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Timeline of the universe



Supernova Hubble diagram  
(binned; each error bar denotes ~20 SN)
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Makeup of universe today

Dark Matter 
(suspected since 1930s 

established since 1970s)

Dark Energy 
(suspected since 1980s 
established since 1998)

Also:  
radiation (0.01%)

Baryonic Matter 
(stars 0.4%,  gas 3.6%)



(Recent) constraints on dark energy

Matter density (relative to critical)
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Huterer & Shafer,  
Rep. Prog. Phys (2018)

70% of energy density is  
in DE (~30% is in matter)

…and DE equation of state is 
w ≡

pDE

ρDE
≃ − 1



Dark Energy: 
Two Grand Mysteries
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ρmat(a) ∝ a−3
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ρDE(a) ∝ a−3(1+w) � a0

Fine-tuning problem I: “Why now?” 
(the coincidence problem)



Fine Tuning Problem II: “Why so small?” 
(cosmological constant problem)

Vacuum Energy: Quantum Field Theory  
predicts it to be cutoff scale

60-120 orders of magnitude 
smaller than expected!!
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Current status of dark energy is therefore: 

1. Existence of dark energy has been established to 
a very high statistical significance (>100-sigma) 

2. The measurements are quite precise (and 
getting better). They are currently consistent 
with the cosmological constant (i.e. w = −1) 

3. Theory (i.e. a compelling theoretical 
explanation) is lagging far behind



Hubble Tension: 

SHOES (Riess et al 2022)

H0 = 73.04 ± 1.04 (km/s/Mpc)

CMB: (ACT 2025 + Planck 2018)

H0 =  67.62 ± 0.50 (km/s/Mpc)

Currently the premier challenge for the standard cosmological 
model, and the most exciting development in cosmology (imo).

delta Cephei

The namesake star in the very important class of stars known as Cepheid

variables, this star formed part of the original study in which Henrietta

Leavitt first discovered that the periods of luminosity were related to their

absolute luminosity. This has proved to be an important distance measuring

tool.

Analysis of the spectrum of delta Cephei suggests that along with the

variation in brightness there is a velocity of somewhat over 20 km/s

associated with the orbit, a swing in temperatre between 5500 K and about

6600 K, and a change in diameter of about 15% (Kaufmann).
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Cepheid Variables

Named after delta-Cephei, Cepheid Variables are the most important type of

variable because it has been discovered that their periods of variability are

related to their absolute luminosity. This makes them invaluable as a

contributer to astronomical distance measurement. The periods are very

regular and range from 1 to 100 days.

Index
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Concepts

Reference

Bennett,
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Ch. 19

The tension recently crossed the 5-sigma threshold;  
this is an important step!

Recent  

development



•Ground photometric:  
‣Kilo-Degree Survey (KiDS) 

‣Dark Energy Survey (DES) 

‣Hyper Supreme Cam (HSC)  

‣LSST on Vera Rubin Telescope 

•Ground spectroscopic: 
‣Hobby Eberly Telescope DE Experiment (HETDEX) 

‣Prime Focus Spectrograph (PFS) 

‣Dark Energy Spectroscopic Instrument (DESI) 

•Space:  
‣Euclid  

‣Roman Space Telescope 

Ongoing or upcoming DE experiments:



Dark Energy Spectroscopic Instrument (DESI)

•on 4m Mayall telescope at Kitt Peak (AZ) 
•international collaboration ~900 scientists, 72 institutions 
•5000 spectra at once (system built at Michigan - Tarlé group) 
•operating extremely well: up to 100,000 spectra per night! 
•world’s leading spectroscopic survey

1.dark energy 
2.neutrino mass 
3.primordial non-Gaussianity

DESI 
science:

⎬this talk



Figure credit: Claire Lamman

For cosmologists, galaxies are test particles!



