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Introduction:
Elements of life
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4Human chemistry

• The human body consists mostly
of water (H2O)

• All organic substances are based
on carbon (C)
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Bausteine des Menschen
Unser Körper ist ein Spiegel unserer materiellen Umwelt. Fast alle chemischen Elemente, die das Periodensystem kennt, 
stecken auch in uns. Manche sind lebensnotwendig, andere hingegen entbehrlich, viele überfl üssig oder in größeren Dosen 
sogar giftig. Unsere Grafi k zeigt, wie viel von jedem Element ein 70 Kilogramm schwerer Mensch im Durchschnitt enthält

Tritt im Körper am häufigsten 
in Form von Wasser auf. 
Als Atemgas ist er zentraler 
Energie lieferant. Zu viel davon 
zerstört allerdings die Zellen

Ist notwendig für das 
Wachstum von Muskeln 
und Knochen. Kontrolliert, 
wie sich unsere Muskeln 
 zusammenziehen

Ist das zentrale Element in 
den Zinkf inger-Eiweißen.
Die können gezielt am 
Erbgut andocken und sind 
deshalb auch interessant 
für Gen therapeutika

Hat keine bekannte Funktion 
im Körper, ist aber giftig für 
Nieren, Leber und Lunge

Für gesunde Menschen 
entbehrlich, therapeutisch 
eingesetzt, kann es 
Depressionen lindern

Als Bestandteil eines Enzyms 
baut es Harnsäure ab – und 
verhindert so Gichtanfälle

Life on Earth: An Accident? – Ulf-G. Meißner – YMSC, Tsinghua U., Beijing, China, Apr. 16, 2025 · ◦ C < ∧ O > B •



5The many factes of carbon
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Structure of the carbon atom

• carbon atom • carbon nucleus

6 protons (positively charged)

6 neutrons (no charge)

⇒ atomic weight: 12 a.u. ' 2 · 10−26 kg
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How is the carbon nucleus
generated?
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8Nuclear fusion

• The elements are generated in the Big Bang
& in stars through nuclear fusion processes

⇒ we are all made from stardust!
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9Carbon nucleosynthesis

• Carbon is generated through the fusion of 3 helium nuclei (alpha-particles)
→ a short movie

@ Wikipedia
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The triple-alpha process

c©ANU

• The 8Be nucleus is instable, long lifetime (10−16 s)→ 3 alpha-particles must meet

• The Hoyle state is located just above the continuum threshold
→ the excited carbon nuclei decay in various ways

about 4 of 10000 decays produce stable carbon

��
��

2
fine-tunings!
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11The Hoyle state

• The rate for the generation of carbon in its
ground state is orders of magnitude too small

• Fred Hoyle (1954): To generate a sufficient amount
of carbon and oxygen, there must exist a
resonant state in the carbon spectrum
Hoyle, Astrophys. J. Suppl. Ser. 1 (1954) 121

• Resonance: Swing, bridge, . . .

• The Hoyle state was experimentally
confirmed already in 1953 at Caltech
Dunbar et al., Phys. Rev. 92 (1953) 649 [energy]
Cook et al., Phys. Rev. 107 (1957) 508 [spin/parity]

•Without this state, there is no life on Earth

• But are we able to understand this
state from nuclear theory?

UK astrophysicist, 1915-2001

4.433 MeV

Hoyle

(stable)

state

ground state

7.654 MeV
7.366 MeV

8Be + 4He
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http://www.tunl.duke.edu/nucldata/fas/12−1959.pdf
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Numerical simulations
of the carbon nucleus
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14Nuclear theory and the Hoyle state

• Many-body theory (no-core-shell model) on a supercomputer:
about 107 CPU hrs on JAGUAR (fastest computer in 2009/2010, 1.75 Pflops)

