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Supernova (SN) and baryon acoustic oscillation (BAO) distance measures have recently provided
hints that the dark energy is not only dynamical but apparently evolves from normal to phantom
dark energy between redshifts 0 < z < 1. A normal axion dark energy component in the mass
range just below the Hubble scale can mimic a phantom component by appearing as dark energy at
z = 1 and dark matter at z = 0, raising the possibility of a phantom mirage. We show that there
is a wide range of axion dark energy contributions that can resolve the SN-BAO tension as well as
thawing quintessence does, leaving BAO tension with the cosmic microwave background (CMB) for
the distance measures from z ~ 1 to recombination to be resolved at high redshifts. With axions,
raising the optical depth to reionization to 7 ~ 0.1 works essentially as well as wg — w, phantom
dark energy for all but the lowE CMB data, with a remaining Ax? ~ —16 compared with ACDM,
whereas a small spatial curvature of Qx ~ 0.003 can largely relax the full SN-BAO-CMB tension

with a total Ax? ~ —12.

I. INTRODUCTION

Recent distance-redshift measurements of Supernova
(SN) Type Ia [1] and baryon acoustic oscillations (BAO)
[2, 3] in conjunction with the cosmic microwave back-
ground (CMB) [4] data have raised the possibility that
the dark energy, which accelerates the expansion, is not
only dynamical, but may also be best fit as a compo-
nent that evolves from normal matter to matter that
at least apparently violates the null energy condition,
dubbed phantom dark energy [5-27].

Such an exotic component suggests a dark energy equa-
tion of state parameter wqge that evolves from wge < —1
to wge > —1 and places strong conditions on physical
candidates in order not to exhibit ghost and gradient
instability, which typically requires fundamental modi-
fications to gravitational or dark sector forces [28-33],
see also [34-46] for recent assessments). On the other
hand, the well-established agreement with high redshift
predictions in ACDM from the CMB indicates that these
drastic modifications have the curious property that the
strong deviations in the normal and phantom phases
must nearly cancel each other so as to have similar end-
points to the expansion history as ACDM [29, 47|, im-
plying that one or the other may be a mirage.

It is therefore important to examine other ways in
which this implied expansion history can occur without
ever requiring a phantom dark energy component: that
phantom dark energy is a mirage. One well-studied pos-
sibility is a coupling between the dark matter and dark
energy, or the so-called coupled quintessence, where the
dark energy transfers some of its energy density to the
dark matter so that if we analyze its expansion history
assuming decoupled cold dark matter, we would infer a
phantom equation of state for the effective dark energy
density [48-52]. Similar to the phantom models, these
models still typically introduce new forces between dark
matter and dark energy in order to mediate the coupling.

In this work, we study the ability of axions to provide
a similar phantom mirage without introducing any ad-
ditional couplings in the dark sector, requiring only an
additional cosmological constant or normal quintessence.
It is well known that a light scalar field acts as a contri-
bution to the cosmological constant when it is frozen on
its potential by Hubble friction, and once released acts
instead as dark matter. The QCD axion, for example, is
a leading candidate to compose of all of the dark mat-
ter. Moreover, axions as all of the dark energy provide
a technically natural solution through their shift sym-
metry as to why their mass can stay of order the very
small m, ~ Hy ~ 10733 eV required [53, 54]. If instead
the mass is only somewhat larger than this Hubble scale
value, then the transition between dark energy and dark
matter behavior can occur between redshifts 0 < z < 1
and provide a phantom mirage for SN and BAO dis-
tance measures, and allow non-dark-energy explanations
for the BAO-CMB tension in ACDM to accommodate all
three types of data.

In Sec. 11, we give the SN, BAO and CMB datasets,
axion dark energy parameters and statistical methods
employed. In Sec. III, we discuss why axion dark en-
ergy can produce the mirage of phantom dark energy
and even phantom crossing. We present the compari-
son with the data in Sec. IV and discuss these results in
V. In Appendix A, we provide details on our fast and
efficient emulation approach for predicting axion model
observables.

Throughout we employ units where h = ¢ = 1 and
define 1g(m,) = log,,(ma/1eV) but explicitly write log;,
elsewhere.

II. DATASETS AND METHODS

We study the ability of axions to relax the tension be-
tween the following baseline data sets (see Appendix A
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for calculational details and definitions):

e CMB: Planck 2018 [4] PR3 lowT, lowE, and plik
TTTEEE lite likelihoods, Planck PR4 lensing [55]
and ACT DR6 lensing baseline data [56]. When
comparing datasets to models we take the ACDM
Planck 2018 TTTEEE+lowT+lowE+lensing mean
parameters [4] (their Tab. 2) as the fiducial model,
denoted “fid” for shorthand.

e BAO: DESI DR2 [2] distance measures, using their
Tab. 4 for Dy /rq for the lowest redshift bin and
Dys/ra, Dp/ra, and their cross-correlation 7ps
for all other bins. When plotting any observable
in units of the predictions in the fiducial model we
denote, e.g. Dps(2) [fid] = Das(2)/Das.fa(2)-

e SN: DESY5 supernovae distance modulus p [1].
The likelihood analysis uses the unbinned data but
for plotting purposes we bin in redshift using in-
verse covariance weights and compare to the fidu-
cial model after optimizing the unkwown absolute
magnitude.

