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Timeline of the universe



Three key questions 
in cosmology

Inflation Dark
Matter

Dark
Energy



Discovery of dark energy
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Calan/Tololo SNe Ia

Kim, et al. (1997)

type Ia 
supernova 
explodes…

…astronomers detect it and follow it up; 
they measure the light-curve…

…and make a  
correction 

 for its width…

…to use it as a 
standard candle 

(i.e. L = const)

f =
L

4πd2
L

(late 1990s; Physics Nobel Prize in 2011)



Supernova Hubble diagram  
(binned; each error bar denotes ~20 SN)
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4%

22%

74%

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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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!!

Planck scale:
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Lots of theoretical ideas, few compelling ones:
Very difficult to motivate DE naturally

E.g. ‘quintessence’  
(evolving scalar field)

mφ ≃ H0 ≃ 10−33 eV

�̈+ 3H�̇+
dV

d�
= 0

but would have to have a teeny mass:



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 constant

H0 ≈ 70 km/sec/megaparsec

Slope of this relation (velocity vs. distance) the Hubble constant H0.  
Hubble got 500 km/s/Mpc - off by a factor of seven! Modern value:
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Edwin Hubble



Hubble Tension: 

SHOES (Riess et al 2022)

H0 = 73.04 ± 1.04 (km/s/Mpc)

CMB: (Planck 2018)

H0 =  67.36 ± 0.54 (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).

Index

Reference

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

Star

Concepts

Reference

Bennett,

et al.

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





Illustration of how  
a spectrum evolves 

in redshift/time

Figure credit: Shadab Alam

DESI tracers





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 �2 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(�) is the best-
fit model at each �. 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 � is

p(�) ⇤ e�⇥2(�)/2. (28)

The normalisation constant is determined by ensuring that the dis-
tribution integrates to 1. In calculating p(�), we also impose a 15
per cent Gaussian prior on log(�) to suppress values of � ⇥ 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 ⇥� for the data and each individual mock catalog can be
calculated as ⇥2

� = ⌅�2⇧ � ⌅�⇧2, where the moments of � are

⌅�n⇧ =
�

d� p(�)�n . (29)

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

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

percentiles, which are approximately the 1⇥ 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 � = 1.016±0.017
before reconstruction and � = 1.024± 0.016 after reconstruction.
The quoted errors are the ⇥� values measured from the probabil-
ity distributions, p(�). 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 ⇥� 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 ⇥� for CMASS
DR9 is much smaller than the mean expected from the mocks. For
typical cases, reconstruction improves errors on �, 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



How do the BAO wiggles come about?

Eisenstein, Seo et al (2007)

At recombination (z~1000, 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 Y1 cosmological analysis

• Fully blinded analysis ~7 million galaxies (with spectra!) 

• Fully validated pipeline on how to extract the BAO signal 

• BAO results were unblinded in December 2023 

• We have been writing 2 key papers (I am analysis co-coordinator) 

• BAO results announced at APS and in Moriond on April 4, 2024 

• Full-shape analysis (the second key paper) still ongoing - quite a 
bit more complex than BAO. Results expected ~summer 2024. 
Expect constraints on cosmic growth; highly complementary to 
BAO.



postdoc 
Uendert Andrade 

(blinding)
postdoc 

Johannes Lange 
(DESI x lensing)

student 
Otavio Alves 
(covariance)

student 
Sikandar Hanif 

(fiber assignment)

postdoc  
Minh Nguyen 

(cosmo analysis)

student 
Tianke Zhuang 
(cosmo analysis)

student 
Jiaming Pan 

(cosmo analysis)

DESI Y1 analysis at UMich

postdocs  
Humna Awan  

and Kuan Wang 
(Lyman-alpha)



DESI Y1 
Cosmological Results
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Constraints from DESI Y1 BAO
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All

Ωm = 0.295 ± 0.015 (5.1%)
rdH0 = (101.8 ± 1.3) [100 km/s] (1.3%)

Basic constraints in ΛCDM model
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H0 [km s°1 Mpc°1]

SH0ES: Cepheids

CCHP: TRGB

DESI: BAO + µ§ + BBN

DESI: BAO + BBN

SDSS: BAO+BBN

CMB

CMB (no lensing)

Early
Late

Hubble constant

H0 = (68.52 ± 0.62) km/s/Mpc (DESI + θ* + BBN)

Consistent with CMB measurements



(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



Sum of neutrino masses

∑ mν < 0.072 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 < 0.195 eV
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f

Dark energy - constant w

Ωm = 0.293 ± 0.015
w = − 0.99+0.15

−0.13

Distances measured by BAO are very sensitive to dark energy
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DESI alone:

f

Ωm = 0.3095 ± 0.0065
w = − 0.997 ± 0.025

DESI +CMB+Panth:



Dark energy - (w0, wa)
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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



Dark energy - (w0, wa)
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(3.9𝜎 away from ΛCDM)

w0 = − 0.827 ± 0.063 wa = − 0.75+0.29
−0.25

DESI+CMB+Union3
w0 = − 0.64 ± 0.11 wa = − 1.27+0.40

−0.34

w0 = − 0.727 ± 0.067 wa = − 1.05+0.31
−0.27

(3.5𝜎 away from ΛCDM)

(2.5𝜎 away from ΛCDM)

DESI+CMB+DES-SN5YR

Therefore: tantalizing hints of departure from LCDM



Dark energy: what the data prefer
best-fit w0wa model



What’s next
•The results presented here were just the BAO;  

DESI Y1 full-shape analysis of galaxy clustering is 
forthcoming (~summer 2024) 

•There will be a number of significant new analyses from DESI Y1: 

•correlation of DESI with photometric surveys (coordinated by UM 
postdoc ⇒ American Univ. professor Johannes Lange) 

•peculiar velocities (probe of gravity and dark energy) 

•higher-order correlation functions (3-pt, 4-pt…) 

•……………………. 

