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Baryonic Matter Dark Energy

(stars 0.4%, gas 3.6%) (suspected since 1980s
established since 1998)

Dark Matter

(suspected since 1930s
established since 1970s) |
Nature of

Dark Energy
is unknown

Also: Our focus here

radiation (0.01%)



Dark Energy as a “fluid” (quintessence)
p+3H(p+p)=0 — >

Equation of state P — WP (w = — 1 is the cosmological constant)

Scalar field (quintessence) in general time dependent

1 ;2

2¢°—V(9) —1<w

1 .92 V4 Assuming non-negative kinetic
2 gb T (qb) term - non-phantom!

w =

given by Friedmann equation a - p H(t) -

-\ 2 e, Hubble parameter
Expansion history of universe a m a
3 a
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E.g. Radiative Inflation and Dark Energy (RIDE) model
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Venus Keus, SFK, 2511.05799 Non-minimal coupling to gravity
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Quintessence predictions

Venus Keus, SFK, 2511.05799
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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.
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Sound wave frozen Same scale imprinted in

the galaxy distribution

®*Photon-baryon 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 ~ #




e 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

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




Dynamical Dark Energy

Assuming CPL parametrisation

w(a) = wo + we(l —a)
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The Model: Quintessence Coupled to Dark Matter
— £Y = L f (¢)J¢ Dark sector

0-0

DM fermion Quintessence

e ¢ is canonical quintessence field

e yisafermionic cold dark matter field

« f(d)
* DM mass depends on the quintessence scalar: m(¢) = uf(¢)

e In FRW background the scalar evolves in an effective potential V+p,,

(O) oo ]
p (¢) | a‘/e _—
Vog = V() + aDy - ¢+3Ho + 55t =
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Crucially: the slopes of V(¢$) and f(d) must be opposite in sign
(0)

Vet = V(¢) + pD;“ () «——— Dominates in the past
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Effective Equation of State

i (0) (0) Interpreted as
Friedmann 9 2 19 PO (¢) 0
H*“M3, = _ eff DM tandard DM
equation 3 Pl = Pg T a3 fo PDE + 23 standar

plus dynamical DE

(0)
)O%HE = Py + IOD?I)\/I (f}¢) . 1) pgflf;; = pgfgweff — qu) = ,0¢W¢ Pressureless DM
a 0
We

_ __ Poum (f(9)
The Key Formula |Wef = 7| *=- a?l’)pl\:; ( fo 1)

° Wyis the intrinsic scalar field EoS parameter (always > -1 for a canonical field)

e Avalue x>0 leads to we < -1 even when wy > -1

e Hence need f(P) < fo (i.e. DM was lighter in the past)



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

Minimal Phenomenological Realization

V(g) = Vo + ad %:HW—W

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

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

Four free parameters: a, B, y plus b.c. ¢/_. = 0 at a;,;, = 1077 (stable initial cond.)

Vo and ¢

nit

fixed by shooting: reproduce ¢o = 0 and p,(today) ~ ppg(today)
Constraint: f(¢) > 0 and f'(¢p) > 0 along the full trajectory (no pathological regions)



Effective potential V

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

(0)
V(g) Vet = V(¢) + paDM f(¢) Early times ~ 1/a°
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¢/Mpy, (¢/H)/Mp

2.0 [
a = —4.667 HSMp —— ¢/Mp
1.5 F B = 0.180 My === (¢/H)/Mpy, ;
‘ v = 0.145 My
1.0 y
! i
L ¢, fixed by shooting "
L 14
0.5 ' I',_.
I
L 1
i )
i ¢i,nit =0 Il' ]
S e S do = 0 today
_0.5 B L | \ I . ] L sl Ll N

107° 10~ 10~ 1073 1072 107! 10V

Deep radiation era



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

L LY | LY | L | LY | LY |

10°

— —
o -

Lol
||||I'I'| T |||||I'I'|

Ll |||||.|]

Energy Fraction Q;(a)
S
T 111 |I'l'|w

Scalar field energy fraction at

[ —
OI
N
T 1 ||||I'I'|

QB recombination — well below the
107> F —— Qpym 0.0036 Planck bound
— Q

_6 L L IIIIIII L 1 IIIIIII 1 ] IIIIIII ] L IIIIIII L L IIIIIII L LAl L LLLl

107° 107> 10~ 1073 1072 1071 10°

Deep radiation era a Now




S.Antusch, S.F.King and X.Wang, 2604.08449
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: Phantom crossing
- atz~0.5t0z74.0

All DESI binned w(z) reconstruction bins fitted within 1o
(DESI+CMB+Union3)
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CMB Safety: All Constraints Satisfied

Interaction strength at recombination: g(zrec) = 9.78 x 10™* < 0.005 Vv

DM mass drift before recombination: |Aln m|rec=7.01x10™ < 0.01 v

Scalar field energy fraction at recombination: Qg(zrec) = 1.62 x 10™* < 0.0036 vV
Accelerated expansion today: deceleration parameter go <0 v

DM mass positive and monotonically varying along trajectory: f(¢) >0, f'(¢)>0 Vv
Scalar field remains frozen (|®'|/Mp; « 1) until a ~ 1073, then smoothly activates v’

m(¢rec)

dln f N
m(¢)

Definitions: €= ‘ aé

|&'| |Alnm|pec = '1




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 wesf = wg/(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(¢$) = fo(1 + Bd - yd?)

Best-fit wefs evolves from = -1.2 atz=1to = -0.9 at z = 0.3, fitting all DESI bins within 1o

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



Xin Wang

Backup: Redshift-Space (RSD)

Baryon Oscillation Spectroscopic Survey (BOSS)

Galaxy redshifts contain information about galaxies’ peculiar velocities along the line of sight.
When distances are inferred from redshifts, galaxy clustering appears anisotropic.

NGC and SGC mean North and South Galactic Cap.

= Benchmark === ACDM: early density = = ACDM: today density QDM = 025
NGC directional distortion SGC directional distortion
1000 A 1000 1
< <
Y 800 - v
s S 500-
£ 600 - <
vz vz
0.03 0.04 0.05 0.06 0.07 0.03 0.04 0.05 0.06 0.07

k [hMpc~1] k [hMpc~!]
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Backup: Cosmic Microwave Background Lensing

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

Low-L subset: x? =3.93 (5 bins)
1.4 4 ]
1.2 A { I
_ I T T L l
. 4

C[*/early-density reference

1.0
-_L--I———+-—__.I __________ l ______________________ ¢
= Benchmark = == ACDM: today density QDM = 0.25
0.8 4 = ACDM: early density ¢ ACT DR6 data
100 200 300 400 500 600 700

Angular multipole L
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Backup: Galaxies Correlated with CMB Lensing

DESI luminous red galaxies with ACT lensing at the same redshifts

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.

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

= Benchmark == ACDM: early density — = ACDM: today density QDM = 025
z=0.628 z=0.791 z =0.925
8 - 817 81
S 6
6 - -
S °
— 4 4 { 4
2 2 7 2 7
1 1 1 1 1 1 1 1 1 1 1 1
60 100 150 210 60 100 150 210 60 100 150 210
L L L

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



