
Theoretical cosmology

Yuko Urakawa (KEK IPNS)

次世代重力波実験で迫る
宇宙創世と対称性の破れ

浦川　優子

高エネルギー加速器研究機構

素粒子原子核研究所

用意したスライド
研究の背景　　    　      3枚
「なぜ原始重力波は重要か？」

今回の論文の成果　　　2枚

今後の可能性                   1枚
「何に役立つのか？」

+（時間あれば）「計算簡単化実現の肝」1枚

ICFA seminar, Nov 6th 2026



Outline

1) Initial conditions of Big Bang 
cosmology and inflation

3) Accelerated expansion 
and dark energy

2) Structure formation 
and dark matter

We know the gross picture of the cosmic history but the 
microphysics/origins remain unknown. 



Cosmic inflation

Massless fields during inflation
 d⟨ϕ2

I ⟩/d ln k ∼ k3Pϕ(k) ≡ Δϕ ~ const

Deviation from de Sitter 

(from Diff)Gravity +  (inflaton)ϕ
scalar potential


~ energy density

gws

~ de Sitter sp. w/time trans. sym.

 ζ

massless

approx. scale inv.   ns ∼ 1

1) Deviation from exact scale-invariance (Harrison-Zeldvich)

2) Non-zero tensor to scalar           r = Δgw/Δζ

Time trans.  sym → scale inv.   ns = 1

 ~ time clock → becomes ill-defined w/time trans. sym. ζ

~8σ exclusion (PLANCK 18)
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Fig. 1.— Constraints on the tensor-to-scalar ratio r and the scalar spectral index ns from di↵erent cosmological data sets alongside
theoretical predictions. The orange contours are derived from Planck and BICEP/Keck data, whereas the blue contours additionally use
SPT and ACT data.a Filled contours use only CMB data, whereas line contours add BAO data (SDSS for orange contours, DESI for blue
contours). We show the prediction for monomial inflation models with di↵erent exponents in red; the grey shaded region corresponds to
a duration of inflation of N?= 47-57 e-folds for monomial potentials. The predictions of Higgs inflation for N? = 55 and Starobinsky R2

inflation for N? = 51 are shown as a white circle and a black square, respectively. The grey dotted lines correspond to the predictions of
a polynomial ↵-attractor model with potential V (') = V0|'|2/(µ2 + |'|2) for N? = 47-57 (left to right dotted line). We divide the r-ns
plane into regions of concave and convex inflaton potentials. The code to reproduce this figure with SPA+BK(+DESI) contours and all
shown theoretical predictions is provided at https://github.com/Lbalkenhol/r_ns_2025.
aNote that for the orange contours, Planck low-E data and PR3 lensing data are used, whereas for the blue contours, we use Planck PR4

lensing data and a prior on the optical depth to reionisation is applied in lieu of the Planck low-E data. Both orange contours use Planck
multi-frequency likelihoods. The open orange contours use the public data products of Ade et al. (2021).

pared to the r < 0.035 result of Ade et al. (2021) (see
Figure 5 therein for the combination of BICEP/Keck,
Planck , and SDSS BAO data, as well as Paoletti et al.
(2022)) is compatible with the numerical precision of the
MCMC analyses given the e↵ective number of r samples.
Additionally, we note that Ade et al. (2021) fix the ten-
sor power spectrum tilt to zero, whereas in our analysis
it is set using the self-consistency relation for single field
slow-roll inflation. This tends to slightly increase the ex-
pected B-mode power and can hence lower the derived
upper limit (see e.g. Seljak & Zaldarriaga 1997; Dodel-
son 2003). The additional CMB data compared to Ade
et al. (2021) is expected to have no measurable e↵ect on
r. Note that in comparison to Tristram et al. (2022),
who report r < 0.032, we use a di↵erent combination of
Planck data and in particular do not include Planck BB

spectra.
The ns constraint on the other hand is informed by

the Planck , ACT, and SPT data, with the data sets’
sensitivity descending in this order due to their weight-
ing across angular scales. The individual CMB experi-
ments’ constraints on ns (and ⇤CDM parameters more
broadly) are consistent with one another, while being
largely independent:5 ns = 0.9657 ± 0.0040 for Planck ,

5 The SPT data set is derived from observations of 4% of the
sky and its overlap with the footprints of the other experiments is
minimal (Camphuis et al. 2025; Qu et al. 2025). There is some mild
correlation between the ACT and Planck data, though note that
in the SPA combination the scales covered by both experiments
are removed from the Planck data (Louis et al. 2025).

ns = 0.9682 ± 0.0069 for ACT, and ns = 0.951 ± 0.011
for SPT. Adding the SPT to Planck data yields ns =
0.9636 ± 0.0035, whereas a joint analysis of SPT and
ACT data gives ns = 0.9671 ± 0.0058 (all results taken
from Camphuis et al. 2025). Note that Louis et al. (2025)
report ns = 0.9709 ± 0.0038 for the P-ACT combination
of Planck and ACT primary CMB data defined therein;
this is higher than the individual Planck and ACT results
as di↵erences in the baryon density between the ACT
and cut Planck data are accommodated in the joint con-
straints by raising ns (see the lower left panel of Figure 37
in Louis et al. (2025)).6 CMB results show a high degree
of robustness across ⇤CDM parameters when consider-
ing only temperature or polarisation data and when com-
paring constraints from di↵erent angular scales (Planck
Collaboration et al. 2020c; Louis et al. 2025; Camphuis
et al. 2025).7

The SPA constraint on ns is correlated at the 31%
level with ⌧reio and is as such sensitive to the prior cho-
sen for the latter. Using a symmetrised Sroll2 prior
of N ⇠ (0.0566, 0.00582) (Louis et al. 2025; Pagano

6 The referenced analyses do not vary r and do not include BI-
CEP/Keck data, though given the small correlation between these
two parameters the impact is negligible. See also McDonough &
Ferreira (2025) and Table I of Ellis et al. (2025) for a compilation
of ns constraints as well as Jense et al. (2025) for details on the
choice of Planck likelihood.

7 Note that the modelling of the Sunyaev–Zeldovich power spec-
trum can mildly impact the ACT constraint on ns (Beringue et al.
2025). For more information on the stability of recent CMB results
with respect to foreground modelling see Tristram et al. (2025).

1) Deviation from exact scale inv. ns − 1 ≃ − 6ε + 2η

2) r ≃ 16ε

ε ∝ (Vϕ /V )2

η ∝ Vϕϕ /V
under SR approx.

SPA: SPT + PLANCK +ACT
BK: BICEP + Keck

Balkenhol et al. (26)  

2sigma (SPA+BK)

1.3sigma (SPA+BK) for a given N⋆

-  (Red-tilt spec.)                 ηV ∝ Vφφ < 0 ns − 1 < 0 (Concave)
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latest constraints on r and ns as a reference for the com-
munity. Accordingly, we make the data products associ-
ated with these results publicly available. Additionally,
we release visualisation scripts and an online application
that allow for the creation of custom r-ns figures with
data constraints and the prediction of any inflationary
model of choice, with the intention that these resources
remain useful as new data arrive and models are devel-
oped.2

This work is structured as follows. In §2 we specify the
data used, the model space considered, and our method-
ology to derive parameter constraints. In §3 we present
our results, before concluding in §4.

2. DATA SETS AND METHODOLOGY

We present constraints on the ⇤CDM model of cosmol-
ogy, adding a varying tensor-to-scalar ratio r (at a pivot
scale of 0.05Mpc�1). We set the tensor power spectrum
tilt to obey the self-consistency condition for single field
slow-roll inflation. We otherwise parametrise the model
using the amplitude log(1010 As) and spectral index ns
of initial scalar perturbations (at the same pivot scale as
r), the physical density of baryons ⌦bh

2 and dark mat-
ter ⌦ch

2, the expansion rate today H0, and the optical
depth to reionisation ⌧reio.
To constrain this model, we use CMB data from

Planck , SPT, ACT, and BICEP/Keck. Specifically, for
the first three experiments, we use the ‘SPA’ combina-
tion of primary CMB (TT/TE/EE) and CMB lensing
(��) measurements introduced by Camphuis et al. (2025,
see §VIIA therein) featuring SPT-3G D1, ACT DR6, as
well as Planck PR3 and PR4 data (Planck Collaboration
et al. 2020a; Carron et al. 2022; Qu et al. 2024; Mad-
havacheril et al. 2024; Ge et al. 2025; Balkenhol et al.
2024; Camphuis et al. 2025; Naess et al. 2025; Louis et al.
2025; Calabrese et al. 2025; Quan et al. 2026). As intro-
duced by Louis et al. (2025), and matching the definition
of ‘SPA’ in Camphuis et al. (2025), we restrict the Planck
data to ` < 1000 in TT and ` < 600 in TE/EE to avoid
double counting information. Note that we use the com-
pressed CMB-only likelihoods, where available. We use
the latest BICEP/Keck B-mode (BB) likelihood (Ade
et al. 2021). We also consider BAO measurements from
the second data release (DR2) of the DESI collaboration
(DESI Collaboration et al. 2025). We consider data sets
that agree across the common constrained parameters
with an equivalent one-dimensional Gaussian significance
of 3� or less as consistent and allow ourselves to combine
them; this has been demonstrated for the di↵erent CMB
data sets and for the SPA combination w.r.t the BAO
data (Louis et al. 2025; Camphuis et al. 2025).
We perform Markov Chain Monte Carlo (MCMC)

analyses using the Cobaya sampler (Lewis & Bridle 2002;
Neal 2005; Powell 2009; Lewis 2013; Cartis et al. 2018a,b;
Torrado & Lewis 2021) and consider runs with a Gelman-
Rubin statistic of R � 1 < 0.02 as su�ciently con-
verged. To obtain model predictions, we use the Boltz-
mann solver CLASS (Blas et al. 2011). As the CMB data
set combination above does not include large-scale E-
mode data, we impose a Planck -based prior of N ⇠
(0.051, 0.0062) on the optical depth to reionisation ⌧reio

2 https://github.com/Lbalkenhol/r_ns_2025,
https://r-ns-plot.streamlit.app/

(Planck Collaboration et al. 2020e), matching the defini-
tion of ‘SPA’ in Camphuis et al. (2025). We otherwise
impose uniform priors on cosmological parameters. For
r we report 95% upper limits, whereas for ns we report
mean values, 68% confidence intervals, and best-fit val-
ues in parentheses. Figures are generated with the help
of GetDist (Lewis 2025).

3. RESULTS

We now report constraints on r and ns from the
data sets introduced in the previous section. We show
marginalized posterior distributions in the r-ns plane
in Figure 1 alongside di↵erent theoretical predictions.
There exists a vast and changing landscape of inflation
models (for recent reviews see Martin et al. 2013; Kallosh
& Linde 2025a) and an exhaustive comparison of the data
constraints with the spectrum of theoretical predictions
available is beyond the scope of this work; we instead
choose to compare to a set of reference models, namely
monomial inflaton potentials with N? = 47-57 e-folds,
Starobinsky R

2 inflation with N? = 51 (Starobinsky
1980; Mukhanov & Chibisov 1981; Starobinskii 1983),
Higgs inflation with N? = 55 (Bezrukov & Shaposhnikov
2008; Bezrukov & Gorbunov 2012),3 and polynomial ↵-
attractor models with potential V (') = V0|'|k/(µk +
|'|k) with k = 2 and 47  N?  57 (Kallosh & Linde
2022).4 Here we restrict ourselves to (ns, r) predictions to
lowest order in slow-roll parameters, which is consistent
with the Higgs and Starobinsky models di↵ering only by
the reheating temperature, i.e. by N?; we caution the
reader about the contribution of next-to-leading terms
in slow-roll parameters might be non-negligible in our
discussion. The data products and code made publicly
available with this work can be used to compare the new
data constraints to arbitrary predictions for r and ns.
We first consider constraints from the SPA+BK com-

bination. We report:

r < 0.034,

ns = 0.9682 ± 0.0032 (0.9681). (1)

These constraints are consistent with the prediction of
Starobinsky R

2 and Higgs inflation at 2.0� and 1.3�,
respectively. They are compatible with monomial po-
tentials with N? = 47 at 2.0� (for V (�) / �

n with
n = 0.33) and di↵er from the closest convex potential
at 4.8�. The ns central value matches the prediction of
the chosen polynomial ↵-attractor model for N? = 47.1
and remains compatible with the prediction for N? = 57
at 1.7�. Note that these indicative exclusion ranges re-
fer to the particular N? values adopted to represent these
inflationary models and do not fully take into account re-
heating uncertainties as well as next-to-leading terms in
slow-roll parameters in the (ns, r) predictions.
The constraint on r is dominated by the BICEP/Keck

data; the minor change in the upper limit above com-

3 We choose to fix the number of e-folds for Starobinsky and
Higgs inflation for simplicity; for these models a range of N? values
is allowed reflecting the uncertainty on reheating.

4 For the chosen polynomial ↵-attractors ns depends on k and
N?, while r additionally also depends on µ. As only upper limits
have been reported for r, we focus our discussion on ns for this
model, which is given by ns = 1�2(k+1)/ [N?(k + 2)] in the limit
of small µ and large N?. For details on the di↵erent classes of
↵-attractor models see Kallosh & Linde (2025b).
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of small µ and large N?. For details on the di↵erent classes of
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Non Gaussianity

- Non-linear interactions generate (intrinsic) higher point fns.

- Different interactions can generate different configurations

Local Equilateral  Orthogonal 
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● bi-spectrum templates

and so on…

f local
NL = − 0.1 ± 5.0

 Jung et al (PLANCK DR4, 2504.00884) 　
f eq
NL = 6 ± 46 f ortho

NL = − 8 ± 21



Lyth bound and distance conjecture

Simons Observatory (SO)       σ(r) ~ 10-3
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Lyth bound

Swampland and Distance conjecture

T/S ratio   is related to the change of field value  (deviation from dS)r ϕ

Landscape vs Swampland
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[Vafa ’05, Ooguri-Vafa ’06] 

[Figure from Beest, Calderon-Infante, Mirfendereski, Valenzuela ’21]

Instead of concentrate on one model, let us think about 
universal properties for all string compactifications. 

SO can tell the amount of excursion, e.g,  or  (under extra assumptions)Δϕ > Mpl Δϕ < Mpl

Lyth (96)

for  , a tower of state is conjectured 
to become exponentially light.

Δϕ > Mpl

Ooguri-Vafa(06)

 → potentially limiting low-energy EFT

 figure from Beest et al. (21)



Cosmological colliders

Collider 
experiment

Collision of particles Resonance-like structure in 
collider signals 

Cosmology

Heavy particles during inflation
(~1013GeV)

Statistical properties of 
primordial perturbations

Statistical properties of primordial map → New probe of HEP beyond accelerator exp.

eg.  ATLASeg. LHC (~103GeV)
CERN

Cosmological observables
e.g. Deviation from Gaussian 

Heavy particles Imprints Detector



Particle creation during inflation ?
where As is the amplitude of the primordial scalar perturbations, ns is the scalar spectral
index, k⇤ = 0.05Mpc�1 is the pivot scale, and dns/d ln k is the running of the scalar spectral
index with wavenumber. This standard power law model is broadly consistent with pre-
cise CMB measurements from telescopes such as the Planck satellite [9, 10], the Atacama
Cosmology Telescope (ACT) [11–14], and the South Pole Telescope [15]. Despite these pre-

Figure 1: Binned reconstruction of the dimensionless primordial curvature power spectrum
with 68% CL errors for di↵erent datasets, updated from [16]. The ACT (P-ACT) wavenum-
bers on the x-axis are shifted to the left 4% (1%) and the P-ACT-LB (P-ACT-LBDR2) to the
right by 2% (5%) to expose the central values. The top panel shows the reconstruction over
the full range of wavenumbers considered, highlighting the improvement achieved with the
addition of the ACT data (navy versus orange bands). For this panel, the x-axis is scaled as
k0.5 in order to best show the small scales. The bottom panel zooms into the region where
ACT alone (light blue) becomes comparable and then overtakes Planck in constraining power.
Adding lensing and BAO data (purple) has minimal impact. The updated constraints using
DESI DR2 (P-ACT-LBDR2) are shown as stars (light purple). The binned measurement is
consistent with the P-ACT-LB best-fit ⇤CDM power-law spectrum shown in grey.

cise cosmological measurements, the physics driving inflation remains poorly constrained.
Open questions include which field(s) drove inflation, what the shape of the potential is, and
what possible departures there are in the model from single-field slow-roll dynamics. Our
current upper bound on the energy scale of inflation comes from the Planck PR4 and BI-
CEP/Keck upper bound of the tensor-to-scalar ratio, r ⌘ At/As < 0.032, which corresponds
to Einf < 1.3⇥ 1016 GeV at 95% confidence [17]. At these energy scales, the Standard Model

– 2 –

binned reconstruction of PPS (68%CL) 

Models

e.g.,Axion monodromy inflation

2) Burst particle production

1) General oscillation

Marginal improvements in fits yet, but no 
clear preference over ΛCDM in Bayesian 
evidence.

