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- Standard big bang nucleosynthesis (SBBN)
- Primordial lithium problem
- Non-standard BBN

1 Introduction
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Origin of elements

Nucleosynthesis

Big bang nucleosynthesis (BBN)
Stellar nucleosynthesis
Supernova nucleosynthesis
Cosmic ray spallation
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Standard BBN

Cosmic expansion

General relativity
Homogeneous & isotropic universe
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<latexit sha1_base64="QnvC2xVRPY1l0gJ2K08GNPZ0AGw="></latexit>

Particles & interactions

Standard model of particle physics

Thermal distribution

Boltzmann-Gibbs statistics

f(E) / exp (�E/kT )
<latexit sha1_base64="5rk+igIKfh7duX0YDMYHJcxJomI=">AAACDnicbVC7SgNBFJ31GeMramkzGAKxMO5GQUtRApYREiNkQ5id3E2GzO4OM3fFEPwCG3/FxkIRW2s7/8ZJ3MLXgYHDOfdy55xASWHQdT+cmdm5+YXF3FJ+eWV1bb2wsXlpklRzaPJEJvoqYAakiKGJAiVcKQ0sCiS0guHZxG9dgzYiiRs4UtCJWD8WoeAMrdQtlMJybZf6SicKE+rDjfIlhFime7X9YYP6WvQHuNstFN2KOwX9S7yMFEmGerfw7vcSnkYQI5fMmLbnKuyMmUbBJdzm/dSAYnzI+tC2NGYRmM54GueWlqzSo2Gi7YuRTtXvG2MWGTOKAjsZMRyY395E/M9rpxged8YiVilCzL8OhamkNvmkG9oTGjjKkSWMa2H/SvmAacbRNpi3JXi/I/8ll9WKd1CpXhwWT06zOnJkm+yQMvHIETkh56ROmoSTO/JAnsizc+88Oi/O69fojJPtbJEfcN4+AXOrmng=</latexit>
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Standard BBN

BBN network calculation

Kawano, FERMILAB-Pub-92/04-A (1992)
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Primordial abundances

Standard BBN prediction

Abundances as a function of baryon-to-photon ratio. 
Cosmic microwave background (CMB) constraint:

[Planck collaboration 2016]

⌘ = (6.094± 0.063)⇥ 10�10
<latexit sha1_base64="X68w6U8OYTMoRNZ48vzjcRXu/e8=">AAACEHicbVC7TgJBFJ3FF+Jr1dJmIjFiIdkFglqYEG0sMZFHwiKZHQaYMPvIzF0TsuETbPwVGwuNsbW0828cYAsFT3KTk3Puzb33uKHgCizr20gtLa+srqXXMxubW9s75u5eXQWRpKxGAxHIpksUE9xnNeAgWDOUjHiuYA13eD3xGw9MKh74dzAKWdsjfZ/3OCWgpY557DAg+BLnynnrouSEHrbyVrl4gh3gHlPYtu7jU9sad8ysNqbAi8ROSBYlqHbML6cb0MhjPlBBlGrZVgjtmEjgVLBxxokUCwkdkj5raeoTva0dTx8a4yOtdHEvkLp8wFP190RMPKVGnqs7PQIDNe9NxP+8VgS983bM/TAC5tPZol4kMAR4kg7ucskoiJEmhEqub8V0QCShoDPM6BDs+ZcXSb2Qt4v5wm0pW7lK4kijA3SIcshGZ6iCblAV1RBFj+gZvaI348l4Md6Nj1lrykhm9tEfGJ8/MkWY7Q==</latexit>

Primordial 7Li problem

Spectra of metal-poor stars
Observed 7Li abundance is smaller than the SBBN prediction.

