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The world is facing unprecedented challenges. The consequences 

of climate change are becoming increasingly evident in devastating 

extreme weather events. Even as the aftershocks of the COVID-19 

pandemic continue, we are still exposed to potential new viral and 

bacterial pathogens whose effects we do not know. Concurrently, 

the global community is shaken by geopolitical upheavals: Putin’s 

horrifying war in Ukraine and the brutal terrorist attacks on Israel, 

just to name a few. Now more than ever, we must advocate for a 

sustainable and peaceful future so that we do not leave a ruined 

world for future generations.

What role can a research centre like DESY play in shaping a 

liveable future in Germany, Europe and the world? How can DESY 

contribute to limiting climate change and to preventing future 

pandemics and other health issues? And how do we navigate 

international collaborations with partners from nations that 

challenge democratic values, such as China?

Preliminary answers to these questions can be found in our draft 

of the DESY Strategy 2030 Loop. Under the guiding principle “The 

Decoding of Matter”, DESY remains deeply rooted in fundamental 

research. Our commitment as a national centre to the international 

particle physics organisation CERN remains unchanged, and we 

continue to expand astroparticle physics. A significant move in this 

direction is the establishment of the German Center for Astro-

physics (DZA) in the Lausitz region – a political decision to which 

Christian Stegmann, Director in charge of Astroparticle Physics at 

DESY, has made significant contributions. By 2024, decisions 

should be made regarding DESY’s position within the DZA.

In recent months, we have vigorously advocated for the timely 

realisation of DESY’s flagship project, PETRA IV. The conversion  

of our existing synchrotron radiation source PETRA III into a  

state-of-the-art fourth-generation X-ray light source is essential  

to remain competitive worldwide. 

Figure 1
DESY researcher Johannes Hage-
mann (left) shows German Health 
Minister Karl Lauterbach (right) 
the experiments at the PETRA III 
beamline P06 together with 
Helmut Dosch (second from left), 
Hamburg Science Senator Katha-
rina Fegebank (middle) and Gesa 
Miehe-Nordmeyer from the Federal 
Chancellery (second from right).
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Helmut Dosch
Chairman of the DESY Board of Directors

Figure 1

The Hamburg Senate invited DESY to present the PETRA IV project at the Hamburg City Hall. From left: Nobel Laureate Stefan Hell, Hamburg Science Senator Katha-

rina Fegebank and DESY Director Helmut Dosch. 

The DESY management has been working in crisis mode 
ever since the outbreak of the COVID-19 pandemic in 
March 2020. After the strains of the pandemic, the Russian 
war on Ukraine is now calling into question much of what 
we have hitherto taken for granted and posing enormous 
challenges. Our main concern remains the suffering people 
in Ukraine and the families who have fled the war with its 
dire human consequences. 

This war now also affects research at DESY. Our current 
problems include the general uncontrolled price develop-
ment on the energy market and in the construction sector, 
the enormous inflation trend and the shaky supply chains 
worldwide. All of these pose unprecedented challenges for 
the research centre that we have not known before on this 
scale in Europe and beyond. 

In our current deliberations, we assume that we will have 
another three very difficult years ahead of us and will 
therefore have to implement massive cost-saving 
measures. These will include cuts in the operation of our 
major research infrastructures, if we do not receive 
financial relief, and painful personnel decisions. The DESY 
Directorate sees a particularly sensitive area here in the 
next generation of scientists and engineers, whom we 
must not abandon under any circumstances. However, we 
do not give up hope that the German government will also 
focus more strongly on saving the nation’s future inno-
vation potential. The current signals from politics to set up 
a rescue package also for science make us cautiously 
optimistic.

In a high-tech nation like Germany, research and innovation 
are the decisive – if not the only – levers to lead us out of 
the crisis and secure our long-term sovereignty in key 
technologies. Against the background of the most acute 
problems in energy supply, we must not forget that the 
main threat to our survival on this planet is man-made 
climate change, which we have to counter with new energy 
concepts. Nor must we lose sight of the constant threat of 
viral or bacterial pandemics. At DESY, we are all working at 

full speed to play our part in solving these complex challen-
ges. This is also reflected in our strategy loop, which we 
are currently working on intensively – in addition to daily 
crisis management.

We have identified three pillars for the future development 
of DESY:
• The cross-divisional DESY Transformation Project (DTP), 

which is to prepare the future strategy of our “solution 
ecosystem” and which requires profound conceptual 
changes in how we organise research and innovation in 
the future

• The National Analytics Centre (NAC) with the facilities 
PETRA IV, FLASH2020+ and the Plasma Accelerator as 
well as an integrated data management structure as the 
core research infrastructures of DESY 

• Increased focus in particle physics on medium-sized 
dark-matter projects on the DESY campus and 
exploration of new opportunities in astroparticle physics 
offered by the Science Data Management Centre (SDMC) 
of the Cherenkov Telescope Array (CTA) observatory 
and by the German Center for Astrophysics (DZA) 

Sustainable concepts play a central role in all our planning. 
The Directorate has a clear vision for DESY’s path to 
energy-saving and climate-friendly operation. In 2022, we 
published our first sustainability report, which will appear 
at regular intervals in the future.

In September 2022, we presented the PETRA IV project – 
the upgrade of our synchrotron radiation source PETRA III 
to a 3D X-ray microscope – to a broader public at a major 
event with representatives from science, politics and 
industry. I was very pleased that the project was also 
supported by Stefan Hell from the Max Planck Institutes in 
Göttingen and Heidelberg, a Nobel Laureate and one of the 
world’s most renowned representatives of new microscopy 
concepts. On the evening of the event, he gave an impres-
sive lecture in Hamburg’s City Hall, demonstrating the 
innovative power that new types of high-performance 
microscopes can unleash. 

Under the leadership of Harald Reichert and Riccardo 
Bartolini, the preparation of the PETRA IV project continues 
to make great progress. The technical design is essentially 
complete, and the team is currently working on the appli-
cation for inclusion of the project in the German national 
roadmap for research infrastructures. PETRA IV will be a 
key building block in the transformation process of DESY 
that we have been designing over the past few months. 
The major impact of the facility will not only be due to its 
technical design as an interdisciplinary “discovery and 
solution engine” that includes AI-assisted operations, a 
new access model and comprehensive involvement of the 
broad user community. Although these will increase the 
construction and operational costs of the facility, the 
expected socio-economic impact will outweigh this invest-
ment many times over. In view of the competing Chinese 
High Energy Photon Source (HEPS) project in Beijing, for 
instance, which is already at an advanced stage, we must 
not lose any valuable time now in implementing the  
PETRA IV project. 

We have noted with great pleasure the positive decision of 
the German Federal Ministry of Education and Research 
(BMBF) to realise the German Center for Astrophysics 
(DZA), which was prominently promoted by the European 
Space Agency (ESA) and DESY. On the DESY side, Christian 
Stegmann, Director in charge of Astroparticle Physics, and 
Arik Willner, Delegate of the Directorate for Innovation, 

were instrumental in the application. This development is a 
new piece of the puzzle in our 2022/2023 strategy loop, 
which fits perfectly into DESY’s aspiration to build an inter-
national beacon in astroparticle physics at its Zeuthen site.

It is gratifying to see that our on-site axion search experi-
ment ALPS II is developing very well. We are currently 
working on implementing the campus projects BabyIAXO 
and LUXE also for axion research. Under the given circum-
stances, this is a major challenge that we hope to master.

We live in difficult times and so does our research centre. 
My special thanks therefore go to the DESY staff and all 
our national and international users and partners for their 
reliable support at all times. I hope this annual report will 
show you that, despite the current challenges that occupy 
us on a daily basis, we are keeping DESY on course for a 
bright future development!
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In particular, the USA and Asia are already heavily investing in 

similar research infrastructures. All our endeavours regarding 

PETRA IV have received substantial local political backing from  

the Hamburg Parliament, which committed to funding 10% of the 

project’s investment costs. This strong support continues at the 

national level: During the Federal Budget Committee session on 

16 November 2023, a decisive step was taken with the approval of 

40 million euros in seed funding for the project – highlighting the 

pivotal relevance of PETRA IV for future science.

Over the past months, we have seen remarkable support from  

the high-tech and deep-tech industries. Our industrial dialogue 

partners recognise that they stand at the brink of a profound 

transformation: Climate change solutions demand a shift towards 

sustainable materials and processes, while precision data emerges 

as the new currency in international competition. Those with the 

best databases will lead AI-driven developments, be it in custom 

materials or pharmaceuticals. Fourth-generation synchrotron 

radiation facilities are globally recognised as vital for generating 

this invaluable pool of data.

The coming decade will be pivotal for our research centre. For 

DESY, it is crucial to ensure the swift implementation of PETRA IV 

and further advance photon science, uphold our leadership in 

plasma-based particle acceleration developments, expand new 

methods in astroparticle physics and make a significant national 

contribution to the High-Luminosity Large Hadron Collider 

(HL-LHC) at CERN. Concurrently, we must ambitiously drive our 

vision of creating a dynamic research innovation ecosystem with 

DESY at the core of the Science City Hamburg Bahrenfeld, 

incorporating innovative and sustainable digital structures and 

processes.

Realising this master plan is in itself a monumental challenge.  

