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Introduction

» Dark Energy is one of the most abundant objects of our universe,
comprising ~ 69% of it.
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ACDM: The Standard Model of Cosmology

”Most simplistic model of our complex universe” - P.J.Peebles

» Minimalistic yet Powerful: 6 parameters
explain a wide range of observations.

» Predictive Successes:

CMB anisotropies (Planck)

Baryonic Acoustic Oscillations (BAO)
Type Ia supernovae (Sne Ia)

e Large scale structure

» Robust across scales: From recombination
epoch to late-time acceleration

» Benchmark for new physics: Any deviation
must outperform ACDM fit to data. Figure: CMB map from

Planck and large scale
structure of the universe
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Cosmological Constant as Dark Energy

(3)2 871G k A

a

=3P gtz = PA =-pa

1 .
W < —— for acceleration

3

Unign2, 1 SN la
Compuangr

Unign2.1 SN la
Compilation

w=-1.03+0.03

July 24, 2025

Amlan Chakraborty



Limitations of ACDM

With precision cosmology being efficient, cracks are beginning to form in
ACDM
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Limitations of ACDM

With precision cosmology being efficient, cracks are beginning to form in
ACDM
» Hubble Tension: ~ 50~ mismatch between early and late time
measurement of the Hubble parameter.

» Sg Tension: ~ 30~ mismatch between early and late time measurements
in the fluctuations.

» JWST found evidence of early structure formation.

» DESI found evidence of dynamical dark energy.

» Multiple independent observations suggests ACDM is not the full
picture!!

» It is time to go beyond Cosmological Constant A.
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Quintessence Dark Energy Model

» Quintessence scalar ﬁelc.l always de.stmed R.Caldwell, P.J.Steinhardt(1998)
to take over matter density by tracking.

1
L= 50"90,6 = V(9)

V(9)

» Equation of Motion:

$+3H¢+%:0 | ‘w

» Energy Density and Pressure:

1. 1. . |
P = §¢2 +V(¢), Py= §¢2 -V . )
» Equation of State Parameter: P e
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Problems with Quintessence

» For dark energy to dominate close to the
present epoch, the model faces a
fine-tuning problem.

R.Caldwell, P.J.Steinhardt(1998)

V()

» The magnitude of the potential has to be
finely tuned.

» The initial position and velocity of the o | @]
scalar field also have to be very finely
tuned.
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An Exciting Possibility: Interacting Dark Sector

”We’ve mapped the visible universe in exquisite detail...

...but what if the majority of the cosmos — dark matter and dark energy — are not
silent strangers...

...but in conversation?”
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An Exciting Possibility: Interacting Dark Sector

”We’ve mapped the visible universe in exquisite detail...

...but what if the majority of the cosmos — dark matter and dark energy — are not
silent strangers...

...but in conversation?”

» Could the late-time tensions be echoes of an unseen interaction?

» Can they be constrained?

e History structure formation (e.g. Ly-a, BAO etc.)
e Tidal disruption through long-range force (~ 1Kpc) [Kresden,
Kaminkowski (2006)]

» Many previous works have been done on this to address different tensions and
detection of this interaction. [L.Amendola (2000), A G Valent,VP, LA (2004),
AG Valent et.al (2022)...]
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Motivation Behind an Interacting Dark Sector

» Interactions are allowed in nature unless any symmetry forbids them.

» The visible sector has numerous fields and interactions, highly unlikely
to have a dark sector with no interactions.

» Nature will be cruel to us if dark energy is indeed the cosmological
constant, whose origin can not be explained from fundamental physics.

» This work will show a preference for Interaction!!

» It will also show the phantom nature of dark energy without
violating the NEC!!
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Interacting Dark Energy: Background Dynamics

”Baryon coupling can be suppressed from string [P Brax et. al. (2005)]
theory” (T.Damor; Polyakov (1994)) V.©)
Friedmann Equation: ‘

(0) i pexp(B o/ M)
Ppm f(¢/Mpy) I "
ons2e _ Pom .

S ve)
Klein-Gordon Equation:

p(o)f¢
. .__ _ﬂ’_:_ eff
F+3H=-Vy- 2=V

» Coupling: () = exp (\/;%‘:/,Pl)

Potential

» Self Interaction Potential: V(¢) ~ ¢~ ¢

f M 1 . /__%_‘—_ P/Mp;
pom = Py py = 24 V()
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Interacting Dark Energy: Background Dynamics

Subinoy Das et. al. (2005)

Friedmann Equation:
3H2M?,

Non- Interactlng Interacting
(0)
et _ Pom | F(¢/Mp) _1]+p
DE— a3 | f(go/Mpy)

Equation for wgy:

(0)
W = —22 __Fom
e 1 _X, 83p¢

f(¢/Mpy)
f(po/Mp)

» Increasing f(¢/Mp) = x > 0:
» Today: x = 0; W(O) (O) —1 (Quint)
» Past: X > 0, Weg < —1 (Phantom)
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Shooting Algorithm

» Shooting Parameter: ¢;,; and Target Parameter: Q%E.

0
¢ _ 0 _ a9

» Present da = = .
y V87TMP1 V871'Mpl B QODM

» Normalize the potential:

V() = SHMZQY, (%)

> ¢ini = 0, the shooting does not depend on the initial velocity of the field.
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Result From MCMC Analysis
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Figure: A. Chakraborty, T. Ray, S. Das, A. Banerjee, V. Ganeshan (2024) arXiv:2403.14247
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Scalar Field Dynamics
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Effective Dark Energy Equation of State

-0.990

-1.005
Planck + SDSS BAO

Planck + SDSS BAO -+ Pantheon
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¥4

-1.010

Table IV. Comparison of Ax?, and AAIC per experiment for Chameleon and ACDM models.

