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Baryonic Acoustic 
Oscillations (BAO)

-
Dark Energy 

Spectroscopic Instrument
(DESI)
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BAO, a standard ruler
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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.
•  Þ Standard Ruler: rd ~ 150 Mpc in comoving distance
 

DESI year 1

150 Mpc
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Observation of baryonic acoustic peak

ADE, Montpellier, November 6, 2025
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First observation 
- In 2005: First observations of baryonic 

oscillations by 2 teams (2dFGRS and 
SDSS) 

- SDSS observe a peak at ~150 Mpc 
- SDSS: ~50 000 LRGs, <z> ~ 0.35 
               “Luminous Red Galaxies”  
 

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)

SDSS

Standard Ruler

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

D
q 

150 Mpc 
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DESI Project  

ADE, Montpellier, November 6, 2025
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• Scientific project  
– 3D map for 0<z<4
– Footprint ~14000 deg2  (1/3 sky)
– 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
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DESI tracers of the Matter  

ADE, Montpellier, November 6, 2025
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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

Lookb
ac

k t
im

e
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Another Tracer of Matter: Ly-a forest of quasars 

ADE, Montpellier, November 6, 2025
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– For z>2, no discrete tracer (galaxy) 
observable with DESI

– Use Ly-a forests of quasars (2.0<z<3.5)
– HI absorption in intergalactic medium 

(IGM) along the line of sight of quasars

– We expect low density gas (IGM) 
to follow the dark matter density

– Compute correlation function 
between HI ‘clouds’  

– Measure the location of BAO

Ly-a forest
Spectra without 
absorption
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DESI DR2 footprint

ADE, Montpellier, November 6, 2025

– DESI footprint over 5 years ~14000 deg2

– DR2 (3 years) ~70% of final footprint
– Increase of Veff by a 2.3 factor from DR1 to DR2
– 14.3M discrete tracers (galaxies and quasars), 800k Ly-a forests

Ch. Yèche 
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Status of DESI observations

ADE, Montpellier, November 6, 2025
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– DESI-I ~96% is already done
– Two additional passes over DESI-I footprint (already started)
– Extension of the footprint to the South (14000 deg2 → 17000 deg2) 

will start  by the end of 2026 
 

DESI-I footprint DESI-I additional passes 
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BAO 
Measurements 

ADE, Montpellier, November 6, 2025
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Results: a few examples

ADE, Montpellier, November 6, 2025

– Dilation compared to a fiducial cosmology
• Perpendicular or parallel to the line of sight, 𝛼! and 𝛼||
• Combined through 

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

Ch. Yèche 
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BGS    z=0.30 LRG3+ELG1    z=0.93

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

𝛼#$% = 𝛼!&𝛼||
⁄( )
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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).

QSO    z=1.48

Significance:  5.6s
Precision: 1.5%
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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)

𝐻 𝑧 ≡ 𝐻! Ω" 1 + 𝑧 # + (1 − Ω" )

In LCDM, the a parameters
depend  on H0rd and Wm
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– LRG: Main tracer in SDSS, precise measurement in DESI
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– ELG: Main tracer in DESI, precise measurement
– x 2.7 with DR2 compared to DR1
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– QSO: huge volume but small density (shot noise limitation)
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– Different dependence as a function of redshift  (Wm,H0.rd)
– Break the degeneracy without knowing rd
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DESI  - Hubble diagram 

– ~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 tension with Planck LCDM : 2.3s
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FIG. 6. DESI DR2 BAO measurements compared to DR1 measurements. In each panel, DR1 and DR2 results are shown
with empty and filled circles, respectively. Results are shown for the following tracers in order of increasing redshift: BGS
(yellowgreen points), LRG1 (orange), LRG2 (orangered), LRG3+ELG1 (slateblue), ELG2 (steelblue), QSO (seagreen) and Ly↵ (purple)
[63, Appendix D]. The distances are normalized by the DESI DR2 best-fit ⇤CDM model predictions (black solid lines). All
systematic errors are included. The Planck ⇤CDM predictions are shown with brown dashed lines with 68% confidence intervals
in the brown shaded region. A small artificial o↵set in redshift has been applied to the DESI DR1 data points for a clearer
comparison.
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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 
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– Consistent results DR1/DR2
– 2.3s discrepancy between CMB (PR4) and DESI
– 2.0s discrepancy between CMB (PR4+ACT) and DESI
– 2.7s discrepancy between CMB (ACT-alone) and DESI
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FIG. 8. Cosmology results in the ⇤CDM model (Section VI). Left panel : Marginalized posterior constraints on H0rd and ⌦m

from DESI DR1 and DR2 BAO and the CMB (including Planck and Planck+ACT lensing), computed under the assumption
of a ⇤CDM cosmology. Contours show the 68% and 95% regions. DESI DR2 is fully consistent with DR1 but as the statistical
uncertainty has significantly decreased, the tension with the CMB has increased. Right panel : Posterior contours in ⌦m and H0

for CMB (pink) compared to DESI DR2 BAO calibrated with a BBN prior on !b, with (orange) and without (blue) including
the ✓⇤ constraint from the CMB. The dotted black curve shows the direction of constant ⌦mh

3 matching the degeneracy
direction of the CMB.

proximation15 to the acoustic angular scale ✓⇤ based on
fitting formulae given in [122], ln(1010As) and ns are the
amplitude and spectral index of the primordial scalar per-
turbations, and ⌧ is the optical depth. Extended cosmo-
logical models additionally allow the spatial curvature
⌦K, the dark energy equation of state parameters w0

(or w) and wa, or the sum of neutrino masses
P

m⌫ to
vary in addition to the base parameters mentioned above.
When

P
m⌫ is varied, we assume three degenerate mass

eigenstates unless testing specific mass ordering scenar-
ios; when it is not varied, it is fixed to a default value
of 0.06 eV assuming a single non-zero mass eigenstate.
Prior ranges on all sampled parameters match those given
in Table 2 of [38].

The convergence criterion for MCMC sampling is that
the Gelman-Rubin statistic [123] satisfies R � 1 < 0.01,
or that the chains have an e↵ective sample size of & 103,
whichever is longer. Summary statistics for our chains
as well as plots are obtained with getdist16 software
package [124]. For 1D marginalized posterior results we
quote the mean and standard deviation when the dis-
tributions are symmetric and the 68% minimal credible

15
✓MC is used for sampling because it helps approximate the degen-

eracy direction of the CMB parameter space while being faster

to calculate the conversion to H0 and ⌦m. However, any di↵er-

ence between the values of ✓MC and ✓⇤ only slightly a↵ects the

e�ciency of the sampling while having no e↵ect on the accuracy

of the likelihood evaluation.
16

https://github.com/cmbant/getdist

interval when they are not. Where only limits on param-
eter values can be determined, upper or lower bounds
are quoted at the 68% level, except for

P
m⌫ where we

quote the 95% upper bound to ensure comparability with
previous work.

In order to determine the best fit points and the corre-
sponding �

2 we use the iminuit [125] algorithm starting
from the maximum a posteriori (MAP) points of each
of the chains in the MCMC sampling. When comparing
the fits of two di↵erent models we compare the quan-
tity ��

2

MAP
⌘ �2� ln L representing twice the di↵er-

ence in the negative log posteriors at the maximum pos-
terior points for each model. This measure accounts for
the contribution of any non-uniform priors when evalu-
ating the di↵erences between two MAP points. For like-
lihood combinations including DESY3 (3 ⇥ 2pt), when
computing the best-fit points and �

2, we directly use
the version of the DESY3 likelihood [117] implemented
in the CosmoSIS [119] pipeline.17 For these combina-
tions with DESY3, when calculating the deviance in-
formation criterion values, we separate the calculation
of the mean h�2i via the sum h�2

DESI(+SNe)
i + h�2

DESY3
i

and compute each term with the corresponding weighted
CombineHarvesterFlow chains. This enables the use of

17
When using the CosmoSIS implementation of this likelihood, we

sample using the same priors as in [117], except on the param-

eters w0 and wa, where the priors are chosen to match those in

the rest of this paper, and the neutrino mass sum
P

m⌫ , which

is fixed to 0.06 eV as in the default case here.
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FIG. 1. Left: The 68% and 95% constraints on the H0rd-⌦m 2D parameter space for DESI DR2 BAO, ACT, PR4+ACT,
and DESY5 SNe Ia, under the ⇤CDM model. The combination based on ACT alone with SRoll2 is shown in green, while
our baseline combination PR4+ACT is shown in purple. The ACT dataset shows a 2.7� tension with DESI (3.2� if CMB
lensing is excluded), while the combination of PR4+ACT shows a 2.0� tension with DESI, once CMB lensing and low-` TT
data have been also included. Right: Tension between DESI DR2 BAO and di↵erent CMB variations (expressed in n� units),
in the ⇤CDM model. The tension is calculated given the 2D posterior distributions of ⌦m and H0rd. The first bars shown are
PR4 (pink), ACT (green), P-ACT (orange) and PR4+ACT (purple). The hatched bars of the corresponding color represent
variations of the CMB dataset.

DESY5 SNe data. We observe that the discrepancy be-
tween DESI and CMB occurs along the degeneracy direc-
tion of constant ⌦mh

3 = const. [50], roughly preserving
the location of the first acoustic peak. This ensures that
DESI is consistent with the acoustic angular scale ✓⇤ pre-
dicted from CMB. In the following, we describe how the
consistency between CMB and DESI changes across the
various CMB combinations.

The base ACT combination (without CMB lensing)
shown in [31] reports high values of ⌦ch

2 and ⌦bh
2 and

a lower H0 with respect to Planck. This further pushes
the ACT (no CMB lensing) data away from DESI, lead-
ing to a moderate 3.2� tension. The inclusion of CMB
lensing reduces this tension to 2.7�. Interestingly, this
is the opposite e↵ect observed in [16], where excluding
CMB lensing elongates the CMB contours reducing the
discrepancy between DESI and PR4 data. The discrep-
ancy persists even when the low-` SRoll2 likelihood is
replaced with low-` SimAll and low-` TT information is
included. However, the combination of P-ACT with the
CMB lensing included alleviates the discrepancy leading
to a 1.6� di↵erence with DESI. This pull of the CMB
contours towards the DESI best-fit value is related to the
higher values of ⌦bh

2 and the spectral index ns measured
by ACT with respect to Planck, as well as to parameter
correlations, as explained in Appendix A.

