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Context in Cosmology 
Friedmann Equation
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Cosmological principal ⟹ FRLW metric
• Universe isotropic + homogeneous on large scales 
• Universe looks the same whoever and wherever you are
⟹ Friedmann, Lemaitre, Robertson, Walker (FRLW) metric

• Dimensionless scale factor: a(t)=R(t) / R(t0)
• Curvature of Universe: k

Einstein Equation ⟹ Friedmann Equation

Other form with density parameters Wm, Wr, WL

• The radiation that is important from a cosmological point of view is the relic CMB
photon radiation, the photons emitted by stars are negligible. The CMB has a black
body spectrum with a measured temperature of 2.75 K, which gives a density of

⇢r = g
⇡2

30

(kBT )
4

(~c)3
, (108)

i.e. 4⇥ 10
8 photons m�3 (the number of spin states is g = 2 for photons). For radi-

ation, thermodynamics gives pr =
1
3⇢r. So Eq. 106 implies dt [⇢ra3

] = �1
3⇢r dt [a3

],
i.e. d⇢r/⇢r = �4da/a and

⇢r / a�4 . (radiation) (109)

When the Universe expands, there is a factor a�3 for the density of photons and
an additional factor a�1 because the wavelength of the photons scales as a and
E / ��1. Combining Eqs. 108 and 109 gives:

T / 1/a . (110)

This is the reason why, although the temperature of the Universe at decoupling
(z = 1100) was 3000 K, the temperature of the CMB today is 2.7 K.

• Quantum vacuum is not empty, antiparticle-particle pairs appear and disappear.
This gives a vacuum energy that depends only on the volume, so a vacuum energy
density ⇢v independent of time and space. Eq. 106 gives ⇢vdt[a3

] = �pvdt[a3
] and

then
pv = �⇢v = constant < 0 . (vacuum) (111)

The vacuum pressure is negative. We will see that the vacuum energy is equivalent
to a cosmological constant that can be added in the Einstein Equation and it is one
of the possible origins of dark energy (section 10.7).

10.3.4 Friedmann equation

In cosmology, the Einstein equation implies
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which is known as the Friedmann equation. There exists a critical density today, ⇢c,
for which the Universe is flat (k = 0):

8⇡⇢c

3
=

 
Ṙ
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Note the h2 factor in the value of ⇢c. If a new measurement updates the value of H0,
this automatically updates the value of ⇢c. This critical density corresponds to about 5
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protons per cubic meter. If the density today is ⇢0 = ⇢c, the Universe is flat (k = 0), if
⇢0 < ⇢c, the Universe is open (k = �1), if ⇢0 > ⇢c, the Universe is closed (k = 1).

We introduce the density parameters by normalizing to the critical density:

⌦m ⌘ ⇢m(t0)

⇢c
, ⌦r ⌘

⇢r(t0)

⇢c
, ⌦v ⌘ ⇢v(t0)

⇢c
(114)

and ⌦T = ⌦m + ⌦r + ⌦v = ⇢0/⇢c, since ⇢0 = ⇢m(t0) + ⇢r(t0) + ⇢v(t0).
If we set t = t0 in Eq. 112 we get
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Inserting the resulting value of k in Eq. 112 gives:
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where we used 8⇡⇢/3 = H2
0⇢/⇢c (see Eq. 113). We can decompose ⇢(a) = ⇢m(a)+ ⇢r(a)+

⇢v(a) and introduce the a dependance of each density:

⇢(a) = ⇢m(t0)a
�3

+ ⇢r(t0)a
�4

+ ⇢v(t0) = ⇢c(⌦ma�3
+ ⌦ra

�4
+ ⌦v) , (117)

which gives another form of the Friedmann equation:
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This formula is extremely useful. Many quantities can be computed by expressing them
in terms of a and ȧ/a and then using Eq. 118. For instance to compute the age of the

Universe we write dt =
dt

da
da =

da

ȧ
=

da

a(ȧ/a)
and

t = H�1
0

Z 1

0

da

a [⌦ma�3 + ⌦ra�4 + ⌦v + (1 � ⌦T )a�2]
1/2

. (119)

If we consider our Universe, it is flat so the term 1�⌦T disappears. In addition, in many
calculations the contribution from ⌦r = 9 ⇥ 10

�5 can be neglected.

57

𝐻! 𝑎 = L
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Context in Cosmology 
LCDM

4

Beyond ΛCDM: Dark Energy Equation of State

18

depends on its equation of state:

Three SN measurements are available: 
Pantheon+ (2022), Union3 (2023), DES-Y5 
(2024)

ΛCDM:

<latexit sha1_base64="gxsYbJ9Imd/x2ky+A0e949HLR/M="></latexit>

w(z) =
p(z)

⇢(z) fit w(z) = constant

Assuming a constant EoS, DESI BAO is fully 
compatible with a cosmological constant

<latexit sha1_base64="5+cq85U9aSb9PRao2kwLQg11gK8="></latexit>

w = �1

<latexit sha1_base64="sIAimj8gMbywGDMT9KDyrV5tq1o="></latexit>
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Beyond ΛCDM: Dark Energy Equation of State

fit varying w(z)The previous conclusion changes when 
considering a time-varying equation of state:

(CPL parametrization)

• DESI BAO alone has poor constraining power 

• DESI + CMB ⟹  2.6 𝜎 

<latexit sha1_base64="aLpnBQIao4VMqhzLceOE85e1HdQ="></latexit>

w(z) = w0 +
z

1 + z
wa

LCDM
• “Standard Model” of 

cosmology
• General Relativity (GR)
• Cosmological constant (L)
• Flat Universe

Ω! + Ω" + Ω# = Ω$ = 1

Extensions of LCDM
• Equation of state of Dark Energy

• Time evolving Dark Energy

Open questions
• H0 tensions
• Time evolving DE 

(w0waCDM)

Ω" =	Ω#$" + Ω%

Ω& =
Λ
3 . (

𝑐
𝐻'
	)!

𝑎 =
1

1 + 𝑧



Discovery and 
first measurements 

of the Baryonic Acoustic 
Oscillations (BAO)



A probe for Dark Energy: 
Baryonic Acoustic Oscillations

6

150 Mpc

A special distance
• Sound waves propagate through relativistic plasma (baryons, 

electrons, photons) with a speed ~𝑐/ 3	
• They freeze at recombination (z~1100 i.e 380,000 years)
• Galaxies form in the overdense shells about rd ~ 150 Mpc in 

radius from initial overdensities.



Baryonic Acoustic Oscillations

7

A special distance:
Ø Galaxies form in the overdense shells about 150 Mpc in radius.
Ø For all z,  small excess of galaxies 150 Mpc (in comoving 
coordinates) away from other galaxies.

Þ Standard Ruler
BAO method: we just assume that it is the same distance for all 
redshifts, we don’t need to know its value! 

DESI year 1

Simulation



Baryonic Acoustic Oscillations

8



Observation of baryonic acoustic peak
First observation: 
Ø In 2005: First observations of baryonic 
oscillations by 2 teams (2dFGRS and 
SDSS) 
Ø SDSS observe a peak at ~150 Mpc
Ø SDSS: ~50 000 LRGs

“Luminous Red Galaxies”
<z> ~ 0.35 

9

SDSS

Standard Ruler

D. Eisenstein et al., 
ApJ, 633, 560 (2005)

Dz

Dq

A 3D measurements 
- Radial direction (along the line of sight): 
Dz = rd×H(z)/c
Þ Sensitive to Hubble parameter H(z).
- Transverse direction:
Dq = rd/(1+z)/DA(z) = rd/DM(z) 
Þ Sensitive to angular distance DA(z)
Þ ~∫1/𝐻(𝑧)

𝐻 𝑧 ≡ 𝐻' Ω" 1 + 𝑧 ( + (1 − Ω"	)



How do we measure redshift? 

Stars spectra
- Absorption lines

Galaxies
- Emission lines
- Balmer/Lyman breaks

Redshift 
- Doppler effect
- V/c=(l-l0)/l0=znm

Ha

Hb

Hd
Balmer’s
Serie

10

Star Galaxy



SDSS: 2009-2019   

BOSS (2009→2014) 
Ø 1.2 millions of Luminous 
Red Galaxies (LRG) 

- 0.15<z<0.7
Ø 170 000 quasars 

- z>2.1, HI absorption)
11

Sloan Telescope
D:2m,  FoV~7deg2

!

eBOSS (2014→2019) 
Ø Redshift of LRG extended to 0.8  
Ø Emission Line Galaxies (ELG): star 
forming galaxies, z~0.85
Ø Quasars direct tracers 

- 0.9<z<2.2



SDSS Observation Strategy

12

1000

l

CCD

Fiber number
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Plug and Observe

Several steps (~3 months) 
Ø Target selection 
Ø Drill plates (1000 holes per plate)
Ø Plug plates on cartridges during day 
Ø Observation  of 5-9 cartridges per night.