The current financial situation, with volatile energy and gas prices 

among other effects leading to rising inflation, poses significant 

difficulties for the DESY management. We face a new reality at 

DESY: the need to craft a globally competitive research 

programme with diminishing resources, which is achievable only 

with stringent prioritisation. The dramatic rise in the construction 

cost index in recent years has jeopardised several of our planned 

construction projects. However, we were able to successfully 

launch the civil engineering work for our DESYUM visitor centre in 

Hamburg as the first major construction initiative. Construction is 

progressing swiftly, giving us hope that we will meet all set 

milestones on time. Up next is the new accelerator centre CAST, 

which will also house the accelerator control room and the DESY 

Innovation Factory, a centre for start-ups. Ideally, we would like to 

implement these projects before the intensive construction phase 

of PETRA IV.

DESY is held in high international regard in fundamental research. 

It is imperative to emphasise that our success would be inconceiv-

able without talented researchers and engineers who consistently 

pioneer the development of new technologies. My special thanks 

therefore go to them and all the DESY staff, our national and 

international users as well as our partners for their dedicated 

work. This is also reflected in the numerous awards and grants 

they have earned, including several prestigious European 

Research Council (ERC) grants. 

The crucial message is: We must persistently strive to cultivate  

an attractive and innovative environment for the world’s brightest 

minds, or risk falling behind in the international competition – and 

this is not just about DESY. In challenging times, the ability to 

provide answers to difficult questions is needed more than ever, 

and this is precisely where the strength of fundamental science 

lies. The scientific results in this annual report are good examples 

of what we can achieve when we work together for a better future!

Helmut Dosch

Chairman of the DESY Board of Directors

Figure 2
Visualisation of the 
DESY visitor centre 
DESYUM, close to 
the main entrance on 
the DESY campus in 
Hamburg



|  Forewords and news6 

Astroparticle physics  
at DESY
Director’s foreword

We live in challenging times. Even as the COVID-19 pandemic 

receded, 2023 saw an increase in conflicts that has numerous 

implications for both the political situation and the scientific 

landscape in Europe and beyond. As a research centre whose 

success is founded on international collaboration, DESY firmly 

upholds the democratic values on which our peaceful coexistence 

and cooperation in Europe and with our partners around the world 

is based. 

As I wrote on the occasion of the second Diversity Day at DESY in 

May 2023: “DESY is diverse, the people who work here come from 

many nations, have different origins, bring different identities and 

perspectives. Each and every one enriches us. This diversity is 

sometimes exhausting, but it makes us strong. Especially in 

difficult times, it is important to promote equal opportunities and 

solidarity and to set an example for diversity.” It is this spirit of 

open-mindedness, tolerance and mutual respect that makes DESY 

such a great place to work – and that ensures its success as one of 

the world’s top centres for research into the structure of matter 

and the universe. 

The progress of our research projects testifies to the success of 

this approach, with all the endeavours of the DESY Astroparticle 

Physics Division reaching decisive milestones in 2023. In particular, 

preparations are in full swing for the construction of the tele-

scopes and infrastructure for the upcoming Cherenkov Telescope 

Array Observatory (CTAO) – a unique, world-class observatory for 

gamma-ray astronomy with over 60 telescopes at two sites in Chile 

and on the Canary Island of La Palma. Construction work on the 

observatory’s Science Data Management Centre (SDMC) on our 

Zeuthen campus proceeded as planned, with completion expected 

in autumn 2024. In addition, DESY is in charge of providing a total 

of 42 cameras for the Small-Sized Telescopes (SSTs), which are 

approaching their final design. In 2023, electronic components for 

the cameras were manufactured and used to build a development 

and test model of the camera. Furthermore, DESY is responsible 

for the design and production of the Medium-Sized Telescopes 

(MSTs). The DESY design was approved by CTAO at the end of 2023 

after a thorough review. As the next step, two prototype MSTs will 

be manufactured at DESY and prepared for installation at both 

observatory sites.

The development of the camera for the ULTRASAT space tele-

scope, a satellite mission led by the Weizmann Institute of Science 

(WIS) and the Israel Space Agency (ISA), made very good progress. 

Major steps were taken towards the first version of the camera, 

and the production phase was initiated. First tests of the readout 

chain of the sensors – which will take images in the near-ultraviolet 

with 90 million pixels every five minutes to search for time-varying 

cosmic sources – were successful.

In neutrino astronomy, work continued to focus on the IceCube 

Members of the International Helmholtz–
Weizmann Research School for Multimessenger 
Astronomy at their annual meeting in June 2023
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neutrino telescope at the South Pole and on the Radio Neutrino 

Observatory Greenland (RNO-G). IceCube is currently being 

upgraded in collaboration with US partners, KIT in Karlsruhe and 

several university groups. New optical modules with more 

sensitive light detection, called multi-photomultiplier tube digital 

optical modules (mDOMs), have been developed at DESY and 

elsewhere for this purpose. Equipped with 24 photomultipliers 

each, they have about twice the light-sensitive area of their 

predecessors in IceCube and allow intrinsic directional determi-

nation of the measured light. Their development was successfully 

completed in 2023 with a production readiness review, and the 

integration and testing of 225 mDOMs at DESY is now well under 

way. By the end of 2023, more than 100 mDOMs had been 

produced and successfully tested. The detection of neutrinos with 

petaelectronvolt (PeV) energies using radio waves is an important 

addition to IceCube, which is being studied with the RNO-G pilot 

array in Greenland. Here, the year 2023 was used to improve the 

drilling technology and the autonomous energy supply and to 

calibrate the stations already installed, building on the experience 

gained with the first seven stations.

IceCube also delivered one of the scientific highlights of the year, 

which we are pleased to present to you in this report. Using a 

novel analysis technique developed mainly at DESY and RWTH 

Aachen, the IceCube researchers performed the most accurate 

measurement of the cosmic neutrino spectrum to date. For the 

first time, evidence was found for a break in the spectral shape, 

providing important clues about the nature of the environments in 

which the neutrinos are produced. To further boost analysis 

capabilities, DESY released the Astrophysical Multi-Messenger 

Modeling (AM3) software, which can be used to simulate 

multimessenger emission – including neutrinos – from active 

galactic nuclei, blazars and gamma-ray bursts. Further scientific 

highlights included the detection by the H.E.S.S. telescope of 

very-high-energy gamma-ray emission from the outer jets of a 

microquasar, insights from observations by the VERITAS telescope 

that reveal the potential origin of a galactic “PeVatron” candidate 

– a cosmic-ray factory that accelerates particles to PeV energies – 

and a novel analysis of the production mechanisms of particle 

cascades generated by gamma-rays from distant blazars. 

These successes, which have been published in high-ranking 

scientific journals, attest to the excellent research being carried 

out in the DESY Astroparticle Physics Division despite the current 

tight staffing situation. So do the prizes and awards conferred to 

members of the division, including two distinctions for outstanding 

PhD theses – for Annika Rudolph from the German Astronomical 

Society and for Robert Stein from the German Physical Society – 

as well as a Starting Grant from the European Research Council 

(ERC) for Anna Nelles to fund the construction of the RNO-G 

network of radio antennas on Greenland. 

The Helmholtz–Weizmann International Research School for 

Multimessenger Astronomy, in which DESY is strongly involved, 

continues to deliver excellent results, with the students of the 

second cohort having finished the School and new students 

recruited for a doctorate for the sixth time. To further the public 

understanding of science and inspire young people in particular  

to take an interest in science, the division continued to actively 

promote young talent and outreach activities, for example through 

its School Lab, the first AstroCamp, featuring the launch of a 

research balloon, the first DESY–Ukraine Winter School, the 

traditional summer student programme and several other events 

organised on the occasion of the “Science Year 2023 – Our 

Universe” declared by the German Federal Ministry of Education 

and Research (BMBF). 

I would like to thank all our staff and our partners in Germany and 

around the world for contributing to our joint successes in the past 

year, and I am looking forward to continuing our cooperation – 

based on our common values of open-mindedness, tolerance and 

respect – in the years to come. 

Christian Stegmann

Director in charge of Astroparticle Physics
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January

DESY honoured as bicycle-friendly 

employer

DESY has once again been recognised as a 

bicycle-friendly employer by the German 

Cyclists’ Club (ADFC). The Hamburg site 

received the gold certificate for the second 

time – as one of only two employers in the 

city. The Zeuthen site was again certified 

with bronze.

DESY–Ukraine Winter School creates 

opportunities 

Participants of the first DESY–Ukraine Winter 
School at DESY in Zeuthen

The first DESY–Ukraine Winter School was 

held from 31 January to 10 March. A total 

of 22 students from Ukrainian universities 

worked on DESY research projects on the 

Hamburg and Zeuthen campuses for six 

weeks. The projects enabled the students 

to interact with scientists in research areas 

that would otherwise have been out of 

reach given the current geopolitical 

situation. The programme included 

projects from all areas of research at DESY, 

complemented by a lecture series on the 

relevant physics basics.

February

Paul Söding celebrates 90th birthday

He is a DESY veteran in the best sense of 

the word: Particle physicist, former DESY 

Research Director and recipient of the 

Federal Cross of Merit Paul Söding turned 

90 in February. He was closely associated 

with DESY throughout his scientific life and 

shaped the research centre for decades.  

In 1992, Söding took over the management 

of the Zeuthen site, where, until his 

retirement in 1998, he ensured that  

the two DESY locations were brought 

together on an equal footing and initiated 

a reorientation of the scientific profile of 

the new site.

Astroparticle Physics retreat

On 21 and 22 February, the scientific 

groups of the Astroparticle Physics Division 

gathered in Potsdam for their first major 

face-to-face meeting after the COVID-19 

pandemic. Lively exchanges took place on 

cross-group topics, ranging from the 

astrophysics of transient events and 

serendipitous discoveries to instrument 

development and the organisation of 

information flow in the Astroparticle 

Physics Division.

