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WG 2 Overview

WISPs are excellent dark matter candidates

Several important questions open — some solved in the Action

Production via misalignment, topological defects, phase transitions,

parametric resonance: new ideas on ways to produce them & new
detection opportunities?

Can we predict and detect gravitational waves, dark radiation
and other observables associated to WISPs? Connection to WG4.

[see Diego’s talk]

If QCD axion is the DM, can we pin down conclusively its mass
and couplings? Huge consequence for detectability in WG4.

—> important inputs from Lattice QCD 'see Claudio’s talk]

B-field —>

Credit: LISA




WG 2 Overview

 What is the WISP DM structure at galactic/sub-galactic scales, both axion and dark photon??
How many miniclusters, axion stars, and with what mass? Opportunities for WG3,4.

[see Matteo’s, Mimoza’s
Gunter’s talks]

Credit: Eggemeier et al.

 (Can WISPs play the role of dark energy and can we use this
to detect them, e.g. in the CMB? Can they play a role in inflation??

[see Kim’s talk]

Can they solve possible cosmological tensions?
Connection with WG1,3.




Diverse range of topics and expertise

Phase transitions and topological defects Lattice QCD (e.g. for m (T))
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Observational cosmology:

Warm/hot dark matter components, CMB, LSS, ...

modified matter power spectra
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Very large community with different expertise

* 308 (!) registered group members as of June 2026

* Large overlap of interest with other WGs and other high and low energy Physics sectors

e Several activities organized in the 4 years of the Action

Science Coordinators

M. Benito (IAC, Tenerife) M. Gorghetto (DESY) M. Kaltschmidt (Zaragoza) E. Vitagliano (Padua)




We weren’t the first...

We thank the original science coordinators of the working group!

J. Redondo (Zaragoza) N. Rodd (LBNL Berkeley)




Overview of activities in 2025-2026

* Event organization: General Meetings

3rd General Meeting 9-12 Sep 2025, Sofia

- Speakers: K. Blum, E. Di Valentino, H. Kim, K. Rogers
- Parallel (w/ WG3): A. Macdonald, A. Lenoci, M. Galaverni, M. Benito, T. Sassi, C. Garcia Cely
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4th General Meeting 21-25 Sep 2026, Corfu

» Long talks: K. Berghaus, D. Blas, C. Bonanno, M. Viel
Short talks: J. Guo, O. Ning, E. Hardy, L. Caloni, A.Favitta




Overview of activities in 2025-2026
* (Smaller) WG meetings

WG Meeting 13-15 Feb 2025, Heidelberg

« Speakers: M. Hindmarsh, V. Vaskonen

Working group meeting 3-4 Feb 2026, CERN
« Speakers: G. Servant, F. Urban




* Training schools

3rd Training School 16-19 Sep 2025, Annecy
» Lectures on “Ultralight dark matter”
» | ecturer: E. Ferreira. Trainer: A. Eberhardt.

4th Training School 17-20 Jun 2026, Corfu
» Lectures on “Axion dark matter”
» |_ecturer: J. Redondo
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 Other meetings

Online Workshop (more below)

Online Brainstrorming meeting, 3 Apr 2025
“Dynamical Tracers of the Nature of Dark Matter” . Speakers: P. Delgado, L. Ubaldi
» Co-organized by M. Benito |




 Monthly WG2 group meetings (we hope to continue)

- Every last Friday of the month, 30-minute talk + 30-minute discussion. Please join (they are not over yet)!

- Webpage for more details: https://agenda.infn.it/event/51954/
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- Recent meetings:
1. Topological defects in a multi-axion system (F. Takahashi)
2. Dark Radiation from the Axiverse (C. Dessert)
3. Axion birefringence: probing light particles with polarized light (P. Diego)
4. Dark graviton sensing with magnetically levitated superconductors (V. Danieli)
5. Axion Stars with No Cosmic Strings Attached (E. Stubbs) — scheduled for July
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https://agenda.infn.it/event/51954/

 Main scientific output: 120+ pages state-of-the-art overview and open problems in WISP cosmology

Editors: A. Drew, S. Gasparotto, M. Gorghetto, M. Kaltschmidt, E. Vitagliano

I WISP Cosmology (ALPs and ULDM, Dark Photons)

K.Rogers 5 Ultra-light dark matter: theory and cosmological constraints

Authors I Axion Cosmology 5.1 Motivation and production mechanism
5.2 Suppression of cosmological perturbations
1 Predictions of the Axion Mass from Misalignment: Status of Lattice Simu- : 58 Asisi strietirefortiation

