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Nonlinear Matter Power Spectrum from relativistic N-body Simulations: ΛsCDM

versus ΛCDM
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We present relativistic N -body simulations of a ΛsCDMÐsign-switching cosmological constant
(CC)Ðscenario under general relativity and compare its nonlinear matter power spectrum to ΛCDM
at z = 15, 2, 1, 0, using best-őt parameters from Planck -only and a combined łfullž dataset. During
the AdS-like CC (Λs < 0) phase, prior to the transition redshift z†, reduced Hubble friction
dynamically enhances the growth of perturbations; after the switch, with dS-like CC (Λs > 0),
the larger late-time expansion rate partly suppresses, but does not erase, the earlier ampliőcation.
Consequently, the ratio PΛsCDM/PΛCDM exhibits a pronounced, redshift-dependent shape feature: a
crest peaking at ∼ 20− 25% around k ≃ 1− 3hMpc−1 near the transition, which then migrates to
larger physical scales and persists to z = 0 as a robust ∼ 15− 20% uplift at k ≃ 0.6− 1.0hMpc−1.
These wavenumbers correspond to group or poor-cluster environments and lie within the sensitivity
range of weak lensing, galaxy-galaxy lensing, cluster counts, and tSZ power, providing a concrete,
falsiőable target that cannot be mimicked by a scale-independent change in σ8 or S8. The timing
(earlier for Planck -only, later for the full dataset) and the amplitude of the crest align with the
łcosmic noonž epoch (z ≃ 1− 2), offering a gravitational prior for the observed peak in the cosmic
star-formation rate.

I. INTRODUCTION

The concordance ΛCDM model remains the simplest
and most successful framework for describing the evolution
of the Universe, providing an excellent őt to early-universe
probes such as the Cosmic Microwave Background (CMB)
anisotropies [1ś3] and Big Bang Nucleosynthesis (BBN).
Nevertheless, in recent years a number of persistent cos-
mological tensions have emerged when ΛCDM predictions
are confronted with late-time observations [4ś8]. The
most prominent is the more than 6σ discrepancy between
the value of the Hubble constant (H0) [9ś19] inferred from
CMB data [1ś3] and that measured by the local distance
ladder [20ś49], but additional anomalies, such as the so-
called S8 tension [50ś71] in weak lensing reinforce the case
that ΛCDM, while highly successful, may be incomplete.
Proposed solutions are commonly grouped into two broad
categories, by when they act on the expansion history:
early-time modiőcations, which alter the expansion or en-
ergy content before recombination (e.g., early dark energy,
EDE [14, 72ś82]), and late-time modiőcations, which de-
form the post-recombination expansion while preserving
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high-redshift successes of the standard cosmology (e.g.,
interacting dark energy, IDE [83ś102]). In this context,
recent results from DESI [103, 104] have sharpened the
observational picture, showing that extensions such as
dynamical dark energy (DDE) [105ś132] can substantially
improve the joint consistency of BAO and supernova data
relative to ΛCDM, further motivating systematic explo-
rations of late-time departures from ΛCDM and possible
new physics affecting late-universe dynamics.

Among the realizations of the latter category, the
ΛsCDM framework (also known as the sign-switching cos-
mological constant (CC)) [133ś136] stands out as one of
the most promising and economical extensions of ΛCDM.
It posits that around redshift z†∼2, the Universe under-
went a rapid mirror AdS-to-dS (anti-de Sitter to de Sitter)
transition in the vacuum energy: the effective cosmolog-
ical constant Λs ŕipped from negative to positive while
preserving its magnitude (łmirrorž reŕects this invariance),
with all other standard components, including baryons,
CDM, pre-recombination physics, and the inŕationary
paradigm, left unaltered. The idea was originally conjec-
tured phenomenologically in Ref. [133], motivated by hints
from the graduated dark energy (gDE) model, where a
swift yet smooth mirror AdS-to-dS-like transition passage
around z∼2 helps organize late-time discrepancies (e.g.,
the H0 and BAO Lyα discrepancies) without disturbing
CMB-era physics. Phenomenologically, such transitions
can be described with sigmoid-like proőles; for example,
Λs(z) = Λs0

tanh[η (z†−z)]
tanh(ηz†)

, where η > 1 controls the sharp-
ness, Λs0 > 0 is the present-day value, and z† denotes the
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center of the transition [135]. For sufficiently rapid tran-
sitions (e.g., η ≳ 10 at z†∼2), this approaches a smooth
step with Λs ≈ Λs0 for z ≲ 2 and Λs ≈ −Λs0 for z ≳ 2,
effectively leaving a single parameter, z† [135, 137]. In
the instantaneous limit η→∞, Λs(z) → Λs0 sgn(z† − z),
which deőnes the abrupt ΛsCDM model [134ś136], an
idealized representation of a rapid mirror AdS-to-dS tran-
sition that extends ΛCDM by a single additional param-
eter, z†. This simplest phenomenological realization of
ΛsCDM has been extensively studied under the assump-
tion of GR; see, e.g., Refs. [134ś141]. The abrupt limit
serves as a controlled proxy for a fast transition, and by
construction the limit z† →∞ exactly recovers ΛCDM.
We refer the reader (without claiming completeness) to
the broader literature on ΛsCDM and cognate scenarios,
including theoretical developments, observational con-
straints, and related frameworks that invoke a negative
CC or DE sectors (effective or őeld-based) admitting
negative energy densities at high redshifts, as well as
model-agnostic reconstructions pointing in that direction;
see Refs. [93, 100, 112, 121, 124, 139ś230].