We further explore how DESI compares with a com-
bination of PR4 and ACT. While ACT is more consis-
tent with PR3 as compared to PR4 as pointed out in

[31], here we assess the consistency between ACT and
PR4 under the assumed ` cuts before combining them
and verify that the overall discrepancy is 2.0� or less in
a six-parameter space under ⇤CDM, and that individ-
ual parameters show discrepancies below this threshold.
Our baseline CMB dataset labeled as PR4+ACT shows
a 14% and 23% precision improvement in ns and ⌦bh

2

parameters, respectively, with respect to PR4. Also, it
shows only a mild discrepancy of 2.0� with DESI (or
1.9� for PR4(SRoll2)+ACT). Applying a cut analogous
to the one assumed in the P-ACT combination but us-
ing PR4, leads to a 1.4� discrepancy with DESI, for our
PR4(1000,600)+ACT combination. We also tested that
removing the 600 < ` < 1000 TT data from Planck to
avoid any overlaps in ` while still using a dataset that is
“maximal” in ACT increases the discrepancy with DESI
to 2.0�.

We summarize the results in the right-hand-side panel
of Figure 1 highlighting the three base CMB combina-
tions for the rest of this work: ACT (the new CMB
dataset), P-ACT (the o�cial combination using PR3)
and PR4+ACT (our baseline combination using PR4).

Finally, the left panel of Figure 1 also shows the SNe
Ia data from DESY5 (for a more comprehensive com-
parison of all cosmological probes), which favors a high
value of ⌦m with respect to DESI and CMB. Other SNe
Ia datasets (not shown in Figure 1), Pantheon+ and
Union3, show a slightly better consistency with DESI. If
we combine DESI with P-ACT, the ⌦m tension between

ACT+DESI (DESI Paper), arXiv:2504.18464
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– SPT-3G is consistent results with ACT and DESI papers
– Discrepancy from 2.0s to 3.7s between CMB and DESI
– 2.8s discrepancy between CMB (Planck+ACT+SPT) and DESI

SPT-3G, arXiv:2506.20707
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evidence for modified recombination from CMB data
alone; given the volume reduction from Planck , this is
a non-trivial validation of the standard recombination
model on the new ground-based data. We add BAO data
to this analysis in §VII D 3.

C. Evaluating the consistency of CMB and BAO
data in ⇤CDM

We now discuss the consistency of CMB and BAO
measurements in the ⇤CDM model. The state-of-the-
art BAO data set is the DESI Data Release 2 (DR2) [3].
Under ⇤CDM, BAO data constrain ⌦m and hrd and the
DESI data prefer a lower matter density and a higher
hrd than CMB data [151, 152].39 In the discussion
below, we translate the differences in the ⌦m and hrd

constraints from CMB and DESI data to equivalent
statistical significances for a one-dimensional Gaussian
distribution; we consider data sets consistent if they agree
to better than 3 � according to this metric and allow
ourselves to combine them.

We compare ⇤CDM constraints from DESI and CMB
data in Fig. 25. Using SPT data we find ⌦m =

0.3246 ± 0.0090 and hrd = 98.0 ± 1.1 Mpc. Accounting
for the correlations between the two parameters, the
difference with DESI translates to a one-dimensional
Gaussian fluctuation of 2.5 �. This mild discrepancy
becomes stronger when more CMB data are added.
Among CMB data sets, ACT data prefer the highest
⌦m, and the tension between ACT and DESI is at the
3.1 � level.40 We note that the ACT results used here
include primary T&E CMB data as well as CMB lensing
from ACTDR6 alone. This is different than what was
done in [152], where the “ACT” data combination also
contained Planck lensing, and also used a different prior
on ⌧reio, reducing the difference with DESI to the 2.7 �

level.41 A combination of ground-based experiments into
SPT+ACT yields tighter error bars. This increases
the distance with DESI to 3.7 �. Similarly, the joint
SPT+Planck constraints are different than DESI at 3.0 �

due to the constraining power of the combined CMB data
sets, even though the SPT-3G D1 and Planck constraints
individually lie below the 3 � threshold. However, the
Planck large angular scale data that are added going from
SPT+ACT to CMB-SPA favor a lower ⌦m [1], and we
report a difference with DESI of 2.8 � for CMB-SPA.

39 Tang et al. [153] show that if mock SDSS BAO data are generated
assuming a dynamical dark energy model, a naive analysis in
⇤CDM can lead to non-negligible biases in ⌦m. As DESI
data greatly improve on SDSS data, more work is needed to
understand to what extent this effect may apply to DESI data
as well.

40 We show the role that the ⌧ prior plays in the consistency
between ACT and DESI in Appendix I and Fig. 43.

41 We reproduce this result when using the same data combination,
see Appendix I.
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FIG. 25. Top: Comparison of ⇤CDM constraints from DESI
and CMB data in the ⌦m-hrd plane. Bottom: Mean and 68%
confidence intervals, as well as significance of the discrepancy,
ranging between 2.0-3.7 � for CMB data sets and particularly
2.8 � for the CMB-SPA combination.

We report joint constraints on ⇤CDM parameters from
SPT-3G D1 and CMB-SPA with DESI data in Table VI.
The addition of the BAO data tightens constraints
on some parameters, yielding notably H0 = 68.21 ±
0.31 km s

�1
Mpc

�1 and 100 ⌦ch
2

= 11.749 ± 0.079 for
SPT+DESI. We forego reporting the combination of
DESI with SPT+ACT as it does not meet our 3 �

consistency requirement;42 if we were to do so, differences
in the favored ⌦m and hrd values would also lead
to sizeable shifts in other cosmological parameters in
the joint constraints compared to the CMB-preferred
values. Due to the degeneracies of the model space,

42 Though SPT+ACT is a subset of CMB-SPA, given the
consistency of CMB data we have demonstrated in §VIIB 2,
we expect that the addition of large scale Planck data pushes
the joint CMB constraints closer to the underlying mean. As
the difference between CMB-SPA and DESI is below our 3 �

threshold, we report the joint results.
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evidence for modified recombination from CMB data
alone; given the volume reduction from Planck , this is
a non-trivial validation of the standard recombination
model on the new ground-based data. We add BAO data
to this analysis in §VII D 3.

C. Evaluating the consistency of CMB and BAO
data in ⇤CDM

We now discuss the consistency of CMB and BAO
measurements in the ⇤CDM model. The state-of-the-
art BAO data set is the DESI Data Release 2 (DR2) [3].
Under ⇤CDM, BAO data constrain ⌦m and hrd and the
DESI data prefer a lower matter density and a higher
hrd than CMB data [151, 152].39 In the discussion
below, we translate the differences in the ⌦m and hrd

constraints from CMB and DESI data to equivalent
statistical significances for a one-dimensional Gaussian
distribution; we consider data sets consistent if they agree
to better than 3 � according to this metric and allow
ourselves to combine them.

We compare ⇤CDM constraints from DESI and CMB
data in Fig. 25. Using SPT data we find ⌦m =

0.3246 ± 0.0090 and hrd = 98.0 ± 1.1 Mpc. Accounting
for the correlations between the two parameters, the
difference with DESI translates to a one-dimensional
Gaussian fluctuation of 2.5 �. This mild discrepancy
becomes stronger when more CMB data are added.
Among CMB data sets, ACT data prefer the highest
⌦m, and the tension between ACT and DESI is at the
3.1 � level.40 We note that the ACT results used here
include primary T&E CMB data as well as CMB lensing
from ACTDR6 alone. This is different than what was
done in [152], where the “ACT” data combination also
contained Planck lensing, and also used a different prior
on ⌧reio, reducing the difference with DESI to the 2.7 �

level.41 A combination of ground-based experiments into
SPT+ACT yields tighter error bars. This increases
the distance with DESI to 3.7 �. Similarly, the joint
SPT+Planck constraints are different than DESI at 3.0 �

due to the constraining power of the combined CMB data
sets, even though the SPT-3G D1 and Planck constraints
individually lie below the 3 � threshold. However, the
Planck large angular scale data that are added going from
SPT+ACT to CMB-SPA favor a lower ⌦m [1], and we
report a difference with DESI of 2.8 � for CMB-SPA.

39 Tang et al. [153] show that if mock SDSS BAO data are generated
assuming a dynamical dark energy model, a naive analysis in
⇤CDM can lead to non-negligible biases in ⌦m. As DESI
data greatly improve on SDSS data, more work is needed to
understand to what extent this effect may apply to DESI data
as well.

40 We show the role that the ⌧ prior plays in the consistency
between ACT and DESI in Appendix I and Fig. 43.

41 We reproduce this result when using the same data combination,
see Appendix I.
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CMB-SPA 31.66 ± 0.50 98.89 ± 0.63 2.8 �

SPT+ACT 32.77 ± 0.72 97.51 ± 0.87 3.7 �

SPT+Planck 31.89 ± 0.54 98.63 ± 0.67 3.0 �

ACTDR6 33.0 ± 1.0 97.2 ± 1.2 3.1 �

SPT-3G D1 32.47 ± 0.91 97.9 ± 1.1 2.5 �

Planck 31.45 ± 0.67 99.18 ± 0.84 2.0 �

DESI 29.76 ± 0.87 101.52 ± 0.73

FIG. 25. Top: Comparison of ⇤CDM constraints from DESI
and CMB data in the ⌦m-hrd plane. Bottom: Mean and 68%
confidence intervals, as well as significance of the discrepancy,
ranging between 2.0-3.7 � for CMB data sets and particularly
2.8 � for the CMB-SPA combination.

