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Particle cosmology research
A growing and fast-evolving field

• We are working in a global approach to 
comprehend the evolution of the early universe. 

• Interdisciplinary problems such as Dark Matter, 
Dark Energy, Baryogenesis and Inflation require 
a complementarity of approaches. 

• DESY has long been working in these inter-related 
areas and has established a strong reputation.  

• Dark Matter (DM) & Gravitational-wave research 
intertwined, both at theoretical level & 
experimentally 

• Gravitational waves (GW) are a new window to 
fundamental questions and energy scales that 
colliders cannot access.
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Open questions

• What drove the primordial acceleration of the expansion of the universe? 

• What is the thermalising  mechanism after inflation? 

• What is the nature of the electroweak phase transition? 

• What produces the Matter–antimatter asymmetry? 

• What is Dark Matter? 

• How was Dark Matter produced?   

• What is the spectrum of primordial gravitational waves? 

• Why is the expansion of the universe accelerating again today?
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Directions of researchA Golden Triangle :
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Selected success stories during the last POF period

• Kyohei Mukaida  

• DESY PD → 
Faculty at KEK

• Ryosuke Sato                             

•   DESY PD → 
Faculty at U. Osaka 

• Ryusuke Jinno   

• DESY PD → 
Faculty at U. Tokyo 

• Laura Sagunski 

• DESY PhD → Faculty  
at U. Frankfurt 

• Enrico Morgante  

• DESY PhD → Faculty  
at U. Trieste

• Valerie Domcke  

• DESY junior staff → 
Faculty at CERN

• Filippo Sala  

• DESY junior staff → Faculty 
at CNRS-> U. Bologna

  

Team

Key researchers

QU funded

Extended team

  

Career highlights

Valerie Domcke

→ CERN 5 year position 
→ CERN permanent staff

Jorinde van de Vis

→ CERN fellowship 
  & Veni fellowship (Netherlands)

Kyohei Mukaida

→ CERN fellowship 
→ KEK tenure-track position

Francesco Muia

→ Hawking fellowship, DAMPT

Filippo Sala

→ permanent CNRS position

Ryosuke Sato

→ professorship at Osaka U

Henrique Rubira

→ postdoc @ TUM 
First Prize Best Presentation 
EuCAPT 2022 
→ CERN visitorship

DESY science day 
colloquium
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Oct, 2021 - Sep, 2022 Postdoctoral Researcher, Instituto de Fisica Teorica (IFT) 

Apr, 2019 - Sep, 2021 JSPS Postdoctral Fellowship for Research Abroad, Deutsches Elektronen-
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Sep, 2016 - Mar, 2019 Postdoctoral Researcher, Center for Theoretical Physics of the Universe (CTPU),
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Dark Matter
Well-motivated over a huge mass range

Still huge uncertainty on its mass and couplings to the Standard Model, despite tremendous progress over the last 
decade in constraining its properties, by combining information from  

• cosmological surveys 

• indirect searches with telescopes 

• collider searches 

• non-collider direct searches 

• theoretical modelling and phenomenological analysesuniverse.

Primordial 
black 
holes
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Dark Matter @ DESY
Broad theoretical & experimental activities over an extensive range of masses and couplings

→ model building 

→ novel Dark Matter production mechanisms, beyond the 
standard thermal paradigm 

→ numerical simulations 

→ search for novel signatures & detection strategies  

→ probes in gravitational waves

Axion 
fragmentation 

Composite

from exponential 
growth

Fuzzy from 
string theory

Axion misalignment: 
kinetic, trapped, 

stochastic, frictional

Wave

Bouncing

Non-thermal

Asymmetric

Sterile 
neutrino

Self-interacting
Dark photon

PNGB

DARK 
MATTER

Theory

Experiments
→ ATLAS & CMS 

→ Belle II 

→ ALPS-II 

→ MADMAX 

→ IAXO

For dark sector with sizeable 
couplings to the SM

For axion-like-particles

}
}

-Dark sector searches with the CMS experiment, 2405.13778, Physics Reports

-ATLAS Constraints on spin-0 DM mediators with ttbar and missing 
transverse momentum, Eur.Phys.J.C 83 (2023) 6, 503, 2211.05426

-See talk by Axel Lindner

https://arxiv.org/abs/2211.05426
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Axion-like-particles
An international race
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Searches for axion-like-particles at colliders 8

FIG. 5. Upper limit (95% C.L.) on the ALP-photon cou-
pling from this analysis and previous constraints from electron
beam-dump experiments and e+e� ! �+invisible [6, 9], pro-
ton beam-dump experiments [8], e+e� ! �� [11], a photon-
beam experiment [12], and heavy-ion collisions [13].

In conclusion, we search for e+e� ! �a, a ! �� in the
ALP mass range 0.2 < ma < 9.7GeV/c2 using Belle II
data corresponding to an integrated luminosity of
445 pb�1. We do not observe any significant excess of
events consistent with the signal process and set 95%C.L.
upper limits on the photon coupling ga�� at the level of
10�3 GeV�1. These limits, the first obtained for the fully
reconstructed three-photon final state, are more restric-
tive than existing limits from LEP-II [11]. In the future,
with increased luminosity, Belle II is expected to improve
the sensitivity to ga�� by more than one order of magni-
tude [6].

We thank the SuperKEKB group for the excellent op-
eration of the accelerator; the KEK cryogenics group for
the e�cient operation of the solenoid; and the KEK com-
puter group for on-site computing support. This work
was supported by the following funding sources: Sci-
ence Committee of the Republic of Armenia Grant No.
18T-1C180; Australian Research Council and research
grant Nos. DP180102629, DP170102389, DP170102204,
DP150103061, FT130100303, and FT130100018; Aus-
trian Federal Ministry of Education, Science and Re-
search, and Austrian Science Fund No. P 31361-
N36; Natural Sciences and Engineering Research Coun-
cil of Canada, Compute Canada and CANARIE; Chi-
nese Academy of Sciences and research grant No.
QYZDJ-SSW-SLH011, National Natural Science Foun-
dation of China and research grant Nos. 11521505,
11575017, 11675166, 11761141009, 11705209, and
11975076, LiaoNing Revitalization Talents Program un-
der contract No. XLYC1807135, Shanghai Municipal
Science and Technology Committee under contract No.
19ZR1403000, Shanghai Pujiang Program under Grant
No. 18PJ1401000, and the CAS Center for Excellence
in Particle Physics (CCEPP); the Ministry of Educa-
tion, Youth and Sports of the Czech Republic under Con-

