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Pulsar timing array (PTA) collaborations recently presented evidence for a gravitational-wave back-
ground (GWB) signal at nanohertz frequencies. In this paper, we introduce new refitting techniques for
PTA data analysis that elevate related techniques in the literature to a more rigorous level, and thus provide
the basis for fast and accurate Bayesian inference and physically intuitive model comparisons. The key idea
behind our approach is to construct maps Φ from GWB spectral models to a running-power-law (RPL)
reference model, such that the pullback Φ�PRPL of the RPL posterior density PRPL induces a likelihood on
the GWB model parameter space; in other words, we refit spectral models to the RPL posterior density. In
order to constructΦ, we introduce a matched-filtering approach in whichΦ follows from a χ2 minimization
that accounts for the frequency dependence of PTA sensitivity curves. We validate and illustrate our
techniques by three concrete examples: GWs from stable cosmic strings, GWs from metastable strings, and
scalar-induced GWs.
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I. INTRODUCTION

Einstein’s theory of gravity predicts that a stochastic
background of gravitational waves (GWs) washing through
the Milky Way will imprint a correlated signature in the
timing residuals of galactic millisecond pulsars. Pulsar
timing arrays (PTAs) [1–3] are GW detectors of galactic
dimensions that search for a signal of this type by
monitoring the pulse arrival times from pulsars in our
galactic neighborhood over many years or even decades. In
summer 2023, PTA collaborations around the globe pre-
sented their latest datasets [4–8] (see also Ref. [9]), which
showed for the first time evidence for the expected
correlation pattern—i.e., the celebrated Hellings-Down
curve [10,11]. It is expected that the significance of the
observed correlation pattern will cross the 5σ threshold
with future PTA datasets [12], which means that we find
ourselves at the brink of the detection of a GW background
(GWB) signal at nanohertz frequencies.

These exciting prospects have stimulated intensive
research activities across different communities in recent
years, aiming at elucidating the origin of the 2023 PTA
signal. The most plausable explanation of the signal is of
astrophysical nature and consists of a population of super-
massive black-hole binaries [13–15]. At the same time, the
idea of a cosmological interpretation in terms of GWs from
the early Universe [16–19] has attracted much attention in
the literature. While arguably more exotic than the astro-
physical interpretation, a GW echo from the big bang
would promise to open a new window onto the cosmology
of our Universe at very early times, and hence particle
physics at very high energies [20,21]. Indeed, numerous
exotic GWB models relying on new physics in the early
Universe have been fitted to the 2023 PTA data, ranging
from cosmic inflation [22–24] and scalar-induced GWs
(SIGWs) [25–34] over cosmological phase transitions
[35–43] to cosmic defects such as cosmic strings [44–51]
and domain walls [52–57].
Conclusively identifying the source of the PTA signal is

a challenging task that will ultimately rely on the combi-
nation of different PTA observables, including an accurate
measurement of the GWB frequency spectrum, GWB
anisotropies across the sky [58–61], and possibly the
detection of continuous GWs [62,63] and other multi-
messenger signatures from individual binaries [64]. At
present, however, in the absence of any anisotropies or
continuous-wave signals, the premier PTA observable that
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is being used by particle physicists and astrophysicists alike
for model discrimination and parameter inference is the
GWB spectrum.
Much of the particle physics literature on the 2023 PTA

signal revolves around questions such as the following:
Does a given GWB spectral model based on new physics
beyond the Standard Model (BSM) yield a sufficient signal
amplitude A? What is the spectral tilt γ predicted by the
model? Which parameter values yield the best agreement
with the A and γ posteriors presented by this or that PTA
collaboration? These questions offer a useful language to
talk about the GWB spectra under consideration and help in
developing a physical intuition for their properties. At the
same time, it is clear that these questions do not represent
much more than a vague mental picture; A and γ denote
the parameters of one specific GWB spectral model, the
constant power law (CPL), and do not exist in BSM
models, such as phase-transition or cosmic-string models.
Nearly all exotic models notably predict a GWB spectrum
that deviates from a CPL spectrum, such that it is unclear
how exactly the predictions of exotic models should be
mapped onto the CPL parameter space.
The aim of the present paper is to improve on this

