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Foreground image: 

The Heliophysics System Observatory (HSO) showing current operating missions, missions 
in development, and missions under study. 

Credit: NASA

Background image: 

Plasma Rain, April 19, 2010. SDO 
(Solar Dynamics Observatory) is 
the first observatory to capture both 
the rain and the impacts, allowing us 
to learn a great deal from observa-
tions like this. 

Credit: NASA
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Cover image: 

”The Sun like never seen before!” 

Credit: Manolis K. Georgoulis

Image description: 
View of the spectacular solar prominence eruption of June 7, 2011, observed at 07:21 UT 
by the Atmospheric Imaging Assembly onboard the Solar Dynamics Observatory mission. 
The image is a composite, consisting of one AIA image at 304 Angstrom and one at 211 
Angstrom. The gigantic eruption projects over almost the entire bottom-right (southwest) 
solar limb, with a projected length scale of about 1 million kilometers.
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tinue its publication, but only with one 
issue per year. This is the first issue un-
der the new Editorial Board, which con-
sists of Prof. Loukas Vlahos, Dr. Christos 
Efthimiopoulos, and Dr. Georgia Tsiro-
poula. I would like to thank the last Ed-
itor, Dr. Manolis Plionis, as well as the 
previous ones, for the continuous im-
provements.

Having painted a rather grey picture re-
garding the financial situation of our So-
ciety, I would like to turn to more pleas-
ant things. The 10th Hellenic Astronom-
ical Conference in Ioannina is a major 
event for our Society. I am very happy 
to inform you that H. E. the President 
of the Hellenic Republic, Dr. Karolos Pa-
poulias, has placed our conference under 
his auspices.

Thanks to the members of the GC, the 
conveners of the sessions, and the Local 
Organizing Committee, the conference 
has been planned well. The four distin-
guished Plenary Speakers (Prof. James 
Binney, Dr. Athena Coustenis, Prof. Alan 
Hood, and Prof. Tsvi Piran), several In-
vited Speakers, and the many oral and 

poster contributions guarantee an ex-
citing meeting.

The new GC of Hel.A.S. has introduced 
two rather innovative items for the 10th 
Hellenic Astronomical Conference and 
hopefully for the subsequent ones:

1)  One of the oral contributions by a 
young astronomer will be presented 
as a Highlight Talk by a Young Astron-
omer. This year’s Highlight Talk will 
be given by Dr. Dimitrios Emmanou-
lopoulos. 

2)   A full day (the last of the conference) 
will be devoted to the Education in 
Astronomy and it is meant mainly for 
Secondary School Teachers. Several 
talks and activities are planned for 
this day.

The GC and I are looking forward to our 
General Assembly in Ioannina to hear in-
novative ideas, as well as improvements, 
regarding the activities of our Society.

In closing, and in view of the start of the 
new academic year, I wish you health and 
productivity.

Dear friends,

A s new President of the Hellenic As-
tronomical Society (Hel.A.S.) and 

on behalf of its new Governing Council 
(GC) I would like to thank everyone for 
entrusting us to run our Society. It will 
be difficult to surpass the achievements 
of the previous GC, but we will try.

Not only our country, but also our So-
ciety is facing economic problems. Its 
main income comes from the annual 
dues of its members, which for obvi-
ous reasons are not high. Sponsors of 
Hel.A.S., many and generous in the past, 
are few and rather reserved now. Bright 
exceptions are the Academy of Athens 
and the National Observatory of Ath-
ens. The new GC of Hel.A.S. discussed 
extensively ways to reduce costs. Thus, 
small but important expenses (such as 
participation of its members at confer-
ences), that were paid by the Society 
in the past, will not be covered until 
the situation changes for the better. The 
publication of HIPPARCHOS is a major 
cost for the Society. Thus, two issues 
per year are no longer possible. Among 
various proposals for the future of  
HIPPARCHOS, the GC decided to con-

Message from the President

Nikos Kylafis
President of Hel.A.S.

10th Hellenic Astronomical Conference 5-8 September 2011, Ioannina
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During an 11 year cycle the Sun goes 
from quiet conditions at minimum 

to levels of high activity at maximum. In 
the latter case, energetic phenomena 
as Coronal Mass Ejections (CMEs) and 
Solar Flares (SFs) accompanied by ex-
plosive releases of mass, magnetic flux 
and Solar Energetic Particles (SEPs) are 
common. Ensuring the safety of astro-
nauts and space assets from the extreme 
conditions of space, especially the en-
ergetic particle environments, is a key 
goal for both ESA and NASA. The analy-
sis, the risk management, the forecast-
ing of such events and the mitigation of 
hazards constitutes the scientific field of 
Space Weather. Space Weather is thus a 
highly relevant field of research for our 
modern society.

The Carrington event in 1859– named 
after the British astronomer Rich-

ard Carrington who observed the in-
tense white-light flare associated with 
the subsequent geomagnetic storm – is 
by several measures the most severe 
space weather event on record. It pro-
duced several days of spectacular auro-
ral displays even at unusually low lati-
tudes. Given the state of the technol-
ogy at the time the effect was limited to 
significant disruption telegraph services 
around the world. If such an event oc-
curred today the story would be totally 
different. Modern society depends heav-
ily on a variety of technologies that are 
vulnerable to the effects of intense geo-
magnetic storms and SEP events. Strong 
auroral currents can disrupt and damage 
electric power grids and may contribute 
to the corrosion of oil and gas pipelines. 
Magnetic storm-driven ionospheric den-
sity disturbances interfere with high-fre-

quency and ultra-high-frequency radio 
communications and navigation signals 
from GPS satellites. Exposure of space-
craft to energetic particles during SEP 
events and radiation belt enhancements 
can cause temporary operations anoma-
lies, damage critical electronics, degrade 
solar arrays, and blind optical systems 
such as imagers and star trackers. SEPs 
can penetrate astronaut uniforms, dam-
age human DNA and cause cell replica-
tions. Intense sporadic SEP events (Fig-
ure 1) thus present a significant radiation 
hazard for astronauts on the Interna-
tional Space Station as well as for future 
human explorers of the Moon, Mars and 
asteroids who will be unprotected by 
Earth’s magnetic field. Therefore, Europe 
urgently needs to have access to space 
weather predictions at all times in order 
to protect its citizens and services that 

FP7 project on ‘Coronal Mass Ejections  
and Solar Energetic Particles:  

forecasting the space weather impact’

Figure: Sunspots of 
September 1, 1859, 
as sketched by Ri-
chard Carrington. 
A and B mark the 
initial positions of 
an intensely bright 
event, which moved 
over the course of 
5 minutes to C 
and D before dis-
appearing.
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Figure: (Top) In late October and early November 2003 the Sun produced some of its strongest eruptive activity in the last three decades, which 
produced intense SEP events and triggered severe geomagnetic storms. 1-min averaged differential electron and ion intensities as measured by the 
ACE/EPAM experiment near the Earth are shown. The arrows indicate the occurrence of solar events, solid lines the passage of shocks whereas the 
black horizontal bars indicate the passage of ICMEs over ACE (Malandraki et al., J. Geophys. Res., 110, A09S06, 2005). 

(Bottom) 1.8-15 MeV proton intensities as measured by the LET instrument onboard STEREO-B are shown during the intense solar activity of De-
cember 2006 (Malandraki et al., Astrophys. J., 704, 469, 2009). 

HIPPARCHOS | Volume 2, Issue 8
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by Olga Malandraki
Institute of Astronomy and Astrophysics, 

National Observatory of Athens

support daily life and that rely on sys-
tems vulnerable to Space Weather. 

The Institute of Astronomy and Astro-
physics (IAA) of the National Observa-
tory of Athens (NOA), apart of its in-
volvement in the ‘SEPServer’ FP7 project, 
is currently strongly involved in a col-
laborative project funded by the sev-
enth framework program of the Euro-
pean Union, namely: ‘COMESEP: Coro-
nal Mass Ejections and Solar Energetic 
Particles: forecasting the space weather 
impact’. The co-ordinating Institute is In-
stitut d’Aeronomie Spatiale de Belgique 
with partners from Austria, Denmark, 
Croatia, and the UK. Principal Investi-
gator on behalf of IAA/NOA is Dr. Ol-
ga Malandraki, member of staff, expert 
in the National Delegation team repre-
senting Greece to the ESA ‘Science Pro-
gramme Committee’ and also the Na-
tional Co-ordinator of the worldwide 
‘International Space Weather Initiative’ 

(ISWI) under the auspices of the United 
Nations. The COMESEP team comprises 
Dr. Lun C. Tan, Dr. Gareth Dorrian and 
Dr. Kostas Tziotziou hired at the post-
doctoral/researcher level at IAA/NOA. 
Within COMESEP, by analysis of histori-
cal data, complemented by the extensive 
data coverage of solar cycle 23, the key 
ingredients that lead to magnetic storms 
and SEP events and the factors that are 
responsible for false alarms will be iden-
tified. In order to enhance our under-
standing of the 3D kinematics and in-
terplanetary propagation of CMEs, the 
structure, propagation and evolution of 
CMEs will be investigated. In parallel, the 
sources and propagation of SEPs will be 
examined and modelled. In collabora-
tion with Dr. Allan Tylka in the Naval Re-
search Laboratory, Space Science Divi-
sion in the USA, IAA/NOA is strongly 
involved in the scientific investigation of 
the so-called ‘reservoir effect’, where-

by SEP intensities follow a common de-
cay at locations very far apart in space, 
as well as the impact of the large-scale 
structure of the IMF on the SEP pro-
files and its space weather implications. 
These important processes need to be 
understood in order to allow the event’s 
duration (which determines the overall 
fluence) to be forecast. Based on the in-
sights gained, COMESEP is set out to de-
velop and optimise forecasting tools for 
SEP radiation storms and geomagnetic 
storms. These forecasting tools will be 
incorporated into an automated oper-
ational European Space Weather Alert 
system, which is the ‘COMESEP’ prima-
ry goal. 

A stronomy provides a unique envi-
ronment for educators from Kin-

dergarten to Lyceum. It is the oldest of 
the natural sciences and it has a multidis-
ciplinary character since over the years 
it has developed strong links with Phys-
ics, Chemistry, Biology, Ecology and Earth 
Sciences. Furthermore, the cultural and 
philosophical role of Astronomy is un-
disputed. Studying the Universe is a way 
of searching for our own origin, learning 
to situate ourselves within cosmic infin-
ity and developing a sense for the beauty 
and fragility of our planet Earth. It allows 
us to keep a critical approach towards ir-
rational pseudo-sciences. Astronomy is 
extremely popular and there is a great 
public interest for topics such as eclips-
es, meteor showers, space missions, dis-
covering new planets and more exotic 
phenomena such pulsars and black holes 
(Metaxa, 2009).

Professional astronomers and their 
societies have traditionally played a key 
role in providing information and train-

Astronomy Education in Greek Schools

Figure: Simulating the detection of an exoplanet with the transit method in the school 
laboratory of the 2nd Lyceum of Echedoros.

HIPPARCHOS | Volume 2, Issue 8
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ing for the educators since the excite-
ment at the school level about astron-
omy affects the recruitment and train-
ing of future astronomers and influences 
the awareness, understanding and appre-
ciation for astronomy of the taxpayers 
and politicians who support astronomy. 
In other words we have an obligation 
to share the excitement and the signifi-
cance of our work with students and the 
public. (Percy, 1995)

Astronomy education takes place in 
many cases besides the formal class-
room. Of the most important cases are 
the planetariums and museums, the pub-
lic media (newspapers, television, popu-
lar books, internet etc) and the recently 
developed, in many cities around Greece, 
amateur astronomical societies. All the 
above reinforce Astronomy education 
and suggest that students are also influ-
enced by what is usually called “informal” 
education. (Pasachoff and Percy,1990)

In the past the curriculum and the 
books written for the Greek second-
ary education were full of details and in 
some cases the material was extremely 
complicated even for the majority of the 
teachers. The subject of “Astronomy” 
was until 1998, obligatory in the sec-
ond year of the Lyceum (one hour per 
week). From 1999 until last year, Astron-
omy was an elective course (two hours 
per week). The number of students at-
tending Astronomy the last ten years had 
a steady increase (Dormatzidis, 2011 for 
details). Unfortunately school teachers 
(mostly with diploma in mathematics) 
did not have many opportunities to at-
tend in service training which would as-
sist them in the teaching of Astronomy, 
although they recognize that astrono-
my can inspire many students to pur-
sue carrier in sciences and technology. In 
the meantime Greek Ministry of Educa-
tion supported and disseminated in the 
Greek schools information about inno-
vative international and European Large 
Scale astronomical projects. Teachers and 
students found ways for creative activi-
ties e.g. astronomy-on-line, Venues tran-
sit, sea and space etc, in their schools. 

All these inspiring Large Scale proj-
ects were welcomed by the educational 
community all over Europe. In Greece 
as well these unique projects had a great 
appeal and more than 800 students from 
about 80 schools from all over the coun-
try had participated. A permanent link of 
cooperation between secondary school 
teachers and university teachers was al-

so established through these activities. 
The summer school for students at the 
National Observatory of Athens and the 
Astronomy contests were established 
(Metaxa, 2009). Hellenic Astronomical 
Society, recognizing the important role 
of astronomy education in the Greek 
schools, in the past years, had organized 
educational sessions for school teachers 
and students within its decennial con-
ferences. The University of Athens of-

fered to the elementary education stu-
dent teachers a course dedicated to As-
tronomy which was entitled «our cos-
mos: basic concepts of astronomy and 
earth sciences » through which the fu-
ture teachers would learn more about 
astronomy (Halkia, 2006).

Astronomy Education varies in Euro-
pean countries. In some of them “As-
tronomy” is taught either as a separate 
subject and in others it is part of the 

Figure: Students at Arsakeio High School created and constructed an exact galactic gar-
den at their School using accurate data from the latest map of NASA/JPL-CALTECH/R.
Hurt, 2008.
The solar system and the most prominent nebulae, black holes, supernova etc are situ-
ated at the right place so the visitor can understand the dimensions and structure of the 
Galaxy walking around.

HIPPARCHOS | Volume 2, Issue 8
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physics books. Additionally, in Europe, 
students learn more about astronomy 
through specific projects in a very ef-
fective way.

From all the above it becomes obvious 
that we have to search for an effective 
way to teach Astronomy in our schools, 
starting from kindergarten through the 
end of secondary education. In order to 
enhance Astronomy education we should 
build and implement a model which may 
include collaboration between teachers-
researchers-students. In addition, as re-
search has shown, by introducing tech-
nical innovations into the classroom, we 
could produce a dramatic redefinition 
of the traditional roles for teachers by 
emphasizing the collaborative work be-
tween teachers and learners. Also, the 
use of technology in the classroom could 
foster the formation of an environment 
that reflects more closely the process-
es that scientists use in doing research 
(Metaxa, 2002). Astronomy is undoubt-
edly a subject that can easily bring tech-
nical innovations into the classroom. 

The recent national reform introduced 
recently by the Greek Ministry of Educa-
tion under the name “The New school,” 
where the science curriculum provides 
guidelines which call for (a) integration 
of science with mathematics, (b) more 
time devoted to inquiry and long-term 
projects, (c) more group work and co-
operative learning, (d) effective applica-
tion of existing technical tools such as 
plotting data using special software and 
microcomputer-based laboratories, and 

(e) realistic assessment tied to non-ac-
ademic outcomes. The purpose of this 
new reform is to make the classrooms 
more exciting places to learn and apply 
science (Metaxa, 2002).

We believe that introducing Astrono-
my in the area of the “Research project” 
(which is one of the innovations of the 
“New School”) will have many unique 
characteristics: (a) will cover all levels of 
education and unify the formal and in-
formal education, (b) will have a Multi-
Disciplinary character (involving Phys-
ics, Technology, Environment etc) (c) will 
foster collaboration to manage scientific 

work, and (d) will stress both the scien-
tific and the social components. Thus by 
developing and promoting the teaching 
of Astronomy in the broadest possible 
way we can introduce students to sci-
ence in a very pleasant way and can eas-
ily focus on preparing them for a “life–
long learning” journey (Metaxa, 2006, 
Kallery, 2007). Thus it’s a unique oppor-
tunity to involve Astronomy in the NEW 
LYCEOUM which has been planned to 
start form the new academic year and 
to make it part of the science curricu-
lum in a most effective way, as it is in 
other countries.

Figure: Students of The Gymansium Lyceoum Nikiforos, observing through the school´s 
telescope, assisted by the Amateurs´Club of Drama, Pigasos.
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In the mid-morning hours of Febru-
ary 11, 2010, a flagship NASA mission 

lifted off the grounds of Cape Canaveral: 
it was the Solar Dynamics Observatory 
(SDO), designed to succeed the historic 
Solar and Heliospheric Observatory (So-
HO) mission, arguably the most success-
ful heliophysics mission ever launched. 
The SDO payload philosophy is simpler 
but its observing plan is incomparably 
more detailed and data-intensive than 
SoHO’s (Figure 1). The SDO includes ba-
sically three suites of instruments: the 
Helioseismic and Magnetic Imager (HMI), 
the first full-Sun space-borne solar vec-
tor magnetograph, the Atmospheric Im-
aging Assembly (AIA), an ultraviolet, ex-
treme ultraviolet (EUV), and X-ray im-
ager of the Sun’s corona, and the Ex-
treme Ultraviolet Variability Experiment 
(EVE), a full-Sun EUV spectrograph and 
photometer combination. Take the daily 
data harvest of HMI and AIA and you 
have a volume that would appear incon-
ceivable just a few years ago: nearly 1.5 
TerraBytes of data are collected by SDO 
every single day and are archived at the 
storage facilities of the Joint Science 

Operation Center (JSOC) between the 
Lockheed Martin Solar and Astrophysical 
Laboratory (LMSAL), for AIA, and Stan-
ford University, for HMI.

The above staggering amount of data 
needs to be processed and scientifically 
analyzed. Obviously, this cannot be ac-
complished manually regardless of work-
force committed to the task. Realizing 
this in time, NASA selected in the Fall of 
2008 two international consortia with a 
four-year period of performance and an 
objective to devise the appropriate au-
tomatic software tools able to process, 
classify, and analyze the AIA and HMI da-
ta. These projects have no precedent as 
the massive SDO data will be automati-
cally processed and scientifically analyzed 
at the instruments’ pipeline, that is, just 
as the data are down-linked from space. 
One of the selected teams focused on 
analyzing the HMI’s helioseismology data; 
the other, self-proclaimed the SDO Fea-
ture Finding Team (SDO/FFT)[1] will analyze 
the SDO’s solar atmospheric data and is 
the main topic of this article. 