We choose the most recent BAO and SN data sets as they
exhibit the strongest evidence for phantom dark energy
and hence the largest challenge to resolve with axions.

We call the best fit ACDM model to these datasets
the “baseline ACDM” model, which is distinct from the
Planck 2018 fiducial model due to the compromises in
parameter values to fit these datasets.

In addition to the usual 6 ACDM parameters (initial
curvature spectrum amplitude A, spectral tilt ng, an-
gular size of the sound horizon 6, baryon density A2,
cold dark matter density Q.h? and optical depth to reion-
ization 7) with their usual uninformative priors [4], we
add the axion mass m, with a flat, range bound prior
of —35 < lg(m,) < —31.5 and their energy density 2,h?
with flat uninformative priors. In an extension to the
baseline analysis to help resolve CMB+BAO tension, we
also consider the spatial curvature Qi with flat uninfor-
mative priors.

For the parameter estimation, we employ a fast and
efficient emulator of the axion Einstein-Boltzmann code
AXIECAMB! [57] as detailed in Appendix A.

In addition to Markov Chain Monte Carlo parameter
posteriors using COBAYA?, we show the profile likelihood
as Ax? at maximum posterior using the CocoA?® imple-
mentation of the PROCOLI algorithm [58]. Specifically
for each lg(m,), we maximize the posterior In P over the
other parameters, remove the prior In£ = InP — InIl
and display the change in —21n £ over that of the base-
line ACDM model.

! https://github.com/Ra-yne/AxiECAMB
2 https://github.com/CobayaSampler/cobaya
3 https://github.com/CosmoLike/cocoa

FIG. 1. Phantom mirage mechanism. Top panel: true energy
densities of the axion p, and dark energy pq. compared with
the effective dark energy peg that would be assumed by ana-
lyzing this case as CDM and dark energy. Bottom panel: the
inferred effective equation of state weg < —1 at high redshift
despite w, > —1 approaching a CDM-like w, ~ 0 at z = 0.
Here 1g(ma) = —32.5, fae = 0.1.

III. PHANTOM MIRAGE

Distance measures from SN, BAO and the CMB de-
pend only on the expansion history and not the theoreti-
cal division of the dark sector into dark matter and dark
energy components. An incorrect assumption about the
dark matter can lead to an incorrect inference of phantom
dark energy, which we call a phantom mirage.

A well known example of the phantom mirage is pro-
vided by coupled quintessence [48-50]. In this case, cou-
pling between the dark energy and dark matter transfers
energy from the former to the latter. When analyzed un-
der the assumption of non-interacting cold dark matter,
the remaining effective dark energy gives the mirage of a
phantom component with w < —1.

Axions with m, 2 Hy provide another example, but
one that does not require an additional coupling. At
early times when H > H,, Hubble friction prevents the
axion field from rolling in its potential causing its energy
density to behave as an addition to the cosmological con-
stant whereas at late times the field oscillates around the
quadratic minimum and behaves as dark matter. A key
difference with coupled quintessence is that for the ax-
ion phantom mirage, the transition from dark energy to
dark matter does not involve coupling between the two
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but rather a separate component that mimics their re-
spective behaviors at different redshifts.

To see that this produces the same expansion history
as phantom dark energy and cold dark matter, define
the effective dark energy density as that which would be
inferred by considering axions as a contribution to CDM
at the present. Given a true dark energy density pge, we
would instead infer an effective dark energy of

peit(2) = pael2) + pal2) — pu(0)(1+2)° (1)

so that the expansion history remains the same. The
equation of state of the effective dark energy is defined
by

1 dlnpes
1 off = = —————— 2
et = 3 0 1 2) @)
(1 + wde)pde + (1 + wa)pa - pa(o)(l + Z)3

)

Peff

where wge and w, are the true dark energy and axion
equations of state respectively. At z = 0, Weg & We,
but for higher z when w, < 0 and approaches —1, while
pet > 0, the negative contribution from the incorrect
matterlike assumption for axions drives weg < —1 which
implies the mirage of a phantom. We can interpret the
negative contribution to peg as reducing the high z dark
energy, which makes the effective dark energy grow as
the universe expands. If wge > —1, then this also implies
a phantom crossing where peg switches from growing to
decaying with the expansion. However, we start with
the simplest assumption that the true dark energy is a
cosmological constant where wge = —1, and hence the
case where the effective dark energy is always a phantom,
at least when time averaged over axion oscillations.