Dataset Chameleon

Axin AAIC
Planck +3.69
Planck+ SDSS BAO R +3.444
Planck + SD! BAO + Pantheon+ -1.96 +2.04
Planck + DESI DR2 BAO + Pantheon+ -4.75 -0.75

Planck + SDSS BAO + Pantheon+ + SHoES -6.41 -2.41




Dark Energy Spectroscopic Instrument (DESI)

Dark Energy Spectroscopic Instrument

Situated at the top of Kitt Peak, Arizona. 5000
fibres can be positioned to accuracy of <5 pm.

40 million redshifts in 5 years!

Catalogue-level blind analysis to mitigate
observer/confirmation biases.

Theory developments in BAO fitting
procedure. Wide-ranging tests of systematic
errors, done before unblinding

Year 1 data! — already biggest ever BAO
dataset (both in N and volume).
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DESI Baryonic Acoustic Oscillations

Age of the Universe

and act like a cosmic ruler as the
universe grows for billions of years.

Angular scale

Arpro = 1.0£0.018 |

Standard Ruler:
[ provides best constraint on curvature
of the universe H

s2Eo(s) [h~2Mpc?]

25 50 75 100
500 1000 1500 2000
-1
Multipole moment, ¢ s [h Mpc]
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DESI DR2: Stronger Evidence on Evolving Dark Energy

We model evolving dark energy through: w(a) = wp + wa(1 — a) ACDM is here

DESI DR1 w(a) = wo + wa(1-a)
WS DESI DR2

BN DESI BAO + CMB + PantheonPlus
DESI BAO + CMB + Union3
EEE DESI BAO + CMB + DESY5

-10 -05 00 10 0.8 0.6 0.4
b wo
However... DESI+CMB by itself is now showing a 3.10 tension with ACDM.  We model evolving dark energy through: w(a) = wo + wa(1 — a)

Tensions have marginally increased by 0.30 with respect to DESI DRI results.
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Reconstructing Dark Energy Equation of State w(Z2)

N=3
w(z) = wx E CiTi(x)
i=0
—— DESI DR2 BAO + (6., wy, whe)cnmp + Union3
. — oian D 50+ Ut ) S B Ul s DESI DRI BAO + (6. wh, ce)enms +w
s ~_ R
g 0.0 0.5 1.0 15 2.0 2.5
z

Figure: R. Calderon et al. (2024) & K.Lodha et.al (2025)
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Interacting Dark Energy Model

[Philippe Brax et. al. (2005)]
Friedmann Equation:

V@)
Pow 16/ Mp) | |
3H2M2 P R
a 0 bCXp(M’/ My)
Klein-Gordon Equation: ‘
o e
¢ ff
3Hp =-V 4 - —=-V
#+3H9 =V, 33 fo ¢

» Coupling: f(¢) = e#¢/Mp

» Self Interaction Potential: V (¢) ~ ¢~ ¢

o f(¢/Mp)
PDM = pDMa—3

Potential

K a
/ aa e
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/ e
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/ e

— v
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0 =58+ V(9)
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Relaxing Previous Assumption

(0)
Waop = ﬂ - _ Ppm | F(¢/Mp) 1 W = 142-V(9¢)
X adpy | f(¢o/Mpy) © T 1%V
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Relaxing Previous Assumption

W = o _ pDM f(¢/Mpy) W = 38-V@)
eff 1-x’ 33p¢ f(¢o/MP/) ’ ¢ 3624V (9)
Previously:

» Monotonically increasing f(¢/Mp)) = x > O:
» Today: ¢ — ¢pg = x =0; W(O) W(/)O) —1 (Quintessence)

» Past: X > 0, Wer < —1 (Phantom)
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Relaxing Previous Assumption

W = o _ pDM f(¢/Mpy) W = 38-V@)
eff 1-x’ 33p¢ f(¢o/MP/) ’ ¢ 3624V (9)
Previously:
» Monotonically increasing f(¢/Mp)) = x > O:
» Today: ¢ — ¢pg = x =0; W(O) W(/)O) —1 (Quintessence)
» Past: X > 0, Wer < —1 (Phantom)
4 )

Now:
» What if ¢ doesn’t stop at the minima ¢q at present-day?

. 1.
> ¢§regem > O&V(¢present) < V(go) = Py = §¢2 +V(¢) = ppE

» Today: Ppresent = po = X = 0; W(O) = ((/)0) > —1 (Phantom-Crossing!!)
\_ J
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Scalar Field Dynamics for Polynomial Potential

Potential

For V(¢) ~ ¢—a : — e $/Mp
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Figure: A.Chakraborty et.al. (2025) [arXiv:2503.10806 ]
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Result- Polynomial Potential

For V(¢) ~ ¢™¢
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Figure: A.Chakraborty et.al. (2025) [arXiv:2503.10806 ]




Result- Exponential Potential
For V(¢) ~ e~ %
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Figure: A.Chakraborty et.al. (2025) [arXiv:2503.10806 ]
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Result- Fitting in Wy — W, Plane with CPL Parameterization

—2| Il DESI BAO+CMB+Union3
% a=019,8=0.28
* a=014,8=0.28
A a=353-03
A a=554=02

10 03 =006 04
Wo

Figure: A.Chakraborty et.al. (2025) [arXiv:2503.10806 ]

Amlan Chakraborty July 24, 2025



Conclusion

» An observer agnostic about the coupling in the dark sector can only
measure the effective equation of state.

» This model, for the first time, data prefers an interacting dark sector.
» Our model provides an economical solution to DESI observations.

» The model has a distinctive capability to transcend the phantom divide,
explaining the DESI results.
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