BAO with galaxies and quasars
Confirmation with BOSS in 2012

Ø Redshift range 0.15<z<0.7
Ø BOSS-only 8-s observation 

of BAO

Even better with eBOSS in 2O20
Ø Redshift range 0.15<z<2.5

BOSS

~ 1M Luminous
Red Galaxies 

Agreement with Planck 
ØBAO scales consistent with 
Planck
ØConsistency of cosmological 
measurements 

AAS - eBOSS Session - Jan 7 2020Jiamin Hou

Redshift evolution with eBOSS

14

• combine Lya auto and cross and use 
averaged spherical distance? best 
degeneracy direction?



Dark Energy 
Spectroscopic Instrument

DESI



DESI Project  
• Scientific project  

– 14000 deg2  3D survey for 0<z<4
– International collaboration
– 72 institutions  (46 non-US)
– 900 members

• Instrument 
– 4-m telescope at  Kitt Peak (Arizona) 
– Wide FoV (~ 8 deg2)
– Robotic positioner with 5000 fibers
– 10 spectrographs x 3 bands (blue, 

visible, red-NIR) ➝360-1020 nm

Corrector
~ 8 deg2

Mayall 
4-m 

Télescope

10 spectrographs

5000 fiber positioner

Mayall
Telescope

16



Principles 
Ø Use Ly-a forests of quasars 
(2.2<z<4)
Ø HI absorption in IGM along the 
line of sight of QSOs
Ø We expect low density gas (IGM) 
to follow the dark matter density

BAO with Ly-a forests 

Tomography with Ly-a
Ø 3D map of HI absorption 
Ø Detect overdensity and voids

17



DESI tracers of the Matter  
Five target classes

 ~40 million redshifts

in 5 years

Red
sh

ift

0.2

0.7

1

2

8 million LRGs
0.4 < z < 1.0

13.5 million
Brightest galaxies
0.0 < z < 0.4

3 million QSOs 
Ly-a z > 2.1
Tracers 0.9 < z < 2.1

16 million ELGs
0.6 < z < 1.6

12 Gyr

10 Gyr

8 Gyr

2 Gyr

Lo
ok

ba
ck

 ti
me

4



DESI@Berkeley, 10 July 2019D. Schlegel !11

g-band depth

Final footprint 16,000 sq deg for dec > -30 deg 
                                20,000 sq deg including DES region

Imaging for Target Selection 

• Optical bands with 
– g=24.0, r=23.4, z=22.5
– DECAM deeper in g,r,z

r band depth

• Footprint 
– 14,000 deg2 required
– 16,000 deg2  available 

for d>-300

• WISE imaging
– Two bands W1,W2
– 6 years with all-sky 

coverage
– Used for LRG/QSO

DESI@Berkeley, 10 July 2019D. Schlegel !11

g-band depth

Final footprint 16,000 sq deg for dec > -30 deg 
                                20,000 sq deg including DES region

ELG mag.
limit

Blanco

Mayall

Bok

WISE

19



Target Selection of QSOs

• Principles
– Point source morphology (PSF)
– grz optical bands and W1W2 NIR 

bands
– Use NIR excess for quasars
– Initial Mag. Limit: r<22.7 

• Selection based on Machine learning
– Two approaches: 

• Color cut selection
• Machine learning with Random 

Forest

20



5000 robotic fiber positioners  

Challenge 
– Reposition the 5000 

fibers in less than 2mns
– Position of each fiber 

better than 15 mm

Configuration 
• 10 petals in focal plane 
• 500 fibers each petal
• 5000  total
• 10.4 mm pitch
• 2 motors per positioner

21



Ten spectrographs 

Ten 3-channel spectrographs
l = 360 nm to 980 nm

temperature-
controlled room

22



Rolling observations- Redshift factory 

Imaging Surveys: optical grz bands 
+ NIR with WISE Target Selection 

Observation… …of 5000 objects 
every ~20mins…

…and measure their redshift

Target Selection and Validation of DESI Quasars 5

3. In green, the non-DES part of DECaLS covering
⇠9,900 deg2 (designated as South non-DES here-
after).

The optical survey was complemented by two infrared
bands from the all-sky data of the Wide-field Infrared
Survey Explorer (WISE ) satellite (Wright et al. 2010),
namely: W1 (3.4 µm) and W2 (4.6 µm). By using
the Tractor (Lang et al. 2016) and by matching WISE

to deep optical imaging, one can partially deblend the
images of confused WISE sources and significantly im-
prove the signal-to-noise ratio of the WISE photometry
and color measurements. Our unWISE coadds (Meis-
ner et al. 2017) preserve the native WISE resolution
and typically incorporate ⇠ 4⇥ more input frames than
those of the AllWISE Atlas stacks (Cutri et al. 2021).
DECaLS also include W1 and W2 forced photome-

try light curves corresponding to all optically detected
sources. These light curves are measured from time-
resolved coadds similar to those described in Meisner
et al. (2017). Such light curves provide variability in-
formation on all optically-detected sources, which can
be used, for the DESI quasar selection, and was tested
during SV (see Sec. 5). In DR9, the Legacy Surveys W1
and W2 light curves typically have 15 coadded epochs
per band, spanning a ⇠ 10 year time baseline.

3. QUASAR TARGET SELECTION

In this section, we describe the target selection used
in the 1% survey and in the main survey. This se-
lection corresponds to bit 2 (QSO) of the maskbits
SV3 DESI TARGET and DESI TARGET described in Myers
et al. (2022).

3.1. Overview of the sample

The DESI survey uses QSOs as point tracers of the
matter clustering mostly at redshifts lower than 2.1, in
addition to using QSOs at higher redshift as backlights
for clustering in the Ly-↵ forest. This enlarges the role
of QSOs relative to the BOSS project (Ross et al. 2012),
which only selected QSOs at z > 2.15 for use via the Ly-
↵ forest, and enhances their role relative to eBOSS (My-
ers et al. 2015), where QSOs are used in a similar fashion
as in DESI although with lower densities.
In DESI Collaboration et al. (2016a), based on

the quasar luminosity function (QLF) of Palanque-
Delabrouille et al. (2016), we inferred that a complete
QSO sample, brighter than magnitude r = 22.7, would
contain about 190 QSOs per deg2 at z < 2.1 and about
70 at z > 2.1. Assuming a minimum e�ciency of about
65%, the goal of DESI was to obtain the redshifts for
120 and 50 QSOs per deg2 in the redshift ranges z < 2.1
and z > 2.1, respectively. With the Survey Validation

Figure 2. Colors in the optical or near-infrared of objects
photometrically classified as stars (red) or spectroscopically
classified as QSOs (from blue to yellow dots, depending on
their redshift). The color grz � W allows us to reject stars
based on the “infrared excess” of QSOs.

during which we were able to test several extensions of
our selection, we demonstrated that we can significantly
exceed these statistics without significantly inflating our
target budget (see Sec. 6). Therefore, in the main selec-
tion presented in this Section, we use a magnitude limit
of r = 23.0 for an average density of ⇠ 310 targets per
deg2.

3.2. Strategy for the Selection

QSOs commonly exhibit hard spectra in the X-ray
wavelength regime, bright Ly-↵ emission in the rest-
frame UV, and a power-law spectrum behaving as F⌫ /
⌫↵ with ↵ < 0 in the mid-infrared bands (Stern et al.
2005). In the mid-optical colors, QSOs at most redshifts
are not easily distinguished from the much more numer-
ous stars. Successful selection of a highly-complete and
pure QSO sample must make use of either UV or in-
frared photometry. With the extended (WISE ) mission
that more than quadrupled the exposure time of the
original (WISE ) all-sky survey, and in the absence of
any ’u’-band imaging over the whole DESI footprint, we
decided to rely upon optical and infrared photometry
for QSO selection.
Therefore, the DESI QSO target selection is a combi-

nation of optical-only and optical+IR colors. In order to
illustrate this strategy, we use two colors, grz�W vs. g�
z where grz is a weighted average of the grz band fluxes
with flux(grz) = [flux(g) + 0.8⇥flux(r) + 0.5⇥flux(z)]
/ 2.3 and W a weighted average of W1 and W2 fluxes
with flux(W )=0.75⇥flux(W1)+0.25⇥flux(W2). Fig-
ure 2 shows the bulk of the QSO targets which are identi-
fied in an optical+IR selection where the excess infrared
emission from QSOs results in a clear segregation from
stars with similar optical fluxes. Stellar SEDs indeed

quasar

Mayall Telescope

Contaminant: Stars

quasars
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Ten spectrographs 

Ly-a 121.6 nm
down to z = 2.0

Lya
CIV

CIII

z=2.7 QSO

z =
�� �0

�0
<latexit sha1_base64="qixkyDgMTutKlakxhEUBHcHDUFQ=">AAACEnicbVDLSgMxFL1TX7W+Rl26CRbRjWWmCroRCm5cVrC20BmGTCbThmYeJBmhDv0EN/6KGxe6ELeu3Pk3pu2A2nog5HDOPST3+ClnUlnWl1FaWFxaXimvVtbWNza3zO2dW5lkgtAWSXgiOj6WlLOYthRTnHZSQXHkc9r2B5djv31HhWRJfKOGKXUj3ItZyAhWWvLMw3t0gZxQYJI7XMcCfFzcnjXKf6hnVq2aNQGaJ3ZBqlCg6ZmfTpCQLKKxIhxL2bWtVLk5FooRTkcVJ5M0xWSAe7SraYwjKt18stAIHWglQGEi9IkVmqi/EzmOpBxGvp6MsOrLWW8s/ud1MxWeuzmL00zRmEwfCjOOVILG7aCACUoUH2qCiWD6r4j0sW5H6Q4rugR7duV50qnX7JOaVatfn1Yb9aKQMuzBPhyBDWfQgCtoQgsIPMATvMCr8Wg8G2/G+3S0ZBSZXfgD4+MbQjec7A==</latexit>