Mayall telescope at Kitt Peak, AZ



Robotic fiber positioners
ferrule holder (on eccentric arm)

eccentric axis (Φ) bearing

retaining threads

Θ motor

+ +

Θ

Φ

106 μm
fiber

central axis
Θ bearing

control
electronics

Φ motor

Greg  
Tarlé

Michael 
Schubnell

Designed and built at  
University of Michigan 

(Tarlé group)

“5,000 eyes on the sky”

Movie by D. Kirkby



DESI tracers

50+





Illustration of how  
a spectrum evolves 

in redshift/time

Figure credit: Shadab Alam

DESI tracers



DESI DR2 sample

• Over 30M galaxy and quasar 
redshifts in 3 years of 
operation, ∼14M of which are 
used in this analysis. 

• Compared to DR1 (∼6M 
redshifts), DR2 represents a 
factor of ∼2.4 improvement in 
data volume.

Redshifts for the BAO analysis

Tracer DR1 DR2

BGS 300,043 1,188,526

LRG 2,138,627 4,468,483

ELG 2,432,072 6,534,844

QSO 1,223,391 2,062,839

Total 6,094,133 14,254,692

borrowed from E. Paillas (DESI)



The DESI DR2 sample



How Baryon Acoustic Oscillations  
observed by DESI constrain 

cosmological parameters

[This is the “most essential” application of DESI data]



Galaxy power spectrum

Matter power spectrum contains (almost!) all information 
at large scales in cosmology

keq

smaller 
scales

larger 
scales



Baryon Acoustic Oscillations (BAO)
Multiple wiggles in Fourier space 

(power spectrum)

BAO in SDSS-III BOSS DR9 galaxies 11

Figure 3. The CMASS correlation function before (left) and after (right) reconstruction (crosses) with the best-fit models overplotted (solid lines). Error bars
show the square root of the diagonal covariance matrix elements, and data on similar scales are also correlated. The BAO feature is clearly evident, and well
matched to the best-fit model. The best-fit dilation scale is given in each plot, with the χ2 statistic giving goodness of fit.

Figure 4. Average of the mock correlation functions before and after recon-
struction showing that the average acoustic peak sharpens up significantly
after reconstruction. This indicates that, on average, our reconstruction tech-
nique effectively removes some of the smearing caused by non-linear struc-
ture growth, affording us the ability to more precisely centroid the acoustic
peak.

where �d is the measured correlation function and �m(α) is the best-
fit model at each α. C is the sample covariance matrix, and we use
a fitting range of 28 < r < 200h−1 Mpc. We therefore fit over 44
points using 5 parameters, leaving us with 39 degrees-of-freedom
(dof). Assuming a multi-variate Gaussian distribution for the fitted
data (this is tested and shown to be a good approximation in Manera
et al. 2012), the probability distribution of α is

p(α) ∝ e−χ2(α)/2. (28)

The normalisation constant is determined by ensuring that the dis-
tribution integrates to 1. In calculating p(α), we also impose a 15
per cent Gaussian prior on log(α) to suppress values of α � 1
that correspond to the BAO being shifted to the edge of our fit-
ting range at large scales. The sample variance is larger at these

scales, and the fitting algorithm is afforded some flexibility to hide
the acoustic peak within the larger errors.

The standard deviation of this probability distribution serves
as an error estimate on our distance measurement. The standard
deviation σα for the data and each individual mock catalog can be
calculated as σ2

α = �α2� − �α�2, where the moments of α are

�αn� =
�

dα p(α)αn . (29)

Note that �α� refers to the mean of the p(α) distribution in this
equation only.

In reference to the mocks, �α� will denote the ensemble mean
of the α values measured from each individual mock, and α̃ will
denote the median. The term “Quantiles” will denote the 16th/84th

percentiles, which are approximately the 1σ level if the distribution
is Gaussian. The scatter predicted by these quantiles suffers less
than the rms from the effects of extreme outliers.

5.3 Results

Using the procedure described in §5.2, we measure the shift in the
acoustic scale from the CMASS DR9 data to be α = 1.016±0.017
before reconstruction and α = 1.024± 0.016 after reconstruction.
The quoted errors are the σα values measured from the probabil-
ity distributions, p(α). Plots of the data and corresponding best-
fit models are shown in Fig. 3 for before (left) and after (right)
reconstruction. We see that for CMASS DR9, reconstruction has
not significantly improved our measurement of the acoustic scale.
However, in the context of the mock catalogues, this result is not
surprising.

