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fine-tuning and the 
anthropic principle

what is fine-tuning? 

Dirac's large number hypothesis 

the anthropic principle

part 1
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Dirac's large number hypothesis

3

‣Weyl (1919): radius of Universe ~ radius of particle whose rest energy is equal to the 

electron gravitational energy → radius Universe / radius electron ~ 1042 

‣ Eddington (1931): number of charged particles in the Universe ~ 1042 

‣ Dirac (1938): age of the Universe → electrical to gravitational force ration between proton 

and electron tH ∼ e2

4πε0Gmemp
∼ 1040 ⇒ G ∝ t−1 numerology?

‣ Milne (1935): the relation between G and t allows for general relativity to work without 

space-time having a structure → epistemological advantages of hypothesis 

‣ Jordan (1937): constants have to become dynamical fields within a general field-theory 

framework that enables the treatment of varying constants.

Dirac.  Proc. Royal Soc. 165 (1938)  199.
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the anthropic principle

4

B. Carter.   Proc. IAU Symposium 
Confrontation of cosmological theories 

with observational data  (1974).

Carter.  Phil. Trans. R. Soc. 
Lond. A 310 (1983) 347.
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‣ essentially selection bias 

‣ because observers are within a privileged 

position, the Universe must be such that it 

allows for their existence 

‣ explanations sometimes involve concepts 

like multiverse

the anthropic principle(s)

5

weak 
anthropic 
principle

‣ the Universe must be such that it allows 

the emergence of observers 

‣ the observer plays a role in the evolution 

of the Universe

strong 
anthropic 
principle
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‣ fine-tuning arguments require fundamental and dimensionless quantities 

‣ dimensionless quantity: no units

what is a fundamental parameter?

6

‣ fundamental quantity: cannot be written in terms of others*

mp=1.67x10-27 kg

me=9.11x10-31 kg
mp

me = 0.00054dimensionful dimensionless

which quantities are fundamental? 
how many quantities are fundamental?
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fundamental numbers

7

‣ electrical-to-gravitational force ratio ~1038 

‣ strength of nuclear binding ~ 0.007 

‣ density of matter in the Universe relative to 

the critical density ~ 0.3 

‣ cosmological constant relative to the critical 

density ~ 0.7 

‣ amplitude of density fluctuations 

‣ number of spatial dimensions

are these six numbers sufficient?

...for our existence



Rafael Alves Batista   |  Colloquium UFRJ  |  The Possible, The Plausible, and the Probable: Fine-Tuning in the Physical Universe

fundamental quantities

8
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fundamental quantities

9

19 parameters
minimal 

Standard Model

19+7 parameters
extended 

Standard Model

cosmological 
constant

1 parameter

cosmological 
parameters 4-10 parameters

>36 parameters

parameters related to 
fundamental constants

> 5 parameters
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what is fine-tuning?
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life
(as we don't know it)

total area of parameter space 

area that allows for life
probability =

definition: a  parameter x is said to be fine-tuned for 
A if in the space of all possible values it could have, 
the probability of outcomes leading to A is much 
smaller than the probability of outcomes not leading 
to A.

pa
ra

m
et

er
 2

  (
y)

parameter 1 (x)

life
(as we know it)

parameter x

pr
ob

ab
ili

ty

life
(as we know it)

‣ parameter: physical constants and parameters 

‣ initial conditions: small changes in initial values 

majorly changes outcomes
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‣ it is merely a coincidence 

‣ actually, we don't know if there are other observers in our universe (not so finely tuned) 

‣ there is a multiverse, so fine-tuning is not a problem 

‣ this universe is as unlikely as any other 

‣ there is no way of knowing what would happen in other universe 

‣ unlikely events may still happen 

‣ there will always be observers because evolution always finds a way 

‣we don't know what life is; it could be different 

‣ the anthropic principle is a good explanation for fine-tuning 

‣ fine-tunings will disappear if we understand better the laws of Nature 

‣ . . .

fine-tuning explanations

11
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some examples of 
fine-tuning

preface: scales 

particle masses 

density fluctuations 

number of dimensions

part 2
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fine-structure constants and scales

13

interaction fine-structure constant

electromagnetic

gravitational

weak

strong

α = e2

4πε0ℏc
≈ 1

137

αs = 1
β0

1
ln ( E2

Λ2s )
∼ 1

αw = GFm2
e c

ℏ3

αg =
Gm2

pc
ℏc

≈ 5 × 10−39

!4

!"2

Carr & Rees. Nature 278 (1979) 605.