P. Navratil et al., Phys. Rev. Lett. 99 (2007) 042501; R. Roth et al., Phys. Rev. Lett. 107 (2011) 072501
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⇒ Excellent description, but no indication for the Hoyle state
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15Ab initio calculation of the Hoyle state
Epelbaum, Krebs, Lee, UGM, Phys. Rev. Lett. 106 (2011) 192501
Viewpoint: Hjorth-Jensen, Physics 4 (2011) 38

Life on Earth: An Accident? – Ulf-G. Meißner – YMSC, Tsinghua U., Beijing, China, Apr. 16, 2025 · ◦ C < ∧ O > B •



16Tools

• improved theoretical ansatz (new many-body theory, novel nuclear forces)

• High Performance Computer = JUGENE (BlueGene/P/Q/...)

1 Petaflop = 1.000.000.000.000.000 floating point operations per second
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18The carbon-12 spectrum

• After 4 · 106 CPU hours on JUGENE (and “a bit” of human work)
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⇒ First ab initio calculation
of the Hoyle state

√

Structure of the Hoyle state:

Epelbaum, Lähde, Lee, UGM, Phys. Rev. Lett. 109 (2012) 252501

Shen, Elhatisari, Lähde, Lee, Lu, UGM, Nat. Comm. 14 (2023) 2777
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19The carbon-12 spectrum: Update
Shen, Elhatisari, Lähde, Lee, Lu, UGM, Nat. Comm. 14 (2023) 2777

•With improved algorithms, we can now calculate the complete spectrum

↪→ impressive agreement
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20The relevant question
Date: Sat, 25 Dec 2010 20:03:42 -0600
From: Steven Weinberg 〈weinberg@zippy.ph.utexas.edu〉
To: Ulf-G. Meissner 〈meissner@hiskp.uni-bonn.de〉
Subject: Re: Hoyle state in 12C

Dear Professor Meissner,
Thanks for the colorful graph. It makes a nice Christmas

card. But I have a detailed question. Suppose you calculate not only the energy
of the Hoyle state in C12, but also of the ground states of He4 and Be8. How
sensitive is the result that the energy of the Hoyle state is near the sum of the
rest energies of He4 and Be8 to the parameters of the theory? I ask because I
suspect that for a pretty broad range of parameters, the Hoyle state can be well
represented as a nearly bound state of Be8 and He4.

All best,
Steve Weinberg

• How does the Hoyle state move w.r.t. the 4He+8Be threshold,
when the parameters of the fundamental interactions are changed?

• In Nature, this is impossible to do, but can be answered on a computer!
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US physicist 1933-2021
Nobel prize 1979
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A dose of philosophy:
The anthropic principle
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22Forces in Nature

• 4 different forces: strong, electromagnetic, weak & gravitation

'

&

$

%
why these strengths?

why these masses?

why these parameters?
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Anthropic principle

• The anthropic principle:

“The observed values of all physical and cosmological quantities are not
equally probable but they take on values restricted by the requirement that
there exist sites where carbon-based life can evolve and by the requirements
that the universe be old enough for it to have already done so.”

Carter 1974, Barrow & Tippler 1988, . . .

⇒ does this lead to physical/testable consequences?
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24Some examples of anthropic reasoning

1099 citations

1167 citations
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A prime exampe of the AP

• Hoyle (1953):
Prediction of an excited state in the carbon spectrum neccessary to generate
a sufficient amount of heavy elements (12C, 16O,...) in stars

• was later heralded as the prime example for the AP:

“As far as we know, this is the only genuine anthropic principle prediction”
Carr & Rees 1989

“In 1953 Hoyle made an anthropic prediction on an excited state – ‘level of life’ –
for carbon production in stars” Linde 2007

“A prototype example of this kind of anthropic reasoning was provided by
Fred Hoyle’s observation of the triple alpha process...” Carter 2006

⇒ can we find out / test whether this is true?
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26The non-anthropic scenario

•Weinberg’s assumption: The Hoyle state stays close to the 4He+8Be threshold
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27The non-anthropic scenario

• The AP strikes back: The Hoyle state quickly moves away from the 4He+8Be threshold
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How accidental is
life on Earth?