In ΛsCDM, because the pre-recombination universe
remains unaltered, CMB distance anchoring forces a com-
pensating late-time shift that raises H0 while lowering
Ωm0. Consequently, as shown in a series of studies (e.g.,
[134ś139]), raising H0 to Supernovae and H0 for the Equa-
tion of State of Dark Energy (SH0ES) values naturally
suppresses the present-day growth rate f0 ≃ Ωγ

m0 (while
retaining the GR benchmark γ≃0.55 for the growth in-
dex) and the clustering metric S8 ≡ σ8

√

Ωm0/0.3 (even
though σ8 increases slightly), thereby enabling ΛsCDM to
simultaneously address the H0, S8, and γ tensions with-
out invoking modiőed gravity. Moreover, the framework
remains compatible with BAO Lyα data at zeff ∼ 2.3,
with estimates of the present age of the Universe from the
oldest globular clusters, and (with neutrino parameters
treated as free [138]) with standard neutrino properties.
Notably, a rapid transition near z†≈1.7 has been identi-
őed as the model’s łsweet-spotž, where these achievements
are realized simultaneously [134ś139].

Crucially, the departures of the abrupt ΛsCDM sce-
nario from ΛCDM are dynamical and begin before the
transition, namely in the AdS epoch of Λs [134]. They
arise in the background expansion and, consequently, in
the evolution of perturbations, and hence in structure
growth. Speciőcally, for a transition at z† ∼ 2 (as sug-
gested by observational analyses [134ś137]), observable
departures are conőned primarily to the z ≲ 3 universe.
By z ∼ 3, the dark energy fraction is only a few percent,
ΩΛ(z∼3) ≃ |ΩΛs

(z∼3)| ∼ O(10−2), and rapidly becomes
negligible, so that for 3 ≲ z ≲ zeq ≃ 3400, both models are
effectively Einsteinśde Sitter and, for z > zrec ≃ 1100, re-
produce the standard pre-recombination cosmology. The
fundamental difference, relative to ΛCDM, is that in the
AdS-like CC era (z > z†), the expansion rate H(z) is
lower, with the deőcit growing toward the transition and
most pronounced for z† < z≲3, whereas after the transi-
tion (dS-like CC era, z < z†), H(z) is higher while closely

tracking the ΛCDM redshift dependence. Taken together,
these shifts are expected to have clear and distinct dy-
namical implications for structure growth.

Accordingly, in the absence of dark energy cluster-
ing, subhorizon (pressureless) matter perturbations obey
δ̈ + 2Hδ̇ − 4πGρm δ = 0 [135, 141]. Hence, owing to the
H(z) evolution described above and relative to ΛCDM,
the Hubble friction term 2Hδ̇ is increasingly suppressed
across the AdS window (toward the transition), leading
to progressively enhanced growth. After the transition,
although Λs is dS-like as in ΛCDM, H(z) is larger and the
friction term becomes more pronounced, thereby damp-
ing growth more efficiently throughout that era. Conse-
quently, while in both models the growth index attains the
Einsteinśde Sitter value γEdS = 6/11 at recombination,
in the post-recombination era ΛCDM has γ(a) > γEdS,
with an excess that increases toward low z. In contrast,
in ΛsCDM it remains below γEdS throughout the dS-like
CC era, with a deőcit that strengthens toward z†. At
the transition, it jumps sharply and thereafter raises
smoothly toward low z, tracking the ΛCDM curve at
slightly higher values while remaining close to the GR
benchmark γ ≃ 0.55 overall (see Ref. [141], Fig. 11).

Correspondingly, relative to ΛCDM, ΛsCDM exhibits
a progressively enhanced growth rate f(a) throughout
the AdS-like CC era, peaking just before the transition
(by ∼ 15% for z† ∼ 2; see Ref. [141], Fig. 10). At the
switch, f(a) drops slightly below the ΛCDM value; there-
after, in the dS-like CC era, it follows the ΛCDM red-
shift dependence while remaining lower. This behavior of
f(a) in ΛsCDM renders the model a natural candidate
to alleviate the recently identiőed growth-index (γ) ten-
sion in ΛCDM [231]. For context, we brieŕy outline the
mechanism (see Refs. [139, 141] for details). In ΛCDM,
adopting the Planck-anchored Ωm0 = 0.32 together with
the GR benchmark γ ≃ 0.55 yields f0 = Ωγ

m0 ≃ 0.53 for
the present-day universe. By contrast, őtting γΛCDM
(i.e., ΛCDM with γ free) to CMB+fσ8 data gives γ =
0.639±0.025 and Ωm0 = 0.308±0.007, which together im-
ply f0 = 0.471± 0.015 [139, 231]. This ∼ 4σ upward shift
in γ relative to the GR expectation constitutes the growth-
index tension and corresponds to a suppressed present-day
growth rate (f0 ≃ 0.47) relative to the Planck-ΛCDM ex-
pectation (f0 ∼ 0.53). By contrast, ΛsCDM, at its sweet-
spot z†∼1.7 and retaining the GR benchmark γ ≃ 0.55,
with Planck-anchored Ωm0 ≃ 0.27 [134ś137], already pre-
dicts a suppressed present-day growth rate f0 ≃ 0.49,
closely matching the f0 ≃ 0.47 inferred in γΛCDM anal-
yses of CMB+fσ8 data. Indeed, constraining γΛsCDM
(i.e., ΛsCDM with free γ) with the same CMB+fσ8 data
yields γ = 0.586± 0.022 and Ωm0 = 0.265± 0.007, imply-
ing f0 = 0.461 ± 0.015Ðin excellent agreement (within
∼ 0.5σ) with the γΛCDM inference for f0Ðwhile γ re-
mains within ∼ 1.5σ of the GR value, thereby alleviating
the growth-index tension [139]. In γΛCDM, the suppres-
sion of f0 inferred from CMB+fσ8 is achieved by raising
the growth index to γ∼ 0.64, suggestive of a departure
from GR, while keeping Ωm0 close to its Planck-ΛCDM
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value. In γΛsCDM (with z†∼1.7), it arises chieŕy from
a lower matter densityÐΩm0 smaller by ∼ 0.04 relative
to Planck-ΛCDMÐwhile the őtted γ∼0.59 remains sta-
tistically consistent with GR (γ ≃ 0.55).

