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High energy physics

particle physics, cosmology, 
dark matter, gravitational 
waves, statistical inference, 
machine learning, software for 
theoretical calculations in HEP

= ‘CERN-related research’ G AM B I T

Research in the Theory Section
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Low energy physics

topological phases, high-
temperature superconductors, 
photonics, quantum Hall effect, 
metamaterials, quantum 
information theory & 
cryptography, foundations of 
quantum mechanics
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We often work with rather fundamental questions…

dark matter

= ‘earth, us + all the rest’



GAMBIT: The Global And Modular BSM Inference Tool
gambit.hepforge.org          github.com/GambitBSM EPJC 77 (2017) 784          arXiv:1705.07908

• Extensive model database, beyond SUSY
• Fast definition of new datasets, theories
• Extensive observable/data libraries 
• Plug&play scanning/physics/likelihood 

packages
• Various statistical options 

(frequentist /Bayesian)
• Fast LHC likelihood calculator
• Massively parallel
• Fully open-source
Members of: ATLAS, Belle-II, CLiC, CMS, 
CTA, Fermi-LAT, DARWIN, IceCube, LHCb, SHiP, XENON
Authors of: BubbleProfiler, Capt'n General, Contur, 
DarkAges, DarkSUSY, DDCalc, DirectDM, Diver, 
EasyScanHEP, ExoCLASS, FlexibleSUSY, gamLike, GM2Calc, 
HEPLike, IsaTools, MARTY, nuLike, PhaseTracer, PolyChord, 
Rivet, SOFTSUSY, Superlso, SUSY-AI, xsec, Vevacious, 
WIMPSim

Recent collaborators: P Athron, C Balázs, A Beniwal, S 
Bloor, T Bringmann, A Buckley, J-E Camargo-Molina, C 
Chang, M Chrzaszcz, J Conrad, J Cornell, M Danninger, J 
Edsjö, T Emken, A Fowlie, T Gonzalo, W Handley, J Harz, S 
Hoof, F Kahlhoefer, A Kvellestad, P Jackson, D Jacob, C Lin, 
N Mahmoudi, G Martinez, MT Prim, A Raklev, C Rogan, R 
Ruiz, P Scott, N Serra, P Stöcker , W. Su, A Vincent, C 
Weniger, M White, Y Zhang, ++

70+ participants in many experiments and numerous major theory codes

• GAMBIT Collaboration 
• International collaboration of HEP theorists, experimentalists and software experts

• A. Kvellestad (Head), A. Raklev, T. Bringmann, C. Chang, L. Braseth, I. M. Johansson 





DarkSUSY: A leading dark matter code

http://www.darksusy.org

Numerical package to calculate 
‘all’ DM-related observables:
precision relic density & kinetic decoupling 
cosmic ray propagation
large database of particle yields for 
generic DM  annihilation or decay
indirect detection rates: gammas, 
positrons, antiprotons, neutrinos
direct detection rates Module ...

..

.

Module generic_wimp
libds_generic_wimp.a

Interface functions
Internal routines

Particle physics modules
src_models/

Module mssm
libds_mssm.a

Interface functions
Internal routines

Linking to main library/user 
replaceable
Linking to chosen module

Possible (but not used) calling
Calling sequence

Main DS 
library
src/
libds_main.a

Observables 
(rates, relic 
density etc)

Main program
User-supplied, e.g. 
examples/dsmain.F

User
replaceables

User
replaceables
Functions 
replaced
and modified
by user

User
replaceables
Functions 
replaced
and modified
by user

User
replaceables
Functions 
replaced
and modified
by user

User
replaceables
Functions 
replaced
and modified
by user

Bringmann, Edsjö, 
Gondolo, Ullio & 

Bergström,  JCAP ‘18

…

Since 2018 (v6): 
no longer restricted to 
supersymmetric DM !

