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Can Baby Universe Absorption Explain Dark Energy?
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It has been proposed that the accelerated expansion of the universe can be explained by the
merging of our universe with baby universes, resulting in dark energy with a phantom-like equation
of state. However, the evidence in favor of it did not include the full set of cosmological observables.
Here we examine the implications of this model for both early and late universe cosmology using
data from Planck collaboration, DESI 2024 and other experiments. We find that the pure baby
universe model gives a poor fit to current data. Extending it to include a contribution from the
cosmological constant, we find two allowed regions of parameter space: one close to ACDM, and
another with A < 0 plus the exotic dark energy component. The two regions can be significantly
favored over ACDM, depending on the choice of supernova datasets, and they can ameliorate the
Hubble tension to the level of 20, depending on the supernova dataset. The model with A < 0
features an equation of state w(a) with a pole singularity at early times.

I. INTRODUCTION

Although the cosmological constant is the simplest de-
scription of dark energy, and still gives a good fit to cos-
mological data, there remains steady interest in possible
deviations from time-independent dark energy, and many
theories of modified gravity have been studied with re-
spect to their ability to better describe the observations.
In particular, the Hubble tension problem has given im-
petus to certain classes of early dark energy, as have been
reviewed in Ref. [1]. These have the feature that the main
modifications to the expansion history occur at high red-
shifts, and have been shown to be the most promising
class of models for ameliorating the Hubble tension.

Many of the proposed modifications of gravity involve
ad hoc functions of the Ricci scalar replacing the simple
Einstein-Hilbert action for gravity, and are lacking any
plausible ultraviolet completion. In contrast, Refs. [2, 3]
(see also [4, 5]) put forward a model of quantum grav-
ity that has a quite concrete and physical basis, namely
the absorption and emission of baby universes by the ob-
served Universe. It leads to a modified Friedmann equa-
tion for the expansion of the Universe, which depends
only on a coupling constant g, and whose sole energy con-
tributions at late times is from the nonrelativistic matter
(baryons plus dark matter); the accelerated expansion
arises through a modification of the Friedmann equation
rather than through an explicit dark energy contribution.

Ref. [2] found evidence in favor of this model us-
ing a limited subset of available cosmological data, and
concluded that it gives a good fit if the Hubble pa-
rameter agrees with late-time determinations, Hy =
73km/s/Mpc. Their analysis was done without using
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CMB data, hence it is of interest to know how it fares
against all available data. We modified the Cobaya [6]
code in order to test the model’s predictions with respect
to the standard set of observables, described in section
IITA. In order to compare it to standard ACDM, we ex-
tend the model with a parameter F that represents the
fraction of the dark energy that comes from cosmologi-
cal constant rather than from baby universe absorption.
We will show that FA must be greater than 0.64 or less
than —0.16 at 95% confidence level; hence the pure baby
universe scenario with F, = 0 is ruled out. However, we
find some admixtures of cosmological constant and baby
universe dark energy that can give significantly better fits
than ACDM, depending on which supernova data are in-
cluded.

II. THE MODELS

We start with a recapitulation of the baby universe
dark energy framework. It is a minisuperspace model
where the volume v = a(t)3/k of a given topologically
distinct universe (with k£ = 87G) is the dynamical degree
of freedom. Its conjugate momentum p is related to a by

CeH=-1f0). (1)

For a given function f(p), Eq. (1) can be solved to find p
as a function of a/a. The modified Friedmann equation
is then given in terms of the energy density of matter and
radiation, omitting any vacuum energy, by

f(p) = K(pm +pr) - (2)

The function f(p) encodes an extra nonlinear term in the
Hamiltonian of the quantized minisuperspace model, that
represents the effect of an initially disconnected region of
space (“baby universe”) merging with, or being emitted
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Figure 1: Left: Dark energy density fraction Qpg for the pure baby universe model (A = 0) as a function of scale factor (a)
relative to ACDM. Right: Equation of state of dark energy (w) as a function of scale factor. The curves were produced using