Finally, halo-scale analyses based on spherical collapse
in the abrupt ΛsCDM background show that bound struc-
tures survive the transition, and that the virial overdensity
shifts relative to Planck-ΛCDM depending on whether the
switch occurs before or after turnaroundÐthat is, halos
virialize with either increased or reduced overdensity con-
tingent on the transition timing. This behavior encodes
both the duration and depth of the pre-transition AdS
phase, together with post-transition dS-like CC damp-
ing [140]. In this idealized limit, the transition manifests
as a type II (sudden) singularity [232] at z = z† [140].
Crucially, even in its most extreme, abrupt form, the
mirror AdS-to-dS transition neither dissociates bound sys-
tems nor signiőcantly perturbs Newtonian virialized halos,
and this singularity, which already has mild dynamical
impact, disappears once the transition is smoothed [140].1

Taken together, the linear-regime growth and halo-scale
spherical-collapse results point to a concrete, falsiőable
nonlinear signature characteristic of the ΛsCDM scenario.
During the AdS-like CC era, reduced Hubble friction (rel-
ative to ΛCDM) seeds an early excess of power at high
comoving wavenumbers k (units hMpc−1). After the
AdS-to-dS transition, H(z) in the dS-like CC era closely
tracks the ΛCDM redshift dependence but at higher val-
ues, thereby suppressing subsequent growth more effi-
ciently than in ΛCDM. As nonlinearity propagates to
progressively larger physical scales (i.e., as the nonlin-
ear scale kNL(z) decreases), the maximum relative differ-
ence, PΛsCDM/PΛCDM − 1, is expected to track kNL(z).
This appears as a localized, redshift-dependent crest in
PΛsCDM/PΛCDM that drifts to lower k with time. Un-
like a scale-independent rescaling (e.g., of σ8 or As), the
crest’s amplitude and k-location encode the integrated
background historyÐhow long and how strongly the Uni-
verse evolved in the AdS-like CC era, and how rapidly it
was subsequently damped in the dS-like CC era. The crest
is expected to arise near the AdS-to-dS transition, initially
around kNL(z†) with, for example, z†∼1.7, and then mi-
grate, in comoving k, toward the group or poor-cluster
regime by z = 0, where weak lensing, galaxyśgalaxy lens-
ing, cluster counts, and tSZ power are most sensitive. If
the transition occurs earlier, for example z† ∼ 2.0, the
same morphology should be obtained but with reduced

1 For a smooth AdS-to-dS transition modeled with a DE őeld
in GR, the type II singularity is absent. Because pDE re-
mains őnite while ρDE crosses zero continuously at z = z†, the
equation-of-state parameter wDE ≡ pDE/ρDE diverges there,
lim

z→z
±
†

wDE(z) = ±∞, which, however, is a safe singularity:

all background quantities (a, H, Ḣ), as well as the total energy
density and pressure, remain őnite and continuous. In simple
scalar-őeld realizations, the sound speed is luminal, c2s = 1. See
Refs. [140, 173, 213] for details.

amplitude and earlier onset: the dark energy fraction is
smaller at higher redshift, and the longer post-transition
era provides more time to damp and redistribute the pre-
transition excess, yielding a weaker residual feature by
z = 0.

This work tests these predictions in the fully nonlin-
ear regime using relativistic N -body simulations with
gevolution. We simulate the abrupt ΛsCDM limit, a
controlled proxy for a smooth but rapid transition, along-
side a matched ΛCDM baseline, adopting two independent
best-őt parameter sets (Planck-only and a combined łfullž
dataset; see Table I). Baryons and CDM are co-evolved as
a single particle ensemble in a (2080Mpc/h)3 volume with
0.5Mpc/h spatial resolution; a single massive neutrino
with

∑

mν = 0.06 eV is included in the matter sector and
evolved linearly. We analyze the absolute matter power
spectra up to kf ≡ kNy/4 ≃ 1.6hMpc−1, and we track
the localized feature in their relative behaviour down to
k ≳ 2hMpc−1, exploiting reduced sensitivity of the ratio
PΛsCDM/PΛCDM to resolution limits. Consistency in the
linear regime is veriőed by cross-checking gevolution

outputs against the Cosmic Linear Anisotropy Solving
System (CLASS) in Newtonian gauge.

The paper is organized as follows. Following a review
of the background dynamics and linear phenomenology
of ΛsCDM in the Introduction (Section I), Section II
introduces the abrupt ΛsCDM background and linear
phenomenology, and details our simulation setup and vali-
dation. Section III presents the nonlinear power-spectrum
results, quantifying the crest’s amplitude and redshift-
dependent k-drift, and mapping them to observational
targets. Section IV summarizes the implications and
outlines future tests.

II. BACKGROUND AND SIMULATION SETUP

To study the matter power spectrum in ΛsCDM rel-
ative to ΛCDM, we perform two sets of N -body simu-
lations using the best-őt cosmological parameters from
the Planck -only and full datasets listed in Table I. Simu-
lations are carried out with the particle-mesh (PM) rel-
ativistic code gevolution [233, 234], which by default
evolves perturbations in the Poisson gauge. Our use of
gevolution is motivated by robustness and consistency:
it provides a controlled GR framework in a well-deőned
gauge, evolves the metric potentials sourcing particle
motion self-consistently, and allows a clean inclusion of
relativistic species (here implemented linearly).

Massive neutrinos are included in the minimal-mass
normal hierarchy with

∑

mν = 0.06 eV, implemented as a
single massive eigenstate. Identical clustering is assumed
for baryons and CDM (i.e., no bias), and our results do
not incorporate baryonic feedback effects on small scales.
Baryons and CDM are co-evolved in a single ensemble of
41603 particles, with initial perturbations generated from
a weighted average of their separate transfer functions
(the blend option in gevolution). All runs are performed



4

TABLE I. Best-őt cosmological parameters for the ΛCDM and
ΛsCDM models used in our simulations. Values are derived
from the parameter analyses of Ref. [136]: łPlanckž corre-
sponds to Planck CMB-only, while łFullž denotes the com-
bined set Planck+BAOtr+PantheonPlus&SH0ES+KiDS-1000.
The values listed are nearby best-őts obtained by locally re-
optimizing around the posteriors of Ref. [136] (see Section II).

