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Cosmological Dynamics

Friedmann
Equation from
General Relativity

A Dark Energydominant component of energy density that drivesnic
acceleration ©>0) at late times via an equation of state parameterk
nx” pfo8

A Special caseracuum energy) p  vhcosmological constant

A Standard cosmological modei:cold dark matter ¢CDM)

A Genericallyv 0 (0) P8



How do we probe Dark Energy?

JF, TurneHuterer
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Growth of Structure

Planck's Cosmc Microwave Background Radiation map
2013 march the 21th. thanks to ESA

PlanckCosmic Microwave
Background (CMB) map of
temperature anisotropies.
Snapshot of the Universe at
z~1000.

Dark Blue. Coldest
Blue - Cold
Yellow: Cool

Red: Hoftest (but stll very cold, ie: -270,4°C)
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Dark Energy Survey
weak lensing map of
large-scale structure
today. Perturbations h
grown by factor 16 on
large scales.

N. Jeffrey; Dark Energy Survey Collaboration == —— ' Dark Matter map from DES observations



Planck 2018 CMB Results
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6-parameter3CDM fit:
Mz=0.68520.007 ]
m.=0.315+0.007 ]
n=0.965+0.004 ]
H,=67.4+0.5 km/secMpc

" 5=0.811+0.006
M,$=0.02237+0.00015
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DES Y3 3x2pt Measurements

SURVEY DES Collaboration 2021

Measurements + joint model fit
Amon+, Secco,Samuroff+
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Each panel shows (cryssrrelation between photometric redshift bins.
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DARK ENERGY]
SURVEY

Consistency with the CMB in /\CDM

Ss = 0.8127¢:505 (0.815) | All data sets
Q= 0.306+29% (0.306) | COMPINed:
DESY3 3x2 + Ext.
add other low redshift

probes ,

Spectroscopic surveys (BAO + RSD) 2
- BOSS + eBOSS

Supernovae
- Pantheon

Combined Constrainf<C DM

DES Collaboration 2021
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DARK ENERGY]
SURVEY

1.0

@ Combined Constraints;wyCDM

Evolving Dark Energy
model:

V(W U P WU
—-= BAO+4+RSD+SN
= ng\(?zrgtsnmm
consistent withCDM Planck+BAO+SN:
’ ™y — All data ;
U phy T
-1.2 -1.1 —-1.0 —0.9 —(0.8 —-0.7
] Wo
DES Collaboration 2022 DES Y3 3x2 + Pantheon SN + SDSS BAO + CMB



Dark Energy & Modified Gravity

BAO+RSD+SN
DES 3x2pt
= Planck

DES 3x2pt
B 50+ RSD+SN

Il All data

—-= BAO+RSD+SN :
DES 3x2pt -
B  5AO+RSD+SN:
Planck+BAO+SN:
= All data :

1 1 1 1 1

—-1.2 -1.1 —1.0 -0.9 -0.8 -0.7

Wo

Data are consistent with cosmological constant and GR. But still rc
surprises/discoveries (new physics).




Dark Energy & Modified Gravity

BAO+RSD+SN
DES 3x2pt
= Planck

DES 3x2pt
B 50+ RSD+SN

Il All data
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= All data :
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Wo

Data are consistent with cosmological constant and GR. But still rc
surprises/discoveries (new physics).




What 0s changed

A Improved Expansion History Constraints:
d New Supernovéa Data from DES (DEEINS5YR)
0 New BAO Data from DESI (Y1 and Y3) and DESYBES

A Coming soon: improved Growth of Structure Constraints:
0 DES Yeab Lensing+Clustering+Clusters
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w8  DES 5BYear Supernova Results (EHERSYR)

SURVEY

Distance modulus p

200
‘ / DESY5 SN 2024
Q

DES-SN5YR DES-SN5YR Planck 2020
(best-fit FlatACDM) (best-fit Flatwow,CDM) (best-fit FlatACDM)

Redshift

Using DESN5YR+ | Combined constraints:

SDSS (PfBESI) 0 o8
BAO+CMB+ T X Og

DES 3x2pt 0 &) o 3 DES 2024, Jan. 2024

x g fromyCDM
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Supernovae: Panthedn DESSN5YR

Efstathio2024

10~
: 8 ) 10
Redshift redshift z

15

Vincenzi+ 2025

A Highz SNeat given redshift appear relatively closer than in
¥CDM, a signature aj P.