[Spite & Spite 1982] P
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Baryon-to-photon ratio η
Density of ordinary matter (relative to photons)
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Non-standard BBN

[Kusakabe’s ppt]

Massive particle

Non-Maxwellian
velocity distribution

B-field



- Numerical solution to the lithium problem
- Photo-disintegration reaction rate
- Expansion rate & freeze-out time

2 Non-Planckian Radiation
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Thermonuclear reaction rate

R12 = N1N2h�vi12
<latexit sha1_base64="HnUrbAHRcL0m3rzw+bYGr5wy9NY=">AAACI3icbVDNS8MwHE3n15xfVY9egkPwNNoqKIIw9OJJprgPWOdIs6wLS9OSpINR+r948V/x4kEZXjz4v5h2E3TzQcjjvd8j+T0vYlQqy/o0CkvLK6trxfXSxubW9o65u9eQYSwwqeOQhaLlIUkY5aSuqGKkFQmCAo+Rpje8zvzmiAhJQ/6gxhHpBMjntE8xUlrqmhf3j0naTWwnhZfwNuP29HKgyxD3GYGupH6A4Ai6Ihd+Al2zbFWsHHCR2DNSBjPUuubE7YU4DghXmCEp27YVqU6ChKKYkbTkxpJECA+RT9qachQQ2UnyHVN4pJUe7IdCH65grv5OJCiQchx4ejJAaiDnvUz8z2vHqn/eSSiPYkU4nj7UjxlUIcwKgz0qCFZsrAnCguq/QjxAAmGlay3pEuz5lRdJw6nYJxXn7rRcvZrVUQQH4BAcAxucgSq4ATVQBxg8gRfwBt6NZ+PVmBgf09GCMcvsgz8wvr4BPeKjcg==</latexit>

h�vi12 =

Z 1

0

Z 1

0
�(E) |~v1 � ~v2| �1(~v1)�2(~v2) d~v1d~v2

<latexit sha1_base64="MI6Vzt9OCGMnib8fuQXbB0qlO60="></latexit>
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<latexit sha1_base64="9W2dqVvbG2Rij4KOQkiah7v4f0s="></latexit>

Integration over the relative velocity in CM coordinates 
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Non-Maxwellian distribution

dy

dx
= y ! y = ex ! y = lnx

dy

dx
= yq ! y = (1� (q � 1)x)

1
1�q ! y =

x1�q � 1

1� q
⌘ lnq x

<latexit sha1_base64="jPwzhB0AV0jhVDl/A4Pgon5ERi0="></latexit>

Tsallis statistics

SBG = �
wX

i=1

pi ln pi =

⌧
ln

1

pi

�

<latexit sha1_base64="4NZ4xIyUhzM1zif7yM9MWcAqAcA="></latexit>

Sq ⌘
⌧
lnq

1

pi

�
=

1�
P

pqi
q � 1

<latexit sha1_base64="9UFWQpO8TV0xJYI7/MHVRgA+uEM="></latexit>

Boltzmann-Gibbs entropy:

Non-extensive (Tsallis) entropy:

Non-Maxwellian velocity distribution of nuclei

[Bertulani et al., ApJ 767, 67 (2013)]
[Hou et al., ApJ 834, 165 (2017)]

[Kusakabe et al., PRD 99, 043505 (2019)]
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Non-Planckian distribution

q(T ) = ✓(T � Ttr) + ✓(Ttr � T ) q0
<latexit sha1_base64="6i9WRehHskgZ4uAwxiIRpTbCuB4=">AAACKHicbVDLSgNBEJz1bXxFPXoZDGKCGnZV0IsoevGosNFANobZSScZnH040yuGJZ/jxV/xIqKIV7/ESQxiEgsaiqpuurv8WAqNtv1pjY1PTE5Nz8xm5uYXFpeyyytXOkoUhxKPZKTKPtMgRQglFCihHCtggS/h2r896/rX96C0iEIX2zFUA9YMRUNwhkaqZY/v8m6BHlEPW4As7+64N2mn5iE8YIqqU6Bbv9aAQXfcgrd9t1nL5uyi3QMdJU6f5EgfF7Xsq1ePeBJAiFwyrSuOHWM1ZQoFl9DJeImGmPFb1oSKoSELQFfT3qMdumGUOm1EylSItKf+nUhZoHU78E1nwLClh72u+J9XSbBxWE1FGCcIIf9Z1EgkxYh2U6N1oYCjbBvCuBLmVspbTDGOJtuMCcEZfnmUXO0Wnb3i7uV+7uS0H8cMWSPrJE8cckBOyDm5ICXCySN5Jm/k3XqyXqwP6/Ondczqz6ySAVhf32HfpPs=</latexit>

