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Cosmic observables
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Cosmic observables
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Cosmic observables

Observable Parameters probed Physics sensitivity

CMB primary anomalies

CMB lensing
BAO
Supernovae

Distance ladder
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Cosmic observables

Observable Parameters probed Physics sensitivity

CMB primary anomalies Background

CMB lensing

Distance ladder
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The CMB Is sensitive to the background universe

Precisely measured
— IS an approximate

— Radiation

proxy for CMB peak Matter , Distance to CMB

—— Cosmological Constant

locations 0 8 pfo

Cartoon by Tristan L. Smith
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Cosmic observables

Observable Parameters probed Physics sensitivity

CMB primary anomalies Background

CMB lensing

Distance ladder
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The CMB Is sensitive to perturbations
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Precisely measureé-is an
approximate proxy for CMB
peak locations

Maximum variation at
—D p* scales
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Cosmic observables

Observable Parameters probed Physics sensitivity

CMB primary anomalies Background + perturbations

CMB lensing

Distance ladder
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CMB can probeeCDM Parameters

AT m "Q -the fractional density of
baryons
AT m "Q - the fractional density of

cold dark matter

Al Ip mod ¢amplitude of the primordial
power spectrum

A € - primordial spectrum powetaw index

A 1 -the optical depth to reionization

TANVI KARWAL, UNIVERSITY OF PENNSYLVANIA
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CMB can probeeCDM Parameters

A7 m "Q - the fractional density of
cold dark matter

Al Ip mod ¢amplitude of the primordial
power spectrum

A € - primordial spectrum powetaw index

A 1 -the optical depth to reionization
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CMB can probeeCDM Parameters
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CMB can probeeCDM Parameters

A7 m "Q - the fractional density of
cold dark matter

Al Ip md ¢amplitude of the primordial
power spectrum

A 1 -the optical depth to reionization 00 o0 10 2000 2900

Planck [1807.06209]
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Cosmic observables

Observable Parameters probed Physics sensitivity

CMB primary anomalies h—D rE ht Background + perturbations

CMB lensing

Distance ladder

TANVI KARWAL, KAVLI INSTITUTE FOR COSMOLOGICAL PHYSICSOBFNIAERSEO 16



CMB lensing

UNLENSED




CMB lensing

LENSED




CMB lensing is sensitive to
background and perturbations

for CMBC¢ sensitivity in redshift CMB lensing power spectrum

Age (years)
10° 108

—— Planck CMB aniso. ACDM prediction
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ACT [2304.05203]
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Cosmic observables

Observable Parameters probed Physics sensitivity

CMB primary anomalies { D [ h Background + perturbations

CMB lensing o Background + perturbations
but degenerate

BAO
Supernovae

Distance ladder

TANVI KARWAL, KAVLI INSTITUTE FOR COSMOLOGICAL PHYSICSOBFNIAERSEO 20



Baryon acoustic oscillations trace the same
physics as the CMB at nearer redshifts

DESHeew2y'3 {S20d b1 L




tandard ruler in galaxy clusters
ark Energy Spectroscopic Instrument

Otavio Alves
U Michigan



BAO are sensitive the the background universe

Pl-t —

Distance to BAO

: P P
8 8
o Ao O

andm dependence

rom CMB

BAO measure angles
|
0

oTO Ol
andm dependence

TANVI KARWAL, KAVLI INSTITUTE FOR COSMOLOGICAL PHYSICSOBFNIAERSEO

BGS
LRG1
LRG2
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Lya
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DESI [2503.14738]
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BAO probeQ(a)

Isotropic BAO Distance

Distance to BAO

o P
)

Q@ DESI DR2
® DESI DRI

DESI [2503.14738]
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Cosmic observables

Observable Parameters probed Physics sensitivity
CMB primary anomalies { D [ h Background + perturbations

CMB lensing o Background + perturbations
but degenerate

m hOi 2 K¥a FO Background

Distance ladder
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Supernovae probé& )

CfA/CSP + Foundation sample (194 SNe Ia)
DES-SN (1635 SNe Ia)

: Median p uncertainty
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Residuals from
best fit FlatwCDM

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

Redshift

DES [2401.02929]
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Supernovae are sensitive to the background universe

-- CMB
——- BAO+3x2pt

= DES-SN5YR+CMB

Within flat ¥CDM,
supernovae proben

= DES-SN5YR+CMB+BAO+3x2pt

‘O is completely
degenerate with their
absolute magnitude

DES [2401.02929]