Nerval, Hlozek, Jense, Bond (26)

Figure 3: Example primordial power spectra comparing ⇤CDM (dark grey) to Eq. 2.1 for
AX = 0.01, !X = 10, and �X = 0 for both linear (teal) and log (light purple) spacing. The
logarithmic running model (indigo) uses ↵rf = 0.02. The particle burst model from Eq. 2.4
(coral) is shown for As = 2.07⇥ 10�9, ns = 0.965, AI = 5⇥ 10�11, k1 = 1⇥ 10�3, � = 1.0,
and i = 10. The bottom panel shows the fractional residuals with respect to ⇤CDM.

Figure 4: Figure 1 from [22]. This diagram shows the rescattering process between the
inflaton (�) and iso-inflaton (�). This interaction causes Bremsstrahlung radiation of inflation
fluctuations, which is the dominant component for the modifications to the PPS.

decrease in velocity after the particles are produced and by rescattering, or in other words
Bremsstrahlung radiation of inflaton fluctuations due to rescattering of � particles o↵ of the
inflaton condensate. The latter e↵ect dominates the signal and therefore was the topic of
study of Ref. [22]. Figure 4 shows a diagram of this rescattering process.

This e↵ect changes the primordial curvature power spectrum. Ref. [23] computed the
power spectrum analytically using one-loop approximations, the diagrams for these correc-

– 5 –



Imprint of heavy particles on non-Gaussianity

P(k1)P(k3)
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reheating

during inflation

mass
spin

1) Cosmic microwave background <δTδTδT> 

2) Galaxy number count <δn δn δn> 

3) Two point galaxy statistics 

PLANCK18, Bartolo et al. (17), Franciolini et al. (18), 
Bordin & Cabass (19), Sohn et al. (23, 24) 

Moradinezhad et al(181 ,182),…. 

Dalal (07),….. 

Need to combine all possible data

Schmidt et al(15, 16), Kogai,…., Y,U,.(18),…. 

spin s=0 → <δn δn> 
spin s=2 → <γ γ> 
spin s>4 → <γl γl>  γl :l-th mom.  Kogai,…., Y,U,.(21)

(oscillation due to 
interference)



Outline

1) Initial conditions of Big Bang 
cosmology and inflation

3) Accelerated expansion 
and dark energy

2) Structure formation 
and dark matter

We know the gross picture of the cosmic history but the 
microphysics/origins remain unknown. 



Dark matter

Bertone & Tait (18)

We need either of 1) To go beyond 
standard model 

2) To modify 
general relativity

3) To modify map of the 
primordial Universe

Talks by Slatyer, 
Kazama, Irastorza, 
Hildebrandt

tension e.g., w/
Bullet cluster

Clowe et al. (06)



Harari & Sikivie (1992) 

Cosmic birefringence as probe of ALP DM

linear polarization 
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FIG. 6. Excluded regions in the mass-coupling parameter space for axion-like dark matter (cf. Fig. 3 in [15]). All constraints
push the allowed regions to larger masses and smaller coupling constants, i.e., toward the bottom right of the figure. If the dark
matter is assumed to consist entirely of axion-like particles, i.e., if  = 1, then our constraints (blue) are immediately implied
by Eq. 4 and the results of Fig. 5. A smoothed approximation is shown in cyan (Eq. 79). The orange dot-dashed and dotted
lines show the constraints that would be achieved if the rotation amplitude were constrained to 0.1� and 0.01�, respectively.
The green solid line shows the constraint set by Fedderke et al. [15] by searching for the washout e↵ect (Sec. I) in publicly
available Planck power spectra. The dashed green line shows the cosmic-variance limit for the washout e↵ect. The dashed
grey horizontal line shows the limit from searching for a gamma-ray excess from SN1987A [22]. The solid grey horizontal line
is the limit set by the CAST experiment [21]. The dotted grey vertical line is a constraint on the minimum axion mass from
observations of small-scale structure in the Lyman-↵ forest [26], though we note that several similar bounds have also been set
by other considerations of small-scale structure [27, 28].

cant for multipoles larger than ` ⇠ 2000, where the CMB
anisotropies are suppressed.

The CMB Stage-4 (CMB-S4) project will contain more
than an order of magnitude more detectors than any
current-generation experiment, and this will provide yet
another boost in sensitivity [44, 45]. An axion-oscillation
search imposes few requirements on the design and scan
strategy of CMB-S4, since the main elements are noth-
ing more than sensitive, repetitive measurements of CMB
polarization. The search is more sensitive at CMB-

dominated frequency bands like 95 and 150 GHz, since
the global oscillation a↵ects only the CMB component of
the polarization field. To take full advantage of the po-
larization information in the CMB and thereby increase
the signal-to-noise ratio, higher-resolution instruments
are preferred, e.g., with aperture diameters of 5-10 m,
which allow for sensitivity to polarization modes into the
CMB damping tail.

The methods presented in this work can be adapted
with relatively minor alterations to analyze data from

3

Analysis Setup.— The ALDM halo can be modelled
as a stochastic superposition of particle waves, due to its
extremely low particle mass and high occupation num-
ber, as well as its random origin from primordial den-
sity fluctuations [25, 34]. In this work, we will take a
Bayesian method to search for the ultralight ALDM in
TPPA data, where the signal signature is statistically
manifested as two-point correlation functions of pulsar
time series in the likelihood covariance matrix Ca. With
the stochastic modelling, the two-point correlation func-
tions between pulsars p and q are given by [23]

Ca
p,n;q,m = S2

a

⇢
cos [ma(tp,n � tq,m)] (1)

+
q

⇢p⇢q/⇢2e cos
⇥
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q
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⇤ sin yeq
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�
,

where Sa ⌘ ga��
p
⇢e/ma is the characteristic magni-

tude of signal, and tp,n and t0p,n the reception and emis-
sion time of pulsar light for the n-th observation epoch.
yij = |xi � xj |/lc is dimensionless, denoting the inter-
pulsar and pulsar-Earth separations. lc = 1/(mav0) is
the coherence length of ALDM with the virial velocity
v0 ⇠ 10�3. As the TPPA pulsars are distributed over a
range of several thousands of parsecs, we take the best-
fit Einasto halo profile inferred from recent photometric
data [35]. This covariance matrix encodes the full sig-
nal correlations. Its diagonal (p = q) and o↵-diagonal
blocks (p 6= q) represent the ALDM-induced pulsar auto-
correlations and cross-correlations, respectively. The two
auxiliary TPPAs behave di↵erently: the COM group,
with generally smaller yij , is sensitive to spatial corre-
lations over a larger mass range, while the EXT group
contains pulsars whose local ALDM density ⇢p can reach
3-4 times that of ⇢e, implying that the pulsar–pulsar term
dominates at least in the auto-correlation.

The noise modelling for this analysis mainly follows
the method developed for PTA and PPA studies [15, 36].
In addition to observational errors and temporally cor-
related RM variances of random nature, we include a
polynomial of up to second order [15] to account for
slow variations in the properties of the Ionized Interstel-
lar Medium (IISM) and the resulting Faraday Rotation
(FR), along each pulsar’s line of sight.

One challenge for noise modelling arises from evalu-
ating temporal variance of the ionosphere-induced FR,
where multiple e↵ects and time scales could be en-
gaged through plasma profile and geomagnetic field. As
shown in [15], the use of the recently developed package
ionFR [37] to subtract these e↵ects may leave unmod-
elled ingredients in the PA residual time series. To bet-
ter assess the uncertainties associated with ionospheric
modelling, we thus employ an additional public pack-
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FIG. 2. 95% upper limits on the ALDM Chern-Simons
coupling ga�� as a function of ma. These limits are ob-
tained with the ionFR (blue) and spinifex (red) pack-
ages applied for the ionospheric subtraction. The solid and
dashed lines correspond to the constraints for the signal
models with the full-correlation across the TPPA pulsars,
and with the auto-correlation only for individual TPPA pul-
sars, respectively. The linear fitting function of ga�� ⇠
10�13.3

�
ma

10�22eV

�
GeV�1 to the TPPA limits in the high

mass regime is presented in dot-dashed grey. As a ref-
erence, the limits from the PLANCK CMB polarization
measurements [20],the Chandra Transmission Grating Spec-
troscopy [39], the CAST helioscope at CERN [40], and the Eu-
ropean Pulsar Timing Array (EPTA) [14] and the PPPA [15]
are also shown. The vertical dotted lines represent character-
istic time scales of 5 years, 1 year and 1 month.

age spinifex [38] for comparison. We present the noise
modelling for single pulsars in [33], which shows that the
ionospheric subtraction with spinifex in general results
in a significantly better fit of the noise model to data. Be-
low we will compare the performance of these two iono-
spheric packages in the ALDM search, illustrating how an
improved ionospheric model can enhance sensitivity (See
SM for additional validations of our noise modelling).
Analysis Results.— To generate the constraints on

the ALDM Chern-Simons coupling, we take a Bayesian
analysis using Markov-Chain Monte-Carlo (MCMC)
sampling chains, where the intrinsic parameters of each
pulsar are assumed to be free. The 95% upper limits are
then extracted from the credible interval of the Sa pos-
terior distribution for a given ALDM mass, with both
ionFR and spinifex for ionospheric corrections. We
demonstrate these limits in Fig. 2.
Let us first present the analysis for the primary TPPA

with the ionFR-corrected data. Since the earlier PPPA
analysis [15] also used ionFR for ionospheric corrections,
we can compare their sensitivities, focusing on the as-
pects reflecting the di↵erences in observations conducted
and pulsar groups engaged. As shown in this figure,

AC effects  Source effects

BICEP/Keck collaboration(20)  

 (Wash-out)

MeerKAT    Yuwen et al. (26)

CMBPolarized Pulsar Array

1) BSM



Mitigation of calibration errors
Credit; Minami and Komatsu

We could only measure the sum α + αmis 
Use the polarized dust emission within milky way as a calibrator,

since the miscalibration (αmis) rotates both CMB and foreground but α only 
affects CMB.

→ α = 0.35 ± 0.14 deg (68%CL)

Namikawa, Murai, Naokawa (25)  For an interpretation of this, see e.g., lighter than ALP DM

Minami & Komatsu (20)  

Eskilt (26)  Planck DR4 + ACT DR6    α = 0.277 ± 0.057
# citation > 500



Axion/ALP and (small-scale) structure formation

Axion dark matter

Fuzzy DM (ALP w/ )ma ∼ 10−22eV

- PQ sym broken after inflation typically fPQ < Hinf

- PQ sym broken already during inflation typically fPQ ≥ Hinf

Vaquero, Redondo, Stadler (18)

Axion mini-cluster formation

Isocurvature restricts  Hinf Hinf < 107GeV

strong lensing, pulsar,….

Yet, tension w/Lyman α, dwarf galaxies,… for  ΩFDM/Ωm ∼ 1

Kolb&Tkacev(95), Fairbairn et al. (17), Dai&Miralda-Escude(19)


de Broglie wavelength e.g., Dalal et al. (2020)

 Dalal and Kravtsov (2022)ma > 3 × 10−19eV(99 % CL)

1) BSM

typically

Tracy Slatyer’s talk



Something more eccentric
3) Non-standard IC

Blau, Guendelman, and Guth(1987)

ϕ

V(ϕ)

small region

most regions

in Universe

→ eternal inflation

Numerical simulation can follow 
the dynamical BH formation.
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r= 0 singular

i wL

f=o
non singu

r=o
sing ulor

FIG. 12. The entire spacetime for the case of a monotonic
bubble solution. Several constant V hypersurfaces are indicated
for future reference by the letters a —d.

singularity at r=0, while the other is a closed universe
which contains both de Sitter and Schwarzschild regions.
It is the de Sitter region of the closed universe which in-
flates and which might ultimately produce the
Friedmann-Robertson-Walker universe observed today.

In Fig. 13 one sees plainly how the two paradoxes dis-
cussed in the Introduction are avoided. The first paradox,
concerning the volume of the false-vacuum region, is
resolved when we consider the unusual geometric struc-
ture. The false-vacuum region inflates as expected, but it
does not move outward into the true-vacuum region. In
fact the domain wall is constantly accelerating in the
direction of the false-vacuum region, but the false-vacuum
region is inflating so quickly that the motion of the wall
does not prevent its volume from increasing exponentially.
The solution to the second paradox, concerning the radius
of curvature of the domain wall, is also apparent in the

V

figure. Observers next to the wall on either side would see
its radius of curvature increase. The observer in the de
Sitter region attributes this growth to the general inflation
of his space; the observer in the Schwarzschild region, on
the other hand, attributes it to the higher pressure of the
true vacuum forcing the wall into the false-vacuum re-
gion, which lies at larger values of R.

Our method of derivation guarantees that the solutions
of types A E fo—rm an exhaustive set of solutions to the
false-vacuum bubble equations of motion. On this point
we are apparently in disagreement with Berezin, Kuzmin,
and Tkachev, ' who show a diagram (the second part of
their Fig. 3) which does not resemble any of ours, and
which we believe illustrates an impossible geometry.

For completeness we give in Appendix C the equations
which determine the trajectories of the domain wall as
seen in both the Kruskal-Szekeres and Gibbons-Hawking
coordinates. This appendix also contains a discussion of
the asymptotic behavior of those trajectories for which
r ~ oo as r~ oo (i.e., trajectories of types C, D, and E).

There are also some interesting special cases of these
solutions, which are discussed in detail in Appendix D.
First we examine the limit in which the surface energy
density o ~0, and find that in this limit the domain-wall
velocity approaches that of light, except at certain turn-
around points. We then investigate a bounce solution
which survives in the limit M~O, and we find it to be
identical to the bounce solution found by Coleman and De
Luccia. The special case 7=0 is not relevant to infla-
tion, but it is interesting because it illustrates the gravita-
tional repulsion of domain walls which was emphasized
by Ipser and Sikivie. ' For +=0 and M=O there is a cu-
rious solution, found earlier by Ipser and Sikivie, which
can be described as an inhomogeneous closed universe in
which all of the energy density is concentrated in a
domain wall which divides the universe in two. The
repulsive gravity of the domain wall causes this universe
to expand indefinitely.

VI. DISCUSSION AND CONCLUSIONS

FIG. 13. The evolution of type E solutions. The three-
dimensional spacelike hypersurface indicated in Fig. 12 are de-
picted by suppressing one dimension and embedding the result-
ing two-dimensional surface in a three-dimensional space. The
de Sitter region is indicated by shading. In d one sees that the
nascent inflationary universe (i.e., the de Sitter region) has de-
tached from the original spacetirne, and is now contained in an
isolated closed universe which also contains a Schwarzschild re-
gion.

In this paper we have analyzed the behavior of a spheri-
cally symmetric region of false vacuum which is separated
from an infinite region of true vacuum by a domain wall.
Several issues of cosmological interest may be viewed in a
new light because of these results.

First there are the implications for the early universe.
While some theories ' predict an early universe which is
very homogeneous, other approaches describe an early
universe which is highly chaotic. An important feature of
the inflationary mechanism is that it allows for the possi-
bility of such highly chaotic initial conditions. In a
chaotic theory it is plausible that a region which inflates
might be surrounded by regions that do not inflate, and
one would like to understand the evolution of such a sys-
tem. Assuming that our idealized spherically symmetric
problem is indicative, one would expect that the inflating
region would appear from the "outside" (i.e., from region
I of the Schwarzschild manifold) as a black hole, and
essentially all of the inflation would take place in the
causally disconnected region III. The inflating region

inflation

external observer 
recognises it as BH

(baby universe)

Garriga, Vilenkin, Zhang(16)

Saha, Tada, Y.U.(26), Saha, Sasaki, Y.U. (in prep)

one of two origins of PBH

simulation during inflation
Caravano et al. (24, 25, 26), Figueroa et al. (25),….. 



Outline

1) Initial conditions of Big Bang 
cosmology and inflation

3) Accelerated expansion 
and dark energy

2) Structure formation 
and dark matter

We know the gross picture of the cosmic history but the 
microphysics/origins remain unknown. 



DESI as a trigger of theoretical studies

see Masamune’s talk

25

the same conclusions as the CPL parameterization. We
refer to this model in the following as w0waCDM. In par-
ticular, a sequence of DESI papers [4, 5, 47] have reported
a preference for evolving dark energy from joint analyses
with external data. Currently and as shown in Section C,
the DESI BAO results show a ⇠ 3� preference in favor of
evolving dark energy once combined with CMB data. On
the other hand, further reanalyses on the side of the SNe
datasets [100, 105] mitigated discrepancies between dif-
ferent SNe samples, leaving results essentially unchanged
regardless of which SNe dataset is chosen, with a pref-
erence for evolving dark energy ranging from 3� to 3.5�
for the DESI+CMB+SNe combination.

