v B 5

PASCOS 2026

31st International Symposium on Particles, Strings, and Cosmology

',‘. 1 \“ \ | B |
, .~ AN June 26™ 2026
‘ / rfj{ - | ‘} . .

Imagé redit: ESA and the Planck Collaboration
PUC RS ANTCR .



ntroduction

Challenges to ACDM

o Unknown nature of dark matter and dark energy

o Tensions & discrepancies in cosmology

CMB 2018 Planck ——
CMB 2025 (ACT-DR6) | —@—
CMB 2024 (SPT-3G+lensing+tauprior) |  —@— CMB:2018 Planck | Sg
i CMB 2025 (ACT-DR6 +5roll2) |
BBN+DESIBAO 2024 —— Ho [km 1M C_l] ¢ )
BBN+eBOSS 2022 - —— | 0 P CMB 2024 (SPT-3G+lensing+tauprior) - cMB
BBN-+BAO-+Shapefit eBOSS 2022 —@—  Cosmological Model Dependent
1 Low-z
HST SHOES 2024 (4 anchors) - —0— Direct 3x2pt KiDS-1000 + BOSS 2021 =
JWST SHOES 2024 (1 anchor) | — (Dvs2) 3x2pt DESY3 2022 o ——
Cepheids 2022 (2 rungs, no SNia) -| — 3x2pt HSCY3 + SDSS BOSS DR11 2023 T
Masers 2019 (no rungs) - . Peak Counts KiDS-1000 + DESY1 2024 - ——
TRGB CCHP + SNla CSP 2025 | —e—
TRGB EDD + SNia CSP 2021 | —_— Peak Counts DESY3 2022 i
TRGB CATs + SNia PanthP 2023 — e Peak Counts HSC-DR1 2024 i o ==
TRGB JWST + SBF 2025 | . — Cosmic Shear KIDS-Legacy 2025 *—
TRGB HST + SBF 2021 - e e— Blue Cosmic Shear DESY3 2024 &
Cepheids HST + SBF 2021 Cosmic Shear DESY3 + KiDS-1000 2023 - —e —
Miras + SNIa 2023 o —_— o e .
JAGB JWST SHOES set + SNia 2024 o e 0Mmic Shealaors enzs
JAGB JWST CCHP set + SNia 2024 - = Cosmic Shear DECADE 2025 | e —
JAGB JWST all + SNia 2025 —— Cluster Counts eROSITA eRASS 2024 ——
SN 1112024 (no rungs) - s Cluster Counts SPTPol 2024 - &
i [ N——
Hileoss Cluster Counts DES 2025 -
Tully-Fisher 2024 —_—
Tully-Fisher 2022 (baryonic) & Cluster Counts Subaru/HSC-SSP 2024 ®
Tully-Fisher 2020 (baryonic) o — o — BOSS Galaxy Bispectrum 2024 - e
DESI Fundamental Plane + COMA 2024 L g Cross-Correlation unWISE-ACT DR6 2023 - ®
Cross-Correlation Gaia-Planck DR4 2024 | L 2
) ] Modeled Phenomena Cross-Correlation DESI-Planck-ACT 2024 - ®
Strong lensing 2020 (7 lensed QSO asser) -
FRBS 2023 (18 local) — Seem @000 Stacked void-galaxy cross correlation 2022
FRBS 2024 (64 local) UNIONS cluster cosmology 2025 - ¢
T T T T T T T T T T T T
66 68 70 72 74 76 78 80 0.70 0.75 0.80 0.85 0.90

CosmoVerse White Paper [arXiv:2504.01669]

Erik Jensko Viable interactions in the dark sector




ntroduction

Challenges to ACDM

o Unknown nature of dark matter and dark energy @

o Tensions & discrepancies in cosmology

CMB 2018 Planck

CMB 2025 (ACT-DR6) |

CMB 2024 (SPT-3G+lensing +tauprior) -
BBN+DESIBAO 2024

BBN+eBOSS 2022
BBN+BAO+Shapefit eBOSS 2022 -

Ho [kms=Mpc~1]