situation and put the mapping between BSM models and
simple reference models such as the CPL model on a more
rigorous footing. Specifically, we shall introduce a new
approach based on the following three ingredients:
(i) Instead of the CPL, we will work with a running power
law (RPL) as our physics-agnostic reference model. The
RPL allows for a logarithmic running of the spectral index
and hence better reflects the rough shape of the GWB
spectrum that one finds in many BSM models. (ii) We
construct the map Φ between a given BSM model and
the RPL in terms of a χ2 function that accounts for the
frequency dependence of PTA sensitivity curves. In this
way, we ensure that our map Φ is based on global
information—i.e., the GWB spectrum across the whole
PTA frequency band—and not just on local information at
an arbitrarily chosen pivot frequency. (iii) We go from BSM
models to the RPL, and back again—which is to say that
we do not content ourselves with a simple projection onto
the RPL parameter space. Instead, we construct the pull-
back Φ�PRPL of the RPL posterior density PRPL, which
induces a likelihood on the BSM parameter space and thus
provides the basis for simple spectral refits. We will
validate and illustrate our method by explicitly refitting
three GWB spectral models to the RPL posterior density:
stable cosmic strings [65,66], metastable strings [67,68],
and SIGWs [69].
Finally, before we present our approach in detail, we

caution that, even with the improvements listed above,
spectral refits are and remain an approximate method.
Our approach of refitting the RPL posterior density is
similar in spirit to refits of the amplitude posterior den-
sities (“violins”) in the free-spectral model, which are,
e.g., implemented in the software package CEFFYL [70].

Any more rigorous analysis should directly resort to
Bayesian MCMC fits to PTA timing residuals—e.g., using
tools like ENTERPRISE [71], ENTERPRISE_EXTENSIONS [72],
and PTArcade [73]. As part of our numerical analysis, we will
quantify the agreement between our approximate results
and full MCMC runs.

II. RUNNING POWER LAW (RPL)

The spectral composition of the GWB can be quantified
in terms of several different quantities; in this paper, we
shall work with the GWB energy-density power spectrum
on a logarithmic frequency axis in units of the critical
energy density of the Universe [74,75],

ΩGWðfÞ ¼
1

ρcrit

dρGW
d ln f

: ð1Þ

In the RPL model, ΩGW is modeled as a power law with a
logarithmically running spectral index—i.e., as a parabola-
shaped spectrum if plotted on log-log axes:

ΩRPLðfÞ ¼
2π2

3H2
0

A2f2ref

�
f
fref

�
5−½γþðβ=2Þ ln ðf=frefÞ�

: ð2Þ

Here, H0 ¼ 100h km=s=Mpc is the Hubble constant,
where we set h ¼ 0.674, following Ref. [76]; fref is an
arbitrary reference scale, which we set to fref ¼ 1

10 yr,
following Ref. [77]; and A, γ, and β are the three parameters
of the RPL model: A and γ control the amplitude and the
spectral index of ΩGW at f ¼ fref , respectively, while β
controls the constant logarithmic running of the spectral
index at all frequencies. Correspondingly, setting β ¼ 0
returns the CPL model,

ΩCPLðfÞ ¼
2π2

3H2
0

A2f2ref

�
f
fref

�
5−γ

: ð3Þ

For our spectral refits of the RPL model, we require the
posterior density PRPL on the three-dimensional RPL
model parameter space after fitting the model to PTA
timing residuals. A Bayesian fit of this type has been
carried out in Ref. [77], where the RPL model was fitted to
the NANOGrav 15-year (NG15) dataset. In the following,
we will work with the Markov chain Monte Carlo (MCMC)
data produced by this analysis and reconstruct PRPL from
these data in terms of a kernel density estimation (KDE).
The analysis in Ref. [77] assumed uniform priors for
log10 A, γ, and β, which is the set of parameters that we
will refer to as the RPL model parameters in the follow-
ing, θRPL ¼ flog10 A; γ; βg.
We emphasize that the KDE approximation of PRPL is at

the heart of our refitting analysis. As we will demonstrate,
the spectral information stored in it turns out to suffice for
an accurate parameter reconstruction across a whole range
of exotic GWB models. Our spectral refits of the RPL
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model thus require only one full Bayesian MCMC fit to
PTA timing residuals—the one in Ref. [77]—based on
which one is able to construct PRPL once and for all as the
universal starting point for any RPL refit that one may be
interested in.