Parameter ΛCDM (Planck) ΛCDM (full) ΛsCDM (Planck) ΛsCDM (full)
102ωb 2.235 2.283 2.236 2.243
ωcdm 0.1202 0.1143 0.1202 0.1192
100 θ∗ 1.0418 1.0422 1.0417 1.0418
ln
(

1010As

)

3.049 3.079 3.036 3.030
ns 0.9658 0.9797 0.9648 0.9651
τ 0.0549 0.0771 0.0484 0.0485
z† Ð Ð 1.927 1.669
Ωm 0.3163 0.2816 0.2872 0.2676
σ8 0.8136 0.8076 0.8216 0.8238
H0 [km s−1Mpc−1] 67.28 69.96 70.61 72.90
t0 [Gyr] 13.80 13.71 13.62 13.53

in boxes of size L = 2080Mpc/h with 4160 grid points.
Additional parameters not shown in Table I include Nur =
2.0328 for two ultra-relativistic neutrinos and Tν/Tγ =
0.71611, which are common to both cosmological models.

Outputs for ΛCDM and ΛsCDM cosmologies are di-
rectly comparable, since all runs within a given dataset
(Planck -only vs. full) share identical simulation and IC
(initial conditions) generation settings. The code employs
a Fast Fourier Transform (FFT) algorithm and therefore
operates at őxed resolution. However, limitations associ-
ated with the őxed lattice are partially mitigated when
considering the ratios PΛsCDM/PΛCDM, which remain suf-
őciently reliable for our purposes beyond the k-range
adopted for the individual absolute spectra PΛsCDM and
PΛCDM.

Initial perturbation amplitudes at zini = 100 are gen-
erated with the Boltzmann code CLASS [235]. In the
simulations, metric evolution includes massive-neutrino
perturbations only at linear order, in contrast to the joint
CDM-baryon component (hereafter denoted cb), which
is represented by an N -body ensemble. Time-dependent
neutrino transfer functions are provided by CLASS at run-
time [236, 237].

The codes are left unaltered for ΛCDM. For ΛsCDM,
we modify only the background evolution in both
gevolution and CLASS to implement a non-clustering,
sign-switching cosmological constant Λs. In this frame-
work, the standard cosmological constant Λ of the ΛCDM
model is replaced by Λs, which undergoes a rapid sign
switch near z†, with an AdS-like phase (Λs < 0) at earlier
times and a dS-like phase (Λs > 0) thereafter. We adopt
the idealized step-limit prescription

Λs(z) = Λs0 sgn(z† − z) , (1)

where sgn denotes the signum function [134ś136]. This
choice modiőes only the background expansion (i.e. no
dark energy clustering) and serves as a simplifying ap-
proximation to a fast but continuous sign switch. The

Friedmann equation then reads

H2

H2
0

= Ωr0(1+ z)4 +Ωm0(1+ z)3 +ΩΛs0 sgn(z† − z) . (2)

The present-day density parameters retain their stan-
dard deőnitions (setting c ≡ 1) Ωr0 = 8πGεr0/(3H

2
0 ),

Ωm0 = 8πGεm0/(3H
2
0 ), and ΩΛs0 = Λs0/(3H

2
0 ). On sub-

horizon scales, the pressureless linear growth still satis-
őes [135]

δ̈ + 2Hδ̇ − 4πGρm δ = 0 . (3)

For the baseline free parameters we rely on the recent
global analysis of ΛsCDM in Ref. [136], which identiőes
a transition at z† ≃ 1.7ś1.9 and reports improvements
across multiple data combinations relative to ΛCDM.

It has been shown in Ref. [238] that in gevolution

simulations carried out in the Poisson gauge, the im-
pact of early radiation on the matter power spec-
trumÐspeciőcally on very large scalesÐremains at the
sub-percent level. Motivated by this, we include photon
and massless-neutrino perturbations only down to z = 15.
Their transfer functions are computed with CLASS and
supplied to gevolution at runtime to construct the cor-
responding density őelds (analogous to the treatment of
massive neutrinos). At later times, down to z = 0, these
species are retained only in the background evolution.

The entries in Table I are point estimates obtained
by locally re-optimizing the likelihood around the Mon-
tePython chains of Ref. [136] for the two datasets em-
ployed here: łPlanckž (Planck CMB only) and łfullž (the
combined Planck+BAOtr+PantheonPlus&SH0ES+KiDS-
1000 analysis). Ref. [136] sampled parameters with
CLASS+MontePython (Metropolis-Hastings, R − 1 <
10−2) and reported 68%CL posteriors and best őts; our
local re-optimization yields nearby best őts consistent
with those posteriors. Small numerical shifts relative to
Ref. [136] are immaterial and leave all őgures unchanged
at the precision shown.

Throughout, łtotal matterž denotes the sum of baryons,
CDM, and massive neutrinos. Comparisons to linear
theory are performed with CLASS in Newtonian gauge
(the gauge choice is discussed below).

III. RESULTS AND INTERPRETATION

Fig. 1 presents the total-matter power spectra at z =
15, 2, 1, 0 for both cosmologies, using the Planck -only
(left) and full (right) best-őt parameter sets in Table I.
Approaching k ∼ O(1)hMpc−1, at very high redshift
(z = 15), the two models are nearly indistinguishable, as
expected when the the dark energy fraction is negligible
(ΩΛ ≃ |ΩΛs

| ≈ 0); the small residual offset in power
reŕects the different late-time best őts (e.g., As, ns, Ωm0).
At lower redshift, in the nonlinear regime of interest (k ≳
0.1hMpc−1), the largest relative difference appears in
the neighborhood of the sign-switch (mirror AdS-to-dS
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FIG. 1. Total-matter (baryons+CDM+massive ν) power
spectra from our gevolution simulations, shown for the
Planck -only (left) and full (right) best-őt parameter sets at
z = 15, 2, 1, 0. Colored solid curves correspond to ΛsCDM,
while black dash-dotted curves indicate ΛCDM. Within
each dataset, both runs share identical simulation and IC
generation settings. Absolute spectra are plotted up to
kf = 1.6hMpc−1