Cosmological Model Dependent

HST SHOES 2024 (4 anchors) o
JWST SHOES 2024 (1 anchor) o
Cepheids 2022 (2 rungs, no SNia) o
Masers 2019 (no rungs)

TRGB CCHP + SNIa CSP 2025
TRGB EDD + SNla CSP 2021 o
TRGB CATs + SNia PanthP 2023 -
TRGB JWST + SBF 2025

TRGB HST + SBF 2021

Cepheids HST + SBF 2021

Miras + SNia 2023

JAGB JWST SHOES set + SNia 2024 o
JAGB JWST CCHP set + SNla 2024 -
JAGB JWST all + SNia 2025 o

SN 11 2024 (no rungs) |

HIl 2024

Tully-Fisher 2024

Tully-Fisher 2022 (baryonic) -
Tully-Fisher 2020 (baryonic) o

DESI Fundamental Plane + COMA 2024 |

Direct
(Dvs2)

]
—

Strong lensing 2020 (7 lensed QSO asser) -
FRBS 2023 (18 local) o
FRBS 2024 (64 local) -

Modeled Phenomena

CosmoVerse White Paper

Erik Jensko

66

68

70 72 74 76 78

80

Dark sector interactions

Interactions in the dark sector explored as
possible modifications to ACDM
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Introduction

Challenges to ACDM

o Unknown nature of dark matter and dark energy

o Tensions & discrepancies in cosmology
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Dark sector interactions

o Interactions in the dark sector explored as
possible modifications to ACDM

ppe + 3H(ppg + ppe) = —Q

pc+3H(p. +p.) =Q

Problems:

Limited Lagrangian descriptions
Phenomenological models prone to instabilities

Interactions heavily constrained by background

& CMB observations
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o Interactions heavily constrained by background
CosmoVerse White Paper [arXiv:2504.01669] & CMB observations

Construct Lagrangian models that modify cosmological perturbations
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Part 1 — Theory
o Perfect fluid models & entropy

o Entropy coupled dark sector

Part 2 — Cosmology

o Background & perturbations

o Observational signatures
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Perfect fluid action R

Brown perfect fluid Lagrangian Brown [arXiv:9304026]

constraints Dictionary

A

i 1
SBrown = j\/—g[—p(n, s) + nut (9,9 + s0,0)]|d*x Fundamental d.o.f
o humber density n

Lagrange multipliers o Intrinsic entropy per particle s

Thermodynamic variables

o energy density p(n, s)

dp
o pressurep(n,s) = n%IS —p

Perturbations

dp
_ 2
op = ca5p+as p§s
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Perfect fluid action R

Brown perfect fluid Lagrangian Brown [arXiv:9304026]

constraints Dictionary

A

i 1
SBrown = j\/—g[—p(n, s) + nut (9,9 + s0,0)]|d*x Fundamental d.o.f
o humber density n

Lagrange multipliers o Intrinsic entropy per particle s

Variations produce perfect fluid T,,, and fluid equation of motion

_ Thermodynamic variables
o Metric g,

o energy density p(n, s)

Ty = (p + p)uﬂuv + P9y

o pressurep(n,s) = ng—pls —p
o Lagrange multipliers ¢,0 "
Vu(nu”) =0 uMV,s=0 Perturbations
5p = c26p + o 5s
o Fluid variables n, s [l P = % T 551,
V,TH =

Erik Jensko Viable interactions in the dark sector



Non-minimal couplings :

Model interactions with non-minimal couplings to scalar field dark energy

DM DE Interactions
—t— A .

SEH + SBrown T S¢ T jf(n, S, P, . )\J/—gd*x

(¢) int
: G,y =K (T + T, +T, )
Modified EFE equations and matter energy-momentum conservation e A Hv

Number density & adiabatic constraints preserved VH (Tﬂv + Tﬂ(f,b ) + TlH}t) =0

V,(nu*) =0 utV,s =0 | uktVYT,, =0

Erik Jensko Viable interactions in the dark sector



Non-minimal couplings .