III. MATCHED FILTERING

Next, we need to define the map from BSM models to
the RPL baseline model. To do so, we start from the signal-
to-noise ratio (SNR) in Refs. [78,79]:

SNR2 ¼ 2T
Z

fmax

fmin

�
ΩGWðfÞ
ΩsensðfÞ

�
2

df; ð4Þ

where T is the total observing time, ½fmin; fmax� is the PTA
frequency band, ΩGW is the GW energy-density power
spectrum of the stochastic GWB signal of interest, and
Ωsens is the effective strain noise power spectrum of the
PTA (i.e., the PTA sensitivity curve). The SNR in Eq. (4)
represents the optimal expected SNR that can be achieved
in a PTA measurement: it is based on an optimal choice of
filter function (i.e., a matched filter) in the construction of
the cross-correlation statistic, and it corresponds to an
expectation value (i.e., the average over all realizations of a
stochastic GWB).
Assuming Gaussian detector noise, the matched-filtering

procedure leading to Eq. (4) can be reformulated as the
maximization of a Gaussian likelihood L (see Chap. 7 in
Ref. [74]), or equivalently, as the minimization of a χ2

function, Δχ2 ¼ −2 ln ðL=LmaxÞ [80]. In our analysis, we
shall work with Δχ2, which takes two types of GW spectra
as input: the true (or fiducial) spectrum contained in the
data, and a template spectrum used in the reconstruction of
this signal. In order to construct our BSM-RPL map, we
shall identify the former with the GW spectrum predicted
by the BSM model, ΩBSM, and the latter with the GW
spectrum predicted by the RPL model, ΩRPL, which allows
us to write

Δχ2 ¼ 2T
Z

fmax

fmin

�
ΩBSMðf; θBSMÞ −ΩRPLðf; θRPLÞ

ΩsensðfÞ
�

2

df:

ð5Þ
SimilarΔχ2 functions have been considered in the literature
before: in Ref. [80], our primary source of inspiration, such
a function is used for a Fisher forecast, and also, e.g., in
Refs. [81,82]. Furthermore, we note that the comparison
between Eqs. (4) and (5) suggests a straightforward
interpretation of our Δχ2 function: it can be thought of
as an SNR value for the differential spectrum ΔΩGW ¼
ΩBSM −ΩRPL given an experimental sensitivity quantified
in terms of the sensitivity curve Ωsens.
This interpretation makes it clear that the Δχ2 function in

Eq. (5) provides us with exactly what we need: in order to
map the BSM model onto the RPL model, we want to find

the RPL parameters θRPL that minimize jΔΩGWj for given
BSM parameters θBSM, especially at the GW frequencies f
where the experimental sensitivity is the best. The Δχ2
function in Eq. (5) allows us to formulate this optimization
problem in the form of a χ2-minimization problem—i.e.,
we are interested in the RPL parameters θmin

RPL that minimize
the SNR value for the differential spectrum ΔΩGW,

Δχ2ðθBSM; θmin
RPLÞ ¼ min

θRPL
Δχ2ðθBSM; θRPLÞ; ð6Þ

which allows us to define our BSM-RPL mapΦ as the map
from the parameters θBSM to the best-fit parameters θmin

RPL:

Φ∶ θBSM ↦ ΦðθBSMÞ ¼ θmin
RPL: ð7Þ

In our numerical analysis, wewill evaluateΔχ2 in Eq. (5)
working with the NG15 sensitivity curve in Ref. [76],
which accounts for timing-model uncertainties, white
noise, pulsar-intrinsic red noise, and GWB self-noise.
Correspondingly, we will set T ¼ 16.03 yr (i.e., the total
observing span of the NG15 dataset) and fmin ¼ 1

T, fmax ¼
30
T (i.e., the frequency range considered in Ref. [77]).

