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Outline 
the ΛCDM “desert” 

populating a dark sector from

the neutrinos after BBN

applications, summary, outlook
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What is in the eV-MeV desert?
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What is in the eV-MeV desert?

data!

5



data in the eV-MeV desert
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Fig. 24.— 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 (A20, 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 (Planck Collab. V et al. 2019). For SPT we show Henning et al.
(2018) for 150 GHz TT ` < 2000, TE and EE, and Sayre et al. (2019) for BB. For ` > 2000 we show the SPT spectrum from George
et al. (2015) which has been corrected for point source emission. It is visually indistinguishable from the more precise but uncorrected
spectrum in Reichardt et al. (2020). For Polarbear/Simons Array we show EE from Adachi et al. (2020) and BB from pipeline A in
POLARBEAR Collaboration et al. (2017). For BICEP2/Keck we use Ade et al. (2018). 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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data in the eV-MeV desert

eV 10 eV 100 eVLarge Scale

Structure

Planck Collaboration: The cosmological legacy of Planck

Fig. 19. The (linear theory) matter power spectrum (at z = 0) inferred from di↵erent cosmological probes. The broad agreement
of the model (black line) with such a disparate compilation of data, spanning 14 Gyr in time and three decades in scale is an
impressive testament to the explanatory power of ⇤CDM. Earlier versions of similar plots can be found in, for example, White et al.
(1994), Scott et al. (1995), Tegmark & Zaldarriaga (2002), and Tegmark et al. (2004). A comparison with those papers shows that
the evolution of the field in the last two decades has been dramatic, with ⇤CDM continuing to provide a good fit on these scales.

Palanque-Delabrouille et al. (2015); the latter was obtained by
di↵erentiating the corresponding 1D power spectrum using the
method of Chartrand (2011). The measurements of Ly↵ are at
higher redshift (2 < z < 3) than galaxy clustering and probe
smaller scales, but are more model-dependent.

Intermediate in redshift between the galaxy clustering and
Ly↵ forest data are cosmic shear measurements and redshift-
space distortions (Hamilton 1998; Weinberg et al. 2013). Here
we plot the results from the The Dark Energy Survey Y1 mea-
surements (Troxel et al. 2017) which are currently the most con-
straining cosmic shear measurements. They show good agree-
ment with the matter power spectrum inferred from ⇤CDM
constrained to Planck. These points depend upon the nonlin-
ear matter power spectrum, and we have used the method of
Tegmark & Zaldarriaga (2002) based on the fitting function of
Peacock & Dodds (1996) to deconvolve the nonlinear e↵ects,
which yields constraints sensitive to larger scales than would
it would otherwise appear. The nuisance parameters have been
fixed for the purposes of this plot. (More detail of the calcula-
tions involved in producing Fig. 19 can be found in Chabanier et
al. in prep.). Bearing in mind all of these caveats the good agree-

ment across more than three decades in wavenumber in Fig. 19
is quite remarkable.

Figure 20 shows the rate23 of growth, f�8, determined from
redshift-space distortions over the range 0 < z < 1.6, compared
to the predictions of ⇤CDM fit to Planck. Though the current
constraints from redshift surveys have limited statistical power,
the agreement is quite good over the entire redshift range. In par-
ticular, there is little evidence that the amplitude of fluctuations
in the late Universe determined from these measurements is sys-
tematically lower than predicted.

We shall discuss in Sect. 6 cross-correlations of CMB lens-
ing with other tracers and the distance scale inferred from baryon
acoustic oscillations (BAO). In general there is very good agree-
ment between the predictions of the ⇤CDM model and the mea-
surements. If there is new physics beyond base ⇤CDM, then
its signatures are very weak on large scales and at early times,
where the calculations are best understood.

23Conventionally one defines f as the logarithmic growth rate of the
density perturbation �, i.e., f = d ln �/d ln a. Multiplying this by the
normalization, �8, converts it to a growth rate per ln a.

28
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data in the eV-MeV desert?

BBN

MeV 10 keV100 keV
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This is the era of the experimental 
exploration of the desert

eV 100eV10eV keV 10keV 100keV MeV

LSS 

CMB  BBN

today: WMAP, SDSS, Planck, BOSS, ACT, SPT,…
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This is the era of the experimental 
exploration of the desert

eV 100eV10eV keV 10keV 100keV MeV

LSS - today

LSS - future

CMB - today

CMB - future

 today

BBN future

future: Rubin, EUCLID, Roman, Simon’s O, CMB-S4, …

today: WMAP, SDSS, Planck, BOSS, ACT, SPT,…
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data   -   anomalies

What else is in the eV-MeV desert?
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data   -   anomalies

H0      Hubble Tension 
S8,Lyα        LSS Tensions     

D/H             Deuterium abundance  

What else is in the eV-MeV desert?
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• The desert provides a great opportunity to probe and 
discover new physics thresholds between eV-MeV scales

• What new physics might we expect to see?

The universe is radiation

dominated for T > eV

Most natural expectation: 


a dark sector with radiation     Neff

ν's
40% γ

60%
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FIG. 3: (Left) SIDR model fits to D (red), DH (orange), and DL (green). Models that address the Hubble tension are multiple
�s away from Ly↵ data. (Right) WZDR model fits to D (red), DH (orange), and DL (green). Models that address the Hubble
tension are multiple �s away from Ly↵ data.

III. DATA AND MCMC

Section with list of the data and likelihoods, choices of priors and settings for the MCMC runs.

• Our baseline data set D includes the Planck 2018 [10], TT,TE, and EE data for low-` (‘lowl TT’, ‘lowl EE’)
and high-` (‘highl TTTEEE’) with the full set of nuisance parameters. It also includes late-universe constraints:
the BAO-only likelihood (‘bao boss dr12’) from BOSS DR12 (z = 0.38, 0.51, 0.61)[11] and the small-z BAO
likelihood (‘bao smallz 2014’) including data from the 6dF (z = 0.106)[12] and MGS (z = 0.15) [13] catalogs,
as well as the PANTHEON [14] supernova likelihood (‘Pantheon’).