The SDO/FFT comprises of research-
ers from five (5) European and seven (7) 

US universities and research institutes. It 
is coordinated by a joint team from Har-
vard and the Montana State (MSU) uni-
versities with the Principal Investigator 
being MSU’s Dr. Petrus Martens. There 
is Greek participation in the SDO/FFT 
involving the Academy of Athens’ Re-
search Center for Astronomy and Ap-
plied Mathematics (RCAAM). 

The SDO/FFT has converged on a se-
ries of thirteen (13) modular scientific 
algorithms that are currently operating 
or are being optimized for implementa-
tion onto the AIA and HMI pipelines. In 
random order, these modules are the 
following: 

–  A solar flare detection method, led 
by Harvard’s Dr. P. Grigis.

–  A solar active region and coronal 
hole detection method, led by Dr. V. 
Dellouille of the Royal Observatory 
of Belgium. 

–  A solar filament identification and 
characterization method, led by Dr. 
P. Bernasconi of the Johns Hopkins 
University Applied Physics Labora-
tory. 

The Solar Dynamics Observatory  
Feature Finding Team (SDO/FFT):  

The First Massive Computer Vision Effort
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Figure 1: Improvement in image clarity and resolution brought by the SDO mission: three nearly simultaneous images of the EUV solar co-
rona as observed by SoHO (left), STEREO (middle), and SDO (right) missions.  With a SoHO cadence of 12 min per wavelength and an 
image analysis of 2 arcsec per pixel, the SDO will collect one image per wavelength with analysis 0.6 arcsec per pixel every 10 s. [Cour-
tesy: NASA/SDO]. 

HIPPARCHOS | Volume 2, Issue 8
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–  A solar X-ray sigmoid finder, led by 
RCAAM’s Dr. M. Georgoulis.

–  An emerging magnetic flux detector, 
led by Dr. C. DeForest of the South-
West Research Institute.

–  A coronal dimming’s detector, led by 
Harvard’s Dr. A. Davey. 

–  A EUV-wave tracker, led by Harvard’s 
Dr. M. Wills-Davey.

–  A coronal bright point detector, led 
by Harvard’s Dr. S. Farid.

–  A jet detector within solar coronal 
holes, led by Dr. A. Savcheva of Bos-
ton University. 

–  A magnetic polarity inversion line 
mapping method, led by Harvard’s 
Dr. A. Engel.

–  A coronal oscillations detector, led 
by Dr. J. McAteer of the New Mexico 
State University.

–  A global solar nonlinear force-free 
magnetic field extrapolator, led by 
Dr. T. Wiegelmann of the Max-Planck 
Institute at Lindau. 

–  An artificial intelligence trainable 
module, led by MSU’s Dr. R. Angryk.  

Evidently the selected modules ad-

dress a wide variety of quiescent and 
eruptive phenomena of the solar coro-
nal zoo. Timely, automated results can 
also affect positively ongoing efforts for 
space-weather forecasting, another cen-
tral objective of the SDO mission. Of 
particular interest is the ambitious au-
tomatic trainable module that can be 
trained to identify solar features not al-
ready addressed by other modules. By 
the project’s expiration, in the Fall of 
2012, the results of all modules will be 
freely accessible online. 

To facilitate the dissemination process, 
the SDO/FFT software is part of the 
SDO Event Detection System (EDS) op-
erating at JSOC[1]. The core objective of 
the EDS is the automatic analysis of AIA 
and HMI pipeline data including the gen-
eration of space-weather alerts, quick-
look images and movies, and other help-
ful community tools. Emphasis has also 
been given to versatility: the EDS will 
allow the inclusion of future tools and 
modules to accommodate forthcoming 
advances in the automatic scientific anal-
ysis of solar data. 

Each EDS module, and hence the 
SDO/FFT modules, produce uniform 

VOEvent object metadata in XML for-
mat that are stored and displayed at the 
freely accessible Heliophysics Events 
Knowledgebase (HEK)[2] (Figure 2). The 
HEK further provides data to the Vir-
tual Solar Observatory (VSO) or to the 
Helioviewer[3] (Figure 3). This is another 
unprecedented, joint ESA-NASA effort 
for a common, user-friendly desktop tool 
able to gather, synthesize, and visualize in 
a sophisticated manner SDO and other 
space- and ground-base data. 

In this era of massive data acquisition, 
assimilation and efficient visualization 
without human intervention have nat-
urally assumed central roles. But these 
tasks cannot be possibly achieved by a 
single team, let alone by a single scientist. 
The best response to the needs of our 
times is to seek and forge synergies with 
groups worldwide pursuing the forma-
tion of international partnerships with 
diverse skills and sufficient expertise to 
address the complexity of the tasks at 
hand. It is of hope and promise that ESA, 
NASA, JAXA and perhaps other space 
agencies seem to have realized this and 
are moving in concerted steps where 
necessary. 

Figure 2: HEK interface screenshot. Features identified by SDO/FFT modules have been placed on a featureless solar disk via their respec-
tive symbols. A list of the features found and elements from the VOEvent metafiles are given in the right [Courtesy: LMSAL].
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Pierre Auger Observatory Inauguration,
November 2008. 
Source: http://www.auger.org
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Abstract

Ultra-High-Energy Cosmic Rays (UHE-
CR) are the most energetic particles 
in the Universe, with energies reach-
ing 1020 eV. Their sources, which are 
nature’s most powerful accelerators, 
are still unknown; however, UHECR 
experiments have achieved tremen-
dous progress over the past decade. In 
particular, a wealth of unprecedented 
quality new data on the UHECR spec-
trum, composition, and arrival direc-
tions have been collected and present-
ed during the past few years. Here, we 
briefly review the significant progress 
that high-quality data from state-of-
the-art observatories have allowed us 
to make, as well as the new big ques-
tions in UHECR physics that the new 
data have posed. 

Ultra High Energy  
Cosmic Rays:  
Challenges and Promise
Ultra-high–energy cosmic rays (UHECR) 
are the most energetic particles in the 
Universe. With energies over 1018 eV, 
they pack the energy equivalent of an 
aggressively served tennis ball in a single 
subatomic particle. Questions such as 
their origin, their composition, and the 
extreme physical mechanisms that get 
them to such high energies remain, to 
this day, open and highly debated. This is 
not due to lack of effort, but rather due 
to severe practical difficulties hindering 
their study. 

First of all, UHECR cannot be detect-
ed directly. They interact in the Earth’s 
atmosphere and produce extended air 
showers of secondary particles (see Fig. 

1), including electrons and positrons, 
photons, muons, and neutrinos, which, 
by the time they reach the ground, have 
a footprint of enormous scale – its size 
depends on the nature and energy of the 
primary incoming particle and the show-
er inclination, but at the highest energies 
typically reaches diameters of several to 
tens of kilometers. 

Second, the flux of UHECR at the 
highest energies is extremely low. At 
energies above a few times 1018 eV the 
flux is at one particle per km2 per year, 
while at the highest energies (above a 
few times 1019 eV) it falls to one particle 
per km2 per century (see Fig. 2): UHECR 
study is a sport only for those who have 
extremely large patience or extremely 
large detectors. 

Third, UHECR are charged particles, 
and as a result they are deflected by 
the Galactic and intergalactic magnetic 
fields, so their apparent arrival directions 
cannot be directly traced back to their 
sources. For a source at a given distance, 
the angular extent of the UHECR deflec-
tions depends on the particle energy and 
charge, and on the magnetic field magni-
tude and coherence length. Even if inter-
galactic magnetic fields, the magnitude of 
which remains highly uncertain, turn out 
to be very low, and even if UHECR are 
composed exclusively of protons, deflec-
tions in the magnetic field of the Galaxy 
alone can reach, at the highest energies 
(above a few times 1019 eV), a few de-
grees (e.g., Abraham et al. 2007). These 
deflections will only increase for higher 
Z particles, lower energies, and appreci-
able intergalactic magnetic fields. 

Fourth, this deflective motion with-
in magnetic fields also renders impossi-
ble the use of temporal coincidences of 
UHECR spikes with transient or flaring 
sources. The reason is that while photons 
from a presumed UHECR-accelerating 

event will travel to the observer along 
null geodesics, the charged particles will 
be deflected in the magnetic field and 
cover a much longer path on their way 
to the observer, and as a result they will 
take a much longer time to arrive there 
(e.g., Alcock & Hatchett 1978). Again, un-
der the assumption of proton-only UHE-
CR of energies a few times 1019 moving 
in the magnetic field of the Galaxy alone, 
the associated time-delays between the 
photon and the particle signal would be 
of the order of a century. 

Finally, hadronic collision physics at the 
highest UHECR energies has not been 
studied in the lab, and is not well-under-
stood: the collisions initiating the UHE-
CR showers have center-of-mass ener-
gies of 100 TeV, an order of magnitude 
higher than the energies probed by the 
Large Hadron Collider (LHC) at CERN. 
As a result, the reconstruction of the en-
ergy and the charge of the primary par-
ticle from the distribution of particles 
reaching the ground involve systematic 
uncertainties that cannot be accounted 
for or controlled in a satisfactory man-
ner (Abraham et al. 2010b). 

Despite these observational challeng-
es, the motivation for studying UHECR 
is very strong and diverse. 

First of all, UHECR pose a unique chal-
lenge to theoretical astrophysics: their 
energies lie at the very edge of the en-
ergy range that any astrophysical accel-
erator can even in principle reach (Hillas 
1984; Ptitsyna & Troitsky 2010). The very 
basic requirement to accelerate particles 
at high energies starting from lower-en-
ergy particles in any single astrophysical 
system is to be able to confine the par-
ticle within the system. This requirement 
in turn can be translated in a require-
ment on the combination of said system’s 
size and magnetic field. Only a handful of 
extreme systems, such as neutron stars, 
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active galactic nuclei and their jets, gam-
ma-ray bursts, and intergalactic structure 
formation shocks, have appropriate com-
binations of sizes and magnetic fields to 
be able to reach, even in principle, such 
high energies. But accelerating the parti-
cles is not enough – it is then necessary 
to get them out of the source, without 
them suffering severe energy losses. This 
is also challenging, as UHECR undergo 
losses through photopion production in 
strong photon fields, or even in diluted 
photon fields (such as the cosmic micro-
wave background, or the extragalactic in-
frared, optical, and ultraviolet background 
light produced by galaxies) if they prop-
agate over large enough distances. The 
first effect poses severe challenges for 
candidate accelerators that are very lu-
minous. The latter effect poses challenges 
for scenarios involving multi-site accelera-
tion or acceleration in very rare sources: 
at the highest energies, UHECR that have 
traveled distances over a few tens of Mpc 
start experiencing severe energy losses; 
the highest-energy particles have to have 
originated in the local universe. 

Second, exactly because of their trav-
el through intergalactic magnetic fields, 
UHECR present a unique tool for study-
ing and mapping these fields. Should indi-
vidual point sources of UHECR be iden-
tified, the effective “point spread func-
tion” induced on the arrival directions 
of particles from each source through 
magnetic deflections would be a cumu-
lative measure of the magnetic fields and 
their coherence lengths intervening be-
tween observer and source. If, on the 
other hand, a class of UHECR sources 
is identified, then the intergalactic and 
Galactic magnetic fields in various direc-
tions could be assessed statistically, com-
paring the level of anisotropies in the 
highest-energy UHECR with the known 
distribution of nearby source counter-
parts in various wavelengths. 

Third, because UHECR experience en-
ergy losses as they travel through the in-
frared, optical, and ultraviolet extragalac-
tic background light, a study of the way 
their energy spectrum is affected and 
altered by these losses provides a way 
to study the extragalactic background 
light itself. This is very important as this 
background light is produced by, and in 
turn probes, star-formation through cos-
mic time. 

Fourth, in the process of photopion 
losses of UHECR on the extragalactic 
background light and on the cosmic mi-

crowave background, charged pions, and 
later neutrinos, are produced, among oth-
er particles and photons. These neutrinos, 
commonly referred to as cosmogenic 
neutrinos, comprise the only guaranteed 
astrophysical high-energy neutrino sig-
nal in the universe. Their detection could 
provide the first long-sought detection 
of high-energy astrophysical neutrinos 
(note that neutrinos which have been 
detected up to now from astrophysical 
sources, i.e. neutrinos from the Sun and 
from supernova 1987A, all have relatively 
low energies, much lower than the TeV 
thresholds typically applicable to current 
and under development km3 astrophysi-
cal neutrino detectors, such as IceCube 
and KM3NeT).  A combined study of the 
UHECR spectrum and the spectrum of 
cosmogenic neutrinos could provide val-
uable information about the distribution 
of UHECR sources in the universe, their 
cosmological evolution, and the single-
source spectrum (see, e.g., Kotera & Ol-
into 2011 for a recent review of candi-
date accelerators and the astrophysics of 
UHECR propagation). 

Finally, exactly because particle phys-
ics at the highest center-of-mass ener-
gies probed by UHECR collisions in the 
Earth’s atmosphere cannot be studied in 
any other way at present, UHECR obser-
vations can probe new physics at these 
highest energies. Still, to this day, nature’s 
accelerators dwarf any accelerators we 
have built on Earth (although, as we al-
ready discussed, the UHECR fluxes and 
hence the associated effective beam lu-
minosities are very low). 

Observational Techniques
Since UHECR cannot be directly detect-
ed, their observation relies on techniques 
that involve gathering information about 
the air shower they induce in the atmos-
phere, and reconstructing the energy, the 
type (photon, neutrino, or nucleus, and, in 
the latter case, charge), and the arrival di-
rection of the primary. These can be gen-
erally classified in fluorescence, ground 
particle detection, and hybrid techniques. 
For detailed reviews of UHECR observ-
ing techniques see recent reviews by, e.g., 
Letessier-Selvon & Stanev (2011) and 
Beatty & Westerhoff (2009).

Fluorescence Detection
Fluorescence techniques rely on ener-
gy losses of air shower particles as they 
propagate in the Earth’s atmosphere: the 

air shower particles excite nitrogen at-
oms, which, during their de-excitation, 
emit fluorescent light in ultraviolet wave-
lengths. The detection of this light by tel-
escopes specially designed to “look” at 
the atmosphere for such air shower 
tracks can be used to deduce informa-
tion about the incoming UHECR that in-
duced the shower. 

The advantages of fluorescence tech-
niques lie in their excellent potential for 
deducing the energy of the primary with-
out having to rely on simulations of the air 
shower development: rather, the energy 
of the primary can be calculated directly 
from the total energy deposited in the 
atmosphere during the shower develop-
ment, and the main uncertainty entering 
the calculation comes from the uncer-
tainty in our knowledge of the fluores-
cent yield of the atmosphere. In addition, 
because fluorescent telescopes allow us 
to monitor directly how the shower de-
velops as it propagates in the atmosphere 
and when this development reaches its 
maximum, it enables us to reconstruct the 
penetration depth of the primary particle 
in the atmosphere, and from it its interac-
tion cross-section, which in turn can re-
veal the type of the incoming particle, al-
lowing us to perform composition studies. 
Fluorescence techniques can also be used 
to reconstruct the arrival direction of the 
primary with good accuracy, provided that 
the air shower is detected in stereo (by 
two different telescopes, from two differ-
ent viewing angles, at the same time). 

Disadvantages of fluorescence tech-
niques are associated with their effective 
area and their event acceptance: fluores-
cent telescopes can only operate during 
the night and are affected by weather, 
so their duty cycle is low, and the event 
acceptance as a function of energy is in 
general complicated to calculate. Uncer-
tainties thus induced on the calculation 
of the observatory exposure propagate 
in turn to the calculation of the UHECR 
flux and its energy spectrum. 

Past UHECR detectors such as Fly’s 
Eye (Baltrusaitis et al. 1985) and High 
Resolution Fly’s Eye (HiRes, Boyer et al. 
2002), as well as future space observato-
ries (e.g. JEM-EUSO1) are based on fluo-
rescence techniques.

Ground Particle Detection
Ground particle detection techniques 
generally rely on arrays of particle detec-

1 http://jemeuso.riken.jp/en/index.html
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tors (e.g. scintillators or water Cerenk-
ov tanks), which detect the number and 
energy of particles in several points of 
the air shower footprint on the ground. 
From the number of detectors triggered, 
the energy deposited in each detector, 
and the order in which the detectors 
are triggered, the energy and the arrival 
direction of the primary can be recon-
structed. 

Advantages of the ground particle de-
tection technique involve the large effec-
tive area that can be achieved by extend-
ing the array over large ground surface 
areas, the high duty cycle (ground detec-
tors operate day and night, and they are 
not affected by weather), and the ex-
tremely well-defined exposure and its 
energy dependence. The arrival direc-
tion reconstruction is also generally very 
good, and this is true for a very high per-
centage of the incoming showers, in con-
trast with the fluorescence technique, 
which achieves comparable angular ac-
curacy in the path reconstruction of the 
primary only for the fraction of events 
that are observed in stereo. 

However, the ground detection tech-
nique has severe disadvantages when it 
comes to energy calibration. Because 
only a fraction of air shower particles 
reach the ground, the reconstruction 
of the energy of the primary relies on 
Monte Carlo simulations of the show-
er development from its entry point all 
the way to the ground, and these involve 
severe systematic uncertainties, espe-
cially so since the center-of-mass ener-
gies involved in the first interaction are 
either poorly studied or not studied at 
all in the lab, and as a result it is difficult 
to assess how well simulations perform 
in these cases. In addition, composition 
studies are generally not possible with 
ground arrays alone. 

The Akeno Giant Air Shower Array 
(AGASA, Chiba et al. 1992) was the larg-
est (100 km2) ground-detection array of 
scintillators operating in the 1990s.

Hybrid Detectors
The hybrid technique benefits from the 
best features of each of the two tech-
niques discussed above (see Fig. 1). Hy-
brid detectors consist of a ground de-
tector array overlooked by several fluo-
rescence telescopes. The ground detec-
tor array ensures a high duty cycle and 
an excellent knowledge of the detec-
tor effective area and exposure. At the 
same time, showers that are simultane-
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Figure 1. Cartoon representation of UHECR observing techniques: the primary path is shown 
in green, and air shower particles and photons in red; isotropically emitted fluorescence photons 
are shown in purple. Particles on the ground are detected by the ground array (here represented 
by the blue “tanks”), while fluorescent light is detected by fluorescent telescopes; here one of 
the buildings housing Auger fluorescence detectors is shown in the background. 

