, since the
current | and flow speedV are parallel and
the Lorentz force JxB,, has no component
along the flow. On the contrary, if the ex-
ternal pressure is nonnegligible, the colli-
mation of the flow leads to the situation
sketched in figure 2. The streamlines are
more collimated than the current lines
and the JxB, force is able to efficiently
accelerate the plasma. Such an external
pressure is naturally expected in the case
of GRB jets which are formed and initially
propagated inside the progenitor star. Nu-
merical simulations indeed show that the
magnetic acceleration is efficient, reach-
ing Lorentz factors ~0.5 E/Mc?, where E
is the extracted energy flux (that initially
resides in the electromagnetic field) and M
is the baryonic mass flux of the jet. Figure
3 shows a numerically simulated MHD jet,
from Komissarov et al (2009).
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Figure 3: A numerically simulated MHD jet, from Komissarov et al (2009). A poloidal cross section of the jet is shown in the top row.Top left panel:
density (color) and magnetic field lines. Top right panel: Lorentz factor (color) and current lines. The bottom row shows the evolution of the two
parts of the energy-to-mass flux ratio (matter and electromagnetic) with distance. Bottom left panel: the Lorentz factor I' (solid line), the Poynting-
to-mass flux ratio ['c (dashed), and their sum E/Mc? (dash-dotted), as functions of the cylindrical distance along a particular streamline. At small
distances the flow is Poynting flux-dominated (FTe>>T), while at large distances [~['G, meaning that half of the energy has been transferred to the
matter. Bottom right panel: the distribution of the same quantities for all streamlines, from the rotation axis (W=0) to the boundary of the jet (max-
imum W), at various distances. In particular, solid lines show T at z = 5x10% 5x10%, 5x10, 5x107 (increasing upward), dashed lines show l'c at the
same locations (increasing downward), and the dash-dotted line shows their constant sum E/Mc%.
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The collimation/acceleration paradigm
for the jet formation seems to successful-
ly work in jets of all scales. However, for
the relativistic ones, it produces outflows
with half-opening angles of the order of
1T (see Komissarov et al 2009 for de-
tails). This is problematic in the GRB case
since high Lorentz factors go along with
very narrow jets, whose opening angles
are significantly smaller than the ones in-
ferred from the observations (typically a
few degrees). A solution to this problem
for long collapsar GRBs can be given by
carefully studying the dynamics at the re-
gion where the jet comes out from the
progenitor star, and its external pressure
drops to practically zero. Tchekhovskoy
et al (2010) and Komissarov et al (2010)
simulated this transition and found that
it is accompanied by a spurt of acceler-
ation, which can be interpreted as rar-
efaction acceleration.The loss of external
support induces a sideways expansion of
the jet,and consequently a strong rarefac-
tion wave that is driven into the flow and
accelerates it.The increase of the Lorentz
factor without further collimation has a
strong impact on the resulting opening
angle of the jet, making it a few degrees,
i.e., much greater than the inverse of the
terminal Lorentz factor.

Sapountzis & Vlahakis (2013) devel-
oped a semi-analytical model describing
the rarefaction acceleration in GRB jets,

References

1.5 2

]
1 Q5 0 05 1
X

1=10Q 625, wid =1

«Q02 .00f1
%2

0 001 002

Figure 4: A rarefied jet solution, from Sapountzis & Vlahakis (2013).The left panel shows the
Lorentz factor (color) and the streamlines (white on the right is void space).The bending of the
streamlines (which are initially vertical) start at the front of the rarefaction wave, a cone starting
from the origin and passing through the point (x = —1,z~50).The Lorentz factor increases from
100 (its assumed initial value when the jet breaks out of the star) to 600 near the boundary of
the jet. The right panel shows the Lorentz factor I' (solid line) and the Poynting-to-mass flux
ratio (dashed line) as functions of the angle x/z (in each streamline). Evidently, the jet becomes

matter dominated near its boundary.

successfully explaining previous simula-
tion results. Figure 4 shows an example.

In principle, MHD could explain jet
dynamics in GRBs in a similar way as in
other astrophysical settings, notably in
AGN. In fact the similarity of the two
classes of objects seems to be extend-
ed in the properties of their emission
(Nemmen et al 2012).

The GRB-related physics is full of
puzzles and surprises.To model and un-

derstand the involved mechanisms — in
progenitor types, jet dynamics, emission
mechanisms, to name just a few interre-
lated subtopics — is a continuous chal-
lenge, definitely one of the most fasci-
nating area of research in modern as-
trophysics.
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The question of cosmic magnetism

Abstract

Magnetic fields seem to be everywhere
in the universe, but we still know little
about their origin, their evolution and
their implications. It is generally be-
lieved that, at least the galactic fields,
have been amplified and supported
by some kind of dynamo action. How-
ever, the galactic dynamo requires and
initial seed-field in order to operate.
So, for decades, researchers have been
looking for physical mechanisms which
could produce the magnetic seeds that
will supply the dynamo. Nevertheless,
despite the large number and the vari-
ety of the proposed scenarios, the issue
remains open. Besides solving the prob-
lem of cosmic magnetogenesis, we also
want to know how these fields have
evolved in time, whether they have left
any imprints of their presence and if
they have played a role in the forma-
tion of the structure that we see in the
universe today. In fact, these questions
become increasingly pressing as the
detection of magnetic fields in remote
parts of our universe keeps going on.

he widespread presence of large-

scale magnetic (B) fields in the cos-
mos is a well established observational
fact [1]. Actually, as our detection meth-
ods improve, magnetic fields appear eve-
rywhere in the universe. The Milky Way
disc, for example, is permeated by a co-
herent B-field with strength of the order
of 107 G, which makes it a major compo-
nent of the interstellar medium. Magnet-
ic fields of analogous magnitude and size
have also been found in other spiral and
barred galaxies. In addition, observations
have repeatedly confirmed the magnetic
presence in galaxy clusters and in remote
protogalactic clouds. For instance, organ-
ised B-fields of yG strength have been re-

HIPPARCHOS | Volume 2, Issue 9

by Christos G.Tsagas

Section of Astrophysics, Astronomy and Mechanics, Department of Physics

Aristotle University of Thessaloniki

$O00 L

Figure: Image of the Whirlpool galaxy (M51) with the radio intensity contours and the magnetic
field lines (credit: MPIfR Bonn and Hubble Heritage Team).

ported at redshifts close to 1.3.1t is gen-
erally believed that these fields have origi-
nated from week magnetic seeds, which
were amplified to the observed strengths
by the galactic dynamo. As yet, however,
we do not know the origin of the seed-
fields. They might be the result of astro-
physical processes operating at late times,
namely after recombination, or remnants
of a primordial field [2, 3]. In addition, the
detection of B-fields in young proto-gal-
axies, similar in strength with those in fully
formed galaxies, has put the standard dy-
namo paradigm under scrutiny. It is pos-
sible, for example, that the dynamo does
not need as much time as expected to
built up a coherent magnetic field. On the

other hand, as mentioned before, it is also
conceivable that these high-redsift B-fields
are of cosmological origin. Strong support
for the idea of primordial magnetism may
come from recent reports claiming the
first ever detection of magnetic fields in
intergalactic voids, with strengths close to
10715 G [4]-[6]. It is therefore fair to say
that the more we look for magnetic fields
in the universe, the more ubiquitous we
find them to be. Nevertheless, the origin,
the evolution and the role of the large-
scale cosmic magnetic fields remain open
questions.

Detection methods: Polarised emission
is the key to the detection of ordered
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magnetic fields. Optical polarisation, for
example, is triggered by extinction along
the line-of-sight, which itself is caused
by dust grains aligned by an interstellar
B-field. Although of limited value, opti-
cal polarisation has revealed the mag-
netic structure in the Milky Way and in
other close-by galaxies. Further out, one
can appeal to Faraday rotation measure-
ments to establish the presence of co-
herent B-fields. Faraday rotation occurs
when polarised radiation from back-
ground sources goes through a magnet-
ised plasma, which then changes the ori-
entation of the polarisation plane. The
rotation angle depends on the strength
and the direction of the magnetic force-
lines (the line-of-sight component) and
multi-wavelength observations of Fara-
day rotation can provide the three di-
mensional picture of the B-field. This way,
rotation measurements of polarised ra-
diation have led to the detection of mag-
netic fields in galaxy clusters, such as the
Coma cluster [12].

A lot of information about galactic
and intergalactic magnetic fields comes
from radio signals. The Zeeman split-
ting of radio spectral lines, for exam-
ple, has allowed us to measure the mag-
netic strength inside the gas clouds of
the Milky Way, as well as inside dense HlI
clouds in other distant galaxies [8]. Typi-
cally, however, the Zeeman splitting is
weak and for this reason it usually works
only for interstellar magnetic fields. The
total strength of the galactic fields can
be measured from the intensity of the
overall synchrotron emission.There is a
proviso, however, that the magnetic en-
ergy density and that of the cosmic rays
are in equipartition. Measurements based
on this assumption, have led to magnetic
strengths of approximately 5 yG in ra-
dio-faint galaxies and to B-fields close to
15 pG in gas-rich, star-forming galaxies.
Even stronger magnetic fields (between
50 and 100 pG) have been found in star-
burst and merging galaxies [9].

In addition to the more conventional
detection methods, there are also nov-
el techniques that attempt to exploit
the magnetic effects on highly energetic
photons coming from active background
sources. For instance, TeV-level pho-
tons from distant Active Galactic Nuclei
(AGN) can lead to y-ray production, as
they interact with low-frequency back-
ground photons.What is important is that
the profile of the resulting y-ray spectrum
can be affected by an intervening mag-

netic field (even by a weak one). In par-
ticular; the B-field can cause an extended
halo around the AGN’s y-ray image. The
detection of such halos has recently led a
number of independent groups to claim,
for the first time, the presence of mag-
netic fields in empty intergalactic space
[4]-[6]. In all cases, the reported strengths
were around 107° G,

Generation mechanisms: As mentioned
in the beginning, despite the established
ubiquitous presence of large-scale mag-
netic fields in the universe, their origin
remains as yet unanswered. Over the
years, there have been many attempts
by many researchers to address the is-
sue of cosmic magnetogenesis. The pro-
posed scenarios are typically classified
into those operating at late times (after
recombination) and those advocating a
cosmological origin for the large-scale
magnetic fields seen in the universe to-
day. In both cases, the aim is to generate
the initial seed-fields that will feed the
galactic dynamo once galaxy formation
starts in earnest [10].

