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Dark Energy as a “fluid” (quintessence)

2 First lecture: The averaged Universe
2.1 The basics
The Universe is ruled primordially by gravitation. Gravity is described by Einsten’s General Relativ-
ity, which relates a geometry determined by a metric to the content of the Universe as described by an
energy-momentum tensor. In 1917 Einstein applied his new theory to describe the whole Universe. It’s
complexity can be domesticated under the assumption that the Universe is on average homogeneous and
isotropic. This assumption, sometimes called the “cosmological principle", leads to a considerable sim-
plification since the metric in this case is the so-called Friedmann-Lemaitre-Robertson-Walker (FLWR)
metric:

ds2 = dt2 ⇥ a(t)2d~x2. (1)

The FLRW metric is determined by the scale factor a(t) which controls the evolution of the averaged
Universe. By definition the scale factor is set to one today (a(t0) = 1). In fact the FLRW allows for the
introduction of a spatial curvature that also impacts the evolution of the Universe. It is remarkable that
observations in the last 20 years or so have measured that the curvature is consistent with zero with small
errors: our Universe is on average spatially flat to a very good degree and hence I’m not considering
curvature in these lectures.

The expansion rate of the Universe is defined as the Hubble factor:

H(t) =
ȧ

a
, (2)

where the dot denotes time derivatives. The Hubble constant is the Hubble factor today (H0 = H(t0)).
The acceleration of the Universe is set by ä. The redshift z, given by the relative change in the position
of spectral lines due to the expansion of the Universe, is related to the scale factor by:

a =
1

1 + z
. (3)

One describes the matter-energy content of the average Universe by a perfect homogeneous fluid
energy-momentum tensor which in a rest-frame is characterized only by its energy density (⇢) and the
pressure (p) can be written as

Tµ
⌫ =

0
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then Einstein’s equation reduces to the two well-known Friedmann’s equations:
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ä

a

◆
= ⇥4⇡G

3
(⇢+ 3p) (6)

One can obtain a continuity equation by taking the time derivative of the first equation and substi-
tuting in the second one:

⇢̇+ 3H(⇢+ p) = 0 (7)

In order to study the evolution of a fluid in the Universe we must assume an equation of state: a
relation between its pressure and energy density. The simplest form is

p = !⇢, (8)
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p = w⇢

Scalar field (quintessence) in general time dependent

w =
1
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Equation of state

Assuming non-negative kinetic 
term - non-phantom!

(  is the cosmological constant) w = − 1
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ȧ

a
, (2)

where the dot denotes time derivatives. The Hubble constant is the Hubble factor today (H0 = H(t0)).
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E.g. Radiative Inflation and Dark Energy (RIDE) model

Venus Keus, SFK, 2511.05799

The RIDE model assumes that radiative corrections, arising from some unspecified Planck

scale interactions, lead to a modified potential which may be parameterised as [13, 14],

V → M
2|!|2 ln

(
|!|2

”2

)
(2.2)

leading to spontaneous symmetry breaking which occurs around the scale ”. Examples of

models with radiative symmetry breaking can be found in Refs. [17–22] where the focus is on

the corrections due to the renormalization group evolution which is the dominant contribution

of the Coleman-Weinberg correction [23] in the case of broken supersymmetry [24]. See also

Ref. [25] for experimental constraints on such corrections. 3

The complex scalar field ! has two components which may be parameterised in terms of

the radial field ω and the angular field ε,

! =
1↑
2
ω e

iω/vω . (2.3)

The inflationary potential arises purely from the radial field and is of the form

V (ω) =
1

2
M

2
ω
2 ln

(
ω
2

2”2

)
. (2.4)

This leads to a vacuum expectation value (VEV) of vε =
√

2
e” for ω, and inflation can take

place in a region where ω ↓ ”, in which the ln-term in Eq. (2.2) is well behaved and the

inflaton field ω only feels a potential that is very similar to the one used for quadratic inflation.