simple physical considerations → scales of 
most objects can be written as: αaαb
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electron and quark masses
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“Neutron World”

“Proton World”

SO(10) model constraint

Our 
World

Hogan. Rev. Mod. Phys. 72 (2000) 1149.
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electron-to-proton mass ratio

15
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Figure 6: The life-permitting region (shown in white) in the (�,⇥) (left) and (�,�s) (right)
parameter space, with other constants held at their values in our universe. Our universe is
shown as a blue cross. These figures are similar to those of Tegmark (1998). The numbered
regions and solid lines are explained in Section 4.8. The blue dot-dashed line is discussed in
Section 4.8.2.

4.8 Forces and Masses

In Chapters 7-10, Stenger turns his attention to the strength of the fundamental forces and
the masses of the elementary particles. These quantities are among the most discussed in
the fine-tuning literature, beginning with Carter (1974), Carr & Rees (1979) and Barrow &
Tipler (1986). Figure 6 shows in white the life-permitting region of (�,⇥) (left) and (�,�s)
(right) parameter space34. The axes are scaled like arctan(log10[x]), so that the interval [0,⇤]
maps onto a finite range. The blue cross shows our universe. This figure is similar to those
of Tegmark (1998). The various regions illustrated are as follows:

1. For hydrogen to exist — to power stars and form water and organic compounds — we
must have me < mn �mp. Otherwise, the electron will be captured by the proton to
form a neutron (Hogan, 2006; Damour & Donoghue, 2008).

2. For stable atoms, we need the radius of the electron orbit to be significantly larger than
the nuclear radius, which requires �⇥/�s ⇥ 1 (Barrow & Tipler, 1986, pg. 320). The
region shown is �⇥/�s < 1/1000, which Stenger adopts [Foft 244].

3. We require that the typical energy of chemical reactions is much smaller than the typical
energy of nuclear reactions. This ensures that the atomic constituents of chemical
species maintain their identity in chemical reactions. This requires �2⇥/�2

s ⇥ 1 (Barrow
& Tipler, 1986, pg. 320). The region shown is �2⇥/�2

s < 1/1000.

4. Unless ⇥1/4 ⇥ 1, stable ordered molecular structures (like chromosomes) are not stable.
The atoms will too easily stray from their place in the lattice and the substance will
spontaneously melt (Barrow & Tipler, 1986, pg. 305). The region shown is ⇥1/4 < 1/3.

5. The stability of the proton requires � � (md�mu)/141 MeV, so that the extra electro-
magnetic mass-energy of a proton relative to a neutron is more than counter-balanced
by the bare quark masses (Hogan, 2000; Hall & Nomura, 2008).

34In the left plot, we hold mp constant, so we vary � = me/mp by varying the electron mass.

42

‣ hydrogen existence: me < mn-mp 

‣ stable atoms: electron orbital radius larger than 
nuclear radius:  
α/αs << mp/me 

‣ energy of chemical reactions much smaller than 
energy of nuclear reactions:  
(α/αs)2 << mp/me  

‣ molecular structure only stable for: 
 (me/mp)1/4 << 1 

‣ stability of proton requires: α < md-mu / mπ 

‣ if α>>1 the motion of electrons around the 

nucleus do not produce pairs 

‣ too small stars won't be able to ignite and 
sustain fusion; too large radiation overcomes 
thermal pressure: me/mp >> α2

Barnes. Pub. Astron. Soc. Australia 29 (2012) 529.
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‣ high-energy processes increase chance of local 

tunelling 

‣ the creation of bubbles of true vacuum may 

affect neighbouring regions → global changes 

‣ mass Higgs: 125 GeV/c2 

‣ mass heaviest particle (top quark): 173 GeV/c2

non-anthropic tuning: the Higgs mass

16
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane (upper left) and in the �–yt plane, in terms of parameter renormalized at the Planck
scale (upper right). Bottom: Zoom in the region of the preferred experimental range of Mh and
Mt (the gray areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to ↵s(MZ) = 0.1184 ± 0.0007, and the grading of the colors indicates the size of the theoretical
error. The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

determined at hadron colliders su↵ers from O(⇤QCD) non-perturbative uncertainties [41]. A

possibility to overcome this problem and, at the same time, to improve the experimental

error on Mt, would be a direct determination of the MS top-quark running mass from ex-

periments, for instance from the tt̄ cross-section at a future e+e� collider operating above

the tt̄ threshold. In this respect, such a collider could become crucial for establishing the

structure of the vacuum and the ultimate fate of our universe.

