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Constraints on evolving dark energy
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Constraints on neutrino masses
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Plan

Dark energy and neutrino cosmology
Mapping galaxies with DESI
Dark energy constraints
Neutrino mass constraints

Modified gravity constraints



Accelerated expansion: dark energy or modified gravity?

Expansion of the Universe
H(z)

- Cosmic microwave background
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Expansion of the Universe
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Accelerated expansion: dark energy or modified gravity?

Expansion of the Universe Growth of structures
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Accelerated expansion: dark energy or modified gravity?

Expansion of the Universe Growth of structures
H(z) f(z)og(2)
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Less dark energy...



Accelerated expansion: dark energy or modified gravity?

Expansion of the Universe Growth of structures

H(z) f(2)og(2)
- Cosmic microwave background ﬂ

Observer Observer

More dark energy...
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BAO: Baryon Acoustic Oscillations
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BAO: Baryon Acoustic Oscillations
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https://www.youtube.com/watch?v=jpXuYc-wzk4

BAO: Baryon Acoustic Oscillations
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Sound wave propagation in plasma Observer
Credit: CAASTRO Link to video
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BAO: Baryon Acoustic Oscillations
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BAO: Baryon Acoustic Oscillations

Sound wave propagation freezes at r;, ~ 150 kpc Observer
Credit: CAASTRO Link to video
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BAO: Baryon Acoustic Oscillations
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BAO leave this imprint in the matter distribution
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Credit: CAASTRO Link to video
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BAO: Baryon Acoustic Oscillations
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BAO: Baryon Acoustic Oscillations
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We count pairs of galaxies versus separation
Credit: CAASTRO Link to video
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Accelerated expansion: dark energy or modified gravity?

Growth of structures
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Accelerated expansion: dark energy or modified gravity?
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Accelerated expansion: dark energy or modified gravity?

Growth of structures
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Accelerated expansion: dark energy or modified gravity?
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Accelerated expansion: dark energy or modified gravity?

Growth of structures
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Model of the expansion of the Universe
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(+ assumption of isotropic and homogeneous Universe)
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Model of the expansion of the Universe

Space-time properties === Energy content of the Universe
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Model of the expansion of the Universe

Space-time properties === Energy content of the Universe

(+ assumption of isotropic and homogeneous Universe)
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Model of the expansion of the Universe

Space-time properties === Energy content of the Universe

(+ assumption of isotropic and homogeneous Universe)

Massive neutrinos
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Model of the expansion of the Universe

Space-time properties === Energy content of the Universe

(+ assumption of isotropic and homogeneous Universe)
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Evolution of densities
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Evolution of densities
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Evolution of densities

What about
massive neutrinos?

radiation — matter
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Measuring distances
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Measuring distances
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Modelling impact of neutrino masses

by W. Elbers



Modelling impact of neutrino masses

Massive neutrinos act as hot dark matter

CDM UV
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They escape shallow potential wells

by W. Elbers



Modelling impact of neutrino masses

Small neutrino mass, ) m, = 0.06eV

Massive neutrinos act as hot dark matter

They escape shallow potential wells

Images from the FLAMINGO simulations. by W. Elbers



Modelling impact of neutrino masses

Large neutrino mass,  m, = 0.48eV

Massive neutrinos act as hot dark matter

They escape shallow potential wells

Images from the FLAMINGO simulations. by W. Elbers
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On the CMB angular power spectrum
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Modelling impact of neutrino masses

On the CMB angular power spectrum
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Modelling impact of neutrino masses

On the CMB angular power spectrum
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Plan

Dark energy and neutrino cosmology
Mapping galaxies with DESI
Dark energy constraints
Neutrino mass constraints

Modified gravity constraints



| DARK ENERGY
2 (@ | SPECTROSCOPIC
UL IS INSTRUMENT The

N HEISING-SIMONS
~ FOUNDATION

9ec® ——

GORDON AND BETTY

ey MOORE

FOUNDATION

& Science & Technology

@ Facilities Council

e
8 o ¥ GOBIERNO MINISTERIO
: 'Q DE ESPANA DE ECONOMIA
'y A Y COMPETITIVIDAD
(]

Dark Energy Spectroséop'ic- Instrument

Thanks to our sponsors and
/2 Participating Institutions! .