Anna Nelles talking at the retreat of the 
Astroparticle Physics Division

News and 
events
Highlights in 2023

Testing of mDOMs for the upgrade of IceCube

mDOM production at DESY in Zeuthen 

begins

The large-scale production and testing of 

new multi-photomultiplier tube (PMT) 

digital optical modules (mDOMs) for the 

upgrade of the IceCube neutrino observa-

tory at the South Pole has officially begun. 

In February, DESY completed the assembly 

of 20 of a total of 225 mDOMs at a hall  

in Schönefeld. The modules were then 

shipped to the DESY campus in Zeuthen for 

testing and characterisation. The next stop 

for the modules that pass all the tests and 

fulfil the necessary requirements will be  

at their final location at the South Pole, 

2.7 km underground in the Antarctic ice.
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Robert Stein (right) with DPG Vice President 
Lutz Schröter

Robert Stein receives DPG Dissertation 

Prize

The section “Matter and Cosmos” of the 

German Physical Society (DPG) awarded 

DESY PhD student Robert Stein the 2023 

DPG Dissertation Prize. He was honoured 

for his work “Black Holes, Shredded Stars 

and Cosmic Neutrinos”, in which he 

investigated the connections between tidal 

disruption events, a type of cosmic tidal 

catastrophe, and high-energy neutrinos, 

using data from IceCube at the South Pole 

and from the Zwicky Transient Facility 

(ZTF), an optical observatory in the USA. 

The prize was presented to Robert Stein  

at the DPG conference in Dresden at the 

end of March.

April

SEVAN detector installed on Zugspitze 

Mountain

In mid-April, the Zeuthen SEVAN detector 

was installed at Germany’s highest 

research station on the Zugspitze 

Mountain. The device is part of the Space 

Environment Viewing and Analysis 

Network (SEVAN) of detectors at mountain 

stations in Armenia, Bulgaria, the Czech 

Republic and Slovakia, developed by the 

A. Alikhanyan National Lab in Yerevan, 

Armenia, to measure different cosmic 

particle species simultaneously. Its data 

will be made available to the DESY data 

analysis system Cosmic@Web for young 

people and students. 

The Zeuthen SEVAN detector installed on the 
Zugspitze Mountain

Zukunftstag at DESY

On 27 April, 29 girls and boys attended the 

“Zukunftstag” (Future Day) at the campus 

in Zeuthen. After a welcome and an over - 

view of DESY and its research, the young 

guests were supervised in the groups so 

they could familiarise themselves with 

specific job profiles – from the workshops 

to the scientific groups and the administra-

tive area. In the feedback session at the 

end of the day, the programme was 

described as very diverse and varied. 

March

mDOM Production Readiness Review

On 9 and 10 March, the mDOM Production 

Readiness Review of the new modules for 

the IceCube neutrino observatory took 

place at DESY in Zeuthen. The whole 

mDOM team at DESY – from the manage-

ment to the technicians – had done an 

exceptional job and duly impressed the 

review panel. 

IceCube Impact Award for Cristina 

Lagunas Gualda

Cristina Lagunas Gualda, a PhD student  

in the DESY Neutrino Astronomy group, 

received the IceCube Impact Award for  

her “leadership in investigations into the 

characterisation of track reconstruction, 

including angular errors, for real-time 

alerts”. The IceCube Impact Awards, 

established in 2018, recognise broad and 

significant contributions to the IceCube 

neutrino observatory that would not 

normally be acknowledged through its 

publications.

Cristina Lagunas Gualda
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“Jugend forscht” projects in the 

CosmicLab

Under the supervision of the DESY 

CosmicLab in Zeuthen, four young people 

submitted projects to the “Jugend forscht” 

science competition: One student won the 

Hessen West regional competition and 

came third in the state competition. Another 

student took part in the Branden burg East 

regional competition, and two students 

achieved second place in the Berlin state 

competition. 

Marcel Göttel won the “Jugend forscht” Hessen 
West regional competition and came third in the 
state competition.

Topping-out ceremony for the Science Data 
Management Centre of the CTAO gamma-ray 
observatory

Topping-out ceremony for CTAO data centre

On 23 May, the topping-out ceremony for 

the Science Data Management Centre 

(SDMC) of the upcoming Cherenkov 

Telescope Array Observatory (CTAO) was 

celebrated together with the companies 

and craftspeople involved in the construc-

tion. The completion of the structural works 

for the SDMC marked an important mile- 

stone in the construction measures on the 

Zeuthen campus. 

Diversity Day

“DESY is diverse, the people who work 

here come from many nations, have 

different origins, bring different identities 

and perspectives. Each and every one 

enriches us. This diversity is sometimes 

exhausting, but it makes us strong. 

Especially in difficult times, it is important 

to promote equal opportunities and 

solidarity and to set an example for 

diversity,” said Christian Stegmann’s 

invitation to the second Diversity Day at 

DESY in Zeuthen. The nationwide day of 

action was celebrated on 23 May. 

Celebrating Diversity Day at DESY

May

DESY at the Potsdam Science Day 

DESY represented the Dahme-Spreewald 

district on 6 May at the Potsdam Science 

Day together with TH Wildau and Dahme 

Innovation. The three institutions provided 

information about their research and the 

opportunities they offer in the fields of 

education and study. Visitors young and 

old were able to discover the fascinating 

world of physics and everyday phenomena 

with vacuum experiments from the DESY 

School Lab. 

The DESY booth at the Potsdam Science Day
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June

Multimessenger Astronomy Research 

School in Israel

 

At the beginning of June, doctoral students 

and supervisors of the International 

Helmholtz–Weizmann Research School  

for Multimessenger Astronomy travelled  

to Israel to meet fellow scientists at the 

Weizmann Institute of Science. The 

programme of the yearly meeting included 

presentations of the students’ current 

research, talks by invited speakers and  

an excursion to Jerusalem.

Participants of the Multimessenger Astronomy 
Research School in Israel

Long Night of the Sciences

 

On 17 June, the Humboldt University of 

Berlin and DESY presented their research 

to the public with exhibits and talks on 

particle and astroparticle physics at the 

Long Night of the Sciences in Berlin-

Adlershof. A special highlight was the 

mobile exhibition “Big Bang on the road – 

Time travel from the present to the Big 

Bang”. With games and interactive 

information, in particular a tour through 

the history of the universe, the module 

offers a perfect introduction to the world 

of particle physics and shows why basic 

research is so important for our society.

Presenting DESY research at the Long Night of 
the Sciences in Berlin-Adlershof

A new view of our cosmic home

Using the IceCube neutrino observatory at 

the South Pole, researchers have for the 

first time detected neutrinos from our 

home galaxy, the Milky Way. The ghostly 

cosmic particles provide insights into the 

energetic processes in which they are 

created, which cannot be obtained by any 

other means. The international research 

team presented its observations in the 

journal Science. 

The award-winning Science Communication 

Lab in Kiel created an interactive module 

for DESY to visualise the IceCube observa-

tions of galactic neutrinos. Viewers can 

navigate through the neutrino data in the 

Milky Way and compare the neutrino 

distribution with electromagnetic radiation 

from our galaxy at different wavelengths. 

The IceCube detector can also be explored: 

https://neutrino-map.science

Visualisation of the IceCube galactic neutrino 
data

Long Night of Industry

On 30 June, many regional institutions in 

the Dahme-Spreewald district opened  

their doors in the evening to provide 

insights into production halls and the like. 

DESY in Zeuthen also took part with an 

extensive programme, which attracted 

around 400 visitors. Among other things, 

shopping chips were produced in the 

workshops and particles turned into music 

in the experimental hall. Highlights of the 

visit included guided tours of the computer 

centre, the PITZ accelerator and the 

cleanroom.

Presentations at the Long Night of Industry



|  Forewords and news12 

Exhibition “Beam me up, Potsdam”

On 14 July, the open-air exhibition “Beam 

me up, Potsdam. Once to the Milky Way 

and back!” was ceremoniously opened at 

the Old Market in Potsdam in the presence 

of Brandenburg Science Minister Manja 

Schüle. As one of four Brandenburg 

institutes involved in the realisation of  

the exhibition, DESY was represented by 

Christian Stegmann. The exhibition was  

on display at the Old Market until mid-

December and then moved on to Volkspark 

Potsdam.

Summer student season

On 18 July, 13 students from all over the 

world arrived on the Zeuthen campus to 

get a feel for science in the various groups 

until 7 September. A total of 76 students 

from 27 countries took part the DESY 

summer student programme in Hamburg 

and Zeuthen. The programme included 

full-time work in the research groups, a 

lecture programme on DESY research 

topics and visits to facilities operated by 

DESY. The students in Zeuthen also 

enjoyed a guided tour of Berlin and a 

weekend trip to Hamburg.

The Zeuthen summer students by the lake

July

Brandenburg State Secretary Grimm visits 

Zeuthen campus 

As part of his summer trip as Digital 

Representative of the State of Branden-

burg, State Secretary Benjamin Grimm 

visited the DESY campus in Zeuthen on 

6 July. During an extensive tour of the 

campus, Grimm learned about the progress 

made at the research centre and gained 

insights into the dynamic world of quantum 

computing. DESY and the Brandenburg 

State Chancellery are working together to 

promote science, research and technology 

in the region.