As far as the RG equations are concerned, the error of ±0.2 GeV is a conservative

estimate, based on the parametric size of the missing terms. The smallness of this error,

compared to the uncertainty due to threshold corrections, can be understood by the smallness

of all the couplings at high scales: four-loop terms in the RG equations do not compete with

finite tree-loop corrections close to the electroweak scale, where the strong and the top-quark

Yukawa coupling are large.

The LHC will be able to measure the Higgs mass with an accuracy of about 100–200

MeV, which is far better than the theoretical error with which we are able to determine the

condition of absolute stability.

18
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Degrassi et al. JHEP 08 (2012) 098.
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‣ CMB anisotropies correlate with amplitude of 

density fluctuations 

‣ density fluctuations form structures

amplitude of density  fluctuations

17
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Figure 2: Top row : the left panel shows the parameter space of the masses of the up and
down quark. Note that the axes are loge not log10; the axes span ⇠ 60 orders of magnitude.
The right panel shows a zoom-in of the small box. The lines show the limits of di↵erent
life-permitting criteria, as calculated by Barr & Khan (2007) and explained in the text. The
small green region marked “potentially viable” shows where all these constraints are satisfied.
Bottom Row : Anthropic limits on some cosmological variables: the cosmological constant ⇤
(expressed as an energy density ⇢⇤ in Planck units), the amplitude of primordial fluctuations
Q, and the matter to photon ratio ⇠. The white region shows where life can form. The
coloured regions show where various life-permitting criteria are not fulfilled, as explained in
the text. Figure from Tegmark et al. (2006).
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Alves Batista et al. Phys. Rev. D 96 (2017) 023010
Tegmark, Aguirre, Rees, Wilczek. Phys. Rev. D 73 (2006) 023505.
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the dimensionality of space-time

18

Figure 9: Anthropic constraints on the di-
mensionality of spacetime (from Tegmark,
1997). UNPREDICTABLE: the be-
haviour of your surroundings cannot be
predicted using only local, finite accuracy
data, making storing and processing in-
formation impossible. UNSTABLE: no
stable atoms or planetary orbits. TOO
SIMPLE: no gravitational force in empty
space and severe topological problems for
life. TACHYONS ONLY: energy is a vec-
tor, and rest mass is no barrier to particle
decay. For example, a electron could de-
cay into a neutron, an antiproton and a
neutrino. Life is perhaps possible in very
cold environments.

This flaw alone makes much of Chapters 7 to 10 of Foft irrelevant. The question of the
fine-tuning of these more fundamental parameters is not even asked, making the whole dis-
cussion a cane toad solution. Stenger has given us no reason to think that the life-permitting
region is larger, or possibility space smaller, than has been calculated in the fine-tuning liter-
ature. The parameters of the standard model remain some of the best understood and most
impressive cases of fine-tuning.

4.9 Dimensionality of Spacetime

A number of authors have emphasised the life-permitting properties of the particular combi-
nation of one time- and three space-dimensions, going back to Ehrenfest (1917) and Whitrow
(1955), summarised in Barrow & Tipler (1986) and Tegmark (1997)42. Figure 4.9 shows the
summary of the constraints on the number of space and time dimensions. The number of
space dimensions is one of Rees “Just Six Numbers”. Foft addresses the issue:

“Martin Rees proposes that the dimensionality of the universe is one of six param-
eters that appear particularly adjusted to enable life ... Clearly Rees regards the
dimensionality of space as a property of objective reality. But is it? I think not.
Since the space-time model is a human invention, so must be the dimensionality
of space-time. We choose it to be three because it fits the data. In the string
model, we choose it to be ten. We use whatever works, but that does not mean
that reality is exactly that way.” [Foft 51]

42See also Freeman (1969); Dorling (1970); Gurevich (1971), and the popular-level discussion in Hawking
(1988, pg. 180).