DM self-interactions
general dark sector support:  

<latexit sha1_base64="v6iSyIZKO9SsvqEaPMVD7VZQ8Rw="></latexit>

Tdark(T�),�Ne↵ , ... v6.2:  cosmic-ray upscattered DM

most recent new features:
…

v6.3:  freeze-in
v6.4:  asymmetric DM

http://darksusy.hepforge.org


• PLUMBIN’

• FRIPRO Fellesløft, collaboration with Dept. of Mathematics

• A. Raklev (PI), A. Kvellestad (Co-PI), R. De Bin (Co-PI), C. Chang, T. Braun, T. Klungland,  

L. Braseth + master students  
  

• Particles, Pandemics and Parameter Spaces 
• KD Sustainable Development project 
• Collaboration with FHI (National Institute of Public Health)

• I. M. Johansson, J. Midtbø, B. F. de Blasio, F, Di Ruscio, A. Raklev, A. Kvellestad 

   
• Unfolding and uncertainty quantification in nuclear physics 

• dScience project 

• E. Lima, A. Mjøs, L. Braseth, A. C. Larsen, M. Hjorth-Jensen, A. Kvellestad 

Currently funded projects



PLUMBIN’
• FRIPRO Fellesløft, collaboration with Dept. of Mathematics


• Overall goal: Develop solvents for unclogging calculational bottlenecks in high-energy 
physics 


• Ongoing work: 

• Develop a general software framework for fast and precise cross-section 
computations for collider physics


• Develop ML-based algorithms for continual learning (e.g. on-the-fly training and 
application of surrogate model on continual stream of input data) 

• Develop ML-based regression tools for fast evaluation of computationally 
expensive theory predictions  

• Develop sampling algorithms tailored for high-dimensional profile likelihood 
studies


• Planned work: 

• Develop computationally feasible statistical approach to goodness-of-fit tests for 
many-parameter new physics models


• Bayesian uncertainty quantification for higher-order theory computations



Our big ABM at FHI
Individual features
▪ Location
▪ Age
▪ Occupation
▪ Epidemiological status
▪ Hospitalization status
▪ Vaccination status 

(SYSVAK)

kindergartens 
Schools, grades 1-13
Universities

Workplaces

Households

Transmission settings

Households
Synthetic, based on census data

Di Ruscio et al, PNAS 2019 

Community

One beta parameter for each setting

￼

Don’t forget recoveries

Modelling LHC physics 
- Models with many free parameters

- Non-deterministic dynamics (quantum mechanics)

- Each prediction requires expensive Monte Carlo simulations

- Task: estimate model parameters, make robust predictions

Modelling outbreaks of infectious diseases  
- Model with many free parameters

- Non-deterministic dynamics (people)

- Each prediction requires expensive Monte Carlo simulations

- Task: estimate model parameters, make robust predictions

- Collaboration with FHI (Norwegian Institute of Public Health)

- Goal: Tackle computational challenges common to HEP and disease modelling

- Starting point: Connect FHI’s simulation models to GAMBIT-light

Particles, pandemics and parameter spaces
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Precision calculations

Calculations should match 
observations in precision!

(Here: pointing out loophole in standard 
formalism, requiring full solution of 
Boltzmann equation at phase-space level)

Binder, Bringmann, Gustafsson & Hryczuk 
(EPJC ’21)
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Fig. 3: Contour lines of constant (œ‰h2)fBE/(œ‰h2)nBE in the
” ≠ “̃ plane for a model with m‰ = 1 GeV and r = 0.3. As in
Fig. 2, couplings are fixed such that 2(œ‰h2)nBE = œDMh2, and
” = (2m‰/mA)2 ≠ 1. Red (blue) colors highlight regions where
the early kinetic decoupling e�ect overall increases (decreases)
the predicted relic abundance compared to the standard treat-
ment. Dotted black lines show, for comparison, the widths of
the SM Z0 and Higgs bosons. The gray shaded areas on the
edges of the plot indicate parameter regions where the fl value
satisfying the relic density condition cannot be achieved without
violating perturbativity or by extending the model (see text for
more details).

dip around the exact resonance position at ” = 0 are
a consequence of di�erent DM cooling and heating ef-
fects during the chemical evolution that a�ect the DM
phase-space distribution f‰(x, p). The phenomenology
of coupled chemical and kinetic evolutions here is very
similar to the Scalar Singlet DM example, and for a
detailed discussion of the origin of these features we
refer to to Appendix A in Ref. [30].