Planck 2018 best fit values Q. h% = 0.14072 and Ho = 67.32.

by, the observable Universe at some time in the past,
parametrized by the volume v of the observed Universe.
One can picture it as a local interaction in which two uni-
verses merge into one, or one splits into two, with some
interaction strength g, that has dimensions of [mass]?.
The sign of the coupling determines whether the interac-
tion represents merging (g > 0) or splitting (g < 0).! Its
magnitude could naturally be exponentially suppressed
by the action of the gravitational instanton that describes
the baby universe coupling [7]. This could in turn ex-
plain the small magnitude of the dark energy, assuming
that the cosmological constant vanishes. We recall that
Coleman suggested a mechanism by which baby universe
interactions could select vanishing cosmological constant
as the preferred state of the Universe [8].

This framework can reproduce the standard ACDM
model if one turns off the coupling g associated with the
interaction of baby universes, and makes an appropriate
choice of the function f(p):

3 9

fa(p) A (3)

which implies p = —2H. The Friedmann equation (2) is
then H? = k(py, + pr)/3 + A/3, which is the expected
result for vacuum energy

PA :A/K, (4)

coming from a cosmological constant A.

Let us now consider a universe with vanishing cosmo-
logical constant A = 0, and merging of baby universes
with a coupling constant g > 0 as the sole source of dark
energy. In this case, f(p) is given by [2]

AB) = ~Se+aB-ar i, ()

a = 91/3.

I See footnote 5 of Ref. [2]

At early times, p is large and one can expand Eq. (5) in
powers of a/p, which leads to a simpler ansatz for f(p),

R =5 (#+2). )

that was also considered by Refs. [2, 3]. By comparing
to Eq. (3), one sees that the baby universe model resem-
bles ACDM, but with dark energy that is growing with
time, since p ~ —H is decreasing. For convenience, we
will refer to the two alternatives (5) and (6) as Model 1
and Model 2, respectively. Although Model 2 will turn
out to give a worse fit to the data, it provides a simple
qualitative understanding of the effects of the exotic dark
energy source.

The above formalism can alternatively be understood
in terms of the ordinary Friedmann equation H? =
Kperit/3, by defining an equivalent (formal) dark energy
density Pf = Perit — (Pm + Pr)v with peie = 3H2/H =
f'(p)?/(3k), from Eq. (1), and (p, + pr) = f(p)/#, from
Eq. (2). This gives

pr=—(3f(0)? - f(p)) (7)

x|

where py is the dark energy density coming from baby
universe absorption. This form is useful for comparing
the baby universe model to other dark energy models,
including the cosmological constant. The value of the
coupling constant ¢ (alternatively «), and the present
value py of p, are related to the observables p,,o and
Hy (the current matter density and Hubble parameter)
through

f(pO) = Hpm(UO) = KPmo
f'(po) = —3Ho. (8)

Although it has a negligible effect, we also included the
contribution from the radiation density in p,o.
Equations (8) can be numerically solved to determine
g and pg. Therefore Models 1 and 2 do not have any ad-
ditional physics parameters beyond those already present



in ACDM: A is replaced by g. For greater generality, we
define Model 3 by introducing a parameter Fj that in-
terpolates between Model 1, which is supposed to be the
more accurate representation of baby universe absorp-
tion, and ACDM, using the modified Friedmann equation

f1(p) = K(pm + Fapox) - (9)

Here ppr is the total dark energy density in the universe
(perit — Pm)- This is equivalent to defining f3(p) = f1(p)—
FyA and writing the modified Friedmann equation as
f3(p) = K(pm + pr), as in Eq. (2). When Fy =0, f3(p)
reduces to fi(p) and all of the dark energy density comes
from absorption of baby universes. On the other hand,
when Fo = 1, f1(p) = Kpeis and so from Egs. (7) and
(1), kppr = 3H? — kperit + A = A where periy = 3H? /K is
the critical density of the universe. This is the same as
Eq. (4), which implies that all of the dark energy density
is in the form of cosmological constant. Moreover, it is
possible to have Fy > 1, counteracted by g < 0 (baby
universe emission). With this extra parameter, we will
be able to derive limits on the fraction of dark energy
that can be attributed to baby universe absorption, or
preferred models that have the combined two sources of
dark energy.

