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We explore an interacting dark matter (DM)-dark energy (DE) framework that naturally yields an
effective dynamical DE equation of state crossing the phantom barrier at early times, as indicated by recent

DESI data, while also accounting for the observed isotropic rotation of the cosmic microwave background
(CMB) linear polarization. Within this unified framework, we also explain the DM relic abundance without
introducing additional fields or couplings. Depending on the DE potential, we identify two viable
scenarios: a superheavy freeze-in DM requiring a high reheating temperature, or a strongly interacting dark

sector with a GeV-TeV scale thermal DM candidate.
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I. INTRODUCTION

Measurements of baryon acoustic oscillations (BAO)
from the Dark Energy Spectroscopic Instrument (DESI)
[1], combined with type Ia supernova observations from the
Union3 compilation [2] and the Dark Energy Survey Year-5
data [3], suggest the possibility that dark energy (DE) may
be evolving throughout cosmic history. Notably, the data
favor a DE equation of state (EoS) w < —1 at high redshifts
and w > —1 at present, indicating a so-called “phantom
crossing” behavior [4,5]. The most recent DESI DR2
results [6,7] appear to favor such a scenario, though the
uncertainties are still substantial. Future measurements
with improved precision will be crucial to confirm whether
this crossing reflects a genuine feature of the dark energy
dynamics.

Constructing consistent models that yield an equation-
of-state parameter w < —1 has proven to be theoretically
challenging. Many existing approaches, such as phantom
models [8,9], invoke ghostlike degrees of freedom, which
often lead to instabilities and other theoretical pathologies
[10-12]. While scalar-tensor theories with nonminimal
couplings to gravity, such as Brans-Dicke theory, can in
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principle reproduce w < —1 behavior [13-17], stringent
solar-system constraints render the Brans-Dicke scalar
effectively inert, thereby forcing w~ —1. A well-studied
class of models is quintessence [18-21]. In quintessence
models, the evolution of the scalar field generally falls into
two distinct categories: freezing models, where the field
slows down over time and asymptotically approaches
w — —1, and thawing models, where the field remains
initially frozen near w ~ —1 and begins to evolve only
recently. Although a variety of potentials, such as expo-
nential, power-law, and others, have been extensively
studied, they universally predict an equation-of-state
parameter in the range —1 < w < 1/3 [22-24]. This range
supports cosmic acceleration but does not extend into the
phantom regime, making it challenging for such models to
accommodate the behavior suggested by the DESI results
[25-27]. Alternative proposals for achieving w < —1
include braneworld models [28], quantum corrections
[29], pixelated Universe [30], couplings between quintes-
sence and moduli fields [31], nonminimally coupled
quintessence field [32,33], and photon-axion conversion
mechanisms [34]. Moreover, the observed phantomlike
behavior may also arise from a nonminimal coupling of DE
to gravity [16], or through interactions between the DE and
dark matter (DM) [35—37].1 Very recently, such models
have also been tested using the gravitational-wave obser-
vations from LIGO and VIRGO [39-41]. Models of
interacting DE and DM have also been shown to alleviate

n [38] another possibility has been discussed, where a
quintessence field possesses a nonzero initial velocity.
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the Sg tension, which is an apparent discrepancy between
the amplitude of matter clustering inferred from the cosmic
microwave background (CMB) and that observed at late
times in weak lensing surveys [42,43]. Models featuring
DE-DM interactions could offer an appealing twofold
resolution: they not only allow w < —1, and help to
alleviate the Sg tension, but may also hint at the origin
of DM. Interacting DM-DE models have been studied
in various contexts,2 see, for example, Refs. [18,46-60],
however, they lack a consistent picture of particle DM
production.

To shed light on the production mechanism of particle
DM, one needs the knowledge of how the dark sector (DS)
interacts within itself and with the visible sector. We take
hints from the recently observed nonzero isotropic cosmic
birefringence (ICB), characterized by the rotation of the
polarization plane of CMB radiation [61-65], which could
be explained by the in-flight interaction of CMB photons
with the evolving DE background [61,66—76]. Embedding
this phenomenon within the interacting DE-DM framework
then naturally induces a DM-Standard Model (SM) inter-
action, that could be linked to its observed relic density.
Furthermore, as the interacting DM-DE framework comes
with natural dynamics taking place within the DS itself
[43], it is natural to ask whether this is responsible for
giving the DM its current abundance. We want to consider
DM-genesis minimally, where we do not introduce any
additional fields or couplings other than what is already
provided by this framework.

Motivated by these considerations, the present work
aims to simultaneously address two key questions: (a) how
to construct a DE model that yields an equation-of-state
parameter w < —1 at low redshifts, and (b) how such a
model can concurrently account for DM genesis within an
interacting DE-DM framework, while also addressing the
nonzero ICB angle. To this end, we build upon the model
proposed in Ref. [36], where a canonical scalar field,
serving as the quintessence DE component, interacts with
a fermionic DM. We extend this setup by introducing a
dimension-5 operator coupling the scalar field to the
electromagnetic (EM) field strength tensor. We consider
two representative forms for the DE scalar potential: a
polynomial potential and an axionlike potential. We give an
ultraviolet (UV) completion for the model proposed in
Ref. [43] and demonstrate how the EM coupling can be
induced, which explains the observed ICB angle.
Interestingly, the dynamics of the DS lead to very different
DM mass scales in the two cases: while the polynomial
potential supports >O(10'°) GeV DM (produced via
freeze-in), the axionic scenario favors a GeV-TeV DM

’In related models of DE conformally coupled with matter,
dubbed as “chameleon dark energy,” the interaction with local
matter overdensities can effectively raise the local expansion rate,
potentially resolving the Hubble tension without conflicting with
large-scale observations [44] (see also Ref. [45]).

candidate (produced from DS freeze-out). We also outline
the possibility of asymmetric DM production in the latter
case, which requires additional extension of the model
parameters, but could potentially give rise to DM self-
interaction strength desirable from the explanation of
diversity of rotation curves of spiral galaxies [77]. In both
frameworks, the viable parameter space is found to be
consistent with the observed DM relic abundance, recent
DESI data, and the measured ICB angle.

The paper is organized as follows. The underlying
interaction, along with the dynamics of the interacting
DM-DE model, is elaborated in Sec. II, in Sec. III we
discuss DM production mechanisms, and finally conclude
in Sec. IV.

