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22 1. Geometry and Dynamics
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Figure 1.7: Type IA supernovae and the discovery dark energy. If we assume a flat universe, then the
supernovae clearly appear fainter (or more distant) than predicted in a matter-only universe (⌦m = 1.0).
(SDSS = Sloan Digital Sky Survey; SNLS = SuperNova Legacy Survey; HST = Hubble Space Telescope.)

where we have defined a “curvature” density parameter, ⌦k,0 ⌘ �k/(a0H0)2. It should be noted

that in the literature, the subscript ‘0’ is normally dropped, so that e.g. ⌦m usually denotes

the matter density today in terms of the critical density today. From now on we will follow

this convention and drop the ‘0’ subscripts on the density parameters. We will also use the

conventional normalization for the scale factor, a0 ⌘ 1. Equation (1.3.120) then becomes

H
2

H
2

0

= ⌦r a
�4 + ⌦ma

�3 + ⌦ka
�2 + ⌦⇤ . (1.3.121)

⇤CDM

Observations (see Figs. 1.7 and 1.8) show that the universe is filled with radiation (‘r’), matter

(‘m’) and dark energy (‘⇤’):

|⌦k|  0.01 , ⌦r = 9.4⇥ 10�5
, ⌦m = 0.32 , ⌦⇤ = 0.68 .

The equation of state of dark energy seems to be that of a cosmological constant, w⇤ ⇡ �1. The

matter splits into 5% ordinary matter (baryons, ‘b’) and 27% (cold) dark matter (CDM, ‘c’):

⌦b = 0.05 , ⌦c = 0.27 .

We see that even today curvature makes up less than 1% of the cosmic energy budget. At earlier

times, the e↵ects of curvature are then completely negligible (recall that matter and radiation

scale as a�3 and a
�4, respectively, while the curvature contribution only increases as a�2). For

the rest of these lectures, I will therefore set ⌦k ⌘ 0. In Chapter 2, we will show that inflation

indeed predicts that the e↵ects of curvature should be minuscule in the early universe (see also

Problem Set 2).

Single-Component Universe

The di↵erent scalings of radiation (a�4), matter (a�3) and vacuum energy (a0) imply that for

most of its history the universe was dominated by a single component (first radiation, then

Hubble diagram from Supernova 1a

Baumann notes, Fig 1.7
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P
aris-S

aclay,
F
-91191

G
if-su

r-Y
vette,

F
ran

ce
2L

aw
ren

ce
B
erkeley

N
ation

al
L
aboratory,

1
C
yclotron

R
oad,

B
erkeley,

C
A

94720,
U
S
A

3P
hysics

D
ept.,

B
oston

U
n
iversity,

590
C
om

m
on

w
ealth

A
ven

u
e,

B
oston

,
M
A

02215,
U
S
A

4T
ata

In
stitu

te
of

F
u
n
dam

en
tal

R
esearch,

H
om

i
B
habha

R
oad,

M
u
m
bai

400005,
In
dia

5N
S
F

N
O
IR

L
ab,

950
N
.
C
herry

A
ve.,

T
u
cson

,
A
Z

85719,
U
S
A

6D
epartam

en
to

de
A
strof́ısica,

U
n
iversidad

de
L
a
L
agu

n
a
(U

L
L
),

E
-38206,

L
a
L
agu

n
a,

T
en

erife,
S
pain

7In
stitu

to
de

A
strof́ısica

de
C
an

arias,
C
/
V
ı́a

L
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Model/Dataset !m H0 [km s→1 Mpc→1] 103!K w or w0 wa