We illustrate this behavior in Fig. 1 (top panel) with
an example where lg(m,) = —32.5, close to the mass
where the equation of state at the present first reaches
w,(0) = 0. More precisely, with the specific choice of
h = 0.674, Qg = 0.311 and f, = 0.1 employed here,
wa(0) = 0 at lg(ma) = —32.45. Notice that by z = 1,
the axions have already reached the frozen regime and
an extrapolation as matter would overestimate the mat-
ter density. The effective energy density then decreases
at high redshift implying a phantom equation of state
Weg < —1 even though w, > —1 and wge = —1, see
Fig. 1 (bottom panel). Phrased alternatively, the expan-
sion history mimics a low €2,,, model at the high redshifts
z 2 0.5 relevant for BAO and a high ©,, for the low
redshifts z < 0.5 relevant for SN. The axion phantom
mirage can therefore reduce the tension between BAO
and SN without having any phantom component. Fur-
thermore, by having only a small fraction fg. of dark
energy in axions but with a larger change in their equa-
tion of state, the axion phantom mirage can produce a
more rapid change in weg than a model with just a single
component of thawing quintessence.
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FIG. 2. Likelihood profile as a function of axion mass or
Ax? relative to the baseline ACDM model for the baseline
SN+BAO-+CMB analysis (lower panel). Similar improve-
ments over ACDM occur in the axion phantom mirage range
—33.5 < lg(ma) < —32.3 but with very different axion con-
tributions to the dark energy fae = 2a/Q4e (upper panel).
For much smaller masses all fq cases behave as ACDM with
the same total Q4e = Qa + Qa (middle panel) and for much
higher masses the profile value for fq. is small and also pre-
dicts ACDM observables up to the accuracy of the emulator
discussed in Appendix A.

IV. AXION LANDSCAPE
A. Baseline analysis

We begin our analysis with the simplest scenario where
axions are the only addition to the standard ACDM
paradigm and all data sets are taken at face value, which
we call the baseline analysis.

In Fig. 2 (bottom panel), we show the Ax? profile
in the axion mass m, relative to the baseline ACDM
model, as well as the values of the axion fraction of
the dark energy fqe (top panel) and total dark energy
Qe = Qp + Q. (middle panel) that correspond to these



name lg(ma)  fae extension AX? AXE o owE
baseline ACDM| - 0 - 0 0
Wo — Wq, - 0 |wo=—0.755,w, = —0.831|—20.5 —18.8
baseline —32.9 0.996 - —-7.1 —8.8
—32.5 0.0797 - -5.5 —6.7
no lowE —32.9 0.997 7 =0.0999 - —16.3
-32.5 0.117 T =10.101 - —15.1
curvature —32.9 0.84 Qx =290 x 1073 —12.4 —-11.9
—32.5 0.0846 Qx =2.95x107° -112 -10.5

TABLE I. Model parameters in the baseline and extended analyses with high optical depth 7 or spatial curvature Qg. All
Ax? values are relative to the baseline ACDM model. For axion cases the best fit lg(m,) = —32.9 and the high mass end of
the axion phantom mirage lg(ma) = —32.5 are shown and generally perform comparably despite the very different dark energy
fraction fge. High 7 models drop the lowE Planck 2018 data and fit the rest of the SN+BAO+CMB data almost as well as
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FIG. 3. SN data compared with models in the baseline anal-
ysis. The baseline ACDM model fails to fit the relative mag-
nitudes of the lowest redshift SN vs higher redshifts whereas
both axion cases Ig(ma) = —32.9 (fae = 1) and lg(ma) = 32.5
(fae = 0.08) capture the upturn.

profile models. Note that for lg(m,) < —33.5, despite
the apparent changes in the value of fg4, for different m,,
all fqo for the given Qq. fit essentially equally well, with
the changes in Ax? being much less than unity as the
profile shows. This is because in this m, < Hy limit, the
axion field is still frozen on its potential at the present.

In the range —33.5 < lg(m,) < —32.3, cases with finite
1 > fge > 0 fit the data better than ACDM. The low
mass end of this regime represents the standard thaw-
ing quintessence case fgo ~ 1 where all of the dark en-
ergy is in a single scalar field component. Interestingly,
the higher masses in this range provide nearly as good
a fit but with a steeply decreasing fq.. This extension
to higher masses and lower fractions displays the axion
phantom mirage discussed in Sec. III where the axion
behaves increasingly like dark matter at z = 0.

Given the nearly equally good fits across this ax-
ion phantom mass range, we select two representative

cases with very different fq. and examine the origin of
the preferences in the data. The relevant parameters
of these models are given in Tab. I. The first is the

global minimum at lg(m,) = —32.9 and f4. ~ 1, with
Ax? = —7.1 compared to ACDM and the second is
lg(m,) = —32.5 and fqo ~ 0.08, with Ax? = —5.5.

Both are comparable to the improvements in the cal-
ibrated thawing quintessence models where wqe(z) =
wp — 1.58(1 + wp)z/(1 + z) studied in Ref. [5].

In particular both models provide comparable fits to
the SN data, shown in Fig. 3, especially the upturn at
the lowest redshift bin, despite their different fq. This
is a consequence of the larger mass producing a much
sharper change in distances for a given fq. due to its
equation of state quickly approaching a matter like value
of w, ~ 0. Baseline ACDM has the opposite trends with
redshift given that it is optimized to SN+BAO+CMB
and does not fit the SN data alone well.

