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Introduction

Golden Age of Cosmology Cosmology's
Beginning of XXth Nowadays (3rd decade of XXlth C entur
century century): ury
It was not known why do Relativistic model of expanding Universe AN.INSIDE HISTORY.
stars shine - =it i
nown geometry of the Universe: it’s spatially OF OUR MODERN
Static and eternal Universe flat UNDERSTANDING
' = Uni Coherent picture of nucleosynthesis of
Milky Way = Universe chemical elements in the Universe OF THE UNIVERSE
No other galaxies known (primordial BBN + stellar)
A lot of ignored Coherent picture of the emergence of the large P J E
problems ... scale structure in the Universe (LSS): ™ o v

galaxies and their clusters

Peebles

WINNER/OF THE NOBEL:PRIZE IN PHYSICS

v

Solid theoretical (GR)and observational
(CMB, massive galaxy surveys,...)
pillars of modern cosmology

Modern cosmology — elevated to the precision science,
(ACDM model in agreement with most of the data )
but some TENSIONS emerged ...




A.Sandage
Physics Today 23, 2, 34 (1970)
,2quest for two numbers”

THE DYNAMICAL PARAMETERS OF THE UNIVERSE@QO, A, and K

V

Allan Sandage

Mount Wilson and Las Campanas Observatories of the Carnegie Institution of
Washington, Pasadena, CA, USA.

G. A. Tammann*) 1984

Astronomisches Institut der Universitdt Basel, Binningen, Switzerland and
European Southern Observatory, Garching bei Munchen, FRG.

What is causing it?

We don’t know

But a tentative answer is
already with us - the
cosmological constant A

Accelerated expansion
of the Universe




General Relativity (1915):
Gly,u T+ f‘ig;m = —8m GT::LE;

geometry matter

Cosmological constant
— in order to make the Universe static

Albert Einstein

Glju,u T [ — 8 Gj—:ﬂ,i!

Einstein’s ,biggest blunder”

: Edwin Hubbld

Revives in the 60-ties of XXth century

Yakov Zeldovich, Stephen Weinberg o
G;w =81 G (T:m; =+ T:[i:jf)

Currently the ACDM model Tac _ _ A
is the standard cosmological model p = Prachr = g G
ACDM model

Is very simple,
fits well to all the data, ... BUT
is burdened with lots of conceptual problems! 4



(hyps

Modern cosmology in brief = Geometry of the Universe

homogeneous, isotropic

G]m; = — 81+ T:u,a; Friedman-Lemaitre-Robertson-Walker metric
| dr?
/ fESE — ff_fg — rtg(fjl — % + .F'EE'HEE
| 1 — kr=
\ Y }
’:‘??: C03m0|ogiCa| redshift all spatial distances
h l (including wavelength of light)
é)e}r’i_o IC . 1 — ﬂ(f) are scalegd by a(t) : ’
B 4 o~ — T N which changes in time
-1/a” ﬂ(f) : |
o 1
alt) =
Space ( ) 1 + <
k = +1 k=0 kK =-1

e

" = (p+pp'u’ —pyg

Friedman equation

Tk d7G P

(ﬁ} +—= Yo, H =—  expansion rate (Hubble function) H(E)E — (). HE — L
a a 3 a P ()2
. ! .. : 8t

{ 471G a 1 ﬂs=-£12=ﬂri—§
—_= - ([) + 3]?) q= — 5~ deceleration parameter Per SH{J

a J a as soon as

p+3p=0 5



Friedman equation — clue to cosmological model
testing

-~ SWy 2
H(2)? = H} [Qm__g(l + 2P 4+ Qo1+ 2+ Q1 + 2)2 + Qppo(l 4 2)3 1wt oxp (— ﬂ

I radiltion I I M

CDM + baryonic Curvature parameter DE equation of state
matter

DE equation of state — we don’t know it

PDE = T-U,DE(E)PDE {wpe(z) = —1} = A [ﬂ,ﬂ_ — Eﬂﬂ-Sf.]