Figure 2. Broadband cosmic ray energy spectrum (“Swordy Plot”, see Cronin, Gaisser & Swordy 
1997, Swordy 2001, and references therein); data updated to include Auger (Abraham et al. 
2010a) and HiRes (Abbasi et al. 2009) measurements above 1018 eV. The increased width of the 
shaded area at higher energies corresponds to the increased statistical uncertainties at these 
energies. The orange dotted line represents a power law with a slope of –2.7.
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ously observed by both the ground ar-
ray and the fluorescent telescopes can 
be used to calibrate the energy scale of 
the ground array, independently of any 
air shower simulations, and they enable 
composition studies. 

The Pierre Auger Observatory in the 
southern hemisphere (covering 3000 
km2 in Argentina, Abraham et al. 2004) 
and the Telescope Array in the north-
ern hemisphere (covering 762 km2 in the 
United States) are currently operating 
hybrid detectors.

Recent Results

Energy Spectrum
The energy spectrum of cosmic rays is 
in general remarkably featureless over 
ten orders of magnitude (see Fig. 2), with 
their flux (number of particles per unit 
surface area-time-energy-solid angle) fall-
ing approximately as a power law with a 
slope close to –3. 

At “low” energies (above 109 eV) the 
energy spectrum slope is –2.7, and cosmic 
rays at these energies have been shown 
to be of Galactic origin. The argument 
that settled this debate came from gam-
ma-ray observations, and it is straightfor-
ward: if low-energy cosmic rays were of 
extragalactic origin, then their flux would 
be roughly the same in nearby galaxies 
(such as the Large and the Small Magellan-
ic Clouds) as it is in the Milky Way. Cos-
mic rays interacting with the interstellar 
gas produce neutral pions which decay 
into gamma-rays primarily in the MeV-
GeV range, which can be detected with 
past and current space telescopes such 
as the Energetic Gamma-ray Experiment 
Telescope aboard the Compton Gamma-
ray Observatory which operated during 
the 1990s, and the Large Area Telescope 
on board the currently operating Fermi 
Gamma-ray Space Telescope. These ex-
periments have confirmed that the gam-
ma-ray flux of the Large and Small Mag-
ellanic Clouds is inconsistent with what 
would be expected given the gas content 
of these galaxies and a cosmic-ray flux 
equal to that of the Milky Way, beyond any 
uncertainties in our observational knowl-
edge of the gas content of these galaxies 
(Sreekumar et al. 1993; Abdo et al. 2010). 
Therefore the cosmic-ray flux should be 
different (lower) in these galaxies, and the 
origin of 109 eV cosmic rays should be lo-
cal to each galaxy. 

The Galactic cosmic-ray accelerators 
start “running out of steam” at energies 

about 4×1015 eV, where a steepening 
known as the “knee” is observed in the 
cosmic-ray energy spectrum; the slope 
above the knee is equal to -3. That this 
feature in the energy spectrum is most 
likely due to the Galactic accelerators 
that contribute dominantly to high en-
ergies reaching the maximum energy is 
most strongly supported by studies of 
the composition of cosmic rays at these 
energies. The pioneering KASCADE 
experiment (e.g., Kampert et al. 2004) 
showed that the steepening in slope is 
caused by a falloff in the flux of light nu-
clei, with this falloff occurring later for 
heavier nuclei, and the energy of the fal-
loff being approximately proportional to 
the charge of the nucleus – as would 
be expected for a class of accelerators 
reaching their maximum energy, which 
is proportional to the nuclear charge of 
the accelerated particles. Alternatively, 
the knee could be the result of a more 
efficient confinement of heavier nuclei 
in the Galaxy by the Galactic magnet-
ic field. 

Above energies of 3×1018 eV (the “an-
kle”), the cosmic-ray energy spectrum 
becomes again shallower (slope of -2.6; 
for recent measurements in this range 
see, e.g., results from HiRes, Abbasi et al. 
2009, and Auger, Abraham et al. 2010a). 
At these energies cosmic rays are ex-
pected to be of extragalactic origin. The 
transition between Galactic and extra-
galactic cosmic rays is expected to oc-
cur somewhere between the knee and 
the ankle. Two interpretations have been 
suggested for the ankle: if the cosmic-
ray composition at these energies is ei-
ther mixed or dominated by heavy nuclei 
(iron), then the ankle signifies the tran-
sition from Galactic cosmic rays, cutting 
off as the Galactic accelerators can no 
longer produce particles at these ener-
gies, to extragalactic cosmic rays, start-
ing to dominate as the Galactic cosmic 
rays drop out (Allard et al. 2007); if, on 
the other hand, cosmic rays at the “an-
kle” are pure protons, the “ankle” could 
really be a “dip,” produced due to pair 
production energy losses during propa-
gation (e.g., Berezinsky et al. 2006). In the 
latter case, the transition from Galactic 
to extragalactic cosmic rays is assumed 
to have occurred at lower energies, be-
tween the “knee” and the “ankle.”

Finally, at energies above 3×1019 eV, the 
cosmic-ray energy spectrum has been 
long expected to show a suppression 
due to energy losses caused by the inter-

action of cosmic rays propagating in the 
intergalactic medium with the CMB (the 
Greisen-Zatsepin-Kuzmin, GZK, effect, 
Greisen 1966; Zatsepin & Kuzmin 1966). 
The dominant energy loss mechanism 
on the CMB is photopion production for 
protons, and photodissociation for heav-
ier nuclei. The existence of a suppression 
has been long debated, as AGASA and 
early HiRes results in the past decade 
were conflicting, with AGASA observing 
no flux suppression (Takeda et al. 1998) 
and HiRes results observing a flux con-
sistent with the existence of the GZK 
cutoff (Abbasi et al. 2004). As a result, 
many scenarios in which the sources of 
UHECR were local rather than locat-
ed at cosmological distances were pro-
posed during that time, to explain a po-
tential absence of the propagation-in-
duced GZK cutoff. The issue however 
was settled in 2008, when both HiRes 
and Auger confirmed the existence of 
a suppression (Abbasi et al. 2008, Abra-
ham et al. 2008). However, it is still not 
easy to verify whether the observed flux 
suppression is truly caused by propaga-
tion (the GZK effect), or by extragalac-
tic accelerators reaching their maximum 
energy (see Kotera & Olinto 2011 for a 
detailed discussion).

Composition
At ultra-high energies where cosmic-ray 
detection is necessarily indirect, the cos-
mic-ray composition can be deduced by 
measuring the penetration depth of the 
primary in the atmosphere. The trend 
is that heavier primaries have a bigger 
cross-section, they experience their first 
interaction earlier (higher), and their in-
teraction depth fluctuates less. The quan-
tity used to probe UHECR composition 
is 〈Xmax〉, the mean atmospheric depth (in 
units of g/cm2) when the shower reaches 
its maximum development (maximum 
number of particles) . 〈Xmax〉 depends 
both on the energy of the primary, E, and 
its atomic mass, A, with an approximate 
scaling 〈Xmax〉 ∼ ln(E/A) (see discussion in 
Letessier-Selvon & Stanev 2011). 

As the UHECR energy approaches the 
“ankle”, both HiRes (Abbasi et al. 2010) 
and Auger (Abraham et al. 2010b) have 
reported a trend of 〈Xmax〉 values toward 
lighter composition than right above the 
“knee,” where, as we have discussed, the 
relative abundance of heavier nuclei in-
creases. This is consistent with the idea 
that the contribution of extragalactic 
sources dominates around the ankle.
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 However, at energies above 1019 eV 
and up to 4×1019 eV, Auger data (Abra-
ham et al. 2010b, left panel of Fig. 3) indi-
cate a reversal of this trend, with prima-
ry composition, as deduced from 〈Xmax〉 
observations, tending to heavier atomic 
masses. HiRes data on 〈Xmax〉 at simi-
lar energies remain consistent with light 
composition. Differences in the shower 
reconstruction methods between Au-
ger and HiRes can account for the dis-
crepancy, and results from the two ex-
periments are consistent within errors. 
The composition at energies >1019 eV is 
therefore unclear based on observations 
of the average depth of shower maxi-
mum as a function of energy alone. 

Additional information on UHECR 
composition can be obtained using two 
independent measures. The first one is 
the spread in Xmax for showers of the 
same energy (quantified, for example, by 
the root-mean-square, RMS, Xmax). The 
Xmax of light-primary showers at a giv-
en energy fluctuates about 〈Xmax〉 more 
than that of heavy-primary showers. Au-
ger data show that above 1019 eV the 
RMS Xmax does exhibit a significant trend 
toward lower values, consistent with the 
〈Xmax〉 data indicting a transition to heav-
ier composition at these energies (Abra-
ham et al. 2010b, right panel of Fig. 3). 

The second measure is anisotropies 
in the UHECR arrival directions. As we 

will discuss in the next section, Auger 
data do show some deviation from isot-
ropy at the highest energies, which is a 
general indication of light composition 
(since heavier nuclei have higher charge 
and are deflected and isotropized more 
by the Galactic and intergalactic magnet-
ic fields). However, the anisotropy level 
detected by Auger is not incompatible 
with the injection of heavier nuclei at the 
source. Besides, the reader should keep 
in mind that the cosmic ray energies for 
which anisotropies set in are higher than 
the energies where 〈Xmax〉 and RMS Xmax 
measurements are currently possible. 
The reason is statistics: a measurement 
of the Xmax requires monitoring of the 
shower development by fluorescence 
telescopes, which have a much lower ef-
fective area than the ground detectors. 
Ground detectors on the other hand 
can reconstruct well the arrival direc-
tions of cosmic rays, and for this reason 
they can be used for anisotropies studies 
even at energies for which the fluores-
cent telescopes run out of events. 

The indicators are thus conflicting, and 
the situation with the composition of 
UHECR at energies above 1019 eV re-
mains unresolved. 

If anisotropies persist and give an un-
ambiguous indication of light composi-
tion, the Auger data on 〈Xmax〉 and RMS 
Xmax may be an indication of new phys-

ics: our expectations for the 〈Xmax〉 and 
RMS Xmax values for various primaries 
are based on shower simulations at en-
ergies which have not been studied in 
accelerators (Abraham et al. 2010b) – 
they are an extrapolation of our under-
standing of hadronic interaction physics 
into energies that constitute unknown 
territory. It is therefore not inconceiv-
able that new physics effects may be-
come important at these energies and 
our interpretation of this data may be 
mistaken. 

If the composition at the highest en-
ergies is indeed heavy, then this raises 
questions on the nature of the UHECR 
accelerators. Large-scale extragalactic 
accelerators such as AGN jets would 
be expected to be accelerating interga-
lactic, low-metallicity material, so lighter 
composition is preferred in such models. 
These considerations have revived inter-
est in the potential contribution of Ga-
lactic accelerators (see Kotera & Olinto 
2011 for a discussion of candidate accel-
erators and acceleration models). 

Finally, it is also conceivable that the 
trend toward heavier composition is due 
to the extragalactic accelerators having 
reached their maximum acceleration en-
ergy for protons, similarly to the Galac-
tic accelerators reaching their maximum 
energy for protons around the knee. In 
this case, the suppression in the spec-
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Figure 3. Left panel: 〈Xmax〉 as a function of energy. Red line: best-fit broken power law representing Auger data (Abraham et al. 2010b). The blue 
band represents the systematic uncertainties on the measurement. The orange and green bands are the range of predictions, based on shower sim-
ulations, for the behavior of 〈Xmax〉 with energy for protons and iron respectively. HiRes results (Abbasi et al. 2010) are consistent with the Auger 
measurement within their uncertainties and Auger systematics, however they do not exhibit the break seen in the Auger trend with energy. Right 
panel, blue band: Auger measurement (Abraham et al. 2010b) of RMS 〈Xmax〉 (the band indicates 1σ statistical uncertainty). Orange and green bands 
are simulation results for protons and iron, respectively. Note that the Auger measurement of arrival direction anisotropies occurred at higher en-
ergies (indicated with the purple shaded areas in both cases). 
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trum at the highest energies observed 
by Auger and HiRes could be due to the 
accelerators reaching their maximum ca-
pabilities for iron nuclei, instead of, or in 
addition to, the GZK effect (e.g., Allard 
et al. 2008; Aloisio et al. 2011). 

Anisotropies
If the flux suppression above 4×1019 eV is 
indeed due to he GZK effect, this would 
imply that trans-GZK events must origi-
nate from increasingly nearby sites as 
the energy increases and the mean free 
path for interaction with cosmic micro-
wave background photons decreases (it 
is about 100 Mpc at ~5×1019 eV). At the 
same time, at these energies the deflec-
tion angle for propagation in the Galactic 
magnetic fields becomes relatively small 
for protons (a few degrees). Therefore, 
assuming light primaries and weak inter-
galactic magnetic fields, the combination 
of the two effects would be expected to 
result in anisotropic arrival directions. If 
the number of contributing sources is 
low, and again assuming weak magnetic 
fields, a certain level of anisotropy could 
also be expected for heavy nuclei.

The reasoning is as follows. The dis-
tribution of matter in the local Universe 
is anisotropic. If local-universe accelera-
tors are therefore correlated with the 
local large-scale structure (as one would 
expect for pretty much any astrophysi-
cal accelerator), and if the background 
of UHECR that come from cosmologi-
cal distances and are therefore isotropic 
is suppressed by the GZK effect, then 
the cosmic rays that do reach us at the 
highest energies should also be aniso-
tropically distributed and spatially cor-
related with the local large-scale struc-
ture (see Fig. 4).

Indeed, Auger data at energies above 
6×1019 eV do show a deviation from isot-
ropy, and a spatial distribution of arriv-
al directions more consistent with local 
large-scale structure than a uniform (af-
ter accounting for the spatially-depend-
ent exposure) distribution. The statistical 
technique employed by the Auger Col-
laboration used the distribution of local 
AGN (e.g., Abraham et al. 2007). The test 
was designed to find whether UHECR 
of E>5.5×1019 eV tended to have arrival 
directions within some angular distance 
(~3°) of local (<75 Mpc) AGN more fre-
quently than expected from an isotrop-
ic source distribution. The answer was 
“yes,” and the significance of this result 
is currently 3σ (Abreu et al. 2010). It is 

currently estimated that, if the deviation 
from isotropy persists, in order to in-
crease this significance to 5σ four more 
years of Auger data would be required. 

Note however that, because of the na-
ture of the test (which checked for con-
sistency with isotropy rather than for 
agreement of the distribution of arrival 
directions with a particular distribution 
of sources), as well as its angular scale, 
even if the result persists, the implica-
tion would be that the UHECR are cor-
related with large-scale structure (which 
AGN also follow), rather than that AGN 
themselves are necessarily the preferred 
acceleration sites.

Outlook
Despite the enormous progress that 
has been achieved over the past decade 
in the field, major questions in UHECR 
physics, including their composition and 
the nature of their sources, remain unan-
swered. Although the positive detection 
of the spectrum suppression at the en-
ergies where the GZK effect is expected 
to set in represents a tremendous suc-
cess, it also implies that the flux of trans-
GZK events is very low, and that collect-
ing the necessary statistics to resolve the 
outstanding issues at the highest ener-
gies is going to be difficult. 

Future ground observatories (e.g., 
Auger North2) and space experiments 
(which will also use the Earth’s atmos-
phere as a detector but will observe it 
from above, e.g. JEM-EUSO) promise 
to increase the collecting area of cur-
rent experiments by an order of mag-
nitude or more. This next generation of 
experiments holds the promise of even 
more exciting discoveries and is expect-
ed to pave the way for the new field of 
charged-particle astronomy. 
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Figure 4. Auger sky map (Galactic coordinates, Aitoff-Hammer projection). The purple gradient 
visualizes the exposure of the Auger ground array (darker colors represent higher exposure). 
The black dots are the 69 events with E>5.5×1019 eV detected by Auger up to the end of 2009 
(Abreu et al. 2010). An isotropic distribution of arrival directions would result in higher den-
sity of events (within Poisson uncertainties) in the direction of the sky with higher exposure. 
Instead, the density of points is higher in the directions of local extragalactic matter, with the 
significance of the discrepancy currently at 3σ. 
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Sunset with Moon
Date: 08/17/2004
Credit: Gemini Observatory

This view of the Gemini South Telescope shows the open dome with 
the telescope visible through the three story high vents. This late twi-
light shot also shows the crescent moon in the western evening sky.
Source: http://www.gemini.edu/gallery/v/gs/exterior/GSSunset18.jpg.html
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Abstract

The direct imaging of extrasolar plan-
ets recently achieved the following re-
markable milestone: more extrasolar 
planets than solar system planets have 
now been discovered through direct im-
aging. In a few years we will increase 
the number of direct detections by an 
order of magnitude. Here we review 
a few aspects of the currently detect-
ed exoplanets, and briefly describe the 
capabilities of the “Gemini Planet Im-
ager”.

The discovery space  
of direct imaging
The first detections of extrasolar plan-
ets were accomplished through pulsar 
timing (Wolszczan & Frail 1992) and the 
radial velocity (RV) technique (Mayor & 
Queloz 1995). Microlensing and transit 
searches yielded even more detections, 
including the recent 103 planet candi-
dates announced by the Kepler (transit 
search) team (Borucki et al. 2011).

Each of these techniques has strengths 
and weaknesses when considering the 
discovery space plot of planet mass ver-
sus semi-major axis (Figure 1). The tran-
sit technique obviously requires plane-
tary systems that are viewed edge-on to 
our line of sight. So too, because the RV 
technique detects the line of sight reflex 

motion of a star, edge-on systems yield 
the strongest RV signal, whereas face-on 
systems yield zero RV signature. Given a 
search program with a finite duration a 
few years, both the RV and transit tech-
niques are most sensitive to planets with 
an orbital period of a few years. There-
fore the majority of extrasolar planets 
detected reside within a few AU of their 
host star (Figure 1).

Direct imaging struggles within this 
few AU region due to angular resolu-
tion and contrast requirements. Instead, 
direct imaging has thus far detected plan-
ets that are somewhat analogous to our 
gas giants in terms of mass and semi-ma-
jor axis, but not in age. The current state 

of technology does not permit the de-
tection of extrasolar planets via reflect-
ed light. Instead, exoplanets must be self-
luminous due to their youth. Therefore 
Figure 1 represents two age populations, 
where the RV and transit detected plan-
ets have Gyr ages, and the direct planet 
detections to the upper right originate 
from 10-100 Myr old systems.