We report joint constraints on ⇤CDM parameters from
SPT-3G D1 and CMB-SPA with DESI data in Table VI.
The addition of the BAO data tightens constraints
on some parameters, yielding notably H0 = 68.21 ±
0.31 km s

�1
Mpc

�1 and 100 ⌦ch
2

= 11.749 ± 0.079 for
SPT+DESI. We forego reporting the combination of
DESI with SPT+ACT as it does not meet our 3 �

consistency requirement;42 if we were to do so, differences
in the favored ⌦m and hrd values would also lead
to sizeable shifts in other cosmological parameters in
the joint constraints compared to the CMB-preferred
values. Due to the degeneracies of the model space,

42 Though SPT+ACT is a subset of CMB-SPA, given the
consistency of CMB data we have demonstrated in §VIIB 2,
we expect that the addition of large scale Planck data pushes
the joint CMB constraints closer to the underlying mean. As
the difference between CMB-SPA and DESI is below our 3 �

threshold, we report the joint results.
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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
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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.
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– 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
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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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– Significance does not depend on parametrizations
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FIG. 3. Evolution of the Om(z) diagnostic and decel-
eration parameter, q(z), as a function of redshift in the
w0waCDM model. The solid blue lines correspond to the
median, 68%, and 95% confidence levels obtained from the
DESI+CMB+Union3 combination. The black dashed line de-
picts the best-fit ⇤CDM for the same data combination. The
gray vertical line shows the redshift (zacc) corresponding to
the onset of cosmic acceleration (ä > 0).

background level [96–98]. Indeed, one can readily see
from Eq. (9) that the quantity Om(z) is strictly con-
stant and equal to present matter density (Om(z) ⌘ ⌦m)
if dark energy is in the form of a cosmological constant.
Thus, Om(z) serves as a null-test of ⇤CDM, and any
significant deviation from a constant value would indi-
cate dynamics in the dark energy density. The recon-
structed Om(z) in Figure 3 shows a clear (> 2�) devia-
tion from constancy in the range 0 . z . 0.5, where the
black dashed line represents the best-fit ⇤CDM value of
⌦m = 0.302. On the other hand, q(z) tracks the log-
arithmic derivative of h(z), rather than its shape, ap-
proaching a value of 0.5 during matter domination. The
reconstructed q(z) suggests that the Universe’s accelera-
tion (q < 0) began earlier in cosmic history (zacc ' 0.8)
than predicted by ⇤CDM (zacc ' 0.65) with a slowing
down of cosmic acceleration at recent times. These trends
in Om(z) and q(z) were previously observed with DESI
DR1 data and persist with slightly more statistical sig-
nificance in DESI DR2.

IV. PARAMETERIZING DARK ENERGY

To more closely explore the possible dynamical nature
of dark energy, we now turn to parameterizations of ei-
ther the equation of state w(z), or energy density ⇢DE(z).
Since di↵erent parameterizations can lead to di↵erences
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z
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w
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DESI + CMB + Union3

CPL: w0 + wa(1 � a)

BA: w0 + wa
(1�a)

a2+(1�a)2

EXP: w0 � wa + wa exp (1 � a)

LOG: w0 � wa ln(a)

JBP: w0 + waa(1 � a)

FIG. 4. The dark energy equation of state w(z) for alterna-
tive w0wa parameterizations —BA, EXP, JBP, and LOG —is
illustrated alongside the standard CPL form (shown in blue).
The constraints integrate data from DESI, Union3 SNe, and
CMB observations, with shaded regions representing 1� un-
certainty bands. All parameterizations except JBP exhibit
consistent phantom crossing near z ⇠ 0.5 and provide a sim-
ilarly good fit to the data.

in the inferred evolution of dark energy, it is crucial to
explore multiple forms to assess the robustness of any
detected deviation from a cosmological constant. We ex-
amine various two-parameter functional forms as alterna-
tives to w0waCDM. In addition, we increase the degrees
of freedom available to w(z), to probe the trends present
in the data. While the parameterizations investigated
here are not necessarily tied to a specific physical model,
they cover distinct functional spaces, helping to ensure
the results are not driven by the choice of parametriza-
tion.

A. Alternative w(z) parameterizations

In this section, we explore four alternative parameter-
izations from the literature (see [99, 100] for the equiv-
alent DR1 results) that, like w0waCDM, introduce two
additional parameters: the present-day equation of state
w0 and an evolution parameter wa, but with di↵erent
functional forms.

Figure 4 presents constraints on these alternative
models as defined in Table II, i.e.: Barboza-Alcaniz
(BA) [101, 102], exponential (EXP3) [103, 104], logarith-
mic (LOG) [102] and Jassal-Bagla-Padmanabhan (JBP)
[105], alongside the Chevallier-Polarski-Linder (CPL) in
blue for comparison. The shaded bands, representing 1�
uncertainties, are derived from a combination of DESI,
CMB, and Union3. With the exception of JBP, all

3 In the numerical implementation we truncate at 3rd order in
Taylor expansion.

9

TABLE II. ��2
MAP values relative to ⇤CDM for alternative

w0wa parametrization using DESI + CMB + Union3.

Param. Functional Form ��2

BA w0 + wa
1�a

a2+(1�a)2
�17.3

EXP (w0 � wa) + wa exp(1 � a) �17.5

LOG w0 � wa ln a �17.6

JBP w0 + wa a(1 � a) �13.6

CPL w0 + wa(1 � a) �17.4

models exhibit similar low-redshift behavior, including
a phantom crossing near z ⇠ 0.5. In Table II, we present
the alternative functional forms of w(a) and ��2 values
relative to ⇤CDM, showing that BA, CPL, LOG, and
EXP provide statistically comparable fits to the data.
The functional form of the JBP parametrization, which
forces it to assume identical early- and late-time behav-
ior, results in a slightly poorer fit. These findings con-
firm that constraints from CPL are broadly represen-
tative of the alternative w0wa models considered, with
no significant improvement observed for any alternative
form. This suggests that current data lacks the sensi-
tivity to distinguish between these parameterizations at
z > 2, a conclusion that remains unchanged across dif-
ferent SNe Ia datasets.

B. Crossing Statistics

Rather than exploring di↵erent redshift evolutions for
w(z), one can instead gauge the impact of introducing
additional degrees of freedom in the DE characteristics.
Following the methodology detailed in [43], we expand
the equation of state of dark energy w(z) in terms of
Chebyshev polynomials (see also [106–109]),

w(z) = �

NX

i=0

Ci Ti(x) , (11)

where Ci are free coe�cients, and Ti(x)4 are Chebyshev
polynomials of the first kind, forming a complete basis for
continuous functions in the large-N limit, although N '

3 is generally su�cient to capture smooth functions. We
note that ⇤CDM is recovered for C0 = 1 and Ci>0 = 0.
Alternatively, one may want to work with the normalized
dark energy density fDE(z) instead

fDE(z) =
NX

i=0

Ci Ti(x) . (12)

4 Note that the redshift interval relevant for observations z 2
[0, 3.5] is mapped to x 2 [�1, 1], where the Chebyshev poly-
nomials are defined.
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FIG. 5. Reconstructions of w(z) and fDE(z) using Eqs. (11)
and (12) with N = 3 for the DESI + (✓⇤, !b, !bc)CMB data
combination, with and without the inclusion of Union3. The
solid lines correspond to the median, 68%, and 95% confidence
levels around it. The main reconstructed behavior of DE is
in excellent agreement with the di↵erent model-agnostic ap-
proaches explored in this paper. This confirms that the trend
is not driven by the choice of parametrization, and adds to
the robustness of the w0waCDM results presented in the main
key paper [47]. The horizontal dashed line represents ⇤CDM.

Expanding in fDE(z) o↵ers the advantage of allowing the
(e↵ective) energy density ⇢DE(z) to change sign, thereby
encompassing a broader class of models [110–113], in-
cluding modified gravity scenarios [114–117] and com-
plex dark sector interactions that are di�cult to capture
with a parametrized w(a). We note that the expansion
in Eq. (12) has one less degree of freedom relative to that
of Eq. (11), as all samples must satisfy fDE(z = 0) = 1.

The top panel of Figure 5 shows the reconstructed
w(z) for the DESI+(✓⇤, !b, !bc)CMB combination, with
(blue) and without (orange) SNe Ia data from the Union3
compilation. The bottom panels show the reconstructed
fDE(z). It is noteworthy that not only do the expansions
in w(z) and fDE(z) yield similar behaviors independently
of SNe Ia data, but they also agree with the main results
obtained using the w0waCDM parametrization [47], as
shown in Figure 2. This consistency further strengthens
the robustness of the results.

While these results perfectly align with the w0waCDM
results, the expansions in Eqs. (11) and (12) o↵er greater
flexibility, enabling it to capture features in the evolu-
tion of dark energy beyond the linear parametrization
given by Eq. (3). Despite this additional flexibility—and
also confirmed by our independent analyses—the com-
bined data favor a smooth evolution, well described by

CMB + DESI + SN(Union3)
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FIG. 14. Tests of the robustness of dark energy results to di↵erent data selections. All contours shown contain 68% and 95% of
the posterior probability. Left panel : Constraints from DESI alone (black dashed thin contours), and combinations of DESI with
(✓⇤, !b, !bc)CMB early-Universe priors (blue), CMB without CMB lensing (green dashed) and the full CMB (pink). The CMB
tightens constraints in the w0-wa plane primarily by helping fix ⌦m to break degeneracies (cf. Section VII B). Most of the CMB
information is therefore already contained in the simple priors, although the significance of preference over ⇤CDM is increased
by including CMB lensing (Table VI). Center : The change to the DESI+CMB+DESY5 posterior (green) when excluding
low-redshift SNe at z < 0.1 from the DESY5 sample (brown dashed). The uncertainties are much larger when excluding these
SNe but the shift in the best-fit values of w0 and wa is small. Right : Constraints obtained when replacing the CMB with
DESY3 (3⇥2pt) information, which is also able to break the degeneracy with ⌦m. We show results for DESI+DESY3 (3⇥2pt)
(mustard) and DESI+DESY3 (3⇥2pt)+DESY5 (brick red), the latter of which also excludes ⇤CDM at high significance. These
constraints use only low-redshift data and include no early-Universe information.

using this dataset does not strengthen the preference for
evolving dark energy relative to that already provided by
the joint fit to DESI and the CMB.

C. Are alternative explanations possible?

Given the surprising results from our analysis—our
best-fit evolving dark energy models apparently imply
phantom dark energy at some redshifts, and order unity
changes in w over the redshift range spanned by the ob-
servations considered—it is worth considering alternative
explanations for the data.

The simplest of these alternatives is simply a sta-
tistical fluctuation. Based on the ��

2

MAP
values pre-

sented in Section VIIA above, the statistical preference
for the best-fit w0waCDM model over ⇤CDM ranges
from around 3� to over 4�, depending on the combi-
nation of datasets considered. This level of significance
is not trivially dismissed, even if it does not yet rise
to the 5� threshold commonly accepted for establish-
ing new physics. The variations in the statistical sig-
nificance within this range with the choice of SNe sample
also highlight the importance of calibrating the low-to-
intermediate redshift SNe distance scale.