In Fig. 3, we complement this discussion by showing
the impact on the relic abundance when instead vary-
ing the resonance width “̃ and keeping the mass ratio r

fixed. This leads to a structure that is straightforward to
relate to what is visible in the previous figure; for exam-
ple, the two distinctive peak regions in the bottom left
corner correspond to the two peaks in Fig. 2 (note how-
ever that here we consider a much lighter DM particle,
m‰ = 1 GeV, than in Fig. 2). For most of the parameter
space, a smaller width generally leads to a larger e�ect,
i.e. larger deviations from the standard computation. It
is interesting to note that even for widths as large as
that of the SM Z-boson the refined prediction of the

Fig. 4: Time evolution of the phase-space density f‰(x, q),
computed by the fBE approach. The color scale shows the
DM abundance Y (x), in units of its final value, which reflects
the overall normalization of f‰. This example is for a case
of DM annihilation through a narrow resonance and an early
kinetic decoupling (with model parameters stated in the legend).
The coupling strength is set to fl = 1.13 ◊ 10≠2 in order to
satisfy 2(œ‰h2)fBE = œDMh2. The initial equilibrium phase-
space distribution is strongly distorted during chemical and
kinetic decoupling, and finally remains in a highly non-thermal
shape.

DM abundance can deviate at a level well exceeding the
typically quoted observational uncertainty of ≥ 1% in
œDMh

2 — and hence at a level that would, e.g., a�ect
global fits in a noticeable way.

It is worth noting that for the simple model con-
sidered here, not every pair of values (”, “̃) shown in
Figs. 2 and 3 may be a consistent choice. Indeed, the
minimal contribution to the width, from the interaction
Lagrangian in Eq. (18), is given by

“̃ =
ÿ

i=‰,f

g
2
i

12fi

3
1 + 2m

2
i

m
2
A

4 Û

1 ≠ 4m
2
i

m
2
A

. (23)

In Fig. 3 we indicate (with gray shaded regions) the
values of (”, “̃) that cannot be satisfied by Eq. (23)
when fl = Ô

g‰gf is fixed by the relic density condition
(either because Eq. (23) would imply a larger value of “̃

than required, or because at least one of the couplings
would no longer satisfy g‰, gf <

Ô
4fi, thus indicating a

breakdown of perturbativity).
Let us finally remark that the more narrow the reso-

nance, the more momentum-selective is the annihilation
process. This can lead to shapes of the distribution
function that strongly di�er from thermal ones. As a
concrete example, we demonstrate in Fig. 4 that the
fBE approach implemented in DRAKE can accurately

⌦CDMh2 = 0.1188± 0.0010
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Dark matter detection (recent examples)

DM Searches with gamma rays

Lead author for one of the ‘flagship’ 
consortium publications on CTA 
prospects for dark matter searches 

Acharyya et al. (JCAP ‘20)

(looking for signals from annihilating DM 
particles from the direction of the Galactic 
Center)

The Cherenkov Telescope Array   
— “the future of gamma-ray astronomy”
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DM Searches with gamma rays

Lead author for one of the ‘flagship’ 
consortium publications on CTA 
prospects for dark matter searches 

Acharyya et al. (JCAP ‘20)

(looking for signals from annihilating DM 
particles from the direction of the Galactic 
Center)

The Cherenkov Telescope Array   
— “the future of gamma-ray astronomy”

Direct detection

New world-leading limits on light 
dark matter particles
(by re-interpreting existing searches)

Bringmann & Pospelov (PRL ’19) 
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FIG. 2. Constraints on spin-independent DM-nucleon scat-
tering imposed by the XENON-1T and MiniBooNE experi-
ments. Solid (dashed) lines assume a CR density that equals,
on average, the local value out to a distance of 1 kpc (10 kpc).
We compare our limits to those deriving from CMB ob-
servations [40], gas cloud cooling [38], the X-ray Quantum
Calorimeter experiment (XQC) [39], and a selection of direct
detection experiments [43–45] after taking into account the
absorption of DM in soil and atmosphere [33].