II. THE FRAMEWORK

We introduce a scalar ¢, which plays the role of evolving
dark energy (DE) in the late Universe. Further, a Dirac
fermion dark matter (DM), denoted y, is also assumed to
interact with the DE as described by the following
Lagrangian [36,37,78,79]

L ==(0,0)* = V(p) + iwy*,w — m()py

A\ @ . =
()

where V(¢) is the DE potential, @, is the EM fine-
structure constant, F** is the EM field strength tensor,
" = (1/2)et° F )0 18 its dual, and f is the characteristic
scale associated with ¢. For instance, if ¢ is a quintessence
axion, f plays the role of its decay constant. Notice we have
introduced the anomalous EM coupling of ¢ having Wilson
coefficient ¢, that could explain the ICB [78]. The source of
DM-DE interaction® is the @ dependent DM mass, denoted
as m(¢) in Eq. (2.1). If ¢ is a pseudoscalar like an axion,
associated with a dark QCD sector, then the anomalous
coupling with F* is natural, and can be induced if the
hypercharge current is anomalous under the nonlinearly
realized shift symmetry of the axion. In this case, the
scalarlike coupling with y can appear as a result of finite
density DM effects on the dark QCD condensate, provided
y is identified with the stable dark baryon DM [43]. If, on
the other hand, ¢ is a scalar, the required EM coupling can

N[ =

+

(2.1)

3If there is no symmetry protecting the DE mass and potential
shape, interactions with the DM can significantly raise the DE
mass and destroy its potential shape, especially when there is a
large hierarchy between the DE and DM masses [80]. However, if
there is a remnant symmetry, such as a nonlinearly realized shift
symmetry of a broken scale/chiral invariance, that would protect
the DE mass and potential shape. The scale invariance is suitable
for a scalar (dilaton) like DE candidate (see for, e.g., Ref. [81]),
while the remnant shift symmetry can protect the pseudoscalar
(axion) DE mass and potential against radiative instability.
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be generated if there are parity-violating interactions in the
DS such that parity-odd and even states can mix.

A. Evolution of the DE and effective equation of state

Let us briefly summarize the evolution of ¢ as dictated
by Eq. (2.1). We are mostly interested in the late time
Universe, where the backreaction effect due to the EM
coupling can be neglected on the evolution of ¢. The
Hubble parameter H can be expressed as

2002 pg)& m(p) p](SO) P(Oc)l
3H"M4 = + = = e 2.2
PP a’ ’”((PO) a’ at ( )

where M p is the reduced Planck mass, a denotes the scale
factor, the label O indicates the present-day value of the
corresponding quantities, ppy, P, and ppq stand for the
energy density stored in DM, baryons, and radiation
component, while the DE energy density p,, is given as
(p2

pp =2+ V(o). (23)
and the overdot denotes time derivative. Notice that due to
nontrivial dependence of the DM mass on ¢, the DM
energy density scales as ppy(a) « m(g(a))/a’. This is the
source of the effective equation of state for the DE being
different from the noninteracting DE models [36]. We
redefine dimensionless quantities 5(a), 6(a), f for the
quantities of interest as follows

H(a) = n(a)Hy;
f= JCMP;

p(a)=0(a)f;
V(p) = V(g (2.4)

<t

where H, represents the Hubble rate at present. Dividing
Eq. (2.2) by the critical energy density today, i.e., by
pg()) = 3M3%H3, one can evaluate the Hubble rate para-

metrically as a function of (a) as follows

0 0 0
o mle) o) ol

—_ ‘7 oM AP 4 TTB rad
@2 - (do\2) -171/2
x31——f2 (= ,
U@
where QEO) = plqo) / pﬁo), for a given species i = B, DM, rad.
Neglecting the backreaction of radiation density, the

equation of motion (EoM) for the DE reads

(2.5)

dv
§+3Hp+—"=0,

i (2.6)

where the effective potential for the DE receives contri-
butions from the DM density and is given by

(2.7)

Note that here we do not consider any explicit DE-baryon
interaction. In the early Universe, as the DM density is
much larger than the present-day DE density, Eq. (2.7)
implies that the contribution of DM to the effective
potential is more important. However, as the Universe
expands, the DM is diluted, and the DE bare potential starts
to play an important role in the evolution of ¢. Simplifying
the EoM, one arrives at

» [d( do do] _dv(e) oY m'(6)

na|— | na—) +3n—| +3 3—BM =0,

S [da <’7“da>+ '%}“L a0 77a mi6y)
(2.8)

where m’(0) = dm(0)/d6. Equations (2.5) and (2.8)
should be solved consistently as a boundary value problem
for a given 6.

If an observer treats the DM as a constant mass fluid, the
effective DE energy density due to the nontrivial DM
energy density evolution can be read off from Eq. (2.2), and
is given as

DE — 3

0
eff p]()l\)/l m(p)
a

2O 1] 40,

m (@) (29)

One needs to satisfy the following condition to explain the
DE abundance today (a = 1),

72
doN?Z .
— | = V(o
5 (@) +vo]
Now, taking the time derivative of Eq. (2.9), and using
Eq. (2.6), one gets the following expression for the effective

equation of state parameter for the DE, denoted as wg,
namely,

=Y. (2.10)

a=1

dp—eDfE—i-?aH(l—i—w ) =0 (2.11)
di effJP’DE = Y, .
where
w
Weff = T : (2.12)
1+ G [0 ]
a3p¢ m<90)
and the present-day EoS w, is given by
2/2 -V
W, = (”.2/7((”). (2.13)
9*/2+V(p)

Note from Eq. (2.12) that w can cross the phantom barrier
(at a certain scale factor, which we will show in a moment),
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ie., wer < —1, if m(6,) > m(0), even though w, > —1.
Therefore, treating the EoS as an effective parameter, one
can see that there is no unphysical behavior even if
weip < —1. This is a desirable feature in light of the current
DESI results. One can recast Eq. (2.12) in terms of the
redefined variables as,

(2.14)

where 6'(a) =d6f/da. One can consistently solve
Egs. (2.5), (2.8) for some given V(0), m(@) for a specific
choice of f,0, by adjusting the initial conditions, and
obtain the effective EoS for DE as a function of the scale
factor or redshift utilizing (2.14), and fit it with the DESI
results. We will consider some concrete examples, and
elaborate on the behavior of w. Note from Eq. (2.14) that,

today wy approaches —1 if f< 1.