Later on, the field will settle at its VEV. As the potential is symmetric under a global

U(1), either imposed or accidental, the VEV will break this global symmetry, thereby gen-

erating a massless Nambu-Goldstone boson ε = vε arg(!). This field has no mass term and

in fact no potential at all. Gravitational e#ects, i.e. gravitational instantons, can break this

symmetry and generate a tiny mass m [15].

The angular part of the complex scalar field ε, can play the role of a quintessence field,

with a potential of the form 4

V (ε) = m
4

[
1 + cos

(
ε

vε

)]
, (2.5)

where the value of the mass scale m is assumed to be set by the cosmological constant [15].

We will discuss the resulting quintessence model in Section 2.3.

3
The radiatively generated spontaneous symmetry breaking can also be interpreted as dynamical symmetry

breaking, due to the e!ective mass squared of the scalar field being driven negative at “low” energies, although

in practice this may be at a scale ”, not too far below the Planck scale. This mechanism of radiative symmetry

breaking is well-known in the minimal supersymmetric standard model [17], where the Higgs mass squared

is driven negative at the TeV scale. Similarly, radiative symmetry breaking can play an important role in

di!erent contexts [18, 19], where a mass-squared is driven negative at a much higher scale.
4
Radiative corrections to the quintessence potential may also be important, see Refs. [26, 27]
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Note that the dynamics of both sectors can be easily disentangled, as the kinetic term

simplifies to

(ωµ!
→)(ωµ!) =

1

2
(ωµε)(ω

µ
ε) +

ε
2

2 v2ω
(ωµϑ)(ω

µ
ϑ), (2.6)

with the ϑ-part being negligible during inflation and ε already sitting at its (constant) VEV

vω during quintessence. Due to this separation of the dynamics of the two fields, the model

is basically a single-field inflationary model and is safe from iso-curvature fluctuations.

In Fig. 1, we show the inflationary potential in Eq. (2.4) scaled by the (M2
M

2
pl) factor

V (ε)/(M2
M

2
pl) and the quintessence potential in Eq. (2.5) scaled by the m

4 factor V (ϑ)/m4

for the value of ” = Mpl, where Mpl is the reduced Planck mass. In Fig. 2 we plot the

inflationary potential for di#erent values of ”, which controls the field value at the minimum.
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Figure 1. The schematic shape of the (scaled) inflationary potential V (ε)/(M2
M

2
pl) (left panel) and

the (scaled) quintessence potential V (ϑ)/m4 (right panel) for the value of ” = Mpl.

2.2 Inflation in the RIDE model

For completeness, in this section, we work out the slow-roll parameters of the original RIDE

model, which are

ϖV =
M

2
pl

16ϱ

(
V

↑

V
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M

2
pl

4ϱ ε2


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2

(2.7)
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8ϱ
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V
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M
2
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4ϱ ε2



1 +
3

ln
(

ω2

2!2

)



 (2.8)
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Inflation Quintessence
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P. Di Bari, SFK, C.Luhn,  A.Merle, A.Schmidt-May, 1010.5729, 1404.0009

Unlike chaotic inflation, get SSB 
and a PNGB—> Quintessence



The Planck 2018 limits are [28]

ln
(
1010As

)
= 3.044± 0.014 (2.11)

ns = 0.9649± 0.0042 (2.12)

r < 0.06 (2.13)

For an estimate, we take the central vale of As = 2.1→ 10→9. The predictions of the original

RIDE model for the spectral index ns and tensor to scalar ratio r are within 95% confidence

level agreement with the WMAP 7-year data. However, faced with the Planck 2018 data,

the original RIDE model is not a viable inflationary model, as shown in Fig. 3. However, as

discussed later in Section 3.1, a similar analysis including a non-minimal coupling to gravity

ω = 0.1 reduces r and gives a good fit to Planck data, and this is also shown for comparison in

Fig. 3. The definition of data sets used in the analysis of the ACT collaboration are detailed

in Appendix B.
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Figure 3. The predictions of the original RIDE model (square points) and the RIDE model with a
non-minimal coupling to gravity (circle points) for the spectral index ns and tensor to scalar ratio r as
compared to the WMAP 7-year, Planck 2018 and ACT-BK18 data (the lighter and darker shades refer
to the 95% and 68% confidence level regions, respectively). The red (black) points are for ! = Mpl

(! = 0.01Mpl) for values of Ne = 46-60.