A PantheoA DESSN5YRmuch more highdata, improved
modeling of SN Intrinsic scatter and host galaxy effects. .,
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Baryon Acoustic Oscillations:

SDSS\ DESN1

SDSS BAO Distance Ladder

SS+eBOSS LRG 0.6
BOSS LRG0.2<z<0.5

&0 o
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SDSS+DESI1 BAO+CMB+DESNSYR: April 2024

-=-=-- DESI BAO
DESI BAO + CMB ¢®,
B DESI BAO + PantheonPlus
DESI BAO + Union3
. W DESI BAO + DESY5

_ (DESI+SDSS) BAO + CMB + PantheonPlus ¢g&,
' (DESI4-SDSS) BAO + CMB + Union3 3.1,
B (DESI+SDSS) BAO + CMB + DESY5 3.5,

od Combined constraints: DESI VI, 2024

fromyCDM 0 X p TBLQ T
0 TRV

using DESN5YR+CMB
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CMB+DESNSYR+DES6 BAO:
early March 2025

Results robust to BAO data set

L.
CMB (ACDM)

Diff. (%) w.r

t.

w,CDM)

(wo’

)
=
=
B3

"+
59
A

Il CMB
I BAO + CMB
I SN + CMB

BAO + SN + CMB

Combined constraints:
og, | U TYX 0 TIBW X

from¥CDM 0 P& X &

using DESN5YR

+DES BAO+CMB

DES, 2025
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CMB+DESNSYR+DEY6 BAO+DESY1 BAQO: early

March 2025

Results robust to BAO data set
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< 0.1% of full survey volume
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DESI DR2 BAO: March 2025
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DESI DR2 BAO vs CMB, 8§BDM

Tension: theamesC DM mo d e | doesnot foi

DESI DR1 BAO
DESI DR2 BAO
CMB
Pantheon+
Union3

DESY5
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See also DES 2025
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DESI DR2 BAO vs CMB, SN

Tension: theamexC DM mo d e |
Dark Energy model has enough flexibility.

Isotropic BAO ajs,

TTTTTTTT T T L

T T T 1T
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DESI DR2 BAO+CMB+4

H$Y 5

Results robust to dropping individual legs of the strategic triad.

BB DESI+CMB+DESY5
DESIH+(6,, wy, Whe)cmB !

- DESI+CMB (no lensing) | )~
DESI+CMB i
No SNe

Combined constraints:
0 L ¢ TBWL X
0 8
8
using DESN5YR+CMB

18,
fromyCDM

22

-=-_DESI+CMB+4DESY5 (:>01) | 1
No lowz SNe

BN DESI+CMB+DESY5
DESI+DESY3 (3 x 2pt)

B8 DESI+DESY3 (3 x 2pt)+DESY5

No CMB

DESI DR2, 2025



Summary of Recent Results

m 0 0 0,
DESSNtDESY3 3x2 + T ¢ VTBI T Y| T X 03 ™ol [xo 124
DESSNH[SDS%DESN 1] BAO+ X QPTBLOT TYYF | 0d 424
DESSN+ DESK3 BAG TP WEBITMY QT U MBIV X TP § | T& 3/25
DESSN+DESY3 3x2DESN3 BAO T C oW MPCT X PTBIL QU @ ¢ & |[X 0 3/25

Parameter values have remained remarkably stable since Jan. 2024.



Issues with U parametrization

Chevallier& Polarsk001, Linder 2003

Wq

These 2 models
have thesame
D(z), H(z).