Late-time magnetogenesis usually
employs battery-type mechanisms to
create the initial seed fields. The Bier-
mann-battery, which was originally pro-
posed to address the question of stellar
magnetism, has also been suggested as
a mechanism of generating the galactic
B-fields.The Biermann effect exploits dif-
ferences in the ion and the electron ac-
celeration to generate electric currents
that will subsequently induce magnetic
seeds of astrophysically interesting size
and magnitude. Several variations of the
Biermann-battery have been suggested
as possible ways of magnetic genera-
tion during the post-recombination era
(e.g. see [11]-[13]). The scenarios also
involve supernovae explosions and AGN
jets, which can in principle supply the
interstellar plasma with B-seeds strong
enough to feed the galactic dynamo.Tur-
bulent motions and shocks developed
during the collapse of a proto-galaxy, or
thermal-battery processes that occur in
reionisation fronts, could do the same as
well (see [14] for a brief review). There
are still obstacles to overcome howev-
er. Although battery-type mechanisms
can explain the galactic B-fields, they face
problems when applied to galaxy clus-
ters. Even more difficult is to engage bat-
tery effects (or other known astrophysi-
cal processes) to explain the magnetic
fields that were recently claimed to exist

in intergalactic voids, where presumably
no dynamo amplification can operate.
Alternatively, one could appeal to
primordial magnetogenesis. The latter
is attractive because it makes it easier
to explain the B-fields found in young
proto-galactic clouds and those recent-
ly claimed to exist in empty intergalac-
tic space. Nevertheless, generating large-
scale magnetic fields before recombina-
tion has proved a rather difficult theo-
retical exercise. The problems have to
do with the scale, as well as the strength
of the original seed-field. In particular,
magnetic fields created before recombi-
nation and after the end of inflation are
too small in size and will destabilise the
dynamo.The latter requires seeds coher-
ent on (comoving) scales no less than
~10 Kpc [10].Typically, however, B-fields
generated between inflation and recom-
bination have much smaller lengths.This
is so because the scale of the generat-
ed seed cannot exceed (due to causal-
ity) the size of the particle horizon at
the time of magnetogenesis. The latter
is well below the required 10 Kpc. For
instance, at the electroweak phase tran-
sition, the horizon is close to the cur-
rent size of our Solar System. One can
increase the coherence scale of the orig-
inal B-field by appealing to a mechanism
known as “inverse cascade”. In particu-
lar, magnetic helicity, a conserved quan-
tity that reflects the topology of the field
lines and measures their degree of with-
ering and twisting, inverse-cascades from
smaller to larger scales. As a result, heli-
cal magnetic fields can in principle en-
hance their original size [15]. Neverthe-
less, to achieve that, one requires B-seeds
with rather large amounts of helicity.
Inflation can easily solve the scale
problem, since it naturally produces su-
perhorizon sized correlations. In addi-
tion, inflation provides a mechanism of
generating magnetic seeds, by pushing
electromagnetic quantum fluctuations
outside the horizon, where they (pre-
sumably) freeze-out as classical elec-
tromagnetic fields. There is, however, a
serious strength issue. The galactic dy-
namo requires seeds between ~10722 G
and ~107"2 G, depending on its efficien-
cy [10]. Typically, however, the residual
strength of a magnetic field that went
through a phase of de Sitter inflation is
less than 107°° G.The reason is the so-
called “adiabatic decay” of magnetic fields
in Friedman-Robertson-Walker (FRW)
universes.The belief, in other words, that
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B-fields in FRW cosmologies always decay
as B « g%, where a is the cosmological
scale factor. This causes the catastroph-
ic dilution of essentially all inflationary
magnetic seeds. Solutions to the above
described strength problem are usually
sought outside classical electromagnet-
ism or standard cosmology. These typi-
cally involve breaking the conformal in-
variance of Maxwell’s equations, which
slows down the magnetic decay-rate
and can lead to B-fields with astrophysi-
cally relevant final strengths. The proc-
ess of slowing down the adiabatic mag-
netic decay is commonly known as “su-
peradiabatic amplification”. Analogous
effects can be obtained by abandoning
standard cosmology, modifying General
Relativity, or by introducing some oth-
er kind of new physics (see [3] for an
extensive review). Success, however, is
typically achieved at a cost. In addition
to breaking away from standard physics
and introducing extra free parameters,
the proposed scenarios usually require a
considerable amount of fine tuning.

Observational limits: Magnetic fields in-
troduce new ingredients to their physi-
cal environment and for this reason the
strength of any cosmological magnetic
field is subject to constraints imposed
by observations.Typically, the main limits
come from primordial nucleosynthesis
and from the isotropy of the Cosmic Mi-
crowave Background (CMB) spectrum.
As far as primordial nucleosynthesis
is concerned, three are the main mag-
netic effects.The first has to do with the
proton-to-neutron conversion ratio. In
particular, the rate at which neutrons
converse to protons increases when a
magnetic field is present [16]. This means
that the neutron-to-proton ratio freez-
es-out at a lower temperature, which
makes it more difficult to produce the
observed abundances of “He nuclei (as
well as those of the heavier elements).
A magnetic presence can also affect pri-
mordial nucleosynthesis because its ex-
tra energy boosts the expansion rate of
the universe. The latter determines the
timescale of the weak interaction and
thus the temperature at which the pro-
ton-to-neutron ratio will freeze out [17].
A third magnetic effect comes from the
fact that the B-field increases the elec-
tron pressure. This delays the electron-
positron annihilation and generally leads
to lower “He abundances [18].When all
of the above are taken into account, one
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finds that magnetic fields stronger than
10" G at the time of nucleosynthesis
are inconsistent with the observed abun-
dances of the light elements. Redshifted
to the present, the aforementioned con-
straint translates into B = 107 G today.

Stronger constraints are imposed by
the Cosmic Microwave Background.
Magnetic fields are generically anisotrop-
ic sources and their presence should af-
fect, to a greater or lesser degree, the
isotropy of the CMB spectrum. Current-
ly, the high isotropy of the Cosmic Mi-
crowave Background (of the order of
107°) appears to exclude all homogene-
ous cosmological magnetic fields that are
stronger than ~107? G (in today’s values)
[19]. The same limit seems to include
stochastic fields as well. One could also
look for magnetic imprints in the acous-
tic peaks of the CMB. In principle, the
location and magnitude of these peaks
changes because of the extra pressure
that the B-field adds to the system [20].
This can lead to potentially observable
effects. Magnetic fields can also source
tensor modes, but their signal is similar
to that coming from inflationary gravi-
tational waves and therefore difficult to
distinguish. Finally, the CMB polarisation,
as well as non-Gaussianities in the CMB
temperature maps, are additional areas
where one could look for magnetic re-
lated imprints in the future.

Implications for structure formation:
In addition, to their effects on nucleo-
synthesis and the CMB, cosmological
B-fields can also affect the standard (non-
magnetised) picture of structure forma-
tion. The latter is believed to be the re-
sult of a mechanism known as “gravita-
tional, or Jeans, instability”. According to
this view, small inhomogeneities in the
density distribution of the matter (like
those seen in the CMB) grow slowly, un-
der the effect of their own gravity, to
give the galaxies, the galaxy clusters and
the voids that we see today.The current
concordance cosmological model, the
ACDM paradigm, does not account for
B-fields, despite their established wide-
spread presence. Typically, the magnetic
effects on the highly conductive cosmo-
logical plasma propagate via the Lorentz
force. The latter carries the combined
action of the field’s pressure and ten-
sion, which means that the overall mag-
netic influence depends on whether the
pressure or the tension component of
the Lorentz force dominates.

It has long been known that the mag-
netic presence will generally source all
three types of density inhomogeneities,
namely scalar, vector and tensor. How-
ever, the way the B-field affects the evo-
lution of these distortions seems to de-
pend on which part of the Lorentz force
(the pressure or the tension) plays the
major role.To linear order, scalar inho-
mogeneities (those we usually call densi-
ty perturbations) are typically affected by
the field’s pressure only. This means that
the overall stability of the system against
gravitational contraction is enhanced by
the extra magnetic pressure. As a result,
magnetised density perturbations grow
slower than their magnetic-free coun-
terparts. On small enough scales, in par-
ticular; the field’s pressure increases the
effective Jeans length (during the radia-
tion era), or establishes a purely mag-
netic Jeans scale (during the dust epoch).
In fact, for B-fields of ~1077 G, like those
seen in many clusters of galaxies, the as-
sociated magnetic Jeans length is of the
order of 1 Mpc, which is approximately
the size of a typical galaxy cluster (see
[21] for a review). Recall that the Jeans
length defines the scale below which the
pressure stops the perturbations from
growing and forces them to oscillate.
Therefore, the overall magnetic effect
on (scalar) density perturbations seems
rather negative. The B-field either slows
down the growth rate of these distor-
tions, or increases the size of the area in-
side which the perturbations no longer
grow due to pressure support.

Density perturbations of vector na-
ture are rotational inhomogeneities in
the distribution of the matter compo-
nent. A magnetic presence will generally
switch-on such density vortices, as well
ordinary kinematic vorticity. In this case,
however, the magnetic influence comes
mainly from the field’s tension rather
than its pressure. As a result, the over-
all magnetic effect on this type of distor-
tions differs. More specifically vorticity
decays slower in magnetised cosmolo-
gies than in magnetic-free models. Dur-
ing the dust era, for example, vorticity
decays like a”', instead of following the
standard a 2-law (recall that a is the cos-
mological scale factor). In other words,
the magnetic presence seems to create a
favourable environment for the survival
of rotational perturbations. One could
then argue that magnetised cosmologies
should contain more residual vorticity
than their non-magnetised partners.
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Magnetic fields can also source tensor
perturbations. These include pure-ten-
sor modes, namely gravitational waves, as
well as trace-free shape distortions.The
latter monitor changes in the shape of
the perturbation (e.g. from a spherically
symmetric configuration to something
more complicated) under constant vol-
ume. Nevertheless, although it has long
been known that the B-fields can gener-
ate such distortions, the magnetic role
and implications for their evolution is still
essentially unknown. It would be inter-
esting to examine, for example, whether
a particular magnetic configuration in-
side a young proto-galactic cloud, could
favour a specific final shape for the gal-
axy itself.
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Abstract

The structure of the solar atmosphere
results from the interaction between
plasma and magnetic field. The same
holds for the Sun’s largest explosive
phenomena — flares and coronal mass
ejections (CMEs). In this article, | dis-
cuss the role of the magnetic field in
the initiation of these phenomena. |
present the standard concepts for the
occurrence of flares and CMEs, and |
highlight recent advances in the sub-
ject.