Assuming that it could be changing in the
history of the Universe — first order

Taylor expansion T_L-‘(E:':J = wy + w,

=~
Pt

1+ =z

Chevallier — Polarski — Linder
(CPL) parametrization 6

w(a) = wy + we(l — a)



challenge for observers Hubble
reconstruct history of the expansion of the Univers consian

c/Hg distance scale

3 types of distances: 1/Hg time scale

« comoving distance— not measurable ! P Qi {i=m,r k, DE}
De(z) = — .
o Hﬂ/u. e

* luminosity distance  Dy(z) = (1+ 2)Dc(z) = (1 + 2)— / °d
0

Hy h(z")
) . 1 1 e [ dY
* angular diameter distance D.(z) = 1——Do(2) = 17 21, ) me)
st Hr {J At

Standard candles — objects of known (or standardizable)

luminosity L; we measure the flux F, and calculate the distance
L=4nDyp(z)F

Standard rulers — objects of known sizes D; we measure

angular diameter f} and calculate the distance D = D4(2)f

Standard sirens — coalescing compact binaries
D, is directly measurable (but z — unknown!) 7



Modern cosmology: Incremental Exploration of the

______ Unknown ____
o ¥ More Data Sets e
Af ; /
F N4 TestA B.Mdlec,
& A . . )
Q~ T—l . - Ny - QOPIIIOI"kOWSkG
i Test . |
I | N
W X ~ dynamics 4/
| 6 S 5. v o, E
! A i ] determine DE equation of state
: S px = wpx
:§ WQM" Not vet orec . determine if it
'® T o oL ye precise changes in time
10 | Test
:3 AN geometry
' TR v \
| e : ' \
S 0 5 |
' ¢ Test - ) — w4 —
| intrinsic alignment of Wa \ 'GR w(z) Wo =+ Wa g
arameters (wg, w, = ‘
i g (Wo ) Wy 7 We need complementary probes —
*** | to break degeneracies
Linder (astro-ph/0511197) and for cross-checks 8




Credit: hitps://newscenter.Ibl.gov/2025/03/19/desi-opens-access-to-the-largest-3d-map-of-the-universe-yet/

DESI Opens Access to the Largest
3D Map of the Universe Yet

DESI Opens Access to the Largest 3D Map of
the Universe Yet

By Elizabeth Ball and Lauren Biron
March 19, 2025

A new data release from the Dark
Energy Spectroscopic Instrument is
now available for researchers to
explore. The collection contains
information on 18.7 million galaxies,
quasars, and stars — the largest
dataset of its kind ever shared.

DESI observes the sky from the Mayall Telescope, shown here beneath the Milky Way.
_|___|_‘_.d(_9_[edit: KPNO/NOIRLab/NSF/AURA/R.T. SDzlrk_§_),
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Dark Energy Spectroscopic Instrument
DESI

Kitt Peak Observatory, AZ
Mayal 4m telescope

Credits: https://www.desi.lbl.gov/photos/




8 DARK ENERGY |
| SPECTROSCOPIC|
_i INSTRUMENT |

-
U.S. Department of Energy Office of Science
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g I fiber positioners VPP TS
spider, cage

4 New 6-lens wide
field Corrector on
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FoV ~ 8 deg®

49 meter, 10
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Ten thermally-controlled
3-channel Spectrographs
360-980 nm
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e | -..and Spectra
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Credit: E. Burtin Moriond 2024
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Credit: E. Burtin Moriond 2024 12



Dark Energy Spectroscopic Instrument
DESI

Credit: E. Burtin Moriond 2024

f Science

Five target classes DESI (2021-2026)
40 million redshifts| '
in 5 years
3 million QSOs
Lya z>21 f, 7/ 4
v .

Tracers 0.9<z<2.
12 Gyr

16 million ELGs & o BAO measures ratios of distances over the sound horizon scale

06<z<16 4 ) " n

’ o & at the drag epoch ["standard ruler"] rq
04<z<1.0 ‘ OO&
13.5 million Ny, N transverse to the line-of-sight
Brightest galaxies - oy
00<z<04

K,
lookbiack timae [yt \

. : g . . ; 0sa0 = ra/Du(z)

L l’)ﬂkr A J Azpao = ra/Du(z)
£ U R v T along the line-of-sight;

* transverse to the line-of-sight: Dy(z)/rq
* along the line-of-sight: Dy(2)/rq = ¢/(H(2)rq)
* isotropic average: Dy(z)/rq = (2D%(2)Du(2))?/rq
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g | The DESI DR1 sample (DESI 2024)

S—
U.S. Department of Energy Office of Science

| DARK ENERGY
SPECTROSCOPIC
INSTRUMENT

The DESI DR2 sample (2025)

6M objects

Biggest data set.
Catalog-level blinded
analysis

DESI Y1 DA7I;’K : 2744/9929 observed tiles up to 20220613 (=28%)