2.3 Quintessence in the RIDE model

In the RIDE model, the quintessence potential is as shown in Eq. (2.5) with vω = ↑ε↓ =
√

2
e !

as mentioned before. Here dark energy is represented by the scalar field ϑ that evolves in the

potential V (ϑ) as in Eq. (2.5). The energy density and pressure of the field come from its
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cosmological constant as in the standard !CDM model up to the present day, although the

future fate of the universe is predicted to be quite di”erent.

Figure 5. The ns-r plot for various ω values as compared to Planck 2018 data (with the zoomed in
view only showing the most constraining Planck 2018 data near the bottom). Two values of ! = Mpl

(red points) and ! = 0.01Mpl (black points) are considered.

3 The RIDE model with extra couplings

3.1 The RIDE model with a non-minimal coupling to gravity

Thus far, we have considered the original RIDE potential as in Eq. (2.2). Henceforth, we

allow the complex field # = 1→
2
ε e

iω/vω with vε = →ε↑, to couple to gravity. The action of

the model in the Jordan frame is:

SJ =

∫
d
4
x
↓
↔g

[
1

2
M

2
plR+ ω |#|2R↔Dµ#

↑
D

µ#↔ V (#)

]
, (3.1)

where R is the Ricci scalar and the parameters ω is the dimensionless coupling of the # field

to gravity. Expanding the action to show the explicit dependence on the inflaton field ε:

SJ =

∫
d
4
x
↓
↔g

[
M

2
pl

2

(
1 + ω

ε
2

M
2
pl

)

︸ ︷︷ ︸
!2

R ↔ g
µϑ

2

(
ϑµεϑϑε +

ε
2

vε
2
ϑµϖϑϑϖ

)

︸ ︷︷ ︸
kinetic terms

↔ M
2

2
ε
2 ln

(
ε
2

2!2

)

︸ ︷︷ ︸
VJ

]
,

(3.2)
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erating a massless Nambu-Goldstone boson ε = vε arg(!). This field has no mass term and

in fact no potential at all. Gravitational e#ects, i.e. gravitational instantons, can break this

symmetry and generate a tiny mass m [15].

The angular part of the complex scalar field ε, can play the role of a quintessence field,

with a potential of the form 4

V (ε) = m
4

[
1 + cos

(
ε

vε

)]
, (2.5)

where the value of the mass scale m is assumed to be set by the cosmological constant [15].

We will discuss the resulting quintessence model in Section 2.3.

3
The radiatively generated spontaneous symmetry breaking can also be interpreted as dynamical symmetry

breaking, due to the e!ective mass squared of the scalar field being driven negative at “low” energies, although

in practice this may be at a scale ”, not too far below the Planck scale. This mechanism of radiative symmetry

breaking is well-known in the minimal supersymmetric standard model [17], where the Higgs mass squared

is driven negative at the TeV scale. Similarly, radiative symmetry breaking can play an important role in

di!erent contexts [18, 19], where a mass-squared is driven negative at a much higher scale.
4
Radiative corrections to the quintessence potential may also be important, see Refs. [26, 27]

– 3 –

Venus Keus, SFK, 2511.05799

Inflation 
predictions

Non-minimal coupling to gravity 

Venus Keus



Quintessence predictions Venus Keus, SFK, 2511.05799
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Figure 4. The time evolution of the quintessence field ω(t), scale factor a(t), equation of state w(t)
and energy densities scaled by the critical density !i(t), in the original RIDE model. The time t = 1
corresponds to the present day.

kinetic energy, ω̇2
/2 and potential energy, V (ω). The equation of state parameter, w = p/ε,

is not fixed like in ”CDM (w = →1) but varies with time.