The constraining power of SNe in measuring the equa-
tion of state comes primarily from the comparison of
low-redshift (z < 0.1) and high redshift (z > 0.1) su-
pernovae. For supernovae at z > 0.1, which partially
overlap the redshift range of DESI, the ⇤CDM model

that best fits the DESI data is also a good fit to the
SNe data. Relative to models that best fit each of the
DESY5, Union3 and Pantheon+ SNe samples alone, over
the full redshift range, the DESI best-fit model gives only
small shifts in the quality of the fit to the SNe data, with
��

2 = �1.2, 1.5 and 2.3 respectively. Unfortunately, no
SNe compilation yet exists in which objects from both
redshift regimes were collected as part of a uniform obser-
vational program. The Pantheon+ and Union3 datasets
are compilations of SNe observed in many individual
datasets, each with di↵erent calibrations and selection
functions. Even for the DESY5 dataset, while 1635 SNe
with z > 0.1 come from the DES survey program with
homogeneous calibration, 194 SNe at z < 0.1 are drawn
from a mix of historical observational programs with the
best-controlled calibrations. The consistent calibration
and processing of these data is therefore a delicate oper-
ation. Recently, [152] noted an o↵set in the di↵erences
between the standardized brightnesses of low-z and high-
z SNe for objects in common between the DESY5 and
Pantheon+ samples; however, [153] explain the causes
for this and argue that the di↵erences are well justified.

If we exclude the low-z sample entirely and take only
the DESY5 SNe, which is the most uniformly calibrated
sample, naturally the constraining power and thus the
statistical significance of the preference for evolution is
reduced, but the best-fit values of w0 and wa remain far
from ⇤CDM (central panel of Figure 14). Even if SNe
at all redshifts are excluded altogether, the statistical
significance of the preference from DESI+CMB alone still
exceeds 3�. Future cosmology analyses of homogeneous

– Combining with early-Universe prior on (q*,wb,wbc) 
from CMB shows preference for evolving DE. 

– Excluding z<0.1 SNIa reduces the tension but the 
best fit is far for LCDM

– Replacing CMB with DES 3x2pt continues to show a 
preference for evolving DE
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FIG. 12. Comparison of the constraints on the equation of
state of dark energy using the CPL parametrization and a bin-
ning reconstruction approach, using DESI+CMB+DESY5.
The solid green line shows the best-fit w(z) based on w0 and
wa inference and the green contours around it represent the
68% and 95% confidence intervals. We also show in blue the
constraints from the binning approach [47], with the hori-
zontal bars indicating the bin width (which is fixed) and the
vertical bars representing the 1� error. Additionally, we in-
clude in gray the 1D posterior for each binning parameter.
The ⇤CDM limit corresponds to the horizontal gray dashed
line.

parametrization choices made in the analysis (see, e.g.,
[147] using DR1 data for non-parametric results). How-
ever, the equation of state is not directly observable, and
we only observe quantities, such as distances, that de-
pend indirectly on w(z). In some circumstances it may
therefore be possible to construct particular models that
provide reasonable fits to the low-redshift data while still
respecting w(z) � �1 at all z ([148, 149] provide explicit
examples, but [150] discusses the general limitations of
such models in fitting DESI+CMB data). The support-
ing paper [47] examines several NEC-respecting models
of dark energy evolution and finds that while they can
somewhat outperform ⇤CDM, they have low �(DIC) val-
ues relative to w0waCDM for the combination of DESI,
CMB and SNe data, indicating a preference for phantom
crossing.

Table V gives a more complete list of the results for
other parameters when fitting this model to di↵erent
combinations of data. It is worth noting that allowing
w(z) to vary does not help resolve the so-called Hub-
ble tension [151], since in w0waCDM the recovered H0

is lower than the Planck ⇤CDM value. Although not
discussed here, [45] showed that allowing evolving dark
energy also does not a↵ect the value of the S8 parameter
determined from DESI data, which remains consistent
with values from the CMB.

B. The nature of the evidence for evolving dark
energy

The Hubble diagrams in Figure 13 illustrate the na-
ture of the evidence for evolving dark energy and its
dependence on the adopted datasets. The upper pan-
els show the isotropic, perpendicular, and parallel BAO
measurements (↵iso, ↵?, and ↵||), which are normalized
to the predictions of the Planck ⇤CDM cosmology. The
lower panels plot µ � µfid, the distance modulus relative
to the fiducial Planck ⇤CDM prediction, for the three
SNe datasets. Our procedure for creating binned data
points from the SNe data is described in Section IVC.
Because the fiducial SNe absolute magnitude is unknown,
all data points are free to move up or down together by
the same amount in µ, and we have chosen the normal-
ization such that error-weighted mean of µ�µfid is equal
to zero. Equivalently, any model curve in these panels
can be shifted up or down by a constant �µ, and we
have normalized them to match the weighted mean of
the data.

In all panels, the horizontal black line represents the
prediction of the best-fit Planck ⇤CDM model, with
the 1� range of these predictions shown by the shaded
gray region. The blue solid curve shows predictions for
the ⇤CDM model that best fits the DESI BAO data,
while purple represents the model fit to DESI+CMB,
which closely matches the best fit to DESI with just the
(✓⇤, !b, !bc) early-Universe priors from the CMB (see Ta-
ble V). The orange curves in each of the lower panels rep-
resent the ⇤CDM models that, from left to right, best fit
the DESY5, Union3 and Pantheon+ SNe data respec-
tively. The orange curves in the top row are all those for
the ⇤CDM DESY5 best fit.

While the statistical significance of disagreement can-
not be judged accurately from this plot alone, the DESI
measurements clearly prefer lower distances (by 1-2%)
than the Planck ⇤CDM prediction at redshifts z  1.
There is a ⇤CDM model that fits the DESI data well
(blue curve), but it has a lower ⌦m than the Planck
model (0.297 vs. 0.317), as shown previously in Fig-
ure 8. The joint-fit model (purple curve) has an inter-
mediate ⌦m = 0.303, and consequently has a worse fit
to both DESI BAO and the CMB (top panels) and also
fails to describe the SNe data (lower panels). Similarly,
the DESY5 data in the lower left panel exhibit a tension
with Planck ⇤CDM, primarily because of the contrast
between the low redshift (z < 0.1) data at µ�µfid ⇡ 0.03
and the points at higher redshift. The story is similar for
Union3, but for Pantheon+ the value of µ � µfid at low
redshift is smaller, only 0.01.

As is the case for BAO, there exist ⇤CDM models
that can reasonably fit the SNe data (orange curves),
but these have large ⌦m that do not well match CMB
constraints and are also strongly inconsistent with DESI
data, which prefer an ⌦m value that is lower than Planck,
not higher. Conversely, the conflict with the DESI-
constrained ⇤CDM models (purple and blue curves) and
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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.
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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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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.

Limits at 95% CL:
– For LCDM with CMB alone: 
– For LCDM with CMB + DESI:
– For w0waCDM with CMB + DESI + SN
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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

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.
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it agrees exactly with
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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
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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
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Summary: Results from DESI BAO DR2 

ADE, Montpellier, November 6, 2025
Slide 33

Ch. Yèche 

– BAO results with DR2
• With  three years (DR2), DESI provides the most precise 

measurement of BAO over 0<z<3.5
• DR2 results confirm DR1 results
• In LCDM, DESI is in tension with CMB (~2.8s) and DESI prefers 

lower Ω" 
• Stronger indications of time-varying Dark Energy equation of 

state with DR2, especially when SNIa are added
⟹ a 2.8s to 4.2s effect, not 5s yet! 

– What next? 
• BAO: Full dataset for DESI in early 2027  (+ Full shape analysis)
• SNIa: ZTF and LSST homogeneous sample at z<0.1
• CMB: ACT, SPT and in the long term SO and CMB-S4
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DESI and DESI-II Timelines
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– DESI (DR1-DR3) should finish in March 2026, even earlier. 
– 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 
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Main science with DESI-I 

ADE, Montpellier, November 6, 2025
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• Baryonic Acoustic Oscillations (BAO)
– s(BAO) ~0.2 % for  0.0<z<1.1 
– s(BAO) ~0.3%  for 1.1<z<1.9
– s(BAO) ~0.5%  for 1.9<z<3.5
– SDSS(BOSS+eBOSS) few % measurements 

• Redshift Space Distorsion (RSD)
– Multiple few % measurements over wide 

redshift range (z<2)
– ~10x better compared to SDSS

• Neutrino masses 
– s(Smn) ~20 meV
– Current limit : Smn <~100 meV, @ 95 CL

• Non-Gaussianity (fNL) 
– s(fNL)~4 with k dependence of bias
– As precise as Planck with a different technique 

Cosmological Analysis of BOSS galaxies 13
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Figure 5. The measured pre-reconstruction correlation function (left) and power spectrum (middle) in the directions perpendicular and parallel to the line of
sight, shown for the NGC only in the redshift range 0.50 < z < 0.75. In each panel, the color scale shows the data and the contours show the prediction of the
best-fit model. The anisotropy of the contours seen in both plots reflects a combination of RSD and the AP effect, and holds most of the information used to
separately constrain DM (z)/rd, H(z)rd, and f�8. The BAO ring can be seen in two dimensions on the correlation function plot. To more clearly show the
anisotropic BAO ring in the power spectrum, the right panel plots the two-dimensional power-spectrum divided by the best-fit smooth component. The wiggles
seen in this panel are analogous to the oscillations seen in the top left panel of Fig 3.