In Fig 4, we show the comparison to BAO distance
measures. Again the two cases fit BAO comparably well
but notice that the fits are also comparable to baseline
ACDM, especially for z > 0.5 where the data are the most
constraining. In particular around z ~ 0.8 all three mod-
els overpredict Dps(0.8)/rq by around a percent. This is
a consequence of the high redshift tension between BAO
and CMB given the calibration of rq provided by the
latter and its inference of Djs(z.), the distance to re-
combination at z,, through the precise measurement of
., the angular size of the sound horizon. Axions and
more generally thawing dark energy models cannot effi-
ciently change Das(z.) — Dp(0.8) = [55dz/H(z) in a
flat universe.

The CMB calibration of 74 is increasingly driven by
CMB lensing measurements as ground based data im-
prove. In Fig. 5, we show the comparison of the models
to the data for the CMB lensing power spectrum CZw
relative to the fiducial model. Even in the fiducial model
the lensing amplitude is slightly low compared with the
data for the reconstruction and smoothing of the acoustic
peaks (see e.g. [59] for a recent Ay, rescaling type assess-
ment). Notice that with SN+BAO+CMB, all three best
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FIG. 4. BAO data compared with models in the baseline analysis. While the baseline ACDM lacks the low z upturn of the
axion cases, all three fit the high-z BAO data comparably well. Here and in other figures “[fid]” stands for in units of the same
quantity in the fiducial model. Starred datapoints represent those which are used in the likelihood whereas Dy for all but the

lowest redshift bin is redundant with Dj; and Dy.
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FIG. 5. CMB lensing data compared with models in the base-
line analysis. The baseline ACDM and axion cases all reduce
the lensing amplitude so as to fit the BAO data reflecting
tension in the BAO+CMB data.

fit curves further underpredict lensing relative to the fidu-
cial model and are a slightly worse fit to the data. This
is again the consequence of the compromise between the
BAO and CMB data.

On the CMB side, to fit the amplitude of the lens-
ing power spectrum and the amplitude and smoothing
of the acoustic peaks simultaneously, the cold dark mat-
ter Q.h? must remain relatively high and rq relatively
low. This parameter also controls the BAO vs. CMB
distances Djps(z.) — Dps(0.8), with BAO measurements
favoring the lower Q.h2. The lack of freedom to adjust
these relationships causes the tension between the BAO
and CMB data.

We can see this directly in Fig. 6. Here we show the
posterior constraints for fqe, Das(0.8)/rq,7q for ACDM
vs. axions with lg(m,) = —32.5. In ACDM, the tension
between the CMB and BAO distance measures appears
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FIG. 6. BAO+CMB tension parameters vs. axion dark en-
ergy fraction in the baseline analysis (68%, 95% CL contours).
BAO data prefer a low value for Dps(0.8)/rq than in the
fiducial CMB only analysis and this tension is exacerbated
by the inclusion of SN so that the baseline ACDM analy-
sis of SN+BAO+CMB pushes constraints into the tail of the
SN+CMB posterior. The axion case with 1g(ma.) = —32.5
shows a 95% exlcusion of fqe = 0 due to the better fit to the
lowest z SN but does not appreciably change the BAO+CMB
tension between z = 0.8 and recombination.

as a preference for high Dy;(0.8)/rq and low rq in the
former vs. low Djs(0.8)/rq in the latter. Adding in SN
to the CMB, while still consistent in ACDM, makes the
tension worse. This is the well known SN+BAO discrep-
ancy in €2, and BAO+CMB shift in Hyry but phrased
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FIG. 7. BAO+CMB tension parameters vs. axion dark en-
ergy fraction in the high-z extension analyses. Tension in
the Dpr(0.8)/ra,ma plane can be addressed by increasing T,
here through dropping the lowE Planck 2018 data, or by
adding spatial curvature. The former allows the CMB cal-
ibration of rq to shift whereas the latter changes the relation
between Djs(0.8) and the distance to recombination. Both
provide better fits to SN+BAO+CMB than the baseline case
and retain a preference for fge > 0 from SN at this mass,
lg(ma) = —32.5.

more directly in terms of quantities relevant to BAO and
hence in a more model independent fashion that is useful
for dynamical dark energy as well.

When BAO are added to SN+CMB, Dj,(0.8)/rq and
rq are pushed to the extremes of what is allowed by the
latter, reflecting the tension in the data sets. On the
other hand the improvement from better fitting the SN
is enough to place fge = 0 outside the 95% CL regions.

Thus while the axion phantom mirage provides a good
fit to SN for a wide range of fractional contributions
to the dark energy from 5% to 100%, it cannot re-
solve all of the tension between SN+BAO+CMB but in-
stead performs about as well as the calibrated thawing
quintessence class.

B. High-z extensions

We have seen that a wide range of axion contributions
to the dark energy fit the SN+BAO+CMB data as well
as calibrated thawing quintessence but fail to address
the BAO4+CMB tension. This is because by construc-
tion such axions mainly affect distances to low redshift
z < 0.5, leaving the high redshift universe to resemble
ACDM, especially in the distance between the best BAO
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FIG. 8. SN data compared with models in the extended anal-
yses, no lowE and curvature at lg(ma) = —32.5, vs wo — wa.
The baseline ACDM case is included for reference. All three
models fit the SN data nearly equally as well.

constraints around z ~ 0.8 and recombination.