For this analysis, the high-redshift measurements of
cosmological distances accessible to the Ly↵ forest al-
low us to set constraints on the expansion history deep
into the matter-domination era. In particular, con-
straining the AP parameter with su�cient precision at
high-redshift can potentially help distinguish between a
⇤CDM and a w0waCDM model (illustrated in Figure 13
below). Using the new Ly↵ measurements, the DESI
constraints on w0 and wa are now

w0 = �0.43+0.31

�0.14
,

wa < �1.68.

)
DESI BAO+Ly↵ FS (30)

This result is illustrated in Figure 10 (blue contours).
To compare the fit with respect to ⇤CDM, we estimate

the ��
2

MAP
⌘ �2� lnL evaluated by maximizing the

posteriors of each model and comparing the fit for the
w0waCDM model to a w0waCDM model with w0 = �1
and wa = 0. We find that ��

2

MAP
= �5.6 for DESI

(BAO+Ly↵ FS), corresponding to a 1.9� preference for
w0 and wa distinct from a cosmological constant. This
means that the inclusion of the Ly↵ FS data has slightly
increased the ��

2

MAP
di↵erence between the two models

with respect to DESI BAO constraints. On the other
hand, the individual �2 values have actually increased,
indicating that the fit to the data has deteriorated mildly
compared to the fit using DESI BAO alone.

The flexibility of the w0waCDM model allows it to
provide a good fit to both DESI measurements at late-
times and the new Ly↵ forest measurements at z > 2.
However, the situation changes when also considering
CMB measurements of the acoustic scale at recombina-
tion. The acoustic scale is defined as ✓⇤ = r⇤/DM and its
measurement sets an anchor at high redshift, roughly at
z⇤ ' 1090. This high-redshift anchor removes some of the
freedom in the fit for the dark energy parameters, forc-
ing the fit to not deviate too far from the Planck value
at recombination (although we notice that the acoustic
scale inferred by DESI is consistent with the CMB mea-
surement). The DESI+CMB joint fit measures

w0 = �0.54+0.19

�0.21
,

wa = �1.39+0.61

�0.50
,

)
DESI BAO+Ly↵ FS
+CMB

(31)
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FIG. 10. 68% and 95% confidence contours on the dark
energy parameters w0 and wa from DESI alone (blue) and
in combination with other data sets. The intersection of the
dashed gray lines represents the ⇤CDM model. We show
the previous DESI DR2 BAO constraints with the updated
CMB combination used here in dashed black contours and
its equivalent with the new DESI Ly↵ measurement in the
purple contour. The updated DESI and CMB data show a
preference of 2.7� for w0waCDM compared to ⇤CDM. This
preference increases to 3.2� when also including SNe from the
DES-Dovekie sample (green).

with a ��
2

MAP
= �9.8 relative to ⇤CDM. This corre-

sponds to a preference for evolving dark energy of 2.7�.
Therefore, adding the new Ly↵ constraints leads to a
roughly ⇠ 0.3� shift towards ⇤CDM when compared to
the DESI (BAO)+CMB constraint, as illustrated in Fig-
ure 10 (dashed black versus pink contours). This is con-
sistent with the updated AP measurement being in better
agreement with Planck CMB, as well as the DESI poste-
riors on ⇤CDM measuring a slightly higher ⌦m value. A
high value of ⌦ch

2 inferred by the CMB can also be cor-
related with the evidence for evolving dark energy from
the DESI+CMB combination.

On the other hand, it has been pointed out that the
value of the optical depth to reionization, ⌧ , from the
CMB is also correlated with the preference for evolv-
ing dark energy [131, 132]. A much higher value of the
optical depth would e↵ectively lead to a lower value of
⌦m, making DESI and the CMB consistent. We per-
form a test of this scenario within the ⇤CDM model by
dropping the low-` EE CMB likelihood. This leads to
⌦m = 0.2998 ± 0.0035 and ⌧ = 0.0905 ± 0.0096 for the
combination of DESI and remaining CMB data. How-
ever, this is incompatible with the ⌦m value inferred by
the SNe samples and of course inconsistent with the CMB
low-` E mode measurements by Planck. It would also
raise the amplitude of clustering, which will be tested
with forthcoming galaxy clustering and lensing analyses.
Independently of this, high optical depth scenarios can
be tested with astrophysical probes of reionization [e.g

Slightly reduced but persistent 
preference for dynamical DE.

DR2(2026)

dark energy spectroscopic instrument (DESI) citation of DR1(Apr. 2024) > 2,200

- Beyond CPL : parametrization dep. and   
reconstruction of DE evolution 

-  Theoretical consistency and stability 
of phantom crossing.

- The fluctuation of dark energy
(if it were to be dynamical)

ω(a) = ω0 + ωa(1 − a)



Constraints on fundamental constants

R and S can be taken as pure phenomenological parameters. One expects S[ 0
while R can be any sign. Their typical value in unification scenarios are thought to
be ðR; SÞ ¼ ð26; 160Þ (Langacker et al. 2002; Coc et al. 2007) and (109.4,0) in
dilaton type models (Nakashima et al. 2010).

Constraints on (R, S)
These two parameters can be constrained by observation. Many works have

interpreted data within this framework (see discussion in Sect. 4.1). Luo et al.
(2011) analyzed atomic clocks constraints (see Sect. 5.1.1) in this framework as
well as Julião et al. (2014) that showed that the data are degenerated according to
ðSþ 1Þ % 2:7R ¼ %5& 15 and that P ¼ 1:5& 4:5. Ferreira et al. (2013, 2014),
Martins and Pinho (2017) stressed that the various observation of PKS1413?135
(see Table 14) allows one to set independent constraints on ðaEM; l; gpÞ and then
extracted from the QSO constraints the one-dimensional confidence intervals for
ðR; SÞ ¼ ð277& 24; 742& 65Þ and from molecular data within our Galaxy (João
et al. 2015), while Thompson (2017a, 2017b) interpreted molecular spectra. Martins
and Vila Miñana (2019) combined local and astrophysical data. From a model of
polytropic white dwarfs with varying constants, Magano et al. (2017) determined
their mass-radius relation dependence on (R, S). From G191-B2B (see Sect. 8.2.4) it
was concluded that it constraints a different combination than atomic clocks.

Fig. 11 Summary of the systems that have been used to probe the constancy of the fundamental constants
and their position in a spacetime diagram in which the cone represents our past light cone. The shaded
areas represents the comoving space probed by different tests. The scale of the left indicates the typical
order of magnitude of the constraints on DaEM=aEM; e.g., %6 means DaEM=aEM.10%6 at the exception of
the first one which refers to _aEM=aEM.10%19/yr. We also indicate the typical redshift z of the system
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[Uzan 2410.07281]

- If DESI is true, it might motivate light 
dilaton phenomenology more seriously.

- If mi(ϕ) = A(ϕ)m(0)
i (i = e, p, ⋯)

e.g., C.Burgess (2025)

fifth force problem needs to 
be addressed together  

relaxes Hubble tension? 
Sekiguchi & Takahashi (2020)



Outlook

It’s an exciting epoch to explore microphysics/origins, going 
beyond the gross picture of the cosmic history.

Progress requires connecting cosmological observations with 
laboratory tests and theoretical consistency.

macro

dark matter lab searches, CP violation, 
neutrinos, atomic experiment….

micro  

 CMB, Galaxies, DM halos,…

other topics  Matter-antimatter asym, reheating, Neutrinos,…
multi-band GW exp.

Marica’s talk

Masamune’s talk
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Distance conjecture

26

Distance Conjecture
The Lagrangian of the massless scalar field is


  

  is called field space metric. The field space distance is defined 

from .         ,         


Statement: At large geodesic distance  (fixed ), the 
exponentially light tower of state appears. 


,            for   ,     

where  is  positive number.

ℒ = 1
2 ημνgIJ(∂μϕI)(∂νϕJ)

gIJ

gIJ (distance from ϕ0 to ϕ1 with path A) = ∫
ϕ1

ϕ0

ds ds2 = gIJdϕIdϕJ

Δϕ → ∞ MP

Mtower ∼ nMP e−αΔϕ Δϕ → ∞ n = 1,2,⋯
α )(1)

[Ooguri-Vafa ’06] 
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Typical spectrum during inflation

Typical spectrum during inflation

30

Hubble scale , H a ∼ eHt

Inflaton mass

Mass of other particles (KK states, stringy states, …)

Mass scale Beginning of inflation ( ).Δϕ = 0

Typical spectrum during inflation
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Hubble scale , H a ∼ eHt

Inflaton mass

Mass of other particles (KK states, stringy states, …)

Mass scale

If Δϕ ≫ MP

Dynamics of inflation drastically changes

slide from Y. Hamada (KEK)



Imprint of heavy particles on non-Gaussianity

1) Boltzmann suppression  

2) Dilution of massive fields

3) Weak coupling

Higuchi bound M2 > s(s-1) H2

Large coupling tends to make 1) more severe.
Wang & Xianyu(19, 20)

dS global rotation 
Bordin et al.(18) Kehagias & Riotto(17)
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Difficulty

Figure 5: Correlation between the cosmological collider templates studied in this work, together with
the standard local, equilateral and orthogonal templates. The correlation (defined as (3.11)) measures the
similarity of their observable CMB bispectrum predictions. Free parameters in each template have been
fixed to their best-fit values for this plot. Here we also summarize our acronyms for templates.

This value lies in [�1, 1] by construction. A strong correlation (+1) or anti-correlation (-1)

between the two shapes implies that they probe similar forms of the CMB bispectrum, and

their fNL estimates are highly correlated. Such shapes are di�cult to distinguish from the CMB

bispectrum analysis only. We also note that it is possible to have two very distinct shape functions

with a strong correlation under this metric, since the projection from the primordial perturbations

to the CMB anisotropies can wash out the di↵erences.

Figure 5 shows the correlation between cosmological colliders templates and the standard local,

equilateral and orthogonal templates. Note that the templates were evaluated at their best-fit

parameters, and any change in the parameters can have a significant impact on the correlation

values shown here; refer to Section 4 for detailed analysis. We also take this chance to introduce

the acronyms of the new templates which will be used later. Many of the templates studied in

this work are not strongly correlated with any of the standard templates.

3.2 CMB bispectrum estimator

Mode expansion Direct numerical computation of (3.6) is prohibitively expensive due to the

number of terms appearing in the sum: O(`5max) for `max . 2500 for Planck. Existing formalisms

19

Different patters of PNG are correlated.

Sohn et al. (24)

strong correlation (+1) or anti-correlation (-1) 



Models
Nerval, Hlozek, Jense, Bond (2606.28310)

of particle physics is likely incomplete, and additional fields or interactions are expected to
become relevant. Many of these “exotic” inflationary models, such as axion monodromy in-
flation [18, 19], unwinding inflation [20], trans-Planckian e↵ects [21], and inflationary particle
production [22, 23], predict oscillatory features in the PPS.

To explore potential departures from the standard power law in a “model agnostic”
manner, we utilized the model-independent approach we used to obtain constraints for the
ACT Data Release 6 (DR6) [16, hereafter C25]. While our previous analysis included data
from the Dark Energy Spectroscopic Instrument (DESI) Year-1 data [16], in this work we
update the constraints to include the DESI Data Release 2 (DR2) [24, 25]. Our updated
reconstruction can be seen in Figure 1 using the priors outlined in Appendix Section A.
There are mild hints of oscillations in the data relative to the ⇤CDM model best fit. In
addition, we see these slight oscillations in the residuals of the Planck 2018 and ACT DR6
data with ⇤CDM, as can be seen in Figure 2.

Motivated by these hints of oscillations, this paper aims to constrain general oscillatory
PPS models as well as oscillations induced by inflationary particle production. While recent
work constrained linear and logarithmic oscillating models with ACT, Planck, and SPT data
[26]. We extend this work by also considering the logarithmic running frequency, and suggest
changes to the sampling procedure. We employ a preconditioned sequential Monte Carlo
sampler, pocoMC [27, 28] which is better suited for the multimodal posteriors of these models,
rather than simply loosening the Gelman-Rubin convergence criteria [29] to R � 1 < 0.02.
We discuss the sampler in Section 4.2 and our model selection in Section 2. We extend
constraints from Planck 2018 data on particle production models [30] with ACT DR6 and
DESI DR2 data, as well as extend the k-range considered for the oscillatory features.

Our broad analysis is complemented by recent work by Ref. [31], which provides a deriva-
tion of the two-point correlation function for a single burst of massive inflationary particle
production. They derive and compare constraints from Planck, ACT DR6, and DESI DR2
using both Markov Chain Monte-Carlo (MCMC) and matched-filter techniques. While their
analysis targets the detailed phenomenology of these isolated bursts, our approach evalu-
ates generalized oscillatory templates and multiple bursts of inflationary particle production.
Together, these complementary strategies provide a comprehensive probe of non-standard
inflationary dynamics.

This paper is organized as follows. In Section 2, we provide an overview of the PPS
models we are considering as well as modifications to the particle production model due to
numerical instabilities. We discuss the datasets used in this analysis in Section 3. In Section 4
we discuss our analysis methodology and integration of pocoMC into Cobaya. We then present
our results and discussion in Section 5 and conclude in Section 6.

2 Models of interest

2.1 General oscillations

In order to broadly constrain oscillatory features, we explore general oscillating models as
generic templates. Following the Planck 2018 inflation paper [32], we use,

PR(k) = As
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Figure 2: Residuals of the CMB power spectra (TT, EE, TE) for Planck 2018 (grey) and
ACT DR6 (black) data with respect to the P-ACT ⇤CDM best fit (coral). Note that we
are only showing the Planck data shown is restricted to the P-ACT combination. There are
hints of slight oscillatory features around ⇤CDM in these residuals, motivating a study of
models that impart oscillatory features.

where X = {lin, log, log rf}, ⌅X = {k/k⇤, ln(k/k⇤), ln(k/k⇤)(1 + ↵rf ln(k/k⇤))}, As is the
amplitude of the scalar power spectrum, ns is the scalar spectral index, k⇤ is the pivot
scale, !X is the frequency of oscillations, �X is the phase, and ↵rf quantifies the running of
frequency for the logarithmic model with running frequency. The running frequency model is
a good approximation for axion monodromy inflation for 0  ↵rf . 0.01 [18, 19]. We extend
our range for ↵rf following Ref. [32], allowing �0.1  ↵rf  0.1. We show example spectra
for these models in Figure 3.

2.2 Particle production during inflation

In the standard inflationary picture, particle production occurs after inflation during pre-
heating and reheating [33, 34]. If there are other subdominant fields coupled to the inflaton,
the motion of the inflaton can trigger particle production during inflation [22]. In previous
work such as Ref. [30], a generic model is studied, where the inflaton and iso-inflaton interact
via

Lint = �
g2

2

�
�� �i

�2
�2

� g2
�
�� �i

�
���2

�
g2

2
��2�2, (2.3)

where � is the inflaton, �i corresponds to the point where � is instantaneously massless
and there will be a burst of particle production, � is the iso-inflaton, and g is the dimen-
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Figure 2: Residuals of the CMB power spectra (TT, EE, TE) for Planck 2018 (grey) and
ACT DR6 (black) data with respect to the P-ACT ⇤CDM best fit (coral). Note that we
are only showing the Planck data shown is restricted to the P-ACT combination. There are
hints of slight oscillatory features around ⇤CDM in these residuals, motivating a study of
models that impart oscillatory features.
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amplitude of the scalar power spectrum, ns is the scalar spectral index, k⇤ is the pivot
scale, !X is the frequency of oscillations, �X is the phase, and ↵rf quantifies the running of
frequency for the logarithmic model with running frequency. The running frequency model is
a good approximation for axion monodromy inflation for 0  ↵rf . 0.01 [18, 19]. We extend
our range for ↵rf following Ref. [32], allowing �0.1  ↵rf  0.1. We show example spectra
for these models in Figure 3.
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Figure 3: Example primordial power spectra comparing ⇤CDM (dark grey) to Eq. 2.1 for
AX = 0.01, !X = 10, and �X = 0 for both linear (teal) and log (light purple) spacing. The
logarithmic running model (indigo) uses ↵rf = 0.02. The particle burst model from Eq. 2.4
(coral) is shown for As = 2.07⇥ 10�9, ns = 0.965, AI = 5⇥ 10�11, k1 = 1⇥ 10�3, � = 1.0,
and i = 10. The bottom panel shows the fractional residuals with respect to ⇤CDM.