tract No. LTT17020 and Charles University grants SVV
260448 and GAUK 404316; European Research Coun-
cil, 7th Framework PIEF-GA-2013-622527, Horizon 2020
Marie Sklodowska-Curie grant agreement No. 700525
‘NIOBE,’ and Horizon 2020 Marie Sklodowska-Curie
RISE project JENNIFER2 grant agreement No. 822070
(European grants); L’Institut National de Physique
Nucléaire et de Physique des Particules (IN2P3) du
CNRS (France); BMBF, DFG, HGF, MPG, AvH Foun-
dation, and Deutsche Forschungsgemeinschaft (DFG) un-
der Germany’s Excellence Strategy – EXC2121 “Quan-
tum Universe”’ – 390833306 (Germany); Department of
Atomic Energy and Department of Science and Technol-
ogy (India); Israel Science Foundation grant No. 2476/17
and United States-Israel Binational Science Foundation
grant No. 2016113; Istituto Nazionale di Fisica Nu-
cleare and the research grants BELLE2; Japan Society
for the Promotion of Science, Grant-in-Aid for Scientific
Research grant Nos. 16H03968, 16H03993, 16H06492,
16K05323, 17H01133, 17H05405, 18K03621, 18H03710,
18H05226, 19H00682, 26220706, and 26400255, the Na-
tional Institute of Informatics, and Science Information
NETwork 5 (SINET5), and the Ministry of Education,
Culture, Sports, Science, and Technology (MEXT) of
Japan; National Research Foundation (NRF) of Ko-
rea Grant Nos. 2016R1D1A1B01010135, 2016R1D1A1B-
02012900, 2018R1A2B3003643, 2018R1A6A1A06024970,
2018R1D1A1B07047294, 2019K1A3A7A09033840, and
2019R1I1A3A01058933, Radiation Science Research In-
stitute, Foreign Large-size Research Facility Application
Supporting project, the Global Science Experimental
Data Hub Center of the Korea Institute of Science and
Technology Information and KREONET/GLORIAD;
Universiti Malaya RU grant, Akademi Sains Malaysia
and Ministry of Education Malaysia; Frontiers of
Science Program contracts FOINS-296, CB-221329,
CB-236394, CB-254409, and CB-180023, and SEP-
CINVESTAV research grant 237 (Mexico); the Pol-
ish Ministry of Science and Higher Education and
the National Science Center; the Ministry of Sci-
ence and Higher Education of the Russian Federation,
Agreement 14.W03.31.0026; University of Tabuk re-
search grants S-1440-0321, S-0256-1438, and S-0280-
1439 (Saudi Arabia); Slovenian Research Agency and
research grant Nos. J1-9124 and P1-0135; Agencia Es-
tatal de Investigacion, Spain grant Nos. FPA2014-55613-
P and FPA2017-84445-P, and CIDEGENT/2018/020
of Generalitat Valenciana; Ministry of Science and
Technology and research grant Nos. MOST106-2112-
M-002-005-MY3 and MOST107-2119-M-002-035-MY3,
and the Ministry of Education (Taiwan); Thailand
Center of Excellence in Physics; TUBITAK ULAK-
BIM (Turkey); Ministry of Education and Science of
Ukraine; the US National Science Foundation and re-
search grant Nos. PHY-1807007 and PHY-1913789, and
the US Department of Energy and research grant Nos.

•  @BeIIe II :Phys. Rev. Lett. 125, no. 16, 161806 (2020)

• Limits from rare tau lepton decays in Belle II, Phys. Rev. Lett. 130, no. 18, 
181803 (2023).

•  Long-lived ALPs in Top Production at the LHC, JHEP 10 (2023) 138

• Constraining axions that couple to W-bosons and Z-bosons using diboson 
cross section data from ATLAS, Phys. Rev. D 104, no.9, 092005 (2021)
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Conventional misalignment makes too little DM

Constant axion mass

Motivation: Axion parameter space

Assuming KSVZ-like photon and neutron couplings:
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ALP dark matter parameter space in the standard paradigm (with g✓� = (↵em/2⇡)(1.92/f�))
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ALP dark matter parameter space (with KSVZ-like photon coupling g✓� = (↵em/2⇡)(1.92/f ))
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Opening up the parameter space with axion kinetic misalignment

11

ALP parameter space (with KSVZ-like photon coupling g✓� = (↵em/2⇡)(1.92/f�))
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Cem Eröncel (ITU), Axions++ 5/13

Eroncel, Sato, Servant, Sørensen 2206.14259

a

a

Peera Simakachorn (Uni. Hamburg) 28.10.2022 23

Requirements for the successful intermediate kination era

2. Large initial scalar VEV ⟨ϕ⟩ ≫ fa

1. -symmetric (quadratic) potential 
with spontaneous symmetry-breaking minimum 

U(1)

⟨ϕ⟩ = fa

3. Explicit -breaking term 
(wiggle for angular velocity)

U(1)

4. Radial damping mechanism

case II: ϕini = fa Angular potential 
U(θ)

for T ≥ Tc

case I: ϕini ≫ fa

ϕ = fa

V(Φ) I

II
for T < Tc

δ

θ0

·θ

0 2ππ 3π 4π
angular direction: θ

[Gouttenoire, Servant, PS, 2108.10328 & 2111.01150] 
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Monophilic QCD axion
Another way to get the correct axion relic abundance at large axion coupling

ALPS II

IAXO+

Peccei-Quinn-charged heavy quark carries 
magnetic charge. 

Integrating out  heavy magnetic monopoles  
results in additional electromagnetic coupling 

[Sokolov, Ringwald, 2104.02574; 2205.02605; 2303.10170]        
[Tobar, Sokolov, Ringwald, Goryachev, 2306.13320] 

Can be probed by 

• ALPS II and (Baby)IAXO 

• new type of low-mass haloscope axion-
Maxwell equations 
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(Rel)axion: New cosmological solution to the hierarchy problem
𝟇: relaxion, classically evolving and scanning the Higgs mass parameter

The relaxion mechanism

Graham, Kaplan, Rajendran 1504.07551, PRL

V (�, h) = �g⇤3
�+

1

2
(⇤2

� g
0⇤�| {z }

m
2
H

)h2 +⇤4�n

c hhi
n cos

✓
�

f

◆
+ . . .

m
2
H

⇠ ⇤2

m
2
H

= 0

m
2
H

⇠ �v
2
EW

Hubble friction:
slow-roll

⇤/g
�

V (�)

hhi = vEW

t

hhi

3

back-reaction 

The relaxion-Higgs coupling generates a rolling potential for the relaxion, of the following
form,

Uroll(�) = �g⇤3
�, g & g

0
/4⇡. (2.2)

Higher-order terms are also generated, however suppressed by powers of g�/⇤. The rolling
potential allows the relaxion to dynamically minimize the squared mass of the Higgs. We set
g ⇠ g

0 in most of our expressions, unless stated otherwise.

The second important ingredient for the mechanism are the Higgs-vev-dependent barriers in
the relaxion potential,

Ubr(�) = ⇤4
b
(h)[1 � cos(�/f)], (2.3)

which allow the relaxion to get trapped in a local minimum of its potential and, thus, select
a certain value for µ

2
h
. The latter should match the measured value of the Higgs mass, µ

2
h

=
�(88GeV)2. Here the negative sign is due to the broken symmetry, which leads to a nonzero

Higgs vev, hhi = vh =
q

(�µ
2
h
)/�h = 246GeV.

In the minimal model the relaxion is the QCD axion. The barriers for � then originate
from the anomolous coupling to gluons, �Gµ⌫G̃

µ⌫ . The parameter ⇤b, which is the topological
susceptibility of QCD, is computed to be around ⇤b = 75MeV (for the correct Higgs vev) at
temperatures below the QCD scale, T ⇠ ⇤QCD ⇡ 150MeV. The value of ⇤b depends on the
Higgs vev at least through the mass of the lightest quark [6]. In particular, if the Higgs is in the
symmetric phase, the quarks are massless (their mass is proportional to the Yukawa coupling,
mq = yqvh/

p
2), and there are no barriers. Once the Higgs develops a symmetry breaking vev,

the barrier height takes the form

⇤4
b

⇡ f
2
⇡m

2
⇡

mumd

(mu + md)2
⇡ ⇤3

QCDmu. (2.4)

In the nonQCD model, the Higgs-dependent barriers originate from an analogous coupling
of the relaxion to some hidden gauge group. The dependence on the Higgs vev in this case is
usually of the form ⇤4

b
/ (hhi2/v

2
h
).

To summarize, in both models the dynamics of the relaxion takes place in a potential of the
following form,

V (�) = �g⇤3
� + ⇤4

b
(�)[1 � cos(�/f)]. (2.5)

Here it is implicitly assumed that the Higgs adiabatically follows the minimum of its potential,
which in turn is determined by the value of �.

The relaxion gets trapped in one of its local minima, determined by the stopping mechanism.
The simplest one, as proposed by the authors in [1] is realized by assuming that relaxation takes
place during inflation and the relaxion is in the slow-roll regime 1, governed by

�̇ = �̇SR = �V
0(�)

3HI

, (2.6)

1
For the Hubble friction to be strong enough so that the relaxion tracks the slow-roll velocity from (2.6), the

rolling time between neighboring minima �t = 2⇡f/�̇SR should be larger compared to the Hubble time ⇠ H
�1

.