III. ANALYSIS

The dark energy density of the baby universe models
is quite different from ACDM at high redshifts, altering
the expansion history of the universe. As shown in Fig.
1 (left), there is less dark energy at high z, which can
enhance the growth of structure. Equivalently, the equa-
tions of state of the two dark energy models are more
negative than —1, as we illustrate in Fig. 1 (right). The
modified background evolution was implemented in the
Boltzmann code CAMB [9]. We do not consider any per-
turbations in the dark energy density that might arise
during the absorption of baby universes, since the de-
scription of such processes has not been worked out.

Since the baby universe models provide primarily late
dark energy, one can expect Models 1-3 to be in good
agreement with the CMB power spectrum and temper-
ature auto-correlation spectrum. This will be borne out
in the following analysis. Instead, baryon acoustic os-
cillations (BAO) and supernovae turn out to drive the
constraints.

A. Universe with A =0

To incorporate up-to-date constraints on the cosmolog-
ical observables, we used the publicly available MCMC
sampler Cobaya [6]. Convergence of the chains was mon-
itored via the Gelman-Rubin statistic [10], demanding
R —1 < 0.02. The likelihoods included in our analysis
are:

l Parameter [ACDM [ Model 1 [Model 2 ‘

Qh?  0.0227 0.0224 | 0.0221
QA% 0.1171] 0.1198 | 0.1231
1000mc | 1.0413 | 1.0409 | 1.0405
T 0.0593 | 0.0527 | .0439
In(10"° A,)| 3.0493 | 3.0409 | 3.0268
s 0.9720 | 0.9663 | 0.9569
Hy 68.72 | 71.33 | 74.96
Xiensing 9.6 8.7 11.7
XEN 1482.9 | 1485.5 | 1566.4
X&a0 10.4 15.2 27.5
Xbis 507.6 | 508.7 | 512.9
Xemp | 2769.9 | 2765.4 | 2775.0
Total x? [4780.4 | 4783.5 | 4893.5
Ax? 0 3.1 113.1

Table I: Best-fit cosmological parameters for ACDM and the
two baby universe models, Model 1 and Model 2, found in the
MCMC scan. The total x? for each dataset is given in the
last few rows and Ax? = x? — x3cpum-

e Planck: Measurements of CMB temperature and
polarizations anisotropies and cross-correlations
from Planck 2018 [11];

e Lensing: CMB lensing potential power spectrum,
reconstructed from the CMB temperature four-
point function from Planck 2018 [12];

e BAO: Distance measurements from baryon acous-
tic oscillations. We follow the methodology de-
scribed in the DESI 2024 paper combining data
from DESI and SDSS.

— At z < 0.6, we use SDSS results from Main
Galaxy Survey (zeg = 0.15) and DR12 BAO
(zer = 0.38,0.51) since SDSS has a larger ef-
fective volume [13, 14],

— At z > 0.6, we use results from DESI 2024
LRG, LRG+ELG, ELSGs, QSO since DESI
has a larger effective volume [15-17],

— For Lya (zef = 2.33), we use the combined
result from SDSS + DESI 2024;

e DES: Cosmic shear and clustering measurements
from Dark Energy Survey year 1 results [18-20];

e SN: Distance measurements of type Ia super-
novae from Pantheon+ consisting of 1701 distinct
lightcurves of 1550 supernovas ranging in redshift
from z = 0.001 to 2.26 [21]. For the second part
of our analysis we also consider Union3 compi-
lation of 2087 SN Ia [22] and a sample of 1635
photometrically-classified SN (0.1 < z < 0.3) from
Dark Energy Survey year 5 data release [23].

