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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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CDM: 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)

Large scale structure

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

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

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

With precision cosmology being e cient, cracks are beginning to form in
CDM

Amlan Chakraborty July 24, 2025



Limitations of CDM

With precision cosmology being e cient, cracks are beginning to form in
CDM
E Hubble Tension: 5f mismatch between early and late time
measurement of the Hubble parameter.

Amlan Chakraborty July 24, 2025



Limitations of CDM

With precision cosmology being e cient, cracks are beginning to form in
CDM
E Hubble Tension: 5f mismatch between early and late time
measurement of the Hubble parameter.

E Sg Tension: 3f mismatch between early and late time measuremen
in the uctuations.

Amlan Chakraborty July 24, 2025



Limitations of CDM

With precision cosmology being e cient, cracks are beginning to form in
CDM
E Hubble Tension: 5f mismatch between early and late time
measurement of the Hubble parameter.

E Sg Tension: 3f mismatch between early and late time measuremen
in the uctuations.

E JWST found evidence of early structure formation.

Amlan Chakraborty July 24, 2025



Limitations of CDM

With precision cosmology being e cient, cracks are beginning to form in
CDM
E Hubble Tension: 5f mismatch between early and late time
measurement of the Hubble parameter.

E Sg Tension: 3f mismatch between early and late time measuremen
in the uctuations.

E JWST found evidence of early structure formation.

E DESI found evidence of dynamical dark energy.

Amlan Chakraborty July 24, 2025



Limitations of CDM

With precision cosmology being e cient, cracks are beginning to form in
CDM
E Hubble Tension: 5f mismatch between early and late time
measurement of the Hubble parameter.

E Sg Tension: 3f mismatch between early and late time measuremen
in the uctuations.

E JWST found evidence of early structure formation.

E DESI found evidence of dynamical dark energy.

E Multiple independent observations suggesSDM is not the full
picture!!




Limitations of CDM

With precision cosmology being e cient, cracks are beginning to form in
CDM
E Hubble Tension: 5f mismatch between early and late time
measurement of the Hubble parameter.

E Sg Tension: 3f mismatch between early and late time measuremen
in the uctuations.

E JWST found evidence of early structure formation.

E DESI found evidence of dynamical dark energy.

E Multiple independent observations suggesSDM is not the full
picture!!

E Itis time to go beyond Cosmological Constant
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Quintessence Dark Energy Model

E Quintessence scalar eld always destinetl"j2 Caldwell, P.J.Steinhardt(1998
to take over matter density by tracking. o |

L = %rﬁ gmq Vig®

E Equation of Motion:

dv
&, 3HP, ﬁ_o

E Energy Density and Pressure:

1 1
dq = 5(?2 . ViIQ°= Pg = 5(?2 Vig°
E Equation of State Parameter:

lqﬁ V1igP
Wla"zi—0 95 w1
5(172, Viq



Problems with Quintessence

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

R.Caldwell, P.J.Steinhardt(1998

E The magnitude of the potential has to be
nely tuned.

E The initial position and velocity of the
scalar eld also have to be very nely
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?"

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

E Can they be constrained?

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

E Many previous works have been done on this to address di erent tensions al
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

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

E The visible sector has numerous elds and interactions, highly unlikel
to have a dark sector with no interactions.

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

E This work will show a preference for Interaction!!

E It will also show the phantom nature of dark energy witho{t
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))
Friedmann Equation:

dloo f1 .M o
2np2 _ DM T7Qq*NMp

Klein-Gordon Equation:

100

d f_
— DM -9 _ e
(¥, 3qu V. q _f_ V q

- . . 140 = Vq
E Coupling: f1q° = exp PaoMn
E Self Interaction Potential: Vig® q Y

100 F1*Mp® 1
dow = Gy dq = 56, Vige
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Interacting Dark Energy: Background Dynamics
Subinoy Das et. al. (200"

’ E

Friedmann Equation:

Non-Interacting Interacting
100
e _ 9w figeMp° 1 d
DE a3 flggeMp° >
Equation for wg :
100
Wq _ Oom  frgeMp®

X
1 x a-3dq f1do*Mp(°

E IncreasingtqeMp® 3 x O:
E Today:x = O;W;OO = W;OD ' 1 (Quint)
E Past:x j 0— we Y 1 (Phantom)
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Shooting Algorithm

E Shooting Parameten;,; and Target Parameter:gE.
= q Yo U %E
E Present day)m = po_ = §—PE,

E Normalize the potential:

U

_azp2 0 Yo
quo_3H0MpI de E

E g% = 0, the shooting does not depend on the initial velocity of the eld
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Result From M nalysis

Figure: A. Chakraborty, T. Ray, S. Das, A. Banerjee, V. Ganeshan (2024) arXiv:2403.14-



Scalar Field Dynamics
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E ective Dark Energy Equation of State
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Dark Energy Spectroscopic Instrument (DESI)
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DESI Baryonic Acoustic Oscillations
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DESI DR2: Stronger Evidence on Evolving Dark Energy
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Reconstructing Dark Energy Equation of Statez®

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:

dloo fl .M o
2p2 — —bm Qe Mp
Klein-Gordon Equation:
leO f
- DM '—-Q _ e
&, 3HP= V_q PO Ve,

E Coupling: fig° = eVa-Me
E Self Interaction Potential: Vig® q Y

1 ofl *Mp,°
dow = dDOM Cla13 Pl

1
-— 1~0
dg = qu, Vig
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Relaxing Previous Assumption

100
Wq Aoy flgeMp° ¢ vige
We = - X= 1 - wg=4_——
© 1 x asdq flqO°Mp|° q %qﬂ’vlqo
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Relaxing Previous Assumption

100
W d flge Mp,© 1 10
We = —3 _ x= D q PIO 1_Wq=21q=2vlq0
1 X anq flqO'Mp| Eqﬂ’\/ q
Previously:

E Monotonically increasing*qeMp® = x O:
EToday:q! qo 9 x=0;w. =w,” ' 1(Quintessence)
E Past:x j 0- we Y 1 (Phantom)
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Relaxing Previous Assumption

100
W d flge Mp,© 1 10
We = —3 _ x= D q PIO 1_Wq=21q=2vlq0
1 X anq flqO'Mp| Eqﬂ’\/ q
Previously:

E Monotonically increasing*qeMp® = x O:
EToday:q! qo 9 x=0;w. =w,” ' 1(Quintessence)
E Past:x j 0- we Y 1 (Phantom)

Now:

E What if g doesn' stop at the minimay at present-day?

. . 1

E (?Zpresenti O&qupresen? Y VlQOO :) dq = E(fﬂ B quO = dDE

EToday:qpresem: Jo & Xx' O W;OO :W;OO 1 (Phantom-Crossing!!)

\. J
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Scalar Field Dynamics for Polynomial Potential

Forvige q Y

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