Ten 3-channel spectrographs
l = 360 nm to 980 nm

[OII] 373 nm
up to z = 1.6

z=0.9 ELG

[OII] doublet
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DESI DR2 footprint 
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– DESI footprint over 5 years ~14000 deg2 (1/3 of sky) 
– DR2 ~70% of final footprint
– Increase of Veff by a 2.3 factor from DR1 (2024) to DR2 (2025)
– 14.3M discrete tracers (galaxies and quasars), 800k Ly-a QSOs



Observations: current status 

26

– Now, ~95% of the final dataset (much more ELGs)
– New results (DR3) expected by the end of 2026
– Extension of the footprint till end of 2028



First results  

27

– Dilation compared to a fiducial cosmology

• Perpendicular or parallel to the line of sight, 𝛼1	 and 𝛼||
• Combined through 

– 6 bins in redshifts covering the redshift range, 0.1<z<2.1
– Bin with lowest significance 5.6s

𝛼!"# = 𝛼$%𝛼||
⁄( )

BGS    z=0.30 LRG3+ELG1 z=0.93

Precision: 0.93% Significance:  14.7s
Precision: 0.45%

13
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FIG. 5. The first eight panels show the multipole moments of the DESI DR2 correlation functions of galaxies and quasars,
where the upper and lower subpanels display the monopole and quadrupole moments, respectively. The filled circles correspond
to the data measurements and the lines show the best-fit BAO model. We use a solid line for model fits to those samples used
in our analysis, and a dashed line otherwise. Error bars represent 68% confidence intervals. The last panel (bottom right)
shows the autocorrelation of the Ly↵ forest (upper sub-panel), and the cross-correlation between the Ly↵ forest and the quasars
(bottom sub-panel), where the 2D clustering information has been compressed into a single wedge. The solid line in this panel
is the baseline model, while the dashed line includes a broad-band polynomial variation that provides a slightly better fit, but
does not significantly shift the BAO position (see [61] for details).
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FIG. 5. The first eight panels show the multipole moments of the DESI DR2 correlation functions of galaxies and quasars,
where the upper and lower subpanels display the monopole and quadrupole moments, respectively. The filled circles correspond
to the data measurements and the lines show the best-fit BAO model. We use a solid line for model fits to those samples used
in our analysis, and a dashed line otherwise. Error bars represent 68% confidence intervals. The last panel (bottom right)
shows the autocorrelation of the Ly↵ forest (upper sub-panel), and the cross-correlation between the Ly↵ forest and the quasars
(bottom sub-panel), where the 2D clustering information has been compressed into a single wedge. The solid line in this panel
is the baseline model, while the dashed line includes a broad-band polynomial variation that provides a slightly better fit, but
does not significantly shift the BAO position (see [61] for details).
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FIG. 5. The first eight panels show the multipole moments of the DESI DR2 correlation functions of galaxies and quasars,
where the upper and lower subpanels display the monopole and quadrupole moments, respectively. The filled circles correspond
to the data measurements and the lines show the best-fit BAO model. We use a solid line for model fits to those samples used
in our analysis, and a dashed line otherwise. Error bars represent 68% confidence intervals. The last panel (bottom right)
shows the autocorrelation of the Ly↵ forest (upper sub-panel), and the cross-correlation between the Ly↵ forest and the quasars
(bottom sub-panel), where the 2D clustering information has been compressed into a single wedge. The solid line in this panel
is the baseline model, while the dashed line includes a broad-band polynomial variation that provides a slightly better fit, but
does not significantly shift the BAO position (see [61] for details).
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FIG. 5. The first eight panels show the multipole moments of the DESI DR2 correlation functions of galaxies and quasars,
where the upper and lower subpanels display the monopole and quadrupole moments, respectively. The filled circles correspond
to the data measurements and the lines show the best-fit BAO model. We use a solid line for model fits to those samples used
in our analysis, and a dashed line otherwise. Error bars represent 68% confidence intervals. The last panel (bottom right)
shows the autocorrelation of the Ly↵ forest (upper sub-panel), and the cross-correlation between the Ly↵ forest and the quasars
(bottom sub-panel), where the 2D clustering information has been compressed into a single wedge. The solid line in this panel
is the baseline model, while the dashed line includes a broad-band polynomial variation that provides a slightly better fit, but
does not significantly shift the BAO position (see [61] for details).
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FIG. 5. The first eight panels show the multipole moments of the DESI DR2 correlation functions of galaxies and quasars,
where the upper and lower subpanels display the monopole and quadrupole moments, respectively. The filled circles correspond
to the data measurements and the lines show the best-fit BAO model. We use a solid line for model fits to those samples used
in our analysis, and a dashed line otherwise. Error bars represent 68% confidence intervals. The last panel (bottom right)
shows the autocorrelation of the Ly↵ forest (upper sub-panel), and the cross-correlation between the Ly↵ forest and the quasars
(bottom sub-panel), where the 2D clustering information has been compressed into a single wedge. The solid line in this panel
is the baseline model, while the dashed line includes a broad-band polynomial variation that provides a slightly better fit, but
does not significantly shift the BAO position (see [61] for details).
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FIG. 5. The first eight panels show the multipole moments of the DESI DR2 correlation functions of galaxies and quasars,
where the upper and lower subpanels display the monopole and quadrupole moments, respectively. The filled circles correspond
to the data measurements and the lines show the best-fit BAO model. We use a solid line for model fits to those samples used
in our analysis, and a dashed line otherwise. Error bars represent 68% confidence intervals. The last panel (bottom right)
shows the autocorrelation of the Ly↵ forest (upper sub-panel), and the cross-correlation between the Ly↵ forest and the quasars
(bottom sub-panel), where the 2D clustering information has been compressed into a single wedge. The solid line in this panel
is the baseline model, while the dashed line includes a broad-band polynomial variation that provides a slightly better fit, but
does not significantly shift the BAO position (see [61] for details).
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– Friedman equation for LCDM
– Limitation due the cosmic variance (small part of the visible Universe)
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DR2: BGS +LRG  
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– LRG: Main tracer in SDSS, precise measurement in DESI



DR2: BGS +LRG+ELG  
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– ELG: Main tracer in DESI, precise measurement
– x 2.7 with DR2 compared to DR1



DR2: BGS +LRG+ELG+QSO  
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– QSO: huge volume but small density (shot noise limitation)



DR2: BGS +LRG+ELG+QSO+Lya
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– Different dependence as a function of redshift  (Wm,rd)
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20

the values of �
2 from each individual chain, while the

distributions being averaged over are equivalent.

VI. COSMOLOGICAL CONSTRAINTS IN THE
⇤CDM MODEL

We start by presenting cosmological constraints in the
base ⇤CDM model, and examining tensions between dif-
ferent datasets in this scenario, before introducing the
freedom of extended models in Sections VII and VIII.

As discussed in Section III C and shown in Figure 7,
the values of ⌦m and H0rd inferred from each DESI tracer
individually within the ⇤CDM framework are consistent
with each other. The result of a combined fit to the BAO
results from all redshift bins together is shown in the left
panel of Figure 8 compared to those obtained from DR1
and from the CMB. We find

⌦m = 0.2975 ± 0.0086,

hrd = (101.54 ± 0.73) Mpc,

�
DESI DR2, (17)

with a correlation coe�cient of r = �0.92. This rep-
resents a ⇠40% improvement in the precision on ⌦m

and hrd compared to the DR1 results, while being per-
fectly consistent with them as well as with the SDSS and
DESI+SDSS results reported in [38]. In the following
text and figures, we refer to DESI DR2 simply as DESI,
unless explicitly comparing to DESI DR1.