TANVI KARWAL, KAVLI INSTITUTE FOR COSMOLOGICAL PHYSICSOBFNIAERSEO 27



Cosmic observables

Observable Parameters probed Physics sensitivity

CMB primary anomalies { D [ h Background + perturbations

CMB lensing o Background + perturbations
but degenerate

m hOi 2 K¥a FO Background

Supernovae m or'Oa 10O Background

Distance ladder
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Distant galaxies

in the expanding

universe hosting
Type la supernovas

The distance ladder probes only the backgroid

Cepheids Galaxies

within the hosting
Large Cepheids X
Magellanic  and Type la a b
Cloud supernovas ' .
v ‘5 ) - - ,,
> i ~ o
Earth 2 e ‘ B S
® Wl a%-" e O aVAVAVAV YT % o "
: WL, & _aa
' -, ¥ '~ Light red-shifted (stretched b ion of ' « &
-7 X - ight red-shifted (stretched by expansion of space) . >
s ar Pl E - » &
Our own galaxy: Nearby galaxies: Faraway galaxies:
Parallax distance Cepheid brightness Supernova brightness
Calibrate brightness Calibrate distance Calibrate distance
atagé T v

180,000 24 -100 million 100 million-1 billion

Source: Hubble Space Telescope
LIGHT-YEARS
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Cosmic observables

Observable Parameters probed Physics sensitivity

CMB primary anomalies { D [ h Background + perturbations

CMB lensing o Background + perturbations
but degenerate

m hOi 2 K¥a FO Background
Supernovae m or'Oa 10O Background

Distance ladder " Background

TANVI KARWAL, KAVLI INSTITUTE FOR COSMOLOGICAL PHYSICSOBFNIAERSEO 30



p [ ‘
.
56, . . . ’

-

" .
? :
. - ; '.. :
- -
: - ’ . g

i

~+_ A Hubble tension T

\ 1

.~ ANeutrinog e
. ._ “ ;

-

L o)

& i
>

”

[ . g

Ay S 4 ’ Ve 7 ' g
TANVI KARW)?&, KAVLI INSTITUTE FOR COSMOLOGICAL PHY SIOSOBNRERSEO

A Observables®, " =", ' [

A Evolvihg Hark e'nerg‘y 8.

e

fa

.’

- Phenomenologicat cesmolog

"

Y

I

31



Hubble tension current status

Tension persists between the two most precise
measurements

~J
N

A Using the distance ladderSHOES

~J
o

A UsingyCDM and theCMBc¢ Planck + ACT

[@)]
co
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o
=
-
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Ry

ACT [2503.14452]




Phenomenological insight
to resolve the Hubble tension

Precisely measured
— IS an approximate

— Radiation

proxy for CMB peak Matter

—— Cosmological Constant

locations

Cartoon by Tristan L. Smith

TANVI KARWAL, KAVLI INSTITUTE FOR COSMOLOGICAL PHYSICSOBFNIAERSEO
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For precisely measured-
~D DI O

pf O

O pfO
In support of an early universe
modification:

Planck [1807.06209]

Bernal et al [1607.05617]

Evslinet al [1711.01051]

Ayloret al [1811.00537]

Raveriet al [2002.11707]
X
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Hubble constant sound horizon

IncreaseO

Disagreement with Combined

observed CMB effect

Observed CMB Observed CMB

Decrease




Phenomenological insight
to resolve the Hubble tension

A Decrease the sound horizonto increase the predicted .
New physics must be added before the CMB.

A New physics must vanish post recombination




Early dark energy fits this phenomenology

Additional energy component that -
Increases the pr€MB expansion rate ~ Radiation

—— Cosmological constant
—— Early dark energy

A ¥-like behaviour initially

A Then dilutes faster than matter at

0
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A Localised peak in — at

- how much EDE
-when EDE appears
- how fast is disappears

and Kamionkowski [1608.01309]
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Numerous EDES
fit this phenomenology

A

Early Dark Energy, the Hubble Parameter, and the String
Axiverse _
TK& Kamionkowski [1608.01309]

Cosr_noIquicaI Implications of Ultralight Axionlike Fields
Poulin, TKet al [1806.10608]

Early Dark Energy Can Resolve The Hubble Tension
Poulin, TKet al [1311.04083]

Thermal Friction as a Solution to the Hubble Tension
Berghaus & K[1911.06281]

Chameleon Early Dark Ene(rjgc?/ and the Hubble Tension
TK Raverj Jain, Khoury, Trodden [2106.13290]

Thermal Friction as a Solution to the Hubble and
LargeScale Structure Tensions
Berghaus & K[2204. 09133]

An Attractive Proposal for Resolvin

[E)ynamlcal Attractors that Unify Early and Late Dark
ner

Ram%anjl’K& Saksteirf2309.08082]

the Hubble Tension:

Non-comprehensive list:

A
A
A

Do o Do o o e

o

Do I Do 3>

Rock 'n' Roll Solutions to the Hubble Tension. Agrawal et al [1904.01016]
AxionDilatonDestabilization and the Hubble Tension. Alexander & McDonough [1904.0891

Acoustic Dark Energy: Potential Conversion of the Hubble TensioRalerj Hu
[1905.12618]

Oscillating scalar fields and the Hubble tension: a resolution with novel signatures. Smith,
Poulin, Amin [1908.06995]

New Early Dark Enerdgyeidermann& Sloth [1910.10739]

Early Dark Energy from Massive Neutrinos as a Natural Resolution of the Hubble Tension.
Sakstein& Trodden [1911.11760]

Unifying Inflation with Early and Latene Dark Energy in F(R) Gravity. Nojiri et al [1912.1312
Is the Hubble tension a hint &dSphase around recombination? Ye & Piao [2001.02451]
Unified framework for early dark energy fromattractors. Braglia et al [2005.14053]

A novel early Dark Energy mod@larcia, Castaneda, Tejeiro [2009.07357]

Neutrino-Assisted Early Dark Energy: Theory and Cosmology. Gonzalez et al [2011.09895]

The Early Dark Sector, the Hubble Tension, and the Swampland. McDonough et al
[2112.09128]

Effects of a Geometrically Realized Early Dark Energy Era on the Spectrum of Primordial
Gravitational Waves, Oikonomou et al [2206.00721]

Early dark energy and the screening mechanism, Sadjadi et al [2205.15693]
Early Dark Energy from a Highimensional Gauge Theory, Kojima et al [2205.13777]

Unifying inflation with early and late dark energy with multiple fields: Spontaneously broken
scale invariant two measures theor@guendelmaret al [2201.06470]

Quintessential early dark energy, Sohail et al [2408.03229]
ThermaeCoupled Early Dark Energgamionkowskand Mathur [2411.09747]
Interacting Early Dark Enerd3isabr2409.08548]
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Ultra-light-axioninspired EDE

W% e (p AT(R)
—— Radiation
Matter
—— Cosmological Constant

— EDE

&)
=]
5]
&
=
Q

Based on Poulin,T.K et al 1806.10608

TANVI KARWAL, KAVLI INSTITUTE FOR COSMOLOGICAL PHYSICSOBFNIAERSEO
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EDE still a viable solution after DESI and ACT

® Bayesian

®  [Frequentist

® Bayesian (w/ SHOES)
— P-ACT+DESI DR2
=== NPIPE+SDSS

b e

72
Hj [km/s/Mpc]
See also
Poulin et al 2505.08051 Allali, PranitiSinghet al [2503.05691]

TANVI KARWAL, KAVLI INSTITUTE FOR COSMOLOGICAL PHYSICSOBFNIAERSEO 41
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Isotropic BAO a0

BAO and supernovae need more
flexibility than justm

—
o
]

—
o
=

<
o)
o3

@ DESI
0.96 - — ACDM: CMB
ACDM: DESY5

DM cannot fit bothBACand SNe 941 omar pESIEOMB
with the sole freedom oim

(Dv/ra)/(D¥/rd?)

0.1 0.5 1
SN distance modulus p: DESY5
. . =
More freedpm IS neededgthrough freeing D kSys
to fit both S|mu|taneous|y . wCDM: DESI+CMB+DESY5

wowaCDM: DESI4+DESY5
= wowe CDM: DESI4+CMB+DESY5

DESI [2503.14738]

TANVI KARWAL, KAVLI INSTITUTE FOR COSMOLOGICAL PHYSICSOBFNIAERSEO 43



Discrepancies i) under¥yCDM

UnderyCDM, data prefer

m )

Mock data generated in
data-preferred0 0 cosmology
echoes the same variation yCDMm)

See also Berghaus et al [2404.14341]

TANVI KARWAL, KAVLI INSTITUTE FOR COSMOLOGICAL PHYSICSOBFNIAERSEO

SNe DESI: 0.295
— BAO

CMB

Input Q,

Real Observed

N

TT——
|

0.25 0.30 0.35

Fitted ACDM Q,, values |

Tang,Brout TK et al p412.04430
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Discrepancies imp undery¥CDM