For the recent Xenon 1T data (Fig. 5 of [6]), e.g., one has
�
SI,lim
DM

/mWIMP = 8.3·10�49 cm2/GeV form� & 100GeV,
and TXe 2 [4.9, 40.9] keV implies  ' 0.23. The resulting
limits on �� are shown in Fig. 2, for di↵erent assumptions
about the size of the di↵usion zone (with solid lines corre-
sponding to an ultra-conservative choice). For small DM
masses these limits exclude cross sections in the range
10�31 cm2 . �

SI

� . 10�28 cm2, almost independently of
m�. Clearly, these constraints are highly complementary
to existing limits on light DM [33, 36–41]. Direct de-
tection of light energetic dark sector particles was also
discussed in Ref. [42].

Due to its shallow location, MiniBooNE [46] gives a
particular advantage in limiting CRDM fluxes with large
scattering cross sections that prevent � from reaching
deeply placed experiments. We utilize the measure-
ment of elastic ⌫ � p scattering [47], and a recent DM
run [48] that allows to extract the beam-unrelated scat-
tering rate. Requiring the scattering rate of CRDM on
protons at MiniBooNE depth not to exceed the beam-
unrelated background, we obtain (see Appendix)

�p(Tp > 35MeV) < 1.5⇥ 10�32 s�1
. (17)

This additional exclusion region is also shown in Fig. 2.
Strong constraints on spin-dependent scattering, fi-

nally, can be obtained from proton upscattering by
CRDM in neutrino detectors like Borexino [53]. From a
search for events with higher energy than solar neutrino
scattering [54, 55], we deduce that the limiting scattering
rate per proton is (see Appendix)

�p(Te > 12.5MeV) < 2⇥ 10�39 s�1
. (18)

FIG. 3. Constraints on the spin-dependent part of the cross
section imposed by Borexino. Solid and dashed lines as in
Fig. 2. Dotted lines result from adopting the much greater
stopping power expected for spin-independent scattering (so
this contour also applies to �SI). For comparison we indicate
limits from the direct detection experiments CDMS light [50],
PICO60 [51] and PICASSO [52], as well as from delayed-
coincidence searches in near-surface detectors by Collar [41].

To apply this limit, we need to convert the proton recoil
energy to an apparent electron Te equivalent. For liquid
scintillators the recoil energy of the nucleus, TN , and the
detected energy Te are related by the empirical law

Te(TN ) =

Z TN

0

dTN

1 + kBhdTN/dxi
, (19)

where kB is a material-dependent constant. Follow-
ing the procedure outlined in Ref. [56], and thus us-
ing PSTAR tables from http://physics.nist.gov for
hdTN/dxi, we numerically tabulate and invert Eq. (19)
for pseudocumene (the scintillator used by Borexino).
The resulting constraint on spin-dependent scattering is
plotted in Fig. 3. Here the CRDM component is pro-
duced exclusively by p � � collisions, since 4He nuclei
do not carry spin. For the mean free path in Eq. (10),
we assumed exclusively elastic scattering on nuclei as de-
rived from spin-dependent couplings �� = �n = �p to
nucleons (dashed and solid lines). In reality, quasi-elastic
scattering on nucleons would dominate for energy trans-
fers above typical nuclear binding energies. While a full
treatment of these processes is beyond the scope of this
work, we indicate for comparison (dotted lines) the limits
that would result in the extreme case of adopting a stop-
ping power as e�cient as in the case of spin-independent
scattering, c.f. Eq. (13). For m� . 0.5GeV we thus find
highly competitive limits on (both spin-independent and)
spin-dependent scattering with protons, independent of
the attenuation of the CRDM flux.