Table 4. Summary table of pre-reconstruction full-shape constraints on the parameter combinations DM ⇥
�
rd,fid/rd

�
, H⇥

�
rd/rd,fid

�
, and f�8(z) derived

in the supporting papers for each of our three overlapping redshift bins

Measurement redshift Satpathy et al. Beutler et al. (b) Grieb et al. Sánchez et al.
⇠(s) multipoles P (k) multipoles P (k) wedges ⇠(s) wedges

DM ⇥
�
rd,fid/rd

�
[Mpc] z = 0.38 1476 ± 33 1549 ± 41 1525 ± 25 1501 ± 27

DM ⇥
�
rd,fid/rd

�
[Mpc] z = 0.51 1985 ± 41 2015 ± 53 1990 ± 32 2010 ± 30

DM ⇥
�
rd,fid/rd

�
[Mpc] z = 0.61 2287 ± 54 2270 ± 57 2281 ± 43 2286 ± 37

H ⇥
�
rd/rd,fid

�
[km s�1Mpc�1] z = 0.38 79.3 ± 3.3 82.5 ± 3.2 81.2 ± 2.3 82.5 ± 2.4

H ⇥
�
rd/rd,fid

�
[km s�1Mpc�1] z = 0.51 88.3 ± 4.1 88.4 ± 4.1 87.0 ± 2.4 90.2 ± 2.5

H ⇥
�
rd/rd,fid

�
[km s�1Mpc�1] z = 0.61 99.5 ± 4.4 97.0 ± 4.0 94.9 ± 2.5 97.3 ± 2.7

f�8 z = 0.38 0.430 ± 0.054 0.479 ± 0.054 0.498 ± 0.045 0.468 ± 0.053
f�8 z = 0.51 0.452 ± 0.058 0.454 ± 0.051 0.448 ± 0.038 0.470 ± 0.042
f�8 z = 0.61 0.456 ± 0.052 0.409 ± 0.044 0.409 ± 0.041 0.440 ± 0.039

ods is consistent with what we observe in mocks (see Section 7.2
and Fig. 10). In all cases the µ-wedges analyses give significantly
tighter constraints than the multipole analyses, in both configura-
tion space and Fourier space. The consensus constraints, described
in §8.2 below, are slightly tighter than those of the individual wedge
analyses. At all three redshifts and for all three quantities, mapping
distance, expansion rate, and the growth of structure, the 68% con-
fidence contour for the consensus results overlaps the 68% confi-
dence contour derived from Planck 2015 data assuming a ⇤CDM
cosmology. We illustrate the combination of these full shape results
with the post-reconstruction BAO results in Fig. 11 below.

c� 2016 RAS, MNRAS 000, 1–38
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Density Field Reconstruction

ADE, Montpellier, November 6, 2025

– BAO peak distorted by movements of tracers due 
to density field

–  Estimation of the Zeldovich displacement from the 
observed field

– Reconstruction: correction of the displacements
– Improve both precision and accuracy

Ch. Yèche 
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FIG. 3. A comparison of the comoving number density for
di↵erent selections applied to the DESI BGS sample. This
analysis uses the BGS BRIGHT Mr < �21.35 sample. Note
that the DR1 cut shown here used a slightly di↵erent defini-
tion of the absolute magnitudes Mr.
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FIG. 4. Comoving number density as a function of redshift
for the di↵erent DESI DR2 tracers. Solid and dashed lines
show results before and after applying sample completeness
corrections. The vertical dotted lines delimit the redshift bins
used for clustering measurements.

1. Blinding

To minimize the risk of confirmation bias in our analy-
sis, we used a blinding scheme to deliberately conceal the
true position of the BAO peak observed from the data
until all choices about our inference pipeline were final-
ized. This blinding was applied at the level of the LSS
catalogs, using the same prescription as was applied to
DR1 and detailed in [66], but with a new random seed to
produce unknown (but controlled) shifts to galaxy red-
shifts that conceal the true BAO peak position. A num-

ber of validation tests of both the data and the analysis
pipeline were performed on the blinded data catalogs,
as described in [46]. Once these tests were passed and
the pipeline frozen, the blinding was removed and true
catalogs were first processed during the DESI winter col-
laboration meeting in December 2024.

2. Reconstruction

Non-linear gravitational evolution induces large-scale
bulk flows that can degrade the precision and accuracy
of BAO measurements. Density field reconstruction [67]
attempts to correct for this e↵ect by estimating the dis-
placement field from the observed galaxy distribution,
using it to undo the gravitational flow and partially re-
store the acoustic peak to its linear regime shape. We
‘reconstructed’ the LSS catalogs using the IterativeFFT
reconstruction algorithm [68] implemented in pyrecon4

and using the fiducial DR1 settings from [69]. This de-
cision was informed by an extensive comparison of dif-
ferent reconstruction algorithms in the context of DESI
[70]. The reconstructed catalogs are used for the clus-
tering and associated BAO measurements from galaxies
and quasars presented throughout the rest of this paper.

B. Lyman-↵ forest catalog

The DESI DR2 quasar catalog for the Ly↵ forest anal-
ysis was constructed in a similar manner to the DR1 cat-
alog described in [22]. The catalog contains high-redshift
quasars and is built from the outputs of three automatic
classifiers that analyze all quasar targets: the Redrock
redshift estimator [55] that classifies based on templates,
including quasar templates optimized for DESI quasars
[71, 72], a Mg II afterburner that searches for broad Mg II
emission in quasar candidates classified as galaxies, and
the QuasarNet neural network classifier developed by [73]
that has been updated [74] for DESI. The catalog also
contains any other targets that are classified by Redrock
as high-redshift quasars.

We also catalog two types of absorption systems that
are masked by our analysis pipeline: Damped Ly↵ Ab-
sorption Systems (DLAs) and Broad Absorption Line
(BAL) quasars. DLAs are systems with high (NH I >

2 ⇥ 1020 cm�2) column densities of neutral hydrogen in
the intergalactic medium (IGM). These systems have
somewhat higher clustering than typical Ly↵ forest ab-
sorption and have very broad damping wings that can
compromise a significant fraction of a forest spectrum.
We use three analysis tools to identify DLAs in the DR2
dataset; the performance of these methods are described

4
https://github.com/cosmodesi/pyrecon

DESI DR2 dataset

ADE, Montpellier, November 6, 2025

– Biggest ever BAO dataset (both in Ntracer and volume)
• 14.3 M discrete tracers (BG, LRG, ELG and QSO)
• Effective cosmic volume Veff= 42 Gpc3 
• Increase of Veff by a 2.3 factor from DR1 to DR2

Ch. Yèche 
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Systematics Error Budget

ADE, Montpellier, November 6, 2025

– Observational effects in data 
(imaging, fiber assignment,…) 

– Reconstruction algorithm
– Covariance matrix construction

– Incomplete theory modelling
– Choice of fiducial cosmology
– Galaxy-halo (HOD) model 

uncertainties

Ch. Yèche 

Slide 39

13

s [h�1Mpc]
�20

0

20

40

s2
� 0

(s
)
[h

�
2
M

p
c2

] BGS

60 80 100 120 140

s [h�1Mpc]

�80

�60

�40

�20

s2
� 2

(s
)
[h

�
2
M

p
c2

]
�20

0

20

40

s2
� 0

(s
)
[h

�
2
M

p
c2

] LRG1

60 80 100 120 140

s [h�1Mpc]

�100

�75

�50

�25

0

s2
� 2

(s
)
[h

�
2
M

p
c2

]

�25

0

25

50

s2
� 0

(s
)
[h

�
2
M

p
c2

] LRG2

60 80 100 120 140

s [h�1Mpc]

�120

�100

�80

�60

�40

s2
� 2

(s
)
[h

�
2
M

p
c2

]

�20

0

20

40

s2
� 0

(s
)
[h

�
2
M

p
c2

] LRG3

60 80 100 120 140

s [h�1Mpc]

�80

�60

�40

s2
� 2

(s
)
[h

�
2
M

p
c2

]

�10

0

10

20

30

s2
� 0

(s
)
[h

�
2
M

p
c2

] LRG3+ELG1

60 80 100 120 140

s [h�1Mpc]

�60

�50

�40

s2
� 2

(s
)
[h

�
2
M

p
c2

]
5

10

15

20

25

s2
� 0

(s
)
[h

�
2
M

p
c2

] ELG1

60 80 100 120 140

s [h�1Mpc]

�50

�40

�30

�20

s2
� 2

(s
)
[h

�
2
M

p
c2

]

0

10

20

s2
� 0

(s
)
[h

�
2
M

p
c2

] ELG2

60 80 100 120 140

s [h�1Mpc]

�40

�30

�20

s2
� 2

(s
)
[h

�
2
M

p
c2

]

�20

0

20

s2
� 0

(s
)
[h

�
2
M

p
c2

] QSO

60 80 100 120 140

s [h�1Mpc]

�60

�40

�20

s2
� 2

(s
)
[h

�
2
M

p
c2

]

�0.15

�0.10

�0.05

0.00

0.05

s2
�(

s)
[h

�
2
M

p
c2

] Ly�⇥Ly�

60 80 100 120 140

s [h�1Mpc]

0

1

2

s2
�(

s)
[h

�
2
M

p
c2

]

Ly�⇥QSO

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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Example of systematics: Imaging

ADE, Montpellier, November 6, 2025

– Non-homogeneity in target selection due variations of imaging 
catalogs (depth, dust contaminants,…) 

– Regression methods developed  to correct those effect
– Same measurements of BAO with/without corrections
– BAO almost insensitive to imaging effects

Ch. Yèche 
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6 Chaussidon et al.

Figure 3. Density map of the DR9 QSO target selection.
The solid black and dashed blue lines show respectively the
Galactic plane and the plane of the Sagittarius Stream.

sample the rapidly declining tail of the black-body spec-
trum at those wavelengths, where QSOs have a much
flatter SED. This method was previously demonstrated
in eBOSS and Figure 5 of Myers et al. (2015) exhibits
the same separation between stars and QSOs thanks to
WISE imaging.

