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Figure 25. Recent measurements of the CMB temperature anisotropy and polarization. The two
models, the thin nearly overlapping grey lines, are from Planck (dashed line) and from ACT plus
WMAP (ref. [3], solid line). The primordial BB signal with r = 0.1 is also shown with the dot-dashed
line. For Planck we show the 2018 results [75]. For SPT we show ref. [6] for 150 GHz TT ` < 2000,
TE and EE, and ref. [95] for BB. For ` > 2000 we show the SPT spectrum from ref. [96] which
has been corrected for point source emission. It is visually indistinguishable from the more precise
but uncorrected spectrum in ref. [91]. For Polarbear/Simons Array we show EE from ref. [97] and
BB from pipeline A in ref. [98]. For BICEP2/Keck we use ref. [99]. All error bars are one sigma
and points with no lower bound in TT and EE have been dropped at high `. There is much more
to each data set than is plotted here, for example additional frequencies. For ACT we also show
preliminary EE results that were not used in the analysis: for ` = [103, 150.5, 200.5, 250.5, 300.5],
DEE

` = [1.14 ± 0.32, 1.40 ± 0.22, 0.70 ± 0.14, 2.02 ± 0.20, 9.74 ± 0.39] (µK)2.
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ΛCDM works. Really well.

Choi et al. 2021

ρb, ρc, ns, As, θ⋆, τ

⟨δ2
T⟩1/2 ∼ 10−5

ΛCDM is a starting 
point for a predictive 
theory of our Universe 



Linear theory: from δT(z ≈ 1100) to δρ(z ≈ 100)

extrapolated to  
using linear theory

z = 127

⟨δ2
T⟩1/2 ∼ 10−5

6* parameter model 
ρb, ρc, ns, As, θ⋆, τ



Linear theory: from δT(z ≈ 1100) to δρ(z = 0)

extrapolated to  
using linear theory

z = 0

6* parameter model 
ρb, ρc, ns, As, θ⋆, τ



Best-tested predictions are on linear scales
Fits a wide range of data with only 6 parameters:  

Matter fluctuations described by (linear) matter power spectrum

ρb, ρc, ns, As, θ⋆, τ
2248 S. Chabanier, M. Millea and N. Palanque-Delabrouille

Figure 1. Top: Data points show inferences of the 3D linear matter power spectrum at z = 0 from Planck CMB data on the largest scales, SDSS galaxy
clustering on intermediate scales, SDSS Ly α clustering and DES cosmic shear data on the smallest scales. In cases where error bars in the k-direction are
present, we have used the method of Tegmark & Zaldarriaga (2002) to calculate a central 60 per cent quantile of the region to which each data point is sensitive.
In other cases, data points represent the median value of the measurement. The solid black line is the theoretical expectation given the best-fitting Planck 2018
"CDM model (this model also enters the computation of the data points themselves). The dotted line for reference shows the theoretical spectrum including
non-linear effects. Bottom: Deviation of the data from the Planck best-fitting "CDM 3D matter power spectrum.

the consistency of this model, rather than direct constraints on the
matter power spectrum. In general, we find qualitative agreement
of this fiducial model with the data we consider.

The data sets which we consider were chosen to be representative
of different types of cosmological measurements which exist and
to cover a broad range of scales, particularly favouring ones
where data products were especially convenient for the calculations
we perform here. Of course, many other measurements exist
which provide constraints on the matter power spectrum, some
of which are known to be in varying degrees of tension with the
Planck best-fitting model. It is beyond the scope of this work

to include them all, however we provide a Dockerized Jupyter
notebook which includes the fairly complex dependencies needed
to produce this plot. We hope it will be used in the future by
other groups to add any desired data set and that it will be
kept up to date. The repository for this notebook can be found
here: .1

The outline of the paper is as follows. In Section 2, we present
the Ly α data and explain how we compute the 3D matter power

1https://github.com/marius311/mpk compilation
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Unexplored physics

Nonlinear scales at z = 0

CMB



ΛCDM: we can use linear theory to …z = 0

extrapolated to  
using linear theory

z = 0

6 parameter model 
ρb, ρc, ns, As, θ⋆, τ



…but the Universe does a different extrapolation

evolved to  using 
really big computers

z = 0

6 parameter model 
ρb, ρc, ns, As, θ⋆, τ
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A clever way to go non-linear (Press & Schecter 1974)

Linear matter power spectrum contains information about statistics 
of non-linear fluctuations (dark matter halos):  

 ρb, ρc, ns, As, θ⋆, τ → σ(M, z) → n(M, z)
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A clever way to go non-linear (Press & Schecter 1974)

Collapse threshold 
δc ≈ 1.7

Linear matter power spectrum contains information about statistics 
of non-linear fluctuations (dark matter halos):  

 ρb, ρc, ns, As, θ⋆, τ → σ(M, z) → n(M, z)

 halos: 1015 M⊙
ν(z = 0) ≈ 3.5

n(M ≫ Mc) ∝ e−ν2/2

Mc(z = 0) ≈ 1013 M⊙

Peak height:  

ν =
δc

σ(M, z)

ν



ΛCDM predictions for dark matter halos
 ρb, ρc, ns, As, θ⋆, τ → n(M, z), ρ( > M, z)
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ΛCDM predictions for dark matter halos

 Hubble Space  
Telescope

 ρb, ρc, ns, As, θ⋆, τ → n(M, z), ρ( > M, z)
??

JWST (?)
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fb Mhalo
≤ 1)

star formation efficiency

ρ⋆( > M⋆) ≤ fb ρm( > M⋆/fb)



Expectations for : galaxy formation is inefficientϵ⋆

UNIVERSEMACHINE predictions for JWST 5711

Figure 12. Left-hand panel: Median stellar masses as a function of halo mass from z = 0 to z = 15 from the UNIVERSEMACHINE. The grey shaded region
shows the z = 0 relation from Nadler et al. (2020). Right-hand panel: Same, except expressed as the ratio of stellar mass to halo mass. In Planck cosmologies, a
ratio of ∼0.16 would imply that 100 per cent of available baryons were converted to stars. In both panels, error bars and shaded regions indicate the 16th−84th
percentile confidence interval. Error bars have been offset by up to 0.05 dex in halo mass to increase clarity.

Figure 13. Left-hand panel: Observed (M1500 < −17) cosmic star formation rates from the UNIVERSEMACHINE, with predictions extending to z = 15. Black
points are from multiple observations (Yoshida et al. 2006; van der Burg et al. 2010; Cucciati et al. 2012; Finkelstein et al. 2015). Right-hand panel: Total cosmic
star formation rates from the UNIVERSEMACHINE. Black points are from multiple observations (Yoshida et al. 2006; van der Burg et al. 2010; Cucciati et al. 2012;
Kistler et al. 2013). In both panels, bold and light shaded regions correspond to the 16th−84th and 3rd−97th percentile confidence intervals, respectively.

3.5 Model comparisons

We compare the UNIVERSEMACHINE to three other empirical models
and a semi-analytical model (SAM). The semi-analytical model (the
Santa Cruz model; Somerville et al. 2015; Yung et al. 2019a, b)
employs analytic prescriptions for multiphase gas cooling, stellar and
black hole feedback, metallicity enrichment, and dust-to-metal ratios;
these prescriptions are integrated over Extended Press-Schechter
dark matter halo merger trees to generate galaxy properties. For the
Santa Cruz SAM, error bars show the range of supernova feedback
strengths explored in Yung et al. (2019a, b). The empirical models
include EMERGE (Moster et al. 2018), JAGUAR (Williams et al.
2018), and the model of Behroozi & Silk (2015). Each uses redshift-
dependent scaling laws to describe star formation rates and stellar
masses in dark matter haloes that are calibrated to match observations
at z ≤ 10. Of note, EMERGE has been recalibrated using a more
flexible redshift scaling than in Moster et al. (2018), which yields
lower stellar mass–halo mass ratios at z ∼ 3−6 than previously
published (Moster et al., in prepration). Additionally, to generate UV

luminosities, it uses the same approach described in Section 2.2.3,
with dust parameters taken from the best-fitting UNIVERSEMACHINE

model.
Fig. 13 compares CSFRs from the UNIVERSEMACHINE to other data

and models. All models agree with all observations at z < 8, with
disagreements becoming more prominent at z ∼ 10. Behroozi & Silk
(2015) give the most optimistic predictions at high redshifts, because
the extrapolation technique used favours increasing stellar–halo mass
ratios at higher redshifts. JAGUAR and the Santa Cruz SAM give
the most pessimistic predictions. JAGUAR is driven by matching the
rapidly decreasing luminosity functions measured at z > 8 in Oesch
et al. (2018). The Santa Cruz SAM requires star formation time-
scales for molecular (∼102 K) gas that are increasingly significant
compared to the age of the Universe at z > 10. EMERGE predictions
are most similar (within 1σ uncertainties of the UNIVERSEMACHINE),
likely due to the similar observational constraints used. All models
(and data) above are consistent within 2σ uncertainty contours of the
UNIVERSEMACHINE.