IV. INDUCED LIKELIHOOD

The third and last novel ingredient of our proposed
minimal refitting approach consists in the construction of
an induced likelihood on the BSM parameter space. In the
first step of this construction, we treat the RPL parameters
θRPL as latent parameters, which allows us to write the
likelihood of the BSM model as follows:

LðDjθBSMÞ ¼
Z

LðDjθRPLÞpðθRPLjθBSMÞdθRPL; ð8Þ

where D denotes the PTA data of interest—i.e., the NG15
data in our case—and the conditional probability
pðθRPLjθBSMÞ is a precursor of our BSM-RPL map. In
the next step, we use Bayes’ theorem to express the RPL
posterior density as

PðθRPLjDÞ ¼ LðDjθRPLÞπðθRPLÞ
ZRPL

; ð9Þ

where PRPL ≡ PðθRPLjDÞ, πðθRPLÞ is the prior density for
the RPL parameters, and ZRPL is the evidence of the RPL
model,

ZRPL ¼
Z

LðDjθRPLÞπðθRPLÞdθRPL: ð10Þ

Given the flat prior choice πRPL ≡ πðθRPLÞ in Ref. [77], the
likelihood of the BSM model can be brought into the form

LðDjθBSMÞ ¼
ZRPL

πRPL

Z
PðθRPLjDÞpðθRPLjθBSMÞdθRPL:

ð11Þ
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Finally, we identify pðθRPLjθBSMÞ as a Dirac delta function,

pðθRPLjθBSMÞ ¼ δð3ÞðθRPL −ΦðθBSMÞÞ; ð12Þ

which leads to our final result for the likelihood
LðDjθBSMÞ:

LðDjθBSMÞ ¼
ZRPL

πRPL
½ðPRPL ∘ΦÞðθBSMÞ�: ð13Þ

Up to the constant prefactor ZRPL=πRPL, which is irrelevant
for our purposes in this paper, the induced likelihood
LðDjθBSMÞ thus turns out to be simply the pullback of the
RPL posterior density onto the BSM parameter space:

LðDjθBSMÞ∝ ðPRPL ∘ΦÞðθBSMÞ ¼ ðΦ�PRPLÞðθBSMÞ: ð14Þ

This likelihood provides the starting point for parameter
inference in the BSM model. Using again Bayes’ theorem,

PðθBSMjDÞ ¼ ½ðPRPL ∘ΦÞðθBSMÞ�πðθBSMÞR ½ðPRPL ∘ΦÞðθBSMÞ�πðθBSMÞdθBSM
: ð15Þ

For BSM models with a low-dimensional parameter space,
one may numerically evaluate this relation by brute force.
In fact, this is what we will do below. In more complicated
cases, however, Eq. (15) also lends itself to an evaluation in
terms of more advanced techniques such as nested sam-
pling. Furthermore, we note that Eq. (15) also applies to
BSM models with more than three parameters—i.e., more
parameters than the RPL model, in which case the map Φ
may no longer be invertible. Indeed, our approach does not
require one to construct the inverse map Φ−1, which avoids
issues with “parameter degeneracies” that other approaches
in the literature sometimes run into—see, e.g., Ref. [83].

V. RPL REFITS

The expression for the BSM posterior density in Eq. (15)
encapsulates the main message of our paper: the map Φ,
which follows from the minimization of a χ2 function based
on matched filtering, allows us to project the predictions of
BSM models onto the RPL parameter space, and the
pullback Φ�PRPL enables us to go back again from the
RPL to the BSMmodel and construct an induced likelihood
on the BSM parameter space; see Fig. 1 for an illustration.
We shall now illustrate the utility of our minimal refitting

approach and apply it to three BSM models that were
investigated in the search for BSM signals in the NG15
data [16]:
(1) Stable strings (STABLE-N in Ref. [16]): One model

parameter (Gμ, the string tension in units of New-
ton’s constant), GW emission from cusps and kinks
[84–86].

(2) Metastable strings (META-LS in Ref. [16]): Two
model parameters (Gμ and

ffiffiffi
κ

p
, the decay parameter

controlling the lifetime of the string network), GW
emission from cusps on loops and from seg-
ments [67].

(3) SIGWs (SIGW-GAUSS in Ref. [16]): Three model
parameters (Aζ, Δ, and f�, which control the
amplitude, width, and peak frequency of the pri-
mordial curvature spectrum Pζ, respectively), Pζ is
assumed to have a log-normal shape [87], ΩGW,
based on Refs. [88,89].