The dynamics of the quintessence field are governed by the Klein-Gordon equation in an

expanding universe:

ω̈+ 3Hω̇+ V
→(ω) = 0, (2.14)

where H is the Hubble parameter and V
→(ω) = dV/dω represents the slope of the potential.

The energy density and pressure are:

εω =
1

2
ω̇
2 + V (ω), (2.15)

pω =
1

2
ω̇
2 → V (ω). (2.16)

The equation of state parameter is:

wω =
ω̇
2 → 2V (ω)

ω̇2 + 2V (ω)
, (2.17)

which varies over time depending on the field dynamics as shown in Fig. 4. There is no

appreciable di#erence between the RIDE model predictions for dark energy and that of the

– 7 –

w = − 1
Quintessence field

Until recently it was 
fine to have w=-1 
Now there is some 
evidence for an 
evolving dynamical 
DE with w<-1 ! 
“Phantom DE”? 

The evidence comes 
from BAO data 
combined with CMB 
and SNe
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with electromagnetic counterparts may also contribute to 
the debate, although the original excitement has dampened 
with a lack of new events after GW170817. More accurate 
measurements of the age of the oldest objects may also 
provide an important new test. If H0 increases, the age of 
the universe decreases, and the SH0ES measurement favours 
less than 13.1 billion years at 2m significance.

The SH0ES measurement is also being checked directly. 
A key approach is to test the three-step calibration by 
seeking alternative intermediate standard candles besides 
cepheids. One candidate is the peak-luminosity “tip” of 
the red giant branch (TRGB) caused by the sudden start of 
helium fusion in low-mass stars. The TRGB is bright enough 
to be seen in distant galaxies that host SN Ia, though at 
distances smaller than that of cepheids. 

Settling the debate
In 2019 the Carnegie–Chicago Hubble Program (CCHP) led 
by Wendy Freedman and Barry Madore calibrated SN Ia 
using the TRGB within the LMC and NGC4258 to determine 
H0 = 69.8 ± 0.8 (stat) ± 1.7 (syst). An independent reanaly-
sis including authors from the SH0ES collaboration later 
reported H0 ( "�.  | �.# �stat � syst� km�s�8pc. The diʬerence 
in the results suggests that updated measurements with the 
James Webb Space Telescope (JWST) may settle the debate.

Launched into space on 25 December 2021, JWST is per-
fectly adapted to improve measurements of the expansion 
rate of the universe thanks to its improved capabilities in the 
near infrared band, where the impact of dust is reduced (see 
ɭImproved resolutionɮ figure�. Its four-times-better spatial 
resolution has already been used to re-observe a subsample 
of the 37 hosts galaxies home to the 42 SN Ia studied by SH0ES 
and the geometric anchor NGC4258. 

So far, all observations suggest good agreement with the 
previous observations by HST. SH0ES used JWST observations 
to obtain up to a factor 2.5 reduction in the dispersion of the 
period-luminosity relation for cepheids with no indication 
of a bias in HST measurements. Most importantly, they were 
able to exclude the confusion of cepheids with other stars as 
being responsible for the Hubble tension at 8m significance. 

Meanwhile, the CCHP team provided new measurements 
based on three distance indicators: cepheids, the TRGB and 
a new “population based” method using the J-region of 
the asymptotic giant branch (JAGB) of carbon-rich stars, 
for which the magnitude of the mode of the luminosity 
function can serve as a distance indicator (see the last 
three robs of ɭThe 3ubble tensionɮ figure�. 

The new CCHP results suggest that cepheids may show a 
bias compared to JAGB and TRGB, though this conclusion 
was rapidly challenged by SH00>, bho identified a missing 
source of uncertainty and argued that the size of the sample 
of SN Ia within hosts with primary distance indicators is 
too small to provide competitive constraints: they claim 
that sample variations of order 2.5 km/s/Mpc could explain 
why the JAGB and TRGB yield a lower value. Agreement 
may be reached when JWST has observed a larger sample 
of galaxies – across both teams, 19 of the 37 calibrated by 
SH0ES have been remeasured so far, plus the geometric 
anchor 92C  �!# �see ɭThe usual suspectsɮ figure�. 