Direct imaging is therefore the prime 
observational window for understand-
ing the formation and early dynamical 
evolution of giant planets. The 10-100 
Myr old age range corresponds to the 
dynamically active epoch of our solar 
system that included a Moon-forming 
impact event, the formation of the Oort 

Figure 1. Discovery space for direct imaging versus RV and transit techniques. (Credit: Bruce 
Macintosh and James Graham).

Planetary systems  
revealed through direct imaging 

by Paul Kalas 
University of California, Berkeley, &  

SETI Institute, Mountain View, California
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cloud, and planetesimal-driven migration 
of the gas giants that may lead to dynami-
cal instabilities before the system settles 
into a long-lived configuration (Tsiganis 
et al. 2005). RV and transit techniques 
are fundamentally limited in this domain 
because young stars have significant var-
iability that is the dominant astrophys-
ical noise source in spectroscopy and 
photometry. With large telescopes and 
interferometric techniques, direct imag-
ing can even explore the 1-10 Myr old 
range where forming gas giants are still 
embedded within the primordial circum-
stellar disk (e.g. Bonavita et al. 2010).

How do we know  
it’s a planet?
The key hurdles to finding an exoplanet 
with imaging include suppression of star-
light, proving that a point source adjacent 
to a bright star is a real astrophysical fea-
ture rather than an instrumental artifact, 
showing that the source is physically re-
lated to the central star, and determining 
that the object has the mass of a planet 
rather than that of a brown dwarf.

There are several techniques for star-
light suppression of which coronagraphy 
is the most well known (Lyot 1939). An 
occulting spot at the telescope focal 
plane artificially eclipses the star, pre-
venting light from scattering within the 
optics of the science camera (additional-
ly, a Lyot stop suppresses diffracted light 
at a pupil plane). Since we expect to find 
gas giant planets relatively close to stars, 
a key challenge is making the radius of 
the spot as small as possible, and this is 
determined by the image quality. Though 

image quality is often thought of as the 
image sharpness, an additional goal is to 
create a temporally stable image so that 
the light contained in the halo of the 
point spread function can be subtract-
ed with data taken at later times. The 
Hubble Space Telescope has several cam-
eras with coronagraphic capability and 
superb image quality, but the last dec-
ade has witnessed significant advances 
in ground-based adaptive optics that ri-
val HST images.

After suppressing starlight, instrumen-
tal artifacts may masquerade as point 
sources near the star, such as the quasi-
static speckles that plague both ground-
based and HST images of bright stars. 
One solution, called spectral differencing, 
is to image the scene at multiple wave-
lengths. The spatial locations of instru-
mental artifacts are wavelength-depend-
ent, whereas an astrophysical source 
will remain stationary in images taken 
through different filters. A second so-
lution is to rotate the field relative to 
the instrument frame of reference. For 
example, Bernard Lyot manufactured 
coronagraphs that rotate around the op-
tical axis. With HST, we can roll the tel-
escope by as much as 30˚ during an ob-
servation. In this case, instrumental fea-
tures remain stationary, while astrophysi-
cal features appear to rotate around the 
optical axis.

After a faint point source near a star is 
verified as real, the next step is to show 
that it is a physical companion to the 
star. The literature contains several cas-
es where a putative planet is found to 
be a background object as multi-epoch 
data are later obtained or a spectrum 

reveals it to be a background star. An 
indispensable resource for determin-
ing common proper motion is the Hip-
parchos Catalog.
 The final step to finding an exoplan-
et is often the one creates the greatest 
controversy. Even though the object in 
question is shown to be real, and shown 
to be physically linked to the star, is it a 
planet? At this stage a typical study must 
estimate the age of the system, the lu-
minosity of the object, and apply a the-
oretical model of planet evolution that 
gives the predicted planet luminosity at 
a given age for a given planet mass. If the 
result is M < 13 MJ, the object is deemed 
a planet, otherwise it is a brown dwarf 
(Burrows et al. 1995). Given the various 
uncertainties and the model-dependent 
nature of this exercise, many objects are 
considered “candidate planets”, and oc-
casionally they are dropped from the 
catalogs of extrasolar planets when they 
are determined to be a brown dwarf in-
stead. The section below will describe a 
few more details concerning this topic.

Current inventory  
of directly imaged  
exoplanets

Table 1 summarizes a few of the key facts 
concerning directly imaged exoplanets, 
ordered by heliocentric distance. As 
early as 2004, Gael Chauvin and his col-
leagues, using the VLT and adaptive op-
tics, surveyed objects in the young asso-
ciation TW Hydrae. One of the targets, a 
25 solar mass brown dwarf 2M1207 was 
found to have a faint companion with 

Host SpT Distance (pc) Separation (AU) Mass (MJ) Age (Myr) Reference

Fomalhaut A3V 7.69 119 <3.0 100-400 Kalas et al. ‘08

Beta Pic A5V 19.3 8 7-11 8-20 Lagrange et al. ‘09

HR 8799 A5V 39.4±1.0 68, 38, 24, 15 5-13 30-160 Marois et al. ‘08, ‘10

AB Pic K2V 45.5±1.8 258 11-16 30 Chauvin et al. ‘05

2M1207 L2 52.4±1.1 41 2-10 2-12 Chauvin et al. ‘04

GQ Lup K7 156±50 100 4-39 <2 Neuhauser et al. ‘05

1RXJ160929 K7 145±20 330 6-11 4-6 Lafreniere et al. ‘10

CT Cha K7 160±30 440 11-23 <4 Schmidt et al. ‘08

Table 1. Properties of directly detected exoplanet candidates
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mass 5 ± 2 MJ. Despite the fact that the 
2M1207b mass was firmly established 
below the 13 MJ limit, the fact that the 
host object was a brown dwarf and not 
a star, and the fact that the projected (i.e. 
minimum) separation is 41 AU, gave rise 
to the notion that planets could form by 
the process of gravitational collapse like 
stars, and not by core accretion within 
a circumstellar disk of gas and dust, like 
planets. Thus we return to the final top-
ic of the previous section that alludes to 
the debate concerning the definition of 
a planet. Is the process of formation rel-
evant to the definition of a planet (e.g., 
see Basri and Brown 2006)?

The age column in Table 1 reveals that 
the youngest planet candidates found to 
date orbit pre-main sequence stars such 
as GQ Lup and CT Cha that are located 
beyond the local bubble in star forming 
regions. In other young clusters, such as 
σ Orionis, IC 348 and Trapezium, sever-
al objects not listed in Table 1 have been 
identified as possible free floating planets 
(e.g. Zapatero Osorio et al. 2000). 

Within the local bubble, the lumi-
nous A stars Fomalhaut, β Pic and HR 
8799 have yielded a total of six extraso-
lar planets. A characteristic held in com-
mon is that all three planetary systems 
include debris disks or belts that were 
previously known from infrared and di-
rect imaging studies. The significance is 
that planet masses can be estimated not 
only by measuring their luminosity, but 
also by interpreting the dynamics of the 
planets with the debris belts (e.g., Chi-
ang et al. 2009).
β Pic b is the most “Jupiter-like” plan-

et in Table 1 given that the ~8 AU semi-
major axis corresponds to the approxi-
mate ice line of the system. Historically, 
β Pic could be considered the first main 
sequence star where orbiting solid mate-
rial was first discovered through imaging. 
After Aumann et al. (1984) announced 
the discovery of thermal infrared ex-
cess around main sequence stars from 
IRAS observations, Smith & Terrile (1984) 
used a ground-based coronagraph to im-
age an edge-on debris disk surrounding 
the star. They noted that central region 
of the debris disk is depleted from dust, 
possibly because of a planetary system 
sweeping the inner region clear of dust. 
Kalas & Jewitt (1995) then found that 
contrary to expectations, the entire de-
bris disk appears asymmetric. HST ob-
servations of these asymmetries includ-
ed the finding of a warped midplane a 

few tens of AU from the star that could 
be due to a planetary perturbation (Bur-
rows et al. 1995; Heap et al. 2000). Sev-
eral other lines of evidence pointed to 
a planetary system, and Mouillet et al. 
(1997) dynamically modeled the mid-
plane warp, giving quantitative limits to 
the planet mass given planet-disk inter-
actions. New HST observations of the 
warp region revealed the appearance of 
two edge-on debris disks surrounding β 
Pic, with a minor disk midplane inclined 
by 5˚ relative to the major disk midplane 
(Golimowski et al. 2006).

Thus a key question with the discov-
ery of β Pic b is whether or not this is 
the planet that creates the 5˚ warp, or is 
there a yet-to-be-detected planet, β Pic 
c, that creates the warp. Because of its 
~16 year orbital period and the 9 year 
observational baseline, images of b Pic b 
include its location on both sides of the 
star. Most recently, Currie et al. (2011) 
analyzed the VLT archive data and con-
clude that the orbital plane of β Pic b 
lies within the main disk midplane. These 
tentative results suggest that the dynami-
cal source of the midplane warp may be 
an analog to Saturn beyond the orbit 
of β Pic b.

HR 8799 (HD 218396) certainly came 
as a surprise with a total of four gas-
giant planets imaged within the region 
15 to 68 AU from the star (Marois et 
al. 2008; 2010). The star was previously 
flagged for its debris disk (Sadakane & 
Nishida 1986). More recent measure-
ments with the Spitzer Space Telescope 
reveal an inner warm disk between 6 
and 15 AU, a dust depleted gap between 
15 and 90 AU, and an extended disk be-
yond 90 AU radius (Su et al. 2009). Thus 
the four planets reside within the disk 
gap. Using the HST, we will soon attempt 
to image the HR 8799 dust disk in scat-
tered light. Direct imaging in this case 
will give the precise location of the dust 
belt edges, reveal any non-axisymmetric 
resonant structures, and ultimately in-
form a more comprehensive dynamical 
model for the system. 

With the discovery of the first three 
HR 8799 planets, dynamicists immediate-
ly seized the opportunity to determine 
if the system is stable. The basic result is 
that stability can be preserved for long 
timescales if planets b, c, d (“b” is the 
outermost at 68 AU) reside in a 1:2:4 
Laplace resonance (Reidemeister et al. 
2009, Fabrycky and Murray-Clay 2010). 
But, this configuration also requires that 

the “planets” have planet masses, since 
brown dwarf masses would render the 
system unstable. The stability analysis de-
mands an estimate for the age of the sys-
tem, which generated significant debate. 
Using various age indicators, Marois et 
al. (2008) cited an age of 30-160 Myr. 
Given the measured planet luminosities, 
the model-dependent masses are M < 
13 MJ. However, if the age was instead 
closer to 1 Gyr, the objects detected via 
imaging are brown dwarfs. Moya et al. 
(2010) highlighted the significant uncer-
tainties in the Marois et al. (2008) age 
estimate, and then suggested that an age 
of 1 Gyr is consistent with astroseismol-
ogy observations. The Moya et al. (2010) 
arguments were then countered by Mo-
ro-Martin et al. (2010) who reinforced 
the notion that it is dynamically impossi-
ble to have three brown dwarfs orbiting 
in the observed configuration for a Gyr 
timescale. HR 8799 must be young (10-
100 Myr) and the detected objects must 
have planet masses. With the discovery 
of the innermost (14.5 AU) fourth plan-
et, HR 8799 e, Marois et al. (2010) pro-
duced a new stability analysis and found 
that there are stable solutions for “e” 
given the double resonance between b, 
c, and d preserves the dynamical stabil-
ity of the outer planets.

The closest to the Sun and the oldest 
of the stars with a directly imaged plan-
et is Fomalhaut. The age has been typi-
cally quoted as 200±100 Myr (Barrado 
y Navascues 1998), though more recent 
estimates suggest that 400 ± 50 Myr is 
plausible (E. Mamajek, private comm.). As 
with β Pic, this was one of the early IRAS 
main-sequence stars that exhibited ex-
cess far-infrared emission, though signifi-
cantly fainter due to the older age. Foma-
lhaut’s circumstellar dust was resolved as 
having an extended toroidal geometry 
at 850 microns using JCMT/SCUBA (Hol-
land et al. 1998). The inner, cleared re-
gion of this toroidal configuration there-
fore provided compelling justification to 
conduct a planet-search with HST when 
the Advanced Camera for Surveys (ACS) 
was installed in 2002. The ACS consists 
of three “channels” that are three sepa-
rate cameras. The High Resolution Chan-
nel (HRC) was built with a coronagraphic 
mechanism containing both a focal plane 
occulters and a pupil-plane Lyot stop. As 
a result of the Lyot stop, ACS/HRC da-
ta result in the only HST images where 
diffraction spikes due to the secondary 
support spider are not present. Despite 
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the fact that the ACS/HRC was an optical 
camera, planet evolution models suggest-
ed that planets more massive than 5 MJ 
would be detectable with the ACS/HRC 
at 0.8 microns.

The first HST images of Fomalhaut 
in 2004 with the ACS/HRC revealed the 
toroidal dust belt in scattered light (Ka-
las et al. 2005). Two measurements sug-
gested that an unseen planet was indeed 
dynamically perturbed by a planet: (1) 
The geometric center of the belt was 
offset from the star by 15 AU, an effect 
that is attributable to the secular pertur-
bation of an eccentric sub-stellar com-
panion (Wyatt et al. 1999), and (2) The 
inner edge of the belt is consistent with 
a knife-edge, as if the perturber lies rela-
tively close to the inner edge and sweeps 
clear material in a manner analogous to 
Neptune’s effect on the Kuiper Belt (Mo-
ro-Martin & Malhotra 2002). 

In 2006 we observed Fomalhaut again 
with HST, but this time a collection of 
deeper integration times revealed a faint 
point source, Fomalhaut b, located 119 
AU from the star, and about 18 AU inte-
rior to the inner edge of the dust belt. 
The 2004 data also contained this point 
source, but the data were insufficient to 
prove that it was a real astrophysical fea-
ture instead of a quasi-static speckle. In-
deed, how do we know that Fomalhaut 
b is a real astrophysical feature? First, I 
had designed the observing program so 
that Fomalhaut would be imaged behind 
two different focal plane occulting spots 
in the ACS/HRC field. This is equivalent to 
dithering, and the speckle pattern chang-
es as the star is placed on different parts 
of the field. If Fomalhaut b were a speck-
le, it would be detected in one imaging 

position and not the other. This was a 
crucial test, which ultimately verified the 
reality of Fomalhaut b. Second, we made 
the same observation in a different filter, 
and Fomalhaut b was detected at both 
0.6 and 0.8 microns. Third, since the “de-
tection” is essentially made by eye, I had 
one of my colleagues reduce the same 
data set from scratch, and report his re-
sults independently from my findings. 
Again Fomalhaut b was confirmed.

But is it a planet? Certainly the appar-
ent optical brightness of Fomalhaut b is 
inconsistent by an order of magnitude 
with the theory of evolving planet lumi-
nosity. Therefore we reported several 
plausible sources of optical luminosity, 
including the possibility of a planet seen 
in reflected light due to a circumplan-
etary ring. In this case, the Fomalhaut b 
ring system would have to be approxi-
mately 30 planetary radii in size. Since 
our solar system did not have an analo-
gous ring system, publishing this sugges-
tion seemed risky. Nevertheless, about 
a year later, Verbiscer et al. (2009) an-
nounced the thermal infrared discovery 
of a new ring surrounding Saturn ex-
tending over a 100 planetary radii, and 
thus making the proposed Fomalhaut b 
ring seem somewhat puny in size. Sat-
urn’s “Phoebe ring” is supplied by the 
erosion of a single, small satellite of Sat-
urn, Phoebe. Dust released from the 
moon’s surface encounters solar radia-
tion forces (Poynting-Robertson drag) 
and spirals inward to the planet, result-
ing in a tenuous circumplanetary ring. 
It is certainly plausible that at ages <1 
Gyr, when the solar system had a more 
significant population of interplanetary 
dust and planetesimals, the Phoebe ring 

would have a greater optical depth and 
dominate the reflected-light flux from 
Saturn. Thus, with the study of Fomalhaut 
b, we may be exploring a somewhat new 
domain of empirically understanding the 
early evolution of Saturn analogs.

A Phoebe-like ring is not the only ex-
planation for the optical luminosity of 
Fomalhaut b. In exploring the origin of 
the irregular satellites of the giant plan-
ets Kennedy and Wyatt (2011) extend-
ed their analysis to suggest that instead 
of a flattened ring, the irregular satel-
lites surrounding a planet would pro-
duce a significant dust cloud. Such a dust 
cloud surrounding Saturn has an hour-
glass shape and as viewed from Earth, has 
a larger diameter than the Moon.

Obtaining a third epoch detection of 
Fomalhaut b proved challenging – the 
ACS electronics failed in January 2007. 
Though the last servicing mission to 
Hubble fixed the other two cameras on 
ACS, the portion with the coronagraph 
(HRC) remains inoperable. Eventually, in 
September 2010, we observed Fomal-
haut with the optical camera HST/STIS 
in a relatively brief observation that re-
covered a source near the expected lo-
cation of Fomalhaut b. The “expected” 
position has Fomalhaut b following an 
orbit interior to the dust belt. However, 
the STIS data show that Fomalhaut b will 
cross through the belt over the next few 
decades, reach apastron at >200 AU, and 
then cross back through the belt for a 
periastron near 50 AU. The eccentricity 
for this orbit is 0.69, and the 99%-con-
fidence upper limit on e is 0.86. This 
seems puzzling at first, but it could solve 
other problems. In particular, it is diffi-
cult to form a planet 119 AU from a star. 

Figure 2. Hubble Space Telescope images of the Fomalhaut system at 0.6 microns (Kalas et al. 2008). The dust belt is inclined to our line of sight by 
66 degrees and the inner edge has a semi-major axis of 133 AU. Fomalhaut b lies 119 AU northwest of the star. The ACS data show a counterclock-
wise orbital motion, though the third epoch obtained with STIS gives a highly eccentric orbit that crosses the dust belt.  
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The eccentric orbit allows the planet 
to have its formation site at 50 AU, and 
then as a result of planet-planet scatter-
ing or some other dynamical instability, 
ends up with an eccentric orbit (Rasio & 
Ford 1996, Veras et al. 2009). In this pic-
ture, there is a second planet, Fomalhaut 
c, that remains to be discovered.