State Secretary Benjamin Grimm (second from 
left) catching up on latest developments at the 
Centre for Quantum Technology and Applications 
(CQTA) at DESY

August

Doctoral Thesis Award of the German 

Astronomical Society for Annika Rudolph

 

                                          Annika Rudolph

DESY PhD student Annika Lena Rudolph 

was awarded the Doctoral Thesis Award 

2023 of the German Astronomical Society 

for her outstanding PhD thesis. Annika 

Rudolph, who received her PhD from the 

Humboldt University of Berlin, was 

honoured for her work on high-energy 

astrophysical phenomena, such as 

gamma-ray bursts, using numerical 

modelling.

First AstroCamp at DESY – 

“Balloon mission 2023”

Preparing the launch of the research balloon

From 21 to 24 August, DESY organised  

its first AstroCamp for young people, the 

highlight of which was the launch of a 

research balloon. Twenty young people 

were invited to explore cosmic particles 

and determine climate-relevant data, such 

as the temperature and ozone content of 

the atmosphere. The balloon flew to an 

altitude of over 37 900 m, turning the 

stratosphere into a laboratory.
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September

ERC Starting Grant for Anna Nelles 

The European Research Council (ERC) 

approved funding for the search for 

extremely energetic cosmic particles.  

DESY researcher Anna Nelles, who is  

also a professor at Friedrich Alexander 

University Erlangen-Nürnberg, successfully 

applied for an ERC Starting Grant with 

DESY as host institution. She will receive 

1.5 million euros over the next five years 

for the construction of a network of radio 

antennas on Greenland to eavesdrop on 

extremely energetic neutrinos from space. 

The Radio Neutrino Observatory Green-

land (RNO-G) will be the first large facility 

of its kind, with 35 stations to be set up  

by 2026.

Anna Nelles with one of the new mDOMs for 
 IceCube (left) and a radio antenna for RNO-G 
(right) 

CTAO funding increase approved

Artist’s rendering of the CTAO North site at an 
altitude of 2200 m on the island of La Palma

On 6 September, the two CTAO governing 

bodies – the Board of Governmental 

Representatives (BGR) and the CTAO 

gGmbH Council – met to decide on 

measures to support the next-generation 

gamma-ray observatory in the construc-

tion phase. Both bodies unanimously 

certified their commitment to the progress 

of CTAO, including funding of up to around 

30 million euros for 2024 – a significant 

increase in annual funding that will enable 

the observatory to implement substantial 

infrastructure measures and double its 

staff.

     

Visit of the ULTRASAT project office 

On 19–20 September, representatives from 

the ULTRASAT project office and NASA met 

at DESY in Zeuthen to discuss the status  

of the project. ULTRASAT is a scientific 

satellite mission led by the Weizmann 

Institute of Science in Israel. It will carry a 

telescope with an unprecedentedly large 

field of view, which will be used to conduct 

the first wide-field survey of transient and 

variable sources in ultraviolet light (with 

wavelengths of 230–290 nm).  DESY is 

responsible for developing the telescope 

camera.  The purpose of the meeting was 

to discuss the overall project schedule  

as well as the risks and risk mitigation 

strategies for the camera development  

at DESY. 

ULTRASAT team members with representatives 
from the ULTRASAT project office and NASA
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Tenth APC meeting

Former and new APC members from left to right: 
Elena Amato, Stefano Gabici, Marco Cirelli,  
Jörn Wilms, Marica Branchesi, Jamie Holder,  
Christian Stegmann (missing: Dorothea Samtleben)

While the ninth meeting of the DESY 

Astroparticle Physics Committee (APC) was 

held as a remote event, the tenth APC 

meeting took place again in person at the 

Zeuthen campus on 19 and 20 October. 

Stefano Gabici joined the APC as a new 

member, while Elena Amato and Marco 

Cirelli left the committee after their term of 

office. The APC commended the Astro-

particle Physics Division for being inter-

nationally competitive and carrying out 

world-class science and congratulated 

everyone involved on their achievements.

October 

Discovery of highest energy  

gamma-rays ever from a pulsar 

Scientists using the High Energy Stereo-

scopic System (H.E.S.S.) observatory in 

Namibia detected the highest-energy 

gamma rays ever from a dead star called  

a pulsar. The energy of these gamma rays 

clocked in at 20 TeV, or about ten trillion 

times the energy of visible light. This 

observation is hard to reconcile with the 

theory of the production of such pulsed 

gamma rays, as the international team 

reported in the journal Nature Astronomy.

Researchers assume that infrared photons from 
the poles of the Vela pulsar are boosted to 
gamma-ray energies (blue) by fast electrons.

Best Flash Talk prize for Nora Feigl 

 

 

                                            Nora Feigl

Nora Feigl, a PhD student in the DESY 

Neutrino Astronomy group, won a prize for 

the Best Flash Talk at the XX International 

Workshop on Neutrino Telescopes (NuTel) 

2023. Her talk focused on the characteri-

sation of intrinsic noise caused by radio-

active decays in the glass components of 

multi-PMT digital optical modules and its 

impact on the reconstruction of GeV-scale 

neutrino interactions in the IceCube 

Upgrade.
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November

Awards at DESY DAY 2023 

 

At DESY DAY 2023 on 2 November, Annika 

Rudolph received the PhD Thesis Prize  

of the Association of the Friends and 

Sponsors of DESY (VFFD) for her thesis  

on “Emission of Multiple Messengers from 

Gamma-Ray Bursts”, together with Dennis 

Mayer for his work on “Time-resolved  

X-ray Spectroscopy of 2-Thiouracil”.  

Stefan Ohm and Olaf Behnke received the 

DESY Award for Exceptional Achievements 

for coordinating the first DESY–Ukraine 

Winter School.

Members of the Astroparticle Physics Division 
at DESY DAY 2023

Design testing of CTAO MST telescope 

structure completed

 

The CTAO Project Office officially declared 

the Critical Design and Manufacturing 

Review of the Medium-Sized Telescope 

(MST) structure passed. At the CTAO 

General Meeting in Berlin in November,  

the critical actions raised during the 2022 

review were examined and approved.  

It was an enormous effort for the MST 

team to close the majority of more than 

500 action items raised. One of them 

involved upgrading the structural design  

to make it earthquake-resilient for the 

CTAO South site in Chile, which required 

extensive engineering efforts. The passing 

of the review is a major milestone that 

marks the official start of the procurement, 

preassembly and deployment of the first 

two CTAO Pathfinder telescopes.

December

CTAO Consortium Meeting in Berlin

 

The CTAO Consortium meeting took place 

in Berlin at the beginning of December.  

The agenda included construction-related 

software and hardware projects, comprising 

updates on the data model, array control 

software, telescopes and site development 

schedule.

Participants of the CTAO Consortium meeting  
in Berlin

International Cosmic Day 

 

On 21 November, the International Cosmic 

Day (ICD) took place for 12th time, organised 

by DESY in Zeuthen. The ICD is dedicated 

to the unnoticed cosmic particles that flood 

our universe and constantly surround us 

on Earth. On this day, schools, universities 

and research institutions in 18 countries 

on four continents enabled young people 

all over the world to learn more about 

these particles from the cosmos, explore 

them and exchange their newly acquired 

knowledge in joint video conferences, 

supported and guided by scientists and 

teachers.
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Astroparticle 
physics
Astroparticle physics at DESY rests on three pillars: 

(i) observations of gamma rays, (ii) observations  

of neutrinos and (iii) their interpretation and 

understanding through astroparticle physics theory. 

Gamma rays and neutrinos are neutral messengers 

that are not deflected by magnetic fields on their way 

to Earth and therefore point back to their sources, 

allowing astronomical observations to be carried 

out. Further undeflected messengers are photons  

at smaller energies (radio waves to X-rays) and 

gravitational waves. In their contemporaneous 

observation and combination lies great strength, 

which will increasingly drive progress in our 

understanding of the astrophysics of the most 

violent objects and events in the universe.

Artist’s impression showing how a series of pulsars are affected by gravitational waves 
coming from a pair of supermassive black holes from a distant galaxy. 
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Experiments, 
theory,  
projects and  
infrastructures
Energy-dependent morphology of SS 433 

microquasar jets seen in very-high-energy 

gamma rays

A break in the extragalactic neutrino spectrum

Unlocking the mystery of distant blazars’ 

cascades

Astrophysical Multi-Messenger Modeling (AM³)

Venturing into the stratosphere – young people 

unlock the mysteries of cosmic rays

Investigating MGRO J1908+06: 

Insights from VERITAS observations
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The microquasar SS 433 is a binary system in our galaxy, which consists of a black hole that accretes material from its 

companion supergiant star, launching double-sided jets. Its inner jets extend to ~0.1 pc from the compact object. At distances 

of ~25 pc up to ~100 pc, X-ray emission along the jet axis indicates the presence of a recollimated outflow: the outer jets.  

In a study with key participation of DESY, the High Energy Stereoscopic System (H.E.S.S.) in Namibia detected very-high-energy 

(VHE) gamma-ray emission correlating with the outer jets. It exhibits an energy-dependent morphology in the TeV range, 

pointing to a leptonic radiation process, with the sites of acceleration constrained to the base of the parsec-scale jets.  

This requires the presence of a strong shock at >25 pc, resulting from the self-collimation of the inner jets.

In a nutshell

The microquasar SS 433 is a puzzling source in the Milky Way,  

with two jets – i.e. collimated beams of particles – launched in 

opposite directions from the central compact object. Compared to 

other known extragalactic jets, it is located close to Earth, with a 

geometry that facilitates observation of the outflow region. As the 

first observed object of a (possible) new class of VHE gamma-ray 

sources – VHE microquasars – its proximity, its jet dynamics and  

its observed emission make SS 433 a “local” system for studying 

shock and plasma physics.