MNRAS 499, 5702–5718 (2020)
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First results from JWST: galaxies everywhere

CEERS survey 
(PI: S. Finkelstein)



 

 
Figure 1: Redshifts and tentative stellar masses of double-break selected galaxies. Shown 
in gray circles are EAZY-determined redshifts and stellar masses using emission-line 
enhanced templates (Salpeter IMF) for objects with S/N> 8 in the F444W band. Fiducial 
redshifts and masses of the bright galaxies (F444W < 27 AB) that satisfy our double-break 
selection are shown by the large red symbols. Uncertainties are the 16th -84th percentile of the 
posterior probability distribution. All galaxies have photometric redshifts 6.5 < z < 9.1. Six 
galaxies are candidate massive galaxies with fiducial M* > 1010 M⊙.  
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First results from JWST: massive early galaxies
Galaxies with  at  imply thousands of 
times more stars per unit volume than expected based on HST results 

M⋆ ≈ 1010−11 M⊙ z ∼ 8 − 10

Labbé et al. 2023

Extrapolations from  
HST results
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applicable. As an example, we do not include effects of exotic emission 
lines or bright active galactic nuclei (AGN)14. Part the sample is reported 
to be resolved in F200W (ref. 33) making a significant contribution from 
AGN less likely, but faint, red AGN are possible and would be highly inter-
esting in their own right, even if they could lead to changes in the masses.

It is perhaps most likely that the situation is in between these 
extremes, with some of the red colours reflecting exotic effects or AGN 
and others reflecting high M:L ratios. Future JWST NIRSpec spectros-
copy can be used to measure accurate redshifts as well as the precise 
contributions of emission lines and to the observed photometry. With 
deeper data, the stellar continuum emission can be detected directly 
for the brightest galaxies. Finally, dynamical masses are needed to test 
the hypothesis that our description of massive halo assembly in LCDM 
is incomplete. It may be possible to measure the required kinematics 
with ALMA or from rotation curves with the NIRSpec integral field unit 
if the ionized gas is spatially extended30,31.

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-023-05786-2.
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Fig. 4 | Cumulative stellar mass density, if the fiducial masses of the 
JWST-selected red galaxies are confirmed. The solid symbols show the total 
mass density in two redshift bins, 7 < z < 8.5 and 8.5 < z < 10, based on the three 
most massive galaxies in each bin. Uncertainties reflect Poisson statistics and 
cosmic variance. The dashed lines are derived from Schechter fits to UV-selected 
samples3. The JWST-selected galaxies would greatly exceed the mass densities 
of massive galaxies that were expected at these redshifts on the basis of 
previous studies. This indicates that these studies were highly incomplete or 
that the fiducial masses are overestimated by a large factor.
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Massive early galaxies: in tension with ΛCDM
Uh oh: require all available baryons in the halo to be converted into stars 
in ΛCDM (i.e., ). Note: at  at all halo massesϵ⋆ ≈ 1 z = 0, ⟨ϵ⋆⟩ ≲ 0.2
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similar result 
at z ≈ 7.5



The implied dark matter hosts are very rare

,  
, or 

≈ 10−5 (ϵ = 1)
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Survey volume:  
38 arcmin2 ≈ 105 Mpc3
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The implied dark matter hosts are very rare

,  
, or 

ν ≈ 4.5 (ϵ = 1)
ν ≈ 5.4 (ϵ = 0.32)
ν ≈ 6.4 (ϵ = 0.1)

Find implied peak heights of 

 ν ≈ 4.5 ⟷ Mhalo(z = 0) ≈ 5 × 1015 M⊙

Boylan-Kolchin 2023 
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Survey volume:  
38 arcmin2 ≈ 105 Mpc3



 

 
Figure 1: Redshifts and tentative stellar masses of double-break selected galaxies. Shown 
in gray circles are EAZY-determined redshifts and stellar masses using emission-line 
enhanced templates (Salpeter IMF) for objects with S/N> 8 in the F444W band. Fiducial 
redshifts and masses of the bright galaxies (F444W < 27 AB) that satisfy our double-break 
selection are shown by the large red symbols. Uncertainties are the 16th -84th percentile of the 
posterior probability distribution. All galaxies have photometric redshifts 6.5 < z < 9.1. Six 
galaxies are candidate massive galaxies with fiducial M* > 1010 M⊙.  
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HST+ALMA-detected 
galaxy at z=6.83 with:  

 

 

M⋆ = 1.7 × 1011 M⊙

MBH ≈ 1.5 × 109 M⊙

·M⋆ ≈ 1300 M⊙ yr−1

Endsley et al. 2023



Too many stars too early in JWST data?
Problem: this means all available baryons throughout the halo must 
have been converted into stars in the standard ΛCDM cosmology 

Implications: either the inferred galaxy properties are wrong (AGN 
“contamination”?), the observed portion of the Universe is very atypical, 
or there is an issue with our successful cosmological model



Too many stars too early in JWST data?
Problem: this means all available baryons throughout the halo must 
have been converted into stars in the standard ΛCDM cosmology 

Implications: either the inferred galaxy properties are wrong (AGN 
“contamination”?), the observed portion of the Universe is very atypical, 
or there is an issue with our successful cosmological model

If it is a cosmology issue: need more (faster) formation of cosmological 
structure at early times. No wiggle room in base ΛCDM — all 
parameters are known to  precision. What about extensions? 

‣ need higher  

‣ a small(ish) possible modification: a short period of early dark energy with
 at  

(Karwal++ 2016; Poulin++ 2018, 2019; Smith++ 2020, Riess & Kamionkowski 2022)

≲ 1 %
ρm, σ8, and/or ns

ΩEDE ∼ 0.1 z ∼ 3500



EDE leads to enhanced high-  structure formationz
higher  than base Planck model: more high-  galaxies 
(Klypin et al. 2021)

ωm, σ8, & ns z

n(M ≫ Mc) ∝ e−ν2/2

ν =
δc

σ(M, z)

nPlanck( > M; z) = 10−5 Mpc−3:⋆

nPlanck( > M; z) = 10−7 Mpc−3    :

(CEERS)

(COSMOS-Web)



EDE leads to enhanced high-  structure formationz
requires higher  than base Planck modelρm, σ8, & ns
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Original motivation for EDE: the Hubble tension

ESA / Hubble

Riess et al. 202234 Riess et al.

Figure 15. Extended MCMC sampling of the posterior for H0 to measure out to the ±5� confidence level. The upper panel
shows the probability density for the baseline from SH0ES and from the Planck Collaboration et al. (2020) chains. The bottom
panel shows the log of the probability density to improve the ability to see the tails. We note some asymmetry to the distribution,
with intervals on the low H0 side a little smaller than on the high side, as the measurements are Gaussian in magnitudes and in
5 log H0 so slightly skewed in H0.

Figure 16. Host distance (µhost) covariance matrix. This is the covariance for the baseline set of 37 hosts derived only from
the first two rungs and without the use of any SN Ia data. The nonzero o↵-diagonal terms result from common anchors, common
parameters of the Cepheid P–L relation, and covariance of the metallicity scale.

 discrepancy (but see, e.g., Freedman et al.)> 5 σ



Original motivation for EDE:  tensionH0

faster expansion at smaller   larger z > 1100 → r⋆ → H0



Original motivation for EDE:  tensionH0

faster expansion at smaller   larger z > 1100 → r⋆ → H0

TT650 (2.2σ), Planck TT650þ ACT DR4 (3.3σ), Planck
TT650þ SPT-3G (2.4σ), and when all three datasets
are combined (3.3σ). Moreover, the resulting posterior
distributions for fEDEðzcÞ visually agree with one another
as shown in Figs. 1 and 6, though quantifying this
consistency is complicated by the partly shared data.

A. Impact of Planck TEEE data

In the context of the EDE scenario, it was argued in
Refs. [35,36] that the preference for a nonzero fEDEðzcÞ
using ACT DR4 data alone or with additional Planck low-l
temperature data is driven, in part, by features in the ACT
DR4 EE power spectrum around l ∼ 500. The lack of such
a feature in the SPT-3G data might explain why in
combination with ACT DR4 these data do not show
evidence for a nonzero fEDEðzcÞ [39]. The effect of adding
the Planck polarization power spectra is most apparent at
the intermediate TE and EE multipoles, since it is at these
scales that the Planck measurements are more constraining
than those of ACT DR4 and SPT-3G.
We show the difference of the TT, TE and EE power

spectra between the EDE and ΛCDM best-fit models
extracted from the dataset combination ACT DR4þ SPT-
3Gþ Planck TT650TEEE in Fig. 2, while in Fig. 8 of
Appendix C we focus on ACT DR4 and SPT-3G data with
and without Planck polarization data. The figures show that
PlanckTEEEdata drive tight constraints on the spectra at low
multipoles, with a small deviation away from ΛCDM in TE
between l ∼ 200–800 and in EE between l ∼ 500–800 that
is coherent with the behavior of the data. Remarkably, after
the inclusion of Planck polarization data, the best-fit models

for ACT DR4 and SPT-3G come into better agreement.
Additionally, due to the presence of EDE12 the TT spectrum
exhibits a lower power than ΛCDM around l ∼ 500–1300,
which follows a trend clearly visible in ACT DR4 data.
In fact, in this combined analysis of ACT DR4 with Planck
TT650TEEE and SPT-3G, the preference for EDE within
ACT DR4 data is driven almost equally by temperature
ðΔχ2ðACTDR4TTÞ¼−3.3Þ and polarization (Δχ2 (ACT
DR4 TEEE)¼ −4.7) data.
At the parameter level, the main impact of including

Planck TEEE in combination with Planck TT650þ ACT
DR4þ SPT-3G is on the value of ωb, zc, and θi (for com-
parison, see Appendix C for analyses without Planck
polarization data). For instance, ACT DR4þ Planck
TT650 gives 102ωb ¼ 2.154þ0.04

−0.046, log10ðzcÞ ¼ 3.21þ0.11
−0.01

and no constraints on θi (see Table VII and Fig. 7). The
inclusion of Planck polarization shifts the baryon density to
102ωb ¼ 2.273þ0.02

−0.023, tightly constrains θi ¼ 2.784þ0.098
−0.093 ,

and leads to a value of the critical redshift zc in good
agreement with that of earlier findings [25,26,30], namely
log10ðzcÞ ¼ 3.529þ0.03

−0.049, i.e. a field that becomes dyna-
mical around the time of matter-radiation equality
(log10ðzeqÞ ¼ 3.580þ0.022

−0.016 ).
Although there is an overall improvement in the χ2

when using EDE for all of the CMB data, the inclusion
of Planck polarization leads to a degradation of the fit
to ACT DR4: when compared to the EDE analysis with

TABLE I. The mean (best-fit) %1σ errors of the cosmological parameters reconstructed in the ΛCDM and EDE
models from the analysis of the ACT DR4þ SPT-3GþPlanck TT650TEEE dataset combination.