Fortunately we have been awarded 
more time with HST to obtain a fourth 
epoch with STIS to validate, or refute, 
the eccentric orbit. Because our current 
orbit depends on detections with two 
different instruments, the possibility re-
mains that an uncorrected systematic 
error accounts for the unexpected third 
epoch astrometric position. Also with 
Hubble we will attempt to image Foma-
lhaut with the new camera WFC3/UVIS. 
Compared to the other optical detec-
tors aboard HST, UVIS has excellent blue 
sensitivity. If the optical light from Foma-
lhaut b is truly due to reflection from a 
circumplanetary dust belt or cloud, then 
we should be able to detect it at 0.3 mi-
crons using UVIS.

The near future:  
The Gemini Planet Imager

What would we learn about the forma-
tion of planetary systems, the evolution 
of their atmospheres, and the diversity 
of orbital configurations if we could ex-

pand Table 1 by 100 rows? Within the 
next few years a handful of advanced, 
ground-based adaptive optics systems 
with coronagraphic capability will come 
online, targeting stars of various spectral 
types within the local neighborhood for 
planetary systems. The key European ef-
fort is the SPHERE instrument for the 
VLT (Beuzit et al. 2008), the Japanese will 
be commissioning SCExAO for the Subaru 
8-m (Martinache & Guyon 2009), others 
have produced Project 1640 for the Pal-
omar 5-m (Hinkley et al. 2011), and the 
Gemini Planet Imager (GPI) will have first 
light on the 8-m Gemini South telescope 
in early 2012.

Let us consider GPI as an example of 
these new exoplanet-imaging capabilities 
(Macintosh et al. 2008). The adaptive op-
tics (AO) system senses the wavefront 
using a conventional Shack-Hartmann 
sensor. The wavefront is controlled by 
a MEMS deformable mirror operating at 
1.5 kHz with 43x43 illuminated actua-
tors. The rapid atmospheric correction 
requires very bright stars as the wave-
front reference source, and thus GPI and 
the other plant-imaging projects will be 
limited to bright targets (e.g., <9th magni-
tude for GPI). Also, the angular region of 
superb atmospheric correction is rela-
tively small, about 1.3 arcseconds wide in 
the case of GPI. The imaging of large-sep-
aration exoplanet such as Fomalhaut b 
will not benefit from these instruments. 

The image quality delivered by the AO 
system means that the coronagraphic 
spots can be very small. The sensitivi-
ty to planets begins a few λ / D radius 
from the star (about 0.12 arcseconds ra-
dius for GPI) and direct imaging begins to 
overlap in sensitivity to the transit and 
RV techniques (Figure 1). The science 
camera in GPI is a near-infrared (0.9-2.4 
micron) integral field spectrograph that 
provides an image cube where the third 
dimension is a low-resolution spectrum 
(R ~ 45). Moreover, GPI is capable of du-
al channel polarimetry which provides 
a means to detect the faint polarization 
signal of circumstellar dust. 
 What do we expect to achieve with 
GPI in a 900-hour survey of 600 stars 
in the southern hemisphere? Under the 
worst-case assumptions of instrument 
performance and the frequency of gi-
ant planets as a function of semi-major 
axis, 25 new exoplanets will be imaged, 
their orbits estimated, with low reso-
lution spectra of their atmospheres. As 
many as 50 discoveries are possible, and 
additional planets may be inferred via the 
analysis and dynamical modeling of de-
bris disk structure, as was the case with 
Fomalhaut and β Pic.

Figure 3 demonstrates the current 
best image of HR 8799 from the Keck 
II telescope and its adaptive optics sys-
tem, versus the predicted GPI image of 
the same system. The simulated GPI ob-
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Figure 3. LEFT: Adaptive optics observations of HR 8799 and the detection of three inner planets at 2.2 microns, from Marois et al. (2010). RIGHT: 
Simulation of GPI data at 1.6 microns, with a hypothetical 5 Jupiter mass planet “f” inserted inward of HR 8799 e. (Figure courtesy Bruce Macintosh 
and the GPI planet survey team.)
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servation drives the region of sensitivity 
inward towards the star where a hypo-
thetical 5 MJ planet (HR 8799 f) would 
be detectable.

Figure 4 shows the GPI sensitivity rela-
tive to planet luminosities and several of 
the currently detected exoplanets. Most 
importantly, two types of planet evolu-
tion models are displayed on the figure 
that give significantly different predic-
tions for planet luminosities at ages <108 
yr. The models predicting lower luminos-
ities (“cold-start models”) assume that 
gas infalling onto a growing planet should 
pass through a shock, dissipating heat, 
and therefore arrive at the planet sur-
face cold (Marley et al 2007). The higher 
luminosity models (“hot-start”) assume 
that planet formation begins from a hot, 
adiabatic sphere (Burrows et al. 1997). 
Thus with direct imaging searches a key 
science driver is to determine which of 
the planet formation and evolution mod-
els are empirically validated.

Summary
The study of extrasolar planets through 
direct imaging has succeeded in recent 
years and promises to be data-rich over 
the next decade. Direct images touch 
on numerous scientific disciplines such 
as planet formation, planetary system 
dynamics, the chemical composition of 
atmospheres and the origin of our so-
lar system. This article provided a brief 
introduction to some of these topics, 
summarizing the current state-of-the-
art and highlighting future prospects. For 
the far-future, the development of very 
large, 30 meters or larger, ground-based 

optical telescopes will push the sensi-
tivity of direct imaging even closer to 
stars. Such an advance will permit the 
detection of Jupiter-analogs in reflected 
light around nearby stars, as well as pro-
vide snapshots of planets forming within 
their circumstellar disks in more distant 
star-forming regions. The direct detec-
tion and characterization of exo-Earths 
will have to wait somewhat longer for 

the launch of a space mission specifical-
ly designed for this purpose. We expect 
that the scientific findings from the up-
coming generation of instruments will 
provide the strong motivation and tech-
nological demonstration to take on this 
most challenging goal.

Figure 4. The measured luminosities of several extrasolar planets from Table 1 compared to 
theoretical tracks.  The solid lines represent the cold-start models where gas accretion passes 
through a shock that dissipates heat such that the gas arrives on the planet surface cold.  The 
horizontal dashed line marks the approximate sensitivity of GPI. (Figure courtesy Bruce Macin-
tosh and the GPI planet survey team).
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The Holmdel Horn Antenna on which Penzias and Wilson discovered the cosmic microwave background.
Source: http://dayton.hq.nasa.gov/IMAGES/LARGE/GPN-2003-00013.jpg
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I. Introduction 
The universe is the most perfect exam-
ple of a black body ever observed. As 
discovered by Penzias and Wilson [1], 
the universe is permeated by the cosmic 
microwave background (CMB), a bath of 
radiation with temperature T = 2.725 
± 0.001 K (95%CL), homogeneous to 
one part in 104 and isotropic to one part 
in 105, as first revealed by the Cosmic 
Background Explorer (COBE) [2]. 

The discovery of the CMB marks the 
beginning of modern cosmology. Cos-
mology, as the study of the origin and 
evolution of the universe, has been pro-
moted from a theoretical field, occasion-
ally ridiculed as speculative, to a quanti-
tative field supported by data of ever-
increasing precision capable of testing 
the theories. Since we have access to 
one universe only, experimentation in 
cosmology is impossible and data can 
be gathered from observations only. 
The analysis of the CMB, which start-
ed at degree scales as probed by COBE 
(fwhmCOBE = 7°), has known a formi-
dable advance with the improvement 
of detectors for space probes such as 
the Wilkinson Microwave Anisotropy 

Probe (WMAP) (fwhmWMAP = 15ʹ) and 
PLANCK (fwhmPLANCK = 7.2ʹ), and for 
ground-based telescopes such as the 
Atacama Cosmology Telescope (ACT) 
(fwhmACT = 1.4ʹ) and the South Pole 
Telescope (SPT) (fwhmSPT = 1.0ʹ). Cos-
mology is now entering the arcminute 
scale (milimeter wavelengths) and thus 
overlapping with the scales of interest 
for astrophysics. In Fig. 1 we illustrate the 
effect of the beam size (the fwhm) in the 
resolution of the same region of a sim-
ulated CMB map. The enormous range 
of physical scales involved in cosmology 
makes the synthesis of information chal-
lenging. Parallel to the improvement in 
detectors, computational power has in-
creased, allowing to gather and process 
quantities of information unimaginable 
not too long ago. 

Cosmology is an interesting field be-
cause many pressing questions to the 
understanding of the Universe are still 
open. To answer questions such as: Did 
cosmic structure form solely via gravitational 
instability? What is the mass of the neutrino 
and how does it affect the structure forma-
tion? How does galaxy distribution relate to 

the mass distribution? What is the nature of 
the dark matter and the dark energy? What 
is the origin of the density perturbations? Is 
there an ingredient missing from the cos-
mological model? we need experiments 
that can probe the corresponding scales. 
Data of unprecedented precision, enter-
ing astrophysical scales, are now becom-
ing available and turning cosmology into 
a precision science. Hence cosmology is 
also a promising field because the possi-
bility of answers is real and attainable. 

This article, aimed at the astronomy 
community, attempts to update on the 
recent progress in the understanding of 
the universe derived from the study of 
the CMB, and convince that the CMB is 
a unique and powerful tool not only for 
cosmology but also for astrophysics. 

II. A black-body spectrum 
The high degree of homogeneity and 
isotropy of the CMB radiation sug-
gests that the universe was once small 
enough for all the patches in the sky to 
be in causal contact and that the uni-
verse eventually expanded to the pres-

Figure 1. A 5 × 5 deg2 patch of a simulated CMB map for three experiments with 
different angular resolution. The full width at half maximum (fwhm) is a measure of the 
size of the beam, and thus of the resolution of the experiment. Left panel, WMAP: fwhm = 15ʹ 
/pixel; Middle panel, PLANCK space probe: fwhm = 7.2ʹ /pixel; Right panel, ACT: fwhm = 1.4ʹ /
pixel. As the resolution increases, finer and finer structures in the CMB anisotropy maps be-
come discernible, pinpointing astrophysical objects.

The Cosmic microwave  
background radiation:  

the memories of the Universe revealed 
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ent size. As the universe expanded, the 
photon wavelengths stretched and hence 
redshifted, whereas the particle num-
ber density diminished, resulting in the 
low photon temperature and density 
observed today. We thus infer that the 
universe was once in a hot dense state, 
formed by a plasma of hydrogen and he-
lium almost homogeneously distributed 
in space. The interactions between the 
particles led the universe to a state of 
thermal equilibrium at a redshift z ∼ 107. 
(The redshift z measures the relative dif-
ference of the observed and observed 
wavelengths. In a homogeneous and iso-
tropic universe, it can be expressed as a 
function of the scale factor at observa-
tion and emission, respectively aobs and 
aem, as z = aobs /aem – 1.) Due to the scat-
tering from the free electrons, the mean 
free path of the photons was then small 
compared to the cosmological scales, 
i.e. the universe was opaque. As the uni-
verse expanded, the plasma cooled, the 
helium ions first and the hydrogen ions 
next captured the free electrons and the 
photons became free, i.e. the universe 
became transparent. This happened at a 
redshift z ∼ 103, which is about 380,000 
years after inflation. It is from this time, 
which defines the surface of last-scat-
tering, that the CMB dates. At the time 
of decoupling, the photons had a black-
body spectrum of the same temperature 
as that of the plasma, i.e. of order 3000 K. 
The fact that we see a black-body spec-
trum today means that all wavelengths 
were stretched by the same factor. The 
thermal radiation spectrum of the CMB 
is thus the most compelling evidence of 
the premise of universal expansion of 
the big-bang theory. 

Since the CMB photons have travelled 
from the last-scattering surface until to-
day, they are a powerful probe of the 
large-scale structure and the thermal 
history of the universe. The small devi-
ations from homogeneity and isotropy 
of the CMB are evidence of the prem-
ise of a homogeneous and isotropic uni-
verse, moreover confirmed by the aver-
age large-scale structure mapped by vari-
ous surveys [3]. 

III. Temperature anisotropies 
The deviations from the Planck law de-
scribe temperature anisotropies which 
appear as higher order moments. These 
anisotropies were produced by process-
es in the primordial plasma (the primary 

anisotropies), as well as by gravitational 
interactions of the CMB photons with 
the baryons on their way to us (the sec-
ondary anisotropies). In particular, the 
dipole contains a Doppler shift which 
measures the peculiar motion of the 
Sun with respect to the comoving ref-
erence frame. It corresponds to a tem-
perature of 3.355 ± 0.008 mK which im-
plies a solar system peculiar velocity of 
369.0 ± 0.9 km s–1 along the direction (l, 
b) = (263.99 ± 0.14, 48.26 ± 0.03) deg in 
galactic coordinates, respectively (lon-
gitude, latitude) [4]. Higher order mo-
ments contain imprints of the primordi-
al plasma and of the regions from where 
the photons last scattered, in particular 
information on the gravitational poten-
tial, the velocity along the line of sight 
and the density fluctuations. (For further 
details, see Ref. [5].) 

While the primary anisotropies pro-
vide information on cosmological param-
eters and the physics of the early uni-
verse, the secondary anisotropies pro-
vide information on the dynamics and 
geometry of the expanding universe. 
Consequently, the two types of anisot-
ropies are complementary, rendering 
the CMB a robust probe of all acces-
sible scales. Here we will focus on sca-
lar perturbations and on temperature 
anisotropies only. Tensor perturbations 
and polarization will not be discussed. 

The nature of the CMB anisotropies is 
different depending on the scale where 
they are manifested. (In the following, we 
will be using the multipole index l of the 
Fourier mode expansion as a measure of 
distance, which relates with angular dis-
tance θ (in radians) by l ≈ √4π/θ.) 

At large angular scales, i.e. θ > 5ʹ or 
multipoles l < 2500, the primary anisot-
ropies dominate, which are due to small 
linear perturbations in the primordial 
plasma’s density and velocity. These per-
turbations cause the plasma to under-
go acoustic oscillations until it decou-
ples. The acoustic oscillations consist of 
waves of density and velocity, where re-
gions of maximum compression corre-
spond to potential wells and regions of 
maximum rarefaction correspond to po-
tential peaks. These oscillations grew by 
gravitational collapse and provided the 
seed for the formation of the large-scale 
structure in the universe (i.e. galaxies and 
clusters of galaxies) that we observe to-
day. The CMB contains an imprint of the 
acoustic oscillations averaged over the 
surface of last-scattering. This is because, 

after decoupling, Thomson scattering of 
photons off of electrons sourced a global 
reionization which rendered the surface 
of last-scattering to have a finite thick-
ness in redshift between z ∼ 103 and z ∼ 
10. Moreover, temperature anisotropies 
on the surface of last-scattering reflect 
density variations of the same order in 
the primordial plasma. Hence, the tem-
perature observed in a given direction 
of the sky is the weighted average of 
the temperature on the z ∼ 103 surface 
which lies in the past light cone of the 
point on the z ∼ 10 surface from which 
the photons streamed almost freely until 
reaching us today. 

At small angular scales, i.e. θ < 5ʹ or 
multipoles l > 2500, the primary anisot-
ropies become negligible due to photon 
diffusion which suppresses fluctuations 
in the density distribution of wavelengths 
smaller than the mean free-path of the 
photons. This effect, called Silk damp-
ing, sets the scale for the thickness of 
the last-scattering surface and causes a 
modulation of the anisotropies by an ex-
ponential cutoff on small angular scales. 
Non-linear effects from more recent 
epochs become all the more important 
as secondary sources of perturbations. 
There are three major non-linear con-
tributions at small scales angular, as sum-
marily described below.

The thermal Sunyaev–Zel’dovich 
(tSZ) effect consists of the scattering 
of CMB photons from hot electrons in 
clusters, which creates a spectral distor-
tion of photons to higher energies in the 
form of a deficit of photons below ν ≈ 
217 GHz and an excess above this fre-
quency. Since the thermal distortion of 
the spectrum remains unaltered as the 
photons propagate freely, the tSZ signal 
depends on the cluster mass and tem-
perature, and not on the cluster redshift. 
This effect has been successfully used to 
detect galaxy clusters, whose tSZ signa-
ture is stronger than that of the CMB, 
and to study the structure and physics 
of clusters [6]. 

The kinetic Sunyaev–Zel’dovich 
(kSZ) effect and the Ostriker–Vish-
niac (OV) effect consist of the scat-
tering of CMB photons from ionized gas 
with peculiar velocity, which is due to 
the velocity–density coupling. The kSZ 
signal is concentrated in galaxy clusters 
and can be removed using the spacial 
distribution of the tSZ signal. In contrast, 
the OV effect extends over the entire 
field of view, generating fluctuations 
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about the black-body spectrum of a few 
µK on arcminute angular scales. These 
fluctuations are sensitive to inhomoge-
neities in the reionization of the Uni-
verse, and thus give information on the 
depth of reionization epoch. This effect, 
which has so far eluded detection in the 
CMB, might be detected in arcminute-
resolution maps. 

The weak gravitational lensing 
consists of the deflection of CMB pho-
tons by matter fluctuations along the 
line of sight. The characteristic deflection 
angle is a few arcminutes, being coher-
ent over a few degrees. This deflection 
causes a smearing of the acoustic peaks 
in the power spectrum, as well as the 
generation of small scale power wher-
ever there are temperature gradients. 
This effect, being sensitive to mass 
fluctuations, is a most promising probe 
of dark matter and a potential test of the 
validity of general relativity at cosmologi-
cal scales. It has been directly detected 
from CMB maps produced by WMAP 
[7] and by ACT [8], showing a prefer-
ence for a cold dark matter model with 
a cosmological constant [9]. 

The non-linear effects act as contam-
inants of the primordial signal, which 
must be subtracted for an unbiased es-
timation of the cosmological parame-
ters. Simultaneously, the non-linear ef-
fects probe the expanding universe and 
contain imprints of the interaction of 
the CMB photons with the large-scale 
structure on their way to the observer, 
thus providing indirect information on 
the physics of the early universe. 

IV. The power spectrum 

The primordial temperature fluctuations 
δT = ∆T/T are generated by random spa-
tial fluctuations on the density and ve-
locity fields of the plasma, hence the 
temperature anisotropies on the CMB 
must be analysed statistically. Assuming 
also that the primordial temperature 
fluctuations are Gaussian, all informa-
tion on the anisotropies is encapsulated 
in the two-point temperature correla-
tion function or equivalently in its angu-
lar decomposition in Legendre moments 
C

l

. The power spectrum of the primordi-
al potential is often assumed to have the 
form of a power law in the wave number 
k, P(k) ∝ kns-1 where ns is the spectral in-
dex. We predict C

l

 by tracking the evolu-
tion of the temperature fluctuations on 
the surface where they are generated, to 
the temperature anisotropies which we 
observe on the sky. This evolution can be 
incorporated in a transfer function T

l
 (k) 

relating the corresponding power spec-
tra as (2l + 1)C

l
 = ∫ dln[k] T

l

2(k) P(k). In 
Fig. 2 we plotted the C

l

 from WMAP and 
ACT using data publicly available [10]. 