3.3. Selection with Random Forest Algorithm

Neural-network-based algorithms implemented in
BOSS (Yèche et al. 2010) were found to increase QSO
selection e�ciency by ⇡ 20% compared to color cuts.
Similarly, to improve the success rate for DESI, we use
a machine-learning algorithm based on Random Forests
(RF).
First, before utilizing the RF, we restrict the selec-

tion to objects with stellar morphology (’PSF’ in DR9),
to avoid an almost 10-fold contamination by galaxies
that otherwise enter our selection region, and we im-
pose 16.5 < rAB < 23.0. In addition, to reject stars, we
apply a cut on the (WISE ) magnitudes (W1 < 22.3 and
W2 < 22.3). This cut is particularly e�cient at getting
rid of stars in the Sagittarius Stream, a region which
exhibits an overdensity of QSO targets (see Figure 3).
We also require that the targets are not in the vicinity
of bright stars, globular clusters, or large galaxies. Such
“masked” sources have MASKBITS of 1, 12 or 13 set in
Legacy Surveys catalogs.
Then, we train the RF using two samples: one of

’QSOs’ similar to the objects we want to select and the
other of ’stars’ we want to discriminate against. The
QSO sample consists of 332,650 known QSOs in the
DESI footprint. The vast majority of those QSOs with
17.5 < r < 23.2 are selected by their intrinsic time-
variability in the SDSS Stripe 82 (an equatorial stripe
in the South Galactic Cap defined by SDSS), using the
method described in Palanque-Delabrouille et al. (2011)
with SDSS light curves. This selection provides a train-

ing sample of QSOs that is not biased by information on
QSO color, an essential ingredient for the RF training.
The ’star’ sample is obtained by considering 332,650 un-
resolved sources in Stripe 82 that are not known QSOs
and do not exhibit any QSO-like variations in their SDSS
light curve. We normalize the r-band number counts of
the stars to match the QSOs and trained the RF selec-
tion with 11 input parameters: the 10 possible colors
using the five optical and NIR bands grzW1W2, and
the r-band magnitude. In contrast to the RF method
applied during the DESI commissioning (Yèche et al.
2020), the final selection uses a single RF covering the
full QSO redshift range, which we retrained with the
latest processing of imaging catalogs, DR9.
In order to achieve the required QSO target bud-

get, ⇠ 310 targets per deg2, and to ensure a uniform
target density over the full DESI footprint, we apply
slightly di↵erent thresholds on the RF probability in
the three regions (North, South (DES) and South (non-
DES), see the exact definition on Figure 1). We also
vary the RF probability threshold with r, following
pth(r) = ↵ � � ⇥ tanh(r � 20.5). For the three regions
(North, South (DES) and South (non-DES), we choose
(↵,�) to equal (0.88, 0.04), (0.7, 0.05), and (0.84, 0.04),
respectively.
The code for the QSO target selection of both the 1%

survey and the main survey is public on GitHub and it is
available at 1% QSO selection and main QSO selection.

4. PHOTOMETRIC PROPERTIES OF THE QSO
SELECTION

In this section, we discuss the spatial uniformity of the
QSO target density for the main selection described in
Sec. 3. We also present the density fluctuations related
to photometric properties such as seeing and depth. The
mitigation procedure to remove the systematic e↵ects is
described in detail in detail in Chaussidon et al. (2021).

4.1. Quasar Target Density

Figure 3 exhibits several regions with higher density
of QSO targets than average:

• Overdensity near the Galactic plane: the stel-
lar density is higher near the Galactic plane (
black line in Figure 3), which increases the stel-
lar contamination of the QSO targets. The ef-
fect is mostly visible in the region bounded by
270� < R.A. < 330� in both the North (NGC)
and the South (SGC) Galactic Caps.

• Overdensity in the Sagittarius Stream: the stel-
lar population of the Sagittarius Stream, indicated
by the blue line in Figure 3, is di↵erent from the
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Figure 3. The impact of imaging systematics on the BAO scales. In detail, we show the di↵erence in
the derived BAO scales when we use the mitigation method for imaging systematics and when we use
the raw data (‘No weight’). The two measurements for each tracer are slightly displaced horizontally
for a better visualization. The BAO scales are very stable even when there was no mitigating and
even after density field reconstruction using such raw data. Again, the BAO is robust against the
imaging systematics.

gible, as shown in Figure 3. When comparing the post-reconstruction BAO measurements
with and without weights to correct for imaging systematics, the variation is found to be
at most 0.27� (for the QSO ↵iso) and is typically less than 0.2� on any of the measured
BAO parameters (↵iso and ↵AP), without any coherent direction across tracers. The weights
modulate the density field obtained from the LSS catalogs and thus there is expected to be
some fluctuation in any measured parameter that is proportional to the original uncertainty,
purely from the degree to which the weighting de-correlates the weighted and unweighted
data. Thus, shifts as a fraction of the uncertainty on the measured BAO parameters are the
most relevant thing to quote here. The 0.2� level of variation is equivalent to a correlation
of 0.99 between the weighted and unweighted results. This is thus similar to that one would
expect from randomly applying weights with the same variance as the imaging systematic
weights to the sample. We stress that the weighted clustering results are expected to be much
closer to the ‘true’ clustering than those without the imaging systematic weights. Thus, even
if these shifts were not consistent with random variation, they would represent an extreme
scenario.

Spectroscopic systematics refer to both the e↵ect of errors in the DESI redshift esti-
mation and unphysical galaxy/quasar variations in the fraction of successful redshifts as a
function of parameters relating to DESI hardware and observing conditions. Similar to the
corrections for imaging systematics, trends with spectroscopic properties can be regressed
against, and corrected with, weights. Such weights, wzfail, are determined as a function of
e↵ective observing time for all DESI tracers, as described in [24, 71]. Despite the signifi-
cance of the observed trends, [24] find that di↵erence in clustering between results including
wzfail or not yields a maximum �2 di↵erence of just 0.09 (for ELG samples at both redshift
range) across all of the pre-reconstruction ⇠0,2 within the BAO fit range. Such a small �2

di↵erence implies at most a 0.3� shift in any potential parameter; the di↵erences are not
localized and any e↵ect on BAO measurements is thus expected to be negligible. Further
corrections, such as extra weights to remove the remaining dependence of the success rate on
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– Observational effects in data 
  (imaging, fiber assignment,…) 
– Reconstruction algorithm
– Covariance matrix construction

– Incomplete theory modelling 𝝈𝒕𝒉𝒆𝒐 = 0.1%
– Choice of fiducial cosmology 𝝈𝒇𝒊𝒅 = 0.1%
– Galaxy-halo (HOD) model   𝝈𝑯𝑶𝑫 = 0 - 0.17%
      (depending on tracers)
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All systematics much smaller than statistical errors
𝝈𝒕𝒐𝒕𝒂𝒍 = 𝟏. 𝟎𝟏𝝈𝒔𝒕𝒂𝒕. (BGS)  -  𝝈𝒕𝒐𝒕𝒂𝒍 = 𝟏. 𝟎𝟗𝝈𝒔𝒕𝒂𝒕. (LRG3+ELG1) 

No effect on BAO

𝜎454 < 0.22%
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FIG. 8. Response of the constraints on the isotropic (top) and anisotropic (bottom) BAO scaling parameters to changes in the
data vector or model assumptions, using unblinded DESI DR2 data. The first row represents the di↵erence between the baseline
BAO constraints and itself, resulting in values centered at zero, with the shaded regions indicating the statistical uncertainty
of the baseline measurements. The remaining rows show the di↵erence �↵ between the BAO scaling parameters obtained in
each test and the baseline value. Specifically, �↵iso = ↵case

iso � ↵baseline
iso and �↵AP = ↵case

AP � ↵baseline
AP . Note the distinction in

the BAO analysis: for the BGS tracer, one-dimensional (1D) fits are used, whereas two-dimensional (2D) fits are applied for the
other tracers.

ment expected from the mocks. This comparison is ex-
plored in more detail in Appendix A, where we assess
the consistency of power spectrum and correlation func-
tion fits under di↵erent data vector variations. While
these two statistics should, in principle, contain the same
amount of information, practical di↵erences arise due to
the adopted scale cuts, modeling choices, and particularly
the treatment of the covariance matrix. These factors
can lead to small variations in the derived constraints.
The BGS sample presents the largest deviation, showing

a 0.55% o↵set, which is slightly larger than the most ex-
treme mock realization but remains within an acceptable
range. The overall agreement reinforces the robustness
of our methodology and ensures that any di↵erences be-
tween the two approaches are well understood. These
results directly inform the unblinding test #8.
Flat priors on the damping scales: Our base-

line configuration assumes Gaussian priors for the BAO
damping and FoG parameters (Eq. (15)), informed from
fits to mock catalogs [83]. We find that switching these
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– Combining DESI+CMB+SN: 2.8s to 4.2s effect 
depending on the SN sample

– Better agreement with w0waCDM model 
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FIG. 13. Hubble diagrams showing comparisons of DESI BAO and SNe data to models. In the top panels, DESI BAO
measurements are shown with black circles, and DESY5 is used as the SNe dataset for determining model fits. In the bottom
row, binned DESY5, Union3 and Pantheon+ SNe distance modulus residuals are shown with black squares in the three panels.
The SNe binning method is described in Section IV C. The bin edges for the SNe bins are indicated by vertical gray dashed
lines. ⇤CDM predictions from Planck CMB (including Planck+ACT CMB lensing), DESI, SNe and DESI+CMB are shown
in black, blue, orange and purple solid lines, respectively. The wCDM predictions from best-fit DESI+CMB+SNe are shown
in cyan dotted lines. w0waCDM predictions from fits to DESI+SNe and DESI+CMB+SNe are shown in green and red dashed
lines; in the top panels DESY5 is used as the SNe sample, while in the bottom panels, the model curves are adjusted to use the
corresponding SNe sample in the title of each panel. In the SNe panels, all models are pinned at the average of the SNe data.

DESY5 SNe is 0.04 in µ at low redshifts, z < 0.1, which
is worse than the 0.03 o↵set from the Planck fiducial
model. All these observations point to the fact that
the ⇤CDM model struggles to consistently fit all three
datasets: BAO, CMB, and SNe.

One way to address this tension is to adopt a model
with more flexibility in the background expansion. How-
ever, the wCDM model with a constant equation of state
lacks su�cient flexibility. The cyan dotted curves in the
top row and bottom left show a model with constant
w = �0.971 and ⌦m = 0.310, which is the wCDM model
that best fits the DESI+CMB+DESY5 data combina-
tion; in the remaining two panels the cyan curves show
the predictions of very similar models obtained by sub-
stituting Union3 or Pantheon+ for DESY5. The high-z
anchor does not allow enough redshift evolution for this
model to provide a good fit to the BAO and SNe data at
low redshifts, performing only slightly better than Planck
⇤CDM. If instead the wCDM model were chosen to fit
the DESI+DESY5 data, it would necessarily have an ⌦m

value that would fail to match the CMB constraints on
(✓⇤, !b, !bc).

On the other hand, the w0waCDM model does have

su�cient flexibility to simultaneously achieve good fits
to all three datasets. The green dashed and red
dashed curves in the top panels show predictions for
w0waCDM models with parameters matching the best
fits to DESI+DESY5 and DESI+CMB+DESY5 respec-
tively. These are barely distinguishable in the plots,
showing that the w0waCDM model that best fits the
BAO and SNe automatically also provides a good fit to
the CMB. Over the range of redshifts covered by DESI
BAO, these model predictions provide a better fit to BAO
data than the best such ⇤CDM model—in particular,
in the fit to the parallel BAO distances ↵||—while also
simultaneously resolving the mismatch in ⌦m between
DESI and CMB in the ⇤CDM framework. The bottom
left panel also shows that they are also equally good at
fitting the µ o↵sets between low-z and high-z DESY5
data. These observations qualitatively help to explain
why these models are strongly preferred over ⇤CDM.