Model ΛCDM EDE

fEDEðzcÞ − 0.163ð0.179Þþ0.047
−0.04

log10ðzcÞ − 3.526ð3.528Þþ0.028
−0.024

θi − 2.784ð2.806Þþ0.098
−0.093

m (eV) − ð4.38% 0.49Þ × 10−28

f (Mpl) − 0.213% 0.035

H0 [km=s=Mpc] 68.02ð67.81Þþ0.64
−0.6 74.2ð74.83Þþ1.9

−2.1
100ωb 2.253ð2.249Þþ0.014

−0.013 2.279ð2.278Þþ0.018
−0.02

ωcdm 0.1186ð0.1191Þþ0.0014
−0.0015 0.1356ð0.1372Þþ0.0053

−0.0059
109As 2.088ð2.092Þþ0.035

−0.033 2.145ð2.146Þþ0.041
−0.04

ns 0.9764ð0.9747Þþ0.0046
−0.0047 1.001ð1.003Þþ0.0091

−0.0096
τreio 0.0510ð0.0510Þþ0.0087

−0.0078 0.0527ð0.052Þþ0.0086
−0.0084

S8 0.817ð0.821Þ % 0.017 0.829ð0.829Þþ0.017
−0.019

Ωm 0.307ð0.309Þþ0.008
−0.009 0.289ð0.287Þ % 0.009

Age [Gyrs] 13.77ð13.78Þ % 0.023 12.84ð12.75Þ % 0.27

Δχ2min (EDE − ΛCDM) − −16.2
Preference over ΛCDM − 99.9% (3.3σ)

12For discussions about the impact of EDE on the CMB power
spectra and the correlation with other cosmological parameters
see Refs. [25,27,31,57].
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TT650 (2.2σ), Planck TT650þ ACT DR4 (3.3σ), Planck
TT650þ SPT-3G (2.4σ), and when all three datasets
are combined (3.3σ). Moreover, the resulting posterior
distributions for fEDEðzcÞ visually agree with one another
as shown in Figs. 1 and 6, though quantifying this
consistency is complicated by the partly shared data.

A. Impact of Planck TEEE data

In the context of the EDE scenario, it was argued in
Refs. [35,36] that the preference for a nonzero fEDEðzcÞ
using ACT DR4 data alone or with additional Planck low-l
temperature data is driven, in part, by features in the ACT
DR4 EE power spectrum around l ∼ 500. The lack of such
a feature in the SPT-3G data might explain why in
combination with ACT DR4 these data do not show
evidence for a nonzero fEDEðzcÞ [39]. The effect of adding
the Planck polarization power spectra is most apparent at
the intermediate TE and EE multipoles, since it is at these
scales that the Planck measurements are more constraining
than those of ACT DR4 and SPT-3G.
We show the difference of the TT, TE and EE power

spectra between the EDE and ΛCDM best-fit models
extracted from the dataset combination ACT DR4þ SPT-
3Gþ Planck TT650TEEE in Fig. 2, while in Fig. 8 of
Appendix C we focus on ACT DR4 and SPT-3G data with
and without Planck polarization data. The figures show that
PlanckTEEEdata drive tight constraints on the spectra at low
multipoles, with a small deviation away from ΛCDM in TE
between l ∼ 200–800 and in EE between l ∼ 500–800 that
is coherent with the behavior of the data. Remarkably, after
the inclusion of Planck polarization data, the best-fit models

for ACT DR4 and SPT-3G come into better agreement.
Additionally, due to the presence of EDE12 the TT spectrum
exhibits a lower power than ΛCDM around l ∼ 500–1300,
which follows a trend clearly visible in ACT DR4 data.
In fact, in this combined analysis of ACT DR4 with Planck
TT650TEEE and SPT-3G, the preference for EDE within
ACT DR4 data is driven almost equally by temperature
ðΔχ2ðACTDR4TTÞ¼−3.3Þ and polarization (Δχ2 (ACT
DR4 TEEE)¼ −4.7) data.
At the parameter level, the main impact of including

Planck TEEE in combination with Planck TT650þ ACT
DR4þ SPT-3G is on the value of ωb, zc, and θi (for com-
parison, see Appendix C for analyses without Planck
polarization data). For instance, ACT DR4þ Planck
TT650 gives 102ωb ¼ 2.154þ0.04

−0.046, log10ðzcÞ ¼ 3.21þ0.11
−0.01

and no constraints on θi (see Table VII and Fig. 7). The
inclusion of Planck polarization shifts the baryon density to
102ωb ¼ 2.273þ0.02

−0.023, tightly constrains θi ¼ 2.784þ0.098
−0.093 ,

and leads to a value of the critical redshift zc in good
agreement with that of earlier findings [25,26,30], namely
log10ðzcÞ ¼ 3.529þ0.03

−0.049, i.e. a field that becomes dyna-
mical around the time of matter-radiation equality
(log10ðzeqÞ ¼ 3.580þ0.022

−0.016 ).
Although there is an overall improvement in the χ2

when using EDE for all of the CMB data, the inclusion
of Planck polarization leads to a degradation of the fit
to ACT DR4: when compared to the EDE analysis with

TABLE I. The mean (best-fit) %1σ errors of the cosmological parameters reconstructed in the ΛCDM and EDE
models from the analysis of the ACT DR4þ SPT-3GþPlanck TT650TEEE dataset combination.
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faster expansion at smaller   larger z > 1100 → r⋆ → H0
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TT650þ SPT-3G (2.4σ), and when all three datasets
are combined (3.3σ). Moreover, the resulting posterior
distributions for fEDEðzcÞ visually agree with one another
as shown in Figs. 1 and 6, though quantifying this
consistency is complicated by the partly shared data.

A. Impact of Planck TEEE data

In the context of the EDE scenario, it was argued in
Refs. [35,36] that the preference for a nonzero fEDEðzcÞ
using ACT DR4 data alone or with additional Planck low-l
temperature data is driven, in part, by features in the ACT
DR4 EE power spectrum around l ∼ 500. The lack of such
a feature in the SPT-3G data might explain why in
combination with ACT DR4 these data do not show
evidence for a nonzero fEDEðzcÞ [39]. The effect of adding
the Planck polarization power spectra is most apparent at
the intermediate TE and EE multipoles, since it is at these
scales that the Planck measurements are more constraining
than those of ACT DR4 and SPT-3G.
We show the difference of the TT, TE and EE power

spectra between the EDE and ΛCDM best-fit models
extracted from the dataset combination ACT DR4þ SPT-
3Gþ Planck TT650TEEE in Fig. 2, while in Fig. 8 of
Appendix C we focus on ACT DR4 and SPT-3G data with
and without Planck polarization data. The figures show that
PlanckTEEEdata drive tight constraints on the spectra at low
multipoles, with a small deviation away from ΛCDM in TE
between l ∼ 200–800 and in EE between l ∼ 500–800 that
is coherent with the behavior of the data. Remarkably, after
the inclusion of Planck polarization data, the best-fit models

for ACT DR4 and SPT-3G come into better agreement.
Additionally, due to the presence of EDE12 the TT spectrum
exhibits a lower power than ΛCDM around l ∼ 500–1300,
which follows a trend clearly visible in ACT DR4 data.
In fact, in this combined analysis of ACT DR4 with Planck
TT650TEEE and SPT-3G, the preference for EDE within
ACT DR4 data is driven almost equally by temperature
ðΔχ2ðACTDR4TTÞ¼−3.3Þ and polarization (Δχ2 (ACT
DR4 TEEE)¼ −4.7) data.
At the parameter level, the main impact of including

Planck TEEE in combination with Planck TT650þ ACT
DR4þ SPT-3G is on the value of ωb, zc, and θi (for com-
parison, see Appendix C for analyses without Planck
polarization data). For instance, ACT DR4þ Planck
TT650 gives 102ωb ¼ 2.154þ0.04

−0.046, log10ðzcÞ ¼ 3.21þ0.11
−0.01

and no constraints on θi (see Table VII and Fig. 7). The
inclusion of Planck polarization shifts the baryon density to
102ωb ¼ 2.273þ0.02

−0.023, tightly constrains θi ¼ 2.784þ0.098
−0.093 ,

and leads to a value of the critical redshift zc in good
agreement with that of earlier findings [25,26,30], namely
log10ðzcÞ ¼ 3.529þ0.03

−0.049, i.e. a field that becomes dyna-
mical around the time of matter-radiation equality
(log10ðzeqÞ ¼ 3.580þ0.022

−0.016 ).
Although there is an overall improvement in the χ2

when using EDE for all of the CMB data, the inclusion
of Planck polarization leads to a degradation of the fit
to ACT DR4: when compared to the EDE analysis with

TABLE I. The mean (best-fit) %1σ errors of the cosmological parameters reconstructed in the ΛCDM and EDE
models from the analysis of the ACT DR4þ SPT-3GþPlanck TT650TEEE dataset combination.