In a study led by the Max Planck Institute for Nuclear Physics in 

Heidelberg and the DESY Astroparticle Physics Theory group in 

Zeuthen, the microquasar was investigated by means of dedicated 

observations by H.E.S.S. and using novel analysis techniques, 

allowing the first detection of TeV gamma rays from SS 433 by  

an imaging atmospheric Cherenkov telescope. In addition, the 

emission was modelled with a 1D advection-driven simulation, 

which was used to characterise the flow properties. The presence 

of a strong shock was derived, which could explain the accelerated 

electrons and positrons behind the observed TeV radiation. The 

results [1, 2], which were published in Science in January 2024, 

testify to the ongoing efforts of the H.E.S.S. collaboration, which 

also involve the H.E.S.S. group at DESY, with members in the  

DESY Astroparticle Physics Theory group and the DESY Gamma 

Astronomy group. 

Inner and outer jets of SS 433

SS 433 is a stellar binary system in the Milky Way, embedded in 

the radio supernova remnant W 50, a large cloud formed when its 

progenitor star exploded 10 to 100 thousand years ago [3, 4]. 

SS 433 consists of a compact object, likely a black hole with 

around ten solar masses, orbiting with its companion Type A star 

with a period of around 13 days [5]. Through the action of its 

gravitational field, the black hole accretes material from the 

surface of the star, which accumulates in a disc of hot gas. As 

matter is pulled in towards the black hole, two collimated jets of 

charged particles are launched perpendicular to the plane of the 

disc, with a velocity of ~0.26 c [5, 6]. Based on their position 

coordinates in the celestial sphere with respect to the central 

binary, these jets are referred to as the “eastern” and “western” 

jets.

Energy-dependent morphology of SS 433 
microquasar jets seen in very-high-energy 
gamma rays
Uncovering highly efficient particle acceleration in the parsec-scale outer jets  
of a microquasar in the Milky Way

Figure 1
Significance maps of VHE  
gamma-ray emission in 
energy bands:  
(A) 0.8–2.5 TeV,  
(B) 2.5–10 TeV and  
(C) >10 TeV.  
Cyan contours: X-rays [8, 9].  
White crosses: locations of 
bright X-ray regions.  
The white circle indicates 
the 68% containment region 
of the H.E.S.S. point-spread 
function (PSF).
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Figure 2
Schematic of a 1D model for the jet 
outflows. The inner jet is launched 
with velocity u1 ≈ 0.26 c (spirals) 
and reaches a shock discontinuity 
(cyan bars) at the base of the outer 
jets. There, electrons are injected 
continuously, with an energy 
spectrum derived from fitting 
multiwavelength observations, 
accounting for radiative losses. 
Particles are transported along the 
jet axis z through advection and 
diffusion with νjet(z) [2].  

In radio and optical observations, using 5.5 kpc as the measured 

distance to the system [5], the emission extends from 0.001 pc  

in the vicinity of the compact object up to ~0.1 pc: These are the 

so-called inner jets. They are oriented perpendicular to the line of 

sight and precess with a half-opening angle of 20 degrees and  

a period of around 162 days [7]. At distances of ~25 pc up to 

~100 pc, bright X-ray synchrotron emission along the jet axis [8, 9] 

indicates the presence of a recollimated outflow: the outer jets.

 

Similar relativistic jets are also observed emanating from the 

centres of active galactic nuclei (such as quasars), though their 

lengths scale up to several kiloparsecs, i.e. considerably larger than 

the galactic jets of SS 433. Because of this analogy, objects such as 

SS 433 are classified as microquasars. In 2018, the High-Altitude 

Water Cherenkov Gamma-ray (HAWC) observatory in Mexico 

purported the detection of two “hotspots” at 20 TeV, coinciding 

with the X-ray emission of the eastern and western jets [10]. 

However, the angular resolution could not provide further insight 

into the morphology of the detected emission, nor could it exclude 

possible source confusion with the also-bright gamma-ray source 

MGRO 1908+06 (HESS J1908+063) in the western region of the 

field of view. In addition, the HAWC data at the time were not of 

sufficient significance to constrain the spectral index of the 

emission.

H.E.S.S. results

H.E.S.S. is an array of Cherenkov telescopes located in Namibia, 

which has been operating since 2003. After a deep observation 

campaign, resulting in over 200 hours of exposure time, and using 

a higher-energy optimisation analysis technique aimed at faint 

sources [11], H.E.S.S. has now also detected two sites of extended 

gamma-ray emission at the previously known X-ray positions of 

the eastern and western jets, with significances of 7.8 σ and 6.8 σ, 

respectively [2]. No significant emission (>5 σ) was detected from 

the central binary, only constraining upper limits have been 

derived. Thus, an imaging atmospheric Cherenkov telescope has 

confirmed the HAWC detection and characterised the emission 

associated with the jets. Preliminary results from the VERITAS 

gamma-ray instrument, another imaging atmospheric Cherenkov 

telescope located in the USA, with a study led by members of the 

DESY Gamma Astronomy group, are in preparation.

Furthermore, H.E.S.S. analyses in different energy bins have 

revealed a statistically significant energy-dependent morphology: 

As can be seen in Fig. 1, there is a shift of the centre of the 

gamma-ray emission towards the base of the outer jet as a 

function of energy. When modelling the emission, a leptonic 

scenario for the radiation process is preferred, which is consistent 

with the energy dependence: inverse Compton scattering of 

energetic electrons on target photon fields. While a hadronic 

contribution is not completely excluded, it is not supported by 

current observational signatures. Based on the energy-dependent 

offset of the gamma-ray emission, the sites of particle acceleration 

are constrained to the base of the outer parsec-scale jets and 

require an abrupt deceleration of the flow to exist there. To explain 

the properties of the emission, the presence of a strong shock at 

25–30 pc on either side of the system is inferred, resulting from 

the self-collimation of the precessing inner jets. Figure 2 shows a 

diagram of the model proposed to explain the characteristics of 

the emission. More details can be found in [2] and in an outreach 

video of the results [12].
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Most of the cosmic neutrinos observed by the IceCube detector at the South Pole are of extragalactic origin. Measuring 

their spectrum can provide important clues about the nature of the environments in which they are produced. High-energy 

neutrinos generate two main signatures in the detector: tracks and showers, depending on the flavour of the incoming 

neutrino. A novel analysis developed mainly at DESY and RWTH Aachen combines these two main signatures of neutrinos 

into a single measurement while accounting for their highly correlated systematic uncertainties in a self-consistent way. 

This approach enables the most accurate measurement of the cosmic neutrino spectrum to date. For the first time, 

evidence has been found for a break in the spectral shape, demonstrating that the neutrino spectrum is more complex 

than a single power law. 

Introduction

The discovery of astrophysical neutrinos over a decade ago 

established a new branch of multimessenger astronomy. 

Combining the information from neutrinos with astrophysical 

observations across the electromagnetic spectrum allows us to 

study cosmic particle accelerators in a complementary way. In 

particular, neutrinos can give us a glimpse into environments  

that are opaque to electromagnetic radiation, such as the regions 

close to the central supermassive black holes of active galaxies.  

In such active galactic nuclei (AGN), the intense radiation from an 

accretion disk that surrounds the black hole, together with dense 

dust and gas clouds, efficiently blocks large portions of the 

electromagnetic spectrum. Neutrinos are unaffected by such 

obstacles and reach us even from regions close to the event 

horizon of the black hole.

NGC 1068 is the first AGN identified by IceCube as a neutrino 

source [1]. However, its emission only accounts for a tiny fraction 

of the observed cosmic neutrinos. The vast majority of neutrinos 

appears to form a quasi-diffuse emission that most likely originates 

from many unresolved sources, too dim to be identified individually 

by IceCube. While we do not currently know which classes of 

astrophysical neutrino sources produce them, we can now state 

that about 90% of these neutrinos are extragalactic in origin [2]. 

Figure 1 shows an optical image of two active galaxies. Neutrinos 

from high-energy cosmic-ray interactions in such galaxies might 

contribute significantly to the diffuse emission, while individual 

objects are not luminous enough to be detected as neutrino sources.

Measurement of the extragalactic neutrino spectrum

The spectrum of the diffuse neutrino emission can provide 

important additional information on the sources of the neutrinos 

and the physical processes relevant for their production. A novel 

analysis, developed mainly at DESY and RWTH Aachen in Germany, 

has now achieved the most precise measurement of this spectrum 

to date. This was made possible by combining about a decade of 

observations of the two most important signatures of high-energy 

neutrinos in IceCube, tracks and showers. 

Figure 2 shows typical observed Cherenkov light patterns for both 

types of events. In the past, several measurements have derived 

the astrophysical neutrino spectrum for each channel separately, 

which limited the accuracy achieved (e.g. [3, 4]). A first combination 

of track and shower channels based on early IceCube data was 

developed at DESY and published in 2015 [5]. Although it was the 

best measurement at that time, it relied partly on data obtained 

during the construction phase of IceCube and did not have access 

to uniformly calibrated and processed data and a uniform detector 

simulation. Systematic measurement uncertainties, such as the 

optical properties governing the propagation of the Cherenkov 

light in the ice, or the spectrum and flux of the atmospheric 

neutrino background are highly correlated for all observed 

A break in the extragalactic  
neutrino spectrum
Novel analysis of IceCube data enables most precise measurement  
of cosmic neutrino spectrum to date

Figure 1
Two active galaxies (NGC 4151 and NGC 4156) observed through an 81 cm 
telescope. Such galaxies are typical neutrino source candidates. Neutrino  
sources that are too faint to be identified individually contribute to the  
diffuse extragalactic neutrino flux.
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neutrino signatures. The current analysis now addresses for the 

first time such correlations in a self-consistent way. Together with 

the much larger data set – comprising more than one decade of 

observations of the completed IceCube detector, all processed and 

calibrated in a uniform way – this enabled the derivation of the 

most precise neutrino spectrum to date.