Model interactions with non-minimal couplings to scalar field dark energy

DM DE Interactions
—t— A . \

SEH + SBrown T S¢ T jf(n, S, P, . )\ —gd*x

Guv = K (Tuy + T + TIY)

Modified EFE equations and matter energy-momentum conservation

Number density & adiabatic constraints preserved VH (Tuv + T!ff,b )+ TLH}t) =0

V,(nu*) =0 utV,s =0 | uktVYT,, =0

Various models considered in the literature:
o Algebraic f (n, ¢) and derivative f (n)nukV,¢ Boehmer et al. [arXiv:1501.06540, arXiv:1502.04030]
o Velocity-entrainment models f (Z) with Z = gﬂvufu}gE Jiménez et al. [arXiv:2012.12204]

o Type-1,2,3 models f(n, ¢, Z) with four-velocity coupling Z = u#V, ¢ pourtsidou et al. [arXiv:1307.0458]

Erik Jensko Viable interactions in the dark sector



Non-minimal couplings .

Model interactions with non-minimal couplings to scalar field dark energy

DM DE Interactions
—t— A .

SEH t SBrown T+ S¢ + jf(‘l’l, S, @, ...)\/—gd‘*x

(¢) int
: G,y =K (T + T, +T, )
Modified EFE equations and matter energy-momentum conservation e A Hv

Number density & adiabatic constraints preserved VH (Tuv + Tlff,b ) + Tl}{}t) =0

V,(nu*) =0 utV,s =0 | uktVYT,, =0

No study of entropy couplings beyond background!

Erik Jensko Viable interactions in the dark sector



Pure-entropy couplings 4

Consider pure-entropy interactions in the dark sector with algebraic and derivative couplings

Sint = jf(s, b, 8)\/—gd*x where S :=VHpV,s

Erik Jensko Viable interactions in the dark sector



Pure-entropy couplings s

Consider pure-entropy interactions in the dark sector with algebraic and derivative couplings

Sint = jf(s, b, 8)\/—gd*x where S :=VHpV,s

Interaction tensor

T;}{}t = _guvf + Zf,SV(ud)Vv)S

o Define total effective dark energy tensor T7 = Tﬂ(ffb ) + Tt
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Pure-entropy couplings s

Consider pure-entropy interactions in the dark sector with algebraic and derivative couplings

Sint = jf(s, b, 8)\/—gd*x where S :=VHpV,s

Interaction tensor

T;}{}t = _guvf + Zf,Sv(ud)Vv)S

o Define total effective dark energy tensor T7 = Tﬂ(ffb ) 4 Tg}t

o Perpendicular coupling current | ], i= VFTRE =V, (fsVE@)V,s — fsV,s

o Pure-momentum transfer ubv'T,, =0 hffVATM =—J,#0

No energy exchange in DM-rest frame

Erik Jensko Viable interactions in the dark sector



Stability — algebraic couplings (ongoing work)

Quadratic action for the scalar cosmological perturbations for algebraic couplings f (s, ¢)

Salg = f dt dk (XtKX — X*VX — XTBX?)
with X = (8@y, 60y, Sy

Erik Jensko Viable interactions in the dark sector



Stability — algebraic couplings (ongoing work)

Quadratic action for the scalar cosmological perturbations for algebraic couplings f (s, ¢)

Sug = [ atak (Frk - Xtv - XiB )
with X' = (8@, 60y, 5¢y)

In the large k-limit we recover standard sound speeds:

o Standard propagating fluid mode | ¢# = NPnn
prp

o Non-propagating entropy mode | ¢2 = 0

o Canonical scalar field propagating mode | ¢3 =1

e.g., barotropic fluid p = wp has ¢ = w

Erik Jensko Viable interactions in the dark sector




Stability — algebraic couplings (ongoing work)

Quadratic action for the scalar cosmological perturbations for algebraic couplings f (s, ¢)