On the other hand, it is well known that the
BAO+CMB tension alone can be resolved without dy-
namical dark energy by either changing the CMB cali-
bration of rq or the distance between z ~ 0.8 and recom-
bination, but these solutions fail to fit SN data at much
lower redshifts. When such solutions are combined with
the axion phantom mirage, they jointly address the full
SN-+BAO+CMB tension.

As has been emphasized in Ref. [60] (see also [61-66]),
in ACDM the CMB+BAO tension rests on the inabil-
ity to change the cold dark matter density Q.h? given
the measurements of the CMB lensing once the optical
depth to reionization 7 is constrained by the Planck lowE
polarization data. In combination with Planck measure-
ment of the amplitude of the acoustic peaks, which is
controlled by Ase™27, the optical depth constraint pre-
vents the amplitude A; of the curvature power spectrum,
from adjusting the lensing amplitude to fit the data and
instead fixes Q.h%2. Even without CMB lensing recon-
struction, lensing constraints from the smoothing of the
acoustic peaks comparably limit this ability, which sug-
gests that the tension is not due to unknown systematics
in the lensing reconstruction. With Q.h? fixed, ACDM
no longer has the freedom to adjust Dps(zs) — Dpr(0.8).

These constraints on 7 can be somewhat relaxed in ex-
tended reionization models [67] or alternately by reducing
the large scale primodial power spectrum from inflation
[60, 68]. There may also be unknown systematics in this
challenging measurement [69, 70]. Here we remain ag-
nostic about the physical origin of this solution and sim-
ply test it by removing the lowE likelihood contribution
in the data following [60, 61]. Doing so, the remaining
CMB data in ACDM give a lower Q.h? = 0.118640.0013
vs. 0.12 in the fiducial model and a better fit to TTTEEE
in particular.
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FIG. 10. CMB lensing data compared with models in the
extended analyses, no lowE and curvature at 1g(ma.) = —32.5,
vs wg — We. The no lowE case fits as well as wo — wq, whereas
the curvature case fits as well as the baseline ACDM model.

In Fig. 7, we show the posterior constraints in
fae, Dar(0.8)/rq, rq when the lowE data is dropped. Note
that the SN+CMB constraints now widen to include
more of the BAO favored regime reflecting the reduc-
tion in BAO+CMB tension. This occurs mainly due to
the increase in rq from the ability to lower Q.h2.

In this case the best fit at lg(m,) = —32.9 and fgo =~ 1
has an improvement of Ax? , - = —16.3, very close
to the best fit wge(z) = wo + wez/(1 + z) phantom
model where Ax2, - = —18.8 using CAMB* for pre-
dictions (see Tab. I and Appendix A). Thus by allowing
the optical depth to reionization to be raised to 7 =~ 0.1,

4 http://camb.info. CAMB uses the Parameterized Post-Fried-
mann phenomenological approach [31] to avoid ghost and gradi-
ent instabilities which is not a microphysical model of phantom
dark energy unlike our axion phantom mirage scenario.

the axion phantom mirage fits the rest of the CMB, SN
and BAO almost as well. This fit only degrades slightly
across the phantom mirage mass range. For example at
lg(ma) = —32.5 and faqe =~ 0.12, Ax2 ,,og = —15.1. No-
tice that eliminating the source of BAO+CMB tension
allows the best fqo at this mass to increase, which al-
lows a better fit to the SN and BAO data due the axion
phantom mechanism.

These good fits to the SN, BAO and CMB lensing data
sets are shown in Fig. 8-10 for the lg(m,) = —32.5 case.
In fact the lg(m,) = —32.5 case has a sharper upturn
in SN magnitudes at the lowest redshifts than the global
best fit lg(m,) = —32.9 case. It also allows a larger CMB
lensing amplitude than even the fiducial model while still
fitting the BAO with .h? = 0.1162 vs. the fiducial value
0.12 by raising As.

A second type of solution to the BAO-CMB tension is
to leave the sound horizon calibration fixed rq ~ 74,84
but introduce spatial curvature Qg to change Dys(zy) —
Dy(0.8) [2, 71]. With just open ACDM, this has the
effect of lowering 2,,, and raising Hyrq through Hy into
better compatibility with BAO. More generally curvature
changes the relationship between Dj;(0.8) and Dy (z.)
without altering Q.h? or rq.

With the addition of the axion phantom mirage, the
same effect allows Djps(0.8)/rq to become larger and
bring it into compatibility with the BAO measurements
as shown in Fig. 7. In Tab. I, we again give the best
fit model at 1g(m,) = —32.9 and fqo = 0.84 as well as
at lg(m,) = —32.5 and fge = 0.085 where Qi =~ 0.003.
Because the addition of curvature does not change the
rq inference from the CMB, it does not resolve the
BAO+CMB tension quite as well as dropping lowE. The
improvement in Ax? reaches —12.4 and —11.2 respec-
tively. We can see this in the comparison to BAO data
in Fig. 9 where the high redshift end fits less well than
the no lowE solution and in Fig. 10 where it fails to raise
the CMB lensing amplitude.