A break in the cosmic neutrino spectrum

Figure 3 shows the spectrum obtained above about 5 TeV. It is 

consistent with earlier measurements. However, the higher 

precision allows more sensitive testing for spectral features than 

ever before. The most striking new feature observed is a break  

in the power law behaviour of the spectrum around 30 TeV. A 

likelihood ratio test, which tests such a broken power law spectrum 

against the hypothesis of a power law without a break, finds that 

the broken power law is preferred with a significance of 4.2 σ. 

This is the first time that IceCube data provide strong evidence 

that a simple power law does not properly describe the spectrum 

of high-energy cosmic neutrinos. The best-fit broken power law 

spectrum also aligns well with a fit of the neutrino flux in individual 

energy bands that does not rely on a specific model of the spectral 

shape. 

Potential implications for sources of high-energy neutrinos

What does this result tell us about the origin and production 

mechanisms of cosmic neutrinos? First, it means that there are 

fewer neutrinos at low energies (<10 TeV) than expected for a 

power law spectrum. This helps to resolve an often-discussed 

tension between the extragalactic gamma-ray and neutrino 

backgrounds (e.g. [6]), as both particles are produced simulta-

neously in high-energy cosmic-ray interactions. Second, it might 

also be indicative of a photo-hadronic production of the neutrinos 

(e.g. [7]), meaning that the cosmic rays in the unknown sources 

collided with photons rather than with clouds of gas. This process 

has a comparatively low cross section and therefore only efficiently 

produces neutrinos in the most intense photon fields of the 

universe, such as the jets or the vicinity of the accretion disks  

of AGN (while being much smaller than our solar system, AGN 

accretion disks typically produce more radiation than the entire 

Milky Way). 

Figure 3
The latest IceCube measurement of the cosmic neutrino flux shows clear 
evidence of a break in the spectrum around a neutrino energy of 30 TeV.  
A single power law spectral model, indicated by the blue band, is disfavoured 
by more than 4 σ compared to the best-fit broken power law. From [9].
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Figure 2
The two main signatures of neutrinos observed in the IceCube detector. Left: Tracks arise from interactions of muon neutrinos in and around the instrument. 
The muon produced in the interaction typically travels several kilometres in the ice and generates Cherenkov light along its path. Right: Showers arise from 
interactions of all flavours of neutrinos, where charged particles generated in the neutrino interaction deposit their energy and produce Cherenkov light only 
over a very short distance. Each dot marks an optical sensor of IceCube. The colour indicates the measured light arrival time, and the size of the dot denotes 
the amount of light observed.

The combined measurement also paves the way for better 

constraints of the flavour composition of astrophysical neutrinos 

with IceCube data in the near future, a measurement that 

represents a unique probe of physics beyond the Standard 

Model (e.g. [8]).

Further reading

More details about the results can be found in [9] and [10].  

A journal publication is in preparation within the IceCube 

collaboration.
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Gamma rays emitted by distant blazars generate beams of electron–positron pairs. These pairs are expected  

to produce a secondary cascade emission that we can detect. However, this cascade is absent in gamma-ray 

observations. This absence is attributed to two possible factors: Either the pairs are diverted by intergalactic 

magnetic fields (IGMFs), or they are losing energy due to plasma instability. In a recent study, researchers  

from the DESY Astroparticle Physics Theory group have combined the two factors for the first time. They 

discovered that the broadening of the pair beam opening angles by IGMFs diminishes the energy loss from 

instability. Furthermore, in a separate study, they found that the self-consistent feedback of instability on the 

beam suppresses the instability by beam broadening as well.

Introduction

Blazars are active galactic nuclei (AGN) with the jet of the super-

massive black hole pointing at Earth. Figure 1 shows an example  

of such an AGN. We know from the observations of imaging 

atmospheric Cherenkov telescopes, i.e. VERITAS, MAGIC and 

H.E.S.S., that blazars produce a bright emission of gamma rays in 

the GeV to TeV energy band. However, the TeV gamma rays from 

distant blazars don’t travel freely in the universe. They annihilate 

with the extragalactic background light (EBL), producing a 

collimated beam of electron–positron pairs. The pair beams are 

expected to dissipate their energy through inverse Compton 

scattering on the cosmic microwave background (CMB), producing 

an electromagnetic cascade in the GeV energy range. Figure 2a 

shows those different interaction processes, starting from the 

primary TeV gamma rays and ending with the secondary GeV 

cascade. 

Around 15 years ago, the Large Area Telescope on board the 

Fermi Gamma-ray Space Telescope (Fermi-LAT) discovered that 

the secondary GeV cascade was missing in the blazars’ spectra. 

Currently, there are two mechanisms that offer a potential 

explanation for this cascade suppression. The first involves the 

deflection of the pair beam by IGMFs present in the cosmic voids 

between us and the blazar [1]. This deflection leads to a decrease 

in the secondary cascade emission that reaches us, aligning with 

the spectra of the observed blazars. The second mechanism is an 

energy loss of the pair beam due to plasma instability before the 

beam generates the secondary cascade [2]. Figures 2b and 2c 

illustrate these two mechanisms.

Intergalactic magnetic fields affect instability

Previous studies of blazar-induced cascades often focused solely 

on IGMFs or on instability, neglecting either one or the other. In 

contrast, researchers from the DESY Astroparticle Physics Theory 

group have now explored both factors simultaneously for the first 

time [6]. They discovered that IGMFs broaden the opening angles 

of pair-beam particles, thereby significantly reducing the effective-

ness of beam energy loss due to instability. Furthermore, their 

findings indicate that instability is eliminated as an efficient energy 

loss agent at a field strength three orders of magnitude lower than 

that required to suppress the secondary cascade emission through 

magnetic deflection.

Figure 3 shows the allowed IGMF parameter regions (white areas). 

Above the purple line, the energy loss through instability is 

subdued by the IGMFs. Below the green line, the IGMFs lack the 

strength to suppress cascade emission [4]. For IGMF parameters 

between the purple and green lines, no viable process explains the 

absence of GeV-scale cascade emission, thus excluding this IGMF 

parameter space region (cyan-shaded area). 

Figure 1
Multiwavelength image of AGN 3C 348 (Hercules A).
The Hubble Space Telescope spots the yellow elliptical galaxy in visible light, 
while the Karl G. Jansky Very Large Array (VLA) radio telescope in the USA 
reveals its pink jets in radio waves.

Unlocking the mystery of distant 
blazars’ cascades
Explaining the gamma-ray observations of blazars: insights from plasma physics
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Feedback of instability on the beam

In another recent study [7], researchers from the DESY Astro-

particle Physics Theory group investigated how plasma instability 

feeds back on the beam, using a realistic two-dimensional beam 

distribution. The instability feedback on the beam was examined 

through two non-linearly coupled equations, which describe the 

time evolution of both the beam and the plasma waves. These 

theoretical calculations pose significant challenges and can only  

be tackled numerically. The physics governing this non-linear 

feedback requires a resolution of the time scales down to a few 

years, while the development of the secondary cascade occurs 

over scales larger than hundreds of thousands of years. The 

calculations of the instability feedback were conducted at a 

distance of 50 Mpc from the blazar, where the majority of the 

cascade energy is expected to be generated.

In this new study, it was discovered that the predominant effect is 

a broadening of the beam with little energy loss. These recent 

findings validate a previous feedback study with a simplified setup 

[5], contradicting the notion that instability serves as an effective 

energy loss mechanism for the pair beam, which was proposed to 

Figure 2a
Blazar-induced cascade 
generation mechanism 

Figure 2b
Suppression of the 
cascade through pair 
deflection by IGMFs

Figure 2c
Suppression of the 
cascade through energy 
loss of the pairs due to 
plasma instability

Figure 3
The cyan-shaded area represents the excluded region of the IGMFs, where 
neither magnetic deflection nor instability can account for the absence of 
cascade emission. The grey region indicates the upper limit on the IGMF 
strength due to magnetohydrodynamic (MHD) turbulent decay [3]. From [6].
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explain the absence of the secondary cascade. However, the latest 

research suggests that the broadening of the beam opening 

angles due to instability feedback could have observational 

implications for the secondary cascade emission too [7].

This latest work also suggests that, once accounting for the 

continuous creation of pairs by the TeV gamma rays, the beam  

and the plasma waves reach a new quasi-steady state. In this 

state, the broadening of the beam opening angles by instability 

persists, increasing the beam opening angle by a factor of 

hundreds. This leads to a time delay of approximately 10 years  

for the arrival of the secondary cascade, produced at a distance  

of 50 Mpc from the blazar, compared to the primary gamma rays. 

Understanding the implications for the observed GeV cascade 

emission at Earth requires calculating the beam broadening by 

instability at various distances between us and the blazar.