At this stage, no single systematic error seems likely to fully 

Baryon acoustic oscillation The sound horizon of the CMB corresponds today  
to the separation of galaxies.
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Webb of intrigue 
The James Webb 
Space Telescope is 
recalibrating the 
distances to SN Ia.
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binaries in the large and small magellanic clouds (LMC and 
SMC); and the “megamaser” galaxy host NGC4258, where 
water molecules in the accretion disk of a supermassive 
black hole emit Doppler-shifting microwave maser photons. 

The great strength of the SH0ES programme is its use of 
NASA and ESA’s Hubble Space Telescope (HST, 1990–) at 
all three rungs of the distance ladder, bypassing the need 
for cross-calibration between instruments. SN Ia can be 
calibrated out to 40 Mpc. As a result, in 2022 SH0ES used 
measurements of 300 or so high-z SN Ia deep within the 
3ubble flob to measure 30 = 73.04 ± 1.04 km/s/Mpc. This 
is in more than 5m tension with Planck’s�RCDM prediction 
of 67.4 ± 0.5 km/s/Mpc.

The sound horizon
The value of H0 obtained from fitting ;lanck C8- data has 
been shown to be robust in two key ways. 

1irst, ;lanck data can be bypassed by combining C8- data 
from NASA’s WMAP probe (2001–2010) with observations 
by ground-based telescopes. WMAP in combination with 
the Atacama Cosmology Telescope (ACT, 2007–2022) yields 
H0 = 67.6 ± 1.1 km/s/Mpc. WMAP in combination with the 
South Pole Telescope (SPT, 2007–) yields H0 = 68.2 ± 1.1 km/ 
s�8pc. >econd, and more intriguingly, C8- data can be 
bypassed altogether. 

In the early universe, Compton scattering between 
photons and electrons was so prevalent that the universe 
behaved as a plasma. <uantum fluctuations from the era 
of inflation propagated like sound baves until the era of 
recombination, bhen the universe had cooled suʯciently 
for C8- photons to escape the plasma bhen protons and 
electrons combined to form neutral atoms. This propaga-
tion of inflationary perturbations left a characteristic scale 
known as the sound horizon in both the acoustic peaks of 
the C8- and in ɭbaryon acoustic oscillationsɮ �-,:s� seen 
in the large-scale structure of galaxy surveys �see ɭ-aryon 
acoustic oscillationɮ figure�. The sound horieon is the dis-
tance travelled by sound waves in the primordial plasma.

While the SH0ES measurement relies on standard candles, 
RCDM predictions rely instead on using the sound horizon 
as a “standard ruler” against which to compare the appar-
ent siee of -,:s at diʬerent redshifts, and thereby deduce 
the expansion rate of the universe. Under RCDM, the only 
two free parameters entering the computation of the sound 
horizon are the baryon density and the dark-matter density. 
;lanck evaluates both by studying the C8-, but they can 
be obtained independently of the C8- by combining -,: 
measurements of the dark-matter density bith -ig -ang 
nucleosynthesis �--9� measurements of the baryon density 
�see ɭ>ound horieonɮ figure�. The latest measurement by 
the Dark Energy Spectroscopic Instrument in Arizona (DESI, 
2021–) yields H0 = 68.53 ± 0.80 km/s/Mpc, in 3.4m tension 
with SH0ES and fully independent of Planck.

The next few years will be crucial for understanding 
the Hubble tension, and may decide the fate of the RCDM 
model. ,CT, >;T and the >imons :bservatory in Chile 
�����–� bill release neb C8- data. /0>I, the 0uclid space 
telescope (2023–) and the forthcoming LSST bide-field 
optical survey in Chile will release new galaxy surveys. 
“Standard siren” measurements from gravitational waves 