Figure 8 shows that the overlap with the CMB pos-
terior has decreased, a sign of the increased discrepancy
between the results from DESI BAO and CMB probes
when interpreted in base ⇤CDM. We calculate the rela-
tive �

2 between the two datasets as

�
2 = (pA � pB)T (CovA + CovB)�1(pA � pB), (18)

where pA and pB are the (⌦m, rdh) values obtained from
DESI and the CMB respectively, and CovA and CovB are
the corresponding 2⇥ 2 posterior parameter covariances.
Converting this �

2 into a probability-to-exceed (PTE)
value, we find it is equivalent to a 2.3� discrepancy be-
tween BAO and CMB in ⇤CDM, increased from 1.9�

in DR1. However, we note that this reduces to 2.0� if
CMB lensing is excluded. This discrepancy is part of the
reason why more models with a more flexible background
expansion history than ⇤CDM, such as the evolving dark
energy considered in Section VII below, may provide a
statistically preferable fit.

By calibrating the BAO relative distance measure-
ments using external information we are able to deter-
mine the Hubble constant H0. The right panel of Fig-
ure 8 compares the constraints obtained in the ⌦m-H0

plane from calibrated BAO measurements to those from
the CMB. We show DESI BAO results calibrated us-
ing the BBN !b prior in the blue contours, while those
in orange illustrate the additional combination with the
✓⇤ BAO-like measurement from the CMB. The overlap
with the full CMB posterior, shown in pink, is small
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FIG. 9. Comparison of our H0 constraints with respect to
SH0ES, assuming a ⇤CDM model (Section VI). We show the
combination DESI+BBN for our low redshift and high red-
shift samples. For z > 1.1, only the ELG2, QSO, and Ly↵

tracers are included, while DESI(z < 1.1) includes BGS, LRGs
and the LRG3+ELG1 tracer combinations. Both subsets are
individually in > 3� tension with SH0ES measurements.

and has decreased since DR1, showing a 2.3� discrep-
ancy with DESI after BBN calibration. The centers of
both DESI+BBN and DESI+BBN+✓⇤ posteriors remain
quite well aligned with the degeneracy direction of the
CMB, which is / ⌦mh

3 [126] and shown by the black
dotted line in the figure, while the degeneracy direction
of the DESI+BBN+✓⇤ contour instead follows the line of
constant ⌦mh

2.
Using the conservative BBN prior on !b, we obtain

H0 = (68.51 ± 0.58) km s�1 Mpc�1 (DESI+BBN),

(19)
a 0.8% precision measurement that is independent of any
CMB anisotropy information and comparable to the re-
sult from the CMB [24]. This value is 28% more pre-
cise than the corresponding result from DR1, H0 =
(68.53 ± 0.80) km s�1 Mpc�1, but very consistent with
it. While the result is clearly more in agreement with
the low values obtained from early-Universe measure-
ments than with those from the Cepheid-calibrated lo-
cal distance ladder [127], it is also noticeably higher than
the Planck value, a reflection of the growing tension be-
tween DESI and Planck when interpreted in flat ⇤CDM.
Adding information on the very well-measured acoustic
angular scale further improves this result to

H0 = (68.45 ± 0.47) km s�1 Mpc�1 (DESI+BBN+✓⇤),

(20)
now slightly more precise than from the CMB alone [108].
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– ~14M discrete tracers with 0.1<z<2.1 in 6 redshift bins
– Precision on BAO: from 1.5% (QSO) to 0.45% (LRG3+ELG1)
– With Ly-a forest of QSOs at  z~2.3 :  precision on BAO 0.7%
– Excellent agreement between DESI DR1 and DR2
– Consistent with LCDM but small tension with Planck LCDM : 2.3s
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FIG. 7. 68% and 95% confidence contours for H0rd and ⌦m

under the ⇤CDM model. From low redshift to high redshift,
the increase on the e↵ective redshift of the sample induces
a counter clockwise shift in the degeneracy direction. The
results from each individual tracer are mutually consistent
and complementary in providing tighter constraints.

for ↵AP. The KS statistic is 0.30, p = 0.39. If we conser-
vatively treat SDSS as a pure subsample of DESI DR2
and use the same method to calculate correlation coe�-
cients as in the DR1 vs DR2 comparison above, we find
p = 0.15 from the KS test. We conclude that there is no
significant discrepancy between the DR2 measurements
and those from SDSS.

Unlike the case for DR1, in DR2 the e↵ective volume
and statistical constraining power of each DESI redshift
bin is far larger than that of the corresponding SDSS
counterpart. We therefore no longer consider any com-
bination of bins picked from DESI and SDSS data at
di↵erent redshifts as done in [38].

IV. EXTERNAL DATA

We use results from a number of external experiments
together with our BAO measurements in order to ob-
tain the most precise cosmological constraints. These
are briefly described below.

Planck LCDM 

DESI: 1 year
DR1: April 2024

DESI: 3 years
DR2: April 2025 
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– Consistent results DR1/DR2
– Comparable precision on Wm

for DESI and CMB
– 2.3s discrepancy between 

CMB and DESI
– Discrepancies with SNIa

samples
• Pantheon+: 1.7s
• Union3: 2.1s
• DESY5: 2.9s
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– Main tension in cosmology: 5s discrepancy between CMB 
and late measurements (SNIa)

– Big Bang Nucleosynthesis (BBN) can be used to measure rd

– DESI + BBN (without CMB), tension with SNIa (SH0ES): 4.5s

Calibrating the BAO relative
distance measurements using
a BBN constraints on 

 
 

Adding very precise CMB
acoustic angular scale

Ω hb
2

 constraintsΛCDM

DESI + BBN

H = (68.51 ± 0.58) km s Mpc0
−1 −1

DESI + θ +BBN∗

H = (68.45 ± 0.47) km s Mpc0
−1 −1

12

SNIa  and
 Cepheid

Calibrating the BAO relative
distance measurements using
a BBN constraints on 

 
 

Adding very precise CMB
acoustic angular scale

Ω hb
2

 constraintsΛCDM

DESI + BBN

H = (68.51 ± 0.58) km s Mpc0
−1 −1

DESI + θ +BBN∗

H = (68.45 ± 0.47) km s Mpc0
−1 −1

12

q* : CMB angular scale
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FIG. 11. Results for the posterior distributions of w0 and
wa, from fits of the w0waCDM model to DESI in combina-
tion with CMB and three SNe datasets as labelled. We also
show the contour for DESI combined with CMB alone. The
contours enclose 68% and 95% of the posterior probability.
The gray dashed lines indicate w0 = �1 and wa = 0; the
⇤CDM limit (w0 = �1, wa = 0) lies at their intersection.
The significance of rejection of ⇤CDM is 2.8�, 3.8� and 4.2�

for combinations with the Pantheon+, Union3 and DESY5
SNe samples, respectively, and 3.1� for DESI+CMB without
any SNe.

⇤CDM and w0waCDM models for that combination. Be-
cause ⇤CDM is nested within w0waCDM, correspond-
ing to w0 = �1, wa = 0, Wilks’ theorem [141] implies
that ��

2

MAP
should follow a �

2 distribution with two
degrees of freedom under the assumption the null hypoth-
esis (⇤CDM model) holds, and assuming that errors are
Gaussian and correctly estimated. To translate ��

2

MAP

into familiar terms, we quote the corresponding frequen-
tist significance N� for a 1D Gaussian distribution,

CDF�2

�
��

2

MAP
| 2 dof

�
=

1p
2⇡

Z N

�N
e
�t2/2

dt , (22)

where the left hand side denotes the cumulative distribu-
tion of �

2. We also compute the Deviance Information
Criterion (DIC) [142–145], which takes into account the
Bayesian complexity of the model and penalizes including
extra parameters.

A. Results

From DESI DR2 BAO alone, we obtain rather weak
constraints on the parameters

w0 = �0.48+0.35
�0.17

wa < �1.34

)
DESI BAO, (23)

which mildly favor the w0 > �1, wa < 0 quadrant but
are cut o↵ by the priors. The upper bound on wa here
is the 68% limit, and wa = 0 is not excluded at 95%. As
was the case in DR1, BAO data alone define a degener-
acy direction in the w0-wa plane, but they do not show a
strong preference for dark energy evolution: the improve-
ment in �

2

MAP
relative to the ⇤CDM case of w0 = �1,

wa = 0 is equivalent to a preference of just 1.7�.
The minimal extension we consider, beyond BAO data

alone, is to add a high-redshift constraint from the early
universe. This can be achieved by imposing CMB-derived
priors on ✓⇤, !b and !bc, as described in Section IV.
These priors are independent of the late-time dark en-
ergy, and also marginalize over contributions such as the
late ISW e↵ect and CMB lensing. Therefore, they pro-
vide us with an early time physics prior that can help
us set the sound horizon and is based solely on early-
Universe information. The result from this data combi-
nation is

w0 = �0.43 ± 0.22

wa = �1.72 ± 0.64

�
DESI+(✓⇤, !b, !bc)CMB. (24)

While this is still bounded by the wa > �3 prior at the
lower end, the posterior already clearly disfavors ⇤CDM.
The ��

2

MAP
value decreases to �8.0, indicating a prefer-

ence for an evolving dark energy equation of state at the
2.4� level.