Acoustic oscillations are unavoidable if 
there are potential perturbations before 
the last-scattering surface, hence a com-
mon prediction of various cosmological 
models. Nonetheless, they can be used 
to discriminate between different mod-
els [5]. Depending on the initial condi-
tions of the temperature fluctuations, i.e 
whether adiabatic (i.e. of the Neumann 
type) or isocurvature (i.e. of the Dirich-
let type), different harmonics are trig-

gered in the spectrum of acoustic oscil-
lations. Thus the initial conditions can be 
distinguished by the angular scalar sub-
tended by the sound horizon at last-scat-
tering, which sets the fundamental angu-
lar scale, and the relation between the 
peaks. In particular, the locations of the 
peaks depend only on the background 
cosmology, mainly on the spatial curva-
ture Ωk h

2, but also on a combination 
of the baryons Ωb h

2, the cosmological 
constant ΩΛ h

2 and the matter Ωm h
2 at 

last-scattering. (Here Ωm = Ωb + Ωc in-
cludes both baryonic matter b and non-
baryonic cold dark matter c.) Moreover, 
the difference in heights between the 
odd and even peaks is a robust probe of 
the baryons relative to the total matter 
at last-scattering, and possibly also of the 
number of massless neutrinos. Also, the 
damping scale probes the baryon con-
tent and the physics of recombination. 
Thus the detection of acoustic oscilla-
tions in the CMB data enables to mea-
sure various cosmological parameters 
and hence to constrain early universe 
cosmological models. 

Parameter dependence 
However, the determination of cosmo-
logical parameters from measurements 
of the CMB anisotropies is plagued with 
degeneracies among the parameters. 
An example is the geometric degener-
acy, which leads to nearly identical CMB 
anisotropies in universes with differ-
ent background geometries but identi-
cal matter constant [11]. Thus the geo-
metric degeneracy imposes limits on the 
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Figure 2. The temperature power spectrum from the WMAP 7-year data and the ACT 148 GHz data. The gray diamonds are the data 
points from WMAP, the black squares are the data points from ACT. The dark gray curve is the theoretical power spectrum. Right panel shows a 
detail of the left panel for a better visualization of the acoustic peaks.
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measurement of the spatial curvature of 
the Universe and the Hubble constant 
from measurements of the CMB anisot-
ropy only. This degeneracy can only be 
removed by the combination of con-
straints on the geometry of the Uni-
verse or from the effects of weak lens-
ing on the CMB. 

The accuracy of the relation between 
ΩΛ and Ωk depends on the ability to fix 
the position of the peaks. Improving the 
accuracy of the measurement simply 
causes the likelihood contours to nar-
row around the degeneracy lines. Simul-
taneously, the indeterminacy of ΩΛ leads 
to an indeterminacy of H0. If both Ωm h

2 
and the relation between ΩΛ and Ωk are 
well constrained, then a constraint on 
H0 implies a constraint on ΩΛ. If Ωm h

2 
is well constrained, then a constraint on 
the age of the Universe (which is a func-
tion of Ωm h

2, Ωk h
2 and ΩΛ h

2) implies 
a constraint on the geometrical degen-
eracy in the (Ωk, ΩΛ) plane. This is illus-
trated in Fig. 3 [12]. 

Restricting to spatially flat models Ωk = 
0, the location of the first peak (at 1-de-
gree scale) determines the degeneracy 
among ΩΛ, Ωc and Ωb, whereas its height 
determines the degeneracy among Ωc , Ωb 
and ns . WMAP brought the angular scale 
coverage to the degree scale, whereas 
the current generation of anisotropy ex-

periments extends the angular scale cov-
erage to the arcminute scale. 

Cosmological parameters  
from WMAP 

The results have been greatly improved 
by the observations from WMAP [10], 
which has produced sky maps from sev-
en years of observation. Accurate mea-
surements of the first few peaks in the 
angular power spectrum, in combination 
with other data sets, have allowed ad-
vances in the understanding of the uni-
verse [12]. Some of the results follow 
below. 

a)  The baryon density in the universe is 
now known to within 3% and agrees 
with the big-bang nucleosynthesis. Al-
so, the first detection of pre-stellar 
Helium was reported, providing an 
important test of the big-bang the-
ory, according to which most of the 
Helium in the Universe was synthe-
sized in the hot early Universe and 
not in stars. Primordial Helium af-
fects the time profile of recombina-
tion, which in turn affects especially 
the third acoustic peak of the CMB 
angular power spectrum. 

b)  Strong constraints were placed on the 
dark energy and geometry of the uni-
verse. The dark matter must be non-

baryonic, according to nucleosynthesis, 
and interact only weakly with baryons 
and photons. Moreover, the universe is 
spatially flat to within 1%, as inferred 
from the combination with the local 
distance scale and the baryon acous-
tic oscillation (BAO) data [13]. 

c)  Tighter limits were placed on the dark 
matter and cosmological constant for 
a flat universe. As a consequence, the 
Hubble constant is determined to 
within 3% in combination with BAO 
data. 

d)  The primordial fluctuations are adi-
abatic and nearly Gaussian, and its 
spectrum is slightly tilted (i.e. has a 
slight scale-dependence, with spectral 
index ns = 0.982+0.020

–0.019 < 1). 

e)  New constraints were placed on the 
number of neutrino-like species in the 
early Universe, Neff > 2.7 (95%CL), 
which were possible due to the im-
proved measurement of the third 
peak. 

Hence CMB observations strongly sug-
gest that the universe is geometrically 
flat (with a Hubble constant H0 = 71.0 ± 
2.5 km s–1 Mpc–1), dominated by a dark 
energy component consistent with a cos-
mological constant ΩΛ = 0.757 ± 0.031 
and with about five times more cold dark 
matter than baryonic matter, respective-
ly Ωc = 0.222 ± 0.026 and Ωb = 0.0449 
± 0.0028 [12]. A plethora of astronomi-
cal observations demonstrate not only 
that most of the matter of the universe 
is non-baryonic but also that the ener-
gy density of this form of matter is not 
enough to explain the observed flatness. 
Moreover, supernova observations sug-
gest that the universe is expanding in an 
accelerated fashion [14]. These observa-
tions combined require a new form of 
energy capable of driving the accelerat-
ed expansion and of rendering the uni-
verse flat. The missing matter and energy 
suggest that important physics is missing 
from the cosmological model.

V. Conclusion 

Observations from WMAP have placed 
robust constraints on fundamental cos-
mological parameters but little have they 
revealed about the dark components. 
Nonetheless, these observations can put 
constraints on specific models of dark 
matter and dark energy [15]. Since both 
dark components become dynamically 

Figure 3. Degeneracy of ΩΛ and Ωm as a function of the Hubble constant, from WMAP 
7-year data. The black line is ΩΛ + Ωm = 1 and separates between closed and open universes. 
The dashed line is Ωk = –0.2654 + 0.3697ΩΛ and parametrizes the geometric degeneracy in 
these data. The color points indicate the value of the Hubble constant for each non-flat mod-
el consistent with these data. If H0 is known, then ΩΛ + Ωm is fixed and vice-versa. Reprinted 
from Ref. [12].
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evident at most recent cosmological ep-
ochs only, we require higher-resolution 
experiments capable of probing the cor-
responding smaller scales of interest. 

Ongoing observations by ACT [16] 
and SPT [17] are already showing re-
sults [8,18,19], whereas the data from 
PLANCK are awaited with a great 
promise of settling open questions due 
to their unprecedented resolution [20]. 
New insights are also expected from po-

larization, which introduces three addi-
tional power spectra to characterize the 
temperature anisotropies. In particular, 
measurements of the polarization can 
distinguish between scalar and tensor 
modes, as well as determine the redshift 
at which intergalactic medium was reion-
ized, thus breaking other degeneracies 
among parameters. 

Interesting times for cosmology are 
coming soon and they are here already. 
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Heliophysics is the study of the Sun and its interactions with Earth and the solar system. 
Credit: NASA 
Source: http://www.nasa.gov/images/content/474966main_Heliophysics.jpg
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Abstract

The Sun is the only star we can ob-
serve in detail and on the other hand, 
solar variability drives the heliosphere 
and influences the environment around 
our planet. Over the last 10-15 years, 
a large number of space missions have 
been providing a smorgasbord of ob-
servations from the photosphere to the 
outer reaches of the heliosphere. As 
a consequence, solar and space phys-
ics are being integrated into a joint re-
search field, called heliophysics, and 
are tackling the mysteries of the Sun 
and the heliosphere with great success. 
In this short review, I discuss a few of 
those exciting advances in an attempt 
to capture the spirit of progress that 
permeates the field. Due to space re-
strictions, I left out many major results 
which may be addressed in future ar-
ticles. 

The ‘Great’ Heliophysics 
Observatory
Perhaps the single most important force 
of progress in our discipline has been the 
sheer number of Solar or Solar-related, 
space observatories currently in oper-
ation. NASA’s Heliophysics Division is 
operating 16 missions as of this writing, 
some of them in coordination with other 
space agencies (Figure 1). The spacecraft 
locations and their measurements span 
the whole heliosphere from the terres-
trial magnetosphere (e.g., THEMIS) to 
the L1 Lagrangian point (SOHO) to L4 
and L5 (STEREO) to the edge of the heli-
opause (Voyager). The data from these 

missions are freely available of the inter-
net and science investigations increas-
ingly combine remote sensing and in-
situ information for different probes. So 
another major change is afoot: the in-
creasing fusion between the physics of 
the Sun and its local environment (‘so-
lar physics’) and the physics of the inner 
heliosphere and the terrestrial environ-
ment (‘space physics’). The spirit of this 
gradual change has been captured by 
the new term of ‘heliophysics’ which is 
the name of the NASA division respon-
sible for solar and heliospheric studies 

and is now used extensively in the U.S. 
to describe our expanded community 
focus. I will use the term here in place 
of the old-fashioned ‘solar physics’ term 
because it describes better the science 
highlights in this article and expresses 
more clearly the future trends within 
our discipline. 

With the large number of space-
craft and the variety of science meas-
urements and locales covered by them 
comes the third major change in helio-
physics: data deluge. Table 1 shows the 
daily data volume for five data-intensive 

Recent Advances  
in Heliophysics  

from Space-Based Observations 
by Angelos Vourlidas 

Space Sciences Division, Naval Research Laboratory, Washington DC, USA

Figure 1. Currently-Operating Heliophysics Missions.

Mission Daily Data Volume (GB) Launch Date

SOHO  0.5 12/1995

RHESSI  1.6 02/2002

Hinode  7.0 09/2006

STEREO  12.0 10/2006

SDO  1500.0 02/2010

Table 1. Dypical Data Volumes from Heliophysics Missions.
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heliophysics missions. The data volumes 
haven been increasing steadily in the last 
15 years and went to ‘overdrive’ with the 
launch of the Solar Dynamics Observa-
tory (SDO) last year. 

The large data volumes are not the 
only reasons for the increase in the sci-
ence output in heliophysics research. 
Novel viewpoints and observing wave-
lengths, high temporal and spatial res-
olutions, long-term synoptic observa-
tions, and faster computers have accel-
erated research. The Hinode1 mission 
employs the largest solar space tel-
escope flown (0.5m diameter) and is 
exploring the solar photosphere and 
chromosphere with sub-arcsecond res-
olution. The RHESSI2 spacecraft is map-
ping hard and soft X-ray sources using 
interferometric techniques. The unique 
mission design of the STEREO3 mission 
provides us with a continuously varying, 
off the Sun-Earth line, perspective of so-
lar and heliospheric activity 24 hours a 
day and with relatively high-cadence to 
boot. SDO4 is providing full disk images 
of the corona in ten wavelengths at a 
cadence of 12 seconds with arcsecond 
resolution. SOHO5 and SDO comprise 
the ‘third eye’ along the Sun-Earth line 
and provide both a long-term synoptic 
database going back to the previous cy-
cle (SOHO) and large temporal and tem-
perature coverage of the corona. MHD 
modeling on the other hand has been 
able to couple seamlessly models of the 

1. http://hinode.nao.ac.jp/index_e.shtml
2. http://hesperia.gsfc.nasa.gov/hessi/
3. http://stereo.gsfc.nasa.gov
4. http://sdo.gsfc.nasa.gov/
5. http://sohowww.nascom.nasa.gov/

solar corona to the heliosphere and to 
the Earth creating a grand heliospheric 
modeling framework.

Heliophysics Advances  
in the Last 5 Years
The scope of heliophysics space research 
is large while the pages allocated to this 
article are restricted. Thus, the review 
discusses only a few topics which are in-
dicative of the fresh air currently blow-
ing in heliophysics, at least according to 
this author. The selection of the topics 
was based on whether they addressed 
longstanding questions, whether they 
opened new avenues of research, or be-
cause they reveal major trends in future 
heliophysics research. We focus on the 
last five years only when most of the dis-
cussed mission were launched.

An Old Debate on Coronal Heating 
Comes Into Focus: Waves or Flows?
The million Kelvin temperature of the 
solar corona has long been an outstand-
ing issue in heliophysics with important 
implications for stellar physics as well. 
Uncovering the mechanism (or mecha-
nisms) behind coronal heating has been 
the focus of many heliophysics mis-
sions since Skylab in the 1970’s. Despite 
countless observations across most of 
the electromagnetic spectrum, a com-
plete answer still eludes us. Is the co-
rona heated by waves or by energy re-
leased through magnetic reconnection? 
Is it a discreet or a random process? Do 
the same processes operate across open 
and closed field regions? Does the ener-

gy originate in the corona and conducts 
downward towards the chromosphere 
or does the chromosphere do the heat-
ing thanks to its large mass and close 
magnetic coupling to the photosphere? 
The latter question may point to a po-
tential ‘turf war’ between coronal and 
chromospheric researchers!

While the debate has not been set-
tled yet, recent observations from space 
have provided a wealth of clues. Coronal 
spectroscopy has long given evidence 
for outflowing (blue-shifted) plasmas in 
active regions but the imaging context 
was missing or was of low spatial res-
olution. Thanks to more sophisticated 
extrapolation algorithms, comparisons 
of coronal magnetic field extrapolations 
to spectroscopic information from the 
SUMER instrument on SOHO led to the 
concept of coronal circulation [1] to ex-
plain the observed flows. In other words, 
the coronal plasma heats and moves up-
wards along field lines. At some height, it 
cools and returns to the chromosphere 
closing the loop. The problem is that the 
temperatures changes of the plasma and 
the small number and finite bandpasses 
of spectrometers and imagers makes it 
very difficult to follow the time history 
of a given parcel of plasma even at the 
easily resolvable scales of a few arcsec-
onds (~1-2 Mm). The instruments re-
cord only intensity fluctuations which 
are just regular enough to indicate pe-
riodicity. Typical speeds are of the or-
der of 50-100 km/s and periodicities of 
around 8-12 min. Since these structures 
occur in quick succession and the mag-
netic field within them is unknown, it is 
difficult to discriminate between true 
mass flows or overlapping waves sim-

Figure 2. Detection of quasi-periodic fluctuations in active region. Left: EUV 195A image of an anemone active region on 23 August 2007. Right: The 
intensity time series is extracted along path A and plotted as a distance-time map. Each ridge corresponds to a fluctuation episode and the slope 
determines its speed. Most of the slopes in the figure correspond to about 70-120 km/s[5].
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ply through spectroscopy. Additional 
constraints need to be used. Therefore, 
blue-shifted intensity fluctuations at the 
edges of active regions bordering coro-
nal holes were interpreted as outflowing 
material possibly linked to solar wind [2]. 
Other analyses have detected period-
icities and hence interpreted the fluc-
tuations as waves[3]. However, neither 
the material nor the periodicities could 
be followed to large enough heights to 
check whether it escaped or returned 
(hence a flow) or dissipated away (hence 
a wave) leading to the current open is-
sue: are the intensity fluctuations waves 
or mass outflows? 

The answer may come from the 
great improvements in image process-
ing techniques and instrumental sensi-
tivities. Whereas early imaging observa-
tions from TRACE and SOHO/EIT have 
given hints of intensity fluctuations, to-
day’s imagers (EUVI, AIA) are literally 
seething with motion. Everywhere one 
looks, there is evidence of outflows (…
or waves, of course). The online movie6 
shows an example from a 2-hr sequence 
of SDO/AIA 193Å images processed by a 
sophisticated wavelet algorithm [4] to re-
move the instrumental stray light and the 
stable large-scale structures. The mov-
ie sequence makes clear that the out-
flows occur in both open and closed 
field structures, in the quiet sun, active 
regions and coronal holes. Some of the 
outflows are larger scale jet-like struc-
tures occurring very intermittently but 
the majority of the outflow comprises 
small-scale repetitive fluctuations that 
can be followed almost to the edge of 
the field of view (~0.2 Rs or 140 Mm). 
Even with this amount of image process-
ing, it is still difficult to follow individu-
al plasma parcels. The sheer number of 
them would render any manual tracking 
method impossible. One solution is to 
resort to even more processing---com-
puting power is cheap these days, anyway. 
Figure 2 shows an example of a distance-
time map along a faint loop (labeled ‘A’) 
in an anemone active region[5]. The pro-
duction of the map required a laborious 
procedure of wavelet-enhancing, region-
of-interest extraction, background-sub-
traction in the distance-map plane, and 
edge-enhancement. The final result with 
the clearly-defined ridges of emission 
captures the intermittency and the ex-
tent of these outflows for the first time. 

6. http://solphys.nrl.navy.mil/users/vourlidas/
docs/ipparchos/20100613_aia193_21.mov

When one considers that the emission 
variation in Figure 2 represents just an 
8-hour segment along a single 2000 km-
wide loop in a single active region, one 
wonders about the scale of the problem 
at hand. The Sun is simply too close, too 
well-resolved, and too active. It is nothing 
short of a treasure trove for physics. 