Summary

The recent studies revise our comprehension of plasma instability 

as an effective energy loss mechanism of blazar-induced pair 

beams. The instability is suppressed by the broadening of the beam 

opening angles either by pre-existing IGMFs [6] or by the instability 

itself [7]. Nevertheless, the beam broadening by instability might 

have observational implications for the arrival time of the secondary

cascade emission. Further studies, including calculations of the 

beam broadening by instability at various distances between us 

and the blazar, would provide clarity on this matter.
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In the era of multimessenger astroparticle physics, our understanding of high-energy astrophysical sources 

builds on a growing wealth of data not only across the electromagnetic spectrum, but also in the cosmic-ray and 

neutrino domains. The recent progress on the observational side calls for similar maturity on the modelling side. 

A team of DESY scientists has therefore developed a time-dependent, lepto-hadronic source modelling software 

called Astrophysical Multi-Messenger Modeling, or AM³. It is fast, its component tracking allows for great intuition, 

and its modular nature opens a window for a broad range of applications. After verification in multiple science 

cases, including blazars [1, 2], gamma-ray bursts (GRBs) [3, 4] and tidal disruption events (TDEs) [5], the code  

has been made publicly available [6], including a user-friendly documentation with examples [7]. 

Typical multimessenger challenge

Figure 1 shows the information flow for a typical multimessenger 

challenge: Starting from a reservoir of particles and energy (e.g.  

a shock), some particles (e.g. protons or electrons) get accelerated 

to non-thermal energies. These cosmic rays subsequently dissipate 

a fraction of their energy to photons (e.g. gamma-rays) and 

neutrinos. All of this is typically called source modelling. A fraction 

of these cosmic rays, neutrinos and photons escapes from the 

source, undergoes a possibly complicated propagation to Earth 

and is detected by means of often different detection mechanisms. 

Each of these steps comes with unique challenges that require 

detailed study. AM³ is the puzzle piece that adds the necessary 

self-consistent treatment for the energy dissipation step.

Tracking the energy flow

The process of energy dissipation can be modelled by tracking the 

flow of particles from one species to lower energies and different 

species through different interaction channels. For example, this 

can be high-energy cosmic rays that give part of their energy to 

neutrinos via collisions with low-energy photons. AM³ provides  

a well-tested implementation of this flow for a broad range of 

energies. It can therefore self-consistently capture the feedback 

from low-energy particles on the ones at highest energies (and 

vice versa), and also between different species. AM³ contains all 

the relevant channels, i.e. physical processes, that are needed for 

the typical conditions in astrophysical sources. 

The left panel of Fig. 2 provides an example from a recent applica-

tion of AM3 to the afterglows of GRBs [4], where a radiation zone 

moves at relativistic speed towards the observer. The panel shows 

the observed spectrum of escaping photons (black) and neutrinos 

(grey) when assuming that protons and electrons are accelerated 

simultaneously. Besides the total flux, AM³ also makes it possible 

to trace the contribution of different processes, such as the 

synchrotron emission of primary electrons (shaded blue, dominant 

below about 10 GeV) or the synchrotron radiation of primary 

protons (shaded yellow, dominant from 10 GeV to 10 PeV).  

This capability enables a far deeper level of understanding of  

the obtained results. As can be seen from the multiple other 

subdominant components, it also allows for excluding the 

relevance of other possible effects. 

The right panel of Fig. 2 shows the corresponding densities of the 

injected protons and electrons when they reach their steady state 

and, similar to the photon case, also the contribution of secondary 

particles produced by interactions between the different primary 

particles and their secondary products. These include for example 

pions, which then further decay into muons, which decay into 

electrons. A by-product is the creation of neutrinos, as shown in 

the left panel of the figure.

In summary, AM³ allows the combined determination of cosmic 

rays, neutrinos and photons, which can then be propagated to 

Earth and compared to combined multimessenger observations.

Astrophysical Multi-Messenger 
Modeling (AM³)
Open-source tool for time-dependent lepto-hadronic modelling of astrophysical sources

Figure 1
Typical workflow in multimessenger physics, from the initial reservoir of 
particles and energy to the eventual signatures in the detector
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Efficiency matters

As source models often involve five to ten free parameters, fast 

runtime is crucial to enable an exhaustive exploration of the 

parameter space. This is one of the advantages of AM³, illustrated 

in Fig. 3. Leptonic scenarios on the left, i.e. without accelerated 

protons, involve less possible channels and are therefore very  

fast (a typical case takes less than a second on a single CPU).  

The multiple channels introduced by non-thermal protons, 

inducing cascades via pions and muons, increase the runtime. 

Figure 3 shows how the simulation time depends on the size of the 

proton energy grid, which determines the size of the matrices that 

have to be multiplied internally. Remarkably, even for ultrahigh-

energy cosmic rays, the computation takes less than 10 s, which 

enables large parameter scans with AM³.

Flexibility

One special feature of the AM³ implementation is that it combines 

the best of two worlds. The source code is written in C++, which 

makes it very fast and accessible for C++ users. In addition, the 

Python interface allows for simple access via Python without loss 

of the advantages from C++. Besides this technical flexibility, the 

modular nature, with access to all particle density arrays and 

interfaces to inject arbitrary spectra for each species, enables 

straightforward extensions for coupling AM³ either to multiple 

instances of itself (e.g. multizone modelling) or to other codes to 

capture even wider ranges of applications (e.g. cosmic rays with 

higher mass number). May the publication of this tool illuminate 

the future of multimessenger modelling with unprecedentedly 

accurate photons, neutrinos and cosmic rays!

Figure 2
Left: Observed spectral energy distribution of photons and neutrinos (after escaping from the source) for an example from an application of AM³ to GRB 
afterglows. The grey shaded energy windows show where the photons are strongly absorbed during their propagation. The dashed lines indicate the 
different contributions to the total photon spectrum. Right: Corresponding particle densities of protons, electrons/positrons, pions and muons in the source 
region, as well as their components from different channels. Adapted from [4].
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Figure 3
Runtime of the AM3 simulation of a steady-state spectrum for a typical  
blazar case on a single CPU as a function of the size of the grid determined 
by the maximum proton energy. A leptonic reference case is given on the 
left for comparison. From [6].
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DESY’s inaugural AstroCamp, held from 21 to 24 August 2023 at Lake Werbellin in Brandenburg, offered 

young students a collaborative environment to conduct their own experiments on cosmic rays in a truly 

exceptional setting. The camp was organised in collaboration with the association NaWi School e.V. Mentored 

by two DESY colleagues and teachers from the association, the students enjoyed the fascination and fun  

of science throughout the week, which culminated on Wednesday, 23 August, in its scientific highlight:  

the successful launch of a research balloon into the stratosphere. The participants analysed climate-relevant 

data and cosmic particles recorded during the balloon flight. Some of their findings, showcased alongside a 

self-made video encapsulating their AstroCamp experience, are highlighted in this article. 

Astrophysics holds many intriguing questions, not only for 

scientists, but also to inspire and foster young people’s interest in 

STEM subjects. This is one of the reasons why DESY has been 

offering students the opportunity to carry out small research 

projects in astroparticle physics in its CosmicLab in Zeuthen [1] 

since 2004. Building on this legacy, efforts have been intensified 

with DESY’s first AstroCamp [2], entitled “The balloon mission 

2023 – venturing into the stratosphere with our own research 

balloon”.

AstroCamp – the concept

At the AstroCamp, DESY invited 16 young people aged 16 and 

over to delve into the mysteries of the cosmos and the Earth’s 

atmosphere. The event aimed to inspire scientific curiosity by 

giving the students an authentic glimpse into scientific work using 

modern measurement and analysis methods in a research-like 

environment. The comprehensive programme started with a 

kick-off meeting in July on the DESY campus, where participants 

got to know each other, explored cosmic rays using a DIY cloud 

chamber and gained insights into DESY’s research activities. 

The research camp itself took place from 21 to 24 August at Lake 

Werbellin. The students were able to experience the fascination 

and fun of science by conducting their own research experiments 

on cosmic rays, with sufficient room for reflection and discussion, 

fostering an environment of exploration and collaboration. The 

scientific programme culminated in the launch of a research 

balloon into the stratosphere. Afterwards, the participants 

analysed the recorded data, discussed their results and presented 

their findings at the International Cosmic Day [3], which was held  

in November.

Preparing the launch of the balloon 

Before the launch, the mission had to be well prepared. One of  

the students’ tasks was to build their own cosmic probe – a flying 

laboratory that would hold all the experiments. While some teams 

tested different materials to best withstand the harsh conditions 

in the stratosphere, others crafted the final box and ensured that 

all experiments, including a video camera, were tightly connected 

prior to launch (aka “duct tape fixes everything”). In addition, the 

participants engaged in extensive ground-based investigations 

and hands-on experiments, including calculations of the flight 

route and tests of various detectors and measurement equipment. 

The students planned to record climate and weather data, such as 

temperature, pressure and humidity, and to measure cosmic 

particles. With a mixture of commercial off-the-shelf detectors 

(e.g. active GPS tracker and Geiger counter) and self-built devices 

based on Arduino (e.g. environmental sensors and cosmic-ray 

detectors based on scintillators or pin diodes), they felt both well 

prepared and adequately equipped for the scientific investigations. 

 

Venturing into the stratosphere –  
young people unlock the mysteries  
of cosmic rays
DESY’s first AstroCamp

Figure 1
Preparation of the detector for gamma spectroscopy, a low-cost system 
based on Arduino 
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Venturing into the stratosphere 

On Wednesday morning, all measurement devices were properly 

placed inside the cosmic probe and the 3000 l research balloon 

was filled with gas. At 11:50 local time, the balloon was finally 

launched into the stratosphere to measure cosmic particles and 

climate-relevant data. The AstroCamp participants continuously 

tracked its flight via GPS. After an ascent of more than two hours, 

the balloon burst at an altitude of over 37 900 m and eventually 

landed about 120 km east of its starting point, near the city of 

Gorzów Wielkopolski in Poland. 