Figure 4: Figure 1 from [22]. This diagram shows the rescattering process between the
inflaton (�) and iso-inflaton (�). This interaction causes Bremsstrahlung radiation of inflation
fluctuations, which is the dominant component for the modifications to the PPS.

decrease in velocity after the particles are produced and by rescattering, or in other words
Bremsstrahlung radiation of inflaton fluctuations due to rescattering of � particles o↵ of the
inflaton condensate. The latter e↵ect dominates the signal and therefore was the topic of
study of Ref. [22]. Figure 4 shows a diagram of this rescattering process.

This e↵ect changes the primordial curvature power spectrum. Ref. [23] computed the
power spectrum analytically using one-loop approximations, the diagrams for these correc-
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where As is the amplitude of the scalar power spectrum, ns is the scalar spectral index, k⇤
is the pivot scale, AI is the amplitude of the particle burst feature and is related to g, ki is
the location of this feature and depends on �i, and xi ⌘
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z dz [23, 30]. We assume ten bursts of particle production as our

main particle burst model, which we refer to as “multiburst” when comparing to other models.
We choose this value of bursts to ensure that the bursts cover our full k-range independent of
the k1 value within our priors (see Table 1) assuming � = 1 (to have minimally overlapping
bursts). Figure 3 shows an example power spectrum compared to ⇤CDM and the general
oscillating models. This model exhibits numerical instabilities specifically from the f2(xi)
term. In order to alleviate this, we use a Taylor expansion for f2(xi) when xi < 10�5, which
we discuss in more detail in Appendix Section B.

The separation between the bursts, or bumps in the power spectrum, is parameterized
by

ki = e(i�1)�k1, (2.10)

where k1 is the initial burst. Note that this assumes that � is constant; Ref. [30] similarly
assumes that � remains constant under the assumption that for a monomial potential given
by
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Large field models such as these are not favoured by current data [16, 32]. Thus, we also
consider the so-called E- and T-model ↵-attractor models [35–37] as they fit well with current
data. Additionally, they are useful as generic inflation models, since for certain ↵ values, E-
and T-Model potentials are identical to a range of inflationary models including Starobinsky
[3] and Higgs inflation [38]. The E-model potential is given by
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Figure 3: Example primordial power spectra comparing ⇤CDM (dark grey) to Eq. 2.1 for
AX = 0.01, !X = 10, and �X = 0 for both linear (teal) and log (light purple) spacing. The
logarithmic running model (indigo) uses ↵rf = 0.02. The particle burst model from Eq. 2.4
(coral) is shown for As = 2.07⇥ 10�9, ns = 0.965, AI = 5⇥ 10�11, k1 = 1⇥ 10�3, � = 1.0,
and i = 10. The bottom panel shows the fractional residuals with respect to ⇤CDM.

Figure 4: Figure 1 from [22]. This diagram shows the rescattering process between the
inflaton (�) and iso-inflaton (�). This interaction causes Bremsstrahlung radiation of inflation
fluctuations, which is the dominant component for the modifications to the PPS.

decrease in velocity after the particles are produced and by rescattering, or in other words
Bremsstrahlung radiation of inflaton fluctuations due to rescattering of � particles o↵ of the
inflaton condensate. The latter e↵ect dominates the signal and therefore was the topic of
study of Ref. [22]. Figure 4 shows a diagram of this rescattering process.

This e↵ect changes the primordial curvature power spectrum. Ref. [23] computed the
power spectrum analytically using one-loop approximations, the diagrams for these correc-
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Results

Figure 7: 1D posterior distributions for the amplitude for the linearly spaced (left), log-
arithmically spaced (middle), and logarithmically spaced with a running frequency (right)
oscillating PR(k) models outlined in Eq. 2.1. We show the results for Planck (coral), ACT
(light purple), P-ACT (indigo), and P-ACT-LB (teal). The best-fit (BF) results from Planck
[32] are shown (grey) and the 95% upper limits (UL) from Planck+SPT+ACT [26] (dark
grey) are shown as dashed lines.

Parameter Planck ACT P-ACT P-ACT-LB

Alin < 0.023 < 0.033 < 0.017 < 0.021
Alog < 0.032 < 0.040 < 0.027 < 0.022
Alog rf < 0.034 < 0.040 < 0.027 < 0.023

Table 2: The 95% CL upper limits on the general oscillating model amplitudes. We show
the results for Planck, ACT, P-ACT, and P-ACT-LB.

to the choice of sampling methods (see Section 4.2 for some description of samplers in this
work). Similarly, we see improvements ranging from 40 – 57% in the allowed amplitude when
comparing our MAP amplitude values to the Planck 2018 best-fit values from Ref. [32], which
is likely driven by the inclusion of the ACT DR6 high-` data. In line with these previous
analyses, we do not see a large variation in our amplitude constraints between the three
di↵erent oscillation spacing models considered.

The tightening in the constraints of the amplitude of oscillations has di↵erent implica-
tions depending on the model being considered. For example, if we were to relate the con-
straints on Alog rf to axion monodromy inflation (the logarithmic running frequency model is
a good approximation for the PPS of this model) we can infer constraints on the field value
at the time the pivot scale exits the horizon and the axion decay constant, see Refs. [18, 47].
Figure 1 in Ref. [47] shows the relationship between the amplitude and decay constant
computed both analytically and numerically. There is a general trend that for a small decay
constant, you correspondingly have a small amplitude (until the decay constant & 0.02 where
the amplitude does decrease marginally for a larger decay constant).

We present the 2D posterior distribution for ns and AX for both the linear and loga-
rithmic models in Figure 8. Similar to the 1D limits, there is no significant deviation from
the logarithmic results when a running frequency is included. This is likely due to ↵rf being
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Figure 12: 2D posterior distributions for the amplitude and frequency for the linearly spaced
(left), logarithmically spaced (middle), and logarithmically spaced with a running frequency
(right) oscillating models. The 1D posterior distributions for the frequency are also shown
for each model. We show the results for Planck (coral), ACT (light purple), P-ACT (indigo),
and P-ACT-LB (teal).

Using the MAP constraint for P-ACT-LB on the frequency of oscillations, we obtain an
equivalent� ' 0.55. Similar to the frequency constraints here and the e↵ective mapping, � is
fairly unconstrained in our specific particle burst model analysis, as discussed in Section 5.2,
however, we get a MAP value of � = 0.785 for P-ACT-LB. This value di↵ers from the more
simple mapping above as might be expected: unlike the general oscillation models described
here, the specific particle burst model also varies the initial scale, k1, at which the bumps
appear. The values obtained from these general templates can however be useful to get a
broad overview of what models may fit the data, but as always, each model of interest should
be individually studied to derive specific constraints.

Linear Log Log rf

Parameter Planck ACT P-ACT P-ACT-LB Planck ACT P-ACT P-ACT-LB Planck ACT P-ACT P-ACT-LB

log(1010As) 3.06 3.06 3.05 3.06 3.05 3.05 3.06 3.07 3.05 3.06 3.05 3.06
ns 0.965 0.965 0.970 0.975 0.964 0.968 0.971 0.977 0.964 0.968 0.971 0.976
103AX 11.7 9.57 7.91 7.93 8.99 13.7 5.55 8.18 10.7 11.9 9.03 6.96
log10(!X) 1.06 0.972 1.08 1.08 0.994 1.25 1.05 1.06 1.01 1.29 1.05 1.05
�X 0.447 0.394 0.439 0.510 0.436 0.505 0.681 0.643 0.486 0.459 0.577 0.540
↵rf – – – – – – – – 0.0278 -0.0733 0.0274 0.0506

��2
�8.93 �3.55 �4.68 -5.53 �6.49 �5.26 �6.15 -7.18 �4.98 �6.83 �7.69 -8.70

lnB �2.60 �2.94 �2.97 �3.84 �2.71 �2.91 �2.81 �3.49 �2.73 �2.95 �2.88 �3.58

Table 3: MAP values for the general oscillation models as well as ��2 and lnB relative to
⇤CDM. Negative ��2 indicates an improved fit and negative lnB indicates a preference for
⇤CDM. The ��2 values are computed using the MAP values, whereas the lnB values are
computed using the evidence value from pocoMC.

5.2 Particle production during inflation

We now discuss constraints on inflationary particle production, focusing on specific parame-
ters of interest. The full results and parameter correlations are presented in Appendix Sec-
tion D.2 for completeness. In Figure 13 we plot the posterior distributions for both P-ACT
and P-ACT-LB for the standard ns, and log(1010As) parameters, as well as the parameters
specific to the particle burst model. As expected, for large values of log(1012AI) (& 10�11)
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Marginal improvements in fits yet, but Baysian evidence showed a moderate preference for ΛCDM.

Figure 12: 2D posterior distributions for the amplitude and frequency for the linearly spaced
(left), logarithmically spaced (middle), and logarithmically spaced with a running frequency
(right) oscillating models. The 1D posterior distributions for the frequency are also shown
for each model. We show the results for Planck (coral), ACT (light purple), P-ACT (indigo),
and P-ACT-LB (teal).
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however, we get a MAP value of � = 0.785 for P-ACT-LB. This value di↵ers from the more
simple mapping above as might be expected: unlike the general oscillation models described
here, the specific particle burst model also varies the initial scale, k1, at which the bumps
appear. The values obtained from these general templates can however be useful to get a
broad overview of what models may fit the data, but as always, each model of interest should
be individually studied to derive specific constraints.

Linear Log Log rf

Parameter Planck ACT P-ACT P-ACT-LB Planck ACT P-ACT P-ACT-LB Planck ACT P-ACT P-ACT-LB

log(1010As) 3.06 3.06 3.05 3.06 3.05 3.05 3.06 3.07 3.05 3.06 3.05 3.06
ns 0.965 0.965 0.970 0.975 0.964 0.968 0.971 0.977 0.964 0.968 0.971 0.976
103AX 11.7 9.57 7.91 7.93 8.99 13.7 5.55 8.18 10.7 11.9 9.03 6.96
log10(!X) 1.06 0.972 1.08 1.08 0.994 1.25 1.05 1.06 1.01 1.29 1.05 1.05
�X 0.447 0.394 0.439 0.510 0.436 0.505 0.681 0.643 0.486 0.459 0.577 0.540
↵rf – – – – – – – – 0.0278 -0.0733 0.0274 0.0506

��2
�8.93 �3.55 �4.68 -5.53 �6.49 �5.26 �6.15 -7.18 �4.98 �6.83 �7.69 -8.70

lnB �2.60 �2.94 �2.97 �3.84 �2.71 �2.91 �2.81 �3.49 �2.73 �2.95 �2.88 �3.58

Table 3: MAP values for the general oscillation models as well as ��2 and lnB relative to
⇤CDM. Negative ��2 indicates an improved fit and negative lnB indicates a preference for
⇤CDM. The ��2 values are computed using the MAP values, whereas the lnB values are
computed using the evidence value from pocoMC.

5.2 Particle production during inflation

We now discuss constraints on inflationary particle production, focusing on specific parame-
ters of interest. The full results and parameter correlations are presented in Appendix Sec-
tion D.2 for completeness. In Figure 13 we plot the posterior distributions for both P-ACT
and P-ACT-LB for the standard ns, and log(1010As) parameters, as well as the parameters
specific to the particle burst model. As expected, for large values of log(1012AI) (& 10�11)
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Figure 15: Comparing the MAP spectra for the 1 burst, 2 bursts, and di↵erent k-range
particle burst priors. Our binned PR(k) constraints from [16] are shown as error bars. The
residuals are with respect to the P-ACT ⇤CDM best fit. Note that the x-axis is scaled as
k0.5 in order to best show the small scales.

higher values supported up to our prior boundary of log10(k1) = �0.365 (k1 = 0.43 Mpc�1).
Given that we consider di↵erent models for inflationary particle production and that they
conduct a grid search for the position of the feature and we allow the position to vary with
the other parameters, these results are broadly compatible.

Multiburst

Parameter P-ACT P-ACT-LB 1 Burst 2 Bursts log10(kI) � �1.65 log10(kI)  �1.65

log(1010As) 3.05 3.05 3.05 3.05 3.04 3.03
ns 0.971 0.973 0.970 0.974 0.967 0.970
log(1012AI) 2.10 1.56 1.80 2.70 3.04 3.80
log10(k1) -1.08 -1.29 -3.00 -2.37 -1.23 -2.77
� 0.890 0.785 – 0.737 0.629 0.876

��2
�1.35 �0.12 �0.50 �2.90 �3.55 �1.40

lnB �0.08 �0.23 0.03 �0.05 0.30 �0.40

Table 4: Combined MAP values for the particle burst model from the Cobaya minimizer,
including the P-ACT-LB dataset. ��2 and lnB are relative to ⇤CDM. The ��2 values are
computed using the MAP values, whereas the lnB values are computed using the evidence
value from pocoMC. Negative ��2 indicates an improved fit and negative lnB indicates a
preference for ⇤CDM.

5.3 Model comparison

Previous subsections presented specific constraints on individual models, however we must
evaluate the preference for any model (whether of the general oscillation or particle burst
form) to the base ⇤CDM cosmology. We evaluate the models using both the ��2 values
for the MAP fits as well as the Bayesian evidence, lnB, computed using pocoMC. Negative
��2 indicates an improved fit and negative lnB indicates a preference for ⇤CDM. Evidence
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Figure 14: Showing the changes in parameter constraints for the di↵erent k-range priors
and the number of bursts. Left: 1D and 2D posterior distributions using P-ACT for the
multiburst particle model for the full k-range (indigo), log10(k1)  �1.65 (light green) and
log10(k1) � �1.65 (pink). Right: 1D posterior distributions using P-ACT for the particle
model for 1 burst (maroon), 2 bursts (yellow), and 10 bursts (indigo) for the amplitude and
initial burst position.

increasing away (for log10(k1) ⇠ �1) from the fairly flat posterior value on larger scales. As
expected, larger amplitude values are favoured for log10(k1) � �1.65 and smaller values for
log10(k1)  �1.65. Despite this, the MAP values show an opposite trend, as can be seen in
Table 4. This is likely due to the MAP value � = 0.629 which in turn allows for a larger
amplitude range, as can be seen in the left panel of Figure 14, where there is a pocket of low
probability density for both large � and low amplitude.

Next, we explore the e↵ects of the number of particle bursts allowed in our model, using
the P-ACT dataset, focusing specifically on 1, 2, and 10 bursts. As shown in Figure 24 in
Appendix Section D.2, most parameters do not change significantly depending on the number
of bursts included. We do, however, observe moderate changes for log(1012AI) and log10(k1)
which can be seen in the right panel of Figure 14. For 1 or 2 bursts of particle production,
we see a shift to slightly smaller k1 values, in particular for 1 burst, which is reflected in
the MAP values in Table 3. Additionally, we see a shift to large amplitude values, again in
particular for 1 burst. In contrast, we do obtain a larger MAP value for the amplitude for
2 bursts compared to 1. These MAP values fit the data well, as demonstrated in Figure 15,
which compares the MAP spectra for 1 burst, 2 bursts, and the di↵erent k-range priors to
the binned PPS constraints.

In Ref. [31], they find a hint for 1 burst of particle production for 0.3 . k . 1 Mpc�1.
In our analysis, we see a peak at log10(k1) ' �1, but the posterior remains broad, leaving all
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Non-linear matter PS

Figure 18: Comparison of the linear and non-linear matter power spectra computed using
the accuracy settings for CAMB shown described in Appendix A of C25. We use the IR
resummation corrections to the non-linear power spectrum outlined in Eq. C.1 and Ref. [44].
The bottom panel displays the ratio of oscillatory and baseline ⇤CDM power spectra.