≃ kNy/4.

transition) epoch and follows the dataset-dependent z†:
for the Planck -only case it is maximal at z ≃ 2 (just before
z† ≃ 1.93), whereas for the full dataset it is maximal at
z ≃ 1 (consistent with z† ≃ 1.67). This behavior is made
explicit in Fig. 2, which shows the ratios PΛsCDM/PΛCDM

at the same four redshifts. The enhancement peaks at
wavenumbers k ≃ 1ś3hMpc−1 with amplitudes of order
20ś25% (precisely: 1.202 at z = 2 for Planck -only; 1.248
at z = 1 for the full dataset), i.e., within the wavelength
interval λ = 2π/k ≃ 2.1ś6.3h−1Mpc where nonlinear
collapse is most efficient. After the sign switch, i.e., in
the dS-like CC era (z < z†), the relative excess diminishes
but does not vanish: by z = 0, the crest has migrated to
larger physical scales, with its peak at k ≃ 0.8hMpc−1

and amplitudes of 1.140 (Planck -only) and 1.217 (full).
In other words, the peak amplitude declines from ∼20%
at z = 2 to ∼ 14% at z = 0 for the Planck -only case,
and from ∼25% at z = 1 to ∼22% at z = 0 for the full
dataset. The vertical tick marks in Fig. 2 indicate the
k-locations of the local maxima at each redshift; these
are essentially insensitive to small parameter differences
within each dataset, conőrming that the peak’s position
is controlled by the dynamical history (i.e., the timing
of the mirror AdS-to-dS transition) rather than by mild
shifts in (Ωm0, H0, As, ns).

The absolute spectra in Fig. 1 are shown only up to
kf = 1.6hMpc−1, deőned as one quarter of the Nyquist
frequency, kNy = π/(resolution) ≃ π/0.5 ≃ 6.3hMpc−1.
The leading-order discretization error relative to the con-
tinuum prediction, Pcontinuum, partly cancels in the ra-
tios PΛsCDM/PΛCDM, as discussed around Eq. (5.1) of
Ref. [236], making them less sensitive to the limitations of

FIG. 2. Ratios of the total-matter power spectra,
PΛsCDM/PΛCDM, at z = 15, 2, 1, 0 for the Planck -only (dashed)
and full (solid) best-őt parameter sets. Vertical tick marks
denote the k-locations of the local maxima from z = 2 onward.
Peak amplitudes are: Planck -only, 1.202 at z = 2, 1.186 at
z = 1, 1.140 at z = 0; full dataset, 1.212 at z = 2, 1.248 at
z = 1, 1.217 at z = 0.

őxed resolution. Accordingly, in Fig. 2 we report the loca-
tions and amplitudes of the maxima at z = 2 even though
they lie slightly beyond kf . These should be regarded as
robust relative features, while absolute amplitudes beyond
kf are not interpreted further here.

Figures 3 (Planck -only) and 4 (full dataset) compare
the cb-only power spectra from N -body runs (solid) to
the corresponding linear predictions from CLASS (black
dash-dotted). As noted earlier, although the cb com-
ponent shown separately here excludes massive ν, their
perturbations still source the metric linearly. On large,
linear scales (k≲0.1ś0.2hMpc−1) the agreement between
gevolution and CLASS is excellent at all redshifts, val-
idating the consistent implementation of the modiőed
background in the ΛsCDM cosmology across both codes.
We emphasize that in CLASS we work in Newtonian gauge,
since calculations in the default synchronous gauge are
sensitive to the step in H(z) for the abrupt ΛsCDM model.
Meanwhile, our interpretation of the linear-theory ver-
sus simulation comparison focuses on subhorizon modes,
k ≳ 0.02hMpc−1, where őnite-volume effects are negli-
gible and gauge effects are no longer signiőcant. For a
complementary benchmark against an analytic nonlin-
ear prescription (HMCode) and an estimate of its range of
validity in this setting, see Appendix A (Figs. 7 and 8).
Toward smaller scales the N -body spectra exceed the
linear curves at low redshift, as expected from nonlinear
growth. The corresponding ratios in Figs. 5 and 6 show
the same trend: linear-theory ratios remain smooth and
modest, whereas their N -body counterparts develop a
localized crest around k∼O(1)hMpc−1 at z=2, 1, 0 (ear-
lier and weaker for the Planck -only őt, later and stronger
for the full dataset), conőrming that the enhancement is
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a genuine nonlinear response to the ΛsCDM background.
A scale-independent change to the linear normalization

(e.g., tuning σ8 or As) cannot reproduce the localized,
redshift-dependent crest that we őnd in the simulation
ratio PΛsCDM/PΛCDM (Figs. 2, 5, 6). In our results the
excess is conőned to k ∼ O(1)hMpc−1 and its peak
shifts to larger physical scales (i.e., smaller comoving k)
toward z = 0, reaching k ≃ 0.6ś1.0hMpc−1, while large
scales remain consistent with linear-theory predictions
in Newtonian (Poisson) gauge (cf. Figs. 3-4). A uniform
amplitude change would affect all k similarly and cannot
generate a drifting, localized crest; the feature is therefore
dynamical, tracing the sign-switch (the mirror AdS-to-dS
transition in Λs) history of H(z) rather than a static
renormalization of the spectrum.