More details on these models and the computation of the
respective GWB spectra can be found in Ref. [16] and
references therein. Reference [16] presents, moreover,
the results of MCMC fits of all three models to the
NG15 timing residuals, including the marginalized one-
dimensional posterior densities for all parameters listed
above. In the following, we shall reconstruct these posterior
densities in four different ways and compare them to the
results in Ref. [16] (NG15):
(1) (RPL): Refits to the RPL posterior density: explicit

evaluation of Eq. (15), using the map Φ in Eq. (7).
These refits are the main results of our analysis in
this paper.

(2) (CPL): Refits to the CPL posterior density: same
strategy as for our RPL refits, but with RPL → CPL
in all steps of the analysis. With these refits, we
intend to assess the relevance of nonzero β in the
baseline model.

(3) (nRPL) Naive refits to the RPL posterior density:
explicit evaluation of Eq. (15), but instead of Φ, we
use the BSM-RPL map that results from solving, for
a given θBSM, the following constraints for θRPL at
fpivot ¼ 1

10 yr :

dn lnΩBSM

dðln fÞn
����
fpivot

¼ dn lnΩRPL

dðln fÞn
����
fpivot

; n ¼ 0; 1; 2:

ð16Þ

FIG. 1. Schematic illustration of our minimal refitting
approach.
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(4) (nCPL) Naive refits to the CPL posterior density:
same strategy as for our naive RPL refits, but with
RPL → CPL in all steps of the analysis. For a given
θBSM, we solve the following constraints for θCPL at
fpivot ¼ 1

10 yr :

dn lnΩBSM

dðlnfÞn
����
fpivot

¼ dn lnΩCPL

dðlnfÞn
����
fpivot

; n¼ 0;1: ð17Þ

With the last two approaches, we intend to assess the
relevance of the χ2-minimization procedure in the con-
struction of our mapΦ. Note that the naive maps defined by
Eqs. (16) and (17) depend on the arbitrary choice of
fpivot ∈ ½fmin; fmax�, whereas our map Φ is based on global
information across the whole frequency band from fmin to
fmax. In our analysis, we set fpivot ¼ fref ¼ 1

10 yr. This
choice is convenient, but not necessary. It is still straight-
forward to solve the constraints in Eqs. (16) and (17), even
if fpivot ≠ fref .
In passing, we mention that the nCPL refits correspond

to the standard procedure in the literature on the cosmic
microwave background (CMB) and the predictions of
individual models of cosmic inflation for the CMB observ-
ables As, ns, and r (i.e., the amplitude and tilt of the
primordial scalar spectrum, as well as the tensor-to-scalar
ratio at some scale kpivot) [90]. In CMB analyses of this
type, the nCPL approach is justified by the slow-roll
approximation, which can be systematically improved
order by order in the slow-roll parameters. For instance,

at next-to-leading order, one has to include the running αs
of the spectral index ns, which then results in analyses on
par with our nRPL refits. In our case, by contrast, there is
no equivalent approximation. In other words, there are no
small “slow-roll” parameters that would control the devia-
tions between BSM spectra ΩBSM and the reference ΩRPL
(or ΩCPL) spectra, which motivates us to go beyond the
naive maps in Eqs. (16) and (17).

VI. RESULTS

We present the results of our numerical analysis in
Figs. 2 and 3. In Fig. 2, we show the projection of select
exotic GWB spectra onto the CPL and RPL parameter
spaces constructed in terms of our map Φ in Eq. (7).
The plots of the γ-log10A plane can notably be regarded
as the equivalents of the standard ns-r plot in the CMB
literature. An important observation in view of our two
plots of the γ-log10A plane is that they differ not only in
terms of the blue posterior ellipses, but also in slight
changes to the model predictions, indicated by the
colored lines and markers. The reason for this is clear:
unlike in the nCPL and nRPL approaches, we do not
Taylor-expand the ΩBSM spectra around some fpivot.
This can lead to situations where, e.g., the BSM-RPL
map results in a slightly different index at fref than the
BSM-CPL map.
The outcomes of our four different refit analyses (RPL,

CPL, nRPL, nCPL) are shown in Fig. 3, where we com-
pare all approximate parameter posterior densities to the