I. The Sun
is a Magnetic Star

The Sun is made up of plasma and mag-
netic field and the structure of its atmo-
sphere is the result of their interaction.
Almost everywhere in the solar atmo-
sphere the magnetic Reynolds number
is much larger than unity. The behavior
of the plasma and the magnetic field then
depends upon their relative energy den-
sity. If the energy density of the plasma
is much smaller than that of the field,
then the field dominates and the plas-
ma flows along the field lines.This is the
case in the chromosphere, the corona
and in sunspots. In the opposite case, the
plasma dominates and drags/deforms the
field. This happens in the photosphere
(outside sunspots) and in the solar wind.
The distribution of magnetic flux at any
given layer of the solar atmosphere is
not uniform; regions with large amounts
of magnetic flux are called active regions
(ARs).

In the low layers of the solar atmo-
sphere the magnetic field is measured by
employing the Zeeman effect; the result-
ing maps of the magnetic field are called
magnetograms. In the corona, quantita-
tive information on the magnetic field is
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difficult to obtain because of the weak
intensity of coronal lines and their large
thermal broadening. Alternatives based
on observations!'! suffer from serious
difficulties. Usually we take the photo-
spheric magnetic field measurements as
boundary condition for numerical cal-
culations of the coronal magnetic field.
The magnetic field extrapolation meth-
ods rely on various assumptions made
about the physical conditions in the co-
rona and, despite recent progress, their
robustness is still a subject of active re-
searchl?,

Il. Flares and Coronal Mass
Ejections

Flares and coronal mass ejections
(CMEs) are the most violent transient
phenomena in the Sun. Both phenome-
na release energies of a few x 1032 ergs.
A flare is a relatively localized sudden
flash of radiation across virtually the en-
tire electromagnetic spectrum.This hap-
pens because large amounts of energy
are released. Its typical time scale is of
the order of one minute.The explosion
happens in ARs, initially in the low coro-
na, but very soon practically all heights
of the atmosphere below and above the
explosion region are affected. In a typical
flare, plasma is heated and particles are
accelerated to relativistic energies on
short time scales. A large flare may re-
quire the acceleration of 10*7 electrons
s”! to energies >20 keV for periods of
tens of seconds.

A CME is a large-scale expulsion of
coronal magnetized plasma into the
interplanetary medium. CMEs are de-
tected in white-light coronagraphs by
Thompson scattering of the photospher-
ic light by the coronal electrons in the
ejected mass. In an average event, 10"
10" g of plasma is ejected into the he-
liosphere with speeds ranging from 100
to 2000 km s~'. An example of a CME

appears in Figure 1. Since coronagraphs
occult the solar disk, supplementary da-
ta are required for the determination of
the on-disk sources of CMEs.

Not all flares are accompanied by
CMEs and vice versa. Flares without
CMEs are called confined flares, while
those accompanied by CMEs are called
eruptive flares. We note, however, that
the strongest events practically always
show both a CME and a flare.

Eruptive events come from surface
regions of strongly sheared/twisted
magnetic fields. Flares occur close to
polarity inversion lines which are the
regions that concentrate most of the
AR’s shear. Furthermore, CMEs may
show a relatively dark region below
their leading edge (e.g. see Figure 1).
Such regions are assumed to be mag-
netic flux ropes seen edge-on (with
the term flux rope we mean a set of
magnetic field lines that wind at least
one full turn about an axial field line).
Note, however, that reconnection may
cause flux ropes to form from erupting
sheared arcades, so the observation of
a flux rope CME does not necessarily
imply that a flux rope was part of the
initial configuration.

1. The “Standard”
Flare-CME Model

Since the initiation of both flares and
CMEs occurs in the corona, they both
extract their energies from the mag-
netic field energy stored in the corona.
The minimum energy of the magnetic
field occurs when the field is potential,
i.e. there are no electric currents (“cur-
rent-free” field) and from such field, en-
ergy cannot be extracted. Energy from
the magnetic field can be extracted and
converted to other forms only when
the field deviates from the potential
state. This happens only when electric
currents are present; the field must be
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Figure 1: SECCHI/STEREO COR1 Ahead (up) and COR1 Behind (down) images showing the evolution of a CME from two different vantage points.
The CME location is indicated by an arrow in each image.

stressed. The degree of linkage and/or
twistedness in the magnetic field is quan-
tified by the magnetic helicity.

It is generally believed that the en-
ergy that drives transient solar activity
is stored in the coronal magnetic field
prior to eruption. The characteristic
time scale for magnetic energy trans-
fer through the photosphere is much
longer than the time scale for trans-
fer through the corona. Observations
show!®& 3] that the buildup process may
take several hours to several days be-
fore sufficient energy to power a flare/
CME is stored into the corona.The en-
ergy buildup process yields a concen-
tration of strongly non-potential field
around the polarity inversion line of the
AR.This sheared field is held down by
the overlying background field which is
almost potential.

An eruption occurs when the force
balance breaks down. In the corona the
field dominates the plasma and there-
fore, we may consider the Lorentz force
only. The two competing forces are the
components of the Lorentz force, i.e.
magnetic pressure and magnetic ten-
sion. Due to their enhanced magnetic
pressure, structures of strong magnet-
ic field tend to expand into regions of
weak field. Equilibrium is preserved if the
tension provided by the overlying back-
ground field is sufficient to hold in place
the structure that tends to expand. Con-
finement fails when the energy trapped
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Figure 2: Left: Cartoon of the standard model of solar eruptions. Right: White-light image ob-
served on November 4,2007, by the SECCHI/STEREO COR2 Ahead instrument with features

that resemble the standard model.

in a coronal structure is sufficient to
drive an outward expansion against the
overlying field. The explosive outward
expansion of the field yields a CME. Be-
low the eruption, field lines reconnect
to a less-stressed configuration. Then a
flare is produced if strong fields exist in
the erupted region, otherwise we obtain
a “CME without flare”. If the overlying
field inhibits a global eruption, then we
obtain a “confined flare”.

The standard model of an eruptive

event appears in Figure 2 (left panel).

A brief summary is as follows. A loss
of equilibrium or instability triggers the
explosive release of energy. The closed
coronal field is so stretched by the cata-

strophic loss of equilibrium of the flux
rope that the field effectively opens up
and a vertical current sheet forms in the
wake of the flux rope. Reconnection en-
abled by plasma instabilities inside the
current sheet creates the separating Ha/
EUV flare ribbons and the growing coro-
nal flare loop systems observed in erup-
tive flares. Reconnection may also help
the extended part of magnetic struc-
ture, including the flux rope, escape in-
to the outer corona, resulting in a CME.
Therefore, CMEs and flares are relat-
ed phenomena; they represent different
manifestations of processes of magnet-
ic restructuring and associated energy
release. The reported close temporal
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coincidence between the acceleration
phase of several CMEs[®# #°] with the
rise phase of the related flares strength-
ens this conclusion.

This picture is more likely to ac-
count for a major event that manifests
an eruptive prominence, a CME, and a
flare. Several old and recent observa-
tions have been interpreted in terms
of the above model, and sometimes the
morphological similarity is striking (e.g.
in Figure 2, compare the cartoon of the
left panel with the coronagraphic image
of the right panel). However, any treat-
ment in the framework of the simple
version of the standard model present-
ed here, will have trouble with self-con-
sistency because of the strong effects
of particle acceleration. Recent studies
have emphasized the complexity of the
magnetic configurations that erupt (the
standard model refers to a simple bi-
polar configuration), the 3D nature of
the phenomena, the role of statistical
sub-processes working in a self-orga-
nized manner, and the physics of mag-
netic helicity.

IV. Beyond Cartoons

The subject of this article is large but the
pages allocated to it are restricted. Thus,
| will discuss only a few topics which,
in my opinion, open new avenues of re-
search.

Sites of energy release

Reconnection is intimately related to
the process of conversion of the mag-
netic energy. Since the magnetic Reyn-
olds number is much larger than unity
in the corona, magnetic energy dissipa-
tion can occur efficiently when small
spatial scales are created in the mag-
netic field. This can happen by the devel-
opment of MHD turbulence or by the
formation of thin current layers as the
configuration evolves (both processes
are related).Therefore, the topology of
the coronal field is extremely impor-
tant to understand where energy could
be released.

A consensus has been reached[®& °]
that the most obvious magnetic configu-
rations, where current layers can form,
are the ones with complex topologies.
These configurations may involve sepa-
ratrices, i.e. magnetic surfaces where the
field line linkage is discontinuous. Separa-
trices are associated with regions where
the coronal field vanishes (null points)
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Figure 3: Top row, left: soft X-ray image of a sigmoidal AR observed by XRT/Hinode on Febru-
ary 12, 2007.Top row, right: selected field lines from the best-fit magnetic-field extrapolation
model overlaid over a photospheric magnetogram. Bottom row: distribution of logQ in different
horizontal slices for the extrapolation model (left) and the simulation (right). Q, the squashing

factor, quantifies the strength of QSLs (modified from[®l).
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Figure 4: Left column, top: scatter plot of coronal helicities of emerging ARs just before their
first CMEs as a function of the ARs’ magnetic fluxes. Left column, bottom: same as top panel,
but for ARs when they cross W45° without producing any CME. Right column, top: same as
left column, top. Right column, bottom: same as top panel, with the exception that the helicities
were calculated just before the first confined flare of each AR.
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Figure 5: Left: eruption of flux rope (orange lines) and topology of field lines around the flux rope.The arrows show the direction of the magnetic
field. Right: side view of the same sets of field lines. The color map shows the vertical velocity plane in the y=0 planel'3.

or with field lines tangent to the pho-
tosphere (bald patches).The concept of
separatrices has been generalized with
the introduction of “quasi-separatrix lay-
ers (QSLs)”’, i.e. regions where there
is drastic change in the field-line link-
age (not necessarily a discontinuity).The
strongest electric field and current are
generated at, or close to where QSLs
are thinnest.