Physical origin of the ΛsCDMśΛCDM deviations

across redshift

The pattern we observe follows directly from how the
presence of a rapid mirror AdS-to-dS transition in the
late universe (z† ∼ 2) reshapes the Hubble friction term
in the (subhorizon, pressureless) linear growth equation
given Eq. (3), together with subsequent nonlinear mode
coupling. At very high redshift (z ≳ 3.5), the dark energy
fraction is negligible ΩΛ(z≳3) ≃ |ΩΛs

(z≳3)| ≲ O(10−2),
so ΛsCDM and ΛCDM are practically indistinguishable
near k ∼ O(1)hMpc−1. The small offsets seen at z = 15
are indirect, tracing parameter reoptimization (e.g., As,
ns, Ωm0) that őx the growth normalization and transfer-
function shape at the initial redshift (cf. Figs. 1, 3, 4).
Approaching the transition from above (z† < z ≲ 3.5),
the effective CC is AdS-like (Λs < 0), the expansion rate
is lowered at őxed (Ωm,Ωr), the friction piece 2Hδ̇ is
reduced, and the linear growth factor is temporarily en-
hanced during this window (DΛs

/DΛ > 1). In the simula-
tions, this manifests as a localized, scale-dependent boost
peaking near the mirror AdS-to-dS transition, consistent
with the dataset-dependent z† (see the total-matter and
cb ratios in Figs. 2, 5, 6).

After the transition (z < z†), the effective CC is dS-like
(Λs > 0) as in ΛCDM, but the best-őt ΛsCDM back-
grounds (both the Planck -only and full) feature a larger
late-time expansion rate, which increases Hubble friction
and partially suppresses subsequent growth. Crucially,
this acts on a őeld that was already ampliőed during
the AdS-like effective CC phase (Λs < 0), so the imprint
cannot be erased. Nonlinear evolution then transfers
part of the excess toward larger physical scales: in Fourier
space, the crest in PΛs

/PΛ migrates from k ≃ 2ś3hMpc−1

(k ≃ 1ś2hMpc−1 for the full dataset) near the transi-
tion to k ≃ 0.6ś1.0hMpc−1 by z = 0,2 consistent with

2 This interval roughly brackets a ŕat top at z = 0 in Fig. 2 for
both datasets, with the local maxima near k ≃ 0.8hMpc−1 in
both total-matter and cb ratios (Figs. 2, 5, 6).

FIG. 3. CDM-baryon (cb) power spectra from gevolution at
z = 15, 2, 1, 0 for the Planck -only best-őt parameters. Dash-
dotted curves show the corresponding linear predictions from
CLASS in Newtonian gauge. Agreement is excellent on large
scales, while deviations at higher k reŕect nonlinear clustering
for z ≤ 2.

FIG. 4. CDM-baryon (cb) power spectra from gevolution

at z = 15, 2, 1, 0 for the full best-őt parameters. Dash-dotted
curves show the corresponding linear predictions from CLASS

in Newtonian gauge. As in the Planck -only case, excellent
agreement is found on large scales between each N -body and
linear prediction pair.

mode coupling and the evolving one-halośtwo-halo bal-
ance. The comoving length that corresponds to the top of
this crest, ℓ = 2π/k ≃ 8h−1Mpc, after mean-density top-
hat mapping (whose response peaks near kR ≃ π), trans-
lates to R ≃ π/k ≃ 4h−1Mpc and yields a characteristic
mass M(R) ≡ (4π/3) ρ̄m R3 ∼ few × 1013 h−1M⊙ with
ρ̄m = Ωm0ρc0. Across the crest, i.e., k ≃ 0.6ś1.0hMpc−1,
we get R ≃ 3.1ś5.2h−1Mpc and M ≃ (1.5ś6.8)×1013 M⊙,
M ≃ (1.3ś6.1) × 1013 M⊙ for the Planck -only and full
dataset, respectively, i.e., group or poor-cluster scales. We
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FIG. 5. Ratios of CDMśbaryon (cb) power spectra,
PΛsCDM/PΛCDM, at z = 15, 2, 1, 0 for the Planck -only best-
őt parameters. A localized enhancement appears near the
switch epoch and subsequently drifts to larger physical scales,
reaching k∼0.6ś1.0hMpc−1 by z = 0. On linear scales the
relative spectra from simulations agree with those from CLASS,
as expected.

emphasize that M(R) here is a characteristic linear scale
deőned from the background matter density; virial halo
masses at these radii are larger because collapsed regions
have overdensities ∆ ≫ 1 (tens to hundreds), and their
virial radii (Rvir ∼ R∆−1/3) are correspondingly smaller
than R. We do not quote a more precise M because
the mapping depends on the chosen window and on halo
deőnitions; the key point is that the affected modes lie
in the group or poor-cluster regime, precisely the scales
most relevant for galaxy-galaxy lensing, small-scale shear,
cluster counts and tSZ statistics. For reference, σ8 is the
root-mean-square (rms) of the linear matter őeld today
smoothed with a top-hat of radius 8h−1Mpc, whereas the
crest we discuss lies at the smaller scale R ≃ 4h−1Mpc.

Overall, the őgures show a coherent causal chain:
parameter-driven, percent-level offsets only where the
effective CC sector is irrelevant; a genuine dynamical en-
hancement tied to the AdS-like effective CC window; and
a persistent, drifting crest thereafter, viz., in the dS-like
CC era, seen clearly in both the total-matter and cb-only
spectra, which are consistent with linear theory on large
scales and underscore the robustness of this interpretation.

Connection to cosmic noon and observational tests

Observational reconstructions place the cosmic star-
formation-rate density (SFRD) peak at z ≃ 1.5ś2 (see,
e.g., [239]). In standard ΛCDM, its timing and amplitude
emerge from the interplay of halo assembly, gas accretion,
cooling and metal enrichment, and feedback; gravity sets
the large-scale preconditions but does not by itself őx the

FIG. 6. Ratios of CDM-baryon (cb) power spectra,
PΛsCDM/PΛCDM, at z = 15, 2, 1, 0 for the full best-őt param-
eters. As in the Planck -only case, a localized enhancement
emerges near the switch epoch and drifts to larger physical
scales by z = 0 (k∼ 0.6ś1.0hMpc−1). In the linear regime
the simulation ratios agree with those from CLASS.

peak. In this context, our simulations show that ΛsCDM
supplies a stronger gravitational backdrop near the rel-
evant epoch for both data combinations. The maximum
near z ∼ 2 for the Planck -only őt, for instance, appears at
k ≃ 2ś3hMpc−1. As worked out in detail in the previous
subsection, this interval maps to R ≃ 1.0ś1.6h−1Mpc and
hence to M(R) ∼ 1011ś1012 M⊙. For collapsed halos, the
corresponding virial masses are pushed to Mvir ∼ 1013ś
1014 M⊙, i.e., the range widely believed to dominate the
SFRD.