2d

The instrument

\ Pi1dJo250%¥LD

Mayall Telescope @ Kitt Peak, Arizona USA
4m mirror

10 spectrographs
30 cameras







DARK EN

4 » 5
REL

Jige!

S

35100 0AARARAR AR ARA Y




‘.

5
B
.
'
I’.

T

v

‘

|
(”:

y !
M Yena
A
|
5

I’l,

’ 'l'{lv

."
L

'j"ll :

e AN
o B
LI
AF

i)

1

.y
’
]
L
‘54\‘
»
\'\
( -
R

5000 optical fibers placed with robots

e Va N Bl VAR VA R R SRS 'J > ¥ & h
PSR G R g AT
-i \6.@\@( L 5'“Q~“Q& &Q&Q |
»""2' 4 NN / ’ K’
B8, B8N T o 8 o 8

)t ‘ﬂé w ¢14(WW“JQ va'é’v'ﬁtﬁ

oy =Y

), %, “‘od « & @ «‘?@'&ﬁ'%@v@ @ﬁivﬁc
..«ﬁ.@.d@&«a«d«a«ﬁ v@vf«»f*'&"ﬁ«&
v e i el QW o ‘B «&«aww
:@'MT'@'W‘\VJ @ < «ﬁfﬁ«g& «é «ﬁvévé".z
NG A L B R & «y«dwﬁf’éf«wf
& *z‘é & W Qe wd &«aw

“n

i Y ) S




Room with controlled temperature

as

3110 000ANARARARARA Y EEEEE

5000 optical fibers placed with robots

’-\)' M " h VA R r .
»gt ' J.@-'w,g,d@ e ¢ &"’ ey

ngv“’ “Qﬁ ﬁﬁ dc
",“," y

-~

J’ &J'&.Q&Q’&Q'&Q’ﬁvd\
"d ‘6’:'@ w W W(\WO,QIW« el eleded

y @ K g £ W@W%ﬁv@ofvaﬁc\*
wiﬁw’lw“ “4 QXN vﬁ L@ ¢ ¢ ¢£Qﬁv o
v vy Wl <@ @ ﬂd W’«R «f«l «ﬁ vﬁe&«cdvd«q"
‘@M"@' @ 9 @ %; «& 4 <& «’&“ Gﬁvﬁc&?'dc
"é‘*\é @ G RN «yﬂzﬁcﬁ«_’&«étl; ﬁ'&'
&

AR B  ¥8 ¥ 2 e85 S



DARK ENERGY

SPECTROSCOPIC Fle | d Of Vi ew

INSTRUMENT

\
)
m
0
-\
P
0
0

-o.‘.

.. . i
Wavelength (A) R SR
., . v ’ .
E - o As . o
» K > » .. ) :
- c(‘ N Lo .0 :) - g .
» .. » 5 e gy e ) »
o el i 1
- . Pl N . -
~ R, A . A
@ » 9 ..‘ <
e oy o )
. .' J .‘. ...
f ' ; : T - . ‘.‘.. -
‘h - e 2
s Ll Y .. -Q -~ . -~
SRR, S BV SR, T
s ; .‘ . o P . .?. "L o
: - - 0 . - 3
L 4 ¥ b 2
" . . ° b .t . ‘
. Y . ”0: . '

