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Cosmic observables 
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Distance ladder
Strong lensing time-delays  
Standard sirens 

Baryon acoustic oscillations / 
Galaxy power spectra 
Weak lensing 
Redshift space distortions 
Supernovae 

CMB gravitational lensing
Reionisation 

CMB spectra 
Light element abundances 
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Distance ladder 

Baryon acoustic oscillations 
Supernovae 

CMB gravitational lensing

CMB spectra 
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Cosmic observables 

Observable Parameters probed Physics sensitivity 
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The CMB is sensitive to the background universe 
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Distance to CMB 
Ὀ ᶿρȾὌ

Precisely measured 
—z is an approximate 
proxy for CMB peak 
locations

Cartoon by Tristan L. Smith 
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Cosmic observables 

Observable Parameters probed Physics sensitivity 

CMB primary anomalies —z Background 

CMB lensing 

BAO 

Supernovae 
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The CMB is sensitive to perturbations 
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approximate proxy for CMB 
peak locations
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CMB primary anomalies —z Background + perturbations 

CMB lensing 
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Supernovae 
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CMB can probe ɤCDM Parameters

Å—z - angular size of the sound horizon

Å‫ ɱὬ - the fractional density of 
baryons

Å‫ ɱὬ - the fractional density of 
cold dark matter

ÅÌÎρπὃ ςamplitude of the primordial 
power spectrum

Åὲ - primordial spectrum power-law index 

Å†- the optical depth to reionization 
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Planck [1807.06209]
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CMB lensing 
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CMB lensing 
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CMB lensing is sensitive to 
background and perturbations 
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ACT [2304.05203]

Lensing kernel for CMB ςsensitivity in redshift  CMB lensing power spectrum 



Cosmic observables 

Observable Parameters probed Physics sensitivity 
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Baryon acoustic oscillations trace the same 
physics as the CMB at nearer redshifts 
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Standard ruler in galaxy clusters
Dark Energy Spectroscopic Instrument 
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Otavio Alves
U Michigan 



BAO are sensitive the the background universe 
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DESI [2503.14738]
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BAO probe Ὄᾀ
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DESI [2503.14738]
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Supernovae probe Ὄᾀ
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Supernovae are sensitive to the background universe 

TANVI KARWAL, KAVLI INSTITUTE FOR COSMOLOGICAL PHYSICS, UNIVERSITY OF CHICAGO 27

DES [2401.02929]

Within flat ɤCDM, 
supernovae probe ɱ

Ὄ is completely 
degenerate with their 
absolute magnitude ὓ
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The distance ladder probes only the background Ὄ

Source: Hubble Space Telescope 

Our own galaxy: 
Parallax distance

Calibrate brightness  

Nearby galaxies: 
Cepheid brightness
Calibrate distance 

Faraway galaxies: 
Supernova brightness

Calibrate distance
at ᾀḗπȢρυ
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Cosmic observables 

Observable Parameters probed Physics sensitivity 
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Phenomenological cosmology 

ÅObservables 

ÅHubble tension 

ÅEvolving dark energy

ÅNeutrinos  



Hubble tension current status 
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ACT [2503.14452]

Tension persists between the two most precise 
measurements 

Å Using the distance ladder ςSH0ES

Å Using ɤCDM and the CMB ςPlanck + ACT



Phenomenological insight 
to resolve the Hubble tension 
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Precisely measured 
—z is an approximate 
proxy for CMB peak 
locations

Cartoon by Tristan L. Smith 
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In support of an early universe 

modification:
Karwalet al [1608.01309]

Planck [1807.06209]
Bernal et al [1607.05617]
Evslinet al [1711.01051]
Ayloret al [1811.00537]

Raveriet al [2002.11707]
Χ
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Observed CMB

Decrease ὶ

Increase Ὄ

Disagreement with 
observed CMB

Observed CMB

Combined 
effect

Hubble constant sound horizon 



ÅDecrease the sound horizon ὶto increase the predicted Ὄ .
New physics must be added before the CMB.

ÅNew physics must vanish post recombination 
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Phenomenological insight 
to resolve the Hubble tension 



Early dark energy fits this phenomenology 

Additional energy component that  
increases the pre-CMB expansion rate 

Åɤ-like behaviour initially 

ÅThen dilutes faster than matter at ύ

ÅLocalised peak in Ὢ at ᾀ
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Ὢ - how much EDE
ᾀ - when EDE appears
ύ - how fast is disappears 

TK and Kamionkowski [1608.01309]



Numerous EDEs 
fit this phenomenology 
Å Early Dark Energy, the Hubble Parameter, and the String 

Axiverse
TK& Kamionkowski [1608.01309]

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

Å Early Dark Energy Can Resolve The Hubble Tension
Poulin, TKet al [1811.04083]

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

Å Chameleon Early Dark Energy and the Hubble Tension
TK, Raveri, Jain, Khoury, Trodden [2106.13290]

Å Thermal Friction as a Solution to the Hubble and 
Large-Scale Structure Tensions
Berghaus & TK[2204. 09133]

Å An Attractive Proposal for Resolving the Hubble Tension: 
Dynamical Attractors that Unify Early and Late Dark 
Energy 
Ramadan, TK& Sakstein[2309.08082]
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Non-comprehensive list: 

Å Rock 'n' Roll Solutions to the Hubble Tension. Agrawal et al [1904.01016]

Å Axion-DilatonDestabilization and the Hubble Tension. Alexander & McDonough [1904.08912]

Å Acoustic Dark Energy: Potential Conversion of the Hubble Tension. Lin, Raveri, Hu 

[1905.12618]

Å Oscillating scalar fields and the Hubble tension: a resolution with novel signatures. Smith, 

Poulin, Amin [1908.06995]

Å New Early Dark Energy. Neidermann& Sloth [1910.10739]

Å Early Dark Energy from Massive Neutrinos as a Natural Resolution of the Hubble Tension. 