!CDM

CMB 0.3169 ± 0.0065 67.14 ± 0.47 — — —

DESI 0.2975 ± 0.0086 — — — —

DESI+BBN 0.2977 ± 0.0086 68.51 ± 0.58 — — —

DESI+BBN+ω↑ 0.2967 ± 0.0045 68.45 ± 0.47 — — —

DESI+CMB 0.3027 ± 0.0036 68.17 ± 0.28 — — —

!CDM+”K

CMB 0.354+0.020
→0.023 63.3 ± 2.1 →10.7+6.4

→5.3 — —

DESI 0.293 ± 0.012 — 25 ± 41 — —

DESI+CMB 0.3034 ± 0.0037 68.50 ± 0.33 2.3 ± 1.1 — —

wCDM

CMB 0.203+0.017
→0.060 85+10

→6
— →1.55+0.17

→0.37 —

DESI 0.2969 ± 0.0089 — — →0.916 ± 0.078 —

DESI+Pantheon+ 0.2976 ± 0.0087 — — →0.914 ± 0.040 —

DESI+Union3 0.2973 ± 0.0091 — — →0.866 ± 0.052 —

DESI+DESY5 0.2977 ± 0.0091 — — →0.872 ± 0.039 —

DESI+CMB 0.2927 ± 0.0073 69.51 ± 0.92 — →1.055 ± 0.036 —

DESI+CMB+Pantheon+ 0.3047 ± 0.0051 67.97 ± 0.57 — →0.995 ± 0.023 —

DESI+CMB+Union3 0.3044 ± 0.0059 68.01 ± 0.68 — →0.997 ± 0.027 —

DESI+CMB+DESY5 0.3098 ± 0.0050 67.34 ± 0.54 — →0.971 ± 0.021 —

w0waCDM

CMB 0.220+0.019
→0.078 83+20

→6
— →1.23+0.44

→0.61 < →0.504

DESI 0.352+0.041
→0.018 — — →0.48+0.35

→0.17 < →1.34

DESI+Pantheon+ 0.298+0.025
→0.011 — — →0.888+0.055

→0.064 →0.17 ± 0.46

DESI+Union3 0.328+0.019
→0.014 — — →0.70 ± 0.11 →0.99 ± 0.57

DESI+DESY5 0.319+0.017
→0.011 — — →0.781+0.067

→0.076 →0.72 ± 0.47

DESI+(ω↑, εb, εbc)CMB 0.353 ± 0.022 63.7+1.7
→2.2 — →0.43 ± 0.22 →1.72 ± 0.64

DESI+CMB (no lensing) 0.352 ± 0.021 63.7+1.7
→2.1 — →0.43 ± 0.21 →1.70 ± 0.60

DESI+CMB 0.353 ± 0.021 63.6+1.6
→2.1 — →0.42 ± 0.21 →1.75 ± 0.58

DESI+CMB+Pantheon+ 0.3114 ± 0.0057 67.51 ± 0.59 — →0.838 ± 0.055 →0.62+0.22
→0.19

DESI+CMB+Union3 0.3275 ± 0.0086 65.91 ± 0.84 — →0.667 ± 0.088 →1.09+0.31
→0.27

DESI+CMB+DESY5 0.3191 ± 0.0056 66.74 ± 0.56 — →0.752 ± 0.057 →0.86+0.23
→0.20

DESI+DESY3 (3↑2pt)+Pantheon+ 0.3140 ± 0.0091 — — →0.870 ± 0.061 →0.46+0.33
→0.29

DESI+DESY3 (3↑2pt)+Union3 0.333 ± 0.012 — — →0.68 ± 0.11 →1.09+0.48
→0.39

DESI+DESY3 (3↑2pt)+DESY5 0.3239 ± 0.0092 — — →0.771 ± 0.068 →0.82+0.38
→0.32

w0waCDM+”K

DESI 0.357+0.041
→0.030 — →2 ± 56 →0.45+0.33

→0.17 < →1.43

DESI+CMB+Pantheon+ 0.3117 ± 0.0056 67.62 ± 0.60 1.1 ± 1.3 →0.853 ± 0.057 →0.54 ± 0.22