We computed the y? values for the first two mod-
els, which have no free parameters, and compared them



Survey ACDM [Model 1]Ax?
PantheonPlus| 4780.4 | 4783.5 | 3.1
Union3 3323.0 | 3340.2 |17.2
DESY 5 4944.0 | 4978.9 |34.9
SDSS BAO | 4775.5| 4780.3 | 5.2
No CMB 1968.1 | 1981.5 |13.4

Table II: Total x? values determined by reweighting the
chains using supernova data from different surveys, and
Ax? = x> — x3cpm. The first three rows include the same
data as in Table I but the supernova data from Pantheon+
are replaced by those of Union3 or DESY 5, respectively. The
penultimate row includes datasets from Table I but the BAO
data from DESI are replaced by those from SDSS. The last
row shows the total x? determined by excluding CMB data
from Planck 2018.

with ACDM. The results are shown in Table I. ACDM
is mildly preferred over Model 1, while observations
strongly exclude Model 2. Even though Model 1 provides
modest improvement over ACDM for CMB observations,
it is in tension with BAO and SN data, which probe the
late-time acceleration. We repeated the analysis using
only SDSS BAO data [13, 14] instead of DESI 2024 BAO
but obtained similar results, as can be seen in Table II.
The models become further strongly disfavored with re-
spect to ACDM by choosing different supernova datasets,
Union3 and DESY5, also shown in Table II.

Perhaps unsurprisingly, Model 2, which is an early-
time approximation for the more exact Model 1, fails
badly in reproducing late-time observations. But even
Model 1 is in conflict with BAO observations at redshifts
z < 0.5, as shown in Fig. 2. Comparing to Fig. 3 of
Ref. [2] (based on data listed in Table 1 of Ref. [24]),
which found a good fit to BAO data, we see that the
adopted data look quite different at low z between that
analysis and the present one. The data responsible for
the discrepancy are those at low redshifts z < 0.5. Ref.
[2] cited surveys dating from 2011 and earlier, whereas
we are using Refs. [13, 14], from 2014-2016, which are
provided with Cobaya. Hence our discrepant conclusions
relative to Ref. [2] can be attributed to the fact that the
data have evolved since 2011.

B. Universe with A >0

To study the landscape of theories for a universe with
both a positive cosmological constant A > 0 and baby
universe coupling g > 0, we use Model 3 defined in Eq.
(9). ACDM and Model 1 are both contained in this de-
scription and occur when Fy = 1 and Fj = 0 respec-
tively. We follow the procedure outlined earlier to deter-
mine constraints on Fj using Cobaya. The 1-0 and 2-0
allowed regions are shown in Fig. 3, for the three choices
of SN datasets, and the 95% C.L. results are given in

1.10 : . .
- —— ACDM best fit
8 105! Model 1 best fit |
S 1.
= —— Model 2 best fit
~
~
S 100} by —
S —
£
§ 0.95¢

0.0 0.5 1.0 L5 2.0 25

VA

Figure 2: Measurements of BAO distance scales versus red-
shift, parametrized as the ratio of the angle-averaged distance
D,(z) = (2D%Du)"/? to the sound horizon at the baryon drag
epoch rq. The blue, yellow and green lines respectively show
the prediction for ACDM, Model 1 and Model 2 best-fit val-
ues obtained in Table I relative to the ACDM prediction.
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Figure 3: Marginalized posterior on F, Hp and og obtained
in the full MCMC scan for Model 3 with A > 0. The dataset
used here is Planck + Lensing + DESI BAO + DES with the
supernova dataset mentioned.

Table III. In addition to F), we show distributions of Hy
and the clustering parameter Sg = 0g(£2,,/0.3)%-%, which
has also exhibited a mild tension between early- and
late-time observables [25]. The estimated ACDM value
(Ss = 0.834 £ 0.016) from Planck [12] is in a 30 tension
with the KiDS-1000 reported value (Sg = 0.76675029)
[26]. The best-fit DESY5 curve (Ss = 0.815 + 0.016)
reduces the tension to the 20 level.