Sakstein& Trodden [1911.11760]

Å Unifying Inflation with Early and Late-time Dark Energy in F(R) Gravity. Nojiri et al [1912.13128]

Å Is the Hubble tension a hint of AdSphase around recombination? Ye & Piao [2001.02451]

Å Unified framework for early dark energy from -hattractors. Braglia et al [2005.14053]

Å A novel early Dark Energy model. Garcia, Castaneda, Tejeiro [2009.07357]

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

Å The Early Dark Sector, the Hubble Tension, and the Swampland. McDonough et al 

[2112.09128]

Å Effects of a Geometrically Realized Early Dark Energy Era on the Spectrum of Primordial 

Gravitational Waves, Oikonomou et al [2206.00721]

Å Early dark energy and the screening mechanism, Sadjadi et al [2205.15693]

Å Early Dark Energy from a Higher-dimensional Gauge Theory, Kojima et al [2205.13777]

Å Unifying inflation with early and late dark energy with multiple fields: Spontaneously broken 

scale invariant two measures theory,  Guendelmanet al [2201.06470]

Å Quintessential early dark energy, Sohail et al [2408.03229]

Å Thermo-Coupled Early Dark Energy, Kamionkowskiand Mathur [2411.09747]

Å Interacting Early Dark Energy, Bisabr[2409.08548]

Å Χ
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Numerous EDEs 
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Ultra-light-axion-inspired EDE 
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Based on Poulin,.. TK, et al [1806.10608]

ὠ‰ ᶿ ρ ÃÏÓ‰



EDE still a viable solution after DESI and ACT 
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Poulin et al [2505.08051]
See also 

Allali, PranitiSingh et al [2503.05691]
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Phenomenological cosmology 

ÅObservables 

ÅHubble tension 

ÅEvolving dark energy

ÅNeutrinos 



BAO and supernovae need more 
flexibility than just ɱ
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DESI [2503.14738]

ɤCDMcannot fit both BAOand SNe
with the sole freedom of ɱ

More freedom is needed, egthrough freeing ύύ
to fit both simultaneously  



Discrepancies in ɱ under ɤCDM 
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Tang, Brout. TK, et al [2412.04430]

Under ɤCDM, data prefer 

ɱ ɱ ɱ

Mock data generated in 
data-preferred ύύ cosmology 
echoes the same variation in ɤCDM ɱ

See also Berghaus et al [2404.14341] 



Discrepancies in ɱ under ɤCDM preference for ύύ
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Tang, Brout. TK, et al [2412.04430]

ɤCDM mock data with 

ɱ ɱ ɱ

manifests as preference for 
ύύ cosmology 



Preference for ύύ is stableacross DR1 and DR2 
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DESI [2404.03002] DESI [2503.14738]



Preference for ύύ is not a prior volume effect 
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Tang, Brout. TK, et al [2412.04430]

ɤCDM mock data 
analysed under ύύ
recover ɤCDM 



Data prefers a phantom crossing 
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DESI [2503.14738]

ύύ allows phantom crossing 

It does not phenomenologically 
trace scalar-field dark energy 
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Phenomenological cosmology 

ÅObservables 

ÅHubble tension

ÅEvolving dark energy  

ÅNeutrinos 



ɽCDM cosmology prefers negative neutrino masses
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DESI DR2 BAO + DESI DR1 full shape [2503.14744]



BAO preference for low ɱ drives ὓ ḳɫά constraint 
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Jhaveri, TK, Hu [2504.21813]

Tanisha Jhaveri, 
U Chicago 



Freedom in ὃ , †or ύύ brings ɫά into 
agreement with terrestrial experiments 
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Jhaveri, TK, Hu [2504.21813] DESI DR2 BAO + DESI DR1 full shape [2503.14744]



Freedom in ὃ , †or ύύ brings ɫά into 
agreement with terrestrial experiments 
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Jhaveri, TK, Hu [2504.21813] DESI DR2 BAO + DESI DR1 full shape [2503.14744]

The ɱ ᴾὃ degeneracy is further 
degenerate with !

†is degenerate with ὃ which 
through CMB lensing tied to ɱ

ύύ freedom relaxes preference for small ɱ



Takeaways 
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Observable Parameters probed Physics sensitivity 

CMB primary anomalies ‫ȟ†‫ȟ—zȟὃȟὲȟ Background + perturbations 

CMB lensing ɱ ȟὃ but degenerate Background + perturbations 

BAO ɱ ȟὌὶƻǊὌᾀȾὌ Background 

Supernovae ɱ or ὌᾀȾὌ Background 

Distance ladder Ὄ Background 

Å The Hubble tension persists 
with DESI BAO and ACT CMB 

Å Likely requires an 
early-universe solution 

Å Early dark energy 
remains  viable

Å Discrepancies in ɱ across 
BAO, CMB and SNe lead to 
preference for ύύ

Å Preference is stable and 
free of prior-volume effects 

Å BAO preference for low ɱ
leads to strong constraint on 
ɫά

Å Freeing ὃ , †or ύύ shifts 
ɫά back into agreement with 
normal ordering 

Hubble tension Evolving dark energy Neutrino masses 
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Back-up slides 
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Several ύύ cosmologies can generate the observed 
differences in ɤCDM ɱ across CMB, SNe and BAO data 

TANVI KARWAL, KAVLI INSTITUTE FOR COSMOLOGICAL PHYSICS, UNIVERSITY OF CHICAGO 58

Tang, Brout. TK, et al [2412.04430]



†freedom can reconcile minimal mass neutrinos 
from the CMB with either BAO or SNe but not both 
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Jhaveri, TK, Hu [2504.21813]