Distance ladder From geometric anchors (green) to galaxies containing cepheids 
(blue) to 42 SN Ia used by SH0ES to calibrate their full measurement of H0 (red), the 
distances on the abscissa calibrate a relative distance indicator on the ordinate, 
based on a population of cepheids also existing in the geometric anchor or the  
SN Ia host galaxy. D is a geometrical distance in Mpc. The corresponding distance 
meas`re mɧ8 �maR� is the Oiʬerence Metbeen the oMseraeO �m� anO aMsol`te �8� 
maRnit`Oes of ce[heiOs anO >9 4a� bith 8 fitteO to aliRn bith the line of e\`alitd.
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The Hubble tension The measurements of the Hubble constant described in  
this article. RCDM predictions (green) are labelled by the method of measuring  
the scale of baryon acoustic oscillations and the instrument(s) used.  
Direct measurements are labelled by the means of calibrating the distance to  
SN Ia, the analysis team and the instrument used for the calibration.
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Baryon Acoustic Oscillations: sound horizon of cosmic plasma  
(distance travelled by sound waves) is imprinted on galaxy separations 
as a standard ruler. 

 

•Pho ton–ba ryon sound 
waves travel a co-moving 
distance r_d≃150 Mpc before 
recombination.
•It is then frozen in at the 
drag epoch (z_d≃1060).



Dark Energy Spectroscopic Instrument (DESI)

•on 4m Mayall telescope at Kitt Peak (AZ) 
•international collaboration ~900 scientists, 72 institutions 
•5000 spectra at once (system built at Michigan - Tarlé group) 
•operating extremely well: up to 100,000 spectra per night! 
•world’s leading spectroscopic survey

1.dark energy 
2.neutrino mass 
3.primordial non-Gaussianity

key DESI 
science:



• DESI measures 
redshifts for tens of 
millions of galaxies 
and quasars 

• It reconstructs the 
BAO feature in galaxy 
correlation functions 
and power spectra for 
both transverse and 
radial directions 

• Tracing the BAO ruler 
from CMB to late 
times depends on DE 
and DM, and provides 
evidence for 
dynamical DE



Binned data shows w(z) which appears to 
cross the phantom divide (w=-1)

Assuming CPL parametrisation

Dynamical Dark Energy DESI DR2 2503.14738



The Model: Quintessence Coupled to Dark Matter

•  is canonical quintessence field

•  is a fermionic cold dark matter field 

•  is dimensionless function (analogous to Higgs Yukawa after SSB)

• DM mass depends on the quintessence scalar:   

• In FRW background the scalar evolves in an effective potential V+ DM

𝜙

𝜓

𝑓(𝜙)

𝑚(𝜙) = 𝜇𝑓(𝜙)

𝜌

L.Amendola, astro-ph/9908023; Farrar,Peebles, astro-ph/0307316J; Khoury,A.Weltman, astro-ph/0309300



A.Chakraborty, P.K.Chanda, S.Das and K.Dutta, 2503.10806

Crucially: the slopes of V(φ) and f(φ) must be opposite in sign

Dominates today

Dominates in the past



Effective Equation of State

•  is the intrinsic scalar field EoS parameter (always ≥ −1 for a canonical field)

• A value x > 0 leads to  < −1 even when  > −1  

• Hence need f(φ) < f₀  (i.e. DM was lighter in the past)

𝑤𝜙

𝑤eff 𝑤𝜙

Interpreted as 
standard DM   
plus dynamical DE 

Friedmann 
equation

3

FIG. 1: Schematic illustration of the scenario consid-
ered in this paper. In the shown example, both V (ω)
(short gray dotted line linearly decreasing) and f(ω)
(long dashed colored lines and scaled by 1/a3) vary mono-
tonically in the field range of interest. The e!ective po-
tential (colored lines for di!erent values of a) is the sum
of these terms, along which the field ω rolls (filled cir-
cles), with arrows indicating the direction of motion of
ω. The field initially remains e!ectively frozen near its
starting position at small a and only begins to roll during
the later-time evolution.

present time a = 1, and a contribution from DM which
may dominate at early times when a → 1.