Following the successful recovery of the balloon by the NaWi 

School e.V. team, the students were eager to analyse the data 

recorded by the different detectors. However, they quickly realised 

that not all the detectors had worked as expected and that even 

simple-sounding questions, such as “what was the maximum 

altitude reached during the flight?”, are not that easy to answer  

if all the onboard GPS trackers state a different value. 

The students worked in small teams to investigate their previously 

formulated questions and discussed their findings with their peers 

and mentors. They analysed the data from the Geiger counter to 

better understand the cosmic-ray distribution in the atmosphere 

and found a much higher number of cosmic rays at high altitudes 

than on the ground, as expected based on their pre-investigations. 

The variable count rates, shown in Fig. 5, can be explained by  

the development of air showers initiated by cosmic rays in the 

atmosphere. As can be seen in the figure, the maximum rate was 

located at an altitude of around 20 km and was passed twice 

during the flight – a great achievement for everyone involved in 

the event and a result that the students proudly presented at the 

International Cosmic Day in November, together with a self-made 

video about their AstroCamp experience.

     

     Link to the student video on YouTube

Figure 4
Group photo just before the balloon launch. Filling the balloon takes some 
time and is a challenging task on a very sunny day. 

Figure 5
Plot of the cosmic-ray flight data. Results from the balloon flight measuring 
cosmic rays with a Geiger counter tube as a function of time (left) and altitude 
(right), clearly showing the shower maximum at an altitude of around 20 km. 
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Figure 2
There was a lot to discuss, and spontaneous meetings were part of the 
young researchers’ everyday work. 

Figure 3
The probe, ready and waiting to take to the skies. It also featured instructions 
for finders on what to do with it – a small finder’s fee was meant to encourage 
them to return the probe. 



19

h

12

m

08

m

04

m

00

m

8°

7°

6°

5°

41°20'42°00'40'

0°

1°

Right Ascension

D
e

c
l
i
n

a
t
i
o

n

Lon

L
a

t

4

2

0

2

4

6

σ

PSR J1907+0602

PSR J1906+0722

SNR G40.5-0.5

SNR G41.1-0.3

3HWC J1908+063

SS 433

e1

w1

e2

w2

28 |  Astroparticle physics

The VERITAS imaging atmospheric Cherenkov telescope in the USA has been observing the gamma-ray sky  

for over a decade with the participation of DESY scientists. In light of the recent discovery of sources capable 

of accelerating particles to very high energies, the VERITAS collaboration carried out new observations for the 

yet unidentified object MGRO J1908+06 and conducted a re-analysis, in which DESY scientists were strongly 

involved. By examining the physical properties, acceleration mechanisms and environmental interactions of 

pulsar wind nebulae, the research contributes to our understanding of the origins of cosmic rays.

Introduction

The origins of very-high-energy and ultrahigh-energy cosmic rays 

within our galaxy remain enigmatic. It has been shown that pulsar 

wind nebulae (PWNe) feature among galactic PeVatrons – sources 

capable of accelerating particles to energies surpassing the 

petaelectronvolt (PeV) threshold. Investigating gamma-ray 

emission from PWNe provides insights into the characteristics of 

supernova explosions and their remnants, and enhances our 

understanding of the physical properties and acceleration 

mechanisms of PWNe, as well as their environmental impact.

After a pulsar forms in a supernova explosion, its rapid rotation 

and intense magnetic fields generate a high-energy wind of 

accelerated particles. This wind can interact with the surrounding 

medium, giving rise to a PWN. In the early stages of their evolution, 

PWNe are eventually disrupted by the reverse shock of the 

supernova remnant. This shock can be highly asymmetrical,  

driven by a non-homogeneous interstellar medium, thereby 

leaving a deformed relic PWN as a result. Further compression  

or an initial kick imparted by the supernova explosion results in  

the separation of the relic PWN and the formation of a new PWN  

at the pulsar’s new position. In the search for PeVatrons, ground-

based gamma-ray observatories such as VERITAS emerge as 

crucial instruments for probing these complex GeV to TeV 

morphologies, thanks to their ability to resolve structure.

MGRO J1908+06 was first detected by the Milagro observatory  

in the USA in 2007 and has since been detected by several 

observatories, including VERITAS [1]. Several potential counter-

parts have been suggested to explain the origin of its emission, 

such as a PWN or a supernova remnant. However, this origin still 

remains ambiguous. Furthermore, the spatial extension of MGRO 

J1908+06 adds layers of complexity to its study. Unlike point 

sources, extended sources require nuanced analysis techniques  

to accurately disentangle their emission from background signals. 

Investigating MGRO J1908+06:  
Insights from VERITAS observations  
Decade of gamma-ray observations reveals potential origin of galactic PeVatron candidate

Figure 1
Significance map of the 
MGRO J1908+06 region. 
The contours indicate the
significance values of 
3, 5 and 7 σ. Possible 
associated sources are 
indicated with white 
crosses: the supernova 
remnants G40.5-0.5 and 
G41.1-0.3 and the pulsars 
PSR J1907+0602 and PSR 
J1906+0722.

Analysis and results

Over the past decade, the VERITAS collaboration has dedicated 

around 130 hours to observing MGRO J1908+06. Given that the 

GeV to TeV emission occupies a substantial fraction of the 

observatory’s field of view, a specialised analysis technique is 

required to estimate the residual background signal. This involves 

the production of background models from selected archival 

VERITAS observations, which are then fitted to the actual 

observations to extract the gamma-ray signal. Source models  

are then fitted to the data to investigate the morphology and 

extract spectra. 

The systematic effects of the analysis method are assessed using 

a mimic data method. This consists of generating sets of empty 

gamma-ray fields that match the actual observational conditions. 

These mimic data sets are then analysed in a similar way to the 

treatment of the observational data.

Figure 1 shows the significance map resulting from the analysis. 

The highest significance is seen at the position of a pulsar 

(PSR J1907+0602) and around the source’s central position.  

The high-energy emission appears spatially extended, and the 

spectral shape can be described by a power law.
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Figure 2
12CO (J = 1–0) map (10–40 km/s and 40–70 km/s) 
overlaid with gamma-ray contours (VERITAS, 
0.8–12.3 TeV). Possible counterparts are marked: 
PSR 1907+0602 (triangle), SNR G40.5-05 (dot 
circle) and Fermi-LAT PSR J1906.9+0712 (square). 
Data from the Smithsonian Astrophysical 
Observatory’s 1.2 m CO survey.

Figure 3
Spectral energy distribution of MGRO J1908+06, centred at PSR J1907+06. 
Flux points from Fermi-LAT, H.E.S.S., VERITAS, HAWC and LHAASO.  
Fit with leptonic model with inverse Compton scattering on the cosmic 
microwave background. Primary electron spectrum: exponential cut-off 
broken power law.
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An energy-dependent analysis reveals more information about  

the true nature of the emission. The analysis shows that the 

low-energy emission is concentrated towards the centre of 

MGRO J1908+06, whereas the high-energy emission is shifted 

towards the pulsar position.

A plausible explanation is that the emission stems from a leptonic 

origin, with the PWN potentially interacting with the host 

supernova remnant. Newly accelerated high-energy electrons 

from the PWN are observed closer to the present pulsar position, 

while electrons from earlier times reside within the relic PWN and 

have undergone cooling over the pulsar’s lifetime.

This scenario finds support in an analysis of molecular clouds. 

Figure 2 illustrates the velocity-integrated column density in 12CO, 

which acts as a tracer for the density of molecular gas in the 

region. While high densities of hadrons would suggest hadronic 

gamma-ray production, the observed densities and the fact that 

the bulk of the gamma-ray emission lies in a cavity favour a 

leptonic origin of the emission. 

Subsequently, the source’s spectrum can be well described by 

modelling an electron population that produces photons via 

synchrotron radiation and inverse Compton scattering on the 

cosmic microwave background radiation field. Figure 3 presents 

the modelled spectral energy distribution alongside flux points 

extracted from VERITAS data and previously published results by 

other instruments. Moreover, the modelled electron population 

responsible for the emission enables the estimation of the  

pulsar’s age (approx. 10 000 years), its distance from Earth 

(approx. 2000 pc) and the magnetic field strength in the region 

(approx. 7 µG).

Discussion and outlook

The re-analysis suggests that the emission from MGRO J1908+06 

is likely of leptonic origin. The refined analysis methodology 

accounts for the source’s extension and updates the previously 

published flux measurements detailed in [1]. The proposed 

scenario, involving a relic and a new PWN, helps to clarify the 

emission mechanisms within this PeVatron candidate.

Although the supernova remnant G40.5-0.5 borders the emission 

region and may potentially contribute hadronic-based emission, its 

impact on the observed emission is estimated to be negligible in 

the analysis. However, the possible presence of additional sources 

in the vicinity that contribute to hadronic-based emission cannot 

be entirely dismissed.

Further analyses are needed to study the pulsar’s proper motion 

and evaluate potential contributions from other sources in the field 

of view. The findings of this analysis are forthcoming in a joint 

paper involving Fermi-LAT, VERITAS and HAWC [3], providing 

additional insights into the object.



Artist’s impression of very-high-energy photons from a gamma-ray burst 
entering Earth’s atmosphere and initiating air showers that are being 
recorded by the H.E.S.S. telescopes
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