Sug = [ dea®k (¥eKX - XtV - XtBt)
ith X' = (8¢, 60,8 .
W (891 601, 6) Absence of ghost K > 0 requires:
In the large k-limit we recover standard sound speeds: o Entropy condition p s + fss > 0
2
o Thermodynamic condition p,,,, > (f':;(r; £ '"i;p 'S))
n ssTJ].ss
o Standard propagating fluid mode | ¢ = P.nn
ptTp With absence of gradient instabilities ¢ > 0 gives
o Non-propagating entropy mode c22 =0 o Null energy condition p+p >0
o Canonical scalar field propagating mode c32 =1 Generalises results in EFT approach for non-adiabatic

e.g., barotropic fluid p = wp has ¢ = w

Erik Jensko

perfect fluids Ballesteros et al. [arXiv:1210.1561]

Theoretically viable
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Part 2 — Cosmology

o Background & perturbations

o Observational signatures
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Cosmology — background .

Conformal time FLRW metric

ds? = —a(1)?dt? + a(r)?(dx? + dy? + dz?) with H =ad'/a

o Entropy conservation u#V,s =0 s = const
o Number conservation V, (nut) = 0 noas3
o Standard continuity equation pL4+3H (p, +ps) =0

Erik Jensko Viable interactions in the dark sector



Cosmology — background

Conformal time FLRW metric

ds? = —a(1)?dt? + a(r)?(dx? + dy? + dz?) with H =ad'/a

o Entropy conservation u#V,s =0 s = const

o Number conservation V,,(nu#) = 0 noa’

o Standard continuity equation

pé+3}[(pc+pc) =0

Unchanged background dynamics from uncoupled quintessence

I I SR
PDE=757P°+V ., PDE=579" -V

with effective potential V(¢) == V(¢) + f

Erik Jensko

Viable background evolution
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Cosmology - linear perturbations

Conformal Newtonian gauge

ds? = —a(t)?(1 + 2®)dr? + a(1)?*(1 — 2¥)(dx? + dy? + dz?)

o Entropy conservation u#V,s = 0 (s"—s'd+6s")=0

| 4 Y

S = const 0s' =0 Frozen entropy perturbations

Erik Jensko Viable interactions in the dark sector



Cosmology - linear perturbations

Conformal Newtonian gauge

ds? = —a(t)?(1 + 2®)dr? + a(1)?*(1 — 2¥)(dx? + dy? + dz?)

o Entropy conservation u#V,s = 0 (s"—s'd+6s")=0

| 4 Y

S = const 0s' =0 Frozen entropy perturbations

Choose entropic-CDM fluid p = ny(s) (with 6p = p = 0)
Continuity Eq. Euler Eq.
5, +6,—39' =0 0, +0.H — k?® = —k?Q.(1)6s(k)

~— Fifth-force term
Modified Euler equation with scale-dependent source term

Erik Jensko Viable interactions in the dark sector



CLASS implementation

o Phenomenological parametrization of intrinsic entropy perturbations with power-law spectrum & UV cutoff

(8sy 8sp0) = 2m)36@ (k — K') Py (k)

oot ol ]

o Inspired by isocurvature-like parameterisations

o Regularises P,(k) on small scales

We then fix:
o Scale-invariant entropy perturbations n = 0 with A, = 1
o UV-suppression with cutoff k, = 1 Mpc' and p, = 2

Erik Jensko Viable interactions in the dark sector



CLASS implementation

o Phenomenological parametrization of intrinsic entropy perturbations with power-law spectrum & UV cutoff

(8sy 8sp0) = 2m)36@ (k — K') Py (k)

N o \Pe Consider linear couplings:
Py(k) = Ae (k_> exp [— (k_) ] o Algebraic models f = g,¢s
P ‘ o Derivative models f = hyV¥¢V,s
o Inspired by isocurvature-like parameterisations And exponential potential V o exp(—1¢)

o Regularises P,(k) on small scales

We then fix:
o Scale-invariant entropy perturbations n = 0 with A, = 1
o UV-suppression with cutoff k, = 1 Mpc' and p, = 2
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Observational signatures

Matter power spectrum P (k)
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Observational signatures

Matter power spectrum P (k)

Small scale suppression/enhancement

o

§ 0L+ 0. — k2® = —k2Q4(1)5s
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Observational signatures

CDM density and velocity perturbations, and amplitude of matter fluctuations og at k = 0.125h Mpc~?!