1. Isotropic cosmic birefringence

The phenomenon of cosmic birefringence [82—84] refers
to the rotation of the polarization plane of the CMB photons
as they travel through space. The net rotation angle from the
last scattering surface to the present is termed the ICB
angle, denoted by . Analysis of CMB polarization data
has indicated a nonzero rotation angle [61-64]:
f =0.34°1+0.09°. Additionally, recent data from the
Atacama Cosmology Telescope (ACT) further supports
this result [65]: f = 0.20° 4+ 0.08°, strengthening the
hypothesis that the ICB could be a genuine physical effect.
Within the SM and its extensions, particularly those
involving higher-dimensional operators built solely from
SM fields, there is no satisfactory explanation for this
phenomenon [85]. Therefore, the observed ICB may
suggest a parity-violating interaction involving a new
light field beyond the SM. A nonzero isotropic birefrin-
gence angle f can arise when the massive scalar field ¢ is
coupled to the SM photon field strength tensor F,,, through

an interaction term of the form « (¢/f)FF [as in
Eq. (2.1)]. In this framework, a nonvanishing difference
Ap = @y — @155, With g, @1 g5 being the values of the field
today and at the last scattering surface (LSS), respectively,
can account for the observed nonzero birefringence angle
[61,66-76] (also see Ref. [86] for a review). In particular,
for the present framework [68,73],

(L) (2
ol =4(3) (5761

considering the central value of f = 0.261 [87]. Here, Ag
is determined by the underlying potential governing DE,
which, as previously discussed, also sets the effective DE
equation of state we aim to constrain using DESI data. In

(2.15)

contrast, ¢,, as we will elaborate in Sec. III, controls the
present-day abundance of the DM . Thus, our framework
offers a unified explanation for the DESI observations, the
ICB angle, and the origin of DM.

B. Polynomial potential

A large class of models can be represented by the
following effective parameters [36,37,88]

1

V(G):A“(é)a; m(0)=m, explc(0—6,)). (2.16)

where A~ O(meV) sets the DE scale today, m,, is the
present DM mass, and the dimensionless parameters a, k
control the DE potential and DM-DE interaction strength,
respectively. Although V(¢) is nonanalytic at ¢ =0, it
should be regarded only as an effective potential at the low
energy theory. In the limit x — 0, one recovers a non-
interacting DE model, while for @ — 0, the DE becomes
equivalent to a cosmological constant. In order to account
for dynamical DE, the DE field ¢ needs to be very light,
which gives rise to an additional long-range force between
the DM particles. In the linearized limit, this behaves as a
scalar correction to gravity, and its strength relative to the
Newtonian potential is given by Vipy_pm/V = k2 [80]. It
is then possible to put an upper bound on x from the
violation of the weak equivalence principle, requiring
|| < 1/3. Following [36], a combination of mass-to-light
ratios in the Local Group, rotation curves of galaxies in
clusters, and dynamics of rich clusters yields the upper
bound k < 0.8, for f = Mp.

In Fig. 1 we show the evolution of the field and
corresponding EoS for the DE for different choices of
parameters. Note that the scale factor a(r) and redshift z are
related via 1 4+ z = ag/a(t) = 1/a(t), as we consider the
present-day scale factor to be unity. Thus, a larger redshift
corresponds to a smaller scale-factor, i.e., an earlier time in
the Universe. While solving the equation of motion for 6,
we have placed it at the minimum of the effective potential
in Eq. (2.7) initially. Then, the field smoothly tracks the
evolving effective minimum of the potential with the
expansion of the Universe. We have checked that if one
places the field away from the effective minima at the
starting position, it starts to oscillate around the effective
minimum, soon reaches the minimum, and tracks the
evolving minimum adiabatically thereafter. The effective
EoS of DE at the late-time Universe and the field excursion
relevant for the ICB is effectively insensitive to the initial
field position in the polynomial-type potential. We show
the evolution of @ from the epoch of the last scattering
(LSS), which takes place at z ~ 1100(a ~ 10‘3), till today,
for the benchmark values of the parameters tabulated in
Table 1. As one can see from the top right panel, the
effective EoS w; diverges at some high redshift momen-
tarily, then becoming positive and approaching zero at
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FIG. 1.

Redshift z

Top left: evolution of the field as a function of scale factor a for the polynomial potential. Top right: nature of the w as a

function of redshift extrapolated to high redshift. It diverges momentarily, becomes positive, and approaches zero as one extrapolates to
higher redshift. Bottom: fit of the effective equation of state (w.s) as a function of redshift to the DESI data (blue dots) with binned error

bars. All relevant parameters are tabulated in Table I.

earlier times. This is an unavoidable consequence of
the fact that the denominator in Eq. (2.12) vanishes at
some early time given m(0(a < 1)) < m(6,) to explain
weip < —1 from the DESI data. The critical scale factor a,
when this happens is given parametrically as

[ )] e

At scale factor smaller than this critical value, the denom-
inator in Eq. (2.12) becomes negative, and hence wgy
becomes positive. At even smaller scale factor, the magni-
tude of the denominator becomes very large due to the a3
scaling, and wgy approaches zero. It is important to
emphasize that the apparent singularity in wgy 1S not

TABLE L

physical, but rather an unavoidable consequence of the
DM-DE interaction. Consequently, future observational
data at high redshifts will be crucial for constraining such
interactions. Finally, in the bottom panel, we illustrate the
fit-to-data for our choice of the benchmarks, using DESI +
CMB + DESYS5 [6], with the horizontal bars indicating the
bin width (which is fixed) and the vertical bars representing
the 1o error. A qualitatively similar analysis can be done
using an exponential form for V(¢), however, we find that
it becomes more sensitive to the initial conditions.

C. Axion type potential

Here we review a technically natural model of interacting
DE-DM due to Ref. [43], where one considers a dark QCD
sector associated with a dark axion ¢ playing the role of

Benchmark points chosen for Fig. 1, for the polynomial potential scenario. In the last two columns, we

have included the resulting field excursion A@ and corresponding c,, compatible with a 1o value of the ICB angle

f = (0.261 £ 0.061)° [87].

Benchmarks a K f A [meV] A6 |c, |
BPI 0.2 0.08 1 2.59 0.39 8-12
BP2 5% 1073 5% 1073 102 2.74 1.86 2-3
BP3 3x1073 8x 1073 1073 2.74 0.97 3-5
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DE, while the lightest stable dark baryon y is identified
with the DM. The DM-DE interaction is built into the
model as a finite density of y modifies the quark con-
densate, which in turn is connected to the ¢ potential. We
UV complete the model and extend it by introducing the
anomalous EM coupling as Eq. (2.1) to explain the ICB.
This model can also help alleviate the Sg tension by
delaying the matter-radiation equality to a slightly later
time [43]. We will point out an apparent problem of too
much DM self-interaction in this setup, and outline
technically natural ways to reconcile the model with the
observed DM properties.