This was explained in [7], where the authors also investigated the relaxion scenario in both cases.

5

Higgs-relaxion 
potential to set-up 
the electroweak 
scale

𝝠: cutoff of the Higgs effective theory
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Beyond the classical relaxion
Real-time numerical simulation of the Fokker-Planck equation

Aleksandr Chatrchyan The role of fluctuations in the cosmological relaxation of the weak scale 19

Illustration of the dynamics & stopping
Probability distribution: 𝜌𝜌(𝜙𝜙)

Potential: 𝑈𝑈(𝜙𝜙)

First minimum,
Λ𝑏𝑏4 (𝜙𝜙) ∼ 𝑔𝑔Λ3𝑓𝑓

Wiggles appear
𝜇𝜇ℎ2 = 0

Field value

The new stopping condition,

The relaxion slows down after

[2210.01148]
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The relaxion can be dark matter

Quantum

Classical
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Standard ALP DM with � � 1

Low Trh

High Trh

Trh < Tb, w = 1/3 (QbC)

Trh = 102GeV < Tb, w = 0 (QbC)

Trh = 1GeV < Tb, w = 0 (QbC)

Trh = 10MeV < Tb, w = 0 (QbC)

Trh � Tb, roll-on (CbQ and QbC)

Trh � Tb (QbC)

Figure 2: The relaxion DM window in the [m�, sin ✓h�] (top) and [m�, 1/f ] (bottom) planes. The

brown shaded regions correspond to the stochastic window in the QbC regime with Trh < Tb. Here

different lines correspond to different values of the equations of state parameter during reheating and

different values of the reheating temperature. The grey region shows the DM window from roll-on

for Trh � Tb, which was proposed in [13] for the CbQ regime, and extended here for the QbC case.

The stochastic window in the QbC regime for Trh � Tb is enclosed by the black solid line. The

constraints from fifth force experiments [24] (navy), stellar cooling [25] (purple) as well as from black

hole superradiance [26] (pink) are shown for the DM window.

where V (h, �) is given in Eq. (1.1). The DM window is highlighted in brown. We use the
same choices of w and Trh as in figure 1. Constraints arising from fifth force experiments,
including inverse-square-law and equivalence-principle tests [28–34], are shown in navy, while

– 9 –

[2211.15694]
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First-order cosmological phase transitions

Gravitational 
waves

New non-thermal dark matter 
production mechanisms

Baryogenesis
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Precise predictions for phase transitions
New approach for  efficient simulation of primordial fluid and the produced gravitational waves,  
with turbulence and other non-linear features.

Caprini, Jinno, Konstandin,Roper Pol, Rubira, Stomberg’24

|v
(x̃

)|

t̃ = 4.47 t̃ = 5.75 t̃ = 7.02 t̃ = 32.00

w
(x̃

)/
w̄

�
1

˜ |r
⇥

v
(x̃

)|

0.070

0.140

0.210

0.280

0.350
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0.610

0.740

0.870

1.000

-0.799

-0.599

-0.400

-0.200

0.000

1.281

2.563

3.844

5.125

6.407

0.873

1.747

2.620

3.493

4.367

4.741

5.115

5.490

5.864

6.238

�=0.5, vw=0.36, N=512, L̃/vw=20.0

Figure 1. Velocity (upper panel), enthalpy fluctuations (middle panel), and vorticity (lower panel)
in an xy-plane slice of the simulation volume at z = 0 and at di↵erent times t̃, for a strong PT with
↵ = 0.5 and wall velocity vw = 0.36, which corresponds to a deflagration (see Fig. 13).

the simulation, t̃0 ' 10, for the reference nucleation history with L̃/vw = 20. We will consider
times t̃ > t̃0 to fit the time evolution of the kinetic energy fraction K(t̃) = K0 (t̃/t̃0)�b in
Sec. 4.2.

In total, we have performed 1028 simulations, which we summarize in Tab. 1, with an
estimated time of ⇠ 106 CPU hours. We note that each large-resolution simulation (N = 512)
takes ⇠ 103 CPU hours, a quite modest value that indicates the numerical e�ciency of the
Higgsless approach.

4 Numerical results

Before we present a detailed account of our numerical results, we would like to put them in
perspective. Overall, our results can be summarized by the following findings:

• Simulations of strong first-order PTs with ↵ = 0.5: We present numerical results for
strong PTs covering a wide range of wall velocities and performing systematic checks
of the numerical convergence of our results. For the first time, we obtain the full GW
spectra for strong PTs.7 Stronger simulations are more challenging when it comes to

7
Reference [77] also provides estimates of the kinetic energy and the integrated GW spectra for ↵ = 0.5,

but does not present results about the spectral shape.

– 15 –
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First-order cosmological phase transitions
Multiple pioneering studies

Defect-driven phase transitions, 

Blasi et al, JCAP 10 (2023) 051

Hydrodynamics of inverse phase transitions, 

Barni et al, JCAP 10 (2024) 042

A sonic boom in bubble wall friction, 

Dorsch et al, JCAP 04 (2022) 04, 010 

Model-independent energy budget of cosmological first-order phase transitions 
—A sound argument to go beyond the bag model 
 Giese et al	, JCAP 07 (2020) 07, 057 

High-Temperature Electroweak Symmetry Non-Restoration from New Fermions and Implications for Baryogenesis  
Matsedonskyi et al, JHEP 09 (2020) 012
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First-order cosmological phase transitions

Gravitational 
waves

New non-thermal dark matter 
production mechanisms

Baryogenesis

On the wall velocity dependence of electroweak baryogenesis, 
Dorsch et al, JCAP 08 (2021) 020

Baryogenesis From a Dark First-Order Phase Transition, 
Hall et al, JHEP 04 (2020) 042

Bruggisser et al, Status of electroweak baryogenesis in 
minimal composite Higgs, JHEP 08 (2023) 012 

GWs from decaying sources in strong phase 
transitions, Caprini et al, 2409.03651 

Higgsless simulations of cosmological phase 
transitions and GWs, Jinno et al, JCAP 02 (2023) 011

Model-independent energy budget for LISA, Giese et al, 
JCAP 01 (2021) 072 

A hybrid simulation of gravitational wave production in first-
order phase transitions, Jinno et al, JCAP 04 (2021) 014

Detecting gravitational waves from cosmological phase transitions 
with LISA: an update, Caprini et al, JCAP 03 (2020) 024

Shakya 2308.16224, Mansour-Shakya 2308.13070, 
Giudice, Lee, Pomarol, Shakya 2403.03252

Supercool composite Dark Matter beyond 100 TeV, 
Baldes et al, JHEP 07 (2022) 084

Figure 5: The spectra of gravitational waves produced from sound waves for the benchmark points
highlighted by dots in Figs. 3, 4 and 6, corresponding to m� = 480GeV, N = 5.3, ↵ ' 31.3, �/H[TR] '
139 for the glueball-like dilaton (orange lines) and m� = 320GeV, N = 5, ↵ ' 116.9, �/H[TR] ' 94.5
for the meson-like dilaton (purple lines). The wall velocity is set to vw = 0.9 (continous lines) and
vw = 0.3 (dotted lines). We also show the sensitivity curve of LISA as expected for a 3-year mission
(blue line).

The spectrum of these gravitational waves is mainly controlled by four parameters. The

first parameter is the reheat temperature TR after the phase transition has completed, given

in Eq. (4.2). Another important quantity measures the strength of the phase transition and

reads

↵ ⌘

✓
�V

⇢rad

◆

Tn

'
(V [0, 0]� V [�0, vCH])Tn

3⇡2N2T 4
n/8

, (5.1)

where �V is the latent heat released during the phase transition and ⇢rad is the energy density

of the surrounding plasma at the nucleation temperature. We have plotted contour lines of

↵ in the upper (lower) left panel of Fig. 6 for a glueball-like (meson-like) dilaton.