Fig. 5 shows the σα values measured from the mocks before
reconstruction versus those measured after reconstruction from the
correlation function fits. The CMASS DR9 point is overplotted as
the black star and falls within the locus of mock points. However,
we see that before reconstruction, our recovered σα for CMASS
DR9 is much smaller than the mean expected from the mocks. For
typical cases, reconstruction improves errors on α, but if one has a
“lucky” realisation that yields a low error to begin with, then recon-
struction does not produce much improvement. The mock catalog
comparison in Figure 5 shows that the BOSS DR9 data volume

c� 2011 RAS, MNRAS 000, 2–33

…or one wiggle in configuration space 
(2-point correlation function)

BOSS collaboration
First discussed in: Sunyaev & Zeldovich, 1972



How do the BAO wiggles come about?

Eisenstein, Seo et al (2007)

At recombination (zdrag~1060, t~300,000 yrs)

•Plasma becomes optically thin 
•Baryons decouple from photons 
•Sound wave stalls

A feature is imprinted the distance that the wave has 
traveled between the Big Bang and recombination

⟹ the sound horizon distance at recombination ( )rd ≃ 150 Mpc

rd =
c

3 ∫
a*

0

da

a2H(a) 1+
3ΩB

4Ωγ
a

≃ 150 Mpc



Baryon Acoustic Oscillations

• Therefore, there is excess probability for galaxies having a 
neighbor at distance rd — excess probability for clustering 

• This imprints a preferred scale in clustering - the “standard ruler" 

• The angle to the standard ruler gives D(z)/rd

rd

D(z)
θ

Isotropic (“average”)  
distance

Ratio of transverse and  
line-of-sight distances

• Actually measure two kinds of distances: transverse or parallel to 
the line-of-sight; can be expressed as



DESI DR2 Clustering Measurements

BGS LRG1 LRG2 LRG3

LRG3 × ELG1

Lya × Lya

QSOELG2ELG1

Lya × QSO

monopole

quadrupole

Used in 
DR2 analysis



postdoc 
Uendert Andrade 

(blinding); Y3 
analysis coord.

postdoc (now prof) 
Johannes Lange 
(DESI x lensing)

student 
Otavio Alves 
(covariance)

student 
Sikandar Hanif 

(fiber assignment)

student 
Prakhar Bansal 
(cosmo analysis)

student 
Tianke Zhuang 
(cosmo analysis)

student 
Jiaming Pan 

(cosmo analysis)

Huterer group at UMich: DESI effort



• Fully blinded analysis (U. Andrade et al, arXiv:2404.07282) 

• BAO year-1 results were unblinded in December 2023 

• Two key Y1 papers: (I was analysis co-coordinator) 

• cosmological constraints from BAO (April 2024) 

• “full-shape” analysis constraints (Nov 2024) 

• Year-3 papers posted last week 

• BAO measurements and cosmo constraints 
(arXiv:2503.14738) 

• Validation of pipeline (Andrade et al, arXiv:2503.14742) 

• Lya measurements (arXiv:2503.14739) 

• Neutrino physics constraints (Elbers et al, arXiv:2503.14744) 

• Dark energy constraints (Lodha et al, arXiv:2503.14743)

DESI Y1/Y3 cosmological analysis



DESI DR2 (that is, Year 3) 
Cosmological Results



DR2 Distance Measurements
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Basic constraints in LCDM 

Because the BAO 
measure  
D(z)/rd,  

in LCDM they 
constrain these two 

parameters: 
Ωm, H0rd

Ωm = 0.2975 ± 0.0086 (2.9%)
hrd = (101.54 ± 0.73) Mpc (0.7%)

40% improvement in each par. relative to DR1



Hubble constant (in LCDM)

66 67 68 69 70

H0 [km s°1 Mpc°1]

0.28

0.30

0.32

0.34

≠
m

DESI+BBN

DESI+BBN+µ§

CMB

28% more precise than in DR1; 
4.5σ away from SH0ES (without CMB!)

Requires BBN prior
Ωbh2 = 0.02196 ± 0.00063

(Schöneberg 2024)

H0 = (68.51 ± 0.58) km/s/Mpc (DESI + BBN)



(Δm2)sol ≃ 8×10−5 eV2  

(Δm2)atm ≃ 3×10−3 eV2 

From neutrino oscillation experiments

∑mi = 0.06 eV*  (normal)}
∑mi = 0.10 eV*  (inverted)

*(assuming m1=0)

vs.