Model ΛCDM EDE

fEDEðzcÞ − 0.163ð0.179Þþ0.047
−0.04

log10ðzcÞ − 3.526ð3.528Þþ0.028
−0.024

θi − 2.784ð2.806Þþ0.098
−0.093

m (eV) − ð4.38% 0.49Þ × 10−28

f (Mpl) − 0.213% 0.035

H0 [km=s=Mpc] 68.02ð67.81Þþ0.64
−0.6 74.2ð74.83Þþ1.9

−2.1
100ωb 2.253ð2.249Þþ0.014

−0.013 2.279ð2.278Þþ0.018
−0.02

ωcdm 0.1186ð0.1191Þþ0.0014
−0.0015 0.1356ð0.1372Þþ0.0053

−0.0059
109As 2.088ð2.092Þþ0.035

−0.033 2.145ð2.146Þþ0.041
−0.04

ns 0.9764ð0.9747Þþ0.0046
−0.0047 1.001ð1.003Þþ0.0091

−0.0096
τreio 0.0510ð0.0510Þþ0.0087

−0.0078 0.0527ð0.052Þþ0.0086
−0.0084

S8 0.817ð0.821Þ % 0.017 0.829ð0.829Þþ0.017
−0.019

Ωm 0.307ð0.309Þþ0.008
−0.009 0.289ð0.287Þ % 0.009

Age [Gyrs] 13.77ð13.78Þ % 0.023 12.84ð12.75Þ % 0.27

Δχ2min (EDE − ΛCDM) − −16.2
Preference over ΛCDM − 99.9% (3.3σ)

12For discussions about the impact of EDE on the CMB power
spectra and the correlation with other cosmological parameters
see Refs. [25,27,31,57].
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TT650 (2.2σ), Planck TT650þ ACT DR4 (3.3σ), Planck
TT650þ SPT-3G (2.4σ), and when all three datasets
are combined (3.3σ). Moreover, the resulting posterior
distributions for fEDEðzcÞ visually agree with one another
as shown in Figs. 1 and 6, though quantifying this
consistency is complicated by the partly shared data.

A. Impact of Planck TEEE data

In the context of the EDE scenario, it was argued in
Refs. [35,36] that the preference for a nonzero fEDEðzcÞ
using ACT DR4 data alone or with additional Planck low-l
temperature data is driven, in part, by features in the ACT
DR4 EE power spectrum around l ∼ 500. The lack of such
a feature in the SPT-3G data might explain why in
combination with ACT DR4 these data do not show
evidence for a nonzero fEDEðzcÞ [39]. The effect of adding
the Planck polarization power spectra is most apparent at
the intermediate TE and EE multipoles, since it is at these
scales that the Planck measurements are more constraining
than those of ACT DR4 and SPT-3G.
We show the difference of the TT, TE and EE power

spectra between the EDE and ΛCDM best-fit models
extracted from the dataset combination ACT DR4þ SPT-
3Gþ Planck TT650TEEE in Fig. 2, while in Fig. 8 of
Appendix C we focus on ACT DR4 and SPT-3G data with
and without Planck polarization data. The figures show that
PlanckTEEEdata drive tight constraints on the spectra at low
multipoles, with a small deviation away from ΛCDM in TE
between l ∼ 200–800 and in EE between l ∼ 500–800 that
is coherent with the behavior of the data. Remarkably, after
the inclusion of Planck polarization data, the best-fit models

for ACT DR4 and SPT-3G come into better agreement.
Additionally, due to the presence of EDE12 the TT spectrum
exhibits a lower power than ΛCDM around l ∼ 500–1300,
which follows a trend clearly visible in ACT DR4 data.
In fact, in this combined analysis of ACT DR4 with Planck
TT650TEEE and SPT-3G, the preference for EDE within
ACT DR4 data is driven almost equally by temperature
ðΔχ2ðACTDR4TTÞ¼−3.3Þ and polarization (Δχ2 (ACT
DR4 TEEE)¼ −4.7) data.
At the parameter level, the main impact of including

Planck TEEE in combination with Planck TT650þ ACT
DR4þ SPT-3G is on the value of ωb, zc, and θi (for com-
parison, see Appendix C for analyses without Planck
polarization data). For instance, ACT DR4þ Planck
TT650 gives 102ωb ¼ 2.154þ0.04

−0.046, log10ðzcÞ ¼ 3.21þ0.11
−0.01

and no constraints on θi (see Table VII and Fig. 7). The
inclusion of Planck polarization shifts the baryon density to
102ωb ¼ 2.273þ0.02

−0.023, tightly constrains θi ¼ 2.784þ0.098
−0.093 ,

and leads to a value of the critical redshift zc in good
agreement with that of earlier findings [25,26,30], namely
log10ðzcÞ ¼ 3.529þ0.03

−0.049, i.e. a field that becomes dyna-
mical around the time of matter-radiation equality
(log10ðzeqÞ ¼ 3.580þ0.022

−0.016 ).
Although there is an overall improvement in the χ2

when using EDE for all of the CMB data, the inclusion
of Planck polarization leads to a degradation of the fit
to ACT DR4: when compared to the EDE analysis with

TABLE I. The mean (best-fit) %1σ errors of the cosmological parameters reconstructed in the ΛCDM and EDE
models from the analysis of the ACT DR4þ SPT-3GþPlanck TT650TEEE dataset combination.

Model ΛCDM EDE

fEDEðzcÞ − 0.163ð0.179Þþ0.047
−0.04

log10ðzcÞ − 3.526ð3.528Þþ0.028
−0.024

θi − 2.784ð2.806Þþ0.098
−0.093

m (eV) − ð4.38% 0.49Þ × 10−28

f (Mpl) − 0.213% 0.035

H0 [km=s=Mpc] 68.02ð67.81Þþ0.64
−0.6 74.2ð74.83Þþ1.9

−2.1
100ωb 2.253ð2.249Þþ0.014

−0.013 2.279ð2.278Þþ0.018
−0.02

ωcdm 0.1186ð0.1191Þþ0.0014
−0.0015 0.1356ð0.1372Þþ0.0053

−0.0059
109As 2.088ð2.092Þþ0.035

−0.033 2.145ð2.146Þþ0.041
−0.04

ns 0.9764ð0.9747Þþ0.0046
−0.0047 1.001ð1.003Þþ0.0091

−0.0096
τreio 0.0510ð0.0510Þþ0.0087

−0.0078 0.0527ð0.052Þþ0.0086
−0.0084

S8 0.817ð0.821Þ % 0.017 0.829ð0.829Þþ0.017
−0.019

Ωm 0.307ð0.309Þþ0.008
−0.009 0.289ð0.287Þ % 0.009

Age [Gyrs] 13.77ð13.78Þ % 0.023 12.84ð12.75Þ % 0.27

Δχ2min (EDE − ΛCDM) − −16.2
Preference over ΛCDM − 99.9% (3.3σ)

12For discussions about the impact of EDE on the CMB power
spectra and the correlation with other cosmological parameters
see Refs. [25,27,31,57].
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TT650 (2.2σ), Planck TT650þ ACT DR4 (3.3σ), Planck
TT650þ SPT-3G (2.4σ), and when all three datasets
are combined (3.3σ). Moreover, the resulting posterior
distributions for fEDEðzcÞ visually agree with one another
as shown in Figs. 1 and 6, though quantifying this
consistency is complicated by the partly shared data.