The spectrum also depends on � ⌘ [(d�/dt)/�]Tn , where � is the bubble nucleation rate,

which measures the inverse duration of the phase transition. Assuming fast reheating so that

H[Tn] = H[TR] with H being the Hubble rate, one finds

�

H[TR]
'

✓
T
dSbub

dT

◆

Tn

, (5.2)

where Sbub is the bubble action. Contour lines of �/H[TR] are shown in the upper (lower)

right panel of Fig. 6 for a glueball-like (meson-like) dilaton. Finally, the fourth parameter

is the bubble wall velocity vw which is the only one that we do not calculate and have to

estimate.

We have determined the gravitational wave spectra for the benchmark points for the

glueball and meson case which are marked by dots in Figs. 3, 4 and 6 (and which we estimate

to have an optimal yield for the baryon asymmetry remaining at late times as discussed above).

To this end, we have used the web-based tool PTPlot [66] which generates gravitational wave

– 19 –

Multiple applications

https://arxiv.org/abs/2409.03651
https://inspirehep.net/literature/1762047
https://inspirehep.net/literature/1762047
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Purely-gravitational probes of dark matter

Effect of DM self-interactions on the density 
of the subhalo of a merging system 

GW Dephasing from denser halos associated with 
wave DM (light bosonic DM with a mass <~ 10 eV)  

Testing ultralight DM fluctuations

with GW interferometers , [Kim 2306.13348] 

with Precision astrometry [Kim 2406.03539] 
with Pulsar Timing Arrays [Kim and Mitridate 2312.12225]

Unequal-mass mergers with SIDM 19

Figure B1. The same as in Fig. 3, but considering both haloes. In the supplementary material, we provide the time evolution as a video.

MNRAS 000, 1–17 (2021)

Unequal-mass mergers with SIDM 19

Figure B1. The same as in Fig. 3, but considering both haloes. In the supplementary material, we provide the time evolution as a video.

MNRAS 000, 1–17 (2021)

61Alessandro Lenoci DESY
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Kim et al, Phys.Rev.D 107 (2023) 8, 08300
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Primordial gravitational waves
Reading the cosmological history in the GW frequency spectrum

Peera Simakachorn (Uni. Hamburg) 28.10.2022
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Tracing the history of the Universe

High-freq. limit 
 

( ) 

f max
GW ≃ 1013 Hz

λGW ∼ H−1 ∼ M−1
pl

Low-freq. limit 
 f min

GW ≃ H−1
0

≃ 10−18 Hz

GW frequency observed today:   fGW,0 ≃ λ−1
GW(aprod/a0) ≃ 10−6 Hz [

H−1
prod

λGW ] [
Tprod

100 GeV ]
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Tracing the history of the Universe

GW spectra are sensitive to 
the cosmological history. 

GW frequency 

  

GW energy density 

 

 Here the standard Hot-Big-Bang 
(radiation era @ high energies) 

fGW,0 ≃ λ−1
GW (

aprod

a0 )

ρGW,0 ≃ ρprod
GW (

aprod

a0 )
4

⟸

What if the Universe is not 
radiation-dominated 
at high energies?

GW frequency

constraints on the primordial sources are discussed in Secs. 2.2.1 and 2.2.2, limiting the SGWB
landscape down to Fig. 2.1. The prime sources of primordial SGWB2 discussed in Secs. 2.3 and
2.4 populate the region widely, while the experimental prospects probe almost half of it.

| | | | | | | | |

| | | | | | | | |

| | | | | | | |

10-9 10-6 10-3 1 103 106 109 1012 1015
Temperature of the Universe

GeV
λGW
inf =H-1

λGW=
H-1

102

λGW ≃ H-1/106

Figure 2.1: The landscape of primordial SGWBs and the sensitivities of the future-planned GW observato-
ries, cf. Sec. 2.5. Assuming the standard ⇤CDM cosmology, we show the SGWB spectra from the Standard
Models (primordial inflation and thermal plasma) in Sec. 2.3 and beyond SM (preheating, first-order phase
transition, cosmic strings) in Sec. 2.4. See footnote for the chosen parameters. The GW frequency today cor-
responds to its production time, shown in the above-colored lines for di�erent sizes �GW of sources (colors
match that of spectra). The maximum amplitude is bounded by the �Ne↵ constraints at BBN/CMB scales,
cf. Sec. 2.2.2.

From signals to their origins. — Due to the cosmic expansion, GW energy density today is
redshifted from the production time as radiation,

⌦GW,0 =

✓
⇢GW,prod

⇢tot,0

◆✓
aprod
a0

◆4

' ⌦r,0

✓
⇢GW

⇢tot

◆

prod

, (2.15)

where the last step assumes the standard ⇤CDM cosmology, and ⌦r,0 = 5.38 · 10�5 [39] is the
abundance of radiation today. The last bracket suggests that the observed signal depends on the
strength of the GW generation process. The strongest source ⇢GW ! ⇢tot leads to the extreme
bound ⌦GW,0 . 10

�5 on primordial SGWB assuming the standard cosmology. Nonetheless, the
CMB/BBN observations put a more stringent constraint ⌦GW,0 . 10

�7; see Sec. 2.2.2.
The GW frequency today relates to the source’s characteristic length scale �GW, through the

red-shift factor,

fGW = ��1
GW

✓
aprod
a0

◆
' 10

�6
Hz

 
H�1

prod

�GW

!✓
Tprod

100 GeV

◆
, (2.16)

2In Fig. 2.1: primordial inflation (Einf = 1016 GeV), thermal plasma (Treh = 1016 GeV), preheating (Treh =
1016 GeV, {gi} = {10�2

, 10�3
}), phase transition (T⇤ = 150 GeV, �/H⇤ = 100, ↵ = 2), and local cosmic strings

(Gµ = 10�12).
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Participation to Community White 
Papers on future GW missions

▪ Cosmology With the Laser Space Antenna, 2022

▪ Cosmology with Einstein Telescope, Div.2 Blue 
Book, 2024 

▪ Cosmology Working Group GWSpace 2050 
missions

▪ WaveForm Coordination Unit (CU-WAV) of the 
LISA Distributed Data Processing Centre (DDPC)
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Primordial gravitational waves

● GWs from the Standard Model 
thermal plasma

Figure 4: Energy fraction of gravitational waves per logarithmic frequency interval from the pri-
mordial thermal plasma in the SM, cf. Eq. (2.19). From top to bottom, the solid lines correspond
to the following maximal temperatures: Tmax = MP (violet), 1016 GeV (blue), 1013 GeV (green),
1010 GeV (orange), 108 GeV (red), 105 GeV (dark red), 103 GeV (black). The dashed lines give
the projected sensitivities for planned gravitational wave experiments.

bang. The peaks in the spectra, for di↵erent Tmax, occur around 80GHz, less than 10% higher
than the generic estimate (2.24) based on the analytic approximation (2.21) and the leading-log
result for ⌘̂(T, k̂), while they are reproduced with an accuracy of the order of 3% or better (1% or
better for hCGMB

c ) by the formulae (2.38) and (2.34).
To end this section, let us note that the theoretical uncertainty of the above results for h2⌦CGMB

in the SM is of the order of 0.1%. This has been estimated by considering the e↵ect of varying
the renormalization scale by a factor of 2, and by considering values between -3000 GeV and 3000
GeV of the unknown parameter qc appearing in the three-loop contributions to the QCD pressure
of Ref. [29]. Note that the final uncertainty is one order of magnitude lower than the maximal
theoretical uncertainties found for ⌘̂; this is due to cancellations between the variations of ⌘̂ and
the e↵ective numbers of degrees of freedom.

2.4 CGMB in minimal BSM models explaining neutrino masses, DM, and the
BAU

So far, our predictions were based on the assumption that the SM is valid up to the Planck scale,
and the value of the temperature Tmax was left unspecified. However, there is a strong case for
BSM physics. It is definitely required to explain neutrino masses and mixing, the origin of the non-
baryonic DM, and the BAU. Therefore, we consider now two minimalistic extensions of the SM
which solve also these problems. In addition to the latter issues, these models also accommodate
realizations of the inflation mechanism, which can address the flatness and horizon problems asso-

17

amplitude ⌦GW . The results are presented in Fig. 6. Again the approximations which we
employ are not completely reliable beyond the end of inflation, and noted above and in [1].
However they remain a good indicator of the signal’s power.