(HB: Copied EFT likelihood here from Nil’s paper: EFTofBOSS: Full-modeling information from BOSS DR12
LRG using the e↵ective field theory of large scale structure (EFTofLSS), cross-correlated with the reconstructed
BAO parameters [30]. The SDSS-III BOSS DR12 galaxy sample data and covariances are described in [31,
32]. The measurements, obtained in [33], are from BOSS catalogs DR12 (v5) combined CMASS-LOWZ 9 [34],
and are divided in redshift bins LOWZ, 0.2 ¡ z ¡ 0.43 (ze↵ = 0.32), and CMASS, 0.43 ¡ z ¡ 0.7 (ze↵ = 0.57),
with north and south galactic skies for each, respectively denoted NGC and SGC. From these data we use the
monopole and quadrupole moments of the galaxy power spectrum. The theory prediction and likelihood for
the fullmodeling information are made available through PyBird [35]. • EFTofeBOSS: The EFTofLSS analysis
[36] of eBOSS DR16 QSOs [37]. The QSO catalogs are described in [38] and the covariances are built from the
EZ-mocks described in [39]. There are about 343 708 quasars selected in the redshif range 0.8 ¡ z ¡ 2.2, with ze↵
= 1.52, divided into two skies, NGC and SGC [40, 41]. From these data we use the monopole and quadrupole
moments of the galaxy power spectrum. The theory prediction and likelihood for the full-modeling information
are made available through PyBird.)

• The data set H consists of the latest measurement of the intrinsic magnitude of supernovae Mb = �19.253±0.027
by the SHOES collaboration [6] , which we implement as a Gaussian likelihood for this parameter. (HB: Includ
EFT likelihood here.)

• The data set L

eff

CMB BAO S8 LyAl H0
CMB BAO S8 LyAl

CMB BAO S8

SH0ES 2022

Neff can address the Hubble tension

idea:

measured CMB

peak locations

Neff lowers the

sound horizon

=> infer larger H0 from CMB fit

want ΔNeff~0.6
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Want extra radiation to have observable consequences but 
not ruled out (e.g. H0  wants ΔNeff ~ 0.6) 

1. How can this be natural?

2. Isn’t ΔNeff ~ 0.6 ruled out by BBN?  

Idea: populate a dark sector by thermalizing it  

        from the neutrinos after BBN

A.Berlin, N.Blinov 1807.04282

D.Aloni, M.Joseph, M.Schmaltz, N.Weiner 2301.10792

ds

ν's γ
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BBN constraints on Neff (95%)

MeV 10 keV100 keV

well measured (1%):

Helium                  Yp

Deuterium          D/H

Lithium             7Li/H

Fields Olive 2022

<latexit sha1_base64="9AldABTwxunWpjhuV9Bj69bXEPE="></latexit>

BBN + Yp +D : Neff < 0.41

CMB : Neff < 0.51

CMB +BBN + Yp +D : Neff < 0.23

Δ
Δ

Δ
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BBN and Neff  Workshop, 13/04/2021 Martina Gerbino

Balancing higher Neff  with H0 and Om, damping with lower Yp; Acoustic peaks still shifted
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Y BBN
p (Neff = 3.044)

Additional damping due to modified Helium abundance (from

Neff during BBN) makes CMB bound on Neff much stronger 
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BBN constraints on Neff (95%)

MeV 10 keV100 keV

well measured (1%):

Helium                  Yp

Deuterium          D/H

Lithium             7Li/H

Fields Olive 2022
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Want extra radiation to have observable consequences but 
not ruled out (e.g. H0  wants ΔNeff ~ 0.6) 

1. How can this be natural?

2. Isn’t ΔNeff ~ 0.6 ruled out by BBN?  

Idea: populate a dark sector by thermalizing it  

        from the neutrinos after BBN

A.Berlin, N.Blinov 1807.04282

D.Aloni, M.Joseph, M.Schmaltz, N.Weiner 2301.10792

ds

ν's γ
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ΛCDM cosmological history
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Alternative cosmological history
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ν γ

γ,e,ν

ν,ds γ

ds

ν γ

Alternative cosmological history
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A very simple model
(Aloni,Joseph,Schmaltz,Weiner 2301.10792)
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Thermalizing through the neutrino portal
(c.f. Dodelson-Widrow with secret interactions B.Dasgupta,J.Kopp)
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Tequil ≃mνd

!
θ20

MPl

mνd

"
1=5

: ð1Þ

8485 Thus even though the range of allowed values of θ0 and αd
86 is huge, νd naturally equilibrates at temperatures near mνd,
87 and at most a few orders of magnitude higher, because of
88 the 1=5 power. Consequently, dark sectors with light
89 (< MeV) fermions often equilibrate after BBN and are
90 therefore unconstrained by primordial light element
91 abundances.
92 The simplest thermal history is sketched in Fig. 1. After
93 neutrino decoupling and electron self-annihilation at
94 T ∼MeV, the dark sector ϕ and νd come into equilibrium
95 with the SM neutrinos. At the lower temperature T ∼mνd,
96 the dark fermions νd annihilate away. This causes the SM
97 neutrinos to decouple and become free-streaming again,
98 and the entropy of νd is shared between ϕ and the SM
99 neutrinos.

100 Importantly, dark sector equilibration with SM neutrinos
101 after neutrino decoupling does not change the relativistic
102 energy density because the total energy in neutrinosþ dark
103 sector is conserved in the equilibration process. ThusNeff is
104 unchanged during equilibration, and constraints on Neff
105 from the CMB and LSS do not a priori constrain it.
106 However, if equilibration occurs prior to 100 keV, BBN
107 can be modified. If νe (rather than νμ or ντ) equilibrates with
108 νd, then νe is cooled, suppressing n → p conversion. When
109 T ∼mνd there is a “step” [14–16] in the total relativistic
110 energy density (i.e., Neff increases) as νd annihilates away.
111 This can affect BBN as well [17] if it occurs before
112 100 keV. We leave a detailed study of this for future work.
113 For later equilibration, BBN is unaffected. However,
114 prior to T ∼mνd, the ν − νd − ϕ fluid is tightly coupled.