A. Impact of Planck TEEE data

In the context of the EDE scenario, it was argued in
Refs. [35,36] that the preference for a nonzero fEDEðzcÞ
using ACT DR4 data alone or with additional Planck low-l
temperature data is driven, in part, by features in the ACT
DR4 EE power spectrum around l ∼ 500. The lack of such
a feature in the SPT-3G data might explain why in
combination with ACT DR4 these data do not show
evidence for a nonzero fEDEðzcÞ [39]. The effect of adding
the Planck polarization power spectra is most apparent at
the intermediate TE and EE multipoles, since it is at these
scales that the Planck measurements are more constraining
than those of ACT DR4 and SPT-3G.
We show the difference of the TT, TE and EE power

spectra between the EDE and ΛCDM best-fit models
extracted from the dataset combination ACT DR4þ SPT-
3Gþ Planck TT650TEEE in Fig. 2, while in Fig. 8 of
Appendix C we focus on ACT DR4 and SPT-3G data with
and without Planck polarization data. The figures show that
PlanckTEEEdata drive tight constraints on the spectra at low
multipoles, with a small deviation away from ΛCDM in TE
between l ∼ 200–800 and in EE between l ∼ 500–800 that
is coherent with the behavior of the data. Remarkably, after
the inclusion of Planck polarization data, the best-fit models

for ACT DR4 and SPT-3G come into better agreement.
Additionally, due to the presence of EDE12 the TT spectrum
exhibits a lower power than ΛCDM around l ∼ 500–1300,
which follows a trend clearly visible in ACT DR4 data.
In fact, in this combined analysis of ACT DR4 with Planck
TT650TEEE and SPT-3G, the preference for EDE within
ACT DR4 data is driven almost equally by temperature
ðΔχ2ðACTDR4TTÞ¼−3.3Þ and polarization (Δχ2 (ACT
DR4 TEEE)¼ −4.7) data.
At the parameter level, the main impact of including

Planck TEEE in combination with Planck TT650þ ACT
DR4þ SPT-3G is on the value of ωb, zc, and θi (for com-
parison, see Appendix C for analyses without Planck
polarization data). For instance, ACT DR4þ Planck
TT650 gives 102ωb ¼ 2.154þ0.04

−0.046, log10ðzcÞ ¼ 3.21þ0.11
−0.01

and no constraints on θi (see Table VII and Fig. 7). The
inclusion of Planck polarization shifts the baryon density to
102ωb ¼ 2.273þ0.02

−0.023, tightly constrains θi ¼ 2.784þ0.098
−0.093 ,

and leads to a value of the critical redshift zc in good
agreement with that of earlier findings [25,26,30], namely
log10ðzcÞ ¼ 3.529þ0.03

−0.049, i.e. a field that becomes dyna-
mical around the time of matter-radiation equality
(log10ðzeqÞ ¼ 3.580þ0.022

−0.016 ).
Although there is an overall improvement in the χ2

when using EDE for all of the CMB data, the inclusion
of Planck polarization leads to a degradation of the fit
to ACT DR4: when compared to the EDE analysis with

TABLE I. The mean (best-fit) %1σ errors of the cosmological parameters reconstructed in the ΛCDM and EDE
models from the analysis of the ACT DR4þ SPT-3GþPlanck TT650TEEE dataset combination.

Model ΛCDM EDE

fEDEðzcÞ − 0.163ð0.179Þþ0.047
−0.04

log10ðzcÞ − 3.526ð3.528Þþ0.028
−0.024

θi − 2.784ð2.806Þþ0.098
−0.093

m (eV) − ð4.38% 0.49Þ × 10−28

f (Mpl) − 0.213% 0.035

H0 [km=s=Mpc] 68.02ð67.81Þþ0.64
−0.6 74.2ð74.83Þþ1.9

−2.1
100ωb 2.253ð2.249Þþ0.014

−0.013 2.279ð2.278Þþ0.018
−0.02

ωcdm 0.1186ð0.1191Þþ0.0014
−0.0015 0.1356ð0.1372Þþ0.0053

−0.0059
109As 2.088ð2.092Þþ0.035

−0.033 2.145ð2.146Þþ0.041
−0.04

ns 0.9764ð0.9747Þþ0.0046
−0.0047 1.001ð1.003Þþ0.0091

−0.0096
τreio 0.0510ð0.0510Þþ0.0087

−0.0078 0.0527ð0.052Þþ0.0086
−0.0084

S8 0.817ð0.821Þ % 0.017 0.829ð0.829Þþ0.017
−0.019

Ωm 0.307ð0.309Þþ0.008
−0.009 0.289ð0.287Þ % 0.009

Age [Gyrs] 13.77ð13.78Þ % 0.023 12.84ð12.75Þ % 0.27

Δχ2min (EDE − ΛCDM) − −16.2
Preference over ΛCDM − 99.9% (3.3σ)

12For discussions about the impact of EDE on the CMB power
spectra and the correlation with other cosmological parameters
see Refs. [25,27,31,57].

TRISTAN L. SMITH et al. PHYS. REV. D 106, 043526 (2022)

043526-4

TT650 (2.2σ), Planck TT650þ ACT DR4 (3.3σ), Planck
TT650þ SPT-3G (2.4σ), and when all three datasets
are combined (3.3σ). Moreover, the resulting posterior
distributions for fEDEðzcÞ visually agree with one another
as shown in Figs. 1 and 6, though quantifying this
consistency is complicated by the partly shared data.

A. Impact of Planck TEEE data

In the context of the EDE scenario, it was argued in
Refs. [35,36] that the preference for a nonzero fEDEðzcÞ
using ACT DR4 data alone or with additional Planck low-l
temperature data is driven, in part, by features in the ACT
DR4 EE power spectrum around l ∼ 500. The lack of such
a feature in the SPT-3G data might explain why in
combination with ACT DR4 these data do not show
evidence for a nonzero fEDEðzcÞ [39]. The effect of adding
the Planck polarization power spectra is most apparent at
the intermediate TE and EE multipoles, since it is at these
scales that the Planck measurements are more constraining
than those of ACT DR4 and SPT-3G.
We show the difference of the TT, TE and EE power

spectra between the EDE and ΛCDM best-fit models
extracted from the dataset combination ACT DR4þ SPT-
3Gþ Planck TT650TEEE in Fig. 2, while in Fig. 8 of
Appendix C we focus on ACT DR4 and SPT-3G data with
and without Planck polarization data. The figures show that
PlanckTEEEdata drive tight constraints on the spectra at low
multipoles, with a small deviation away from ΛCDM in TE
between l ∼ 200–800 and in EE between l ∼ 500–800 that
is coherent with the behavior of the data. Remarkably, after
the inclusion of Planck polarization data, the best-fit models

for ACT DR4 and SPT-3G come into better agreement.
Additionally, due to the presence of EDE12 the TT spectrum
exhibits a lower power than ΛCDM around l ∼ 500–1300,
which follows a trend clearly visible in ACT DR4 data.
In fact, in this combined analysis of ACT DR4 with Planck
TT650TEEE and SPT-3G, the preference for EDE within
ACT DR4 data is driven almost equally by temperature
ðΔχ2ðACTDR4TTÞ¼−3.3Þ and polarization (Δχ2 (ACT
DR4 TEEE)¼ −4.7) data.
At the parameter level, the main impact of including

Planck TEEE in combination with Planck TT650þ ACT
DR4þ SPT-3G is on the value of ωb, zc, and θi (for com-
parison, see Appendix C for analyses without Planck
polarization data). For instance, ACT DR4þ Planck
TT650 gives 102ωb ¼ 2.154þ0.04

−0.046, log10ðzcÞ ¼ 3.21þ0.11
−0.01

and no constraints on θi (see Table VII and Fig. 7). The
inclusion of Planck polarization shifts the baryon density to
102ωb ¼ 2.273þ0.02

−0.023, tightly constrains θi ¼ 2.784þ0.098
−0.093 ,

and leads to a value of the critical redshift zc in good
agreement with that of earlier findings [25,26,30], namely
log10ðzcÞ ¼ 3.529þ0.03

−0.049, i.e. a field that becomes dyna-
mical around the time of matter-radiation equality
(log10ðzeqÞ ¼ 3.580þ0.022

−0.016 ).
Although there is an overall improvement in the χ2

when using EDE for all of the CMB data, the inclusion
of Planck polarization leads to a degradation of the fit
to ACT DR4: when compared to the EDE analysis with

TABLE I. The mean (best-fit) %1σ errors of the cosmological parameters reconstructed in the ΛCDM and EDE
models from the analysis of the ACT DR4þ SPT-3GþPlanck TT650TEEE dataset combination.

Model ΛCDM EDE

fEDEðzcÞ − 0.163ð0.179Þþ0.047
−0.04

log10ðzcÞ − 3.526ð3.528Þþ0.028
−0.024

θi − 2.784ð2.806Þþ0.098
−0.093

m (eV) − ð4.38% 0.49Þ × 10−28

f (Mpl) − 0.213% 0.035

H0 [km=s=Mpc] 68.02ð67.81Þþ0.64
−0.6 74.2ð74.83Þþ1.9

−2.1
100ωb 2.253ð2.249Þþ0.014

−0.013 2.279ð2.278Þþ0.018
−0.02

ωcdm 0.1186ð0.1191Þþ0.0014
−0.0015 0.1356ð0.1372Þþ0.0053

−0.0059
109As 2.088ð2.092Þþ0.035

−0.033 2.145ð2.146Þþ0.041
−0.04

ns 0.9764ð0.9747Þþ0.0046
−0.0047 1.001ð1.003Þþ0.0091

−0.0096
τreio 0.0510ð0.0510Þþ0.0087

−0.0078 0.0527ð0.052Þþ0.0086
−0.0084

S8 0.817ð0.821Þ % 0.017 0.829ð0.829Þþ0.017
−0.019

Ωm 0.307ð0.309Þþ0.008
−0.009 0.289ð0.287Þ % 0.009

Age [Gyrs] 13.77ð13.78Þ % 0.023 12.84ð12.75Þ % 0.27

Δχ2min (EDE − ΛCDM) − −16.2
Preference over ΛCDM − 99.9% (3.3σ)

12For discussions about the impact of EDE on the CMB power
spectra and the correlation with other cosmological parameters
see Refs. [25,27,31,57].
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TT650 (2.2σ), Planck TT650þ ACT DR4 (3.3σ), Planck
TT650þ SPT-3G (2.4σ), and when all three datasets
are combined (3.3σ). Moreover, the resulting posterior
distributions for fEDEðzcÞ visually agree with one another
as shown in Figs. 1 and 6, though quantifying this
consistency is complicated by the partly shared data.