– 27 –

Nerval, Hlozek, Jense, Bond (2606.28310)



 plot(ns, r)
Inflation at the End of 2025: Constraints on r and ns Using the Latest CMB and BAO Data 3

0.96 0.97 0.98 0.99 1.00

Scalar spectral index ns

0.00

0.02

0.04

0.06

0.08

0.10

T
en
so
r-
to
-s
ca
la
r
ra
ti
o
r

�
1/3

�
2/3

�

Concave

Convex

Planck+BK

Planck+BK+SDSS

SPA+BK

SPA+BK+DESI

V (�) � �n, n = 1, 2/3, 1/3
(47 �N?� 57)

Starobinsky R2 (N? = 51)

Higgs (N? = 55)

Polynomial �-attractor
(k = 2, 47 �N?� 57)

Fig. 1.— Constraints on the tensor-to-scalar ratio r and the scalar spectral index ns from di↵erent cosmological data sets alongside
theoretical predictions. The orange contours are derived from Planck and BICEP/Keck data, whereas the blue contours additionally use
SPT and ACT data.a Filled contours use only CMB data, whereas line contours add BAO data (SDSS for orange contours, DESI for blue
contours). We show the prediction for monomial inflation models with di↵erent exponents in red; the grey shaded region corresponds to
a duration of inflation of N?= 47-57 e-folds for monomial potentials. The predictions of Higgs inflation for N? = 55 and Starobinsky R2

inflation for N? = 51 are shown as a white circle and a black square, respectively. The grey dotted lines correspond to the predictions of
a polynomial ↵-attractor model with potential V (') = V0|'|2/(µ2 + |'|2) for N? = 47-57 (left to right dotted line). We divide the r-ns
plane into regions of concave and convex inflaton potentials. The code to reproduce this figure with SPA+BK(+DESI) contours and all
shown theoretical predictions is provided at https://github.com/Lbalkenhol/r_ns_2025.
aNote that for the orange contours, Planck low-E data and PR3 lensing data are used, whereas for the blue contours, we use Planck PR4

lensing data and a prior on the optical depth to reionisation is applied in lieu of the Planck low-E data. Both orange contours use Planck
multi-frequency likelihoods. The open orange contours use the public data products of Ade et al. (2021).

pared to the r < 0.035 result of Ade et al. (2021) (see
Figure 5 therein for the combination of BICEP/Keck,
Planck , and SDSS BAO data, as well as Paoletti et al.
(2022)) is compatible with the numerical precision of the
MCMC analyses given the e↵ective number of r samples.
Additionally, we note that Ade et al. (2021) fix the ten-
sor power spectrum tilt to zero, whereas in our analysis
it is set using the self-consistency relation for single field
slow-roll inflation. This tends to slightly increase the ex-
pected B-mode power and can hence lower the derived
upper limit (see e.g. Seljak & Zaldarriaga 1997; Dodel-
son 2003). The additional CMB data compared to Ade
et al. (2021) is expected to have no measurable e↵ect on
r. Note that in comparison to Tristram et al. (2022),
who report r < 0.032, we use a di↵erent combination of
Planck data and in particular do not include Planck BB

spectra.
The ns constraint on the other hand is informed by

the Planck , ACT, and SPT data, with the data sets’
sensitivity descending in this order due to their weight-
ing across angular scales. The individual CMB experi-
ments’ constraints on ns (and ⇤CDM parameters more
broadly) are consistent with one another, while being
largely independent:5 ns = 0.9657 ± 0.0040 for Planck ,

5 The SPT data set is derived from observations of 4% of the
sky and its overlap with the footprints of the other experiments is
minimal (Camphuis et al. 2025; Qu et al. 2025). There is some mild
correlation between the ACT and Planck data, though note that
in the SPA combination the scales covered by both experiments
are removed from the Planck data (Louis et al. 2025).

ns = 0.9682 ± 0.0069 for ACT, and ns = 0.951 ± 0.011
for SPT. Adding the SPT to Planck data yields ns =
0.9636 ± 0.0035, whereas a joint analysis of SPT and
ACT data gives ns = 0.9671 ± 0.0058 (all results taken
from Camphuis et al. 2025). Note that Louis et al. (2025)
report ns = 0.9709 ± 0.0038 for the P-ACT combination
of Planck and ACT primary CMB data defined therein;
this is higher than the individual Planck and ACT results
as di↵erences in the baryon density between the ACT
and cut Planck data are accommodated in the joint con-
straints by raising ns (see the lower left panel of Figure 37
in Louis et al. (2025)).6 CMB results show a high degree
of robustness across ⇤CDM parameters when consider-
ing only temperature or polarisation data and when com-
paring constraints from di↵erent angular scales (Planck
Collaboration et al. 2020c; Louis et al. 2025; Camphuis
et al. 2025).7

The SPA constraint on ns is correlated at the 31%
level with ⌧reio and is as such sensitive to the prior cho-
sen for the latter. Using a symmetrised Sroll2 prior
of N ⇠ (0.0566, 0.00582) (Louis et al. 2025; Pagano

6 The referenced analyses do not vary r and do not include BI-
CEP/Keck data, though given the small correlation between these
two parameters the impact is negligible. See also McDonough &
Ferreira (2025) and Table I of Ellis et al. (2025) for a compilation
of ns constraints as well as Jense et al. (2025) for details on the
choice of Planck likelihood.

7 Note that the modelling of the Sunyaev–Zeldovich power spec-
trum can mildly impact the ACT constraint on ns (Beringue et al.
2025). For more information on the stability of recent CMB results
with respect to foreground modelling see Tristram et al. (2025).

SPA: SPT + Planck+ ACT

BK: BICEP + Keck

2sigma (SPA+BK)

1.3sigma (SPA+BK)
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FIG. 1. Comparison of CMB data sets: Constraints from ACT and Planck. Overlaid are constraints on BAO parameters from
DESI DR2 (grey bands). Pink shaded bands show the spectral index ns = 1 � 2/N⇤, as predicted by the Starobinsky, Higgs,
and exponential ↵-attractor models, for N⇤ = 50� 60.

in light of the tight correlation, we show constraints in
the plane of ⌦m-⌦m(rdh/147.1Mpc)2. From this, one
can see that the only values of ns within the DESI region
are much higher than the central value.

We note that the marginalized ns constraint is in good
agreement with the Starobinsky model, Higgs inflation,
and ↵-attractors for both ACT and Planck.

However, we emphasize that in the ns�rdh plane, there
is no simultaneous overlap between the ACT 2� contour,
the 2� DESI constraint on rdh, and the band of ns values
predicted by benchmark inflation scenarios. This incom-
patibility suggests that there is little evidence that ACT
and DESI constraints are both right, while at the same
time ⇤CDM with a benchmark inflation scenario holds
true; something has to give.

Inspecting the correlations in the parameter space (see
again Fig. 2), where ACT data are most compatible with
DESI, it is far from the benchmark inflationary models,
and where ACT data are compatible with benchmark
inflationary models, it is far from matching DESI. From

this, one may anticipate that the combination of ACT
with DESI, given the ⇡ 3� tension between the two data
sets, will drive ns away from the benchmark inflation
region.

B. Shift in ns from DESI BAO data

To test the intuition built in the previous section for ns

when CMB and DESI are combined, we perform an anal-
ysis of ACT DR6 (primary CMB) and DESI DR2 BAO
data together. The use of ACT data as a case study is
motivated by the significant attention ACT has received
from the inflation community [25–57]. We compare to
other CMB data sets in Sec. III C.

The analysis presented here di↵ers from the baseline
analyses performed in [19] where DESI (DR1) is included
only in combination with ACT, Planck (` < 1000), and
CMB lensing. [20] do not report results for the combina-
tion of ACT DR6 and DESI DR2 due to the di↵erences
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latest constraints on r and ns as a reference for the com-
munity. Accordingly, we make the data products associ-
ated with these results publicly available. Additionally,
we release visualisation scripts and an online application
that allow for the creation of custom r-ns figures with
data constraints and the prediction of any inflationary
model of choice, with the intention that these resources
remain useful as new data arrive and models are devel-
oped.2

This work is structured as follows. In §2 we specify the
data used, the model space considered, and our method-
ology to derive parameter constraints. In §3 we present
our results, before concluding in §4.

2. DATA SETS AND METHODOLOGY

We present constraints on the ⇤CDM model of cosmol-
ogy, adding a varying tensor-to-scalar ratio r (at a pivot
scale of 0.05Mpc�1). We set the tensor power spectrum
tilt to obey the self-consistency condition for single field
slow-roll inflation. We otherwise parametrise the model
using the amplitude log(1010 As) and spectral index ns
of initial scalar perturbations (at the same pivot scale as
r), the physical density of baryons ⌦bh

2 and dark mat-
ter ⌦ch

2, the expansion rate today H0, and the optical
depth to reionisation ⌧reio.
To constrain this model, we use CMB data from

Planck , SPT, ACT, and BICEP/Keck. Specifically, for
the first three experiments, we use the ‘SPA’ combina-
tion of primary CMB (TT/TE/EE) and CMB lensing
(��) measurements introduced by Camphuis et al. (2025,
see §VIIA therein) featuring SPT-3G D1, ACT DR6, as
well as Planck PR3 and PR4 data (Planck Collaboration
et al. 2020a; Carron et al. 2022; Qu et al. 2024; Mad-
havacheril et al. 2024; Ge et al. 2025; Balkenhol et al.
2024; Camphuis et al. 2025; Naess et al. 2025; Louis et al.
2025; Calabrese et al. 2025; Quan et al. 2026). As intro-
duced by Louis et al. (2025), and matching the definition
of ‘SPA’ in Camphuis et al. (2025), we restrict the Planck
data to ` < 1000 in TT and ` < 600 in TE/EE to avoid
double counting information. Note that we use the com-
pressed CMB-only likelihoods, where available. We use
the latest BICEP/Keck B-mode (BB) likelihood (Ade
et al. 2021). We also consider BAO measurements from
the second data release (DR2) of the DESI collaboration
(DESI Collaboration et al. 2025). We consider data sets
that agree across the common constrained parameters
with an equivalent one-dimensional Gaussian significance
of 3� or less as consistent and allow ourselves to combine
them; this has been demonstrated for the di↵erent CMB
data sets and for the SPA combination w.r.t the BAO
data (Louis et al. 2025; Camphuis et al. 2025).
We perform Markov Chain Monte Carlo (MCMC)

analyses using the Cobaya sampler (Lewis & Bridle 2002;
Neal 2005; Powell 2009; Lewis 2013; Cartis et al. 2018a,b;
Torrado & Lewis 2021) and consider runs with a Gelman-
Rubin statistic of R � 1 < 0.02 as su�ciently con-
verged. To obtain model predictions, we use the Boltz-
mann solver CLASS (Blas et al. 2011). As the CMB data
set combination above does not include large-scale E-
mode data, we impose a Planck -based prior of N ⇠
(0.051, 0.0062) on the optical depth to reionisation ⌧reio

2 https://github.com/Lbalkenhol/r_ns_2025,
https://r-ns-plot.streamlit.app/

(Planck Collaboration et al. 2020e), matching the defini-
tion of ‘SPA’ in Camphuis et al. (2025). We otherwise
impose uniform priors on cosmological parameters. For
r we report 95% upper limits, whereas for ns we report
mean values, 68% confidence intervals, and best-fit val-
ues in parentheses. Figures are generated with the help
of GetDist (Lewis 2025).

3. RESULTS

We now report constraints on r and ns from the
data sets introduced in the previous section. We show
marginalized posterior distributions in the r-ns plane
in Figure 1 alongside di↵erent theoretical predictions.
There exists a vast and changing landscape of inflation
models (for recent reviews see Martin et al. 2013; Kallosh
& Linde 2025a) and an exhaustive comparison of the data
constraints with the spectrum of theoretical predictions
available is beyond the scope of this work; we instead
choose to compare to a set of reference models, namely
monomial inflaton potentials with N? = 47-57 e-folds,
Starobinsky R

2 inflation with N? = 51 (Starobinsky
1980; Mukhanov & Chibisov 1981; Starobinskii 1983),
Higgs inflation with N? = 55 (Bezrukov & Shaposhnikov
2008; Bezrukov & Gorbunov 2012),3 and polynomial ↵-
attractor models with potential V (') = V0|'|k/(µk +
|'|k) with k = 2 and 47  N?  57 (Kallosh & Linde
2022).4 Here we restrict ourselves to (ns, r) predictions to
lowest order in slow-roll parameters, which is consistent
with the Higgs and Starobinsky models di↵ering only by
the reheating temperature, i.e. by N?; we caution the
reader about the contribution of next-to-leading terms
in slow-roll parameters might be non-negligible in our
discussion. The data products and code made publicly
available with this work can be used to compare the new
data constraints to arbitrary predictions for r and ns.
We first consider constraints from the SPA+BK com-

bination. We report:

r < 0.034,

ns = 0.9682 ± 0.0032 (0.9681). (1)

These constraints are consistent with the prediction of
Starobinsky R

2 and Higgs inflation at 2.0� and 1.3�,
respectively. They are compatible with monomial po-
tentials with N? = 47 at 2.0� (for V (�) / �

n with
n = 0.33) and di↵er from the closest convex potential
at 4.8�. The ns central value matches the prediction of
the chosen polynomial ↵-attractor model for N? = 47.1
and remains compatible with the prediction for N? = 57
at 1.7�. Note that these indicative exclusion ranges re-
fer to the particular N? values adopted to represent these
inflationary models and do not fully take into account re-
heating uncertainties as well as next-to-leading terms in
slow-roll parameters in the (ns, r) predictions.
The constraint on r is dominated by the BICEP/Keck

data; the minor change in the upper limit above com-

3 We choose to fix the number of e-folds for Starobinsky and
Higgs inflation for simplicity; for these models a range of N? values
is allowed reflecting the uncertainty on reheating.

4 For the chosen polynomial ↵-attractors ns depends on k and
N?, while r additionally also depends on µ. As only upper limits
have been reported for r, we focus our discussion on ns for this
model, which is given by ns = 1�2(k+1)/ [N?(k + 2)] in the limit
of small µ and large N?. For details on the di↵erent classes of
↵-attractor models see Kallosh & Linde (2025b).
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latest constraints on r and ns as a reference for the com-
munity. Accordingly, we make the data products associ-
ated with these results publicly available. Additionally,
we release visualisation scripts and an online application
that allow for the creation of custom r-ns figures with
data constraints and the prediction of any inflationary
model of choice, with the intention that these resources
remain useful as new data arrive and models are devel-
oped.2

This work is structured as follows. In §2 we specify the
data used, the model space considered, and our method-
ology to derive parameter constraints. In §3 we present
our results, before concluding in §4.

2. DATA SETS AND METHODOLOGY

We present constraints on the ⇤CDM model of cosmol-
ogy, adding a varying tensor-to-scalar ratio r (at a pivot
scale of 0.05Mpc�1). We set the tensor power spectrum
tilt to obey the self-consistency condition for single field
slow-roll inflation. We otherwise parametrise the model
using the amplitude log(1010 As) and spectral index ns
of initial scalar perturbations (at the same pivot scale as
r), the physical density of baryons ⌦bh

2 and dark mat-
ter ⌦ch

2, the expansion rate today H0, and the optical
depth to reionisation ⌧reio.
To constrain this model, we use CMB data from

Planck , SPT, ACT, and BICEP/Keck. Specifically, for
the first three experiments, we use the ‘SPA’ combina-
tion of primary CMB (TT/TE/EE) and CMB lensing
(��) measurements introduced by Camphuis et al. (2025,
see §VIIA therein) featuring SPT-3G D1, ACT DR6, as
well as Planck PR3 and PR4 data (Planck Collaboration
et al. 2020a; Carron et al. 2022; Qu et al. 2024; Mad-
havacheril et al. 2024; Ge et al. 2025; Balkenhol et al.
2024; Camphuis et al. 2025; Naess et al. 2025; Louis et al.
2025; Calabrese et al. 2025; Quan et al. 2026). As intro-
duced by Louis et al. (2025), and matching the definition
of ‘SPA’ in Camphuis et al. (2025), we restrict the Planck
data to ` < 1000 in TT and ` < 600 in TE/EE to avoid
double counting information. Note that we use the com-
pressed CMB-only likelihoods, where available. We use
the latest BICEP/Keck B-mode (BB) likelihood (Ade
et al. 2021). We also consider BAO measurements from
the second data release (DR2) of the DESI collaboration
(DESI Collaboration et al. 2025). We consider data sets
that agree across the common constrained parameters
with an equivalent one-dimensional Gaussian significance
of 3� or less as consistent and allow ourselves to combine
them; this has been demonstrated for the di↵erent CMB
data sets and for the SPA combination w.r.t the BAO
data (Louis et al. 2025; Camphuis et al. 2025).
We perform Markov Chain Monte Carlo (MCMC)

analyses using the Cobaya sampler (Lewis & Bridle 2002;
Neal 2005; Powell 2009; Lewis 2013; Cartis et al. 2018a,b;
Torrado & Lewis 2021) and consider runs with a Gelman-
Rubin statistic of R � 1 < 0.02 as su�ciently con-
verged. To obtain model predictions, we use the Boltz-
mann solver CLASS (Blas et al. 2011). As the CMB data
set combination above does not include large-scale E-
mode data, we impose a Planck -based prior of N ⇠
(0.051, 0.0062) on the optical depth to reionisation ⌧reio

2 https://github.com/Lbalkenhol/r_ns_2025,
https://r-ns-plot.streamlit.app/

(Planck Collaboration et al. 2020e), matching the defini-
tion of ‘SPA’ in Camphuis et al. (2025). We otherwise
impose uniform priors on cosmological parameters. For
r we report 95% upper limits, whereas for ns we report
mean values, 68% confidence intervals, and best-fit val-
ues in parentheses. Figures are generated with the help
of GetDist (Lewis 2025).