Conclusions.— We have shown that the DM-nucleon
interaction cross section �� necessarily generates a small
but very energetic component of the DM flux, the

Huge international effort  
— detection of light, low-energy 
particles requires novel [quantum?] 
detector ideas! 



‘The cosmos as a dark matter lab’ (long-term interest)

Dark matter particles may be virtually invisible to terrestrial experiments 
— but could still leave imprints on cosmological structure formation 
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input: 
masses, spins, 
coupling constants
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Figure 1: Interaction processes that set the DM relic density
and may lead to observable neutrino annihilation products
today (left), change the inner velocity and density profile of
dwarf halos (middle) and induce a comparatively large cuto↵
in the spectrum of primordial density perturbations (right).

‘too big too fail problem’ [44], without being in conflict
with the strong constraints for models with constant �T .
We also note that �T drops with larger v such that for
galaxy clusters only the very central density profile at
r . O(1 � 10) kpc will be smoothed out, matching ob-
servational evidence (from improved lensing and stellar
kinematic data [51]) for a density cusp in A383 that is
slightly shallower than expected for standard CDM.

For our discussion, the astrophysically important
quantities are the velocity v

2
max = g

2
�mV /(2⇡2

m�) at
which �T v becomes maximal and �

max
T ⌘ �T (vmax) =

22.7m�2
V . In particular, vmax should not be too di↵er-

ent from the typical velocity dispersion �v ⇠ O(10) km/s
encountered in dwarf galaxies if one wants to make any
contact to potential problems with standard structure
formation at these scales. On the other hand, the value
of �max

T is constrained by various astrophysical measure-
ments, see Ref. [44] for a compilation of current bounds.

Fixing g� by the relic density requirement, there is a
one-to-one correspondence between the particle physics
input (m�,mV ) and the astrophysically relevant param-
eters (vmax,�

max
T ). As demonstrated in Fig. 2, a so-

lution to the aforementioned small-scale problems (2)
and (3) may then indeed be possible for DM masses
of m� & 600GeV and a mediator mass in the (sub-)
MeV range. We also display the strongest astrophysi-
cal bounds on large DM self-interaction rates [43]. For
m� . 4TeV, they arise from collisions with particles from
the dwarf parent halo, while at larger m� an imminent
gravothermal catastrophe is more constraining.

The small-scale cuto↵.— For small kinetic decou-
pling temperatures Tkd, acoustic oscillations [52] are
more e�cient than free streaming e↵ects to suppress the
power spectrum [4, 53]. The resulting exponential cuto↵
can be translated into a smallest protohalo mass of

Mcut ⇡
4⇡

3

⇢�

H3

���
T=Tkd

= 1.7⇥ 108
✓
Tkd

keV

◆�3

M� , (4)

where H is the Hubble rate and we assumed late kinetic
decoupling such that the e↵ective number of relativistic
degrees of freedom ge↵ = 3.37. For scattering with rela-
tivistic neutrinos, c.f. Eq. (3), the analytic treatment of
kinetic decoupling given in Ref. [54] is valid. Extending
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Figure 2: The white area corresponds to DM and mediator
masses that may solve the ‘cusp vs. core’ problem. The crosses
indicate two benchmark models for which detailed simulations
[44] have found a solution to the ‘too big to fail’ problem.
Dashed and solid lines show contours of the astrophysical rel-
evant quantities �T

max and vmax. See text for further details.
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Figure 3: This plane shows the mediator mass mV vs. the
coupling strength g⌫ . Large values of g⌫ and small values of
mV lead to late kinetic decoupling and thus a large mass Mcut

of the smallest protohalos. Mcut & 5 ⇥ 1010M� is excluded
by Ly-↵ data while Mcut & 109M� may solve the small-scale
abundance problems of ⇤CDM cosmology.

those expressions to allow for T⌫ 6= T , we find

Tkd =
0.062 keV

N

1
4
⌫ (g�g⌫)

1
2

✓
T

T⌫

◆ 1
2

kd

⇣
m�

TeV

⌘ 1
4
⇣
mV

MeV

⌘
, (5)

where N⌫ is the number of neutrino species coupling to
V . Combining this with Eq. (2) we therefore expect that
Tkd, and thus Mcut, is essentially independent of g� and
m�.