Simple ansatz for non-Planckian photon distribution

For , the Planck distribution is recovered.

fq =
1

⇥
1� (1� q) E

kT

⇤ 1
q�1 � 1

<latexit sha1_base64="GZsaGEgJF4RQ83YYkvZCBVTI+so="></latexit>

lim
q!1

fq =
1

e
E
kT � 1

<latexit sha1_base64="v9rc/UPSFJyoboM0ttYCwEee2HE=">AAACGnicbZDLSgMxFIYzXmu9VV26CRbBjWVSBd0IogguK/QGnXHIpBkbmrmYZIQS8hxufBU3LhRxJ258G9N2Ft5+CHz85xxOzh9mnEnlup/OzOzc/MJiaam8vLK6tl7Z2GzLNBeEtkjKU9ENsaScJbSlmOK0mwmK45DTTjg8H9c7d1RIliZNNcqoH+ObhEWMYGWtoII8zuJA33oqRSa61ia4hSfQiwQmGhlNr/WUL4weNo3ZRyaoVN2aOxH8C6iAKijUCCrvXj8leUwTRTiWsofcTPkaC8UIp6bs5ZJmmAzxDe1ZTHBMpa8npxm4a50+jFJhX6LgxP0+oXEs5SgObWeM1UD+ro3N/2q9XEXHvmZJliuakOmiKOdQpXCcE+wzQYniIwuYCGb/CskA2yiUTbNsQ0C/T/4L7XoNHdTqV4fV07MijhLYBjtgDyBwBE7BJWiAFiDgHjyCZ/DiPDhPzqvzNm2dcYqZLfBDzscXM7Ghlg==</latexit>

q ! 1
<latexit sha1_base64="7NxITZrRxjr50Wx+9b3UK5C8poc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48VTFtoQ9lsN+3SzSbuToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wj25nfeuLaiEQ94DjlQUwHSkSCUbSS/9jFxOuVK27VnYOsEi8nFcjR6JW/uv2EZTFXyCQ1puO5KQYTqlEwyaelbmZ4StmIDnjHUkVjboLJ/NgpObNKn0SJtqWQzNXfExMaGzOOQ9sZUxyaZW8m/ud1Moyug4lQaYZcscWiKJMEEzL7nPSF5gzl2BLKtLC3EjakmjK0+ZRsCN7yy6ukWat6F9Xa/WWlfpPHUYQTOIVz8OAK6nAHDfCBgYBneIU3RzkvzrvzsWgtOPnMMfyB8/kDoqOOkQ==</latexit>

q0 = 1.027 and Ttr = 4⇥ 108 K
<latexit sha1_base64="k/KvCyoLcxxaImj/DV8HTbaduzs="></latexit>

SBBN This work Observation
Yp 0.2474 0.2474 0.2446± 0.0029

D/H (10�5) 2.493 2.525 2.527± 0.03
3He/H (10�5) 1.092 0.9253  1.1± 0.2
7Li/H (10�10) 5.030 1.677 1.58± 0.31

<latexit sha1_base64="Lxqq7Uj/lWPjNGnd+bkV4/+yEXU="></latexit>
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Photo-disintegration reaction

For a reaction in the form of

using a detailed balance relation between the forward and reverse cross sections.

