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Physical vs phantom dark energy after DESI:
thawing quintessence in a curved background
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Recent data from DESI, in combination with other data, provide moderate evidence of dynamical
dark energy, w # —1. In the wo,w, parametrization of w, there is a preference for a phantom

crossing, w < —1, at redshift z ~ 0.5.

In general relativity, the phantom equation of state is

unphysical. Thus it is important to check whether phantom crossing is present in other physically
self-consistent models of dark energy that have equivalent evidence to the wo, w, parametrization.
We find that thawing quintessence with nonzero cosmic curvature can fit the recent data slightly
better than wo, w, in a flat background. The phantom crossing may be a spurious artifact of a
parametrization that is not based on a physical model.

PACS numbers:

The Dark Energy Spectroscopic Instrument
(DESI) Data Releases DR1 and DR2 [1-5] have deliv-
ered state-of-the-art precision on baryon acoustic oscilla-
tion (BAO) measurements. This has facilitated stringent
constraints on the dark energy equation of state, w. Us-
ing the parametrization

w(z) = wo + wq 113 (1)
both DESI DR1 and DR2 BAO favour a phantom cross-
ing, from a phantom value w < —1 at earlier times,
z 2 0.5, to w > —1 for z < 0.5. Phantom behavior is un-
physical in general relativity since energy conservation
implies the growth of dark energy density with expan-
sion, pge > 0. It is implied by similar parametrizations
which are not based on physical models of w (e.g., see
Fig. 4 in [5]). For a physically motivated model, DESI
data suggest that we consider dark energy models which
behave close to a cosmological constant w = —1 at early
times, with an increase to w > —1 at late times (e.g.,
see Figs. 11 and 12 in [5]). Physically consistent exam-
ples are provided by the ‘thawing’ class of quintessence
models [6, 7].

To investigate the robustness of this phantom
crossing, we start by showing the DESI DR2 BAO data
for Dy = Dys/rq and Dy = Dy /rq (where Dy and
Dy are comoving and Hubble distances and r4 is the co-
moving sound horizon at baryon drag). We also show
the best fit ACDM in the flat (Figure 1) and negatively
curved oACDM (Figure 2) cases, using also the CMB
distance prior, as in DESI DR2 [4] (see their Appendix
A). From Figure 1 and Figure 2 it is clear that at ear-
lier times (z 2 1.5) the deviations from both ACDM and
oACDM model are well within 1o. At intermediate times
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FIG. 1:  Comparison of Dy = Dy /rq (upper panel) and

Dy = Dpg/ra (lower panel) to the best-fit values of flat
ACDM, obtained from CMB+DESI DR2 BAO.

(0.9 2 z 2 1.5) the deviations are ~ 1o, and at late times
z < 0.9 the deviations are < 20. Note that these results
These
plots hint that there is no evidence for deviation from
ACDM (or oACDM) at higher redshifts (z 2 1.5). At
intermediate redshifts (0.9 2 z = 1.5) there is no signifi-
cant deviation either. This is evidence that the phantom

are similar to the lower panels of Fig. 6 in [4].
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FIG. 2: As in Figure 1 but for best-fit o ACDM values.

crossing is a model-dependent artifact of the wow, CDM
model. Evidently, the wyw,CDM or similar parametriza-
tions are too simplistic to correctly capture the behavior
at lower and higher redshifts simultaneously.

Figure 1 and Figure 2 also reveal another inter-
esting feature. In flat ACDM, Dy = D), so that the
deviations in D v and D g should be similar in the flat
case.However, DESI DR2 data shows that the devia-
tions are different in DM and DH at intermediate red-
shifts. The DESI DR2 main paper [4] finds the constraint
103Qko = 2.3 £ 1.1 on cosmic curvature (their Table V).
Of course, inferences about curvature may not hold for
dynamical dark energy, since in that case, w is partially
degenerate with Q.

At this stage, our task is half complete, because
the intermediate to higher redshift behavior can be well
modeled by the oACDM model, but definitely not the
The lower redshift data is what
allows wow, CDM or similar parametrizations to show a
hint of deviations from ACDM and of phantom cross-

lower redshift results.

ing even in the presence of nonzero cosmic curvature.
The oACDM model cannot properly capture the behav-
ior over the entire redshift range either. Consequently,
our next step is to find a physically consistent model
which can capture the behavior for the whole redshift
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FIG. 3: Thawing quintessence models 0TQ1,2. Constraints

on wo are from DESI DR2 BAO + CMB -+ Pantheon-+.

range.