A. Impact of Planck TEEE data

In the context of the EDE scenario, it was argued in
Refs. [35,36] that the preference for a nonzero fEDEðzcÞ
using ACT DR4 data alone or with additional Planck low-l
temperature data is driven, in part, by features in the ACT
DR4 EE power spectrum around l ∼ 500. The lack of such
a feature in the SPT-3G data might explain why in
combination with ACT DR4 these data do not show
evidence for a nonzero fEDEðzcÞ [39]. The effect of adding
the Planck polarization power spectra is most apparent at
the intermediate TE and EE multipoles, since it is at these
scales that the Planck measurements are more constraining
than those of ACT DR4 and SPT-3G.
We show the difference of the TT, TE and EE power

spectra between the EDE and ΛCDM best-fit models
extracted from the dataset combination ACT DR4þ SPT-
3Gþ Planck TT650TEEE in Fig. 2, while in Fig. 8 of
Appendix C we focus on ACT DR4 and SPT-3G data with
and without Planck polarization data. The figures show that
PlanckTEEEdata drive tight constraints on the spectra at low
multipoles, with a small deviation away from ΛCDM in TE
between l ∼ 200–800 and in EE between l ∼ 500–800 that
is coherent with the behavior of the data. Remarkably, after
the inclusion of Planck polarization data, the best-fit models

for ACT DR4 and SPT-3G come into better agreement.
Additionally, due to the presence of EDE12 the TT spectrum
exhibits a lower power than ΛCDM around l ∼ 500–1300,
which follows a trend clearly visible in ACT DR4 data.
In fact, in this combined analysis of ACT DR4 with Planck
TT650TEEE and SPT-3G, the preference for EDE within
ACT DR4 data is driven almost equally by temperature
ðΔχ2ðACTDR4TTÞ¼−3.3Þ and polarization (Δχ2 (ACT
DR4 TEEE)¼ −4.7) data.
At the parameter level, the main impact of including

Planck TEEE in combination with Planck TT650þ ACT
DR4þ SPT-3G is on the value of ωb, zc, and θi (for com-
parison, see Appendix C for analyses without Planck
polarization data). For instance, ACT DR4þ Planck
TT650 gives 102ωb ¼ 2.154þ0.04

−0.046, log10ðzcÞ ¼ 3.21þ0.11
−0.01

and no constraints on θi (see Table VII and Fig. 7). The
inclusion of Planck polarization shifts the baryon density to
102ωb ¼ 2.273þ0.02

−0.023, tightly constrains θi ¼ 2.784þ0.098
−0.093 ,

and leads to a value of the critical redshift zc in good
agreement with that of earlier findings [25,26,30], namely
log10ðzcÞ ¼ 3.529þ0.03

−0.049, i.e. a field that becomes dyna-
mical around the time of matter-radiation equality
(log10ðzeqÞ ¼ 3.580þ0.022

−0.016 ).
Although there is an overall improvement in the χ2

when using EDE for all of the CMB data, the inclusion
of Planck polarization leads to a degradation of the fit
to ACT DR4: when compared to the EDE analysis with

TABLE I. The mean (best-fit) %1σ errors of the cosmological parameters reconstructed in the ΛCDM and EDE
models from the analysis of the ACT DR4þ SPT-3GþPlanck TT650TEEE dataset combination.

Model ΛCDM EDE

fEDEðzcÞ − 0.163ð0.179Þþ0.047
−0.04

log10ðzcÞ − 3.526ð3.528Þþ0.028
−0.024

θi − 2.784ð2.806Þþ0.098
−0.093

m (eV) − ð4.38% 0.49Þ × 10−28

f (Mpl) − 0.213% 0.035

H0 [km=s=Mpc] 68.02ð67.81Þþ0.64
−0.6 74.2ð74.83Þþ1.9

−2.1
100ωb 2.253ð2.249Þþ0.014

−0.013 2.279ð2.278Þþ0.018
−0.02

ωcdm 0.1186ð0.1191Þþ0.0014
−0.0015 0.1356ð0.1372Þþ0.0053

−0.0059
109As 2.088ð2.092Þþ0.035

−0.033 2.145ð2.146Þþ0.041
−0.04

ns 0.9764ð0.9747Þþ0.0046
−0.0047 1.001ð1.003Þþ0.0091

−0.0096
τreio 0.0510ð0.0510Þþ0.0087

−0.0078 0.0527ð0.052Þþ0.0086
−0.0084

S8 0.817ð0.821Þ % 0.017 0.829ð0.829Þþ0.017
−0.019

Ωm 0.307ð0.309Þþ0.008
−0.009 0.289ð0.287Þ % 0.009

Age [Gyrs] 13.77ð13.78Þ % 0.023 12.84ð12.75Þ % 0.27

Δχ2min (EDE − ΛCDM) − −16.2
Preference over ΛCDM − 99.9% (3.3σ)

12For discussions about the impact of EDE on the CMB power
spectra and the correlation with other cosmological parameters
see Refs. [25,27,31,57].
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TT650 (2.2σ), Planck TT650þ ACT DR4 (3.3σ), Planck
TT650þ SPT-3G (2.4σ), and when all three datasets
are combined (3.3σ). Moreover, the resulting posterior
distributions for fEDEðzcÞ visually agree with one another
as shown in Figs. 1 and 6, though quantifying this
consistency is complicated by the partly shared data.

A. Impact of Planck TEEE data

In the context of the EDE scenario, it was argued in
Refs. [35,36] that the preference for a nonzero fEDEðzcÞ
using ACT DR4 data alone or with additional Planck low-l
temperature data is driven, in part, by features in the ACT
DR4 EE power spectrum around l ∼ 500. The lack of such
a feature in the SPT-3G data might explain why in
combination with ACT DR4 these data do not show
evidence for a nonzero fEDEðzcÞ [39]. The effect of adding
the Planck polarization power spectra is most apparent at
the intermediate TE and EE multipoles, since it is at these
scales that the Planck measurements are more constraining
than those of ACT DR4 and SPT-3G.
We show the difference of the TT, TE and EE power

spectra between the EDE and ΛCDM best-fit models
extracted from the dataset combination ACT DR4þ SPT-
3Gþ Planck TT650TEEE in Fig. 2, while in Fig. 8 of
Appendix C we focus on ACT DR4 and SPT-3G data with
and without Planck polarization data. The figures show that
PlanckTEEEdata drive tight constraints on the spectra at low
multipoles, with a small deviation away from ΛCDM in TE
between l ∼ 200–800 and in EE between l ∼ 500–800 that
is coherent with the behavior of the data. Remarkably, after
the inclusion of Planck polarization data, the best-fit models

for ACT DR4 and SPT-3G come into better agreement.
Additionally, due to the presence of EDE12 the TT spectrum
exhibits a lower power than ΛCDM around l ∼ 500–1300,
which follows a trend clearly visible in ACT DR4 data.
In fact, in this combined analysis of ACT DR4 with Planck
TT650TEEE and SPT-3G, the preference for EDE within
ACT DR4 data is driven almost equally by temperature
ðΔχ2ðACTDR4TTÞ¼−3.3Þ and polarization (Δχ2 (ACT
DR4 TEEE)¼ −4.7) data.
At the parameter level, the main impact of including

Planck TEEE in combination with Planck TT650þ ACT
DR4þ SPT-3G is on the value of ωb, zc, and θi (for com-
parison, see Appendix C for analyses without Planck
polarization data). For instance, ACT DR4þ Planck
TT650 gives 102ωb ¼ 2.154þ0.04

−0.046, log10ðzcÞ ¼ 3.21þ0.11
−0.01

and no constraints on θi (see Table VII and Fig. 7). The
inclusion of Planck polarization shifts the baryon density to
102ωb ¼ 2.273þ0.02

−0.023, tightly constrains θi ¼ 2.784þ0.098
−0.093 ,

and leads to a value of the critical redshift zc in good
agreement with that of earlier findings [25,26,30], namely
log10ðzcÞ ¼ 3.529þ0.03

−0.049, i.e. a field that becomes dyna-
mical around the time of matter-radiation equality
(log10ðzeqÞ ¼ 3.580þ0.022

−0.016 ).
Although there is an overall improvement in the χ2

when using EDE for all of the CMB data, the inclusion
of Planck polarization leads to a degradation of the fit
to ACT DR4: when compared to the EDE analysis with

TABLE I. The mean (best-fit) %1σ errors of the cosmological parameters reconstructed in the ΛCDM and EDE
models from the analysis of the ACT DR4þ SPT-3GþPlanck TT650TEEE dataset combination.