Returning to our discussion on flows 
versus waves, Figure 2 does suggest some 
periodicity in the fluctuations which 
comes to about 8 min after a wavelet 
decomposition analysis. Again we reach 
an impasse. We cannot tell with certain-
ty whether the flows are waves or mass 
motions. It is most likely a combination 
of the two. Our discussion has focused 
only on the corona so far which is not 
an uncommon bias for coronal observ-
ers like the author. The chromosphere 
with its ready supply of plasma and its 
medium temperature is usually ignored 
because of the complexities of its par-
tially ionized and neutral plasmas.

Thankfully, tantalizing clues have 
emerged about the transfer of mass and 
energy across the chromosphere-coro-
na interface. Observations in the Ca II 
H (3968Å) line from the SOT telescope 
on the Hinode mission have uncovered 
a new class of spicules [6] in addition 
to those known for several decades[7]. 
These new, “Type-II” spicules with much 
shorter lifetimes (10-150 sec) than the 
‘traditional’ spicules, are observed as thin 
jets (widths of 100-700 km or 0.1ʹʹ – 1ʹʹ) 
shooting up in the atmosphere at high 
speeds (50-150 km/s). Type-II spicules 

disappear very rapidly from the Ca II 
bandpass suggesting plasma heating. Ad-
ditional observations from the Hinode/
EIS spectrometer and the SDO/AIA EUV 
images show substantial heating in Type-
II spicules with some plasma reaching 
coronal temperatures: they could be 
the ultimate source of coronal mass and 
heat[8] (Figure 3). If the material is indeed 
heated to coronal temperatures and is 
prevalent enough to play a role in coro-
nal thermodynamics, then it should be 
detected by EUV imagers after it is eject-
ed by the cool chromosphere. Unfortu-
nately, such idealized sequence of events 
is only rarely observed (Figure 4). 

To make things more complicated, 
both types of spicules seem to be con-
stantly permeated by waves manifested 
as transverse oscillations of the order of 
10-25 km/s and periods of 100-500 s[8]. 
It is not clear whether these oscillations 
are related to the waves in the corona 
we discussed above. It is generally diffi-
cult for waves to propagate across the 
chromosphere/corona interface because 
the sudden change in the physical pa-
rameters (density, temperature, magnetic 
field) tends to reflect them. 

Thus the question of how the corona is 
heated is still left open despite the pleth-
ora of spectroscopic and imaging obser-
vations. This simply means that the solu-
tion is not an obvious one but lies within 
the fine structures and high variability of 
the solar atmosphere that makes solar 
imaging so impressive. There is no doubt 
that the questions of whether the omni-

R
E
V

IE
W

S

Figure 3. Mass and energy transport between the chromosphere, transition region, and corona, 
as deduced from SOT and EIS observations[9].
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present coronal fluctuations are waves or 
mass flows, the role of the chromosphere 
in heating the corona, and the origins of 
the solar wind will be at the forefront of 
heliophysics for the near future.

A Unification Theory  
for Solar Explosions
Coronal mass ejections (CMEs) and 
flares are the most energetic phenome-
na in the solar system. Flares can convert 
several times 1032 ergs of magnetic ener-
gy into heat and light across the electro-
magnetic spectrum and they accelerate 
copious amount of energetic particles up 
to GeV energies, all within a matter of 
minutes. With a similar timescale, CMEs 
can expel 1016 gr of magnetized coronal 
plasma with speeds of up to 3000 km/s 
into the interplanetary space. The shocks 
driven by these ejections can also accel-
erate particles to high energies and they 
can do so for days as they cross the in-
ner heliosphere. Both phenomena ex-
tract their energies in more or less equal 
amounts (a few x 1032 ergs) from the 
magnetic field energy stored in the coro-
na. Being of coronal origin, they are best 
observed from space telescopes in the 
EUV and X-ray and visible wavelengths. 
Flares, especially large ones, often occur 
in tandem to CMEs but the timing is not 
consistent. Sometimes the flare precedes 
the ejection, sometimes it follows it, and 
many times the intensity of the flare (as 

Figure 5. Comparison of CME kinematics to Hard X-ray light curves (red) for a CME/flare event 
on 25 March 2008. The X-ray curves come from RHESSI which was in the night until 18:44 UT 
(bar labeled ‘N’). The gray swaths mark the uncertainty in the speed and acceleration derived 
from the height-time plots. Note the very close correspondence between the CME accelera-
tion and HXR curves[10].

Figure 4. Two-temperature image of outflows within a coronal hole. The green colors show emission at the FeXII 195 Å line (formed at 1.4 106 K) 
and the red color comes from He II 304 Å (80,000 K). The arrows point to three types of ejections: A hot jet (left), a cool jet (middle), and a com-
bination of a hot jet with cool plasma at its base (right). The latter is the signature expected by the De Pontieu et al. scenario. The images are from 
the STEREO EUVI-A telescope and have been enhanced by a wavelet technique. 
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measured in soft X-rays, for example) 
does not match the size or speed of the 
accompanying CME. On the other hand, 
CMEs are observed at relatively large 
heights (>2 Rs) making hard to connect 
the CME structures, propagation path 
and acceleration history to the site and 
evolution of the flare. These observation-
al uncertainties fueled an intense debate 
in the ‘80s and ‘90s on whether CMEs 
were the results of flares or vice ver-
sa. The prize at stake was the ‘bragging 
rights’ to the most important phenom-
enon in the heliosphere (…and possibly 
to more funding). 

The debate seems to have been settled 
now. CMEs are the main contributors to 
the short term variability of the helio-
sphere with their echoes detected all 
the way to the heliopause. Flares, howev-
er, play an important role as efficient par-
ticle accelerators and short-term drivers 
of the thermosphere through their sud-
den EUV outbursts. The growing num-
ber of concurrent CME and flare obser-
vations is driving a fundamental change 
in our view of the two phenomena as 
separate entities. 

We can now measure the accelera-
tion profile of a CME with almost the 
same cadence and at the same height 
where the flare takes place [10]. Figure 
5 shows an example from a CME/flare 
event on 25 March 2008. The CME was 
observed by the EUV and coronagraphs 
on the STEREO mission and the Hard 
X-ray (HXR) emission was recorded by 
the RHESSI satellite which was in the 
night during the beginning of the event. 
Note the very close correspondence 
between the CME acceleration profile 
and HXR light curve. The HXR emis-
sion originates from localized brighten-
ings of a few arcseconds width (~5000 
km across) very low in the corona while 
the CME measurements are taken at 
successively larger distance (0.1 Rs = 
70,000 km). The Hard X-rays are due to 
bremsstrahlung emission emitted when 
non-thermal electrons accelerated by 
flares collide with ambient protons. Be-
cause of the bremsstrahlung density de-
pendence, the strongest HXR emission 
comes when the electrons impact the 
chromosphere. The propagation paths of 
those electrons can be derived by time-
of-flight measurements which show that 
the electrons are accelerated in beams 
high in the corona. As the CME acceler-
ates and expands outwards, the HXR 
brightenings also expand along the sur-

face signifying an intimate relationship 
between CME size (and evolution) and 
electron acceleration. 

This close connection has been veri-
fied by numerous studies[11] and con-
stitutes one of the major findings in 
coronal physics in the last ten years. It 
suggests that flares and CMEs are not 
separate phenomena but they could be 
described by a unified picture (possibly 
Figure 6). In a nutshell, photospheric mo-
tions and flux emergence are continually 
shuffling the coronal fields above until 
reconnection is induced across a high-
ly sheared neutral line. Magnetic recon-

nection is nothing more than a topo-
logical reconfiguration of the field but 
during the process the sheared coronal 
field relaxes to a lower state. The result-
ing change in magnetic energy, estimat-
ed in the order of 1033-34 ergs, is more 
than sufficient to accelerate the CME 
out of the solar gravitational field, ther-
malize the CME and flare plasma, and 
accelerate the electrons and protons to 
near-relativistic energies. In other words, 
CMEs and flares are nothing more than 
the mass and heat manifestations of the 
ejection of magnetic energy from the 
Sun. As the cartoon in Figure 6 suggests, 
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Figure 7. Cartoon of the impulsive phase of the 31 Dec 2007 flare. The dark gray plane is the 
photosphere, while the parallel plane in lighter gray gives the occultation height of the RHESSI 
observations. The flare loops are shown in black with the top part visible by RHESSI colored 
red. The contours of the HXR and microwave images are projected on the plane behind the 
flare loops. Source sizes and altitudes are roughly to scale[12]. 

Figure 6. Cartoon illustrat-
ing the connection between 
the large-scale CME dynamics 
and small-scale flare process-
es. The outward moving CME 
evacuates the area in its wake, 
boosting mass inflow into 
the reconnection region. The 
more mass and frozen-in mag-
netic field is transported into 
the region, the higher is the 
magnetic reconnection rate 
leading to larger flare energy 
release and to more efficient 
acceleration of particles. The 
successive closing of magnetic 
field lines due to reconnection 
increases the poloidal flux Bφ 
in the eruption, which leads 
to a stronger upward ori-
ented magnetic driving force 
(Lorentz force)[10].
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the energy release site must lie some-
where between the bottom of the CME 
and above the flaring loops. Detecting 
this region would then provide strong 
support towards the aforementioned 
scenario. So, where is it?

 

Looptop HXR Sources
RHESSI observations of looptop HXR 
sources have shown that these sourc-
es are visible whenever the bright emis-
sion from the flaring footpoints is oc-
culted. Some HXR sources are located 
up to 100 arcsec (~70,000 km) or more 
above the surface and may contain a sur-
prising number of non-thermal particles. 
How are these particles accelerated and 
where do they come from? 

When combined with EUV observa-
tions, the HXR sources tend to lie close 
to the post-CME current sheet. So the 
HXR source and the post-CME current 
sheet may be closely related. But how 
are the HXR sources related to the CME 
formation? 

A careful analysis of a recent occulted 
flare (Figure 7) reached the surprising 
conclusion that all of the around 1035 
electrons in the looptop source were 
non-thermal with a total energy of 1029 
ergs[12]. These numbers were consistent 
with estimates of the pre-event coronal 
densities and magnetic field and current 
reconnection models. However, the ac-
celeration process must be extremely 
efficient in converting magnetic energy 
into non-thermal electrons. The nature 
of that process is unknown and should 
be the subject of intense theoretical fo-
cus as we expect more observations of 
such looptop sources. It is hard to dis-
miss the HXR observations as a solar 

oddity. Radio imaging observations al-
so show sources above the flaring loops 
and in some cases they show them split-
ting into a stationary and a radially prop-
agating component. The outward-moving 
component is associated with the bot-
tom of the ejected CME fluxrope where 
increased densities are expected accord-
ing to the scenario on Figure 6. Although 
we still do not have an event with clear 
imaging in all three regimes (EUV, radio, 
HXR), the amount and consistency of 
the various analyses so far clearly sup-
port the unified scenario of CME and 
flare.

Spatial relation  
between the small-scale flare  
and the large-scale CME

The problem with cartoons, such as 
Figure 6, is their simplicity. They cannot 
easily capture the complexity of the so-
lar conditions. In this case, the cartoon 
places the flaring site symmetrically be-
neath the erupting CME due to its two-
dimensionality. In reality, the flare can be 
anywhere behind the CME and the CME 
does not have to propagate radially or 
expand self-similarly. Neither of these 
effects could be studied accurately until 
the launch of the STEREO mission mak-
ing it very difficult to associate CMEs 
and flares. The ability to observe the 
corona simultaneously from two view-
points afforded by the STEREO obser-
vations has revolutionized our under-
standing of the three-dimensional evo-
lution of these eruptions. The realiza-
tion that CMEs can expand non-linear-
ity during the first few minutes of their 
formation has been the most important 

contribution of STEREO observations to 
our discussion here. Three-dimension-
al fitting of expanding EUV bubbles in 
very impulsive events showed that the 
CME lateral expansion reaches speeds 
of 1000 km/s and lasts only 1-5 minutes 
while the front of the CME rises at mod-
erate speeds (~500 km/s)[13] . The lateral 
expansion is unlikely to be seen from a 
single viewpoint creating the impression 
that the CME grows in size slowly which 
the CME may double its size in a matter 
of minutes. The lateral expansion solves 
several problems in the flare-CME re-
lationship in one stroke: (i) it explains 
the discrepancy between CME widths 
in the outer corona and the extend of 
flaring loop arcades in the lower corona, 
(ii) it explains how a CME may appear 
displaced by several degrees from the 
flaring site since the CME may expand 
laterally into low magnetic field regions 
over the quiet Sun which are not con-
ducive to flaring. (iii) It explains the ap-
pearance and short lifetimes of radio 
sources that appear as drifting spectral 
emission in metric wavelengths and are 
interpreted as emission from shock-ac-
celerated electrons. Their drivers (ther-
mal blast from a flare or ejected CME 
fluxrope) have been debated for de-
cades. The fast lateral expansion could 
easily drive shocks in the low corona 
while it lasts.

To summarize, space observations 
from a multitude of spacecraft have 
shown that flares and CMEs are not re-
ally two separate phenomena but they 
are manifestations of sudden energy re-
lease in the corona. If there is enough 
energy available, part of the preexist-
ing loops are ejected as a magnetized 
fluxrope structure which piles up the 

Figure 8. The inner heliosphere viewed by the twin STEREO imaging suites. The Sun is in the center and the inner circle (blue) shows the corona 
out to 15 solar radii. The heliospheric imagers HI-1 (red), HI-2 (outer blue) cover the heliosphere along the sun-earth line. Images from STEREO-
Ahead (Behind) are shown on the left (right). The Earth is also shown. A CME heading towards Earth can be seen in this snapshot taken on Febru-
ary 8, 2010. The solar disk is barely visible in this scale.
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overlying corona into a CME. If not, then 
a small part of the loop system is heated 
and emits light in a large range of wave-
lengths. If the event occurs in a low mag-
netic field region, the timescale of the 
eruption lengthens somewhat allowing 
the slow rise of the fluxrope to a larger 
height where force imbalance and ide-
al processes (e.g., torus instability) can 
eventually release the CME. The accom-
panying heating of the post-CME loops 
is very low and hence unlikely to be eas-
ily detected. Of course, there are many 
details that need to be addressed in the 
above simplistic picture. It may be time 
to join the ‘flare’ and ‘CME’ term into the 
more appropriated term of Flaring Mag-
netic Ejection or FME.

Imaging of the Solar Wind
Perhaps, the most significant break-
through of the past few years may be 
the direct imaging of the solar wind by 
a new type of telescope, called helio-
spheric imagers (HI). These are large-
angle telescopes, operating in the visi-
ble, imaging the inner heliosphere start-
ing several degrees away from sun cen-
ter. The first prototype, the Solar Mass 
Ejection Imager (SMEI)7, was flown in 
2003. The technique came of age, how-
ever, only with the operation of the He-
liospheric Imagers aboard the STEREO 
mission since 2007. The STEREO-HIs 
image the inner heliosphere along the 
Sun-Earth line, from 4⁰ to 90⁰ elonga-
tion from the Sun. As the Earth-Sun-
spacecraft angle changes, the HI field 
of view extends to Earth and beyond. 
Because of their design---the HIs do 
not receive any direct sunlight, unlike 
coronagraphs—and their long expo-
sures, the HIs are the highest sensitiv-
ity visible-light telescopes ever flown 
reaching background levels 15 orders of 
magnitude below the brightness of the 
Sun. In other words, the HIs can detect 
stars down to 12th magnitude within 
20⁰ from the Sun, which is beyond the 
capability of any astronomical telescope 
at this time.

With such performance, the tele-
scopes provide direct images of CMEs, 
Corotating Interactions Regions (CIRs), 
shock waves, and even of the fine struc-
ture of the quiescent solar wind itself, 
as they propagate all the way from the 
Sun to Earth and beyond (Figure 8 and 

7. http://smei.nso.edu/image_info.html

online movie8). 
Although the STEREO mission was 

launched during an unusually low so-
lar minimum, the HI images showed a 
wealth of structures and propagating 
fronts even in the absence of CMEs. It 
was quickly recognized [14,15] that the 
fronts were created by the slow solar 
wind pileup against the fast solar wind 
streams originating by large-scale and 
long-lived equatorial corona holes. In 
other words, the HI images were our 
first view of the formation and shape 
of CIRs. In addition, the fronts could be 
tracked in elongation-distance plots and 
their arrival at Earth was predicted easily 
and with high accuracy[14,15]. This capabil-
ity opened up new avenues of research 
both on the physics of CIRs as well as on 
predicting their Space Weather impacts. 
Further work into the internal structure 
of these solar wind entities revealed the 
surprising fact the many CIRs contained 
small-scale CMEs, apparently trapped by 
the fast wind as they were ejected from 
the tips of the coronal streamers[16]. The 
resulting magnetic field enhancements 
may be one of the reasons for the geo-
effectiveness of CIRs but it was not rec-
ognized before. 

STEREO’s ability to image the faint 
outflow from streamers using two van-
tage points showed that many of the 
ejections that appeared as amorphous 
blobs in the LASCO images are highly 
structured magnetic fluxropes. In other 
words, they are mini-CMEs with typi-
cal widths of less than 100 and masses 
of less than 1012 gr, compared to a typi-
cal CME of 450 width and mass of 1015 
gr. This finding implies that a large part 
of the slow solar wind may form as a 
result of an intermittent impulsive pro-
cess rather than through the gradual re-
lease of plasma caused by the high tem-
perature of the corona. This finding has 
large implications for long-established 
theories of slow solar wind formation 
including the role of coronal heating and 
the interplay between coronal holes and 
streamers in the release of magnetic field 
in the heliosphere.