3. RESULTS

We now report constraints on r and ns from the
data sets introduced in the previous section. We show
marginalized posterior distributions in the r-ns plane
in Figure 1 alongside di↵erent theoretical predictions.
There exists a vast and changing landscape of inflation
models (for recent reviews see Martin et al. 2013; Kallosh
& Linde 2025a) and an exhaustive comparison of the data
constraints with the spectrum of theoretical predictions
available is beyond the scope of this work; we instead
choose to compare to a set of reference models, namely
monomial inflaton potentials with N? = 47-57 e-folds,
Starobinsky R

2 inflation with N? = 51 (Starobinsky
1980; Mukhanov & Chibisov 1981; Starobinskii 1983),
Higgs inflation with N? = 55 (Bezrukov & Shaposhnikov
2008; Bezrukov & Gorbunov 2012),3 and polynomial ↵-
attractor models with potential V (') = V0|'|k/(µk +
|'|k) with k = 2 and 47  N?  57 (Kallosh & Linde
2022).4 Here we restrict ourselves to (ns, r) predictions to
lowest order in slow-roll parameters, which is consistent
with the Higgs and Starobinsky models di↵ering only by
the reheating temperature, i.e. by N?; we caution the
reader about the contribution of next-to-leading terms
in slow-roll parameters might be non-negligible in our
discussion. The data products and code made publicly
available with this work can be used to compare the new
data constraints to arbitrary predictions for r and ns.
We first consider constraints from the SPA+BK com-

bination. We report:

r < 0.034,

ns = 0.9682 ± 0.0032 (0.9681). (1)

These constraints are consistent with the prediction of
Starobinsky R

2 and Higgs inflation at 2.0� and 1.3�,
respectively. They are compatible with monomial po-
tentials with N? = 47 at 2.0� (for V (�) / �

n with
n = 0.33) and di↵er from the closest convex potential
at 4.8�. The ns central value matches the prediction of
the chosen polynomial ↵-attractor model for N? = 47.1
and remains compatible with the prediction for N? = 57
at 1.7�. Note that these indicative exclusion ranges re-
fer to the particular N? values adopted to represent these
inflationary models and do not fully take into account re-
heating uncertainties as well as next-to-leading terms in
slow-roll parameters in the (ns, r) predictions.
The constraint on r is dominated by the BICEP/Keck

data; the minor change in the upper limit above com-

3 We choose to fix the number of e-folds for Starobinsky and
Higgs inflation for simplicity; for these models a range of N? values
is allowed reflecting the uncertainty on reheating.

4 For the chosen polynomial ↵-attractors ns depends on k and
N?, while r additionally also depends on µ. As only upper limits
have been reported for r, we focus our discussion on ns for this
model, which is given by ns = 1�2(k+1)/ [N?(k + 2)] in the limit
of small µ and large N?. For details on the di↵erent classes of
↵-attractor models see Kallosh & Linde (2025b).
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starts quadratic in perturbations: it mixes � with the inflaton field. The second and the third
terms, instead, start cubic: at this order in perturbations they give rise to, respectively, a �⇡⇡

and a �3 vertex.

Non-Gaussian signal. The mixing and interaction terms of � with the inflaton perturba-
tions ⇡ generate complicate momentum dependencies in the scalar bispectrum and trispectrum.
However, these dramatically simplify in the squeezed and counter-collapsed limit, respectively.
Taking the limit k1 ⌧ k2 ' k3 the bispectrum becomes

h⇣k1⇣k2⇣k3i = (2⇡)3�(3)(k123)
eFs
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, (9)

while in the limit k12 ⌧ k1, k3 and k1 ' k2, k3 ' k4, the trispectrum simplifies into
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(10)

In the above formulae, ch is the speed of propagation of the helicity-h component of the particle
�, � is 3/2 � ⌫ (with ⌫ related to the mass of the particle, ⌫ =

p
9/4� (m/H)2), and finally

✏(h)s, j1...js(k̂) is the polarization tensor of the helicity-h component of �.
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Having in mind the example of the additional spin-2 particle, Eq. (8), we can estimate
how the coefficients Fs and ⌧s are related to the coupling constants of the quadratic and cubic
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Figure 5: Expected 1� errors on Fs up to `max = 1000, and their extrapolation up to `max = 3500.

5 Discussion and conclusions
The analysis we carried out shows that the CMB temperature anisotropies can still play a
very important role in distinguishing between different inflationary models. While the Planck

Collaboration has already put bounds on some of the shapes of non-Gaussianity that we have
investigated in this work, there are still many other shapes that are waiting to be constrained.
For example, we stress the importance of testing the templates for the scalar trispectrum that
arise in the presence of a massless spinning particle during inflation.

We emphasize, indeed, that it is possible to have a sizable trispectrum even if the bispectrum
is small. This happens, for instance, in models with additional higher-spin fields that do not
directly mix with the inflaton field. The example of Section 2 shows that ⌧s could be very
large in these models, since it is proportional to the inverse of the speed of propagation of the
helicity-s field cubed, and such speed could be much smaller than unity. Our analysis shows
that already with Planck data (for which we take `max = 2500) one could constrain ⌧2 . 103 and
⌧4 . 3⇥ 103, while a future CMB experiment that will measure the temperature anisotropies up
to `max = 3500, like the proposed CMB-S4 [33], could arrive at ⌧2 . 5⇥ 102 and ⌧4 . 2⇥ 103.
Given that at the moment we do not have observational constraints on the amplitude of these
shapes, and the theoretical upper limit can be as large as ⌧s . 105 (see the discussion at the end
of Section 2), it is surely worth to look for these shapes already in both the currently available
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starts quadratic in perturbations: it mixes � with the inflaton field. The second and the third
terms, instead, start cubic: at this order in perturbations they give rise to, respectively, a �⇡⇡

and a �3 vertex.

Non-Gaussian signal. The mixing and interaction terms of � with the inflaton perturba-
tions ⇡ generate complicate momentum dependencies in the scalar bispectrum and trispectrum.
However, these dramatically simplify in the squeezed and counter-collapsed limit, respectively.
Taking the limit k1 ⌧ k2 ' k3 the bispectrum becomes
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while in the limit k12 ⌧ k1, k3 and k1 ' k2, k3 ' k4, the trispectrum simplifies into
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In the above formulae, ch is the speed of propagation of the helicity-h component of the particle
�, � is 3/2 � ⌫ (with ⌫ related to the mass of the particle, ⌫ =

p
9/4� (m/H)2), and finally

✏(h)s, j1...js(k̂) is the polarization tensor of the helicity-h component of �.
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Figure 1: Leading contributions to the scalar 3- and 4-point functions. Solid lines correspond to ⇡,

curly lines to �. The blue circles indicate a contraction between a pair of free fields, i.e. the insertion of a

power spectrum. One has to put the minimal number of circles in such a way that external lines cannot

be connected without going through a circle (contraction), and each circle is connected to external lines

from both sides. Diagrams where the circles are located in different places are subdominant for small ch.

Having in mind the example of the additional spin-2 particle, Eq. (8), we can estimate
how the coefficients Fs and ⌧s are related to the coupling constants of the quadratic and cubic

6
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Birefringence on CMB: Washout effect

Washout

Last scattering occurs in ~105 yrs

>> Tφ ~ 0.1 yrs (10-21eV/m)

Net amplitude at LSS is smeared

Fedderke et al. (19)  

* not actual time variation(@LSS)

visibility fn. has thickness of Δz~ 200
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where

f(t) ⌘ g���0 cos(mt+ ↵). (3)

To linear order, the polarization oscillation causes a mix-
ing of Stokes parameters. The parameter f(t) is small
compared with unity, so the mixing matrix in Eq. 2 can
be viewed as a rotation matrix expanded to leading order.
The time-averaged fields hQ(n̂)i and hU (n̂)i are rotated
into each other by an angle f(t). This is equivalent to
an on-sky rotation of the polarization pseudovectors by
an angle f(t)/2. In Eq. 2, the washout e↵ect has been
absorbed into the definition of the time-averaged polar-
izations fields, i.e., hQ(n̂)i = J0(g�� h�⇤i)Q0(n̂) and sim-
ilarly for Stokes U . Since the time-averaged polarization
fields are direct observables of CMB polarimetry exper-
iments, we can use Eq. 2 to search for the Stokes mix-
ing f(t) without referring to the decoupled limit, i.e.,
to Q0(n̂) and U0(n̂).

Although relatively faint compared with many polar-
ized astrophysical sources, the CMB provides a num-
ber of serendipitous advantages in the search for axion-
like polarization oscillations. Current-generation CMB
experiments have deployed thousands of photon-noise-
limited detectors that scan CMB-dominated patches of
sky repetitively for years. The steady increase in detec-
tor count in CMB experiments translates directly to an
increase in the statistical weight of each instantaneous
measurement. Since the signal is a coherent all-sky rota-
tion of polarization angles, every optically active detec-
tor can contribute to the measurement. The detectors
are observing the CMB for a substantial fraction of each
year, which provides temporal sensitivity on timescales of
hours to years. By repetitively scanning the same patch
of sky, the time-averaged maps hQ(n̂)i and hU (n̂)i can
be well estimated and used as templates to search for
time-variability as in Eq. 2. The oscillation signal is co-
herent both over the sky and over wavelength, so all CMB
instruments can contribute independent of angular reso-
lution and observing frequency.

The CMB has a theoretical advantage in that the axion
field at the point of emission is e↵ectively zero [15]. The
surface of last scattering represents an era much longer
(O(104) yr) than the axion oscillation periods under con-
sideration in this work (O(1) yr). Emissions from di↵er-
ent redshifts occur with di↵erent axion field values that,
taken together, average to approximately zero along all
lines of sight. An oscillation observed in the CMB today
is, therefore, a direct measure of the local axion field only,
i.e., the field at the point of absorption.

Polarization oscillations may also be observed in as-
trophysical sources such as pulsars [16, 17], the jets of
active galaxies [18], protoplanetary disks [19] and strong
gravitational lens systems [20]. A complication in set-
ting constraints with polarized astrophysical sources is

the uncertainty in both the amplitude and the phase of
the axion field at the point of emission, and these am-
plitudes and phases are, in general, di↵erent for di↵erent
sources, which may introduce a large number of free pa-
rameters. A CMB-based search is constrained to have
the same amplitude and phase across the entire sky, at
every wavelength and at every observing site.
One of the main challenges in many CMB polarime-

try experiments is contamination from Galactic fore-
grounds. These foregrounds are less problematic in an
axion-oscillation search for two reasons. The first is that
the oscillations a↵ect all CMB polarization, i.e., both
E- and B-modes. While the Galactic foregrounds dom-
inate at, e.g., 150 GHz in B-modes even in the cleanest
patches of sky, they are subdominant in E-modes. In
the BICEP observation patch, the polarization power in
foregrounds is ⇠ 10% as strong as the CMB power. By
considering the much brighter E-modes, we make the
foreground contamination relatively weaker. The second
reason is that the foregrounds do not present an all-sky
coherent polarization oscillation. Some polarized signals
from the Galaxy may be emitted from regions with a
substantially di↵erent axion field value, and these signals
would oscillate. The amplitude and phase of these oscil-
lations, however, would depend on the axion field value at
the point of emission, and these axion field values would
not be coherent across the entire observing region. By
constraining our search to polarization oscillations that
are both global and coherent, we suppress contamination
from Galactic foregrounds. For these reasons, we con-
sider foreground contamination to be a minor concern.
Polarization oscillations are sensitive to the prod-

uct g���0 (Eq. 3) and, therefore, depend on both
the axion-photon coupling constant g�� and the axion
mass m. The latter dependence comes from the axion
field strength
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⌘�1

⇥

✓
⇢0

0.3 GeV/cm3

◆1/2

,

(4)

where ⇢0 is the local density of dark matter and  is
the fraction of dark matter composed of axion-like
particles [15]. The m-dependence of �0 implies that
oscillation-derived limits on the coupling constant will
roughly follow g�� / m. The coupling constant can be
probed approximately independently of mass in a num-
ber of ways, e.g., by conversion of solar axions to x-rays
in strong laboratory magnetic fields [21], by conversion
of supernova-produced axions to gamma rays in Galac-
tic magnetic fields [22], from the x-ray transparency of
the intracluster medium [23] (though we note that this
bound has been challenged [24]) and by conversion of ax-
ions produced in Wolf-Rayet stars to x-rays in Galactic
magnetic fields [25]. At the same time, the axion mass
can be constrained approximately independently of the
coupling constant through considerations of small-scale
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To linear order, the polarization oscillation causes a mix-
ing of Stokes parameters. The parameter f(t) is small
compared with unity, so the mixing matrix in Eq. 2 can
be viewed as a rotation matrix expanded to leading order.
The time-averaged fields hQ(n̂)i and hU (n̂)i are rotated
into each other by an angle f(t). This is equivalent to
an on-sky rotation of the polarization pseudovectors by
an angle f(t)/2. In Eq. 2, the washout e↵ect has been
absorbed into the definition of the time-averaged polar-
izations fields, i.e., hQ(n̂)i = J0(g�� h�⇤i)Q0(n̂) and sim-
ilarly for Stokes U . Since the time-averaged polarization
fields are direct observables of CMB polarimetry exper-
iments, we can use Eq. 2 to search for the Stokes mix-
ing f(t) without referring to the decoupled limit, i.e.,
to Q0(n̂) and U0(n̂).

Although relatively faint compared with many polar-
ized astrophysical sources, the CMB provides a num-
ber of serendipitous advantages in the search for axion-
like polarization oscillations. Current-generation CMB
experiments have deployed thousands of photon-noise-
limited detectors that scan CMB-dominated patches of
sky repetitively for years. The steady increase in detec-
tor count in CMB experiments translates directly to an
increase in the statistical weight of each instantaneous
measurement. Since the signal is a coherent all-sky rota-
tion of polarization angles, every optically active detec-
tor can contribute to the measurement. The detectors
are observing the CMB for a substantial fraction of each
year, which provides temporal sensitivity on timescales of
hours to years. By repetitively scanning the same patch
of sky, the time-averaged maps hQ(n̂)i and hU (n̂)i can
be well estimated and used as templates to search for
time-variability as in Eq. 2. The oscillation signal is co-
herent both over the sky and over wavelength, so all CMB
instruments can contribute independent of angular reso-
lution and observing frequency.

The CMB has a theoretical advantage in that the axion
field at the point of emission is e↵ectively zero [15]. The
surface of last scattering represents an era much longer
(O(104) yr) than the axion oscillation periods under con-
sideration in this work (O(1) yr). Emissions from di↵er-
ent redshifts occur with di↵erent axion field values that,
taken together, average to approximately zero along all
lines of sight. An oscillation observed in the CMB today
is, therefore, a direct measure of the local axion field only,
i.e., the field at the point of absorption.

Polarization oscillations may also be observed in as-
trophysical sources such as pulsars [16, 17], the jets of
active galaxies [18], protoplanetary disks [19] and strong
gravitational lens systems [20]. A complication in set-
ting constraints with polarized astrophysical sources is

the uncertainty in both the amplitude and the phase of
the axion field at the point of emission, and these am-
plitudes and phases are, in general, di↵erent for di↵erent
sources, which may introduce a large number of free pa-
rameters. A CMB-based search is constrained to have
the same amplitude and phase across the entire sky, at
every wavelength and at every observing site.
One of the main challenges in many CMB polarime-

try experiments is contamination from Galactic fore-
grounds. These foregrounds are less problematic in an
axion-oscillation search for two reasons. The first is that
the oscillations a↵ect all CMB polarization, i.e., both
E- and B-modes. While the Galactic foregrounds dom-
inate at, e.g., 150 GHz in B-modes even in the cleanest
patches of sky, they are subdominant in E-modes. In
the BICEP observation patch, the polarization power in
foregrounds is ⇠ 10% as strong as the CMB power. By
considering the much brighter E-modes, we make the
foreground contamination relatively weaker. The second
reason is that the foregrounds do not present an all-sky
coherent polarization oscillation. Some polarized signals
from the Galaxy may be emitted from regions with a
substantially di↵erent axion field value, and these signals
would oscillate. The amplitude and phase of these oscil-
lations, however, would depend on the axion field value at
the point of emission, and these axion field values would
not be coherent across the entire observing region. By
constraining our search to polarization oscillations that
are both global and coherent, we suppress contamination
from Galactic foregrounds. For these reasons, we con-
sider foreground contamination to be a minor concern.
Polarization oscillations are sensitive to the prod-

uct g���0 (Eq. 3) and, therefore, depend on both
the axion-photon coupling constant g�� and the axion
mass m. The latter dependence comes from the axion
field strength
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where ⇢0 is the local density of dark matter and  is
the fraction of dark matter composed of axion-like
particles [15]. The m-dependence of �0 implies that
oscillation-derived limits on the coupling constant will
roughly follow g�� / m. The coupling constant can be
probed approximately independently of mass in a num-
ber of ways, e.g., by conversion of solar axions to x-rays
in strong laboratory magnetic fields [21], by conversion
of supernova-produced axions to gamma rays in Galac-
tic magnetic fields [22], from the x-ray transparency of
the intracluster medium [23] (though we note that this
bound has been challenged [24]) and by conversion of ax-
ions produced in Wolf-Rayet stars to x-rays in Galactic
magnetic fields [25]. At the same time, the axion mass
can be constrained approximately independently of the
coupling constant through considerations of small-scale
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We present constraints on isotropic cosmic birefringence induced by axion-like particles (ALPs),
derived from the analysis of cosmic microwave background (CMB) polarization measurements ob-
tained with the high-frequency channels of Planck. Recent measurements report a hint of isotropic
cosmic birefringence, though its origin remains uncertain. The detailed dynamics of ALPs can leave
characteristic imprints on the shape of the EB angular power spectrum, which can be exploited
to constrain specific models of cosmic birefringence. We first construct a multifrequency likelihood
that incorporates an intrinsic nonzero EB power spectrum. We also show that the likelihood used
in previous studies can be further simplified without loss of generality. Using this framework, we
simultaneously constrain the ALP model parameters, the instrumental miscalibration angle, and
the amplitudes of the EB power spectrum of a Galactic dust foreground model. We find that, if
ALPs are responsible for the observed cosmic birefringence, ALP masses at log10 m�[eV] ' �27.8,
�27.5, �27.3, �27.2, �27.1, as well as log10 m�[eV] 2 [�27.0,�26.5], are excluded at more than 2�
statistical significance.