Consider an SU(Np) dark QCD sector with two light
quarks denoted as u, d. A global U(1)pg Peccei-Quinn
(PQ) symmetry is anomalous under SU(Np) and is broken
spontaneously at a scale f, which results in a pseudo-
Goldstone boson axion ¢, that transforms as: ¢ — ¢ + Tf
under the U(1)pg with the transformation parameter T. The
field ¢ has the following coupling with dark gluon field

strength G,

2
Lp = %? GG, (2.18)
where gp stands for the SU(Np) coupling, and
Gy = 3€upeG’"- This can be UV completed, for
example, by introducing a pair of left-handed chiral
fermions {Q,Q} having representation (Np,1,1,Cy),
(Np,1,1,—Cy) under the extended SM gauge symmetry
SU(Np) ® SU3), ® SU(2), ® U(1)y, respectively. The
bar in Q does not denote any charge conjugation. The
global PQ charges of Q,Q are 1, 0, respectively. A SM
singlet scalar @ with PQ charge 1 obtains a vacuum
expectation value (VEV) at a scale f, spontaneously
breaking U(1)p, and giving masses to Q,Q via its
Yukawa coupling y,®*QQ + H.c. The axion ¢ appears
as the axial mode of @ after it obtains a VEV. The field
content of the model is summarized in Table II. Note that,
Q, O can decay to u,d and SM particles in the early
Universe if Cy is chosen appropriately. For example, the
decay can proceed via effective operators like
(@) /A})agQeger, (1/A2)Qupeses if Cy =2, while
¢ denotes charge conjugation. Another choice of operators
could be ((@)*/A3)agQe vy, (1/A7)Qupess if Cy = 1.
As these operators do not violate U(1)pq, they do not
contribute to the axion potential. We find that the decay
happens much before BBN for any A; < Mp as m ~ f for
order one yg, thus posing no threat to the standard
cosmology. We have also checked that there is no
Landau pole for U(1), coupling below Mp for NpC3 =
¢, S 18 for O, Q mass above 10'? GeV. As Q, O mass is
~yof, this is easily satisfied for order one y,. Note that the

TABLEII.  Field content for the axionic potential model, where
u, d are Dirac fermions, and Q, Q are chiral.

Fields SU(Np) SU(3), SU(2), U(l)y U(l)pg
@ 1 1 1 0 1
0 Np 1 1 Cy 1
0 Np 1 1 —Cy 0
u Np 1 1 0 0
d Np 1 1 0 0

light quarks q = u, d do not cause any Landau pole as they
do not possess any hypercharge.

Once the heavy fermions and the radial mode of @ are
integrated out, the coupling in Eq. (2.18) appears due to the
given charge assignments of Q,Q and the induced
U(1)pg — SU(Np)?* chiral anomaly. At the same time, as
0, Q carry hypercharge, the following coupling with the
hypercharge current is generated due to the U(1)pg —

U(1)3 anomaly

g\, &

£y — (NDC%) (167[2) fB,wB'MD, (219)
where the first factor is the hypercharge anomaly coef-
ficient for the given charge assignment, g; is the U(1),
coupling, and B,,, Bﬂ,, are the hypercharge field strength
tensor and its dual, respectively. After the electroweak
symmetry breaking, Eq. (2.19) generates the EM coupling
presented in Eq. (2.1), when ¢, = NpC3. This is an
appealing feature, as for O(1)Cy charges, ¢, ~ O(Np),
and hence can be naturally large for large Np, and one need
not introduce a large number of chiral fermion generations
to explain the ICB. Notice that due to the given charge
assignment, the domain wall number is 1, and there is no
domain wall problem in the cosmology. Further, all gauge
anomaly conditions are satisfied due to vectorial charge
assignment for the gauge groups. A high-quality DE axion
can be provided by further model building, for example,
embedding this in an extradimensional setup [79].

Once the dark QCD confines, it generates a potential for
@ due to Eq. (2.18) as follows

Vyac (9> =A*

1+v—4/1="Tsin? (g)] . (220

where 0 = ¢/ f, v is a constant shift of the potential, which
is allowed in general, and Y = 4mymq/(m, + mq)?, while
my, mq denote the light dark quark masses. The field is
periodic 8 = 6 4 2z and this is reflected in the potential.
The scale A, which sets the scale of the DE potential in
Eq. (2.20) is related to the quark condensate
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TABLE III. Benchmark points chosen for Fig. 2, for the axion type potential scenario, where we have followed
benchmarks of Ref. [43] (that also alleviate the Sg tension). In the last two columns, we have included the resulting
field excursion A and corresponding c,, compatible with a 1o value of the ICB angle # = (0.261 4 0.061)° [87].
We have chosen m, = 0.8mygq, and the initial value of 8 = 2.5, 2 for BPa, BPb, respectively.

Benchmarks 6, /my, v f A [meV] A0 lc, |

BPa 0.02 0 0.25 2.89 0.27 11-18

BPb 0.04 4 0.035 1.89 3.1 1-2
N = —emy + me) (@) (221) (o)

where a model-dependent parameter ¢ < 1 is assumed to
have control over the finite density correction, similar to
light axion models [89,90], and (tiu) ~ (dd) is assumed,
while q represents u, d. The DM-DE interaction is
naturally built into this model as Eq. (2.20) is only valid
in the vacuum, and in the background of finite density of
the dark baryon DM s, the quark condensate is modified
[89,91,92], namely

O0AE

<qq>y/ = <(_lq>vac + W’ (222)

where AFE is the dark QCD ground state energy shift at
finite density of y. Treating the DM as a free Fermi gas, i.e.,
neglecting its interactions, in the nonrelativistic limit,

AE ~ myn,, where m, is the DM mass and y, denotes
its density. Therefore, the effective DE potential at finite n,,
is [43,89]
4 "y Oy (0
Verr(@p) = A* |1 +w 1 1 1 — Ysin 2
nlo?
+ (’)(52 %) , (2.23)
where m, ~ mq is assumed, and
om
= L 2.24
v Z dlnm (2.24)
q=u.d q

Importantly, o, > 0, as heavier constituent quarks imply
heavier baryons. Hence, the effective potential is mini-
mized at @ = z for DM density above the critical number
density ny, = A*/ o,, while below this density the mini-
mum switches to @ = 0. For ¢ < 1, perturbative control is
maintained at the critical density. Interestingly, this critical
density scale and associated dynamics are relevant for the
late-time Universe for DE axion, while for QCD axion, the
finite density effect is only relevant inside a neutron star
[89]. From Eq. (2.23) one can identify