N�h�ci3� =
m12

⇡2~3
g1g2

g3(1 + �12)

⇥
Z 1

0
�12(E)E

1
h
1� (1� q)E+Q

kT

i 1
q�1 � 1

dE

<latexit sha1_base64="84WprK/NWGSBOXHpvZIVg4g07W4="></latexit>

�3�(E�) =
g1g2

g3(1 + �12)

m12 c
2E

E2
�

�12(E)
<latexit sha1_base64="rBuOIbrJaHcTNPEW0fg77ktou/E="></latexit>

Reaction rate
3 + � ! 1 + 2

<latexit sha1_base64="MOJH3rhqNPxcdSiSnDrC4lOHNpw=">AAAB/XicbVDLSsNAFJ34rPEVHzs3g0UQCiVpBV0W3bisYB/QhDKZTtqhM5MwMxFqKP6KGxeKuPU/3Pk3TtostPXAhcM593LvPWHCqNKu+22trK6tb2yWtuztnd29fefgsK3iVGLSwjGLZTdEijAqSEtTzUg3kQTxkJFOOL7J/c4DkYrG4l5PEhJwNBQ0ohhpI/Wd43rFHyLOEfR1DL0KrNm23XfKbtWdAS4TryBlUKDZd778QYxTToTGDCnV89xEBxmSmmJGprafKpIgPEZD0jNUIE5UkM2un8IzowxgFEtTQsOZ+nsiQ1ypCQ9NJ0d6pBa9XPzP66U6ugoyKpJUE4Hni6KUQfNoHgUcUEmwZhNDEJbU3ArxCEmEtQksD8FbfHmZtGtVr16t3V2UG9dFHCVwAk7BOfDAJWiAW9AELYDBI3gGr+DNerJerHfrY966YhUzR+APrM8fQqiSfw==</latexit>

N� =
1

⇡2~3c3

Z 1

0

E2
�

h
1� (1� q)

E�

kT

i 1
q�1 � 1

dE�

<latexit sha1_base64="paERtYd9O9CuO8OeygYaDC68UtY="></latexit>

Photon number density
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Photon energy density

⇢� =
(kT )4

(~c)3
⇡2

15

1

(4� 3q)(3� 2q)(2� q)
.

<latexit sha1_base64="Xj0+eKAmx3Eg8NAaozDScczeWzQ="></latexit>

Photon energy density

The condition for the energy conservation at the moment of transition

leads to the sudden temperature drop.

⇢� (q=1) = ⇢� (q>1)
<latexit sha1_base64="t931Gt/UkWk8KPki45P2WhkjGIg=">AAACHHicbVDLSsNAFJ34rPEVdelmsAgVpCStoJtK0Y3LCvYBTSyT6bQdOpPEmYlQQj7Ejb/ixoUiblwI/o2Ttgtte+DC4Zx7ufceP2JUKtv+MZaWV1bX1nMb5ubW9s6utbffkGEsMKnjkIWi5SNJGA1IXVHFSCsSBHGfkaY/vM785iMRkobBnRpFxOOoH9AexUhpqWOVXTEI75O0k7h9xDlyTwsPFeckhRW4wLnUjml2rLxdtMeA88SZkjyYotaxvtxuiGNOAoUZkrLt2JHyEiQUxYykphtLEiE8RH3S1jRAnEgvGT+XwmOtdGEvFLoCBcfq34kEcSlH3NedHKmBnPUycZHXjlXvwktoEMWKBHiyqBczqEKYJQW7VBCs2EgThAXVt0I8QAJhpfPMQnBmX54njVLRKRdLt2f56tU0jhw4BEegABxwDqrgBtRAHWDwBF7AG3g3no1X48P4nLQuGdOZA/APxvcvG9egEQ==</latexit> Freeze-out time

The temperature drop advances 
the freeze-out time of the light elements.
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Primordial abundance

Baryon-to-photon ratio

Together with the CMB constraint, 
we are able to narrow down the possible range of it
to 6.031 < ⌘ ⇥ 1010 < 6.070