In the equivalent curves in the center and right pan-
els on the bottom row, DESY5 is replaced in all fits by
Union3 and Pantheon+, respectively. While the qualita-
tive picture is the same for Union3 as DESY5, the value
of µ�µfid at low redshift is smaller for Pantheon+ and so
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However, as discussed in [38], the posterior for the
combination of DESI BAO and SNe alone allows quite
a wide range of posterior values of !m (or, equivalently,
!c). CMB information places extremely tight constraints
on !m that are largely independent of the late-time back-
ground model. Therefore, the full statistical power of the
data is achieved through the combination of the BAO,
CMB and SNe datasets, giving the maginalized posterior
results

w0 = �0.838 ± 0.055

wa = �0.62+0.22
�0.19

)
DESI+CMB+
Pantheon+,

(26)

for the combination with the Pantheon+,

w0 = �0.667 ± 0.088

wa = �1.09+0.31
�0.27

)
DESI+CMB
+Union3,

(27)

with Union3, and

w0 = �0.752 ± 0.057

wa = �0.86+0.23
�0.20

)
DESI+CMB
+DESY5,

(28)

with DESY5. The posteriors in these three cases, along
with the DESI+CMB posterior, are shown in Figure 11.
The ��

2

MAP
values are �10.7, �17.4, and �21.0, corre-

sponding to preferences for the w0waCDM model over
⇤CDM at the 2.8�, 3.8�, and 4.2� levels, for combina-
tion with Pantheon+, Union3 and DESY5 respectively.
These significances have all increased compared to the
values reported in [38] based on the DESI DR1 BAO re-
sults.

The deviance information criterion (DIC) values
for the combination of DESI+CMB with Pantheon+,
Union3 and DESY5 SNe are �(DIC) ⌘ DICw0wa �
DIC⇤CDM = �6.8, �13.5, �17.2, respectively. These
indicate preferences for the w0waCDM model consis-
tent with those obtained from the ��

2

MAP
values above.

Again, the changes in the �(DIC) values obtained here
with DESI DR2 BAO data compared to the DR1 values
reported in [38] show that the preference for w0waCDM
has increased with the additional data. Further details
on the calculation of DIC values are given in [47].

The pivot redshift zp at which w(z) in this
parametrization is best constrained by the data depends
on the particular combination of datasets used. For
DESI+CMB, zp = 0.53 and wp = w(zp) = �1.024 ±
0.043: this is a lower pivot redshift and a tighter con-
straint on wp than that found for the same combina-
tion with DR1 BAO in [38], reflecting the additional
constraining power of the DR2 BAO results. For the
DESI+CMB+DESY5 combination, we find zp = 0.31
and wp = �0.954±0.024, indicating a mild preference for
a deviation from w = �1 at the best-measured redshift.
As the other two SNe datasets are slightly less constrain-
ing than DESY5, the pivot redshifts for combinations

Datasets ��
2

MAP Significance �(DIC)

DESI �4.7 1.7� �0.8

DESI+(✓⇤, !b, !bc)CMB �8.0 2.4� �4.4

DESI+CMB (no lensing) �9.7 2.7� �5.9

DESI+CMB �12.5 3.1� �8.7

DESI+Pantheon+ �4.9 1.7� �0.7

DESI+Union3 �10.1 2.7� �6.0

DESI+DESY5 �13.6 3.3� �9.3

DESI+DESY3 (3⇥2pt) �7.3 2.2� �2.8

DESI+DESY3 (3⇥2pt)+DESY5 �13.8 3.3� �9.1

DESI+CMB+Pantheon+ �10.7 2.8� �6.8

DESI+CMB+Union3 �17.4 3.8� �13.5

DESI+CMB+DESY5 �21.0 4.2� �17.2

TABLE VI. Summary of the di↵erence in the e↵ective �
2

MAP

value (defined as twice the negative log posterior at the max-
imum posterior point) for the best-fit w0waCDM model rela-
tive to the best ⇤CDM model with w0 = �1, wa = 0, for fits
to di↵erent combinations of datasets as indicated. The third
column lists the corresponding (frequentist) significance levels
given 2 extra free parameters, and the final column shows the
results for �(DIC) = DICw0waCDM � DIC⇤CDM. As a rule of
thumb, �(DIC) values < �5 indicate a ‘strong’ preference for
w0waCDM and values < �10 a ‘decisive’ preference [144].

with them are slightly larger, as are the uncertainties on
wp, but the results for all choices of DESI+CMB+SNe
are mutually consistent.

These results sharpen the preference already seen in
[38] for an evolving equation of state for dark energy: al-
though the statistical significances from all data depend
somewhat on the choice of SNe dataset included, even the
weakest of them (the DESI+CMB+Pantheon+ combina-
tion) is still nearly 3�, and the significance is 3.1� even
when excluding all SNe data altogether (DESI+CMB).
In all cases, the favored w(z) shows a phase of w > �1 at
low redshifts and a phantom crossing to w < �1 above
redshifts z ' 0.4. Within the w0waCDM model, the ne-
cessity of such a crossing and the redshift at which it
occurs is determined by the requirement to match the
precise CMB measurement of ✓⇤ [146]. The details of
the recovered form of w(z) and the w0, wa parameter
values naturally depend on the choice of parametriza-
tion. The accompanying paper [47] explores various
other parametrizations of w(z) beyond eq. (9), and non-
parametric reconstruction methods, that exhibit a simi-
lar behavior. Reference [47] also performs binned recon-
struction of w(z) without assuming a functional form for
the equation of state and finds a consistent picture, as
shown in Figure 12. The lowest redshift bin shown in the
figure favors a value of w > �1 at high significance [47],
inconsistent with the ⇤CDM expectation w = �1.

The apparent preference for phantom crossing to
w(z) < �1 at intermediate redshifts, and the conse-
quent violation of the NEC, is thus rather independent of

Three SNIa sample

CMB (including lensing)



Dark Energy Spectroscopic Instrument

Comparison DESI/SDSS at z~0.7

ADE, Montpellier, November 6, 2025

– 1.5s to 2.3s discrepancy depending on the correlations 
between the two samples at z~0.7

– Much better agreement with DR1 than with DR2

Ch. Yèche 

Slide 45

31

18 19 20 21 22

DH/rd

16

17

18

D
M

/r
d

16 17 18

DM/rd

eBOSS LRG

DESI DR1 LRG2

DESI DR2 LRG2

FIG. 12. Comparison of BAO constraints from DESI DR1,
DESI DR2, and SDSS at z ⇠ 0.7. The plot shows the
68% and 95% confidence contours for the LRG2 bin in the
DH/rd � DM/rd plane. The black solid contours represent
the eBOSS (SDSS) measurement, the orange dashed contours
show the DESI DR1 result, and the filled orange contours cor-
respond to DESI DR2. The DR2 result lies between DR1 and
SDSS, supporting the interpretation that the previously ob-
served tension between DR1 and SDSS is likely a statistical
fluctuation.

Table 17 of [1], yields very similar results to the published
eBOSS measurements but removes pipeline-induced dif-
ferences.

As shown in Figure 12, the DR2 measurement lies be-
tween DR1 and SDSS, consistent with the interpreta-
tion from the DR1 paper that the observed tension is
likely due to statistical fluctuations. The improved DR2
precision further supports this conclusion, as it reduces
the statistical scatter while remaining broadly consistent
with both datasets. A more detailed quantitative com-
parison can be found in Section III.C.2 of [2].

VIII. SUMMARY AND CONCLUSIONS

We have presented the validation of the DESI DR2
measurements of baryon acoustic oscillations from galax-
ies and quasars. Together with the BAO measurements
from the Ly↵ forest [115], these constitute the main data
set that is used for cosmological inference in [2]. The
validation process involved extensive testing with mock
galaxy catalogs that mimic the selection and clustering
properties of di↵erent galaxy tracers, as well as analyses
using a blinded version of the DESI DR2 LSS catalogs,
followed by complementary post-unblinding checks.

Our analysis pipeline remains largely the same as that
used for the DESI DR1 BAO analysis [1], with minor

modifications to account for the expanded dataset and re-
finements in analysis choices. These include adjustments
to the BGS magnitude cut, an increased minimum fitting
scale for BAO measurements, the adoption of 2D BAO
fits for select tracers and additional data-splitting tests
to assess systematic e↵ects (detailed in Section V).

We have also outlined a series of rigorous tests to de-
termine whether we were ready to finalize our pipeline
settings and unblind the data for the o�cial BAO cosmol-
ogy analysis. These tests provided key validation steps,
ensuring that our results were robust against potential
sources of systematic bias (detailed in Section VI B). This
unblinding checklist, detailed in Table VI, was success-
fully completed, leading to the unblinding of the DR2
BAO data during the DESI collaboration meeting in De-
cember 2024.
Our main findings can be summarized as fol-

lows:

• We find strong agreement in clustering amplitude
between DR1 and DR2 samples, with DR2 benefit-
ing from a significant reduction in statistical scat-
ter due to its larger volume. The improvement in
precision is particularly pronounced for the bright
galaxy (BGS) and emission line galaxy (ELG) sam-
ples, as shown in Figure 4. This translates to a fac-
tor of 2.15 improvement in precision compared to
DR1 (Figure 3), where the combined BAO precision
has improved from ⇠ 0.52% in DR1 to ⇠ 0.24% in
DR2. Furthermore, DESI DR2 achieves a factor of
2.56 improvement over previous SDSS BAO mea-
surements, which had a precision of ⇠ 0.62%, high-
lighting the substantial advancement in precision
enabled by DESI’s expanded dataset.

• The DESI DR2 BAO constraints are robust across
multiple variations in analysis choices, includ-
ing di↵erent data vectors (correlation function vs.
power spectrum, 1D vs. 2D BAO fit), modeling
(di↵erent broadband parameterizations and param-
eter priors), and treatment of observational system-
atics. We tested the response of the constraints
across multiple data splits, including redshift bins,
sky regions, and magnitude cuts, consistently find-
ing agreement with the baseline (see Figure 8).