��-� ��-� ��-� ��-� ��� ��� ���

��-��

��-��

��-�

��-�

ν (��)

Ω��

NCMB = 35

NCMB = 40

NCMB = 45

LISA
BBO
ET

Figure 7: Abundance of gravitational waves as a function of frequency, setting for di↵erent
NCMB = 35, 40, 45. We show the predicted bounds as a function of frequency for LISA [83],
Big Bang Observer (BBO) [84] and Einstein Telescope (ET) [86]. We use M4

1 = 2⇥10�9
MPl,

µ1 = MPl, p = 0.2, f� = 0.08. If ns is bluer, for monodromy models this means longer (first
stage of) inflation. If at the end of this stage chiral tensors are generated, their frequency
will be higher. The vertical line designates the end of inflation for each curve, beyond which
a di↵erent approximation is needed. Again the gray band outlines the uncertainties in the
prediction of the power due to the suppression at the interruption between the stages of
rollercoaster inflation.

Of course, as we have seen from the previous discussion, and showed manifestly in e.g.
Fig. 2, we can automatically satisfy the CMB bounds on ns and r for a range of NCMB. This
means, that there are degeneracies in the evolution allowing for a good fit the CMB for a
range of models, with di↵erent values of the pivot point NCMB – i.e. with the “CMB epoch”
of multistage inflation of varying duration. Therefore we find it interesting to fix f� and
plot ⌦GW (⌫) for di↵erent values of NCMB, which generates a horizontal shift of the curves of
Fig. 6. This plot is in Fig. 7, from which it is apparent that several experiments in the near
future can explore the parameter space of our model. What’s more is that such a mechanism
might occur at the end of every accelerated stage of rollercoaster, due to the inflatons being
axion-like and possibly coupling to many di↵erent dark U(1)s, thus producing what we might
dub a “characteristic spectrum” of rollercoaster models. If so then each spike, a di↵erent
range of scales, might be simultaneously probed by one of the planned instruments.

The bottomline is that these modes may very well be out there for the GW instruments
to discover. Depending on the specifics of the earliest stage of inflation and its duration,
their wavelength might be in the sweet spot of LISA [83] or DECIGO/BBO [84], or if
the wavelength is longer (and the earlier stage of inflation shorter), SKA or NANOgrav

17

GWs as a Big Bang Thermometer, Ringwald et al,JCAP 03 (2021) 054   

● GWs from inflaton-hidden U(1) coupling 

Westphal et al, 2112.13861

From reheating era



| Cosmology & Dark Matter | Geraldine Servant, 6.12.2024 23

Primordial gravitational waves

● Amplification of inflationary GW from  axion-
induced kination era. 

Peera Simakachorn (Uni. Hamburg) 28.10.2022 23

Requirements for the successful intermediate kination era

2. Large initial scalar VEV ⟨ϕ⟩ ≫ fa

1. -symmetric (quadratic) potential 
with spontaneous symmetry-breaking minimum 

U(1)

⟨ϕ⟩ = fa

3. Explicit -breaking term 
(wiggle for angular velocity)

U(1)

4. Radial damping mechanism

case II: ϕini = fa Angular potential 
U(θ)

for T ≥ Tc

case I: ϕini ≫ fa

ϕ = fa

V(Φ) I

II
for T < Tc

δ

θ0

·θ

0 2ππ 3π 4π
angular direction: θ

[Gouttenoire, Servant, PS, 2108.10328 & 2111.01150] 

Peera Simakachorn (Uni. Hamburg) 28.10.2022 18

1. Kination energy scale 
EKD = ρ1/4

KD

 Ωpeakh2 ≈ 10−12 ( Einf
1.6 × 1016 GeV )

4

[ exp(2NKD)
104 ]

Peak position for GW from inflation.

cosmic evolution

 fpeak ≈ 10 Hz ( EKD
108 GeV ) [ exp(NKD/2)

10 ]
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● Axiverse spectroscopy from axion excitation 
during inflation due to coupling to dark U(1).

A Gravitational Wave Forest

Axion properties determine signal features: “Gravitational Spectroscopy"

BBO

DECIGO

NANOGrav

SKA

THEIA

LISA

JML String Axions in the Cosmos
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From early axion dynamics
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Ultra-high frequency primordial GWs
2
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FIG. 1. Benchmark GWBs of primordial origin with large amplitude above kHz frequencies, compared to sensitivities of existing
and planned experiments below the kHz [1–5, 45, 48–53] as well as experiments sensitive at frequencies above the kHz from
[47] (in shaded gray). The green line is associated with a very strong first-order phase transition [22] (�/H = 7, ↵ = 10) at a
temperature T ⇠ 1010 GeV (compatible with a Peccei-Quinn phase transition with axion decay constant fa ⇠ 1010 GeV for
instance [54]). Interestingly, the irreducible background from inflation with inflationary scale Einf ' 1016 GeV can be amplified
if inflation is followed by kination (purple line) [55] or if a kination era is induced much later by the rotating QCD axion DM
field (blue line) [55–57]. Local cosmic strings can generate a signal (in red) as large as the BBN bound (3), that also uniquely
goes beyond 109 Hz. The gray line shows the signal from preheating [41] corresponding to an inflaton mass M ' Mpl with a
coupling g = 10�3 to the thermal bath. Similar but suppressed GW spectra can come from the fragmentation of a scalar field,
which is not the inflaton [58–60]. The lower gray shaded region is the spectrum from the Standard thermal plasma [17–19],
assuming a reheating temperature Treh ' 6⇥ 1015 GeV.

as the GW fraction of the total energy density of the
Universe today ⌦GWh

2. It can be related to the charac-
teristic strain hc of GW by [43]

hc ' 1.26⇥ 10�18(Hz/fGW)
p
⌦GWh2. (1)

Its characteristic frequency is related to the moment
when GW was emitted, and its amplitude is typically
small1 (⌦GWh

2 . ⌦rh
2
' 4 · 10�5 [61], where ⌦r is the

fraction of energy density in radiation).
The frequency range of cosmological GWB is linked to

the size of the source, which is limited to the horizon size
by causality. The frequency today of a GW produced
with wavelength �GW  H

�1(T ) when the Universe had
temperature T (assuming radiation domination for the

1 Except the signals resulting from a modified equation of state
of the Universe such as kination or sti↵ eras [55] or extremely
strong first-order phase transitions.

GW considered in this paper) is

fGW ' 1 kHz


H

�1(T )

�GW

�✓
T

1010 GeV

◆
, (2)

where H is the Hubble expansion rate, and fGW =
�
�1
GW[a(T )/a0] with a being the scale factor of cosmic

expansion. For instance, the irreducible GWs produced
during inflation that re-enter the horizon at temperature
T have �GW ⇠ H

�1. On the other hand, GWs from
first-order phase transitions have �GW that is roughly the
bubbles’ size, typically of the order O(10�3

� 10�1)H�1.
GWs produced from the thermal plasma are produced
maximally at �GW ⇠ T

�1, such that the signal gen-
erated at any T is peaked at fGW ⇠ O(10) GHz. Fi-
nally, for cosmic strings, �GW relates to the string-loop
size, which is fixed by the Hubble size; see Eq. (11) for
the precise relation. Therefore, apart from the thermal
plasma source, the highest GW frequencies are associ-
ated with the earliest moments in our Universe’s his-
tory, and the maximum reheating temperature of the
Universe Treh  T

max
reh ' 6 ⇥ 1015 GeV [62] bounds

[2312.09281]
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Discovery of a GW background by Pulsar Timing Arrays

[2312.09281]
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Interpretation of NANOGrav signal with cosmological GWs
New physics or standard black holes?
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NANOGrav
Collab. NANOGrav collaboration

This work
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FIG. 7. Comparison of the model considered in this work and other new-physics interpretations considered by NANOGrav
Collaboration [5] and Figueroa et al. [156]. We only consider the results using the same assumption on SMBHB background
[7]. This figure extends Fig. 2 of Ref. [5].