ντ

νμ

νe
Δmatm

2

Δmatm
2

Δmsol
2

Δmsol
2

ν1

ν2

ν3

ν3

ν2

ν1

m2

Normal hierarchy Inverted hierarchy

Sum of neutrino masses
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∑ mν < 0.064 eV (at 95%)

Neutrinos are non-relativistic today  

 

so they contribute to (recent) expansion history just like matter
∑ mν ≃ 0.1 eV ≫ T0 ≃ 10−4 eV

CMB constraints ,  
but its precision is limited by 

degeneracies 
⇒ DESI helps here 

[But significantly weakens in models beyond ΛCDM, e.g.   in w0waCDM]∑ mν < 0.163 eV



Sum of neutrino masses

∑ mν < 0.064 eV (LCDM, at 95%)

Much more detail in DESI neutrino supporting paper (Elbers et al, arXiv:2503.14744)
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Dark energy - (w0, wa)

DESI shows  
preference for 
w0 > −1, wa < 0

ΛCDM 
(standard model)

w(a) = w0 + wa(1 − a) a is scale factor 
a=0: Big Bang 
a=1: today
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DESI+CMB

Significance against 
LCDM: 

DESI+CMB+Pantheon: 2.8σ 
DESI+CMB+Union3: 3.8σ 
DESI+CMB+DESY5: 4.2σ



Low-z probes alone hint for LCDM

Therefore: tantalizing hints of departure from LCDM
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DESI BAO + DESY3 3£2-pt + DESY5

2.2σ

3.3σ
(no CMB  

here)



Basic question: 
what in the data pulls away from LCDM?

(in all data, not just DESI)



Attempt to answer this question

Bansal & Huterer, arXiv:2502.07185

We find: a more general 
expansion history 

agrees with best-fit 
w0wa!

new model with lots  
of H(z) freedom

…an accident?!

(applied to DR1 data)



Confirmed by alternative analyses

DESI supporting paper on dark energy; Lodha et al, arXiv:2503.147143
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Conclusions
•Dark Energy is a premier mystery in physics/cosmology; 

physical reason for accelerating universe still an open question

•Like particle physicists, we would really like to see some 
“bumps” in the data (e.g. Hubble tension!).

•More soon:  
•DESI Y3 full-shape P(k) analysis; higher-order statistics 
•DESI Y5, DESI-2, Spec-V (next-gen survey) eventually

•Impressive variety of new data; forthcoming: DES Y6, 
HSC, Hetdex; DESI, LSST, Euclid, Roman, ZTF…

•DESI Y3 BAO results highlights: 
•  

•  

•dark energy: 2.8𝜎−4.2𝜎 preference for model with w(t) varying

H0 = (68.51 ± 0.58) km/s/Mpc

∑ mν < 0.064 eV (DESI + CMB, at 95%)



Extra slides



Andrade et a; (DESI collab); arXiv:2503.14742



Significances of w0wa vs LCDM

DESI collab, arXiv:2503.14738



Ωm constraints in LCDM
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What best-fit w0wa model predicts



ξ(r) = ⟨δF(x) δF(x + r)⟩ ξ(r) = ⟨δF(x) Q(x + r)⟩

Lyman  Forest Correlationsα

 forest autocorrelationLyα -QSO cross-correlationLyα



Data 
splits

Imaging 
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s

BAO 
modeling

Data 
vector 

choices

Differences in the isotropic BAO dilation

DR2 BAO is robust against different pipeline 
choices
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Density field reconstruction

51Refurbishes the ruler – improves both precision and accuracy
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Distance-ladder  
measurements of H0

Riess, Yuan et al, 2022

Because SNIa measure relative distances, to get at H0 they  
need to be “anchored” by absolute distances from e.g. Cepheids

m = 5 log10(H0dL) + ℳ, where ℳ ≡ M − 5 log10 (H0 ⋅ 1Mpc) + 25

m − M = 5 log10 ( dL

10pc )
starting with

we get