Using for definiteness N⌫ = 3 and T⌫ = (4/11)
1
3T� , we

show in Fig. 3 contours of constant Mcut in the (g⌫ ,mV )
plane. We find that the result of the full numerical
calculation [4, 5] is indeed extremely well described by
Eqs. (4,5) for g⌫ & 10�7 (assuming m� ⇠ 1TeV and
mV ⇠ 1MeV; this value is even lower for larger m� and

cosmological 
simulations

input: 
consistent initial 
conditions, non-
gravitational forces 
between “particles”

8 M. Vogelsberger et al.

Figure 7. DM density projections of the selected MW-like halo for the four different models. The suppression of substructure can clearly be seen for M1 to
M3 compared to the CDM model, which does include power down to small scales without a resolved cutoff, which is present in the ETSF models M1 to M3.
The projection has a side length and depth of 500 kpc.

true although the self-interaction cross-section is smallest for this
model. This trend continues up to MW masses. Those halo masses
are not so strongly affected by the damping so the self-interactions
take offer such that the reduction of the central density is following
the strength of the cross section.

4.2 Galactic halo

NOTE: All results are based on level-2. Level-1 is still running

(those are expensive and running around 1-2 months).

We will now consider the galactic scales by studying the
zoom-in simulation of the selected MW-sized halo. We start by
looking at the density distribution on these scales. Fig. 7 shows

density projections of the halo for CDM simulations and compares
to models M1-M3. At these scales, the suppression of small scale
structure is clearly visible, which is largely driven by the resolved
cutoff scale in the linear power spectra of M1-M3 compared to
CDM. This cutoff reduces the number of resolved subhaloes very
strongly for model M1, which has the largest damping scale. We
stress that self-interactions of the order discussed here largely af-
fect only the internal structure of haloes, but do not significantly
alter the number of subhaloes within MW-like haloes. This would
only happen for cross sections of the order of 10 cm2 g�1 on full
galactic scales, which is prevented in the the models discussed here
prevents due to the strong velocity-dependence. Fig. 7 also demon-
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Gravitational waves (relatively new interest)

Are we seeing a dark sector phase 
transition?

Recent evidence for nHz GW 
background can point to new physics!

(‘Global fit’: must take into account 
complementary constraints from cosmology)

Bringmann et al. (JCAP ’23)

Sound waves, stable dark sector,
ignoring cosmological constraints

�Ne↵ > 0.22: excluded by
BBN and CMB at 95 % C.L.

�/H < 3: No percolation

�/H < 10: GWB is overestimated
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Figure 1: Triangle plot showing the 1 � and 2 � contours obtained by a naive fit (blue)
of the NANOGrav 12.5 year data to a GW spectrum emitted in a DS phase transition,
ignoring cosmological constraints. To illustrate the tension with BBN and CMB, the 95%
C.L. excluded regions corresponding to �Ne↵ > 0.22 are shaded in red [37], cf. the discussion
in section 4. The regions in which no percolation (�/H < 3) and an overestimation of the
GWB amplitude (�/H < 10) are expected are shaded in grey, see section 2 for further details.

section 2 — to NANOGrav data, without taking into account physically motivated priors on
the rate �/H of the phase transition or cosmological constraints. We discuss the former in
more detail in section 2, and the latter in section 4. Here, we simply wish to demonstrate that
these considerations (as indicated by grey and red shadings, respectively) will necessarily have
a major impact on the naively inferred parameter space. One of our main results from a full
statistical treatment, including information from cosmology, is indeed that an astrophysical
explanation of the common red noise signal is much more credible than a GWB due to a
phase transition from a stable DS. When allowing the DS to decay at pre-BBN temperatures,
on the other hand, we find that the viable parameter space of DSPTs opens up; in this case,
the NANOGrav data can be explained without violating BBN constraints, fitting the pulsar
timing data as good as SMBHBs. For earlier work on cosmological constraints on phase

– 3 –
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Inflation
Reentering of tensor fluctuations

Phase transitions
Connection to dark matter?