A third type of solution is to change the sound hori-
zon, or correspondingly r4, through a component of Early
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FIG. 11. Likelihood profile as a function of axion mass or

Ax? relative to the baseline ACDM model for the extended
no lowE and curvature analyses (lower panel). Ax? values
are relative to the baseline ACDM model but are given for
AxZ 0w in the former and the total for the latter. The two
solutions prefer slightly different values of Qq4e (middle panel)
and the no lowE case allows larger axion dark energy fractions
fae than the curvature case (upper panel). The no lowE case
fits the rest of the SN+BAO+CMB data given Ax2 0w ~
—16 almost as well as the wo — w, case (dot-dashed lines)
whereas for the curvature case the total Ax? ~ —12 is notably
worse (dotted lines) but still significant.

Dark Energy [72, 73]. We leave this possibility to future
work.

V. DISCUSSION

We have shown that the ability of axions with mass
m, 2, Hy to mimic a cosmological constant at high red-
shift and dark matter at low redshift causes a mirage of
phantom dark energy and can explain the relative dis-
tances to SN and BAO. In fact this effective dark en-
ergy can cross the phantom divide and provide an even

sharper change with redshift if the true dark energy has
an equation of state wq. > —1 like quintessence, without
causing any instabilities in the dark sector.

This resolution of the SN-BAO tension at z < 1
in ACDM fits essentially as well as calibrated thawing
quintessence models. Moreover it allows for a wide range
of axion fractions from ~ 5% — 100% of the dark energy
across this mass range.

With axions alone, the BAO-CMB tension remains and
is driven by the CMB determination of the cold dark
matter density Q.h? which largely determines the BAO
distance to z ~ 0.8 and the CMB distance to recombina-
tion by calibrating the sound horizon or equivalently the
BAO scale rq4. In the truly phantom wy — w, dark en-
ergy solutions, this is resolved by a stronger dark energy
evolution at high z. On the other hand, this tension, be-
ing largely at high-z, does not necessarily require a dark
energy resolution.

In particular, the CMB calibration of rq4 has become
increasingly reliant on CMB lensing measurements but
that requires knowledge of 7, the optical depth to re-
combination, to fix Q.h%. We show that the remaining
tension between SN-BAO-CMB data can be resolved if
7 =~ 0.1. While this is not allowed by lowE polarization
in the standard reionization history and power law infla-
tionary power spectrum which imply 7 = 0.0544+0.00755
[4], more general models or systematic errors in the mea-
surement could accommodate a higher 7. Indeed, JWST
measurements of high-redshift galaxies [74-77] may al-
ready be hinting at earlier reionization (e.g. [78, 79]).
Ignoring the lowE polarization contribution to x?, ax-
ions improve the rest of the fit to SN+BAO+CMB over
ACDM by Ax? ~ —16 and is comparable to the wy — w,
solution where Ay? ~ —19.

Alternately, high redshift extensions to ACDM can also
change the CMB inferences for rq and BAO distances.
We show that a small curvature contribution Qg ~ 0.003
can also relieve the BAO-CMB tension by adjusting the
distance between z ~ 0.8 and recombination, bringing
the overall best fit to Ax? ~ —12. Modifying rq to solve
the Hubble constant tension with the SHOES Cepheid-
SN distance scale [80] by introducing an “early dark en-
ergy” scalar field that contributes near recombination can
also relieve the the BAO-CMB tension. This opens the
intriguing possibility that a more general scalar sector
could solve all of these tensions with ACDM simultane-
ously. We leave these considerations to a future work.
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Appendix A: Emulator Training Procedure

Parameter Value
accuracy-boost 1.5
1l.max_scalar 7500
1l_accuracy_boost 1.0
1_sample_boost 2.0
k_etamax_scalar 18000
do_late rad truncation False
transfer_kmax 10

transfer_k_per_logint 130
transfer_high precision True

accurateBB True

TABLE II. Settings for AxiECAMB

For the analyses in the main text we have both modi-
fied and emulated AXIECAMB. The modification makes
AXIECAMB solve the axion Klein-Gordon equation
O¢ = —m2¢ to the present for all axion masses in the
quadratic potential approximation for axions.

The accuracy settings for AXIECAMB are given in
Tab. II. These are sufficient to make the accuracy of
the x? for CMB likelihoods limited by the use of REC-
FAST for recombination and takahashi HALOFIT [81]
for the nonlinear power spectrum in AXIECAMB as op-
posed to COSMOREC and mead2020 HMCODE [82]
for CAMB v1.5.9 with accuracy settings specified in
Ref. [83]. For reference, the impact of these changes on
the power spectra in the ACDM fiducial modal are shown
in Fig. 12 and mostly occur at very high ¢ compared with
those of the measurements so that the errors there fall be-
low the rough cosmic variance limits of AC,;/C; ~ 1/¢ for
the temperature anisotropy and below the measurement
noise for lensing (cf. Fig. 5).