BAO ACDM: Q,=0.295 Hg=68.5
CMB ACDM: Qn=0.315 Ho=67.3 |

SNe ACDM: Q. =0.353 |

- SNe + BAO
— SNe + BAO+ CMB

Tang,Brout TK et al p412.04430

TANVI KARWAL, KAVLI INSTITUTE FOR COSMOLOGICAL PHYSICSOBFNIAERSEO

preference for U

¥CDM mock data with

) )

manifests as preference for
O U cosmology

45



Preference fob 0 Isstableacross DR1 and DR2

DESI+CMB-+Pantheon+
DESI+CMB+Union3
DESI+CMB+DESY5
DESI+CMB

B DESI BAO + CMB + PantheonPlus
DESI BAO + CMB + Union3
W DESI BAO + CMB + DESY5

DESI [2404.03002] DESI [2503.14738]

TANVI KARWAL, KAVLI INSTITUTE FOR COSMOLOGICAL PHYSICSOBFNIAERSEO
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Preference foo 0 isnota prior volume effect

Bayesian Bayesian

MC MCMC

Profile Profile
likelihood likelihood

= True value =eeeee True value

¥CDM mock data
analysed undeb U

Bay recoveryCDM
el - T
T vlue Tre vle
Tang,Brout TK et al R412.04430
47
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Data prefers a phantom crossing

— wow,CDM
4 Binned w(z)

U U allows phantom crossing

It does not phenomenologically
trace scalaffield dark energy

DESI [2503.14738]

TANVI KARWAL, KAVLI INSTITUTE FOR COSMOLOGICAL PHYSICSOBFNIAERSEO
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[ CDM cosmology prefers negative neutrino masses

CMB
— DESI DR1 (FS+BAO) + BBN + (9*, ?'!.5)@1\.1]3
—— DESI DR2 BAO + CMB (Baseline)

—04 —0.2 0.0
Y myen[eV]

DESI DR2 BAO + DESI DR1 full shape [2503.14744]

TANVI KARWAL, KAVLI INSTITUTE FOR COSMOLOGICAL PHYSICSOBFNIAERSEO 50



BAO preference for lowy drivesb k t+& constraint

CMB + BAO
m CMB

\JJ

f &

Tanishalhaver;j
U Chicago

Jhaveri,TK Hu p504.21813

TANVI KARWAL, KAVLI INSTITUTE FOR COSMOLOGICAL PHYSICSOBFNIAERSEO 51



Freedom iro ,Torv U bringsta into
agreement with terrestrial experiments

CMB + BAO " | — DESI DR2 BAO + CMB (Baseline)

= = CMB (AL) + BAO —— DESI DR2 BAO + CMB + Pantheon+

DESI DR2 BAO + CMB + Union3
=== CMB (no low-£ EE) + BAO —— DESI DR2 BAO + CMB + DESY5

\

Jhaveri,TK Hu R504.21813 DESI DR2 BAO + DESI DR1 full shape [2503.14744]
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Freedom iro ,Torv U bringsta into
agreement with terrestrial experiments

CMB + BAO —— DESI DR2 BAO + CMB (Baseline)

1 —— DESI DR2 BAO 4+ CMB + Pantheon+
A CMB (A;) + BAO DESI DR2 BAO + CMB + Union3
| — CMB (no low-{ EE) + BAO —— DESI DR2 BAO + CMB + DESY5

—-0.4 —0.2 0.0
> My e [eV]

Them P 0 degeneracy is further 0 0 freedom relaxes preference for smail
degenerate with

tis degenerate witto which
through CMB lensing tied tm

JhaveriTK Hu p504.21813 DESI DR2 BAO + DESI DR1 full shape [2503.14744]
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Takeaways

CMB primary anomalies 1 h h-4d R nt Background + perturbations
CMB lensing m O but degenerate Background + perturbations
BAO m hOi 2 K¥a FO Background
Supernovae m or'Oa 10O Background
Distance ladder O Background
Hubble tension Evolving dark energy Neutrino masses
A The Hubble tension persists A Discrepancies in) across A BAO preference for low)
with DESI BAO and ACT CMB BAO, CMB and SNe lead to leads to strong constraint on
preference ford 0 ta
A Likely requires an
early-universe solution A Preference is stable and A Freeingd ,Torv 0 shifts
free of priorvolume effects ta back into agreement with
A Early dark energy normal ordering

remains viable
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Severab 0 cosmologies can generate the observed
differences imlfCDMm across CMB, SNe and BAO data

wow,CDM Cosmologies with
— each probe's ACDM's fitted Q, results
consistency with observed

Planck+DES SNY5+eBOSS+3x2pt

Tang,Brout TK et al p412.04430
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T freedom can reconcile minimal mass neutrinos
from the CMB with either BAO or SNe but not both

Jhaveri,l K Hu p504.21813