A0/, 7]

Erik Jensko

Acg/ag [7]
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Observational signatures

CMB lensing spectrum ¢?® and temperature spectrum C}”
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Observational signatures

Erik Jensko

ACFT/CFT (%] AP(k)/P(k) [%]

AC{? /G %]

k[h/Mpc]
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o Suppression/enhancement of matter
power spectrum on very small/large
scales (at late times)

o Minimal changes to TT spectrum

o Potential observable signatures in
lensing potentials

Viable phenomenology with late-time suppression of matter clustering
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Summary .

Results: % 0 e
o New interacting scenarios from coupling DM intrinsic entropy s to DE ¢ B . . . ]
o Unchanged background expansion & modified cosmological perturbations § I
o Unique Lagrangian realisation of pure-momentum transfer 4 P — )
o Viable new models with late-time suppression of structure growth % o ]
St ]
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E. Jensko, E. M. Teixeira, V. Poulin, Interacting dark sector from intrinsic entropy couplings [arXiv:2603.10622]
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Summary A

S
Results: < e ——
o New interacting scenarios from coupling DM intrinsic entropy s to DE ¢ . . .
o Unchanged background expansion & modified cosmological perturbations S e
. . . . 2_20_ -
o Unique Lagrangian realisation of pure-momentum transfer | - - - |
. 6=—=- hy=0.00 ho=0.03 ho=—-0.04 A
; : : . R — =001 oo ho=—0.02 |
o Viable new models with late-time suppression of structure growth & o e
St :
3.0 2I5 lz—;f)z 1I5 1.0
OngOing Work: lgll—ﬁﬁ‘l‘i’:'ll-‘?;'r—“r”: it;féll\_/lz—mj*’r—r”r’r#?r_l_v—ri'r 'T"B“Ilr?o
. ars o 60~ /4
o Detailed study of stability & ghosts = [ L
o Observational constraints on allowed interactions (with E. M. Teixeira, V. Poulin, 7 i v oomm oo
T. Smith & Anna Chiara Ferri) ;g 0.4~ .
ED: oo?}?“f R
o Connections with EFT approach (with J. Beltran Jiménez, L. J. Garay & M. Pérez 20 | . s
Garrote) € 3--—" ho=0.00 ho=0.03 ho=—0.04 i
i —— hp=0.01 «--- ho=-002
T
Thanks for listening 0 o

E. Jensko, E. M. Teixeira, V. Poulin, Interacting dark sector from intrinsic entropy couplings [arXiv:2603.10622]
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Backup slides — quasi-static limit

Quasi-static limit Effective density source — . Fifth-force term

8 + HS, — AnGa?[p.6, + Ap(k,7)8s(k)] = —k?Q.(t)5s(k)

with effective density source Ap.(k, 1) and fifth-force Q. (1)

10_5 WWT“IIIII 11 mnrnrn e
Choose algebraic models f = g, ¢s
10-10
alg  god alg ago _
Q — A = —_ — V 10—15
10—20
V « exp(—1¢) 1075 b
o Fifth-force term dominates on sub-Hubble scales 10730 - k2|Q,|: k=10"1h 4rGa®|Ap,|: k=10"4h | "
— 2 . — —2 :___ 2 1 -9
o Changes to P(k) on small scales 107% - E71Qu | k=10"h i AnGa”|Ap,|: k=107
------ k*|Qs|:k=10""h - 4nGa®|Aps|:k=10""h
1040 IR 1IN T AR A IR R (IIIAR N TN
6 5 4 3 2 1 0
log(1+ 2)
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©)

©)

Time-evolution of metric potentials modified at small-k

Backup slides — large-scale limit

Momentum constraint modified by 6. —coupling via Euler equation

x10~4

, 416G a?
'+ HO = 2 z 0;(pr + pr)
¢,b,r,DE

©)

Coupling un-suppressed on large scales

0, + 0.7 — k?® = —k?Q.(1)5s(k)

©)

Leads to changes in P(k) on large scales

N
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=== go=20.000 go = —0.002
i go = 0.001 go=—0.004 ~
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