Replacing these minimal early-Universe priors with the
full CMB information leads to only a small shift in the
maginalized posteriors

w0 = �0.42 ± 0.21

wa = �1.75 ± 0.58

�
DESI+CMB, (25)

showing that most of the information that the CMB pro-
vides on w(z) comes from its role in anchoring early-
Universe values of (✓⇤, !b, !bc) and thus limiting the free-
dom for models to fit the low-redshift data without an
evolving dark energy component. Nevertheless, when in-
cluding the full CMB information the ��

2

MAP
decreases

to �12.5, corresponding to a 3.1� preference for evolv-
ing dark energy. This change in the ��

2

MAP
is driven

primarily by the inclusion of CMB lensing, the e↵ect of
which is (by construction) not captured in the minimal
early-Universe priors (see Appendix A for further discus-
sion and a comparison of posteriors with di↵erent choices
of CMB likelihoods).

SNe data alone provide a complementary degeneracy
direction in the w0-wa plane, as they measure w0 well
independently of wa, which is only weakly constrained.
The combination of SNe data with DESI BAO can there-
fore measure w0 and wa without having the posteriors
cut o↵ by the prior ranges we assumed. The marginal-
ized posterior results are listed in Table V and depend on
the choice of SNe dataset, with the significances of the
preference for the model over ⇤CDM ranging from 1.7�

to 3.3� as summarized in Table VI.

– For LCDM, we expect w=-1, i.e. w0=-1 and wa=0 
– Combining DESI+CMB: 3.1s effect 
– Combining DESI+CMB+SN: 2.8s to 4.2s effect depending 

on the SN sample
– Stronger Indications of dynamical dark energy with DR2

LCDM

Beyond ΛCDM: Dark Energy Equation of State
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depends on its equation of state:

Three SN measurements are available: 
Pantheon+ (2022), Union3 (2023), DES-Y5 
(2024)

ΛCDM:

<latexit sha1_base64="gxsYbJ9Imd/x2ky+A0e949HLR/M="></latexit>

w(z) =
p(z)

⇢(z) fit w(z) = constant

Assuming a constant EoS, DESI BAO is fully 
compatible with a cosmological constant

<latexit sha1_base64="5+cq85U9aSb9PRao2kwLQg11gK8="></latexit>

w = �1

<latexit sha1_base64="sIAimj8gMbywGDMT9KDyrV5tq1o="></latexit>
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Beyond ΛCDM: Dark Energy Equation of State

fit varying w(z)The previous conclusion changes when 
considering a time-varying equation of state:

(CPL parametrization)

• DESI BAO alone has poor constraining power 

• DESI + CMB ⟹  2.6 𝜎 

<latexit sha1_base64="aLpnBQIao4VMqhzLceOE85e1HdQ="></latexit>

w(z) = w0 +
z

1 + z
wa

Extensions of LCDM
• Equation of state of Dark Energy

• Time evolving Dark Energy
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started earlier 
than in ΛCDM.

Acceleration is 
lower than ΛCDM

at present.
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– Mirage Dark Energy is preferred to Thawing (Quintessence) models
– “Mirage” models mimic LCDM and <w> ~ -1 whereas there is a real 

time evolving Dark Energy 

6

substantially di↵erent. Finally, the DESY5 dataset
[71] is a sample of 1635 photometrically-classified
SNe Ia with redshifts in the range 0.1 < z < 1.13,
complemented by 194 historical low-redshift SNe Ia
(which are also present in the PantheonPlus sam-
ple) spanning 0.025 < z < 0.1.

• Cosmic microwave background (CMB): We include
temperature and polarization measurements of the
CMB from the Planck satellite [72]. In par-
ticular, we use the high-` TTTEEE likelihood
(planck NPIPE highl CamSpec.TTTEEE), together
with low-` TT (planck 2018 lowl.TT) and low-
` EE (planck 2018 lowl.EE) [73, 74], as imple-
mented in Cobaya [75]. Additionally, we combine
temperature and polarization anisotropies with
CMB lensing measurements from the combination
of NPIPE PR4 from Planck [76] and the Atacama
Cosmology Telescope (ACT) DR6 [77, 78].

• Compressed CMB : We use the Gaussian correlated
prior over !b ⌘ ⌦bh2, !bc ⌘ ⌦bh2+⌦ch2 and ✓⇤ as
defined in [47]. Here, the angular acoustic scale ✓⇤
adds extra geometrical information from the CMB,
while !b and !bc

1 serve to set the sound horizon
rd and calibrate our BAO measurements. These
CMB-based quantities capture most of the relevant
information from the early CMB by marginalizing
over contributions from late-time e↵ects, such as
the integrated Sachs–Wolfe (ISW) e↵ect and CMB
lensing, resulting in a robust CMB compression for
testing late-time physics [79]. In particular, we
use these compressed measurements as a conser-
vative alternative for constraining dark energy at
the background level, thereby allowing for negative
fDE(z), as in Sections IV B and V A. For brevity,
we refer to these as (✓⇤, !b, !bc)CMB.

In our analysis, we utilize Markov Chain Monte Carlo
(MCMC) sampling to explore the parameter space us-
ing the Metropolis-Hastings algorithm [80, 81] as imple-
mented in Cobaya [82, 83]. For the alternate parametriza-
tions, non-parametric methods, and DE classes, we adopt
priors similar to [40], with exact specifications presented
in Table I, and have modified the Boltzmann solver
camb [84, 85], incorporating a generalized equation of
state for dark energy for the theoretical prediction of ob-
servables. We employ the parametrized post-Friedmann
(PPF) framework [86, 87] to compute cosmological per-
turbations for the time-dependent equation of state w(a),
where a is the scale factor, which permits transitions
across the phantom divide at w = �1. Additionally,
we use custom theory code in Cobaya for the analysis of
fDE(z) binning and crossing statistics. For quintessence

1 Note that, as pointed out in our discussion about neutrinos, they
do not contribute to the matter content of the Universe during
recombination, and therefore we use !bc explicitly instead of !m.
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FIG. 1. Constraints on the parameters w0wa from DESI
BAO DR2, CMB, and Union3 are illustrated in blue, while
the corresponding combination with DESI BAO DR1 is shown
in orange. The green line indicates the degeneracy direction
associated with calibrated thawing (see Section VI A), while
the purple line denotes the “mirage” direction (discussed in
Section VI C) which closely follows the degeneracy direction
of the w0wa contours.

models, we have a modified version of the class [88, 89]
integrated into our inference pipeline. We switched to
the Recfast option for recombination as it does not as-
sume anything about the equation of state. We assume
one massive and two massless neutrino species a withP

m⌫ = 0.06 eV and Ne↵ = 3.044. For the SNe Ia likeli-
hoods (PantheonPlus, Union3, and DESY5), we analyt-
ically marginalize over the absolute magnitude MB . For
clarity of presentation, we utilize Union3 in the figures as
a conservative result, as it has larger uncertainties com-
pared to the PantheonPlus and DESY5 datasets. Nev-
ertheless, we will also discuss constraints derived from
other supernova datasets wherever they are relevant to
our analysis. Finally, ��2 is defined with respect to
the ⇤CDM best fit. For the calculation of the best fit
points themselves, we start with the maximum a posteri-
ori (MAP) points from the four chains produced during
the MCMC sampling, and make use of the iminuit [90]
minimizer. Thus, the quantity used in model compar-
isons is more precisely2 ��2

MAP
⌘ �2� ln L, which is

the di↵erence in the log posterior values at the calcu-
lated maximum posterior points, scaled by �2. Since
the posterior depends on the product of the likelihood
and priors, we also take into account the ratios of dif-
ferent model priors to ensure that there is no additional
penalty in the ��2

MAP
from comparing two models.

2 In the text �
2 is used in place of �2

MAP, for convenience.

Quintessence
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TABLE III. ��2
MAP ⌘ �2

model � �2
⇤CDM and �DIC ⌘

DICmodel � DIC⇤CDM values for various data combinations,
including DESI, CMB with each di↵erent SNe Ia, and
DE classes, namely: Thawing (Calibrated and Algebraic:
‘Thaw. (Cal.)’ and ‘Thaw. (Alg.)’, respectively), Emergent
and Mirage. The minimum �2 values were obtained using the
iminuit [90] minimizer.

DESI+CMB: +PantheonPlus +Union3 +DESY5

DE classes �DIC (��2)

Thaw. (Cal.) +0.4 (�1.6) �0.6 (�2.5) �5.8 (�7.1)

Thaw. (Alg.) �1.0 (�2.9) �4.6 (�6.9) �10.1 (�13.2)

Emergent +2.1 (�0.05) +1.8 (�0.1) +0.2 (�1.5)

Mirage �9.1 (�10.5) �13.8 (�16.2) �18.7 (�20.7)

w0wa �6.8 (�10.7) �13.5 (�17.4) �17.2 (�21.0)

fairly straightforward, while for the mirage class less so.
It is also important to note that the model comparison
metrics used in this section serve both to quantify the
data’s preference for each model—providing an absolute
scale in the case of nested models—and to facilitate a
relative ranking among non-nested models, such as the
algebraic thawing and w0wa parameterizations.