115This, combined with the step in Neff , leaves an inevitable
116imprint on the density perturbations of the universe.
117Should other particles have couplings to ϕ and νd, they,
118too, will come into equilibrium with the SM neutrinos
119below T ∼MeV. As a result, there is a possibility for other
120interesting dynamics within a dark sector to affect cosmol-
121ogy, such as the thermalization and freeze-out of dark
122matter, the presence of a second “step” [14–16] in the
123energy density of the dark sector due to the annihilation of
124additional massive particles into lighter ones. Alternatively,
125in a minimal scenario withmνd ≲ eV, self-interactions in (a
126portion of) the relativistic energy density may arise only at
127late times, near recombination. Neutrino-dark sector equili-
128bration after BBN thus has a very interesting and model-
129dependent impact on the CMB and structure formation with
130possible implications for H0 and S8, all of which will be
131probed by a wide range of upcoming experiments.
132Interactions and dark sector equilibration.—A generic
133dark sector which contains a fermion νd that mixes with the
134SM neutrinos can equilibrate with the SM neutrinos very
135efficiently by the combined effect of ν − νd oscillations and
136scattering. The relevant formalism is well developed; see
137Refs. [18–20]. For simplicity we consider the case of one
138dark fermion oscillating with one SM neutrino. The rate of
139conversion of a SM neutrino into a dark fermion can be
140written as

ΓðEÞ ¼ 1

2
sin22θm

Γint

2
; ð2Þ

141142where we assume averaging over many oscillations, Γint is
143the rate of scattering, θm is the in-medium mixing angle
144between the SM neutrino and the dark fermion, and both
145depend on the incoming neutrino energy E. The process of
146dark sector equilibration is the usual competition between
147the production rate in Eq. (2) and Hubble. The mixing angle
148is generally suppressed by the presence of large diagonal
149effective thermal masses and thus the overall conversion
150rate grows rapidly as T declines.
151The in-medium mixing angle is given by

sin22θm ¼ sin22θ0
ðcos 2θ0 − 2EΔVeff=Δm2Þ2 þ sin22θ0

; ð3Þ

152153where θ0 is the in-vacuum angle that parametrizes the
154mixing between the SM neutrino and the dark fermion,
155Δm2 ≃m2

νd is the mass-squared difference between the two
156mass eigenstates and is dominated by the dark fermion
157mass, and ΔVeff ¼ VSM

eff − VDS
eff . The effective potential of ν

158from the SM weak interactions is well known [1] and given
159by VSM

eff ≃ −cVG2
FT

4
νE where cV ≃ 22 (for mixing with νμ

160or ντ), and we assume vanishing lepton asymmetry [13].
161The dark sector effective potential arises due to scattering
162with light particles and a light mediator in the dark thermal
163bath and can be parametrized as 2EVDS

eff ≡ αdT2
d [5]. In

F1:1 FIG. 1. Thermal history of a universe with dark sector thermal-
F1:2 ization from neutrino mixing after BBN. The dark sector initially
F1:3 has negligible energy density (dashed line). After neutrino
F1:4 decoupling and electron annihilation it equilibrates with the
F1:5 SM neutrinos at Tequil. After νd annihilation at T ∼mνd the
F1:6 SM neutrinos redecouple and free-stream.

PHYSICAL REVIEW LETTERS VOL..XX, 000000 (XXXX)
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164 what follows we take this as the definition of αd. The
165 expression for the effective potential (and dark interaction
166 rate) assumes that the dark sector is self-equilibrated with
167 temperature Td and vanishing chemical potentials (see
168 discussion below). The exact expression can vary with
169 Dirac/Majorana, internal symmetries, and other model
170 dependencies which amount to an overall OðfewÞ rescaling
171 of αd. The precise mapping onto a specific model
172 Lagrangian is straightforward and not important for our
173 discussion. We ignore a possible shift of the scalar expect-
174 ation value in the thermal background which would change
175 the mass of νd.
176 The scattering rate is the sum of the SM weak interaction
177 ΓSM ¼ nνhσviSM ¼ cΓT4

νG2
FE with cΓ ≃ 0.92 [1], and the

178 scattering rate of the dark fermions which we parame-
179 trize as ΓDS ¼ nDShσviDS ≡ κα2dT

2
d=E. This assumes that

180 the cross section scales as hσviDS ≃ hκα2d=E2
CMiDS ≃

181 κα2d=ðETdÞ and nDS ∝ T3
d. Here κ is a number greater than

182 one, which allows for the presence of additional dark states
183 which scatter via ϕ exchange. For simplicity, we set κ ¼ 3,
184 and in general it would shift the precise region of parameter
185 space but not make it much larger or smaller.
186 Finally, averaging the conversion rate Γ over the thermal
187 distribution of the SM neutrinos approximately replaces
188 E → 3Tν so that

hΓi ¼
1
4 sin

22θ0
!
3cΓT5

νG2
F þ α2d

T2
d

Tν

"

#
cos 2θ0 þ αd

T2
d

m2
νd
þ 18cV

G2
FT

6
ν

m2
νd

$
2

þ sin22θ0

: ð4Þ

189190191 We can now determine if and when the dark sector
192 equilibrates with the neutrinos by comparing Γ with the
193 expansion rate, H ≃ T2

ν=MPl. There are two important
194 limits to consider. First, in the Dodelson-Widrow (DW)
195 [1] limit of vanishing dark sector interactions, αd ¼ 0, the
196 maximum conversion rate occurs when GFT3

ν=mνd ∼ 0.1.
197 This peak temperature is above an MeV so that full
198 equilibration from DW would yield a thermalized dark
199 sector before BBN which is excluded. The dark sector
200 equilibrates if Γ ¼ H at the peak; therefore, we obtain the
201 constraint (in the DW limit) that θ20mνdMPlGF ≲ 100.
202 A qualitatively different solution is obtained when the
203 dark sector interactions dominate over the weak inter-
204 actions. Then hΓi=H grows monotonically with decreasing
205 temperature, and we can solve for the equilibration temper-
206 ature (when Td ¼ Tν) by setting

1 ≃
hΓi
H

≃
θ20α

2
dTν

ð1þ αd
T2
ν

m2
νd
Þ2
MPl

T2
ν
≃ θ20

MPl

mνd

m5
νd

T5
ν
; ð5Þ

207208 giving Tequil ¼ mνdðθ20MPl=mνdÞ1=5. It is remarkable both
209 that this is independent of αd and the dependence on θ20Mpl

210 is mild because of the 1=5 power. Thus for a very broad

211range in parameter space the dark sector equilibrates with
212the neutrinos, and it does so at a temperature which is at
213most a few orders of magnitude above the dark fermion
214mass. This yields the important qualitative result that in the
215presence of a light (≪ MeV) fermion, the natural equili-
216bration scale is below the BBN scale, but also above
217recombination (a similar phenomenology can be achieved
218in models of neutrinos which couple to a Majoron, and
219resonantly produce dark matter at late times [21]).
220This intuition is borne out by a numerical calculation.
221Integrating the Boltzmann equations for the phase space
222distribution functions of dark sector particles against
223energy and summing over dark sector species, we obtain
224an evolution equation for the total energy density in the
225dark sector

d
d log a

ða4ρDSÞ ¼
hΓi
H

a4
#
ρν −

ρν
ρDS

%%%%
eq:
ρDS

$
; ð6Þ

226227where ρDS is the total energy density in the DS, which we
228solve numerically. The evolution of the dark sector temper-
229ature is shown in Fig. 2. Details on the calculation of the
230dark sector temperature evolution are found in the
231Supplemental Material [22].
232Our primary result is contained in Fig. 3 which shows the
233large regions of parameter space where the dark sector
234comes into equilibrium with the SM neutrinos at some
235point before Tν ¼ mνd and where equilibration is reached
236below Tν ¼ MeV, i.e. after neutrino decoupling and BBN.