14M objects
2.4 times more data

DESI Y3 D%I-;K 1 6671/9929 observed tiles up to 20240409 (=67%)

60° 3 T

Aggregate distance
precision with Year 1 data:

g 0.49% =

g Cf. All BAOS over two i
decades: Ty
0.60%

RA. [deg]

RA. [deg]

DARK ENERGY
seecreoscorc]  DESI 2024

e New ot Lomes

INSTRUMENT Ehf
s New Jork
U.S. Department of Energy Office of Science re Su Its @lmts

A Tantalizing ‘Hint’
T'hat Astronomers Got
Dark Energy All Wrong

Researchers say findings from map with three times m«
galaxies than previous efforts could challenge standard idea
of dark energy

arXiv:2404.03002, .
2404.03001, 2404.03002 Credit: H.-J. Seo

Phenomenology 2025 Symposium

2024 Biggest Breakthroughs

in P, :
L Quanta



DARK ENERGY

o nswomenr | DESI 2025 BAO
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Aggregated precision on BAO distance scale:
0.28% (vs. 0.49% for DR1)

Hee-long Seo

DESI 2025:arXiv:2503.14738

Qu and Hgry

"ACDM

70 80 90 100 110 120
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Agreement & complementarity
between tracers
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41 DARK ENERGY
1 SPECTROSCOPIC
INSTRUMENT

U.5. Department of Enargy Office of Science

lookback time [Gyr]
) & ]

Dark Energy with constant w

" DESI data are

e p comparable with w=-1
o ) S (ACDM) when w is

:“ ---------------- : t i '_F‘w — assumed constant.

. e S b But we observe mild

g u tensions between ACDM
] — Fa Ll —+= fits of different expansion
5 v probes (e.g., CMB and

- DARK ENERGY

]
.5, Department of Energy Office of Science

SNe).

Hee-long Seo

fﬁﬁf{ﬁﬁi‘.ﬁﬁ""‘: Dark Energy Equation of State

0.0
Constant EoS parameter w

Q, =0.293+0.015 (5.1%)
w= —0.99701 (15%)

L. o

DESI

S —

SNe:
—1.51
* Pantheon+ Brout, Scolnic, Popovic et al., 2022

¢ Union3 Rubin, Aldering, Betoule et al. 2023

—0.5 nsnnns

i
-

B [DESI BAO 4
e COMB &
4
—— Pantheon+ 48
- ’/
===- Uniond y /4
....... DES-SNIVR
I’ 4

e DES-SN5YR DEs collaboration et al. 2024 0.0

01 02 03 04 05

Credit: H.-J. Seo
Phenomenology 2025 Symposium

J4 b

Credit: A.de Mattia Moriond 2024
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. DARK ENERGY Credit: A.de Mattia Moriond 2024
i 3 i SPECTROSCOPIC

meaonea ¢ Dark Energy Equation of State
5. Department of Energy Office of Science D R1
Combining a” DESI + CMB + SN 2 H [E=]I BAD + CMB 4+ Pantheon+
wpy = —0.827 = 0.063 Wy = —0.751-3:%2 11 mmm E:} E::iiv:gj Jlr :rlln:ltjmw

DESI + CMB + Pantheond+ —> 2.50

wo=-064+011 w,=-127°3%

gt

wy = ~0.727+0.067  w, = 10533

DESI + CMB + DES-SN5YR = 3.90
wy > —1,w, < 0 favored, level varying on the SN dataset

10 —0.5 0.0

Essentially confidence contours shrink
and become detouched from (w, =-1,w,=0)

17



— M DARK ENERGY 2
[sreciroscorcl - Dynamical Dark Energy: DR2

U.S. Department of Energy Office of Science

Cosmological

constant )
Varying Eos e ———
w(a) = wy + (1 — a)w, 5

* Significance of rejection of ACDM: =¥
* DESI+CMB+Pantheon+: 2.80 S
o DESI+CMB+U 3.80
. DESI+CNIB+DE\Y' 4.20 -2

B DESI+CMB+PantheonPlus
B DESI+CMB+4Union3
B DESI+CMB4DESYS
~+] . 7 @ 2 =3 - : 1 .
Pantheon+, Union3, DESY5: - . i =y
SNIa data wo

29
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Data prefer phantom crossing
Phenomenologically w(z) is not tracing scalar field DE

T Wl oark eneroy H H P
L@ |Sirosconc] Dynamic DE reconciles different probes
4 4 INSTRUMENT
US. Deporment of Energy Offce of Scionce
Comoving angular diameter dist
Il
E W oes F Plancko. [/
O DESsYs T DESI BGS 2D
1,04 f— ACDM:DESI  —— ACDM: DESY:
ACDM: CMB = * wgu,CDM: DESI + DESY5 + CME

Credit: Qinxua Li

|
11 1000

s L
0.5 1

()fl .
Redshift

But, except for the Hgtension. ..