» n - . e -e®
» L . »
- - - - ¢
o » -
.O . d Valn ¥ A
" - . » )
'. '. ‘. [ .
; s " N iN 4 ” .
o '. -'.. » ) _. :‘ .- .' haw .,
- ‘9 -i - 4
G e o, - .
- 3 - 4
- -
» : ‘ 3 il Pid - ) ;‘ .
* = o .o i : : - )
- o " £ v, . '- . " '
. .o - : . '0.1
s ) 8 .
& $ - >
. » » . .
o ol e 3
» = x
n -h v -. - -
- 4 - - g »
» - e - .
N |
- L
- - » § L 9 . '
» -. - . S . R
- - . ..
. . » l-
. < -
- . L
. 5 " ¥ .
. - . o S .
™ » > - v ¢ . »
Z oy »
- > IR )



U.S. Department of Energy Office of Science

DARK ENERGY
SPECTROSCOPIC
INSTRUMENT

13.5 million
Bright Galaxy Survey
0.0<z<04

8 million
Luminous Red Galaxies

04<z<1.0

16 million
Emission Line Galaxies

06 <z<1.6

3 million
Quasi Stellar Objects

Lya forests 2.1 < z < 4.5
QSO tracers 0.9 < z < 2.1

ESI Targets

,//‘n A

N\
\

and

N

2P

140

K¢ Lj‘

<0.1% of full survey volume



waes< DESI Targets, and spectra
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woese DESI Targets, and spectra
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1.8 of 13.5 million
Bright Galaxy Survey
00<z<04

S

4.5 of 8.0 million
Luminous Red Galaxies

04<z<1.0
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6.5 of 16.0 million
Emission Line Galaxies

06 <z<1.6
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2.0 of 3.0 million
Quasi Stellar Objects
Lya forests 2.1 < z < 4.5

QSO tracers 0.9 < z < 2.1
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The largest extragalactic redshift survey to date!
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Dark energy and neutrino cosmology
Mapping galaxies with DESI
Dark energy constraints
Neutrino mass constraints

Modified gravity constraints
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Isotropic BAO
Dy(z)

r drag

Anisotropic BAO
Dy,(z)

Dy(z)

DESI BAO Distance Ladder

lookback time |Gyr]
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ELG Ly-a
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~
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redshift z Credit: Arnaud de Mattia and DESI
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Why should we trust this analysis ?

- Largest sample ever

- Blind analysis

No detected impact

- Unified BAO pipeline - observational effects in data (imaging, fiber assignment etc)

- Huge variety of systematic tests *

« reconstruction algorithm

« covariance matrix construction

 incomplete theory modelling

+ choice of fiducial cosmology

+ galaxy-halo (HOD) model uncertainties

Small systematic uncertainty (< 0.3%)

60



Constraints on evolving dark energy

Cosmological constant A

w=—1



Constraints on evolving dark energy

Cosmological constant A Evolving dark energy

w=-1 w=wy+ (1 -aw,



Constraints on evolving dark energy

Cosmological constant A Evolving dark energy

w=—1 \ w=wy+ (1 —aw,
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—0.2
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Constraints on evolving dark energy

Cosmological constant A Evolving dark energy
w=—1 _\ W=WO+(1—CZ>Wa
80—
. . . | Bl DESI+ CMB + SNy, iheont F
Tension with the cosmological constant: i ;
| B DESI + CMB + SNpgeys
DESI + CMB = 3.16 e o PR eE
| N
DESI + CMB + SNp, ... = 2.80 s ; N
: @\
i \\\\.\\ \Q‘%
| \\\x \::\
DESI 4+ CMB + SNppgys = 4.20 —21 | ENSERNN
’ Paread
_3 i , \\ . \
—1.0 —0.8 —0.6 —0.4 —0.2 0.0



Constraints on evolving dark energy

Parametric model for w(z)

—0.6 - | wow, CDM
0.8 - -4+ Binned w(z)

—1.0 -

=t ) ) T T T - T T J ’
().0 0.5 1.0 1.5 2.0 2.9 3.0 3.0 4.0

Consistent with standard wj, w, model
Lodha et al., 2025
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Results on DR1 (work in progress for DR2)
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CMB