The way to proceed for case studies
is to combine data from the latest space
missions with state-of-the art magnetic
field extrapolations and/or MHD simu-
lations, analyze the topological features
of the AR, and determine the physical
causes for the eruption. An example is
given in Figure 3: the analysis showed
that the most probable site for recon-
nection was identified under the flux
rope that appeared in both the magnet-
ic field extrapolation and the MHD sim-
ulation.

The role of magnetic helicity

The importance of storage and release
of magnetic free energy is almost univer-
sally acknowledged for solar eruptions.
However, the role of magnetic helicity is
still under debate. Contrary to magnetic
energy, helicity cannot be efficiently re-
moved by magnetic reconnection. Fur-
thermore, on the global scale, helicity
emerges predominantly negative in the
northern hemisphere and predominant-
ly positive in the southern hemisphere,
and this pattern does not change from

solar cycle to solar cycle. Therefore, it
has been proposed that CMEs are the
primary agents through which the Sun
gets rid of its excess helicity.

Despite the difficulties in the calcula-
tion of magnetic helicity, a few publica-
tions have shown that, statistically, the
pre-flare coronal helicity of ARs produc-
ing CME-associated flares is larger than
the helicity of those that produce con-
fined flares(>'%11121 As an example, in
Figure 4 | show the results of a study of
the helicity evolution of several emerging
ARs. The left column of Figure 4 shows
that, statistically, the coronal helicity of
the ARs that produced a CME before
crossing W45° was larger than the cor-
onal helicity of those that crossed W45°
without producing a CME.The right col-
umn of Figure 4 shows the coronal heli-
cities at two different times in the evolu-
tion of the ARs: the bottom panel shows
them when the ARs produced their first
confined flare while the top panel shows
them when the ARs produced their first
CME.The segregation of the two sets of
helicity values is almost complete. This
result implies that, unlike CMEs, con-
fined flares may occur without the pri-
or accumulation of significant amounts
of helicity.

MHD simulations

Over the years, significant effort has
been put toward the numerical inves-
tigation of the nature of coronal erup-
tions.To this end, MHD simulations have

been used widely. In most models the
pre-eruption configuration is either a
sheared arcade or a flux rope. General-
ly speaking, all MHD models need to be
checked against observations in order
to understand how realistic they are.We
should keep in mind that all models are
highly simplified compared to what real-
ly happens in the Sun.Their most severe
limitation is that most of them assume a
bipolar magnetic configuration, whereas,
it is well-established from observations
that eruptions occur more frequently in
multi-polar configurations.

Having said the above, recent state-
of-the-art simulations treat self-consis-
tently the whole chain of events, from
the formation of flux ropes all the way
to the eruption, and capture, qualitatively,
important aspects of the eruptive pro-
cess. An example is given in Figure 5[}
In this simulation a sub-photospheric
twisted flux tube rises from the solar
interior and expands into the corona. A
flux rope is formed within the expand-
ing field, due to shearing and reconnec-
tion of field lines at low atmospheric
heights. If the tube emerges into a non-
magnetized atmosphere, the flux rope
rises, but it remains confined inside the
expanding magnetized volume. In con-
trast, if the expanding tube is allowed
to reconnect with a pre-existing cor-
onal field, the flux rope experiences a
full eruption with a rise profile that is in
qualitative agreement with erupting fila-
ments and CMEs.
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V. Future Work

The ultimate goal of the research in the
subject is to determine where, why, and
when an eruption will occur. Despite
the significant progress that has been
achieved in recent years, there is much
work still to be done. Non-incremental
progress cannot be achieved without
the efficient coupling between observa-
tions and theory. Given the importance
of magnetic free energy and helicity, it
is necessary to improve the accuracy of
the relevant calculations. The topology
is also an important issue because if we
determine it accurately, we will be able
to determine possible sites of reconnec-
tion. To this end, non-linear force-free
field extrapolations need to mature and
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. k
Jets of high-energy particles extend from a supermassive black hole. Image of Centaurus A
taken by the Chandra X-Ray Observatory.

L
Image courtesy of NASA, Chandra X-Ray Observatory, Harvard-Smithsonian Center for
Astrophysics, and R. Kraft et al.
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Astrophysical Jets from

Black Holes

by loannis Contopoulos

Research Center for Astronomy and Applied Mathematics of the Academy of Athens

Abstract

Astrophysical jets are collimated plas-
ma outflows observed in systems of all
mass scales that far exceed the dimen-
sions of their host. The current para-
digm for the launching, acceleration,
collimation, and radiation of relativis-
tic jets involves the electro-magnetic
extraction of rotational energy from a
spinning black hole and the accretion
disk around it. We present recent theo-
retical and observational evidence that
challenges the conventional black hole
jet paradigm.

The conventional paradigm

The generation of double opposite-di-
rected fast collimated outflows from the
immediate vicinity of a collapsed astro-
physical object is one of the most im-
pressive phenomena in astrophysics. Jets
are observed in systems of all astrophys-
ical mass scales. Characteristic examples
are non-relativistic proto-stellar jets in
classical T-Tauri stars, ballistic outflows in
stellar mass microquasars, relativistic jets
in giant radio galaxies and quasars that
harbor super-massive black holes, hy-
per-relativistic jets in gamma-ray bursts
during the collapse of massive stars to a
black hole, etc. (see Pudritz, Hardcastle
& Gabuzda 2012 for a review). The spa-
tial dimensions of these outflows far ex-
ceed the dimensions of their host, and
extend from a few to a million light years
(Figure 1).

At the origin of the jet, matter ac-
cretes onto a central compact object
(proto-star, neutron star, black hole). It
is intriguing that all these very different
systems release a significant part of their
gravitational potential energy in the form
of collimated outflows with very similar
characteristics. At its base, the outflow
is magnetically dominated, but as in most
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Figure I: Hubble Space Telescope image of a black hole jet emanating from the center of giant
elliptical galaxy M87 in the Virgo cluster of galaxies. Credit: J. A. Biretta et al., Hubble Heritage
Team (STScl/AURA), Nasa.

astrophysical systems, the source of en-
ergy is not magnetic. The magnetic field
acts as an “intermediary” that channels
the potential energy released in the ac-
cretion to directed energy in the outflow.
It is set in rotation by the accreting plas-
ma and the rotating central compact ob-
ject, and thus transfers angular momen-
tum to the plasma above. As a result, the
field is wound into a helical structure,

and plasma is flung outward by the co-
ordinated action of rotation (centrifugal
driving, Blandford & Payne 1982) and the
"spring" pressure of the helical magnetic
field (astrophysical plasma gun, Conto-
poulos 1995; magnetic towers, Lynden-
Bell 1996). In black hole jets, the outflow
slowly accelerates to relativistic veloci-
ties (Li, Chiueh & Begelman 1992, Con-
topoulos 1994), while the final Lorentz
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factor depends on the mass loading in
the jet. Fast relativistic acceleration is
also expected in the super-fast-magne-
tosonic regime of gamma-ray burst jets
as they escape through the envelopes
of their progenitor stars (Tchekhovskoy,
Narayan & McKinney 2010a, Komissarov,
Vlahakis & Konigl 2010). Further down-
stream, magnetic fields provide collima-
tion and stability up to the jet termina-
tion (e.g. Ferrari, Mignone & Campigotto
2011).They are also responsible for the
synchrotron radiation emitted by rela-
tivistic electrons that spiral around mag-
netic field lines.

The latest state of the art magneto-hy-
drodynamic supercomputer simulations
further strengthen the above theoretical
picture (e.g. McKinney, Tchekhovskoy &
Blandford 2012), but in fact, more than
three decades of analytical and numeri-
cal research simply confirm the results
of the early magneto-hydrodynamic nu-
merical simulations of Uchida & Shibata
(1985).We have thus reached the follow-
ing paradigm:

Jets naturally form whenever a com-
pact astrophysical object is surrounded
by a rotating plasma disk, while both
are immersed in a large scale ordered
magnetic field.

Several implications are readily de-
rived from this paradigm. Jets over all
astrophysical scales are re-scaled ver-
sions of a universal magneto-hydrody-
namic jet model. The main re-scaling pa-
rameter turns out to be the mass of the
central gravitating compact object. In the
case of black-hole jets, another impor-
tant parameter is the spin of the black
hole. Furthermore, whenever one of the
above three constituents is missing, jets
do not form. For example, an isolated
magnetized compact object (e.g. a pul-
sar), or un-magnetized accretion alone
will not generate collimated outflows.
An isolated black hole cannot even be
magnetized (without a surrounding disk
“holding” the magnetic field that perme-
ates the black hole event horizon), and
therefore it too cannot form a jet. Final-
ly, the large scale environment may influ-
ence the morphology of the jet (shape,
termination, radiation), but plays a sec-
ondary role in its formation.

Unfortunately, observations of the
physical constituents of astrophysical jets
have not kept up with our theoretical
models. Hubble Space Telescope obser-
vations of proto-stellar jets have shown

their general association with accretion
disks, but the innermost disk is not di-
rectly observable. Furthermore, the re-
cent discovery of differential rotation in
the jet (Bacciotti et al. 2002) confirms
that proto-stellar jets indeed carry a sig-
nificant amount of their associated ac-
cretion disk’s angular momentum. The
presence of black holes at the origin of
X-ray binary and extragalactic jets is also
confirmed indirectly, as is the presence
of dynamically significant magnetic fields.
What is more difficult to confirm is the
large scale helical magnetic field struc-
ture because it is easily destroyed as the
outflow “plows through” its surround-
ings. Nevertheless, recent observations
of transverse gradients in the Faraday
rotation measure distribution across jets
from Active Galactic Nuclei (Asada et al.
2002, Zavala & Taylor 2005, Gabuzda et
al. 2008, Contopoulos et al. 2009, Kro-
nberg et al. 2011, etc.) have tentative-
ly confirmed the helical magnetic field
structure proposed theoretically (Bland-
ford 1993).

The conventional jet paradigm leaves
two fundamental issues unanswered,
namely what is the origin of the large
scale magnetic field, and why astrophysi-
cal systems that contain all of the above
physical elements sometimes do not
produce jets. These issues are particu-
larly pressing in the case of black hole
jets where a) the magnetic field is cer-
tainly not generated by the black hole
but is generated/brought in and held in
place by the surrounding accretion disk,
b) jets are an intermittent and not per-
sistent feature of X-ray binaries, and c)
most galaxies with rotating super-mas-
sive black holes at their centers do not
form prominent jets (radio quiet). We
will address these issues in the follow-
ing two sections.