There is a correspondingly small error in the compu-
tation of x2 between AXIECAMB and CAMB that is
well below Ax? = 1 as given in Tab. III. By reverting
CAMB to the older version of halofit and recombination
used by AXIECAMB we see that the choice of recombi-

nation code mainly impacts the x2 for Planck lite TT-
TEEE but only by Ax? ~ 0.1 — 0.2 level. The choice
of nonlinear power spectrum model affects mainly ACT
lensing but by Ax? < 0.1. One notable addition is an ex-
tra Ax? ~ 0.1 in Planck lowT likelihood. Fig. 12 shows
that the CI'T predictions themselves are highly accurate
so it should not affect parameter estimation. In addition
to the usual linear scaling with AC7 T /CF™ for Ax? < 1
rather than quadratically for Ax? > 1 due to statistical
fluctuations, this likely also reflects the enhanced changes
in x? for a given accuracy of computation due to ACDM
being a somewhat poor fit to the lowT data. While these
together set a floor in the accuracy of our computations
it is sufficient for the datasets we consider. It also sets
the level of diminishing returns that motivate the preci-
sion settings in Tab. II and motivate the accuracy goals
of the emulator as we shall see next.

Nonlinear Recombination TTTEEE LowT LowE ACT¢¢
mead2020 COSMOREC 0.31 -0.11 0.00 -0.01
mead2020 RECFAST 0.15 -0.11 0.01 -0.01
takahashi COSMOREC 0.31 -0.11 0.00  0.05
takahashi RECFAST 0.17 -0.11 0.01 0.05

TABLE III. Ax? changes for CAMB v1.59 relative to Ax-
iECAMB on the fiducial ACDM model (top row, ACT ac-
curacy settings). For Planck lite TTTEEE, the difference
between COSMOREC and RECFAST contributes more than
half of Ax? as shown by switching the two in CAMB. For
LowE, the differences are negligible. For LowT, Ax? ~ —0.1
between CAMB and AxiECAMB across all the test cases. Re-
verting mead2020 to takahashi in CAMB changes the ACT
baseline lensing by less than 0.1 and others entirely negligibly.

We then emulate the AXIECAMB calculations follow-
ing the architectures and training strategies developed in
Ref. [84-86]. To perform a thorough analysis of the ax-
ion cases with SN, BAO and CMB datasets, the required
data vectors to be emulated include the CMB primary
power spectra C’ZXY (X,Y € T,FE), the lensing power
spectrum, C’f¢, H(z), and the BAO drag scale rq. We
also emulate the mapping of 6, to Hy in order to sample

the posterior in #,, which is directly constrained by the
CMB.

We adopt the Residual MLP (ResMLP) with PCA ar-

chitecture for H(z) and C’g’d). For the mapping from 6,
to Hy, we train a ResMLP with smaller dimensions and
size compared to the one above. For CMB primary power
spectra, we apply a combination of ResMLP and Convo-
lutional Neural Network (CNN). A Gaussian Processing
(GP) neural network is found to be sufficient for rq, as we
can simply train this using ACDM parameters given that
axions with the mass range in our work have negligible
energy density at recombination. Transverse comoving
distances are computed by performing the integration in
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CAMB vs. AXIECAMB (f4. — 0)
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¢

FIG. 12. Comparison between AxiECAMB and CAMB for
CFT (top) and CY? (bottom) under the settings described in
the main text. The relative difference for 1T is largely due to
differing recombination codes, and for ¢¢ to nonlinear power
spectrum codes. Deviations appear at high ¢ and the 1/¢ line
approximates a cosmic variance limited measurement out to
£. The accuracy suffices for the datasets we use.

H(z); in general

1 . Z dz

with the flat limit of Qx — 0 of Dy = [dz/H(z). We
adopt a composite-Simpson integration algorithm to ob-
tain results from the Hubble parameter computed from
the emulator.

The BAO radial distance Dy (z) = 1/H(z) and vol-
ume weighted Dy (2) = [2D3%,(2)Dy(2)]*/? follow di-
rectly. Supernova magnitudes m, corrected for peculiar
velocities, are compared to models through the distance
modulus

(1+2)Du(z)

,u:m—M:E)loglo[ IMpe

} +25,  (A2)

with the absolute magnitude M marginalized in the like-
lihood or maximized in plots.

A complete list of emulator configurations used are
summarized in Table. IV. The CNN architecture is shown
in Fig. 13, with the channel number of the CNN fixed at
16.
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Observable Architecture
CXY, X, YeT,E ResMLP+CNN
op? ResMLP+PCA
H(z) ResMLP+PCA
T4 Gaussian Processing
0. — Hop ResMLP

Distance Observables Derived from H(z)

TABLE IV. Architectures for each observable.