The localized boost at k ∼ 1ś3hMpc−1 near z ∼ 1ś
2 aligns with the broader łcosmic noonž picture: these
modes correspond to the group and cluster halo regime
where rapid halo growth, compaction and quenching, and
black-hole accretion are observed to peak, with the SFRD
maximized at similar epochs (e.g., [239ś243]). The same k
range is also where thermal SunyaevśZel’dovich (tSZ) and
galaxyśgalaxy lensing and cosmic shear measurements
have their highest sensitivity [244ś247]. We emphasize
that cosmic noon itself is not a tension for ΛCDM once
baryonic physics is modeled; rather, our result, in ΛsCDM,
provides a gravitational prior that can modestly modu-
late collapse efficiencies near that epoch. While detailed
outcomes (quenching pathways, size growth, AGN duty
cycles) are baryon-controlled and beyond the scope of
our dark-matter-only simulations, the predicted redshift-
dependent and localized power excess offers a concrete
near-term target for hydrodynamical simulations and for
small-scale lensing and tSZ analyses.
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IV. CONCLUSION

We have presented the results of relativistic N -body
simulations showing how replacing the standard cos-
mological constant Λ of ΛCDM with a sign-switching
cosmological constant [133ś136], ΛsÐwhich undergoes
a rapid mirror AdS-to-dS transition in the late uni-
verse (at redshift z† ∼ 2)Ðmodiőes structure growth in
the nonlinear regime, using gevolution with an abrupt
ΛsCDM [134ś136] background under general relativity
and two independent best-őt parameter sets (Planck
CMB-only and the łfullž combination). While ΛsCDM
and ΛCDM are observationally indistinguishable at z ≳ 3
on k ∼ O(1)hMpc−1, the AdS-like CC (Λs < 0) phase
for z† < z ≲ 3 reduces Hubble friction and dynamically
ampliőes the growth of matter perturbations. After the
sign switch (z < z†), the CC is dS-like (Λs > 0) and the
late-time expansion rate is larger than in ΛCDM, par-
tially suppressing subsequent growth but not erasing the
pre-ampliőed őeld. In Fourier space, this causal sequence
yields a localized, redshift-dependent excess: a crest in
PΛsCDM/PΛCDM that peaks near the transition at k ≃ 1ś
3hMpc−1 with a őt-dependent amplitude of ≃ 1.20ś1.25,
advected to larger physical scales with time, leaving a ro-
bust 15ś20% uplift at z = 0 around k ≃ 0.6ś1.0hMpc−1

(Figs. 1, 2). In both absolute and relative cb-only spectra,
large-scale results agree with linear predictions (Figs. 3ś
6), where CLASS comparisons are performed in Newtonian
gauge.

The affected wavenumbers correspond to physically
distinct, observationally accessible regimes. For the
Planck -only data (full dataset), near the transition epoch
z ∼ 2 (z ∼ 1), the interval k ≃ 2-3hMpc−1 (k ≃ 1-
2hMpc−1) maps to R ≃ π/k ≃ 1.0-1.6h−1Mpc (R ≃
1.6-3.1h−1Mpc) and a characteristic Lagrangian mass
M(R) ≃ 5.4 × 1011-1.8 × 1012 M⊙ (M(R) ≃ 1.6 × 1012-
1.3 × 1013 M⊙) from the mean-density top-hat relation.
Interpreted in terms of collapsed halos (e.g., M200c or
M500c), the same modes correspond to group-cluster
systems with M ∼ 1013-1014 M⊙ (M ∼ 1014-1015 M⊙)
once typical virial overdensities ∆ ∼ 100-200 are in-
cluded; this is precisely the mass range widely believed
to dominate the SFRD at łcosmic noon.ž By z = 0, the
migrating crest sits at k ≃ 0.6-1.0hMpc−1 (comoving
scales ℓ = 2π/k ≃ 6-10h−1Mpc), which corresponds to
R ≃ 3.1-5.2h−1Mpc and M(R) ≃ (1.5-6.8) × 1013 M⊙,
M(R) ≃ (1.3-6.1)× 1013 M⊙ for the Planck -only and full
dataset, respectively, i.e., group or poor-cluster environ-
ments. Unlike a scale-independent shift in the ŕuctu-
ation summaries σ8 or S8 (which largely act as global
rescalings), ΛsCDM predicts a shape feature: a localized,
redshift-dependent crest whose k-location tracks z† and
drifts to larger physical scales with time. Within a given
redshift slice, the Planck -only and full-dataset runs place
the local maxima at nearly the same k (Fig. 2); their
differences lie primarily in the crest’s amplitude and in
which slice shows the strongest signal (earlier for Planck -
only, later for full), consistent with their different z†. This

signature, if present, should manifest as a localized excess
in small-scale cosmic shear and galaxy-galaxy lensing, a
tilt in the tSZ power around group scales, and modest,
redshift-dependent changes in the abundance and internal
structure of halos in the 1013-1015 M⊙ range.

Our analysis excludes baryonic physics and scenarios
beyond

∑

mν = 0.06 eV in the form of a single massive
neutrino. Small-scale amplitudes of the absolute power
spectra should be interpreted with caution due to the őxed
simulation resolution; accordingly, we show them only up
to kf ≡ kNy/4. Their ratios, however, remain informative
somewhat beyond kf , enabling us to track the emergence
of localized features down to k ≳ 2hMpc−1. Linear-
regime cross-checks further strengthen the robustness of
our őndings, in particular the consistent implementation
of the ΛsCDM background in the N -body framework.