DESI+CMB+Union3 0.3273 ± 0.0086 65.98 ± 0.86 0.6 ± 1.3 →0.678 ± 0.092 →1.03+0.33
→0.29

DESI+CMB+DESY5 0.3193 ± 0.0056 66.82 ± 0.58 0.8 ± 1.3 →0.762 ± 0.060 →0.81 ± 0.24

TABLE V. Summary table of cosmological parameter constraints from DESI DR2 BAO (labelled in the table as ‘DESI’) in
combination with external datasets and priors, in ”CDM and various extended models. Results quoted for all parameters are
the marginalized posterior means and 68% credible intervals in each case where two-sided constraints are possible, or the 68%
upper limits when only one-sided constraints are possible.
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DESI+CMB 0.353 ± 0.021 63.6+1.6
→2.1 — →0.42 ± 0.21 →1.75 ± 0.58

DESI+CMB+Pantheon+ 0.3114 ± 0.0057 67.51 ± 0.59 — →0.838 ± 0.055 →0.62+0.22
→0.19

DESI+CMB+Union3 0.3275 ± 0.0086 65.91 ± 0.84 — →0.667 ± 0.088 →1.09+0.31
→0.27

DESI+CMB+DESY5 0.3191 ± 0.0056 66.74 ± 0.56 — →0.752 ± 0.057 →0.86+0.23
→0.20

DESI+DESY3 (3↑2pt)+Pantheon+ 0.3140 ± 0.0091 — — →0.870 ± 0.061 →0.46+0.33
→0.29

DESI+DESY3 (3↑2pt)+Union3 0.333 ± 0.012 — — →0.68 ± 0.11 →1.09+0.48
→0.39

DESI+DESY3 (3↑2pt)+DESY5 0.3239 ± 0.0092 — — →0.771 ± 0.068 →0.82+0.38
→0.32

w0waCDM+”K

DESI 0.357+0.041
→0.030 — →2 ± 56 →0.45+0.33

→0.17 < →1.43

DESI+CMB+Pantheon+ 0.3117 ± 0.0056 67.62 ± 0.60 1.1 ± 1.3 →0.853 ± 0.057 →0.54 ± 0.22

DESI+CMB+Union3 0.3273 ± 0.0086 65.98 ± 0.86 0.6 ± 1.3 →0.678 ± 0.092 →1.03+0.33
→0.29

DESI+CMB+DESY5 0.3193 ± 0.0056 66.82 ± 0.58 0.8 ± 1.3 →0.762 ± 0.060 →0.81 ± 0.24

TABLE V. Summary table of cosmological parameter constraints from DESI DR2 BAO (labelled in the table as ‘DESI’) in
combination with external datasets and priors, in ”CDM and various extended models. Results quoted for all parameters are
the marginalized posterior means and 68% credible intervals in each case where two-sided constraints are possible, or the 68%
upper limits when only one-sided constraints are possible.
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FIG. 10. Marginalized 1D posteriors for !m, when fixing
the background model to ”CDM (Section VI). We show the
probability distributions for DESI DR1 and DR2, as well as
the measurements from CMB, and the three SNe datasets
used throughout this paper.

Figure 9 shows the DESI+BBN result for !m and
H0 relative to the SH0ES result [128]. The contours
also show how the constituent tracers of the DR2 sam-
ple at di”erent redshifts contribute to the final con-
straint, with the degeneracy directions of the contours
changing as the best measured combination of transverse
and line-of-sight BAO changes with redshift. In #CDM
the tension between the DESI+BBN and SH0ES H0 re-
sults now stands at 4.5ω independent of the CMB. Note
that the DESI+BBN result does assume standard pre-
recombination physics to determine rd through eq. (2).

We have highlighted the tension between DESI and
CMB in #CDM in order to provide context to the results
for extended models in the following sections. However,
given that this tension is not close to 3ω, it is still valid to
combine the two datasets within the #CDM model and
obtain joint constraints. In this case we find

!m = 0.3027 ± 0.0036,

H0 = (68.17 ± 0.28) km s→1 Mpc→1
,

}

DESI+CMB,

(21)
with a correlation coe$cient of r = →0.975.