E. Epelbaum, H. Krebs, T. A. Lähde, D. Lee and UGM, “Viability of Carbon-Based Life as a Function of
the Light Quark Mass,” Phys. Rev. Lett. 110 (2013) 112502

E. Epelbaum, H. Krebs, T. A. Lähde, D. Lee and UGM, “Dependence of the triple-alpha process on the
fundamental constants of nature,” Eur. Phys. J. A 49 (2013) 82

UGM, “Anthropic considerations in nuclear physics,” Sci. Bull. 60 (2015) 43

T. A. Lähde, UGM and E. Epelbaum, “An update on fine-tunings in the triple-alpha process,”
Eur. Phys. J. A 56 (2020) 89

S. Elhatisari, T. A. Lähde, D. Lee, UGM and T. Vonk, “Alpha-alpha scattering in the Multiverse,”
JHEP 02 (2022), 001
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29Two very different scenarios
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Earlier studies of the AP

• rate of the 3α-process: r3α ∼ Γγ exp

(
−

∆Eh+b

kT

)
∆Eh+b = E?12−3Eα = 379.47(18) keV

• how much can ∆Eh+b be changed
so that there is still enough
12C and 16O?

⇒ δ|∆Eh+b| . 100 keV

⇒ not very fine-tuned!

Oberhummer et al., Science 289 (2000) 88

Csoto et al., Nucl. Phys. A 688 (2001) 560
Schlattl et al., Astrophys. Space Sci. 291 (2004) 27
Update: Huang et al., Astropart. Phys. 105 (2019) 13

too few 16O too few 12C
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More recent stellar simulations

• Consider a larger range of masses M? = (15− 40)M�

• Consider low Z = 10−4 and high Z = Z� ' 0.02 metallicity

• changes depend on Z now

low Z: −300 keV < ∆ER < 500 keV (C)

−300 keV < ∆ER < 300 keV (O)

Z�: −500 keV < ∆ER < 160 keV (C)

−150 keV < ∆ER < 200 keV (O)

⇒ carbon constraints somewhat weakened

⇒ stronger constraints from oxygen production

Huang, Adams, Grohs, Astropart. Phys. 105 (2019) 13

Z = 10−4
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32The relevant parameters

•Which fundamental parameters play a role?

• Strong force: Protons and neutrons are made of light quarks

⇒ the quark masses play no role for the total mass of the nucleon

mproton = mneutron = 939 MeV , mquark ' 3 MeV

⇒ but are of the same magnitude as the binding energies

energy gain per nucleon . 8 MeV

• Electromagnetic force: Strength of the repulsion of the protons

e2 = 4π/137 ' 0.09

⇒ which variations of mquark and e2

are compatible with life on Earth?

Life on Earth: An Accident? – Ulf-G. Meißner – YMSC, Tsinghua U., Beijing, China, Apr. 16, 2025 · ◦ C < ∧ O > B •



33Correlations

• Pion mass dependence of NN contact terms not well known

• make prediction by varying the 4He mass within natural bounds
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• the fine-tunings in the triple-alpha process are correlated [as speculated]
Weinberg (2000)

∆Eb = E(8Be)− 2E(4He)

∆Eh = E(12C∗)− E(8Be)− E(4He)

∆Eh+b = E(12C∗)− 3E(4He)

∂OH

∂Mπ

= Kπ
H

OH

Mπ
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34The end-of-the-world plot

• |δ(∆Eh+b)| < 100 keV [exp: 387 keV] Oberhummer et al., Science (2000)

→
∣∣∣∣(0.571(14)Ās + 0.934(11)Āt − 0.069(6)

)δmq

mq

∣∣∣∣ < 0.0015
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∂Mπ
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M

phys
π

The light quark mass
is fine-tuned to' 2−3 %

Similarly:
αEM is fine-tuned
to ' 2.5%

Berengut et al.,
Phys. Rev. D 87 (2013) 085018

(limit on the Higgs vev)
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35New end-of-the-world plots
Lähde, UGM, Epelbaum, Eur. Phys. J A 56 (2020) 89

-1

-0.5

 0

 0.5

 1

-1 -0.5  0  0.5  1

A-
t

A
-
s

0.5%
1%
5%

Berengut et al.
LO Chiral EFT

Lattice QCD

Oberhummer et al.