F2:1FIG. 2. The ratio Td=TΛCDM
ν obtained from solving Eq. (6) as a

F2:2function of TΛCDM
ν for an example point with αd ¼ 1,

F2:3mνd ¼ 100 eV, gDS% =gν% ¼ 1 and initial dark sector temperature,
F2:4Td, calculated from Higgs decay. Here TΛCDM

ν is the temperature
F2:5of the active neutrinos in a reference ΛCDM with no dark sector,
F2:6where we have neglected changes in TΛCDM

ν from the annihilation
F2:7of SM particles as they become nonrelativistic. The dashed lines
F2:8correspond to Tν=TΛCDM

ν where the small drop shows the
F2:9approach to equilibrium with the dark sector. Equilibration

F2:10between the sectors occurs when Td=TΛCDM
ν ≈ 1. The dark (light)

F2:11gray region shows where this occurs after BBN (neutrino
F2:12decoupling). See text for details.
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FIG. 2: The ratio Td/T
⇤CDM
⌫ obtained from solving Eq. (6)

as a function of T
⇤CDM
⌫ for an example point with ↵d = 1

and m⌫d = 100 eV, and initial dark sector temperature, Td,
calculated from Higgs decay. Here T

⇤CDM
⌫ the tempera-

ture of the active neutrinos in a reference ⇤CDM with no
dark sector. Equilibration between the sectors occurs when
Td/T

⇤CDM
⌫ ⇡ 1. The dark (light) gray region shows where

this occurs after BBN (neutrino decoupling). See text for
details.

note that ↵d ' 1 may require higher orders in perturba-
tion theory for precise predictions. Nevertheless, we use
it as an example because it allows the largest range of
angles ✓0 to equilibrate, see Fig. 3.

Our primary result is contained in Fig. 3 which shows
the large regions of parameter space where the dark sec-
tor comes into equilibrium with the SM neutrinos at some
point before T⌫ = m⌫d and where equilibration is reached
below T⌫ = MeV, i.e. after neutrino decoupling and
BBN. For the purposes of this Figure we define the equi-
libration temperature Tequil as the temperature at which
⇢DS crosses ⇢⌫ gDS

⇤ /g⌫⇤ with ⇢DS obtained from solving (6)
with the back reaction term omitted.

It is worth noting that because of mixing of the SM
neutrinos, for most of parameter space all three SM neu-
trinos equilibrate with the DS in rapid succession. That
only a single SM neutrino equilibrates with the DS can
occur for special regions in parameter space. Either the
couplings of ⌫d are tuned such that it only couples to a
single SM neutrino mass eigenstate, or the dark param-
eters are such that equilibration with the first of the SM
neutrinos occurs at a temperature just above m⌫d so that
⌫�⌫d conversion shuts o↵ because m⌫d is reached before
another SM neutrino can equilibrate.

Discussion One of the simplest extensions of the
standard model is to include a massive neutral fermion
that mixes with the SM neutrino. It is natural - perhaps
expected - that it should come with its own interaction,
as well. In the presence of such an interaction, we find
that even for very small couplings and mixings, a new

FIG. 3: Colored regions indicate the parameter space over
which the dark sector comes into equilibrium with the SM
neutrinos after BBN, for di↵erent values of ↵d. The lower
boundary of each region is determined by Tequil = m⌫d, while
the upper (right) boundary comes corresponds to equilibra-
tion after BBN (dark shaded) or neutrino decoupling (light
shaded), i.e. Tequil = 100 keV or = 1MeV, respectively. Also
shown are contours of fixed equilibration temperatures Tequil

(dashed contours labeled 10 eV, 1 keV) for the ↵d = 1 case.
The gray region shows the parameter space over which equi-
libration would occur above BBN in absence of dark interac-
tions via Dodelson-Widrow production.

eV—MeV mass fermion is equilibrated with the neutrino
bath at a temperature within a few orders of magnitude
of its mass, and often much less. Consequently, it typi-
cally equilibrates after BBN, leaving no imprint on light
element abundances. Its implications for the CMB and
LSS, however, can be significant. Once the dark fermion
equilibrates at Tequil, a whole series of additional particles
can come into equilibrium as well, including dark mat-
ter, which can have mass above Tequil, including above
an MeV.
Although the equilibration of the dark sector does not

immediately increase the energy density in radiation, it
can transform some or all of the radiation into an inter-
acting fluid. The associated mass threshold can change
the relative amount of relativistic radiation, turn on or
o↵ interactions in a dark sector, and provide a basis for
equilibrating a broader dark sector which may contain
part or all of the dark matter.

• At high values of 100 eV <⇠ m⌫d <⇠ MeV, the dark
sector equilibrates with neutrinos and then goes
through the mass threshold of the dark fermion
before the CMB is directly sensitive to the tran-

MeVeV keVmψ

| | |

Equilibration is generic and occurs at
Aloni,Joseph,Schmaltz,Weiner 2301.10792
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This is the era of the experimental 
exploration of the desert

eV 100eV10eV keV 10keV 100keV MeV

LSS - today

LSS - future

CMB - today

CMB - future

 today

BBN future

future: Rubin, EUCLID, Roman, Simon’s O, CMB-S4, …

today: WMAP, SDSS, Planck, BOSS, ACT, SPT,…
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much more data is coming!

CMB: Simons Observatory (first light 4/2024)

LSS: DESI (first data), Euclid (final commissioning)

H0 Supernovae: JWST (observing), TRGB (ongoing)

Advanced SO (5-10 years)

Vera Rubin Observatory - LSST (2025)

GW: LIGO 100 NS-NS mergers + optical (2030)

CMB-S4 (10 years?)

Einstein Telescope (2035?)





Back up!
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Planck Collaboration: The cosmological legacy of Planck

Fig. 19. The (linear theory) matter power spectrum (at z = 0) inferred from di↵erent cosmological probes. The broad agreement
of the model (black line) with such a disparate compilation of data, spanning 14 Gyr in time and three decades in scale is an
impressive testament to the explanatory power of ⇤CDM. Earlier versions of similar plots can be found in, for example, White et al.
(1994), Scott et al. (1995), Tegmark & Zaldarriaga (2002), and Tegmark et al. (2004). A comparison with those papers shows that
the evolution of the field in the last two decades has been dramatic, with ⇤CDM continuing to provide a good fit on these scales.