The origin of the black hole
magnetic field

Weak random magnetic fields are pres-
ent in the accretion disk and do con-
tribute significantly to the disk dynamics
through the Magneto-Rotational Insta-
bility (Balbus & Hawley 1991), but this is
not what is needed to form jets.What is
needed is an ordered magnetic field of
uniform polarity, and it can be shown that
this is impossible to emerge from local
processes in the accretion disk. Magnet-
ic flux of one polarity is either brought
in from large distances, or both polari-

ties are generated in situ through some
dynamo or battery process but the two
polarities must then be spatially separat-
ed from each other (Spruit 2010). Fur-
thermore, during the past several years,
it has become possible to measure the
spin of accreting black holes by model-
ing the X-ray emission from their accre-
tion disks. The two methods employed
so far (continuum-fitting, and Fe Ka line
reflection) show significant discrepan-
cies among themselves (McClintock et
al. 2011) which implies that we may be
missing an important parameter of the
black hole accretion system. This may
very well be the accumulated magnetic
flux, and our theories must account for
its role and origin.

Most recent numerical simulations fo-
cus on the inward advection of an or-
dered magnetic field from a “reservoir”of
uniform magnetic flux (companion star
or the interstellar medium) at large dis-
tances (e.g. McKinney, Tchekhovskoy &
Blandford 2012, and references there-
in). There are two problems with this
scenario. Firstly, astrophysical accretion
flows are known to be turbulent, and
turbulence generates viscosity and mag-
netic diffusivity of similar magnitude.This
inhibits the inward advection of ordered
magnetic flux, and the accumulated mag-
netic field is negligible compared to what
is needed to form a jet (see Spruit 2010
for details). Notice that most recent
magneto-hydrodynamic numerical sim-
ulations are ideal (non-diffusive), and
therefore they miss this important physi-
cal effect. Secondly, even if there was a
way to suppress magnetic diffusivity, the
source of the required “reservoir” of
uniform magnetic flux in galactic nuclei
accretion disks is not known.

The hydro-magnetic dynamo can cer-
tainly amplify a pre-existing magnetic field
to very high values, only the problem of
polarity separation cannot be solved in a
natural way (Cattaneo 2007). Even if the
dynamo were found to be a valid physi-
cal theory, it becomes problematic when
applied in the magnetic fields of extraga-
lactic jets. Existing theories predict ex-
tremely weak primordial “seed” fields
(Biermann 1950; Ichiki et al. 2006), and
fast exponential amplification is needed
to account for the ordered magnetic flux
observed in extragalactic jets.

We will here discuss a previously unac-
counted for player in the ongoing study
of astrophysical disks and jets proposed
by Contopoulos & Kazanas (1998), the
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so called Cosmic Battery. This works
as follows: The accretion disk plasma
around a black hole reaches tempera-
tures up to 107 °K and emits copiously
in X-rays. Plasma electrons and protons
at the inner edge of the disk scatter off
the X-ray photon field and thus feel a
radiation pressure against the direction
of rotation'. The Thomson cross-section
of the electron is a million times great-
er than that of the proton, and there-
fore the electrons feel a much higher de-
celerating force, leading to their lagging
behind the protons as they both move
around the centre in the azimuthal direc-
tion.This generates an azimuthal electric
current along the direction of rotation,
and therefore naturally a large scale di-
polar magnetic field through the centre.
Technically, the growth of the magnetic
field is governed by the induction equa-
tion, and the radiation pressure manifests
itself as a novel electric field component
opposite to the direction of rotation in
the induction equation. The time need-
ed for the energy density in the ordered
magnetic field to grow to a level com-
parable to the rest mass energy den-
sity of the accreting matter is hours to
weeks in a stellar mass black hole, and
several hundred million years in a su-
per-massive black hole.The axial part of
the field will be held around the black
hole by the inner conducting accreting
plasma, whereas the outer return part
of the field will diffuse outward through
the dissipative turbulent disk. Each field
component will generate its own colli-
mated outflow, and therefore the jet will
consist of an axial and a more extended
outer component.

The Cosmic Battery makes a definite
prediction about the direction of the ax-
ial electric current along the jet, unique to
this model: The electric current gener-
ated at the inner edge of the disk flows
along the direction of rotation, and the
axial magnetic field points in the direc-
tion of omega. As seen in Figure 2, ro-
tation twists the axial field into a helical
structure with an axial electric current
flowing toward the origin.The exact op-
posite happens with the return magnetic
field that diffuses out through the disk.
The axial electric current in the outer
magnetic helical structure flows away
from the origin. Only very recently did
we manage to observe the directions

1 An analogous effect, the Poynting-Robert-
son effect, is known to be in action on interplan-
etary dust grains in our solar system.
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Figure 2: Sketch of the magnetic field generated by the Cosmic Battery (black lines with red
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mic Battery (after Kronberg et al. 2011).

of the axial and outer electric currents
in Faraday rotation measure gradients
across parsec-scale VLBI axial jets and ki-
loparsec-scale extragalactic outer radio
jets. These observations are very hard
to obtain, and a definite observational
confirmation of our model will have to
wait the operation of the next genera-
tion of radio telescopes. Still, current ob-

servations confirm our theoretical pre-
dictions, albeit only tentatively (Conto-
poulos et al. 2009, Christodoulou et al.
2011; see Figure 3). It is interesting that
the hydro-magnetic dynamo has no pref-
erence for a particular direction of the
magnetic field, nor the electric current,
and therefore cannot account for this
effect.
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Electromagnetic
energy extraction
from rotating black holes

In 1977, Blandford and Znajek proposed
that energy and angular momentum will
be extracted electromagnetically from a
spinning black hole embedded in a mag-
netic field, and most people today be-
lieve that this is the origin of the black
hole radio jets observed in X-ray bina-
ries and Active Galactic Nuclei.They ar-
gued that rotation induces an electric
field which electrostatically accelerates
any stray charged particle in the vicin-
ity of the black hole, and if the magnetic
field and black hole angular momentum
are large enough, the accelerated par-
ticles will radiate, and the radiation will
freely produce electron-positron pairs.

Thus, the electromagnetic field in the vi-
cinity of the black hole horizon will natu-
rally be inundated with an approximately
force-free charged outflowing electron-
positron plasma, in direct analogy to the
theory of pulsar electrodynamics pro-
posed a few years earlier by Goldreich &
Julian (1969). For years, people believed
that the electromagnetic extraction of
black hole energy had been overestimat-
ed (Livio, Ogilvie & Pringle 1999), and
only very recently did numerical simula-
tions derive a supposedly strong corre-
lation between jet power and black hole
spin as proposed by Blanford & Znajek
(e.g. Komissarov 2005, McKinney 2005,
Tchekhovskoy, Narayan & McKinney
2010b, Ruiz et al. 2012). Unfortunately,
recent observations of black hole jets
in X-ray binaries find no evidence for
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Figure 4: A comparison of estimated jet power with reported black hole spin in X-ray bina-
ries. No correlation between the two is seen in the data. Adapted from Fender, Gallo & Rus-

sell 2010.

Figure 5: Poloidal mag-
netic field lines (thin lines)
near the event horizon (in-
ner solid black circle) of a
maximally spinning black
hole (2=0.9999M).The thick
blue line represents the in-
ner light-surface (inside the
ergosphere). The thick red
line represents the outer
light-surface (the general-
ized light cylinder). Distanc-
es in units of GM/c2 Adapt-
ed from Contopoulos, Kaza-
nas & Papadopoulos 2013.

M

such correlation (Fender, Gallo & Russell
2010, Russell, Gallo & Fender 2012; see
Figure 4; see however also Narayan &
McClintock 2012 for the opposite point
of view). A possible resolution of this
disappointing result may be that one of
the two observational methods that de-
termine the black hole spin (the contin-
uum-fitting method; Zhang, Cui & Chen
1997) hasn’t taken into account the role
of the accumulated magnetic flux in dis-
placing the inner edge of the disk. It is
conceptually possible that, when that dis-
placement is taken into account (Con-
topoulos & Papadopoulos 2012), a jet
power-black hole spin correlation will
appear in the data.

There is though one more interest-
ing possibility that requires a deeper
investigation of the steady-state black
hole magnetosphere. The theory of the
electromagnetic energy extraction from
spinning black holes was developed in di-
rect analogy to pulsars, but when it was
first proposed, the structure of the pul-
sar magnetosphere was not yet known.
That problem was solved several years
later by Contopoulos, Kazanas & Fendt
(1999) who showed that the electromag-
netic energy extraction from pulsars is
uniquely determined when magnetic field
lines cross a critical surface, the so called
“light-cylinder”. In the case of a spinning
black hole magnetosphere there exist
two such critical surfaces, the inner and
outer “light-surfaces”. Therefore, elec-
tromagnetic energy extraction from rotat-
ing black holes is uniquely determined only
when magnetic field lines cross both light-
surfaces, and in particular the outer one
which is the generalized light-cylinder®. The
physical significance of the two light sur-
faces has only very recently been inves-
tigated by Contopoulos, Kazanas & Papa-
dopoulos (2013) who also found that the
structure of the spinning black hole mag-
netosphere is very close to a split mono-
pole configuration (see figure 5).

Their results are in excellent agree-
ment with the results of time-dependent
numerical simulations obtained recent-
ly by several other authors (e.g. Tchek-
hovskoy, Narayan & McKinney 2010b,
Lyutikov & McKinney 2011). All these
works confirmed the high efficiency of
the Blandford-Znajek process in extract-

2 Recent numerical simulations that show elec-
tromagnetic energy extraction without crossing
of the generalized light cylinder require further
investigation of the role of their boundary con-
ditions (see Palenzuela et al. 2011).
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ing electromagnetic energy from rotat-
ing black holes. However, in order to ob-
serve astrophysical jets, the extracted
electromagnetic energy must somehow
be transformed into the kinetic energy
of the relativistic electron-positron plas-
ma outflow. One possibility may be that,
in direct analogy to pulsars, the outflow
Lorentz factor T in a monopolar magne-
tosphere increases linearly with cylindrical
radius R as

I ~RR

beyond the light cylinder at R=R - and up
to the fast magnetosonic point of the out-
flow (Contopoulos & Kazanas 2002). It is,
therefore, conceivable that, if the black
hole magnetosphere is surrounded by
a collimated disk wind, magnetic field
lines that cross the black hole event ho-
rizon do not extend as far from the axis
as uncollimated ones, and are thus ex-
pected to reach lower Lorentz factors.
This theoretical result is in agreement
with the observed anti-correlation be-
tween the presence of disk winds and
the presence of radio jets in X-ray bi-
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naries (Neilsen & Lee 2009, Ponti et al.
2012), and may also account for the di-
chotomy between radio quiet and radio
loud galaxies. Of course the final Lorentz
factor of such outflows will also depend
on the mass loading of a given magnetic
field line, and the interrelation between
the black hole and disk outflows merits
further investigation.