_2{} -

DESI [2503.14738
10 15 20 25 30
=

—-2.2 T .
0.0 0.5 3.0 4.0
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Inspired by data-suggested phantom crossing

THE ASTROPHYSICAL JOURNAL LETTERS, 1001:L21 (8pp), 2026 April 10 https:/ /doi.org/10.3847 /2041-8213 fae5a36
© 2026. The Author(s). Published by the American Astronomical Society.
[OPEN ACCESS
CrossMark
Metastability in Emergent Dark Energy: A New Framework Confronting Cosmological
Observations

Xiaolei Li’ Tonghua Liu®, Tian-Nuo Li’* @, Guo- Hong Du’ @, Arman Shafieloo™®”®, and Marek Biesiada®
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DE densit
Assumed e.o.s. _ ensity

L) T3Am10
cosh (Iﬂgm(l :’" ))
Ir

1 +z -
W(E::I: — Atanh lﬂl:-l{] m . Pae(@) = Paep CGSh(Ing( 1 ))

I+zr

linear perturbations

CAMB Boltzmann solver (== §ge = —(1 + Wae) (O — 3¢") — 3Hbaelclse — Wac)

l - {}(1 + wde){csde - C dE}szz »

2
. = —(1 — 3e2g ) Hbge + —=—k’64e + k™.
Confront with — o e T T

CMB, BAO, SNia
20



MEDE fitted to the data - Results

Table 1

Constraints on Cosmological Parameters for the Flat MEDE Model
Model MEDE Model
Data CMB+DESI CMB+DESI+DES-Dovekie CMB+DESI+PantheonPlus
% 05005135 04187352 0425075
A >1.12 1.03 £ 0.32 0.8770%
O h? 0.02226 4+ 0.00012 0.02226 £ 0.00012 0.02226 £ 0.00013
O 0.11895 4+ 0.00078 0.11902 £ 0.00077 0.11890 =+ 0.00081
log(101°4,) 3.046 + 0.012 3.045 £ 0.012 3.046 &+ 0.012
g 0.9662 + 0.0036 0.9661 £ 0.0035 0.9664 + 0.0035
Treio 0.0564 + 0.0067 0.0561 £ 0.0062 0.0567 £ 0.0066
Hp (km s~ Mpc™") 66.3071-20 67.43 £ 0.56 67.56 + 0.58
Q, 0.3230 &+ 0.0120 0.3122 £ 0.0055 0.3108 % 0.0056
on 0.8020 + 0.0120 0.8116 £ 0.0073 0.8120 % 0.0079
Tirag 147.51 &+ 0.21 147.49 + 0.20 147.51 &+ 0.20
X 11006.35 12632.67 12406.45
AXMEpEACDM —1.65 —8.43 —3.94
AXEDECrL 422 4.53 3.39
ADIC,mpE-ACDM —6.53 —11.36 —9.29
ADIC) ene-cpL 1.71 1.32 0.74

Note. Results are shown for the CMB+DESI, CMB+DESI+DES-Dovekie, and CMB+DESI+PantheonPlus datasets, and we also include the minimum xz, f_\xz,
and ADIC values relative to the ACDM and CPL models.

21



THE ASTROPHYSICAL JOURNAL LETTERS, 1001:L21 (8pp), 2026 April 10 Li et al.

—— MEDE
— CPL
08 ——= ACDM

e o
o b

poE(2)/ppEo
o

o
o

0.5 — MEDE -1.6
—— CPL
04| === ACDM
0.0 0.5 1.0 15 20 25 o 0.5 1.0 15 20 2.5

V4 Z
Figure 3. Redshift evolution of the dark-energy sector. Left: the dark-energy density ppr(z)/ppro. Right: the equation of state wpg(z). The red solid line represents
the best-fit MEDE model (CMB+DESI+PantheonPlus). The light-orange region shows the 2o confidence region derived from MCMC chains, illustrating the
posterior distribution of parameters. The green solid line shows the CPL parameterization ((CMB+DESI+PantheonPlus best-fit), and the black dashed line
represents ACDM. The MEDE model exhibits a smooth transition around z; ~ 0.42, crossing the phantom divide w = —1 from phantom-like (w < —1) at high
redshifts to quintessence-like (w > —1) at low redshifts.