The DESI full-shape

{ Ox, 0., 0, A, N, T, [€2, Z m,, Wo, W, Noggy .. ] }

“vanilla” extensions

Angular mode

Results on DR1 (work in progress for DR2)
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{ Ox, 0., 0, A, N, T, [€2, Z m,, Wo, W, Noggy .. ] }

CMB “vanilla” extensions

Angular mode

LSS

Variance per mode

Fourier mode / frequency
k [1/Mpc]

Results on DR1 (work in progress for DR2)
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{ Ox, 0., 0, A, N, T, [€2, Z m,, Wo, W, Noggy .. ] }

- “vanilla” extensions
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Results on DR1 (work in progress for DR2)
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Constraints on neutrino masses

1.5- CMB
— DESI DR1 (FS+BAO) + BBN + (9*,7LS)('_;MB
---- DESI DR1 BAO + CMB
— DESI DR2 BAO + CMB Assuming ACDM : ) m, < 0.064 eV
« 1.0 f i
s ' NH only, NH and IH (95% CL) DESI + CMB
Q : :
e | | i
y \ : :
0.5- \\\ i : Assuming wyw, CDM : Z m, < 0.163 eV
3 i (95% CL) DESI + CMB + DES-SN5YR
0.0 — = 1
0.00 0.05 0.10 0.15 0.20

> my [eV]

Reaching lower bounds from oscillation experiments!



Constraints on neutrino masses

. . P 9
Using priors on Amy, and | Amy, |

1.0

Vo 4 .

0.9 -

fe R S ——

0.00

0.0

Y m,|eV]

—— Baseline

—— NO/IO

NO
10

0.10 0.15 0.20

Mass of lightest neutrino

Assuming ACDM : m, <0.023 eV

(95% CL) DESI + CMB



DESI| Growth of structures

| BGS
LRG1
B 1.RG2
B 1L.RG3 T T i
s Assuming wow,CDM, no significant changes
B QSO
B Al -=-=- DESI (BAO) + CMB + PantheonPlus -=-=- DESI (BAO) + CMB + Union3 -=-=- DESI (BAO) + CMB + DES-SN5YR
B DESI (F S+BAO) + CMB + PantheonPlus - DESI (FS+BAO) + CMB + Union3 B DESI (FS+BAO) + CMB + DES-SN5YR
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From Camille Bonvin’s talk:

— kU = 47TGCL2,U,.5,O from redshift-space distortions

—k? (P + W) = ArGa*Y6p  from weak lensing
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Constraints on modified gravity

From Camille Bonvin’s talk:

— k4T = 47rGa2,u5p from redshift-space distortions

—k%(® 4 ) = 41Ga’*Sdp

from weak lensing

Testing extensions of GR
0.65 ——————————— ,

"SDSS =
DES| —e—

0.6 |

0.55 ¢

05 [

0.45 ¢

0.4 |

fog(2)

0.35

0.3 | -

0.25 | { B

0.2

02 04 06 038 1 12 14 16
Z

Growth rates are consistent with GR predictions
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Constraints on modified gravity

o

0 S

iLLiPoP

- e e e e— m— o

: \\ < . — CMB—nl:H— DESY3 (3x2—pt)
\\\\ Bl DESI + CMB-nl + DESY3 (3x2—pt)

O
o

s
_1 =
\
\ _2 -
0.5 —0.2

=
-
=
N

No significant departures from GR yet...




Conclusions

DESI is the current largest spectroscopic survey (~14 million redshifts)
Evidence for evolving dark energy at 3 sigma from DESI+CMB+SN
Neutrino masses constraints very close to ground experiments
No deviations from general relativity so far

Exciting times for Physics!
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Low-redshift supernovae causing tension?

[sotropic BAO a;q,
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ZTF is producing a new low redshift SN sample!
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Tension with oscillation constraints Maximum posterior is positive!