Outlook for the future

The physical mechanism at the origin of
the spectacular natural phenomenon of
relativistic astrophysical jets is the elec-
tromagnetic extraction of energy from
a spinning black hole, as proposed more
than 35 years ago by Blandford and Zna-
jek. Recent theoretical and numerical ad-
vances confirm the high efficiency of this
mechanism. However, the efficiency of
transforming electromagnetic energy
into the kinetic energy of a collimated
relativistic plasma outflow is still under
intensive investigation. Recent observa-
tions suggest that the efficiency of this
transformation is related to the pres-

ence or absence of a disk and/or disk
outflows around the black hole magne-
tosphere.

The origin of the accumulated mag-
netic field is also under current intensive
theoretical and numerical investigation.
Future simulations of the innermost re-
gion around the central black hole will
incorporate the Cosmic Battery, namely
a novel source in the induction equation
due to the radiation drag on plasma elec-
trons, and new exciting results are ex-
pected soon. Further observational con-
firmation of the Cosmic Battery will have
to wait the operation of the next genera-
tion of radio telescopes (ATA-256, EVLA,
LOFAR, ASKAP, MeerKAT, SKA,VSOP-2;
Gaensler et al. 2009, Law et al. 2011).
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HERSCHEL SPACE OBSERVATORY
Looking through cosmic dust

Abstract

Launched by Ariane 5 in May 2009,
the Herschel Space Observatory is the
fourth «cornerstone» mission in the
European Space Agency science pro-
gram, along with Rosetta, Planck, and
the Gaia missions. Its primary mirror, of
3.5 m in diameter, is more than four
times larger than any previous infra-
red space telescope allowing Herschel
to collect almost 20 times more light
compared to previous missions. Her-
schel is the first observatory to cover
the entire wavelength range from far-
infrared to submillimetre studying oth-
erwise invisible dusty and cold regions
of the cosmos, both near and far. Op-
erating for more than three years Her-
schel Space Observatory has delivered
a tremendous wealth of imaging and
spectroscopic observations, many of
which have already lead to outstand-
ing discoveries.

l.Introduction

The launch of the Herschel Space Ob-
servatory (Fig. 1; Pilbratt et al., 2010) can
be marked as a milestone in the area
of infrared astronomy.With a mirror of
3.5 m in diameter, Herschel studies the
Universe in the far-infrared and sub-mil-
limeter wavelength ranges (60-670 pm)
thanks to the capabilities of the three
instruments on board: HIFI (de Graauw
et al,, 2010), PACS (Poglitsch et al.,2010),
and SPIRE (Griffin et al.,, 2010). The in-
frared and sub-millimeter regions of the
spectrum are of great scientific interest,
not only because it is here that cool ob-
jects (10-100 K) radiate the bulk of their
energy, but also because of their rich va-
riety of diagnostic atomic, ionic, molecu-
lar and solid-state spectral features (see
an example in Fig. 2). Measurements at
these wavelengths permit determination
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Figure I: The Herschel space telescope stands on top of the Ariane 5 launch vehicle on 10 May
2009. Credit: ESA/CNES/Arianespace.
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Figure 2: The HIFI spectrum of the Orion-KL region shows a multitude of lines from which
many physical and chemical properties of the gas can be inferred. Red numbers denote isolated
methanol transitions, blue text denotes transitions from other molecules and methanol tran-
sitions which are blended, green text and B denotes methanol lines which are blended with
different parity states, and U denotes unidentified lines. The chemical compounds seen in this
spectrum were known from ground-based observations, but these lines are seen with HIFI for
the first time. From Wang et al. (2011).
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and evaluation of the physical processes
taking place in astronomical sources, es-
tablishing the energy balance, tempera-
ture, abundances, density and velocity.

The far-infrared and submillimeter part
of the spectrum is well suited to study the
origin of galaxies, stars and planets, be-
cause gas and dust clouds emit the bulk of
their radiation in this range. In particular,
continuum observations readily probe the
mass and the temperature of the clouds.
Here, the advantage over mid-infrared or
shorter-wavelength observations is that
the radiation is mostly optically thin, so
that it traces the entire volume of the
clouds rather than just their surfaces. Fur-
thermore, the large number of atomic fine
structure and molecular rotational tran-
sitions spanning a wide range of excita-
tion energies (from ~1 to ~1000 K) and
radiative decay rates provides a powerful
tool to measure the densities, tempera-
tures and masses of interstellar clouds
(Fig. 2). The goal of far-infrared and sub-
millimeter astronomy is therefore a basic
understanding of the physics and chemis-
try of interstellar clouds, star-forming re-
gions, protoplanetary disks, the envelopes
of evolved stars, planetary atmospheres,
normal galaxies, active galactic nuclei,and
starburst galaxies.

2. The telescope
and the science payload

The Herschel spacecraft is approximate-
ly 7.5 metres high and 4x4 metres in
overall cross section, with a launch mass
of around 3.3 tonnes (Fig. 1). The space-
craft comprises a service module, which
houses systems for power conditioning,

Figure 4: Artist’s impres-
sion of the Heterodyne In-
strument for the Far Infra-
red’s (HIFI) focal plane unit.
Credit: ESA.

attitude control, data handling and com-
munications, together with the warm
parts of the scientific instruments, and
a payload module. The payload module
consists of the telescope, the optical
bench, with the parts of the instruments
that need to be cooled, i.e. the sensi-

tive detector units and cooling systems.

The payload module is fitted with a sun-
shield, which protects the telescope and
cryostat from solar visible and infrared
radiation and also prevents Earth stray-
light from entering the telescope. The
sunshield also carries solar cells for the
electric power generation.

The mission builds on earlier infrared
space missions with cryogenic telescopes
[IRAS (Neugebauer et al. 1984),ISO (Kes-
sler et al. 1996), Spitzer Space Observato-
ry (Werner et al. 2004), and AKARI (Mu-
rakami et al. 2007)] and is designed to
offer a larger telescope and to extend
the spectral coverage further into the far-
infrared and submillimetre providing the
highest, to date, sensitivity and resolving
power capabilities (see Fig. 3).

Herschel’s operational orbit is locat-
ed 1.5 million kilometres away from the
Earth in a direction diametrically oppo-
site to the Sun, at the second Lagrange
point of the Sun-Earth system (L2). By
orbiting at L2, Herschel avoids problems
caused by infrared radiation from the
Earth interfering with observations.The
L2 orbit also prevents the occurrence of
temperature changes due to the space-
craft moving in and out of eclipse in an
Earth orbit, which are a particular prob-
lem for infrared instruments requiring
extreme thermal stability.

In order to fully exploit the favorable
conditions offered by being in space
Herschel is equipped with three scien-
tific instruments (HIFI, PACS, and SPIRE)
designed to perform imaging and spec-
troscopic observations in the wavelength
range from 60 to 670 pm.

2.1 The Heterodyne Instrument for
the Far Infrared (HIFI)

HIFI is a high-resolution heterodyne
spectrometer (Fig. 4). The heterodyne
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detection principle involves translat-
ing the frequency range of the signal
observed by the telescope to a low-
er frequency where it is easier to per-
form the required measurements. This
is done by mixing the incoming signal
with a very stable monochromatic sig-
nal, generated by a local oscillator, and
extracting the difference frequency for
further processing. HIFI observes in
seven bands covering 480 to 1910 GHz.
It was developed by a consortium led
by the SRON Netherlands Institute for
Space Science.

2.2 The Photoconductor Array
Camera and Spectrometer (PACS)

The Photoconductor Array Camera
and Spectrometer (PACS) contains a
camera and a low to medium resolu-
tion spectrometer (Fig. 5). It operates
at wavelengths between 55 and 210
pm. PACS contains four detector ar-
rays, two bolometer arrays and two
Germanium:Gallium photoconductor
arrays. The bolometer arrays are dedi-
cated for wideband photometry, while
the photoconductor arrays are to be
employed exclusively for medium-res-
olution spectroscopy. PACS can be op-
erated either as an imaging photometer,
or as an integral field line spectrometer.
It was developed by a consortium led
by the Max-Planck-Institut flir extrater-
restrische Physik, Germany.

2.3 The Spectral and Photometric
Imaging REceiver (SPIRE)

The Spectral and Photometric Imaging
Receiver (SPIRE) comprises a three-band
imaging photometer and an imaging Fou-
rier Transform Spectrometer (FTS, Fig.
6). The three-band imaging photome-
ter is centred at 250, 350 and 500 pm,
and the imaging FTS covers the range
200-670 pm. The detectors are arrays
of feedhorn-coupled NTD spider-web
bolometers cooled to 0.3 K. SPIRE was
developed by a consortium led by Car-
diff University (UK).

3. Science Highlights

The prime science objectives of Her-
schel are intimately connected to the
physics of and processes in the inter-
stellar medium (ISM) in the widest sense:
near and far in both space and time,
stretching from Solar System objects
and the relics of the formation of the
Sun and our Solar System, through star
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formation and the feedback by evolved
stars to the ISM, to the star formation
history of the Universe, galaxy evolu-
tion, and cosmology. Observations from
Herschel have already shown its strong
impact on research in these fields, as ex-
emplified by the major following obser-
vational results.

Figure 5: Artist’s impression
of the Array Camera and
Spectrometer (PACS) focal
plane unit. Credit: ESA.

Figure 6: Artist’s impres-
sion of the Spectral and Pho-
tometric Imaging Receiv-
er (SPIRE) focal plane unit.
Credit: ESA.
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Figure 7: An artist’s impres-
sion of the icy protoplane-
tary disc around the young
star TW Hydrae (upper pan-
el) and the spectrum of the
disc as obtained using the
HIFI spectrometer on ESA’s
Herschel Space Observa-
tory (lower panel). Credits:
ESA/NASA/JPL-Caltech/M.
Hogerheijde (Leiden Ob-
servatory).