We also allow for spatial curvature to vary in our cos-
mological fits and we do not find a significance preference
for a non-flat #CDM model. Table V summarizes the
cosmological parameter results from DESI alone as well
as in combination with external datasets, in both #CDM
and extended models.

Finally, as in [38], we note a mild to moderate discrep-
ancy between the recovered values of !m from DESI and
SNe in the context of the #CDM model. This is shown
in the marginalized posteriors in Figure 10: the discrep-
ancy is 1.7ω for Pantheon+, 2.1ω for Union3, and 2.9ω

for DESY5, with all SNe samples preferring higher values
of !m though with larger uncertainties. For #CDM we
do not report joint constraints on parameters from any
combination of DESI and SNe data. However, as with
the CMB, these apparent parameter di”erences poten-
tially indicate that DESI and at least some of the SNe
datasets cannot be consistently fit except with models
that have greater freedom in the background evolution,
as described in the next section (see also [129]).

VII. DARK ENERGY

Probing the behavior and nature of dark energy is the
primary goal of DESI. The question of perhaps greatest
interest, and the one that BAO measurements can best il-
luminate, is the value of the equation-of-state parameter
w = P/(εc

2), and its possible evolution with time. To ex-
amine this we will primarily use the so-called Chevallier-
Polarski-Linder (CPL) parametrization [35, 36] of eq. (9).
While this form of w(a) does not arise directly from an
underlying physical model, it is a flexible parametrization
that is capable of matching the predictions for observ-
able quantities obtained in a wide range of models that
are physically motivated [130]. The accompanying paper
[47] explores various other parametrizations of w(z), as
well as non-parametric reconstruction methods.

For certain ranges of parameters w0 and wa, the
parametrization of eq. (9) allows so-called ‘phantom’ be-
havior of dark energy, in which the equation of state
crosses to the regime w(z) < →1 [131] where the null
energy condition (NEC)—which requires that the en-
ergy density of dark energy not increase with the expan-
sion of the Universe—is violated. For single scalar-field
models of dark energy, this phantom crossing presents
severe theoretical di$culties [e.g., 132, 133]. However,
more complex models of dark energy, with multiple fields,
other dark energy internal degrees of freedom, or non-
minimal coupling, can evade these di$culties, as can
some modified gravity models, see, e.g., [134–138]. We
therefore adopt wide uniform priors on the parameters,
w0 ↑ U [→3, 1] and wa ↑ U [→3, 2], together with imposing
the condition w0+wa < 0 to enforce early matter domina-
tion. While other justifiable choices are possible, and the
values of Bayesian quantities such as the model evidence
will always depend on the particular choice used, we con-
sider this the minimal empirical approach. Whenever
the equation of state crosses the w = →1 boundary we
use the parametrized post-Friedmann (PPF) approach
of [139, 140] to include dark energy perturbations when
calculating CMB power spectra—however, as shown be-
low, the method of accounting for dark energy perturba-
tions does not play a major role, since simply applying
an early-Universe CMB prior on (ϑ↑, ϖb, ϖc) largely re-
produces the same results on w0 and wa.

Our primary measure of the statistical significance of
preference for evolving dark energy from a given data
combination is based on %ϱ

2

MAP
between the best-fit
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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 2.8ω, 3.8ω and 4.2ω

for combinations with the Pantheon+, Union3 and DESY5
SNe samples, respectively, and 3.1ω 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 ”ω

2

MAP
should follow a ω

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 ”ω

2

MAP

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

CDFω2

(
”ω

2

MAP
| 2 dof

)
=

1↑
2ϑ

∫ N

→N
e
→t2/2

dt , (22)