Topological defects
Cosmic strings and domain walls

Scalar perturbations
Incl. primordial black hole formation

9



Gravitational waves (relatively new interest)

Are we seeing a dark sector phase 
transition?

Recent evidence for nHz GW 
background can point to new physics!

(‘Global fit’: must take into account 
complementary constraints from cosmology)

Bringmann et al. (JCAP ’23)

Sound waves, stable dark sector,
ignoring cosmological constraints

�Ne↵ > 0.22: excluded by
BBN and CMB at 95 % C.L.

�/H < 3: No percolation

�/H < 10: GWB is overestimated

100

101

102

103

�
/H

10�4

10�3

10�2

10�1

T
p
er

c
S
M

/G
eV

10�2

10�1

100

101

�p
er

c
D

S

10�2 10�1 100

�tot

10�2

100

102

104

�
N

e↵

100 101 102 103

�/H
10�4 10�3 10�2 10�1

T perc
SM /GeV

10�2 10�1 100 101

�perc
DS

10�2 100 102 104

�Ne↵

Figure 1: Triangle plot showing the 1 � and 2 � contours obtained by a naive fit (blue)
of the NANOGrav 12.5 year data to a GW spectrum emitted in a DS phase transition,
ignoring cosmological constraints. To illustrate the tension with BBN and CMB, the 95%
C.L. excluded regions corresponding to �Ne↵ > 0.22 are shaded in red [37], cf. the discussion
in section 4. The regions in which no percolation (�/H < 3) and an overestimation of the
GWB amplitude (�/H < 10) are expected are shaded in grey, see section 2 for further details.

section 2 — to NANOGrav data, without taking into account physically motivated priors on
the rate �/H of the phase transition or cosmological constraints. We discuss the former in
more detail in section 2, and the latter in section 4. Here, we simply wish to demonstrate that
these considerations (as indicated by grey and red shadings, respectively) will necessarily have
a major impact on the naively inferred parameter space. One of our main results from a full
statistical treatment, including information from cosmology, is indeed that an astrophysical
explanation of the common red noise signal is much more credible than a GWB due to a
phase transition from a stable DS. When allowing the DS to decay at pre-BBN temperatures,
on the other hand, we find that the viable parameter space of DSPTs opens up; in this case,
the NANOGrav data can be explained without violating BBN constraints, fitting the pulsar
timing data as good as SMBHBs. For earlier work on cosmological constraints on phase

– 3 –

Possible cosmological sources of the nHz background.

Inflation
Reentering of tensor fluctuations

Phase transitions
Connection to dark matter?

Topological defects
Cosmic strings and domain walls

Scalar perturbations
Incl. primordial black hole formation

9

Towards table-top GW detectors ?

Active field of research. One option: 
look for tiny optical frequency 
modulations due to GHz GWs

Bringmann et al. (PRD ’23)

UHFGW, 06/12/2023 Elina Fuchs (Leibniz Uni Hannover | PTB) 29

Rectifier: small 
Pass if

Not only sideband, but also frequency shift of photon carrier line

Orange sideband: effect of shutter

UHFGW, 06/12/2023 Elina Fuchs (Leibniz Uni Hannover | PTB) 29

Rectifier: small 
Pass if

Not only sideband, but also frequency shift of photon carrier line

Orange sideband: effect of shutter
(“Atomic clocks as quantum sensors”: 
Ramsey spectroscopy to measure Δω)



Takk! 

Summary (aka wishful thinking list) 

Quantum computers to run large-scale simulations or scans 

New types of quantum sensors w/ extreme sensitivities

New ideas…

😉

😉

😉