55

‣ Bertrand's theorem: only two types of potentials 

lead to stable orbits: a=-1 (electromagnetism, 

gravity) and a=1 (harmonic oscillator) 

‣ advantages of d=3: signal transmission and 

information processing; stable orbits

V(r) ∝ ra

‣ planetary orbits: central-force problem

F(r) = − dV
dr‣ consider general form for a potential

Tegmark. Class. Quantum Grav. 14 (1997) L69.
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habitable universe(s)

when is life first possible? 

when is life more likely? 

how long does life lasts for? 

the coincidence "problem" - why now?

part 3
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once life emerges on a 
planet, for how long can it 

survive?
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how resilient is life?

21

‣asteroid impacts 

‣ supernovae 

‣gamma-ray bursts 

‣death of host star 

‣disruption by wandering objects 

‣stellar winds (?) 
   

‣ stripping of atmosphere 

‣ fragmentation 

‣ radiation levels 

‣pressure 

‣ temperature

dominates

what can sterilise all life on a planet?

life-threatening effects

Sloan, Alves Batista, Loeb. Scientific Reports 7 (2017) 5419. arXiv:1707.04253
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hardy creatures: tardigrades

22

‣ low temperatures: -272 oC for ~10 min; 
-20 oC for decades 

‣ high temperatures: 150 oC for a few 
minutes 

‣ pressure: 0 - 1200 atm 

‣ radiation levels: up to 7000 Gy 

‣ can reduced their metabolism almost 

completely → cryptobiosis  

‣ good candidates for the last survivors 
on Earth

Sloan, Alves Batista, Loeb. Scientific Reports 7 (2017) 5419. arXiv:1707.04253
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asteroid and supernova treats

23
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when is life more likely?
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when is life likely?

25

Loeb, Alves Batista, Sloan. JCAP 08 (2016) 040. arXiv:1606.08448
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when is life likely?
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Loeb, Alves Batista, Sloan. JCAP 08 (2016) 040. arXiv:1606.08448
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when is life likely?
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Loeb, Alves Batista, Sloan. JCAP 08 (2016) 040. arXiv:1606.08448
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the coincidence "problem":  
why now?
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a brief history of the universe

29
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cosmic inventory

30

Hubble constant

dark energy 
density

energy density 
curvature

energy density 
matter

energy density 
radiation

H(z) = H0 ΩΛ + Ωk(1 + z)−2 + Ωm(1 + z)−3 + Ωr(1 + z)−4

why do we live at a time when Ωm~ΩΛ?
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the cosmological constant "problem"

31

Rµ⌫ � 1

2
Rgµ⌫ + ⇤gµ⌫ = 8⇡GTµ⌫

Einstein’s field equation

energy-momentum tensor

Tµ⌫ = (⇢+ p)UµU⌫ + pgµ⌫

Friedmann equations

H
2 =

✓
ä

a

◆2

=
8⇡G

3
⇢+

⇤

3
� k

R2(t)

ä

a
= �4⇡G

3
(⇢+ 3p)

‣ expected vacuum energy density from QFT: ⍴Λ,th ~ MPl4 ~ (1025 eV)4 ~ 10109 J m-3 

‣ observed cosmological constant: ⍴Λ,obs ~ 10-11 J m-3 

‣ discrepancy: ⍴Λ,th / ⍴Λ,obs ~ 10120 

‣ "the worst theoretical prediction in the history of physics” 

‣ anthropic upper bound on Λ → ΩΛ ~ 10-100 Ωm,0  (Weinberg 1987) 

‣ 120 orders of magnitude discrepancy seem unnatural 

‣ parameters be of O(1) → matter of aesthetics or intrinsic feature of the theory?
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why now?

32

‣ if Λ is different in different patches of universe →  all observers should measure 

similar Λ (or there would be no observers) 

‣ if Λ small or negative  → universe re-collapses quickly 

‣ if Λ large → expansion is too fast → no time for structure formation

Weinberg's argument
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philosophical digressions

when is life first possible? 

when is life more likely? 

how long does life lasts for?

part 4
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on fine-tuning explanations

34

"There is something stunningly narrow about 
how the Anthropic Principle is phrased. Yes, only 
certain laws and constants of nature are 
consistent with our kind of life. But essentially 
the same laws and constants are required to 
make a rock. So why not talk about a Universe 
designed so rocks could one day come to be, and 
strong and weak Lithic Principles? If stones could 
philosophize, I imagine Lithic Principles would 
be at the intellectual frontiers."
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anthropic arguments and fine-tuning

35

This is rather as if you imagine a puddle 
waking up one morning and thinking, 

'This is an interesting world I find myself 
in — an interesting hole I find myself in — 
fits me rather neatly, doesn't it? In fact it 
fits me staggeringly well, must have been 

made to have me in it!'
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Aristotle's 
four causes

fine-tuned for what?