0 (0
‘abovez=0.35

DESI BAO + CMB + Union3
B DESI BAO + CMB + DESY5

—0.8 ~0.6

wo

Shlivkaand Steinhardt 2024

A Data naively violate Null Energy Condition (NEG}) pla forv U
parametrization.
A But mapping from BAO, SN observables @) is not unique: NEC
preserving modelsotdescribed byd 0 fit data equally well.
A We should not draw model conclusions frond tie fit.



Scalar Field Dark Energy

A Dark Energy could be due to a very light scalar field
U(x,1), slowly evolving in a potential, W

E+ 3H/E+d—v =

T
: tv(i)
A Density & pressure:

A Slow roll:

1p* <V(p)=> P <0 <> w <0 and time - dependent

25



Scalar Field Dark Energy Models

Freezing models Thawing models
V“ A
e.g., e or Yon v
e.g., mryY?

M i ‘ J"
Runaway potentials PseudeNambuGoldstone Boson
DE/matterratio constant Low mass protected by symmetry
(Tracker Solution) (Cf. axion)

Ratra & Peebles 1988 JF, Hill, Stebbing/aga 1995

Steinhardt, WangZlatev1999 Coble,DodelsonJF 1997



Constrainingv Evolution Can Distinguish between Models

-1.0 -0.95 -0.9 -0.85 -0.8
0.6 — — —- -

——— — — — — —

---
-
- -

-
-
-
-

-0.6

w(a)=wy+w,(1-a) Caldwell and Linder 2005
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PNGB Model of Thawing Dark Energy

(aka Ultralight Axion or Natural Quintessence)

JF, Hill, Stebbing/aga 1995
V(f)=M*(1+cos(f / ))
M ~10%V, f ~ M,

M2

my

FSpontaneous U(1) symmetry breaking at fundamentalfsdajg
A= xplicit breaking at much lower schle<f.
Aierarchy betweeiM andf protected by axion shift symmetry.

ATiny hierarchy—x X X p 1 Is technically natural.



Worked Example: Free, Massive Scalar

dv _

Damped Harmonic Oscillator:

B+ 3H/E+— = ORI (i
5 d/ G

Field frozen untio(ox & , then rolls tv( s )
( viscosityo falls as universe expar
For0 T field still overdamped: require O
a oOxprT1 eV,so rollson I(3x10'3e\/)4
timescaled 'O . .

< > /

. . 1078 eV
ow o () o)
U U

Ultra-light particle:Dark Energy hardly clusters, nearly smooth.
Equation of state:w> -1 and evolvesintimefrom= 1 (  ~t hawi n



Thawing Scalar Field Evolution:CDM

—0.70¢ 3 i 0.15
m¢ :m/Hy=0.4 Form T8&h —— m@81
—0.757 ngbz: m/H,=0.8 10
\\ =
) = 0.00f
& sl = O
§ 0.85 \.\ |
N\ S -0.05}
—0.90P,  N\_ 3
N ™N ~0.10¢
N D
—0.95¢ NN |
— v f - —0.15(/
—1.00¢ —_“I‘———-‘-::_—.-w
‘ z

Shaijib, JF 2025

See alstAbreu+Turnel025




Observational Constraints on CDM Models

3 x2pt Strong lensing
BAO BAO + CMB
A DESSN5YR+CMB+DES®L o o She t
BAO+DES Y3 3X2 pt SNe Ia B All

A Best fit parameters:
0 T8O TT P TE0 U
n) Twp Y T8t @

A Bestfit scalar field masé
o0 pd pm eV |
« 70 =0.55 and has changej§
by 8% to today.

Ac&® ,from¥yCDM, but favored
by Bayesian evidence ratio.

See also Camilleri+ 2024, Lodha+2024



Observational Constraints on CDM Models

—— DESI + CMB + Union3
DESI + CMB + PantheonPlus
- DESI + CMB + DESY5

A SN+CMB-PDESK3BAO

A Bestfit scalar field mass | pNGBModel
a ¢& pm eVusing
DESSNSYR

Lodha+ 2025



Distinguishing CDM Models from PlansgiCDM

Shajib, J& 2025