2307.03121

  

Interpretation of NANOGrav 
with phase transitions

The tentative signal seen by 
NANOGrav can be interpreted as 
gravitational waves from 
cosmological phase transitions. 

However, concrete models require 
that the dark sector that is 
responsible for the phase 
transition is unstable in order to be 
consistent with BBN 
measurements. 

[Bringmann, Depta, Konstandin, 
Schmidt-Hoberg, Tasillo 2023]

Interpretation of NANOGrav signal 
with a dark sector phase transition
Bringmann, Depta, Konstandin, Schmidt-Hoberg, Tasillo’ 23 

[2306.16219]
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Constraining post-inflationary axions with PTAs
Constraining post-inflationary axions 

with Pulsar Timing Arrays 6
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FIG. 3. PTA limits (in green) on post-inflationary axions, compared to existing experimental constraints as compiled from
AxionLimits [120] and to theoretical bounds: dark radiation overabundance �Ne↵ bound (13) as dashed horizontal line and
ALP overabundance (14) in the shaded grey region. Fa = fa/NDW. The orange dotted lines in the ma & 1 GeV region are
the projections of future collider experiments, LHC (h ! Za) and FCC (e+e� ! ha), obtained from [121, 122] with the
maximally allowed ALP-SM coupling. The red region denoted ma > Fa is where the axion e↵ective field theory is not valid.
The comparison with experimental bounds uses g✓�� = 1.02↵EM/(2⇡Fa) ⇡ 2.23⇥ 10�3/Fa for the relation between the photon
coupling and Fa, as motivated by KSVZ models [123, 124]. The recent PTA data [1] excludes the green small-ma region due
to cosmic-string SGWB (NDW = 1). It also potentially excludes the high-ma region due to domain-wall SGWB for NDW > 1,
depending on the value of T?. The other green band at large ma is the region that PTA can constrain if T? varies in the
range MeV < T? < 302 MeV, as illustrated in Fig. 4. The two benchmark points {?, �} correspond to cosmic-string SGWB,
and the two black benchmark lines {

L
, |} correspond to the domain-wall SGWB, whose spectra are shown in Fig. 1. The

green dot-dashed line is explained in App.B.
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FIG. 4. The PTA-DW constraint (in green) changes with T?. For fixed T? and ma, the constrained range of Fa in green
is derived from the ↵? constrained region of Fig. 2-right, using Eq. (7). The yellow region corresponds to ↵? > 1, which
corresponds to the DW domination and can change the GW prediction; we do not extend the constraint into this region. For
T? & 302 MeV (cf. Fig. 2-right), NG15 data constrains ↵? > 1; that is, the green band overlays part of the yellow region. The
blue region is where the axions – produced from DW annihilations – dominate the Universe before they decay prior to BBN.
In this case, the theoretical prediction for the GW spectrum also has to be re-evaluated.

10�17 eV), the cut-o↵ sits at a frequency higher than
the PTA window, and the SGWB signal is dominated by
the IR tail signal, which scales as ⌦GW / f

3
GW. From

Eqs. (1) and (2), we obtain the asymptotic behavior of

Tdec / f
4/3
a (or ma / f

8/3
a ), up to the log correction

in Eq. (2), toward large fa limit. We show this bound
(green-region) in the usual axion parameter space in the
bottom-left corner of Fig. 3. The NG15 constraint on
fa values for NDW = 1 corresponds to fa > Hinf/(2⇡).
Therefore, it does not apply to cosmic strings linked to
quantum fluctuations during inflation.

Note that Eqs. (1) and (2) assume a standard cosmo-
logical history, i.e., a transition between the radiation
era and the matter era occurring at Teq ⇠ 1 eV. In the
region of parameter space where the axion abundance
from the string network exceeds the dark matter abun-
dance [see Eq. (14)], the matter era starts earlier, and the
cosmological evolution is not viable. The non-standard
cosmological history will modify the PTA data (e.g., the
calibration of pulsar timing data and the dispersion mea-
sure) and also the SMBHB modeling [129]. Ignoring its
impact on PTA data, we can still estimate how the axion

New PTA 
constraint 3
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FIG. 1. SGWB from axionic strings {?, �} (NDW = 1)
and domain walls {

L
, |} (NDW > 1), corresponding to the

benchmark points in the axion parameter space in Fig. 3 (with
T? = {128MeV, 102 GeV} for {

L
, |}). The best-fitted spec-

tra to the PTA data are ? for global strings (corresponding
to {fa,ma} ' {9.9 · 1015 GeV, 4.8 · 10�15 eV}) and

L
for

domain walls (with maF
2

a = 2.6 · 1015 GeV3). The power-law
integrated sensitivity curves of GW experiments [14, 86–99]
are taken from [12, 100]. For fixed {ma, fa} values, the peak
of the DW-GW spectrum moves along the dashed line as T?

varies; see Eq. (11).

global U(1) symmetry explicitly and generates the ax-
ion mass. This occurs at the scale ⇤ '

p
maFa, where

Fa = fa/NDW, that is when the domain walls are gener-
ated, attaching to the existing cosmic strings.

For NDW > 1, the string-wall system is stable and
long-lived. Its decay may be induced by Vbias, the biased
term [83–85], which could be of QCD origin [29, 39]. This
decay is desirable to prevent DW from dominating the en-
ergy density of the universe at late times. Vbias is there-
fore an additional free parameter beyond ma and fa that
enters the GW prediction in the case where NDW > 1.

i) NDW = 1 – If only one domain wall is attached to a
string, i.e., NDW = 1, the string-wall system quickly an-
nihilates due to DW tension when4 H(Tdec) ' ma [40].
The cosmic string SGWB features an IR cut-o↵ corre-
sponding to the temperature

Tdec ' 1.6 MeV


10.75

g⇤(Tdec)

� 1
4 ⇣ ma

10�15 eV

⌘ 1
2
, (3)

associated with the frequency,

f
cs
GW(ma) ' 9.4 nHz

⇣
↵

0.1

⌘⇣
ma

10�15eV

⌘ 1
2
. (4)

The cut-o↵ position (peak frequency) and amplitude can
be estimated with Eqs. (2)–(4). At f < f

cs
GW(Tdec), the

4 The string tension loses against the DW surface tension at time
tdec defined by [101] Fstr ⇠ µ/Rdec ' � ) Rdec ⇠ H

�1(tdec) ⇠
µ/� ⇠ m

�1
a where R is the string curvature, assumed to be of

Hubble size.

spectrum scales as ⌦GW / f
3 due to causality. Note

that for ma ⌧ 10�16 eV, the cut-o↵ sits at low frequen-
cies, and within the PTA window we recover the same
GW spectrum as the one in the limit ma ! 0. Our
analysis applies the numerical templates of the global-
string SGWB – covering the ranges of fa and Tdec priors.
We calculated these templates numerically by solving
the string-network evolution via the velocity-dependent

one-scale (VOS) model [62, 102–105] and calculating the
SGWB following Ref. [12].
ii) NDW > 1 – Attached to a string, NDW walls bal-

ance among themselves and prevent the system from col-
lapsing at H ' ma [40, 106]. The domain-wall network
later evolves to the scaling regime where there is a con-
stant number of DW per comoving volume V ' H

�3.
The energy density of DW is ⇢DW ' �H

�2
/V ' �H and

it acts as a long-lasting source of SGWB [83, 107–112];
cf. [113] for a compact review. The network red-shifts
slower than the Standard Model (SM) radiation energy
density and could dominate the universe. The biased
term Vbias – describing the potential di↵erence between
two consecutive vacua – explicitly breaks the U(1) sym-
metry and induces the pressure on one side of the wall
[8, 83]. Once this pressure overcomes the tension of the
wall5, the string-wall system collapses at temperature,

T? ' 53MeV


10.75

g⇤(T⇤)

� 1
4

"
V

1
4
bias

10MeV

#2 
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ma
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2

106GeV
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�
.