-1

-0.5

 0

 0.5

 1

-1 -0.5  0  0.5  1

A-
t

A
-
s

0.5%
1%
5%
Berengut et al.
LO Chiral EFT
Lattice QCD

12
C (Z = 0.02, δmq > 0)

-1

-0.5

 0

 0.5

 1

-1 -0.5  0  0.5  1

A-
t

A
-
s

0.5%
1%
5%

Berengut et al.
LO Chiral EFT

Lattice QCD

12
C (Z = 0.02, δmq < 0)

-1

-0.5

 0

 0.5

 1

-1 -0.5  0  0.5  1

A-
t

A
-
s

0.5%
1%
5%

Berengut et al.
LO Chiral EFT

Lattice QCD

12
C (Z = 10

-4
, δmq > 0)

-1

-0.5

 0

 0.5

 1

-1 -0.5  0  0.5  1

A-
t

A
-
s

0.5%
1%
5%

Berengut et al.
LO Chiral EFT

Lattice QCD

16
O (Z = 0.02, δmq > 0)

-1

-0.5

 0

 0.5

 1

-1 -0.5  0  0.5  1

A-
t

A
-
s

0.5%
1%
5%

Berengut et al.
LO Chiral EFT

Lattice QCD

16
O (Z = 10

-4
)

• Constraints now depend on Z,
the nucleus and the sign of δmq

• lattice values for Ās,t:

The light quark mass
is fine-tuned to ' 0.5 %

• chiral EFT values for Ās,t:

The light quark mass
is fine-tuned to ' 5 %

• Bound on αEM softened (∼ 7.5 %)

⇒ need better determinations of Ās,t
from lattice QCD with pion masses closer to the physical point!
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36Discussion & outlook

• The various fine-tunings in the triple-alpha-process are all correlated

• A sufficient amount of carbon and oxygen (α+12C→16O+γ) is generated
for variations in the quark masses and the electromagnetic force by about 0.5-5%

⇒ is this an argument in favor of the anthropic principle?

⇒ is a 0.5-5% variation very fine-tuned?

⇒ we can simulate different worlds→ more input from lattice QCD needed

⇒ we are on the way to answer the initial question – stay tuned

• Stronger constraints from Big Bang nucleosynthesis (but this is another talk)

• Computer simulations are a fascinating tool, that allows for
completely novel insights!
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SPARES
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38RESULTS: CORRELATIONS
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• vary the quark masses

⇒ strong correlations:

the fine-tuning of the energy differences
E(8Be) - 2E(alpha) and E(Hoyle) - 3E(alpha)
behaves exactly as the change
in the mass fo the alpha-particle E(alpha)
(this is called a correlation)

• Also: the production rate of 12C and 16O is sensitive to the difference
E(Hoyle)-3E(alpha): maximal allowed change about 1/4 of the exp. value
[based on nucleosynthesis calculations of Schlattl et al, 2004]

⇒ what can we deduce about the possible variations of the fundamental parameters?
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39RESULTS: VARIATIONs of the FUNDAMENTAL PARAMETERS

• The variation of E(alpha) depends
on two parameters
(Nucleon-nucleon interaction)

⇒ The variation of these parameters
can be calculated (approximatively)

⇒ Survival bands:
for which variations in the quark masses
enough C and O is generated?

⇒ Only a variation of mquark by about 2% and of
e2 by about 2% is compatible with life of Earth!
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