Within this framework, the Hubble parameter can be
determined by

3H2
M

2
Pl = εω +

ε
(0)
DM

a3

f(ω)

f0
+

ε
(0)
B

a3
+

ε
(0)
r

a4
, (7)

where εω, εB and εr denote the energy densities of the
scalar field, baryons and radiation, respectively. It should
be mentioned that while εr is negligible at present, it be-
comes important when the initial conditions are imposed
in the RD epoch. The e!ect of the interaction between
DM and DE may be interpreted as an e!ective DE term,
ε
e!
DE, together with a standard DM evolution, as follows,

3H2
M

2
Pl = ε

e!
DE +

ε
(0)
DM

a3
+

ε
(0)
B

a3
+

ε
(0)
r

a4
. (8)

Comparing Eq. (7) with Eq. (8), one can establish

ε
e!
DE = εω +

ε
(0)
DM

a3

(
f(ω)

f0
↑ 1

)
, (9)

which satisfies an e!ective DE evolution equation involv-
ing an e!ective DM equation of state we! ,

d

dt
ε
e!
DE + 3H (1 + we!) ε

e!
DE = 0 . (10)

From Eq. (9) it is evident that ε
e!
DE includes an addi-

tional contribution arising from the DM sector. However,
since the DM field is pressureless, the pressure term orig-
inates solely from the ω field, implying ε

e!
DEwe! = pω =

εωwω. We thus have

we! =
wω

1↑ x
, (11)

with

x ↓ ↑
ε
0
DM

a3εω

(
f(ω)

f0
↑ 1

)
, wω ↓

ω̇
2
/2↑ V (ω)

ω̇2/2 + V (ω)
. (12)

Before turning to the more quantitative discussion of
the evolution in the next section, it is useful to summa-
rize the qualitative picture implied by this framework.
Near the present epoch, where the bare potential V (ω)
dominates the e!ective potential in Eq. (6), we take the
field to roll along the direction of decreasing V (ω), so
that V

→(ω0) < 0 and ω evolves toward larger values.
If the inferred we! is to exhibit an apparent phantom-
crossing behavior at low redshifts, the DM mass at ear-
lier times must be smaller than its present value, namely
f(ω) < f0, so that x in Eq. (12) is positive. In realiza-
tions where both V (ω) and f(ω) vary monotonically, this
typically corresponds to a local slope of f(ω) opposite in
sign to V

→(ω) over the relevant field range. Due to the
dependence on 1/a3, the interaction term proportional
to f(ω)/a3 generally becomes increasingly important to-
ward the past, and the e!ective potential can develop
a time-dependent minimum ωmin(a). If the scalar field
does not adiabatically track this evolving minimum, its
trajectory can pass through ωmin(a) as it shifts with time,
which generically leads to a change in the sign of ω̇. This
qualitative picture is illustrated schematically in Fig. 1,
and will motivate the more quantitative analysis in the
next section.

III. THE EVOLUTION OF DARK ENERGY

As discussed qualitatively in the previous section, our
aim is to realize a robust DE evolution that starts from
a frozen phase, where ω rolls very slowly on a Hubble
timescale, i.e. the scalar motion is strongly damped by
the Hubble friction. We further require this set-up to gen-
erate we! exhibiting a phantom-crossing behavior around
z ↔ O(1), while satisfying the early-Universe constraints
by keeping both the DE fraction and the deviation from
the standard DM evolution su"ciently suppressed near
recombination.

A. Linear Parameterization

In this section we extract some quantitative and gen-
eral (model-independent) guidance from these require-
ments. To this end, the potential V (ω) and the inter-

peff
DE = ρeff

DEweff = pϕ = ρϕwϕ

The Key Formula

Pressureless DM



Minimal Phenomenological Realization

• Linear bare potential (simplest choice consistent with slow-roll DE today) 

• Quadratic   term to suppresses f-slope at large field values (early times), 
achieving CMB safety (DM mass variation extremely small before recombination) 

• Four free parameters: α, β, γ plus b.c.  at  (stable initial cond.) 