36

‣ material cause 

‣ formal cause 

‣ moving cause 

‣ final cause

"We do not have 
knowledge of a thing until 
we have grasped its why, 
that is to say, its cause."

teleology

‣ an object is an end if and only if the conceptual umbrella to which 
the object belongs is also the cause of the object 

‣ Naturzwecke: purpose of Nature 

‣ natural explanation for how organisms can have functions and how 
biological purposes exist 

Aristotle

Kant

‣ knowledge is built through dialectics: combination of thesis + antithesis  

‣ Aufhebung: parts of a whole are "recycled"  → emergence of complexity

Hegel
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‣ scientific reductionism: big things can be understood by looking into their individual parts. 

‣ Hegel's view on teleology is anti-reductionist: it provides a stronger framework to 

investigate large-scale things as possible emergent phenomena 

‣ physicalism: the Universe can be fully characterised in terms of physics, even if the "right" 

theories haven't been found yet 

‣ what about the physical laws?

on physical theories

37

‣ Leibniz: we live in the best of all possible worlds 

‣ possible worlds: everything that is physically conceivable 

‣ possible worlds: epistemological resource or ontological entity? 

‣ will a "final theory" explain all possible worlds?  

‣ "final theory" has fine-tunings: is it really final?Leibniz
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‣ fine-tunings can be easily explained if there is a multiverse 

‣ each universe in this multiverse is one of Leibniz's possible worlds

fine-tuning and the multiverse

38

‣ type I: different Hubble volumes 

‣ type II: different post-inflationary regions 

‣ type III: different branches of wave function  

‣ type IV: different mathematical structures

hierarchy of the 
multiverse

Tegmark . Found. Phys. 38 (2008) 101.
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a Bayesian view of fine-tuning

39

P(T |D) = P(T )P(D |T )
P(T )P(D |T ) + P(T̄ )P(D | T̄ )

prior

likelihood: how 
well does the 

theory describe 
the data

how good is the 
competition

competing 
theories

P(A |B) = P(B |A)P(A)
P(B)Bayes's theorem

what is the probability of 
my theory being right?
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fine-tuning and priors

40

life
(as we don't know it)

pa
ra

m
et

er
 2

  (
y)

parameter 1 (x)

life
(as we know it)

P(T |D) = P(T )P(D |T )
P(T )P(D |T ) + P(T̄ )P(D | T̄ )

xmin≤x≤xmax

ymin≤y≤ymax

prior

‣ the prior is not objective 

‣ if the minimum or the maximum values are unbounded, there is no way to ensure 

convergence of the probabilities 

‣ distribution of priors in the multiverse?
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the (meta)physics  of the multiverse

41

G. Ellis & J. Silk. Nature 516 (2014) 321.
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‣ fine-tuning is a controversial topic 

‣ the Universe seems to be such that it enables the emergence of life 

‣ once life emerges, it is surprisingly resilient to astrophysical events (asteroids, SNe, 

GRBs, ...) 

‣ the universe should brim with life (mostly around low-mass stars) in the far future 

(~10 trillion years from now) - unless low-mass stars are inhospitable 

‣ is the observed cosmological constant “bio-friendly”? →  apparently NOT, although 

there seems to be an anthropic upper bound 

‣ fine-tuning can be seen as a tracer of where new physics might be needed 

‣ the debate around fine-tuning seem to be distancing itself from well-grounded 

physics 

‣ will a "final theory" be fine-tuned?

summary and outlook

42
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more resources

43

Cambridge University Press, 

2020. i������"Consolidation of Fine-Tuning".  

https://finetune.physics.ox.ac.uk/ 

https://www.youtube.com/channel/UC6-
K31vDhklob9Yrx1AWxiQ

https://www.cambridge.org/nl/academic/subjects/physics/history-philosophy-and-foundations-physics/fine-tuning-physical-universe?format=HB&isbn=9781108484541
https://www.youtube.com/channel/UC6-K31vDhklob9Yrx1AWxiQ