Using the Pantheon+ supernova data, the results in-
dicate that most of the dark energy today is in the form
of a cosmological constant, with only a small fraction of



[Parameter [ Pantheon+ [DESY5[ Union3|

Hy 69.45 66.60 | 66.71
Fy 0.86 1.18 | 1.17
Xiensing 9.2 9.9 9.5
XaN 1483.5 | 1638.7 | 23.2
XEa0 10.8 11.3 | 11.3
XBEs 508.1 509.1 | 509.3
XEumB 2767.5 | 2768.2 | 2768.1
Ax? —1.3 —6.8 | —1.6

Table III: Best-fit cosmological parameters for baby universe
Model 3 including a cosmological constant A > 0. The full
dataset includes Planck + Lensing + DESI BAO + DES along
with the supernova dataset indicated in the table.
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Figure 4: Equation of state (w) of dark energy as a func-
tion of scale factor (a) for Model 3. A < 0 best-fit is
shown in purple and A > 0 best-fit is shown in crimson.
Barboza-Alcaniz parametrization for best-fit values from Ref.
[27] (wo = —0.84, w, = —0.53) is shown in green.

dark energy, if any, coming from the merging of baby uni-
verses. The pure baby universe scenario Fy = 0 (Model
1) is disfavored by more than 20.

The best-fit value from DESY5 indicates that Fy =~
1.2 > 1, which implies that the baby universe coupling
constant g < 0, to maintain spatial flatness. This corre-
sponds to a universe with excess cosmological constant,
that is compensated by the emission of baby universes.
The full dataset + DESY5 offers a significant improve-
ment over ACDM with Ax? = —6.8, as shown in Table
III. The equation of state of Model 3 with A > 0 is close
to —1, as shown in Figure 4, because most of the dark en-
ergy is coming from the cosmological constant, with only
a small contribution from the exotic dark energy source.

C. Universe with A <0

Next we consider Model 3 in the region of parameter
space where the cosmological constant is negative. Fol-
lowing the same procedure as above, we find that this can
provide a significantly better fit than ACDM when using
the Pantheon+ dataset, as shown in Table IV. In Figure
5 we plot the CMB matter power spectrum predictions

=
Q
&
= i
= ( !
—— Model 3 (A <0) best fit +
—— ACDM best fit
102F <+ Planck + SDSS + BOSS + DES data t
I I I Ll
— T T T T
= 0F
T
< —5000¢ ‘ L \ ‘
107" i07° 072 0" i0°
k/h [Mpc~!]
Figure 5: CMB matter power spectrum predictions for

Model 3 and ACDM best fit values.

for Model 3 and the ACDM best fit values. From the
residuals, one sees that the improvement in 2 is due to
intermediate scales k/h ~ 1073 — 10~ Mpc~1.

We note that the dark energy equation of state of w(a)
for Model 3 with negative A has unusual behavior, diverg-
ing at a ~ 0.1 before entering the phantom-like regime
with w < —1. This is due to the dark energy contri-
bution changing sign, while its pressure remains nega-
tive. In Figure 4, we compare w(a) of the two scenarios
to the Barboza-Alcaniz (BA) parametrization which has
the form

1—a

Zri-ap 1

w(a) = wo + w, X

This parameterization was shown in Ref. [27] to give an
optimal fit to data with respect to the recent DEST BAO
indications of evolving dark energy [28].

The preference for Model 3, however, is not robust
against choosing a different supernova dataset such as
DESY5 or Union3, as demonstrated in Table IV. Pan-
theon+ and Union3 have roughly 1360 supernova in com-
mon but differ in their analysis methodology. DESY5 has
194 supernova in common with the two but has an ad-
ditional 1500 photometrically-classified SN Ia at higher
redshifts. In the concluding section we comment on
a possible explanation for the discrepancy between the
DESY5 and other SN datasets.

In Figure 6 we compare the distance modulus predic-
tions for Model 3 for the two cases against ACDM. One
sees that the improvement in x? for A < 0 comes from
intermediate redshifts z ~ 0.1 —3.0. For A > 0, the slight
improvement in the fit is due to the outliers in the data.