Palanque-Delabrouille et al. (2015); the latter was obtained by
di↵erentiating the corresponding 1D power spectrum using the
method of Chartrand (2011). The measurements of Ly↵ are at
higher redshift (2 < z < 3) than galaxy clustering and probe
smaller scales, but are more model-dependent.

Intermediate in redshift between the galaxy clustering and
Ly↵ forest data are cosmic shear measurements and redshift-
space distortions (Hamilton 1998; Weinberg et al. 2013). Here
we plot the results from the The Dark Energy Survey Y1 mea-
surements (Troxel et al. 2017) which are currently the most con-
straining cosmic shear measurements. They show good agree-
ment with the matter power spectrum inferred from ⇤CDM
constrained to Planck. These points depend upon the nonlin-
ear matter power spectrum, and we have used the method of
Tegmark & Zaldarriaga (2002) based on the fitting function of
Peacock & Dodds (1996) to deconvolve the nonlinear e↵ects,
which yields constraints sensitive to larger scales than would
it would otherwise appear. The nuisance parameters have been
fixed for the purposes of this plot. (More detail of the calcula-
tions involved in producing Fig. 19 can be found in Chabanier et
al. in prep.). Bearing in mind all of these caveats the good agree-

ment across more than three decades in wavenumber in Fig. 19
is quite remarkable.

Figure 20 shows the rate23 of growth, f�8, determined from
redshift-space distortions over the range 0 < z < 1.6, compared
to the predictions of ⇤CDM fit to Planck. Though the current
constraints from redshift surveys have limited statistical power,
the agreement is quite good over the entire redshift range. In par-
ticular, there is little evidence that the amplitude of fluctuations
in the late Universe determined from these measurements is sys-
tematically lower than predicted.

We shall discuss in Sect. 6 cross-correlations of CMB lens-
ing with other tracers and the distance scale inferred from baryon
acoustic oscillations (BAO). In general there is very good agree-
ment between the predictions of the ⇤CDM model and the mea-
surements. If there is new physics beyond base ⇤CDM, then
its signatures are very weak on large scales and at early times,
where the calculations are best understood.

23Conventionally one defines f as the logarithmic growth rate of the
density perturbation �, i.e., f = d ln �/d ln a. Multiplying this by the
normalization, �8, converts it to a growth rate per ln a.
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1D LyAlpha flux power spectrum of SDSS DR14 BOSS + eBOSS quasars 

Neff models for H0 confront LyAl

Simplified likelihood fixes 

amplitude and slope at 

kp = 1 h/Mpc

zp = 3

Canonical Hubble-Tension-Resolving Early Dark Energy Cosmologies are Inconsistent

with the Lyman-↵ Forest
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Current cosmological data exhibit discordance between indirect and some direct inferences of
the present-day expansion rate, H0. Early dark energy (EDE), which briefly increases the cosmic
expansion rate prior to recombination, is a leading scenario for resolving this “Hubble tension” while
preserving a good fit to cosmic microwave background (CMB) data. However, this comes at the
cost of changes in parameters that a↵ect structure formation in the late-time universe, including the
spectral index of scalar perturbations, ns. Here, we present the first constraints on axion-like EDE
using data from the Lyman-↵ forest, i.e., absorption lines imprinted in background quasar spectra
by neutral hydrogen gas along the line of sight. We consider two independent measurements of the
one-dimensional Ly↵ forest flux power spectrum, from the Sloan Digital Sky Survey (SDSS eBOSS)
and from the MIKE/HIRES and X-Shooter spectrographs. We combine these with a baseline dataset
comprised of Planck CMB data and baryon acoustic oscillation (BAO) measurements. Combining
the eBOSS Ly↵ data with the CMB and BAO dataset reduces the 95% confidence level (CL) upper
bound on the maximum fractional contribution of EDE to the cosmic energy budget, fEDE, from
0.07 to 0.03 and constrains H0 = 67.9+0.4

�0.4 km/s/Mpc (68% CL), with maximum a posteriori value
H0 = 67.9 km/s/Mpc. Similar results are obtained for the MIKE/HIRES and X-Shooter Ly↵

data. Our Ly↵-based EDE constraints yield H0 values that are in > 4� tension with the SH0ES
distance-ladder measurement and are driven by the preference of the Ly↵ forest data for ns values
lower than those required by EDE cosmologies that fit Planck CMB data. Taken at face value, the
Ly↵ forest severely constrains canonical EDE models that could resolve the Hubble tension.

Introduction— The recent direct measurement of the
current cosmic expansion rate from the SH0ES Collabora-
tion, H

SH0ES
0 = 73.04 ± 1.04 km/s/Mpc [1], is in signifi-

cant tension with the indirect inference from Planck mea-
surements of the cosmic microwave background (CMB),
H

Planck
0 = 67.36 ± 0.54 km/s/Mpc [2], as well as infer-

ences from other CMB experiments [3, 4] and probes of
large-scale structure (e.g., [5–10]). Although some local
distance ladder probes do not exhibit this discordance [11–
13], and thus the origin of this “Hubble tension” could be
systematic, many new physics models have been proposed
as solutions (see [14] for a review). One of the most pop-
ular candidates is early dark energy (EDE), in which a
scalar field increases the cosmic expansion rate just prior
to recombination, before rapidly decaying away so as to
not further impact the late universe. EDE decreases the
sound horizon at last scattering and thereby increases the
value of H0 inferred from CMB analyses [15–20].

Although EDE may resolve the Hubble tension, it
does so at the expense of introducing or worsening other
tensions when confronted with additional cosmological
datasets [21–24] (see [25–28] for a di↵erent viewpoint). As
discussed in [21, 29], EDE models produce an enhanced
early integrated Sachs-Wolfe (eISW) e↵ect in the CMB,
which must be compensated by larger values of the physi-

⇤ sjg2215@columbia.edu

cal cold dark matter density ⌦ch
2 and the scalar spectral

index ns (as compared to their values in ⇤CDM) in order
to fit the CMB data. Conversely, recent analyses of the
Lyman-↵ forest — absorption features in the spectra of
distant quasars due to neutral hydrogen along the line
of sight — prefer values of ns and ⌦mh that are lower
than those of CMB datasets [30–32]. In this Letter we
demonstrate that, taken at face value, recent Ly↵ datasets
significantly constrain EDE models.

Model— We consider EDE composed of a scalar field
with an axion-like potential [16, 33], V (�) = m

2
f

2(1 �
cos(�/f))n where f is the axion decay constant, m is
a mass scale, and n is a power-law index. Instead of
parametrizing the model in terms of the physical parame-
ters (m, f) and the initial field value �i, we use an e↵ec-
tive parametrization defined by the maximum fractional
contribution of the EDE field to the cosmic energy bud-
get, fEDE, the critical redshift zc at which the EDE field
reaches this contribution, and the initial field displace-
ment ✓i ⌘ �i/f [16, 17]. To be consistent with late-time
observables, the EDE field must decay su�ciently rapidly
after zc, which requires n � 2 (thus excluding the stan-
dard axion with n = 1). In this work, we fix n = 3, which
has been shown to fit current data [16, 33]. We compute
theoretical predictions using CLASS EDE [21],1 a modifica-

1 https://github.com/mwt5345/class_ede
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0.263 0.315 0.367
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n
L

D
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FIG. 2: ⇤CDMmodel fits to D (red), and DH (orange). Fits to Reiss data pull you away from Ly↵ (black solid contours).

D. Models that solve Hubble tension do not like Lyman-Alpha

• A table of of chi squareds and AICs.

• Compare how much worse the tension gets wrt LCDM. Dis EDM models, and say at least we screw up less than
these guys.

⇤CDM SIDR WZDR

Parameters 2 2 3

GT �D � � �

GT �DH � � �

TABLE I: Gaussian Tension between direct measurements of Ly↵ and from ⇤CDM , SIDR, WZDR, and WZDR fit to D and
DH

⇤CDM SIDR WZDR

Parameters 2 2 3

��
2

� � �25.78

�AIC �16.52 �15.99 �19.78

TABLE II: �2 di↵erences and �AIC of WZDR, SIDR+, and WZDR+ relative to ⇤CDM

eBOSS LyAl

2

Ly↵ Dataset �̄L2 n̄L ��2
L

�nL ⇢

eBOSS 0.310 -2.340 0.020 0.006 0.512
XQ-100/MIKE-HIRES 0.343 -2.388 0.033 0.021 0.694

TABLE I. Parameter values for the 2D Gaussian compressed
likelihoods from the Ly↵ datasets used in this work.

tion of the Einstein-Boltzmann code CLASS [34, 35] that
incorporates EDE dynamics at the background and linear
perturbation level.

Datasets— Our baseline dataset consists of Planck
2018 measurements of the CMB temperature and polariza-
tion power spectra at small (TTTEEE) and large angular
scales (lowl+lowE) [2, 36] and the CMB lensing poten-
tial power spectrum [37], and baryon acoustic oscillation
(BAO) measurements from BOSS DR12 [38], the SDSS
Main Galaxy Sample [39], and 6dFGS [40].

Traditional analyses of Ly↵ forest flux power spectra
interpolate between hydrodynamical simulations to make
theory predictions. Given the computational complexity
of such simulations, we instead model Ly↵ forest mea-
surements using a compressed likelihood characterized
by the amplitude �2

L
⌘ k

3
p
Plin(kp, zp)/(2⇡

2) and slope
nL ⌘ (d ln Plin(k, z)/d ln k) |(kp,zp) of the linear power
spectrum Plin, both evaluated at a pivot redshift zp = 3
and wavenumber kp = 0.009 s/km [41]. This likelihood
is marginalized over astrophysical uncertainties due to
baryons. As shown in [42], �2

L
and nL contain essentially

all of the cosmological information in the Ly↵ forest flux
power spectrum over the range of scales probed by the
datasets considered here.

Our fiducial dataset is derived from the analysis of the
1D Ly↵ flux power spectrum of SDSS DR14 BOSS and
eBOSS quasars [30], which we refer to as eBOSS Ly↵. We
fit a 2D Gaussian to samples from the �2

L
– nL contour

shown in Fig. 20 of [30]. In the Supplemental Material we
show that the 2D Gaussian accurately models the contour.
The log-likelihood, up to a constant, is

log L = � 1

2(1 � ⇢2)

⇢
�x

2 � 2⇢�x�y + �y
2

�
, (1)

where �x ⌘ (�2
L

� �̄2
L
)/��2

L
and �y ⌘ (nL � n̄L)/�nL .

Here (�̄2
L
, n̄L) and (��2

L
, �nL) are the mean and errors

of the 2D Gaussian, respectively, and ⇢ is the correlation
coe�cient between ��2

L
and �nL . Our best-fit parameters

describing the eBOSS Ly↵ dataset are shown in Table I.
The eBOSS Ly↵ constraints assume a ⇤CDM cosmol-

ogy with a prior of H0 = 67.3 ± 1.0 km/s/Mpc and three
species of massless neutrinos. The H0 prior and assump-
tions regarding the neutrino mass have negligible impact
on our results because constraints in the �2

L
– nL plane are

insensitive to the precise value of H0 and
P

m⌫ [42, 43]
(see Appendix A of [42] and the Supplemental Material of
this work for more details). In the Supplemental Material
we show that, for the range of scales probed by the Ly↵
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FIG. 1. Comparison of the best-fit linear matter power spec-
trum at zp = 3 from the EDE (grey) and ⇤CDM (orange)
fits to the baseline CMB + BAO dataset with the best-fit
⇤CDM cosmologies for the eBOSS (blue) [30] and XQ-100
(red) Ly↵ forest datasets. Shaded bands indicate the 68% CL
from our baseline analyses; note that the best-fit EDE model
lies outside the 68% CL due to prior-volume e↵ects. The inset
shows the slope (d ln Plin(k, z)/d ln k) |(kp,zp) and the vertical
line shows the Ly↵ pivot wavenumber (kp = 0.009 s/km).
EDE cosmologies that can resolve the Hubble tension and fit
the baseline dataset require an enhanced amplitude and slope
near the pivot scale relative to ⇤CDM cosmologies. These
requirements, particularly the steeper derivative, are in ten-
sion with the Ly↵ measurements. This figure is for illustrative
purposes and thus does not include errors for the Ly↵ data.

datasets used here, the linear power spectrum for EDE
cosmologies that are consistent with the baseline dataset
can be mimicked at high precision by a ⇤CDM cosmology;
thus the ⇤CDM assumption in the Ly↵ likelihood has
little impact on our results.

We also consider measurements from the 1D Ly↵

forest flux power spectrum of the XQ-100 [44] and
MIKE/HIRES quasar samples [45]. We fit a 2D Gaussian
to the �2

L
– nL contour at zp = 3 and kp = 0.009 s/km

derived from the analysis in Appendix A of [32].2 The
details of this likelihood are described in the Supplemen-
tal Material. We refer to this dataset as XQ-100 Ly↵.
Table I includes the parameters for this likelihood.

Methodology— We sample from the EDE parameter
posterior distributions using the Markov chain Monte
Carlo (MCMC) code Cobaya [46].3 We compute the e↵ec-
tive Ly↵ parameters nL and �2

L
from the linear matter

2 The XQ100 and MIKE/HIRES samples have a pivot at higher
redshifts, but the results can be converted to zp = 3 since the
rescaling is done in the matter-dominated era.

3 https://github.com/CobayaSampler/cobaya
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D. Models that solve Hubble tension do not like Lyman-Alpha

• A table of of chi squareds and AICs.

• Compare how much worse the tension gets wrt LCDM. Dis EDM models, and say at least we screw up less than
these guys.

⇤CDM SIDR WZDR

Parameters 2 2 3

GT �D � � �

GT �DH � � �

TABLE I: Gaussian Tension between direct measurements of Ly↵ and from ⇤CDM , SIDR, WZDR, and WZDR fit to D and
DH

⇤CDM SIDR WZDR

Parameters 2 2 3

��
2

� � �25.78

�AIC �16.52 �15.99 �19.78

TABLE II: �2 di↵erences and �AIC of WZDR, SIDR+, and WZDR+ relative to ⇤CDM

eBOSS LyAl

2

Ly↵ Dataset �̄L2 n̄L ��2
L

�nL ⇢

eBOSS 0.310 -2.340 0.020 0.006 0.512
XQ-100/MIKE-HIRES 0.343 -2.388 0.033 0.021 0.694

TABLE I. Parameter values for the 2D Gaussian compressed
likelihoods from the Ly↵ datasets used in this work.

tion of the Einstein-Boltzmann code CLASS [34, 35] that
incorporates EDE dynamics at the background and linear
perturbation level.

Datasets— Our baseline dataset consists of Planck
2018 measurements of the CMB temperature and polariza-
tion power spectra at small (TTTEEE) and large angular
scales (lowl+lowE) [2, 36] and the CMB lensing poten-
tial power spectrum [37], and baryon acoustic oscillation
(BAO) measurements from BOSS DR12 [38], the SDSS
Main Galaxy Sample [39], and 6dFGS [40].

Traditional analyses of Ly↵ forest flux power spectra
interpolate between hydrodynamical simulations to make
theory predictions. Given the computational complexity
of such simulations, we instead model Ly↵ forest mea-
surements using a compressed likelihood characterized
by the amplitude �2

L
⌘ k

3
p
Plin(kp, zp)/(2⇡

2) and slope
nL ⌘ (d ln Plin(k, z)/d ln k) |(kp,zp) of the linear power
spectrum Plin, both evaluated at a pivot redshift zp = 3
and wavenumber kp = 0.009 s/km [41]. This likelihood
is marginalized over astrophysical uncertainties due to
baryons. As shown in [42], �2

L
and nL contain essentially

all of the cosmological information in the Ly↵ forest flux
power spectrum over the range of scales probed by the
datasets considered here.

Our fiducial dataset is derived from the analysis of the
1D Ly↵ flux power spectrum of SDSS DR14 BOSS and
eBOSS quasars [30], which we refer to as eBOSS Ly↵. We
fit a 2D Gaussian to samples from the �2

L
– nL contour

shown in Fig. 20 of [30]. In the Supplemental Material we
show that the 2D Gaussian accurately models the contour.
The log-likelihood, up to a constant, is

log L = � 1

2(1 � ⇢2)

⇢
�x

2 � 2⇢�x�y + �y
2

�
, (1)

where �x ⌘ (�2
L

� �̄2
L
)/��2

L
and �y ⌘ (nL � n̄L)/�nL .

Here (�̄2
L
, n̄L) and (��2

L
, �nL) are the mean and errors

of the 2D Gaussian, respectively, and ⇢ is the correlation
coe�cient between ��2

L
and �nL . Our best-fit parameters

describing the eBOSS Ly↵ dataset are shown in Table I.
The eBOSS Ly↵ constraints assume a ⇤CDM cosmol-

ogy with a prior of H0 = 67.3 ± 1.0 km/s/Mpc and three
species of massless neutrinos. The H0 prior and assump-
tions regarding the neutrino mass have negligible impact
on our results because constraints in the �2

L
– nL plane are

insensitive to the precise value of H0 and
P

m⌫ [42, 43]
(see Appendix A of [42] and the Supplemental Material of
this work for more details). In the Supplemental Material
we show that, for the range of scales probed by the Ly↵
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FIG. 1. Comparison of the best-fit linear matter power spec-
trum at zp = 3 from the EDE (grey) and ⇤CDM (orange)
fits to the baseline CMB + BAO dataset with the best-fit
⇤CDM cosmologies for the eBOSS (blue) [30] and XQ-100
(red) Ly↵ forest datasets. Shaded bands indicate the 68% CL
from our baseline analyses; note that the best-fit EDE model
lies outside the 68% CL due to prior-volume e↵ects. The inset
shows the slope (d ln Plin(k, z)/d ln k) |(kp,zp) and the vertical
line shows the Ly↵ pivot wavenumber (kp = 0.009 s/km).
EDE cosmologies that can resolve the Hubble tension and fit
the baseline dataset require an enhanced amplitude and slope
near the pivot scale relative to ⇤CDM cosmologies. These
requirements, particularly the steeper derivative, are in ten-
sion with the Ly↵ measurements. This figure is for illustrative
purposes and thus does not include errors for the Ly↵ data.

datasets used here, the linear power spectrum for EDE
cosmologies that are consistent with the baseline dataset
can be mimicked at high precision by a ⇤CDM cosmology;
thus the ⇤CDM assumption in the Ly↵ likelihood has
little impact on our results.

We also consider measurements from the 1D Ly↵

forest flux power spectrum of the XQ-100 [44] and
MIKE/HIRES quasar samples [45]. We fit a 2D Gaussian
to the �2

L
– nL contour at zp = 3 and kp = 0.009 s/km

derived from the analysis in Appendix A of [32].2 The
details of this likelihood are described in the Supplemen-
tal Material. We refer to this dataset as XQ-100 Ly↵.
Table I includes the parameters for this likelihood.

Methodology— We sample from the EDE parameter
posterior distributions using the Markov chain Monte
Carlo (MCMC) code Cobaya [46].3 We compute the e↵ec-
tive Ly↵ parameters nL and �2

L
from the linear matter

2 The XQ100 and MIKE/HIRES samples have a pivot at higher
redshifts, but the results can be converted to zp = 3 since the
rescaling is done in the matter-dominated era.

3 https://github.com/CobayaSampler/cobaya
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FIG. 3: (Left) SIDR model fits to D (red), DH (orange), and DL (green). Models that address the Hubble tension are multiple
�s away from Ly↵ data. (Right) WZDR model fits to D (red), DH (orange), and DL (green). Models that address the Hubble
tension are multiple �s away from Ly↵ data.

III. DATA AND MCMC

Section with list of the data and likelihoods, choices of priors and settings for the MCMC runs.

• Our baseline data set D includes the Planck 2018 [10], TT,TE, and EE data for low-` (‘lowl TT’, ‘lowl EE’)
and high-` (‘highl TTTEEE’) with the full set of nuisance parameters. It also includes late-universe constraints:
the BAO-only likelihood (‘bao boss dr12’) from BOSS DR12 (z = 0.38, 0.51, 0.61)[11] and the small-z BAO
likelihood (‘bao smallz 2014’) including data from the 6dF (z = 0.106)[12] and MGS (z = 0.15) [13] catalogs,
as well as the PANTHEON [14] supernova likelihood (‘Pantheon’).

(HB: Copied EFT likelihood here from Nil’s paper: EFTofBOSS: Full-modeling information from BOSS DR12
LRG using the e↵ective field theory of large scale structure (EFTofLSS), cross-correlated with the reconstructed
BAO parameters [30]. The SDSS-III BOSS DR12 galaxy sample data and covariances are described in [31,
32]. The measurements, obtained in [33], are from BOSS catalogs DR12 (v5) combined CMASS-LOWZ 9 [34],
and are divided in redshift bins LOWZ, 0.2 ¡ z ¡ 0.43 (ze↵ = 0.32), and CMASS, 0.43 ¡ z ¡ 0.7 (ze↵ = 0.57),
with north and south galactic skies for each, respectively denoted NGC and SGC. From these data we use the
monopole and quadrupole moments of the galaxy power spectrum. The theory prediction and likelihood for
the fullmodeling information are made available through PyBird [35]. • EFTofeBOSS: The EFTofLSS analysis
[36] of eBOSS DR16 QSOs [37]. The QSO catalogs are described in [38] and the covariances are built from the
EZ-mocks described in [39]. There are about 343 708 quasars selected in the redshif range 0.8 ¡ z ¡ 2.2, with ze↵
= 1.52, divided into two skies, NGC and SGC [40, 41]. From these data we use the monopole and quadrupole
moments of the galaxy power spectrum. The theory prediction and likelihood for the full-modeling information
are made available through PyBird.)

• The data set H consists of the latest measurement of the intrinsic magnitude of supernovae Mb = �19.253±0.027
by the SHOES collaboration [6] , which we implement as a Gaussian likelihood for this parameter. (HB: Includ
EFT likelihood here.)

• The data set L
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Abstract. The primordial Lithium Problem is intimately connected to the assumption

that 7Li observed in the atmospheres of metal-poor halo stars in fact retains its primordial

abundance, which lies significantly below the predictions of standard big-bang nucleosynthesis.

Two key lines of evidence have argued that these stars have not significantly depleted their

initial (mostly primordial) 7Li: i) the lack of dispersion in Li abundance measurements at

low metallicity (and high surface temperature); and ii) the detection of the more fragile 6Li

isotope in at least two halo stars. The purported 6Li detections were in good agreement with

predictions from cosmic-ray nucleosynthesis which is responsible for the origin of 6Li. This

concordance left little room for 6Li depletion, and the apparent 6Li survival implied that 7Li

largely evaded destruction, because stellar interiors destroy 6Li more vigorously then than 7Li.

Recent (re)-observations of halo stars challenge the evidence against 7Li depletion: i) lithium

elemental abundances now show significant dispersion, and ii) sensitive 6Li searches now yield

no definitive detections, revealing only firm upper limits to the 6Li/7Li ratio. We discuss the

consequences of these 6Li non-detections on the primordial 7Li Problem, Galactic cosmic-ray

nucleosynthesis, and the question of di↵erential depletion of Li in stars. The tight new 6Li

upper limits generally fall far below the predictions of cosmic-ray nucleosynthesis, implying

that substantial 6Li depletion has occurred–by factors up to 50. We show that in stars with
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Figure 2: Cosmic-ray prediction for lithium isotope evolution versus [Fe/H]. Curves show

our cosmic-ray model predictions, which include GCR nucleosynthesis for both isotopes, and

⌫-process production for 7Li. In addition, for 7Li, primordial BBN production is also included.

Top panel: The BBN/GCRN 7Li/H abundance is contrasted with elemental Li/H abundance

data compiled from [5, 21, 29, 45–48, 51, 120–129]; stars shown have Te↵ > 6000 K. Bottom

panel: The GCRN 6Li/H abundance contrasted with data (upper limits) compiled from [42–

44, 120].

of 7Li/H is very flat, as it is dominated by its BBN primordial value. Slowly, as GCRN

production (and the ⌫-process) becomes e↵ective, the abundance of 7Li/H begins to rise.

Note that we do not include any late time production (such as novae [119]) and thus the

– 10 –

overcome for such observations include finding suitable target systems with su�ciently bright

background sources, and avoiding regions where Li is highly ionized.8 The payo↵ would be

that such measurements would o↵er a new probe of lithium evolution, complementary to that

of stellar abundances.

In closing, we note that a stellar astrophysics solution to the Primordial Lithium Problem

clearly would have profound consequences. It would remove a cloud of lingering concern about

standard BBN, and strengthen its role in cosmology and particle physics. Indeed, nonstan-

dard BBN scenarios have already been increasingly challenged by the high-precision of D/H

abundances that agree with the BBN+CMB predictions, and the tight correlation between

D and 7Li perturbations in new physics scenarios. Also, inferring the observed primordial

lithium abundance would now require the use of detailed stellar and cosmic-ray nucleosynthe-

sis models. So for the near term, 7Li would seem unlikely to be a reliable independent probe

of BBN–a situation similar to the current status of primordial 3He determinations [137]. It

remains to be seen whether future observations can chart a new way to measure primordial
7Li unambiguously and precisely, but we remain ever optimistic.
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