C.Bonati lations on Topological Susceptibility and Axion Potential

4 logical limit
1.1 Lattice computations and their challenges 2 Cosmnlogieal i

M.P.Lombardo 1.2 The state of the art and possible developments 5.5 Open questions
1.3 Contemporary challenges . 8 ALP: as Darlk Bnepgy:
: : : . . : E.Ferreira ;
2 Comparison of String Network and Domain Wall Simulations: Range of : Inflaton, Early Dark Energy and Quintessence
M.Buschmann the Axion Mass . S.Gasparotto 6.1 Introduction and motivation
. 2.1 Motivation 6.2 ALPs in the early universe
J.R.Correla 2.2 Axion Strings and Domain Walls . I.Obata 6.3 ALPs as early dark energy
A.Drew 23 Axion String Network Modelling 6.4 ALPs as late-time dark energy
. 2.3.1 Semi-analytic Modelling .
K.Saikawa 2.4 Measurement of the Axion Emission Spectrum M.Gorghetto 7.1 Production mechanisms
e Futize Direchicng anc.1 Computatianal Mdvalices o : W.Ratzinger 7.2 Cosmological signatures of dark photon dark matter
2.6 Current Status of Axion Dark Matter Mass Predictions i i
: L.Ubaldi 7.2.1 Gravitational effects
3 Axion Dark Matter Substructure: Miniclusters and Axion Stars . 7.2.2  Kinetic mixing effects in cosmology
’ 3.1 Introduction .
C.O’Hare 39 Aton miniclusters 8 Dark Graviton Dark Matter
G.Pierobon 3.2.1 Formation and properties : F. Urban 8.1 Theory
L.Visinelli 3.2.2 Survival and detection 8.1.1 Massive spin-2 fields
3.3 Axion stars : 8.1.2 Ultra-light spin-2 dark matter
3.3.1  Properties 8.2 Spin-2 ULDM signatures in pulsar timing data (in WG37)
3.3.2 Formation and detection .
F.D’Eramo 4 Axions as hot /warm dark matter: e e .

Status of Calculation of Axion Thermalization rate, Bounds for Planck
4.1 Introduction
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Figure 2.1: Left: Visualisation of the concept of strings (black lines) and domain walls (blue
region) as topological defects, relevant in the post-inflationary scenario. Right: Radial string
density profile and energy components.



» Contribution to the European Strategy for Particle Physics larxiv:2503.20432]
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« WG2 Contribution to “Whispered Tutorials”

“Whispered Tutorials” developed in the YRC to extend standard activities.
Community experts present pedagogical overviews on the Action’s topics:

1. The QCD axion potential, May 2024
- Speaker: C. Erdncel

2. Axions from String Theory and their EFT, Oct 2024
- Speaker: N. Righi

3. Plasma Haloscopes (ALPHA), 2024
- Speaker: A. Millar

4. Topological Defects & Axion Strings, March 2025
» Speakers: A. Drew & M. Kaltschmidt

5. Thermal production of light dark relics, Jan 2026
« Speaker: A. Lenoci




Online workshop “Dynamical Tracers of the Nature of Dark Matter” (togther with WG3)

We (together with WG3) organized a 2-day online workshop DYN AMIC AL TR A CER S "' £

in February 2025. OF THE NATURE OF

Details: https://indico.ict.inaf.it/event/2845/overview RARK MATTE s

Videos of the talks: YouTube |, YouTube Il -
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——= from 30 countries, with peak attendance of 101
participants/session.

Timely mini-workshop on NANOGrav results in 2023, in connection to WISPs (together with WG3)



 Results presented in this Workshop

D. Blas:
K. Berghaus:

sphaleron friction

Lint = —(/)8—1‘;;66 ~ ¢/fNcs Inflaton acts as “chemical potential” for N¢g

Transitions violate chiral quark charge

Induces an opposite chemical potential to inflaton
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C. Bonanno:

M. Viel:
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* Several short-term scientific missions — fostering collaborations

Christopher Eckner (WG 2, 3)

STSM: Slovenia —> France FOCNHTIIE LINIE (N1 . oy

STSM: Israel —> France

Alessandro Lella (WG 2, 3)

STSM: ltaly —> France Oleksii Sokoliuk (WG 2)

STSM: Ukraine —> UK

Oindrila Ghosh (WG 2, 3, 5)