E. Is there evidence for phantom crossing?

Both the parametric and non-parametric methods dis-
cussed in Section IV and Section V indicate a possible
crossing of the phantom divide line; however, as illus-
trated in Figure 16, this does not guarantee that the
crossing is genuine. Specifically, the apparent crossing
in the w0wa parameterization may be spurious to match
observables, raising the question of whether w(a) truly
crosses �1 or if the behavior is simply an artifact of the
parameterization.

To address this, we analyze the behavior of thaw-
ing quintessence using the algebraic model described by
Eq. (15), which enforces w(z) � �1. Although the al-
gebraic thawing model, restricted by our prior p < 30,
yields a better fit to the data than ⇤CDM by 3 .
���2 . 13 and �1 < ��DIC < 10, it is considerably
less favored than the w0wa model. This overall preference
for w0waCDM over algebraic-thawing model, however,
cannot be straightforwardly converted into p-values or
n-sigma levels because algebraic thawing and w0waCDM
models are not nested.

To achieve ���2 comparable to w0wa with thawing
models would require an exceptionally fine-tuned poten-
tial V (') [181], precise initial field settings [182], or ‘data-
informed’ prior choices [183], resulting in w(z & 0.3) =
�1 followed by a rapid increase to w(z . 0.3) > �1. This
suggests that a sharp increase followed by a decrease in
dark energy density may be a necessary feature, since
models that do not cross the phantom divide tend to

underperform compared to those that do. The specific
behavior of w(z) suggested by the data — a phantom
crossing from w(z & 0.5) < �1 to w(z . 0.5) > �1 — is
not predicted by any of the simplest and most studied
extensions of ⇤CDM (see also the recent discussion in
[177]).

While the phantom crossing can be seen as theoret-
ically challenging due to stability issues, for example,
within the framework of minimally-coupled scalar fields,
obtaining such behavior is not di�cult in extended the-
oretical frameworks. For example, phantom crossing can
arise in models where dark energy possesses multiple
internal degrees of freedom, such as multi-field scenar-
ios [184–189], non-standard vacuum models [168, 169],
frameworks where dark energy interacts with dark mat-
ter [190–195], and modified theories of gravity [196–
206]. Because of the aforementioned multiple internal
degrees of freedom in these models, the e↵ective, observ-
able equation of state w(z) can cross the phantom divide
even though the null-energy condition is not violated.
Whether a compelling theoretical mechanism — one that
does not require many extra degrees of freedom or exotic
assumptions — can be constructed to cross the phan-
tom divide in the way suggested by data remains an open
question, although some models have recently been put
forward as viable in this regard [203, 204].

VII. CONCLUSIONS

This work presents constraints on dark energy from
DR2 BAO, in combination with cosmic microwave back-
ground, and type Ia supernova data. We began our study
by summarizing and expanding upon the w0waCDM
analysis presented in [47]. Under the assumption of
a linearly evolving w(a) = w0 + wa(1 � a), the lat-
est DESI+CMB results indicate a ' 3� deviation from
⇤CDM. The data shows a clear preference for the (w0 >
�1, wa < 0) quadrant, and in particular w0 + wa < �1,
implying a past phantom-like equation of state transi-
tioning to w(z) > �1 today. The reconstructed Om(z)
and deceleration parameter q(z) also show clear devia-
tions from ⇤CDM, reinforcing the case for evolving dark
energy.

To assess the robustness of our findings, we conducted
a series of analyses: i) varying the redshift dependence
of w(z), by considering various parametrizations (Sec-
tion IV A), and ii) studying the improvement in fit as
more freedom is given to the dark energy characteristics
(Section IV B). As in DR1, the results are rather stable
under changes in the assumed form for w(z), and the
data does not seem to require more degrees of freedom in
w(z), beyond w0wa, as shown in Figure 6 (see also [43]).

Next, we implemented two non-parametric recon-
struction techniques and applied them to the redshift-
dependent equation of state w(z) and dark energy den-
sity fDE(z), in order to allow more flexibility than that
available in the parametric methods. Overall, the con-
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Neutrinos with Cosmology 
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m⌫ ⇠ hpi =
R
pf(p)d3pR
f(p)d3p

= 3.15T⌫ with f(p) =
1

ep/T⌫ + 1

N. Palanque-Delabrouille  — April 26, 
2017 43

At early times (Tn ≫ mn), neutrinos contribute as radiation

At late times (Tn ≪ mn), neutrinos contribute as matter

Non-relativistic transition 

Cosmic Microwave
Background Large Scale structures 43

Cosmic Microwave
Background Large Scale structures

⇢⌫ = m⌫n⌫

⇢⌫ / T 4
⌫

znr ⇠ 1900
m⌫

1 eV

N. Palanque-Delabrouille  — Dec. 2, 2016 43

Cosmic Microwave
Background Large Scale structures 43

Radiation Matter Dark energy
Relativistic n’s Non-relativistic n’s

At recombination
mn < 0.6 eV (Smn <1.7) : relativistic
mn > 0.6 eV (Smn >1.7) : matter-like

Ων =
Σmν

93.1eV



Two effects due to neutrino masses 

Ø When z decreases, Wm(1+z)3 decreases 
slower than Wr(1+z)4

Ø Massive neutrinos increases of H(z)
Ø To keep the same size of sound horizon 

(same H(z)), we need a lower H0

Ø Anti-correlation (H0,Smn)
Ø Correlation (Wm,Smn) because CMB 

measures Wm.H0
3

ØBAO breaks the (H0,Smn) degeneracy by adding another 
measurement of the acoustic scale at a different redshift 44

ØAs Smn <1 eV, we can neglect ISW effect and we have 
only two effects

1) Geometrical: size of horizon (integral of 1/H(z))
2) Free streaming: suppression of small scales

CMB

𝐻 𝑧 = 𝐻0 Ω1(1 + 𝑧))+Ω2(1 + 𝑧)3+Ω4



Impacts of neutrinos through free-streaming 

45

Free$streaming$
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potenCal$

x$

iniCal$Cme$

gravitaConal$
potenCal$

x$

later$Cme$

Velocity-dispersion-large-wrt-size-of-poten1al-well-

Neutrinos$escape$from$potenCal$well,$
density$perturbaCons$get$washed$out$

Cold$dark$ma_er$

neutrino$

LCDM massless neutrinos LCDM massive neutrinos

Suppression of the 
small scales



Neutrinos masses and Hierarchy 

46

Sm > 60 meV Sm > 100 meV

Dm2 > 0 Dm2 < 0

An answer to mass hierarchy with cosmological neutrinos
Ø Particles Physics: atmospheric and solar oscillations
Ø No constraint on absolute masses
Ø 2 possible schemes: normal vs inverted hierarchy
ØThe lowest possible mass is ~60 meV
Ø With s(Smn)~20 meV,  we measure the mass of the neutrinos 
with a precision better than 3s



Sum of neutrino masses - Bayesian
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Limits at 95% CL:
– For LCDM with CMB alone: 
– For LCDM with CMB + DESI:
– For w0waCDM with CMB + DESI + SN

– CMB is sensitive to ∑𝑚5

– BAO measures Ω6 and breaks the degeneracies

Σ𝑚5 < 210	𝑚𝑒𝑉

Σ𝑚5 < 64	𝑚𝑒𝑉

Σ𝑚5 < 130	𝑚𝑒𝑉
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FIG. 16. 68% and 95% confidence contours for the sum of the
neutrino masses and ⌦m in ⇤CDM. The constraints assume
a prior

P
m⌫ > 0 eV. The CMB constraints show a high

degree of correlation between
P

m⌫ and ⌦m. DESI BAO
constraints are insensitive to the neutrino mass parameter but
measure ⌦m, thus helping to break the geometric degeneracy
and tightening the upper bound on

P
m⌫ . The constraint onP

m⌫ from DESI+CMB is particularly tight because of the
DESI preference for lower ⌦m values.

decreases the expected lensing power, while smaller val-
ues would boost it.

The baseline CMB likelihood we have adopted through
this paper combines the CamSpec likelihood [106, 107]
together with the combined CMB likelihood from Planck
[164] and ACT [102], both of which are based on the
PR4 data release. Combining these with the DESI DR2
BAO, and assuming a ⇤CDM background, we find the
marginalized posterior limit

X
m⌫ < 0.064 eV (95%, DESI+CMB). (29)

Although the CamSpec likelihood appears to prefer a
lower lensing power and reduces the AL anomaly [107],
the tighter constraints on other cosmological parameters
degenerate with

P
m⌫ mean that this upper bound is

tighter than the one obtained with the original Plik like-
lihood:

X
m⌫ < 0.069 eV (95%, DESI+CMB[Plik]). (30)

The result of eq. (30) is directly comparable to the result
obtained from BAO and CMB in the DESI DR1 analysis
[38, 45], which used the Plik likelihood as the default and
obtained the corresponding constraint

P
m⌫ < 0.082 eV

(95%).19 This close to 20% reduction in the upper bound

19
Note that [38] originally reported a slightly tighter constraint

reflects the higher precision of the DESI DR2 BAO data
compared to DR1.