Figure 7 shows the marginalized posterior on
F\, Hy and Sy for the different supernova dataset choices.
It demonstrates the preference for —0.5 < Fy < —0.1,
and values of Hy closer to the SN-preferred value in the
case of Pantheon+ data. Values of Ss < 0.82 are pre-
ferred in this case.

The value of the Hubble parameter obtained in the
full MCMC scan for Model 3 with negative A is 69.9
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Figure 6: Distance modulus predictions for ACDM (green
curves), Model 3 (A < 0, top and A > 0, bottom) best-
fit. Here A(m — M) = (m — M)/(m — M)a>o and m —
M = 5log,odr + 25 where dr is the luminosity distance.
Pantheon+ and DESY5 u-band magnitude measurements for
Type 1A SN are denoted by the black dots.

| Parameter [ Pantheon+ [ DESY5 [ Union3 ‘

Hp 69.90 68.15 | 68.54
Fa —0.31 | —0.43 | —0.41
Xionsing 8.7 8.9 8.8
XaN 1478.3 | 1648.6 | 28.8
XBAO 11.9 11.0 | 104
Xirs 507.9 509.9 | 509.3
XEMB 2765.1 | 2765.3 | 2765.6
Ax? -85 -0.3 | —-0.1

Table I'V: Best-fit cosmological parameters for baby universe
model 3, including a cosmological constant A < 0. The full
dataset includes Planck + Lensing + DESI BAO + DES along
with the supernova data indicated in the table.

+ 1.1 km s~ *Mpc ™! with 95% CI. The latest distance
ladder measurement of Hy by the SHOES collaboration
is 73.2 + 1.3 km s *Mpc~! at 65% CIL. Thus, Model 3
alleviates the Hubble tension to within 20 of the local
measurement. The best-fit Sg = 0.803 = 0.018 also eases
the tension to within 1o of the KiDS-1000 reported value.

IV. DISCUSSION

In this paper, we have systematically scrutinized the
baby universe absorption model for accelerated expan-
sion of the universe, as proposed in Refs. [2, 3]. Using
data from various experiments, we were unable to find a
preference for either of the two pure baby universe mod-
els over ACDM as Ax? = 3.1 and 113.1 respectively. We
also reevaluated the chains using different supernova and
BAO datasets but all of them reiterated the same fact.

Allowing for the cosmological constant to be different
from 0 using a new parameter F that we define as the
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Figure 7: Marginalized posterior on Fi, Hyo and og obtained
in the full MCMC scan for Model 3 with A < 0.

fraction of the dark energy density in a cosmological con-
stant A, we find two allowed regions of parameter space:
one close to ACDM (best-fit Fix = 0.86) and another
with negative A (best-fit FA = —0.31). Both of the re-
gions are exclude the point F, = 0 with 95% CI which
corresponds to the pure baby universe model that was
initially proposed. The former has a Ax? = —6.8 us-
ing DESY5 supernova data while the latter one has a
Ax? = —8.5 using Pantheon+ data. Both models are
therefore significantly preferred over ACDM. The latter
one predicts a higher value of Hy = 69.90 and thereby
ameliorates the Hubble tension to within 20 of the local
measurement.

Recently it was suggested that the DESY5 supernova
data may suffer from a systematic 0.04 magnitude error
in going between low and high redshifts, which is not
observed in the Pantheon+ data, and correcting for this
removes the evidence from DESI BAO masurements for
evolving dark energy [29]. On this basis, one might doubt
the preferred region we found with A > 0, which is driven
by the DESY5 data. However, our other preferred region
with A < 0 is instead driven by the Pantheon+ data, and
does not suffer from this caveat.

Although the A < 0 baby universe model is not eco-
nomical, needing two separate sources of dark energy, it
makes the interesting point that an unusual equation of
state dependence w(a) ~ ¢/(a — ag) + ..., having a pole
at some (early) value of a, can give a good fit to present
data. The divergence is a consequence of the dark energy
density changing sign at some redshift, even though the
total energy density remains positive. Such behavior is
not captured by standard parametrizations of w(a) such
as those considered in Ref. [27].
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