Keywords: cosmology, cosmic microwave background

I. INTRODUCTION

Recent analyses of cosmic microwave background
(CMB) data have revealed a tantalizing hint of cos-
mic birefringence—a rotation of the polarization plane
of photons as they propagate through space [1–5] (see
Ref. [6] for a comprehensive review). As a parity-
violating e↵ect, cosmic birefringence o↵ers a potential
smoking gun for new physics beyond both the ⇤ Cold
Dark Matter (⇤CDM) model and the Standard Model of
particle physics [7].

Cosmic birefringence can be induced by a pseudoscalar
field, such as axion-like particles (ALPs), coupled to the
electromagnetic field through the Chern-Simons interac-
tion:

L � �1

4
g�Fµ⌫ F̃

µ⌫ , (1)

where g is the coupling constant, � is an ALP field, Fµ⌫

denotes the electromagnetic field tensor, and F̃µ⌫ is its
dual. Numerous studies have investigated this e↵ect in
various cosmological contexts, including ALP fields asso-
ciated with dark energy [8–16], early dark energy scenar-
ios [5, 12, 17, 18], and axion dark matter [19–23]. Ad-
ditional mechanisms include topological defects [24–28]
and possible imprints of quantum gravity [29–31]. Look-
ing ahead, ongoing and upcoming CMB experiments, in-
cluding BICEP [32, 33], the Simons Observatory [34],
CMB-S4 [35], and LiteBIRD [36, 37], are expected to

substantially reduce polarization noise and improve sen-
sitivity to birefringence-induced signals, thereby enabling
more stringent tests of these theoretical scenarios.

To investigate the origin of cosmic birefringence, it is
useful to consider observables that are una↵ected by a
miscalibrated polarization angle. One such observable is
the anisotropic polarization rotation induced by the fluc-
tuations of the ALP field, �� [8, 38–47]. Several stud-
ies have constrained these anisotropies by reconstruct-
ing the polarization rotation angle [48–57], while others
have derived limits using CMB polarization power spec-
tra [21, 23, 58, 59]. However, the time evolution of the
ALP field can substantially suppress the induced B-mode
power spectrum [60].

In this work, we aim to disentangle the e↵ects of a mis-
calibrated polarization angle from genuine birefringence
by exploiting the spectral shape of the EB power spec-
trum. The EB power spectrum is particularly sensitive
to the time evolution of pseudoscalar fields during the
epochs of recombination and reionization, which can sig-
nificantly alter the CMB polarization signals [19, 42, 61–
67]. By analyzing this spectral shape, we place con-
straints on the ALP mass and other model parameters.
Additional constraints on late-time ALP dynamics can
be obtained through tomographic probes, such as the
polarized Sunyaev–Zel’dovich e↵ect [68, 69] and galaxy
polarization measurements [70, 71], both of which o↵er
complementary information and help mitigate degenera-
cies with polarization calibration errors.
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analysis removing the Planck priors entirely, recovering
� = 0.280� ± 0.059�, and removing both the Planck and
ACT ↵ priors, which returns � = 0.442�±0.098�, similar
to the Planck -only analysis. In both cases, � remains far
from zero as the polarized foreground emission constrains
↵ on the Planck -leg.

To visualize the positive EB signal found in both ex-
periments, we show the inverse-variance weighted EB in
Fig. 3 following Ref. [16]. The top panel shows all data
for the joint analysis, while the bottom panels decom-
pose the signal into three blocks. The best-fit param-
eters give �2 = 89.1 for the joint analysis, which has
a probability to exceed (PTE) of 9.7% with 73 degrees
of freedom. This is reduced by the low PTE = 0.1%
in ACT ⇥ ACT for two reasons: it prefers a lower
� ⇡ 0.20�, and the ACT team found that h i ⇡ 0.2�

reached PTE = 1% [21], which they attributed to a poor
fit around ` ⇡ 1800 � 1900. For ACT ⇥ Planck and
Planck ⇥ Planck, we find a good fit with the data giving
PTE = 58.6% and PTE = 89.1%, respectively.

IV. CONCLUSIONS

This work performs a joint analysis of isotropic cosmic
birefringence in the ACT DR6 and Planck DR4 datasets.
Jointly sampling 17 miscalibration angles, three dust EB
parameters, and one cosmic birefringence angle �, we find
� = 0.277� ± 0.057�, which excludes � = 0 at 4.8�. This
lies between the reported birefringence angles found in
ACT and Planck separately [16, 25].

Dividing our spectra into three blocks (ACT ⇥ ACT,
ACT ⇥ Planck and Planck ⇥ Planck), we find positive
EB correlations not only in the joint data but in all three
blocks individually as seen in Fig. 3. We find constraining
power in the ACT ⇥ Planck power spectra preferring
� = 0.178�±0.078� which has a significance of 2.3�. This
aligns with the angle measured on the ACT⇥ACT block,
� = 0.207�±0.073�. However, it is in a mild tension with
the � = 0.387� ± 0.094� preferred by Planck (see Fig. 2).

The ↵ + � degeneracy is broken independently in the
two datasets with instrumental priors on the ACT-leg
and polarized foreground emissions for Planck. Although
we model dust EB correlations, incomplete knowledge
of the foreground emissions means we cannot rule out
a bias in �. To mitigate this, we mask Planck with a
30% Galactic cut, probe only high multipoles ` > 600
where CMB dominates over foreground emission, and we
remove the foreground-dominated Planck spectra. We
find � = 0.236� ± 0.067� which is non-zero with a sta-
tistical significance of 3.5� and cannot be explained by
foreground EB. This shows that � = 0� can only be
recovered if both the ↵ priors and the foreground EB
model fail.

Refs. [15, 19] analyzed instrumental systematic e↵ects
on � in Planck but could not explain the signal. On the
ACT side, the team did not interpret their own measure-
ment as cosmic birefringence, instead reporting an unex-

FIG. 4: Timeline of cosmic birefringence measurements
in WMAP, ACT and Planck. The upper panel shows �
measurements, and the lower shows the significances.
The black rings indicate if a foreground EB model was
used.

plained discrepancy in the polarization angle of PA5 f090
and PA5 f150 [21, 26]. Confirming the cosmic birefrin-
gence measurement will require a better understanding of
both datasets, as unknown systematics in neither Planck,
nor ACT can yet be excluded.
We summarize the past 10 years of isotropic cosmic

birefringence measurements in ACT, Planck andWMAP
in Fig. 4. Here, we take each reported angle as a birefrin-
gence measurement, though the original analyses vary in
how firmly they make that interpretation. In this period,
the significance has increased, driven by improved data
and the combination of datasets.
The signal has been shown to be consistent with

frequency independence [16, 18], the signature of an
axion-like field coupled to electromagnetism via a Chern-
Simons term. Confirmation of a cosmological origin will
guide us toward a parity-violating theory of the Universe
beyond ⇤CDM, potentially shedding light on the dark
sector.
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spectrum closely resembles that from a constant rotation
angle across all multipoles considered in our analysis [63,
64]. For higher masses, µ� & �28.0, for a fixed �ini '
0.3 deg, the overall amplitude of the EB power spectrum
significantly depends on µ�. To account for this variation
and maintain a consistent amplitude scale across mass
values, we define a suppression factor:

Fsup(µ�) ⌘
1

1440

1490X

`=51

|CEB
` (µ�)|

|CEB
` (µ� = �33.0)|

. (49)

and normalize the power spectrum accordingly. We then
introduce a rescaled amplitude parameter:

AEB ⌘
✓

�ini

0.3 deg

◆
Fsup , (50)

which quantifies the magnitude of the EB power spec-
trum induced by cosmic birefringence. If we change the
amplitude parameter from �ini to AEB, we find that the
Je↵reys prior for �ini can be approximated to a flat prior
on AEB (see Appendix C). Thus, we use AEB and adopt
the flat prior for AEB.

3. Other parameters

For the remaining nuisance parameters, we follow the
treatment in Ref. [4] and adopt flat-uniform priors on
miscalibration angles, ↵i 2 [�5 deg, 5 deg], and on the
EB dust amplitude, Adust

b 2 [0, 1].

IV. RESULTS

Figure 1 presents the parameter constraints in the
µ�–AEB plane with the 2� contour obtained from the
posterior marginalized over the miscalibration angles and
dust amplitude parameters. The full posterior distribu-
tions for all parameters are provided in Appendix A. Fig-
ure 2 shows the corresponding 1 and 2� contours in the
µ�–ln |�ini| plane where we change the y-axis from AEB

to ln |�ini| using Eq. (50). We find that the Planck po-
larization data favor a nonzero isotropic cosmic birefrin-
gence induced by ALPs, although the posterior exhibits
multiple peaks. Notably, the data exclude the logarith-
mic ALP masses at µ� ' �27.8, �27.5, �27.3, �27.2,
�27.1 with more than 2� statistical significance. The
mass range µ� 2 [�27.0,�26.5] is similarly disfavored
at greater than 2�. It is important to note that for
µ� . �28.0, the EB power spectrum becomes approx-
imately proportional to the EE power spectrum across
most multipoles, except near the reionization bump [63].
Consequently, at µ�  �29.0, the EB power spectrum
retains the same shape across the multipole range acces-
sible to Planck, and this mass range remains consistent
with the data. Regarding the amplitude of the EB power
spectrum, |AEB | ' 1 is favored as expected. In the re-
gions where AEB ' �1 is favored, � has an opposite sign
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FIG. 1. Marginalized posterior distribution of the logarith-
mic ALP mass µ� = log10 m�[eV] and the rescaled ampli-
tude parameter AEB, which characterizes the overall strength
of the birefringence-induced EB power spectrum. The two-
dimensional panel shows the distribution of MCMC samples
along with the 2� contour.
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FIG. 2. Same as Fig. 1, but shown in the
log10 m�[eV]–ln |g�ini/2| plane, where g�ini/2 is expressed in
degrees. The two-dimensional posterior is visualized with 1�
(cyan) and 2� (blue) contours.

to �ini around the recombination epoch due to the os-
cillating behavior of the ALP field. Since the oscillation
phase in the recombination epoch shifts depending on
the ALP mass, positive and negative AEB are alternately
favored for µ� & �28.0.

the preferred mass range of ALP is…. Namikawa, Murai, Naokawa (25)  
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log10 m�[eV] = �27.822, AEB = 1

log10 m�[eV] = �26.846, AEB = 1

log10 m�[eV] = �33, AEB = 0.36/0.30

Constant rotation with � = 0.36 deg

Observed

FIG. 3. Comparison of theoretical EB power spectra for
di↵erent ALP masses and amplitudes: µ� = �27.822, AEB =
1 (blue solid), µ� = �26.846, AEB = 1 (orange solid), and
µ� = �33, AEB = 0.36/0.3 (green solid). For reference, the
spectrum from a constant rotation angle � = 0.36 deg is shown
as a black dashed line. The black points represent the stacked,
foreground-subtracted EB power spectrum derived from the
data using the best-fit foreground model.

To elucidate why the Planck data disfavor higher ALP
masses, Fig. 3 presents the EB power spectra for µ� =
�27.822 and �26.846, both assuming AEB = 1. For com-
parison, we also show the power spectrum for µ� = �33
with AEB = 0.36/0.30 = 1.2, which corresponds to the
best-fit value of AEB using the Planck HFI data [4]. Ad-
ditionally, we include the power spectrum for a constant
rotation angle � = 0.36 deg. The power spectrum for
µ� = �33 closely matches that of the constant rota-
tion scenario and is in excellent agreement with the ob-
served data. In contrast, the spectra for µ� = �27.822
and �26.846 exhibit shifts in the acoustic peak structure
relative to the µ� = �33 case. Notably, at multipoles
around ` ⇠ 400, these higher mass cases show significant
discrepancies from the observed spectrum. Such devia-
tions provide a clear basis for excluding these ALP mass
values.

We also perform an analysis without explicitly mod-
eling the EB power spectrum from intrinsic dust fore-
grounds. Specifically, we repeat the same analysis but
excluding the dust amplitude parameters Adust

b in the
model parameter set and setting x` = Adust

` sin 4 ` = 0
in Eqs. (32) and (33). The data prefer a slightly smaller
value of AEB than that without the dust EB modeling.
The resulting constraints, shown in Fig. 4, are broadly
consistent with those obtained when including the dust
EB foreground modeling, indicating the robustness of
our findings.
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FIG. 4. Same as Fig. 1, but without modeling the intrinsic
dust-induced EB foreground correlation. This comparison
illustrates the impact of foreground modeling on the inferred
ALP parameters.

V. SUMMARY AND DISCUSSION

We have constrained the mass of ALPs using Planck
HFI polarization data, under the assumption that
isotropic cosmic birefringence is sourced by ALPs. Our
analysis reveals that the data favor mass ranges in
which birefringence is e↵ectively described by a constant
rotation angle. Consequently, certain mass ranges—
specifically µ� ' �27.8, �27.5, �27.3, �27.2, �27.1,
as well as µ� 2 [�27.0,�26.5]—are excluded at more
than 2� statistical significance. Importantly, the region
µ� . �28.0 remains unconstrained and allows for the
possibility that ALPs play the role of dynamical dark en-
ergy, consistent with recent results from DESI [85]. We
also demonstrated that this conclusion is robust against
uncertainties in the modeling of intrinsic EB power spec-
trum of dust foreground.

In this work, we assume that ALPs act as spectator
fields and do not contribute to the background evolu-
tion. For a quadratic potential, Ref. [12] provides con-
straints on the ALP-photon coupling constant g, based
on the requirement that ALPs remain subdominant in
energy density. Their analysis uses a benchmark value
of |g�ini/2| = 0.3 deg, ensuring consistency with upper
limits on ALP energy density. Within the mass range
considered in our study, they find a wide range of viable
g values consistent with current experimental constraints
from CAST, SN1987A, and Chandra. Therefore, our re-
sults are compatible with the assumption that the con-

* In this regime, the washout is not significantly important.



Bias of galaxies, halos etc…

𝛿𝑐

Dark matter Astrophysical objects

galaxy, halo etc… number counts are not independent of DM energy density

Energy density (Galaxy)number density

Position0 0

𝛿𝑐

Formation of astrophysical objects are affected by the potential well of gravity. 

More galaxies

Less galaxies

: bias parametere.g., For initial Gaussian case

Position

Blue: DM energy densityDecomposing long and short modes



W/ (local) PNG
In the presence of local-type non-Gaussianity

eg. Squeezed bispectrum
(Correlation between short and long modes)

For Gaussian
Long mode

  
Short mode

W/ Local PNG

Long mode
  

Short mode



Scale dependent bias 

Gaussian at the onset of structure formation

0

𝛿𝑐

More galaxies

Less galaxies

Position

W/ (Local) PNG
(Initial)

0

𝛿𝑐

Further more galaxies

Position

Further less galaxies

D
en

si
ty

 P
er

tu
rb

at
io

n

D
en

si
ty

 P
er

tu
rb

at
io

n

Size of local PNG



Detailed shapes of galaxies

Galaxy shapes (n-th moment)

CFHT

Mathematically, we can characterize the galaxy shapes in more detail.