<latexit sha1_base64="C4IsU7kMitfURoVU/2vBVF3AZrc=">AAACDXicbVC7SgNBFJ31GeMramkzGAWrZTYRY2ERtLGMYB6QXcPsZDYZMvtg5q4QlvyAjb9iY6GIrb2df+PkUWjigQuHc+7l3nv8RAoNhHxbS8srq2vruY385tb2zm5hb7+h41QxXmexjFXLp5pLEfE6CJC8lShOQ1/ypj+4HvvNB660iKM7GCbcC2kvEoFgFIzUKRyf26Ts4EvscqAuiJBr7JD7zCEjIxqzQvL5TqFIbDIBXiTOjBTRDLVO4cvtxiwNeQRMUq3bDknAy6gCwSQf5d1U84SyAe3xtqERNWu9bPLNCJ8YpYuDWJmKAE/U3xMZDbUehr7pDCn09bw3Fv/z2ikEF14moiQFHrHpoiCVGGI8jgZ3heIM5NAQypQwt2LWp4oyMAGOQ3DmX14kjZLtlO3S7VmxejWLI4cO0RE6RQ6qoCq6QTVURww9omf0it6sJ+vFerc+pq1L1mzmAP2B9fkDgGiXYg==</latexit>
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Cosmic Microwave Background

Restoration to blackbody

w/o res w/ res Observation
Yp 0.2474 0.2474 0.2446± 0.0029

D/H (10�5) 2.525 2.503 2.527± 0.03
3He/H (10�5) 0.9253 0.9322  1.1± 0.2
7Li/H (10�10) 1.677 1.664 1.58± 0.31

<latexit sha1_base64="yfaqgbLcpC6iIRql5OuLjImWo5k="></latexit>
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 1.025
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 1.027

 1.028

 1.029

 1.03

 0.37 0.39 0.41 0.43 0.45

q 
v

Ttr [109 K]

q0 = 1.027 at Ttr = 4⇥ 108 K

q = 1 at Tre = 2⇥ 108 K

<latexit sha1_base64="c4FlTDcX/EjEh1805N4BrZyfDto="></latexit>



- From ideal to weakly non-ideal plasma
- Positron annihilation

3 Primordial Plasma
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Standard BBN

Adiabatic process
No heat flux into the Universe

Thermal plasma
Thermal equilibrium
Cosmic expansion rate < Thermonuclear reaction rate

Ideal plasma
Plasma constituents as ideal gases
No collisional effect
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Primordial plasma

Plasma parameter
Ratio of mean potential energy and thermal kinetic energy

� = n1/3
e

e2

kT
<latexit sha1_base64="w0IbxuOTPSG2fiaYXGjKh+CTc+k=">AAACC3icbVA9SwNBEN2LXzF+RS1tlgTBQuJdFLQRRAstIyRRyCVhbzNnluzuHbt7Qjiut/Gv2FgoYusfsPPfuPko1Phg4PHeDDPzgpgzbVz3y8nNzS8sLuWXCyura+sbxc2tpo4SRaFBIx6p24Bo4ExCwzDD4TZWQETA4SYYXIz8m3tQmkWyboYxtAW5kyxklBgrdYsl/5IIQfAplp3UOzjMuuDv+6EiNIVONUsH9axbLLsVdww8S7wpKaMpat3ip9+LaCJAGsqJ1i3PjU07JcowyiEr+ImGmNABuYOWpZII0O10/EuGd63Sw2GkbEmDx+rPiZQIrYcisJ2CmL7+643E/7xWYsKTdspknBiQdLIoTDg2ER4Fg3tMATV8aAmhitlbMe0TG4Sx8RVsCN7fl2dJs1rxDivV66Py2fk0jjzaQSW0hzx0jM7QFaqhBqLoAT2hF/TqPDrPzpvzPmnNOdOZbfQLzsc3VeOZ/g==</latexit>