STSM: Sweden —> Spain Pierros Ntelis (WG 1, 2, 5)

YRIC: France —> Canada (DSU2025)

Room for
Improvements

No gender balance
Fostering new l
- - Some Grantees don’t
I‘ mterconnect.lons betyveen show up in any of Action’s
WGs, exploring new ideas

activities




Examples of recent visits:

Gravitational wave astrophysics (—) Particle physics research

Oindrila Ghosh (postdoc @ Sweden) visited IFIC (Valencia) to explore axion

production in stellar objects and potential detectability with gravitational
waves

Cosmic chemical evolution <= WISPs DM cosmology

Oleksii Sokoliuk (research scholar @ Ukraine) visited Cambridge (UK) to

develop a semi-analytical model of the metal content in the early and late
universe

DM particle parameter space €= WISPs DM cosmology

Alessandro Lenoci (postdoc @ Israel) visited Padova (Italy) to investigate the

phenomenology of scalar dark matter with an axion portal to the Standard
Model




Older short-term scientific mission of Action:

» Silvia Gasparotto (IFAE) visited the CERN to study high-frequency
gravitational waves from phase transitions in neutron stars and other
extreme environments.

» Could detection of high-frequency GWs could shed light on the state of
matter at high densities that cannot be reproduced in laboratory
experiments? Resulted in a scientific publication.

[ Action’s member ERC synergy grant for high-freq GWS ]

e AXion experiments can also be used to detect high frequency
gravitational waves (with 2 MHz frequency).

Characteristic Strain

(ERC synergy grant GravNet recently awarded to Action’s participants
Blas+Budker+Gatti+Schott)

[see Francesca’s talk]

Frequency / Hz




Scientific results obtained

T2.1: Perform accurate numerical simulations to obtain precise predictions of axion and WISP DM relic
abundance.

- , , , | , During the Action there was

- Subtask 2.1.1: Perform additional simulations of the evolution of the string network to obtain i
the number density of QCD axions that contributes to DM. substantial p_rogress+|?apers by WG
Subtask 2.1.2: Perform QCD lattice simulations at the QCD phase transition to improve the: Members; still some disagreement
knowledge of the temperature dependence of the axion mass, which affects the relic
abundance.

- Subtask 2.1.3: Perform lattice QCD simulation to determine the axion-pion thermalization
rate and determine a reliable hot-dark matter axion bound.
Subtask ?.1 .4.: Compile g list of W.ISP DM candidateg and their producti.on. mechanisms, in Part of White Paper
order to identify calculations required to improve relic abundance predictions, and also to
clarify whether the WISP-DM parameter space is fully explored.

Interactions among WG2 members
on this task during the Action

T2.2: Study the formation of Large Scale Structures (LSSs) in various WISP scenarios.

- Subtask 2.2.1: Perform numerical studies of the growth of inhomogeneities in QCD axion
DM, from the QCD phase transition onwards. Studied by several WG2 members

Subtask 2.2.2: Study the formation of Large Scale Structures (LSSs) in various WISP
scenarios and work to obtain a public code that could describe ALPs and QCD axions Code already exists! Reach out to David

impact on LSS. Mota if interested to collaborate




Developing further connections

WG5:
Outreach

What models are
motivated from
fundamental principles?

Making nice
pictures!

WGH:

model building # WG2:
cosmology
Buschmann et él.
Can we infer
WG3: WISP DM Can posmology
_ substructure and oredict WISP
astrophysical mass? Feeding WG4:
bounds? into experiments Experiments

O’ Hare atal.




The day after Cosmic WISPers: (personal) to do list on WISP Cosmology

- The QCD axion could have amass m, ~ 0.1 = 0.5 - 107 eV, or even larger.

— Are there new experimental ideas for that mass range? (workshop "meV axion frontier”)
— Can improvements in HPC overcome challenges in advancing the relevant numerical simulations?

* An order one DM fraction might be made of compact over-dense objects, with longer coherence time.

— Can we use this information to boost experimental searches?

< 1010 = 10! Gev

ny/

 For the QCD axion, a number of arguments (including simulations) seem to hint at f,

— Are there plausible compactification scenarios in String Theory that lead to such values?

* Minimal production mechanism of dark graviton dark matter? Possibly connected to high frequency GWs?

* Are the cosmological bounds on dark photon dark matter fully reliable? (Huang, Hook, Shalaby, 2510.13956)
Thanks!