Model ΛCDM EDE

fEDEðzcÞ − 0.163ð0.179Þþ0.047
−0.04

log10ðzcÞ − 3.526ð3.528Þþ0.028
−0.024

θi − 2.784ð2.806Þþ0.098
−0.093

m (eV) − ð4.38% 0.49Þ × 10−28

f (Mpl) − 0.213% 0.035

H0 [km=s=Mpc] 68.02ð67.81Þþ0.64
−0.6 74.2ð74.83Þþ1.9

−2.1
100ωb 2.253ð2.249Þþ0.014

−0.013 2.279ð2.278Þþ0.018
−0.02

ωcdm 0.1186ð0.1191Þþ0.0014
−0.0015 0.1356ð0.1372Þþ0.0053

−0.0059
109As 2.088ð2.092Þþ0.035

−0.033 2.145ð2.146Þþ0.041
−0.04

ns 0.9764ð0.9747Þþ0.0046
−0.0047 1.001ð1.003Þþ0.0091

−0.0096
τreio 0.0510ð0.0510Þþ0.0087

−0.0078 0.0527ð0.052Þþ0.0086
−0.0084

S8 0.817ð0.821Þ % 0.017 0.829ð0.829Þþ0.017
−0.019

Ωm 0.307ð0.309Þþ0.008
−0.009 0.289ð0.287Þ % 0.009

Age [Gyrs] 13.77ð13.78Þ % 0.023 12.84ð12.75Þ % 0.27

Δχ2min (EDE − ΛCDM) − −16.2
Preference over ΛCDM − 99.9% (3.3σ)

12For discussions about the impact of EDE on the CMB power
spectra and the correlation with other cosmological parameters
see Refs. [25,27,31,57].
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intriguing (i.e., probably wrong, but I can’t prove it yet):  
are the Hubble tension & “impossibly early galaxies” related?

 smaller → t0



Ongoing work: absolute ages of globular clusters
The Universe should be older than the oldest objects in it. A good place to 
look: globular clusters (  collections of ancient, coeval stars) 

Preliminary results:  

‣ M92 has an age of  Gyr;  

‣ dominant uncertainty is distance; metallicity, nuclear reaction rates, opacities, 
etc. are much less important (M. Ying, B. Chaboyer, et al., including MBK).  

≈ 105 M⊙

13.80 ± 0.75
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Figure 10. The distribution of mixing length as an in-
put parameter (see Table.1). The solar calibrated mixing
length used as the median set of MC parameters is 1.75.

Figure 11. The distribution of mixing length from the
1100 sets of best-fit isochrones for all three models of at-
mosphere used.

Figure 12. Contributions to the error of the age of M92 from each Monte Carlo parameters with distance modulus and
reddening. The covariance and parameters that contributes less than 0.05% are combined as “others”. All the errors are
converted to the percentage of the age of M92. The black dotted line represents the combined error.
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Ongoing work: absolute ages of globular clusters
The Universe should be older than the oldest objects in it. A good place to 
look: globular clusters (  collections of ancient, coeval stars) 

Preliminary results:  

‣ M92 has an age of  Gyr;  

‣ dominant uncertainty is distance; metallicity, nuclear reaction rates, opacities, 
etc. are much less important (M. Ying, B. Chaboyer, et al., including MBK).

≈ 105 M⊙

13.80 ± 0.75

if we can reduce distance uncertainties, globular cluster ages can 
strongly constrain any resolution to Hubble tension that modifies early 
Universe physics (e.g., early dark energy). 

‣ early solutions to  tension generically predict a younger UniverseH0



What about the  tension?S8

Abbott et al. (2022)

S8 = σ8
Ωm

0.3

The  tension is  
mostly a  tension

S8
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and RSD data. This comparison is shown in Figs. 14 and 15,
and is highly complementary, as the external probes are
sensitive to both growth and geometry in the model in ways
the DES 3 × 2pt data is not, and come from a variety of
different experiments. We find better agreement between all
of these low-redshift probes and Planck CMB predictions
than in the comparison with DES 3 × 2pt data alone, with a
parameter difference of 0.9σ or p ¼ 0.34. These results
indicate that we can combine all these available cosmic
probes into a single joint result in the following subsection.
There are several reasonable motivations for caution in the

interpretation of any strong evidence for or against cosmo-
logical consistency in tests like this. It is worth noting that
while we have multiple redundant low-redshift sources of
information for each main cosmological probe used, it would

be useful to have a second, blinded large-scale CMB
polarization experiment to increase confidence in the test
at the high-z limit. While polarization data is required to
break degeneracies in the cosmological parameters with the
optical depth τ, we also repeat the caution from Ref. [13]
against overinterpreting the Planck polarization results and
the sensitivity of the final parameter constraints to assump-
tions made in the construction of the likelihood, which can
lead to a < 1σ shift toward the DES posterior relative to the
fiducial Planck likelihood. Similar shifts are seen based on
certain analysis choices in the DES results as well, which are
shown in Appendix E. Neither the shift in Planck posteriors
or those from other analysis choices in DES contribute to a
significant change in the final interpretation of the compar-
isons. Finally, the DES Y3 analysis has uncovered potential
systematics connected to photometry (e.g., Sec. V C). While
there is evidence that these do not impact the cosmological
results, and thus would not impact this comparison of
datasets, they have not been connected to a specific source.

FIG. 16. A comparison of the marginalized parameter con-
straints in the ΛCDM model from the Dark Energy Survey with
predictions from Planck CMB data (no lensing; green). We show
the fiducial 3 × 2pt (solid black) and the combined Y3 3 × 2pt
and Planck (orange) results.

FIG. 15. A comparison of marginalized parameter constraints
from three similarly constraining sets of cosmological probes in
wCDM. Combined external BAO, RSD, and SNe Ia data (Ext.
Low-z) are shown in orange, the combination of DES galaxy
clustering and weak lensing data (3 × 2pt) is shown in black, and
Planck CMB (no lensing) data is shown in green. The combi-
nation of Ext. Low-z data with DES 3 × 2pt is shown in purple
and this combined additionally with Planck CMB (w=lensing) is
shown in blue.
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What can go wrong in measuring ?σ8

1962 C. Doux et al. 

MNRAS 515, 1942–1972 (2022) 

from DES Y3 data to the expectation from Planck , which is rele v ant 
in the context of the σ 8 tension found in previous weak lensing 
surv e ys (Hikage et al. 2019 ; Hamana et al. 2020 , 2022b ; Asgari et al. 
2021 ; Amon et al. 2022 ; Secco et al. 2022 ), and that we also observe 
in Fig. 10 . 

To do so, we recast equation ( 22 ) as an inte gral o v er three- 
dimensional Fourier k modes, using the change of variable k = ( " + 
1/2)/ χ ( z). We then define a window matrix, W , such that the expected 
value of our data vector, 〈 ̂  C L 〉 , may be expressed as a function of the 
linear matter power spectrum at z = 0, P ( k ), computed in log-spaced 
k -bins of width $ ln k , P , such that 
〈 ̂  C L 〉 ≈ W P . (31) 
This window matrix is given, for the element corresponding to k and 
C ab 

L , and ignoring intrinsic alignments, by 
W k,L,a,b ≈ k$ ln k ( L + 1 / 2) q a ( χ ) q b ( χ ) P NL ( k, z( χ )) 

P fid ( k) (32) 
with χ = ( L + 1/2)/ k . Given the data covariance C , the reconstructed 
power spectrum has estimated value and covariance given by 
ˆ P = S W T  C −1 ̂  C L , (33) 
S = [ W T C −1 W + σ−2 I ] −1 , (34) 
where we have included a regularization term, σ , which enables 
inverting equation ( 31 ) at the price of accepting that certain k -modes 
may not be reco v ered from the data (the results have very low 
dependence on σ , if chosen large enough, in the range where the 
data is constraining). To ensure numerical stability, we use 20 bins 
in the range k ∼ 1 × 10 −3 –1 × 10 2 h Mpc −1 , and subsequently rebin 
the estimated power spectrum within 10 bins for better visualization 
as well as to suppress the anticorrelation of adjacent bins. The 
simplification here comes from equation ( 32 ), where the dependence 
on the linear matter power spectrum is made explicit by simply 
multiplying the numerator and denominator by P fid ( k ), the power 
spectrum at redshift zero for the fiducial Planck 2018 cosmology. 
Our e x ercise therefore amounts to a reconstruction of the integrand 
o v er ln k with respect to what is expected from Planck , rather than a 
reconstruction of the linear matter power spectrum itself. 

The result is shown in Fig. 17 . The lower panel shows the 
reconstructed, binned ratio of the power spectrum with respect 
to the prediction from Planck 2018 (in blue), compared to the 
results obtained from simulated DES Y3 data vectors generated by 
sampling the likelihood at the Planck 2018 cosmology (in grey). In 
the upper panel, we multiply these ratios by the fiducial linear power 
spectrum, shown in black. We find that the reconstructed spectrum is 
roughly 20 per cent lower than the prediction in the range k ∼ 0 . 03 –
1 h Mpc −1 that is constrained by DES Y3 data. In particular, the 
reconstruction is about 2 σ low around k ∼ 0 . 3 h Mpc −1 , which 
remains close to the linear regime. 
7  C O N C L U S I O N S  
In this work, we have used data from the first three years of 
observations by the Dark Energy Surv e y (DES Y3), including a 
catalogue of o v er a hundred million galaxy shape measurements 
(Gatti et al. 2021c ) split into four redshift bins (Myles et al. 
2021 ), to measure tomographic cosmic shear power spectra. Our 
measurements o v er the DES Y3 footprint of 4143 deg 2 are based on 
the pseudo- C " method, with a consistent spherical sky approach 
using the NAMASTER software (Alonso et al. 2019 ). We gener- 
ally followed the DES Y3 methodology laid out in Amon et al. 