The use of the alternative LoLLiPoP and HiLLiPoP
(L-H) likelihoods of [108] also show a lower excess lens-
ing power than Plik. In this case, this e↵ect is also
reflected in significantly looser upper bounds on the neu-
trino mass,

X
m⌫ < 0.077 eV (95%, DESI+CMB[L-H]). (31)

Figure 15 shows the marginalized 1D posterior con-
straints on

P
m⌫ for the combination of DESI with each

of the CMB likelihoods.
Irrespective of which CMB likelihood is used, all

three upper bounds are very close to the lower boundP
m⌫ > 0.059 eV set by neutrino oscillation experi-

ments [165]. The posteriors shown in Figure 15 all re-
semble the tails of distributions that would peak at neg-
ative neutrino masses if this were allowed by the prior.
This behavior has been explored in a few recent stud-
ies [159, 161, 166, 167], as well as in our companion
work [48], which also shows that it holds for profile like-
lihoods based on extrapolating the �

2 likelihood surface
to

P
m⌫ < 0 eV. In the context of a model with e↵ective

neutrino masses that are allowed to assume negative val-
ues, the DESI+CMB likelihood peaks at

P
m⌫,e↵ < 0,

and the tension with the minimal mass bound from ter-
restrial experiments increases to 3.0� [48].

This discrepancy can be related to the tension between
DESI and CMB results for the parameters ⌦m and H0rd

in a ⇤CDM background discussed in Section VI above,
and particularly in Figure 8. For fixed angular acous-
tic scale ✓⇤, the e↵ects on the CMB of changing

P
m⌫

and changing ⌦m are positively correlated, as can be seen
from the dashed black contour in Figure 16 (similar de-
generacies can also be observed between

P
m⌫ and H0rd,

but with a negative correlation). In ⇤CDM, DESI tightly
constrains ⌦m, as shown by the vertical shaded contour,
to a value close to the low-end tail of the marginalized
posterior distribution for CMB measurements. Conse-
quently, the combination of DESI and CMB rules out
all but the smallest neutrino masses. This result is thus
related to the preference of DESI for lower values of ⌦m

compared to the CMB discussed in the previous Sections.
As the upper limits on

P
m⌫ from cosmology approach

the lower limits from neutrino oscillations, the distinction
between the di↵erent mass orderings becomes increas-
ingly relevant. The baseline constraint eq. (29), obtained
assuming a

P
m⌫ > 0 prior, already appears to rule out

the inverted ordering. However, to determine the evi-
dence in support of the normal ordering, one should also
account for the fact that much of the posterior volume vi-
olates the constraints for both mass orderings. To do this

due to a bug in the version of the ACT lensing likelihood used

in that analysis. This was corrected in [45], where the quoted

result was obtained using v1.2 of the ACT likelihood code that

is also used here.
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Limits at 95% CL with Feldman-Cousins:
– For LCDM with CMB + DESI:
– For w0waCDM with CMB + DESI + SN

Σ𝑚5 < 53	𝑚𝑒𝑉

Σ𝑚5 < 126	𝑚𝑒𝑉
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FIG. 10. Neutrino mass profile likelihood using DESI DR2
BAO and baseline CMB data, combined with DESY5 super-
novae, for w0waCDM. When allowing for evolving dark en-
ergy, the minimum of the profile shifts very close and even
into the positive sector for some data combinations. The
combination without SNe information can be compared to
its ⇤CDM equivalent: � increases by 0.035 eV, and the upper
limit relaxes considerably, aided by the shift toward the pos-
itive sector. Adding SNe information tightens the parabola
again.

seen in the Bayesian case (see the right panel of Fig. 16).
We see a di↵erent situation when comparing FS +

BAO with combinations that only include BAO. For this
comparison, we revert to using the plik Planck likeli-
hood as was done for the baseline results in [39]. Never-
theless, just like in Section IV D and [39] in the Bayesian
framework, we find that DESI BAO + CMB plik and
CamSpec exhibit extremely similar profiles. We expect an
improvement on DESI DR1 BAO when considering the
full-shape analysis, which unlike BAO is able to measure
the small-scale suppression e↵ect on the matter power
spectrum. As in the previous case, we see an improve-
ment of the upper limit by 0.011 eV. The statistical
power of the data as measured by � is very close for
both curves, with a di↵erence of 0.003 eV in favor of the
analysis that includes FS.

These findings show that, in terms of statistical
strength, the switch from DESI DR1 BAO to DESI DR2
BAO and the inclusion of CMB lensing are most impor-
tant, while the improved upper limit in the BAO + FS
case is mostly due to a shift toward negative values.

DESI can constrain the sum of neutrino masses with
limited external information. In Fig. 9, we consider
the combination of DESI DR1 (FS+BAO) along with
a BBN prior on ⌦bh

2 and CMB information on ns and
As. The full-shape analysis makes it possible to mea-
sure the small-scale suppression e↵ect caused by neutri-
nos without involving CMB information, while geomet-
ric information is provided by the BAO measurement. If

the preference for negative e↵ective neutrino masses is
a symptom of some tension between di↵erent datasets,
then reducing the amount of external information could
lessen the preference.

We find that all parabola minima still lie in the nega-
tive sector, although the tension with

P
m⌫ = 0 is less

than 1�. Compared to baseline CMB + DESI combi-
nations, the constraints are relaxed, with upper limits
as high as 0.373 eV along with � = 0.200 eV. As more
stringent CMB information is added to the analysis, such
as a narrower constraint on ns or additional information
on As, both constraining power, �, and upper limits im-
prove. The minimum also shifts further toward the neg-
atives by about 0.045 eV, resulting in a decrease in the
upper limits of around 0.07 eV for each step.

We now consider the impact of allowing evolving dark
energy, under the framework of the w0–wa parametriza-
tion. DESI data, in combination with external datasets,
have been shown to favor dynamical dark energy [38–
40, 177], especially when including supernova informa-
tion. Moving to a dynamical dark energy model helps to
alleviate the tension that could be driving the neutrino
mass sum toward the negatives. As shown in Fig. 10,
the minima of the parabolas shift very close to the posi-
tive sector. The combination of DESI DR2 BAO and the
baseline CMB dataset imposes an upper limit of

w0waCDM: DESI DR2 BAO + CMB:
X

m⌫ < 0.177 eV (95%),
(29)

which represents a 0.123 eV relaxation compared to the
⇤CDM case. A large part of this increase is caused by
the shift of the parabola toward the positives by 0.06 eV,
although further relaxation is expected from the degra-
dation of � from 0.043 eV to 0.078 eV. When adding
SNe information from DESY5, � and µ95 both improve
to 0.068 eV and 0.126 eV, while the central value, µ0, be-
comes negative again, although barely.

Finally, the profile likelihoods can also be used to probe
the preference for the normal mass ordering. The pro-
files are calculated using a degenerate mass approxima-
tion with three neutrinos of equal mass, which is still a
reasonable approximation for recent DESI data [31, 159–
162]. We use the NuFIT 6.0 constraints [49] on the dif-
ference of squared masses, from current oscillation exper-
iments, and we consider a situation in which the lightest
neutrino has zero mass. We can then determine a to-
tal sum of neutrino masses both in normal and inverted
ordering, and compute a ��

2 between the two. For base-
line CMB + DESI DR2 BAO in ⇤CDM, this procedure

yields �
2(

P
m

(IO)
⌫ )��

2(
P

m
(NO)
⌫ ) = 4.6, which is in very

good agreement with the Bayes factor reported in Sec-
tion IVC. This indicates that baseline CMB + DESI DR2
BAO seems to favor the normal ordering.