=1+ 1 —Tsin2(€>, (2.25)
m, m, 2

and T ~ 1 for m, ~ mq such that for present-day values of
6 — 0, the DM mass is mpy ~ m,,, as o,,/m,, ~ O(1072)
as shown in Table IIL

In Fig. 2 we demonstrate the evolution of the axion field
and the resulting equation of motion following Ref. [43].
The field naturally finds itself at & = z irrespective of the
initial condition, and evolves to @ = 0 in the late Universe,
once the DM density has dropped below ny,. This is a very
appealing feature, as it naturally explains why the axion
finds itself near the hilltop of the late-time effective
potential to explain the DE today. In conventional quintes-
sence axion models, this initial condition is chosen by
hand. We obtain the resulting field excursion A from the
solution to the EoM for axion, and evaluate the required c,
to explain the ICB reported, as shown in Table III. As
¢, = NpCy, it is relatively easier to accommodate the
required charge with O(1)Cy for an appropriate number of
dark colors Np. To be quantitative, for the BPa, one can
choose Np = 3, and Cy = 2, while for BPb, N, =2, Cy =
1 is sufficient to obtain the required ¢, as shown in
Table III. The chosen benchmark can fit the DESI results,
while when extrapolated to higher redshift, the EoS
approaches 0 as consistent with the generic interacting
DE-DM framework outlined in Sec. II.

Before moving on, let us highlight a few important facts
here. To explain the DE energy density today,
A~ O(meV), as shown in Table III. Further, the dark
QCD scale where confinement sets in is given by
A(SiQCD ~ —(qq),.- Only when the DS temperature, which
in principle can be different from the SM temperature bath
in the early Universe, is below Agqcp, the DM is formed
and the axion potential is generated. From Eq. (2.21), we
arrive at the following relation

A 1/3
A ~ A )
()

(2.26)

where the average light quark mass mq = (m, +mq)/2.
Note that mq # 0, i.e., no dark quark is massless, otherwise
@ is rendered unphysical and can be removed by chiral
rotation of the massless dark quark. If there is no large
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FIG.2. Similarto Fig. 1 for the axion potential in Eq. (2.23) following Ref. [43]. All relevant parameters are mentioned in the inset and

tabulated in Table III.

hierarchy between A and &7, then Ayocp =~ O(meV). This
is problematic as the DM y is a light baryon of the dark
QCD:; it naturally inherits self-interaction via the mediation
of dark pions. Further, Agocp sets all the scales for the DM,
including the DM mass and the scattering length.
Therefore, in the absence of some screening mechanism
due to additional dark force carriers, the DM self-inter-
action cross section per unit DM mass can be estimated just
from dimensional analysis and is expected to be

ODM-DM ) ( 1 >
my, AgQCD

If Aggcp ~ O(meV), then this self-interaction cross section
is extremely large, and is at odds with the collisionless
property of the DM observed in the dynamics of galactic
and cluster scales [93-95]. However, if emq < A, then
Adgep > A, and this problem can be solved in a techni-
cally natural way." To be more quantitative, we can estimate
the DM self-interaction strength per unit DM mass as
follows [98]

(2.27)

*We do not worry about naturalness issues related to tiny Dirac
constituent quark masses, as it is well known that additional
structures, such as embedding in an extra-dimensional frame-
work, may render the masses tiny due to the corresponding wave
function overlaps [96,97].

ODM-DM , | .o /g Agqcp Ad(ECD 270.15 GeV 3’
m m ag! A
v 14 D dQCD
(2.28)

where ap denotes the effective scattering length, and
1 cm?/g is the relevant cross section for diversity of galactic
rotation curves [93]. Therefore, if AdQCD > 0.1 GeV, then
the too much self-interaction problem can be solved, and if
Agqep lies in the range relevant for small-scale structure
issues, it can be a virtue of the model. Furthermore, a first-
order phase transition in the dark QCD sector can explain the
nano-Hz stochastic gravitational wave signal if Agqcp ~
0.1-1 GeV [99]. The DM mass can be estimated by scaling
up the QCD formula [100]

mem () ()
v p AQCD 3 )
where m,,, Agcp denote the proton mass and QCD dynami-

cal scale, respectively. We outline two possibilities to
accommodate the DM relic density in such a scenario.

(2.29)

III. DARK MATTER IN THE LIGHT OF
DESI AND ICB

In this section, we examine how the DM obtains its relic
density within the minimal framework defined by the
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interaction Lagrangian in Eq. (2.1). By minimal we imply
that the DM relic density is obtained by only using the
interactions available in the aforementioned models, i.e.,
without introducing any additional fields or couplings.
Interestingly, the form of the DE potential gives rise to two
qualitatively distinct mechanisms for DM production. In
the case of a polynomial potential, the DM can be produced
via a freeze-in mechanism utilizing the dimension-5 EM
interaction that explains the observed ICB. The DM
generated via this process is typically heavy and is
produced nonthermally via 2-to-2 annihilation of particles
in the thermal bath, with the production rate dictated by the
scale f. On the other hand, the axionlike potential points to
a sub-GeV DM candidate, whose relic abundance can arise
from thermal freeze-out processes occurring entirely within
the DS, or via sharing of primordial particle number
asymmetry via minimal field extension, as elabo-
rated below.

A. Dark matter in polynomial potential

The most straightforward way to produce DM following
the interaction Lagrangian in Eq. (2.1), is from the thermal
bath via yy — yy, mediated by ¢ in the s-channel. As the
relevant energy scale for this freeze-in DM production is
the reheat temperature, we use the running coupling
appropriately. We will assume that the full SM gauge
invariant Lagrangian, relevant at temperatures where the
electroweak symmetry is restored is given by

ap v
¢ ( ) ? B3

where the U (1) field strength tensor and its dual are
denoted by B,,, B e respectively, and its gauge coupling
strength is @; = ¢3/(4x). The scattering cross section for
vy — wy mediated by ¢ is given as follows

Licp = (3.1)

o(s) _Kag mg, s> AN
O\ = 64,3 (s —m2)* +T2m?] s ’
(3.2)
which, in the limit s > m? becomes,
N c}%lcza%mz (3.3)
Oyy—wy = (4n )3 o .