We consider quintessence dark energy models,
which have self-consistent physical properties, including
w > —1 and a speed of sound ¢; = 1 [8-10]. Quintessence
models cover a huge range of behavior, but we focus
on the thawing class (TQ) which naturally produces
w > —1 at low redshift, as suggested by the predictions in
wow, CDM and similar parametrizations (see Fig. 4 [5]).
We also include cosmic curvature (0TQ). For general-
ity, we use two parametrisations of w which approximate
thawing quintessence models, as shown in [6, 7, 11]:
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w(z) = -1+

w(z) = -1+ .(3)

We identify these 1-parameter w models as 0TQ1 and
0TQ2. The Hubble rate is given by

H2
= Qo(1+ 2)" 4+ Quo(1 + 2)® + Qko(1 + 2)?
0
14 w(3)
+ Qqo exp [3/0 I 13 dz} ) (4)

where Qvg + Qmo + Qxo + Qg0 = 1.

Figure 3 shows the mean w(z) for oTQ1,2 as given
by Equation 2, Equation 3, with 1o shaded regions. Con-
straints are from DESI DR2 BAO+CMB+Pantheon+.
The quintessence models do not allow wg < —1, but this
is not automatically enforced in the w(z) parametriza-
tions. If we impose a prior wy < —1 in the data analysis,
it does not alter the results in Figure 3. This shows that
there is no evidence of phantom crossing in these models.



In order to make a stronger statement, we should
show that the oTQ models are at the same (or better)
evidence level as wow,CDM. To this end, we compare
the best-fit log-likelihood values of these models:

In L (0TQ1,2) — In L(wow,CDM) = (0.47, 0.37). (5)

Since the number of parameters is the same in all three
models, the best-fit log-likelihood comparison is enough
to show the model comparison. We see that 0TQ1 and
0TQ2 are slightly preferred over wow,CDM. Although
this is not significant, it is enough to show that the phan-
tom crossing is not inevitable or even preferred.

A dark energy parametrization is a simple and use-
ful way to do data analysis in cosmology — but preferably
we need to show that a physically motivated model of
dark energy, in this case a realistic thawing quintessence,
produces similar results [3, 12-22]. We consider a class
of realistic thawing quintessence models in the presence
of cosmic curvature. In the presence of matter, radia-
tion, and curvature, a general quintessence field obeys
the evolution equations [23-26]:

= w1 (3w+3- 2B+ 1)9,),

49,
dN

% = VB - DR (w+ 10,

= Qq [Squ — Sw — QK + Qr]a

d<,
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dQk
where N = In a, the slope of the quintessence potential is
A= —MyVy/V and T = VVy4/V7 (subscript ¢ denotes

0/0¢). For non-constant I' and which cannot be explic-
itly expressed in terms of A, one needs further differential
equations that depend on the nature of the potential.
We restrict our analysis to constant I', which includes
exponential (I' = 1) and mononomial (I' = 14 1/n for
V(¢) = Vop~™) potentials.

For thawing quintessence, initial values should be
0 <w+1<1land N > 0][9, 23, 27-29]. We use
w; =10"*—=1and ' =5 (n = 1/4). We name this model
oTQR (curved thawing quintessence realistic).

Using the best-fit cosmological density parameters
from DESI DR2 BAO-+CMB+Pantheon+ data, we can
solve the system in Equation 6. The resulting w(z) and
q(z) are shown in Figure 4. Figure 5 shows constraints
on the model parameters through triangle plots.

As pointed out in [5], in order to find proper con-
straints on realistic quintessence parameters, we need to
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FIG. 4:  w(z) (upper panel) and Qq(z) (lower panel) for

a realistic thawing quintessence model (0TQR) with best-fit
values obtained from DESI DR2 BAO+CMB+Pantheon+.

have data-informed priors on these parameters. However,
this is true only for the energy density parameters g,
Q,i, and Qk;j, not for the other parameters. This is due
to the cosmic coincidence problem, present in all realistic
physical models [30-32]. If we try to mimic wow,CDM
by a physically motivated model, we will encounter the
same coincidence problem. Thus this fact cannot be a
negative point for model comparison.

It is also argued in [5] that for realistic
quintessence models to fit the data well, they must have
a rapid increase of w for z < 0.3. However, the upper
panel of Figure 4 shows that this statement is not ap-
plicable. Furthermore, it is argued that there might be
features of a sharp increase in the energy density of dark
energy — but the lower panel of Figure 4 shows no sharp

increase.

Finally, we compare the best-fit log-likelihood of
the realistic open thawing quintessence model 0TQR to
that of wow,CDM:

In L (0TQR) — In L(wow,CDM) = —0.03. (7)

This
tic quintessence is effectively equivalent to that of
flat wow,CDM. We conclude that curved thaw-
ing quintessence is equivalently favored compared to

shows that the evidence for curved realis-
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FIG. 5: Constraints on the 0TQR model parameters for DESI DR2 BAO+CMB+Pantheon+ data.

wow,CDM in light of DESI DR2 BAO data (in com-
bination with other relevant observations). The evidence
for phantom crossing is model-dependent.
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