•5 years of DESI will have information from ~40 million galaxies 
over 14,000+ square degrees 

•DESI-2 (late 2020s) will significantly increase number of galaxies 

•Stage-V spectroscopic survey (supported by P5 report; ~2035)



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 Y1 full-shape P(k) analysis 
•DESI Y3, Y5

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

•DESI Y1 BAO results highlights: 
•  

•  

•dark energy: 2.5𝜎-3.9𝜎 preference for model with w(t) varying

H0 = (68.52 ± 0.62) km/s/Mpc

∑ mν < 0.072 eV (DESI + CMB, at 95%)
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Density field reconstruction

45Refurbishes the ruler – improves both precision and accuracy
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CMB measurement of H0

H0 is a “derived 
parameter” in the CMB - 
no special signature, but 

constrained very well.
Planck collaboration: CMB power spectra & likelihood
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Figure 37. The 2013 Planck CMB temperature angular power spectrum. The error bars include cosmic variance, whose magnitude
is indicated by the green shaded area around the best fit model. The low-⌅ values are plotted at 2, 3, 4, 5, 6, 7, 8, 9.5, 11.5, 13.5, 16,
19, 22.5, 27, 34.5, and 44.5.

Table 8. Constraints on the basic six-parameter �CDM model using Planck data. The top section contains constraints on the six
primary parameters included directly in the estimation process, and the bottom section contains constraints on derived parameters.

Planck Planck+WP

Parameter Best fit 68% limits Best fit 68% limits

⇥bh2 . . . . . . . . . 0.022068 0.02207 ± 0.00033 0.022032 0.02205 ± 0.00028

⇥ch2 . . . . . . . . . 0.12029 0.1196 ± 0.0031 0.12038 0.1199 ± 0.0027
100�MC . . . . . . . 1.04122 1.04132 ± 0.00068 1.04119 1.04131 ± 0.00063

⇤ . . . . . . . . . . . . 0.0925 0.097 ± 0.038 0.0925 0.089+0.012
�0.014

ns . . . . . . . . . . . 0.9624 0.9616 ± 0.0094 0.9619 0.9603 ± 0.0073

ln(1010As) . . . . . 3.098 3.103 ± 0.072 3.0980 3.089+0.024
�0.027

⇥� . . . . . . . . . . 0.6825 0.686 ± 0.020 0.6817 0.685+0.018
�0.016

⇥m . . . . . . . . . . 0.3175 0.314 ± 0.020 0.3183 0.315+0.016
�0.018

⇥8 . . . . . . . . . . . 0.8344 0.834 ± 0.027 0.8347 0.829 ± 0.012

zre . . . . . . . . . . . 11.35 11.4+4.0
�2.8 11.37 11.1 ± 1.1

H0 . . . . . . . . . . 67.11 67.4 ± 1.4 67.04 67.3 ± 1.2

109As . . . . . . . . 2.215 2.23 ± 0.16 2.215 2.196+0.051
�0.060

⇥mh2 . . . . . . . . . 0.14300 0.1423 ± 0.0029 0.14305 0.1426 ± 0.0025
Age/Gyr . . . . . . 13.819 13.813 ± 0.058 13.8242 13.817 ± 0.048
z⇥ . . . . . . . . . . . 1090.43 1090.37 ± 0.65 1090.48 1090.43 ± 0.54
100�⇥ . . . . . . . . 1.04139 1.04148 ± 0.00066 1.04136 1.04147 ± 0.00062
zeq . . . . . . . . . . . 3402 3386 ± 69 3403 3391 ± 60

33

Planck (2018) finds:

H0 = (67.36 ± 0.54) km/s/Mpc [flat LCDM]

H0 = (63.6 ± 2.2) km/s/Mpc [curved LCDM]



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



•Therefore, the simplest “model” for Hubble tension - 
sample variance -  is firmly ruled out 

•This leaves many (~1000!) other models, most/all of 
which are fine-tuned



H0 tension - theory
• There are literally hundreds of models out there 

• However, there is only ONE simple model. 

Sample/cosmic variance?

Wu & Huterer (2017), Kenworthy, Scolnic & Riess (2019)

However that model is completely ruled out. 

⇒ Global H0 is ~67, but H0 in our local volume is ~73

essentially because local measurements map out a pretty 
big local volume (so cosmic variance is small)

(equivalent to: “we live in a void”)

as explained on next slide…



…

… …

… … …

We determined the sample variance of H0  
from the distance-ladder measurement by repeating the analysis  

~1.5 million times on numerical (Nbody) LCDM simulations

512 sub-volumes,  
each with ~3000  

realizations (rotations)  
of actual SNIa positions

Wu & Huterer (2017)

σCV(H0) ≃ 0.3 km/s/Mpc ≃
1

20
(HSHOES

0 − HCMB
0 )



DES Y1 Measurements: 
shear clustering, galaxy-galaxy lensing, gal clustering

cosmic shear Amon+,Secco,Samuroff+



galaxy clustering 
Rodriguez-Monroy+

galaxy-galaxy lensing 
Prat+



(Bizarre) Consequences of DE

• Geometry is not destiny any more! Fate of the 
universe (accelerates forever vs. recollapses etc) 
depends on the future behavior of DE 

• In the accelerating universe, galaxies are leaving our 
observable patch -> the sky will be empty in 100 
billion years 

•Under certain conditions we will have a Big Rip - 
galaxies, stars, planets, our houses, atoms, and 
then the fabric of space itself will rip apart!