Note that the DM mass is given by Eq. (2.16). In order to

track the evolution of DM number density with time, we

write down the Boltzmann equation (BEQ) as follows,
’;lDM + 3 H npm = F, (34)

where the reaction density in case of 2-to-2 scattering is
given by [101-103],

r=—L [ dss% (s)ywle(ﬁ>, (3.5)

871' am2 T

while K| denotes the modified Bessel function of the 1st-
order. In a radiation-dominated Universe, where the
entropy per comoving volume is conserved, the above
equation can be recast in terms of the DM yield Ypy =

npm/s as

H3
* dx

=I(T), (3.6)
where x = m,, /T is a dimensionless quantity with 7" being
the temperature of the thermal bath. For a radiation-
dominated Universe, the entropy density 8 and Hubble
parameter H are given by,

27° 2 [ (D) T2
79*S(T)T37 H(T):f *( )7’
45 3V 10w,

8(T) = (3.7)

where g, and g, are the effective number of relativistic
degrees of freedom contributing to the entropy and energy
density, respectively. In the limit s >> m?, the reaction
density takes the form

021( a2 Tom 2

~ 164’ f4

(3.8)

Note that the reaction density shows a strong dependence
on temperature, which is a typical feature of UV freeze-in
[104,105]. The left panel of Fig. 3 shows a comparison
between analytically and numerically computed reaction
densities. For T 2 m,,, they exactly match with each other,
while for T' < m,,, we see a difference as the bath temper-
ature is not enough to produce a pair of DM, which is taken
into account numerically.

Using Eq. (3.8), one can now solve the BEQ in Eq. (3.6)
analytically and obtain the asymptotic DM yield as

27cik*a; MpTy, (mv,>2 (3.9)
640;;10\/—6 /o)

where it is assumed that gy, g,, =~ 100, and Ypp(Ty,) 2 0.
This is the crucial assumption of freeze-in, where the DM
number density is close to zero at the highest temperature of
the Universe, and with time, it is produced from the visible
sector [104—106]. To saturate the observed DM abundance,
it is required to have

Ypom(To < Try) =

1
Yom, = QO n? — - Z‘ ~43x 1071 GeV,

(3.10)

where Yo=Y DM(TO) is the DM yield today. Furthermore,
pe~1.05x 1073 h2GeV/cm? is the critical energy den-
sity, so~2.69 x 10° cm™ the present entropy density
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FIG. 3.

Top left: comparison of 2-to-2 reaction density, obtained analytically (blue dashed) with the one obtained numerically (black

solid), for BP1, considering a DM of mass 10'® GeV. Top right: contours of right relic abundance in T, — m,, plane, corresponding to
the benchmarks in Table I. The arrowheads indicate the viable region of the parameter space that satisfies the EFT bound f > T, for
each of the benchmarks. Bottom: contours of right DM abundance for a fixed T,;, = 10" GeV, where different contours correspond to
different DM masses. The benchmarks BP1, BP2, and BP3 in Table I are denoted by the star, box, and crossed-circle, respectively. The
shaded regions are disallowed from the instantaneous reheating condition (m,, < Ty,) and super-Planckian value of the effective scale

(f <Mp).

[107], and Q](fl\),[h2 ~ (.12 the observed abundance of DM
relics [108]. From the above relation, we find,

7 x 103 GeV)3 47 8 \2
Tmz8xKW(kV<:L———i> CiJ < >,
m Mp K-cC

v 14

(3.11)

for BP1, where we have assumed g, = g,, ~ 100. Clearly,
for a fixed DM mass, a larger f requires a higher reheating
temperature since that results in DM under abundance. For
the previous analysis to be valid, the DM has to be out of
chemical equilibrium with the SM bath. One needs to
guarantee, therefore, that the interaction rate density be
I' < n2MH at T = Ty,. This results in an upper bound on
the reheating temperature,

4 112 \V4 2
T, < 1.6 x 10 GeV fﬁ 0~ Ge
2x10°Mp m

W
(10 )2

X 9
K"Cy

where we consider ng'(T) = 55 my K, (m, /T) to be the
equilibrium DM number density, such that it provides a
conservative limit on 7'y,. For our choice of parameters,
Eq. (3.12) is always satisfied. We emphasize that, for the
benchmarks shown in Table I, the DM-DE interaction
modifies the DM mass at an earlier cosmological time at the
level of ~3% for BP1, while its <1% for the other
benchmarks. To keep the final abundance unchanged, this
variation can be reabsorbed in the unknown reheat temper-
ature according to Eq. (3.10).

(3.12)
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The top right panel of Fig. 3 illustrates the allowed
parameter space in the 7y—m,, plane that yields the correct
relic abundance, with different contours corresponding to
the benchmark points listed in Table 1. As f decreases from
BP1 to BP3 (alongside a reduction in |« - c,|), the contours
consistent with the observed DM relic density shift toward
lower values of both Ty, and m,,. This behavior aligns with
expectations from Eq. (3.9), ensuring that the Universe is
not overclosed. Assuming instantaneous reheating, the
thermal bath cannot exceed a temperature Ty, which
restricts the DM mass to be below T,; hence, the shaded
region at the bottom right is excluded. On the other hand,
super-Planckian values of f are disallowed, excluding the
top right shaded region. Additionally, to maintain the
validity of the effective field theory (EFT), f < Ty, is
not permitted. As a result, the arrowheads for each bench-
mark indicate the allowed parameter space. Among the
benchmarks, BP1 provides the largest viable region (since
f = Mp) that satisfies the DM relic abundance, is con-
sistent with DESI observations, and accommodates the
measured isotropic cosmic birefringence. The bottom panel
of Fig. 3 shows contours of correct relic abundance for a
fixed reheating temperature T,, = 10" GeV, across vary-
ing DM masses. As expected from Eq. (3.9), a larger m,,
demands a higher f to avoid overproduction. The bench-
mark points listed in Table I are shown here as well, where
¢, is evaluated at the central value of S =0.261.
Altogether, the combined parameter space is consistent
within 1o of DESI 4+ CMB + DESYS5 data and the ICB
angle, pointing toward a scenario with high reheating
temperatures and heavy DM.