Quadrupole HexadecapoleOctuple 32-poles

・・・
Decomposition

Current observations target this.



Impact of non-Gaussian tail on halo mass function 

10

(a) z = 0.0 (b) z = 1.0

FIG. 8. As Fig. 5, but showing the fractional change to the halo mass function at z = 0 (left) and z = 1 (right). Matching
theoretical expectations, an increase (decrease) in the chance of large primordial fluctuations, such as that provided by enhanced
(suppressed) tail models, leads to an enhancement (reduction) in the number of massive objects. The size of this enhancement is
larger at higher redshift.

(a) Mhalo > 3.2⇥ 1013h�1M�, z = 0 (b) Mass and redshift evolution

FIG. 9. As Fig. 5 but showing the e↵ect of tails on the halo power spectrum monopole for both a fiducial mass sample (left) and
for a range of masses and redshifts (right). All the tails models considered here produce large scale-dependent bias features. This
is an interesting result as scale-dependent bias is often considered a “smoking-gun” of multi-field inflationary models, but tail
non-Gaussianity can arise in many single-field models. Notably, the level of scale-dependent bias is larger than for the reference
gNL case, despite the fact that they have the same (primordial) squeezed-limit trispectra. This implies that higher-order squeezed
N -point functions contribute to the scale-dependent bias e↵ect. The mass and redshift evolution of this e↵ect would provide one
means of di↵erentiating the e↵ect from observational systematics.

also the primordial potential. The latter dependence can
be expressed in terms of the matter overdensity and a
transfer function that has a 1/k2 large scale limit. The
same e↵ect arises also in gNL-cosmologies; despite the fact
that the gNL simulations used were chosen to have the
same squeezed limit as the tails models (and thus the
same trispectrum-induced contribution to scale-dependent

bias), we find a large scale-dependent bias e↵ect in the
tail models. This can arises due to contributions from
higher-order squeezed primordial N -point functions, i.e.
higher values of n in the summation in Eq. (19).
We see very similar features for the two enhanced tail

models. The level of non-Gaussianity from the two mod-
els was chosen to be approximately similar so it is ex-

2

model can reproduce features of commonly considered
non-perturbative PNG models, for example, exponential
tails. Notably, we assume a symmetric model, which
identically modifies positive and negative tails, and thus
cannot generate N -point functions with odd N . Further-
more, the model is constructed such that the bulk of the
PDF remains Gaussian, which is required to reproduce
CMB and LSS observations.

The remainder of this paper is structured as follows: in
Section II we consider the construction of non-Gaussian
primordial perturbations and discuss the key properties
of our model. In Section III we describe how to gener-
ate realizations of the CMB and LSS from non-Gaussian
initial conditions, before presenting the impacts of tail
non-Gaussianity on CMB and LSS observables in Sec-
tion IV&Section V. We present our conclusions in Sec-
tion VI.

II. INITIAL CONDITIONS

Theories of the early Universe provide predictions for the
statistics of the primordial potential, �(x). Whilst there
are many models that predict exponentially enhanced
tails, the specific form of the primordial potential PDF
depends strongly on the detailed microphysics. That said,
some features are fairly generic; for example, many models
exhibit tails that scale as exp[�C�N ] for some N > 0.
Thusly, we here consider the following phenomenological
model for the real-space primordial PDF:

�(x) ⇠

(
A exp{�C�N

} if |�| > ↵�,

B exp{� �2

2�2 } if |�|  ↵�.
(1)

Near the center of the distribution � follows a Gaussian
PDF with a variance �2, which enforces consistency with
observations (that usually do not probe the distribution
tails). The tails are modified such that, beyond ↵�, they
exhibit a new power-law scaling with exponent N . The
constants A, B and C normalize the distribution, with
A and C set by assuming the PDF and its derivative to
be continuous at the switch point. For N < 2 the tails
of the distribution are enhanced relative to a Gaussian,
whilst for N > 2 they are suppressed. As discussed in
Section IIA, we enforce that di↵erent locations, x and x0,
are spatially correlated so that the power spectrum of the
primordial potential matches observations.

We consider three di↵erent models in this work:

• N = 1.0 and ↵ = 2.5. This model has tails ⇠

exp{�C�}, which are a feature of many models
[e.g., 21, 22, 33, 41, 42].

• N = 1.5 and ↵ = 2. This type of tail non-
Gaussianity is seen in [43].

• N = 2.5 and ↵ = 2. Unlike the previous models,
this model has suppressed tails compared with a
Gaussian. Whilst suppressed tails are less common

FIG. 1. Histograms of a realization of the primordial potential
for Gaussian initial conditions (blue), canonical local fNL

and gNL non-Gaussianity (green and red), and one of the
enhanced tail models considered in this work (orange), here
with N = 1. This illustrates the qualitative di↵erence between
the di↵erent types of non-Gaussianity; even though our model
closely matches that of gNL at small �, we find significant
deviations in the tails.

than thicker tails, they can be produced by a range
of mechanisms [e.g. 20, 44] and represent an inter-
esting phenomenological case to explore.

We refer to each model by the value of N . The value
of ↵ was chosen to generate approximately similar levels
of non-Gaussianity in each model, as measured via the
distribution’s kurtosis. As discussed in Section IV, the
above PDFs are already ruled out via CMB trispectrum
constraints; however, we adopt these levels to allow clear
exploration of observable signatures without the need
for enormous and computationally expensive suites of
simulations.

Finally, our model for the primordial tails is symmetric,
thus equally impacting positive and negative tails, with
a vanishing skewness (as discussed above). Whilst many
models predict asymmetric tails, choosing a symmetric
distribution allows us to separate e↵ects caused by the
tails from e↵ects induced by the skewness (for example
from the local fNL parametrization). As such, the lead-
ing order impact of the tails will be on the primordial
trispectrum, with contributions also expected in all higher
N -point functions with even N .

A. Generation Methodology

We require our initial conditions to have two properties:
(1) the one-point PDF should be given by Eq. (1); (2) the
simulations should have a power spectrum that matches
observations, i.e.P�(k) / kns�4 where ns is the spectral
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(a) z = 0.0 (b) z = 1.0

FIG. 8. As Fig. 5, but showing the fractional change to the halo mass function at z = 0 (left) and z = 1 (right). Matching
theoretical expectations, an increase (decrease) in the chance of large primordial fluctuations, such as that provided by enhanced
(suppressed) tail models, leads to an enhancement (reduction) in the number of massive objects. The size of this enhancement is
larger at higher redshift.

(a) Mhalo > 3.2⇥ 1013h�1M�, z = 0 (b) Mass and redshift evolution

FIG. 9. As Fig. 5 but showing the e↵ect of tails on the halo power spectrum monopole for both a fiducial mass sample (left) and
for a range of masses and redshifts (right). All the tails models considered here produce large scale-dependent bias features. This
is an interesting result as scale-dependent bias is often considered a “smoking-gun” of multi-field inflationary models, but tail
non-Gaussianity can arise in many single-field models. Notably, the level of scale-dependent bias is larger than for the reference
gNL case, despite the fact that they have the same (primordial) squeezed-limit trispectra. This implies that higher-order squeezed
N -point functions contribute to the scale-dependent bias e↵ect. The mass and redshift evolution of this e↵ect would provide one
means of di↵erentiating the e↵ect from observational systematics.

also the primordial potential. The latter dependence can
be expressed in terms of the matter overdensity and a
transfer function that has a 1/k2 large scale limit. The
same e↵ect arises also in gNL-cosmologies; despite the fact
that the gNL simulations used were chosen to have the
same squeezed limit as the tails models (and thus the
same trispectrum-induced contribution to scale-dependent

bias), we find a large scale-dependent bias e↵ect in the
tail models. This can arises due to contributions from
higher-order squeezed primordial N -point functions, i.e.
higher values of n in the summation in Eq. (19).
We see very similar features for the two enhanced tail

models. The level of non-Gaussianity from the two mod-
els was chosen to be approximately similar so it is ex-

Coulton, Philcox, Villaescus-Navarro (24)

… and scale dependent bias, cold/hot spots in CMB, and so on
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within the quijote suite. Many estimators of summary
statistics required gridded fields; to compute these, we
use the Cloud-in-Cell [57] grid assignment scheme, decon-
volving the window function from our power spectrum
and bispectrum measurements [58].

We generate 100 simulations for each of the three tailed
models: N = 1, N = 1.5, and N = 2.5. As seen in Fig. 2,
these models produce an non-trivial primordial trispec-
trum. To elucidate which e↵ects arise from the primordial
trispectrum and which e↵ects are unique to the tails, we
also simulate 100 simulations with gNL = 1.64⇥106. This
is chosen since (a) gNL is a commonly-adopted model of
primordial non-Gaussianity that produces squeezed fea-
tures similar to those of our tails models; (b) the value of
gNL approximately matches the squeezed limit of the tails
models (whose importance is discussed in Section VB).

IV. IMPACT ON THE COSMIC MICROWAVE
BACKGROUND

First, we assess the impact of tail non-Gaussianity on the
CMB. The goal of this investigation is both to understand
the phenomenology of tails, and to understand whether
they are already highly constrained by observations of
CMB non-Gaussianity. For this purpose, we focus on a
single model: N = 1 and ↵ = 2.5.

In Fig. 3, we show how the noiseless CMB responds to
injected tails in the primordial PDF. As our phenomeno-
logical model does not change the bulk of the distribution
(only rare events with |�| > ↵�), many parts of the
CMB map are unaltered; however, some localized fea-
tures emerge, primarily near hot and cold spots. If one
increases the value of ↵ such e↵ects become rarer, as
expected.

Given the large changes to the primordial PDF with tail
non-Gaussianity, one may expect to see large changes in
the CMB PDF. As seen in Fig. 4, this is not the case. This
arises as the CMB is an integrated quantity and combines
modes across the surface of last scattering, cf. Eq. (5),
which washes out the signals visible in the 3D potential
PDF.

Despite the limited visibility in the one-point function,
the tailed cosmology in question can be well-constrained
from higher-order non-Gaussianity. As shown in Sec-
tion IIC, the enhanced tail non-Gaussianity produces a
trispectrum with a squeezed limit similar to the cubic
local trispectrum, parametrized by gNL. The Planck satel-
lite constrained gNL = �5.8±6.5⇥104 [59], whilst for the
parameters considered here, we obtain a non-Gaussianity
parameter ĝNL = 1.1⇥ 106 (see the discussion below), us-
ing the methods described in [60, 61], adapted to perform
a template analysis. As such, the models considered here
are already ruled out at the ⇠ 20� level. As discussed in
Section II, we choose these levels such that the impact
of enhanced tail non-Gaussianity is visible in LSS with a
reasonable number of N -body simulations. This is similar
to investigations of other types of non-Gaussianity, e.g.,

(a) Gaussian, noiseless CMB realization

(b) �T from tail non-Gaussianity with N = 1 and ↵ = 2.5

(c) �T from tail non-Gaussianity with N = 1 and ↵ = 3.5

FIG. 3. Modifications to the CMB temperature maps induced
by primordial tails, as parametrized by Eq. (1) with two
values of ↵. Here, the tail scales as p(�) ⇠ e�C�, for |�| > ↵�,
following a Gaussian distribution in the central region. We
clearly observe localized structures in the CMB map, which
will not be captured by low-order correlation functions. The
first set of parameters, N = 1 and ↵ = 2.5, correspond to the
models analysed in detail here. As discussed in the text, this
model is not compatible with CMB trispectrum constraints.
The second set, N = 1 and ↵ = 3.5, show the impacts on the
CMB of a weaker tails model that is not ruled out by past
CMB non-Gaussianity measurements.

… yet                            (PLANCK18), so excluded 20σ

PDF ∼ ( A exp{−CΦ N } if |Φ| > ασ, 
　　　B exp{− Φ2/2σ2 } if |Φ| ≤ ασ.

3) Non-standard IC
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Fig. 1.— Shown above in the top panel is a color image from the Magellan images of the merging cluster 1E0657−558, with the white
bar indicating 200 kpc at the distance of the cluster. In the bottom panel is a 500 ks Chandra image of the cluster. Shown in green contours
in both panels are the weak lensing κ reconstruction with the outer contour level at κ = 0.16 and increasing in steps of 0.07. The white
contours show the errors on the positions of the κ peaks and correspond to 68.3%, 95.5%, and 99.7% confidence levels. The blue +s show
the location of the centers used to measure the masses of the plasma clouds in Table 2.

nated by collisionless dark matter, the potential will trace
the distribution of that component, which is expected
to be spatially coincident with the collisionless galax-
ies. Thus, by deriving a map of the gravitational po-
tential, one can discriminate between these possibilities.
We published an initial attempt at this using an archival
VLT image (Clowe et al. 2004); here we add three addi-
tional optical image sets which allows us to increase the
significance of the weak lensing results by more than a
factor of 3.

In this paper, we measure distances at the redshift of
the cluster, z = 0.296, by assuming an Ωm = 0.3, λ =
0.7, H0 = 70km/s/Mpc cosmology which results in 4.413
kpc/′′ plate-scale. None of the results of this paper are
dependent on this assumption; changing the assumed
cosmology will result in a change of the distances and
absolute masses measured, but the relative masses of
the various structures in each measurement remain un-
changed.

2. METHODOLOGY AND DATA

We construct a map of the gravitational poten-
tial using weak gravitational lensing (Mellier 1999;
Bartelmann & Schneider 2001), which measures the dis-
tortions of images of background galaxies caused by the
gravitational deflection of light by the cluster’s mass.
This deflection stretches the image of the galaxy pref-
erentially in the direction perpendicular to that of the
cluster’s center of mass. The imparted ellipticity is typi-
cally comparable to or smaller than that intrinsic to the
galaxy, and thus the distortion is only measurable statis-
tically with large numbers of background galaxies. To do
this measurement, we detect faint galaxies on deep op-
tical images and calculate an ellipticity from the second
moment of their surface brightness distribution, correct-
ing the ellipticity for smearing by the point spread func-
tion (corrections for both anisotropies and smearing are
obtained using an implementation of the KSB technique
(Kaiser et al. 1995) discussed in Clowe et al. (2006)).
The corrected ellipticities are a direct, but noisy, mea-
surement of the reduced shear "g = "γ/(1 − κ). The shear
"γ is the amount of anisotropic stretching of the galaxy
image. The convergence κ is the shape-independent in-
crease in the size of the galaxy image. In Newtonian

gravity, κ is equal to the surface mass density of the lens
divided by a scaling constant. In non-standard gravity
models, κ is no longer linearly related to the surface den-
sity but is instead a non-local function that scales as the
mass raised to a power less than one for a planar lens,
reaching the limit of one half for constant acceleration
(Mortlock & Turner 2001; Zhao et al. 2006). While one
can no longer directly obtain a map of the surface mass
density using the distribution of κ in non-standard grav-
ity models, the locations of the κ peaks, after adjusting
for the extended wings, correspond to the locations of
the surface mass density peaks.

Our goal is thus to obtain a map of κ. One can combine
derivatives of "g to obtain (Schneider 1995; Kaiser 1995)

∇ ln(1−κ) =
1

1 − g2
1 − g2

2

(

1 + g1 g2
g2 1 − g1

) (

g1,1 + g2,2
g2,1 − g1,2

)

,

which is integrated over the data field and converted into
a two-dimensional map of κ. The observationally un-
constrained constant of integration, typically referred to
as the “mass-sheet degeneracy,” is effectively the true
mean of ln(1−κ) at the edge of the reconstruction. This
method does, however, systematically underestimate κ
in the cores of massive clusters. This results in a slight
increase to the centroiding errors of the peaks, and our
measurements of κ in the peaks of the components are
only lower bounds.

For 1E0657−558, we have accumulated an exception-
ally rich optical dataset, which we will use here to mea-
sure "g. It consists of the four sets of optical images shown
in Table 1 and the VLT image set used in Clowe et al.
(2004); the additional images significantly increase the
maximum resolution obtainable in the κ reconstructions
due to the increased number of background galaxies,
particularly in the area covered by the ACS images,
with which we measure the reduced shear. We reduce
each image set independently and create galaxy cata-
logs with 3 passband photometry. The one exception
is the single passband HST pointing of main cluster,
for which we measure colors from the Magellan images.
Because it is not feasible to measure redshifts for all
galaxies in the field, we select likely background galax-
ies using magnitude and color cuts (m814 > 22 and not
in the rhombus defined by 0.5 < m606 − m814 < 1.5,

The mass distribution inferred from gravitational lensing is offset 
from the hot gas, which dominates the observed baryonic mass. 

Clowe et al. (06)

see also Famaey(26)