Looking ahead, hydrodynamical simulations and a sys-
tematic exploration of

∑

mν are required to propagate
the crest’s amplitude and k-drift into fully marginalized
constraints on (z†,ΩΛs0). On the observational side, a
combined analysis of small-scale weak lensing, galaxy-
galaxy lensing, cluster counts, and tSZ power offers a
sharp test: detecting, or ruling out, a redshift-evolving,
localized excess in power at k ∼ O(1)hMpc−1 would
provide a direct probe of whether late-time cosmic ac-
celeration prefers a sign-switching cosmological constant.
In this sense, ΛsCDM [133ś136] provides a well-deőned
benchmark for forthcoming precision probes such as Eu-
clid, LSST, and CMB-S4, where small-scale lensing and
cluster observables will be key to conőrming or excluding
a sign-switching vacuum sector.

Another natural direction is to extend our N -body pro-
gram beyond the abrupt ΛsCDM [134ś136] approximation
adopted under GR. While the abrupt limit provides a
clean proof of concept, a fully consistent realization of
the scenario calls for a smooth transition, replacing the
instantaneous sign switch with a well-deőned dynamical
process. Phenomenologically, this can be modeled with
sigmoid-like histories for Λs(z) (e.g., hyperbolic tangents)
in redshift (or scale factor), controlled by a rapidity pa-
rameter η that governs the duration and sharpness of
the mirror AdS-to-dS transition (see, e.g., [219, 222]).
One can simulate such smooth families (characterized
by (z†, η)) within GR and map this two-parameter space
onto the crest’s amplitude and k-drift in PΛsCDM/PΛCDM,
thereby testing how the duration/rapidity and functional
form of the transition modulate the localized nonlinear
signature. Beyond this phenomenological step, a more
fundamental route is to realize the transition via ex-
plicit microphysics within GR. A concrete example is
Ph-ΛsCDM, where a phantom őeld with a hyperbolic
tanh-type potential generates smooth mirror AdS-to-dS
transitions and, more generally, asymmetric ones; in this
GR framework one expects the growth index to remain
near the GR benchmark, γ ≃ 0.55 [213, 248]. One can
also investigate modiőed gravity embeddings of ΛsCDM,
in which transient deviations of γ can arise around the
transition epoch. Representative cases include ΛsVCDM
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(a type-II minimally modiőed gravity) [137, 194] and f(T )-
ΛsCDM in teleparallel gravity [209] (see also Ref. [206]).
A systematic comparison across these realizations would
clarify whether the same small-scale crest favored by data
also selects a őnite transition duration/rapidity and, if
present, a controlled departure from GR conőned to the
transition epoch. Finally, there exist theoretical construc-
tions of the abrupt scenario itself. ΛsCDM+ provides
a string-inspired realization that predicts a modest ex-
cess in the total effective number of relativistic species,
Neff ≃ 3.294 [191, 193, 205], offering an orthogonal han-
dle via early-time observables (CMB damping tail, BBN).
It would also be interesting to explore ΛsCDM± [214],
which extends ΛsCDM+ by allowing the AdS-like CC to
have variable depth (as also natural in the PhśΛsCDM
framework [213]). Such generalizations introduce a de-
generacy between the transition redshift and the AdS
depth, but they predict richer dynamics in the nonlinear
growth regime; in particular, sufficiently large negative
AdS values could impact earlier epochs of cosmic history,
potentially even before recombination. Both avenues fur-
nish complementary tests: any detection (or null result)
of a redshift-evolving, localized crest in the late-time mat-
ter power spectrum can be cross-checked against these
early-time signatures, tightening the overall assessment
of the ΛsCDM framework.
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Appendix A: Benchmark against nonlinear

prescriptions: HMCode

For completeness, we also consider nonlinear correc-
tions to the CDM-baryon power spectrum predictions
for all four cases studied in the manuscript using the
CLASS implementation of HMCode [250]. Fig. 7 shows the
ratios PΛsCDM/PΛCDM at z = 2, 1 and 0 for both the
Planck -only and full-dataset best-őt parameters [panels
(a) and (b), respectively]. Results from HMCode agree well
with those from N-body simulations with gevolution on
mildly nonlinear to nonlinear scales, with the remaining
differences at the sub-percent level for all redshifts up
to k ≃ 1hMpc−1. For z = 2, the difference stays below
1% throughout, whereas at z = 1 and 0 it reaches ∼ 3%
(∼ 4%) around kmax = 3hMpc−1 for the Planck -only
(łfullž) best-őt parameter set.

In Fig. 8, we switch to the absolute spectra and inves-
tigate how the cb-only results from N-body simulations
compare to HMCode for ΛCDM and ΛsCDM cosmologies,
separately, again for the Planck -only and full-dataset pa-
rameter sets [panels (a) and (b), respectively]. We observe
strong consistency in how HMCode performs for the two
models: down to the limit kf = 1.6hMpc−1 that we
adopt for the absolute spectra, the ΛCDM and ΛsCDM
curves agree within 0.5% at z = 2 and 1 (only for the łfullž
dataset parameters this reaches ∼ 1% at z = 1). At z = 0,
the difference remains below 2% for each parameter set.

https://doi.org/10.14278/rodare.4019
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(a) Planck -only (b) full-dataset

FIG. 7. PΛsCDM/PΛCDM from gevolution, CLASS, and HMCode (implemented in CLASS) for (a) the Planck -only and (b) the
full-dataset best-őt parameters, at z = 2, 1, and 0. The CDM-baryon (cb-only) curves from the N-body results are shown in
Poisson gauge, whereas those from CLASS and HMCode are the synchronous-gauge spectra on linear scales (CLASS calculations are
still performed in Newtonian gauge as in the main text). This does not affect our direct comparison at the redshifts of interest
for k≳0.02hMpc−1.

(a) Planck -only (b) full-dataset

FIG. 8. Ratios of the absolute cb-only power spectra from N-body simulations with gevolution to CLASS predictions including
nonlinear corrections from HMCode, for (a) the Planck -only and (b) the full-dataset best-őt parameters, at z = 2, 1, and 0.
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