(5)

The fraction of energy density in DW is maximized at
this time and reads,

↵? ⌘ ⇢DW/⇢tot(T?) ' �H/(3M2
PlH

2(T?)),

' 4 · 10�4


10.75

g⇤(T?)

� 1
2 h ma

GeV

i 
fa/NDW

106GeV

�2 50MeV

T?

�2
.

(6)

The energy density emitted in GW is [79]

⇢GW/⇢tot ⇠
3

32⇡
✏↵

2
? (7)

where we fix ✏ ' 0.7 from numerical simulations [111]. It
reaches its maximum at T?. The spectrum exhibits the
broken-power law shape and reads,

h
2⌦dw

GW(fGW) '7.35 · 10�11
h

✏

0.7

i 
g⇤(T?)

10.75

� 
10.75

g⇤s(T?)

� 4
3

⇥

⇥

⇣
↵?

0.01

⌘2
S

✓
fGW

fdw
p

◆
(8)

5 The pressure from Vbias is pV ⇠ Vbias, while the wall’s tension
reads pT ⇠ �H assuming the wall of horizon size. The collapse
happens when pV > pT .

Benchmark spectra

25

[2307.03121]



| Cosmology & Dark Matter | Geraldine Servant, 6.12.2024 28

Organised local events

Deutsches Elektronen-Synchrotron DESY
A Research Centre of the Helmholtz Association

BRIGHT IDEAS FOR 
A DARK UNIVERSEª

DESY Theory Workshop
21 -24 September 2021
Hamburg, Germany

http://th-workshop2021.desy.de

ORGANIZING COMMITTEE:
M. Bartelmann, D. Bodeker, L. Covi (Chair), J. Gair, 
A. Hebecker, T. Konstandin, J. Kopp, G. Moore, 
J. Niemeyer, R. Porto, J. Redondo, G. Servant, 
G. Sigl, W. Winter

D. Baumann (U. Amsterdam)
V. Cardoso (U. Lisbon) 
M. Cicoli (U. Bologna) 
V. Domcke (CERN & EPFL) 
W. Freedman (U. Chicago) 

D. Green (UC San Diego) 
M. Hindmarsh (U. Sussex) 
M. Laine (U. Bern) 
S. Nissanke (U. Amsterdam)
C. O‘Hare (U. Sydney) 

M. Reece (U. Harvard)
B. Safdi (U. Michigan) 
P. Schwaller (U. Mainz) 
M. Simonovic (CERN)
T. Slatyer (MIT) 

D. Steer (APC, Paris) 
A. Taylor (DESY Zeuthen)
M. Tytgat (Brussels) 
F. Vernizzi (IPhT, Saclay) 
Y. Wong (UNSW Sydney)

DESY Heinrich Hertz Lecture on Physics         21 September 2021
Matias Zaldarriaga (IAS Princeton) 

Parallel Sessions 
Contributions by young researchers are especially encouraged. 
Deadline for abstract submission on 25 August 2021

ªCosmology & Astroparticle Physics: C. Garcia Cely (DESY), J. Harz (TU Munich), H. Kim (DESY) ªParticle Phenomenology: F. Bishara (DESY), E. Fuchs (CERN), B. Shakya (DESY) ªStrings & Mathematical Physics: A. Gnecchi (MPI Munich), O. Schlotterer (Uppsala U.), P. Liendo (DESY), 
 G. Papathanasiou (DESY)

Plenary Talks    

cluster of Excellence
Quantum universe

  

Energy budget of phase 
transitions

One important aspect is to study the energy budget of phase transitions in order to make 
model-independent predictions.

In particular, the question how much of the latent heat that drives the phase transition is 
transformed into kinetic energy of the fluid. 

It turns out that the energy budget 
only depends on a specific linear 
combination of the pressure and 
the energy density of the system

This allows to extrapolate the 
results from the numerical 
simulations to other models

Giese, Konstandin, van de Vis, 2019
Giese, Konstandin, Schmitz, van de Vis, 2020

  

Team

Key researchers

QU funded

Extended team
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Inspiring visitors Hertz public lecture by Matias Zaldarriaga.

DESY Lecture on Physics 2021

HERTZ
LECTUREª

Cosmology and astrophysics into 
the next decade  
Prof. Matias Zaldarriaga
(Institute for Advanced Study, Princeton)
 

21 September 2021
18:00 h, talk will be live-streamed
https://webcast.desy.de

Over the past decades we have seen remarkable improve-
ments in our understanding of the Cosmos. We have been 
able to determine the composition of the Universe, its age 
and expansion history with outstanding precision. We have 
gathered very interesting clues about the initial conditions 
of the hot Big Bang and developed models that can explain 
them. We have discovered new phenomena and exotic 
objects and have been able to use them as tools to learn 
about Cosmology. This lecture will summarize our current 
understanding of the properties and history of our Universe 
and focus on some of the open questions in the field and 
describe some of the ongoing efforts to try to answer them.

Deutsches Elektronen-Synchrotron DESY 
A Research Centre of the Helmholtz Association

Heinrich Hertz
1857 Hamburg-Karlsruhe-Bonn 1894

Hertz public lecture by Matias Zaldarriaga.

DESY Lecture on Physics 2021

HERTZ
LECTUREª

Cosmology and astrophysics into 
the next decade  
Prof. Matias Zaldarriaga
(Institute for Advanced Study, Princeton)
 

21 September 2021
18:00 h, talk will be live-streamed
https://webcast.desy.de

Over the past decades we have seen remarkable improve-
ments in our understanding of the Cosmos. We have been 
able to determine the composition of the Universe, its age 
and expansion history with outstanding precision. We have 
gathered very interesting clues about the initial conditions 
of the hot Big Bang and developed models that can explain 
them. We have discovered new phenomena and exotic 
objects and have been able to use them as tools to learn 
about Cosmology. This lecture will summarize our current 
understanding of the properties and history of our Universe 
and focus on some of the open questions in the field and 
describe some of the ongoing efforts to try to answer them.

Deutsches Elektronen-Synchrotron DESY 
A Research Centre of the Helmholtz Association

Heinrich Hertz
1857 Hamburg-Karlsruhe-Bonn 1894

Actual ceremony at the Hamburg planetarium on 
25-11-2021
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Valery Rubakov WPC Theoretical 
Physics Symposium 2021 
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Organised events elsewhere

INTERNATIONAL
NEUTRINO SUMMER
SCHOOL 2021

2-132-13 AUGUST 2021

ORGANIZERS:
–
Albert De Roeck (CERN)
Joachim Kopp (CERN / JGU Mainz)
Claire Lee (Fermilab / CERN)
Bibhushan Shakya (DESY)

VIRTUAL:
–
https://indico.cern.ch/e/inss2021
inss-2021@cern.ch

SPEAKERS:
–
Neutrino Astronomy Carlos Argüelles
Neutrinos in Cosmology Gabriela Barenboim
Making a Neutrino Beam Mary Bishai
Liquid Argon Detectors Flavio Cavanna
Neutrinos and Dark Matter Sandhya Choubey
Neutrino Interactions/Cross Sections Stephen Dolan
Direct Neutrino Mass Measurements Joe Formaggio
Future Vision for Neutrino Physics Sheldon Glashow

Neutrino Mass Models André de Gouvêa
Neutrinoless Double Beta Decay Julia Harz
Reactor Neutrinos Patrick Huber
Water Cherenkov Detectors Tsuyoshi Nakaya
Neutrino Mixing & Oscillations Silvia Pascoli
Geoneutrinos Ingrida Semenec
CEυNS Kate Scholberg
Supernova Neutrinos Irene Tamborra