� = n1/3
e

e2

"F
/ n�1/3

e
<latexit sha1_base64="TH7DRPyZWSe+tf6wAweewDMvCcQ="></latexit>

� ⌧ 1
<latexit sha1_base64="eREdepwMtwOqm4UXWYRwAGI0iEk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiBz1WsB/QhDLZbtqlu0nY3Qil9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RTW1jc2t4rbpZ3dvf2D8uFRSyeZoqxJE5GoToiaCR6zpuFGsE6qGMpQsHY4up357SemNE/iRzNOWSBxEPOIUzRW8v07lBKJLwTxeuWKW3XnIKvEy0kFcjR65S+/n9BMsthQgVp3PTc1wQSV4VSwacnPNEuRjnDAupbGKJkOJvObp+TMKn0SJcpWbMhc/T0xQan1WIa2U6IZ6mVvJv7ndTMTXQcTHqeZYTFdLIoyQUxCZgGQPleMGjG2BKni9lZCh6iQGhtTyYbgLb+8Slq1qndRrT1cVuo3eRxFOIFTOAcPrqAO99CAJlBI4Rle4c3JnBfn3flYtBacfOYY/sD5/AHE8pDa</latexit>

� & 1
<latexit sha1_base64="HuItNNlhBIWZLY4P7nEEoDEPvJ8=">AAAB+XicbVDLSgMxFM34rPU16tJNsAiuykwVdFl0ocsK9gGdodxJM21okhmSTKEM/RM3LhRx65+4829M21lo64HA4ZxzuTcnSjnTxvO+nbX1jc2t7dJOeXdv/+DQPTpu6SRThDZJwhPViUBTziRtGmY47aSKgog4bUeju5nfHlOlWSKfzCSloYCBZDEjYKzUc93gHoQAHAyMDQns99yKV/XmwKvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Wg4yTVMgIxjQrqUSBNVhPr98is+t0sdxouyTBs/V3xM5CK0nIrJJAWaol72Z+J/XzUx8E+ZMppmhkiwWxRnHJsGzGnCfKUoMn1gCRDF7KyZDUECMLatsS/CXv7xKWrWqf1mtPV5V6rdFHSV0is7QBfLRNaqjB9RATUTQGD2jV/Tm5M6L8+58LKJrTjFzgv7A+fwBiWKS8Q==</latexit>

Ideal plasma:

Non-ideal plasma:

Primordial plasma in SBBN is ideal due to rapidly decreasing electron density.

Degenerate 
electrons

Quantum 
plasma

Primordial plasma could be (weakly) non-ideal
at low temperature (T < 108 K).

kTF ⌘ "F =
~2
2m

(3⇡2)2/3n2/3
e

<latexit sha1_base64="1ea8vZJchbybFg5WbuSCwah6Gp4="></latexit>

Electron chemical potential
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Primordial plasma

What happened

positron annihilation
radiation dominated era to matter dominated era



H
A
PH

Y
M
EE
TI
N
G
, N

O
V
. 1

9,
 2

02
1

Boltzmann eqn.
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Collision term
 

including positron annihilatio
n

Q=1-q



4 Summary & Outlook
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New BBN scenario

Primordial BBN plasma

Transition from ideal to weakly non-ideal plasma

Distortion of photon distribution

Change of photo-disintegration reaction rate

Cosmic expansion

Change of photon energy & number density

Expansion rate will be also affected.
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[Jang et al., arXiv:1812.09472]

Solution to the 7Li problem

q0 = 1.027 and Ttr = 4⇥ 108 K
<latexit sha1_base64="k/KvCyoLcxxaImj/DV8HTbaduzs="></latexit>

Primordial abundances

Deuterium abundance is improved 
because the change in photon energy density makes the freeze-out time earlier.

Yp (4He mass fraction) doesn’t differ 
from the SBBN because it’s already decoupled at T > Ttr

Enhanced photo-disintegration processes play 
a crucial role in reducing the lithium abundance.

3He abundance is obtained safely 
below the observational upper limit.

 1.023

 1.024

 1.025
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 1.027

 1.028

 1.029

 1.03

 0.37 0.39 0.41 0.43 0.45

q 
v

Ttr [109 K]

Parameter space

SBBN This work Observation
Yp 0.2474 0.2474 0.2446± 0.0029

D/H (10�5) 2.493 2.525 2.527± 0.03
3He/H (10�5) 1.092 0.9253  1.1± 0.2
7Li/H (10�10) 5.030 1.677 1.58± 0.31
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