correspondence between CPL and MEDE:
wo = —1 + Atanh[log(1 + z)]. (8)

W; = —

1
0 Asech? [log;o(1 + z,)]. 9)

Substituting the central values of A and gz, fitted to the (CMB
LDESILDES-Dovekie) data (see Table 1), one obtains wy

= —0.8457008 v = —0.447)13 |which is within 1o of the
DESI (M. Abdl_ll Karim et _al. 2025) best fit wp
— —0.838 + 0.055, w, = —0.6270%. |This explains the
Tty i d MEDE in the
redshift range probed by current data: they can be viewed as
two sides of the same coin, both conveying the message that an
evolving equation of state should be taken seriously as an
alternative to the ACDM model.




Next step ... (will appear in arxiv soon)

Scalar-Quintom Reconstruction of a DESI-Motivated Phantom-Divide Transition

Tonghua Lin,' Xiaolei Li,* Marek Biesiada,® Tian-Nuo Li,* Arman Shafieloo,™® and Xin Zhang* "%

Take MEDE w,l,,.;z}=_1_ﬂm[m(1“j] Auxiiary y(z) —1a( 112

1+ 2z variable

Suppose that MEDE is derived from the scalar-quintom field theory

. kinetic imbalan
scalar quintom etic imbalance

1., 1. A
pg= 50" — s¥?+V, K(2) = —5 tanhu(z)pac(z),

1,

2
5,= [ atev=g | MR - (00" + 5007

5 1.,
p= 38— 59 -V, V) = [1+ Ftanhu(s)| pu)

Consistency test:

[ p+3H+ V=0

Fit MEDE parameters to the data CMB+BAO+SNIa . :
P+ 3HY — V= 0.

Take best fit MEDE values to fix reconstructed scalar-

quintom fields SMRH? = pp, + pr + py,

Sample fields around MEDE trajectory and evolve

_pmt4p/3+ ¢ — 1

~N

2

7= 2MZ,

/
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HegynlHuepe = 1

W=+ [Mp]

== CME + DESI
sk I CME + DESI+ DES-Dovelde
: B CME + DESI+ PantheonPlus
B CMEB + DESI+ Uniond
~ .o .
- -
06 - ~.
“o 5
] ]
& -7 L
L L.
- - -
04 p e Ft
: I
0zr
L 1 L 1 L
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0.002 F 10 N
I o2 f
o.001 _uf ER T
0.000 Y L oaf
s 12 N 1 @
—0.001 | & oab
—0.002 F 13 1 s
2
—0.003 | 14 3 —0.5
o004 i i i i 15E i i i L L AL A
00 05 10 L5 20 25 3 00 05 10 15 20 25 30 107% 102 1071
k [hMpc!]
0.010 F (e)_‘ PEAPCAFOSCA 060 F(N T T MEDE Be |
1aF® e ve * e ot ] —— MEDE median
O .. 055 F O DESIDR1 ShapeFit
005k "8, 0 L0 Lt e »*
. ’ 12F ¢ 0.50 F
. = i = 045 F
0.000 [« s 5 10Fe 5
. = % = a0k
- o -
~0.005 [+ %, o8 035 F
030 f
oS i " e’
—0.010 |, . T . oz |

L L L I
-0.010 —-0.005 0.000 0.005 0.010

Gi— ¢ (Mn]

Test

I s s 1 L
06 08 10 12 14

00 05 10 15 20 25 30
Bty + ‘

MEDE mapped to CPL

Quintom-A Cuintessence
00f——=———S g ————————— e mmmmm - — ]
=[5
=
=
=1.0F
—~ = OMBE + DESI “a .
) B CME 4 DESI + DES-Dovekle e 1
~La} P CMEB + DESI + PantheonPlus
Fhantom e CME + DESI+ Unload Quintom-B
=12 =1.0 =(.8 e L] =04 =2

Wy

Coneclusion. — Present distance data place a phantom-
divide transition near z ~ (0.4-0.5, although CPL fits the
same data equally well. The principal result is therefore
dynamical rather than statistical. Once a representa-
tive potential is fixed, the coupled field and Friedmann
equations reproduce the expansion; the crossing persists
across a finite range of late-time initial conditions; and
the field perturbations remain regular through w = —1.
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Is Dark Energy evolving in time?

the DESI data for the first time gave a strong support for the time evolving
cosmic equation of state

. 9.5. 3ENbAOBUY

Is this a “funeral” of LCDM ? RO
Not really — remember Yakov Zeldovich saying o

“ cosmological constant is like a

jinn from the bottle — once released, it's not easy
to put it back there

But we should try — more alternative probes are
needed

-
o
a
o
=
o
7
£
3
-~
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The power of modern cosmology is not in single dedicated experiments,
but in building consistency across various independent and alternative probes
and techniques.

