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RU-C Themes and Questions

• RU-C.1: Foundations of Structure Formation 

• RU-C.2:Testing Cosmological Models with Large Scale  
Structure Surveys 

• RU-C.3: Cosmology with Clusters of Galaxies


addressing:


• the origin of initial density fluctuations

• the origin of cosmic acceleration

• the role of massive neutrinos in cosmology

• astrophysical probes of dark matter 

not only FF̃ , but also RR̃ [38]. String theory predicts the existence of axions that couple
to both terms simultaneously [39–41]. Hence, these two parity-violating terms arise at the
same time and should be effectively considered on the same level in the theory. Moreover,
given that RR̃ can introduce a ghost instability, it is important to check the stability of these
models up to their cut-off scales.

In this paper we consider the axion-SU(2) gauge field spectator sector [42] together
with the gravitational Chern-Simons term coupled to the axion field. In this setup we have
the parity-violating terms on both sides of the equation of motion for the tensor metric
perturbations; the left-hand side due to the gravitational Chern-Simons term and the right-
hand side due to the axion-SU(2) sector. There are many studies focused on the cosmological
signatures of the gravitational Chern-Simons term [38, 43–54]. In this paper, we extend these
studies to the axion-SU(2) models. In [55–58], the authors have considered both FF̃ and RR̃
originating from string theory. The non-abelian gauge field in their consideration does not
share the same vacuum expectation value as in our case, hence it does not source gravitational
waves linearly.

This paper is organized as follows. In section 2 we present the model and analyse
the background evolution. In section 3 we present the second-order Lagrangian for tensor
perturbations and compare the gravitational waves with and without the gravitational Chern-
Simons term. We discuss the stability and the cut-off scale of the model in section 4. We
conclude in section 5.

2 Model Setup

2.1 Action

We consider the following action

S = SEH + S' + SSPEC + SGCS , (2.1)

where SEH is the Einstein-Hilbert action and S' is the inflaton sector action given by
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The spectator sector action SSPEC contains axion and SU(2) gauge fields, where � is an
axion field with potential U(�) and a decay constant f :
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is the field strength tensor of the SU(2) gauge fields, with gA being the self-coupling constant
and ✏abc the three dimensional anti-symmetric symbol.

The last term in SSPEC is the Chern-Simons interaction, where �1/f parametrizes its
coupling strength and F̃ aµ⌫
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However, here we will only include loop momenta above �in in our counterterms, since the
contribution from modes below the cuto� is matched by the corresponding correlator involv-
ing O

Õ[”�] in Eq. (3.7). Thus, the counterterms given below di�er by a finite contribution from
those commonly defined when computing correlation functions, which can be interpreted as
adopting a di�erent renormalization scale (�in rather than the large-scale limit 0).

Let us now consider the lowest-order operator correlators, evaluating each of them up
to next-to-leading order (NLO, or 1-loop). This will involve diagrams including up to three
linear power spectra. Let us begin with O

Õ = O = ”, such that SOÕ = 1 and S
�
O

(k) = W�(k),
corresponding to the correlator È”Œ(k)”�(kÕ)Í. The diagrams are
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where F2 and F3 are the second- and third-order perturbation-theory kernels, respectively
(in the following diagrams we will omit the label on the perturbation-theory kernels for
simplicity of notation). There are three NLO contributions, only one of which has a loop
integral that runs to infinity; the others are regularized by �in. It is straightforward to
see that the counterpart of this correlator in the MAP relation, i.e. the right correlator in
Eq. (3.7) È”�(k)”�(kÕ)Í, di�ers only through this loop contribution, which instead of being
unregularized is now also regularized by �in. The unregularized loop integral, and hence
the mismatch between the correlators in Eq. (3.7) for O

Õ = O = ”, is to be absorbed by a
counterterm to [”], corresponding to the part of the diagram left of the dotted line, so that
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where the second term absorbs the loop integral while the last term is the finite contribution of
unknown size, whose coe�cient is the e�ective sound speed of matter C

2
s [22, 23], defined with

respect to the scale �in. Here, kNL is the nonlinear scale defined through k
3
NLPL(kNL)/2fi

2 = 1
(kNL(z = 0) ƒ 0.25 h Mpc≠1 in the fiducial cosmology); with this definition, C

2
s is of order

unity.
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What worked well so far?

• Fostering of collaborations between different groups and institutions (particle and 
cosmology, cosmology theory and observation) 

• Research enabled which would not have been possible otherwise 

• Results basis for new developments and applications 

• Connecting different research units worked very well (Dark Matter) and enabled 
new research 

• Common events: Neutrino Day, Axion Day, LyX Day, Munich Dark Matter Meetings 

• MIAPbP Workshops 

• Visitor program enabled new projects 

• Hired Personnel worked well 

• Rebalancing of Sachmittel to W2/W3 

• Good Support by Cluster Administration
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What could be improved?

• Activity of Connectors not visible enough 

• Integration of new members in Origins - connecting new members with old ones, 
welcome/onboarding process 

• PhD Thesis typically takes more than three years - Origins covers only 3 

• Childcare arrangement for visitors 

• Enhancement of Seed Money Program - to help researcher who work not in the lab 

• Space/Funding for new ideas which emerge from exchange - not just seed

• currently explored with Master thesis or other funds
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New Directions ?

• Machine Learning Experience 

• New Surveys coming up: Euclid, Rubin, SKA, LiteBird, CMB-S4 - Focus on 
Collaborative Exploitation 

• Expertise/Direction in Intensity Mapping and Radio Surveys 

• Further Strengthening of Cross-Institutional / Cross-Field Interactions focused on 
new observational tests of theory 

• Science Data Centre - Infrastructure to scientifically exploit large data sets / 
working collaboratively on theses data sets / long term archiving of results / access 
for collaborators 

• New Collaborative Enterprises 

• Not really, already busy enough 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