• Density-field reconstruction significantly enhances
the precision of BAO constraints for all DESI trac-
ers (Figure 5). The uncertainty on the isotropic
(anisotropic) BAO scaling parameter ↵iso (↵AP) is
reduced by up to 42% (47%) compared to results
using unreconstructed catalogs. Compared to DR1,
reconstruction e�ciency has improved for almost
all tracers, likely due to smaller boundary e↵ects
and higher survey completeness in DR2, which al-
low for better displacement field estimation. This
level of improvement aligns with expectations from
mock catalog analyses and further demonstrates
the e↵ectiveness of reconstruction in reducing noise
and enhancing the BAO signal.
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FIG. 1. Left: The 68% and 95% constraints on the H0rd-⌦m 2D parameter space for DESI DR2 BAO, ACT, PR4+ACT,
and DESY5 SNe Ia, under the ⇤CDM model. The combination based on ACT alone with SRoll2 is shown in green, while
our baseline combination PR4+ACT is shown in purple. The ACT dataset shows a 2.7� tension with DESI (3.2� if CMB
lensing is excluded), while the combination of PR4+ACT shows a 2.0� tension with DESI, once CMB lensing and low-` TT
data have been also included. Right: Tension between DESI DR2 BAO and di↵erent CMB variations (expressed in n� units),
in the ⇤CDM model. The tension is calculated given the 2D posterior distributions of ⌦m and H0rd. The first bars shown are
PR4 (pink), ACT (green), P-ACT (orange) and PR4+ACT (purple). The hatched bars of the corresponding color represent
variations of the CMB dataset.

DESY5 SNe data. We observe that the discrepancy be-
tween DESI and CMB occurs along the degeneracy direc-
tion of constant ⌦mh

3 = const. [50], roughly preserving
the location of the first acoustic peak. This ensures that
DESI is consistent with the acoustic angular scale ✓⇤ pre-
dicted from CMB. In the following, we describe how the
consistency between CMB and DESI changes across the
various CMB combinations.

The base ACT combination (without CMB lensing)
shown in [31] reports high values of ⌦ch

2 and ⌦bh
2 and

a lower H0 with respect to Planck. This further pushes
the ACT (no CMB lensing) data away from DESI, lead-
ing to a moderate 3.2� tension. The inclusion of CMB
lensing reduces this tension to 2.7�. Interestingly, this
is the opposite e↵ect observed in [16], where excluding
CMB lensing elongates the CMB contours reducing the
discrepancy between DESI and PR4 data. The discrep-
ancy persists even when the low-` SRoll2 likelihood is
replaced with low-` SimAll and low-` TT information is
included. However, the combination of P-ACT with the
CMB lensing included alleviates the discrepancy leading
to a 1.6� di↵erence with DESI. This pull of the CMB
contours towards the DESI best-fit value is related to the
higher values of ⌦bh

2 and the spectral index ns measured
by ACT with respect to Planck, as well as to parameter
correlations, as explained in Appendix A.

We further explore how DESI compares with a com-
bination of PR4 and ACT. While ACT is more consis-
tent with PR3 as compared to PR4 as pointed out in

[31], here we assess the consistency between ACT and
PR4 under the assumed ` cuts before combining them
and verify that the overall discrepancy is 2.0� or less in
a six-parameter space under ⇤CDM, and that individ-
ual parameters show discrepancies below this threshold.
Our baseline CMB dataset labeled as PR4+ACT shows
a 14% and 23% precision improvement in ns and ⌦bh

2

parameters, respectively, with respect to PR4. Also, it
shows only a mild discrepancy of 2.0� with DESI (or
1.9� for PR4(SRoll2)+ACT). Applying a cut analogous
to the one assumed in the P-ACT combination but us-
ing PR4, leads to a 1.4� discrepancy with DESI, for our
PR4(1000,600)+ACT combination. We also tested that
removing the 600 < ` < 1000 TT data from Planck to
avoid any overlaps in ` while still using a dataset that is
“maximal” in ACT increases the discrepancy with DESI
to 2.0�.

We summarize the results in the right-hand-side panel
of Figure 1 highlighting the three base CMB combina-
tions for the rest of this work: ACT (the new CMB
dataset), P-ACT (the o�cial combination using PR3)
and PR4+ACT (our baseline combination using PR4).

Finally, the left panel of Figure 1 also shows the SNe
Ia data from DESY5 (for a more comprehensive com-
parison of all cosmological probes), which favors a high
value of ⌦m with respect to DESI and CMB. Other SNe
Ia datasets (not shown in Figure 1), Pantheon+ and
Union3, show a slightly better consistency with DESI. If
we combine DESI with P-ACT, the ⌦m tension between
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Datasets Description

1. BAO data

DESI DR2 BAO measurements from DESI DR2 in the range 0.1 < z < 4.2 [16, 19].

2. SNe Ia data

Pantheon+ A compilation of 1550 spectroscopically-confirmed SNe Ia in the range 0.001 < z < 2.26 [34].

Union3 A compilation of 2087 SNe-Ia (among which 1363 SNe Ia are common to Pantheon+) that were analyzed through an updated
Bayesian framework [35].

DESY5 A compilation of 1635 SNe Ia in the redshift range 0.10 < z < 1.13 complemented by an external sample consisting of 194 SNe
Ia common to Pantheon+ in the range 0.025 < z < 0.10 [36].

3. CMB standalone likelihoods (including CMB lensing)

low-` TT Planck 2018 PR3 low-` Commander likelihood for TT in the range 2  ` < 30 [37, 38].

low-` EE SimAll Planck 2018 PR3 low-` SimAll likelihood for EE in the range 2  ` < 30 [37, 38].

low-` EE SRoll2 Alternative low-` likelihood for EE based on the SRoll2 code in the range 2  ` < 30 [39].

high-` PR3 Planck PR3 Plik lite likelihood for the high-` CMB TT, TE, EE spectra from ` = 30 up to ` = 2500 [37, 38].

high-` PR4 Planck PR4 high-` temperature and polarization likelihood using NPIPE maps. The high-` TT, TE, EE spectra from Planck
extends from ` = 30 up to ` = 2500 [40, 41].

ACT DR6 Power spectra from the anisotropies in the temperature and polarization CMB maps from the 6th data release of the Atacama
Cosmology Telescope. The CMB power spectra extends from ` = 600 up to ` = 8500 [31].

CMB lensing Combination of the CMB lensing measurements from the reconstruction of the CMB lensing potential using Planck PR4 NPIPE
maps [42], and the CMB lensing measurements from the ACT Data Release 6 (DR6), which consists of five seasons of CMB
temperature and polarization observations, with 67% of sky fraction overlap with Planck [21, 43].

4. Main CMB combinations

ACT low-` EE SRoll2 + ACT DR6 + CMB lensing

P-ACT low-` TT + low-` EE SRoll2 + high-` PR3 (` < 1000 TT, ` < 600 TE, EE) + ACT DR6 + CMB lensing

PR4+ACT low-` TT + low-` EE SimAll + high-` PR4 (` < 2000 TT, ` < 1000 TE, EE) + ACT DR6 (` � 2000 TT, ` � 1000 TE, EE) +
CMB lensing

5. Additional CMB combinations studied

ACT (no CMB lensing) low-` EE SRoll2 + ACT DR6 (same as ACT base in [31])

ACT (low-` TT, EE) low-` TT + low-` EE SimAll + ACT DR6 + CMB lensing

PR4 low-` TT + low-` EE SimAll + high-` PR4 + CMB lensing (same as baseline CMB in [16])

PR4(1000,600)+ACT low-` TT + low-` EE SimAll + high-` PR4 (` < 1000 TT, ` < 600 TE, EE) + ACT DR6 + CMB lensing

PR4(SRoll2)+ACT low-` TT + low-` EE SRoll2 + high-` PR4 (` < 2000 TT, ` < 1000 TE, EE) + ACT DR6 (` � 2000 TT, ` � 1000 TE, EE) +
CMB lensing

TABLE I. Summary of the primary data sets (1-3) and CMB combinations (4-5) used in this work. For the CMB data, we also
indicate the individual likelihood packages that were used in the fits.

BGS tracer, and measurements of DH/rd and DM/rd

for the rest of the tracers, LRGs at 0.4 < z < 0.6
and 0.6 < z < 0.8, a combined tracer LRG+ELG at
0.8 < z < 1.1, the ELG tracer at 1.1 < z < 1.6, QSO
at 0.8 < z < 2.1 plus the Ly↵ forest and the correlation
with QSO positions, at 1.8 < z < 4.2. Here, rd repre-
sents the sound horizon at the drag epoch, when acoustic
waves stall in the primordial plasma as baryons cease to
feel the ‘drag’ from the photons.

We also used SNe Ia data from Pantheon+ that con-
sists of 1550 spectroscopically classified type Ia SNe [49].
Similarly, we use the Union3 sample that consists of 2087
SNe Ia and uses an alternative analysis framework based
on Bayesian hierarchical modeling using Unity 1.5 [35].
We also include SNe Ia data from the DESY5 sample
with 1635 photometrically classified SNe [36].

We test deviations from ⇤CDM, corresponding to dy-
namical dark energy, by means of the w0waCDM param-
eterization based on an equation of state of dark energy
given by w(a) = w0 + wa(1 � a), with w0 and wa as
free parameters. Finally, when performing constraints
on the sum of neutrino masses, we adopt a physical priorP

m⌫ > 0 and assume 3 degenerate states. Throughout

this work, we adopt the priors and tension metrics as
described in [16].

III. CONSISTENCY OF DESI DR2 BAO AND
CMB WITHIN ⇤CDM

In this section, we explore the consistency between
DESI BAO data and CMB across the CMB combinations
described in Section II, assuming the ⇤CDM model. In
[16] it was pointed out that DESI DR2 BAO data show a
discrepancy of 2.3� with PR4. It is interesting to assess
how this discrepancy stands with the latest CMB spectra
from ACT, which provide precision measurements of the
small-scale CMB anisotropies in temperature and polar-
ization, as well as tight constraints on the CMB damping
tail. At the cosmological parameter level, the quantita-
tive comparison between BAO and CMB data is per-
formed by analyzing the 2D posteriors on the combina-
tion H0rd-⌦m, which are the two cosmological parame-
ters constrained by BAO data. The left panel of Figure 1
shows the comparison of two CMB combinations (ACT
in green, and PR4+ACT in purple) with DESI BAO and

DESI paper

ACT paper

ACT+DESI paper - Baseline

ACT+DESI (DESI Paper), arXiv:2504.18464