Direct measurements of H(z)

1. BAO at different redshifts

. . H( ):E:_Ld_ZJ =_L —dz
2. Redshift drift [ g a l+zdt H(z) 1+z A(Z’iSFH) dD4000,
Jimenez & Loeb (2002)
3. COSTT]iC Ch ronometers D4000 break — onset of series of metal

absorption features

passively evolving galaxies

aaaaa

vW’i‘rV”M"»w.s’”(‘l"“l
0 ALM ww]{w i
red = 4000+ 4100 A
D4000 = F(red) / F(blue)
blue = 3850 - 3950 A

L L
5000 6000
elength [A]

,red nuggets” — promising CCs
(K.Lisiecki et al. A&A 2023)
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Strong lensing combined with stellar kinematics

1. The simplest lens model  p(r) = 5 o
Singular Isothermal Sphere o2
ﬁ'lr.; =4 ( )

Stellar kinematics

{ﬁp'e::l:ruﬂin py) {5| 5] c
( . .
.\Q 2. Spherically symmetric power-law
mass density profile p(r) ~r .
Gravitational lensing stellar dynamics (spherically symmetric Jeans equation):

mass projected inside the aperture radius
scaled to the Einstein radius

Strong lensing: mass inside the "\
El.nstem Ed;;ﬁ;‘”_, CD:' 1' T, 0\ 2 ) o — _Jx Uh\f Ok l 'j.t, :
Mions = =——0% My, = =02, Dif (H.-.-) f(3) {,k D. } o

3. More general spherically symmetric power-law model \/

r L
plr) = f‘u[r_] total mass
N

p(r) = p..(L) _luminous matter
i

Iiry=1 - a’ /ot stellar anisotropy 10
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Strong lensing cosmography - e.o.s. of the Universe
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Cosmoloqical applications of strong lensing systems

« SL systems may have different degeneracies than SN Ila

h I
oD 24 | sensitivity wrt. cosmologlcal

8 6171 | parameters
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More cosmological applications of strong lensing systems

« Measurements of cosmic curvature

Distance sum rule — valid in any FLRW metric dis = A/ 1+ Qed? dg — /1 + Qd? d

Q(z,24) =

This is a function of two redshifts, but within the FLRW metric
it should be just a single number !

e Tests

dr+d*+d 28242 224> -2d2d2
[T Ty [t L s $ s J..Qi, MB et al. MNRAS 2019

Ad?d*d? .

1454 S. Cao, MB et al. SciRep 2019
T. Liu MB et al. MNRAS 2020
J. Qi, MB et al. MNRAS 2021
S.Cao, MB et al. ApJ 2022

of GR — y PPN parameter and modified gravity
/= 0.9955 [SST

A~y
S. Cao, MB et al. ApJ 2017
Y.Lian MB et al. MNRAS 2021 Y

~ 1072 — 1074
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Conclusions

History of modern cosmology witnessed numerous tensions.

Age of the Universe vs. globular clusters ...
matter budget issues ...

Modern tensions are embedded in subtle issues of calibrations and
systematics

Their persistent significance may be telling us something,

e.g. that ACDM model or even FLRW framework are too simplified.

We need further development of alternative cosmological probes (strong lensing,
GW standard sirens, lensing of transient events, AGNs, compact radio-sources,
etc. )
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Supplementary slides — Hubble tension
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Tensions within ACDM

* H, tension — persistent significant disagreement between

early g — 674405 kms ' Mpe!
and
late-time cosmological probes T e

B KiDS-10003 ¥ 2pt
L}

Ho=T73.17+£0.86 kms ' Mpc™' CMB -

0.9

Sg = 0.834 £ 0.016 ) -

. Sg tension DES3Y d C%

0.6

N N X Sy = 0.772+ 0.017  CreditC Heymanset al. 2020
Ss = 05/ /0.3 parameter. i arXiv:2007 15632
o LETTERS
*  Cosmological constraints from the Hubble
« diagram of quasars at high redshifts
« Curvature parameter Q, clagram of au 8
g
., . 2 @
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©ES0M2 Astrophysics
Planck evidence for a closed Universe and : :=

possible crisis for cosmology

i 1.00
<

Tension with the flat ACDM model from a high-redshift Hubble
diagram of supernovae, quasars, and gamma-ray bursts