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

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 ω

2

MAP
relative to the !CDM case of w0 = →1,

wa = 0 is equivalent to a preference of just 1.7ε.
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 ϖ↑, ϱb and ϱbc, 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+(ϖ↑, ϱb, ϱbc)CMB. (24)

While this is still bounded by the wa > →3 prior at the
lower end, the posterior already clearly disfavors !CDM.
The ”ω

2

MAP
value decreases to →8.0, indicating a prefer-

ence for an evolving dark energy equation of state at the
2.4ε 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 (ϖ↑, ϱb, ϱbc) 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 ”ω

2

MAP
decreases

to →12.5, corresponding to a 3.1ε preference for evolv-
ing dark energy. This change in the ”ω

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 1.7ε

to 3.3ε as summarized in Table VI.

ΛCDM

DESI (2025) w0wa fit

3

DESI DR2 BAO, or just DESI), and adopt the 13
distance measurements, and their covariance, as quoted
in Table IV of [2] and validated in supporting DESI
DR2 publications [27, 28]. To make our analysis simple
and as model-independent as possible, we do not use the
additional information from the full-shape clustering of
DESI sources [29].

Compressed CMB data. It is often very useful to
compress the CMB data to a few physically motivated
quantities. There are two fundamental reasons for this:
first, such compression allows analyses of purely phe-
nomenological models for which a theoretically expected
CMB angular power spectrum cannot be computed. And
second, the compression also allows a much faster evalu-
ation of the CMB likelihood than a full power-spectrum-
based likelihood would. The compression is likely to ac-
curately capture information from dark-energy models
that smoothly a!ect the expansion and growth history.

Following a similar well-established approach (e.g. [30–
36]), we compress the CMB into three physical quantities:
the “shift” parameter R [30] and the angular location ωa,
which are defined as

R = 100
√

!bh2 + !cdmh2 + !ω,mh2DM→/c

ωa = εDM→/r→,

(4)

as well as the physical baryon density !bh
2. Here DM→

and r→ are respectively the transverse comoving distance
to, and the sound horizon at, the surface of last scat-
tering evaluated at z→ = 1090. Moreover, !ω,mh

2(=∑
mω/93.14) describes the massive neutrino density; in

this work, we have fixed
∑

mω to 0.06 eV.
We use the combined likelihood from Planck and Ata-

cama Cosmology Telescope (ACT). Specifically, we adopt
the joint likelihood that makes use of the PR3 Planck
plik likelihood [37] and the Data Release 6 of ACT [38].2.
The resulting compressed datavector is

vCMB →




R

ωa

!bh
2



 =




1.7504
301.77

0.022371



 (5)

and the covariance matrix between these three com-
pressed parameters is given by

CCMB = 10↑8 ↑




1559.83 ↓1325.41 ↓36.45

↓1325.41 714691.80 269.77
↓36.45 269.77 2.10



 . (6)

We find an excellent fit not only for the ”CDM model
on which this compression was derived, but also for

2 The likelihood is available from https://github.com/
ACTCollaboration/act_dr6_lenslike.

FIG. 1. Constraints from our modified-H model, assuming
DESI+CMB+DESY5 data. We show the constraints on the
expansion rate H(z) (top panel), followed (in panels that fol-
low, moving down) by the derived constraints on the angular-
diameter distance, Hubble distance, and volume-averaged dis-
tance all divided by the sound horizon, and finally the appar-
ent magnitude of SNIa. All of the quantities are shown rela-
tive to their !CDM values computed with best-fit parameters
from our analysis. The data points show the DESI DR2 BAO
measurements, except in the lowest panel where we show data
from SNIa. See text for more details, and in particular the
explanation of how SNIa magnitude residuals were defined.

the w0waCDM model. We provide the details of this
validation in Appendix A.