Cosmological
Parameters

A

Input Layer
(8 x 512)

A

(512 x 512)

3x v

Dense Layer
(512 x 512)

Dense Layer ‘

s
Ny,

A
[ Embedding Layer ‘

(512 x 3200)

Convolutional Layer

|

Output Layer
(3200 x 2998)

ll 16 Channels

CMB Power

Spectrum
(TT, TE or EE)

FIG. 13. Architecture of the 1D convolutional neural network.

To cover a sufficiently large parameter space for a thor-
ough analysis, we adopt uniform sampling among the pri-
ors in Table. V. The training prior is slightly larger than
the testing prior to avoid edge effects.



Uniform Uniform
Parameter Train Test
Quh* [0.002,0.04] [0.006,0.038]
Qch? [0.03,0.24]  [0.04,0.23]
Ho (55, 85] [60, 80]
T [0.005,0.105]  [0.01,0.15]
In(10'° Ay) [1.61,3.6] [1.7,3.5]
ns [0.7,1.3] [0.8,1.2]
lg(m.) [-35,—31] [—34,—31.5]
Qah?[lg(ma) < —32]  [0,0.4] [107%,0.38]
Qah?[lg(ma) > —32]  [0,0.21] [107%,0.19)]

TABLE V. Parameter ranges for the training and testing pa-
rameter sets for the uniform and Gaussian sampling methods.

For the models with curvature, we further extend the
space to analyze non-zero Qi € [0,0.004], with trimmed
priors on 7 € [0.04,0.12], In(10'°A,) € [3,3.3], ns €
[0.92,0.99] and lg(m,) € [—34, —32], which includes the
region of interest for fitting the datasets.

To well emulate the region where f4, is small, when
generating training datasets, we oversample in the low
Q.h? region by applying an additional uniform sampling
in logarithmic measure of log;o (Q2.h?) € [-5,—1]. We
also oversample the region where lg(m,) > —32.5 since
the relationship between cosmological parameters and
data vectors is more non-linear in this region due to more
oscillations in the background evolution of the axion field.
Furthermore, we sample directly at Q,h% = 1078 ~ 0 to
force the emulator to learn the ACDM limit.

For rq and 0, — Hy mapping emulators, we train with
the simple Mean Square Error (MSE) loss function of
the output directly. For H(z) and C’f ¢ emulators, we
train the models under MSE of the PCA transformed
outputs. Since those data vectors are either short in size
or structurally simple, a crude MSE loss function and
simple training strategies are sufficient.

The more challenging training is for CMB primaries
CzX Y as they have more complicated structures. To train
them to be as precise as possible compared to the direct
output from AxiECAMB, we set the training loss func-
tion, separately for each CXY, to be

B A1/
loss—<(z£:ACgC Ac@) >

(A3)

ACy is the difference in the rescaled quantity as C, =
Cre?™ /A, where the fiducial model picked at near the
Planck 2018 best fit. The covariance matrix C' is set to
be the corresponding diagonal part of a cosmic-variance
covariance matrix for rescaled quantities with £ < 3000
for the sake of training. This rescaling technique is tested
in Ref. [86]. The increasingly tighter constraints as ¢ in-
creases under the cosmic-variance assumption forces the
training to learn the detailed structure at high .

For testing, we compute the quantity Ax? =
SACKY Oy ACKY | with XV, X",V € T,E,
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using the Planck lite binning and covariance matrix files.

NI CMB A}?

0.001  0.01 0.1 1 10
AP
0.6 B@ 99%
= w7 95%
T 04 = 68%
E&
4 0.2
0.0

250 500 750
¢

1000 1250

FIG. 14. Top: Distribution of Ax? of the CMB primaries em-
ulators upon testing on Planck TTTEEE lite likelihood. Only
1% points are outliers with Ax? > 0.2. Bottom: Distribution
of percent difference between emulator and AxiECAMB out-
puts of Cf‘b. Within the range ¢ < 1250, which is the ACT
lensing extended multipole range, whereas we use the baseline
ACT range ¢ < 763 in our analysis, we can see that the per-
cent error of the emulation is suppressed to below 1% across
the range of ACT lensing likelihood.

We then evaluate the median and distribution of this
quantity across a testing set. Note that Ax? does not
involve the Planck data itself and therefore does not get
enhanced if the model is a bad fit to the data or from the
noise fluctuations of a good fit.

Upon testing, our emulators have almost consistently
below 0.5% error in Djps(z) and H(z) across the red-
shift range z € [0,3]. The r4 GP emulator has around
0.02% error, and the emulator for mapping from 6, to
Hy around 0.04% error. Both of these derived parameter
emulators have errors one order of magnitude lower than
the 1o deviation from the Planck measurements. For the
CMB primary power spectra, our emulators are trained
to have the fraction of outliers with Ax? > 0.2 to be
around 1% under Planck lite TTTEEE likelihood within
our testing range, shown in Fig. 14. The CMB lensing
power spectrum emulator is trained to have < 1% er-
ror across the £ range of ACT lensing. The training for
the baseline spatially flat cases uses 2.5 million train-
ing points. We then develop another emulator for the
curvature analysis with an addition of 0.8 million points
sampled in the range described above, and the models
reach a similar level of precision.
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