E. Lusso'?, E. Piedipalumbo®*, G. Risaliti' %, M. Paolillo’**, 5. Bisogni’, E. Nardini’, and L. Amati**

Eleonora Di Valentino', Alessandro Melchiorri ©2* and Joseph Silk***
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« Validity of ACDM itself — DESI results gave evidence of evolving DE
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Early time probes CMB, BAO

Planck 2018 results

V4361201533910 tronomy

Strophysics
Special issue

Planck 2018 results

V1. Cosmological parameters

Planck

90° 18°

s

Angular scale
0.2°

Sound waves in primordial
plasma:

|
S

~3

e

standard ruler
— sound
horizon

Galaxy map 3.8 billion years ago Galaxy map 5.5 billion years ago CMB 13.7 billion years ago

calculated

50 500 1000

1500 2000

Multipole moment, £ Wk ey -DA (Z — ]_ 100)

Table 2. Parameter 68% intervals for the base-ACDM model from Planck CMB power spectra, in combination with CMB lensing reconstruction
and BAO. measured
TT+lowE TE+lowE EE+lowE TT.TEEE+lowE TT.TE.EE+lowE+lensing  TT.TE.EE+lowE+lensing+BAO
Parameter 68% limits 68% limits 68% limits 68% limits 68% limits 68% limits
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[ 0.1206 + 0.002 0.1200 + 0.0012 0.11933 + 0.00091 r 1
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neoL.. 0.9626 £ 0.005 1967 = 0. =04 5649 £ 0.0044 0.9649 + 0.0042 0.9665 + 0.0038 E ]
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r<=147.6 Mpc from Planck and BBN 35
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Measuring H, with CMB

StepS With|n ACDM See e.g. Knox & Millea's Hubble Hunter's Guide, PRD 101 (2020) 043533

@ Infer wy, from even/odd peak height modulation

@ Infer wy, from “potential envelope” effect (early ISW effect)
o Calculate ry ~ [7™ dz cs(z, wp)/Vwm(l + 2)3 +w, (14 z2)*
@ Measure 05 ~ /Al from peak spacing

e With r} and 65 known, infer D} = r} /05

Here ACDM is assumed

. o Hery
" Dale) UzEtt)

ba|—=

r,=147.6 Mpc from Planck and BBN  E(2) = [Qom (1 + 2)° + (1 — Qo)]
values of p,, py and pcpwm

Degeneracy between rg and Hy and E(z).




Composite Milky Way Globular Cluster CMD

Late time probes

Hy from
Tip of Red Giant
Branch

1.2

H, from 3-rung distance ladder
Cepheids

Type la supernovae — redshift (z)
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Systematics:

multiple photometric systems 1-2% " S

crowdin g 1, from geometry

. e.g., Gaia, MCs, NGC4258 %o
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Cepheids in binaries Hy=70.39 +1.22 (stat) £ 1.33 (sys) £ 0.70 (osn)
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Measuring Hy with standard candles:
late time calibrators

Fit for Hy using SNla Standard Candles, (0.02<z<0.1)

fit with approximate formula (0.01<z<0.1)

= od
= ] Z ].
dr c(l + )]0 H(Z’) DL(:-QO) = ¢z [1 + 3(1 - qo):}
dr (z _
a(e) =M1+ Stogo [+ 25 e

m(2) = M 4 5logyo (Dr(z))
Dy(2) = Hydp(2) mi‘f( ) oo D

C
measure  measure locally (z<0.01, 40Mpc) using Fit (assume M is the
Degeneracy between M (measured at z<0.01) and H, relative distance indicators (e.g. Cepheids) same in the Hubble
(fit at z> 0.01). No E(z)=H(z)/H, dependence. flow (z>0.01))

Fit for H(z) and cosmological parameters (Qqm) Zmax™2-

Parametrize | | | M (Qom, M) = 5 1og1oDr(2; Qom) + M (M, Hy)
H(Z): H(:)z - lt*r[‘]2 [Q(}m(l + :)3 + (1 o Q(]m_)} z ds'
Di(z.Qom) =c(l + = / -
L( ’ J (( ) 0 [Qﬂm(l + -:f)g + (1 - Szl']m)]l/2
Minimize:
¢/Hy