• V₀ and  fixed by shooting: reproduce φ₀ ≈ 0 and   

• Constraint: f(φ) > 0 and f'(φ) > 0 along the full trajectory (no pathological regions)

−𝛾𝜙2

𝜙′￼init = 0 𝑎init = 10−7

𝜙init 𝜌𝜙(today) ≈ 𝜌DE(today)

S.Antusch, S.F.King and X.Wang, 2604.08449 

Xin Wang



Field starts from a frozen phase in the 
early universe (robust initial condition)

Then starts to roll one 
way, then the other

Early times  
term  dominates

∼ 1/𝑎3

Late times      
term  dominates 

𝑉 (𝜙)

S.Antusch, S.F.King and X.Wang, 2604.08449 



S.Antusch, S.F.King and X.Wang, 2604.08449 

NowDeep radiation era

φ₀ = 0 today
𝜙′￼init = 0

 fixed by shooting𝜙init



NowDeep radiation era

S.Antusch, S.F.King and X.Wang, 2604.08449 

Scalar field energy fraction at 
recombination — well below the 

0.0036 Planck bound



Phantom crossing 
at z ~0.5 to z~4.0 

All DESI binned w(z) reconstruction bins fitted within 1σ 
(DESI+CMB+Union3)

S.Antusch, S.F.King and X.Wang, 2604.08449 



Movie by Xin Wang



CMB Safety: All Constraints Satisfied

• Interaction strength at recombination: ε(zrec) ≈ 9.78 × 10⁻⁴  <  0.005  ✓  

• DM mass drift before recombination:  |Δ ln m|rec ≈ 7.01 × 10⁻⁴  <  0.01  ✓ 

• Scalar field energy fraction at recombination:  Ωφ(zrec) ≈ 1.62 × 10⁻⁴  <  0.0036  ✓ 

• Accelerated expansion today:  deceleration parameter q₀ < 0  ✓ 

• DM mass positive and monotonically varying along trajectory:  f(φ) > 0, f'(φ) > 0  ✓ 

• Scalar field remains frozen (|φ'|/MPl ≪ 1) until a ~ 10⁻³, then smoothly activates ✓ 

• Definitions:



Summary & Conclusions
• DESI DR2 prefers dynamical dark energy with phantom crossing at z ~ 0.5–1  

• A canonical quintessence field coupled to cold dark matter via a Yukawa interaction can 
produce an apparent phantom crossing without any phantom field 

• The effective equation of state weff = wφ/(1 − x) can dip below −1 when the DM mass was 
lighter in past 

• Viable realizations require: (1) frozen initial conditions in the deep radiation era,                       
(2) CMB-safe coupling at recombination, (3) strong coupling active at late times 

• These three requirements can be simultaneously satisfied with a linear bare potential and 
quadratic interaction function f(φ) = f₀(1 + βφ − γφ²) 

• Best-fit weff evolves from ≈ −1.2 at z ≈ 1 to ≈ −0.9 at z ≈ 0.3, fitting all DESI bins within 1σ 

• This work provides a model-independent guide for building UV-complete dark energy 
models that safely navigate the phantom divide



Backup: Redshift-Space (RSD)

Baryon Oscillation Spectroscopic Survey (BOSS)
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Galaxy redshifts contain information about galaxies’ peculiar velocities along the line of sight. 
When distances are inferred from redshifts, galaxy clustering appears anisotropic.

Xin Wang

ΩDM = 0.25
NGC and SGC mean North and South Galactic Cap.



Backup: Cosmic Microwave Background Lensing

Atacama Cosmology Telescope (ACT), Data Release 6 (DR6)
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Xin Wang

ΩDM = 0.25



Backup: Galaxies Correlated with CMB Lensing

DESI luminous red galaxies with ACT lensing at the same redshifts
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Xin Wang

ΩDM = 0.25
The luminous red galaxy samples have mean redshifts 0.628, 0.791 and 0.925.

Use DESI galaxies to tell us where the matter is, and ACT CMB lensing to tell us how much matter 
lies along the line of sight. Cross-correlating the two measures the growth of cosmic structure.

 is the angular cross-power spectrum between galaxies and CMB gravitational lensing.Cgκ
L