The heliospheric imaging of CMEs and 
their shocks through larger parts of the 
heliosphere has created yet another re-
search focus. It provides the opportunity 
to directly compare imaging and in-situ 
measurements of the same events and 

8. http://solphys.nrl.navy.mil/users/vourlidas/
docs/ipparchos/all_201002_larger.mpg

solar wind features. Past studies were 
only able to extrapolate speed and direc-
tion measurements from coronagraphs 
close to the sun to in-situ measurements 
at 0.3 AU at best. Even so, they proved 
that strong heliospheric shocks are driv-
en by CMEs, thus settling a long debate. 
Now, we can perform such studies rou-
tinely and can even image the structures 
at the same time as they are sampled in-
situ. When we take into account the ca-
pability of determining the three-dimen-
sional quantities for the size and propa-
gation direction for the larger structures 
afforded by the dual STEREO-HI observa-
tions, we end up with an extremely pow-
erful arsenal for understanding the evo-
lution and interaction of solar structures 
in the inner heliosphere. A recent analy-
sis[17] serves as a useful demonstration of 
the joint use of HI and in-situ data and 
modeling to understand the longitudinal 
distribution of Solar Energetic Particle 
(SEP) fluxes across more than 140⁰ of 
separation. The CME driven shock was 
imaged by the HIs allowed careful track-
ing of its expansion along the ecliptic. At 
the same time, SEPs were detected by 
both STEREO spacecraft and the ACE 
spacecraft at L1 but with different fluxes, 
intensity gradients and times of arrival. 
The CME and its shock properties were 
calculated based on the HI and coron-
agraphs measurements and were used 
as input constraints for a global MHD 
model that simulated the CME from the 
Sun to Earth. The model was also able 
to follow the magnetic connectivity of 
each spacecraft to the Sun. Since SEPs 
follow the magnetic field lines, it was 
expected that the y would be detected 
when the CME shock encountered the 
appropriate field line. Indeed, the mod-
el results showed that the SEP detec-
tions and intensities rose when the im-
aging measurements suggested that the 
shock encountered the magnetic field 
line passing by the spacecraft. For one 
case, the shock reached the field line late 
in the event when it had lost most of 
its strength. The observation readily ex-
plained the extremely low SEP intensi-
ties. In other words, the observations 
were fully consistent with particles ac-
celerated by the CME shock and not by 
a flare. Such clear determination of the 
origin of SEPs is one of the major im-
plications of such comprehensive stud-
ies. They have the potential to clear up 
the confusion of the SEP origin (flare or 
CME) that has bogged down our under-
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standing of particle acceleration in the 
heliosphere. 

Space Weather  
and the Evolution of Heliophysics
Solar effects on Earth, collectively called 
Space Weather, have become a major re-
search focus in the last decade thanks to 
better observations and increased pub-
lic awareness. The great improvement in 
remote sensing and in-situ coverage of 
the inner heliosphere has allowed sci-
entists to correlate solar phenomena to 
their in-situ signatures. Specifically, ob-
servations from the SOHO and ACE sat-
ellites have established CMEs as the main 
drivers of Space Weather. At the same 
time, society’s increasing dependence on 
space-based assets, such as GPS and tele-
communications satellites, has drawn the 
attention of the political, and military au-
thorities and of course of the public to 
Space Weather and consequently to its 
solar sources. The ready availability of so-
lar images9 and movies on the internet10 
continue to feed a growing awareness of 
our intimate relationship to our star, the 
Sun. Public attention may be a double-
edge sword, however. 

On one hand, it justifies investments in 
heliophysics research and eases the com-
munication of our science to the public 
and especially to the younger generation 
of prospective scientists. Heliophysicists 
are in the enviable position to be able 
to relate easily the results of their work 
to the public rather than being burden 
with the common (mis)conception of a 
scientist as the privileged denizen of an 
ivory tower. 

On the other hand, the increasing ap-
plicability of Space Weather research is 

9. http://www.solarmonitor.org/index.php
10. http://www.youtube.com//SDOmission2009

signaling a shift away from basic research 
towards an operational approach for 
some aspects of heliophysics research, 
such as the solar wind-magnetosphere in-
teraction or the CME heliospheric prop-
agation research. Such ‘research-to-oper-
ations’ or R2O endeavors are still in their 
infancy in heliophysics. There seems to be 
some confusion as to who is supposed 
to contact such research or which or-
ganization is supposed to fund it (NASA, 
NOAA, or DoD in the case of the U.S.A) 
or even whether it still constitutes basic 
research (and therefore should be con-
tacted by bona-fide heliophysicists) or 
operations (and should be left to opera-
tors) . This dichotomy is not unlike the 
debate that captured atmospheric sci-
entists during the 1960’s when a spade 
of research satellites in geostationary 
orbits (i.e., the Nimbus program) trans-
formed atmospheric physics into robust 
and actionable weather prediction (with 
the advent of the GOES program). Is our 
field going to spun off its own meteo-
rologists or shall we call them…space-
weatherlogists? Time will tell but it is sure 
that change is afoot in our discipline and 
it has come out of the impressive space 
observations of the last years.

Future

Reaching the end of this review, we have 
barely scratched the surface of the latest 
heliophysics research. We left out excit-
ing results on the direct measurements 
of magnetic reconnection in the helio-
sphere and within the Earth’s magneto-
sphere. We did not discuss the THEMIS 
mission (led by one of our Greek col-
leagues, Dr. Aggelopoulos) success in un-

covering how CMEs trigger geomagnetic 
storms and produce the spectacular po-
lar lights We left out the discovery of a 
belt of Energetic Neutral Atoms (ENAs) 
at the edge of the heliosphere nor did 
we have space to discuss the crossing of 
the heliopause by the intrepid…and in-
destructible Voyager 1 and 2 spacecraft 
which continue to provide measure-
ments 40 years after their launch. Maybe 
a future article will give these successes 
their proper forum. It is clear, however, 
that heliophysics is a very active field of 
research under a fast pace of evolution. 
The huge amounts of data and new ob-
serving capabilities paint a bright future 
for the younger generation of heliophys-
icists. Already, two missions to observe 
the Sun from two new vantage points 
are in the development phase. The ESA-
NASA Solar Orbiter mission will observe 
the sun from 0.28 AU and slowly rise 
to 30⁰ above the equator while NASA’s 
Solar Probe Plus mission will go to the 
unprecedented distance of 9.5 Rs from 
the solar surface where the solar flux is 
400 times higher than at Earth and will 
directly sample the coronal properties 
of a star. The future of heliophysics is in-
deed bright!
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The International Max Planck
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Max Planck Society and is operated by the Max-

Planck-Institut für Radioastronomie (MPIfR) in col
laboration with the Argelander-Institut für Astrono-
mie (AIfA) of the University of Bonn and the I. Physi-
kalisches Institut at the University of Cologne. It of-
fers three-year financed PhD courses. The official
language is English. Currently it hosts roughly 40

students from 17 countries around the world.  

PhD Positions in Astronomy
Call for Applications
Deadline: November 15th, 2011

International Max Planck Research School (IMPRS) for Astronomy and
Astrophysics
at the Universities of Bonn and Cologne

The call for applications is open until November 15, 2011. Encouraged to apply are

students with a M.Sc. degree or diploma (including a written thesis) in Physics
or closely related subjects. Solid astrophysical background is highly favored.

More details on the IMPRS program and the admission requirements and process can be found at the IMPRS website:

www.mpifr.de/imprs   |   www.youtube.com/user/imprstube
Max-Planck-Institut für Radioastronomie | Auf dem Hügel 69 | D-53121 Bonn, Germany | Tel. +49 228 525 456 | imprs@mpifr-bonn.mpg.de

Training

The IMPRS for Astronomy and Astrophysics
offers a competitive PhD program on the basis of a tightl

structured curriculum, including:

•  Advanced lectures on fundamental astrophysical fields  
•  Soft skill seminars (e.g. presentation skills, time management, scientific

reading) 
•  Weekly students seminars 
•  Annual, “students-only”  workshop where they develop team activities aside from
their main research interests 

•  Colloquia at the three hosting institutions given by experts from all over the globe
•  University courses
•  Thesis committees monitor the progress of each student and provide scientific

feedback to the PhD course

Furthermore, the students are strongly encouraged and funded to travel to international
schools, conferences and the best observing facilities around the world. They are exposed
to the most advanced techniques and methods using state-of-the-art earth-bound or
space observatories, such as the unique 100-m radio telescope in Effelsberg and the
most advanced instruments in millimeter, sub-millimeter and high-energy bands,

such as the APEX 12 m telescope, the Large Binocular Telescope and many more.

Fields of Research

The IMPRS for Astronomy and Astrophysics 
offers a broad spectrum of topics in observational 

and theoretical, galactic and extragalactic astrophysics, 
observational and theoretical cosmology, fundamental 

physics with astronomical tools and instrumentation. 

Some examples:
– AGN Astrophysics – Structure and Kinematics of AGN Jets

– Extragalactic Relativistic Flows – Multi-band Blazar Astrophysics
– Multi-frequency AGN Polarimetry – VLBI Studies of AGNs

– Infrared Interferometry of Disks and Jets of Young Stars 
– Protoplanetary Disks – Radiative Transfer Modeling – Galactic Masers 
– Infra-Red Interferometry of AGN – Gravitational Lensing
– Galactic and Extragalactic Magnetic Fields – High Precision Astrometry
– Stellar Astrophysics and Stellar Evolution
– Supermassive Binary Black Holes in AGN
– Stellar Population Studies – Astro-chemistry
– Galactic Dynamics – Binary Pulsars – Neutron Stars
– Experimental tests of gravity – Transient Radio Sky 

– Faraday Galaxy Tomography – Radio Pulsars 
– Gravitational Wave Detection with Pulsar Timing 

– Stellar Custer Dynamics – Dark Matter 
– Galactic Center Studies. 

Besides the expertise in radio astronomy of the MPIfR
the IMPRS for Astronomy and Astrophysics provides the

opportunity for scientific activity in almost all fields
of contemporary astrophysics, techniques

and energy bands.

Ba
ck

gr
ou

nd
 im

ag
e:

 A
ll-

sk
y 

m
ap

 a
t g

am
m

a-
ra

ys
 o

bs
er

ve
d 

w
ith

 L
AT

 o
n-

bo
ar

d 
Fe

rm
i-G

ST
. C

re
di

t: 
N

AS
A,

 In
te

rn
at

io
na

l L
AT

 T
ea

m

G
eneral

The International M
ax Planck

Research School (IM
PR

S) for A
stronom

y
and A

strophysics, is funded by the G
erm

an
M

ax Planck Society and is operated by the M
ax-

Planck-Institut für Radioastronom
ie (M

PIfR
) in col

laboration w
ith the A

rgelander-Institut für A
strono-

m
ie (A

IfA
) of the U

niversity of B
onn and the I. Physi-

kalisches Institut at the U
niversity of Cologne. It of-

fers three-year financed PhD
 courses. The official

language is English. Currently it hosts roughly 40
students from

 17 countries around the w
orld.  

for Astronomy and Astrophysics 

PhD Positions in Astronom
y

Call for Applications
Deadline: Novem

ber 15th, 2011

International M
ax P

lanck R
esearch S

chool (IM
PRS) for Astronom

y
and

Astrophysics
at the Universities of Bonn and Cologne

The call for applications is open untilN
ovem

ber 15, 2011.Encouraged to apply are
students w

ith a M
.S

c. degree
or diplom

a
(including a w

ritten thesis) in P
hysics

or closely related subjects. S
olid astrophysical background

is highly favored.

M
ore details on the IM

P
R

S
 program

 and the adm
ission requirem

ents and process can be found at the IM
P

R
S

 w
ebsite:

w
w

w
.m

pifr.de/im
prs   |   w

w
w

.youtube.com
/user/im

prstube
M

ax-Planck-Institut für Radioastronom
ie | A

uf dem
 H

ügel 69 | D
-53121 B

onn, G
erm

any | Tel. +49 228 525 456 | im
prs@

m
pifr-bonn.m

pg.de

Training

The IM
PR

S for A
stronom

y and A
strophysics

offers a com
petitive PhD

 program
 on the basis of a tightl

structured curriculum
, including:

• A
dvanced lectures on fundam

ental astrophysical fields  
• Soft skill sem

inars (e.g. presentation skills, tim
e m

anagem
ent, scientific

reading) 
• W

eekly students sem
inars 

• A
nnual, “students-only” w

orkshop w
here they develop team

 activities aside from
their m

ain research interests 
• Colloquia at the three hosting institutions given by experts from

 all over the globe
• U

niversity courses
• Thesis com

m
ittees m

onitor the progress of each student and provide scientific
feedback to the PhD

 course

Furtherm
ore, the students are strongly encouraged and funded to travel to international

schools, conferences and the best observing facilities around the w
orld. They are exposed

to the m
ost advanced techniques and m

ethods using state-of-the-art earth-bound or
space observatories, such as the unique 100-m

 radio telescope in Effelsberg and the
m

ost advanced instrum
ents in m

illim
eter, sub-m

illim
eter and high-energy bands,

such as the A
PEX 12 m

 telescope, the Large B
inocular Telescope and m

any m
ore.

Fields of R
esearch

The IM
PR

S for A
stronom

y and A
strophysics 

offers a broad spectrum
 of topics in observational 

and theoretical, galactic and extragalactic astrophysics, 
observational and theoretical cosm

ology, fundam
ental 

physics w
ith astronom

ical tools and instrum
entation. 

Som
e exam

ples:
– AG

N
 A

strophysics – Structure and K
inem

atics of AG
N

 Jets
– Extragalactic Relativistic Flow

s – M
ulti-band B

lazar A
strophysics

– M
ulti-frequency AG

N
 P

olarim
etry – V

LB
I Studies of AG

N
s

– Infrared Interferom
etry of D

isks and Jets of Young Stars 
– Protoplanetary D

isks – Radiative Transfer M
odeling – G

alactic M
asers 

– Infra-Red Interferom
etry of AG

N
 – G

ravitational Lensing
– G

alactic and Extragalactic M
agnetic Fields – H

igh Precision A
strom

etry
– Stellar A

strophysics and Stellar Evolution
– Superm

assive B
inary B

lack H
oles in AG

N
– Stellar P

opulation Studies – A
stro-chem

istry
– G

alactic D
ynam

ics – B
inary Pulsars – N

eutron Stars
– Experim

ental tests of gravity – Transient Radio Sky 
– Faraday G

alaxy Tom
ography – Radio Pulsars 

– G
ravitational W

ave D
etection w

ith Pulsar Tim
ing 

– Stellar Custer D
ynam

ics – D
ark M

atter 
– G

alactic Center Studies. 

B
esides the expertise in radio astronom

y of the M
PIfR

the IM
PRS for Astronom

y and Astrophysics provides the
opportunity for scientific activity in alm

ost all fields
of contem

porary astrophysics, techniques
and energy bands.

G
eneral

The International M
ax Planck

Research School (IM
PR

S) for A
stronom

y
and A

strophysics, is funded by the G
erm

an
M

ax Planck Society and is operated by the M
ax-

Planck-Institut für Radioastronom
ie (M

PIfR
) in col

laboration w
ith the A

rgelander-Institut für A
strono-

m
ie (A

IfA
) of the U

niversity of B
onn and the I. Physi-

kalisches Institut at the U
niversity of Cologne. It of-

fers three-year financed PhD
 courses. The official

language is English. Currently it hosts roughly 40
students from

 17 countries around the w
orld.  

for Astronomy and Astrophysics 

PhD Positions in Astronom
y

Call for Applications
Deadline: Novem

ber 15th, 2011

International M
ax P

lanck R
esearch S

chool (IM
PRS) for Astronom

y
and

Astrophysics
at the Universities of Bonn and Cologne

The call for applications is open untilN
ovem

ber 15, 2011.Encouraged to apply are
students w

ith a M
.S

c. degree
or diplom

a
(including a w

ritten thesis) in P
hysics

or closely related subjects. S
olid astrophysical background

is highly favored.

M
ore details on the IM

P
R

S
 program

 and the adm
ission requirem

ents and process can be found at the IM
P

R
S

 w
ebsite:

w
w

w
.m

pifr.de/im
prs   |   w

w
w

.youtube.com
/user/im

prstube
M

ax-Planck-Institut für Radioastronom
ie | A

uf dem
 H

ügel 69 | D
-53121 B

onn, G
erm

any | Tel. +49 228 525 456 | im
prs@

m
pifr-bonn.m

pg.de

Training

The IM
PR

S for A
stronom

y and A
strophysics

offers a com
petitive PhD

 program
 on the basis of a tightl

structured curriculum
, including:

• A
dvanced lectures on fundam

ental astrophysical fields  
• Soft skill sem

inars (e.g. presentation skills, tim
e m

anagem
ent, scientific

reading) 
• W

eekly students sem
inars 

• A
nnual, “students-only” w

orkshop w
here they develop team

 activities aside from
their m

ain re search interests 
• Colloquia at the three hosting institutions given by experts from

 all over the globe
• U

niversity courses
• Thesis com

m
ittees m

onitor the progress of each student and provide scientific
feedback to the PhD

 course

Furtherm
ore, the students are strongly encouraged and funded to travel to international

schools, conferences and the best observing facilities around the w
orld. They are exp osed

to the m
ost advanced techniques and m

ethods using state-of-the-art earth-bound or
space observatories, such as the unique 100-m

 radio telescope in Effelsberg and the
m

ost advanced instrum
ents in m

illim
eter, sub-m

illim
eter and high-energy bands,

such as the A
PEX 12 m

 telescope, the Large B
inocular Telescope and m

any m
ore.

Fields of R
esearch

The IM
PR

S for A
stronom

y and A
strophysics 

offers a broad spectrum
 of topics in observational 

and theoretical, galactic and extragalactic astrophysics, 
observational and theoretical cosm

ology, fundam
ental 

physics w
ith astronom

ical tools and instrum
entation. 

Som
e exam

ples:
– AG

N
 A

strophysics – Structure and K
inem

atics of AG
N

 Jets
– Extragalactic Relativistic Flow

s – M
ulti-band B

lazar A
strophysics

– M
ulti-frequency AG

N
 P

olarim
etry – V

LB
I Studies of AG

N
s

– Infrared Interferom
etry of D

isks and Jets of Young Stars 
– Protoplanetary D

isks – Radiative Transfer M
odeling – G

alactic M
asers 

– Infra-Red Interferom
etry of AG

N
 – G

ravitational Lensing
– G

alactic and Extragalactic M
agnetic Fields – H

igh Precision A
strom

etry
– Stellar A

strophysics and Stellar Evolution
– Superm

assive B
inary B

lack H
oles in AG

N
– Stellar P

opulation Studies – A
stro-chem

istry
– G

alactic D
ynam

ics – B
inary Pulsars – N

eutron Stars
– Experim

ental tests of gravity – Transient Radio Sky 
– Faraday G

alaxy Tom
ography – Radio Pulsars 

– G
ravitational W

ave D
etection w

ith Pulsar Tim
ing 

– Stellar Custer D
ynam

ics – D
ark M

atter 
– G

alactic Center Studies. 

B
esides the expertise in radio astronom

y of the M
PIfR

the IM
PRS for Astronom

y  and Astrophysics provides the
opportunity for scientific activity in alm

ost all fields
of contem

porary astrophysics, techniques
and energy bands.

Background image: All-sky map at gamma-rays observed with LAT on-board Fermi-GST. Credit: NASA, International LAT Team
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