Almost all profiles presented here, especially for
⇤CDM, exhibit a minimum in the negative mass region.
Only when introducing dynamical dark energy do we re-
cover minima closer to or inside the positive sector. Nev-

LCDM

w0waCDM 

– Our “real” sensitivity on ∑𝑚% is s ~ 40 meV with LCDM
– Because of the tension on Ω!	 the limits artificially are too stringent 
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Model/Dataset µ0 [eV] � [eV] 95% CL [eV]

⇤CDM+
P

m⌫

DESI DR2 BAO+CMB (CamSpec) �0.036 0.043 < 0.053

DESI DR1 BAO+CMB (CamSpec) �0.048 0.054 < 0.063

DESI DR1 BAO+CMB-nl (CamSpec) �0.068 0.067 < 0.074

DESI DR1 BAO+CMB (plik) �0.052 0.056 < 0.064

DESI DR1 (FS+BAO)+CMB (plik) �0.063 0.053 < 0.053

DESI DR1 (FS+BAO)+BBN+ns,10 �0.019 0.200 < 0.373

DESI DR1 (FS+BAO)+BBN+ns,1 �0.063 0.184 < 0.300

DESI DR1 (FS+BAO)+BBN+ns,1+As �0.107 0.163 < 0.221

w0waCDM+
P

m⌫

DESI DR2 BAO+CMB 0.024 0.078 < 0.177

DESI DR2 BAO+CMB+DESY5 �0.007 0.068 < 0.126

TABLE III. Profile likelihood parameters for all dataset combinations. Here, µ0 and � represent the minimum and scale of
the parabolic fit, respectively. We also report a 95% confidence level computed from the Feldman-Cousins prescription. All
parameters are given in eV.

ertheless, when the minima are in the negatives, they
mostly remain in agreement with

P
m⌫ = 0 to within

1�. The presented upper bounds Eqs. (28) and (29) are
0.01 eV lower for the ⇤CDM case and 0.01 eV higher for
w0waCDM, than those obtained from the Bayesian anal-
ysis. Considering that we operate with limited statis-
tics, and that our method to exclude the negative region
di↵ers, it is not unexpected that we recover somewhat
di↵erent values.

B. E↵ective neutrino masses

The results of Section IVC illustrate that current cos-
mological constraints on

P
m⌫ are dominated by prior

weight e↵ects, at least in the context of the ⇤CDM
model. For all cases considered so far, the marginal pos-
terior distribution peaks at the smallest mass allowed by
the prior, whether it be

P
m⌫ = 0 eV for a degener-

ate mass spectrum or ml = 0 eV when an oscillation-
based parametrization is adopted. Furthermore, the pro-
file likelihood analysis shows that our baseline constraints
are already in tension with the lower limits from neu-
trino oscillations and that the minimum of the likelihood
appears to be in the negative sector. This motivates a
Bayesian analysis with an e↵ective neutrino mass param-
eter,

P
m⌫,e↵ , that can be extended to negative values.

We utilize the e↵ective neutrino mass parameter of
[66], which allows for a negative neutrino contribution
to the energy density at late times. The parameter is im-
plemented at the level of cosmological perturbation the-
ory, ensuring that all cosmological e↵ects of

P
m⌫ are

extended consistently to negative values. By definition,
it agrees exactly with

P
m⌫ for positive values. We re-

fer to Appendix A for details. It should be emphasized

that this is an e↵ective parameter and any evidence for
negative values should be interpreted as a signature of
unidentified systematic errors or possibly of new physics
which may be unrelated to neutrinos, rather than as a
direct sign of negative mass neutrinos.

While unorthodox, the e↵ective neutrino mass param-
eter,

P
m⌫,e↵ , has a number of advantages compared to

the standard approach. First of all, it allows for con-
straints that are driven by the data rather than by the
prior. It thus provides a robust metric for the tension
between cosmological data and oscillation constraints.
Moreover, extending the model to negative values pro-
vides significant insight, given that the standard analysis
reveals only the tail of the distribution of

P
m⌫,e↵ . This

helps, for instance, to di↵erentiate parameter shifts from
changes in precision and clarifies the directions of param-
eter degeneracies.

Adopting the
P

m⌫,e↵ parametrization in ⇤CDM, we
obtain the following constraint from the combination of
DESI DR2 BAO and our baseline CMB dataset:

DESI DR2 BAO + CMB:
X

m⌫,e↵ = �0.101+0.047
�0.056 eV (68%).

(30)

This amounts to a slight shift and a 20% improvement
in precision compared to the constraint,

P
m⌫,e↵ =

�0.125+0.058
�0.070 eV, from [66] obtained for DESI DR1 BAO

and CMB data. The tension with the lower bound,P
m⌫ � 0.059 eV, for the normal mass ordering is 3.0�

(an increase from the 2.8� quoted in [66]).4 The marginal

4 We compute the tension in terms of the probability to exceed the
lower bound from neutrino oscillations, using the 1D marginal-
ized posterior distribution of

P
m⌫,e↵ . See Section V C for al-

ternative tension metrics.
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Model/Dataset µ0 [eV] � [eV] 95% CL [eV]

⇤CDM+
P
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TABLE III. Profile likelihood parameters for all dataset combinations. Here, µ0 and � represent the minimum and scale of
the parabolic fit, respectively. We also report a 95% confidence level computed from the Feldman-Cousins prescription. All
parameters are given in eV.

ertheless, when the minima are in the negatives, they
mostly remain in agreement with

P
m⌫ = 0 to within

1�. The presented upper bounds Eqs. (28) and (29) are
0.01 eV lower for the ⇤CDM case and 0.01 eV higher for
w0waCDM, than those obtained from the Bayesian anal-
ysis. Considering that we operate with limited statis-
tics, and that our method to exclude the negative region
di↵ers, it is not unexpected that we recover somewhat
di↵erent values.

B. E↵ective neutrino masses

The results of Section IVC illustrate that current cos-
mological constraints on

P
m⌫ are dominated by prior

weight e↵ects, at least in the context of the ⇤CDM
model. For all cases considered so far, the marginal pos-
terior distribution peaks at the smallest mass allowed by
the prior, whether it be

P
m⌫ = 0 eV for a degener-

ate mass spectrum or ml = 0 eV when an oscillation-
based parametrization is adopted. Furthermore, the pro-
file likelihood analysis shows that our baseline constraints
are already in tension with the lower limits from neu-
trino oscillations and that the minimum of the likelihood
appears to be in the negative sector. This motivates a
Bayesian analysis with an e↵ective neutrino mass param-
eter,

P
m⌫,e↵ , that can be extended to negative values.

We utilize the e↵ective neutrino mass parameter of
[66], which allows for a negative neutrino contribution
to the energy density at late times. The parameter is im-
plemented at the level of cosmological perturbation the-
ory, ensuring that all cosmological e↵ects of

P
m⌫ are

extended consistently to negative values. By definition,
it agrees exactly with

P
m⌫ for positive values. We re-

fer to Appendix A for details. It should be emphasized

that this is an e↵ective parameter and any evidence for
negative values should be interpreted as a signature of
unidentified systematic errors or possibly of new physics
which may be unrelated to neutrinos, rather than as a
direct sign of negative mass neutrinos.

While unorthodox, the e↵ective neutrino mass param-
eter,

P
m⌫,e↵ , has a number of advantages compared to

the standard approach. First of all, it allows for con-
straints that are driven by the data rather than by the
prior. It thus provides a robust metric for the tension
between cosmological data and oscillation constraints.
Moreover, extending the model to negative values pro-
vides significant insight, given that the standard analysis
reveals only the tail of the distribution of

P
m⌫,e↵ . This

helps, for instance, to di↵erentiate parameter shifts from
changes in precision and clarifies the directions of param-
eter degeneracies.

Adopting the
P

m⌫,e↵ parametrization in ⇤CDM, we
obtain the following constraint from the combination of
DESI DR2 BAO and our baseline CMB dataset:

DESI DR2 BAO + CMB:
X

m⌫,e↵ = �0.101+0.047
�0.056 eV (68%).

(30)

This amounts to a slight shift and a 20% improvement
in precision compared to the constraint,

P
m⌫,e↵ =

�0.125+0.058
�0.070 eV, from [66] obtained for DESI DR1 BAO

and CMB data. The tension with the lower bound,P
m⌫ � 0.059 eV, for the normal mass ordering is 3.0�

(an increase from the 2.8� quoted in [66]).4 The marginal

4 We compute the tension in terms of the probability to exceed the
lower bound from neutrino oscillations, using the 1D marginal-
ized posterior distribution of

P
m⌫,e↵ . See Section V C for al-

ternative tension metrics.
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Summary: Results from DESI BAO
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– BAO results with DR2
• With  three years (DR2), DESI provides the most precise 

measurement of BAO over 0<z<3.5
• DR2 (April 2024) results confirm DR1 (April 2025) results
• In LCDM, DESI is in slight tension with CMB (~2s) and 

DESI prefers lower Ω! The tension still present with ACT 
and SPT

• Indications of time-varying Dark Energy equation of state, 
especially when SNIa are added
⟹ a 2.8s to 4.2s effect, not 5s yet! 

– What next? 
• BAO: Full dataset for DESI in 2026 (+ Full shape analysis)
• SNIa: ZTF and LSST homogeneous sample at z<0.1
• CMB: SPT and in the long term SO and CMB-S4



DESI and DESI-II timeline
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– DESI (DR1-DR3) should finish in Nov. 2025
– Continuation of DESI (DR4-DR5) to end of 2028 with an 

extension of the footprint and an increase of the completeness
– DESI-II (2029): Dark Matter, high-density and high-z programs 



DESI and DESI-II  BAO program
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– DESI (DR1-DR3) is focused 
on the studies of DE

– DESI (DR4-DR5) : 
• Extension of footprint
• Denser in DE region

– DESI-II: 
• higher-density at low-z
• high-z programs 
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