Figure 17. Matter power spectrum at redshift z = 0 reconstructed from 
DES Y3 shear power spectra, using a simplified version of the method of 
Tegmark & Zaldarriaga ( 2002 ). The fiducial linear matter power spectrum, 
computed at Planck 2018 cosmology (Planck Collaboration VI 2020 ), is 
shown by the solid, black line (the corresponding non-linear power spectrum 
is shown by the dashed, black line). The blue boxes, centred on ( k, ̂  P ) (see 
equation 33 ) and of height given by the square-root of the diagonal of the 
covariance matrix S (see equation 34 ), show the reconstructed power spectrum 
within log-spaced k bins. In the background, we show in grey the result of the 
reconstruction for 1000 simulated data v ectors dra wn from the likelihood at 
Planck cosmology; ho we v er, in this case, the height of the box es represents 
the standard deviation of the results, offering a simple check for the covariance 
matrix. The reconstructed power spectrum is about 20 per cent (or roughly 
2 σ ) lower than the fiducial one around k ∼ 0 . 3 h Mpc −1 . 
( 2022 ), Secco et al. ( 2022 ) and the modelling choices presented in 
Krause et al. ( 2021 ) to infer cosmological constraints, and found 
S 8 ≡ σ8 √ 

%m / 0 . 3 = 0 . 793 + 0 . 038 
−0 . 025 (0 . 810) using cosmic shear alone. 

We also included geometric information from small-scale galaxy–
galaxy lensing ratios (S ́anchez et al. 2021 ) to tighten the constraint 
to S 8 = 0.784 ± 0.026 (0.798). 

Following Amon et al. ( 2022 ) and Secco et al. ( 2022 ), we modeled 
intrinsic alignments with TATT (Blazek et al. 2019 ) that coherently 
includes tidal alignment (TA) and tidal torquing (TT) mechanisms. 
We found, as in Secco et al. ( 2022 ), that the data does not strongly 
fa v our this model o v er the simpler non-linear alignment (NLA) 
model, as the data does not seem to constrain the TT contribution 
ef ficiently (e ven when including B -modes in the analysis, which 
may be sourced by TT). In all cases, we find consistent cosmological 
constraints, although using NLA tightens constraints on S 8 by about 
25 per cent. 

We include smaller scales that had been discarded in the fiducial 
analysis, switching from HALOFIT to HMCODE to model the non- 
linear matter power spectrum, thus including the effect of baryonic 
feedback, known to be a major source of uncertainty for cosmic 
shear at small scales (Chisari et al. 2018 ; Huang et al. 2019 ). We 
derived a set of scale cuts that approximately map to a cut-off k max 
in Fourier modes. When raising k max from 1 to 5 h Mpc −1 , we 
found consistent cosmological constraints, while the extra statistical 
power appears to mainly constrain the baryonic feedback parameter, 
A HM = 3 . 52 + 0 . 94 

−1 . 2 (1 . 620) . This result does not rule out the dark 
matter-only case ( A HM = 3.13) nor the predictions from the hy- 
drodynamical simulations we considered in this work. Given current 
error bars and theoretical uncertainties, it therefore remains difficult 
to extract small-scale cosmological information that is present in our 
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Outlook
ΛCDM model: just a starting point for understanding our Universe 

‣ 95% of the Universe is can be well described but is poorly understood 

‣ Accurate cosmological is a prerequisite for a predictive theory of galaxy formation 

Tensions are appearing in many places; may indicate the need for a 
revised cosmology or may be a sign of ΛCDM’s maturity.  

JWST observations are challenging our inference of galaxy properties, 
our understanding of galaxy formation, or our cosmological model 

‣ Massive galaxy candidates require perfect conversion of baryons to stars for 
halos predicted by the base ΛCDM (arXiv:2208.01611) 

‣ if it is an issue with cosmology, could it be related to the Hubble tension & EDE? 

‣ A new era of stellar astrophysics may help us understand cosmology 

Data are pouring in; we should have a much better understanding of 
whether early galaxies truly challenge ΛCDM within the next 1-2 years







Spectroscopic data
 galaxy with  

(one of the brightest high-redshift galaxies discovered with HST)
z = 10.6 M⋆ ≈ 109 M⊙

A. J. Bunker et al.: JADES Spectroscopy of GN-z11

Fig. 1. 2D (top) and 1D (bottom) spectra of GN-z11 using PRISM/CLEAR configuration of NIRSpec. Prominent emission lines present in the
spectra are marked. The signal to noise ratio (SNR) of the continuum is high and the emission lines are clearly seen in both the 1D and 2D spectra.

In the subsections below, we use the spectrum of GN-z11 to
infer physical properties. As well as using empirical diagnostics
from the emission line fluxes and ratios, we also use the beagle
Bayesian SED fitting code (Chevallard & Charlot 2016) on our
full prism spectrum, the exact details and results are presented in
Table 2 and in Appendix A.

3.1. Emission lines and Redshift Determination

The full list of detected lines is given in Table 1. Line wave-
lengths are measured from the grating spectra because they have
higher resolution resulting in less blending and more accurate
line centroids. Line fluxes are measured from both the prism
and gratings. We fit each emission line with a single Gaussian
model, where the local continuum level and error is inferred us-
ing sigma-clipped median and standard deviation measured from
around each emission line. The uncertainties on the Gaussian fit
and the continuum level are then added in quadrature to estimate
the errors on the measured line fluxes.

In determining the redshift from the vacuum rest-frame
wavelengths, we exclude Lyman-↵ (which has a velocity o↵set,
see Section 3.3) and also Mg ii (which is only significantly de-
tected in the low-resolution prism), and do a weighted fit of 9
well-detected emission lines to give a redshift z = 10.6034 ±
0.0013.

The redshift we measure is considerably lower than the pre-
viously reported redshift values of z = 11.09+0.08

�0.012 from HST
grism (Oesch et al. 2016) and z = 10.957 ± 0.001 from Keck
MOSFIRE (Jiang et al. 2021). The 2D HST grism observation
shows flux down to the wavelength we measure for the Ly-
man break (1.41 µm), but due to noise fluctuations their fitted
model break was at a longer wavelength of 1.47 µm. The Keck
MOSFIRE redshift was based on possibles detections of the
[C iii] �1907 and C iii]�1909 lines at 2.2797 µm and 2.282 µm
respectively, at 2.6� and 5.3�. We do not find any signifi-
cant emission lines at these observed wavelengths in our data,
where they would have been detected at 20� and 40� for the
line fluxes quoted in Jiang et al. (2021). Instead, we do detect
C iii] but at a shorter wavelength consistent with our measured
z = 10.603.

3.2. Is GN-z11 an AGN?

GN-z11 has a compact morphology and the continuum spa-
tial extent in our NIRSpec 2D spectroscopy is barely resolved.
In a companion paper, Tacchella et al. (2023) analyze JADES
NIRCam imaging data and derive the best size constraint so
far, finding an intrinsic half-light radius of only 0.016 ± 0.00500
(64 ± 20 pc). The possibility of a significant point source contri-
bution to the total flux leaves open the question of whether some
of the light originates from an AGN. Our data do contain sev-
eral high ionization lines and we wish to explore the excitation
mechanism.

We have detected a large number of emission lines of vary-
ing ionization potential in GN-z11. In particular the N iv] �1486
line (ionization potential E > 47.5 eV) is often a signature of
an AGN (e.g. Vanden Berk et al. 2001; Vanzella et al. 2010) al-
though it has been seen in some star forming galaxies (e.g., Fos-
bury et al. 2003 and McGreer et al. 2018). However, the higher
ionization Nitrogen line N v (E > 77.5 eV), which is a clear sig-
nature of AGN activity, is not detected in either the grating or
the prism spectra. We note that in the prism (R ⇠ 100) spec-
trum we see emission features arising from blended He ii and
[O iii] ��1660, 1666 lines, as well as a P-Cygni type feature from
C iv (see Figure 2). The resolution of the prism at these short
wavelengths is very low, and accurate line flux measurements of
blended lines are not possible. The He ii+ O iii] and C iv lines,
which should otherwise appear to be deblended in the medium
resolution (R ⇠ 1000) grating spectra, are unfortunately below
the detection limit of our grating spectra.

The reliable detection of C iii] and N iii] lines in the grat-
ing spectra, however, enables us to investigate rest-UV line ra-
tios that can be compared with predictions from photoionization
models to di↵erentiate between an AGN or a star-formation ori-
gin (e.g. Feltre et al. 2016). In Figure 3 we plot our 2� lim-
its from the grating spectra on C iii] �1909/He ii �1640 (> 2.6)
versus C iii] �1909/C iv ��1548, 1550 (> 2.7), along with pre-
dictions from photoionization models of Feltre et al. (2016).
Based on these limits, we find that photoionzation by an AGN
is not favoured, and star formation alone may be able to explain
the observed line ratios. Additionally, using the C iii] and He ii
based diagnostics from Nakajima et al. (2018), we find that the
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JADES: 4 confirmed galaxies at  with    
Robertson, Tacchella et al. 2022; Curtis-Lake, Carniani et al. 2022

z = 10.4 − 13.2 M⋆ ≈ 108 − 109 M⊙

Bunker et al. 2023 (see also Tacchella et al. 2023)

CEERS: 2 confirmed galaxies at  with    
P. Arrabal Haro et al. 2023

z = 10.1 − 11.4 M⋆ ≈ 108 − 109 M⊙



Spectroscopically confirmed galaxies

Robertson, Tacchella et al. 2022; Curtis-Lake, Carniani et al. 2022; Bunker et al. 2023; Tacchella et al. 2023

Galaxies at  with  
Very exciting, but thus far not cosmologically challenging

z ∼ 10 − 13 M⋆ ≈ 108 − 109 M⊙
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