Finally, two comments in order: (i) precision measure-
ments of primordial element abundances from big bang
nucleosynthesis suggest a lower bound on the reheating
temperature of 7'y 2 few MeV [109-114]. On the other
hand, models of inflation typically imply an upper bound
around T, < 10'° GeV (see, e.g., Ref. [115]). Moreover, a
high reheating temperature can, in principle, lead to the
overproduction of long-lived exotic relics, which may
overclose the Universe. A classic example of such a
problem is the cosmological gravitino problem in super-
gravity theories [116]. This consideration typically leads to
an upper bound on the reheating temperature in super-
gravity models of around 7', < 10'? GeV, and (ii) beyond
the instantaneous reheating approximation, the temperature
of the thermal bath can reach a maximum value T,,,, that
exceeds the reheating temperature 7, [117]. It is conceiv-
able that the DM abundance is established during this
reheating phase, in which case its final abundance can differ
substantially from freeze-in estimates based on the
assumption of radiation domination, as shown, for exam-
ple, in [118-120]. However, a precise determination of
T nax and T, depends on the underlying model of inflation
and the postinflationary inflaton dynamics, which is
beyond the scope of the present study.

B. Dark matter in axion-type potential

As discussed in the previous subsection, the freeze-in
production mechanism for y requires both a very high
reheating temperature (7, = 10'> GeV) and an extremely
heavy dark matter particle (mpy = 10'° GeV), with both
scales sensitive to the choice of f required to fit the DESI
data. In contrast, for the model presented in Sec. II C, the
DM mass is determined by the dark QCD dynamical scale
Adqcep as shown in Eq. (2.29). As discussed in Sec. 11 C, to
be consistent with the collisionless property of DM at large
scales, Agqcep 2 0.1 GeV, and can be achieved by choosing
the constituent quark mass appropriately. Moreover, as
shown in Table III, the decay constant f must remain sub-
Planckian to be consistent with DESI data, while neglecting
quantum gravity effects. Taken together, these consider-
ations render the freeze-in mechanism incompatible with
this scenario. Instead, we identify two promising alter-
natives to achieve the observed DM relic abundance. Since
these mechanisms are well established in the literature, we
refrain from providing detailed calculations here and
instead present a more qualitative overview below.

(1) Dark freeze-out: The dark baryons y can undergo

freeze-out within the DS via, for example,
Wy — nip np, where zp are the dark pions. The
dark quarks Q,Q,u,d can remain in equilibrium
with each other via the mediation of dark gluons.
Therefore, a notion of dark temperature 7p can be
attributed. Despite Q, Q carrying hypercharge quan-
tum numbers, and in the presence of dimension-5
EM coupling and effective operators relevant for
Q, O decay as mentioned in Sec. II C, it is easy to
ensure that the DS never comes in thermal equilib-
rium with the visible sector in the entire thermal
cosmological history due to very large f. As long as
one satisfies Ty, < f, the heavy dark quarks Q, Q
never become massless in the cosmological evolu-
tion. For example, consider the scattering yQ — yQ
in the early Universe. It is sufficient to satisfy that
the scattering rate for this process is less than the
Hubble rate at the reheating temperature. This is
satisfied when

Trh<MP<ﬁ)4<ny>2, (3.13)

CY alMp

obtained by comparing the interaction rate 1. (o - v)
with the Hubble rate in a radiation dominated
background, where we consider (o-v) =~
Cymoi/mgy and neq = (2(3)/7*)T° is the equilib-
rium number density of photons. The condition in
Eq. (3.13) is easily satisfied with the chosen bench-
mark parameters in Sec. II C. Similarly, we have
checked that it is straightforward to satisfy the out-
of-equilibrium condition for the dimension-5 EM
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coupling and the effective operators relevant for
0,0 decay. Furthermore, if one considers the
operator (®)*/AlazQegep, then the DS never
comes in thermal equilibrium with the SM, provided

1/3 T 1/6
Ag > 1015 GeV (22, -
10 105 GeV

2/3
y (m—fTM) , (3.14)

while Q,Q decays to the light dark quarks and
electrons much before BBN via this operator. There-
fore, we can consistently assume that the DS
temperature 7 is distinct from the visible sector
bath, which may have its origin in how the inflaton
couples to different fields and the reheating history
after inflation.

As the temperature Tp, of the hidden sector falls
below m,,, the number density of y particles n,, tracks
the equilibrium distribution and becomes exponen-
tially suppressed. Ultimately, y undergoes freeze-out
within the DS once n,, (6 - v) = H at T, = T}, and
the corresponding SM temperature is denoted as T'rq.
The dark freeze-out mechanism has been explored in
the literature, for example, in Refs. [121-124]. One
can define a quantity &(T) = Tp/T, that tracks the
ratio of DS to visible sector temperature. For s-wave
annihilation (¢ - v) = 6, considering2 — 2 process,
one can then determine the asymptotic DM yield
within the DS as [125],

f(TFo)xFDo
Mpoy

0 ~
my, Y, =~

, (3.15)
where xp, = m,, /TR, and varies from O(20-30) as
the DM mass varies from MeV to several TeV. For the

given model, following Ref. [126], 6y~ 1 /AﬁQCD.
Therefore, to obtain the correct DM relic density

- pa &(Tro)
m, Y9 ~4.3x 10710 GeV <£) [W}

Adqep )2
. 3.16
x (10 TeV (3.16)

This points toward the dark QCD with dynamical
scale Agqcep ~ 10 TeV, and therefore, the DM mass is
my, ~ O(50) TeV for N =3 as determined from
Eq. (2.29). In this case, the DM behaves collisionless
even at the dwarf galaxy scale as can be seen from
Eq. (2.27).

Let us now turn to the question of stable DS relics
other than the DM. For the current model, there are

three dark pions zp, with mass m,_ =~ /mqAq4qcp,

and can be determined from Eq. (2.26) for a given
Agqcep and e. Clearly, for A ~ 2 meV, as required by
the DE energy density, and Agocp = 10 TeV, as
required by the dark freeze-out mechanism, m, <
10714 eV fore > 10719, Further, in the absence of dark
electromagnetism and weak interaction, the pions are
stable. They also do notdecay to the DE axion ¢ due to
very suppressed mixing ~Aqqcp/ (47f) < 1. Hence,
they behave as stable dark radiation and can be
constrained by extra number of relativistic degrees
of freedom AN ;. If one assumes that the entropy is
separately conserved in the visible and in the DS, then
itis possible towrite, & o [g,,(T)/ g% (Tp)]"/?, where
Jys and gR. are the number of relativistic degrees of
freedom for entropy in the visible and the DS,
respectively. As discussed in [122], it is possible
to constrain ¢ from the measurement of
ANt =5 ()2 (Tems)é(Temp)*, that takes care
of the number of extra relativistic degrees of freedom
beyond the SM at the time of CMB. Considering
ANy <0.34 [108] from CMB observation, one
finds, &(Tevp) < 0.48,for g2 (Temg) = 3, asrelevant
for the three dark pions. Therefore, it is possible to
tune ANy by choosing an aplgropriate E(Tems)s
consistent with the observations.” It is also possible
to introduce portal operators for the dark pions to
decay to SM particles, and then both the visible and
DS can be in thermal equilibrium, and can introduce
laboratory probe channels for the DM [129]. We do
not pursue this possibility here. In passing, we
mention that in the present scenario, it is possible
to have dark glueballs generated in the thermal bath.
However, they will be unstable and decay into the dark
pions, given that the dark pion mass is tiny. Further, if
the confining phase transition of this dark QCD sector
is first-order, which is expected for large Np, it could
be associated with gravitational waves (GWs). It is
expected that the scale Agocp would be responsible
for setting the reheating temperature scale after this
phase transition. Therefore, the gravitational waves
would have a peak frequency in the range [99,130]