• International Neutrino Summer School 2021 
• Virtual format with organisers on site to facilitate virtual 

visits to CMS and CERN Neutrino Platform
• 2 weeks, 85 students, 16 lecturers

Organizing Committee at CERN Neutrino Platform Virtual Visit (L to R): 
Joachim Kopp (CERN/Mainz), Bibhushan Shakya (DESY),             

Albert De Roeck (CERN), Claire Lee (Fermilab/CERN)

Other events organised by Cosmo group:

This school is supported by the French-German University UFA/DFH 
L’I.E.S.C. est affilié au CNRS et aux U. de Corse et Nice-Sophia Antipolis. 
Il est subventionné par le MENESR, le CNRS et la CTC. 
Directeur : Fabrice Mortessagne, fabrice.mortessagne@unice.fr

Institut d’Études Scientifiques de Cargèse 
F-20130  Cargèse 
Téléphone : 04 95 26 80 40

https://iesc.universita.corsica/

International Summer School 
Rethinking Beyond the Standard Model 

July 25 - August 6, 2022 

Topics 
 Advanced Topics in QFT                                   Advanced Topics in Cosmology 
 BSM Physics	       Modern Methods for Amplitudes 
 Topological Defects	       Higgs and Cosmology 
 Dark Matter beyond WIMP                             EFT for Phases of  Matter  

Lecturers 
J.J. BLANCO-PILLADO (U. Basque Country, ES)   M. GELLER (Tel Aviv U., IL)                             	
Y. HOCHBERG  (Hebrew U., IL)	       A. HOOK (U. of  Maryland, USA) 
A. NICOLIS (Columbia U., USA)                             E. PAJER (Cambridge U., UK) 
J. PLEFKA (Humboldt U., DE)                                 M. SERONE (SISSA. IT)	   

International Advisory Board 
 A. ABADA (LPT, Orsay)	   I, ROTHSTEIN (Carnegie Mellon, Pittsburgh) 
 A. BUONANNO (AEI, Potsdam)	   J. RUDERMAN(CCPP, NYU) 
 V. CARDOSO (IST, Lisbon & PI)	   J. THALER (CTP, MIT, Boston) 
 R. CONTINO (SNS, Pisa)	   R. TITO D’AGNOLO (IPhT, Saclay) 
 M. LAINE (AEC, Bern)	   G. VILLADORO (ICTP, Trieste) 
 M. PELOSO (Padova U.) 

Organizers 
 C. GROJEAN (DESY & Humboldt U., DE) 
 J. ORLOFF (LPC/IN2P3 & UCA, Clermont-Ferrand, FR) 
G. SERVANT (DESY & U. of  Hamburg, DE) 
R.T. D’AGNOLO (IPhT, CEA Saclay, FR) 

Application 
Applications deadline is March 25, 2022. For further information: 

https://indico.desy.de/event/33352/
cargese2020@desy.de

Conception identité CNRS :
© Vae Solis (pilotage stratégique et signature)
© Moswo et Olivier Lapidus (logotype et normes identitaires)

cnrs I Cahier des normes graphiques I Édition 2009 P. 09

• Les versions du logotype à utiliser en fonction de sa taille

Le logotype se décline en 3 versions représentées ci-dessous :
une française, une internationale (signature anglaise), et une “filaire” dans le cas où la taille du logotype est inférieure à 22 mm.

Quand l’utiliser ?

Le logotype seul (hors bandeau marque ou bloc marque) s’utilise dans le cadre de partenariats, sur les documents d’édition
des laboratoires et sur les objets promotionnels. Pour tout autre cas, le logotype doit impérativement se positionner soit dans
le bloc marque soit dans le bandeau marque.

• Les tailles minimales

À noter !

Important : la version “écrite” s’utilise lorsque le logotype minimum (8 mm) est encore trop gros pour marquer une zone 
spécifique (ex. : tranche d’un DVD slim). Elle peut s’employer avec ou sans signature en fonction de la place disponible.

Version française : si X est supérieur ou égal à 22 mm.

I / 1 - Le logotype et la signature - les déclinaisons

Version internationale : si X est supérieur ou égal à 22 mm.

Version “filaire” : si X est inférieur à 22 mm.

Taille minimale du logotype en quadrichromie : X = 10 mm.

Taille minimale du logotype en monochromie : X = 8 mm.

Version “écrite” pour les zones inférieures à 8 mm.

Conception identité CNRS :
© Vae Solis (pilotage stratégique et signature)
© Moswo et Olivier Lapidus (logotype et normes identitaires)

  

Baryogenesis

Workshop dedicated to baryogenesis and 
gravitational waves produced by the 
electroweak phase transition organized by

Thomas Konstandin (DESY)
Marieke Postma (Nikhef)
Jorinde van de Vis (DESY)

An actual in-person workshop was funded by 
the Lorentz center in 2020 but was 
postponed due to COVID. 

online event
1 week program
~15 talks from ~40 participants

Workshop dedicated to 
baryogenesis and GW produced by 
the electroweak phase transition 
organized by Thomas Konstandin 
and  Jorinde van de Vis from DESY 
and Marieke Postma from Nikhef 

online event  
1 week program  
~15 talks from ~40 participants 

Electroweak Baryogenesis .

Actual in-person workshop was funded 
by Lorentz center in 2020 but was 
postponed due to COVID. 
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Networking

European ITN project

 

This project has received funding /support from the European Union’s Horizon Europe programme under Marie Skłodowska-Curie Actions – Staff Exchanges 
(SE) grant agreement No 101086085 -ASYMMETRY. 

 

 
 

 
Agenda to the ASYMMETRY Midterm Review Meeting_ ONLINE MEETING 

 
10:00 Introduction: Short introduction by the Project Coordinator (~5 minutes) on the purpose of the 
meeting. Pilar Hernandez, UVEG (Coordinator). 
 
10:05 Tour de table: All scientists-in-charge should briefly present their research team and describe 
their role within the network. (~40 minutes).  
 

1. Pilar Hernandez, UVEG (Coordinator) 
2. Asmaa Abada, CNRS (Beneficiary) 
3. Geraldine Servant, DESY (Beneficiary) 
4. Belén Gavela, UAM (Beneficiary) 
5. Silvia Pascoli, UNIBO (Beneficiary) 
6. Luca Di Luzio, UNIPD (Beneficiary)  
7. Concha González, UB (Beneficiary) 
8. Yasaman Farzan, IPM (Associated Partner) 

 
10:45 REA Project officer presentation: presentation on the monitoring of project implementation, 
reporting and purpose of the mid-term check (~15 minutes). Robert SZCZEPANSKI. 
 
11:00 Coordinator report (40') Pilar Hernandez, UVEG (Coordinator). 
→ ASYMMETRY Facts and Figures. 
→ Secondment implementation.  
→ Deviations from the initial work plan. 
→ Balance contribution of each node to the project. 
→ Overall overview of progress on deliverables. 
→ Impact of exchanges and secondments on Research and Training deliverables. 
→ Management Meetings. 
→ Summary  

 
11: 40 Analysis of scientific WPs (20') 
→ Objectives  
→ Secondment implementation by WP 
→ Link between secondments, tasks, deliverables and publications.    

(5' for each WP) 
WP1 NEUTRINOS: Concha González García UB 
WP2 DARK MATTER: Geraldine Servant DESY 
WP3 BSM: Belén Gavela UAM 
WP4 Interfaces and Symmetries: Luca Di Luzio UNIPD 
 
 
12:00 Report on DMP (5’) Concha González García UB 
 

Academic Staff Exchange Programme

ET, LISA 
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Particle cosmology outlook

Coherent activity over the whole spectrum of studies in 
cosmology,  fueled by intense experimental activity in the 
short-term and long-term future. 

-Multitude of different approaches, from model building to 
analytical studies, lattice calculations, numerical simulations, 
and analysis of constraints from cosmological observations.  

-strong links with particle theory,  string theory and 
phenomenology activities. 

-International collaborations 

-Center of activity in Axions and in Gravitational waves 
of cosmological origin  

-Emergent activities related to Pulsar Timing Arrays 