FIG. 2. Marginalized two-dimensional posterior densities for the parameters of the CPL and RPL models after Bayesian MCMC fits to
the NG15 timing residuals based on the analysis in Ref. [77]; 68% and 95% credible regions in dark and light blue, respectively. On top,
we show projections of select exotic GWB spectra onto the parameter spaces of these two models constructed in terms of our map Φ in
Eq. (7). From the color scale, one can read off log10 ðf�=HzÞ in the SIGW model, as well as log10 ðGμÞ for stable and metastable strings.
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MCMC results from Ref. [16] in terms of the Hellinger
distance DH. Recall that, for two probability densities P
andQ for a model parameter θ, the Hellinger distanceDH is
defined as [91]

DHðP;QÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2

Z
ð

ffiffiffiffiffiffiffiffiffiffi
PðθÞ

p
−

ffiffiffiffiffiffiffiffiffiffi
QðθÞ

p
Þ2dθ

s
; ð18Þ

which can vary between 0 and 1. Besides, we stress that
we compute DH for marginalized one-dimensional pos-
terior distributions; the effect of red and white noise on
the Bayesian parameter inference is thus marginalized
over.
For metastable strings and SIGWs, we find that the RPL

refits always yield the best results—i.e., the smallest
Hellinger distances to the NG15 posteriors. Similarly,
for both RPL and CPL, the naive refits always perform
worse in these models than their more sophisticated
counterparts—i.e.,

DHðnRPLÞ > DHðRPLÞ ð19Þ

and

DHðnCPLÞ > DHðCPLÞ: ð20Þ

These observations confirm our expectations and demon-
strate that the RPL refits introduced in this paper offer a

more accurate refitting technique than the simpler nRPL,
CPL, and nCPL techniques. In several cases, DH drops by
as much as a factor of 3 or 4 when replacing the nCPL refit
with an RPL refit. On top, we checked that choosing a less
favorable fpivot in Eqs. (16) and (17)—e.g., fpivot ¼ 1

1 yr—

can lead to even larger improvement factors. Meanwhile,
our refits of the stable-strings model to the RPL and
CPL posterior densities results in a different hierarchy,
DHðnCPLÞ <DHðCPLÞ<DHðRPLÞ<DHðnRPLÞ, which
we attribute to the poor quality of the stable-strings fit of the
NG15 data in general—see Fig. 2, where the predictions of
this model do not even intersect the 95% credible regions
for γ and log10 A.
Finally, we comment on two technical numerical aspects:

First, from the posterior densities for the SIGW model, one
can clearly infer the finite resolution of our scan in the
Aζ-Δ-f� parameter space. Nested sampling would provide
an alternative approach to evaluating Eq. (15), especially
for models with three or more parameters. Second, all
posterior densities for metastable strings feature numerical
fluctuations that ultimately result from the coarse resolution
of the Gμ-

ffiffiffi
κ

p
parameter grid used in the analysis in

Ref. [16]. In future work, it would be interesting to
recompute all posterior densities for metastable strings,
including full MCMC results, with a finer resolution in
parameter space. On the other hand, for our purposes in this
paper, the numerical fluctuations in the posterior densities
for metastable strings actually offer an unintended advan-
tage, as they allow us to demonstrate that even very

FIG. 3. Marginalized one-dimensional posterior densities for the parameters of three exotic GWB spectral models (SIGWs, stable
strings, and metastable strings) obtained in five different ways: (NG15) Bayesian MCMC fits to the NG15 timing residuals [16]. (RPL,
nRPL) Refits to the RPL posterior density, based on the map Φ in Eq. (7) and the naive map in Eq. (16). (CPL, nCPL) Analogous CPL
refits; see Eqs. (7) and (17). The tables list the Hellinger distancesDH between the respective approximate posterior densities and the full
NG15 MCMC results.
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nontrivial posterior shapes can be reproduced by our
minimal refitting techniques.

VII. CONCLUSIONS

We introduced a new minimal refitting technique, based
on the RPL baseline model and a χ2-minimization pro-
cedure inspired by matched filtering, that can be used for
model comparison (see Fig. 2) and parameter inference
(see Fig. 3) in the investigation of BSM models that
serve as possible interpretations of the 2023 PTA signal.
We specifically demonstrated that this technique outper-
forms related but simpler approaches, at least in the case of
BSM models that yield a good fit of the NG15 signal. In
future work, we are planning to implement the tools
introduced here in PTArcade. Besides, it may be interesting
to explore similar techniques in the context of CMB physics.
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