_3( Naqc
fo=10 3<10 ‘%g/) Hz, (3.17)

’An enhanced number of relativistic species (e.g., dark
radiation) increases the early Universe radiation density and
expansion rate, advancing matter-radiation equality and reducing
the sound horizon. This leads to a larger inferred Hubble constant,
with one extra species raising H,, by about 7 kms~! Mpc~' in a
flat Universe, enough to ease the Hubble tension [127]. The
tension is effectively resolved for AN 4 ~ 0.4, though it reap-
pears once BAO data is included [128]. A detailed analysis of
possible nonzero AN and its effect on the Hyy, and Sg tension, is
beyond the scope of the present study.
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which is the relevant frequency range for LISA [131],
TianQin [132], and Taiji [133].

(i) Asymmetric dark matter: As w can be a Dirac
fermion, it possesses a global conserved number
symmetry U(1) similar to baryons in the visible
sector. Therefore, it is quite natural if the DM relic
density is set by a primordial particle-antiparticle
number asymmetry similar to the visible sector.
However, this requires an extension of the current
setup by a portal operator that violates visible baryon
number and U(1)p. The primordial asymmetry can
be created in the visible sector, for, e.g., via lepto-
genesis [134] mechanism and can be reprocessed in
the DM asymmetry, or the asymmetry can be created
in the DS first, which is later shared with the visible
sector. If the associated phase transition in the dark
QCD sector is strongly supercooled, then any
preexisting asymmetry before the phase transition
could be significantly diluted, and therefore, the
latter possibility might be preferred in that case.

The asymmetric dark matter (ADM) framework
suggests that the portal operator sharing the asym-
metries was efficient in the early Universe but
subsequently froze out [135-138]. Due to the portal
interaction, usually the asymmetry shared between
the DM and the visible sector are similar in magni-
tude, i.e., n, — ny ~n, — n, where b denotes SM

74
baryon. Therefore,

0
Oy moln=ne) my
QO my(n,—nz) ~m

(3.18)

where m,, is the mass of the proton. Hence, the DM
abundance can be explained in the ADM framework
if m, ~5 GeV. From Eq. (2.29), this suggests
Agqep = 3/Np GeV. As the SM electroweak spha-
lerons have frozen out at temperatures relevant for
the DM formation, the following neutron portal can
be used for sharing the asymmetry

[
En = PV/MRdeR, (319)

where ¥ is any DS particle other than the DM and
carries U(1)p, number, and A, is the effective cutoff
scale for the neutron portal operator. Bound neutron
decay is avoided kinematically if § is heavier than a
neutron. Further, { needs to share the asymmetry
inherited through the portal in Eq. (3.19) to the DM
. In the current setup, Y can be identified with the
heavier baryon partner of . When r decays to vy, its
asymmetry is shared partly with the DM. Here we
have assumed that a primordial baryon asymmetry
already existed in the visible sector via some
mechanism. On the other hand, an asymmetry can

be generated in the dark QCD sector by following
Ref. [129], and can be shared with the visible sector.
A portal can be introduced to make the dark pions
decay before BBN. In this scenario, the dark and
visible sectors come into thermal equilibrium due to
the portal interactions, and the dark QCD confine-
ment can trigger a phase transition in the DS that
may explain the nano-Hz stochastic gravitational
waves observed by pulsar timing arrays (see
Ref. [129] for more details). Moreover, y is part
of a strongly interacting sector with this given
Adgcp» the DM self-interactions become important
for evaluating properties of neutron stars [139], and
can explain the diverse rotation curves of spiral
galaxies [77].
We acknowledge that additional model-building efforts
could yield alternative mechanisms for dark matter
genesis within this framework. Nevertheless, our approach
remains minimal and economical with respect to model
parameters.

IV. CONCLUSIONS

In this work, we have explored a consistent and minimal
framework for an interacting DE-DM scenario that suc-
cessfully explains the phantom crossing behavior of the
evolving DE equation-of-state parameter, as indicated by
recent DESI observations, without inducing any pathologi-
cal features. We have introduced a dimension-5 effective
operator involving the DE scalar and the SM photons,
which accounts for the observed nonzero ICB angle. To
explain the evolving DE behavior, we consider two well-
motivated potentials for the DE scalar field: a polynomial
potential, representative of tracker behavior in conventional
quintessence models, and an axionlike potential naturally
arising in strongly coupled QCD-like dark sectors. We
have provided a UV complete model for the latter.
Furthermore, we have demonstrated how the DM can
minimally obtain its relic density. Interestingly, the
polynomial potential supports a superheavy freeze-in
DM candidate with mass >10' GeV and requires a
reheating temperature >10'> GeV, whereas the axionlike
potential can yield a multi-TeV DM candidate for a dark
freeze-out scenario, or a self-interacting GeV-scale DM
candidate for an asymmetric DM model. The latter needs
extension of the parameters, but can be accommodated
naturally. They remain consistent with the combined
constraints from DESI + CMB + DESYS5 datasets within
the 1o level, along with the observed ICB angle. For the
axion-type potential that emerges from a dark QCD
sector, it 1s conceivable that there is an associated
first-order phase transition in the DS. We have outlined
that the dark freeze-out scenario may have associated
gravitational waves with peak frequency in the range
relevant for LISA [131], TianQin [132], and Taiji [133],
while the asymmetric DM scenario suggests gravitational
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waves in the nano-Hz regime. A full analysis of the
phase transition aspect of this model remains to be
studied. In conclusion, our framework offers a unified
and minimal approach that simultaneously addresses the
DESI anomaly, the origin of cosmic birefringence, and
the production of particle DM consistent with the
observed relic abundance measured by Planck. We
highlight that upcoming DESI observations, especially
with improved sensitivity at high redshifts, can provide
critical tests of, or potentially falsify, this scenario.
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