+25

5 Mpe

T

< Mobs.i — Ml zi: Qom. M M = M + 5l
.\Z(J\/[.QO;H)_Z[ d en2i3 Qom, M) "9
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Issues in the SHOES Analysis for H,

SNIla calibration parameters:
absolute magnitude M,

color and stretch parameters (a,8) best fit values of these parameters

are not consistent among different subgroups of
Cepheid calibration parameters: SNla+Cepheid data

bw (period-luminosity),
Zy (metallicity-luminosity),

Mw (Cepheid zero-point amplitude), E.Mortsell, A. Goobar, et al. ApJ 2022
Rw (Cepheid color-luminosity) R. Woijtak, J. Hjorth, MNRAS 2022



CMB with Planck

Balkenhol et al, (2021), Planck 2018+ SPT+ACT : 67.49 £ 0,53
Pogosian et al. (2020), eBOSS+Planck 0, H: 69.6 + 1.8
Aghanim et al. {2020}, Planck 2018: 67.27 £ 0.60

Aghanim et al. (2020), Planck 20184+ CMB lensing: 67.36 + 0.54
Ade et al, (2016), Planck 2015, Hp = 67.27 £ 0.66

CMB without Planck

Dutcher et al. (2021), SPT: 68.8 = 1.5

Aiola et al. {2020), ACT: 67.9 = 1.5
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lvanov et al. (2020), BOSS+BBN: 67.9 = 1.1
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Pi(k) + CMB lensing
Philcox et al, (2020), P{k)+CMB lensing: 706231

Cepheids — SNla

Riess et al. {2020}, R20: 73.2+ 1.3

Breuval et al. (2020): 72.8x 2.7

Riess et al. (2019), R19: 74.0 £ 1.4
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fﬁiﬁﬁﬁiﬁ”c Hubble constant
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H, = (68.53 +0.80) kms ™' Mpc™*

Hy = (68.52 +0.62) kms * Mpc*
DESI + 0, + BBN

¢ Consistency with SDSS
¢ |In agreement with CVIE
¢ |In 3.7¢ tension with SHOES

Credit: A.de Mattia Moriond 2024
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Abstract

In this Letter, we use the latest results from the Dark Energy Spectroscopic Instrument (DESI) survey to measure
the Hubble constant. Baryon acoustic oscillation (BAO) observations released by the DESI survey, allow us to
determine H, from the first principles. Our method is purely data-driven and relies on unanchored luminosity
distances reconstructed from Type Ia supernovae (SN Ia) data and H(z) reconstruction from cosmic chronometers.
Thus, it circumvents calibrations related to the value of the sound horizon size at the baryon drag epoch or intrinsic
luminosity of SN Ia. We find Hy = 684°}3 kms'Mpc ' at a 68% confidence level, which provides the
Hubble constant at an accuracy of 1.3% with minimal assumptions. Qur assessments of this fundamental
cosmological quantity using the BAO data spanning the redshift range z = 0.51-2.33 agree very well with Planck’s
results and TRGB results within 1. This result is still in a 4.3o tension with the results of the Supernova HO for the
Equation of State.

0.0 0.5 1.0 15 2.0 25

Figure 1. Reconstructed Hodr from SN Ia data using Gaus-
sian regression. The black dashed line shows the best-fitted
ACDM model. The residuals between reconstructed Hodv
and the best-fit ACDM are also shown in the bottom panel.
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— z=0.93 5 Table 1
— z=1.317 | Value of the Hubble Constant at Different Redshifts Corresponding to BAD DESI| 2024
—— 2=2.33 Data Points from DESI .
— AIBAO 5 BAO data points
SHOES z Hy
E Planck (km 5! Mpc_l}
[« 9
TRGB Total 684751
0,51 634737
0. 706 ?2.4j§:§
0.93 708 + 1.8
1.317 67973
2.33 67.5 £ 2.3 42
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In ACDM, the tension between the
DESI+BBN and SHOES H,

(Breuval++2024) now stands at
4.50, independent of the CMB.
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Their persistent significance may be telling us something,

e.g. that ACDM model or even FLRW framework are too simplified.

I |
2005 2010
Publication Year

We need further development of alternative cosmological probes (strong lensing,
GW standard sirens, lensing of transient events, AGNs, compact radio-sources,

etc. )
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