3.1 Detection of the water reservoir
in a forming planetary system

Icy bodies may have delivered the oceans
to the early Earth, yet little is known
about water in the ice-dominated re-
gions of extra-solar planet-forming disks.
The HIFI spectrometer has detected
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emission lines from both spin isomers of
cold water vapor from the disk around
the young star TW Hydrae (Fig. 7; Ho-
gerheijde et al,, 2011). The vapor arises
when highly energetic UV radiation from
the central star interacts with icy grains
in the disc. The detected water vapor,
resulting from photodesorption, implies
an ice reservoir in the giant planet for-
mation zone and beyond. Simulations of
water chemistry and line formation indi-
cate that the 7.3 x10%' g of detected wa-
ter vapor (equivalent to 0.005 times the
mass of Earth’s oceans) originate from a
total ice reservoir of 9x10% g (or several
thousands of Earth’s oceans) through-
out the disk. The ratio of ortho-to-para
water observed in TW Hydrae’s proto-
planetary disc (see Fig. 7) falls well below
that of solar system comets, suggesting
that comets contain heterogeneous ice
mixtures collected across the entire so-
lar nebula during the early stages of plan-
etary birth.

3.2 The origin of H,0
on the early Earth

A key result of HIFI concerns the D/H
ratio of cometary water. The origin of
water on Earth is a long-standing ques-
tion because the early Earth was too
warm to retain such volatile species.
Delivery by comets during the Great
Bombardment is an attractive solution,
except that the isotopic composition,
in particular the D/H ratio, of water in
well-known comets such as Halley, Hale-
Bopp and Hyakutake is at least twice
the value of 1.56 x107™* for the Earth’s
oceans (Fig. 8). Therefore, the “Nice”
model for the evolution of the Solar
system has most of the volatiles, includ-
ing H,O, coming from asteroids (Mor-
bidelli, 2010). However, the measured
comets all stem from the Oort cloud,
where they were expelled by gravita-
tional interaction with the giant plan-
ets. The D/H ratios of such long-peri-
od comets thus may not reflect pristine
conditions but be affected by processing
in the inner Solar system.With HIFI, the
first measurement has been obtained of
the D/H ratio of water in a short-peri-
od comet from the Kuiper belt, which
should reflect pristine conditions in the
outer Solar system. The measured ra-
tio of (1.61%0.24) x10~* (Hartogh et al.,
2011) is consistent with the value for
terrestrial ocean water (Fig. 8), implying
that comets may have delivered at least
some of the water to the early Earth.
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Figure 8: D/H ratios in the Solar System. Orange squares, values measured for water in the
Oort-cloud comets 1P/Halley, C/1996 B2 (Hyakutake), C/1995 O1 (Hale-Bopp), C/2002T7 (LIN-
EAR) and 8P/Tuttle. Arrow (for 153P/lkeya-Zhang), upper limit. Purple square, present measure-
ment in the water of 103P/Hartley 2. Black symbols, D/H ratio in H, in the atmosphere of the
giant planets—Jupiter (J), Saturn (S), Uranus (U) and Neptune (N). Light blue and green sym-
bols, D/H values for water in the plume of Saturn’s moon Enceladus and in Cl carbonaceous
chondrites, respectively. Error bars, 16.The D/H determinations in comets originating from the
Oort cloud are twice the value for the Earth’s ocean (blue line) and about a factor of ten larger
than the protosolar value in H, (broad yellow line), the latter being comparable to the value
in atomic hydrogen found in the local interstellar medium (ISM, red horizontal line). The D/H
ratio in the Jupiter-family comet 103P/Hartley 2 is the same as the Earth’s ocean value and the
chondritic Cl value. Uranus and Neptune have been enriched in deuterium by the mixing of
their atmospheres with D-rich protoplanetary ices (Hartogh et al., 2011).
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subiracted

7
Cep

Figure 9: PACS images of four evolved stars before (left) and after (right) subtraction of the
smooth halo of the circumstellar envelope. North is to the top, east is to the left. The six radial
spikes (visible in the image of R Dor) are due to the support spider structure of the secondary
mirror.The red circle with a radius of 15" marks the region where some PSF artifacts are still
visible.These data were obtained in the framework of the Herschel MESS Guaranteed Time Key
Programme (Groenewegen et al., 2011).
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3.3 Inner envelope structure
of AGB stars

The PACS image capabilities for nearby
evolved stars are tremendous. Thanks
to their high spatial resolution (of ~1"),
one is able to map the structure of
the inner envelope surrounding these
evolved stars in quite some detail. To
empbhasize the shell morphology in the
inner envelope, one can remove the ex-
tended envelope halo by subtracting a
smooth, azimuthally averaged profile
represented by a power law r—a (see
Fig. 2 of Decin et al.,2011). An illustra-
tion for a point-like source is shown in
the upper panels of Fig. 9: for the ox-
ygen-rich semi-regular pulsating AGB
star R Dor, experiencing a low mass-
loss rate of ~1.2x107 Me/yr (Schoier
et al., 2004) no indications can be found
for deviations from a smooth spherical-
ly symmetric envelope at scales >15".
x Cyg is the prototype of a S-type (C/O
ratio slightly lower than 1) Mira vari-
able with a period of 408 days at a dis-
tance of ~150 pc and a mass-loss rate
of ~5x107 Melyr (Schoier et al., 2011).
The PACS image shows some clear in-
tensity enhancements in the north-
western and south-eastern direction.
1 Cep is an oxygen-rich supergiant at
a distance of 390 pc (Cox et al, 2012).
The PACS 70 pym image is dominated
by the bow shock structure situated at
~50". Some asymmetries at ~20" away
in the envelope are seen in the PACS
image, although it is not clear if this is
related to a turbulent mass-loss histo-
ry or due to the large instabilities in
the bow shock. a Ori is also an oxygen-
rich supergiant at a distance of 197 pc
(Harper et al., 2008).The Herschel imag-
es show the first evidence for a high de-
gree of clumpiness of the material lost
by the star beyond 15", which even per-
sists until the material collides with the
ISM.Very pronounced asymmetries are
visible within 110" from the central star,
although some weaker flux enhance-
ments are visible until ~300" away. The
typical angular extent ranges from ~10°
to 90°. Indeed, four examples of evolved
AGB and supergiant stars, and four dif-
ferent mass-loss histories. There is one
common denominator: the emission
we see is (almost completely) caused
by dust — there might be some minor
contribution from some atomic or mo-
lecular lines in the photometer bands
as [O I] at 63 pm. This means that we
are the direct witnesses of the role of
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dust in creating the envelope structure
around these evolved stars.

3.4 Herschel images of Fomalhaut

Fomalhaut is a young (2 1 x 10® years),
nearby (7.7 pc), 2 Mo star that is sus-
pected to harbor an infant planetary
system, interspersed with one or more
belts of dusty debris. Herschel images
show the main debris belt in great de-
tail (Fig. 10). Even at high spatial resolu-
tion, the belt appears smooth. The re-
gion in between the belt and the central
star is not devoid of material; thermal
emission is observed here as well. Also
at the location of the star, excess emis-
sion is detected. The appearance of the
belt points toward a remarkably active
system in which dust grains are pro-
duced at a very high rate by a collision-
al cascade in a narrow region filled with
dynamically excited planetesimals. Dust
particles with sizes below the blow-out
size are abundantly present.The equiva-
lent of 2000 one-km-sized comets are
destroyed every day, out of a cometary
reservoir amounting to 110 Earth mass-
es. From comparison of their scatter-
ing and thermal properties, we find evi-
dence that the dust grains are fluffy ag-
gregates, which indicates a cometary
origin.The excess emission at the loca-
tion of the star may be produced by hot
dust with a range of temperatures, but
may also be due to gaseous free-free
emission from a stellar wind.

Figure 10: Her-
schel PACS 70 pm
image of Fomal-
haut (Acke et al.
2012).The posi-
tions of the star
and of the planet
candidate Fomal-
haut b are indi-
cated.The hatched
circle indicates the
spatial resolution
(5.7").The black-
blue-white col-

or scale is linear.
North is up, east
to the left.

3.5 Markarian 231 as seen by
Herschel: black hole accretion
or star formation?

Herschel SPIRE/FTS observations of
the nearby ultraluminous infrared gal-
axy Mrk 231 reveal a total of 25 lines,
including CO J=5-4 through |=13-12,7
rotational lines of H,O, 3 of OH" and
one line each of H,0%, CH", and HF
(van der Werf et al,, 2010, 518, 42; see
Fig. 11).The excitation of the CO rota-
tional levels up to J=8 can be account-
ed for by UV radiation from star for-
mation. However, the approximately
flat luminosity distribution of the CO
lines over the rotational ladder above
J=8 requires the presence of a sepa-
rate source of excitation for the highest
CO lines. Through X-ray and Photon
Dominated Region (XDR/PDR) mod-
eling the most favoured model consists
of a star forming disk of radius 560 pc,
containing clumps of dense gas exposed
to strong UV radiation, dominating the
emission of CO lines up to J=8. X-rays
from the accreting supermassive black
hole in Mrk 231 dominate the excita-
tion and chemistry of the inner disk
out to a radius of 160 pc, consistent
with the X-ray power of the AGN in
Mrk 231.The extraordinary luminosity
of the OH* and H,O" lines reveals the
signature of X-ray driven excitation and
chemistry in this region.
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Figure 1 1: Left: D SPIRE FTS spectrum of Mrk 231. Line identifications are given in red for CO lines, in blue for H,O, in magenta for OH", in cyan for
H,O", and in green for the remaining lines. Credits: ESA/Herschel/HerCULES consortium/Paul van der Werf. Right: Luminosities of CO lines from
Mrk 231. Filled symbols represent measurements from the SPIRE FTS spectrum, while ground-based measurements are denoted with open sym-
bols. Coloured lines indicate two model PDR components (red and green lines) and an XDR component (blue line). The sum of these three com-
ponents is indicated by the black line and fits the CO measurements. In the legend, n denotes the number density of hydrogen nuclei (n=nH+2nH,)
in cm~3, GO denotes the incident UV flux in units of 1.6 x10 erg s™' cm™ for the PDRs, and Fx the incident X-ray flux for the XDR.The legend also
indicates the relative emitting areas of the three components.