Type Ia supernovae. Our principal SNIa dataset is
the Dark Energy Survey Year 5 Data Release (DESY5
[39]). It contains 1829 SNIa, of which 1635 are
photometrically-classified objects in the redshift range
0.1 < z < 1.3, complemented with 194 low-redshift
SNIa in the range 0.025 < z < 0.1. We also con-
sider two other SNIa datasets (following the same logic
in [1]): the Union3 compilation of 2087 SNIa [40], and
the PantheonPlus compilation of 1550 spectroscopically-
confirmed SNIa in the redshift range 0.001 < z < 2.26
[41], many (1363) in common with Union3. In the Pan-
theonPlus analysis, we also impose a z > 0.01 condition
to object selection in order to mitigate the impact of pe-
culiar velocities in the Hubble diagram [42]. In all SNIa
data combinations, we marginalize analytically over the
o!set in the Hubble diagram M which is a nuisance pa-
rameter in a cosmological SNIa analysis.
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ωa = εDM→/r→,

(4)

as well as the physical baryon density !bh
2. Here DM→

and r→ are respectively the transverse comoving distance
to, and the sound horizon at, the surface of last scat-
tering evaluated at z→ = 1090. Moreover, !ω,mh

2(=∑
mω/93.14) describes the massive neutrino density; in

this work, we have fixed
∑

mω to 0.06 eV.
We use the combined likelihood from Planck and Ata-

cama Cosmology Telescope (ACT). Specifically, we adopt
the joint likelihood that makes use of the PR3 Planck
plik likelihood [37] and the Data Release 6 of ACT [38].2.
The resulting compressed datavector is

vCMB →




R

ωa

!bh
2



 =




1.7504
301.77

0.022371



 (5)

and the covariance matrix between these three com-
pressed parameters is given by

CCMB = 10↑8 ↑




1559.83 ↓1325.41 ↓36.45

↓1325.41 714691.80 269.77
↓36.45 269.77 2.10



 . (6)

We find an excellent fit not only for the ”CDM model
on which this compression was derived, but also for

2 The likelihood is available from https://github.com/
ACTCollaboration/act_dr6_lenslike.

FIG. 1. Constraints from our modified-H model, assuming
DESI+CMB+DESY5 data. We show the constraints on the
expansion rate H(z) (top panel), followed (in panels that fol-
low, moving down) by the derived constraints on the angular-
diameter distance, Hubble distance, and volume-averaged dis-
tance all divided by the sound horizon, and finally the appar-
ent magnitude of SNIa. All of the quantities are shown rela-
tive to their !CDM values computed with best-fit parameters
from our analysis. The data points show the DESI DR2 BAO
measurements, except in the lowest panel where we show data
from SNIa. See text for more details, and in particular the
explanation of how SNIa magnitude residuals were defined.

the w0waCDM model. We provide the details of this
validation in Appendix A.

Type Ia supernovae. Our principal SNIa dataset is
the Dark Energy Survey Year 5 Data Release (DESY5
[39]). It contains 1829 SNIa, of which 1635 are
photometrically-classified objects in the redshift range
0.1 < z < 1.3, complemented with 194 low-redshift
SNIa in the range 0.025 < z < 0.1. We also con-
sider two other SNIa datasets (following the same logic
in [1]): the Union3 compilation of 2087 SNIa [40], and
the PantheonPlus compilation of 1550 spectroscopically-
confirmed SNIa in the redshift range 0.001 < z < 2.26
[41], many (1363) in common with Union3. In the Pan-
theonPlus analysis, we also impose a z > 0.01 condition
to object selection in order to mitigate the impact of pe-
culiar velocities in the Hubble diagram [42]. In all SNIa
data combinations, we marginalize analytically over the
o!set in the Hubble diagram M which is a nuisance pa-
rameter in a cosmological SNIa analysis.

d V
/d

V(Λ
C

D
M

)
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w = w0 + wa(1� a)
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H(a)

H0
=

r
⌦m

a3
+

⌦de

a3(1+w0+wa)
e�3wa(1�a)

dark energy equation of state:


