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Figure 1. E↵ect of free-streaming radiation on the CMB temperature power spectrum (adapted from [87]). To illustrate the
sensitivity of the Planck 2018 temperature data, we also display their 1� error bars [90]. Left : Variation of the CMB temperature
power spectrum DTT

` ⌘ `(` + 1)/(2⇡)CTT
` as a function of Ne↵ for fixed angular size of the sound horizon ✓s. The dominant

exponential damping of DTT
` is clearly visible and would be the same if the radiation was non-free-streaming, in contrast to the

phase shift illustrated in the right panel. Right : Variation of the undamped CMB temperature power spectrum K` = d�1
` DTT

` ,
with exponential damping function d`, as a function of Ne↵ . Following [56], the physical baryon density !b, the scale factor at
matter-radiation equality aeq ⌘ !m/!r, the angular size of the sound horizon ✓s and the angular size of the damping scale ✓D
are held fixed in the second panel. In addition, the spectra are normalized at the fourth peak. The remaining variation is the
phase shift � with a zoom-in shown in the bottom panel. We refer to [87] for additional details.

acoustic peak (quantities that are well measured), the e↵ect on the damping tail is the dominant imprint of relativistic
particles, such as neutrinos (see the left panel of Fig. 1) [54]. They modify the damping tail through their contribution
to the Hubble rate, which, in turn, changes the amount of photon di↵usion in the pre-recombination universe result-
ing in an exponential suppression of short-wavelength modes [89]. This e↵ect is degenerate with other cosmological
parameters (in particular the helium fraction Yp) in the CMB temperature power spectrum [53], but the degeneracy
with Yp can be broken by including BBN information and/or CMB polarization data. While this is the leading e↵ect
to constrain additional radiation in the CMB, it does not discriminate between free-streaming (i.e. non-interacting)
and non-free-streaming (i.e. interacting or fluid-like) neutrinos since the Hubble rate only depends on the background
energy density [57].

Perturbations in neutrinos and other free-streaming radiation also a↵ect the photon-baryon fluid in the early
universe through their gravitational influence leading to imprints that allow to distinguish between free-streaming and
non-free-streaming radiation: a shift in the amplitude and the phase of the acoustic peaks in both temperature and
polarization (see the right panel of Fig. 1) [53]. First, the presence of free-streaming radiation leads to a suppression
of the superhorizon gravitational potential which implies that more energy in free-streaming radiation reduces the
initial amplitude of adiabatic fluctuations [53, 91]. This e↵ect is however somewhat degenerate with the primordial
power spectrum amplitude. The second imprint is however not degenerate with other cosmological parameters [53, 57]
and is unique to free-streaming radiation, providing a direct connection to the underlying particle properties [57].
The key property of standard neutrinos that distinguishes them from non-free-streaming radiation is their supersonic
propagation: while sound waves in the photon-baryon fluid travel at cs ⇡ 1/

p
3, SM neutrinos free-stream at nearly

the speed of light. The neutrinos therefore propagate ahead of the sound horizon of the photon-baryon fluid and exert
a gravitational pull that shifts the photon and baryon perturbations to larger distances. In the CMB temperature and
polarization power spectra, this e↵ect manifests itself as a phase shift of the CMB peaks to larger physical scales (i.e. to
smaller multipoles `) [53, 57]. While this shift is �` ⇠ 20 at high multipoles in the standard model of cosmology [57, 92], it
can be smaller or larger in models with non-free-streaming neutrinos or additional free-streaming radiation, respectively.
This phase shift from neutrinos has been directly measured in the Planck temperature data [56] (see [55, 57, 93] for
complementary analyses) providing the most direct evidence to date for free-streaming radiation consistent with the
cosmic neutrino background.

Putting all e↵ects of relativistic and free-streaming neutrinos on the temperature and polarization power spectra
together, the Planck satellite has resulted in a 6% constraint on their energy density of Ne↵ = 2.92+0.18

�0.19 [6]. Future
high-resolution maps of the CMB could realistically achieve up to a 1% constraint of �(Ne↵) = 0.03 in the coming
decade [94–96], with additional improvements possible with more futuristic CMB experiments (see e.g. [57, 97]). When
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Astrophysical Neutrino “Laboratories”

Early Universe,
Weak Decoupling/BBN

Stellar Collapse, supernovae,
binary compact object mergers

Gravitation dictates a slow expansion, allowing
very weakly interacting particles to a↵ect the physics.

Large entropy-per-baryon, S/kb ⇠ 10
10
, simplifying

the nuclear physics. Low lepton numbers,
implying very small ⌫ � ⌫̄ asymmetry.

n/p, deuterium (D), helium, Ne↵ sensitive to

any BSM physics that alters the

time/temperature/scale factor relationship.

very tightly constrained
by CMB (soon Stage-4) observables

and 30m-class telescope-determined D/H.
<latexit sha1_base64="tG+7AYw/J5LMFUn98bEqu4pYa6c="></latexit>

⌫e + n ⌦ p + e�
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n ⌦ p + e� + ⌫̄e
<latexit sha1_base64="qGeIRQNmNvXpDMDDszs2qcAw6hQ="></latexit>

Weak interaction dictates all aspects of evolution.
Very large electron lepton number, so evolution is
exquisitely sensitive to lepton number violation.

Low-to-high entropy, S/kb ⇠ 1 to ⇠ 100;
primary site for intermediate and heavy nucleus
nucleosynthesis; many aspects can be sensitive to
neutrino flavor transformation and BSM physics.

Manufactures neutron stars and black holes.

Not well constrained
<latexit sha1_base64="hpbbH3ULq6PQcEhT4641X7Lixng="></latexit>
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The coming era of
precision cosmology
I. CMB Stage-IV (2203.07638) and others

A. Simons Observatory - Atacama Desert, Chile
B. South Pole Observatory - South Pole
C. Other CMB experiments - CLASS and QUIET
D. Satellites: LiteBIRD and PIXIE

II. Thirty-meter class telescopes
A. EELT and GMT - Atacama
B. TMT – Mauna Kea, Hawaii

III. Surveys
A. DES - Cerro Tololo, Chile
B. DESI - Kitt Peak, AZ
C. Vera Rubin Observatory – Cerro Pachón, Chile
D. Satellites: Euclid, Roman, SPHEREx
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W. F. Valle,15 Benjamin Wallisch24,25

1
Department of Physics and Astronomy, University of California, Irvine, Irvine, CA 92697, USA

2
Department of Physics and Astronomy, University of Victoria, Victoria, BC V8P 5C2, Canada

3
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Physics of Big Bang Nucleosynthesis

Weak Decoupling: 𝜈(𝜈, 𝜈)𝜈 & 𝑒 𝜈, 𝜈 𝑒

Nuclear Freeze Out: 𝑛 𝑝, 𝛾 𝑑

Weak Freeze Out: 𝑛 𝜈, 𝑒 𝑝

EM equilibrium: 𝑒 𝑒, 𝛾 𝛾

Time ≲ 1 sec.

Time ≳ 100 sec.

Synthesis of light-elements:
§ Hydrogen ~0.75
§ Helium ~0.25
§ Deuterium ~10!"
§ Lithium ~10!#$

Sub-epochs of BBN

QCD Epoch ~10!" s
Setting the stage:
a. Homogeneous & Isotropic
b. Nearly CP symmetric (10-10) 

[cf. 2204.08668]
c. No free quarks

Baryogenesis ~?
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Out-of-Equilibrium Neutrino Energy Transport
Neutrino scattering on charged leptons

⌫i + ⌫i $ e� + e+

⌫i + e± $ ⌫i + e±

Important for CMB parameter for 
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Neutron-to-Proton Rates

10°310°210°1100101

Tcm (MeV)

10°10

10°8

10°6

10°4

10°2

100

102

104

ra
te

(s
°

1 )

∏∫en

∏e+n

∏n decay

H

∏e°p

∏∫̄ep

∏∫̄ee°p

6 rates normalized
to neutron lifetime

10°210°1100101

Tcm (MeV)

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

n
/p

Actual

Equil.

Rule of thumb:

p p p p p p p n
p p p p p p p n

n/p ⇠ 1/7

(Expansion Rate)

⌫e + n $ p+ e�

e+ + n $ p+ ⌫e

n $ p+ e� + ⌫e 𝑚! −𝑚" ≃ 1.3 MeV

4
He 25% by mass

Grohs & Fuller (2016)

8



2.5

5.0

7.5

10.0

≤

DiÆerential ∫e Visibility

0.00

0.25

0.50

0.75

1.00

0.0

0.2

0.4

0.6

0.8

1.0

n
/p

Calculated

Equilibrium

10°310°210°1100101

Tcm (MeV)

10°15

10°13

10°11

10°9

10°7

10°5

10°3

10°1

X
i

n

p

d

t
3He
4He
6Li
7Li
7Be

Neutrino physics
occurring during BBN

Bond+ (In Prep.)

Coincident epochs during BBN:
Weak Decoupling (Diff. Vis.)
Weak Freeze-Out (𝑛/𝑝)
Nuclear Freeze-Out (𝑋&)

Dashed lines: weak equilibrium or NSE

9



Radiation energy density during Recombination

Computing CMB observables requires energy density

⇢rad = ⇢� + ⇢other =

"
2 + 2

7

8

✓
4

11

◆4/3

Ne↵

#
⇡2

30
T 4

Photon Contribution Non-Photon Contribution

Effective number of neutrinos: parameter for non-photon energy density
Need not be an integer!

Cf. 2203.07943 & talk by B. WallischTheory: Neff = 3.045 10



Effects of Radiation on CMB
Black points are Planck 2018 data values

2 10 30

10
2

10
3

D
T

T
`

[µ
K

2
]

500 1000 1500 2000 2500

`

✓s fixed

0.0

3.0

6.0

9.0

0 500 1000 1500 2000 2500
0.0

3.0

6.0

K
`

[1
03

µ
K

2
]

!b, ✓s, aeq, ✓D, A fixed

950 1000 1050 1100 1150 1200 1250

`

3.5

4.5

5.5

.

0

1

2

3

4

5

6

7

N
e↵

Figure 1. E↵ect of free-streaming radiation on the CMB temperature power spectrum (adapted from [87]). To illustrate the
sensitivity of the Planck 2018 temperature data, we also display their 1� error bars [90]. Left : Variation of the CMB temperature
power spectrum DTT

` ⌘ `(` + 1)/(2⇡)CTT
` as a function of Ne↵ for fixed angular size of the sound horizon ✓s. The dominant

exponential damping of DTT
` is clearly visible and would be the same if the radiation was non-free-streaming, in contrast to the

phase shift illustrated in the right panel. Right : Variation of the undamped CMB temperature power spectrum K` = d�1
` DTT

` ,
with exponential damping function d`, as a function of Ne↵ . Following [56], the physical baryon density !b, the scale factor at
matter-radiation equality aeq ⌘ !m/!r, the angular size of the sound horizon ✓s and the angular size of the damping scale ✓D
are held fixed in the second panel. In addition, the spectra are normalized at the fourth peak. The remaining variation is the
phase shift � with a zoom-in shown in the bottom panel. We refer to [87] for additional details.

acoustic peak (quantities that are well measured), the e↵ect on the damping tail is the dominant imprint of relativistic
particles, such as neutrinos (see the left panel of Fig. 1) [55]. They modify the damping tail through their contribution
to the Hubble rate, which, in turn, changes the amount of photon di↵usion in the pre-recombination universe result-
ing in an exponential suppression of short-wavelength modes [89]. This e↵ect is degenerate with other cosmological
parameters (in particular the helium fraction Yp) in the CMB temperature power spectrum [54], but the degeneracy
with Yp can be broken by including BBN information and/or CMB polarization data. While this is the leading e↵ect
to constrain additional radiation in the CMB, it does not discriminate between free-streaming (i.e. non-interacting)
and non-free-streaming (i.e. interacting or fluid-like) neutrinos since the Hubble rate only depends on the background
energy density [57].

Perturbations in neutrinos and other free-streaming radiation also a↵ect the photon-baryon fluid in the early
universe through their gravitational influence leading to imprints that allow to distinguish between free-streaming and
non-free-streaming radiation: a shift in the amplitude and the phase of the acoustic peaks in both temperature and
polarization (see the right panel of Fig. 1) [54]. First, the presence of free-streaming radiation leads to a suppression
of the superhorizon gravitational potential which implies that more energy in free-streaming radiation reduces the
initial amplitude of adiabatic fluctuations [54, 91]. This e↵ect is however somewhat degenerate with the primordial
power spectrum amplitude. The second imprint is however not degenerate with other cosmological parameters [54, 57]
and is unique to free-streaming radiation, providing a direct connection to the underlying particle properties [57].
The key property of standard neutrinos that distinguishes them from non-free-streaming radiation is their supersonic
propagation: while sound waves in the photon-baryon fluid travel at cs ⇡ 1/

p
3, SM neutrinos free-stream at nearly

the speed of light. The neutrinos therefore propagate ahead of the sound horizon of the photon-baryon fluid and exert
a gravitational pull that shifts the photon and baryon perturbations to larger distances. In the CMB temperature and
polarization power spectra, this e↵ect manifests itself as a phase shift of the CMB peaks to larger physical scales (i.e. to
smaller multipoles `) [54, 57]. While this shift is �` ⇠ 20 at high multipoles in the standard model of cosmology [57, 92], it
can be smaller or larger in models with non-free-streaming neutrinos or additional free-streaming radiation, respectively.
This phase shift from neutrinos has been directly measured in the Planck temperature data [56] (see [57, 93, 94] for
complementary analyses) providing the most direct evidence to date for free-streaming radiation consistent with the
cosmic neutrino background.

Putting all e↵ects of relativistic and free-streaming neutrinos on the temperature and polarization power spectra
together, the Planck satellite has resulted in a 6% constraint on their energy density of Ne↵ = 2.92+0.18

�0.19 [6]. Future
high-resolution maps of the CMB could realistically achieve up to a 1% constraint of �(Ne↵) = 0.03 in the coming
decade [95–97], with additional improvements possible with more futuristic CMB experiments (see e.g. [57, 98]). When
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Contributions to Matter Power Spectrum (forecasts)

Contributions 
weighted by S/N
(x3 for CMB Lensing)
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Figure 4. Variation of the matter power spectrum P (k) (left) and the BAO spectrum Pw(k)/P nw(k) (right) as a function
of Ne↵ (adapted from [87]). The BAO spectrum is the ratio of the oscillatory part Pw(k) of the matter power spectrum and
its smooth broadband part P nw(k) = P (k) � Pw(k). The physical baryon density, !b, the physical sound horizon at the drag
epoch, rs, the scale factor at matter-radiation equality, aeq, and the BAO amplitude A at the fourth peak are held fixed in the
second BAO panel. This panel and the bottom zoom-in show the remaining phase shift induced by free-streaming relativistic
species. We refer to [87] for additional details.

with the bias b(k, z), noting that when including massive neutrinos we should only consider the baryon and dark matter
power spectrum Pcb instead of Pm [105–107]. Even in the absence of neutrinos, scale and redshift dependence of b is
the major challenge for galaxy clustering surveys. Perturbative treatment of biasing leads to an expansion in terms
of local operators formed out of the density and tidal field up to a given order in perturbation theory [108], which
gives rise to a number of physically motivated parameters that can be marginalised over when fitting for the shape of
the galaxy power spectrum [e.g. 109]. Note, however, that since the high momenta of neutrinos permit them to travel
over cosmological distances, the bias expansion will depend on the history of the matter and neutrino density fields
at cosmological distances as well. This fact causes the bias parameters to acquire a scale-dependent feature at scales
near and beyond the neutrino free-streaming scale [105, 110, 111]. This feature is both a signal and, if not properly
accounted for, a systematic to future measurements of neutrino mass from galaxy clustering [112–114].

As galaxy surveys are pushing beyond k > 0.1 h/Mpc, it becomes also more and more important to accurately model
non-linear scales and baryonic physics. Many approaches exist, making use of perturbative theoretical models [115–
119], simulations [120], simulation emulator approaches [121–125], or hybrid methods based on the halo model with
simulation input [126, 127]. Note, however, in all cases it is crucial to account for uncertainties in the theoretical
modelling in order to avoid biases in the parameter estimation [128, 129].

Besides the smooth (broadband) component of the matter power spectrum, significant cosmological information
is contained in the oscillatory spectrum of baryon acoustic oscillations (BAO). The former mainly depends on the
background evolution and the latter captures the cosmic sound waves that we also observe in the CMB anisotropies.
In the BAO spectrum, a change in the radiation density leads to shifts in the frequency, amplitude and phase of the
BAO spectrum. The BAO frequency corresponds in Fourier space to the BAO scale, which is the size of the sound
horizon at the drag epoch, and, therefore, depends on the background expansion history. This is the quantity that
most BAO analyses extract and use to constrain cosmology. As discussed in Sec. 3.3, the amplitude and phase shifts
originate from the evolution of the neutrino perturbations in the early universe (see the right panel of Fig. 4). While the
amplitude is a↵ected by gravitational nonlinearities, the phase shift due to the supersonic propagation of free-streaming
species should be robust to these late-time complications [58, 60]. This allowed to extract of a non-zero phase shift from
the distribution of galaxies observed by the Baryon Oscillation Spectroscopic Survey (BOSS) [59, 100], with ongoing
and future galaxy surveys significantly improving on this first measurement [100]. At the same time, it provides a way
to constrain the free-streaming nature of neutrinos independent, but complementary to the CMB.

The broadband shape of the matter power spectrum responds to a larger radiation density with a shift in the
location of the turn-over towards larger scales and a suppression of power on small scales (see the left panel of Fig. 4).
Both e↵ects are due to matter-radiation equality occurring at a later time. In contrast to the BAO spectrum, the
broadband shape therefore cannot distinguish between free-streaming and non-free-streaming radiation. Although these
e↵ects are clearly visible in the linear matter power spectrum, they are limited by uncertainties related to gravitational

– 9 –

Baryon-Acoustic Oscillation Phase Shift

Similar physics of free-streaming radiation influencing CMB phase shifts

Detectable [see Baumann et al (2019)] 14



Sterile Neutrinos as DM

I. X-ray/𝛾-ray constraints
a. Current constraints solid
b. Possible signal for 𝑚'~7.1 keV
c. Dashed lines future sensitivity
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Neutrino non-standard (secret) interactions
N. Blinov, M. Bustamente, K. Kelly, Y. Zhang and et al: 2203.01955
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Figure 9. Limits on the coupling strength of neutrino self-interactions, g↵� , as a function of the mediator mass, M . We show
limits from the propagation of neutrinos from SN 1987A [147, 150], from inside the SN 1987A core [147, 150], CMB [108] (see
also Ref. [173]), BBN [38], laboratory measurements of particle decays [37], double beta decay (���) [174], stellar cooling [168],
IceCube High Energy Starting Events (HESE) [158], and a high-energy neutrino detected by IceCube from the blazar TXS
0506+056 [156]. Figure modified from Ref. [158].

mechanism, as well as nucleosynthesis of heavy elements. This is a topic of intense investigation, and the final word is
yet to be determined.

Finally, ⌫SI can also manifest themselves through the interactions of the SN neutrinos with the cosmic neutrino
background (C⌫B). During propagation, neutrinos from a SN can scatter with the C⌫B and lose energy, and/or get
deflected causing a time delay. Knowing the distance at which the SN occurred (e.g., SN1987A occurred roughly at
a distance of 50 kpc in the Large Magellanic Cloud), one can estimate the time delay, and change in spectral shape
due to these scatterings to put tight constraints on ⌫SI [147, 150, 157]. The same operator giving rise to ⌫SI can
also cause neutrinos to decay if the mediator is light enough. This can cause spectral distortions, which can be used
to put bounds on such couplings, and consequently on ⌫SI [175, 176]. Refs. [148, 177] explored the possibility of
sterile neutrinos undergoing secret interactions on the di↵use supernova neutrino background. A collection of various
limits on the ⌫SI coupling, as discussed, is depicted in Fig. 9. The possible observation of neutrinos from a CCSN at
similar/closer distances to SN1987A with current/next-generation neutrino experiments promises exciting prospects
for extending these searches across this parameter space.

4.2 High-Energy and Ultra-High-Energy Neutrinos

Complementary to neutrinos emitted in SNe, many astrophysical sources (across a vast span of distances from Earth)
exist that produce neutrinos across orders of magnitudes of energies. With the advent of gigaton-scale neutrino
telescopes (such as IceCube [178] and ANTARES [179]), more and more neutrinos from these sources are being observed
and being identified as extragalactic. Even with these first observations, fundamental properties of neutrinos are
capable of being explored with unprecedented precision. Moreover, future neutrino telescope proposals, including
Baikal-GVD [180], KM3NeT [181], P-ONE [182], TAMBO [183], IceCube-Gen2 [184], and their combination [185],
are capable of even deeper understanding of neutrino properties. By measuring the properties of these astrophysical

– 20 –

SN 1987A constraints from Kolb & Turner (1987)
Updated by Shalgar+ (2021)

a. Rapid thermalization in core
b. Propagation and detection at Earth

Cosmology Constraints/Improvements
a. Possible amelioration of Hubble Tension 

(2203.06142)
b. Additional radiation energy density
c. No useful constraints from neutrino 

decoupling (2002.08557)
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Summary

1. Solid evidence for the existence of neutrinos in hot big bang cosmology
a. CMB and BAO show Neff not equal to zero
b. BBN shows neutrinos have ~thermal spectra

2. Future probes will show even more sensitivity to neutrino energy 
spectra

3. Convolution of terrestrial experiments and cosmological probes may 
reveal basic neutrino properties

4. Discordance between terrestrial and cosmology will undoubtedly reveal 
new physics
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Constraints on non-standard Neutrino Cosmologies
I. Sterile Neutrinos

a. Neff sensitivity from O(eV)
b. Dark matter contribution for O(keV)
c. Early Universe dynamics O(MeV)

II. Neutrino non-standard interactions
a. Influence on free-streaming assumptions (possible Hubble tension amelioration)

III. Neutrino lepton numbers
a. Leptogenesis models
b. BBN abundances (put in constraints)

IV. Neutrino lifetime (from free-streaming):

V. Low-temperature Reheating from Inflation (decrease in Neff)

⌧⌫ � 4⇥ 106(m⌫/0.05 eV)5



Concordance Scenarios for neutrino mass



Beyond Concordance for neutrino mass

1. First Scenario
a. Signal in 0𝜈2𝛽
b. No detection of Σ𝑚( ≠ 0
c. Severe challenge to ΛCDM and thermal history of neutrino spectra
d. Any detection from endpoint experiments would further challenge ΛCDM

2. Second Scenario
a. Signal in 0𝜈2𝛽
b. Detection of Σ𝑚( ≠ 0
c. Signals discordant, i.e., do not lie in bounded areas of previous plot
d. Possible Causes:

i. Another challenge to ΛCDM
ii. Sterile states contributing to 𝑚))
iii. Exotic physics beyond neutrino mass
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Entropy and Nuclear Statistical Equilibrium

Entropy of universe is LARGE 
(for nuclear environment)
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Nuclear reactions
in BBN

26 nuclides

88 reactions

18 nuclides

60 reactions

9 nuclides

25 reactions

Figure 16. Reaction network.

Only one way to make deuterium
“deuterium bottleneck”

𝑛 𝑝, 𝛾 𝑑

First BBN calculation:
Wagoner, Fowler, Hoyle 1967

Ignoring weak interactions,
number of protons and
neutrons separately conserved

Lines between boxes
denote reactions

L. Kawano



Observations of Primordial Deuterium

Cooke et al (2018)

10
5 ⇥D/H = 2.53± 0.03

4.3. Intrinsic Scatter

Even though the seven measurements considered here show
no apparent trend with metallicity or H I column density, there
may still be an intrinsic scatter of these D/H measurements
that could be due to systematics that are currently unac-
counted for. Such an “excess” dispersion in D/H abundance
measurements was originally noted by Steigman (2001) for an
earlier, and more heterogeneous, sample of D/H values.
Indeed, a simple χ2 test reveals that these seven measures are
statistically consistent (i.e., within 2σ) of being drawn from a
constant D/H value. This suggests that the intrinsic scatter
among the measurements must be low, and we now explore
this in further detail.

Suppose that each measured D/H value, di, with uncertainty
σi has a corresponding “true” value, dT. The probability that a
given observation arises from the true value is given by

d d
d d
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Similarly, if the true values are drawn from an “intrinsic”
distribution with central value DHP and scatter σ, the
probability that a true value is drawn from the intrinsic
distribution is

d
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Therefore, the probability of obtaining a measured D/H
value, di, given our intrinsic model is found by integrating over
all possible true values
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and the log-likelihood function is then given by

dlog Pr DH . 6
i

i P$ �=
⎡
⎣⎢

⎤
⎦⎥( ∣ ) ( )

Using a brute force method, we solve for the parameter values
(DHP and σ) that maximize the likelihood function in
Equation (6), based on the seven measures listed in Table 3.

The maximum likelihood parameter values are

DH 4.5976 0.0072 7P = - o ( )
0.027 95% confidence . 8-s ( ) ( )

Note that the intrinsic dispersion, σ, has a maximum likelihood
value of zero; we therefore quote a 2σ upper limit. The above
likelihood analysis indicates that there is very little intrinsic
scatter in our defined sample of consistently analyzed D/H
measures. We therefore speculate that the original excess
scatter noted by Steigman (2001) is probably due to a
combination of the different analysis techniques employed by
different authors and the use of absorption line systems that
were not well-suited for measuring D/H. Together, these
factors probably resulted in underestimates of the true errors in
the values of D/H reported.

5. Cosmological Consequences

5.1. The Primordial Deuterium Abundance

Based on the analysis above, we conclude that the seven D/H
measurements considered here are drawn from the same value,
and a weighted mean of these measures gives our best estimate of
the primordial deuterium abundance:20

log D H 4.5974 0.0052 910 P = - o( ) ( )

or, expressed as a linear quantity:

10 D H 2.527 0.030. 105
P = o( ) ( )

This value corresponds to a ∼1% determination of the
primordial deuterium abundance, and is shown in Figure 6
by the dashed and dotted horizontal lines to represent the 68%
and 95% confidence regions, respectively. Our determination
of the primordial deuterium abundance quoted here has not
changed much from our previous estimate in Cooke et al.
(2016); as discussed above, the new value is in mutual
agreement with the previous six measures and is of comparable
precision. We therefore conclude that the primordial deuterium
abundance quoted here is robust.

Figure 6. Our sample of seven high precision D/H measures (symbols with error bars); the green symbol represents the new measure that we report here. The
weighted mean value of these seven measures is shown by the red dashed and dotted lines, which represent the 68% and 95% confidence levels, respectively. The left
and right panels show the dependence of D/H on the oxygen abundance and neutral hydrogen column density, respectively. Assuming the Standard Model of
cosmology and particle physics, the right vertical axis of each panel shows the conversion from D/H to the universal baryon density. This conversion uses the
Marcucci et al. (2016) theoretical determination of the d p, He3g( ) cross-section. The dark and light shaded bands correspond to the 68% and 95% confidence bounds
on the baryon density derived from the CMB (Planck Collaboration et al. 2016).

20 These values and their errors are unaffected by the small error increases
resulting from the changes to our fitting procedure, as discussed in Sections 3.1
and 3.2.
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New Results from LUNA on 𝑑(𝑝, 𝛾)3He
Deuterium sensitive to nuclear reaction rates.

Previously (Di Valentino et al, 2014):

is smaller than the (indirect, model-dependent) cosmologi-
cal determination from CMB data, but with a comparable
uncertainty.
These two deuterium abundance determinations, while

broadly consistent, are off by about two standard devia-
tions. This small tension might well be the result of small
experimental systematics, either in Planck or in astrophysi-
cal deuterium measurements. However, the point of this
paper is to underline that current BBN calculations could
also be plagued by systematics in the experimental deter-
mination of nuclear rates. As explained in the following,
the main uncertainty for standard BBN calculations of 2H
comes from the rate of the radiative capture reaction
dðp; γÞ3He. A recent review of the experimental status
for this process can be found in Ref. [7]. The low-energy
limit of its cross section σðEÞ [or equivalently, of the
corresponding astrophysical factor SðEÞ [8]] is well known
thanks to the results of the underground experiment LUNA
[9]. However, during BBN, the relevant energy range in the
center of mass is rather around E≃ 30–300 keV. For such
energies, the uncertainty on the cross section is at the level
of 6–10% when fitting SðEÞ with a polynomial expression.
This translates into a theoretical error on the primordial
2H=H ratio of the order of 2% (for a fixed value of the
baryon density and Neff ), comparable to the experimental
error in the above cosmological determination (2) or
astrophysical determination (3).
Recently, a reliable ab initio nuclear theory calculation

of this cross section has been performed in Refs. [10–12].
The uncertainty on this prediction can be conservatively
estimated to be also of the order of 7% [13]. However, the
theoretical result is systematically larger than the best-fit
value derived from the experimental data in the BBN
energy range. By plugging the theoretical estimate of the
cross section into a BBN code one finds that more
deuterium is destroyed for the same value of the cosmo-
logical baryon density, and thus the predicted primordial
2H abundance results to be smaller [13]. Interestingly, the
theory-indicated cross section could be a way to reconcile
the slightly different values of 2H=H measured in astro-
physical data and predicted by Planck. Indeed, the result
quoted in Eq. (2) using the public BBN code PARTHENOPE
[3] relies on a value of the cross section dðp; γÞ3He inferred
from nuclear experimental data [the default value for the
dðp; γÞ3He rate used in the code was calculated in
Ref. [14], and agrees at the 1.4% level with the best-fit
result of Ref. [7]].
Further data on this crucial cross section in the relevant

energy range might be expected from experiments such as
LUNA. While waiting for such measurements one can find
out to which extent the deuterium measurement of Ref. [5]
can be made even more compatible with Planck predictions
when the rate of the reaction dðp; γÞ3He is treated as a
free input parameter. We will address this issue assuming
different cosmological models: the minimal ΛCDM model,

ΛCDM plus extra radiation, a non-spatially flat universe,
etc. This simple exercise points out that, remarkably,
present CMB data are powerful enough to provide infor-
mation on nuclear rates. Moreover, we will see that our
results give independent support to the theoretical calcu-
lation of Ref. [12]. Of course, this close interplay between
astrophysical observations and nuclear physics is not new.
It is worth recalling the role that the solar neutrino problem
played in the quest for a more accurate solar model, and
the impact of this question on experimental efforts for
measuring specific nuclear cross sections.
The paper is organized as follows. In the next section,

we discuss in more detail the nuclear rates which are most
relevant for the determination of the primordial deuterium
abundance and its theoretical error. We introduce a sim-
plified way to parametrize the level of uncertainty still
affecting the dðp; γÞ3He reaction rate, found to be sufficient
for our analysis. In Sec. III, we describe our method for
fitting cosmological and astrophysical data. We present our
results in Sec. IV, and discuss their implications in Sec. V.

II. THE PRIMORDIAL DEUTERIUM AS A
FUNCTION OF COSMOLOGICAL

PARAMETERS AND NUCLEAR RATES

As is well known, the theoretical value of the primordial
2H=H abundance is a rapidly decreasing function of the
baryon density parameter Ωbh2. If we consider a slightly
more general cosmological model with extra radiation, it
grows as Neff increases. Finally, this value depends on the
cross section of a few leading nuclear processes, respon-
sible for the initial deuterium production and its subsequent
processing into A ¼ 3 nuclei. More precisely, the calculation
depends on the thermal rate of such processes, obtained by
convolving their energy-dependent cross section σðEÞ with
the thermal energy distribution of incoming nuclei during
BBN. The four leading reactions are listed in Table I. Note
that the uncertainties reported in the Table, like all other
results quoted in this paper, unless otherwise stated, are
calculated with a version of PARTHENOPE where the
dðp; γÞ3He reaction rate is updated to the best-fit determi-
nation of Ref. [7].

TABLE I. List of the leading reactions and corresponding rate
symbols controlling the deuterium abundance after BBN. The
last column shows the error on the ratio 2H=H coming from
experimental (or theoretical) uncertainties in the cross section of
each reaction, for a fixed baryon density Ωbh2 ¼ 0.02207.

Reaction Rate symbol σ2H=H × 105

pðn; γÞ2H R1 $0.002
dðp; γÞ3He R2 $0.062
dðd; nÞ3He R3 $0.020
dðd; pÞ3H R4 $0.013

ELEONORA DI VALENTINO et al. PHYSICAL REVIEW D 90, 023543 (2014)

023543-2
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obtained at the Laboratory for Underground Nuclear Astrophysics 
(LUNA)8,9 of the National Institute for Nuclear Physics (INFN) Laboratori 
Nazionali del Gran Sasso (Italy).

Of the elements produced during the BBN, deuterium (D) is an 
excellent indicator of cosmological parameters in the early Universe 
because its abundance is the most sensitive to the baryon density 
Ωbh2 and also depends on the radiation density, usually expressed in 
terms of the effective number Neff of neutrino species2. As deuterium 
is almost exclusively produced during BBN, and is destroyed only dur-
ing stellar evolution, its primordial abundance can be obtained from 
astrophysical sites not affected by stellar evolution4. The best deter-
mination of the deuterium abundance is at present obtained by ana-
lysing the light spectra of quasars crossing pristine gas clouds at high 
redshift. Recent astronomical observations3 have reached excellent 
precision and provide a weighted mean value of the primordial deute-
rium abundance relative to hydrogen, (D/H)obs = (2.527 ± 0.030) × 10−5,  
with a 1% uncertainty3 (hereafter, quoted errors are at 68% confidence 
level unless stated otherwise). By contrast, theoretical predictions of 
D/H based on BBN, (D/H)BBN, are less clear: Coc et al.5 reported a value in 
agreement with observations, but with a higher uncertainty, whereas 
Pitrou et al.4 reported a value in tension with observations, albeit with 
a similar precision. Improving such predictions requires an accurate 
knowledge of the nuclear reaction rates involved in the synthesis of 
deuterium: specifically, production via the well known p(n,γ)D process, 
and destruction via the D(d,n)3He, D(d,p)3H and D(p,γ)3He reactions. Of 
these, the D(p,γ)3He reaction4–6 carries the largest uncertainties because 
of insufficient experimental data at relevant BBN energies. Although the 
D(p,γ)3He cross-section, or equivalently its S factor (see Methods section 
‘D(p,γ)3He cross-section measurements at LUNA’), is well known13 at low 
energies, E ≈ 3−20 keV (energies are in the centre-of-mass system unless 
stated otherwise), higher-energy data14–17 are affected by systematic 
uncertainties of 9% or more. In addition, a recent ab initio theoretical 
calculation18 disagrees at the level of 20–30% with a widely used S-factor 
best fit19 to selected datasets13–15,20 and at the level of about 8% with a fit by 
Iliadis et al.21. As a result, BBN predictions of primordial deuterium abun-
dance remain unsatisfactory, which calls for improved measurements 
of the D(p,γ)3He reaction cross-section over a wide energy range3–6,12.

The new measurement of the D(p,γ)3He cross-section discussed in this 
paper was performed at the LUNA 400-kV accelerator11, a world-leading 
facility to study nuclear reactions at the lowest-energies frontier of 
nuclear astrophysics. The million-fold reduction in cosmic-ray muons 
of the deep-underground location8 and a careful commissioning10 of 
the experimental setup aimed at minimizing all sources of systematic 
errors have led to D(p,γ)3He cross-section data of unprecedented preci-
sion and with overall uncertainties below 3% over the measured energy 
region (E = 32−263 keV), relevant to BBN energies (E = 30−300 keV; Meth-
ods). As shown in Fig. 1, the new data represent a substantial improve-
ment compared with previous work14,15,17. Our new S-factor best fit (red 
solid line) implies a destruction of deuterium that is faster compared 
with the best fit19 of previous experimental data (blue dashed curve) 
and slower compared with predictions based on the ab initio calcula-
tion18 (black dotted curve).

To explore the impact of our D(p,γ)3He S factor on the predicted pri-
mordial deuterium abundance, we used the second release22 of the 
numerical BBN code PArthENoPE. Under the assumption of the ΛCDM 
model, with23,24 Neff = 3.045, we performed a Bayesian likelihood analysis 
(Methods) to derive Ωbh2 using the observed deuterium abundance, 
(D/H)obs, and the theoretical behaviour of (D/H)BBN (now including the 
new LUNA data). We obtain Ωbh2(BBN) = 0.02233 ± 0.00036. As shown in 
Fig. 2, this value is a factor of two more precise than that obtained using 
a previous S factor19 and now in much better agreement with the Ωbh2 
based on CMB data12 (see values in Table 1). The use of BBN deuterium 
alone as a baryometer has now approached a precision comparable 
to that obtained from CMB analyses7,12. The fact that the present-day 
values of Ωbh2(BBN) and Ωbh2(CMB) are fully consistent with each other 
(Table 1) offers evidence of the validity of the ΛCDM model adopted here.

We note that if we use the baryon density provided by the Planck 
Collaboration7, we derive a theoretical prediction on deuterium abun-
dance (D/H)BBN = (2.52 ± 0.03 ± 0.06) × 10−5, in excellent agreement 
with astronomical observations3 (D/H)obs = (2.527 ± 0.030) × 10−5. The 
quoted errors on (D/H)BBN stem from the propagation of uncertainties 
in the baryon density (first error) and the nuclear rates (second error).
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Fig. 1 | The S factor of the D(p,γ)3He reaction. At BBN energies 
(Ecm ≈ 30−300 keV), the new LUNA results (filled red circles, with total 
(statistical + systematic) error bars) indicate a faster deuterium destruction 
compared with a best fit19 (blue dashed line) of previous experimental data, but 
a slower destruction compared with theoretical calculations18 (black dotted 
line). At BBN energies, the best fit (red solid line, equation (2)) obtained in this 
work is entirely dominated by the LUNA data. The fit includes all experimental 
data13–16,29–31 (note that those by Warren et al.30 and Geller et al.31 lie outside the 
energy range shown here). Bands represent the 68% confidence level.
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Fig. 2 | Likelihood distribution of the baryon density and baryon-to-photon 
ratio. The red curve (D + 3ν with LUNA) shows the distribution of the baryon 
density obtained using the new LUNA S factor for the predicted deuterium 
abundance (D/H)BBN. Note the factor of two reduction in the uncertainty, 
compared with the distribution based on the previous S factor19 (grey curve, 
D + 3ν without LUNA). Our new determination of Ωbh2 is now in much better 
agreement with the value obtained from CMB data alone12 (blue dashed curve, 
CMB + 3ν) and with the best determination of baryon density obtained by the 
Planck Collaboration7 from CMB data combined with additional observational 
inputs and with the theoretical dependence of primordial 4He on baryon 
density (orange dot-dashed curve, Planck + 3ν). η10, baryon-to-photon ratio.
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obtained at the Laboratory for Underground Nuclear Astrophysics 
(LUNA)8,9 of the National Institute for Nuclear Physics (INFN) Laboratori 
Nazionali del Gran Sasso (Italy).

Of the elements produced during the BBN, deuterium (D) is an 
excellent indicator of cosmological parameters in the early Universe 
because its abundance is the most sensitive to the baryon density 
Ωbh2 and also depends on the radiation density, usually expressed in 
terms of the effective number Neff of neutrino species2. As deuterium 
is almost exclusively produced during BBN, and is destroyed only dur-
ing stellar evolution, its primordial abundance can be obtained from 
astrophysical sites not affected by stellar evolution4. The best deter-
mination of the deuterium abundance is at present obtained by ana-
lysing the light spectra of quasars crossing pristine gas clouds at high 
redshift. Recent astronomical observations3 have reached excellent 
precision and provide a weighted mean value of the primordial deute-
rium abundance relative to hydrogen, (D/H)obs = (2.527 ± 0.030) × 10−5,  
with a 1% uncertainty3 (hereafter, quoted errors are at 68% confidence 
level unless stated otherwise). By contrast, theoretical predictions of 
D/H based on BBN, (D/H)BBN, are less clear: Coc et al.5 reported a value in 
agreement with observations, but with a higher uncertainty, whereas 
Pitrou et al.4 reported a value in tension with observations, albeit with 
a similar precision. Improving such predictions requires an accurate 
knowledge of the nuclear reaction rates involved in the synthesis of 
deuterium: specifically, production via the well known p(n,γ)D process, 
and destruction via the D(d,n)3He, D(d,p)3H and D(p,γ)3He reactions. Of 
these, the D(p,γ)3He reaction4–6 carries the largest uncertainties because 
of insufficient experimental data at relevant BBN energies. Although the 
D(p,γ)3He cross-section, or equivalently its S factor (see Methods section 
‘D(p,γ)3He cross-section measurements at LUNA’), is well known13 at low 
energies, E ≈ 3−20 keV (energies are in the centre-of-mass system unless 
stated otherwise), higher-energy data14–17 are affected by systematic 
uncertainties of 9% or more. In addition, a recent ab initio theoretical 
calculation18 disagrees at the level of 20–30% with a widely used S-factor 
best fit19 to selected datasets13–15,20 and at the level of about 8% with a fit by 
Iliadis et al.21. As a result, BBN predictions of primordial deuterium abun-
dance remain unsatisfactory, which calls for improved measurements 
of the D(p,γ)3He reaction cross-section over a wide energy range3–6,12.

The new measurement of the D(p,γ)3He cross-section discussed in this 
paper was performed at the LUNA 400-kV accelerator11, a world-leading 
facility to study nuclear reactions at the lowest-energies frontier of 
nuclear astrophysics. The million-fold reduction in cosmic-ray muons 
of the deep-underground location8 and a careful commissioning10 of 
the experimental setup aimed at minimizing all sources of systematic 
errors have led to D(p,γ)3He cross-section data of unprecedented preci-
sion and with overall uncertainties below 3% over the measured energy 
region (E = 32−263 keV), relevant to BBN energies (E = 30−300 keV; Meth-
ods). As shown in Fig. 1, the new data represent a substantial improve-
ment compared with previous work14,15,17. Our new S-factor best fit (red 
solid line) implies a destruction of deuterium that is faster compared 
with the best fit19 of previous experimental data (blue dashed curve) 
and slower compared with predictions based on the ab initio calcula-
tion18 (black dotted curve).

To explore the impact of our D(p,γ)3He S factor on the predicted pri-
mordial deuterium abundance, we used the second release22 of the 
numerical BBN code PArthENoPE. Under the assumption of the ΛCDM 
model, with23,24 Neff = 3.045, we performed a Bayesian likelihood analysis 
(Methods) to derive Ωbh2 using the observed deuterium abundance, 
(D/H)obs, and the theoretical behaviour of (D/H)BBN (now including the 
new LUNA data). We obtain Ωbh2(BBN) = 0.02233 ± 0.00036. As shown in 
Fig. 2, this value is a factor of two more precise than that obtained using 
a previous S factor19 and now in much better agreement with the Ωbh2 
based on CMB data12 (see values in Table 1). The use of BBN deuterium 
alone as a baryometer has now approached a precision comparable 
to that obtained from CMB analyses7,12. The fact that the present-day 
values of Ωbh2(BBN) and Ωbh2(CMB) are fully consistent with each other 
(Table 1) offers evidence of the validity of the ΛCDM model adopted here.

We note that if we use the baryon density provided by the Planck 
Collaboration7, we derive a theoretical prediction on deuterium abun-
dance (D/H)BBN = (2.52 ± 0.03 ± 0.06) × 10−5, in excellent agreement 
with astronomical observations3 (D/H)obs = (2.527 ± 0.030) × 10−5. The 
quoted errors on (D/H)BBN stem from the propagation of uncertainties 
in the baryon density (first error) and the nuclear rates (second error).
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Fig. 1 | The S factor of the D(p,γ)3He reaction. At BBN energies 
(Ecm ≈ 30−300 keV), the new LUNA results (filled red circles, with total 
(statistical + systematic) error bars) indicate a faster deuterium destruction 
compared with a best fit19 (blue dashed line) of previous experimental data, but 
a slower destruction compared with theoretical calculations18 (black dotted 
line). At BBN energies, the best fit (red solid line, equation (2)) obtained in this 
work is entirely dominated by the LUNA data. The fit includes all experimental 
data13–16,29–31 (note that those by Warren et al.30 and Geller et al.31 lie outside the 
energy range shown here). Bands represent the 68% confidence level.
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density obtained using the new LUNA S factor for the predicted deuterium 
abundance (D/H)BBN. Note the factor of two reduction in the uncertainty, 
compared with the distribution based on the previous S factor19 (grey curve, 
D + 3ν without LUNA). Our new determination of Ωbh2 is now in much better 
agreement with the value obtained from CMB data alone12 (blue dashed curve, 
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inputs and with the theoretical dependence of primordial 4He on baryon 
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classical analysis, and by Gómez Iñesta et al. (2017) with a Bayesian
analysis that, in particular treats systematic uncertainties as priors.
Resulting reaction rates were found to differ by less than 0.2 per cent
and we adopt the Gómez Iñesta et al. (2017) rate. The D(d,n)3He and
D(d,p)3H rates used in the LUNA BBN calculations (Mossa et al.
2020b) are updated from the Consiglio et al. (2017) and Serpico et al.
(2004) evaluation including a minor contribution from the new data
(Tumino et al. 2014) obtained by the (indirect) Trojan Horse method.
The main difference with the Gómez Iñesta et al. (2017) analysis
is that the latter applies stricter selection criteria on experimental
data (e.g. only direct measurements with evaluation of systematic
uncertainties) and uses theoretical guidance instead of polynomials.

In conclusion, our BBN results (Coc et al. 2015; Pitrou et al.
2018; Iliadis & Coc 2020) for D/H are in general lower than others
because we use different reaction rates for D(p,γ )3He (previously
Iliadis et al. 2016), but here, replaced by LUNA (Mossa et al.
2020b), D(d,n)3He, and D(d,p)3H (Gómez Iñesta et al. (2017). In
these evaluations (Iliadis et al. 2016; Gómez Iñesta et al. 2017),
first, only experimental data sets whose error budget (statistical
and systematics) is available, are adopted. Next, whenever possible,
theoretical guidance is considered. Other works may use smooth
polynomial fits to the data, which is, in principle, another reasonable
option. Finally, our adopted rates are obtained using Bayesian
techniques because they allow for a rigorous inclusion of statistical
and systematic sources of uncertainties. These choices have the
advantage of being fully documented and simply stated. However,
for this work, we use provisionally the Mossa et al. (2020b) rate.

4 C O N S T R A I N T S O N C O S M O L O G I C A L
PA R A M E T E R S FRO M B B N

As mentioned above, there are two equivalent ways to look at the
data. Either, we use BBN to constrain the only free cosmological
parameter that affects the abundances, i.e. the baryonic density, and
we then compare this measurement to the one by Planck (Planck
Collaboration VI 2020) (CMB or CMB+BAO), or we fix the bary-
onic density to its value determined by CMB analysis and compare
the predictions of BBN under that hypothesis to spectroscopic data.

Fig. 4 summarizes the predictions for BBN deuterium from the
present analysis [using (Mossa et al. 2020b) for the D(p,γ )3He rate,
and Gómez Iñesta et al. (2017) for the D(d,n)3He and D(d,p)3H
rates] and the previous one by Pitrou et al. (2018), as well as the
CMB constraint on η and the data by Cooke et al. (2018).

In the first approach, we use BBN theory and spectroscopic
observations to determine η, assuming that Neff is fixed from
particle physics, and compare to its CMB value by Planck (Planck
Collaboration VI 2020). Using the method described in section 6.2
of Pitrou et al. (2018), we estimate the posterior distribution of #bh2,
given the observational constraints on 4He and on D. The posteriors
for CMB or BBN determinations of #bh2 are depicted on Fig. 4, and
we obtain for BBN only

#bh
2 = 0.021 95 ± 0.000 22. (9)

This is a 1.6σ tension with CMB (3) and 1.84σ tension with
CMB+BAO (4). The tension is higher when BAO are included,
which is in general the case when more data are considered. Note
also that BAO favour baryons compared to dark matter in the analysis.

Equivalently, the same analysis can be performed by assuming
that the baryon density is determined from CMB+BAO (Planck Col-
laboration VI 2020), and predict the theoretical expectation for the
deuterium abundance. When estimating the theoretical uncertainty
with a Monte Carlo method, we vary on the uncertainty of nuclear

Figure 4. Top panel: D/H theoretical prediction (in blue), observation (in
green) from Cooke et al. (2018), and baryon abundance constraints from CMB
(in grey), as reported in Pitrou et al. (2018). All ranges displayed are within
1σ standard deviation. Middle panel: same quantities but the baryon density is
updated from the CMB+BAO constraint by Planck Collaboration VI (2020),
and with the D/H theoretical predictions of this work. The dashed blue lines
correspond to the theoretical range determined when using the D(p,γ )3He rate
of Iliadis et al. (2016) instead of the recent LUNA rate (Mossa et al. 2020b).
Bottom panel: posterior distribution of baryon density from BBN (this work)
in solid line, from CMB only in dashed line, and from CMB+BAO in the dot–
dashed line (both from Planck Collaboration VI 2020). The correspondence
between η and #bh2 is given by equation (1).

rates, on the neutron lifetime, but also on the baryon abundance
according to the CMB+BAO posterior. We then find the theoretical
expectation ,

(D/H) = (2.439 ± 0.037) × 10−5. (10)
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To probe the existence of physics beyond the ΛCDM model, we per-
formed likelihood analyses in which both Ωbh2 and Neff were left as free 
parameters. As the deuterium abundance alone cannot be used to 
constrain Ωbh2 and Neff when they are both varied, we considered two 
cases with additional inputs. In the first case, hereafter (D + CMB), we 
used the deuterium abundance, both observed (D/H)obs and predicted 
(D/H)BBN, combined with a Gaussian distribution of the CMB baryon 
density7, with mean value and uncertainty as obtained by the Planck 
Collaboration without constraining Neff. In the second case, hereafter 
(D + Yp), we used observed and predicted values of both the deuterium 
abundance and the 4He mass fraction25, Yp, without constraining Ωbh2. 
The results are shown in Fig. 3 as contour plots in the plane Neff versus 
Ωbh2. Numerical values at the 68% confidence level are reported in 
Table 1. We note that at the 99% confidence level, we obtain N = 2.95eff −0.57

+0.61 
and N = 2.86eff −0.67

+0.75  for the (D + CMB) and (D + Yp) cases, respectively. 
Our largest values of Neff deviate by at most 20% from its standard 
value23,24 Neff = 3.045. This implies a maximum amount of ‘dark radia-
tion’, due to particle species that are not foreseen by the Standard model 
of particle physics, in agreement with the Planck Collaboration7.

Although the (D + CMB) and (D + Yp) cases discussed above lead to 
consistent outcomes, the (D + Yp) result depends on the value of Yp used. 
In our analysis, we adopted the value of Aver et al.25, which is close to 
those of Peimbert et al.26, Valerdi et al.27 and the recommended value 
in Tanabashi et al.2. When the much higher Yp value of Izotov et al.28 is 
used, we obtain N = 3.60eff −0.43

+0.45 (99% confidence level).
To conclude, we have measured the D(p,γ)3He reaction cross-section 

to an unprecedented precision of better than 3% by exploiting the 
million-fold reduction in cosmic-ray muons at LUNA. The new S fac-
tor has led to a remarkable improvement in the evaluation of the 
present-day baryon density, Ωbh2, using standard BBN alone. Our value 
is now in better agreement with the one derived from the analysis of 
the CMB anisotropies and provides further support to the standard 
cosmological model. When combined with additional inputs such 
as the CMB baryon density or the primordial helium abundance, our 
data also provide a strong experimental foundation to constrain the 
amount of dark radiation.
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Table 1 | Mean values and 68% confidence level ranges for 
Ωbh2 (with relative uncertainties δ) and Neff

Ωbh2 δ (%) Neff

D + 3ν (without LUNA data) 0.02271 ± 0.00062 2.73 3.045

D + 3ν (with new LUNA data) 0.02233 ± 0.00036 1.61 3.045

CMB + 3ν 0.02230 ± 0.00021a 0.94 3.045

Planck + 3ν 0.02236 ± 0.00015 0.67 3.045

(D + CMB) 0.02224 ± 0.00022 0.99 2.95 ± 0.22

(D + Yp) 0.0221 ± 0.0006 2.71
−
+2.86 0.27

0.28

The first two lines show the results obtained from the likelihood analyses performed in this 
study, without and with the new D(p,γ)3He S factor obtained at LUNA and with Neff fixed to its 
standard value23,24 of 3.045. The third and fourth lines show results obtained, respectively, 
using CMB data alone12 (CMB + 3ν) and CMB data combined with the theoretical depend-
ence of primordial 4He on baryon density7 (Planck + 3ν). The last two lines correspond to 
cases in which both Ωbh2 and Neff are left as free parameters and the likelihood functions are 
constrained by either the deuterium abundance and a prior distribution on Ωbh2, (D + CMB) 
case, or the observed and predicted abundances of both deuterium and helium, (D + Yp) case 
(in both cases the predicted deuterium abundance takes into account our new LUNA results; 
see Methods for details). 
aQuoted in Fields et al.12 as 0.022298 ± 0.000214.
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To probe the existence of physics beyond the ΛCDM model, we per-
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consistent outcomes, the (D + Yp) result depends on the value of Yp used. 
In our analysis, we adopted the value of Aver et al.25, which is close to 
those of Peimbert et al.26, Valerdi et al.27 and the recommended value 
in Tanabashi et al.2. When the much higher Yp value of Izotov et al.28 is 
used, we obtain N = 3.60eff −0.43

+0.45 (99% confidence level).
To conclude, we have measured the D(p,γ)3He reaction cross-section 

to an unprecedented precision of better than 3% by exploiting the 
million-fold reduction in cosmic-ray muons at LUNA. The new S fac-
tor has led to a remarkable improvement in the evaluation of the 
present-day baryon density, Ωbh2, using standard BBN alone. Our value 
is now in better agreement with the one derived from the analysis of 
the CMB anisotropies and provides further support to the standard 
cosmological model. When combined with additional inputs such 
as the CMB baryon density or the primordial helium abundance, our 
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using CMB data alone12 (CMB + 3ν) and CMB data combined with the theoretical depend-
ence of primordial 4He on baryon density7 (Planck + 3ν). The last two lines correspond to 
cases in which both Ωbh2 and Neff are left as free parameters and the likelihood functions are 
constrained by either the deuterium abundance and a prior distribution on Ωbh2, (D + CMB) 
case, or the observed and predicted abundances of both deuterium and helium, (D + Yp) case 
(in both cases the predicted deuterium abundance takes into account our new LUNA results; 
see Methods for details). 
aQuoted in Fields et al.12 as 0.022298 ± 0.000214.
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Fig. 3 | Likelihood contours (at 68%, 95% and 99% confidence levels) on the 
Neff versus Ωbh2 plane. Orange filled contours are obtained for the (D + CMB) 
case using the observed deuterium abundance3 (D/H)obs and the adopted 
Planck distribution on baryon density7 (grey vertical band at the 68% 
confidence level). Blue contours correspond to the (D + Yp) case, as obtained 
from a likelihood analysis with observed abundances of deuterium3 and 4He 
mass fraction25, Yp, and the corresponding BBN theoretical predictions 
(see Methods for details). Central values for each case are indicated by dots.



Other Analyses with LUNA data

Pisanti et al, 2021
(cf. LUNA, 2020)

JCAP04(2021)020

Figure 14. One-dimensional likelihoods for a standard BBN scenario (�Ne� = 0) as a function of
Êb using Deuterium abundance (D-3‹) (solid blue line) compared with the Planck 2018 TT, TE, EE,
lowE and lensing results combined with (green dashed line) and without (orange dashed line) BAO
data. The broader grey solid line is the old determination from Deuterium before LUNA data on the
dp“ cross section but using our new determination of the ddn and ddp rates.

so that the likelihood function is now chosen as

LD+Planck(Êb, Ne�) = LD(Êb, Ne�) · LPlanck(Êb). (5.10)

Alternatively one can also exploit the measured value of primordial 4He, i.e. multiplying that
Deuterium likelihood by a similar term for Yp

LBBN(Êb, Ne�) = LD(Êb, Ne�) · LHe(Êb, Ne�). (5.11)

Note that the predicted 4He mass fraction in standard BBN when Êb = ÊPlanck is
Yp = 0.2469 ± 0.0001, which is compatible in 1-‡ with the measurements of [5, 6] and [8],
while is slightly more than 3-‡ away from the results of [7]. Because of the large experimental
error on Yp we expect that using the 4He mass fraction prior will give a looser constraint.

We show in figure 15 the likelihood contours (68, 95 and 99% C.L.) in the Êb-Ne� plane.
The smaller orange filled contours corresponds to LD+Planck(Êb, Ne�), i.e. the Deuterium
abundance with the Planck prior on Êb, while the broader solid blue ones are obtained using
both Deuterium and Yb and no prior on the baryon density, i.e. using LBBN(Êb, Ne�). The
four di�erent plots correspond to the determination of Yp of [5–7] and [8]. The vertical band
is the Planck 2018 determination of Êb at 68%C.L. in case of a free Ne� . By marginalizing the
D+Planck likelihood over Êb or Ne� we obtain Ne� = 2.95±0.22 and Êb = 0.02224±0.00022,
respectively, while in the BBN case we get Ne� = 2.84 ± 0.20 and Êb = 0.0220 ± 0.0005 when
using [5], Ne� = 2.86 ± 0.28 and Êb = 0.0221 ± 0.0006 adopting the results of [6], and finally,
Ne� = 2.78 ± 0.28 and Êb = 0.0219 ± 0.0006 for the value of Yp found in [8], all compatible
with a standard value of Ne� . On the other hand, the 4He mass fraction found by [7]
suggest a larger radiation content in the BBN epoch, at 3-‡ level, namely Ne� = 3.60 + 0.17
and a large baryon density Êb = 0.0234 ± 0.0005. In this latter case the standard BBN
scenario may be reconsidered, by introducing a larger number of relativistic species which is
found to be larger than its standard value at the 3-‡ level. The discrepancy on the baryon
density is milder but we note that both parameters are somehow at variance with the present
standard cosmological scenarios, and may possibly require both some dark radiation and a
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Good Agreement

JCAP03(2021)046

Figure 7. Likelihood functions using our new averaged d(p, “)3He rate projected onto the (÷10, Yp)
plane. The right panel focuses on a more narrow range of values of Yp.
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Figure 8. Baryon-to-photon ratio determinations using the likelihood function defined in eq. (3.2)
for the four choices of the d(p, “)3He rate considered.

baryon-to-photon ratio, is therefore

÷ = (6.123 ± 0.039) ◊ 10≠10
Êb = 0.02237 ± 0.00014 . (3.3)

Also given in the table is the value of ÷10 at the peak of the likelihood distribution which in
these cases equals the mean.

4 Results for variable N‹

We turn now to the e�ect of the new d(p, “)3He rate when we allow N‹ to di�er from its Stan-
dard Model value of 3. We can repeat the above analysis substituting LNCMB(÷, Yp, N‹) for
LCMB(÷, Yp) and LNBBN(÷, N‹ ; Xi) for LBBN(÷; Xi). Integrating these generalized likelihood
functions over ÷ as in eq. (3.1), we obtain the likelihood distributions for D/H shown in fig-
ure 9 for our four choices of d(p, “)3He rates. As we would expect, the higher d(p, “)3He rates
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Observations of Primordial Helium

Figure 5. Helium abundance (mass fraction) versus oxygen to hydrogen ratio regression calculating
the primordial helium abundance.

to O/H = 9.2 × 10−5. Adopting the same metallicity cut with the dataset of this work
decreases the intercept slightly to 0.2441±0.0147. Using all 93 observations included in their
HeBCD sample, ITS07 determined Yp = 0.2516 ± 0.0011. Their much smaller uncertainty
is achieved primarily though the use of the full sample of observations. In a more recent
analysis using their HeBCD sample and observations from the SDSS and VLT, Izotov et al.
[46] find Yp = 0.254 ± 0.003.

Finally, we also include analysis of the recently discovered extremely metal deficient
dwarf galaxy Leo P [47]. Because of Leo P’s low metallicity it is particularly valuable in
determining Yp, and its best fit solution and regression parameters are given in table 5.
Leo P satisfies all of the same quality and reliability criteria as our qualifying dataset, and
including it in a regression with the qualifying points returns an intercept of 0.2463± 0.0090
and a slope of 97 ± 115. Leo P agrees very well with the regression determined by the
qualifying dataset alone (eq. 5.1), and as a result, the regression is essentially unchanged
by the addition of Leo P, except for a small decrease in the intercept’s uncertainty. Table 6
summarizes the calculated regression Yp and slope, as well as the mean, < Y >, for several
subsets of the Final Dataset found in this work.

6 Discussion

Given the central role emissivities play in H II region analysis, we have updated our analysis
to incorporate the new PFSD emissivities, which utilize the most recent atomic data. Follow-

– 13 –
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Observations of Helium-3

Bania, Rood, Balser (2002):

10
5 ⇥ 3

He/H = 1.1± 0.2

Cooke (2015): Proposal to measure ratio 3He/4He in DLAs



Observations of Lithium
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Pop II Halo stars
Abundance vs. Temperature
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diffusion shows that plausible (rotationally-induced mix-
ing) and seemingly inevitable (diffusion) processes may
solve the 7Li problem, but the observers’ challenge to
fit the Spite plateau’s shallow slope with respect to Teff
and [Fe/H] and its smoothness are as yet unmet. These
potential solutions to the 7Li problem indicate that the
observed 6Li abundance is almost certainly a lower bound
to the initial 6Li abundance. Some solutions lead to very
high initial 6Li abundances that, if correct, imply that
our understanding of the pre-galactic and Big Bang nu-
cleosynthesis is poor indeed.

7.4. Lithium Production in the Early Universe

The observed 6Li abundance is several orders of mag-
nitude larger than that predicted from the standard Big
Bang. On the assumption that the standard Big Bang
sequence is the correct representation of the primordial
fireball, synthesis of 6Li is attributed to collisions in the
intergalactic or interstellar medium between high-energy
particles (cosmic rays) and ambient nuclei. The two lead-
ing processes are the α+α fusion reactions and spallation
reactions involving protons (also, αs) and 16O (also 12C
and 14N) nuclei. Both processes also produce 7Li with
7Li/6Li∼ 1 to 2 (Mercer et al. 2001). Only the spalla-
tion reactions produce 9Be, 10B, and 11B. In the classical,
or direct, Galactic cosmic ray spallation scenario as for-
mulated by Reeves et al. (1970) and Meneguzzi et al.
(1971), the accelerated particles are the protons etc hit-
ting ambient interstellar CNO nuclei. As a consequence,
this reaction is secondary in nature: [Be/H]∝[O/H] 2.
In inverse spallation the collisions instead occur through
fast CNO nuclei and interstellar protons and α-particles.
Since the CNO nuclei are both produced and acceler-
ated by supernovae, the resulting spallation yields will
be essentially independent of the metallicity, a primary
process: [Be/H]∝[O/H]. One possible way of achieving
this is through superbubbles (Higdon et al. 1998; Parizot
& Drury 1999 but see Prantzos 2005, 2006 for a critique
of this scenario): a sequence of supernovae in rapid con-
cession in a cluster or OB association accelerates nuclear-
process enriched material. Establishing the behaviour of
[O/Fe] with metallicity is clearly important for estimat-
ing the spallation production rate but unfortunately no
unanimous verdict have appeared to date in this regard
(e.g. Israelian et al. 1998, 2001; Boesgaard et al. 1999;
Asplund & Garćıa Pérez 2001; Nissen et al. 2002; Ful-
bright & Johnson 2003; Garćıa Pérez et al. 2006).
Since spallation reactions are thought to be the sole

process by which Be is synthesised and the Be abundance
is obtainable for stars on the Spite plateau (Boesgaard
et al. 1999; Primas et al., in preparation), the efficiency
of a proposed scenario invoking spallation may be rather
well calibrated using observed Be abundances. The si-
multaneous production from the α + α fusion reactions
is not simply calibratable. The observed 6Li/Be ratio
shows that the 6Li must be produced primarily from the
fusion reactions at low metallicities with Be necessarily
from spallation; the meteoritic 6Li/Be ratio (≈ 6) is a
representative measure of the production ratios for spal-
lation but the ratio is ≈ 40 for HD 84937 (Smith et al.
1998) and may reach ≈ 150 for LP815-43 (Primas et
al., in preparation). The initial 6Li/Be ratios were likely
even greater due to 6Li depletion, underscoring the need
for α+ α fusion reactions.

Fig. 23.— Upper panel: Observed logarithmic abundances of
7Li (open triangles) and 6Li (solid circles) as a function of [Fe/H]
for our program stars; 3σ upper limits to the 6Li abundances are
denoted with arrows. Also shown as open circles are the 6Li detec-
tions in the halo turn-off star HD84937 (Smith et al. 1993, 1998;
Cayrel et al. 1999) and in the two Galactic disk stars HD68284
and HD130551 (Nissen et al. 1999). The large circle correspond to
the solar system meteoritic 6Li abundance (Asplund et al. 2005),
while the horizontal solid line is the predicted 7Li abundance from
Big Bang nucleosynthesis and the baryon density as determined
by WMAP (Spergel et al. 2003; Coc et al. 2004; Cuoco et al.
2004; Cyburt 2004). The (lower) solid, dashed, (lower) dotted and
dash-dotted lines correspond to the models for cosmic ray 6Li pro-
duction by Prantzos (2006), Ramaty et al. (2000), Fields & Olive
(1999) and Vangioni-Flam et al. (2000), respectively; see text for
details. The higher dotted line shows the 7Li abundance assum-
ing the Fields & Olive model with a 7Li/6Li production ratio of
1:1.5 and a primordial abundance of log ε7Li = 2.1. Lower panel:
Same as in the upper panel but taking into account the predicted
pre-main sequence 6Li depletion from Richard et al. (2002, 2005;
and 2005, private communication) to the observed 6Li abundances;
these are the minimum values corresponding to negligible 7Li de-
pletion (see Sect. 7.3 for details).

A large number of Galactic chemical evolution mod-
els including spallation and α-fusion reactions have been
presented in recent years and compared with observed Li,
Be and B isotopic abundances (e.g. Yoshii et al. 1997;
Fields & Olive 1999; Parizot 2000; Vangioni-Flam et al.
2000; Ramaty et al. 2000; Suzuki & Yoshii 2001; Al-

Asplund et al (2006): Abundance 
vs. Metallicity

6Li/ 7Li = 0.042

7
Li/H = 1.12⇥ 10

�10

Slope?

h7Li/Hi = 1.3⇥ 10
�10



A Lithium-6 Problem?

Asplund et al (2006): Modeled dwarf stars with 1D and 3D Local 
Thermodynamic Equilibrium (LTE) analyses.  Detected blending of 670.8 nm 
line.

Cayrel et al (2007): NLTE effects important in modeling redward wing of 670.8.  
Previous detections should be taken as upper limits.  Very little effect on 7Li 
abundance.

Lind et al (2013): More sophisticated 3D NLTE model with Li, Na, and Ca.  
Reached same conclusions.

No evidence for 6Li anomaly.

Detection of 6Li would create strong tension with SBBN