3.6 Nearby galaxies
as seen by Herschel

The Herschel Space Observatory (Pil-
bratt et al. 2010) provides an unprece-
dented view of the far-infrared and sub-
millimetre emission from nearby galaxies.
This waveband, however, is vital for as-
tronomical studies as this is where dust
in the interstellar medium (ISM) radiates.
This is important for studies of galaxy
evolution as star formation regions tend
to be dusty, and therefore the use of UV
and optical measurements to trace the
star formation rate (SFR) can lead to
it being underestimated (see Kennicutt
1998; Blain et al. 1999; Calzetti 2001; Pa-
povich & Bell 2002; Calzetti et al. 2010).
At wavelengths of 70-160 pm, the PACS
instrument (Poglitsch et al. 2010) can
produce images with resolutions of 6"-
12" that are superior to what can be
achieved with the Spitzer Space Tele-
scope. At 250-500 pm, the SPIRE instru-
ment (Griffin et al. 2010) produces im-
ages with unprecedented sensitivities to
diffuse and point-like submillimetre emis-
sion.These data can be used to construct
spectral energy distributions (SEDs) that
sample the peak and Rayleigh-Jeans side
of thermal dust emission, thus allowing
to probe the coldest dust components
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Figure 12: Left: Herschel images of M31 at 100, 160, 250, 350, and 500 pm (top to bottom).The
images have dimensions of approximately 4.5 x1.3 degrees, with a tick spacing of 30' and cen-
tered on 10h43m02s, +41°17'42". These images are all at their original resolution (Smith et al.
2012). Right: Distribution of dust surface density, temperature, the dust-emissivity index (f), and
the distribution of the gas-to-dust ratio obtained by modeling the Spectral Energy Distribution
(SED) of the galaxy. The temperature and B images include a black ellipse showing a radius of

3.1 kpc.The ticks are plotted at 30" intervals.

in nearby galaxies and place superior
constraints on dust temperatures and
masses. The unique resolution and sen-
sitivity capabilities of Herschel are nicely
demonstrated by studying the PACS and
SPIRE maps of Andromeda galaxy (M31;

Fig. 12). By fitting a modified-blackbody
model to the observations the variation
of temperature, dust mass, dust-emissiv-
ity index (B) and gas-to-dust ratio can be
mapped across the galaxy with a spatial
resolution of ~140 pc (see Fig. 12).
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3.7 Massive Black Holes halt star
birth in distant galaxies

Measuring star formation in galaxies con-
taining powerful AGNs has long been a
problem, because the radiation from the
AGN outshines that from star forma-
tion in almost all wavebands.The combi-
nation of deep X-ray and submillimetre
observations therefore offers the best
prospects for studying the association of
star formation and accretion during the
1<z<3 epoch (2-6 billion years after the
Big Bang) when star formation and black
hole growth in massive galaxies were at
their most vigorous. Submillimetre ob-
servations (by the SPIRE instrument on
the Herschel Space Observatory) of the
Chandra Deep Field North (CDF-N) as
part of the Herschel Multi-tiered Extra-
galactic Survey (HerMES) programme im-
ply that the most prodigious episodes of
star formation are common in the host
galaxies of 1<z<3 AGN, but avoid pow-
erful AGN in which accretion is at its
peak (see Fig 13). The most likely expla-
nation is that the incredibly strong winds
from around these very powerful black
holes are preventing the gas and dust in
the rest of the galaxy from forming stars
(Page et al. 2012).

3.8 The Cosmic
Infrared Background

The Cosmic Infrared Background (CIB,
Puget et al. 1996) accounts for roughly
half of the total Extragalactic Background
Light (EBL, Hauser & Dwek 2001),i.e., half
of the energy radiated by all galaxies, at all
cosmic epochs, at any wavelength (Dole
et al. 2006). It is therefore a crucial con-
straint on modes and times of galaxy for-
mation. At CIB peak wavelengths (100-
200 pm), the nature of individual galaxies
building up the EBL is poorly known. Past
surveys produced limited samples of dis-
tant far-IR objects (e.g. Frayer et al.2009),
mainly due to the small apertures of the
available instruments and the low sensi-
tivity in the farinfrared.With the favorable
diffraction limit of the large Herschel 3.5
m mirror (Pilbratt et al. 2010), and the
high sensitivity of its Photodetector Ar-
ray Camera and Spectrometer (PACS, 70,
100, 160 pm; Poglitsch et al. 2010), confu-
sion and blending of sources are much
less of a limitation. Herschel is now able
to resolve a large fraction of the CIB at its
peak into individual galaxies (Fig. 14). Ex-
ploitation of the Herschel/PACS observa-
tions of the GOODS-N, Lockman Hole,
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Figure 13: Left: Composite X-ray/submillimetre image of the Chandra Deep Field North (credit:
ESA/Herschel/HerMES; NASA/CSX).The Chandra Deep Field North lies in the constellation of
Ursa Major, Green and red correspond to the Herschel SPIRE 250 and 350 pm images show-
ing the sky crowded with submillimetre-bright, dusty galaxies. Blue shows the X-rays record-
ed by Chandra, most of which come from active galactic nuclei. Right: Average star formation
rates, <SFR>, derived from averaged far-infrared luminosities of 1<z<3 AGN, as a function of
Ly. Through stacking analysis for the 1<z<3 AGN the average star formation rates were calcu-
lated for five bins of Ly from 1043 to 1045 erg s™.The mean star formation rate in AGN with
Ly of 10910 erg s7' is 214+25 Mo/yr, compared to a mean star formation rate for AGN with
L, >10* erg s™' of 65+18 Molyr.

104

40 &0 80100

200
Afpm]

Figure 14: Left: A composite, three-colour image of the GOODS-South field, observed with
Spitzer/MIPS at 24 micron (blue) and with Herschel/PACS at 100 micron (green) and 160 mi-
cron (red).The field size is 10'x10'; North is up and East to the left. Copyright: ESA/NASA/JPL-
Caltech/GOODS-Herschel consortium/David Elbaz. Right: The Cosmic Infrared Background
(CIB). Black filled triangles represent the total CIB emitted above the PACS Evolutionary Probe
(PEP) flux limits, based on resolved number counts in GOODS-S, GOODS-N, Lockman Hole
and COSMOS. Yellow squares belong to the P(D) analysis in GOODS-S. Histograms denote the
contribution of different redshift bins to the CIB, over the flux range covered by GOODS-S.
Literature data include: DIRBE measurements (filled circles, 1o errors, Dole et al. 2006), FIRAS
spectrum (solid lines above 200 um, Lagache et al. 1999, 2000), Fixsen et al. (1998) modified Black
Body (shaded area), 60 ym IRAS fluctuation analysis (cross, Miville-Deschénes et al. 2002), and
y-ray upper limits (green hatched line below 80 pm Mazin & Raue 2007).
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and COSMOS fields in the PACS Evolu-
tionary Probe (PEP) guaranteed-time sur-
vey revealed that the total CIB surface
brightness emitted above PEP 3o flux lim-
its corresponds to 58+7% and 74+5%
of the COBE/DIRBE CIB direct measure-
ments at 100 and 160 ym. Employing the
“probability of deflection” statistics [P(D)
analysis], these fractions increase to ~65%
and ~89% (Berta et al. 2010;2011). More

than half of the resolved CIB was emit-
ted at redshift z<1.The 50%-light red-
shifts lie at z = 0.58, 0.67 and 0.73 at the
three PACS wavelengths.The distribution
moves towards earlier epochs at longer
wavelengths: while the 70 pm CIB is main-
ly produced by z<1.0 objects, the contri-
bution of z>1.0 sources reaches 50% at

160 pm.
L]
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Massive

he 'Massive Stars' meetings have enjoyed more than 40
T years of startling success since the first meeting in Ar-

gentina in 1971. Held every 4 to 5 years, these meet-
ings aim to encapsulate the current state-of-the-art of our
understanding of the physics of Massive Stars and their role
in the Universe. For this 10th meeting in the Massive Stars
series the Institute of Astronomy, Astrophysics, Space Appli-
cations and Remote Sensing of the National Observatory of
Athens, invites you to the island of Rhodes, once home to one
of the greatest astronomers of antiquity, Hipparchos, who is
generally acknowledged as the founder of trigonometry, dis-
coverer of precession and publisher of the first star catalog
around 135 BC.

The conference will build on results from ongoing large-scale
multi-wavelength surveys of massive stars which are being cou-
pled with new theoretical advances dealing with stellar evolu-
tion and the processes which affect that evolution: mass-loss,
rotation, convection, magnetic fields, multiplicity and environ-
ment. It will tackle important problems from birth, through main
sequence evolution and until core collapse.

A. Stolte (Germany)
« J. Sundgqvist (USA)
J. Vink (UK)

“N. Langer
F..I)Ibur (France)

* SCIENTIFIC ORGANIZING COMMITTEE
D. Lennon (Co-Chair), A. Bomanos (Co-Chair),
C. Evans, M. Hanson, R. Hirschi, E

« S.de Mink, N. Morrell, J. Puls, S. Smnm N. Smllh
G. w.de .

LOCAL ORGAMZNO COMMITTEE

A. Bonanos (Co-Ch.k) P. Boumis (Co- Chall) S. Akras,
V. Antonlou, N. Britavskiy, N. Castro, E. Koumpia,
I. Leonidaki, L. Uscanga, C Vamvatira-Nakou, S. Williams
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Stars: From a to

There will be a strong focus on relating the major theoreti-
cal uncertainties afflicting stellar evolution through these phases
to the current observational picture.The impetus for this focus
is derived from the realization that our understanding of mas-
sive star evolution is severely challenged by new observations
powered largely by technological advances in telescopes and
instrumentation. This has enabled new ways of looking at old
long-standing problems enabling large-scale high-quality surveys
of resolved stellar populations. As theoretical approaches try
to keep pace with this increase in information the cracks in our
assumptions concerning stellar evolution have become more ap-
parent, even glaring. Whereas before it might have been possi-
ble to understand some of the stars some of the time it is now
clear that understanding stellar populations is a considerable
challenge and will require substantial efforts to resolve.

This is an exciting time as observations have revealed large gaps
in understanding of the formation and evolution of massive stars.
The huge impact that massive stars have on their immediate envi-
ronment, parent galaxies, and through the Universe, demands bet-
ter understanding of massive star evolution from alpha to Omega.

Looking forward to seeing you in Rhodes!
The Local and Science Organizing Committees

http://a2omega-conference.net
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Hipparchos is the official newsletter of
the Hellenic Astronomical Society. It is
distributed by post to the members of

the society.

You can download back issues from:
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